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ABSTRACT

Quantum networks are an emerging technology that aims to harness the power of quantum
mechanics to revolutionize communication and computation. Many countries are establishing
national quantum networks to modernizing their communication and computational infrastruc-
ture. Satellites are necessary to extend the distances between communication nodes to a global
scale. Creating a global quantum network requires many such nodes to be built, increasing the
overhead of a network. Thus, to increase adoption, reducing the overhead and increasing the
robustness of the systems employed by these nodes are necessary.

In this thesis, we begin by developing an upgraded polarization modulation system for the
weak coherent pulse source that will be used to connect with the Quantum Science and Encryp-
tion Satellite (QEYSSat). This new system is an inline optical fiber solution that completely
avoids the stability and alignment issues that were present in previous versions. The inline
scheme reduces the need for realignment and maintenance. The performance of the prototype
system is analyzed and investigated. Another aspect of the QEYSSat mission is investigated.
Particularly the feasibility of the 6-state 4-state reference frame independent (RFI) protocol for a
moving free-space channel. By using RFI protocols, the random polarization rotations that occur
in optical fibers can be compensated for, particularly in the optical fiber that connects the source
to the QEYSSat ground station telescope. Thus eliminating the need for active polarization com-
pensation systems. The robustness of the protocol to overcome polarization misalignment is
investigated in the context of a QEYSSat pass.

Second, a fully passive time bin quantum key distribution scheme is developed and investi-
gated. This scheme removes the need for active phase alignment of the interferometers between
the two communication parties. Proof-of-concept experiments are conducted over several chal-
lenging channels, particularly highly multi mode optical fibers. This scheme is then used to
investigate the feasibility of using near-infrared time bin encoded photons in a standard telecom-
munication optical fiber. Near-infrared is particularly interesting as many single quantum sources
produce photons within this regime. The passive scheme is also tested in a moving free-space
time bin demonstration. The results of these demonstrations are discussed, including the chal-
lenges that were encountered.

vi



Third, a novel optical design for a field widened interferometer is investigated. The new
optical design employs a fully reflective imaging system that is similar to an Offner relay. The
new optical design allows for long relative path delays while maintaining a relatively compact
physical footprint. The performance of the interferometer is tested for both single mode and
multi mode signals. In addition, the achromatic performance of the design is tested. The de-
vice is also tested in a quantum sensing scenario, demonstrating its practicality beyond quantum
communications.

Finally, a prototype of a monolithic chassis for the Offner relay interferometer is built us-
ing additive manufacturing with the objective of increasing the robustness of the interferometer.
As part of the monolithic chassis, flexure devices are studied to be used instead of standard
optomechanical components to provide the necessary degrees of freedom for optical alignment
purposes. In addition, the thermal stability of the chassis is studied using finite element analysis
with standard materials and an analytical analysis with functionally graded materials.

Through various studies, experiments, and component design, this thesis has advanced the
practicality of both polarization and time bin encoding for free-space channels. Particularly
increasing the potential for satellite deployable time bin interferometers. This work contributes
to the long line of progress leading towards realizing a global quantum network.
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Chapter 1

Introduction

1.1 My time in the Quantum Photonics Lab

I joined the Quantum Photonics Laboratory (QPL) in September 2016 and completed a MSc.
in August of 2018, under the supervision of Prof. Thomas Jennewein. This experience and the
announcement of the Canadian Space Agency (CSA) funded Quantum Encryption and Science
(QEYSSat) mission led me to pursue a Ph.D., starting in September 2018, in the development
of quantum networks. Over the next five years, I have been given ample opportunities to pursue
exciting research and be a part of a space mission from its announcement date, something truly
unique for a graduate student. An experience that I shared with many of my graduate colleagues
is that from March to September 2020, the Covid-19 outbreak suspended all in-person laboratory
activities for QPL. All projects, save some theoretical studies, were put on hold during this time.

Nonetheless, throughout my time in the QPL I was involved in several projects, many of
which did not make it into this thesis. I am happy to say I have collaborated with many great
colleagues. From September 2018 to December 2019 I supported the development of a new
fiber-based photon source led by visiting scholar Mengyu Xie and continued by Youn Seok
Lee to be integrated into a new interferometer configuration. From September 2018 to June
2019, I conducted theoretical examination of the 6-state 4-state protocol in preparation for the
delivery of an entangled photon source from the SpooQy lab of Prof. Alexander Ling. In May
2019, Chithrabhanu Perumangatt brought the SpooQy source from Singapore and together we
conducted the initial testing. From June 2019 to March 2020, (resumed in September 2020 to
May 2021), preparations for the moving tests were conducted with the help of Brendon Higgins.
The moving tests themselves were conducted from July 2021 to December 2022 with the help
of Stépahne Vinet, Wilson Wu, and Kimia Mohammadi. These are, as far as I know, the first
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moving quantum key distribution demonstrations without any active polarization compensation
systems.

From January 2019 until present, I have had the pleasure of working with and advising Si-
mon Carrier from l’Université de Sherbrooke on an integrated single photon avalanche diode
(SPAD) array that is dedicated to sifting data for time bin encoded photons. In October 2021,
we conducted laboratory tests of the SPAD array at the University of Waterloo. From October
2019 to March 2020, visiting student Daniel Kun and I worked on advancing the weak coherent
pulse source, particularly working on a new prototype polarization modulation system. Since
then, I have worked with Wilson Wu and Paul Godin on progressing this prototype towards a
deliverable system for the CSA.

From September 2019 to December 2020, I investigated the design of a novel field widened
interferometer, an idea that was conceived by Prof. Thomas Jennewein and I in September 2019.
This design continues to be refined today. From January 2021 to June 2022, a prototype of this
design was made and tested with the help of Dogan Sinar and Tabitha Arulpragasam. From Oc-
tober 2020 to March 2021, I had the pleasure of working with Sagar Patel, Vlad Parserin, Mark
Kirby, Issa Rishmawi, and Prof. Mihaela Vlassae of the Multi-Scale Additive Manufacturing
Lab (MSAM). With their assistance, I was able to produce an interferometer chassis using ad-
ditive manufacturing. This is a particularly great achievement since as a physicist I had little to
know mechanical design background. With this device, Dogan Sinar and Tabitha Arulpragasam
assisted in testing the device (March 2021 to June 2022).

In October 2021, Prof. Thomas Jennewein and I conceived the idea of a fully passive time
bin scheme. From this concept, from October 2021 to December 2022, many experiments were
conducted using this scheme over various quantum channels. This work was done with the help
of Wilson Wu, Stéphane Vinet and Dogan Sinar. Since January 2022, I have supported the work
of Stéphane Vinet on a bright entangled photon source.

In parallel with all these aforementioned projects, throughout my Ph.D., I have been one of
the technical leads on developing QPL’s quantum ground station for QEYSSat. This involved
working with Youn Seok Lee, Paul Oh, Paul Godin, Wilson Wu, Kimia Mohammadi, Brendon
Higgins, Matt Piatt, and Brian Moffat on various projects, such as the implementation of a polar-
ization compensation system, the development of a polarization analysis pick-off, upgrading the
overall weak coherent pulse, and the procurement of ground station equipment. All my experi-
mental activities for this thesis ceased in December 2022. However, several projects continued
during the writing process, particularly those that support the QEYSSat mission.

I will now use “we” rather than “I” to follow scientific writing conventions. Each chapter is
prefaced with a statement of contribution to give credit to those that have helped me along the
way.
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1.2 Quantum key distribution

Quantum key distribution (QKD) is an application of quantum technology that provides means of
generating and sharing information-theoretically secure secret keys between two remote parties
(Alice and Bob) with security based on quantum mechanical principles. First introduced in 1984
with the advent of the BB84 protocol [1], QKD has become one of the most mature use cases
of quantum information, with many different forms of QKD protocols appearing [2, 3, 4, 5].
The security in the majority, if not all, QKD protocols relies on the completeness of quantum
mechanics [6, 7]. This general statement implies that any adversary to the key exchange is at
least limited by the laws of quantum mechanics (i.e. cannot be unphysical) and by consequence,
the no-cloning theorem applies1.

The no-cloning theorem is a fundamental result in quantum mechanics that states that it is
impossible to create an exact copy of an unknown quantum state [8]. It is essential for the
security of QKD because it ensures that an eavesdropper (Eve) cannot measure or copy the
shared quantum states without being detected.

While QKD is considered to be highly secure, there are still some practical limitations and
potential vulnerabilities that need to be addressed. The vulnerabilities are mostly due to the
physical implementation of the system; theses include side channel attacks, and the “blinding
attack” [9]. Several studies attempt to address or mitigate the issues of practical implementations
of QKD. The most notable is the decoy state protocol overcoming the photon number splitting
attack [10]. Nonetheless, these vulnerabilities do not influence the security of the key once it is
successfully generated using QKD. Thus, unlike many other key generation methods, the keys
generated via QKD are future-proof.

Typically a standard quantum communication channel will perform the following steps:

1. Initial authentication: During any QKD exchange, Alice and Bob share an authenticated
channel on which Eve cannot impersonate Alice or Bob. The establishment of the authen-
ticated channel is assumed to be done prior to any key exchange and can remain valid for
as long as the quantum channel between Alice and Bob remains unimpeded.

2. Determine predefined parameters: First, it is important that all parties involved in the
QKD channel agree on the specific protocol to use, which will differ based on the hardware
and implementation. Furthermore, many protocols require pre-established parameters that
are constant between Alice and Bob. For example, in a phase-based encoding (such as
in twin field QKD), the parties involved need to determine which sets of phases to use,

1In fact in relevant security proofs [7], the eavesdropper is only limited by the laws of quantum mechanics.
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as there is an infinite number. In BB84, this would be the agreement on the two sets of
mutually unbiased bases that are used to encode the quantum information.

3. Photon exchange: The photon carrying the quantum information are exchanged between
all parties involved and creates remote correlations. The exact details of how this is per-
formed can vary widely based on the exact protocol implemented. Further details can be
found in the literature [5]. At the end of this step, the measurement results are known as
the raw key.

4. Basis reconciliation: Many protocols require the parties involved to share information
about what measurement basis was used to either encode or measure the information of
the qubits. This is used to determine whether to keep or discard the results of a photon
exchange based on whether or not the parties involved believe that their measurement2

results should be correlated. At the end of this step, the measurement results are known as
the sifted key.

5. Parameter estimation: With the sifted key, the key exchange parties must now determine
whether or not to proceed further. Error rates are determined by using a subset of the sifted
key. Given the protocol, below a certain error rate threshold, the protocol may proceed.
While above this threshold, it is assumed3 that an eavesdropper is strongly correlated to
the sifted key, and thus it must be discarded. The subset of the sifted key used is discarded
and not used in the final secret key.

6. Error correction: Provided the shifted key passes the parameter estimation step, error
correction must be done to ensure that the key exchange parties share the same sifted key.
There are many error correction protocols, some of the most common are Low Density
Parity Check [11, 12, 13, 14] and CASCADE algorithms [15, 16].

7. Privacy amplification: This final step is to attempt to completely remove the eavesdropper
correlation to the key. There are many ways to achieve this, however a common method is
to use universal hash functions [17, 18]. Once this process is complete, the key exchange
parties should now each possesses a copy of the exact same secret key that should be
completely uncorrelated to any information an eavesdropper may have obtained.

With the secret key, Alice and Bob can perform their choice of encryption or authentication
protocols that require a symmetric key [19, 20]. In this thesis, the error correction and privacy

2In a prepare & measure scheme, this would be whether or not the encoding basis matches the measurement
basis. Therefore, it is whether or not the encoded qubit is correlated to the measured qubit.

3I say assumed here because in some cases it may be that the hardware has malfunctioned, however in the spirit
of security all errors are due to an eavesdropper.
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amplification steps are not performed, but their performance and bit consumption are estimated
and accounted for during the various analyses.

Although encryption key sharing is the primary application of QKD hardware, the same de-
vices can be used to establish a quantum network. In the community, there are countless research
projects that are advancing the feasibility of quantum networks, from tackling the connectiv-
ity problem [21, 22], to breaking distance records [23, 24, 25], and developing space missions
[5, 26]. In fact, many countries that have already begun to establish quantum key distribution
networks [27, 28, 29], with more to come [30, 31, 32]. Thus, there is a growing need for practi-
cal and robust quantum network hardware capable of interfacing between satellite and terrestrial
nodes.

1.3 Encoding quantum information on photons

In order to perform quantum key distribution, quantum information must be encoded on the
flying qubits, i.e. photons. Although there are many different degrees of freedom to encode
the information, (e.g. frequency [33], path [34], orbital angular momentum [35]), here we will
describe the two types of encoding used throughout this work; polarization encoding, and time
bin encoding.

1.3.1 Polarization encoding

The polarization of a photon can be well defined via the direction of oscillation of the electric
field. Although, polarization itself is not inherently quantum, but rather the polarization of a
single photon, combined with the superposition principle of electromagnetic waves, can create
a quantum system. The polarization of a photon can represented by a spin-1

2 system. By using
two orthogonal polarizations, e.g. horizontally (H) and vertically (V) polarized light, one has the
eigenstates of one of the Pauli spin operators. This forms a basis of two orthogonal states that
can represent the 0 and 1 state and are written as

|H⟩= |0⟩=
(

1
0

)
, (1.1)

|V ⟩= |1⟩=
(

0
1

)
. (1.2)
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Table 1.1: Examples of three mutually unbiased bases in polarization encoding.

Polarization Ket Matrix

|H⟩ |0⟩
(

1
0

)
|V ⟩ |1⟩

(
0
1

)
|D⟩ |0⟩+|1⟩

2

(
1
1

)
|A⟩ |0⟩−|1⟩

2

(
1
−1

)
|R⟩ |0⟩+i|1⟩

2

(
1
i

)
|L⟩ |0⟩−i|1⟩

2

(
1
−i

)

The two Pauli spin operators have eigenstates that are superpositions of the eigenstates in
the |H⟩ and |V ⟩ basis. These polarization states are shown in Table. 1.1. Now, if any of these
states is measured in the same basis that it was produced from, the measurement results will
yield the original state with certainty. However, a state that is measured in either of the two
mutually unbiased bases will result in a random outcome that is uniformly distributed over all
the outcomes of the measurement4. This phenomenon occurs in all other encoding types and is
not exclusive to polarization.

1.3.2 Time bin encoding

Time bin encoding is typically the encoding of choice used in fiber optic quantum channels
[36, 37]. In a two party quantum communication exchange that uses time bin encoding, the
sender and receiver both have identical interferometers that will encode and measure the time
bin qubits (Figure. 1.1). After passing through the measurement interferometer, a histogram of
the accumulated photon counts will have three distinct time bin peaks. The two outside time

4In this case it is 50%
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Figure 1.1: Schematic of a prepare & measure time bin quantum communication channel. Both
optical outputs of the receiver interferometer are typically used, however only one is shown.

bins (known as the satellite time bins) typically form the computational basis. No interference
effects are observed in these time bins thus no phase information is measured in this basis. The
middle time bin can form an infinite number of superposition bases on which interference effects
can be measured and thus phase information can be encoded. Although an infinite number of
superposition bases can be made, for practical purposes this is typically limited to one or two,
such as in BB84 [1].

The phase encoding in time bin is typically created by the relative phase difference between
the two paths of the sender interferometer5. In order to properly measure the phase, the measure-
ment interferometer must have a relative phase difference between its two paths be an integer
multiple of the sender’s relative phase (Figure. 1.1). For example, if a π phase difference is en-
coded, then the measurement interferometer must have a relative phase difference of nπ where
n = 0,1,2, . . . . Ideally, n ≤ 2 (i.e. small) as the phase difference is typically associated with a
time delay and thus for large n the coherence length of the light becomes a factor.

For the success of the link it is very important that the phase encoding information have a
well defined reference that is shared between the sender and receiver. The sender’s and receivers
phase difference of their respective interferometers must have the same 0 phase reference (mod-
ulo π) as the measurement interferometer6. Many different environmental effects can cause the
0 phase reference to be different, particularly temperature and mechanical fluctuations are dis-
cussed in Chap. 5. There are several ways to combat the changes in the reference phase, the
most common is to use a bright reference laser whose phase is monitored and an active feedback

5In many cases this is achieved by a electro-optic phase modulator placed in one of the interferometer paths
6Effectively this means that the phase of Alice and Bob’s respective interferometers just needs to sum to zero

modulo π . For example, if Alice encodes π

2 then in order to properly resolve the phase, Bob must have a phase
difference of nπ

2 where n = 1,3,5, . . . .
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loop adjusts one or both of the interferometers to compensate for the phase drifts. However,
there are several drawbacks to this approach, particularly that additional overhead is required for
its implementation. Furthermore, in the case of free-space links the bright reference laser could
experience intensity fluctuations due to atmospheric turbulence (scintillation, Sec. 1.4.1.3) and
make it difficult to monitor the reference phase.

1.4 Quantum Channels

Connecting two communication parties over long distances is an integral part of a global quantum
network. This is implemented using two types of channels, optical fibers and free-space7. Opti-
cal fiber channels are quite robust as they can provide connections between two parties without a
direct line of sight. Another benefit of using optical fiber links is that large-scale telecommunica-
tion fiber networks are already in place due to the telecommunications industry. Quantum signals
can be directly inserted into the active telecommunication fibers which will significantly reduce
the need to install new infrastructure, and thus reducing the adoption costs. However, birefrin-
gence in the optical fibers causes many issues for polarization encoded schemes and thus fiber
optical links generally favor phase and time bin encoding. Another challenge is the absorption
losses exhibited by optical fibers. For classical telecommunication protocols losses are typically
not an issue as repeaters and amplifiers may be used. Unfortunately, despite the recent progress
in quantum memories and repeaters [40], there is currently no off-the-shelf implementation of
quantum repeaters. Thus, due to the losses, optical fiber links are typically limited to distances
of a few hundred kilometers [41, 42].

For long distances, free-space links are used to overcome the absorption losses, as the scaling
of loss with distance in a free-space channel is quadratic [43], versus the exponential losses
in optical fiber [44]. However, free-space links must overcome the challenges of atmospheric
turbulence and the need for a clear direct line of sight. The effects of atmospheric turbulence
are worse for terrestrial point-to-point links as a thick atmosphere is present throughout the link.
Furthermore, terrestrial links have to consider the curvature of the Earth for the direct line of sight
link. Thus, despite the reduced absorption losses, terrestrial free-space links are still limited to a
few hundred kilometers [45].

Satellites offer a means to increase the transmission distance between two communication
parties. The satellite can connect two parties by being a trusted or untrusted node. The latter
typically requires the satellite to link two ground stations simultaneously, however advances in

7Several other channels exist such as submarine [38, 39], however, here we discuss the most common channels
used.
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quantum memory technology can allow for non-line of sight links. In contrast, trusted nodes can
be used to connect two ground stations at different times [46, 47]. In contrast to terrestrial links,
satellite free-space channels suffer from only a few kilometers of atmospheric turbulence and
absorption since only a small portion of the link is within the turbulent atmosphere8.

There are two types of directions for a ground to space quantum link: downlinks where the
photons are generated on the satellite and sent to receivers on the ground, and uplinks where
the photons are generated at a ground station and sent to a satellite receiver. Using an uplink
has some advantages over the downlink configuration. For instance, receiver satellites have a
relatively simple design due to the less demanding classical processing and storage requirements.
Furthermore, uplinks have the flexibility of utilizing different novel quantum sources with the
same receiver apparatus, such as quantum dot sources [48]. However, under similar conditions,
an uplink configuration has a lower link performance than a downlink due to the atmospheric
turbulence effects (Sec. 1.4.1.3) [49]. This is due to the beam propagation being affected at the
start of its optical path as opposed to the end.

1.4.1 Distortion mechanisms in free-space channels

A free-space link experiences losses and distortions due to the effects of the atmosphere. These
losses and distortions can come from a number of contributing factors including, beam diffrac-
tion, atmospheric absorption, scattering, beam wander due to turbulence and equipment error,
and finally total system throughput [43]. Obviously, many of these factors can be minimized by
proper design choices, particularly the latter.

Beam diffraction, atmospheric absorption and scattering are important factors to consider
when designing a free-space optical link. However, theses are not a major focus of this thesis
and the works contained and are therefore very briefly described below. Nonetheless, the reader
is encouraged to review the relevant literature on this topic [49, 43, 50]. The effects mechanisms
that significantly contribute to wavefront distortions, such as beam wander due to turbulence and
equipment error, are described in detail as they are a major inhibitor to the widespread adoption
of time bin encoding over free-space (see Sec. 1.6).

1.4.1.1 Diffraction

A collimated Gaussian beam in free-space will have some minimum beam radius or waist that
will naturally expand as the light propagates. This expansion is called diffraction. Even in the

8At a certain altitude the atmospheric density is reduced such that turbulence is no longer an issue.
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vacuum of space, a Gaussian beam will eventually diverge due to diffraction. Diffraction is a
fundamental property of waves, including light, and it causes a beam of light to spread out as it
propagates through space. In terms of an optical (or quantum) communications link, even with
the absence of other loss mechanisms, there would still be an induced loss due to the finite size
of the receiver 9. Thus, optimization of the transmitter and receiver apertures can be done to
minimize this effect [49].

1.4.1.2 Absorption and scattering

The composition of the material that the light is propagating through can cause absorption and
scattering. In free-space channels, the chemical composition of the atmosphere plays a role in
both absorption and scattering. For absorption, it is the specific chemicals (i.e. N2, CO2, H2O)
that determine the specific absorption bands of the atmosphere. This can cause losses in trans-
mission at specific wavelengths, and thus the source wavelength must be selected appropriately.

Although there are many types of scattering that can occur in the atmosphere, there are three
types of scattering that are relevant for low power free-space quantum links; Rayleigh, Mie,
and nonselective scattering [51, 52]. The type of scattering is influenced by the the size of the
particle that the the light interacts with. Raleigh scattering is caused by elastic scattering of light
by particles much smaller than the wavelength of the light. The amount of Rayleigh scattering is
inversely proportional to the fourth power of the wavelength. Mie scattering is caused by larger
particles in the air, such as aerosol particles or pollen, that are on the order of the wavelength
of light. Nonselective scattering occurs when the particles are much larger than the wavelength
of light, e.g. water droplets. This type of scattering has the smallest wavelength dependent and
the reason that clouds appear white. Overall, for the success of a free-space quantum channel,
source wavelength selection is a very important criteria in reducing the losses due to scattering.

1.4.1.3 Atmospheric turbulence

Atmospheric turbulence is generally caused by the irregular movement of air masses in the at-
mosphere. These irregularities can be caused by various meteorological factors, but can mostly
be attributed to thermal effects. Regardless, theses irregularities create small pockets of air with
different densities. This causes localized differences in the index of refraction of the air and
can lead to scintillation, beam wander, beam spreading, and coma (among other higher order
effects). The magnitude of the atmospheric turbulence depends on the location and distance of

9This is provided that the receiver telescope is sufficiently far that the spot size of the signal is larger than its
aperture.
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atmosphere that the light is propagating through. The more atmosphere one must pass, the higher
amount of atmospheric turbulence will be experienced.

Atmospheric turbulence can be quantified using the refractive index structure constant (C2
n)

which is essentially a metric of the strength of the atmospheric turbulence. There are sev-
eral models that attempt to predict the C2

n for different scenarios and atmospheric conditions
[53, 51, 54]. However, due to the complexity of modeling such systems, none of the models per-
fectly match the measured data obtained through the various measurement campaigns [55, 56].
Nonetheless, from a qualitative perspective, the higher the C2

n the stronger the atmospheric tur-
bulence effects.

Scintillation is the rapid fluctuation of the intensity of the light beam. When the beam is larger
than the regions of different indices of refraction, scintillation can be seen as a shimmering effect.
Scintillation has little to no effect on the performance for polarization encoding based free-space
links as it is the average long-term intensity10 that contributes to the key generation. However,
for time bin encoded free-space channels, scintillation can be detrimental as it causes wavefront
distortions which negatively affects the performance of the system.

Beam wander is typically seen when the beam is smaller than the different air pockets. The
beam is deflected and causes pointing errors in short time scales. In terms of losses, beam wander
causes the optical signal to miss the receiver temporarily or strain the pointing system used. This
must be accounted for in both polarization and time bin encoding quantum channels. However,
beam wander also causes slight changes in the angle of incidence of the beam on the receiver
telescope which has the most significant impact on time bin encoding schemes.

Beam spreading and coma are similar effects as they are caused by higher order phase errors
that are introduced into the beam. Beam spreading is an increase in the diffraction of the optical
signal and over a long distance, results in a larger than anticipated broadening of beam. This
can reduce the amount of power received at the receiver and make it more difficult to maintain
a stable link. Coma is a wavefront distortion that causes the beam of the transmitted signal to
become elongated in one direction11, similar to the effect of astigmatism in human eyes. As
with the other wavefront distortions, coma has a negative effect on the performance of time bin
free-space channels.

All of these atmospheric turbulence effects are typically addressed by adaptive optics, which
increases the overhead of the system used [57, 58, 59, 60, 61]. This is particularly necessary for
time bin encoding as the affects of atmospheric turbulence are much more pronounced. Sec. 1.6
discusses in detail the effects of wavefront distortions and angle of incidence on the performance
of a time bin system.

10More accurately the average long-term collection of photons.
11In the plane perpendicular to the optical axis
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1.4.1.4 Equipment pointing error

Although there are many solutions and feedback systems that can be used to properly align
the sender and receiver telescopes in a free-space optical link, the accuracy of these systems
can be a contributor to losses in the form of a long-term beam wander. More specifically, the
pointing errors of the system can be averaged over time and be expressed as beam broadening
[62, 63]. Larger receiver telescope apertures can help to relax the pointing requirements of the
system, but for satellites, telescope apertures are typically restricted. Pointing errors do not only
contribute to losses, but also contribute to variations in angles of incidence. As discussed further
in Sec. 1.6, these angles of incidence can have a detrimental effect on the performance of the
quantum channel particularly for time bin encoding.

1.4.2 Quantum Encryption and Science Satellite

Recently there have been many implementations of optical quantum devices being deployed as
payloads on satellites [26, 47]. Of particular note is the soon to be launched Quantum Encryption
and Science Satellite (QEYSSat) that is funded by the Canadian Space Agency (CSA) [64, 65].
The QEYSSat science team is led by Prof. Thomas Jennewein. The Quantum Photonics Labora-
tory (QPL) is commissioned with supporting the project through technical expertise of quantum
sources and ground station hardware. The development and conceptual design of one such source
is discussed in Sec. 2.1. Honeywell Aerospace is contracted to manufacture the satellite and some
of the ground station supporting hardware [66]. QEYSSat will be launched in a low Earth orbit
(LEO) similar to other quantum network satellites [26].

QEYSSat is a trusted node receiver that has the ability to measure four linear polarizations
in two mutually unbiased bases. Thus, the primary links that QEYSSat will perform are uplink
scenarios. Although, QEYSSat will also have a downlink source [67, 68], this is not discussed in
this thesis. The uplink polarization state measurement is done using a free-space passive12 4-state
analyzer. The four polarizations are measured using four single photon detectors particularly
silicon avalanche photo diodes (SiAPD). The wavelength of the optical uplink for QEYSSat is
selected to be from 780 nm to 795 nm due to several factors including the wavelength range
of available single photons sources, the windows of low atmospheric absorption, and detector
efficiency [49].

The primary objective of QEYSSat is to demonstrate long distance QKD and entanglement
distribution. The protocols that will be tested are BB84 [1] and BBM92 [69]. However, other

12Passive here refers to the means by which the receiver selects its measurement basis. Passive systems typically
use a beam splitter (in this case a 50:50 splitter)
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protocols, such as the 6-state 4-state protocol [70], may be tested during the extended science
mission. The feasibility of using the 6-state 4-state protocol is discussed in Sec. 2.2.

1.5 6-state-4-state protocol

Reference frame independent (RFI) protocols allow for the two parties in a point-to-point quan-
tum communication link to remove the constraint of a shared frame of reference. For example, in
polarization encoding, this can be a shared geometric reference, i.e. what is considered horizontal
or vertical. Such protocols have been proposed for a six-state entangled case [71]. However, for
situations where resources are limited due to the strict power, and space limits, such as payloads
for airplanes [72] and satellites [66], reducing the number of states used in the RFI protocol can
be desired.

The 6-state 4-state protocol [70], which is used in several experiments in this thesis, is bene-
ficial because one of the parties only requires a 4-state measurement. This is an important detail
since many free-space receivers, such as QEYSSat, limit the number of detectors in order to limit
resource requirements. Therefore the 6-state 4-state protocol is briefly described for the reader
below. Although, the description below is for an entanglement based system, much like most
QKD protocols, it can be easily modified for a prepare & measure scheme.

Alice and Bob share a state ρAB on which Alice makes a 6-state measurement, measuring in
the computational (Z) basis and the superposition (X , Y ) bases. Bob makes a 4-state measure-
ment, measuring in the computational (Z) basis and a superposition (X) basis. The computa-
tional basis is fixed while the superposition bases are free to drift or rotate. Alice and Bob use
the correlations in the computational basis (⟨ZA ⊗ZB⟩) for the key generation. The correlations
in the superposition bases (⟨XA ⊗XB⟩, ⟨YA ⊗XB⟩) are used to form a correlation parameter or
C-parameter

C =

√
⟨XA ⊗XB⟩2 + ⟨YA ⊗XB⟩2, (1.3)

where C ≤ 1, with the equality indicating a maximally entangled state. Thus the objective of
the two parties is to confirm that C is as close as possible to unity, and C < 1 is attributed to the
presence of an eavesdropper. An error rate for the computational and superposition bases can be
defined as,

QBERZZ =
1−⟨ZA ⊗ZB⟩

2
, QBERC =

1−⟨C⟩
2

, (1.4)
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where C is given by eq. 1.3. Generally, C is the amplitude of the maximum achievable visibility
in the superposition bases. If there was no rotation/drift in the superposition correlations this
would mean that the correlation values would be at fixed values and the maximum would be
realized in one of the bases, for example ⟨XA ⊗XB⟩= 1 and ⟨YA ⊗XB⟩= 0. However, in most use
cases for an RFI protocol, ⟨XA ⊗XB⟩ and ⟨YA ⊗XB⟩ will vary in value depending on the reference
frame rotations/phase drifts in the channel and thus will not be at the maximum correlation
value. Despite the rotations/phase drifts, the C-parameter will remain constant, provided that
the rotations/phase drifts do not change too rapidly and sufficient counts are collected due to the
statistical nature of C. Analysis on the robustness and statistical nature of C will be presented in
detail in Sec. 2.2.3.

1.6 Time bin over free-space channels

Although time bin encoding is primarily used in fiber optic quantum channels, there are several
reasons to use it over free-space channels. First, the group velocity dispersion over free-space
channels is negligible (−0.00597 psnm−1 km−1 at 1550 nm in standard air at 15 ◦C) compared
to optical fiber channels (21.912 psnm−1 km−1 at 1550 nm in fused silica). Thus the pulse width
of the time bins over a free-space channel will not significantly change (3.5 ps over a 200 km link
with a full width at half maximum (FWHM) of 3 nm for a 1550 nm signal [73]). Even when in-
cluding the contributions of atmospheric turbulence on the perceived pulse width, the pulse width
jitter is still relatively small, e.g. 4.5 ps for the 1550(3) nm signal traveling in 200 km of atmo-
sphere [74]. Note for a 785 nm signal with a 3 nm FWHM (−0.0631 psnm−1 km−1 dispersion in
free-space and −114.28 psnm−1 km−1 in optical fibers), the combination of dispersion and jitter
through the atmosphere increases to 38 ps over the 200 km link. However, this is assuming that
the light travels entirely through the atmosphere for 200 km, whereas in reality the effects would
be reduced for a satellite link as the atmosphere becomes less dense. Second, while polarization
encoding continues to be the standard for free-space channels, such systems can suffer from po-
larization rotations due to the stress of the optical elements of the transmitter or receiver system
[75], and cannot be used over a depolarizing channel [76]. This causes additional system over-
head and can be difficult to maintain without active compensation systems. Time bin encoding
does not suffer from changes in the birefringence of the optical elements and it is not affected by
depolarizing channels nor polarizing elements. The latter is particularly promising as it allows
for the use of atomic line band pass filters [77] that are intrinsically polarizing since they use
the Faraday effect to filter the incoming light to a very narrow frequency13. This is of partic-
ular interest for high noise environments such as daylight free-space channels [78, 79, 80, 81].

13However, the signal bandwidth and pulse width would become an issue.
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Furthermore, creating highly polarized and well defined polarizations can be difficult, especially
across a large telescope aperture. Finally, using time bin encoding in free-space channels simpli-
fies interface with the optical fiber channels. Rather than constantly converting between time bin
and polarization encoding, one could simply use time bin encoding for both channel types.

Despite the advantages, there are several challenges to using time bin encoding over a free-
space channel. As aforementioned, the phase reference of the sender and receiver interferometer
must be well defined and stable. Many moving platforms have a limited electronics and space
budget, so adding additional hardware to stabilize the phase is typically not desired. In addition
to this issue, a major problem for using time bin over free-space is the effects of atmospheric
turbulence on the quality of the observed interference. Wavefront distortions and beam wander
reduce the interference visibility by effectively turning the incoming signal into a multi mode
signal. As explained further below (Sec. 1.6.1), the unbalanced interferometers used in time
bin encoding are typically not suitable for multi mode signals, and thus for free-space quantum
channels. The problem is worse for moving channels as the angle of incidence of the incoming
beam is much more variable due to the difficulties involved in pointing and tracking systems.
Thus in order to use time bin encoding over free-space channels, one must overcome the issues
of atmospheric turbulence, or more simply create an unbalanced interferometer that can be used
with multi mode signals.

1.6.1 Field-widened interferometers

(a) Balanced Michelson (b) Unbalanced Michelson

Figure 1.2: (a) A balanced interferometer has no dependence of the overlap of the two paths
based on the angle of incidence. (b) In an unbalanced interferometer, the paths become separated
as the angle of incidence of the input beam is increased.

In order to have a high interference at the output of an interferometer, the light from the
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two optical paths of the interferometer must occupy the same spatial mode, i.e. have the same
k⃗. When dealing with multi mode signals, several spatial modes and k⃗ will be incident on the
interferometer. To first order this can be approximated as rays with different angles of incidence.
In a balanced interferometer, there is no issue and all signals will propagate and fully overlap
when recombined at the output to interfere. This is because the angle of the rays emerging from
the two paths is the same (Figure .1.2a). However, in the unbalanced case (Figure. 1.2b), the
rays with different angle of incidence will propagate along the unbalanced arms and displace
a distance dsep(θi) at the output that is dependent on the angle of incidence θi at which the
ray entered the interferometer. The larger θi, the larger the displaced distance dsep(θi) and the
lower the interference quality. This issue is not only relevant for free-space channels, but also
for situations that use multi mode signals, i.e. time bin over highly multi mode fibers (Chap.3).
In a similar manner to the angles of incidence, the various k⃗ of the multi mode signal will not
properly overlap at the recombination of the two interferometric arms and hence the system will
suffer from a reduced interference quality.

This issue is commonly overcome by using a spatial filter to remove all the light except for
a single k⃗ [82, 83]. This typically comes at the price of a large amount of loss and a low photon
throughput, something that is very undesirable for quantum networks. One can use adaptive
optics to overcome the losses and reshape the wavefront and modal shape of the incident beam
such that a large amount of the incident signal occupies a single mode [57].

However, to avoid using another active feedback system, one must use a special time bin in-
terferometer that can maintain a high interference visibility with multi mode signals [84]. These
interferometers, called field widened interferometers, were first developed for astronomy [85],
were tested for quantum applications in Ref. [84], and have been used in quantum communica-
tion applications [86, 87].

As shown in Figure. 1.2b, the unbalanced interferometer experiences a reduced visibility due
to the different angles of incidence, or spatial modes. However, for a field widened interferome-
ter, the two paths of the interferometer are corrected such that the input optical signal is imaged
to the output beam splitter such that dsep(θi) = 0 for any θi that is incident on the interferometer14

as shown in [84]. Effectively, the system corrects the geometric (or angular) difference between
the two paths while maintaining the time delay difference.

Previous works have demonstrated various different correcting optics techniques, such as
using a piece of optically dense material in a balanced interferometer to create the illusion of
an unbalanced interferometer [87, 84, 88], or by using a 4- f lens imaging system to correct
the difference in output of each path [76]. Examples of each are shown in Figure. 1.3a and
Figure. 1.3b.

14Any θi that is reasonable within the input NA of the interferometer.
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(a) (b)

Figure 1.3: Concepts of field widened interferometers using optically dense material (a) and a
4- f lens imaging system (b).

These field widened interferometers were used in the first demonstration of time bin encoded
quantum signals being sent over a free-space quantum channel [76]. This demonstration showed
the feasibility of the optical design concept that allowed the time bin interferometers to be used
in such a setting. Although, the experiment was a success there are still a few challenges that
remain. An active phase stabilization system was still employed to maintain the phase reference
between the two interferometers. This is addressed in Chap. 3 by employing the 6-state 4-state
protocol for time bin encoding. In addition, the field widened interferometer used was not sta-
ble due to their large size and were particularly vulnerable to thermal and vibrational noise.
Work towards developing better interferometers is presented in Chap. 4 and a robust enclosure
in Chap. 5.

1.7 Theory of flexures and compliant materials

Mechanical flexure devices, also known as compliant mechanisms, are widely used in various
engineering and scientific applications, including optical and mechanical systems, sensing de-
vices, and atomic force microscopy [89]. These devices consist of thin, flexible components
that can bend or deform under mechanical stress, providing precise and repeatable motion or
displacement. In Chap. 5 describes flexure devices are built and tested as replacements for op-
tomechanical devices, since flexure devices have several advantages over traditional mechanical
devices [89, 90, 91, 92]:

1. High precision: Flexure devices can provide highly precise motion and positioning with
minimal friction and hysteresis. This makes them ideal for applications that require accu-
rate and repeatable motion, such as in microscopy or precision machining.
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2. Lubrication-free: Flexure devices do not require lubrication, which can reduce mainte-
nance requirements and eliminate the risk of contamination in cleanroom environments.
This can be an important advantage in applications where lubrication is difficult or impos-
sible to apply, such as in vacuum or space environments.

3. Increased lifespan: Flexure devices have no sliding or rolling parts, which means they
are less prone to wear and tear. This can improve their reliability and lifespan compared to
traditional mechanical devices.

4. Lightweight and compact: Due to the reduced number of components flexure devices
are typically more lightweight and compact compared to traditional devices. This makes
them ideal for applications where space is limited or weight is a critical factor, such as in
satellites and other aerospace applications.

5. Multidirectional motion: Flexure devices can provide multidirectional motion and de-
formation, which makes them versatile and particularly applicable for optical alignment
where many degrees of freedom are typically required. See the TSK-45 tip-tilt and optical
axis translation in Chap. 5.

6. No backlash: Flexure devices do not have “backlash”, which means they can provide
bidirectional motion without play. Traditional spring mechanisms suffer from backlash
which can create alignment difficulties in highly sensitive optical apparatus.

The physical mechanism of flexure devices can be understood in terms of the principles of
elasticity and deformation. Elasticity is the property of a material to deform under stress and
return to its original shape when the stress is removed. When a force is applied to a flexure
device, the elastic material deforms, resulting in a change in shape or position which is restored
once the force is removed. The deformation of the device or material can be controlled and
harnessed to achieve very precise movements or displacements. The design and operation of
mechanical flexure devices relies on several key parameters, including the material properties of
the flexure, the geometry of the device, and the applied forces. The material properties of the
flexure, such as Young’s modulus, determine the amount of deformation that can be achieved
for a given force [93]. The geometry of the device, including the shape and size of the flexure,
also plays a critical role in determining the device’s performance characteristics, particularly its
range of motion and sensitivity, as is seen in the testing done in Chap. 5. Finally, the applied
forces must be carefully controlled to avoid exceeding the elastic limits of the device as this will
plastically deform the material and thus damage the device.

Although, most engineers use a finite element analysis approach, an analytical method called
the pseudo-rigid body model (PRBM) can be used for designing and analyzing flexure-based
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devices [89]. The PRBM is based on the assumption that the flexure behaves like a rigid body,
but with a set of equivalent compliance parameters that represent the deformation of the flexure,
i.e. pivot points in the form of torsional springs. These parameters can be determined by analyz-
ing the flexure’s geometry and material properties. A compliance matrix is created from these
parameters and can help the designer to predict the behavior of the flexure-based device under
various loading conditions. The flexure is typically modeled as a set of parallel beams or links
that are connected in series or parallel to achieve the desired motion. The compliance matrix of
the flexure is calculated by considering the individual contributions of each link or beam to the
overall compliance of the mechanism.

One of the advantages of the PRBM is that it allows the designer to optimize the design
of the flexure-based device for specific performance criteria, such as range of motion, stiffness,
or sensitivity. By adjusting the geometry and material properties of the flexure, the designer
can control its compliance matrix and achieve the desired performance characteristics. For a
good resource and many examples on the dynamics of flexures, the reader is encouraged to look
at Ref. [89], particularly A1 of chapter 5. Other references about the design of flexures and
compliant materials are Refs. [90, 92].

Although we do not use the PRBM in Chap. 5, there are some considerations that can be
made based on the results of such analysis that should be considered in the design process.
Considering that the results of PRBM analysis for the stiffness (kstiff) of what is known as the
equivalent torsional spring for a fixed-free beam15 (see chapter 5 of Ref.[89]) is given by

kstiff = 2.25
EI
L
, (1.5)

where E is the Young’s modulus of the material, I is the second moment of area of the cross
section, and L is the length of the flexure segment that is bending. The torsional spring in Fig-
ure. 1.4b is placed at the point of highest strain, i.e. where the elastic behavior is experienced.
Nonetheless, it should come to no surprise that the stiffness of the equivalent torsional spring is
dependent on the material selection (E) and the geometry of the device (I, L) (see Figure. 1.4a).
The displacement of the beam in the horizontal and vertical plane (a and b respectively) are given
by,

a = (1− γ)L+ γLcosΘ (1.6)
b = γLsinΘ, (1.7)

where γ is the characteristic radius factor, which is the ratio between the length of the beam and
the length of the pseudo-rigid link. In Figure. 1.4b, for this particular example γ = 0.85, but

15The more accurate description for the flexures used in Chap. 5 is the fixed-guided beam. However, the fixed-free
beam is sufficient for the purposes of this introduction, while the more detailed analysis can be left to the engineers.
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generally γ is determined based on the geometry of the device and the direction of the applied
force. Nonetheless, Eq. 1.7 provides a means to predict the displacement of the flexure device
using its dimensions.

(a) (b)

Figure 1.4: The fixed-free beam (a) and its corresponding pseudo-rigid body model (b). Both
figures are taken directly from chapter 5 of Ref. [89].

Once a material is selected, the main features of Eq. 1.5 that are to be considered in the design
of a flexure is the cross section, or thickness of the compliant beam, and its length. The desired
range of motion is achieved by fine tuning these parameters and using finite element analysis
to determine if the resulting device behaves as expected. Overall, by controlling the material
properties, geometry, and applied forces, flexure devices can be designed to provide precise and
repeatable motion or displacement for a wide range of engineering and scientific applications.
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Chapter 2

Enhancements for the QEYSSat ground to
space link

An important milestone prior to start of the QEYSSat mission was the demonstration of a ground
to airplane quantum communications channel [72]. However, despite the good performance,
there were still some areas that needed improvement. This chapter focuses on two crucial en-
hancements that can further advance the performance of the quantum sources for QEYSSat. The
first issue addressed is the stability of the weak coherent pulse source used in Ref. [72]. The
previous design was vulnerable to air currents, leading to undesired errors, and required constant
realignment to function properly. In Sec. 2.1, a new design is proposed, which is more robust
and reduces the need for constant realignment. Making the new design practically plug-and-play,
which is suitable for delivery to the various QEYSSat stakeholders. The second issue addressed
is the need for an active polarization stabilization system at the output of the transmitter tele-
scope. In Ref. [72], three rotating wave plates were used which can introduce undesired beam
wander to the quantum signal and result in increased losses (Sec. 1.4.1.3). Sec. 2.2 proposes and
studies using reference frame independent protocols, which eliminates the need for active polar-
ization stabilization. Specifically, the feasibility of the 6-state and 4-state protocols is explored
in the context of a LEO satellite link. The success of these tests removes the need for active
polarization compensation, which reduces the additional hardware required in the transmitter
system.

Statement of contribution

• Inline polarization modulation system for the QEYSSat mission Prof. Thomas Jen-
newein conceived the idea of using an inline polarization modulation system with some
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input from Jean-Philippe Bourgoin, Brendon Higgins, and myself. Danial Kun and I per-
formed the initial experiments and data collection. Paul Godin, Wilson Wu, and I per-
formed the integration with the WCPS laser setup and testing. I conducted the analysis of
the results shown.

• Indoor moving 6-state 4-state demonstration Prof. Thomas Jennewein and I conceived
the idea of the moving RFI QKD experiments. Sebastian Slaman made the transmitter
telescope assembly. I prepared the experimental setup and conducted the pointing systems
tests with the guidance of Brendon Higgins. Chithrabhanu Perumangatt and I conducted
the initial source characterizations. Stéphane Vinet, Wilson Wu, Kimia Mohammadi, and
I conducted the experiments and data acquisition. Brendon Higgins assisted with trou-
bleshooting the tracking and detection systems. I conducted the data analysis of the results
presented.

2.1 Robust weak coherent pulse source for QEYSSat

The Quantum Encryption and Science Satellite (QEYSSat) is an integral part in Canada’s devel-
opment of quantum networks [66]. The QEYSSat mission is a technology demonstration that
has a mission objective of performing a proof-of-principle uplink quantum communication ex-
periment (see Sec. 1.4.2). Honeywell Aerospace is contracted to design and build the receiver
satellite while the QPL group at the University of Waterloo is tasked with the quantum source
design and University of Waterloo ground station development. There are two quantum sources
that QPL is developing, a weak coherent pulse source (WCPS) and an entangle photon source
(EPS). Discussion of the EPS is beyond the scope of this work, however it is based on a clever in-
terferometer design [94]. In this section, some conceptual details of the new weak coherent pulse
source design are provided, along with the testing of some supporting hardware components.

Following the work done for the airborne experiments of Ref. [72], there were several chal-
lenges that were identified for the baseline WCPS design that was used in those experiments. The
first is that the source was quite unstable to temperature fluctuations and vibration noise. This
is due to the Mach-Zehnder interferometer (MZI) that was used to create the polarization states,
as seen in Figure. 2.1. Free-space delay lines are used to compensate for deviations in the path
length of the two MZI arms. This allows for manual fine adjustments to obtain high-visibility
of interference, and thus, high-quality output polarization states. However, these delay lines can
cause intensity fluctuations which lead to polarization rotations. Such instabilities have been
observed during outdoor operation of the WCPS during the experiments of Ref. [72, 76]. Fur-
thermore, the free-space bridges needed to be realigned and calibrated regularly. Such a system
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is not ideal for a practical quantum communication link, especially in the context of the QEYSSat
mission where the sources will be at the Canadian Space Agency headquarters in St-Hubert. It
is not ideal to require a technician to constantly readjust the system in order to achieve optimal
performance. To overcome this issue, an inline polarization modulation setup is proposed and
tested for improved stability and ease of alignment. By removing the free-space bridges of the
old design and keeping everything in optical fibers, the new design promises to be a plug-and-
play solution that requires little to no maintenance. Sec. 2.1.1 describes the new setup in detail
and Sec. 2.1.2.2 presents some of the prototyping results.

delay

delay

Polarization modulator

HWP/Polarizer/Filter

785 nm
WCP

PBS PBS

PM

PM

Polarization Modulation Setup

AWG IN AWG IN

Figure 2.1: The baseline polarization modulation setup employs a Mach–Zehnder interferometer
(MZI) to set the polarization state of the outgoing photons. The MZI consists of two polarizing
beam splitters (PBS), two phase modulators (PM) and two free-space delay lines. Its output
depends on the setting of the phase modulators (PMs), which are controlled by voltages applied
by the arbitrary waveform generator (AWG). Some figure elements were created by Dr. Youn
Seok Lee.
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2.1.1 Inline Polarization Modulation Setup

The inline polarization modulation setup (IPMS) is an inline configuration based on two phase
modulators (PMs), optics to manipulate polarization, and polarization maintaining fibers (PMF).
The idea is to remove the free-space air bridges and to use the same concepts of the MZI setup,
but put everything inline along the same optical fiber. This can be achieved due to the fact
that PMF can separate two polarization modes with a high extinction ratio. Effectively, each
polarization mode in the PMF acts as one “arm” of the MZI setup. However, the two arms are
protected from the air currents that can cause rapid phase changes, and with the air gap delay
lines completely removed, there is virtually no coupling losses to contend with.

The inline polarization modulation setup is based on designs found in Refs. [95, 96, 97] and
a schematic of the setup can be seen in Fig. 2.2. The IPMS uses an input linear polarizer (LP)
and half-wave plate to evenly couple a pulse into its horizontal (H) and vertical (V) components
along each of the principal axes of the polarization maintaining fiber (slow and fast axis). Then
the relative phase between the components of the pulses traveling in each axis is properly tuned
to create any one of the four mutually unbiased polarization states at the output: diagonal (D),
anti-diagonal (A), right-circular (R), and left-circular (L) states. The four polarization states are
converted to the four linearly polarized states (H, V, D, A) after passing through a quarter-wave
plate. When implemented for the QEYSSat mission, this quarter-wave plate will be located in
the optical path prior to or at the transmitter telescope.

A major technical challenge of the IPMS is the compensation for the temporal walk-off that
is caused primarily by the PMFs. This compensation is critical for the functionality of the IPMS.
Any birefringent element, i.e. PMF and phase modulators, cause temporal walk-off between
light propagating along the two different principal axes. This is caused by the difference in
group velocities that are present in any birefringent material. The walk-off can be compensated
by rotating the polarization by 90◦ at some point in the IPMS where the walk-off induced in the
first length of the IPMS can be fully compensated by the second length. An ideal location for
the rotation is after the first phase modulator and prior to the second. Since it is required that the
pulse traveling through the slow axis of PM1 will then pass through the fast axis of PM2. The
walk-off is compensated by adding additional lengths of PMF as needed in each leg of the IPMS.
Though there are several ways to achieve the compensation, using PMF is the most robust, cost
effective, and requires the least overhead. Additional information on how the walk-off affects
the source performance can be found in the Master’s thesis of Wilson Wu (in preparation).

In Figure. 2.2, a free-space bridge with a half-wave plate is used to rotate the polarization by
90◦. This is only used for prototype testing and the final implementation of the IPMS will use a
completely fiber based solution by rotating the alignment key of the PMF by 90◦. A completely
fiber based solution avoids coupling losses across the free-space bridge and avoids the concern
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Figure 2.2: The polarization modulation setup is preceded by a filter-polarizer-HWP setup, filter-
ing out unwanted wavelengths from frequency-doubling from the non-linear medium and subse-
quently setting a diagonal polarization for polarization modulation. The inline polarization mod-
ulation setup consists of two phase modulators (PMs), polarization rotating optics and PMFs. Its
output depends on the setting of the phase modulators, which are controlled by voltages applied
by the arbitrary waveform generator (AWG).

of long-term stability of the coupling. However, alignment of the PMF key is critical as rotation
errors can have a negative effect on the polarization output and thus increases the intrinsic error
rate of the system. Therefore, manufacturing tolerances must be tight to ensure a low intrinsic
error rate. Furthermore, the physical footprint of the IPMS is substantially reduced by the use of
all fiber based components.

The two phase modulators in Figure. 2.2 are necessary due to the difficulty to find function
generators that can operate at fast duty cycles (> 300MHz) and output sufficiently high voltages
without an amplifier. Amplifiers typically distort signals and are thus not ideal for this appli-
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cation, where the polarization states must be set very accurately, i.e. < 1% intrinsic error rate.
If it was possible to provide sufficient voltage at such high repetition rates, then a single phase
modulator could be used. However, here one phase modulator can only provide up to a π phase
shift, thus with two a full 2π may be achieved.

2.1.2 Polarization Visibility

2.1.2.1 Measurement Setup and Procedure

To quantify the IPMS’ capability to properly modulate polarization states with low errors, polar-
ization visibility measurements were made. The visibility allows the user to quantify the quality
of the output polarization and is found by measuring the polarization with a linear polarizer and
a photodiode. The current of the PD response is measured using an oscilloscope and read as a
voltage, see Fig 2.3. The output polarization is modulated until the PD response is maximized
and then minimized. By recording the maximum and minimum values of the PD current, we can
calculate the visibility of the setup via

Vis =
Imax − Imin

Imax + Imin
, (2.1)

where Imin and Imax are the minimum and maximum intensity values as observed by the oscil-
loscope. The ideal visibility result is Vis = 1, indicating the modulation setup can perfectly set
polarization states, without any issues. In reality, imperfections and background noise lead to
deviations from the ideal and a quantum bit error rate (QBER) can be calculated by (1−Vis)/2.
To facilitate the measurements, the phase modulators are driven (one at a time) such that a π

phase shift is applied so the intensity reaches both Imax and Imin at least once per period.

The apparatus that used to obtain measurement results from the IPMS is shown in Fig. 2.2
under "Characterization Setup" and the physical setup is presented in Fig. 2.3. The measurement
consists of applying a ramp voltage, seen in Fig. 2.4a, to one of the two PMs in Fig. 2.5a such
that the polarization state is rotated over a phase φ > π . The output of the PMs is rotating from H
to D, to V, to A (depending on the phase applied). This output polarization is then measured by
a linear polarizer set at a fixed angle, e.g. to allow all H polarized light to pass through but block
all V polarized light. The light is then incident on a photodiode that measures the intensity of the
light that passed through the polarizer and the current response is measured with an oscilloscope
as a voltage across the terminating resistor. The photodiode output should resemble a sinusoidal
curve as seen in Fig. 2.4b, and when the voltage in Fig. 2.4b reaches a maximum, the output
polarization of the IPMS is as close to the LP setting as it can possibly produce (in this example H
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polarized). Conversely, when the voltage reaches a minimum, that means the output polarization
of the IPMS is as close to being anti-aligned to the LP setting as it can produce (in this example
V polarized). We quantify the quality of the output in terms of polarization visibility. A ramp
voltage is used to achieve a sinusoidal response from the applied phase. A linear phase change
will result in a sinusoidal change in the intensity at the measurement polarizer.

2.1.2.2 Results and Analysis

The visibility was measured using two laser sources, a continuous wave (CW) external cavity
diode laser (Toptica DLPro) and a 0.2 ps mode-locked pulsed laser (Mira 900). A fast photodi-
ode (LeCroy OE425) is used in both cases and has a bandwidth much larger than the repetition
rate of the pulsed laser (4.5 GHz compared to 80 MHz), thus there is no saturation of the mea-
surement device. The CW laser is used to get an upper bound on the visibility of the IPMS,
as the temporal walk-off caused by the PMF would be minimal for a CW laser. These results
are shown in Fig. 2.6a with the IPMS consistently provided visibilities above 99.0%. This in-
dicates that for longer pulse widths, i.e., greater than 100 ps, the visibility should be of similar
quality. Conversely, the pulsed light source consistently produced visibility of 85.0%, shown in
Figure. 2.6b. The low visibility of the pulsed source is primarily due to the temporal walk-off of
the narrow pulse width of the pulsed laser source used for prototyping experiments. Compensa-
tion for the temporal walk off is critical to increasing the visibility and was done using additional
lengths of PMF available in the laboratory, the shortest of which is approximately 20 cm long.
For future iterations of the IPMS (Sec. 2.1.2.3), the lengths of PMF used for compensation will
be made in-house which will compensate the exact temporal walk-off. We note that the narrow
pulse width of the laser source used to characterize the system, approximately 0.2 ps, is four
orders of magnitude smaller than that of the the WCPS laser source used in Ref. [72] and that
of the current WCPS laser setup, which is around 100 ps, and significantly impacts the measured
visibility in the lab compared to that of the WCPS laser setup.

2.1.2.3 Integration with WCPS laser setup

The IPMS was integrated with the weak coherent pulse source laser setup and arbitrary wave-
form generator. The weak coherent pulse source laser setup produces pulses that have a 100 ps
pulse width. The IPMS that was tested has significant improvements compared to the previous
prototype tested in Sec. 2.1.2.2. Custom compensating PMF lengths were used to improve the
visibility of the system and the free-space bridge for polarization rotation was replaced with a
properly keyed PMF. The visibility of the improved IPMS with the WCPS laser setup is 97%
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Figure 2.3: Visibility measurement setup used to characterize the output polarization quality of
the IPMS. The quarter-wave plate (λ/4) allows to measure all superposition states (R,D,L,A)
created by the IPMS as the basis states (H,D,L,A). The polarizer (P) is set to an angle corre-
sponding to one of the four states. The transmitted light is then coupled into a photodiode (PD)
for detection using an oscilloscope. Visibility is defined in Eq. 2.1.

which gives an intrinsic QBER of 1.5%. Figure. 2.7b shows the four polarization states as mea-
sured at the output of the IPMS with a single photon detector. Although this is a significant
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(a) (b)

Figure 2.4: Modulation input voltage and response curve. The input used was a linear ramp
voltage while the response from the photodiode has a sinusoidal shape. (a) Function generator
output of ramp voltage with Vpp = 5V. (b) Photodiode response as measured on an oscilloscope.
The sinusoidal curve is a typical response when driving a phase modulator with a ramp voltage.

improvement compared to the 85% previously reported with the 0.2 ps source, it is still currently
not sufficient since the requirement for QEYSSat is an intrinsic source QBER of < 1%. Nonethe-
less, at the time of writing, progress is being made to improve the walk-off mismatch and the
rotation errors caused by each connection of PMF.

2.1.3 Phase Stability

A qualitative study of the phase and vibrational stability of the IPMS has been done. The previ-
ously implemented MZI setup [72] is very sensitive to temperature fluctuations and mechanical
vibrations. This is primarily due to the air gaps (delay lines) used in the MZI, coupled with
the inherent interferometer characteristics of the setup. These delay lines can cause intensity
fluctuations which lead to polarization rotations and an increase in the intrinsic error rate of the
system. Such instabilities have been observed during operation of the WCPS in field tests and is
the motivation for the study of the IPMS.

In comparison, the IPMS setup is relatively stable over time. Observed phase drifts were
small over the course of a 30 minute period in the laboratory setting, as seen in Figs. 2.8a
and 2.8b. Theses preliminary results of the phase stability indicate phase drifts on the order
of 0.0037 rad/s. These small drifts are primarily due to instability in the function generator driv-
ing the phase modulators. Nonetheless, this slow drift can be easily compensated by applying a
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Figure 2.5: Experimental setup for the prototype WCPS inline polarization modulation setup
(IPMS). The optics were placed on a breadboard next to the modulation box for prototyping.
(a) Polarization modulation setup box containing the phase modulators. A field implementation
of the setup would see all the optics from Fig.2.5b placed in such a box. For this prototype,
the phase modulators have been placed in an insulating metal enclosure. (b) free-space fiber
bridge between each phase modulator. The HWP preceding the PM2 fiber coupler rotates the
polarization by 90◦ relative to the previous optical fiber (output PM1).

bias voltage to one of the PMs or by using a polarization a feedback system to compensate for
this.

Furthermore, qualitative stability tests were conducted by attempting to cause phase drifts
by blowing air on the setup, and by physically vibrating and shaking the setup. Qualitatively,
there was little to no impact on the phase stability of the system indicating that the inline setup
is quite stable compared to the previous MZI setup. This comes as no surprise since the inline
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(a) (b)

Figure 2.6: (a) Photodiode response of CW laser light modulated by the inline polarization mod-
ulation setup, the minimum and maximum responses are shown with the dashed lines. These are
used to determine the visibility of 99.2%. (b) Photodiode response of mode-locked laser light
modulated by the inline polarization modulation setup, the minimum and maximum responses
are shown with the dashed lines. These are used to determine the visibility of 85.6%.

setup is fully enclosed in the optical fibers and is thus only as environmentally sensitive as the
phase modulators and the PMFs. It is also important to note that the setup was not shielded from
the outside (i.e. in some enclosure) which would be the case in the final implementation for
QEYSSat. Therefore, it is expected that the stability would improve substantially.

2.1.4 Conclusions and Future Steps

The concept IPMS is a promising improvement for the QEYSSat weak coherent pulse source.
The stability and physical footprint of the system are improved by using a fully optical fiber
based system. The lack of free-space bridges reduces the need for realignment and adjustment,
thus the IPMS is a plug-and-play system that requires little to no maintenance. The next steps are
to improve the intrinsic QBER by reducing the walk-off mismatch and the rotation errors of each
PMF connection. The final steps are to fully implement the IPMS with the final WCPS subsys-
tems, including the arbitrary waveform generator. Final source validations are to be conducted,
including a full systems test with a moving free-space receiver. The final WCPS will be used by
both the QEYSSat ground station at the CSA headquarters in St-Hubert, Quebec and at the QPL
ground station in Waterloo, Ontario.
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Figure 2.7: (a) Intensity as measured by a fast photodiode with four polarization states indicated.
A continuous wave laser was used to obtained these results. (a) Single photon counts measured
using the single photon detectors. The four polarization states are indicated. The WCPS laser
setup is the source of the photons. (b) Voltages used to drive the phase modulators. Each voltage
corresponds to a unique polarization.
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(a) (b)

Figure 2.8: (a) Waveform snapshots taken at times 40 s apart, demonstrating the stability of the
setup. (b) Waveform snapshots taken at times 180 s apart, demonstrating the stability of the
setup.

2.2 Indoor Moving 6-state 4-state Demonstration

Expanding quantum networks to a global scale requires moving receivers such as satellites.
Though quantum repeaters are a promising approach, their implementation requires a lot of
research and development [40]. Quantum satellites are quite developed and are becoming a
commercially viable option. Implementing and testing protocols to these platforms is quite im-
portant for the implementation of a quantum internet. However, launching satellites, though has
very recently reduced in cost [98], still requires a lot of time and effort for development. In order
to test various protocols and schemes in a controlled and cost effective environment, a lab-based
moving platform quantum channel is established for the Quantum Photonics Laboratory. This
test bench allows for protocol and quantum source testing without the need for high-cost moving
platform experiments.

The main focus of these experiments in this section is to test the robustness of the 6-state
4-state reference frame independent (RFI) QKD protocol [70] under conditions similar to a
QEYSSat pass. During a satellite pass or when tracking a moving platform, the transmitter
telescope will move (i.e. following the moving receiver). During this movement, the optical
fiber that is used to transfer the quantum signal from the single photon source to the transmitter
telescope will potentially be stressed and strained. Such stresses on the fibers will cause polar-
ization rotations that need to be corrected in order to maintain a good quality quantum channel.
Without said corrections, the polarizations leaving the transmitter telescope may not be the same
polarization produced by the quantum source, and thus could unnecessarily increase the QBER
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of the link.

Many current quantum communication implementations use active polarization compensa-
tion systems that typically require a small “pick-off” or additional overhead to characterize the
polarization misalignment that can occur during a QKD link [72]. However, the use of a “pick-
off” is not ideal as photon losses are usually a dominant factor in the signal to noise ratio of
most quantum channels. Thus, reducing the amount of signal just to ensure proper operation of
the channel is not ideal, especially in the photon starved regime (high link loss). Additionally
for free-space channels, some active compensation techniques, such as rotating wave plates, can
cause beam pointing errors that unnecessarily increase the losses of the channel. Furthermore,
any additional overhead can increase costs of deployment and thus hinder the adoption of quan-
tum communication systems. Solutions that do not require any active polarization compensation
systems, such as RFI protocols, are therefore desirable. Hence, the need to test the 6-state 4-state
protocol with a moving quantum channel.

2.2.1 Moving Link Subsystems

Overall, the moving platform consists of three subsystems, the transmitter, the receiver, and the
quantum source (Figure. 2.9). The transmitter subsystem is a stationary sender or Alice, which
has the primary purpose of emulating a quantum ground station. Typically, this will consist of a
transmitter telescope which is equipped with the tracking and pointing systems and all their sup-
porting hardware. The transmitter subsystem connects to the quantum subsystem via an optical
channel (typically optical fiber). The quantum source subsystem is the photon generating system
that typically consists of the photon source and all of its support hardware. For the purposes of
the information in this thesis, the quantum source subsystem will be connected to the transmit-
ter subsystem via an optical channel that is connected to the telescope via the transmitter fine
tracking system. This separation allows for multiple different sources to be easily interchanged
and tested with the same transmitter and receiver subsystems provided the source bandwidth is
compatible with both systems. The transmitter telescope is a commercially purchased Zerochro-
mat telescope that has an 8 inch aperture (Figure. 2.9a). The total transmission for 785 nm light
through the Zerochromat is measured to be 61.76±1.44%.

The receiver subsystem consists of a receiver telescope equipped with the tracking and point-
ing systems, and the photon detection systems. This subsystem is practically identical to the re-
ceiver system used in a ground to aircraft experiment [72]. In order to create a moving platform,
the receiver subsystem is placed on a rail and dolly system (Figure. 2.10), where the receiver
can be moved along the rail by a user over a distance of up to 6.5 m. Although it is not imple-
mented for this work, the rail system can be attached to a electric motor to pull the receiver at a
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constant velocity. In this work, the user can pull or push the dolly to approximately the desired
speed. This however is not ideal as the system will move with a non-constant velocity and not
be perfectly representative of a satellite moving platform. Nonetheless, it is sufficient for the
proof-of-principle tests. The receiver telescope is a commercially Sky-Watcher (BK 1206AZ3)
refractive telescope (Figure. 2.9c).

(a) (b)

(c)

Figure 2.9: The quantum subsystems of the moving free-space channel. (a) Transmitter subsys-
tem with the large Zerochromat telescope. (b) The quantum source subsystem for the work in
this thesis is an entangled photon source provided by the Spooky group from the National Uni-
versity of Singapore. (c) Receiver subsystem with the Sky-Watcher telescope.
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(a) (b)

Figure 2.10: (a) and (b) the receiver system on the rail and dolly that emulates a moving receiver.

2.2.1.1 Tracking and Detector Subsystems

The tracking system for both the transmitter and receiver subsystem includes a coarse pointing
system and fine pointing system. The coarse pointing system includes two cameras that provide
feedback to the motor mounts of both the transmitter and receiver telescopes. The feedback is
created by tracking the movement of a beacon laser spot. An 850 nm beacon laser is placed
on both the receiver and transmitter telescope. Although this system is better suited for longer
distances (i.e. greater than 100 m), it was still possible to use over the short free-space links.
Figure. 2.11 shows the hardware for the coarse pointing system. The three black circles enclosed
by the metal rectangle are collimater for the beacon lasers. Typically the three lasers can be used
as their divergence is sufficiently large such that the three spots overlap. However, due to the
short distance of the link, the spots remain separate and only one beacon spot may be tracked.
Therefore, only a single beacon laser is used and is indicated by the red arrow in Figure. 2.11. The
beacon camera is mounted on the metal rectangle and is indicated by the red circle in Figure. 2.11.
In order to isolate and capture the beacon signal, the camera has a focusing lens, an iris, and a
850 nm filter. The beacon spot centroid is monitored by the pointing software (made by Dr.
Brendon L. Higgins) and provides feedback to the motors of the respective telescope mounts.
Simply, the software attempts to keep the beacon centroid at a user defined and calibrated location
on the camera sensor. The location of the beacon camera in Figure. 2.11a and Figure. 2.11b is
reversed in order to be aligned with the beacon laser on the other telescope. This is required
geometrically as otherwise the coarse pointing system would not be able to properly align the
system.

The fine pointing system consists of a beacon laser on the transmitter that is collinear to the

36



(a) (b)

Figure 2.11: The coarse pointing system of the transmitter (a) and receiver (b) telescopes. The
red arrow indicates the collimater beacon laser used for the moving tests. The red circle is
indicating the aperture of the beacon camera.

quantum signal which gets received by the detection and compensation unit on the receiver which
compensates for the deviations of this beacon. For both the transmitter and receiver, the system
that comprises the hardware used for the fine pointing is known as the acquisition, pointing and
tracking (APT) unit. The transmitter APT shown in Figure. 2.12a is designed and built by the
Institut National d’Optique (INO), the system was optimized for a beacon wavelength of 850 nm
and a quantum signal wavelength of 785 nm. This APT is used to make the fine pointing beacon
collinear with the quantum signal by the use of a dichroic mirror and some beam shaping optics
(i.e. lenses). A user can make adjustments to the beacon and quantum signal alignment with the
fine steering mirror in the transmitter APT unit.

The receiver APT shown in Figure. 2.12b and Figure. 2.12c was designed and built by Neptec
Design Group, now MDA, in collaboration with QPL members. Its performance and design are
described in great detail in Ref. [63]. The receiver APT is designed and optimized for a quantum
signal at 785 nm and a beacon at 850 nm. The receiver APT also has a dichroic mirror that splits
the beacon from the quantum signal. Once split from the beacon, the quantum signal then passes
through a 3 nm filter centered at 785 nm that filters out any unwanted light. In addition, a pinhole
is used to further filter any unwanted stray light that is collected by the telescope. Ideally only
light that is collinear with the beacon shall pass the pinhole. A quad cell sensor is used to monitor
the beacon movement and provides feedback to the control system. The movement of the beacon
on the quad cell is translated to a steering mirror that is used to move the quantum signal such
that the fiber coupled power is maintained or increased. The accuracy of this system is measured
in Ref. [63] as 50 µrad. The beacon laser of the fine pointing system is distinguished from other
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(a) (b)

(c) (d)

Figure 2.12: Hardware of the fine pointing system of the moving quantum channel. (a) The fine
pointing system APT at the transmitter that is used to combine the beacon laser with the quantum
signal. (b) Fine pointing system APT at the receiver telescope. The quad cell module is indicated
with the black arrow. In both images the APT is indicated by the red rectangle. (c) Close up view
of the receiver APT. (d) Four state polarization analyzer at the back of the receiver APT with the
four output multi mode optical fibers, one for each polarization (horizontal, vertical, diagonal,
anti-diagonal).
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light sources by having a 5 kHz intensity modulation of the beacon laser. The fine pointing
software (made by Neptec Design Group), only tracks signals that have this 5 kHz modulation.
The feedback of the fine pointing system relies on a calibration between the fine pointing beacon
and the quantum signal. A user must calibrate the system by maximizing the throughput of
the quantum signal across the entire free-space channel by adjusting an offset parameter in the
software between the fine pointing beacon and the quantum signal. Effectively, the user is telling
the feedback system which beacon position corresponds to the highest throughput and coupling
of the quantum signal in the receiver APT. To simplify the calibration of the offset a bright
laser source and a powermeter are used in place of the quantum signal and detector unit. Once
the quantum signal is through the spatial and spectral filters, a 4-state polarization analyzer is
used to measure the polarization of the quantum signal (Figure. 2.12d). This is a passive 4-state
analyzer with multi-mode fiber coupled outputs, one for each polarization. These output fibers
are then connected to single photon detectors that are part of the moving receiver subsystem,
or power meters when troubleshooting. The overall throughput of the system, starting from the
transmitter telescope across the free-space channel and coupled into the multi mode fibers at
the output of the receiver telescope, ranged from 25 % to 35 % depending on how well the fine
pointing system offset is aligned and the ability of the coarse pointing system to keep the signal
within the 0.5◦ acceptance angle of the APT [63].

2.2.2 Experimental Details

As earlier mentioned, the protocol to be tested is the entanglement based 6-state 4-state protocol.
Alice and Bob perform the 6-4 protocol using an entangled photon source. Alice performs a 6-
state measurement while Bob performs a 4-state measurement. Bob’s equipment is mounted on
a dolly and rail system such that it can be moved to emulate a satellite pass. Both the transmitter
(Alice) and receiver (Bob) have pointing systems that enable the maintenance of a quantum
channel despite the moving receiver and no polarization compensation is applied.

The entangled photon source (EPS) used is provided from the SpooQy group at Centre for
Quantum Technologies at the National University of Singapore [99]. This EPS has an intrinsic
brightness of 0.56 Mpairs/s/mW. The heralding efficiency of the source, as measured after cou-
pling into the output fibers is between 15 % to 20 % for the experimental results presented below.
The entangled photon pairs are produced via a periodically-polled potassium titanyl phosphate
crystal that is placed in a Mach Zehnder type interferometer and pumped by a continuous wave
405 nm laser. Details of the source can be found in Ref.[99]. The signal photons are produced at
around 785 nm with a bandwidth of 5.02(1) nm full width at half maximum (FWHM), while the
idler photons are at 842 nm with a bandwidth of also 5.35(1) nm FWHM. The spectra of the sig-
nal and idler are shown in Figure. 2.13. Note that the spectra of the signal and idler photons can
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be tuned by adjusting the crystal temperature and the pump laser temperature. Throughout all the
experiments that utilized the SpooQy EPS, there were some issues of pump stability. The laser
diode would occasionally change output frequency modes. This means the pump laser spectrum
changes suddenly which then changes the spectra of both the signal and idler photons. This was
observed by both monitoring the correlation quality and the change in the photon transmission
through the 3 nm 785 nm spectral filter. The laser temperature and current needed to be adjusted
in order to find a stable operating regime, and the set temperature and current are not consistent
between system restarts.
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Figure 2.13: Spectra of the signal (a) and idler (b) photons produced by the SpooQy source. A
pump current of 40 mA (900 µW) is used while pumping both paths of the interferometer. No
optical density filter (OD) is used to attenuate the pump power. An OD is typically used to
reduced the brightness of the source.

As was done in Ref.[70], the entangled photon pairs are coupled to polarization maintaining
fibers (PMF). With the horizontal and vertical polarizations aligned to the axes of the PMF, while
the superposition polarizations are subject to the birefringence of the fiber. Unlike in Ref. [70],
an attempt is made to compensate the walk off induced by the PMFs by introducing a second
length of PMF where the key alignment is rotated by 90◦, as is done with the IPMS in Sec. 2.1.
For example, if a horizontally polarized photon pair is created and coupled to the slow axis of
the collection PMF, the second length of PMF will have the horizontal polarized photon travel
through the fast axis. This technique attempts to mitigate the degradation in visibility in the
superposition bases [100], however there are many challenges with this technique, some of which
are discussed in Sec. 2.2.2.2. A detailed discussion of the technique and challenges can be found
in the Master’s thesis of Wilson Wu (currently in preparation). Just as in Ref. [70], the key map is
produced from the detection events in the horizontal-vertical basis (i.e. the computational basis),
while the correlations in the superposition are used to calculate the C-parameter (Sec. 1.5). The
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main objective of the experiments is to determine whether or not the protocol is robust enough to
handle the phase change induced by the stresses of the PMF caused by the moving transmitter,
particularly during a QEYSSat pass.

Therefore, in order to properly emulate some of the ground station conditions that would be
met during the QEYSSat mission [66], the quantum receiver used in Ref. [72] was placed on
a cart and rail system that allows it to move in a linear path. In order to maintain the moving
link, a tracking and pointing system was used, similar to that used in Ref. [72]. For our ex-
periment, the 4-state polarization measurement is done by the moving receiver (Figure. 2.12d)
while the 6-state measurement is done by a “ground” user as seen in Figure. 2.14. The 6-state
analyzer (shown in Figure. 2.15) is the same 6-state analyzer used in Ref. [70] and is capable of
measure the horizontal (H), vertical (V), diagonal (D), anti-diagonal (A), left circular (L), and
right circular (R) polarizations. A single time-tagging unit is used to record the detections of
both Alice and Bob. This is clearly not secure and in a proper implementation one must use two
separate time-tagging unit, one each for Alice and Bob. However, a single time-tagging unit is
sufficient for demonstration purposes. Furthermore, the experiment is not limited to an entangle-
ment based configuration. In fact, a prepare & measure RFI scheme could be used in place of
the entanglement based scheme, however this is not done in this study.

Figure 2.14: Schematic of the indoor moving tests. The system has full tracking and pointing
systems that is described in Sec. 2.2.1.1.
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(a) (b)

Figure 2.15: (a) Schematic of the 6-state analyzer, this diagram is slightly modified from
Ref.[70]. The half-wave plate marked with * is to align the fast and slow axis of the PMF to
the H and V ports of the PBS. HWP: half-wave plate, QWP: quarter-wave plate, PBS: polarizing
beam splitter, BS: beam splitter. (b) Photo of the 6-state analyzer. The additional optics are to
compensate for birefringence in the optical elements.

2.2.2.1 Emulating a Satellite Pass

The goal was to have the receiver subsystem move such that the angular velocity of the trans-
mitter mount is similar to what the maximum angular velocity would be during a low Earth orbit
satellite pass. According to Ref. [101], the altitude for a low Earth orbits can range between
200 km to 2000 km from sea level. These orbits have different velocities based on their altitude
and from these orbital velocities one can calculate the angular velocity of a transmitter telescope.
There are three assumptions that are made for the following calculations.

1. The orbit is circular and appears as a “straight” pass to the ground station.

2. The orbit speed is constant.

3. The fastest angular speed for the transmitter is at zenith.

For an orbit height of 400 km which is well below the altitude of QEYSSat, the orbital veloc-
ity of the satellite would be approximately 7.7 kms−1. This corresponds to a transmitter angular
velocity upper bound of about 1.1 ◦ s−1. Thus, if the 6-state 4-state protocol can handle the phase
change caused by a transmitter moving at 1 ◦ s−1, it should be sufficient for a QEYSSat pass.
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Note that the 1.1 ◦ s−1 is not the phase change that occurs to the shared entangled state be-
tween Alice and Bob and does not directly contribute to the smearing of the C-parameter. The
reasons for this are that the optical fiber that is used to transmit the signal photons to the satel-
lite, or other moving receiver, needs to experience some external stress in order to induce a
phase change in the entangled state. Quantifying the extent of this stress is beyond the scope of
this study. However, the force required to induce the necessary stress would be on the order of
kgmm−1. Simple strategies can be used to mitigate the effects that the moving transmitter tele-
scope has on inducing stress in the optical fiber. These include but are not limited to: Securing
the optical fiber to the telescope such that it does not hang down the back of the telescope, as
seen in Figure. 2.16a, and running the optical fiber from the source up the transmitter telescope
mount. The latter is ideal as the mount is the axis of rotation and is stationary while the telescope
is moving thus minimizing the movement induced stresses (Figure.2.16b).

(a) (b)

Figure 2.16: (a) Optical fiber is run along the transmitter mount to reduce the stresses on the
optical fiber while the telescope is moving. (b) Back of the transmitter APT. The optical fiber is
secured to the APT unit to avoid unwanted stresses. In both images, blue optical fiber is attached
to the transmitter telescope hardware. The red arrows indicate attachment points.

2.2.2.2 Discussion on EPS visibility

Although, the EPS had an intrinsic HV and superposition visibility of > 98%, after coupling
into the output PMFs (2m), this was reduced to approximately 98% and 97% respectively. The
drop in visibility due to coupling into the PMFs can be attributed to the walk-off induced by the
difference in group velocity between the slow and fast axis of the PMF. Furthermore, wave plates
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are used to align the polarization to the proper PMF axis, thus any wave plate rotation errors can
cause a drop in visibility.

After passing through the crossed PMF (5m), the EPS visibility is measured to be approxi-
mately 96% in the HV basis and 95% in the superposition basis. The reduction in visibility in the
superposition basis can be attributed to both the reduced visibility in the HV basis and the addi-
tional walk-off from the crossed PMF. Although, the crossed PMF is intended to compensate for
the walk-off, the length mismatch provides an effective PMF length of 3 m. This is in contrast
to the 7 m that would be present if there was no crossed fiber. Ideally, two lengths of 5 m PMF
would be used but this was not available for the present tests. The reduced visibility in the HV
basis is due to the mismatch in PMF axis alignment between the crossed and uncrossed PMFs.
Manufacturing tolerances for the alignment of these axes is up to 2◦. We have also measured up
to 4◦. These significant angular mismatches can cause mode coupling between the two PMF axes
and by consequence between the horizontal and vertical correlations. Thus the HV visibility is
reduced. More details on the effects of this angular mismatch is found in the Master’s thesis of
Wilson Wu (in preparation).

2.2.3 Characteristics of C under phase change

As eluded to in Ref. [70] and described in Ref. [102], the C-parameter is a statistical quantity that
is dependent on the number of counts collected for its estimation, and how quickly the phase or
reference frame is changing during the count collection time interval. For a fixed count rate, the
larger the rate of change of the phase, the more smearing occurs in the estimation of C. Thus, it
is important to reduce the count collection time interval such that the phase does not change too
rapidly during this time period. However, reducing the count collection interval will reduce the
number of detections which is detrimental to the key rate. Furthermore, for a fixed phase change,
the less counts collected in the estimation of C will increase the variance in the expected value
of C. This variance is not discussed in Ref. [102] and hence the model below is an improvement
on their analytical approach. Effectively, here we are modeling the dynamics and behaviour of
the C-parameter in the presence of a varying phase and a finite number of photon collections.
This is an important metric to be aware of when designing an experiment and assessing the
phase tolerance of the protocol. However, this approach in investigating the dynamics of the
C-parameter is not a complete finite size analysis of the C-parameter, but rather estimates that
make some assumptions.

A model is developed to estimate the effects of phase change on the C-parameter. Effectively,
the model can calculate the phase resistance, or tolerance of the C-parameter provided some
experimental conditions. The model is a Monte Carlo simulation that considers N entangled
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photons detected in the time interval tN . It is assumed that every n states is detected evenly
spaced by the interval τ = tN/N in the total time interval tN . The phase change (reference frame
rotation) is assumed to be constant over the time interval such that every n entangled photon
state has an instantaneous phase of φ(nτ). The total of phase variation over the measurement
time interval is given by φ(tN). For each n entangled state, the detection probabilities of the
positive operator-valued measures (POVM) that are involved in estimating the C-parameter are
calculated numerically using the Qutip Python package [103, 104]. With these probabilities, a
pseudo-random number generator determines the detection results for each n entangled states’
single photon events. Each result is then counted and statistics are accumulated for the total N
entangled pairs. Once complete, an experimental expectation value approximation is calculated
using

⟨M⟩= M+++M−−−M+−−M−+

∑Mi j
, (2.2)

where M is the POVM in question and Mi j are the individual detection results. With all the
expectation values calculated using Eq. 2.2, a value for the average C-parameter over the time
interval tN is determined. This process is repeated i times for each φ(tN) and the average value of
the distribution is taken to be the value of C(tN) with error bounds being the standard deviation
of the each distribution.

Figure. 2.17 shows the results of the Monte Carlo simulation for N = 600, 3000, 10000, and
50000. Each data point is the average of the distribution of 300 trials with the error bars being the
standard deviation of the distribution. The phase is varied from 0 → π/2 over the measurement
time period, tN . As seen in Figure. 2.17, the C-parameter value drops as the phase change is
increased over the measurement time interval and the smearing effect is observed. Furthermore,
Figure 2.18 shows the dependence of the standard deviation from the Monte Carlo simulation
of the C-parameter on the number of counts collected over the measurement period. This is
also seen by the size of the error bars in Figure. 2.17. As indicated above, lower count rates
should increase the observed variance in the C-parameter value that is measured by the system.
This is due to the statistical nature of the C-parameter, the lower photon counts one has, the less
one is able to fully resolve the expectation values that make the C-parameter. Conversely, more
photons counts allow for a better resolution of the expectation values and thus the C-parameter
can be better approximated. Hence as the number of counts is increased, the standard deviation
tends to zero as seen in Figure. 2.18. This behavior is not captured in the analytical expression
provided in Ref. [102].

For systems with low N, i.e. N < 1000, it is difficult to quantify the tolerance of the system
to changes in phase due to the large standard deviation. However, for large N, the 6-state 4-state
protocol can tolerate a change in phase over a 1 s measurement time period of up to 0.519 rads−1

45



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
(tN)/tN [rad/tN]

0.80

0.82

0.84

0.86

0.88

0.90

0.92

C-
pa

ra
m

et
er

Monte Carlo Sim, N=600
Monte Carlo Sim, N=3000
Monte Carlo Sim, N=10000
Monte Carlo Sim, N=50000

Figure 2.17: Monte Carlo simulations of the C-parameter as the rate of change of the phase is
varied from 0 → π/2 rad per measurement time interval tN . Each data point is calculated from
the average of 300 trials. The error bars are standard deviation of the distribution of the 300
trials.
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before a 5% drop in the asymptotic key rate. Thus, for large N, for the protocol to be effective the
rate of change of the entangled state’s phase must be less than 0.519 rad over the measurement
period. For many of the experiments presented in Table. 2.1, N is sufficiently large (≈ 15000).

2.2.4 Results

Several moving tests were done and the results of a selected few are summarized in Table. 2.1.
The results of all the passes are found in Appendix. A in Table. A.1. These tests were done
over the course of several days. Tests 1-16 are from the same day of experiments while 17-30
combined are from 3 days of trials1. For the majority of the experimental passes, the C-parameter
had a value of greater than 0.91 with an average QBER of less than 4.8% and 4.2% in the
superposition and computational basis respectively (Eq.1.4). The results of the C-parameter and
QBER are respectable despite the angular velocity of the transmitter telescope inducing stress in
the optical fiber and a total lack of any polarization compensation system.

Note that the last passes have lower coincidence count rates than the tests 1-16, this is a re-
sult of an update to the EPS that allowed for fine adjustments to the crystal temperature, which
resulted in better spectral control. Prior to this update, the 3 nm 785 bandpass filter would signif-
icantly reduce the channel throughput (passes 17-30). However, after this update (pass 1-16), we
can see that the coincidence throughput is significantly increased, which generally has a major
effect on the finite size key rate and on the key rate analysis of Sec. 2.2.4.2.

1In reality there are a lot more data sets that were obtained, however many of them involve troubleshooting or
are redundant.
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Figure. 2.19 shows the applied motor speed of the transmitter and receiver telescope mounts
during the some of the moving tests. Figures. 2.19a and 2.19b correspond to the transmitter and
receiver applied motor speed during pass 1. The maximum transmitter speed is 1.18 ◦ s−1 with
an average speed over pass of 0.42 ◦ s−1. Figures. 2.19c and 2.19d correspond to the transmitter
and receiver applied motor speed during the passes 14-16 with each pass corresponding to the
large spike in motor speed to about 2 ◦ s−1. In Figure. 2.19c the maximum applied motor speed
in the horizontal plane is 2.1 °/s] while the average applied motor speed throughout the passes
is 0.62 ◦ s−1 over the entire collection period. For these examples the maximum applied motor
speed exceeds the required 1.1 ◦ s−1 for the feasibility study and thus the results are indicative
of the robustness of the 6-state 4-state protocol. Table. 2.1 lists the statistics for the other passes
with all other passes in Table. A.1.

Note that Figure. 2.19 has regions of positive motor speed and negative motor speed. The
change in sign is indicative of the moving receiver reaching the end of the rail, something that a
satellite obviously would not do but is possible with other moving platforms. Furthermore, there
are many regions of sudden acceleration due to the unevenness of the rail and the realities of
having a human push a cart in a smooth manner. Some of the passes have a very high variance
in the average applied motor speed due to the inconsistency in the human powered receiver’s
speed. In addition, some of the passes described in Table. 2.1 are for short link times due to
sudden changes in the motion of the receiver2 causing the transmitter pointing system to lose
the receiver beacon. The coarse pointing software does have a spiral search algorithm that will
deploy when the beacon is lost, however, the parameters of this algorithm were not optimized
for these tests. Figure. 2.20 shows what happens to the various expectation values and the C-
parameter when tracking is lost and the photon detection rate drops significantly. As described
in Sec. 2.2.3, the variance in the observed instantaneous value of the C-parameter will increase
significantly with a decrease in count rate.

Figure. 2.21 and Figure. 2.22 show the results for pass 1 and pass 14 respectively. Pass 1
has an average C-parameter value of 0.918 ± 0.010 with no obvious drop in the C-parameter
and corresponding QBER of 0.041 ± 0.005 and 0.041 ± 0.004 in the superposition and com-
putational basis respectively. This gives to an asymptotic key rate of 0.076 bits/coincidence.
Despite the transmitter telescope moving at an average speed of 0.42 ◦ s−1 and a maximum speed
of 1.19 ◦ s−1, there is no obvious drop in the C-parameter nor key rate. For pass 14 (Figure. 2.22),
the average C-parameter is found to be 0.925 ± 0.013 and has a corresponding QBER of 0.037
± 0.006 and 0.042 ± 0.005 in the superposition and computational basis respectively. These
results give an average asymptotic key rate of 0.076 bits/coincidence. Again these results are
achieved despite the transmitter telescope moving and having an average speed of 0.38 ◦ s−1 and

2These are the realities of using humans to push the receiver cart.
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Figure 2.19: Transmitter and receiver applied motor speed for the horizontal and vertical axes.
Transmitter (a) and receiver (b) applied motor speed for two full lengths of the rail. Here the
maximum transmitter horizontal motor speed is 1.19 ◦ s−1 while the average applied motor speed
throughout both passes is 0.42 ◦ s−1. The tracking was not lost. Transmitter (c) and receiver (d)
applied motor speed for four full lengths of the rail. The maximum transmitter horizontal motor
speed is 2.1 ◦ s−1 while the average applied motor speed throughout the passes is 0.62 ◦ s−1. At
approximately 190 s the tracking system lost the link.

53



2 4 6 8 10 12 14 16
Time [s]

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

C
or

re
la

ti
on

V
al

u
e

−3

−2

−1

0

1

2

3

φ
[r

ad
]

C

〈Z ⊗ Z〉
〈X ⊗X〉
〈Y ⊗X〉
φ

Figure 2.20: Example of tracking being lost during the moving link. Note that all the expectation
values including the C-parameter vary wildly in the regions where the tacking is lost and photon
count rate is dominated by dark counts. Tracking lost at approximately 15 s.
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Figure 2.21: Results of the moving polarization based 6-state 4-state protocol demonstration. (a)
Measured correlation values and phase as a function of time over the 60 s pass that included a
maximum transmitter speed of 1.19 ◦ s−1 (Figure. 2.19c). Despite the moving transmitter, the
C-parameter remained relatively stable at 0.918 ± 0.010. (b) The corresponding key rate and
QBER. All errors are shown as shaded regions and are approximated by Poissonian count errors.
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Figure 2.22: Results of the moving polarization based 6-state 4-state protocol demonstration
pass 14. (a) Measured correlation values and phase as a function of time over the relatively
fast 25 s pass that included a maximum transmitter speed of 1.93 ◦ s−1 (Figure. 2.19a). Despite
this high tracking speed, the C-parameter remained relatively stable at 0.925 ± 0.013. (b) The
corresponding key rate and QBER. All errors are shown as shaded regions and are approximated
by Poissonian count errors.

a maximum speed of 1.93 ◦ s−1.

All the results presented in Table. 2.1 are achieved despite the lack of active polarization
alignment and compensation. In fact the system is entirely passive, beyond the tracking and
pointing system. Furthermore, our results of the moving links are comparable to those of the
same system but maintaining a static link (see Table. 2.2). Full static link results are found
in Appendix. A in Table. A.3. Nonetheless, the fact that the moving tests are comparable to
the static system means that 6-state 4-state protocol can handle the the polarization drifts and
changes that occur due to the motion of the transmitter telescope.

2.2.4.1 Link efficiency

One of the challenges for these experiments is the losses experienced over the free-space channel.
The transmitter spot size is larger than the receiver aperture such that approximately 50% of the
transmitter light is lost. The overall measured throughput of the system including the heralding
efficiency of the source and the detector efficiencies is calculated from the coincidence and signal
counts using

ηi =
Nc

Si
, (2.3)
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where ηi and Si are the efficiency of the channel and single photon counts for party i. Nc is the
total coincidence counts. For the moving 6-state 4-state tests, the overall channel efficiency for
the signal photons (Bob) is ηB = 1.103± 0.001%. The channel efficiency for the idler photons
(Alice) is ηA = 7.828±0.008%. These values can vary depending the link and source stability.

2.2.4.2 Key rate analysis

There is currently no known way to fully and completely handle the 6-state 4-state C-parameter
in a finite size setting, however, Sheridan et al. [102] have done some analysis for the 6-state
6-state RFI protocol. Thus, for our analysis, we make the assumption that the correlations of
the entangled state shared between Alice and Bob are symmetric (⟨XA ⊗XB⟩2 = ⟨YA ⊗YB⟩2 and
⟨YA ⊗XB⟩2 = ⟨XA ⊗YB⟩2) such that we can take the 6-state 4-state C-parameter (C64) and relate it
to the 6-state C66 as C66 = 2C2

64. Proper investigation of this assumption is a topic of further study
as one cannot assume that this is a given. Furthermore, future work will be done to use modern
numerical finite size key analysis techniques [105]. The key rate estimates presented here are
derived from Eq. 2.4 and are only to be used as indicative measures as it is are not a complete
finite size analysis with a formal security proof. Future work is required to correctly implement
a finite size analysis. Nonetheless, estimates are found using equations (2) and (3) from [102],
the expression for the secret-key length secure against coherent attack for our system is given by

rN =
n
N
[1− IE(Q′,C′)−nQ f h(Q′)− log2

2
εEC

−2log2
1

εPA
−7

√
log2 (2/ε̄)

n

− 30
N

log2 (N +1)], (2.4)

where N is the total raw key (signals sent by Alice and detected by Bob), n is the number of
detections in the key map (computational) basis, C′ (Q′) is the observed C-parameter (error rate
in the key map basis) modified to account for the detection statistics [102], and IE is the upper
bound on the information that Eve can gain. Here, N, n, C′, and Q′ are determined from the
detections of the entire block of data being considered. The expressions for these terms can be
found in Ref. [102]. The other key rate parameters are found in table 2.3.

For the experiments shown in Table. 2.1, a such a key rate analysis is done. For these key
rate estimates, the total detections in the pass are separated into blocks of data of different sizes
ranging from 1 s to the entire link length. For each block, the coincidences are combined to
calculate a C-parameter and QBER on a per block basis. Then the secret obtained from each
block is combined to form the final key. For some passes, no secret key could be obtained due to
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Table 2.3: Parameters of the key rate analysis as done in Ref. [102] for Eq. 2.4. Note that this is
not a complete finite size analysis and is only used as an indicative measure.

Parameter Description Value

ε̄ Smooth min entropy estimation error 2.5×10−9

εEC Error correction failure probability 2.5×10−9

εPA Privacy amplification failure probability 2.5×10−9

εPE Parameter estimation failure probability 2.5×10−9

nQ Fraction of computational basis used to estimate the QBER 0.1
f Error correction factor 1.2

the short length of the pass, thus the pass is artificially lengthened by appending the same pass
to the existing one until secret key is obtained. This is obviously not secure and only done for
investigation purposes, i.e. to see if a longer pass with similar parameters would obtain a secret
key. Creating longer passes becomes a data storage problem as a few seconds of data can create
Gigabytes of raw detection time stamp data. This type of data was used for pass 1-16 and hence
the shorter pass times. While for passes 17-30 the coincidences are analyzed on the time-tagging
unit during the passes, thus the longer link times. This problem will not be such a significant
issue for an implementation with QEYSSat.

Table. 2.4 shows the results of the key rate analysis using Eq. 2.43. For many passes, two
entries are provided, one with the block size that produced the largest key estimate and one
with the highest number of secret bits per second. In some cases the largest key estimate is
produced by many smaller blocks of the same size combined together. The largest estimated key
in Table. 2.4 is for pass 19 with a key length estimated to be 169575. However, the pass with the
largest estimated number of bits per second is pass 1, which achieved a key rate of 948 bits/s.
The differences in performance between passes is based almost entirely on the performance of
the entangled photon source between different days. As with the asymptotic case, we compare
our results to the static case shown in Table. 2.5. Data for the key rate analysis for all the passes
are found in Table. A.2 and Table. A.4. As a reminder to the reader, although we perform a key
rate estimates here, there is no known solution to calculate the finite size effects for the 6-state
4-state protocol without the assumptions made to obtain Eq. 2.4.

3As a reminder to the reader, these estimates are to be only considered as indicative and a complete security
analysis is required.
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Table 2.4: Key rate estimates based on Eq. 2.4 for the moving channel passes. The passes are
in the same order as Table. 2.1. Two entries for each experiment are shown, one with the largest
key and one with the highest number of bits per second (indicated with a ˆ by the experiment
number). For some passes, a single block size satisfies both maximum conditions. ∗ indicates
that the link is artificially lengthened in order to obtain secret key, this is obviously not secure.

Pass C64 QBERZZ Key
fraction

Total
counts

Total
key

bits per
second

block
size [s]

Link
length

[s]

1 0.901 0.0409 0.0460 1030078 47357 802 59 59
1ˆ 0.900 0.0414 0.0537 795305 42700 948 45 59
2ˆ 0.900 0.0404 0.0516 723263 37287∗ 847 44 26
2 0.900 0.0407 0.0450 850572 38258∗ 735 52 26
6 0.878 0.0385 0.0245 486919 11922 384 31 31
8 0.922 0.0363 0.0483 647039 31260 710 44 44
8ˆ 0.923 0.0358 0.0531 587035 31167 779 40 44
9 0.927 0.0377 0.0527 628608 33122 828 40 47

14 0.924 0.0417 0.0531 1177756 62583∗ 579 108 27
14ˆ 0.924 0.0414 0.0563 668985 37686∗ 607 62 27
15 0.859 0.0511 0.00405 375552 1523 30 50 25
17ˆ 0.884 0.0245 0.0929 929637 85468 256 111 439
17 0.885 0.0245 0.0899 1245858 117102 226 129 439
18ˆ 0.942 0.0232 0.139 240417 33511 394 85 146
18 0.907 0.0229 0.0973 407477 39640 271 146 146
19 0.925 0.0270 0.152 1135319 169575 360 235 473
20 0.912 0.0190 0.0791 311141 25708 115 111 208
21 0.830 0.0468 0.0620 1111894 68937 241 286 286
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Table 2.5: Key rate estimates based on Eq. 2.4 for the static channel. The passes are in the same
order as Table. 2.2. Two entries for each experiment are shown, one with the largest key and one
with the highest number of bits per second (indicated with a ˆ by the experiment number). For
some passes, a single block size satisfies both maximum conditions. ∗ indicates that the link is
artificially lengthened in order to obtain secret key, this is obviously not secure.

Pass C64 QBERZZ Key
fraction

Total
counts

Total
key

bits per
second

block
size [s]

Link
length

[s]

static-1 0.900 0.0494 0.0425 1518132 64508∗ 556 116 29
static-

1ˆ
0.904 0.0495 0.0491 830750 40818∗ 647 63 29

static-2 0.907 0.0469 0.0385 824534 31724∗ 546 58 29
static-3 0.931 0.0329 0.1403 693694 97346 442 220 220
static-

3ˆ
0.933 0.0333 0.150 426831 63936 459 139 220

static-4 0.919 0.0305 0.140 1097876 152216 418 182 355

2.2.5 Conclusion and Discussions

The results of the moving platform tests of the 6-state 4-state RFI-QKD protocol are quite
promising as the need for active polarization control was completely removed. Furthermore,
the phase change that was induced by the optical fiber during the moving tests was sufficient
slow, thus meriting the use of RFI-QKD protocols. Typical solutions require having state mon-
itoring systems and induce extra losses to the photon throughput. These results are significant
in that they demonstrate the feasibility of using RFI-QKD protocols for moving platforms. The
importance of these results should not be underplayed as virtually every moving QKD system
that employs polarization has used an active feedback loop to maintain polarization alignment.
Overall, these results are of the first free-space moving RFI-QKD experiment and first polariza-
tion free-space link that lacks an active polarization compensation system in the channel. These
results are quite significant for QEYSSat as there was no appreciable drop in the C-parameter
despite the relatively fast transmitter motor speed that were sufficiently higher than the expected
maximum angular velocity for a QEYSSat pass. Overall these results reduce the overhead, the
intrinsic photon losses, and costs of quantum communication systems.

Future work is to improve the EPS efficiency and entanglement visibility. Particularly, using
custom made fiber lengths to maximize the temporal walk-off compensation experience when
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passing through the PMFs. Further work can be done to optimize the free-space link, in particular
motorizing the receiver such that constant transmitter mount speeds can be obtained. In addition,
optimizing the coarse pointing software parameters and hardware in order to minimize the chance
of losing the tracking beacon.

2.3 Summary

In this chapter, two studies are done to make improvements to the existing QEYSSat ground sta-
tion hardware. The first improved the stability and robustness of the weak coherent pulse source,
particularly the polarization modulation setup. This was achieved by creating what is called the
inline polarization modulation system. The new system eliminates the need for constant realign-
ment and is practically plug-and-play. The current intrinsic QBER of the IPMS is 1.5% which
must be improved for QEYSSat. The second study investigated the feasibility of using the 6-
state 4-state RFI protocol for QEYSSat. This would eliminate the need for an active polarization
alignment system and thus decrease the intrinsic photon losses of the QEYSSat ground station.
The results of the moving RFI demonstrations are quite promising as no drop in the quality of
the quantum channel is measured despite the lack of active polarization alignment. This could
significantly reduce the overhead of free-space channels that employ polarization encoding.
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Chapter 3

Reference frame independent time bin
quantum key distribution over challenging
channels

In this chapter, the 6-state 4-state protocol is adapted for time bin encoding and used in vari-
ous difficult quantum channels. First, the protocol is used to develop and demonstrate a fully
passive time bin quantum key distribution system. This system has no active components, thus
is suitable for challenging channels and is tested over a highly multi mode fiber channel. This
protocol is then used to perform a proof-of-concept demonstration of sending time bin encoded
near-infrared photons through a 3.2 km telecommunications fiber. The higher order modes of
this channel are studied in detail with the results indicating that this is a promising avenue for
integrating many quantum sources with the current optical infrastructure. Finally, the protocol is
used to demonstrate a moving free-space time bin experiment. The results of the free-space tests
demonstrate the need for robust and compact field widened interferometers.

Statement of contribution

• Fully passive RFI time bin QKD Prof. Thomas Jennewein and I conceived the idea of
a fully passive reference frame independent time bin scheme. Jeongwan Jin constructed
the field widened interferometer used. I build the remainder of the experimental setup.
I conducted the data collection with the assistance of Dogan Sinar, Stéphane Vinet, and
Wilson Wu. I wrote the analysis code and produced the results presented.
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• Time bin qubit transfer in the presence of higher order spatial modes Prof. Thomas
Jennewein and I conceived the idea sending near-infrared photons over telecommunication
fibers. I performed the experiments with some assistance from Stéphane Vinet and Wilson
Wu. I performed the data analysis and produced the results presented.

• Indoor moving free space time bin demonstration Prof. Thomas Jennewein and I con-
ceived the idea of the experiments. I prepared the experimental setup and conducted the
pointing systems tests with the guidance of Brendon Higgins. Stéphane Vinet, and I con-
ducted the experiments and data acquisition. Brendon Higgins assisted with troubleshoot-
ing the tracking and detection systems. I conducted the data analysis of the results pre-
sented.

3.1 Fully passive RFI time bin QKD

As described in Chap. 3.3, time bin encoding for quantum key distribution continues to be the
choice of encoding for optical-fiber quantum networks. However, significant effort is typically
required to align the sender and receiver interferometers’ relative phase which creates additional
technical overhead to successfully perform QKD in both free-space and optical fiber links [76,
106]. There has been a substantial effort in improving the passive phase stability of the time
bin interferometers [88]. However, these passive solutions that rely on the robustness of the
interferometer chassis, still require active phase stabilization between the sender and receiver in
order to phase lock the two interferometers. The use of reference frame independent quantum
key distribution (RFI-QKD) protocols avoids the requirement for active phase locking of the
two interferometers and can be applied in both a prepare & measure and an entanglement based
schemes [71]. Another solution is to use ultrafast techniques (using time bins on the order of
picoseconds) to reduce the size of the time bin interferometers such that it is unlikely the relative
phase of the interferometer changes [107]. Such systems are very useful but are difficult to
implement in free-space links and can become quite costly when deployed over a large quantum
network.

As is demonstrated with polarization in Chap. 2.2, the specific benefit of RFI-QKD protocols
is that while the relative phase in the shared state between Alice and Bob is allowed to drift, one
can still recover entanglement and perform QKD. This translates to the time bin case by removing
the need for actively stabilizing the two interferometers involved in the communication channel.
That is, the two interferometers’ relative phase is allowed to drift, but the channel purity between
the two key exchange parties can still be determined, provided the phase drift is relatively “slow”
to allow for the sufficient estimation of the channel parameters (Sec. 2.2.3).
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Time bin RFI-QKD demonstrations have been performed over free-space channels and over
fiber optical channels using single mode interferometers and active basis choice [82, 108]. How-
ever, the use of single mode interferometers can result in significant photon throughput losses
particularly over a highly multi mode channel, and thus effect the overall performance of the
system. In the work presented below, field widened time bin interferometers are used and signifi-
cantly reduce the required spatial mode alignment to achieve a high key rate [109]. Furthermore,
previous studies used active basis and phase encoding which generally requires additional system
overhead due to pulse synchronization and power requirements, both of which can be challenging
for moving platforms such as airplanes [72], drones [110], or satellites [111, 66]. Particularly for
the latter, where space and power requirements of satellites can be quite limiting. Thus systems
that require the least amount of operational overhead are ideal in deploying a quantum network.

In this section, a time bin version of the 6-state 4-state RFI protocol is used [70]. The pro-
tocol is described in detail in Sec. 3.1.1. Active basis selection is avoided by using a passive
6-state analyzer for the 6-state measurement, while the 4-state measurement is inherently pas-
sive for a time bin measurement (i.e. the two bases are the computational and superposition
basis). Furthermore, the use of a field widened interferometer at the receiver allows for testing
the protocol over challenging channels, such as highly multi mode fibers. Thus, this work is
the demonstration of a fully passive entanglement based 6-state 4-state time bin RFI-QKD that
requires no phase stabilization or active basis selection. Due to the simplicity of the scheme, it
can be considered a plug-and-play system. This is particularly important for free-space channels
because using active phase alignment over a fluctuating channel, such as a turbulent atmosphere,
is difficult as a reference laser would suffer from random intensity fluctuations. Hence the pursuit
of a fully passive RFI-QKD time bin system.

3.1.1 Time Bin 6-state 4-state protocol

The 6-state 4-state time bin RFI-QKD protocol is a slight modification to the polarization en-
tanglement based protocol of [70]. However, with the time bin version, one photon is converted
from polarization to time bin [112]. Although we use an entanglement based approach, this
scheme could easily be adapted for a prepare & measure type scheme where the sender produces
6 states while the receiver measures 4 states. However, this would require some active compo-
nents (i.e. phase modulators) in the system, thus losing the “fully passive” title. For the purposes
of this demonstration, the photon converted from polarization to time bin encoding will undergo
the 4-state measurement, which enables the fully passive system.
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Overall, the entangled state shared between Alice and Bob is

|ψAB⟩=
1√
2

(
|HE ⟩+ eiφAB |VL ⟩

)
, (3.1)

where φAB is the relative phase been Alice and Bob; H,V are horizontal and vertical polarizations
respectively; and E , L are the early and late time-bins respectively. The particular benefit of this
hybrid entangled state is that it is relatively straight forward to produce a 6-state analyzer for the
polarization encoded photon, while a 4-state analyzer for time bin photons is based on a standard
unbalanced interferometer. Alice performs a 6-state polarization measurement on the first qubit,
measuring in the σzA , σxA , and σyA bases, while Bob makes a 4-state time bin measurement on the
other qubit measuring in the in the σzB and σxB bases. In this implementation, the computational
basis is the horizontal-vertical polarization basis (σzA) for Alice and the early-late (σzB) basis for
Bob, which are the fixed bases for the RFI protocol, and thus are used to generate the secret key.
While the superposition bases are used to estimate the 6-state 4-state C-parameter.

As shown in Tannous et al.[70] and in Chap. 2.2, despite the phase drifts in the entangled
state, a key can still be generated provided that strong correlations are maintained in all bases.
The special part about the RFI protocols is that the correlations between the superposition coinci-
dences of the polarization superposition bases and the time bin superposition basis may change,
but a constant C-parameter can be calculated from the correlations to determine the integrity of
the quantum channel. As a reminder the C-parameter is given by

C =

√
⟨σxA ⊗σxB⟩2 + ⟨σyA ⊗σxB⟩2, (3.2)

where as in Chap. 2.2, 0 ≤ C ≤ 1 with C = 1 indicating a maximally entangled state or perfect
channel [70]. Recall from Chap. 2.2 that the C-parameter is statistical by definition and therefore
is dependent on the number of detection events used in its estimation. Typically the C-parameter
is estimated over some time interval, and therefore the amount of phase drift that occurs during
this time interval can also smear the observed C, as shown numerically in Chap. 2.2. Furthermore,
as with the polarization based 6-state 4-state RFI protocol, there is currently no known way to
use the C-parameter in a finite size key rate analysis. However, again as in Chap. 2.2, I will use
the analysis done in Sheridan et al. [102] and assume the correlations of the state shared between
Alice and Bob are symmetric and that C66 = 2C2
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Figure 3.1: Experimental setup of the time bin RFI-QKD proof-of-principle demonstration. An
entangled photon source (EPS) creates polarization entangled photon pairs at 785 nm (signal)
and 842 nm (idler) via spontaneous parametric downconversion. The idler photon is measured at
a local 6-state polarization analyzer, while the signal photon is converted to time bin encoding
and sent across a multi mode fiber (MMF) optic channel to a receiver that performs a 4-state time
bin measurement. Eight single photon detectors (SPD) are used to measure the photons. A time
tagging unit is used to record detection events.
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3.1.2 Experimental Details

Figure 3.1 shows a sketch of the experimental setup used for the time bin RFI-QKD proof-
of-principle demonstration. where we perform the adapted 6-state 4-state protocol [70]. The
experiment consists of: an entangled photon source (EPS) that was made by the SpooQy group at
the National University of Singapore [99] and is the same source used in Sec. 2.2.2, a local 6-state
polarization measurement, a polarization to time bin converting interferometer (Figure. 3.2a), a
quantum channel, a time bin analyzing interferometer (Figure. 3.2b), and single photon detectors
with time-tagging. Coincidence and correlation of the data is done on a computer during post-
processing.

The EPS creates polarization entangled photon pairs that are in the two qubit state

|ψAB⟩=
1√
2

(
|HAHB⟩+ eiφAB∗ |VAVB⟩

)
, (3.3)

where φAB∗ is a random phase imparted on the entangled state by the source and the collection
optical fibers, similar to the behavior observed in Sec. 2.2. From each entangled pair, the idler
photon is measured using the local passive 6-state polarization measurement apparatus, while the
signal photon is converted to time bin encoding before being sent across the quantum channel
using the polarization to time bin converter (PTC). the 6-state analyzer is the same analyzer used
in Sec. 2.2. Note that the 6-state polarization measurement could also be sent across an arbitrarily
long quantum channel, such as to a satellite. However, for the purposes of this demonstration it
is kept as “local” and thus both the EPS and 6-state analyzer are part of Alice, though typically
the EPS can be separate from Alice.

The PTC is an unbalanced Michelson interferometer and is shown in Figure 3.2c. It consists
of a polarizing beam splitter and quarter-wave plates at each beam splitter output that helps
maximize the signal sent to the output port of the Michelson interferometer. Here the PTC is
designed such that the horizontal polarized light is takes the short path of the interferometer
(H → E ), while vertically polarized light takes the long path, (V → L ), which creates the
entangled state shown in Eq. 3.1. Thus any photon in a polarization superposition would follow
a “superposition” of both interferometer paths in the PTC. The polarization information of the
photons that is correlated to which path the photon took is removed at the output of the PTC with
a polarizer at 45◦ with respect to the horizontal and vertical polarizations. Therefore, the photon
polarization is no longer correlated to the time bin information and the photons are safe to send

1We do not follow the protocol found in Ref. [102] as it is for the symmetric 6-state 6-state protocol. Here we
are making assumptions that the correlations of the state are symmetric in order to perform some key rate estimates
following Eq. 2.4 that are indicative at best.
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across the channel. This is in fact a quantum eraser [113, 114] and a nice practical use of one.
The separation of the time-bins is given by the path difference of the PTC which is approximately
2.2 ns. The time bin separation is chosen in order for the time bins to be sufficiently separated
and distinguishable given the detector and source jitters.

After passing through the PTC and being converted to the appropriate time bin state, the pho-
tons are then coupled to a polarization maintaining fiber that collects the output of the PTC. The
photons are then sent across the quantum channel which, for the results presented in Sec. 3.1.3,
includes, a 5 m, 10 m and 15 m MMF, a 5 m single mode fiber (SMF), and no extra channel (i.e.
the output PMF directly connected to the TA). A field widened multi mode time bin analyzer
(TA) is used to measure the time bin encoded photons after they pass through the quantum chan-
nel. The optical layout of the TA is shown in Figure 3.2d. It is a field widened interferometer that
uses a 4 f imaging system, the same one used in Jin et al. [76]. To truly perform the RFI-QKD,
no reference optical signal is used to stabilize the relative phase between the PTC and the TA.
In fact, the relative phase of the PTC (sender interferometer) and TA (receiver interferometer)
were allowed to drift with ambient noise. To demonstrate the robustness of the protocol, in some
experimental trials, a piezoelectric actuator is used to deliberately cause a phase change in the
TA (Figure 3.9). The outputs of the field widened interferometer are coupled into multi mode
fibers which are connected to single photon avalanche diodes. A time tagging unit is used to
record the detection events and coincidence analysis is done during post-processing to calculate
the correlations in the various bases. As mentioned in Chap. 2.2, the use of a single time tag-
ging unit that collects all the coincidence events is not secure and two independent time tagging
units (one at each party of the communication channel) are required to properly keep all signals
and results secure. However, the single time tagging unit is sufficient for a proof-of-principle
implementation.

On average, the overall number of coincidences measured in our proof-of-concept experi-
ment is about 9000 coincidence/s. The EPS itself has an intrinsic pair production rate of ap-
proximately 10×106 pairs/s. However, this is reduced by the heralding efficiency of the source
≈ 20%, which includes the losses due to fiber coupling into the collection PMFs. Furthermore,
there are additional losses from the PTC, TA, and the detector efficiencies. The PTC throughput
is measured to be 35.4% including fiber coupling into the output PMF, however it is intrinsically
reduced by 50% due to the polarizer that eliminates the polarization signature of each time-bin.
Table. 3.1 shows the throughput efficiency of all the channels tested. The TA has throughput of
67.0%, including coupling into the multi mode fibers, but not including the detector efficiency.
The 6-state polarization analyzer at Alice has an approximate throughput of 49.6% across all six
paths, again not including the detector efficiencies. The throughput of the PTC, TA, quantum
channel, and 6-state analyzer were measured using a laser and power meter. Experimentally,
the total combined efficiencies, including single photon detector efficiency, are also found in Ta-
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(a) (b)

(c) (d)

Figure 3.2: (a) The polarization to time bin converter (PTC) and (b) the time bin analyzer (TA) in-
terferometers. Both interferometers have a path separation of 2.2 ns. The TA is 4 f field widened
interferometer that has multi mode fiber inputs and outputs. No active phase compensation is
used to maintain a phase reference between the two interferometers. A piezo is inserted in the
TA short path to induce a phase drift. Optical schematic of the PTC (c) and TA (d). HWP: half-
wave plate, QWP: quarter-wave plate, L: lens, POL: polarizer, PMF: polarization maintaining
fiber, PBS: polarizing beam splitter, BS: 50:50 beam splitter.
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Table 3.1: Throughput of the various quantum channels tested. ηA is the channel efficiency for
the idler photons measured by the 6-state analyzer at Alice. ηB is the channel efficiency of the
signal photons measured by the TA at Bob. Some variance in the transmission efficiency is due
to a number of factors including but not limited to the fiber coupled heralding efficiency of the
source, and the proper tuning of the laser and crystal temperatures. The error is provided on the
last digit.

Channel Transmission (%) ηA (%) ηB (%)

PMF 88 3.417(4) 0.983(1)
5m SMF 88 3.409(5) 0.749(1)
5m MMF 92 3.384(5) 0.854(1)
10m MMF 91 3.392(5) 0.862(1)
15m MMF 87 3.463(5) 0.835(1)

ble 3.1. These numbers are for comparison purposes only as different data sets taken on different
days can have different channel efficiencies, primarily due to the source’s fiber coupled herald-
ing efficiency. For example, the PMF channel on a different day had a throughput efficiency of
ηB = 1.024±0.002% for the signal photons and ηA = 11.60±0.02% for the idler photons which
is higher than the PMF efficiencies shown in Table. 3.1. These changes come from different fiber
coupling efficiencies at the EPS, and better alignment and coupling efficiencies of the other op-
tical elements. The fluctuations in transmission can be mitigated by better fiber optical coupling
stages or by securing the optics in a robust manner.

We use our Monte Carlo simulation to estimate the effects of a phase change for our system
that measures about 3000 coincidences (N = 3000) in the superposition basis during a 1 s (tN =
1) measurement time interval (figure 3.3). The tolerated relative phase drift is approximately
0.512 rads−1 before a 5% reduction in the asymptotic key rate. This tolerance can be increased
by having more coincidences per measurement time interval or by reducing the measurement
time, i.e. a faster measurement system. A longer measurement time will increase the number
of photon detections, but increase the smearing effect and cause a larger drop in key rate for the
same phase change rate. In figure 3.3 we compare our Monte Carlo simulation to a modified
version equation (17) from [102]. The modifications are necessary to match the definition of C
used in the 6-state 4-state protocol [70], as discussed in Sec. 2.2.3.
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Figure 3.3: Change in the value of the C-parameter as a function of phase variation over a fixed
time period (φ(tN)). The error bars are the standard deviation of the Monte Carlo distribution
and demonstrate the statistical nature of the C-parameter that is not captured by equation (17) of
[102] (The analytical curve). The error bars can be reduced by increasing the number of photons
collected in the time tN = 1s. Here i = 300 for each φ(tN).

3.1.2.1 Stability of the Time Bin Analyzer

An important experimental metric for this study is to determine is the stability of the relative
phase of the unbalanced interferometers. This was determined empirically for the TA by using
an external cavity diode laser (Toptica DL Pro) that has long coherence length of 5 km2. The
coherence length of the laser is significantly longer than the path difference of the interferometer
and therefore interference is still observed. By measuring the optical power placing a power
meter (Thorlabs PM100D) at one of output ports, the phase stability of the interferometer can
be measured. If the optical power is stable and does not change over time, the phase is stable.
However, if the optical power fluctuates/changes with time, then the relative phase difference

2Obtained from the specification sheet of the laser.
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between the two paths of the interferometer is changing. The power as a function of time is shown
in Figure. 3.4. From the measured results, the phase change is calculated to be approximately
0.6 mrads−1 or 2.2 radh−1. Comparing this to the tolerance of the C-parameter to phase change
of 0.519 rads−1 (Sec. 2.2.3) it appears that the 6-state 4-state RFI-QKD protocol should be able
to handle the change in phase of the TA (when it is left alone and isolated from vibrational noise).
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Figure 3.4: Intensity at the output of the TA showing the phase change as a function of time over
two hours.

3.1.2.2 Visibility of the TA

Although in Ref. [76], it is reported that the visibility of the TA is 97%. The TA visibility
during the experimental runs presented in Table. 3.5 and in Appendix B ranged from 93% to
a maximum of 97%. The visibility was measured using the Toptica DL Pro, an optical power
meter, and by running the piezoelectric actuator. The intensity at the output of the TA, if aligned
properly, should fluctuate from a minimum to a maximum, from which an interference visibility
is calculated. Figure 3.5 shows the power meter reading as a function of time and the extrema
are visible.
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Figure 3.5: Intensity at the output of the TA with the piezoelectric actuator running at 500 Hz.
Here the visibility is 96.3%. The visibility is taken by calculating the average of the visibility of
the minimum and maximum pairs.

3.1.3 Results and Discussion

The results of select tests for the various quantum channels are found in Table. 3.2 and appear
to be fairly similar across all quantum channels. Table. 3.2 has data describing two scenarios (i)
the system and interferometers are allowed to drift due to fluctuations from the environment, (ii)
a piezoelectric actuator in the TA is driven to produce a constant phase change of 0.1 rads−1,
which is well within phase tolerance calculated for our system. The detailed results of all the
tests performed for each quantum channel can be found in the tables of Appendix. B.

For discussion purposes, two channels, the 15 m MMF and the PMF channel (i.e. no addi-
tional optical fiber), are described in detail below. Figure. 3.6 and Figure. 3.7 show the results for
the PMF channel. The average visibility of the C-parameter is 0.901±0.028 and 0.878±0.028
for scenario (i) and (ii) respectively.

For the 15 m, MMF channel Figure 3.8 and Figure 3.9 show the results for our proof-of-
principle demonstration in the two scenarios. Despite the lack of active compensation of the
two interferometers’ relative phase, average visibilities of 0.893± 0.018 and 0.876± 0.021 are
observed in the phase-dependent superposition basis (C-parameter) for scenario (i) and (ii) re-
spectively for the 15 m MMF channel. The more important results is that in Figures 3.8a, 3.9a
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Table 3.2: Results of the RFI time bin tests over various channels. No accidental background
coincidences are subtracted in obtaining these results. The piezo column indicates the presence
of a change in relative phase of the interferometers due to a piezoelectric actuator. The secret
bits are estimated over the entire link using the analysis of Eq. 2.4. The * indicates that the
parameters of Eq. 2.4 were adjusted to differ from those in Table. 2.3, and that the entire link was
not considered, see Sec. 3.1.3.1. Those with no secret bits either had too low counts or too high
QBER. 1When doubling the link, see Sec. 3.1.3.1 for details. Here the key rate estimate is taken
with the block size that produced the largest key estimate.

Piezo Channel C
Paramter

QBERC QBERZZ Asymp
key rate

Link
length

Key rate
bits

Off PMF 0.901 ±
0.028

0.049 ±
0.014

0.030 ±
0.007

0.080 60 5918

On PMF 0.877 ±
0.014

0.061 ±
0.007

0.023 ±
0.005

0.079 59 395*

Off 5m SMF 0.862 ±
0.033

0.069 ±
0.017

0.031±
0.008

0.0656 60 -

On 5m SMF 0.876 ±
0.027

0.062±
0.014

0.022±
0.006

0.0798 60 389*

Off 5m
MMF

0.919 ±
0.019

0.040 ±
0.010

0.028 ±
0.007

0.088 59 4911

On 5m
MMF

0.867 ±
0.031

0.066 ±
0.015

0.021 ±
0.006

0.078 59 -

Off 10m
MMF

0.845 ±
0.021

0.078 ±
0.011

0.031 ±
0.006

0.060 59 9983

On 10m
MMF

0.882 ±
0.030

0.059 ±
0.015

0.041 ±
0.007

0.063 59 -

Off 15m
MMF

0.901 ±
0.017

0.049 ±
0.008

0.029 ±
0.008

0.081 30 44641

On 15m
MMF

0.876 ±
0.022

0.062 ±
0.011

0.021 ±
0.005

0.080 59 107*
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Figure 3.6: (a) Measured correlation values and phase as a function of time for a 60 s link over
a PMF channel (scenario (i)). The average visibility of the superposition correlations remains
relatively high (0.901± 0.028) despite a lack of relative phase stabilization. φ is the relative
phase difference between the two interferometers. (b) The corresponding key rate and QBER.
All errors are shown as shaded regions and are approximated by Poissonian count errors.
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Figure 3.7: (a) Measured correlation values and phase as a function of time for a 60 s demonstra-
tion over the PMF channel while a piezo actuator is inducing a phase change (0.1 rads−1) in the
TA (scenario (ii)). The average visibility of the superposition correlations remains relatively high
(0.878±0.028) despite the relative phase variation. (b) The corresponding key rate and QBER.
All errors are shown as shaded regions and are approximated by Poissonian count errors.
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the C-parameter is shown to be relatively phase independent, constant, and maintains a relatively
high visibility throughout the entire experiment despite the lack of relative phase stabilization
and a challenging multi mode channel.
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Figure 3.8: (a) Measured correlation values and phase as a function of time for a 60 s link over
a 15 m multi mode fiber (scenario (i)). The average visibility of the superposition correlations
remains high (0.893±0.18) despite a lack of relative phase stabilization. φ is the relative phase
difference between the two interferometers. (b) The corresponding key rate and QBER. All
errors are shown as shaded regions and are approximated by Poissonian count errors.

The C-parameter visibilities correspond to an average QBER in the superposition basis of
scenario (i) and (ii) respectively are 0.049± 0.014 and 0.061± 0.014 for the PMF case, and
0.0533±0.0089 and 0.062±0.011% for the 15 m MMF case. The visibility of the superposition
basis is derived from the C-parameter and is a combination of the visibility of the EPS (95%),
the PTC interferometer (99%), the 6-state analyzer (99%), and the TA interferometer (93 % to
97 %). Combined, the estimated visibility for the superposition basis is 87 % to 90 % and gives
a combined expected QBER of approximately 0.065 to 0.050, which agrees with the experimen-
tally observed values. Other errors, such as wave plate errors and imperfections in the beam
splitters are not accounted for but can contribute to the error in our demonstration. The average
QBER in the computational basis, for scenario (i) and (ii) respectively, are 0.0298±0.0067 and
0.0227± 0.0049 for the PMF case, 0.0220± 0.0060 and 0.0215± 0.0049 for the 15 m MMF
case.

An analysis of the asymptotic key rate was done following the analysis of Tannous et al[70].
For the PMF the asymptotic key rate is 0.0801 bits/coincidence and 0.0796 bits/coincidence ((i)
and (ii) respectively). For the 15 m multi mode fiber channel, the number of secret key bits per
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Figure 3.9: (a) Measured correlation values and phase as a function of time for a 60 s demonstra-
tion over a 15 m multi mode fiber while a piezo actuator is inducing a phase change (0.1 rads−1)
in the TA (scenario (ii)). The average visibility of the superposition correlations remains high
(0.876± 0.21) despite the relative phase variation. (b) The corresponding key rate and QBER.
All errors are shown as shaded regions and are approximated by Poissonian count errors.

coincidence detection is estimated to be 0.0804 bits/coincidence and 0.0802 bits/coincidence
((i) and (ii) respectively). These asymptotic key rates are compared to the maximum achievable
rate for our system of 0.167 bits/coincidence. Thus there is room to improve the performance,
however the results are quite promising since despite the varying phase and the challenging multi
mode channel there is no drop in key rate in Figures 3.8b, 3.9b.

3.1.3.1 Key rate analysis

Recall from Sec. 2.2.4.2 that there currently no known finite size analysis for the 6-state 4-state
RFI protocol. Nonetheless, a key rate estimation is done for each using the approach Eq. 2.4. For
our analysis, we again make the assumption that the correlations of the entangled state shared
between Alice and Bob are symmetric (⟨XA ⊗XB⟩2 = ⟨YA ⊗YB⟩2 and ⟨YA ⊗XB⟩2 = ⟨XA ⊗YB⟩2)
such that we can take the 6-state 4-state C-parameter (C64) and relate it to the 6-state C66 as
C66 = 2C2

64. Results for this analysis are shown in Table. 3.2, while below we discuss the results
of the PMF and 15 m MMF channels.

For the links of the PMF channel shown in Figure. 3.6 and Figure. 3.7, only scenario (i) re-
sults in a positive key fraction from Eq. 2.4. For this link, if one uses the detections collected over
the entire 60 s, this gives a C64-parameter and computational basis QBER of 0.898 and 0.0297
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respectively. These values produced a positive key fraction of 0.0136 which from the 433406
coincidence detections gives an estimated 5918 secret bits. Note that several other experiments
in Table. B.1 produce a positive key fraction. The highest positive key fraction of 0.0285 is
calculated by considering the counts collected over the entire experiment of the first entry in Ta-
ble. B.1. From the 484659 total coincidence detections, this produced an estimated 13827 secret
bits. Here the C64-parameter and computational basis QBER are 0.894 and 0.0227 respectively.

For scenario (ii), considering the entire 60 s link would not produce any key as the smearing
of the C-parameter would be too great. However, shorter integration times would not produce
positive key due to low photon statistics. Specifically, for an error correction factor of f = 1.2, no
positive key is achievable. However, for an unrealistic f = 1, a single 13 s block of data produced
a positive key fraction of 0.0036 which from the 109856 coincidence detections obtained an
estimated 395 secret bits. There are other experiments within the “piezo” category in Table. B.1
that obtained positive key fractions, however these are not discussed due to the unrealistic f = 1.

For the 15 m MMF channel, neither of the two experimental runs that are shown in Figure. 3.8
and Figure. 3.9 were able to produce positive key. In scenario (i) of Figure. 3.8, the link is not
sufficiently long enough to produce any positive key due to the low number of detections in
the link. However, if the same link is extended to be twice as long, and one considers the
entire 60 s link in determining the C64-parameter and QBER, Eq. 2.4 does produce positive key.
With a total number of coincidence counts of 395408, a computational basis QBER of 0.030,
and a C64-parameter of 0.8999, gave a positive key fraction of 0.01129 and an estimated 4464
secret bits. Some of the links in Table. B.5, that fall under the “no piezo” category, are able
to produce positive key. Here we will show the results of the first link shown in Table. B.5.
Again we considered the entire 60 s in determining the C-parameter and QBER. This gave a total
number of coincidences of 402212, a computational basis QBER of 0.022 and a C64-parameter of
0.8810. With these parameters and assuming perfect error correction, we calculate a key fraction
of 0.0161, which amounts to an estimated 6476 secret bits from the total raw key. Note that the
minor decrease in computational basis QBER has a significant increase in the estimated key.

For scenario (ii) of Figure. 3.9, as mentioned above considering the entire 60 s link or using
shorter integration times would not produce any positive key for an error correction factor of
f = 1.2. However, again for an error correction factor of f = 1.0, the only positive key achieved
while still using the other parameter values of Table. 2.3, is from one 15 s block that has a key
fraction of 0.00109 or an estimated 107 secret bits from the 99311 coincidences of the 15 s block.

From the results above, it is apparent that the coincidence count rates need to be improved in
order to produce a secret key that is similar with state of the art systems reported by the literature
[115, 108]. Nonetheless, the results are sufficient for a proof-of-concept experiment. In addition,
further investigation into a complete finite size analysis must be conducted as there is currently no
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known method to fully perform an analytical finite size analysis for the 6-state 4-state protocol.

3.1.4 Conclusions and Implications

This is the results of the first fully passive time bin RFI-QKD implementation. The results are
impressive since they were obtained over a challenging channel such as a multi mode fiber. We
demonstrated time bin QKD without the need for any active phase stabilization of the relative
phase between sender and receiver interferometers. Furthermore there was no active spatial mode
filtering or correction to overcome the distortions of the challenging MMF channels. This is par-
ticularly suitable for QKD with moving platforms where the use of multi mode interferometers
are desirable compared to single mode interferometers due to better pointing requirements and
optical throughput, see Sec. 3.3. With this reduced amount of overhead, our system could there-
fore be considered a plug-and-play QKD system (i.e. requiring no active components). This
is important for quantum networks since the ability to distribute entanglement correlations with
time bin encoded photons can ease the deployment of entanglement distribution experiments,
and enable quantum sensing applications [87].

The next steps are to improve the performance of the system particularly in terms of photon
throughput and pair generation of the source. This can be achieved by working with a source that
is optimized for the apparatus wavelength and bandwidth, and increasing the EPS heralding effi-
ciency and entanglement visibility to near unity [116]. In addition, improving the performance of
the TA with a better optical design and custom optics would reduce the overall QBER of the sys-
tem, for instance using a compact optical layout [88] or a new interferometer design as discussed
in Chap. 4. Further theoretical studies on the robustness of the protocol are to be conducted,
particularly against rapid phase fluctuations and finite size effects. Sec. 3.2 and Sec. 3.3 use this
protocol in other more practical link scenarios, demonstrating the versatility of this protocol.

3.2 Time bin qubit transfer in the presence of higher order
spatial modes

3.2.1 Using NIR photons in telecom networks

A major discussion of this thesis is developing time bin for free-space quantum channels. This
entails overcoming the angle-of-incidence problem which also amounts to dealing with interfer-
ing multi mode signals. Although, this is high applicable for free-space applications, another
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use case is through multi mode fiber optic channels. At present date, the majority of the fiber
optical networks that are deployed throughout the world are single mode for what are know as
telecommunication (telecom) wavelengths. Generally, this is around 1550 nm, where the losses
in silica are minimal. Many quantum communication systems operate at this wavelength in or-
der to take advantage of preexisting networks [5]. However, many single photon sources do
not operate at this wavelength but rather in the near-infrared (NIR) regime (700 nm to 900 nm)
[117, 118, 119, 120, 121, 122, 123, 124]. Nonetheless there are many examples of entangled pho-
ton sources operating in the telecom band and there has been a lot of development into frequency
conversion devices [125, 126]. However, telecom wavelength quantum channels are challenged
by the practicality of the detector systems, where cryogenic superconducting nanowire detec-
tors are required to achieve the best detection quality at these wavelengths [127]. Conversely,
near-infrared sources can take advantage of the high detection efficiency and low cost of sili-
con avalanche photodiode detectors. Furthermore, the telecom wavelength range is not the ideal
choice for free-space channels due high absorption in the 1200 nm to 1500 nm range, though
around 1550 nm the transmittance is acceptable [49]. However, due to the wavelength ranges
of quantum sources and the efficiencies of the detectors, telecom wavelengths are seldom used
over free-space channels, thus making integration between free-space and fiber optical networks
difficult.

Given many of the aforementioned issues with telecom systems, there is a use for integrating
near-infrared sources with existing telecommunication networks. However, using near-infrared
photons in telecom fibers also has its challenges, mainly that several spatial modes beyond the
fundamental mode of the near-infrared photons are supported by the optical fiber. As a conse-
quence, the near-infrared photons experience modal dispersion, which in classical optical com-
munication channels, is detrimental to the distance that data can be transmitted. This also has
an effect on the quality of the quantum signal, and can result in reduced entanglement visibility
quality.

Fundamentally, modal dispersion is a distortion mechanism that causes different Laguerre
Gauss modes to spread out in time in an optical waveguide, typically in the context of a multi
mode fiber. As a signal pulse propagates through a multi mode fiber, the different velocities of
the different modes cause the pulse to spread in time, see Figure. 3.10a. In ray optics, this can be
attributed to the different modes entering the waveguide (or optical fiber) at different angles and
thus requiring more time to traverse the waveguide, see Figure. 3.10b. Modal dispersion occurs
even with ideal monochromatic signals.

Myer-Scott et al. [128] studied the transmission of 800 nm polarization entangled photons
through a standard telecom fiber channel Corning SMF-28. 800 nm photons are slightly multi
mode in the telecom fiber (i.e. can occupy more than one Laguerre Gauss spatial mode), and
therefore, the higher order modes will experience modal dispersion. Thus, in Ref.[128] they
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(a)

(b)

Figure 3.10: (a) Modal dispersion experience by an optical pulse. (b) Ray optics picture of modal
dispersion. The darker dashed arrows represent the higher order mode.

were able to observe a high entanglement visibility in both the zeroth order mode and the first
order mode despite the modal dispersion. It was shown that the entanglement visibility can be
improved substantially by parallel application of spatial filtering and precise temporal filtering to
select only the fundamental mode. This is an important result as it means that 800 nm photons
can be transmitted through the standard telecom fibers within existing networks. However, polar-
ization encoding is not the preferred encoding for optical fiber channels. Although in Sec. 3.1, it
is shown that time bin entanglement distribution can be performed over short multi mode chan-
nels (several meters), many practical applications of entanglement distribution require longer
links on the order of kilometers. Thus, the need to investigate time bin entanglement distribution
in long multi-modal channels.

Modal dispersion is important for time bin entangled photons since it can cause the time bins
to overlap and thus increase the error rate, Figure. 3.11a. One solution to this issue is to suffi-
ciently separate the time bins such that modal dispersion does not pose an issue. This is highly
impractical as long interferometers are very difficult to design and implement. Another, solution
is to have a minimum distance for the quantum channel such that the modal dispersion is large
enough that the time bins from the fundamental mode and higher order modes are completely
separated, Figure. 3.11b. Here, we perform the latter as it is easier to implement and can be
easily performed with the system used in Sec. 3.1. Recently there has been some experimental
study relating the effects of modal dispersion on the QBER of a signal [129], however no QKD
was performed.
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(a)

(b)

Figure 3.11: (a) Modal dispersion can cause time bins to overlap and increase the error rate of
the system. (b) Long enough links can cause modal dispersion to separate the zeroth order mode
from the first order mode and the time bins can be resolved with lower error rates.

3.2.2 Modal dispersion Characterization

Calculations of modal dispersion typically involve finding the propagation constants of the var-
ious modes in the optical fiber and determining the difference of the propagation constant. The
calculation involves finding solutions to the Helmholtz equation, which for fibers with many
modes can be a tedious calculations. For highly multi mode fibers, estimates are given to avoid
such calculations and are able to provide order of magnitude approximations. Saleh and Teich
[44] provide such approximate equations for both step index and graded index fibers.

For a step index fiber, the core has a refractive index of n1 while the cladding has an index
of n2. The transition between the core and cladding is sudden like a step function, as the name
implies. Step index fibers typically suffer from high amounts of modal dispersion unless the
core is reduced significantly to support a single mode. The equation that approximates the modal
dispersion per kilometer in a step index fiber is given by

στ

L
≈ ∆

2c1
, (3.4)

where L is the length of the fiber in kilometers, c1 = c/n1 with c being the speed of light in
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vacuum, and ∆ ≈ NA2

2n2
1

. So for a typical multi mode fiber with a core index of 1.496 and an

NA = 0.2, the modal dispersion per kilometer is 22.3 nskm−1.

For a graded index (GRIN) fiber, the core has an index of n1 that is gradually changed to
n2 of the cladding. Effectively, the index of the core is gradually decreased with an increasing
radial distance from the center of the core. The most commonly used profile for the core index
distribution is parabolic which causes the modes to travel in a more sinusoidal path in the ray
optics picture. This sinusoidal path is effectively similar to refocusing the light and thus signifi-
cantly reduces the modal dispersion produced by a GRIN fiber. The equation that approximates
the modal dispersion per kilometer of GRIN fiber is given by

στ

L
≈ ∆2

4c1
, (3.5)

which is smaller than eq. 3.4 for the same fiber parameters. For, the example fiber above, the
modal dispersion per kilometer is significantly less at 99.6 pskm−1. The 15 m multi mode fiber
used in Sec. 3.1, is a GRIN fiber and hence the low modal dispersion observed.

However, for fibers that are not highly multi mode, such as telecom fibers for 700 nm to
900 nm, one must still solve the Helmholtz equations and determine the differences in proroga-
tion constants. For this analysis we follow the analysis done in Appendix B. of Ref.[130] and is
calculated below in Sec. 3.2.3.

3.2.3 Experimental Details

The experimental details of this experiment are practically the same compared to that in Sec. 3.1.
However the quantum channel is changed from a highly multi mode channel to a relatively long
telecommunications optical fiber, Figure. 3.12 and Figure. 3.13. Particularly, the optical fiber
used is the Corning SMF-28. This optical fiber is slightly multi mode for the 785 nm pho-
tons, and has a calculated modal dispersion at this wavelength of 2.16811 ns/km, between the
zeroth and first order modes. The measured modal dispersion of this optical fiber at 785 nm is
2.32258(15625) nskm−1 which is within experimental error to the theoretically calculated value.
The experimental error comes from the timing resolution of the time tagging unit used to measure
the time of arrival of the photons.

Under typical operational circumstances where the output of the PTC (the PMF in Fig-
ure. 3.12) is directly connect to the telecom fiber, the zeroth order mode would be the dominant
mode in which the signal propagates and very little signal would be observed in higher order
modes. However, with a high enough pair rate, and a long enough count collection period, one
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Figure 3.12: Experimental setup with the direct fiber connection between the 780PMF (5m) and
the telecom fiber (3.2 km). See Figure. 3.2c and 3.2d for the part labeling convention. Here F =
785nm filter.

Figure 3.13: Experimental setup with the free-space bridge connection between the 780PMF
(5m) and the telecom fiber (3.2 km). The free-space bridge is to increase the coupling into
the higher order modes of the fiber. However, such coupling causes very poor overall photon
throughput and a poor signal to noise ratio.
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can possibly begin to see the contributions of these higher order modes. This was not investigated
during this study.

For this particular experiment, in order to ensure that photons are coupled to both the zeroth
order mode and the first order modes of the optical fiber, a free-space bridge is made such that the
PMF and SMF-28 telecom fiber are slightly misaligned (Figure. 3.13). The angle of incidence
between the two fibers is slightly misaligned, such that both the zeroth and first order modes
are excited from the start of the 3.2 km channel. This increases the relative amount of photons
that occupy the first order mode, however, it significantly reduces the total photon transmission.
The photon transmission is further reduced by the increased losses in a telecom fiber for 785 nm
photons (13.2% transmission through the direct fiber connection) and the filter placed in the
TA (Figure3.13). The 13.2% is approximately the same as the theoretically expected loss at
approximately 3 dBkm−1. The 3 nm bandwidth 785 nm filter is required for this experiment
since the amount of modal dispersion experienced by a photon has a chromatic dependence.
Hence, without the filter, the photon spectrum from the entangled photon source is too large and
the time bins cannot be resolved after the 3.2 km link.

The total throughput of the direct fiber connection without including the detector efficiencies
or the coupling of the entangled photons from the EPS is a function of the efficiencies of all the
components, i.e. PTC (35.4%), channel (13.2%), and TA (67.0%). With these numbers total
throughput is estimated to be 3.13%, again not accounting for detector efficiency or the photon
collection efficiency of the source. With the those considered the efficiency of the direct fiber
connection is found to be approximately 0.0613± 0.0006% for the signal photons measured
by Bob and 7.27± 0.07% for the idler photons measured by Alice. However for the free-space
bridge connection, the losses are even higher with a total channel efficiency of 0.0153±0.0002%
for the signal photons and again 7.24± 0.08% for the idler photons. Clearly the losses play a
major role in the transmission and preventing a good signal to noise ratio.

3.2.4 Results

The results of the experiments conducted are split into a few experimental scenarios and are
summarized in Table. 3.3. The first is when the signal photons are coupled to the 3.2 km
telecom channel using a standard fiber mating sleeve between the PM and telecom fiber (Fig-
ure. 3.12). This results in a very small number of photons being coupled to the higher order
modes. Nonetheless, some select histograms of the results are shown in Figure. 3.14. The 6-
state 4-state time bin RFI-QKD protocol is used and for a 90 s photon exchange, the average
C-parameter is 0.831± 0.023 with an average QBER in the superposition and computational
basis of 0.084± 0.011 and 0.0792± 0.0070 respectively. For the case when a 90 s photon ex-
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Table 3.3: 6-state 4-state protocol results for the NIR time bin entangled photons sent over a
3.2 km telecommunication fiber optic channel. Note that the zeroth and first order modes are
only present in the free-space bridge case (FS Bridge). The piezoelectric actuator is inducing a
relative phase change of 0.035 rad/s for the direct fiber connection and 0.015 rad/s for the free-
space bridge connection.

Link Type Piezo C-paramter QBERC QBERZZ key rate [bit per coincidence]

Direct Fiber Off 0.831±0.023 0.084±0.011 0.0792±0.0070 0.0158
Direct Fiber On 0.837±0.017 0.0814±0.0085 0.0761±0.0073 0.0198
FS Bridge mode 0 Off 0.739±0.026 0.130±0.013 0.144±0.013 -
FS Bridge mode 1 Off 0.595±0.024 0.202±0.012 0.231±0.026 -
FS Bridge mode 0 On 0.771±0.027 0.114±0.014 0.130±0.011 -
FS Bridge mode 1 On 0.652±0.049 0.174±0.024 0.257±0.021 -
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Figure 3.14: Histogram of coincidences in (a) computational basis and (b) superposition basis in
polarization for the direct fiber connection to the 3.2 km fiber.
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Figure 3.15: Histogram of coincidences in (a) computational basis and (b) superposition basis in
polarization for the free-space fiber bridge connection to the 3.2 km fiber. Note the presence of
the first order mode trailing the zero order mode.

change is conducted while piezoelectric actuator is inducing a relative phase change at a rate of
0.035 rad/s, the average C-parameter is 0.837± 0.017 and the QBER in the superposition and
computational basis are 0.0814±0.0085 and 0.0761±0.0073, respectively. The results for av-
erage the asymptotic key rate for the direct fiber connection for the no piezo and piezo case are
0.0158 and 0.0198 respectively for the 90 second link. The larger asymptotic key rate in the
piezo case is due to the relative decrease in the overall QBER. Figure. 3.16 shows the results of
both these tests.
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Figure 3.16: The results of the case without (a) and with (a) the piezoelectric actuator for the
direct fiber connection. Error values are included as the size of the point markers.
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For the tests that uses a free-space fiber bridge to couple the photons from the PM fiber to
the telecom fiber (Figure. 3.13), the losses produced from the slight misalignment significantly
affected the signal to noise ratio and QBER. Despite the high noise, the presence of higher order
mode photons is more prominent due to the misalignment of the coupling. Figure. 3.15 shows
the higher order modes slightly delayed from the zeroth order modes by 7.20000(15625) ns after
traversing the 3.2 km fiber optical channel. The higher order modes can still exhibit entangle-
ment correlations with the idler photons. Thus, for these tests the C-parameter and QBER are
calculated for both the zeroth order mode and first order mode. Here, for the scenario with no
piezoelectric actuator, the average C-parameter is 0.739± 0.026 and 0.595± 0.024 for the ze-
roth and first order modes respectively. This translates to an average superposition basis QBER
of 0.130± 0.013 and 0.202± 0.012 for the zeroth and first order modes respectively. The visi-
bility in the computational basis also suffered due to the signal to noise ratio with average val-
ues of 0.144± 0.013 and 0.231± 0.026 for the zeroth and first order modes respectively. For
the case when a piezoelectric actuator is run slowly at 0.015 rad/s, the average C-parameter is
0.771±0.027 and 0.652±0.049 for the zeroth and first order mode respectively. While the av-
erage QBER in the superposition basis are 0.114±0.014 and 0.174±0.024, for the zeroth and
first order modes respectively, and 0.130±0.011 and 0.257±0.021 for the computational basis.
Figure. 3.17 shows the results of these tests. It is important to recognize that the values above
for QBER and C-parameter will not produce any positive asymptotic key. However, this can be
attributed to the poor signal to noise ratio of the system. Even more interesting is the fact that
the entanglement correlations, although quite poor, are still present in the higher order modes as
seen by the fact that the piezoelectric induced phase change is present in both the zeroth and first
order modes of Figures. 3.17b and 3.17d.

The relatively high QBER’s are a consequence of the low signal to noise ratio. This is espe-
cially apparent in the free-space bridge tests since the coupling losses are very significant. One
method to improve the signal to noise ratio is to perform some sort of background subtraction on
the signals that arrive. By removing the accidental coincidences from the signals, the visibility of
the entangled state increases significantly in both the zeroth and first order modes. However, such
a technique cannot be used for quantum key distribution as this assumes that the noise is uniform
which cannot be assumed to be true. Nonetheless, for completeness we present the results for
the asymptotic key rate and QBER with background accidental counts subtracted in Table. 3.4
and show the results in Figure. 3.18. Aside from quantum key distribution, this background sub-
traction technique could be used in other quantum information settings. Another contributor to
the noise level is that there is a potential increase in the number of multi pair emissions due to
an increased pump power as compared to the other channels. Here 48 mA is used as the laser
current which has a significant pump power increase compared to the 40 mA to 43 mA used in
Sec. 3.1. Nonetheless, this demonstration has the interesting implication that, provided sufficient
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Figure 3.17: Results of the free-space bridge connection tests. (a) and (c) are the results of the
zeroth and first order modes for the case without the piezoelectric actuator. (b) and (d) are the
results of the zeroth and first order modes for the case with the piezoelectric actuator. Error
values are included as the size of the point markers.
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signal to produce secret key, one could combine the key rates between the zeroth and first order
mode in order to achieve a higher key rate. No key rate analysis following Eq. 2.4 is done as the
detection rates are far to low to produce any positive key fraction.

Table 3.4: 6-state 4-state protocol results for the NIR time bin entangled photons sent over a
3.2 km telecommunication fiber optic channel after background subtraction. Note that the zeroth
and first order modes are only present in the free-space bridge case (FS Bridge). The piezoelectric
actuator is inducing a relative phase change of 0.035 rad/s for the direct fiber connection and
0.015 rad/s for the free-space bridge connection.

Link Type Piezo C-parameter QBERC QBERZZ key rate [bit per coincidence]

Direct Fiber Off 0.899±0.028 0.050±0.014 0.0225±0.0069 0.0870
Direct Fiber On 0.909±0.018 0.0457±0.0089 0.018±0.013 0.0953
FS Bridge mode 0 Off 0.848±0.032 0.076±0.016 0.041±0.014 0.0518
FS Bridge mode 1 Off 0.801±0.055 0.100±0.027 0.085±0.021 0.0036
FS Bridge mode 0 On 0.896±0.048 0.052±0.024 0.029±0.024 0.0791
FS Bridge mode 1 On 0.904±0.021 0.048±0.010 0.115±0.038 0.0162

3.2.5 Discussion

The results of these experiments are quite interesting and is important for the development of
quantum networks, as outlined in Sec. 3.2.1. The most important result is that the entanglement
is still present in the high order modes despite the modal dispersion and does not have an adverse
effect on the zeroth order mode at distances that are useful for intra-city communication channels.
Thus a clever quantum network could use temporal switches and utilizes the zeroth and first order
modes for different users (Figure. 3.19), creating a multi-user network. This however would
require overcoming the coupling losses and a significant increase in the coincidence count rates
to achieve such results. For a two party link, one could combine the key rates between the zeroth
and first order mode in order to achieve a higher key rate than with temporal filtering alone.

Overall, despite the poor QBER, entanglement distribution is still achieved, albeit a very low
quality. Improvements to the count rates are necessary. Nonetheless, the direct fiber connection
into the telecom fiber was able to produce good entanglement distribution with sufficient visi-
bility to produce asymptotic secret key. Such results are very promising for the use of quantum
sources in the range of 700 nm to 900 nm in the existing telecommunication networks. Especially
considering that most intra-city links are within a 10 km range, thus implying that creating quan-
tum networks with entangled photons via spontaneous parametric down-conversion or quantum
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Figure 3.18: Results of the free-space bridge connection tests with the background accidental
coincidences subtracted. (a) and (c) are the results of the zeroth and first order modes for the
case without the piezoelectric actuator. (b) and (d) are the results of the zeroth and first order
modes for the case with the piezoelectric actuator. Error values are included as the size of the
point markers.
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Figure 3.19: Schematic for a multi-user network switch that separates the zeroth order and first
order modes between the two users.

dots is very feasible. However, the challenge of connecting these intra-city networks would re-
quire the use of satellite or free-space channels, particular moving platforms. Such an experiment
is discussed in the next section and the challenges of such a goal are outlined.

3.3 Towards time bin QKD with a moving system

Free-space time bin QKD is an important step towards a global quantum network. Implementing
time bin on moving platforms is a very important step in achieving this goal. Having a time
bin capable satellite would be beneficial for a global quantum network as it would allow long
distances to be connected beyond the fiber optical bound. Furthermore, it would remove the
need for the encoding to be transferred between the optical fiber links and free-space channels.

In this section, a proof-of-concept moving free-space time bin experiment is discussed. Al-
though the implementation is far from practical or deploy-able, this proof-of-concept experiment
is progressing towards a satellite based time bin receiver. The experiment uses a lot of the sys-
tems already discussed in Chap. 2.2 and Sec. 3.1. Details of the experimental setup are found
in Fig. 3.20. The protocol used is the 6-state 4-state RFI time bin scheme that is discussed in
Sec. 3.1. The same entangled photon source, 6-state polarization analyzer, polarization to time
bin converter (PTC), and time bin analyzer (TA) are used. The difference is that now the PMF
that is used to collect the photons after the PTC is directed to the transmitter telescope of the
moving free-space link rather than the multi mode fiber used in Sec. 3.1. In addition, the input
of the TA is directly connected to the receiver telescope of the free-space channel.
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Figure 3.20: Moving time bin experimental setup. This system has the full tracking and pointing
system described in Sec. 2.2.1.1. EPS: Entangled photon source. PTC: Polarization to time bin
converter. TA: Time bin analyzer. SPD: Single photon detector.

The moving free-space channel includes the same transmitter and receiver telescope used in
Chap. 2.2, save that only one polarization at the receive telescope is used. This unfortunately
substantially increases the losses of the system as at least 50% of the photons transmitted will be
lost due to the passive basis selection of APT (Sec. 2.2.1.1). To increase the photon throughput,
the half-wave plate in the transmitter APT is rotated to maximize the transmission to one of the
polarization states of the receiver. Then, the optical fiber associated with this polarization state
is used to transmit the photons from the moving platform to the time bin analyzer, this is done
through the same 15 m GRIN Infinicor 300 is used in Sec. 3.1. A proper moving platform would
differ from this proof-of-principle experiment as a true moving platform would include the TA
as part of the moving receiver itself. The current TA used in this experiment has a large form
factor and is not sufficiently robust against vibrations to be used this way. Thus, for a viable time
bin experiment to be done with a moving channel, significant improvements in the design and
robustness of field widened interferometers is necessary (Chap. 4 and Chap. 5).
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3.3.1 Experimental Notes

Despite the experimental challenges, some moving free-space time bin experiments were con-
ducted. As in Chap. 2.2, the all pointing and tracking systems are used. A human is used to pull
and push the moving platform from one end of the rail to the other. The goal was to achieve
angular velocities of the transmitter motors up to 1.1 ◦ s−1, which is sufficient transmitter angular
velocity that would be require for a LEO satellite pass (see Sec. 2.2.2.1). Figure. 3.21 shows
the tracking system’s recorded transmitter and receiver motor speed during the photon exchange.
The maximum applied motor speed in three of the links shown in Table. 3.5 sufficiently meets
the 1.1 ◦ s−1 requirement to emulate a LEO pass. The average applied motor speed is also re-
duced compared to the tests conducted in Sec. 2.2. this is primarily due to the caution taken to
not disrupt the stability of the TA during the moving pass.

3.3.2 Experimental Challenges

There are several experimental challenges that needed to be overcome. The first is that the TA
was too large to be placed on the moving platform. Thus, the 15 m multi mode fiber is used
connect the TA, that is stationary, to the moving receiver. Another challenge is that the TA is not
robust against vibrations. Observing the stability of the TA with a Thorlabs PM100D, one can see
the instances of instability in the phase of the interferometer while the receiver is moving. The
changes in the stability of the interferometer are shown in Figure. 3.22. The standard deviation
in the intensity in Figure. 3.22 for the moving data is 0.023 mW, while it is 0.0098 mW for
the stationary data. Clearly there is some induced phase changes in the interferometer during
the movement of the receiver crate along the track that is not completely smooth and has some
connection joints. These connections joints can be a source of vibrations for the TA. These
external sources of error, particularly the vibrations could not be overcome during the experiment
and the hope is that such a small rapid phase variation would not degrade the channel integrity
substantially.

Probably the most problematic experimental challenge is the losses of the experiment. De-
spite the attempts to optimize the receiver setup to increase the throughput of the photons, there
is still substantial losses as the system is not optimized for a time bin experiment. As mentioned
above, the receiver telescope is using the polarization analyzer that is mounted on the back of
the receiver APT and contributes to 50% of the losses. An optimized time bin receiver would
have the polarization analyzer removed and directly couple to either a multi mode fiber or the
interferometer itself. Adding to the losses is the free-space link (≈ 30%, Sec. 2.2.1.1) and the
other components of the system, i.e. the PTC (35.4%) and TA (67%).
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Figure 3.21: Transmitter and receiver applied motor speed for the horizontal and vertical axis.
Each pair of figures shows the movement of the transmitter and receiver mount for the length of
a single rail pass. For (a) and (b), the transmitter’s maximum applied motor speed is 1.14 ◦ s−1

while the average applied motor speed throughout the passes is 0.17 ◦ s−1. For (c) and (d), the
transmitter’s maximum applied motor speed is 1.62 ◦ s−1 while the average applied motor speed
throughout the passes is 0.21 ◦ s−1.
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Figure 3.22: Stability of the TA while the receiver is moving along the track and while stationary.
Note that the moving data is split into to sections, from 5 s to 35 s, and 38 s to 72 s, this corre-
sponds to moving done the track in each direction. Each block of time corresponds to moving
the receiver down the track in one direction.

The total throughput of the system is found by calculating the channel efficiencies from the
coincidence and single photon statistics (as done in Sec.3.1 with Table. 3.1). As a reminder
to the reader, the signal photons of the entangled pairs are sent over the free-space channel.
For a stationary free-space link the total channel efficiency, including detector efficiencies is
ηB = 0.0113± 0.0002% for the signal photons and ηA = 5.05± 0.07% for the idler photons.
For the moving link, the total efficiency of the channel could change depending on the pass
and how well the coarse and fine pointing system are able to maintain the link. Nonetheless
the average total channel efficiency is calculated to be ηB = 0.014± 0.001% for the signal and
ηA = 4.89±0.04% for the idler photons.

The losses are a significant issue as larger blocks of data will be required to estimate the
C-parameter and error rate. This makes the link susceptible to the relative phase stability of
the interferometers involved and can decrease the quality of the channel. Thus, increasing the
brightness of the photon source and the efficiency of the free-space channel would significantly
improve the signal to noise ratio and by consequence the other experimental parameters.
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3.3.3 Results and Discussion

Table. 3.5 shows the results for five separate free-space moving tests. As with the free-space
bridge telecom fiber optical link, the losses of the system dominated the signal to noise ratio and
significantly increased the QBER such that no positive asymptotic key is achieved. Furthermore,
as in Sec. 3.2, key rate analysis following Eq. 2.4 is done as the detection rates are to low to
produce any positive key fraction. Despite this, correlations are still found during the photon
transmission to the moving receiver. From the results in Table. 3.5 we will discuss the results of
experiment 3 and 4 as shown in Figure. 3.23. For experiment 3, achieved an average C-parameter
value of 0.808±0.028 despite the average applied motor speed of the transmitter telescope of
0.173 ◦ s−1 and a maximum transmitter speed of 1.14 ◦ s−1. The QBER in both the superposition
and computation basis are 0.096±0.014 and 0.118±0.023 respectively, which are quite high due
to the low signal to noise ratio and low photon throughput. As a result, no positive asymptotic key
is calculated. Similarly for experiment 4, the C-parameter visibility of 0.768±0.038 is quite poor.
The QBER in both the superposition and computational basis are also poor at 0.116±0.019 and
0.125±0.022 respectively. As with experiment 3, no positive asymptotic key is calculated due to
the low photon throughput and signal to noise ratio. It is clear that significant improvements to
the entire moving free-space time bin system are required for any practical applications.
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Figure 3.23: Results of two moving time bin receiver experiments. Specifically, experiment 3
and 4 found in Table. 3.5.

As done in Sec. 3.2, accidental coincidence noise is subtracted from the results, shown in
Figure. 3.24 for experiment 3 and 4, while Table. 3.6 has the results of all the passes. Again,
although the visibility increase significantly, these result cannot be used for quantum key distri-
bution. The QBER and asymptotic key rate results are to be viewed as the potential performance
of the current system. Furthermore, Figure. 3.25 shows the results of using multiple moving re-
ceiver passes together to attempt to create a positive key, a method that can be employed by any
free-space link. Despite combining all the counts from each experiment, there is still no positive
key fraction. However, an interesting results is the relative phase stability of the TA and PTC
across all five passes, indicating that more passes are possible where eventually sufficient detec-
tions are collected to produce a positive key fraction. The current study does not dive into this
investigation since it is not a practical approach, while improving the source and link hardware
is much more desired.
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Figure 3.24: Results of two moving time bin receiver experiments when the accidental back-
ground counts are subtracted. These two tests are the same ones shown in Figure. 3.24, experi-
ment 3 and 4 of Table. 3.6.

99



1 2 3 4 5
Experiment Number

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

C
or

re
la

ti
on

V
al

u
e

−3

−2

−1

0

1

2

3

φ
[r

ad
]

C

〈Z ⊗ Z〉
〈X ⊗X〉
〈Y ⊗X〉
φ

(a)

1 2 3 4 5
Experiment Number

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Q
B

E
R

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

K
ey

ra
te

[p
er

co
in

ci
d

en
ce

]

QBERZZ

QBERC

Key rate

(b)

1 2 3 4 5
Experiment Number

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

C
or

re
la

ti
on

V
al

u
e

−3

−2

−1

0

1

2

3

φ
[r

ad
]

C

〈Z ⊗ Z〉
〈X ⊗X〉
〈Y ⊗X〉
φ

(c)

1 2 3 4 5
Experiment Number

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Q
B

E
R

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

K
ey

ra
te

[p
er

co
in

ci
d

en
ce

]

QBERZZ

QBERC

Key rate

(d)

Figure 3.25: Results of the time bin moving receiver tests where each data point is calculated
by combining the detections over the entire link. (a) and (b) have no background accidental
subtraction. (c) and (d) are the results with the background accidental counts subtracted. In (b)
the key rate is negative and thus does not appear in the plots range.
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Table 3.6: Time bin moving test results when accidental background counts are subtracted. In
each experiment the source pump laser current was set to 48 mA.

Experiment C QBERC QBERZZ Asymp key rate
[per

coincidence]

1 0.889 ± 0.055 0.055 ± 0.027 0.013 ± 0.011 0.0946
2 0.889 ± 0.033 0.055 ± 0.016 0.038 ± 0.025 0.0679
3 0.912 ± 0.043 0.044 ± 0.021 0.041 ± 0.017 0.0728
4 0.882 ± 0.026 0.059 ± 0.013 0.048 ± 0.031 0.0564
5 0.875 ± 0.056 0.062 ± 0.028 0.0202 ± 0.028 0.0815

All 0.890 ± 0.012 0.0551 ± 0.0061 0.031 ± 0.012 0.0745

3.3.4 Discussion

Although, the losses and photon detection rates were too low, this experiment serves as a proof-
of-concept demonstration how time bin with moving receivers is feasible. For a better time bin
moving test, the receiver system would have to be modified in order to remove the inherent 50%
loss from the 4-state analyzer. A truly optimized moving time bin receiver would couple all the
collected photons into one multi mode fiber or directly to the interferometer. Furthermore, as
mentioned in Sec. 2.2.1.1 the link throughput is approximately 30% and could be optimized fur-
ther by changing the transmitter telescope. Table. 3.7 summarizes all the experimental through-
put and identifies realistic improvements to the systems. The EPS heralding efficiency, the 6-state
analyzer throughput, and the PTC throughput can be improved with better collection optics and
alignment. The TA throughput can be improved using an alternate interferometer design such as
the Offner relay interferometer of Chap. 4. The receiver telescope can be optimized by removing
the passive beam splitter and adjusting the aperture size (here a conservative value is provided).
With these improvements, a factor of six increase in the coincidence counts can be observed
which would increase the signal to noise ratio and thus the quality of the link.

Another important result from theses proof-of-concept tests is that the concept of a moving
time bin link needs a modular and very stable field widened interferometer. We were not able
to attempt placing the TA on the moving receiver due to both its size and stability issues. The
former must be solved before one can conclusively conclude that the latter is an issue. In light of
this, future and current research activities have focused on reducing the form factor of the field
widened interferometer (Chap. 4) and increases its robustness (Chap. 5).
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Table 3.7: Elements of the free-space whose photon throughput can be improved.

Element Efficiency Improvement

EPS heralding 20 25
PTC 35.4 40
TA 67 87.5

6-state analyzer 49.6 80
Receiver telescope 30 60

3.4 Summary

In this chapter, a fully passive time bin RFI-QKD protocol is tested over several channels. Of
particular interest is the results of using time bin over multi mode channels, such as GRIN fibers,
NIR sources in telecom, and over moving free-space channels. These channels are particularly
challenging and have real practical applications that could have an impact on the deployment of
quantum networks. Particularly the work done in Sec. 3.2 as many quantum sources produce
photons in the NIR regime, while the existing fiber optic network is for the telecom band. In
addition, an improved field widened time bin interferometer that can be placed on a moving
receiver would enable a quantum network that uses only one encoding type, which reduces the
overhead of implementation. Future works can improve on the performance by improving the
source brightness and entanglement visibility, as well as improve the time bin hardware (i.e. PTC
and TA). Improving the visibility and robustness of the TA is discussed in Chap. 4 and Chap. 5.
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Chapter 4

Towards a compact and practical field
widened interferometer

Creating field deploy-able quantum information devices for quantum sensing and quantum com-
munication applications is of particular interest. For optical qubits, time bin encoding has been
shown to be useful for quantum sensing and developed for free-space quantum key distribution.
To use time bin encoding with free-space optical channels, one needs to use a field widened inter-
ferometer (Sec. 1.6.1) The goal of the work presented in this chapter is to build an field widened
unbalanced interferometer that has a long time delay with a small form factor and is practical in
the sense that it does not have a chromatic dependence. The novel field widened interferometer
design uses what is called a folded Offner relay imaging system which allows for a small form-
factor, is relatively achromatic, and has a high interference visibility (greater than 0.97) for both
single mode and multi mode signals.

Statement of contributions Prof. Thomas Jennewein and I conceived the conceptual design
of the Offner relay interferometer. I refined the optical design and performed the verification
simulations. I constructed with experimental prototype and conducted the data collection with
some assistance from Tabitha Arulpragasam and Dogan Sinar. I performed the data analysis of
the results.
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4.1 Introduction

In Chap. 3, it is shown that active stabilization of the interferometers is not needed when using
RFI-QKD protocols. However, the interferometers used in the experiments suffered due to their
bulky size. This affected the stability of the interferometer, particularly in the free-space moving
tests as seen in Figure. 3.22. Furthermore, in the experiments of the first free-space time bin QKD
experiment [76], it was found that the interferometers were unstable and susceptible to thermal
and vibrational noise. Thus, creating a practical unbalanced interferometer for time bin is an
important and ongoing effort of development. In addition to quantum key distribution, creating
practical time bin interferometers offers a near term field deploy-able quantum device that can
be used in a variety of settings, such as quantum sensing [87].

Some recent efforts have reported improvements of the thermal stability of the interferome-
ters [88]. However, the imaging system used to make the interferometer to be field widened are
highly wavelength dependent and thus not ubiquitously practical. This is because the path length
in an optically dense material is highly wavelength dependent and thus the imaging condition
cannot be easily satisfied for all wavelengths. With the 4f lens system1, chromatic aberrations
from the lenses can contribute to some loss in the interference visibility. Anecdotally, these
systems are quite difficult and tedious to align.

In this chapter, work done to develop a field widened interferometer that uses only simple
optics that have a limited chromatic dependence is presented. The results show that the design is
able to improve the robustness of the interferometer. Furthermore, by being useful over a wide
wavelength range, the interferometer is more practical for real-world applications since quantum
sources vary widely in operating wavelength.

4.2 Optical Design

The optical design of the field widened interferometer in this work was developed with a few
goals in mind:

1. The first goal is to reduce the physical footprint of the system, i.e. creating an optical path
such that a relative path delay between the two arms of the interferometer is much longer
than the physical footprint it takes up.

2. The second goal is to have the ability to use off-the-shelf, simple optical components that
are easy to use and align.

1Here the 4f refers to a system that has two lens that form a one-to-one imaging system.
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3. The third goal is to reduce the chromatic dependence of the system. Due to chromatic
aberrations, chromatic dispersion and spherical aberrations, we avoided refractive optics
and instead focused on using reflective optics such a spherical and flat mirrors for the
imaging system.

The third goal is difficult to achieve for many field widened interferometer systems, particu-
larly those that rely on proper tuning of the refractive index between the two interferometer arms.
To meet all three requirements, the one-to-one imaging system in our field widened interferom-
eter is created using a folded Offner relay-like configuration [131], see Figure 4.1. We call it
an Offner relay-like system because in a normal Offner relay, both mirrors in the system have a
curved reflective surface whereas here, only the larger, primary mirror is a spherical mirror. The
curved mirrors emulate lenses as the curved geometry focuses any beam incident on the mirror to
a fixed point. The spherical mirrors do not have a chromatic dependence and the imaging quality
of the system is purely a geometric problem. With repeated reflections between the spherical
mirror and the flat mirror found in Figure. 4.1, one can achieve the desired one-to-one imaging
system. Since our novel interferometer design uses an Offner relay-like imaging system, we refer
to this type of interferometer as an Offner relay interferometer (ORI).

Adjusting the distances appropriately between the curved mirror and the flat mirror, a cavity-
like configuration can be used to further reduce the footprint of the one-to-one Offner relay
imaging system. Creating such a cavity-like configuration with lenses would require multiple
lenses that are custom built, further increasing the alignment problem. Furthermore, a standard
Offner relay would not easily allow for multiple reflections in a cavity-like configuration and
hence the use of a flat mirror in the ORI. The ORI design allows for long focal length mirrors
to be used with a small physical footprint. Comparing this to imaging systems that require lens,
the ORI allows much smaller physical footprint for the same or longer time delays between the
two interferometer arms (Table. 4.3 and Table. 4.4). The overall relative delay between the two
paths of the ORI can be altered by either switching the spherical mirrors used to those with
shorter or longer focal lengths, or by changing the distance in the Offner relay cavity (effectively
changing the number of reflections on the spherical mirror), thus offering a wide range of con-
figurations and time delays, see Table. 4.3 and 4.4. Practically speaking, any time delay can be
made provided that the spherical mirrors have a custom radius of curvature. The ones presented
in Table. 4.3 and 4.4 are for configurations that use standard off-the-shelf optics.

The ORI design has several advantages over previous works. First, the folded, cavity-like
design permits a small form factor that permits relatively longer time delays in a smaller space.
When compared to a Michelson and Mach Zehnder interferometer with a similar time delay
(Table. 4.3 and more convincingly Table. 4.4), it becomes apparent that the design of the ORI is
advantageous for reducing the form factor of the field widened interferometer system for longer
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Figure 4.1: Conceptual design of the optical layout for the modular quantum time bin analyzer.
The folded configuration allows for multiple passes between the curved mirrors and the flat
mirrors. The red arrows indicate the optical path.
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(a) Top view (500 ps) (b) ISO view (500 ps)

(c) Top view (715 ps) (d) ISO view (715 ps)

Figure 4.2: Schematic of the optical design of the Offner relay interferometer. The one-to-one
imaging system consists of a curved, spherical mirror (CM) and a flat mirror (FM) in folded a
Offner relay cavity-type configuration. (a) and (b) shows a 500 ps delay unbalanced interferom-
eter. Multiple reflections in the cavity-like configuration between the CM and FM in each path
allows for a reduce physical footprint of the system as seen in (c) and (d), however the delay is
increased (715 ps). Here the CM are the larger circular optical elements.
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delays. The very long time delays are advantageous as they relax the measurement requirements
of time bin systems. If the time delay is too short, for many applications, the distinguishability
of the time bins will be reduced and thus affect the performance of the system. In addition,
commercially available avalanche photodiodes have typical time resolutions of on the order of
hundreds of picoseconds. Thus, longer time delays are beneficial for using off-the-shelf and cost
efficient detector systems. The smaller form factor of the ORI can also reduce the costs associated
with manufacturing an enclosure for the system. The smaller enclosure can help in increasing the
thermal and vibrational robustness of the interferometer. Furthermore, the reduced form-factor
enables the use additive manufacturing to create a monolithic optomechanical enclosure for the
system as discussed in Chap. 5.

Another advantage is the use of off-the-shelf spherical mirrors in the imaging system that
has no chromatic dependence, thus making the ORI an achromatic interferometer. In fact, the
only chromatic dependent optical elements in the ORI are the beam splitters used in the inter-
ferometer, nonetheless these devices are typically functional over a broad range of wavelengths.
Furthermore, most implementations of interferometers will suffer from a similar chromatic de-
pendence of the beam splitter. In fact, to our knowledge there is no achromatic solution for beam
splitters beyond polarization optics and knife-edge right angle prisms. Aside from removing the
chromatic effects, the use of spherical mirrors also reduces the alignment degrees of freedom
compared to using parabolic mirrors. Regardless, it is difficult to employ parabolic mirrors in a
cavity-like configuration and thus would be difficult to use in an ORI setup.

The overall optical design of the ORI is shown in Figure. 4.1. It resembles a unbalanced
interferometer with two beam splitters. However, in this conceptual design, lateral beam dis-
placers (LBD) are used in place of a beam splitter and mirror to separate the optical beams of
the two paths. The light then strikes the two reflective surfaces of a prism mirror (PRM), which
sends the beam of each path towards the curved mirror, thus entering the cavity-like Offner relay
configuration, i.e. the one-to-one imaging system. Upon exiting the one-to-one imaging system,
the optical beam of each path is again incident on a PRM, that redirects the beam towards the
output LBD„ where the two paths are recombined and interference occurs. We will call the LBD,
and PRM, the central optics, while the Offner relay cavity-like configuration as the ORI-imaging
system. The path difference of the central optics portion of the ORI must be minimized, this is
due to the glass portion of the lateral beam displacer. Hence in Figure. 4.1, we can see that the
paths through each LBD, is made symmetric in order to avoid unwanted chromatic phase depen-
dence. This implies that the entire difference in path length occurs in the ORI-imaging system of
each path and therefore it is the critical component of the ORI. An algebraic system of equations
is derived to determine the path length differences below.
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4.2.1 Algebraic Path Analysis

To start, the various elements of both the short and long path will be derived. All distances
will be measured from a global origin in the very center of the ORI optical setup. The optical
elements from here are then placed at the appropriate points and a optical path through the ORI
is calculated for both the short and long path.

To perform this calculation we first need to calculate the total optical path traveled by the
light in each interferometer path. First, we define the starting point that the two paths deviate
from each other. The difference in the two interferometer path length begins from the reflection
from each prism mirror and is defined horizontally from the center point of the system as

dx =
xps

2
+ xp

(
1− sb

2hp

)
, (4.1)

where xps is the distance between the two prism mirrors, xp is the horizontal thickness of each
PRM„ sb is the beam displacer offset, and hp is half the height of the prism mirror. Thus the
starting point of the difference in optical path is (−dx,sb). The next distance in the optical path is
the path length from the prism mirror to the large curved mirror, i.e. the first time the beam path
strikes the curved mirror. This is given by

y(dx,R)curv =
√

R2 −d2
x −
[
R−

(
dCM − sb

2

)]
, (4.2)

where R is the radius of curvature of the spherical mirror and dCM is the distance from the
origin to the curved mirror’s origin. The latter is found when undergoing the optical design
optimizations in Zemax [132]. Recall that in the ORI, there is a cavity-like configuration so
multiple reflections will occur and the Eq. 4.2 represents the path to the first reflection from the
curved mirror and the path after the last reflection from the curved mirror. These points are
defined as (−dx, y(dx,R)) and (dx, y(dx,R)). A visual definition of the various distances is shown
in Figure. 4.3.

Next in the optical path is the cavity-like configuration in the ORI, which includes the
hypotenuse-like distances from the curved mirror to the flat mirror. The derivation of this equa-
tion starts with the simple distance formula d =

√
(x1 − x2)2 +(y1 − y2)2. Then we define a point

on the spherical mirror (CM) and one on the flat mirror (FM). These points are determined using
geometry as shown in Figure. 4.4 for the case of B = 4, where B is the total number of angled
paths taken by the light in the cavity-like configuration.

Using the distance formula and the geometric analysis to define the optical path of the rays
in the ORI cavity-like configuration, the distance between the points where the light strikes the
CM and the FM can be generalized to arbitrary B and R by
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Figure 4.3: Definition of the distances for the algebraic calculations of the ORI optical path.
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Figure 4.4: Definition of the distances for the algebraic calculations of the ORI optical path.

hyp(dx,B,R)n =



(√R2 −
(

dx − 2dxn
B

)2
− (R−dCM)− (dCM −dFM)

)2

+
(

2dx
B

)2

 1
2

n even

(√R2 −
(

dx − 2dx(n+1)
B

)2
− (R−dCM)− (dCM −dFM)

)2

+
(

2dx
B

)2

 1
2

n odd

(4.3)
where B is the total number of paths taken by the light (i.e. B = 2,4,6 . . . ) in the cavity-like
configuration, dFM is the distance from the center of CM to FM at x = 0, and n = 0,1, . . . , B

2 −1
is an index for the specific "bounce" path taken by the light. The difference between the odd an
even path accounts for the change in direction the light takes when it strikes each mirror. Eq. 4.3
only calculates half the optical path in the ORI cavity-like configuration. The total path length
taken by a photon in the cavity-like Offner relay is given by,

hyp(dx,B,R)tot = 2

B
2 −1

∑
n=0

hyp(dx,B,R)n. (4.4)

Note that the factor of 2 is due to the symmetry in the optical path of the ORI cavity-like con-
figuration and without it the sum would only account for half of the total path length. Now the
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full path length without accounting for thermal expansion (see Sec. 5.2.2) can be obtained from
know design quantities and is found by combining Eq. 4.2 and Eq. 4.4 which gives

d(dx,B,R) f ull = 2y(dx,R)curv +hyp(dx,B,R)tot . (4.5)

As in Eq. 4.4, the factor 2 is needed to account for the entire optical path length. Thus, an
expression for the full path of one arm of the ORI is given and the difference in path length and
time delay of various ORI configurations can be easily calculated as ∆d = |d(dx,B1,R1) f ull −
d(dx,B2,R2) f ull|. Various time delays for several configurations are shown in Table. 4.1 and
Table. 4.4. However, the distances of dCM, and dFM must be determined for each configuration
(Tables 4.1 and 4.2), while other values such as xps, sb and R are determined by the components
selected. For the calculations of the results of Table. 4.1 and Table. 4.4, xps = 16.645mm while
sb = 20mm.

4.2.2 ORI design considerations

As mentioned above, the use of off-the-shelf components is desired so only certain candidate
spherical mirrors are considered for the ORI imaging system. The dimensions of the ORI-
imaging system are specific to the spherical curved mirror used. The distance from the curved
mirror (CM) to the flat mirror (FM) is dependent on the configuration but is generally given by
dFM ≈ R/B, where B = 2,4,6, . . . is determined by the number of reflections from the curved
mirror in the given configuration. There must be an even number of reflections from the curved
mirror in order to properly create a one-to-one imaging system. The exact distance between the
CM and FM is determined by the Zemax ray tracing software and is optimized to produce the
one-to-one imaging system. Various configurations and distances are shown in Table. 4.1. Note
that the distance from the CM to the origin is simply a fixed offset from the CM to FM distance.
In the cases presented in Table. 4.2 the offset is approximately 30 mm.

Table 4.1: Distance from the center of the CM to the FM. All distances, including the radii of
curvature, are in millimeters.

Bounces R=100 R=150 R=200 R=300

2 49.600 74.750 99.712 149.886
4 24.779 37.367 49.861 74.962
6 14.442 21.838 29.189 43.898
8 9.340 14.192 18.997 28.590
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Table 4.2: Distances of the CM to the origin of the ORI. All dimensions are in millimeters.

Bounces R=100 R=150 R=200 R=300

2 80 105 130 180
4 55 65 80 105
6 45 55 60 75
8 40 45 50 60

Table 4.3: Time delays and form factors of various ORI configurations using a R1 = 0.20m and
R2 = 0.30m. The form factor includes the length and width of the optical component setup, with
no consideration given to the height. A comparison is made to a reasonable form factor required
for a field widened Michelson interferometer that uses optics with 25 mm aperture size and a
10 mm short path distance. The time delays are calculated using both the Zemax ray tracing and
the algebraic analysis presented in Sec. 4.2.1

CM1
Radius

[m]

CM2
Radius

[m]

CM1 Re-
flections

CM2 Re-
flections

Time
Delay
[ps]

ORI Size
[mm2]

Michelson
Size

[mm2]

Mach
Zehnder

Size
[mm2]

0.20 0.30 8 6 537.64 3937.00 3709.57 5895.15
0.20 0.30 8 4 859.02 4699.00 4934.02 8344.03
0.20 0.30 8 2 1358.77 6604.00 6838.06 12152.11
0.20 0.30 6 4 715.46 4953.00 4387.05 7250.10
0.20 0.30 6 2 1215.20 6858.00 6291.09 11058.18
0.20 0.30 4 4 501.34 5461.00 3571.25 5618.49
0.20 0.30 4 2 1001.08 7366.00 5475.29 9426.57
0.20 0.30 2 2 667.82 8636.00 4205.55 6887.10

113



Table 4.4: Time delays and form factors of ORI configurations that provide a time delay of >1 ns.

CM1
Radius

[m]

CM2
Radius

[m]

CM1 Re-
flections

CM2 Re-
flections

Time
Delay
[ps]

ORI Size
[mm2]

Michelson
Size

[mm2]

Mach
Zehnder

Size
[mm2]

0.10 0.20 8 2 1014.11 5080.00 5524.93 9525.87
0.10 0.30 8 4 1182.19 4445.00 6165.28 10806.57
0.10 0.30 8 2 1681.93 6350.00 8069.32 14614.65
0.10 0.30 6 4 1109.96 4572.00 5890.12 10256.24
0.10 0.30 6 2 1609.71 6477.00 7794.16 14064.32
0.10 0.30 4 4 1002.13 4826.00 5479.29 9434.58
0.10 0.30 4 2 1501.88 6731.00 7383.33 13242.66
0.15 0.30 8 4 1020.22 4572.00 5548.18 9572.36
0.15 0.30 8 2 1519.96 6477.00 7452.22 13380.44
0.15 0.30 6 2 1395.45 6731.00 6977.81 12431.62
0.20 0.30 8 2 1358.77 6604.00 6838.06 12152.11

4.3 Numerical Simulations

4.3.1 Visibility

After optimizing the imaging system of the ORI for each curved mirror, the interference per-
formance of the ORI is calculated, particularly with multi mode signals. The ORI design is
validated by using the coherence and interference features, offered by the non-sequential mode
in the Zemax ray tracing software2. A custom script was made using the Zemax API to study the
field widened capabilities of the ORI by analyzing the interference quality of optical fields that
are input at various different small angles of incidence. The interference quality of their overlap
at the output of the ORI is analyzed after travelling through the two interferometer paths. These
results are shown in Fig. 4.5 for the minimum intensity output (top) and for a maximum intensity
output (bottom). For these simulations, a collimated 1 µm wavelength light source with an infi-

2A very important note to make is that the coherence length feature in Zemax is not a timing coherence length
but rather changes the spectral bandwidth of the light. Basically the bandwidth is calculated given the coherence
length and a random distribution of frequencies within that bandwidth is assigned to each ray. Thus if you have an
interferometer with two equal paths but provide Zemax a small coherence length, the results will have poor visibility.
To achieve good interference simulations with pulsed light, one can ask Zemax to determine the phase of the light
assuming it is infinitely coherent and then deal with the pulse timing on the side.
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nite coherence length, and a spot diameter of 3 mm is used. Although a light source with infinite
coherence is used, a setup that is appropriately balanced in time can work for light sources with
various coherence lengths. Regardless, the key features of Fig. 4.5 are that the five spots all share
the same intensity values and are all in phase relative to each other. Having all five spots in phase
is an important characteristic in confirming that the ORI is field widened. However, we must
quantify the ORI’s ability to interfere signals. The main merit of measure of the performance of
an interferometer is the interference visibility defined as

V =
Imax − Imin

Imax + Imin
, (4.6)

where Imax(min) are the maximum (minimum) intensities of the interference fringes produced by
the interferometer. Here, 1 ≥V ≥ 0 with V = 1 being a perfect interferometer. The visibility for
the ORI configuration was calculated using the results of the numerical simulation. The sum of
the intensity across the entire detection surface in Fig. 4.5 top and bottom, are used to calculate
a visibility of 0.9978 for both angular deviations. In Figure. 4.5a the Gaussian beams are given
an input angle of 0.05◦, while it was found that with standard SM1 (1 inch) optics, a maximum
input angle was found to be 0.2◦ after which beam clipping occurred, Figure. 4.5b. These input
angles are for a collimated Gaussian source that is place 1 cm away from the input aperture of the
ORI. This would emulate something similar to a multi mode signal that is emerging from a fiber
optical cable. Nonetheless, given these angular deflections of the incident beam, the visibility did
not decrease substantially, see Figure. 4.6. The beam input angle is varied from 0◦ to 0.225◦. As
seen in Figure. 4.6, the visibility remains high with an average visibility of 0.996 for horizontal
tilts and 0.994 for vertical tilts. Comparing these results with the fine pointing system used in
the Sec. 2.2 and Sec. 3.3, that has a pointing accuracy of 50 µrad which is 0.0028◦, significantly
smaller than the deflections investigated. Thus, the ORI can be used with pointing systems that
exist today.

Another quantitative test of the ORI performance was to observe the visibility as the input
field is laterally shifted across the input aperture. Since the ORI has one-to-one imaging systems
in both paths of the interferometer, the laterally displaced input beam is directly imaged to the
output aperture. The visibility of the laterally displaced beam is plotted as a function of displace-
ment from the center in Figure. 4.7. During these simulations a Gaussian with a 2 mm beam
waist is displaced from 0 mm to 0.9 mm. The average visibility for the horizontal displacement
is 0.995, and 0.994 for vertical displacements.

Overall these results indicates that the ORI is an excellent field-widened interferometer since
the high visibility is achieved despite the changes in angle of incidence and lateral displacement.
Furthermore, these results are consistent for all the ORI configurations shown in Table. 4.3 and
Table. 4.4, further pointing the practicality of the ORI system.
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Figure 4.5: Simulated coherent interference maxima (bottom) and minima (top) using Zemax
non-sequential ray tracing. (a) Input fields are offset by 0.05◦. (b) Input fields are offset by 0.2◦,
after which beam clipping occurs. The calculated visibility across the entire detector aperture is
0.9978 for both cases.
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Figure 4.6: Numerical simulation of visibility as a function of beam incident input angle for the
ORI. The average visibility over the test range is remains high at 0.996 in the horizontal and
0.994 in the vertical direction.
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Figure 4.7: Numerical simulation of visibility as a function of lateral displacement of the beam
incident input beam for the ORI. The average visibility over the test range is remains high at
0.995 in the horizontal and 0.994 in the vertical direction.
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4.3.2 Chromatic Investigation

One of the main design features of the ORI is the use of reflective optics in the one-to-one
imaging system. Since the spherical mirrors use geometry to focus the signal rather than refrac-
tion, the ORI could be used with a broadband source. This means that the ORI is effectively
achromatic, within the range of the beam splitter’s function. Thus, to investigate the achromatic
capabilities of the ORI, a numerical simulation using Zemax was performed with a simulated
white light source. For the simulation, the source consists of several monochromatic sources that
are passed through an unbalanced Michelson then the ORI with the intensity of each wavelength
is measured at the output. In this simulation the chosen range is 600 nm to 1000 nm, however
any range can be selected based on the coating of the beam splitters. The results in Figure 4.8
indicate that despite the broad wavelengths of the signal, the intensity at the output of the ORI
is constant as a function of wavelength since the total relative phase of the combined Michelson
and ORI setup is the same across the broad wavelength range. By contrast, any chromatic depen-
dence in the one-to-one imaging system would show up as a phase difference and thus the black
line in Figure 4.8 would appear more sinusoidal. However, since the black line is relatively flat
over the range of 600 nm to 1000 nm, one can conclude that the ORI can easily be used with a
broadband source, and can be used with signals of many different wavelength. This is in contrast
to typical dispersion based field widened interferometers that rely on refractive optics which are
highly wavelength dependent, as see in Figure 4.8.

The results of the chromatic simulations have quite a significant impact for the practicality
of the ORI. In comparison, the results of a field widened interferometer using optically dense
materials (e.g. glass) similar to that found in [84] and [88] is the opposite. As expected, due to
the dispersion the relative phase of the output of the system has chromatic dependence.

4.4 Implementation

Table 4.5: Parameters used for the table-top ORI setup.

CM1 Radius
[m]

CM2 Radius
[m]

CM1 Reflections CM2 Reflections Time Delay [ps]

0.20 0.30 4 4 501.34

Although the ORI footprint can be substantially reducing by using small optical components,
the experimental implementation of the ORI was built using standard SM1 (1 inch) and SM2 (2
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Figure 4.8: The main graph shows the intensity of one of the outputs of the ORI as a function
of wavelength, demonstrating very good achromatic behaviour across the large range of 600 nm
to 1000 nm. For comparison, the inset shows the intensity of the output of a field widened glass
Michelson interferometer similar to those used in [88] over a short wavelength range. Clearly
there is a high chromatic dependence.
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inch) optics and standard optomechanical components from Thorlabs. The design selected to be
build has the dimensions outlined in Table. 4.5. The choice of the B1=4, B2=4 configuration
is due to the simplicity of the system, while at the same time showcasing the folded cavity-like
configuration of the ORI design. Several modifications and iterations were done in order to get
to a good performing system. The experimental and design issues are discussed in Sec. 4.4.1.

4.4.1 Design Issues

Although the ORI performed very well in the numerical simulations, the realities of manufactur-
ing capabilities limited the performance of the system as designed in Figure. 4.1. In the original
ORI design, the only optical element with any degrees of freedom is the CM. Translating the
CM could easy correct any translational and in-plane angular beam misalignment. However, any
out of plan angular deviations could not be corrected by simply translating the CM. Thus, all the
central optics had to be manufactured with very tight tolerances. Unfortunately, the realities of
off-the-shelf components are that the tolerances for these components are typically not sufficient
for such a system. Particularly, it was measured that both the LBD, and the PRM, had significant
out of plane angular deviations that could not easily be correct by the translation of the CM (± 2◦

for some optical elements). The reality is that these deviations are within the manufacturing tol-
erances for these components. Furthermore, adding tip-tilt translations to the FM also could not
correct the out of plane angular deviations. Full visibility was not achieved and interferometric
shearing fringes were observed.

To correct this issue, the LBD,s were removed and replaced by a beam splitter and a flat
mirror that has tip-tilt capabilities. The angular deviations of the PRM, are still present but the
additional flat mirror in each path allows for the angular deviations to be corrected and maximal
interference visibility can be observed. Therefore, for all the results presented in Sec. 4.4.2, the
modified version of the ORI is show in Figure. 4.2a and Figure. 4.2c.

This table top experimental demonstration of the ORI (Figure. 4.9) has a much larger phys-
ical footprint than necessary. Nonetheless, the results in Sec. 4.4.2 are indicative of the overall
performance of the optical design. Chap. 5 discusses some work towards reducing the physical
footprint of the system. However, this remains as a future work.

4.4.2 Experimental Optical performance

The visibility of the ORI is tested using both single mode and multi mode signals from a contin-
uous wave 785 nm external cavity diode laser (Toptica DLPro) and is measured as the difference
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(c)

Figure 4.9: (a) ORI table top implementation. (b) Top view of the ORI table top setup. (c)
Location of the piezoelectric actuator that is adjusting the phase for the visibility measurements.
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between the maximum and minimum intensity observed on a camera (WinCamD-UCD12 – 1
2"

CCD ). A piezoelectric actuator is used to change the relative phase between the two paths of the
ORI to reach the intensity minima and maxima (Figure. 4.9c). The visibility for the single mode
signal is approximately 0.977±0.016 for the Offner relay interferometer (ORI). This is in good
agreement with the simulated results shown in Fig. 4.5. The single mode result is indicative of
the experimental maximum that the interferometer can achieve with a multi mode signal if the
imaging system functions as expected. However, with single mode signals such high visibilities
are easily achievable with standard interferometers such as a Michelson interferometer, which in
comparison had a single mode visibility of 0.997±0.022 (Figure. 4.11a). The visibility here is
calculated from the data by taking the visibility of each minimum and maximum pair, and then
averaging over these values. The error bars are obtained via appropriate error propagation due to
the sensitivity of the camera.

The true value of the ORI is when it is used with multi mode signals. In general for corrected
interferometers, the visibility of the multi mode signal may suffer compared to the single-mode
signal due to many factors such as, optical aberrations that cause deviations from an ideal imaging
system. Nonetheless, the performance of the ORI with multi mode signals was quite good with
a visibility of 0.979± 0.022, as seen in Figure 4.10. This maximum is achieved after careful
alignment of the optical setup and spot size matching. The optical design in consistently achieved
visibilities of 0.9 or greater with little to no alignment effort. However, the remaining boost to
the theoretical maximum required very careful alignment. Future work will be done to improve
the ease of alignment by reducing the number of optical elements involved, see Sec. 4.5. The
multi mode visibility of the ORI greatly exceeded that of an uncorrected unbalanced Michelson
interferometer (Figure 4.11b) which saw a visibility of 0.536±0.023. To further demonstrate the
capabilities of the ORI, we compared its performance to that of the field widened interferometers
used in [76]. It was tested using the same sensor and laser source as the ORI visibility tests
and resulted in a multi mode signal visibility of 0.931±0.02, Figure. 4.12. In [76] the visibility
was reported to be 0.97 and recall that in Sec. 3.1.2.2 the visibility of this interferometer ranged
from 0.93 to 0.97, which is still comparable to the ORI setup. Regardless, the multi mode
performance of the ORI is comparable to other field widened interferometers. Furthermore, the
optical throughput of the experimental implementation of the ORI is measured to be 87.5%.
Which when compared to the throughput of the time bin analyzer (67%), it is clear that the
reduced number of optics in the ORI is advantageous.

To demonstrate the achromatic ability of the field-widened ORI, a broad pulsed source was
sent through both the Michelson and the ORI. The broad pulses were at 810 nm with a band-
width of approximately 1 nm. Using a fast powermeter the visibility of sending the pulsed signal
through both the Michelson, a multi mode quantum channel (multi mode fiber) and the ORI, was
measured to be 0.48± 0.03, see Figure.4.13a. Using the powermeter, the maximum achievable
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Figure 4.10: Normalized intensity at the output of the ORI for a multi mode input signal. The
interference visibility is 0.979±0.022. All intensity fluctuations are induced by a piezo electric
actuator. The intensity is normalized such that the maximum recorded value is 1 and the detector
background is 0. Measurement errors of the intensity are included in the plots and are represented
by the size of the plot markers.
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(a) Single mode input
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(b) Multi mode input

Figure 4.11: Relative intensity of the output of an unbalanced Michelson interferometer that
has a delay of approximately 500 ps. (a) shows the relative intensity of the output using single
mode input with an interference visibility of 0.997± 0.022. (b) shows the relative intensity of
the output using a multi mode input with an interference visibility of 0.536± 0.023. Note that
unlike the corrected interferometer (Figure 4.10), the multi mode visibility suffers substantially.
Both signals were taken using a continuous wave laser at 785 nm. The intensity fluctuations are
induced by a piezo electric actuator. The intensity is normalized such that the maximum recorded
value is 1 and the measurement camera background is 0. Measurement errors of the intensity are
included in the plots and are represented by the size of the plot markers.
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Figure 4.12: Normalized intensity of a multi mode signal passing through a field widened un-
balanced Mach Zehnder interferometer that employs lenses as its imaging system. These are the
inteferometers used in [76]. The visibility was obtained using a 785 nm continuous-wave laser
and a camera. The intensity fluctuations are induced by a piezo electric actuator. An interference
visibility of 0.931±0.006 is obtained and found to be comparable to the ORI multi mode signal
results. For clarity, every fifth data point is plotted, though all data points are considered when
calculating the visibility.
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visibility is 0.5, this is due to the satellite (side peak) pulses not having an interfering components
but only the central peak is interfering. The central peak interference visibility is thus approxi-
mately 0.96±0.06 thus indicating similar performance to the 780 nm source. The large error in
the visibility is due to the uncertainty in the powermeter measurements. Nonetheless, the results
indicate that the visibility with a source at a different wavelength from the design wavelength
(780 nm) is quite high, which would not be easily achievable with a standard field widened in-
terferometer due to the chromatic dependence of dispersion. It is again important to note the
consequences of such a result as integrating many different quantum sources to a quantum net-
work can be difficult if the hardware of the network is design for specific wavelengths.

0.0 0.1 0.2 0.3 0.4
Time [ms]

0.0

0.2

0.4

0.6

0.8

1.0

No
rm

al
ize

d 
In

te
ns

ity

(a)

6.00 6.25 6.50 6.75 7.00 7.25 7.50 7.75
Time [ns]

0

250

500

750

1000

1250

1500

1750

Co
un

ts

(b)

Figure 4.13: (a) Relative intensity of the output of the Offner relay interferometer when using a
broad pulsed source at 810 nm measured using a powermeter. The pulses are first passed through
the Michelson interferometer then through a multi mode fiber and are measured using the Offner
relay interferomter. The visibility is measured to be 0.48± 0.03 which when compared to the
maximum achievable of 0.5. The large error in the visibility is due to the uncertainty in the
powermeter measurements. Measurement errors of the intensity are included in the plots and are
represented by the error bars. For clarity every 10th point of data is plotted here, however all
points were considered when calculating the visibility. (b) Histogram of the Offner relay inter-
ferometer combined with a Michelson interferometer of the same delay, approximately 500 ps.
Bin sizes are 10 ps.
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4.4.3 Imaging demonstration

To demonstrate the practicality of the ORI, a small imaging demonstration along the lines of
those demonstrated in quantum imaging experiments was performed [87], see Figure 4.14. A
target in the shape of a ψ that is 6 mm horizontally by 7 mm vertically is illuminated by a contin-
uous wave laser and the scattered light was imaged through the ORI. The ORI was able to image
the target and measure the interference of the signals after passing both arms of the interferom-
eter. In contrast, an uncorrected Michelson would not be able to show any interference of the
signals, hence any quantum information stored in the signals would be lost [87].

ORI

Laser

Lens

Target

Mirror

Mirror

Camera

Figure 4.14: Quantum sensing demonstration using the ORI system. A target is illuminated using
a continuous wave 785 nm laser. The signal is scattered off the target and directed through the two
paths of the ORI. The relative path difference of the ORI is being changed using a piezo electric
actuator which allows for coherence properties of the signals to be measured. The intensity at
one of the outputs of the ORI is measured using a camera. The image of the illuminated target is
recovered by the camera while at the same time interference fringes are observed.

As shown in Figure 4.14, the practical imaging setup was performed such that the target
was facing away from the ORI such that scattered light is measured rather than a first order
reflection of the illuminating beam. The results of the demonstration, shown in Figure 4.15, are
very promising and can be extended to be used in a quantum enhanced LiDAR setting. The
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interferometer system combined with a camera was able to image the target while at the same
time measure the phase information of the signals as interference was observed from the signal
after it passed through the two arms of the interferometer. This is especially important since it
demonstrates that the one-to-one imaging system of the interferometer is functional and that the
interferometer works with multi mode signals and with true scattered light. This point is further
stressed in Figures 4.15 where results for the intensity of the signal after passing through the
ORI are shown for the two scenarios, passing through both ORI paths, and blocking one ORI
path. In both scenarios a piezo electric actuator is being driven to produce intensity fringes.
The visibility of this interference was found to be around 0.49±0.03 for the full interferometer
scenario, compared to the 0.11± 0.04 observed when blocking one path of the interferometer.
This is to indicates that the visibility with both arms unblocked is real and that the signals are in
fact interfering. The relatively reduced visibility in the imaging scenario can be attributed to a
number of reasons including; poor alignment of the system, higher exposure time of the camera
needed to see the image which can cause smearing of the interference visibility. Nonetheless the
results show a potential application for the ORI as an effective field widened interferometer.

4.5 Future Considerations

Although the concept of the ORI performed well under simulation, the manufacturing tolerances
of optical components required modifications to the system in order to experimentally achieve
the same performance. In addition, the physical footprint of the ORI implementation is quite
large. Reducing the footprint of the system is an important objective. As mentioned above,
the alignment of the system is not relatively easy and thus another future step is to reduce the
required number of optical elements in the system. Such a configuration could be similar to that
found in Figure. 4.16.

Another interesting avenue to explore is the possibility of using what are know as Herriott
cells [133]. These cells can satisfy the imaging condition and can create relatively long path
delays with a very small physical footprint. Although this is a deviation from the ORI design,
it is still an interesting topic to investigate as one must ensure that the interference quality is
sufficient and that it is achromatic.

4.6 Summary

In summary, this chapter discusses the work in developing a novel optical design for a field
widened time bin interferometer that can easily integrate with current free-space and fiber optical
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Figure 4.15: Intensity of the psi target image, as imaged through the ORI. The black circles are
the intensity pattern of the scattered light from the target when allowed to pass through both arms
of the interferometer. The relative intensity of the light is seen to have a periodic interference
pattern. A piezo electric actuator is used to produce these patterns. Here the visibility is 0.49±
0.03. The red crosses show the stable intensity when only one arm is used, and the other arm is
blocked. This has a visibility of 0.11±0.04. The intensity is normalized to the maximum value
of the data set for both paths (black circles). The single path data (red crosses) are lowered by
0.3 to increase the clarity of the plot.
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Figure 4.16: New ORI design with fewer optical elements.
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networks. The interferometer was designed to have a small form factor and uses reflective optics
for the imaging system which allows for the use of a broad range of wavelengths, in fact showing
promise of being able to perform white light interferometry. We experimentally demonstrated
that the optical design performs well with a multi mode interference visibility of greater than
0.97. Furthermore, the ORI design is capable of producing long relative path delays with a
relatively reduced form factor compared to a standard Michelson or Mach Zehnder approach.
The next steps are to investigate the limits of our design in terms of optical relative path delay and
form factor, and test our device in a practical field setting such as with many different quantum
sources (Sec. 3.2) or a moving free-space time bin experiment (Sec. 3.3).
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Chapter 5

Monolithic Chassis for Quantum Sensing
Interferometer

In this chapter, a monolithic chassis is created for the Offner relay interferometer (ORI) design
(see Chap. 4). The goal is to create a chassis that experiences very little thermal expansion and
has a small physical footprint. Furthermore, the optomechanical components necessary for the
optical alignment of the system are build into the monolithic structure using flexures. The result-
ing enclosure, that was built using additive manufacturing, combined with the ORI is called the
Printed Offner relay interferometer (PORI). This work is done in collaboration with the Multi-
scale additive manufacturing lab (MSAM) team from the Department of Mechanical and Mecha-
tronics Engineering. The project was funded with a Defense Research and Development Canada
IDEAS grant and had a duration of six months.

Statement of contributions Prof. Thomas Jennewein and I conceived the idea of the mono-
lithic structure with alignment flexures. I calculated and created the theoretical study of func-
tionally graded materials for an athermal enclosure. Dogan Sinar and I designed and tested of the
prototype flexure components. For the monolithic chassis, I performed most of the mechanical
design work with a lot of guidance from Mark Kirby. Dogan Sinar performed the thermal finite
element analysis of the final system. I tested the final structure with contributions from Tabitha
Arulpragasam and Dogan Sinar. Sagar Patel, Vlad Parserin, Mark Kirby, Issa Rishmawi, and
Prof. Mihaela Vlassae conducted the material selection, adjusted the parameters of the manufac-
turing, and coordinated the construction of the enclosure. Tabitha Arulpragasam, Dogan Sinar
and I tested the mechanical stability of the flexure devices in the final structure.
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5.1 Practical Time Bin Interferometer

Creating a practical time bin interferometers for free-space moving platforms such as satellites
and airplanes has several challenges. First, long optical time delays allow for better distinction
between the various time bins. Increasing the time delay allows for a relaxation of the detection
and timing electronics. Time delays of >1 ns are ideal since relatively inexpensive single photon
detectors (such as SiAPDs) can be used in combination with "slower" timing electronics. State of
the art systems today could distinguish time bin separations on the order of 10 ps, however such
systems have large cost, power, and physical footprint requirements that make them infeasible
for small moving platforms.

The major side effect of having long time delays is the stability of the interferometer. Vibra-
tions and thermal expansion of the materials that compose the interferometer will create chal-
lenges for the stability of the interferometer. Vibrations can be solved by applying epoxy to the
components once in place. However, this is a procedure that requires specialized manufacturing
and technicians which is not always readily available for university research labs. Thermal ex-
pansion can be solved by isolating and insulating the interferometer or by actively stabilizing the
interferometer temperature. Such options are feasible, however they can be challenging for plat-
forms that have power and space limitations, particularly satellites. With such a small physical
footprint, commercial optomechanical components are not feasible as they are often designed for
general-purpose use and may not be appropriate for a compact interferometer design due to their
bulky form. Therefore custom optomechanical structures are typically designed and integrated
for such platforms. For this study, the tool used to build the custom optomechanical components
is Additive manufacturing (AM).

Several studies have been conducted over the last decade, investigating potential uses of
AM for optomechanical components. Discreet optical mounts and flexures were manufactured
using polymer filament 3D printers [134, 135, 136, 137]. A common theme among these studies
is the use of traditional optomechanical designs. Consequently, several components had to be
manufactured in pieces and later assembled. Single piece flexure mounts have been printed from
metal using electron beam melting and were mounted on other conventional mounts during tests
[138]. Finally, a quasi-monolithic system where a low power laser system was 3D printed as
a single monolithic piece, except for the adjustable pump mirror which was assembled post-
printing [139]. Furthermore, there is recently a fully monolithic interferometer that was used for
a trapped atom system [140]. However, this monolithic system did not have any optomechanical
components in the monolithic portion of the interferometer.

In this chapter, the challenge of building and designing a monolithic athermal enclosure for
an interferometer is studied. The thermal expansion effects are considered and simulated to find
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the materials required to create an athermal system. A monolithic structure is designed to house
the optics of the interferometer with a small physical footprint and provide alignment tools for
the system using custom designed optomechanical flexures. These optomechanical structures
are embedded into the monolithic structure. This chapter discusses the research involved in the
design and manufacturing of the first monolithic interferometer chassis created using AM that
includes the optomechanical components.

5.2 Thermal Expansion Simulations

Thermal expansion of materials is an important consideration for highly sensitive equipment
such as interferometers where typically a substantial effort is put forth to reduce the effects of
thermal expansion [141]. In designing a practical time bin interferometer the thermal expansion
of both the optical components and the enclosure must be considered. For optical components,
birefringent stresses1, and small changes in index of refraction can have detrimental effects on
the performance of the interferometer. This is of particular concern for field widened interfer-
ometers that rely on optically dense materials to form the corrective imaging system [84, 88] as
discussed in Chap. 4. The optical design must be carefully considered in order to avoid such
effects, for example the use of reflective optics in theORI setup (Chap. 4) avoids the birefrin-
gence issue. There is a large amount of literature on the stress tensors due to thermal effects,
the physical mechanisms behind thermal expansion, and the treatment of non-isotropic materials
[142, 143]. However, here only the thermal expansion of linear2 isotropic materials is considered
and discussed.

5.2.1 Theoretical Framework

The relative thermal expansion of materials has been studied for several decades and is an im-
portant characteristic to consider in manufacturing. The 3-dimensional linear thermal expansion
of a material can be described by

∆V
V0

= αV ∆T, (5.1)

1stemming from thermal expansion among other things
2Thermal expansion can be exponential depending on the temperature range and regime, this study will remain

in the linear regime.
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Figure 5.1: α(T ) for Aluminum alloy AL 2014.

where V0 is the initial volume of the material at the initial temperature T0, ∆T = Tf − T0 is
the change in temperature, and αV is the 3-dimensional coefficient of thermal expansion. For
isotropic materials, which is what will be considered in this work, the thermal expansion is the
same in every direction such that

αV = 3αl, (5.2)

where αl is the coefficient thermal expansion (CTE) in one dimension. From now on αl will be
written as α for brevity. Now the CTE is temperature dependent such that α(T ) as is typically
represented as the Taylor expansion

α(T ) = A0 +A1T +A2T 2 + . . . (5.3)

where the Ai are typically determined empirically and found in the literature [144, 145]. The Ai
are usually defined for a specific temperature range and not valid for all temperatures. Figure. 5.1
shows α(T ) for an Aluminum alloy between 250 K to 350 K. α is typically on the order of
10−5K−1 as seen for Aluminum (Table 5.1) and Steel alloys (Table 5.2).
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Overall, the final expression that we will be dealing with is

∆L
L0

= α(T )∆T, (5.4)

where L is the length of one-dimension of the material.

The analysis that is to follow will conduct a study on the materials required to make an
enclosure that induces the least amount of phase shift between the long and short arm of an
interferometer. The naive solution is to find a single material that exhibits very little to no thermal
expansion, e.g. ZeroDur or Invar. However, even these materials require some form of insulation
or active temperature regulation since a small difference in the relative path length is still created
though they reduce the requirements. An ideal solution would be an enclosure that maintains the
relative path length difference between all the optical components. Such a solution would require
two materials of differing thermal expansion be in one of the paths. The reason for this is that the
absolute change in path in the short and long path will be different since Eq. 5.4 represents the
relative change. Thus, a larger initial path will exhibit a larger absolute change in length. Thus if
the entire enclosure was made of the same material, the relative path length difference between
the short and long path will not be maintained. Effectively the condition to satisfy is

Ll(T )−Ls(T ) = Ll(0)−Ls(0),
αl(T )∆T Ll(0)+Ll(0)− (αs(T )∆T Ls(0)+Ls(0)) = Ll(0)−Ls(0),
αl(T )∆T Ll(0)−αs(T )∆T Ls(0) = 0,
αl(T )Ll(0) = αs(T )Ls(0).

(5.5)

The final condition of Eq. 5.5 demonstrates that if αl = αs it is impossible to create an enclosure
that does not exhibit some thermal expansion effects. However, slightly adjusting the materials
that make up each path will allow for this condition to be satisfied. Figure 5.2 depicts how to
materials can be used in an enclosure that houses an interferometer.

The problem of creating a zero thermal expansion enclosure for an interferometer is reduced
to a simple expression. Knowing the initial optical path lengths and optical element positions,
one can calculate the required CTE needed to satisfy the condition in Eq. 5.5. More practically,
one would choose two materials and calculate the required thickness of each material in each
path that satisfies Eq. 5.5. Following this concept, the use of "expansion" joints, or a smaller area
of a different material that behaves similar to the expansion joints used in bridges, can be used to
buffer the effects of thermal expansion. Typically, this would mean a material with a larger α(T )
than the base material if placed in the shorter path, and a material with a smaller α(T ) compared
to the base material for the longer path.
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Figure 5.2: Two materials can be used to create a condition where the path difference of the
interferometer is stable over a large temperature range.

There are some non-trivial considerations that need to be accounted for when actually man-
ufacturing a device with such expansion joints. First, the means by which the expansion joint is
attached is highly important as the thermal expansion occurs in three dimensions so the stresses
could potentially be quite large at the material boundary. Second, the thickness of this material
must be within the range of the devices used in the manufacturing process. For example, if the
expansion joint requires to be in the sub-millimeter regime while the manufacturing technology’s
accuracy is reliably in the millimeter regime, then the manufacturing of such an expansion joint
is not feasible.

5.2.2 Analysis with ORI setup

TheORI setup has complex path lengths that require some calculations in order to fully get to
the conditions of Eq. 5.5. For theORI we will have a base system that houses most of the optical
elements in of the system similar to the situation in Figure. 5.2. The type of materials to use for
M1 and M0, and the relative amounts of each material are the variables that need to be calculated
in order to satisfy the condition in Eq. 5.5.

In Sec. 4.2.1, the total path length of each path of theORI is established. Thermal expansion
is now considered and included in the model in order to satisfy the conditions of Eq. 5.5. For
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(a) Scenario 1 (b) Scenario 2

Figure 5.3: The two expansion joint scenarios considered in the thermal calculations. The white
areas are made of the same material with a CTE of α0, while the striped area represents the
expansion joints with a CTE of α1. Note the difference of the relative location of the FM and the
expansion joint between scenario 1 and scenario 2.

this analysis, the consideration is for enclosures that have a change in material at some point in
either the short or long path in order to compensate for the differences in relative change in path
length. There are two scenarios to account for:

1. The change in material occurs at sb
2 < |y| < dCM −dFM thus only the paths of Eq. 4.2 are

affected.

2. The change in material occurs at dCM − dFM < |y| < dCM thus the total path length of
Eq. 4.5 is affected.

Both scenarios are illustrated in Figure. 5.3. For scenario 1, one side of Eq. 5.5 becomes,

2

∑
i=1

αi(T )Li = 2(α1(y(dx,R)curv −dmat2)+α2dmat2)+α1hyp(dx,B)tot , (5.6)

where αi is the coefficient of thermal expansion for the material. In this example of scenario 1,
only two materials are considered, however any number of materials can be used. For scenario 2,
one side of Eq. 5.5 becomes,
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2

∑
i=1

αi(T )Li =2(α1 (y(dx,R)curv −dmat2)+α2dmat2)+α1hyp(dx,B)tot

+B
dmat2

sin(arctan(Ω))
(α2 −α1) ,)

(5.7)

where again more than two αi may be considered, and Ω is the angle with respect to the vertical
made by the cavity-like bounces in the Offner relay, and is defined as,

Ω =
B
√

R2 −d2
x − (R−dCM)− (dCM −dFM)

2dx
. (5.8)

Eq. 5.6 5.7 can be applied to either the short path or long path in order to satisfy the condition
in Eq. 5.5. Knowing which path to apply to which scenario is highly dependent on the available
materials and the desired time delay of the interferometer. Therefore with these two scenarios, a
simulation with known quantities is conducted to find realistic expansion joint lengths for various
combinations of materials, curved mirror radii of curvature, and number of diagonal paths taken
in the Offner relay. This numerical simulation finds the distance of dmat2 (the expansion joint
thickness) that satisfies the condition in Eq. 5.5. This is done over a temperature range ∆T and
a solution for each temperature is found. An average of dmat2 value is calculated with a standard
deviation. The thermal expansion of the optical elements is not considered in this simulation
since it is much smaller compared the metallic materials investigated. The metal combinations
of interest are steel and aluminum, and Invar and Titanium64. The steel and aluminum com-
bination is investigated because of the availability of these materials in standard manufacturing
techniques. The Invar and Titanium64 combination is investigated due to the availability of these
metals with additive manufacturing. These are discussed further in Sec. 5.3.

5.2.3 Results of Algebraic Simulations

The results for the numerical simulation where material1 is Ti64-100 and material2 is Invar36
for both scenario 1 and 2 over a temperature range of ∆T = 10 is given in Table 5.3 and Table 5.4
respectively.The 10 K temperature range is chosen as a baseline for the thermal expansion sim-
ulations and are indicative of the temperature stability capable with some thermal insulation or
reduced thermal stabilization. The results are displayed such that R1 and R2 is the radius of
curvature of the curved mirror in the long path and short path of the interferometer respectively.
The long path contains the expansion joint made of material2 (Invar36 for Table 5.3 and Ta-
ble 5.4) and is given by dmat2 . Note that there are more possible configurations for scenario 2
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since many of the results for scenario 1 were not physically possible. Nonetheless, these results
show that the expansion joint technique is a viable solution for the thermal expansion problem.
The main challenge is to manufacture such an enclosure that includes expansion joints. This is
difficult as wielding different materials and joining the expansion joints can prove difficult with
conventional manufacturing techniques. Furthermore, using screws, or other joining devices
would complicate the thermal properties of the enclosure and more proper simulations would
need to be done. A promising solution is to use additive manufacturing to create such an enclo-
sure since gradient materials can be manufactured or joined, this is called a functionally graded
material [146, 147, 148]. However, there are drawbacks to using additive manufacturing and the
realities of creating such an enclosure using additive manufacturing are discussed in Sec.5.3.4.2.
Results for more metals and more interferometer configurations are provided in long tables in
Appendix D.

Table 5.3: Simulation results for the Titanium64-100 and Invar as metal 1 and metal 2 respec-
tively. These results are for scenario 1, that is solving for dmat2 of Eq. 5.6 where B = Bounce 2
and the the other interferometer path has no expansion joint. The simulation is done over a 10 ◦C
temperature range (∆T = 10). The standard deviation is for the average of the distribution of so-
lutions for dmat2 . Here only configurations with time delays of greater than 0.5 ns and solutions
with realistic values of dmat2 (i.e. those that satisfy the condition in scenario 1) are considered.

R1 [m] R2 [m] Bounce 1 Bounce 2 Time Delay [ns] dmat2 [mm] std (10−14) [mm]

0.3000 0.2000 6 8 0.5376 38.1443 0.6939
0.3000 0.2000 4 8 0.8590 31.6307 0.6939
0.3000 0.2000 2 8 1.3588 19.4839 0.3469
0.3000 0.2000 2 6 1.2152 38.0316 0.6939

5.3 Additive Manufacturing

Additive manufacturing (AM) is an exciting field that enables researchers and industry to create
structures that are otherwise expensive or difficult to create with conventional techniques. Fur-
thermore, the advent of design for AM has drastically opened up the potential to high-complex
geometries [149], and has unlocked the potential to obtain performance superior to conventional
manufacturing processes [150]. Compared to conventional machining, AM is capable of pro-
ducing very complex shapes and geometries that are light weight but structurally robust. Fur-
thermore, AM has the ability to produce unique material densities and compositions that are
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Table 5.4: Simulation results for the Titanium64-100 and Invar as metal 1 and metal 2 respec-
tively. These results are for scenario 2, that is solving for dmat2 of Eq. 5.7 where B = Bounce 2
and the the other interferometer path has no expansion joint. The simulation is done over a 10 ◦C
temperature range (∆T = 10). The standard deviation is for the average of the distribution of so-
lutions for dmat2 . Here only configurations with time delays of greater than 0.5 ns are considered.

R1 [m] R2 [m] Bounce 1 Bounce 2 Time Delay [ns] dmat2 [mm] std (10−14) [mm]

0.3000 0.2000 6 8 0.5376 12.9940 0.0000
0.3000 0.2000 4 8 0.8590 34.0244 0.6939
0.3000 0.2000 4 6 0.7155 28.1854 0.3469
0.3000 0.2000 4 4 0.5013 18.4057 0.0000
0.3000 0.2000 2 8 1.3588 96.4726 0.0000
0.3000 0.2000 2 6 1.2152 87.3027 1.3878
0.3000 0.2000 2 4 1.0011 71.9438 1.3878
0.3000 0.2000 2 2 0.6678 43.3042 0.0000

not possible with conventional machining, such as functionally graded materials. AM can also
reduce manufacturing waste when compared to conventional machining since the structures are
built layer by layer rather than being cut from a larger piece. Although AM is a fast changing
and expansive field, for this thesis, only laser powder bed fusion is discussed, though there are
many types of additive manufacturing [151].

Laser powder bed fusion (LPBF) is the leading metal AM technologies used for industrial
part production for several industrial applications [152, 153, 154, 155, 156, 157]. Briefly, LPBF
creates structures by applying a layer of powdered material (typically metal) and melting/fusing
the structure together using a high powered, well focused laser beam. The powder is applied onto
a base plate and precise movements of the laser beam begin to form the component. Subsequent
layers of powder are introduced and at each layer, the laser beam is applied at the necessary loca-
tion to grow the component from the sea of metal powder, as seen in Figure 5.4 and Figure. 5.5.
Several important parameters are adjusted to properly create a structure that has the same prop-
erties as the bulk material. These include but are not limited to; the power level laser power,
the laser beam spot size, the exposure time, the powder layer thickness, amongst others. LPBF
currently has the highest industrial uptake amongst all the other AM technologies[151]. The are
several practical reasons for the advancement of LPBF. First, amongst all the AM technique,
fine features can easily be resolved due to the ability to manipulate the laser beam spot sizes.
These spot sizes are generally being between 50-100 µm [158]. Second, there is a wide range
of materials compatible with the technology [159] and of particular interest for this project, low
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thermal expansion materials such at Invar36.

5.3.1 Designing for Additive Manufacturing

Designing components for additive manufacturing is not as straightforward as taking a design and
trying to print it. There are many things to consider when designing for additive manufacturing
and a few lessons learned during this study will be outlines.

First and foremost, one must take advantage of the fact that additive manufacturing creates
structures that conventional manufacturing cannot. For example, creating complex lattices, or
hollow chambers in an otherwise solid piece are unheard of in conventional machining and even
molding techniques. Such complex structures can be used to lightweight while strengthening the
component. Building monolithic multilayered structures is easy and cannot be done with con-
ventional machining. AM cannot create everything and is not good at everything, it is analogous
to quantum computing in that it can solve certain problems that is difficult for other manufactur-
ing techniques. One certainly would not print a large block on metal but rather cut a bulk piece
to the appropriate size.

Second, design your part such that it will require the least amount of supports. As discussed,
the AM process starts with a blank metal build plate. Material deposited onto this build plate
achieves attachment without additional post-processing. AM can create very complex structures,
however with the current technology, overhangs or "hanging" features are problematic. Any
overhang that is >45◦ from the vertical will require the addition of support beams. These support
structures are cumbersome to properly place such that the structure does not fail and to remove
once the device is manufactured. Therefore, care and consideration must be taken in the design
to ensure that overhangs are <45◦ from the vertical. Figure 5.6a and Figure 5.6b illustrates
overhanging structures and the potential location for supports. Figure. 5.7 shows a part that
was built that needed supports and the tedious process of removing these support structures.
Thus, in order to avoid tedious removal steps, a design has to avoid hanging edges and planes
where support structures cannot be deposited. In general, hanging parts must be supported from
underneath by existing structures in the design. Nonetheless there are several techniques to avoid
using overhanging structures. First, rather than having a sudden overhang, using 45◦ chamfer3.
as seen in Figure 5.6c. This chamfer technique can be used in a variety of situations and is
the main tool in eliminating overhangs. Another technique is to build your device such that it
requires the least supports possible. This can be as simple as reorienting the direction from which
the part is grown. Finally, being mindful that AM can create structures that are otherwise difficult

3A chamfer can refer to the process of adding a beveled edge or corner to a 3D printed part. They can be used to
improve the overall quality of the part, reduce sharp edges, and make assembly easier i.e. reduce overhangs
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Figure 5.4: Focused laser beam striking the metallic powder. The structure being built can be
seen among the layer of powder. Photo taken by Dr. Sagar Patel of the MSAM group.
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Figure 5.5: Completed structure in a sea of powder. This powder must be removed prior to use
as it poses a health risk. Photo taken by Dr. Sagar Patel of the MSAM group.
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for standard manufacturing, and can allow for all overhangs to be greater than 45◦ with respect to
the horizontal. Thus, all overhangs needing supports are removed. All the techniques to reduce
the number of supports are used in the final design of the flexures in the monolithic chassis as
see in Sec. 5.3.3.5 and Sec. 5.3.4.2.

(a) (b)

(c)

Figure 5.6: Eliminating the need for temporary support structures. (a) The overhang can cause
the build structure to collapse under its own weight during the build process. (b) The typical
and wasteful solution is to use thin support structures that printed and removed after the build
process. (c) Chamfers built into the design can reduce or completely remove the need for support
structures.

(a) (b)

Figure 5.7: The process of removing support structures is tedious and takes a lot of time. Thus
a design that is considering using additive manufacturing should try to remove the need for any
support structures.

Lastly, additive manufacturing is still in its infancy. Perhaps by the time you are reading this
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there may be several advances in AM that expand its capabilities and usefulness. Some things that
are currently being studied and worked on are printing of optical components, so potentially in
the future full optical systems can be printed. For metal AM, combining materials (functionally
graded materials [146, 147, 148]) and direct fusing or welding of these mixed structures are being
studied and can be used to create athermal enclosures, as studied in Sec. 5.2.

5.3.2 Material Selection

The selection of the material for this project is highly motivated by two factors, a low Coeffi-
cient of thermal expansion (CTE) and a relatively high yield strength; the former having a higher
influence when considering the material selection. The thermal expansion is important since
it plays an important role in reducing the thermal instability of an interferometer. Completely
eliminating the thermal instabilities over a typical outdoor temperature range (i.e. 0 ◦C to 30 ◦C)
with only passive compensation via the enclosure design is ideal. However, this requires the use
of expansion joints and composite materials to counteract any expansion that is exhibited by the
material used, see Sec. 5.2.3. Despite the promising calculations and the potential of creating a
zero thermal expansion interferometer enclosure, functionally graded material (FGM) technolo-
gies are currently not within the capabilities of the MSAM group and are therefore not pursued
during the manufacturing portion of this project. For context, a functionally graded material is
a material that exhibits a gradual variation in composition, structure, or other properties over its
volume [146, 147, 148]. In the context of this work it can be used to create a highly thermally sta-
ble structure.. However, FGM are subject of further research and can potentially be implemented
in future applications.

Despite the limitations of using a single alloy, thermal stability analysis indicated that the
alloy must exhibit a very low coefficient of thermal expansion of less than 0.6 ppm/K in order
to keep the interferometer thermally stable. This required CTE is substantially lower than that
exhibited by most metal alloys that are commercially available. Nonetheless, two materials are
considered for the construction of the optomechanical structures, Ti6Al4V and Invar36. Ti6Al4V
has a high yield strength of approximately 900 MPa, but relatively high CTE (≈8.6 ppm/K at
20 ◦C). Furthermore, it has been used extensively by the MSAM group in printing structures
so the manufacturing parameters are well know. The high yield strength makes Ti6Al4V an
attractive option for the flexures, as this allows for larger ranges of motion to be achieved with
smaller bending leg lengths. However, only one type of flexure is built and tested (orthoplanar
springs) using Ti6Al4V in order to investigate its possible use for flexures. However, due to the
relatively higher CTE of Ti6Al4V, it was not used to print other flexures or structures, and was
not considered in the final build of the enclosure.
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Invar36 is an iron-nickel based alloy that has a very low coefficient of thermal expansion
(≈1.2 ppm/K at 20 ◦C). In fact, it has one of the lowest CTE for metals. There are some special
variants of Invar alloys that have even lower CTEs (as low as 0.01 ppm/K) [160]. Invar36 is a
variant that is available in powder form (necessary for LPBF) and was studied and characterized
for the additive manufacturing process by the MSAM group. Compared to Ti6Al4V, Invar36
has a lower yield strength of 276 MPa. However, the low CTE of Invar36 makes it a very inter-
esting candidate. By using Invar36 and the additive manufacturing approach, one can minimize
dimensional changes due to thermal expansion and at the same time reduce the number of dif-
ferent components used to make the interferometer. The latter is important for understanding the
thermal and vibrational characteristics of the device. Although the CTE of Invar36 is larger than
the required 0.6 ppm/K, the use of Invar36 is still studied as it is nonetheless considerable an
improvement compared to conventional optomechanical structures typically made of aluminum
or other metals. Furthermore, temperature changes are typically on the order of several tens of
seconds to hours, and thus the small expansion produced by the Invar36 can be compensated
with a relatively cheap feedback system, or by using the appropriate scheme (Chap. 3). In a
practical application, such as on a satellite, the interferometer could be properly insulated such
that the temperature variations are reduced further. Therefore, the Invar36 was selected to print
the flexure structures and the enclosure. In fact, Invar baseplates were purchased such that the
chassis can be manufactured on Invar as well as the standard stainless steel plates typically used.

5.3.3 Flexure Design

With the selected materials, an investigation into the possible flexure actuators is conducted in
order to create a monolithic chassis that includes the optomechanical components. For proper
alignment and use of theORI, small optomechanical mounts are needed to make fine adjust-
ments to the position of the curved mirror. Stable fine adjustments can be achieved using flexure
mounts[89, 137]. Flexures, unlike conventional optomechanical mounts, can provide fine adjust-
ment movements with minimal components [89]. Furthermore, the single piece nature of flexures
allows for a reduced size and ease of integration, since the flexure can be manufactured into the
monolithic enclosure. In addition, flexures are pursued over conventional optomechanical struc-
tures, which are typically bulky and made of high CTE materials. The lack of conventional
springs makes modeling the thermal expansion of the optomechanical components simpler.

Below several candidate flexure designs that are produced using additive manufacturing are
discussed. It was determined during the optical design phase that the most important degree of
freedom is the motion of theCM and only a small range of motion is needed, on the order of a
few mm. In addition, all the components that are presented in this section enable the system to
achieve a small form factor and are less than 80 mm x 80 mm x 5 mm in footprint. Furthermore,
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Figure 5.8: Flexure prototypes. Clockwise from top left: fourOxford, triangleRD, twoOxford,
4armRadiatorTS, singleArmTS, flexure designed by Dr. Dogan Sinar (TS1001), triangleRD.

the use of Invar36 (CTE ≈1.2 ppm/K at 20 ◦C range) as the material for the optomechanical
components reduces thermal effects to the system compared to other materials (e,g, Ti6-4 alloy
has CTE ≈8.6 ppm/K at 20 ◦C).

Several candidate designs have been thoroughly investigated, first using finite element model-
ing to establish candidate components to be printed. The printed components are then physically
tested to ensure their performance, verify and measure the stress and fatigue induced to the com-
ponents under their nominal conditions (Sec. 5.3.3.4). Figure 5.8 shows a photo of a selection of
the printed flexure prototypes that are tested.

5.3.3.1 One-Dimensional Translation

The basic concept of the one-dimensional translation stages are to provide a range of motion
along one axis. For the particular optical design of theORI, the axis normal to the center of
the curved mirror is the degree of freedom that is the most important for alignment. Thus,
one-dimensional flexures are considered. Here flexure springs that are well established in the
literature are studied, the orthoplanar [161] and Oxford spring [162], see Figure. 5.9. The one-
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(a) (b)

Figure 5.9: (a) The Oxford spring, note the complex and small features involved. (b) The Ortho-
planar spring, note the three flexure arms.

dimensional translation stages (twoOxford and fourOxford), shown in Figure 5.10, are structures
that embed an Oxford spring to a rigid body to create a linear translation. The desired range
of motion is to provide a few millimeters of translation (approximately 2 mm). These devices
would ideally be attached to one of the multidimensional stages and would thus be required to
hold some transverse, or gravitational load.

5.3.3.2 Multi-dimensional translation stages

Multi-dimensional flexure translation stages were investigated to provide proper alignment of
theCM inORI. Recall that the alignment of theCM can be reduced to three axes of translation,
since for a spherical mirror, the act of translation and tilting have a similar effect. Conceptually
there are two types of translations that are studied; multi-dimensional linear translation stages,
and multi-dimensional angular translation stages.

The multi-dimensional linear translation stage creates linear translations in the plane of the
optical component, i.e. horizontal and vertical translation. This can be achieved in several ways.
Here the use of a radiative design (4armRadiatorTS) and a single leg design (singleArmTS)
are pursued, as seen in Figure. 5.11. The 4armRadiatorTS design (Figure. 5.11a) produces a
large displacement in both the horizontal and vertical direction. The long flexure beams that are
stacked in a radiator design reduce the total stress experienced by each individual leg and reduces
the stiffness of the overall flexure, thus increasing its range of motion. The expected range of
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(a) (b)

(c) (d)

Figure 5.10: (a) The twoOxford translation stage. (b) The fourOxford translation stage. (c) and
(d) the red arrows indicate the direction a force would be applied to create the translation.
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(a) (b)

(c) (d)

Figure 5.11: (a) The fourArmRadiator x-y translation stage. (b) The singleArmTS x-y translation
stage. (c) and (d) the red arrows indicate the direction a force would be applied to create the
translation.
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(a) (b)

Figure 5.12: (a) The triangleRD tip-tilt translation stage. (b) the red arrows indicate the direction
a force would be applied to create the translation.

motion for the design show in Figure. 5.11 is 2.35 mm in the horizontal direction and 1 mm to
1.5 mm in the vertical direction. Although it produces a large range of motion, the radiator design
can suffer from out of plane motion that can be detrimental to the performance of the flexure.

In contrast, the singleArmTS flexure (Figure. 5.11b) is much more stable and therefore does
not suffer from out-of-plane motion. However, the length of the flexure beams in the single leg
design need to be optimized to provide the desired large range of motion. The design shown
in Figure. 5.11 has a range of motion of 750 µm in the horizontal direction and 600 µm in the
vertical direction. In both designs the linear translation is produced by applying a force on the
appropriate contact surfaces as shown by red arrows in Figure. 5.11. This can be achieved by
using set screws, piezo actuators, or linear stepper motors.

The second type of multi-dimensional flexure design produces angular deflections about
given axes, i.e. provides what is known colloquially as a tip-tilt motion. The triangleRD de-
sign shown in Figure. 5.12 produces angular deflections about three axes and emulates what
is colloquially known in optics as a tip-tilt stage. This action on a spherical mirror produces
the same results to a beam as the linear translation stages discussed above. The specific design
shown in Figure. 5.12 utilizes a large Orthoplanar spring embedded into a metal mount plate.
The angular deflections are created by applying a normal force directly to the larger portion of
the flexure arms. As with the linear translation stages, the motion can be achieved by using a set
screw, piezo actuators, linear stepper motors, or some combination of the three. The expected
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range of motion of this design is greater than 1 mm of deflection from each arm.

5.3.3.3 Finite Element Simulations

Figure 5.13: Graphics of the simulation results of various flexures. The numbers for the results
are provided in the text and in Table. 5.5. Here we can see that most flexures experience stresses
along the bending legs or beams, this is expected. Yellow indicates high amounts of stress while
blue indicates no stress.

Prior to printing and physically testing the flexure structures, finite element analysis simula-
tions were conducted to confirm the expected range of motion. The simulations were conducted
to determine the flexures range of motion and the expected safety factors the flexure will ex-
hibit when placed under stress (example graphics of the simulation results for stresses and safety
factors are shown in Figure. 5.13). Results of the simulations for each flexure are shown in
Table 5.5.

The goal with the simulations was to calculate the resulting safety factor (SF) and stress that
results from meeting the displacement requirements of at least 500 µm with a safety factor of 1.2
or greater4. The SF is given by,

4Typically in engineering the acceptable safety factor is dependent on the industry but a general rule is 3 or
greater for consumer use. For prototyping anything about 1 is acceptable with 1.2 accounting for inaccuracies in the
finite element simulations.
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SF =
(Yield stress)

(Working Stress)
. (5.9)

The simulated translation capabilities of the orthoplanar spring is quite limited as it is quite stiff
and a 30 mm diameter spring is only capable of achieving the desired displacement if its material
is Ti6Al4V, (displacement 1.5 mm, max stress 686.5 MPa and a SF of 1.3). However, the Invar
30 mm spring can only produce 0.4 mm displacement with a max stress of 222.3 MPa with a
SF of 1.1. The orthoplanar spring, although quite stiff, is resistive to radial forces. However, to
be practical for this application it must have a relatively larger diameter (i.e. 60 mm vs 30 mm)
or be made out of a high yield strength, but high thermal expansion material such as Ti6Al4V.
Nonetheless, the triangleRD is based on an orthoplanar spring and performed reasonably in the
simulations. The results in Table 5.5, are for a 65 mm orthoplanar spring made of Invar and has a
displacement of 2 mm when the force is applied to the center but 2.5 mm when applied to one of
the legs of the spring cause a tilting action. These meet the displacement requirement and have
reasonable safety factors of 1.1 and 1.5, respectively.

The simulated Oxford spring linear displacement capabilities exceed those of the orthoplanar
spring. For a 30 mm diameter spring made of Invar, it can produce a displacement of 1.2 mm with
a max stress of 203.1 MPa and a SF of 1.2. Therefore it meets the displacement requirements
and is used in the fourOxford and twoOxford flexures.

The translation stages based on radiator arm bending actions performed quite well in the
simulations. The 4armRadiatorTS achieved a maximum displacement of 3.5 mm and 1.2 mm
for the horizontal (X) and vertical (Y) axis, respectively. The SF of the 4armRadiatorTS is
1.6 and 1.5 for the X and Y axis respectively. The singleArmTS as met the requirements for
displacement, having a simulated displacement of 1.78 mm and 1.17 mm in the X and Y axes,
respectively. Again, the SF is suitable in each axis, 1.5 and 1.4, for X and Y, respectively.

5.3.3.4 Testing and Results

The flexures are tested within their nominal range of motion and stiffness5. Nonetheless, the
results of these tests are useful to assist with the decisions required for selecting final flex-
ure components. The test apparatus used to conduct the load testing of the flexures is shown
schematically in Figure 5.14 with photos taken during testing shown in Figure 5.15. It consists
of a direct current stepper motor, that rotates the lead screw of a linear translation stage. The

5Some of the flexure devices are heat treated prior to testing which will reduce the intrinsic stresses present in the
flexures. However, the final monolithic chassis could not be heat treated and therefore many of the flexures tested
are not heat treated.
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(a) (b)

Figure 5.14: (a) Schematic of the load test setup. A stepper motor is used to move a rod down
towards the flexure which resists the motion, this applies a force that is measured by the force
sensor. The stepper motor moves to set displacements and the force sensor records the force as
an analogue voltage at the given distances. A computer interprets the voltages and converts it to
force values. (b) Photo of test setup in lab.

linear translation stage is equipped with holders that can apply a force to the desired flexure. The
force is read by a modular load cell placed within the holding system. The force sensor provides
a voltage as a readout which was collected and logged using a National Instruments USB-6211
DAQ. The stepper motor actuated translation stage has a calculated step size of approximately
2 µm which allows highly precise control over the applied displacement. Using the steps/mm
constant, the force vs displacement relationship can be calculated. This in turn can be used to
calculate the spring constant of the flexure, given by Hooke’s Law,

k = |F |/|x|, (5.10)

where |F | is the magnitude of the force and |x| is the magnitude of the displacement. From this
relation k has units of N/m and is indicative of the stiffness of the flexure.

Results of the load testing are summarized in Table 5.5, selected force versus displacement
curves shown in Figure 5.16. The simulation results from the finite element analysis are also
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(a) (b)

(c) (d)

(e) (f)

Figure 5.15: (a) triangleRD under load test. (b) twoOxford under load test showing flexure
displacement as indicated by the red arrow. (c) 4armRadiatorTS under load test. (d) The force
sensor used, indicated by the red arrow. (e) twoOxford under load test. (f) fourOxford under load
test.

158



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Displacement [mm]

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Fo
rc

e 
[N

]

(a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Displacement [mm]

0

1

2

3

4

5

Fo
rc

e 
[N

]

(b)

Figure 5.16: Force measured by the force sensor based on the displacement of the flexure for up
to 1.5 mm translation of the twoOxford (a) and 1.5 mm tilt of the triangleRD (b).

provided in Table 5.5 for direct comparison. The maximum force is calculated from the output
voltage of the sensors. Note that some of the flexures (indicated with an asterisk) were not tested
in their proper configuration. Specifically, flexures that have displacement in the horizontal plane
were not designed to resist or compensate for the load of gravity. Hence some of the flexures dis-
placement range appears smaller than the simulation due to the starting position already having
been slightly displaced due to gravity.

The results in Table 5.5 indicate that the printed flexures agree with the simulation results in
terms of possible displacement. Therefore, confirming that the printed materials behave simi-
larly to the simulation of bulk material. Thus, the simulations can be used to modify and validate
the designs without the need for creating several testing prototypes beyond some final candidate
structures. More importantly, the results in Table 5.5 allow for the performance of each flexure
to be directly compared, which facilitates the decision of which flexures to pursue. It should
be noted that only two flexures experienced plastic deformation due to errors were the stepper
motor drove the applicator rod too far beyond the intended range of motion (orthoplanar-Invar).
While the other flexure had plastic deformation already present due to the manufacturing pro-
cess (singleArmTS). Furthermore, the singleArmTS was printed thinner than the design and thus
experienced poor performance. Beyond these incidents, there were no visible effects or observ-
able plastic deformations present in any of the flexures tested. This indicates that the printing
parameters for the Invar36 powder are satisfactory to emulate the bulk material. In Table 5.6,
a qualitative evaluation of each flexure is presented listing the advantages and disadvantages of
each design, with some additional comments for the reason behind their selection choice.
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In addition to the single load tests, some flexures were chosen to undergo repeated cycle
testing in order to infer a lifetime performance of the components. The lifetime cycles of each
component may vary, and depending on the printing parameters used, may vary over the same
device. The same setup (Figure 5.14) is also capable of performing repeated load tests where
the maximum load is repeatedly applied to the flexure. This is conducted on select flexures with
varying number of cycles per test. Results for these tests are shown in Figure 5.17. Although
the repeated load tests are interesting, no conclusions were drawn from the results because in
practice, the flexures would not be used under repeated maximum load. Furthermore, typically
devices manufactured using AM are heat treated after the build process, this was skipped for
these structures and therefore residual stresses from the manufacturing process might still be
present in the material. The residual stresses are a possible explanation for the drop then leveling
of the restoring force in Figure 5.17. Nonetheless, further investigation into the repeated load
results are beyond the scope of this study and for future research.

5.3.3.5 Final Flexure Design

The optomechanical flexures presented in the above functioned well and performed appropri-
ately. However, the designs are not easily manufacturable using additive manufacturing tech-
niques. The reason is that there are several locations with overhanging features in the designs
that need to be supported during the manufacturing process. Particularly, in laser powder bed
fusion (LPBF), any overhang that is at an angle less than 45◦ to the horizontal must be supported
by solidified material, or support structures, underneath it for facilitating heat transfer, for avoid-
ing part warping or curling, and for ensuring mechanical anchoring to the substrate. For instance,
the 4armRadiatorTS and singleArmTS designs have several arms that are not supported by any
support structures underneath and thus would not be suitable for creating a monolithic design as
many temporary support pillars would need to be created during the build process (Figure 5.6).
However, the other flexure designs presented also had similar overhanging material or very small
intricate structures that are not easy to consistently produce. Thus a new design was required and
is inspired by the singleArmTS and the 4armRadiatorTS.

The final solution for the flexure is a device that is to be built upright and have a range of
motion that is sufficient to align theCM of Offner relay. The range of motion was determined
using Zemax simulations and was found to be at most 3 mm translation along the optical axis of
the curved mirror and 1.5 mm in each of the two orthogonal axes that are perpendicular to the
optical axis. If placement of the fixed optics in theORI is sufficiently accurate than the require-
ments for the range of motion of theCM is reduced. With these requirements considered a final
flexure design is implemented utilizes a similar design to the singleArmTS and 4armRadiatorTS.

162



0 200 400 600 800 1000
Cycle number

0.5

0.6

0.7

0.8

0.9

1.0

1.1

Fo
rc

e 
[N

]

(a)

0 25 50 75 100 125 150 175 200
Cycle number

0.5

0.6

0.7

0.8

0.9

1.0

1.1

Fo
rc

e 
[N

]

(b)

0 25 50 75 100 125 150 175 200
Cycle number

0.5

0.6

0.7

0.8

0.9

1.0

1.1

Fo
rc

e 
[N

]

(c)

Figure 5.17: Repeated cycle tests on the fourOxford translation stage. Note the drop in the
restoring force seen in (a). This could be caused by the release of residual stresses that were
present in the material after the manufacturing process. (b) and (c) are tests taken at a later and
do not show a further drop in the restoring force, but rather a convergence of the restoring force
value.
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The finalCM flexure design (called TSK-45) takes the concept of the singleArmTS and ro-
tates it by 45◦ such that none of the flexure arms are at an angle that is less than 45◦ with the
horizontal (Figure 5.21). This eliminated the need for a significant number of support structures
as none of the long flexure arms needed to be supported directly during the build. The rotated sin-
gleArmTS provides the required motion in the plane perpendicular to the optical axis of theCM.
Two set screws are used to induce the translation in this plane by pushing against the center plate
while the bending beams act like springs. The translation along the optical axis is provided by
four arms that are attached to the stationary backplate of the TSK-45 and the other side is at-
tached to the rotated singleArmTS. The rotated singleArmTS is effectively floating, save for the
four attachment flexure arms. The stiffness of these arms dictates the relative range of motion
of along the optical axis. COMSOL® [163] simulations were used to predict mechanical stress
at maximum displacement. Considering the yield strength of bulk Invar36 (276 MPa), a safety
factor of no less than 1.3 was targeted in order to remain within the elastic regime of the flexure.

The motion along the optical axis is controlled by five set screws that need to be adjusted in
unison. The five set screws are located with four placed one at each corner diamond shape, while
the fifth set screw is placed at the center of the backplate. The five set screws can provide both a
linear translation by the "master" set screw in the center, and angular "tip-tilt’ motion by the four
set screws on the corners (Figure. 5.18).

Figure 5.18: Set screws that provide the motion for the TSK-45. The four on each corner and
"master" screw on the back are indicated with the red circles. The yellow arrows indicates
location of the set screw that move the TSK-45 in the plane perpendicular to the optical axis
of theCM.

TheCM is supported by a slot that extrudes from the center plate of the TSK-45 and is secured
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by in place by set screw as shown by the red arrow in Figure. 5.19. The extrusion is supported
during the build by a chamfer and a small number of temporary supports Figure. 5.20. These sup-
ports are attached strategically in order to allow access for the minimal supports that are required
for the base of the rotated singleArmTS portion of the TSK-45. The base of the moving portion
of the TSK-45 is modified to ease the placement of supports while at the same time reducing the
number of temporary support structures required. This is achieved by a triangular notch cut out
of the base that created two flat pieces that the supports were attached to Figure. 5.20a. These
supports were angled such that they protruded forward from the center plate and did not interfere
with the rest of the structure. Other design considerations that influenced the shape of the TSK-
45 are to reduce the amount of material used in the build process, and the reduction of excessive
heating of the structure. To reduce the amount of material used, sections in the back plate of the
TSK-45 are left empty, see Figure 5.21b, and material was removed where deemed unnecessary.
To decrease the amount of excess heating, the base of the TSK-45 has a saw-tooth shape which
reduces the heating effects that occur at the junction with the base plate.

Figure 5.19: Set screw to hold the curved mirror in place (red arrow). The chamfer that allows
the extrusion to be built is also visible (yellow arrow).

Overall the monolithic flexure device TSK-45, shown in Fig. 5.21, although ultimately de-
signed considering the advantages and limitations provided by additive manufacturing, still pro-
vides at minimum the required 3 mm translation along the optical axis of the curved mirror and
1.5 mm in each of the two orthogonal axes that are perpendicular to the optical axis. The flex-
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(a) (b)

Figure 5.20: (a) Support attachment points for the TSK-45. (b) Supports shown on a prototype
TSK-45.

ures surprisingly had a much larger range of motion > 5mm along the optical axis while still
remaining in the elastic (flexure) regime. This can be explained by a difference in the bulk ma-
terial properties compared to the fused powdered version of the same material used in AM. This
suggests that yield strength of the material is a function of powdered metal properties and AM
process parameters.

The range of motion is measured experimentally and in each axis the motion is reproducible.
Figure. 5.22 shows the displacement and some movement data of the TSK-45. Note that the range
of motion tested is well under the specified range of motion of the flexure, maximum tests were
not conducted due to the risk of damaging the flexure. However, despite the small displacements,
the TSK-45’s range of motion was more than enough to properly align the interferometer.

The long-term stability of the TSK-45 is tested using the setup shown in Figure. 5.23. A laser
beam is sent to strike a mirror being held by the TSK-45 and is directed to a camera that records
an image of the spot as a function of time. The images are taken over twelve hours. The centroid
of the laser spot on the camera is determined by fitting a 3D-Gaussian function to the intensity
data of each image. The centroids of these Gaussian functions are then analyzed for the standard
deviation and maximum displacement of the spot. The standard deviation is indicative of how
stable the spot was over the twelve hours, while the maximum displacement indicates range of
motion of the displacement.

A stand-alone TSK-45 (i.e. not a part of a monolithic chassis) made via AM using Invar36,
shows a standard deviation of 0.9012 µm and 2.6395 µm in the horizontal and vertical plane
respectively. Compared to a standard Thorlabs optomechanical mount (KM200PM) that expe-
rience a standard deviation of 0.7625 µm and 1.1491 µm in the horizontal and vertical plane.
It should be noted that the TSK-45 is not fixed to any structure but held in place by standard
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(a) (b)

(c)

Figure 5.21: Monolithic TSK-45 for alignment of the folded Offner relay. The curved mirror
rests in the TSK-45 device and set screws push on the structure that is held by the flexure arms.
The close up image (c) shows the single beam connection between back plate and the front of
the TSK-45.
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Figure 5.22: Results of the TSK-45 stability tests. The circle radius is 280 µm which each dot
representing a location where the optical beam’s center was recorded. The largest displacement
recorded here is 274 µm, however, larger displacements are easily achievable. These displace-
ments are done by adjusting the setscrew on the back of the TSK-45 by hand. The maximum
possible displacement achievable by the TSK-45 was not recorded in order to avoid the risk of
damaging the system prior to the completion of the other tests.

168



Laser
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Curved Mirror

Optomechanical
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Figure 5.23: Long term stability test setup. The reflection of a laser source off of the curved
mirror is measured using a camera. The centroid of the measured beam spot is tracked as a
function of time to determine the long-term stability.

Table 5.7: Data of 12 hour stability tests. Here x indicates the horizontal plane while y indicates
the vertical plane. All values are in micrometers.

Part STD-x STD-y Displacement-x Displacement-y

KM200PM 0.7625 1.1491 4.4670 6.6543
TSK-45 0.9012 2.6395 3.3354 9.9608

optomechanical clamps and thus the larger deviations could be due to slipping of the clamps.
Additionally, the range of motion of the TSK-45 was larger than expected, meaning that the
stiffness of the flexure arms is reduced compared to the bulk material. Thus, the TSK-45 could
experience much more sagging than expected as a result of the reduced stiffness. In fact, the
centroid of the spot did move down over the course of the twelve hour test, thus pointing to the
reduced stiffness as a plausible cause for the high displacement. Nonetheless, the results are
quite promising since the TSK-45 is made of a low thermal expansion material using AM, and is
a monolithic structure, yet still performs similar to a standard optomechanical part. A summary
of the results is provided in Table. 5.7, including the maximum displacement in each plane.
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5.3.4 Monolithic Chassis (PORI)

The Printed Offner relay interferometer (PORI) is the combination of theORI design, the op-
tomechanical flexures, and a monolithic structure for holding the optics. This combination went
through several iterative designs and failures before a final design was achieved. Figure. C.1
shows the final dimensions of the PORI. Some offsets were introduced into the dimensions as to
allow for printing accuracy errors to be corrected by the range of motion of the flexures. For ex-
ample, the TSK-45’s that hold theCM in place were placed 500 µm further back from their ideal
position. The ideal position would then be found by displacing the TSK-45 flexure. Some toler-
ances were also provided in the pocket dimensions as well as for most dimensions of the PORI.
Dimensions that needed tighter tolerances given a 0.25 mm tolerance, while those with looser
tolerances have a 0.3 mm tolerance. Those familiar with computer numerical control lathes will
note that these tolerances are quite large. However, this is due to the resolution of the LPBF
machine (Renishaw AM 400) that is around 100 µm. In addition, optical elements can also have
minor manufacturing tolerances that will need to be compensated for when placing the optics.
Input and output flexures for fiber coupling the input and output of theORI were designed based
on the TSK-45, as seen in Figure. 5.29. These flexures however, only needed to provide motion
in the plane perpendicular to the optical axis, i.e. xy-plane.

The structure that holds the stationary optics and supports the pockets for the central optical
elements is also build using AM and is part of the monolithic structure. This structure also
provides support for the input and output flexures. The original proposed design was to use a flat
tabletop with the pockets build into the surface. As discussed in Sec. 5.3.1, a flat tabletop would
require structural support underneath in order to avoid a build failure.

The first proposed design is to build a lattice structure that supports the flat top. This would
take advantage of the capabilities of AM by building a structure that standard manufacturing
techniques could not produce. In addition lattices ease the depowdering of the structure after
the build. A Voronoi lattice design is shown in Figure. 5.24a. The Voronoi structures have the
potential to help with vibration damping [164]. Although the build setup was simulated in Fusion
360 using relevant LPBF process parameters, it is difficult to simulate lattices accurately in large
and complex structure due to challenges related to computational time and accuracy involved.
Therefore it was not feasible to properly simulate the Voronoi lattice structure. Additionally,
since AM latticing software do not readily incorporate LPBF design guidelines while generating
lattices structures, there were numerous areas with large overhanging regions. These regions lead
to a build failure as shown in Figure. 5.24b, and a shift from pursuing Voronoi lattices as a viable
support solution.

The second lattice structure considered is known as a Gyroid lattice [164] as seen in Fig-
ure. 5.25. The Gyroid lattice has less complex structures though could still not be properly

170



(a)

(b)

Figure 5.24: (a) Voronoi lattice supporting the central tabletop. (b) Failed build attempt of the
Voronoi lattice.
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generated by the AM software and thus there were still regions with large overhangs. Although
the build was more successful that with the Voronoi lattice, it still failed since the large top struc-
ture of the flat top is quite a significant area to build using AM as seen in Figure. 5.25b and
Figure. 5.25c.

The second proposed solution for supporting the flat tabletop is to use the typically tem-
porary support structures as permanent supports. The choice of support structure is important
since most auto-generated structures produced by the specialized additive manufacturing soft-
ware (Renishaw QuantAM) are meant to be temporary. Nonetheless, thick grid supports are
used and placed under the flat top. The use of the grid support structure ensured that the plinth
setup printed successfully as shown in Figures. 5.26. The overall volume of the supports reduced
the required number of layers and thus the build time. However, there were issues with powder
accumulation and storage on the Renishaw AM 400 LPBF system which led to a print failure
as can be seen Figure. 5.26b and Figure. 5.26c. Since the plinth design created transition from
printed layers of low cross-sectional area to layers with a high cross-sectional area suddenly,
while being manufactured, it was challenging to control the powder dosage and flow in the sys-
tem during the 36-hour print, as it can only be done manually. This resulted in powder dosing
shortage and ultimately a build failure.

5.3.4.1 Loft Island Design

After the failures of the three previous prints a complete redesign of the chassis was done. Since
all the previous designs involved the use of a plinth structure that resembles a tabletop, which
has a severe jump in surface area from the supporting structures underneath, it created a major
challenge of monitoring and changing the powder dosage and flow. This challenge supersedes all
benefits of the lattice or grid support design. The team hence decided on pursuing a approach to
merge the worlds of what had been designed and what would be easily manufactured using AM.
This led to a complete overhaul of the entire central plinth design. The result is called the loft
island design shown in Figure. 5.27. Effectively, the loft island design is inspired by the lessons
learned from the previous failures. The lessons learned are as follows; first, the structures that
require a large amount of powder are more likely to cause issues during the build. Second, large
transition in surface area, e.g. supports to a tabletop, can cause issues with powder flow and
thus a build failure. Finally, altering the design to suit additive manufacturing is important, see
Sec. 5.3.1.

The loft island design takes advantage of the abilities of AM. In order to reduce the required
powder of the tabletop the loft islands has three main design features that achieve this. The first is
that the the top surface area is redesigned such that it is just sufficient to hold each optical element

172



(a)

(b) (c)

Figure 5.25: (a) Gyroid lattice supporting the central tabletop. (b) and (c) Failed build attempt of
the Gyroid lattice.
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(a)

(b) (c)

Figure 5.26: (a) Grid supports used to support the central tabletop. (b) and (c) Failed build
attempt of the grid support tabletop system.
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(a)

(b) (c)

Figure 5.27: Loft island conceptual schematics. (a) Render of the loft island design that supports
the central optics, including the input and output flexures. (b) and (c) Cross sectional view of the
loft island design showing the hollow core of each support structure.

175



or flexure and no longer has a large amount of additional surface area that is not functional.
Second a tapered design is used such that from the top surface of each island, the cross sectional
area is continuously scaled down towards the connection with the base plate, except for the ones
used for the input and output flexures. Finally, each loft island is hollow except for the ones
used for the input and output flexures. This helps with removing the residual powder from the
structure as compared to the other lattice techniques.

The center of the loft island design still had a small tabletop component that is necessary
to include the holes required to secure the flat mirrors and prism mirrors in place. To avoid
any build failures, a chamfer is grow from the loft island walls at an angle of 35◦ with respect
to the vertical, thus well inside the capabilities of AM, that supports the central table top, see
Figure. 5.27b. This central portion can be eliminated if the optical elements are epoxied in place
and thus not a critical element of the loft island design.

Comments on Design Process Overall the design process that took place to make it to the loft
island design is not lost on me. There is certainly a lot of lessons learnt along the way that are
not mentioned in this thesis. However, one of the most paramount comments is that designing
for additive manufacturing is different than for conventional machining, and furthermore trying
to create a monolithic structure in one print presented its challenges. Figure. 5.28 shows the
progression of the design process from a concept on the white board to a final design that looks
completely different.

Figure 5.28: Iterations of the design process to achieve a solution that is design for additive
manufacturing.
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5.3.4.2 Final Structure

The combination of the TSK-45 and the loft island design (Figure. 5.29) is the final design at-
tempted during the timeline of the project. It had a much more successful build as shown in
Figure. 5.30. However, despite the attempts at creating a design that countered most difficulties
experienced in the previous build failures, the last few layers of the print were not successfully
built as shown in Figure. 5.31. This is again due to a similar issue of powder dosage and flow
which is challenging to control manually even when the print time is reduced to 20 hours. I have
been told from the MSAM team that this last issue, although unexpected, is trivial to address.
Unfortunately, due to the project timeline (6 months), budget constraints, and the availability of
the LPBF machine, it was not feasible to attempt another build. Nonetheless, despite the miss-
ing last few layers, the resulting build was relatively functional, though it did have a noticeable
impact on the testing results as is discussed in Sec. 5.5.3. Nonetheless, the loft island chassis
presents a promising candidate for manufacturing monolithic chassis with additive manufactur-
ing. Particularly the inclusion of the flexures in the monolithic design, something that has not
been previously achieved in the literature and would not be possible to make using standard
manufacturing techniques.

5.4 PORI Thermal Results

As mentioned in Sec.5.2, it is paramount for unbalanced interferometers to exhibit thermal stabil-
ity. Although insulation can partially address impact of thermal fluctuations, allowed temperature
tolerance is often much smaller than common engineering materials can achieve. To limit the
effects of thermal expansion a low thermal expansion material must be chosen for the additive
manufacturing of the monolithic chassis. This material needs to have a low thermal expansion
with reasonable elastic properties in order to be used as flexures. The material chosen is Invar36.
The reported thermal expansion of the Invar36 is 1.44×10−6. Ideally the entire interferometer,
chassis and base-plate would all be composed of Invar. However, due to higher cost of Invar,
alternative base plate options were also investigated to see the effect of such configurations.

In order to assess operational feasibility in a thermally fluctuating environment, the thermal
stability of the monolithic structure was investigated with steady-state COMSOL® simulations
for a temperature range of 20 ◦C. The relative change in interferometer paths between points
of interests (Figure 5.32) and accumulation of mechanical stress was analyzed for three device
combinations, Invar36 flexures/Invar36 base, Invar36 flexures/stainless steel base, and Invar36
flexures/aluminum 6061 base.
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Figure 5.29: CAD image of the final PORI device. The whole design is to be printed in a single
pass without any assembly steps beyond taping of the set screw holes. Center island and the
flexures are built directly onto the rectangular build plate.

(a) (b)

Figure 5.30: (a) and (b) Loft island design successfully printed in combination with TSK-45.
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(a) (b)

Figure 5.31: (a) and (b) TSK-45 incomplete on the final PORI build. The print failed with
approximately 4 cm remaining. No further builds were attempted due to the project budget,
timeline, and availability of the Renishaw AM 400.

The thermal stability was quantified by measuring the distance a light ray travels for each path
of the interferometer (∆L) compared to design parameters, as well as overall distance change
between the two large flexures housing the curved mirrors (Figure 5.32). The path deviations
were calculated with a horizontally aligned beam. Hence, only the length in Z and X axis were
considered (see Figure. 5.32). In addition to stress buildup at assembly points at the intersection
of the base plate and flexures, the overall out of plane deformations were also investigated. The
results are summarized in Table. 5.8.

The steady-state simulation revealed that ∆L of the Invar36 base plate setup experiences
approximately 3.19 and 12.53 um optical path change for 5 ◦C and 20 ◦C temperature change of
the chassis, respectively. This deviation from the design parameters corresponds to 1.27 (4.8λ

@ 800nm, 2.5λ @ 1500nm) and 4.18 (15.6λ @ 800nm, 8.3λ @ 1500nm) fs increase in the
path delay for 5 ◦C and 20 ◦C temperature change, respectively. No out of plane deformations
were observed as expected. Mechanical stress build up was present but trivial due to matching
expansion coefficients of the base and flexures. The mechanical stress at the base plate-flexure
joints was in the millipascal range even for the 20 ◦C temperature change.

In the case of stainless steel (SS) base plate, divergence from design parameters, stress
buildup, and warping was significant. The δL of the interferometer was approximately 29.4
and 95.9 µm for 5 ◦C and 20 ◦C temperature change, respectively. This corresponded to a de-
viation in the difference in the path delay corresponding to 9.79 (36.7λ @ 800nm, 19.6λ @
1500nm) and 31.95 (119.8λ @ 800nm, 63.9λ @ 1500nm) fs for 5 ◦C and 20 ◦C temperature
change, respectively. Out of plane deformations were also significant, causing 0.80 µm relative
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Figure 5.32: Dimensional stability of the PORI chassis under changing temperature conditions
was quantified by measuring the change in distance at the long arm, short arm, and between the
large flexure (top). The stress buildup at the base plate/printed TSK-45 joint (indicated by the
dashed circle in the top image) can surpass materials yield strength at sufficiently high tempera-
ture changes (26 ◦C) (bottom). Figure created by Dr. Dogan Sinar and used with permission.
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Table 5.8: Results of the thermal expansion simulations of the PORI for an Invar, stainless steel
(SS), and aluminum base plate. The resulting phase shift is represented in terms of the number
of wavelengths at 800 nm and at 1550 nm.

Metal ∆ T [◦C] ∆ L [µm] Delay change [fs] λ @ 800nm λ @ 1500nm

Invar 5 3.19 1.27 4.8 2.5
Invar 20 12.53 4.18 15.6 8.3
SS 5 29.4 9.79 36.7 19.6
SS 20 95.9 31.95 31.95 63.9
Aluminum 5 93.8 31.26 117.2 62.5
Aluminum 20 303.5 101.18 379.4 202.4

warping between the lateral beam displacers and approximately 0.63 µm warping for the large
flexures compared to initial base plate plane, for a 5 ◦C temperature change.

To compare the above two base plate alloys to a standard optical breadboard, aluminum (6061
alloy) is investigated. The ∆L of the interferometer was calculated to be approximately 93.8 and
303.5 µm for 5 ◦C and 20 ◦C temperature change, respectively. The change in the difference in
the path delay is 31.26 (117.2λ @ 800nm, 62.5λ @ 1500nm) and 101.18 (379.4λ @ 800nm,
202.4λ @ 1500nm) fs for a 5 ◦C and 20 ◦C temperature change, respectively. Out of plane
deformations were 1.67 µm relative warping between the beam displacers and approximately
0.93 µm warping for the large flexures compared to initial base plate plane, for a 5 ◦C temperature
change. Evidently, the path length deviations for stainless steel and aluminum base plates are
too large to preserve the phase stability of the interferometer, while warping would cause the
beam to go out of alignment. As expected from the warping behavior, stress buildup at the
attachment boundary layer between the SS (aluminum) base plate and Invar36 flexures were
high, reaching approximately 98.8 MPa (148.7 MPa) at the attachment points for only a 5 ◦C
temperature change. For a larger change in temperature (17 ◦C), the stress buildup reaches the
yield strength of Invar36 (276 MPa) which would lead to a failure of the system. Considering
the imperfect joint between the base plate and the 3D printed structures, the chassis would be
expected to fail before a temperature change that reaches this magnitude.

181



5.5 PORI Optical Results

5.5.1 Visibility

The combination of the monolithic printed enclosure and the Offner relay interferometer
(Fig. 5.33) were tested together. To our knowledge, this is the first monolithic interferometer
enclosure that includes optomechanical flexures that allow for the alignment of the system. The
performance of the combined monolithic system is quantified using a metric called interference
visibility. The system was tested with two types of signals, single-mode laser light and multi-
mode laser light. The multi-mode light is more representative of the performance of the system
during a quantum sensing application because any signal scatters off of the target surface and thus
behaves similar to the effect of light passing through a multimode fiber. For both experiments,
a continuous wave 785 nm laser was passed through a single-mode or multi-mode fiber before
passing through the PORI. A piezo-ceramic actuator was used to vary the path length of one
of the PORI paths to observe intensity changes in order to measure the interference visibility.
However, in both scenarios the results were difficult interpret due to the vibrational instabili-
ties of the flexure mounts of the curved mirror and therefore the relative phase between the two
paths of the PORI rapidly fluctuated during the measurement. Nonetheless, there were periods of
relatively stable interference and thus the measured visibility for both the single-mode and multi-
mode signals are 0.874±0.026 and 0.894±0.037 respectively, see Fig. 5.34a and Fig. 5.34b. In
Fig. 5.34b, the region from 25 s to 30 s is when one of the paths of the PORI is blocked in order
to show that the intensity fluctuations are a result of interference and not the laser source. The
relatively low visibility performance can be attributed to the flexure instabilities. Nonetheless,
the visibility with the multi-mode signals are much greater than with results obtained using a
non-field widened unbalanced Michelson interferometer (0.536±0.023, see Chap. 4).

5.5.2 Imaging Demonstration

To demonstrate the practicality of the interferometer, a small imaging demonstration along the
lines of those demonstrated in quantum imaging experiments was performed [87], see Fig. 5.35
and Figure. 5.36. A target was illuminated by a continuous wave laser and the scattered light
was imaged through the system. The printed Offner relay setup was used to image the target or
object while at the same time measure the interference of the signals after passing both arms of
the interferometer. This demonstration is of particular importance because it indicates that the
system can be used in various scenarios that an uncorrected interferometer could not, because
an uncorrected interferometer would not be able to recover the interference. Particularly, an
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Figure 5.33: The Offner relay interferometer monolithic chassis with the optics in place. Note
that the entire chassis including the optomechanical stages are a single monolithic piece. The
flexures and optical supports are constructed using Invar36 while the baseplate is composed of
stainless steel.
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(b) Multi-mode signal

Figure 5.34: The relative intensity of the PORI for both the single-mode case (a) and the multi-
mode case (b). A continuous wave 785 nm laser fiber coupled laser is passed through a single-
mode/multi-mode fiber then passed through the PORI and a camera is used to measure the in-
tensity at one of the PORI outputs. The noisy and non-periodic fluctuations in the intensity are
due to a combination of the flexure instabilities and a piezo-ceramic actuator. The visibility for
the single-mode and multi-mode signals are calculated to be 0.874±0.026 and 0.894±0.037 re-
spectively. The reduced visibility can be attributed to the flexure instability that make it difficult
to properly align the system. Here, the relative intensity values are normalized to the maximal
value of the data set. The zero intensity level is the background level of the camera.
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uncorrected Michelson would not be able to show any interference of the signals, hence any
quantum information stored in the signals would be lost.

PORI

Laser Lens Lens
Target

Mirror

Mirror Camera

Figure 5.35: Diagram of a LiDAR imaging demonstration of the PORI. A target is was illumi-
nated using a 785 nm laser source. The light scattered off of the target was collected using two
flat mirrors and passed through the PORI where interference effects were could be measured by a
camera located at one of the outputs of the PORI. The results are shown in Fig. 5.37. A non-field
widened unbalanced Michelson interferometer would not show little to no interference effects
and would not be useful for this type of application.

As shown in Fig. 5.37, the results of the demonstration are very promising and can be ex-
tended to be used in a quantum enhanced LiDAR setting. The PORI system combined with a
camera was able to image the target despite using scattered light as the signal.

The intensity of the image of the target also contained phase information as interference was
observed from the signal after it passed through the two arms of the interferometer, Figure 5.37.
This is especially important since it clearly demonstrates that the one-to-one imaging system
of the interferometer is functional and that the interferometer works with multi-mode signals
and with true scattered light (target looking away from the interferometer). This point is further
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Figure 5.36: Photos of the PORI practical imaging setup. Clockwise from top left: Laser source
directed towards the target. A close up of the Psi target. The PORI the camera that is used to
image the target. A view from the target towards the PORI.
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stressed in Figures 5.37 where the signal is passed through both arms for approximately 40 s
where interference occurs and then only one arm after 40 s where no interference is seen. This
is to demonstrate that the fluctuations in Figure 5.37 are caused by real interference and thus the
coherence properties of the signal light that is scattered from the target can be recovered. The
visibility of this interference in Figure. 5.37 is found to be around 0.28±0.03 for both the looking
towards and away scenarios which is very promising compared to the 0.09±0.01 observed when
blocking one path of the interferometer.
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Figure 5.37: Results of the PORI being used in a practical imaging scenario. (a) Image of the psi
target taken with the signals that pass through the PORI. The entire target surface is illuminated
uniformly. (b) Relative intensity of the scattered light from the target after passing through the
PORI. Intensity pattern that shows both the interference from both arms of the interferometer and
the stable intensity when only one arm is used, e.g. one of the interferometer arms is blocked.
Triangles, the intensity pattern shown when the light can pass through both arms of the PORI.
A piezo electric actuator is driven at 200 mHz to produce these patterns with a visibility of
0.28±0.03. Despite having the light scatter off of the target, coherence properties of the signal
can still be recovered. Crosses, isolation of the one arm intensity shown in the left to further
demonstrate that there is no periodic interference despite the piezo actuator still running, this
has a visibility of 0.09± 0.01. The intensity is normalized such that the intensity of one path
produces a relative intensity of 0.5. The intensity for the full interferometer is offset by 0.3 for
clarity.
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5.5.3 Investigation of issues

Although the final loft island design had significantly reduced the build time, the final layers did
not complete. This was due to a similar issue of powder dosage and flow which is challenging
to control manually even when the print time is reduced to 20 hours. This issue, although un-
expected, is trivial to address for future builds. Nonetheless, despite the missing last few layers,
the resulting build was functional, though it did have some negative effects on the testing results.
Particularly, the final few layers are crucial in connecting on the of the bending arms of the op-
tical axis translation in the TSK-45. The removal of this connection significantly changed the
behaviour and stiffness of the TSK-45. Particularly, the action of the master set screw was no
longer along the optical axis but rather at an angle. As discussed in Sec. 5.5.3.1, the stability and
resonance frequency of the TSK-45 was greatly affected and made it difficult to align the PORI.
Unfortunately, due to the project’s short timeline (6 months), limited budget, and availability
of the 3D printer, the build with the missing final layers is the final assembly for this project
and it was not possible to fabricate a revised PORI model. Thus, an investigation was done to
characterize the issues of the TSK-45’s in the final PORI chassis.

5.5.3.1 Mechanical Stability

The vibration characteristics of flexures are determined by the elastic strength of the beams and
the stiffness of the entire structure. A high stiffness would increase the resonance frequency of
the system and the stability of the flexure. On the other hand, increased stiffness results in a
limited range of motion. In contrast, low stiffness would result in a flexure susceptible to low
frequency vibrations. Since, flexures can be fixed with adhesives, the TSK-45 is designed to
provide a wide range of motion while still providing sufficient vibrational stability, with what
was assumed to be enough to conduct the necessary experiments. Nevertheless, stability of the
flexures, particularly the TSK-45, can be important for alignment and temporary preservation
of alignment prior to fixing of the mount. Hence, short and long-term stability (12 hour) of the
mounts were investigated and compared to a conventional optomechanical mount6. The tests
below are conducted on the TSK-45’s that are in the monolithic PORI chassis. Recall that both
of the TSK-45’s in the final PORI were not built to completion and hence the results of the
tests below are indicative of an incomplete TSK-45 structure. Nonetheless, the results below
are indicative of the performance issues of the final PORI and can explain the poor performance
relative to theORI (see Chap. 4).

6In Sec. 5.3.4.2 only the 12 hour stability is tested because there was no indication at the time that the acoustic
noise in the laboratory would present an issue
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Short Term Stability: The short-term flexure stability of the TSK-45 is investigated to quan-
tify impact of background noise and dampening behavior to external stimuli. In a typically
laboratory environment, several common vibration sources can be expected. Acoustic and me-
chanical vibration from nearby fans or pedestrian traffic can couple into resonance frequencies of
a mechanical system. In the case of mechanical systems with low stiffness, these low frequency
disturbances can contribute to uncontrolled vibrations. Due to sensitivity of optical interfer-
ometers, it is paramount that the TSK-45 provide enough stability to perform basic alignment
procedures prior to application of permanent fixing methods (adhesives).

To perform the stability tests, a piezoceramic stack is placed inside the TSK-45, between two
beams, to measure the mechanical motion of the system in the lateral plane as a voltage output.
This voltage output is measured on an oscilloscope and frequency components of the signal are
determined using Fast Fourier transform (FFT) analysis. First, the EM background noise was
investigated and found to be centered around 50-60 Hz. The FFT analysis revealed that the 3D
printed TSK-45 is sensitive to low frequency vibration modes, as predicted from the low stiffness
of the structure. Low frequency components were observed at 32, 56 (EM noise), 120, 176, and
296 Hz. These frequency components are very similar to the predicted resonance frequencies
by the COMSOL® eigenfrequency analysis, where the differences can be attributed to the bulk
material properties versus the printed material properties. The COMSOL® analysis was done
with the same missing portion at the top of the TSK-45.

The dampening behaviour of the TSK-45 was also experimentally measured. The damp-
ening is defined as the time it takes for the oscillations to completely diminish after an initial
disturbance as shown in Figure. 5.38. For the disturbance, a metal bar is dropped from a 10 cm
height and allowed to strike the baseplate of theORI. The bar is then stopped immediately before
falling and producing more disturbances. The TSK-45 exhibited an average dampening time of
1.55 s without any of the composite dampeners. As mentioned above, the 3D printed Invar36
was significantly more malleable, indicating that 3D printed material has different yield strength
and elastic modulus compared to bulk material. With the dampeners in place, the observed low
frequency components were 56 (EM noise) and 296 Hz. Therefore, many of the low frequency
components were removed and the average dampening time was reduced to 0.85 s. For com-
parison, the low frequency components in the control optical mount (ThorLabs KM200PM) are
practically absent, with an average dampening time of 0.58 s. Overall, this indicates that an inves-
tigation into the use of adhesive to fix the optomechanical components after the initial alignment
is necessary for the practical deployment of the current version of the TSK-45. If adhesive use
is not desired, further studies would be required to optimize flexure stiffness in order to combat
vibrational noise.
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Figure 5.38: (a) Thorlabs KM200PM response after the drop test. (b) TSK-45 drop test response
with no dampeners. (c) TSK-45 drop test response with the dampeners.
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Twelve Hour Stability: The twelve hour stability of the TSK-45 flexures in the monolithic
PORI chassis is tested by keeping the flexures under load over 12 hours and monitoring a re-
flected spot from the curved mirror, employing a similar technique to that shown in Figure 5.23.
Despite the lacking layers and flexure beam connection, the TSK-45 mounts exhibited a perfor-
mance on par with conventional optomechanical mounts. The standard deviation (STD) of the
control and TSK-45 mounts were 0.7625 and 0.8625 µm in the horizontal axis, and 1.149 and
5.891 um, in the vertical axis. The stability of the TSK-45 in the vertical axis was impacted by
the low stiffness and resulted in a higher STD value. The low stiffness also impacted the change
in absolute vertical position of the beam spot, which over the 12 hour span was 6.6543 and
9.1236 um for the control and TSK-45, while the change in horizontal position was 4.4670 and
3.6303 um for the control and TSK-45. The composite dampeners were not used during these
tests. Interestingly, the final position of the beam spot after the 12 hour test is elevated compared
to initial position for the TSK-45. This suggests that low stiffness of the flexures and vibrations
from the room may have contributed to a random shift in final spot position. The 0.1 nm preci-
sion in both the stability measurement and error is obtained from the DataRay software accuracy
in determining the centroid position of the beam.

5.5.3.2 Optical Element Tolerances

As discussed in Chap. 4 and Sec. 4.4.1, the original optical design of theORI relies on very tight
manufacturing tolerances of the lateral beam displacers and the prism mirrors. These optical
elements unfortunately have manufacturing tolerances that make them not suitable for theORI as
they displace the optical paths in a way that cannot be corrected by only moving the large curved
mirror of one path.

The solution provided in Sec. 4.4.1 is to remove the lateral beam displacers and replace them
with the combination of a beam splitter and a flat mirror. The flat mirror in this combination
is adjustable and allows for the necessary degrees of freedom in order to compensate for the
manufacturing tolerances of the prism mirrors. This was used during the imaging demonstration
and in the visibility tests. Adding this degree of freedom to the PORI requires adding two small
flexures that are inspired by the TSK-45 but specialize in tip-tilt motion. This configuration is
shown in Figure. 5.39 with the tabletop design, however it can easily be adapted to the loft island
design. Such a design should be strongly considered for future builds.
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Figure 5.39: PORI design that removes the dependence on the lateral beam displacer manufac-
turing tolerances and introduces a flexure to align a flat mirror in each path (shown with red
arrows), easing the alignment procedures. Although shown here with the tabletop design, it can
be easily modified for the loft island design.

5.6 Future Considerations

Despite the short timeline for the PORI project, several achievements were made towards bring-
ing the exciting world of additive manufacturing to quantum information. Nonetheless, I present
some of my thoughts and considerations for improving any future PORI or optomechanical flex-
ure. First, one goal of the project was to reduce the physical footprint of the interferometer.
This was achieved using theORI design but can be further achieved by the use of smaller optics
that are commercially off-the-shelf. This will not only reduce the physical footprint of the PORI
but also reduce the height and in consequence the number of printing layers required to make
the PORI. A decreased number of layers can reduce the build time and the risk of build failure.
Furthermore, custom optical elements can be used to further reduce the height of the PORI.

Second, reducing the range of the flexures and increasing the stiffness of the TSK-45 would
be very beneficial. The accuracy of AM is improving and the range of motion provided by
the TSK-45 is currently much larger than necessary. Furthermore, flexures are used only to
compensate for the accuracy of AM in creating the pockets for the optics of the loft islands. In
light of this, I strongly advise that in the future the loft islands be manufactured with no pockets,
but rather have the pockets added after the build using standard machining techniques that can be
significantly more accurate. It would also be ideal to increase the stiffness of the TSK-45’s as to
assist in dampening resonance noise. The design of the TSK-45 should be thoroughly reviewed
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for the application by using the psuedo-rigid body model to fine tune its stiffness and range of
motion [89]. I would also advise investigating the resonance frequencies of the flexures during
the design process, especially compared to its operating conditions. This is particularly important
during the design process and before the structure is built.

Another future consideration is the investigation of functionally graded materials. As I have
mentioned several times, the use of functionally graded materials would be beneficial in creat-
ing an athermal interferometer chassis. Thus, experimental confirmation of the analysis done in
Sec. 5.2.2 would be very interesting and potentially lead to a highly robust and practical unbal-
anced interferometer.

5.7 Summary

In this chapter, an interferometer chassis is build using additive manufacturing and is the first
monolithic chassis for a field widened interferometer that includes the optomechanical align-
ment tools embedded in the structure. Using additive manufacturing allowed for a monolithic
design of the chassis optomechanical flexure components that would be otherwise impossible
to create using standard machining or manufacturing techniques. Furthermore, the chassis was
printed using low thermal expansion materials which increases the thermal stability of the de-
vice. This work leads to new avenues of combining the possibilities of additive manufacturing
with quantum devices.
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Chapter 6

Conclusion and Outlook

6.1 Conclusion

The work presented in this thesis demonstrates several advances towards quantum networks for
both free-space and optical fiber channels. Two topics towards the advancement of QEYSSat
were investigated. We discussed the development of an improved polarization modulation sys-
tem for the weak coherent pulse source of the QEYSSat mission. Moving receiver tests were
conducted to confirm the feasibility of the 6-state 4-state protocol for QEYSSat. The 6-state
4-state protocol was modified for time bin encoding and used to demonstrate the robustness of
time bin encoding over several challenging channels. From the challenges faced in the time bin
experiments, the design of a more compact and practical interferometer was investigated. To
accompany the new design, a study into the design and manufacturing of a robust chassis was
conducted.

In Chapter 2, two components of the QEYSSat ground station were advanced. A new design
for the polarization modulation setup of the weak coherent pulse source is conceived and tested.
The new inline design increases the robustness of the system, creating a plug-and-play module
that requires little to no alignment. The current system achieves a polarization visibility of 97%
which corresponds to an intrinsic QBER of 1.5%. Nonetheless, the current system is not fully
optimized and work is being done to improve the system. In parallel to the WCPS development.
Moving receiver tests were conducted to test the feasibility of the 6-state 4-state protocol to
remove the need for an active polarization alignment system. The indoor receiver is moved to
emulate a low Earth satellite pass. Despite the lack of an active polarization alignment system, the
performance of the quantum channel is unchanged compared to a static link with no movement.
The visibility of the C-parameter remained unchanged at > 0.90 in both the moving and static
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tests. Maintaining such a visibility during a moving pass is not possible without the use of RFI
protocols or an active polarization alignment system. These results can reduce the overhead of
the QEYSSat ground station and any free-space polarization quantum channel.

In Chapter 3, three major experiments were conducted. The first is a demonstration of a fully
passive plug-and-play time bin scheme. Time bin encoded photons are sent over challenging
multi mode channels without any active phase compensation to maintain the relative phase dif-
ference between the sender and receiver interferometers. Visibilities of approximately 0.90 are
obtained for various fiber channels. The fully passive scheme is then used in a demonstration of
distributing near-infrared time bin photons over a telecommunication fiber channel. Although the
photon throughput of the system is sub-optimal, the results indicate that for short metropolitan
links, near-infrared photons can be directly injected into telecommunication fibers without any
need for frequency conversion. Finally, the passive time bin scheme is used in the first proof-of-
principle moving time bin experiment. With the removal of all the active components, no timing
components are required creating a plug-and-play system for moving free-space time bin. The
feasibility of moving time bin quantum channels was demonstrated, however, significant system
improvements, particularly the development of a robust and compact interferometer, are required
to perform genuine moving time bin QKD.

In Chapter 4, a novel design for a field widened interferometer is conceived and prototyped.
The imaging system employed uses only reflective optics and is thus achromatic. The cavity-like
design allowed for a smaller physical footprint, particularly for relatively long time delays. The
simulated and experimental performance of the system for both single mode and multi mode
signals is shown to be excellent with visibilities of greater than 97%, which is comparable to
current field widened interferometer designs. The potential practicality of this design could
potentially be part of a future space mission or deployed in a local near-infrared over telecom
quantum network.

In Chapter 5, a study of the thermal and vibrational stability of a monolithic chassis for the
Offner relay interferometer is conducted. The study tested the feasibility of manufacturing a
low thermal expansion, monolithic structure. Optomechanical flexure devices were built into
the chassis and provided the necessary movements for optical alignment. The performance of
the system was limited due to build failures, however, visibilities of approximately 90% were
obtained. This pioneering work tested the limits of the capabilities of additive manufacturing
and has opened many avenues for future research.

Overall, this thesis has focused on improving the robustness of both polarization and time
bin encoding hardware. Particularly advancing the development of satellite deploy-able time bin
interferometers that can be used for not only quantum key distribution, but quantum sensing as
well. The various experiments and studies are a small part in a long line of progress towards the
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realization a global quantum network.

6.2 Publications

The work presented in this thesis has been published in the following:

1. Ramy Tannous, Wilson Wu, Stéphane Vinet, Chithrabhanu Perumangatt, Dogan Sinar,
Alexander Ling, and Thomas Jennewein. Towards fully passive plug-and-play time-bin
quantum key distribution over multi-mode channels. arXiv:2302.05038 (2023) [165]

2. Ramy Tannous, Dogan Sinar, Tabitha D. Arulpragasam, Thomas Jennewein. All reflective,
small form-factor field widened interferometer for quantum sensing and communication
applications. In preparation

3. Ramy Tannous, Stéphane Vinet, Wilson Wu, Kimia Mohammadi, Chithrabhanu Peruman-
gatt, Brendon Higgins, Alexander Ling, and Thomas Jennewein. Reference frame inde-
pendent quantum key distribution to a moving receiver. In preparation

4. Ramy Tannous∗, Dogan Sinar∗, Sagar Patel, Tabitha D. Arulpragasam, Issa Rishmawi,
Mark Kirby, Vlad Paserin, Mihaela Vlasea, and Thomas Jennewein. 3D Printed monolithic
time bin interferometer for quantum information processing applications. In preparation ∗

equally contributed

5. Anindya Banerji∗, Ramy Tannous∗, Rui Wang, Thomas Jennewein, and Alexander
Ling. High quality entanglement distribution through telecommunication fiber using near-
infrared non-degenerate photon pairs. In preparation ∗ equally contributed

This list is not fully comprehensive of the work done during my Ph.D. as I was involved in
several other studies that are not part of this work, the reader can see the latest and full list of
publications here.
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6.3 Outlook

6.3.1 Enhancements for the QEYSSat ground to space link

6.3.1.1 Development of the weak coherent photon source for the QEYSSat mission

In Section 2.1.2.3, an upgraded version of the Inline polarization modulation system (IPMS) is
tested with the Weak coherent pulse source (WCPS) laser setup. This system is currently being
upgraded to have better PMF length matching and a reduced number of fiber to fiber connects.
Each connection introduces additional errors to the system, thus increasing the intrinsic QBER.
Furthermore, the phase modulators of the IPMS are going to be driven by an arbitrary waveform
generator at a rate of 400 MHz. This requires a substantial amount of data and random numbers.
This is currently being developed by QPL members in parallel to the IPMS progress.

Once the intrinsic error is minimized and the WCPS is fully operational with an intrinsic
QBER below the 1% threshold, some interesting experiments can be conducted. Since the IPMS
is completely fiber-based, it can be easily employed to work in space limited environments,
such as on a satellite. In fact, a similar concept of crossing two PMFs will be employed for
the QEYSSat downlink source [67, 68]. Overall, the IPMS promises to create a model for a
plug-and-play weak coherent pulse source that can be used for a variety of experiments with the
QEYSSat mission and beyond. Although WCPS in general are not true single photon sources,
they will still play a very important role in building quantum networks, particularly because of
their robustness and relatively low cost.

6.3.1.2 Indoor Moving 6-state 4-state Demonstration

In Section 2.2, the 6-state 4-state protocol is tested over a moving channel similar to a QEYSSat
pass. Reducing the need for a polarization compensation significantly decreases the ground
station overhead and will increase the photon throughput of the transmitter telescope. The im-
mediate next steps are to conduct further feasibility studies with both the QEYSSat WCPS and
entangled photon source [94]. As it is currently implemented, the QEYSSat ground station will
still require to have a polarization alignment system to account for the roll of the satellite. For
future satellites, this problem can be eliminated by putting a quarter-wave plate at the transmitter
telescope to convert the slow and fast axis (computational basis) polarizations to the rotationally
invariant circular basis. The satellite receiver would then have to measure in the circular basis
and one linear basis and no polarization alignment system would be needed. This is not a new
concept and comes from the original RFI-QKD work [71].
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6.3.2 Fully passive time bin quantum key distribution

6.3.2.1 Plug and play time bin network

In Section 3.1, a fully passive time bin scheme is demonstrated over multiple challenging chan-
nels. The reduction in the need for a relative phase stabilization of the two interferometers is an
important result for quantum networks. The use of this scheme can relax the thermal and vibra-
tional stability requirements of the interferometers used in the communication link, something
that will be received well by engineers (Chap. 5). The major benefit of this scheme is to be used
in free-space moving links (Section 3.3). To date there has been no genuine free-space moving
time bin demonstration due to the difficulties in establishing a stable relative phase and a high in-
terference visibility. The latter due to the lack of adoption of field widened interferometers by the
community1. Thus, a genuine moving free-space time bin demonstration can be performed if the
stability of the time bin analyzer is improved such that it can be placed on the moving receiver.
In addition, optimizing the photon throughput of the moving receiver is necessary. Additionally,
using a data collection system that is fully integrated and optimized for time bin communication
can be used to reduce the overhead of the receiver system [166]. Ultimately, with this fully pas-
sive scheme, a time bin analyzer or source could be placed on a satellite, simplifying quantum
networks by directly interfacing optical fiber and free-space quantum channels using time bin
encoded photons.

6.3.2.2 Near-infrared single photon quantum network

Many of the single photon sources available today emit photons in the visible or Near-infrared
(NIR) regime [117, 118, 119, 120, 121, 122, 123, 124]. By contrast, the majority of the de-
ployed optical fiber networks are in the telecommunications regime. However, in Section 3.2 we
successfully demonstrated that time bin encoded NIR photons can be distributed in a telecommu-
nications optical fiber over short distances. This implies that many of the quantum sources can be
employed immediately for small local networks without the need for frequency conversion nodes
or development of alternate sources that emit in the telecommunications regime. Although, tele-
com fibers are multi mode for NIR photons, the passive time bin scheme is suitable for this
application since the higher order modes of the NIR photons in the telecommunications fiber can
be used for key generation. Furthermore, for sources that emit in the visible range, many modes
will be present, thus a field widened interferometer is even more important. Regardless, near-
term experiments and demonstrations could be conducted with several different photon sources

1Which seems much more interested in using adaptive optics, yet this unnecessarily increases the overhead of
the system.
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including quantum dots [121, 122, 123], and other material based sources [118, 124]. Ulti-
mately, this would ease the requirements for quantum networks to be strictly in the telecom
regime, which can reduce costs and the need for additional hardware, i.e. frequency converters.
In fact, some quantum links can be simplified by directly interfacing the signal from a satellite
into the metropolitan network. Thus, not limiting the free-space channels to areas close to a
ground station2.

6.3.3 Improving the Offner relay interferometer

In Chapter 4, a novel design for a field widened interferometer is investigated. Creating long
time delay, compact, and robust time bin interferometers is an important piece for building a
quantum network. Reducing the form factor of the Offner relay interferometer would enable it to
be suitable for satellite payloads, moving platforms, and quantum sensing platforms. This could
be achieved by investigating one of the alternate designs found in Table. 4.4 or by employing a
similar yet alternate design, e.g. using Herriott cells [133]. Another application of the Offner
relay interferometer is using it in the experiments for NIR time bin encoding in telecommuni-
cation fibers. This is an especially good fit since quantum photon sources span a broad spectral
range and the Offner relay performance is achromatic over a broad spectral range. Ultimately,
the progress towards modular, robust, and practical time bin interferometers is important for free-
space channels as it could lead to the possibilities of translating fiber-based quantum protocols
to long-distance free-space channels, such as the coherent-one-way and differential-phase-shift
protocols [167, 168].

6.3.4 Uses of additive manufacturing for quantum information

In Chapter 5, we explored the use of additive manufacturing for enhancing the robustness of
a time bin interferometer. Building a robust interferometer enclosure is still an active area of
development that requires further investigation. Beyond this challenge, the outlook for the use of
additive manufacturing is promising as it is still in its infancy. As the technology progresses, so
do the applications. As eluded to many times in Chapter 5, functionally graded materials would
be very beneficial for creating a thermally robust housing for a time bin interferometer [146, 147,
148]. Furthermore, alignment flexures can be specifically tuned to maximize the elasticity of
certain regions while maintaining a low thermal expansion. Another promising technology that
is emerging from the field of additive manufacturing, is the direct manufacturing of refractive

2A particularly interesting use case is a ground station that is located outside of a dense metropolitan area but
has access to the telecommunications network.
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and reflective optical elements [169, 170]. This would truly be revolutionary, as complex optical
devices can be manufactured into monolithic structures containing all the necessary components.

6.3.5 Final thoughts

Overall, the use of both time bin and polarization encoding over free-space channels is important
for the development of a global quantum network. There are many space missions that are being
developed [26, 171, 172], and with the technologies becoming more mature a global network is
closer to realization. The next steps are to deploy many sub-networks that are interconnected
with long distance free-space links as either trusted or untrusted nodes. The work presented in
this thesis, along with many subsequent years of study and development, will provide a great
technological and scientific baseline for achieving the quantum network goals of Canada [32]
and the scientific community.
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Appendix A

Additional 6-state 4-state moving
experiment results

The results for each moving test of Sec. 2.2 are in the tables below. In each table, the experimental
details column provides the laser current used, and the experiment number.
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Table A.2: Key estimation results of the moving tests across the indoor free-space channel based
on Eq. 2.4. The key estimation is for the block size that produced the largest key.
Entries with ∗ are for an experiment that pass is artifitially lengthened to produce
positive key. Pass 12 did not record any data due to a recording error.

46mA - 1 47357 59 59

46mA - 2 38258∗ 52 26

46mA - 3 - - 9

46mA - 4 35743∗ 56 14

46mA - 5 12004∗ 40 10

46mA - 6 11922 31 31

46mA - 7 10393 20 25

46mA - 8 31260 44 44

46mA - 9 33122 40 47

46mA - 10 56640∗ 74 37

46mA - 11 26067∗ 69 12

46mA - 13 - - 24

46mA - 14 62583 ∗ 108 27

46mA - 15 1523∗ 50 25

46mA - 16 - - 14

39mA - 17 117102 129 439

39mA - 18 39640 146 146

41mA - 19 169575 235 473

39mA - 20 25708 111 208

48mA - 21 68937 286 286

39mA - 22 114978 253 277

39mA - 23 138424∗ 316 79

40mA - 24 484003∗ 960 250

40mA - 25 36539 152 280

Laser current - Pass Key rate bits Block size [s] Link time [s]

Continued on next page
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39mA - 26 30644 187 263

39mA - 27 5672∗ 102 57

39mA - 28 15221 133 144

39mA - 29 30325 286 286

48mA - 30 142324 205 313

Laser current - Pass Key rate bits Block size [s] Link time [s]
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Table A.4: Key estimation results of the static tests across the indoor free-space channel based
on Eq. 2.4. Entries with ∗ are for an experiment that pass is artifitially lengthened to
produce positive key.

46mA-static-1 64508∗ 116 29

46mA - static-2 31724∗ 58 29

41mA - static-3 97346 220 220

41mA - static-4 152216 182 355

39mA - static-5 389565 157 550

39mA - static-6 15506 47 171

39mA - static-7 52546 121 181

48mA - static-8 55436 70 70

Laser current - Pass key rate bits Block size [s] Link time [s]
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Appendix B

Additional RFI time bin experiment results

For each quantum channel of Sec. 3.1, several experiments were conducted and the results are in
the tables below. In each table, the experimental details column provides the laser current used,
the experiment type (i.e. with a piezoelectric actuator inducing a phase change), and the presence
of a 3 nm 785 band pass filter. In the tables, p indicates the presence of the piezoelectric actuator
inducing a relative phase change, while np indicates that there is no piezoelectric actuator induced
phase change. The presence of the band pass filter is indicated by BPF.
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Appendix C

Additional PORI Design Information
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Appendix D

Thermal Analysis Tables

Additional tables from the algebraic thermal analysis of Sec. 5.2.2. Table D.1 and Table D.2
are for Titanium64-100 and Invar36 combination. While Table D.3 and Table D.4 are for other
metals allows. The expansion joint is placed in the path that is for the curved mirror with radius
R1.

Table D.1: Simulation results for the algebraic thermal analysis of several ORI configurations for
Titanium64-100 as metal 1 and Invar36 as metal 2. These results are for scenario 1 over a 10 ◦C
temperature range (∆T = 10). The standard deviation is average of the distribution of solutions
for dmat2 . Here only configurations with time delays of greater than 0.5 ns are considered.

R1 [m] R2 [m] Bounce 1 Bounce 2 Time Delay [ns] dmat2 [mm] std (10−14) [mm]

0.1500 0.1000 2 8 0.6810 3.8392 0.0000
0.1500 0.1000 2 6 0.6088 13.1581 0.3469
0.1500 0.1000 2 4 0.5010 28.7825 0.3469
0.1500 0.1500 2 8 0.5191 20.9416 0.0000
0.2000 0.1000 4 8 0.6808 5.8331 0.0867
0.2000 0.1000 4 6 0.6086 15.1520 0.3469
0.2000 0.1000 4 4 0.5008 30.7763 0.6939
0.2000 0.1000 2 6 0.9419 7.0690 0.0867
0.2000 0.1000 2 4 0.8341 22.6933 0.3469
0.2000 0.1500 4 8 0.5189 22.9354 0.3469
0.2000 0.1500 2 8 0.8521 14.8524 0.0000

Continued on next page
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R1 [m] R2 [m] Bounce 1 Bounce 2 Time Delay [ns] dmat2 [mm] std (10−14) [mm]

0.2000 0.1500 2 6 0.7276 28.7807 0.3469
0.2000 0.2000 2 8 0.6909 31.7058 0.0000
0.3000 0.1000 8 8 0.6454 8.0740 0.1735
0.3000 0.1000 8 6 0.5732 17.3930 0.3469
0.3000 0.1000 6 8 0.8608 4.1886 0.0867
0.3000 0.1000 6 6 0.7886 13.5075 0.1735
0.3000 0.1000 6 4 0.6808 29.1318 0.6939
0.3000 0.1000 4 6 1.1100 6.9939 0.0867
0.3000 0.1000 4 4 1.0021 22.6182 0.0000
0.3000 0.1000 2 4 1.5019 10.4714 0.1735
0.3000 0.1000 2 2 1.3352 39.2944 0.0000
0.3000 0.1500 6 8 0.6988 21.2909 0.3469
0.3000 0.1500 6 6 0.5743 35.2192 0.0000
0.3000 0.1500 4 8 1.0202 14.7773 0.3469
0.3000 0.1500 4 6 0.8957 28.7056 0.0000
0.3000 0.1500 2 8 1.5200 2.6305 0.0000
0.3000 0.1500 2 6 1.3954 16.5588 0.3469
0.3000 0.1500 2 4 1.2677 39.9324 0.0000
0.3000 0.2000 6 8 0.5376 38.1443 0.6939
0.3000 0.2000 4 8 0.8590 31.6307 0.6939
0.3000 0.2000 2 8 1.3588 19.4839 0.3469
0.3000 0.2000 2 6 1.2152 38.0316 0.6939

242



Table D.2: Simulation results for the algebraic thermal analysis of several ORI configurations for
Titanium64-100 as metal 1 and Invar36 as metal 2. These results are for scenario 2 over a 10 ◦C
temperature range (∆T = 10). The standard deviation is average of the distribution of solutions
for dmat2 . Here only configurations with time delays of greater than 0.5 ns are considered.

R1 [m] R2 [m] Bounce 1 Bounce 2 Time Delay [ns] dmat2 [mm] std (10−14) [mm]

0.1500 0.1000 2 8 0.6810 46.8279 0.6939
0.1500 0.1000 2 6 0.6088 42.3686 0.0000
0.1500 0.1000 2 4 0.5010 34.8919 0.6939
0.1500 0.1500 2 8 0.5191 38.6440 0.6939
0.2000 0.1000 4 8 0.6808 24.6842 0.3469
0.2000 0.1000 4 6 0.6086 21.9316 0.6939
0.2000 0.1000 4 4 0.5008 17.3166 0.3469
0.2000 0.1000 2 8 1.0141 68.9938 0.0000
0.2000 0.1000 2 6 0.9419 64.4499 0.0000
0.2000 0.1000 2 4 0.8341 56.8315 0.0000
0.2000 0.1000 2 2 0.6674 42.7776 0.6939
0.2000 0.1500 4 8 0.5189 19.6326 0.0000
0.2000 0.1500 2 8 0.8521 60.6548 2.0817
0.2000 0.1500 2 6 0.7276 53.8634 1.3878
0.2000 0.1500 2 4 0.5999 42.4665 0.6939
0.2000 0.2000 2 8 0.6909 52.4371 0.6939
0.2000 0.2000 2 6 0.5474 43.3933 0.6939
0.3000 0.1000 8 8 0.6454 9.5696 0.1735
0.3000 0.1000 8 6 0.5732 8.2486 0.0000
0.3000 0.1000 6 8 0.8608 20.1801 0.0000
0.3000 0.1000 6 6 0.7886 18.2079 0.3469
0.3000 0.1000 6 4 0.6808 14.9013 0.3469
0.3000 0.1000 6 2 0.5141 8.8014 0.3469
0.3000 0.1000 4 8 1.1822 44.7139 0.6939
0.3000 0.1000 4 6 1.1100 41.7803 0.6939
0.3000 0.1000 4 4 1.0021 36.8616 0.6939
0.3000 0.1000 4 2 0.8355 27.7879 0.3469
0.3000 0.1000 2 8 1.6819 113.2602 0.0000
0.3000 0.1000 2 6 1.6097 108.6529 1.3878

Continued on next page
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R1 [m] R2 [m] Bounce 1 Bounce 2 Time Delay [ns] dmat2 [mm] std (10−14) [mm]

0.3000 0.1000 2 4 1.5019 100.9283 1.3878
0.3000 0.1000 2 2 1.3352 86.6783 1.3878
0.3000 0.1500 6 8 0.6988 16.5607 0.0000
0.3000 0.1500 6 6 0.5743 13.6130 0.1735
0.3000 0.1500 4 8 1.0202 39.3300 0.6939
0.3000 0.1500 4 6 0.8957 34.9452 0.6939
0.3000 0.1500 4 4 0.7679 27.5870 0.0000
0.3000 0.1500 4 2 0.5012 13.9073 0.1735
0.3000 0.1500 2 8 1.5200 104.8048 0.0000
0.3000 0.1500 2 6 1.3954 97.9187 1.3878
0.3000 0.1500 2 4 1.2677 86.3629 0.0000
0.3000 0.1500 2 2 1.0009 64.8793 0.0000
0.3000 0.2000 6 8 0.5376 12.9940 0.0000
0.3000 0.2000 4 8 0.8590 34.0244 0.6939
0.3000 0.2000 4 6 0.7155 28.1854 0.3469
0.3000 0.2000 4 4 0.5013 18.4057 0.0000
0.3000 0.2000 2 8 1.3588 96.4726 0.0000
0.3000 0.2000 2 6 1.2152 87.3027 1.3878
0.3000 0.2000 2 4 1.0011 71.9438 1.3878
0.3000 0.2000 2 2 0.6678 43.3042 0.0000
0.3000 0.3000 4 8 0.5367 23.4616 0.3469
0.3000 0.3000 2 8 1.0365 79.8840 1.3878
0.3000 0.3000 2 6 0.8211 66.1171 0.0000
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Table D.3: Simulation results for the algebraic thermal analysis of several ORI configurations
for various metal alloys. These results are for scenario 1 over a 10 ◦C temperature range (∆T =
10). The standard deviation is average of the distribution of solutions for dmat2 . Here only
configurations with time delays of greater than 0.5 ns, and R1 and R2 > 0.15m. Furthermore,
Bounce 1 and Bounce 2 are shortened to B1 and B2 to provide space.

metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

301 AL 2014 0.3000 0.2000 2 8 0.5367 25.9459 1.6121
301 AL 2219 0.3000 0.2000 2 8 1.0011 27.4504 0.2122
301 FE 17-7PH 0.3000 0.2000 2 8 1.0009 20.0950 0.6329
301 A286 0.3000 0.3000 4 8 0.9419 27.3144 0.9035
301 A286 0.3000 0.3000 2 6 0.6674 5.3636 1.3700
301 410 0.3000 0.2000 2 6 0.6810 35.6945 0.2212
410 AL 2219 0.2000 0.2000 6 8 0.6674 5.7465 1.8894
410 FE 17-7PH 0.3000 0.2000 4 2 0.8608 31.6055 5.8576
410 RonHI 0.2000 0.2000 2 8 0.6810 26.2823 2.9766
410 RonHI 0.3000 0.2000 6 8 0.6086 39.6943 2.2975
410 RonHI 0.3000 0.2000 4 8 1.0141 11.9397 3.7028

A286 AL 2014 0.2000 0.2000 2 8 1.2152 16.1543 1.9944
A286 AL 2219 0.2000 0.2000 2 8 1.0021 18.3923 0.7223
A286 AL 2219 0.3000 0.3000 2 8 0.6678 32.8402 1.0850
A286 AL 5456 0.2000 0.2000 2 8 1.0141 6.3654 2.2312
A286 AL 5456 0.3000 0.2000 6 8 0.5474 24.3215 1.7221
A286 AL 5456 0.3000 0.2000 2 4 0.5732 26.3185 3.2110
A286 AL 5456 0.3000 0.3000 2 8 0.6808 14.7730 3.3517
A286 347 0.2000 0.2000 2 8 1.0202 3.4184 1.0554
A286 347 0.3000 0.2000 6 8 0.6678 22.0468 0.8146
A286 410 0.2000 0.2000 4 8 0.6674 31.2760 0.1598
A286 410 0.3000 0.2000 6 8 0.6909 5.5913 0.2361

AL 2219 RonHI 0.2000 0.2000 4 8 0.6988 38.7324 3.2110
AL 2219 RonHI 0.3000 0.2000 4 6 0.5013 14.9247 6.3666
AL 5456 RonHI 0.2000 0.2000 2 8 0.5732 10.7204 1.8789
AL 5456 RonHI 0.3000 0.2000 4 6 0.8957 29.7865 1.9461
AL 5456 RonHI 0.3000 0.2000 2 4 1.5200 32.5860 2.7040
AL 7079 AL X2020 0.2000 0.2000 2 6 0.6086 18.8690 6.4889
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

AL 7079 AL 7075 0.2000 0.2000 4 8 0.5013 36.8371 2.4906
AL 7079 AL 7075 0.2000 0.2000 2 6 1.3588 33.6921 3.7750
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Table D.4: Simulation results for the algebraic thermal analysis of several ORI configurations
for various metal alloys. These results are for scenario 2 over a 10 ◦C temperature range (∆T =
10). The standard deviation is average of the distribution of solutions for dmat2 . Here only
configurations with time delays of greater than 0.5 ns, R1 and R2 > 0.15m, and an std<0.25mm
are considered. Furthermore, Bounce 1 and Bounce 2 are shortened to B1 and B2 to provide
space.

metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

301 AL 2014 0.3000 0.2000 6 8 0.5376 21.9697 0.1342
301 AL 2014 0.3000 0.2000 4 4 0.5013 30.5520 0.1867
301 AL 2014 0.3000 0.3000 4 8 0.5367 33.2224 0.2030
301 AL X2020 0.3000 0.2000 6 8 0.5376 13.8717 0.1399
301 AL X2020 0.3000 0.2000 4 4 0.5013 19.2905 0.1946
301 AL X2020 0.3000 0.3000 4 8 0.5367 20.9767 0.2116
301 AL 2219 0.2000 0.2000 2 8 0.6909 65.2063 0.0528
301 AL 2219 0.2000 0.2000 2 6 0.5474 51.6306 0.0418
301 AL 2219 0.3000 0.2000 6 8 0.5376 21.8445 0.0177
301 AL 2219 0.3000 0.2000 4 8 0.8590 52.3707 0.0424
301 AL 2219 0.3000 0.2000 4 6 0.7155 43.6058 0.0353
301 AL 2219 0.3000 0.2000 4 4 0.5013 30.3777 0.0246
301 AL 2219 0.3000 0.2000 2 8 1.3588 129.6911 0.1049
301 AL 2219 0.3000 0.2000 2 6 1.2152 115.9261 0.0938
301 AL 2219 0.3000 0.2000 2 4 1.0011 95.1518 0.0770
301 AL 2219 0.3000 0.2000 2 2 0.6678 63.5754 0.0514
301 AL 2219 0.3000 0.3000 4 8 0.5367 33.0329 0.0267
301 AL 2219 0.3000 0.3000 2 8 1.0365 99.3217 0.0804
301 AL 2219 0.3000 0.3000 2 6 0.8211 78.6598 0.0636
301 AL 5456 0.3000 0.2000 6 8 0.5376 22.4958 0.1430
301 AL 5456 0.3000 0.2000 4 4 0.5013 31.2836 0.1989
301 AL 5456 0.3000 0.3000 4 8 0.5367 34.0179 0.2163
301 AL 7075 0.3000 0.2000 6 8 0.5376 14.1050 0.1114
301 AL 7075 0.3000 0.2000 4 6 0.7155 28.1563 0.2224
301 AL 7075 0.3000 0.2000 4 4 0.5013 19.6149 0.1549
301 AL 7075 0.3000 0.3000 4 8 0.5367 21.3294 0.1685
301 AL 7079 0.2000 0.2000 2 8 0.6909 35.2272 0.1988
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

301 AL 7079 0.2000 0.2000 2 6 0.5474 27.8931 0.1574
301 AL 7079 0.3000 0.2000 6 8 0.5376 11.8013 0.0666
301 AL 7079 0.3000 0.2000 4 8 0.8590 28.2929 0.1597
301 AL 7079 0.3000 0.2000 4 6 0.7155 23.5577 0.1330
301 AL 7079 0.3000 0.2000 4 4 0.5013 16.4114 0.0926
301 AL 7079 0.3000 0.2000 2 2 0.6678 34.3462 0.1939
301 AL 7079 0.3000 0.3000 4 8 0.5367 17.8458 0.1007
301 AL 7079 0.3000 0.3000 2 6 0.8211 42.4954 0.2399
301 FE 17-7PH 0.2000 0.2000 2 8 0.6909 67.0347 0.1573
301 FE 17-7PH 0.2000 0.2000 2 6 0.5474 53.0783 0.1246
301 FE 17-7PH 0.3000 0.2000 6 8 0.5376 22.4570 0.0527
301 FE 17-7PH 0.3000 0.2000 4 8 0.8590 53.8392 0.1264
301 FE 17-7PH 0.3000 0.2000 4 6 0.7155 44.8285 0.1052
301 FE 17-7PH 0.3000 0.2000 4 4 0.5013 31.2295 0.0733
301 FE 17-7PH 0.3000 0.2000 2 4 1.0011 97.8198 0.2296
301 FE 17-7PH 0.3000 0.2000 2 2 0.6678 65.3581 0.1534
301 FE 17-7PH 0.3000 0.3000 4 8 0.5367 33.9592 0.0797
301 FE 17-7PH 0.3000 0.3000 2 8 1.0365 102.1066 0.2396
301 FE 17-7PH 0.3000 0.3000 2 6 0.8211 80.8654 0.1898
301 A286 0.3000 0.2000 6 8 0.5376 39.0488 0.1881
301 20-CB 0.3000 0.2000 6 8 0.5376 16.9756 0.1600
301 20-CB 0.3000 0.2000 4 4 0.5013 23.6069 0.2225
301 20-CB 0.3000 0.3000 4 8 0.5367 25.6703 0.2420
301 347 0.2000 0.2000 2 8 0.6909 67.6055 0.2440
301 347 0.2000 0.2000 2 6 0.5474 53.5303 0.1932
301 347 0.3000 0.2000 6 8 0.5376 22.6482 0.0817
301 347 0.3000 0.2000 4 8 0.8590 54.2976 0.1959
301 347 0.3000 0.2000 4 6 0.7155 45.2102 0.1632
301 347 0.3000 0.2000 4 4 0.5013 31.4955 0.1137
301 347 0.3000 0.2000 2 2 0.6678 65.9146 0.2379
301 347 0.3000 0.3000 4 8 0.5367 34.2483 0.1236
301 410 0.2000 0.2000 2 8 0.6909 70.6563 0.0615
301 410 0.2000 0.2000 2 6 0.5474 55.9459 0.0487
301 410 0.3000 0.2000 6 8 0.5376 23.6702 0.0206
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

301 410 0.3000 0.2000 4 8 0.8590 56.7479 0.0494
301 410 0.3000 0.2000 4 6 0.7155 47.2504 0.0411
301 410 0.3000 0.2000 4 4 0.5013 32.9167 0.0287
301 410 0.3000 0.2000 2 8 1.3588 140.5308 0.1223
301 410 0.3000 0.2000 2 6 1.2152 125.6153 0.1093
301 410 0.3000 0.2000 2 4 1.0011 103.1047 0.0898
301 410 0.3000 0.2000 2 2 0.6678 68.8891 0.0600
301 410 0.3000 0.3000 4 8 0.5367 35.7939 0.0312
301 410 0.3000 0.3000 2 8 1.0365 107.6231 0.0937
301 410 0.3000 0.3000 2 6 0.8211 85.2343 0.0742
301 InconelX 0.2000 0.2000 2 8 0.6909 30.9114 0.0641
301 InconelX 0.2000 0.2000 2 6 0.5474 24.4758 0.0508
301 InconelX 0.3000 0.2000 6 8 0.5376 10.3555 0.0215
301 InconelX 0.3000 0.2000 4 8 0.8590 24.8266 0.0515
301 InconelX 0.3000 0.2000 4 6 0.7155 20.6716 0.0429
301 InconelX 0.3000 0.2000 4 4 0.5013 14.4007 0.0299
301 InconelX 0.3000 0.2000 2 8 1.3588 61.4808 0.1276
301 InconelX 0.3000 0.2000 2 6 1.2152 54.9554 0.1140
301 InconelX 0.3000 0.2000 2 4 1.0011 45.1072 0.0936
301 InconelX 0.3000 0.2000 2 2 0.6678 30.1383 0.0625
301 InconelX 0.3000 0.3000 4 8 0.5367 15.6594 0.0325
301 InconelX 0.3000 0.3000 2 8 1.0365 47.0840 0.0977
301 InconelX 0.3000 0.3000 2 6 0.8211 37.2891 0.0774
301 RonHI 0.2000 0.2000 2 8 0.6909 56.5879 0.2197
301 RonHI 0.2000 0.2000 2 6 0.5474 44.8065 0.1740
301 RonHI 0.3000 0.2000 6 8 0.5376 18.9573 0.0736
301 RonHI 0.3000 0.2000 4 8 0.8590 45.4488 0.1765
301 RonHI 0.3000 0.2000 4 6 0.7155 37.8424 0.1469
301 RonHI 0.3000 0.2000 4 4 0.5013 26.3627 0.1024
301 RonHI 0.3000 0.2000 2 2 0.6678 55.1726 0.2142
301 RonHI 0.3000 0.3000 4 8 0.5367 28.6669 0.1113
347 AL 7075 0.3000 0.2000 6 8 0.5376 9.2504 0.2402
347 AL 7079 0.3000 0.2000 6 8 0.5376 6.0950 0.1148
347 AL 7079 0.3000 0.2000 4 6 0.7155 12.1668 0.2293
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

347 AL 7079 0.3000 0.2000 4 4 0.5013 8.4759 0.1597
347 AL 7079 0.3000 0.3000 4 8 0.5367 9.2168 0.1737
347 InconelX 0.2000 0.2000 2 8 0.6909 14.0858 0.1657
347 InconelX 0.2000 0.2000 2 6 0.5474 11.1532 0.1312
347 InconelX 0.3000 0.2000 6 8 0.5376 4.7188 0.0555
347 InconelX 0.3000 0.2000 4 8 0.8590 11.3131 0.1331
347 InconelX 0.3000 0.2000 4 6 0.7155 9.4197 0.1108
347 InconelX 0.3000 0.2000 4 4 0.5013 6.5622 0.0772
347 InconelX 0.3000 0.2000 2 4 1.0011 20.5546 0.2418
347 InconelX 0.3000 0.2000 2 2 0.6678 13.7335 0.1616
347 InconelX 0.3000 0.3000 4 8 0.5367 7.1357 0.0839
347 InconelX 0.3000 0.3000 2 6 0.8211 16.9920 0.1999
410 AL X2020 0.3000 0.2000 6 8 0.5376 9.3804 0.2381
410 AL 7075 0.3000 0.2000 6 8 0.5376 9.7696 0.2004
410 AL 7079 0.2000 0.2000 2 8 0.6909 19.6608 0.2484
410 AL 7079 0.2000 0.2000 2 6 0.5474 15.5675 0.1967
410 AL 7079 0.3000 0.2000 6 8 0.5376 6.5865 0.0832
410 AL 7079 0.3000 0.2000 4 8 0.8590 15.7907 0.1995
410 AL 7079 0.3000 0.2000 4 6 0.7155 13.1479 0.1661
410 AL 7079 0.3000 0.2000 4 4 0.5013 9.1594 0.1157
410 AL 7079 0.3000 0.2000 2 2 0.6678 19.1691 0.2422
410 AL 7079 0.3000 0.3000 4 8 0.5367 9.9600 0.1258
410 InconelX 0.2000 0.2000 2 8 0.6909 15.3778 0.0808
410 InconelX 0.2000 0.2000 2 6 0.5474 12.1762 0.0640
410 InconelX 0.3000 0.2000 6 8 0.5376 5.1516 0.0271
410 InconelX 0.3000 0.2000 4 8 0.8590 12.3507 0.0649
410 InconelX 0.3000 0.2000 4 6 0.7155 10.2837 0.0540
410 InconelX 0.3000 0.2000 4 4 0.5013 7.1641 0.0376
410 InconelX 0.3000 0.2000 2 8 1.3588 30.5855 0.1606
410 InconelX 0.3000 0.2000 2 6 1.2152 27.3392 0.1436
410 InconelX 0.3000 0.2000 2 4 1.0011 22.4399 0.1179
410 InconelX 0.3000 0.2000 2 2 0.6678 14.9932 0.0787
410 InconelX 0.3000 0.3000 4 8 0.5367 7.7903 0.0409
410 InconelX 0.3000 0.3000 2 8 1.0365 23.4233 0.1230
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

410 InconelX 0.3000 0.3000 2 6 0.8211 18.5506 0.0974
A286 AL X2020 0.3000 0.2000 6 8 0.5376 12.1232 0.2027
A286 AL 2219 0.3000 0.2000 6 8 0.5376 27.9377 0.1180
A286 AL 2219 0.3000 0.2000 4 6 0.7155 55.7692 0.2355
A286 AL 2219 0.3000 0.2000 4 4 0.5013 38.8513 0.1641
A286 AL 2219 0.3000 0.3000 4 8 0.5367 42.2471 0.1784
A286 AL 7075 0.3000 0.2000 6 8 0.5376 12.4420 0.1664
A286 AL 7075 0.3000 0.2000 4 4 0.5013 17.3023 0.2314
A286 AL 7079 0.2000 0.2000 2 6 0.5474 22.5237 0.2193
A286 AL 7079 0.3000 0.2000 6 8 0.5376 9.5296 0.0928
A286 AL 7079 0.3000 0.2000 4 8 0.8590 22.8466 0.2224
A286 AL 7079 0.3000 0.2000 4 6 0.7155 19.0229 0.1852
A286 AL 7079 0.3000 0.2000 4 4 0.5013 13.2522 0.1290
A286 AL 7079 0.3000 0.3000 4 8 0.5367 14.4105 0.1403
A286 FE 17-7PH 0.2000 0.2000 2 8 0.6909 88.8942 0.2433
A286 FE 17-7PH 0.2000 0.2000 2 6 0.5474 70.3868 0.1926
A286 FE 17-7PH 0.3000 0.2000 6 8 0.5376 29.7800 0.0815
A286 FE 17-7PH 0.3000 0.2000 4 8 0.8590 71.3957 0.1954
A286 FE 17-7PH 0.3000 0.2000 4 6 0.7155 59.4468 0.1627
A286 FE 17-7PH 0.3000 0.2000 4 4 0.5013 41.4133 0.1133
A286 FE 17-7PH 0.3000 0.2000 2 2 0.6678 86.6709 0.2372
A286 FE 17-7PH 0.3000 0.3000 4 8 0.5367 45.0330 0.1232
A286 347 0.3000 0.2000 6 8 0.5376 30.3837 0.1724
A286 347 0.3000 0.2000 4 4 0.5013 42.2527 0.2397
A286 410 0.2000 0.2000 2 8 0.6909 101.0915 0.1491
A286 410 0.2000 0.2000 2 6 0.5474 80.0446 0.1181
A286 410 0.3000 0.2000 6 8 0.5376 33.8662 0.0500
A286 410 0.3000 0.2000 4 8 0.8590 81.1921 0.1198
A286 410 0.3000 0.2000 4 6 0.7155 67.6035 0.0997
A286 410 0.3000 0.2000 4 4 0.5013 47.0956 0.0695
A286 410 0.3000 0.2000 2 4 1.0011 147.5170 0.2176
A286 410 0.3000 0.2000 2 2 0.6678 98.5631 0.1454
A286 410 0.3000 0.3000 4 8 0.5367 51.2121 0.0756
A286 410 0.3000 0.3000 2 8 1.0365 153.9817 0.2272

Continued on next page

251



metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

A286 410 0.3000 0.3000 2 6 0.8211 121.9489 0.1799
A286 InconelX 0.2000 0.2000 2 8 0.6909 23.7029 0.1142
A286 InconelX 0.2000 0.2000 2 6 0.5474 18.7681 0.0904
A286 InconelX 0.3000 0.2000 6 8 0.5376 7.9406 0.0383
A286 InconelX 0.3000 0.2000 4 8 0.8590 19.0371 0.0917
A286 InconelX 0.3000 0.2000 4 6 0.7155 15.8510 0.0764
A286 InconelX 0.3000 0.2000 4 4 0.5013 11.0425 0.0532
A286 InconelX 0.3000 0.2000 2 8 1.3588 47.1436 0.2271
A286 InconelX 0.3000 0.2000 2 6 1.2152 42.1399 0.2030
A286 InconelX 0.3000 0.2000 2 4 1.0011 34.5883 0.1666
A286 InconelX 0.3000 0.2000 2 2 0.6678 23.1101 0.1113
A286 InconelX 0.3000 0.3000 4 8 0.5367 12.0077 0.0578
A286 InconelX 0.3000 0.3000 2 8 1.0365 36.1041 0.1739
A286 InconelX 0.3000 0.3000 2 6 0.8211 28.5934 0.1377
A286 RonHI 0.3000 0.2000 6 8 0.5376 20.7601 0.1398
A286 RonHI 0.3000 0.2000 4 4 0.5013 28.8698 0.1944
A286 RonHI 0.3000 0.3000 4 8 0.5367 31.3931 0.2114

AL 2014 AL 7079 0.3000 0.2000 6 8 0.5376 5.7138 0.1500
AL 2014 AL 7079 0.3000 0.2000 4 4 0.5013 7.9458 0.2087
AL 2014 AL 7079 0.3000 0.3000 4 8 0.5367 8.6403 0.2269
AL 2014 InconelX 0.2000 0.2000 2 6 0.5474 10.3739 0.2037
AL 2014 InconelX 0.3000 0.2000 6 8 0.5376 4.3891 0.0862
AL 2014 InconelX 0.3000 0.2000 4 8 0.8590 10.5226 0.2066
AL 2014 InconelX 0.3000 0.2000 4 6 0.7155 8.7615 0.1720
AL 2014 InconelX 0.3000 0.2000 4 4 0.5013 6.1037 0.1198
AL 2014 InconelX 0.3000 0.3000 4 8 0.5367 6.6371 0.1303
AL 2219 AL X2020 0.3000 0.2000 6 8 0.5376 8.3520 0.2188
AL 2219 AL 7075 0.3000 0.2000 6 8 0.5376 8.7470 0.1830
AL 2219 AL 7079 0.2000 0.2000 2 8 0.6909 16.8305 0.1745
AL 2219 AL 7079 0.2000 0.2000 2 6 0.5474 13.3265 0.1382
AL 2219 AL 7079 0.3000 0.2000 6 8 0.5376 5.6383 0.0585
AL 2219 AL 7079 0.3000 0.2000 4 8 0.8590 13.5175 0.1402
AL 2219 AL 7079 0.3000 0.2000 4 6 0.7155 11.2552 0.1167
AL 2219 AL 7079 0.3000 0.2000 4 4 0.5013 7.8409 0.0813
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

AL 2219 AL 7079 0.3000 0.2000 2 2 0.6678 16.4096 0.1702
AL 2219 AL 7079 0.3000 0.3000 4 8 0.5367 8.5262 0.0884
AL 2219 AL 7079 0.3000 0.3000 2 6 0.8211 20.3030 0.2106
AL 2219 InconelX 0.2000 0.2000 2 8 0.6909 12.9091 0.0236
AL 2219 InconelX 0.2000 0.2000 2 6 0.5474 10.2215 0.0186
AL 2219 InconelX 0.3000 0.2000 6 8 0.5376 4.3246 0.0079
AL 2219 InconelX 0.3000 0.2000 4 8 0.8590 10.3680 0.0189
AL 2219 InconelX 0.3000 0.2000 4 6 0.7155 8.6328 0.0157
AL 2219 InconelX 0.3000 0.2000 4 4 0.5013 6.0140 0.0110
AL 2219 InconelX 0.3000 0.2000 2 8 1.3588 25.6754 0.0468
AL 2219 InconelX 0.3000 0.2000 2 6 1.2152 22.9503 0.0419
AL 2219 InconelX 0.3000 0.2000 2 4 1.0011 18.8375 0.0344
AL 2219 InconelX 0.3000 0.2000 2 2 0.6678 12.5863 0.0230
AL 2219 InconelX 0.3000 0.3000 4 8 0.5367 6.5397 0.0119
AL 2219 InconelX 0.3000 0.3000 2 8 1.0365 19.6631 0.0359
AL 2219 InconelX 0.3000 0.3000 2 6 0.8211 15.5726 0.0284
AL 5456 AL 7079 0.3000 0.2000 6 8 0.5376 6.0132 0.1488
AL 5456 AL 7079 0.3000 0.2000 4 4 0.5013 8.3621 0.2069
AL 5456 AL 7079 0.3000 0.3000 4 8 0.5367 9.0930 0.2250
AL 5456 InconelX 0.2000 0.2000 2 6 0.5474 10.9849 0.2011
AL 5456 InconelX 0.3000 0.2000 6 8 0.5376 4.6476 0.0851
AL 5456 InconelX 0.3000 0.2000 4 8 0.8590 11.1424 0.2040
AL 5456 InconelX 0.3000 0.2000 4 6 0.7155 9.2775 0.1699
AL 5456 InconelX 0.3000 0.2000 4 4 0.5013 6.4631 0.1183
AL 5456 InconelX 0.3000 0.2000 2 2 0.6678 13.5263 0.2477
AL 5456 InconelX 0.3000 0.3000 4 8 0.5367 7.0281 0.1287
AL 7075 AL 2219 0.3000 0.2000 6 8 0.5376 8.2995 0.1830
AL 7075 FE 17-7PH 0.3000 0.2000 6 8 0.5376 7.9069 0.2255
AL 7075 A286 0.3000 0.2000 6 8 0.5376 4.6045 0.1664
AL 7075 A286 0.3000 0.2000 4 4 0.5013 6.4032 0.2314
AL 7075 301 0.3000 0.2000 6 8 0.5376 2.9415 0.1114
AL 7075 301 0.3000 0.2000 4 6 0.7155 5.8718 0.2224
AL 7075 301 0.3000 0.2000 4 4 0.5013 4.0906 0.1549
AL 7075 301 0.3000 0.3000 4 8 0.5367 4.4481 0.1685

Continued on next page

253



metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

AL 7075 347 0.3000 0.2000 6 8 0.5376 7.7960 0.2402
AL 7075 410 0.3000 0.2000 6 8 0.5376 7.2769 0.2004
AL 7075 Aluminum 0.2000 0.2000 2 8 0.6909 0.5492 0.0151
AL 7075 Aluminum 0.2000 0.2000 2 6 0.5474 0.4349 0.0119
AL 7075 Aluminum 0.3000 0.2000 6 8 0.5376 0.1840 0.0051
AL 7075 Aluminum 0.3000 0.2000 4 8 0.8590 0.4411 0.0121
AL 7075 Aluminum 0.3000 0.2000 4 6 0.7155 0.3673 0.0101
AL 7075 Aluminum 0.3000 0.2000 4 4 0.5013 0.2559 0.0070
AL 7075 Aluminum 0.3000 0.2000 2 8 1.3588 1.0923 0.0300
AL 7075 Aluminum 0.3000 0.2000 2 6 1.2152 0.9764 0.0268
AL 7075 Aluminum 0.3000 0.2000 2 4 1.0011 0.8014 0.0220
AL 7075 Aluminum 0.3000 0.2000 2 2 0.6678 0.5355 0.0147
AL 7075 Aluminum 0.3000 0.3000 4 8 0.5367 0.2782 0.0076
AL 7075 Aluminum 0.3000 0.3000 2 8 1.0365 0.8365 0.0230
AL 7075 Aluminum 0.3000 0.3000 2 6 0.8211 0.6625 0.0182
AL 7079 AL 2014 0.3000 0.2000 6 8 0.5376 11.3327 0.1500
AL 7079 AL 2014 0.3000 0.2000 4 4 0.5013 15.7597 0.2087
AL 7079 AL 2014 0.3000 0.3000 4 8 0.5367 17.1372 0.2269
AL 7079 AL 2219 0.2000 0.2000 2 8 0.6909 34.0536 0.1745
AL 7079 AL 2219 0.2000 0.2000 2 6 0.5474 26.9638 0.1382
AL 7079 AL 2219 0.3000 0.2000 6 8 0.5376 11.4082 0.0585
AL 7079 AL 2219 0.3000 0.2000 4 8 0.8590 27.3503 0.1402
AL 7079 AL 2219 0.3000 0.2000 4 6 0.7155 22.7729 0.1167
AL 7079 AL 2219 0.3000 0.2000 4 4 0.5013 15.8646 0.0813
AL 7079 AL 2219 0.3000 0.2000 2 2 0.6678 33.2019 0.1702
AL 7079 AL 2219 0.3000 0.3000 4 8 0.5367 17.2513 0.0884
AL 7079 AL 2219 0.3000 0.3000 2 6 0.8211 41.0797 0.2106
AL 7079 AL 5456 0.3000 0.2000 6 8 0.5376 11.0333 0.1488
AL 7079 AL 5456 0.3000 0.2000 4 4 0.5013 15.3433 0.2069
AL 7079 AL 5456 0.3000 0.3000 4 8 0.5367 16.6844 0.2250
AL 7079 FE 17-7PH 0.2000 0.2000 2 6 0.5474 26.1262 0.2364
AL 7079 FE 17-7PH 0.3000 0.2000 6 8 0.5376 11.0538 0.1000
AL 7079 FE 17-7PH 0.3000 0.2000 4 8 0.8590 26.5007 0.2398
AL 7079 FE 17-7PH 0.3000 0.2000 4 6 0.7155 22.0655 0.1997
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

AL 7079 FE 17-7PH 0.3000 0.2000 4 4 0.5013 15.3718 0.1391
AL 7079 FE 17-7PH 0.3000 0.3000 4 8 0.5367 16.7154 0.1513
AL 7079 A286 0.2000 0.2000 2 6 0.5474 17.7665 0.2193
AL 7079 A286 0.3000 0.2000 6 8 0.5376 7.5169 0.0928
AL 7079 A286 0.3000 0.2000 4 8 0.8590 18.0212 0.2224
AL 7079 A286 0.3000 0.2000 4 6 0.7155 15.0051 0.1852
AL 7079 A286 0.3000 0.2000 4 4 0.5013 10.4532 0.1290
AL 7079 A286 0.3000 0.3000 4 8 0.5367 11.3669 0.1403
AL 7079 301 0.2000 0.2000 2 8 0.6909 15.6569 0.1988
AL 7079 301 0.2000 0.2000 2 6 0.5474 12.3972 0.1574
AL 7079 301 0.3000 0.2000 6 8 0.5376 5.2452 0.0666
AL 7079 301 0.3000 0.2000 4 8 0.8590 12.5749 0.1597
AL 7079 301 0.3000 0.2000 4 6 0.7155 10.4703 0.1330
AL 7079 301 0.3000 0.2000 4 4 0.5013 7.2941 0.0926
AL 7079 301 0.3000 0.2000 2 2 0.6678 15.2653 0.1939
AL 7079 301 0.3000 0.3000 4 8 0.5367 7.9317 0.1007
AL 7079 301 0.3000 0.3000 2 6 0.8211 18.8873 0.2399
AL 7079 347 0.3000 0.2000 6 8 0.5376 10.9515 0.1148
AL 7079 347 0.3000 0.2000 4 6 0.7155 21.8613 0.2293
AL 7079 347 0.3000 0.2000 4 4 0.5013 15.2296 0.1597
AL 7079 347 0.3000 0.3000 4 8 0.5367 16.5607 0.1737
AL 7079 410 0.2000 0.2000 2 8 0.6909 31.2233 0.2484
AL 7079 410 0.2000 0.2000 2 6 0.5474 24.7228 0.1967
AL 7079 410 0.3000 0.2000 6 8 0.5376 10.4600 0.0832
AL 7079 410 0.3000 0.2000 4 8 0.8590 25.0771 0.1995
AL 7079 410 0.3000 0.2000 4 6 0.7155 20.8802 0.1661
AL 7079 410 0.3000 0.2000 4 4 0.5013 14.5461 0.1157
AL 7079 410 0.3000 0.2000 2 2 0.6678 30.4424 0.2422
AL 7079 410 0.3000 0.3000 4 8 0.5367 15.8175 0.1258
AL 7079 RonHI 0.3000 0.2000 6 8 0.5376 13.8947 0.1361
AL 7079 RonHI 0.3000 0.2000 4 4 0.5013 19.3225 0.1893
AL 7079 RonHI 0.3000 0.3000 4 8 0.5367 21.0114 0.2058
AL 7079 Aluminum 0.2000 0.2000 2 8 0.6909 1.1566 0.0005
AL 7079 Aluminum 0.2000 0.2000 2 6 0.5474 0.9158 0.0004

Continued on next page

255



metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

AL 7079 Aluminum 0.3000 0.2000 6 8 0.5376 0.3875 0.0002
AL 7079 Aluminum 0.3000 0.2000 4 8 0.8590 0.9289 0.0004
AL 7079 Aluminum 0.3000 0.2000 4 6 0.7155 0.7735 0.0003
AL 7079 Aluminum 0.3000 0.2000 4 4 0.5013 0.5388 0.0002
AL 7079 Aluminum 0.3000 0.2000 2 8 1.3588 2.3004 0.0010
AL 7079 Aluminum 0.3000 0.2000 2 6 1.2152 2.0563 0.0009
AL 7079 Aluminum 0.3000 0.2000 2 4 1.0011 1.6878 0.0007
AL 7079 Aluminum 0.3000 0.2000 2 2 0.6678 1.1277 0.0005
AL 7079 Aluminum 0.3000 0.3000 4 8 0.5367 0.5859 0.0003
AL 7079 Aluminum 0.3000 0.3000 2 8 1.0365 1.7618 0.0008
AL 7079 Aluminum 0.3000 0.3000 2 6 0.8211 1.3953 0.0006

AL X2020 AL 2219 0.3000 0.2000 6 8 0.5376 8.6944 0.2188
AL X2020 A286 0.3000 0.2000 6 8 0.5376 4.9233 0.2027
AL X2020 301 0.3000 0.2000 6 8 0.5376 3.1747 0.1399
AL X2020 301 0.3000 0.2000 4 4 0.5013 4.4149 0.1946
AL X2020 301 0.3000 0.3000 4 8 0.5367 4.8008 0.2116
AL X2020 410 0.3000 0.2000 6 8 0.5376 7.6660 0.2381
AL X2020 Aluminum 0.2000 0.2000 2 8 0.6909 0.6021 0.0215
AL X2020 Aluminum 0.2000 0.2000 2 6 0.5474 0.4767 0.0170
AL X2020 Aluminum 0.3000 0.2000 6 8 0.5376 0.2017 0.0072
AL X2020 Aluminum 0.3000 0.2000 4 8 0.8590 0.4836 0.0173
AL X2020 Aluminum 0.3000 0.2000 4 6 0.7155 0.4026 0.0144
AL X2020 Aluminum 0.3000 0.2000 4 4 0.5013 0.2805 0.0100
AL X2020 Aluminum 0.3000 0.2000 2 8 1.3588 1.1975 0.0428
AL X2020 Aluminum 0.3000 0.2000 2 6 1.2152 1.0704 0.0382
AL X2020 Aluminum 0.3000 0.2000 2 4 1.0011 0.8786 0.0314
AL X2020 Aluminum 0.3000 0.2000 2 2 0.6678 0.5870 0.0210
AL X2020 Aluminum 0.3000 0.3000 4 8 0.5367 0.3050 0.0109
AL X2020 Aluminum 0.3000 0.3000 2 8 1.0365 0.9171 0.0328
AL X2020 Aluminum 0.3000 0.3000 2 6 0.8211 0.7263 0.0260
Aluminum AL 2014 0.2000 0.2000 2 8 0.6909 51.4883 0.0239
Aluminum AL 2014 0.2000 0.2000 2 6 0.5474 40.7686 0.0190
Aluminum AL 2014 0.3000 0.2000 6 8 0.5376 17.2488 0.0080
Aluminum AL 2014 0.3000 0.2000 4 8 0.8590 41.3530 0.0192
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

Aluminum AL 2014 0.3000 0.2000 4 6 0.7155 34.4321 0.0160
Aluminum AL 2014 0.3000 0.2000 4 4 0.5013 23.9869 0.0112
Aluminum AL 2014 0.3000 0.2000 2 8 1.3588 102.4068 0.0476
Aluminum AL 2014 0.3000 0.2000 2 6 1.2152 91.5377 0.0426
Aluminum AL 2014 0.3000 0.2000 2 4 1.0011 75.1339 0.0349
Aluminum AL 2014 0.3000 0.2000 2 2 0.6678 50.2005 0.0234
Aluminum AL 2014 0.3000 0.3000 4 8 0.5367 26.0835 0.0121
Aluminum AL 2014 0.3000 0.3000 2 8 1.0365 78.4265 0.0365
Aluminum AL 2014 0.3000 0.3000 2 6 0.8211 62.1114 0.0289
Aluminum AL X2020 0.2000 0.2000 2 8 0.6909 50.2821 0.0215
Aluminum AL X2020 0.2000 0.2000 2 6 0.5474 39.8135 0.0170
Aluminum AL X2020 0.3000 0.2000 6 8 0.5376 16.8448 0.0072
Aluminum AL X2020 0.3000 0.2000 4 8 0.8590 40.3842 0.0173
Aluminum AL X2020 0.3000 0.2000 4 6 0.7155 33.6254 0.0144
Aluminum AL X2020 0.3000 0.2000 4 4 0.5013 23.4250 0.0100
Aluminum AL X2020 0.3000 0.2000 2 8 1.3588 100.0078 0.0428
Aluminum AL X2020 0.3000 0.2000 2 6 1.2152 89.3932 0.0382
Aluminum AL X2020 0.3000 0.2000 2 4 1.0011 73.3737 0.0314
Aluminum AL X2020 0.3000 0.2000 2 2 0.6678 49.0245 0.0210
Aluminum AL X2020 0.3000 0.3000 4 8 0.5367 25.4724 0.0109
Aluminum AL X2020 0.3000 0.3000 2 8 1.0365 76.5892 0.0328
Aluminum AL X2020 0.3000 0.3000 2 6 0.8211 60.6564 0.0260
Aluminum AL 2219 0.2000 0.2000 2 8 0.6909 51.4759 0.0091
Aluminum AL 2219 0.2000 0.2000 2 6 0.5474 40.7588 0.0072
Aluminum AL 2219 0.3000 0.2000 6 8 0.5376 17.2447 0.0030
Aluminum AL 2219 0.3000 0.2000 4 8 0.8590 41.3431 0.0073
Aluminum AL 2219 0.3000 0.2000 4 6 0.7155 34.4238 0.0061
Aluminum AL 2219 0.3000 0.2000 4 4 0.5013 23.9812 0.0042
Aluminum AL 2219 0.3000 0.2000 2 8 1.3588 102.3823 0.0181
Aluminum AL 2219 0.3000 0.2000 2 6 1.2152 91.5158 0.0161
Aluminum AL 2219 0.3000 0.2000 2 4 1.0011 75.1159 0.0132
Aluminum AL 2219 0.3000 0.2000 2 2 0.6678 50.1885 0.0089
Aluminum AL 2219 0.3000 0.3000 4 8 0.5367 26.0773 0.0046
Aluminum AL 2219 0.3000 0.3000 2 8 1.0365 78.4077 0.0138
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

Aluminum AL 2219 0.3000 0.3000 2 6 0.8211 62.0966 0.0110
Aluminum AL 5456 0.2000 0.2000 2 8 0.6909 51.5378 0.0251
Aluminum AL 5456 0.2000 0.2000 2 6 0.5474 40.8078 0.0199
Aluminum AL 5456 0.3000 0.2000 6 8 0.5376 17.2654 0.0084
Aluminum AL 5456 0.3000 0.2000 4 8 0.8590 41.3928 0.0202
Aluminum AL 5456 0.3000 0.2000 4 6 0.7155 34.4652 0.0168
Aluminum AL 5456 0.3000 0.2000 4 4 0.5013 24.0100 0.0117
Aluminum AL 5456 0.3000 0.2000 2 8 1.3588 102.5053 0.0499
Aluminum AL 5456 0.3000 0.2000 2 6 1.2152 91.6257 0.0446
Aluminum AL 5456 0.3000 0.2000 2 4 1.0011 75.2061 0.0366
Aluminum AL 5456 0.3000 0.2000 2 2 0.6678 50.2488 0.0245
Aluminum AL 5456 0.3000 0.3000 4 8 0.5367 26.1086 0.0127
Aluminum AL 5456 0.3000 0.3000 2 8 1.0365 78.5019 0.0382
Aluminum AL 5456 0.3000 0.3000 2 6 0.8211 62.1712 0.0303
Aluminum AL 7075 0.2000 0.2000 2 8 0.6909 50.3350 0.0151
Aluminum AL 7075 0.2000 0.2000 2 6 0.5474 39.8554 0.0119
Aluminum AL 7075 0.3000 0.2000 6 8 0.5376 16.8625 0.0051
Aluminum AL 7075 0.3000 0.2000 4 8 0.8590 40.4267 0.0121
Aluminum AL 7075 0.3000 0.2000 4 6 0.7155 33.6608 0.0101
Aluminum AL 7075 0.3000 0.2000 4 4 0.5013 23.4496 0.0070
Aluminum AL 7075 0.3000 0.2000 2 8 1.3588 100.1130 0.0300
Aluminum AL 7075 0.3000 0.2000 2 6 1.2152 89.4873 0.0268
Aluminum AL 7075 0.3000 0.2000 2 4 1.0011 73.4509 0.0220
Aluminum AL 7075 0.3000 0.2000 2 2 0.6678 49.0760 0.0147
Aluminum AL 7075 0.3000 0.3000 4 8 0.5367 25.4992 0.0076
Aluminum AL 7075 0.3000 0.3000 2 8 1.0365 76.6698 0.0230
Aluminum AL 7075 0.3000 0.3000 2 6 0.8211 60.7202 0.0182
Aluminum AL 7079 0.2000 0.2000 2 8 0.6909 49.7275 0.0005
Aluminum AL 7079 0.2000 0.2000 2 6 0.5474 39.3745 0.0004
Aluminum AL 7079 0.3000 0.2000 6 8 0.5376 16.6590 0.0002
Aluminum AL 7079 0.3000 0.2000 4 8 0.8590 39.9389 0.0004
Aluminum AL 7079 0.3000 0.2000 4 6 0.7155 33.2546 0.0003
Aluminum AL 7079 0.3000 0.2000 4 4 0.5013 23.1666 0.0002
Aluminum AL 7079 0.3000 0.2000 2 8 1.3588 98.9048 0.0010
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

Aluminum AL 7079 0.3000 0.2000 2 6 1.2152 88.4074 0.0009
Aluminum AL 7079 0.3000 0.2000 2 4 1.0011 72.5645 0.0007
Aluminum AL 7079 0.3000 0.2000 2 2 0.6678 48.4838 0.0005
Aluminum AL 7079 0.3000 0.3000 4 8 0.5367 25.1915 0.0003
Aluminum AL 7079 0.3000 0.3000 2 8 1.0365 75.7446 0.0008
Aluminum AL 7079 0.3000 0.3000 2 6 0.8211 59.9874 0.0006
Aluminum FE 17-7PH 0.2000 0.2000 2 8 0.6909 51.5341 0.0167
Aluminum FE 17-7PH 0.2000 0.2000 2 6 0.5474 40.8049 0.0132
Aluminum FE 17-7PH 0.3000 0.2000 6 8 0.5376 17.2642 0.0056
Aluminum FE 17-7PH 0.3000 0.2000 4 8 0.8590 41.3899 0.0134
Aluminum FE 17-7PH 0.3000 0.2000 4 6 0.7155 34.4627 0.0112
Aluminum FE 17-7PH 0.3000 0.2000 4 4 0.5013 24.0083 0.0078
Aluminum FE 17-7PH 0.3000 0.2000 2 8 1.3588 102.4981 0.0333
Aluminum FE 17-7PH 0.3000 0.2000 2 6 1.2152 91.6192 0.0297
Aluminum FE 17-7PH 0.3000 0.2000 2 4 1.0011 75.2008 0.0244
Aluminum FE 17-7PH 0.3000 0.2000 2 2 0.6678 50.2452 0.0163
Aluminum FE 17-7PH 0.3000 0.3000 4 8 0.5367 26.1067 0.0085
Aluminum FE 17-7PH 0.3000 0.3000 2 8 1.0365 78.4964 0.0255
Aluminum FE 17-7PH 0.3000 0.3000 2 6 0.8211 62.1668 0.0202
Aluminum A286 0.2000 0.2000 2 8 0.6909 52.4306 0.0347
Aluminum A286 0.2000 0.2000 2 6 0.5474 41.5148 0.0274
Aluminum A286 0.3000 0.2000 6 8 0.5376 17.5645 0.0116
Aluminum A286 0.3000 0.2000 4 8 0.8590 42.1099 0.0278
Aluminum A286 0.3000 0.2000 4 6 0.7155 35.0622 0.0232
Aluminum A286 0.3000 0.2000 4 4 0.5013 24.4259 0.0161
Aluminum A286 0.3000 0.2000 2 8 1.3588 104.2811 0.0689
Aluminum A286 0.3000 0.2000 2 6 1.2152 93.2130 0.0616
Aluminum A286 0.3000 0.2000 2 4 1.0011 76.5090 0.0506
Aluminum A286 0.3000 0.2000 2 2 0.6678 51.1193 0.0338
Aluminum A286 0.3000 0.3000 4 8 0.5367 26.5609 0.0176
Aluminum A286 0.3000 0.3000 2 8 1.0365 79.8619 0.0528
Aluminum A286 0.3000 0.3000 2 6 0.8211 63.2482 0.0418
Aluminum 20-CB 0.2000 0.2000 2 8 0.6909 50.8733 0.0250
Aluminum 20-CB 0.2000 0.2000 2 6 0.5474 40.2816 0.0198
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Aluminum 20-CB 0.3000 0.2000 6 8 0.5376 17.0428 0.0084
Aluminum 20-CB 0.3000 0.2000 4 8 0.8590 40.8591 0.0201
Aluminum 20-CB 0.3000 0.2000 4 6 0.7155 34.0208 0.0167
Aluminum 20-CB 0.3000 0.2000 4 4 0.5013 23.7004 0.0116
Aluminum 20-CB 0.3000 0.2000 2 8 1.3588 101.1836 0.0497
Aluminum 20-CB 0.3000 0.2000 2 6 1.2152 90.4443 0.0445
Aluminum 20-CB 0.3000 0.2000 2 4 1.0011 74.2364 0.0365
Aluminum 20-CB 0.3000 0.2000 2 2 0.6678 49.6009 0.0244
Aluminum 20-CB 0.3000 0.3000 4 8 0.5367 25.7719 0.0127
Aluminum 20-CB 0.3000 0.3000 2 8 1.0365 77.4897 0.0381
Aluminum 20-CB 0.3000 0.3000 2 6 0.8211 61.3696 0.0302
Aluminum 301 0.2000 0.2000 2 8 0.6909 53.6948 0.0535
Aluminum 301 0.2000 0.2000 2 6 0.5474 42.5157 0.0423
Aluminum 301 0.3000 0.2000 6 8 0.5376 17.9880 0.0179
Aluminum 301 0.3000 0.2000 4 8 0.8590 43.1252 0.0429
Aluminum 301 0.3000 0.2000 4 6 0.7155 35.9076 0.0357
Aluminum 301 0.3000 0.2000 4 4 0.5013 25.0149 0.0249
Aluminum 301 0.3000 0.2000 2 8 1.3588 106.7955 0.1063
Aluminum 301 0.3000 0.2000 2 6 1.2152 95.4605 0.0950
Aluminum 301 0.3000 0.2000 2 4 1.0011 78.3537 0.0780
Aluminum 301 0.3000 0.2000 2 2 0.6678 52.3518 0.0521
Aluminum 301 0.3000 0.3000 4 8 0.5367 27.2013 0.0271
Aluminum 301 0.3000 0.3000 2 8 1.0365 81.7875 0.0814
Aluminum 301 0.3000 0.3000 2 6 0.8211 64.7732 0.0645
Aluminum 347 0.2000 0.2000 2 8 0.6909 51.5517 0.0196
Aluminum 347 0.2000 0.2000 2 6 0.5474 40.8188 0.0155
Aluminum 347 0.3000 0.2000 6 8 0.5376 17.2701 0.0066
Aluminum 347 0.3000 0.2000 4 8 0.8590 41.4039 0.0158
Aluminum 347 0.3000 0.2000 4 6 0.7155 34.4745 0.0131
Aluminum 347 0.3000 0.2000 4 4 0.5013 24.0164 0.0091
Aluminum 347 0.3000 0.2000 2 8 1.3588 102.5330 0.0390
Aluminum 347 0.3000 0.2000 2 6 1.2152 91.6504 0.0349
Aluminum 347 0.3000 0.2000 2 4 1.0011 75.2264 0.0286
Aluminum 347 0.3000 0.2000 2 2 0.6678 50.2623 0.0191
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Aluminum 347 0.3000 0.3000 4 8 0.5367 26.1156 0.0099
Aluminum 347 0.3000 0.3000 2 8 1.0365 78.5231 0.0299
Aluminum 347 0.3000 0.3000 2 6 0.8211 62.1879 0.0237
Aluminum 410 0.2000 0.2000 2 8 0.6909 51.6406 0.0156
Aluminum 410 0.2000 0.2000 2 6 0.5474 40.8892 0.0123
Aluminum 410 0.3000 0.2000 6 8 0.5376 17.2999 0.0052
Aluminum 410 0.3000 0.2000 4 8 0.8590 41.4754 0.0125
Aluminum 410 0.3000 0.2000 4 6 0.7155 34.5339 0.0104
Aluminum 410 0.3000 0.2000 4 4 0.5013 24.0579 0.0072
Aluminum 410 0.3000 0.2000 2 8 1.3588 102.7098 0.0309
Aluminum 410 0.3000 0.2000 2 6 1.2152 91.8085 0.0277
Aluminum 410 0.3000 0.2000 2 4 1.0011 75.3561 0.0227
Aluminum 410 0.3000 0.2000 2 2 0.6678 50.3490 0.0152
Aluminum 410 0.3000 0.3000 4 8 0.5367 26.1607 0.0079
Aluminum 410 0.3000 0.3000 2 8 1.0365 78.6585 0.0237
Aluminum 410 0.3000 0.3000 2 6 0.8211 62.2952 0.0188
Aluminum InconelX 0.2000 0.2000 2 8 0.6909 49.2197 0.0205
Aluminum InconelX 0.2000 0.2000 2 6 0.5474 38.9723 0.0162
Aluminum InconelX 0.3000 0.2000 6 8 0.5376 16.4889 0.0069
Aluminum InconelX 0.3000 0.2000 4 8 0.8590 39.5310 0.0165
Aluminum InconelX 0.3000 0.2000 4 6 0.7155 32.9150 0.0137
Aluminum InconelX 0.3000 0.2000 4 4 0.5013 22.9300 0.0096
Aluminum InconelX 0.3000 0.2000 2 8 1.3588 97.8947 0.0408
Aluminum InconelX 0.3000 0.2000 2 6 1.2152 87.5045 0.0365
Aluminum InconelX 0.3000 0.2000 2 4 1.0011 71.8234 0.0299
Aluminum InconelX 0.3000 0.2000 2 2 0.6678 47.9886 0.0200
Aluminum InconelX 0.3000 0.3000 4 8 0.5367 24.9342 0.0104
Aluminum InconelX 0.3000 0.3000 2 8 1.0365 74.9710 0.0312
Aluminum InconelX 0.3000 0.3000 2 6 0.8211 59.3748 0.0247
Aluminum RonHI 0.2000 0.2000 2 8 0.6909 51.1542 0.0143
Aluminum RonHI 0.2000 0.2000 2 6 0.5474 40.5041 0.0113
Aluminum RonHI 0.3000 0.2000 6 8 0.5376 17.1369 0.0048
Aluminum RonHI 0.3000 0.2000 4 8 0.8590 41.0847 0.0115
Aluminum RonHI 0.3000 0.2000 4 6 0.7155 34.2086 0.0096
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

Aluminum RonHI 0.3000 0.2000 4 4 0.5013 23.8313 0.0067
Aluminum RonHI 0.3000 0.2000 2 8 1.3588 101.7423 0.0284
Aluminum RonHI 0.3000 0.2000 2 6 1.2152 90.9437 0.0254
Aluminum RonHI 0.3000 0.2000 2 4 1.0011 74.6463 0.0209
Aluminum RonHI 0.3000 0.2000 2 2 0.6678 49.8748 0.0139
Aluminum RonHI 0.3000 0.3000 4 8 0.5367 25.9143 0.0072
Aluminum RonHI 0.3000 0.3000 2 8 1.0365 77.9176 0.0218
Aluminum RonHI 0.3000 0.3000 2 6 0.8211 61.7084 0.0172
FE 17-7PH AL 7075 0.3000 0.2000 6 8 0.5376 9.1396 0.2255
FE 17-7PH AL 7079 0.2000 0.2000 2 6 0.5474 14.1640 0.2364
FE 17-7PH AL 7079 0.3000 0.2000 6 8 0.5376 5.9927 0.1000
FE 17-7PH AL 7079 0.3000 0.2000 4 8 0.8590 14.3671 0.2398
FE 17-7PH AL 7079 0.3000 0.2000 4 6 0.7155 11.9626 0.1997
FE 17-7PH AL 7079 0.3000 0.2000 4 4 0.5013 8.3337 0.1391
FE 17-7PH AL 7079 0.3000 0.3000 4 8 0.5367 9.0621 0.1513
FE 17-7PH InconelX 0.2000 0.2000 2 8 0.6909 13.8203 0.1277
FE 17-7PH InconelX 0.2000 0.2000 2 6 0.5474 10.9429 0.1011
FE 17-7PH InconelX 0.3000 0.2000 6 8 0.5376 4.6299 0.0428
FE 17-7PH InconelX 0.3000 0.2000 4 8 0.8590 11.0998 0.1025
FE 17-7PH InconelX 0.3000 0.2000 4 6 0.7155 9.2421 0.0854
FE 17-7PH InconelX 0.3000 0.2000 4 4 0.5013 6.4385 0.0595
FE 17-7PH InconelX 0.3000 0.2000 2 6 1.2152 24.5702 0.2269
FE 17-7PH InconelX 0.3000 0.2000 2 4 1.0011 20.1671 0.1863
FE 17-7PH InconelX 0.3000 0.2000 2 2 0.6678 13.4746 0.1245
FE 17-7PH InconelX 0.3000 0.3000 4 8 0.5367 7.0012 0.0647
FE 17-7PH InconelX 0.3000 0.3000 2 8 1.0365 21.0509 0.1944
FE 17-7PH InconelX 0.3000 0.3000 2 6 0.8211 16.6717 0.1540
InconelX AL 2014 0.2000 0.2000 2 6 0.5474 29.9164 0.2037
InconelX AL 2014 0.3000 0.2000 6 8 0.5376 12.6574 0.0862
InconelX AL 2014 0.3000 0.2000 4 8 0.8590 30.3452 0.2066
InconelX AL 2014 0.3000 0.2000 4 6 0.7155 25.2666 0.1720
InconelX AL 2014 0.3000 0.2000 4 4 0.5013 17.6018 0.1198
InconelX AL 2014 0.3000 0.3000 4 8 0.5367 19.1403 0.1303
InconelX AL 2219 0.2000 0.2000 2 8 0.6909 37.9750 0.0236
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InconelX AL 2219 0.2000 0.2000 2 6 0.5474 30.0688 0.0186
InconelX AL 2219 0.3000 0.2000 6 8 0.5376 12.7218 0.0079
InconelX AL 2219 0.3000 0.2000 4 8 0.8590 30.4998 0.0189
InconelX AL 2219 0.3000 0.2000 4 6 0.7155 25.3953 0.0157
InconelX AL 2219 0.3000 0.2000 4 4 0.5013 17.6915 0.0110
InconelX AL 2219 0.3000 0.2000 2 8 1.3588 75.5299 0.0468
InconelX AL 2219 0.3000 0.2000 2 6 1.2152 67.5133 0.0419
InconelX AL 2219 0.3000 0.2000 2 4 1.0011 55.4148 0.0344
InconelX AL 2219 0.3000 0.2000 2 2 0.6678 37.0252 0.0230
InconelX AL 2219 0.3000 0.3000 4 8 0.5367 19.2378 0.0119
InconelX AL 2219 0.3000 0.3000 2 8 1.0365 57.8432 0.0359
InconelX AL 2219 0.3000 0.3000 2 6 0.8211 45.8101 0.0284
InconelX AL 5456 0.2000 0.2000 2 6 0.5474 29.3054 0.2011
InconelX AL 5456 0.3000 0.2000 6 8 0.5376 12.3989 0.0851
InconelX AL 5456 0.3000 0.2000 4 8 0.8590 29.7255 0.2040
InconelX AL 5456 0.3000 0.2000 4 6 0.7155 24.7505 0.1699
InconelX AL 5456 0.3000 0.2000 4 4 0.5013 17.2423 0.1183
InconelX AL 5456 0.3000 0.2000 2 2 0.6678 36.0852 0.2477
InconelX AL 5456 0.3000 0.3000 4 8 0.5367 18.7494 0.1287
InconelX FE 17-7PH 0.2000 0.2000 2 8 0.6909 37.0639 0.1277
InconelX FE 17-7PH 0.2000 0.2000 2 6 0.5474 29.3473 0.1011
InconelX FE 17-7PH 0.3000 0.2000 6 8 0.5376 12.4166 0.0428
InconelX FE 17-7PH 0.3000 0.2000 4 8 0.8590 29.7680 0.1025
InconelX FE 17-7PH 0.3000 0.2000 4 6 0.7155 24.7860 0.0854
InconelX FE 17-7PH 0.3000 0.2000 4 4 0.5013 17.2670 0.0595
InconelX FE 17-7PH 0.3000 0.2000 2 6 1.2152 65.8935 0.2269
InconelX FE 17-7PH 0.3000 0.2000 2 4 1.0011 54.0852 0.1863
InconelX FE 17-7PH 0.3000 0.2000 2 2 0.6678 36.1369 0.1245
InconelX FE 17-7PH 0.3000 0.3000 4 8 0.5367 18.7762 0.0647
InconelX FE 17-7PH 0.3000 0.3000 2 8 1.0365 56.4554 0.1944
InconelX FE 17-7PH 0.3000 0.3000 2 6 0.8211 44.7110 0.1540
InconelX A286 0.2000 0.2000 2 8 0.6909 27.1812 0.1142
InconelX A286 0.2000 0.2000 2 6 0.5474 21.5222 0.0904
InconelX A286 0.3000 0.2000 6 8 0.5376 9.1059 0.0383
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

InconelX A286 0.3000 0.2000 4 8 0.8590 21.8307 0.0917
InconelX A286 0.3000 0.2000 4 6 0.7155 18.1771 0.0764
InconelX A286 0.3000 0.2000 4 4 0.5013 12.6629 0.0532
InconelX A286 0.3000 0.2000 2 8 1.3588 54.0617 0.2271
InconelX A286 0.3000 0.2000 2 6 1.2152 48.3237 0.2030
InconelX A286 0.3000 0.2000 2 4 1.0011 39.6640 0.1666
InconelX A286 0.3000 0.2000 2 2 0.6678 26.5014 0.1113
InconelX A286 0.3000 0.3000 4 8 0.5367 13.7698 0.0578
InconelX A286 0.3000 0.3000 2 8 1.0365 41.4022 0.1739
InconelX A286 0.3000 0.3000 2 6 0.8211 32.7893 0.1377
InconelX 301 0.2000 0.2000 2 8 0.6909 19.9727 0.0641
InconelX 301 0.2000 0.2000 2 6 0.5474 15.8145 0.0508
InconelX 301 0.3000 0.2000 6 8 0.5376 6.6910 0.0215
InconelX 301 0.3000 0.2000 4 8 0.8590 16.0412 0.0515
InconelX 301 0.3000 0.2000 4 6 0.7155 13.3565 0.0429
InconelX 301 0.3000 0.2000 4 4 0.5013 9.3047 0.0299
InconelX 301 0.3000 0.2000 2 8 1.3588 39.7245 0.1276
InconelX 301 0.3000 0.2000 2 6 1.2152 35.5082 0.1140
InconelX 301 0.3000 0.2000 2 4 1.0011 29.1451 0.0936
InconelX 301 0.3000 0.2000 2 2 0.6678 19.4732 0.0625
InconelX 301 0.3000 0.3000 4 8 0.5367 10.1180 0.0325
InconelX 301 0.3000 0.3000 2 8 1.0365 30.4223 0.0977
InconelX 301 0.3000 0.3000 2 6 0.8211 24.0936 0.0774
InconelX 347 0.2000 0.2000 2 8 0.6909 36.7983 0.1657
InconelX 347 0.2000 0.2000 2 6 0.5474 29.1371 0.1312
InconelX 347 0.3000 0.2000 6 8 0.5376 12.3276 0.0555
InconelX 347 0.3000 0.2000 4 8 0.8590 29.5547 0.1331
InconelX 347 0.3000 0.2000 4 6 0.7155 24.6084 0.1108
InconelX 347 0.3000 0.2000 4 4 0.5013 17.1433 0.0772
InconelX 347 0.3000 0.2000 2 4 1.0011 53.6977 0.2418
InconelX 347 0.3000 0.2000 2 2 0.6678 35.8780 0.1616
InconelX 347 0.3000 0.3000 4 8 0.5367 18.6417 0.0839
InconelX 347 0.3000 0.3000 2 6 0.8211 44.3907 0.1999
InconelX 410 0.2000 0.2000 2 8 0.6909 35.5063 0.0808
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

InconelX 410 0.2000 0.2000 2 6 0.5474 28.1141 0.0640
InconelX 410 0.3000 0.2000 6 8 0.5376 11.8948 0.0271
InconelX 410 0.3000 0.2000 4 8 0.8590 28.5171 0.0649
InconelX 410 0.3000 0.2000 4 6 0.7155 23.7444 0.0540
InconelX 410 0.3000 0.2000 4 4 0.5013 16.5414 0.0376
InconelX 410 0.3000 0.2000 2 8 1.3588 70.6198 0.1606
InconelX 410 0.3000 0.2000 2 6 1.2152 63.1244 0.1436
InconelX 410 0.3000 0.2000 2 4 1.0011 51.8124 0.1179
InconelX 410 0.3000 0.2000 2 2 0.6678 34.6183 0.0787
InconelX 410 0.3000 0.3000 4 8 0.5367 17.9872 0.0409
InconelX 410 0.3000 0.3000 2 8 1.0365 54.0830 0.1230
InconelX 410 0.3000 0.3000 2 6 0.8211 42.8321 0.0974
InconelX RonHI 0.2000 0.2000 2 8 0.6909 44.0184 0.2371
InconelX RonHI 0.2000 0.2000 2 6 0.5474 34.8539 0.1878
InconelX RonHI 0.3000 0.2000 6 8 0.5376 14.7464 0.0794
InconelX RonHI 0.3000 0.2000 4 8 0.8590 35.3536 0.1905
InconelX RonHI 0.3000 0.2000 4 6 0.7155 29.4367 0.1586
InconelX RonHI 0.3000 0.2000 4 4 0.5013 20.5069 0.1105
InconelX RonHI 0.3000 0.2000 2 2 0.6678 42.9175 0.2312
InconelX RonHI 0.3000 0.3000 4 8 0.5367 22.2993 0.1201
InconelX Aluminum 0.2000 0.2000 2 8 0.6909 1.6645 0.0205
InconelX Aluminum 0.2000 0.2000 2 6 0.5474 1.3180 0.0162
InconelX Aluminum 0.3000 0.2000 6 8 0.5376 0.5576 0.0069
InconelX Aluminum 0.3000 0.2000 4 8 0.8590 1.3368 0.0165
InconelX Aluminum 0.3000 0.2000 4 6 0.7155 1.1131 0.0137
InconelX Aluminum 0.3000 0.2000 4 4 0.5013 0.7754 0.0096
InconelX Aluminum 0.3000 0.2000 2 8 1.3588 3.3106 0.0408
InconelX Aluminum 0.3000 0.2000 2 6 1.2152 2.9592 0.0365
InconelX Aluminum 0.3000 0.2000 2 4 1.0011 2.4289 0.0299
InconelX Aluminum 0.3000 0.2000 2 2 0.6678 1.6229 0.0200
InconelX Aluminum 0.3000 0.3000 4 8 0.5367 0.8432 0.0104
InconelX Aluminum 0.3000 0.3000 2 8 1.0365 2.5354 0.0312
InconelX Aluminum 0.3000 0.3000 2 6 0.8211 2.0079 0.0247
RonHI AL 7079 0.3000 0.2000 6 8 0.5376 3.1518 0.1361
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metal1 metal2 R1 [m] R2 [m] B1 B2 pdiff [ns] dmat2 [mm] std [mm]

RonHI AL 7079 0.3000 0.2000 4 4 0.5013 4.3830 0.1893
RonHI AL 7079 0.3000 0.3000 4 8 0.5367 4.7661 0.2058
RonHI InconelX 0.2000 0.2000 2 8 0.6909 6.8658 0.2371
RonHI InconelX 0.2000 0.2000 2 6 0.5474 5.4363 0.1878
RonHI InconelX 0.3000 0.2000 6 8 0.5376 2.3001 0.0794
RonHI InconelX 0.3000 0.2000 4 8 0.8590 5.5143 0.1905
RonHI InconelX 0.3000 0.2000 4 6 0.7155 4.5914 0.1586
RonHI InconelX 0.3000 0.2000 4 4 0.5013 3.1986 0.1105
RonHI InconelX 0.3000 0.2000 2 2 0.6678 6.6940 0.2312
RonHI InconelX 0.3000 0.3000 4 8 0.5367 3.4781 0.1201
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