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Abstract

Since the feasibility of free-space Quantum Key Distribution (QKD) was realized, a
new race has begun amongst researchers to achieve the highest secure key rate and the
most efficient protocols to form quantum communication channels allowing the creation of
a global quantum communication network. Since 1992, multiple demonstrations have been
executed that resulted in the first quantum network with 4,600 km coverage using optical
fibres and Micius quantum satellite in three Chinese cities. In Canada, the Quantum
Encryption and Science Satellite (QEYSSat) mission works towards establishing ground-
to-satellite quantum links and forming a secure communication network across the country.

This thesis investigates the design of a transceiver telescope capable of both transmit-
ting and receiving quantum signals at 785 nm, with higher efficiency than similar com-
mercial options. This telescope is aimed to be one of the quantum ground stations of
the QEYSSat project, which establishes a ground-to-satellite link (uplink configuration),
to perform QKD with polarization encoded photons. Commercial telescopes and lenses
are either not designed or optimized for the specific wavelengths required for a free space
quantum link, or are not available in the required size to minimize link loss for beam trans-
mission to a satellite in Low-Earth-orbit (LEO). Thus, a refractive telescope was designed
with a custom-designed 8-inch lens and two motorized folding mirrors to emit a quantum
signal at 785 nm while tracking the beacon light of the satellite at either 980 nm or 1550
nm wavelengths.

Furthermore, the atmospheric turbulence formed by temperature gradients is the main
reason for link attenuation in an uplink configuration. Turbulence is highly dependent on
the altitude and weather conditions, which makes the prediction challenging. However,
it is formulated such that it suggests the maximum length, in which the spatial phase of
a travelling light can be saved. By considering the diffraction of the transmitted beam
and estimating the turbulence strength we could obtain the lens diameter that has the
least link loss in presence of atmospheric turbulence. The manufacturing aspects, like the
capability of constructing large lenses and the related costs, were taken into consideration
as the important factors in determining the optimal aperture size.

The telescope lens was designed specifically for the desired wavelengths, by selecting
the optimal material, thickness and radius of curvature. Therefore, the Seidel aberrations
that distort the transmitted wavefront were minimized as much as possible. Since the
wavefront distorted by the imperfections of the optics or the atmospheric turbulence can
be defined by Zernike polynomials, we developed a model to simulate both the lens and
the atmosphere structure to predict the far-field beam detected by the satellite. These
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analyses shed light on the lens specifications and accuracy needed in the manufacturing
process, which reduced the costs.

Finally, our custom-designed telescope was characterized by applying tests such as
polarization measurement to confirm its performance in maintaining the polarization of a
transmitted beam at 785 nm. Moreover, the wavefront measurement results and the non-
aberrated image of a point light source in a star test validated our optimizations in the
lens design. Since the new ground station has passed the preliminary tests for establishing
a free-space quantum channel with polarized photons we are looking forward to calibrating
the telescope and developing our tracking systems for further QKD experiments, once the
QEYSSat microsatellite is launched in near future.
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Chapter 1

Introduction

1.1 Quantum Information

Quantum information has extended the frontiers of physics in the past few decades. Since
the birth of quantum mechanics and the emergence of quantum information and quantum
computers, numerous investigations sharpened our intuition about the mysterious world of
quantum physics and push the horizons of our understanding of the current applications
and technology. Quantum computers [41], quantum sensors [40], and quantum commu-
nication [70] are three major outcomes of the quantum information, which are still very
active �elds of research all over the work. In Quantum Photonics Lab (QPL) at the In-
stitute for Quantum Computing (IQC), we focus on quantum communication to establish
a free-space quantum channel and take advantage of Quantum Key distribution (QKD)
to establish secure communication between the ground stations and satellites orbiting the
earth.

1.1.1 Quantum Key Distribution

Charles Bennett and Gilles Brassard introduced the �rst quantum cryptography protocol
based on Quantum Key Distribution (QKD), called BB84 [7], in 1984 and since then
other protocols such as B92, BBM92 and E91 were developed [23][6]. These protocols use
two laws of quantum mechanics to provide secure transmission of data, the Heisenberg
uncertainty and no-cloning theorem [32][89][21][57]. Heisenberg uncertainty is typically
de�ned as � x � p > ~=2; This equality is not limited to the position and momentum of
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a quantum system and it is valid for any pair of complimentary variables of a particle,
such as the polarization of the photon on di�erent axis or two orthogonal components of
the total angular momentum. Interestingly, the no-cloning theorem argues that copying an
unknown quantum state is not feasible, unless the two states are orthogonal. The following
example is a proof of this theorem [54]: Consider a cloning device that copies slot A to
slot B. Slot A contains the data in form of a pure statej i which needs to be copied to a
standard pure statejsi in slot B. If the device starts with the initial sate of j i 
 j si and
a unitary operator U performs the duplication, then this procedure can be de�ned as :

U(j i 
 j si ) = j i 
 j  i : (1.1)

Now if we intend to copy the two pure statesj i and j� i , we will have

U(j i 
 j si ) = j i 
 j  i ;

U(j� i 
 j si ) = j� i 
 j � i :
(1.2)

(U(j i 
 j si ))y:(U(j� i 
 j si )) = ( j i 
 j  i )y:(j� i 
 j � i ); (1.3)

h j� i hsjsi = h j� i h j� i ; (1.4)

Hence,
h j� i = ( h j� i )2: (1.5)

Therefore, for Eq. 1.5 to hold, eitherj i = j� i or j i and j� i must be orthogonal. As a
result, copying an unknown quantum state is not possible and no general cloning device
exists [54]. However, by sacri�cing the �delity of the copied states, quantum copying
machines (QCM) can exist. Universal QCM, State-dependant QCM, Symmetric QCM
and Optimal QCM are examples of quantum cloners that can copy the input states only
with limited �delities and under certain circumstances [71].

Photons are mostly used in QKD experiments, since their properties allow for the
encoding of information onto them and they travel close to light speed and hardly interact
with their environment (e.g. they can travel through optical �bre or atmosphere while
maintaining their properties). Degrees of freedom of a photon such as its polarization or
angular momentum provides the required basis for this purpose. Thus in this project, the
polarization states of a photon are considered as our QKD tool.

In quantum information studies, the fundamental unit is known as a quantum bit
(qubit) which can be expressed as 0, 1 or a superposition of them. These units can be
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mapped to points on the surface of a sphere, called Bloch sphere, to graphically visualize
them. The unit vectors on thez axis (+ ẑ and � ẑ) represents thej0i and j1i states and
any unitary operations rotate the vectors to create new states (Please refer to [54] for
more information). Since the polarization of a photon is also a two-state system, it can be
visualized by Bloch sphere as well. In optics, this sphere is also known as Poincar�e sphere,
which is commonly used to represent the polarization states (Fig. 1.1). It is conventional
to consider j0i as the horizontal polarization state andj1i as the vertical state. Below
are the three bases typically used to refer to the polarization states of a photon in QKD
experiments.

� Horizontal (+ ẑ) and Vertical (� ẑ):

jH i = j0i ; jV i = j1i (1.6)

� Diagonal (+x̂) and Anti-Diagonal (� x̂):

jD i =
j0i + j1i

p
2

; jAi =
j0i � j 1i

p
2

(1.7)

� Right (+ ŷ) and Left (� ŷ)

jRi =
j0i + i j1i

p
2

; jL i =
j0i � i j1i

p
2

(1.8)

Light Polarization

Polarization of a transverse wave is referred to the geometrical orientation of the plane in
which the wave is oscillating. This plane is perpendicular to the propagation axis of the
light. Monochromatic light has two oscillating planes that contain the electric �eld and
the magnetic �eld separately. Polarization of light is conventionally known as the path of
the plane that the electric �eld is oscillating in as the beam propagates. This path can
be linear, circular, elliptical or etc, but the �rst three are more common in polarization
studies. There are 6 common polarization states as mentioned above.jH i , jV i , jAi and
jD i are the linear polarizations andjL i and jRi are the two circular ones. In investigating
the re
ection or refraction of light, it is convenient to use another coordinate formalism,
which is de�ned by S and P. If the polarization of the wave is parallel to the incident plane
before/after the re
ection or refraction, the polarization is indicated asP (Parallel) and if
it is perpendicular to the plane it is identi�ed as S (German word for perpendicular).
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Figure 1.1: Representation of polarization states on Poincar�e sphere.

Interaction of light with the atoms of a medium is wavelength dependent and can result
in absorption, scattering and re
ection or refraction. Birefringent materials have di�erent
indices of refraction for the two orthogonal polarization states of a transmitted light. They
consist of a fast axis and a slow axis. If the polarization of light is along the fast axis,
it experiences a lower index of refraction and as a result, it gains the maximum phase
velocity, whereas the opposite occurs for the slow axis. The phase di�erence between the
two axes is known as the phase retardance and is typically reported in wavelength units.
The phase retardance is dependant on the material and the thickness of the medium, which
is the baseline of constructing waveplates. In generating the six polarization states, a Half
Waveplate (HWP) and Quarter Waveplate (QWP) are required to rotate the polarization
and obtain the desired states. If the polarization vector is at angle� with respect to the fast
axis, HWP and QWP rotate the polarization by 2� and � respectively [68]. In chapter 5,
to mathematically investigate the impact of waveplates on an input polarized light, we
introduce Stokes vectors and use Mueller matrices to model HWP, QWP and a polarizer.
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Stokes vectors are de�ned as

~S =

0

B
B
@

S0

S1

S2

S3

1

C
C
A =

0

B
B
@

I
Q
U
V

1

C
C
A ; (1.9)

where I is the total intensity and Q, U and V represent H/V, D/A and R/L intensities.
Fig. 1.1 shows the visual representation of polarization states with Stokes parameters on
the Poincar�e sphere.

Bennett and Brassard 1984 QKD Protocol

The Bennett and Brassard 1984 QKD protocol (BB84) uses a quantum commutation chan-
nel and a public classical channel to transmit data securely between 2 parties, Alice and
Bob. Alice is traditionally known as the sender and Bob is the one who does the measure-
ments required to receive the message. This protocol uses any two pairs of the polarization
bases to transmit the qubits and generate a secure key between Alice and Bob. BB84 as-
sumes the possibility of having an eavesdropper (Eve) in the quantum channel, disturbing
the system by measuring the photon sent by Alice and changing the qubit going to Bob.

To demonstrate the protocol, �rst, Alice and Bob agree on the 2 pairs of bases and
the assigned bit values for each state. Here, we consider havingx-basis (jH i and jV i ) and
z-basis (jD i and jAi ) states. Then the protocol is performed as below [7][54]:

1. Alice chooses random data bits, to be sent to Bob.

2. Alice chooses the bases, in which she wants to send the bits and she records both the
bits and the bases.

3. Alice sends the selected states to Bob.

4. Once Bob receives the qubits, he measures them in eitherx or z basis and records
the results.

5. Alice announces her used bases over the public channel.

6. Bob compares his bases with Alice's and discards the bits that were measured in the
wrong bases.
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7. Alice randomly picks a subset of bits to compare with Bob's measurement results.
Any di�erence between the measured bits and the initial ones, indicates the presence
of Eve1.

8. Alice and Bob announce the chosen subset of bits to determine the number of the
bits that agree. If this number is su�cient, according to the error tolerance of the
protocol, the channel is considered safe and the remaining string of the bits can be
used to form the raw key. If not, the protocol is aborted.

9. Alice and Bob perform post processing such as error correction [28][22][50][13] and
privacy ampli�cation [17] on the remaining raw key. Finally, they use their shared key
with encryption algorithms such as One-Time-Pad [86][72][85] to securely transmit
information .

The presence of Eve or any polarization distortions, results in a change in Bob's mea-
sured bits which is known as Quantum Bit Error Rate (QBER). The simplest attack model
is the measure-resend attackthat Eve interferes and measures the qubits going to Bob.
There is a 50% chance that Eve measures in the correct basis and 
ips the bit before send-
ing it to Bob. Moreover, there is 50-50% chance that Bob receives either the manipulated
bit from Eve or the original bit from Alice. Therefore, presence of Eve, there is always a
25% error in the strings of bits shared between Alice and Bob. Hence, zero QBER implies
having a secure channel free of Eve! A more generalized attack by Eve involve coherent
interaction with the qubits. The ultimate security threshold of BB84 was �rst reported as
11% QBER [75], however by modifying the protocol the bit error tolerance has been in-
creased up to 20% [51][31][30]. Furthermore, imperfections of the used component at each
end and the the properties of the medium that the photon is traveling in, such as a lossy
�bre or a turbulent atmosphere, can increase the QBER. Particularly, in free-space com-
munications, atmospheric turbulence and the imperfections of the optics can distort the
polarization of the transmitted photon noticeably. We argue these e�ects in the following
section and suggest possible solutions to minimize the link loss.

1.2 Implementation of Quantum Key Distribution

QKD was �rst demonstrated in a research lab over 32 cm free space in 1992 [6] and
extended to 100 km using optical �bres and Decoy state QKD, after 15 years [67][58].

1If Alice and Bob do the measurements in the same basis, the bits must also agree, if not the polarization
of the photon could be distorted due to imperfections of the system or the bit could be changed by Eve.
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Later, in 2016, Hua-Lei Yin et al. was able to reach up to 404 km over optical �bres,
in their QKD experiment by taking advantage of the measurement-device-independent
method [34] and then this limit was stretched to 509 km in 2020 [8][19][7]. However, to
create a global commutation network, optical �bres alone are not su�cient, and free-space
links are required to establish such wide network across various global locations. A free-
space entanglement-based QKD performed over 144 km byUrsin, R., et al. [84] was
an important milestone in 2007, that paved the path for ground-space communications.
In 2017, Sheng-Kai Liao, et al. [48] achieved a satellite-to-ground QKD over 1,200 km
using Miscius satellite in low-Earth-orbit (LEO). The key rate of 1.1 kbit/s obtained in
this experiment was improved to 47.8 kbit/s by the same group in an article in 2021 [20].
The recent work, accomplished a quantum communication network between four cities of
China, using about 700 �bre links and two high-speed satellite-to-ground free-space links,
covering 4,600 km in total. The development of QKD since it was �rst introduced, has been
tremendous in the the past few decades and has demonstrated the feasibility of attaining
a global QKD network in near future.

1.3 Ground-Satellite Quantum Key Distribution

Ground-satellite QKD can be performed in an uplink or downlink con�gurations. A down-
link refers to having a satellite-based transmitter and a receiver on the ground. This
con�guration generates a higher key rate since it experiences less photon loss and lower
dark counts, as well as being almost immune to the atmospheric turbulence [9][39][33].
However, having the transmitter mounted on the satellite increases payload's total weight,
which could elevate the complexity and cost of the project. On the other, uplink has no
limitation on the weight or number of photon sources and can carry other optical compo-
nents needed for error corrections or characterizations, such as polarization compensation2

as well. Nonetheless, the e�ect of atmosphere in attenuating the link and reducing the key
rate is unavoidable.

The Quantum Encryption and Science Satellite (QEYSSat) mission funded by the
Canadian Space Agency (CSA) is a ground-satellite QKD demonstration in an uplink
con�guration for secure communications across Canada [35]. This experiment consists of a
ground station and a microsatellite, orbiting the Earth at 500-600 km altitude in LEO, with
a 30 cm aperture to detect the quantum signal transmitted from the Earth [9]. The ground

2The photon generated by the photon source travels through optics such as a telescope to be transmitted
to the satellite. The polarization state might be distorted before leaving the telescope, so a polarization
compensation is required at the aperture to do the correction.
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station receives a beacon signal from the satellite and emits the quantum signal, such that
it reaches the predicted location of the satellite. For this purpose, an Acquisition-Pointing-
Tracking (APT) system is considered at both ends to track the satellite and establish the
quantum channel successfully.

The science team working on this nationwide project is lead by Dr. Thomas Jennewein
in Quantum Photonics Laboratory (QPL) group. A series of experiments performed by
QPL group veri�ed the feasibility of having a ground-to-satellite link and helped with the
improvement of this mission [9][11]. The outdoor experiment that established a QKD link
between a ground station and a receiver carried in a 
ying airplane at 3-10 km altitude, to
model an airborne receiver, is one of the noticeable achievements [62]. In this experiment,
for some passes of the plane over the transmitter, links were generated for few minutes,
resulting in up to 868 kbit keys with 3-5% QBER. Hence, the viability of QEYSSat mission
was con�rmed.

In order to enhance the key rate to be practical for secure communications, we studied
the ground station to minimize the link loss induced by the physical properties of the
transmitter, such as the imperfections of the optics. In an uplink system, atmospheric
turbulence has a dominant e�ect on the distortion of a transmitted beam. As the signal
encounters the turbulent medium, it deviates from its original path and creates beam
wandering on the receiver. In addition, the absorption and scattering of the photons by
the atmosphere as well as the �bre coupling e�ciencies at each end, reduce the detected
power on the satellite. In polarization-based QKD, the turbulence and imperfections of
the optics distort the wavefront of the quantum signal. As a consequence, it increases the
QBER and the link attenuation. In this thesis, we investigate the factors that a�ect the
link budget3 in an uplink channel, such as atmosphere structure (chapter 2) and optical
properties of the transmitter (chapter 3).

1.3.1 Requirements of a Free-Space Quantum Link

To reduce the link loss caused by the imperfections in the components, the ground station
requires a transceiver4 that is optimized to have the highest performance at the wavelengths
used in the experiment. Considering the absorption of the atmosphere and the limited
wavelengths that are compatible with current technology of photon detectors and photon
sources, 785 nm has resulted in a higher key rate. Hence, it is recommended to be used as

3Link budget is an accounting of all the power losses and power gains that a signal experiences in a
telecommunication system.

4A system that can be used both as a transmitter and a receiver.
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the quantum signal [9]. However, the commercial optics and telescopes are not typically
optimized at this wavelength which can signi�cantly aberrate the transmitted beam. Also,
the coating of the optics controls their transmittance and re
ection, so it is crucial to select
the coating such that it minimizes the link attenuation. Moreover, refractive telescopes
are more preferred in this work since the secondary mirror of re
ective telescopes blocks
a portion of the transmitted beam which reduces the total power received on the satellite
and also using them in polarization-encoded QKD experiments requires post processing to
compensate for the polarization change in the re
ection of the beam from the mirrors.

In chapter 2, we discuss the e�ective aperture size of our ground station, for which the
link attenuation of an uplink is minimized5. We obtained an 8-inch lens is a reasonable
trade-o� between its performance and the costs. However, an 8-inch refractive telescope
or an o�-the-shelf lens designed and corrected for 785 nm use, is not easily available,
since refractive telescopes typically come in smaller apertures and are mostly considered
functional at visible or NIR spectrum for astronomy purposes, and commercial lenses with
unique speci�cations are often built in small dimensions (1 inch) to be used in optics
research labs. Furthermore, commercial telescopes commonly have a large �eld of view
to allow observation of a larger portion of the sky, which is not ideal for satellite-ground
communications, that desires to collect as much photons as transmitted by the ground
station, on a small aperture on the satellite.

1.3.2 Custom-Designed Transceiver

Considering the constraints and requirements mentioned in the previous section and hav-
ing almost no options in using commercial optics, we decided to have a custom-designed
telescope. In chapter 3, the procedure of designing the lens and optimizing it for certain
wavelength are provided. Furthermore, the speci�cations of the lens have been determined
by modeling a far-�eld beam transmitted through our lens and detected by a satellite in
the presence of atmospheric turbulence. As a result, we were able to reduce the total
manufacturing costs by avoiding unnecessary procedures such as having smaller surface ir-
regularity than needed, to achieve the required spot size and quality for the far-�eld beam
at the satellite (Chapter 3).

Moreover, we designed the mechanical parts to facilitate the alignments and calibration
of the telescope by adding folding mirrors. This approach was also bene�cial in reducing the

5The link loss in free space in due to di�raction of the beam and the strength of turbulence. At a
particular aperture size, the di�raction e�ect is dominant and increasing the diameter no longer helps with
reducing the total link attenuation.
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total length of the telescope, which made the scanning of the sky at higher elevation angles
easier and kept the tube's thermal condition more stable. The details of the mechanical
design are thoroughly discussed in Chapter 4. Finally, we characterized the telescope's
performance to validate our designs and con�rm our ground station's ability to transmit
signals at certain wavelengths, with minimum wavefront distortion and high polarization
preservation (Chapter 5).

QPL new ground station consisting of the custom-designed transceiver, two di�erent
photon sources (weak coherent pulses and entangled photon sources[36]), the APT system,
and any potential optical con�gurations for error correction is going to be used in free-space
QKD tests and studies to improve the link budget and the secure key rate generated in the
upcoming QEYSSat experiments and ultimately, get Canada one step closer to establish a
secure quantum communication network across the country.
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Chapter 2

Atmosphere vs. Free-Space Optical
Links

An important aspect of quantum communication is analyzing and approximating the trans-
mission loss in the quantum channel. Particularly, for free-space quantum communication
the impact of atmospheric e�ects such as beam wander, beam spread, scintillation, point-
ing error, and link attenuation that occur to the detected beam due to traveling through a
turbulent medium, must be well understood to obtain a successful communication between
the satellite and the ground station. Furthermore, choosing the right orbit for the satellite,
the best location for the ground station and the best time for the experiment can help with
mitigating the errors signi�cantly.

In this chapter, we introduce the factors a�ecting the link e�ciency and discuss the link
attenuation for an uplink. Speci�cally, these discussion are used to determine the optimal
telescope aperture size required for the quantum photonics lab (QPL) quantum optical
ground station telescope for the QEYSSat mission. Later on, we present the tracking
system used for establishing a channel with a moving satellite and propose the modi�cation
needed for our current device.

2.1 Atmospheric Turbulence

Fluid dynamics introduces \Turbulence"as a chaotic change in the pressure or velocity of
the 
uid. Considering the atmosphere as a viscous 
uid, the temperature gradient changes
the velocity of the wind which gives a rise to 
uctuations in the index of refraction of the
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atmosphere. In other words, the atmosphere acts like small lenses with random indices of
refraction which are called optical turbules or eddies. As a result, the beam spot radius
spreads more than that from the di�raction alone, which causes power loss in the detected
beam. Temporal and spatial 
uctuations in the irradiance (scintillation) and phase of
the beam, are other impacts of eddies on the propagating beam through the turbulent
atmosphere.

To study the turbulence, di�erent models are presented such as H-V model, HAP
model, AFGL AMOS Night model, and SLC Day and Night models [4]. In this work,
we are looking at small zenith1 angles (less than 60� or 45� in case of strong ground-level
turbulence) and using weak 
uctuations theory based on the Rytov approximation. Based
on Hufnagel-Valley (H-V) atmospheric model [4][43], theStructure Parameter (C2

n ) of the
atmosphere can be de�ned for di�erent altitudes (h) considering the geographical location
conditions (V and A). This parameter measures the strength of the 
uctuations in the
refractive indices at di�erent parts of the atmosphere. For example,C2

n can be considered
constant over �xed horizontal paths during short time intervals. However, for vertical
or slant paths, C2

n varies noticeably with height. At low altitudes, the atmosphere has
a thermal exchange with the Earth surface which is called atmospheric boundary layer
(ABL) and extends to 1 or 2 kilometres [43]. In this region, the temperature gradient
varies in day and night. During daytime, thermal plumes occur which guide warm and
less dense air to rise. However, at night the Earth is surrounded by cold air which is less
likely to rise and it is more stable. Thermally neutral condition happens near sunset and
sunrise. Atmospheric structure parameters of ABL varies with altitude as below [16]:

C2
n (h) = C2

n (h0)(
h
h0

)� b; (2.1)

Where h is the altitude, b is experimentally found between 4/3 for unstable conditions
(day) and 2/3 for neutral or stable conditions (night). As a result, a plot of path-averaged
values ofC2

n over 24 hours, near the ground (1:5 m above the Earth), shows a diurnal cycle
that reaches its maximum in the mid-day, is almost constant during the night and has
its minimum near the sunset and sunrise. Therefore, near the sunset, which is thermally
stable and has less sun re
ection than the sunrise, has been suggested as the ideal time for
free-space optical communication.[43]

To model the propagation of a beam that travels on a vertical or slant path, di�erent
models are presented. The propagated beam pro�le can vary from day to night. Here, we

1Zenith angle is the angle measured from the vertical. As the zenith angle increases, the beam path gets
longer (considering the same height). As a consequence, the beam experiences more turbulence e�ects.
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use a more general and widely usedC2
n pro�le model based onH -V, which predicts that

the atmosphere structure changes exponentially relative to the altitude [43],

C2
n (h) = 0 :00594(

V
27

)2(10� 5h)10exp(�
h

1000
)+2 :7� 10� 16exp(�

h
1500

)+ Aexp(�
h

100
): (2.2)

Here, V is RMS wind speed which is normally 21 m/s andA0 = 1:7 � 10� 14m� 2
3 is the

nominal value ofC2
n on the ground. C2

n > 10� 13m� 2=3 is considered as a strong turbulence,
whereasC2

n � 10� 16m� 2=3 is within weak turbulence regime at ground level [16][80]. As
suggested by many researchers, the last term of this equation can be replaced by Eq. 2.1,
to consider temperature gradient during di�erent times of a day at lower altitudes2. The
optical wave experiences loss of spatial coherence and 
uctuations of its intensity as it
goes through the turbulence. Therefore atmospheric coherence diameterr0 (also known as
Fried's parameter) for a beam propagating over a path of length H is de�ned as,

r0 = (0 :423� 0k2 sec� )� 3
5 ;

� 0 =
Z H

h0

C2
n (h)dh:

(2.3)

Fried's parameter indicates that how long the spatial coherence of the signal can be
preserved, so it a�ects the irradiance and phase 
uctuations of the detected beam. For
instance, a larger0 means that the coherence is preserved over a longer path and the
turbulence is relatively weaker. Moreover, Fried's parameter can be interpreted as the
radius of an aperture that the propagating beam is passing through. The di�raction occurs
due to this aperture, increases the beam divergence which results in the power loss at the
far-�eld beam. (The link attenuation is discussed in Sec. 2.1.6.)

The atmosphere stretches to approximately up to 700 km above the Earth, but the
most turbulent regions are at low altitudes. Hence, the e�ects of turbulence is signi�cantly
di�erent in an uplink and downlink since in an uplink the transmitter is close to the tur-
bulent layers whereas, in a downlink the receiver is based on the Earth. The issues caused
by the turbulence at the beginning of the path persists throughout the beam propagation
toward the satellite so the turbulence is much more detrimental in uplink. On the other

2Larry C. Andrews, has modi�ed Eq. 2.2, in his recent paper, by considering Eq. 2.1 and a scaling
factor to represent the strength of the average background turbulence at high altitudes, to have a more
precise model of the atmosphere structure [80].
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hand, in downlink the beam is larger and has a higher spatial coherence when it confronts
the turbules at the end of its path, so that it is saved from signi�cant distortions. This
research focuses more on uplinks and studies the behaviour of a beam propagating toward
a satellite in Low Earth Orbit (LEO) .

2.1.1 Earth Orbits

Before discussing the turbulence experienced by the optical signal propagating during an
uplink, we will �rst argue the reason behind choosing LEO for QKD experiments. Orbits
of the Earth are divided into 3 groups according to their altitude and are used for di�erent
purposes based on these speci�cations. Fig. 2.1 and Table 2.1 show the orbits altitudes
and orbital periods[56][66][43].

Figure 2.1: Earth orbits at di�erent altitudes. LEO (Low Earth Orbit): Mostly used for science
applications. MEO (Medium Earth Orbit) suitable for navigation and communication satellites.
GEO (Geostationary Orbit): Important to weather forecasting satellites. HEOs (Highly Elliptical
Orbits): Tundra and Molniya orbits are two well-known HEOs. Communication satellites in
theses orbits provide continuous coverage for the users in higher latitudes such as the North/South
Poles, Russia, North America and etc. [77]

A Geostationary Orbit (GEO) is the furthest to the surface of the Earth and at the
altitude of about 35,786km and which takes 23 hours 56 minutes and 4 seconds to orbit
the Earth (Almost the same as the Earth's) [91][43]. Therefore, a satellite in this orbit
is always spotted over a single place which is extremely valuable for weather forecasting
satellites [66].

Medium Earth Orbit (MEO) is about 2,000 to 35,786 km which orbits the Earth every
12 hours and is mostly used for navigation and communication satellites such as GPS [66].
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Orbit Altitude Orbital Period
Geostationary (GEO) 35,786km-41,680 km Equal to Earth

Medium Earth Orbit (MEO) � 20,200 km 12 hours
Low Earth Orbit (LEO) 180{2000 km 90 min

Table 2.1: Di�erent Earth orbits

Low Earth Orbit (LEO) is the closest to the Earth with an orbital period of about
90 minutes. This orbit is from 180 to 2,000 km and has the fastest speed relative to the
other orbits. Moreover, typically at 600 km to 800 km, a sun-synchronous orbit exists,
which indicates that a satellite in this orbit always has the same relative position to the
sun. As a result, it allows the satellite to always pass a particular part of the Earth at
the same local time. Also, the angle of the sunlight on the Earth is kept as consistent
as possible which makes this orbit useful for science applications, particularly quantum
communication experiments [66].

Since LEO is the closest orbit to the Earth, it experiences the minimum di�raction loss,
which is advantageous for quantum key distribution experiments. However, a slower orbit
(such as MEO or GEO) enables a continuous link which allows for performing QKD for a
longer time. Despite this advantage, MEO and GEO su�er from a high rate of radiation
and greater propagation loss [56]. In addition, other complications such as the higher prob-
ability of sunlight re
ecting o� of the satellites to the ground station can be problematic
and probably more detrimental is the �nancial burden since MEO and GEO missions re-
quire larger budgets. As mentioned earlier, LEO has a higher speed which not only reduces
the allowable link time between the ground station and the satellite but also increases the
pointing requirements. However, the reduced amount of loss, smaller amount of di�raction
as a consequence of the short link distance, and requiring a lower budget comparing to the
other orbits, make the LEO the preferred orbit for QKD satellites [56]. As a consequence,
the QEYSSat mission has chosen LEO for free-space quantum communications. Hence, in
this section, we investigated the properties of a link, established between a ground station
and the QEYSSat satellite at 600 km above the Earth, to comprehend the potential sources
of link loss in a quantum communication channel.

2.1.2 Beam Spread and Beam Wander

Turbulent atmosphere generates eddies that vary in size. Big eddies can cause a signi�cant
deviation in the path of a beam toward a satellite (Fig. 2.2(a)). Since the turbulence is
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(a)
(b)

Figure 2.2: (a) A Beam transmitted from a ground station deviates from its original path due

to turbulent eddies [73]. (b) Short/long term beam spread on the satellite [42].


r 2

c

� 1=2 is the
beam wander which represents the distance from the center of the short term spot to the long
term one.

changing randomly, the beam can be detected on di�erent spots on the satellite, so a good
approximation of the beam location is the average spot location over a certain time. We use
Short Term (WST ) and Long Term (WLT ) beam spread to distinguish between the detected
spots in short intervals and the averaged one (Fig. 2.2(b)). From weak 
uctuations theory
(WLT ) is de�ned as:

WLT = W
p

1 + T ;

T = 1:33� 2
R � 5=6;

where W is di�racted beam waist, � 2
R = 1:23C2

n k7=6 H 11=6 is the Rytov variance which
indicates the scintillation index of a plane wave in weak 
uctuations regime and it is
proportional to the atmosphere structure (C2

n ) and the distance between the transmitter
and the receiver (H) to imply the strength of the turbulence, � = 2H=kW 2 (k is the wave
number) is the beam parameter and T represents the change in the mean on-axis irradiance
of the beam on the satellite [43]. To be more speci�c, we can rewrite the equation in terms
of large-scale and small-scale turbulence :

W 2
LT = W 2 + W 2TSS + W 2TLS = W 2

ST +


r 2

c

�
: (2.4)

Here, TSS refers to Small Scale (SS) eddies that cause on-axis irradiance 
uctuations,
so W 2TSS adds an additional beam spreading to the di�racted beam spot (W) on the
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satellite which is known asBeam Breathing. Therefore,W 2 + WT2
SS can be considered as

the short-term beam spreadW 2
ST . Moreover, The last term in Eq. 2.4 is responsible for

the displacement of the spot center on the detector, that occurs due to Large Scale (LS)
eddies. This e�ect is calledBeam Wander (hr 2

c i ). Finally, by substituting T and using
approximations each term is derived as below. (Please refer to [43][26] for more details.)

W 2
ST = W 2

0 (1 +
h2

Z0
) + 2

� 4:2h
kr 0

(1 � 0:26(
r0

W0
)

1
3
� 2

; (2.5)

p
hr 2

c i = 0:73(H � h0) sec(� )(
�

2W0
)(

2W0

r0
)

5
6 ; (2.6)

WLT =

(
W(1 + ( D 0

r 0
)

5
3 )

1
2 0 � ( D 0

r 0
) � 1

W(1 + ( D 0
r 0

)
5
3 )

3
5 1 < ( D 0

r 0
) < 1

(2.7)

W0 is the initial beam waist at the exit of the transmitter and D0 is the telescope
aperture diameter. HereD0 is considered3 as D 2

0 = 23W 2
0 . Using Eq. 2.7, the long term

beam spread transmitted from a 20 cm aperture, in presence of a weak turbulencer0 = 8:5
cm, results in a 5.58 m beam on a receiver in LEO.

2.1.3 Strehl Ratio

Intensity of the detected beam on the satellite can be reduced due to turbulence and optical
aberrations. This change is de�ned by Strehl ratio (S), which is the ratio of the measured
on-axis intensity of the detected spot (hI (0; L)i = I 0(W 2

0 =W2
LT ) ), to the di�raction-limited

one.

hSi =
hI (0; L)i WLT

hI (0; L)i W

= (
W

WLT
)2 =

1
1 + T

; (2.8)

hSi �=

(
(1 + ( D 0

r 0
)

5
3 )� 1 0 � ( D 0

r 0
) � 1

(1 + ( D 0
r 0

)
5
3 )

� 6
5 1 < ( D 0

r 0
) < 1

(2.9)

3This assumption is discussed later in Section 2.2.3
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(a)
(b)

Figure 2.3: (a) Measured and theoretical on-axis mean Strehl ratio for both uncorrected and
tilt-corrected beam provided in [42]. (b) Calculated on-axis mean Strehl ratio for � = 785 nm
and H = 600 km according to Eq. 2.9 and Eq. 2.10 .

hSi tilt � corrected =
�
1 + (5:56�

4:84
1 + 0:04(W0

r 0
)5=3

) � (
W0

r0
)5=3

� � 6=5
(2.10)

If the size of the beam is much smaller than the Fried parameter, Strehl ratio can be
about one, but if it gets larger orr0 decreases (strong turbulence) then Strehl ratio goes
to zero. However, by utilizing adaptive optics and implementing tilt corrections this ratio
can be increased. Fig. 2.3 shows the plots for a measured and theoretical mean Strehl
ratio for both uncorrected and tilt-corrected beam presented in [42] and the results of our
calculations for a beam at 785 nm and a receiver at 600 km above the Earth.

In conclusions, it is preferred to keep the beam waist in the same order as the atmo-
spheric coherence parameter to obtain a high on-axis Strehl ratio on the satellite. Details
on a tilt corrected beam can be found in [42] and [43]

2.1.4 Scintillation

In addition to the reduction of the average intensity of the beam in far-�eld, there can also
be temporal 
uctuations in the irradiance. Since the beam goes through random turbules,
the detected power on the satellite varies according to the ratio of the beam waist to
the coherence parameter. To estimate the 
uctuations,Scintillation Index is used which
represents the variance of intensity over the mean value:
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Figure 2.4: Beam pro�le in far �eld for di�erent W0 and r0 ratios [42]

� 2
I =

hI 2i � h I i 2

hI i
: (2.11)

HerehI i is the mean irradiance on the detector at H distance. Intensity can be de�ned in
2 terms: 1) On-axis intensity, 2) Intensity at r distance from the optical axis. Therefore,
we can rewrite the scintillation index as� 2

I (r; L ) = � 2
I (0; L)+ � 2

I;r (r; L ), where it represents
the longitudinal and radial components separately. More detailed calculations of this index
are beyond the scope of this work. They have been investigated in details in [26] and [43].

Fig. 2.4 shows a far-�eld beam in presence of atmospheric turbulence, for di�erent ratios
of W0=r0, which goes from a di�raction-limited image to speckles of light after the beam
breaks up and saturation happens [42]. In other words, when the beam waist is much
larger than r0, the turbulence acts like a series of di�erent lenses that each refracts the
light separately.

However, in polarization-encoded QKD having beam speckles or aberrations are ac-
ceptable only if the detected beam has the required gain and the initial polarization is
preserved. As a result, the transmitter with an aperture equal or larger than the atmo-
spheric coherence diameter will be optimal for the photon transmission.

2.1.5 Pointing Error

In establishing a ground-to-satellite link, pointing and tracking are of great importance to
have a better link budget. Lead-Ahead Error, Aperture Mismatchand Beam Wander are
the main reasons for a pointing error in ground to space communication. Since the satellite
is orbiting the Earth with v velocity, the signal leaving the transmitter should be pointed
towards the future location of the satellite to avoid missing the satellite aperture, this is
called lead-ahead error (Fig. 2.5b). To facilitate the tracking and reduce the pointing error,
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(a) (b)

Figure 2.5: (a) aperture mismatch and lead a head error in a ground-to-satellite optical link [69].
The pointing aperture must have an overlap with the tracking aperture. (� is the pointing angle).
(b) Wander-induced pointing error [43]; The middle white circle indicate the pointing error for
W0 < r 0.

the satellite has a beacon light, which is detectable by the ground station and helps with
transmitting the quantum signal at the correct angle. Due to the constraints on the design
of the ground stations and satellites, the location and size of the apertures receiving and
sending the beacon light, might vary. If this di�erence is not taken into consideration, it can
increase the pointing error, that is commonly known as aperture mismatch (Fig. 2.5a). As
a conclusion, to obtain the correct pointing angle in transmitting a signal to a satellite, it is
crucial to study the impacts of lead-ahead and aperture mismatch as well as the turbulence
e�ects such as beam wandering, to minimize the loss in a free-space link [59][69].

To formulate the wander-induced pointing error, we use the same approach as Eq. 2.1.2.
We considerW 2T as the variance of the pointing error that occurs to a detected beam on
the satellite, that has a waist smaller than the spatial coherence width:W0 < r 0. (W0 > r 0

beam breaks up and we can no longer look at the beam wander of the centroid)[43][42]
The pointing error variance� 2

pe is expressed as:

� 2
pe =



r 2

c

�
(1 � (

C2
r

W 2
0

r 2
0

1 + C2
r

W 2
0

r 2
0

)
1
6 ): (2.12)

hr 2
c i is the mean beam wander from Eq. 2.6 andC2

r is a scaling factor which is typically
about 2� . We can simplify this equation based on its asymptotic behavior for di�erent
2W0=r0 values, as below [43].
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� 2
pe �

(
( �

2W0
)2( 2W0

r 0
)

5
3 (H � h0)2 sec2(� ) 2W0

r 0
� 1

( �
2W0

)2( r 0
2W0

)
1
3 (H � h0)2 sec2(� ) 2W0

r 0
� 1

(2.13)

In other words, if 2W0
r 0

� 1 then � 2
pe � h r 2

c i and since the beam waist at the satellite is quite

large, T = � 2
pe

W 2 gets relatively small; and if 2W0
r 0

� 1, � 2
pe goes to zero. Therefore, it can be

said that, in an uplink con�guration, beam wander has small e�ects on the scintillation of
the centroid, in either way [42].

2.1.6 Link Attenuation

To compare the di�erence in the mean power received by satellite and the mean power
transmitted by the ground station, we use a parameter calledLink Attenuation. Link
attenuation depends on the pointing error of the experiment, diameter and transmission
factors of both the ground transmitter and satellite telescope. If

1. The receiver is at far-�eld of the transmitter (H � D 2
t

� ).

2. The telescope is di�raction-limited.

3. There is no atmospheric turbulence.

the link attenuation can be expressed as,

A =
H 2� 2

D 2
T D 2

R

1
TT (1 � LP )TR

; (2.14)

Where � is the wavelength of the beam transmitted from a telescope withDT aperture
diameter andTT transmission factor andLP the pointing loss, and received by a satellite
with DR and TR . This equation can also be used in a downlink (2.2.2) where turbulence
e�ects are negligible [5].

On the other hand, as mentioned before, turbulent atmosphere can cause a signi�cant
loss in an uplink (2.2.3), so we need to introduce an atmospheric parameter in Eq. 2.14 to
have a correct estimate of the link loss [5]:

A =
H 2(� 2

T + � 2
atm )

D 2
R

1
TT (1 � LP )TR

10
A atm

10 ; (2.15)
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