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Abstract

Emerging 4G standards, such as WiMAX and LTE have adopted the proven technique
of Adaptive Modulation and Coding (AMC) to dynamically react to channel fluctuations
while maintaining bit-error rate targets of the transmission. This scheme makes use of
the estimated channel state indication (CSI) to efficiently utilize channel capacity for next
transmission, but it brings with it the stale CSI problem due to the frequently channel fluc-
tuations. As its objective, this thesis focuses on mitigating the vicious effect of stale CSI
by proposing a novel framework that incorporate AMC with layered transmission through
Superposition Coding (SPC) is introduced. A layered multi-step finite-state Markov chain
model (FSMC) is developed under this framework, to effectively assist the system in se-
lecting the optimal modulation and coding scheme as well as the power allocated for each
layer in every multi-resolution unicast transmission. Extensive simulations are conducted
to verify the proposed framework and compare its performance with other counterparts.
The effects of changing key parameters, such as the complexity factor and step size, are
also investigated to get close to real world performance. Results demonstrate that the
proposed framework can achieve better spectrum efficiency than similar counterparts, due
to its improved robustness to the stale CSI problem for each multi-resolution modulated
transmission, also these show that the performance of two-layer scheme is good enough for
layer allocation, without need of more layers.
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Chapter 1

Introduction

Wireless radio communication is frequently perturbed by multipath or shadow fading ef-
fects. One way of dealing with the varying channel quality is by employing Adaptive
Modulation and Coding (AMC) [1] [2] [3] [4] [5], which is a key technology to dynamically
react to the channel fluctuation of fading channels. The essence of the scheme is that, with
available channel state information (CSI) estimation at the transmitter, link adaptation is
enabled by AMC for effective utilization of the available channel capacity for subsequent
transmissions while provisioning targeted bit-error rate (BER) at the receiver in combating
wireless channel fluctuations. In this way, more appropriate modulation and coding scheme
can be used to improve network performance. By adjusting the transmission parameters
to the momentary link quality, adaptive mechanisms can improve both spectral efficiency
and link reliability. Both the concept of AMC and its implementation have been widely
recognized and employed in the latest 3G cellular networks [2] [6] as well as emerging 4G
wireless standards, such as WiMAX [7] and Long-Term Evolution (LTE) [8].

However, the implementation of AMC brings a challenge. In order to select the appro-
priate modulation and coding scheme, the scheduler must be aware of the channel quality.
In the practical implementation of the AMC scheme, the CSI will have to be estimated
at the receiver and then fed back to the transmitter. Uncertainty about obtain accurate
CSI is one of key constrains in AMC systems. Errors in the channel estimate lead to the
selection of an inaccurate coding rate. Transmitting at quite low coding rate wastes system
capacity, but transmitting at a high coding rate raises the block error rate. Many AMC
systems assume that transmitters have perfect knowledge of the channel or that the CSI
is accurate but outdated. This thesis makes the same assumption.
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1.1 Addressing stale CSI channel problem

CSI estimation is often achieved based on a set of training sequences, where a commonly
known signal is transmitted to the receiver for channel matrix estimation based on the
received signal within a short time frame [9]. In [10], it was shown that long training
sequences enable much-improved CSI estimation at the expense lowered channel capacity,
resulting from higher resource occupation that could otherwise be used to transmit actual
data [11]. Such effects were detailed in [12], where an algebraic relationship between the
number of training images and the corresponding information decay was derived for image
transmission. However, the CSI obtained from longer training sequences are still outdated,
as it is based on the average of several previous samples in time. As a result, such feedback
information to the transmitter is still inaccurate.

In the conventional implementation of AMC, the transmitter employs the CSI men-
tioned above for optimizing the transmissions in the current data frame. The basis of the
implementation using AMC is that the channels of consecutive frames are rather stable
such that a precise estimation of the channel condition can be obtained to make a right
selection of modulation and coding scheme for each transmission. However, if the channel
is in fast fluctuation and/or the channel estimation is subject to constant imprecision, the
obtained CSI could be frequently overestimated or underestimated in the transmission of
the current frame, which is called stale CSI problem. In this situation, the transmitter
will not choose the proper modulation and coding scheme. If the channel’s status is un-
derestimated, it may result in underestimated modulation and coding scheme transmission
whereas higher rate scheme should be selected, which leads to the waste of channel capacity
and a decrease in spectrum efficiency. Conversely, if the channels status is overestimated,
it may result in the unqualified BER at the receiver and even in the dropping or retrans-
mission of current packet. Thus, the performance will decrease significantly, and higher
spectrum efficiency cannot be achieved.

1.2 Related Research

Precisely estimating the channel status such that the accuracy can be matched with the
following real channel status, is one of the key ways to solve the stale CSI problem and
improve network throughput. In this way, the transmitter/receiver can make full use of
the network capacity and choose the optimal modulation and coding scheme to maximize
the coding rate under the requirement of quality of service (QoS). A lot of work has
been done on improving prediction accuracy to deal with the fading channel fluctuations
characteristic.
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1.2.1 Finite State Markov Chain Model

Previously, communication performance has been evaluated for the nonstationary fading
channel with perfect interleaving, and characterized in terms of long-term parameters such
as the average bit-error rate (BER). However, interleaving introduces complexity and delay;
perfect interleaving is not possible in any practical system. The Finite State Markov chain
model (FSMC) [13] [14] [15] [16] [17] [18] [19] [20]is effective and has been proved to be more
accurately predict transitions in the receiver’s time-varying channels. The model focuses on
overall system design and is very useful in wireless communication. Based on the previous
channel fading characteristic, through properly selection of FSMC channel parameters,
such as state definition, model step size or update frequency of FSMC model, it is believed
that better network throughout can be obtained with the FSMC model prediction.

The task of mitigating the impact of stale and imprecise CSI has been widely studied.
However, these studies focus on the utilization of the FSMC model in non-layer data
transmission. None of them has considered using multi-layer prediction in each state of
the FSMC model. In [13] [14], with each state representing the current selected modulation
and coding scheme, the first-order FSMC models were used to predict channel status, even
in [15], the available transitions were restricted to the change of adjacent channel states,
they had been reported as a good approach in the receiver’s time-varying channel. In
[15] [16] from a mutual information theoretic criterion, it was demonstrated that using
first-order FSMC to model the envelope of a Rayleigh channel had good performance both
for slow fading (successive samples were very correlated) and for fast fading (successive
samples were almost independent). When FSMC model was used for ARQ Application, it
was sufficient in representing fading channel characteristic shown in [19]; When the FSMC
model was developed to incorporate AMC under opportunistic scheduling in [17], it was
concluded that the channel estimation generally underutilizes the channel due to stale CSI.

1.2.2 Superposition coding

The physical layer technique of Superposition Coded (SPC) modulation/demodulation
has been proven in the information theory community. However, unlike previous studies
that focus mainly on physical layer issues, this study applies SPC to MAC layer to take
advantage of the coding scheme. It shows superposition coding as an effective strategy
to utilize the channel in a layered broadcast manner for sending multiple messages to
different receivers within a single broadcast radio signal. When designing the broadcast
scheme in mobile wireless video communication, the multi-resolution nature of SPC signals
has been exploited for the use of transmitting scalable video streams, which themselves are
multi-resolution encoded, and the scalable video streams are encoded into multiple quality
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layers. The SPC scheme has great capacity in reducing the vicious effect of multi-user
diversity. An overall performance increase can be obtained because the lower rate data can
be received successfully even in the bad channel condition.

Multi-layered communication is discussed in [21] [22] [23] for the simultaneous trans-
mission of multiple layers of data to the same user. The studies in [21] [22] superimpose
multiple video quality layers of a common group of frames in a single transmission, aiming
to achieve better robustness to the short-term channel fluctuation. However, these two pa-
pers do not consider utilization of the dynamically obtained CSI available in state-of-the-art
communication systems to improve the channel spectrum efficiency. In [23], multi-layered
modulation is adopted such that the lower layer of a signal is dedicated to data traffic while
the higher layer is used to transfer voice traffic. The amount of voice traffic that can be
supported in each transmission is opportunistically based on the receiver estimated CSI.
While the scheme in [23] can achieve higher efficiency in utilizing the available channel ca-
pacity, its advantage is limited to a receiver requiring different applications simultaneously,
which lacks generality for practical wireless networks.

Figure 1.1 shows the general structure of scalable bit streams. A group of frames
is encoded into scalable bit streams with L quality layers as shown. The bit stream is
strategically split into bit stream segments according to the boundaries of each quality
layer. Usually in this scheme, the encoded bit streams for low performing channels are
embedded as subsets of bit streams for high ones, which enable the same content supporting
heterogeneous conditions of user-side channel communication. The proposed framework
in this thesis generically exploits the multi-layer property of any advanced coding, which
generates scalable bit streams with multiple quality layers.

1.2.3 Thesis Motivation and Contribution

Although using a channel prediction model may improve the precision of CSI estimation, it
is not able to completely solve the CSI imprecision problem. The capability of using multi-
layered signals has been witnessed in mitigating the vicious effect of multi-user diversity
[6] [10] [20]. Furthermore, it could be an effective solution to further mitigate the vicious
effect of stale and imprecise CSI by launching multi-layered signals via SPC modulation.

Combining these two schemes allows superimposed layered data to be transmitted on
the channel which is under the predication of the FSMC channel model. If the channel is
underestimated, both the lower-rate and higher-rate data of an SPC transmission can be
decoded and obtained. However if the channel CSI is overestimated, the lower-rate portion
of an SPC transmission may still be secured instead of being completely lost. In this sense,
the whole system throughput can be enlarged. Figure 1.2 shows the software process
required for interactions between architectural layers at the transmitter and receiver. The
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Figure 1.2: Software process required for interactions between architectural layers at the
transmitter.
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implementation of SPC at the transmitter and receiver requires a new software module
in the existing MAC layer. The new module obtains the knowledge of information bits
dependency between the multi quality layers from the scalable data. At the transmitter,
data from different layers are buffered in the corresponding queues. The modified MAC
software interacts with the modulation chipset in the PHY layer through a set of primitives
to execute modulation and generate logical SPC signals. At the receiver, the reverse process
is performed to demodulate the SPC signal. Data is buffered into corresponding queues at
each layer after demodulation at the MAC layer.

Motivated by the above observations, we address the following issues in this thesis:
1) For unicast transmissions independent of traffic type constraints, a new framework
is proposed that incorporates AMC and layered transmissions through SPC, to tackle
poor performance caused by stale CSI problem; 2) An efficient, layered, multi-step FSMC
model using CSI that fits into the mentioned framework is proposed, and allocates better
modulation and coding schemes across layers in such proposed framework, as far as we
know, this is the first attempt where a such model is used to achieve proper adaptive
selection of modulation and coding schemes for layered unicast transmissions; 3) Initial
model parameters such as model step size and model complexity factor are examined to
get close to real world performance. Meanwhile optimal search strategy for power and
coding schemes is also proposed in the thesis to efficiently maximize the overall network
throughput.

The thesis is organized as follows:

In chapter 2, the required background on the fading channel models and SPC schemes
are provided. For fading channel models, the classification and the procedure to set up the
FSMC channel model is shown. The encoder/decoder scheme design scheme for superpo-
sition coding is also shown.

In chapter 3, the details of proposed framework are provided. It shows the procedure to
incorporate AMC and layered transmission through SPC together. The layered multi-step
FSMC model is discussed as one of the new key technology in the proposed framework.

In chapter 4, an analytical formulation for performance evaluation of the proposed
framework is presented. The network spectrum efficiency is chosen as the measure of
performance for the proposed scheme. The key parameters, such as step size and complexity
factor are defined. The values of the parameters will be discussed in chapter 5.

In chapter 5, simulation results are given. Performance evaluation based on the simu-
lation results is conducted for the proposed scheme. The spectrum efficiency is compared
with another other two schemes: non-layer AMC with and without FSMC model estima-
tion. Performance measurement are obtained in terms of BER target, fading parameter,
step size and system complexity factor. A search strategy is also proposed to achieve the
optimal power and coding scheme efficiently.
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In chapter 6, conclusive remarks and a summary of the contributions of research efforts
are provided. Certain directions for future work required to realize the scheme is also given.
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Chapter 2

Background

Having estimates of future fading coefficients enhances the performance of many tasks,
which includes AMC channel process at the transmitter and receiver. In this thesis for
simplicity, zero delay and no error in the feedback path transmission is assumed. To tackle
the stale CSI problem, precise channel prediction models and modulation/coding scheme
selection needs to be studied.

The chapter provides the background required for the proposed scheme. Channel mod-
els and their fading characteristics, FSMC models and the procedure to set up are first
presented. Next a multi-layer Scheme focusing on the allocation of layers and describing
the SPC scheme operation as well as layer symbols representation is shown.

2.1 Fading channel and AMC

2.1.1 Fading channel model

Due to the constructive and destructive combination of randomly delayed, reflected, scat-
tered, and diffracted signal components, radio-wave propagation through wireless channels
is affected by various effects which makes the fading characteristic complex. Multipath
effect is an example of a kind of relatively fast fading that is responsible for the short-term
signal variations. To describe the statistical behavior of the multipath fading envelope,
considerable efforts have been devoted and mathematical models are developed, depending
on the nature of the radio propagation environment.

A great number of distributions models exist that well describe the statistics of the
mobile radio signal. One of the fading models is Rayleigh distribution fading model. In
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this case the channel fading amplitude is distributed according to

Pγ(γ) =
2γ

Ω
e(−

γ2

Ω
),Ω = E(γ2), (2.1)

This model typically agrees very well with experimental data for mobile systems, where
no line of insight (LOS) path exists between the transmitter and receiver antennas. It also
applies to the propagation of reflected and refracted paths through the troposphere and
ionosphere and to ship-to-ship radio links. Another model the Rician fading model occurs
when one of the paths, typically the LOS, is much stronger than the others. In Rician
fading, the amplitude gain is characterized by a Rician distribution [24] [25] [26] [27].

Among all these models, the Nakagami distribution has been given a special attention
for its ease of manipulation and wide range of applicability. Moreover, The Nakagami
fading model has been found to be in good fitting because it closely matches empirical
results for short wave propagation. It has been shown that the Nakagami distribution
often gives the best fit to large land mobile [24] - [26] and indoor-mobile [25] [27] multipath
propagation, as well as scintillating ionospheric radio links [28] [29] [30] [31]. The generic
Nakagami distribution is chosen to model the fading characteristic of the channel in this
thesis. The probability distribution function (PDF) of Nakagami-m distribution is given
in Eq. (2.2).

Pγ(γ) = (
m

γ
)m
γm−1

Γ(m)
e−

m
γ
γ, (2.2)

where m ∈ [0.5,∞) is the Nakagami fading parameter, γ is the average SNR per symbol,
and Γ(m) is the gamma function defined by Eq. (2.3).

Γ(m) =

∫ ∞
0

xm−1e−xdx, (2.3)

As a special case, when m = 1 the model becomes the Rayleigh distribution with an
exponentially distributed instantaneous power. Motions between receiver and transmitter
cause Doppler shift in the received signal components. Thus, channel fading effect depends
on the speed of the antennas.

2.1.2 FSMC Representation

Fading channel characteristics can be well approximated by FSMC model to represent the
time-varying behavior of the channel. FSMC model parameters are determined according
to the fading distribution mentioned in section 2.1.1. The simplest FSMC model is known
as the Gilbert-Elliott two-state channel, where each state in the model corresponds to a
specific channel quality which is either noiseless or totally noisy. The transition probability

10



of each channel is 0.5. It is easy to find that the two-state models does not reasonable
accurately represent the variable channel quality, the extension of the two state models
that is the FSMC model is proposed in [13] - [20].

To represent the FSMC mode, received SNR values are partitioned into a finite number
of states according to a criterion based on the average duration of each state. Let S =
S0, S1, S2, . . . , Sn denote a finite set of channel states. The channel allocation is modeled
by a Markov process defined as Sn, n = 0, 1, 2, . . .. The states represent discrete, non-
overlapping intervals of the received signal envelope, the finite Markov process has the
property of stationary state transitions, and the transition probability is independent of
the time index. At time t, if current channel SNR is in between γk and γk+1, the FSMC
model is said to be in state Sk for this transmission slot. After one or several packet
transmission periods time Tp, if the channel SNR value changes into the range [γj, γj+1),
the FSMC model is said to change to channel state Sj. Figure 2.1 illustrates the FSMC
channel state partitioning.

The FSMC model has been applied to design adaptive error control schemes and im-
prove network performance for wireless video transmission systems. The time-varying
fading channel can be estimated from observations of the impulse response of the channel.
On the feedback path observations on channel impulse response are received from CSI.
Based on this AMC scheme dynamically chooses optimal Modulation and Coding Scheme
to make full use of network capacity in the subsequent frames. In the scheme, the channel
state information is fed back to transmitter through feedback path. By incorporating AMC
scheme and FSMC model prediction, systems’ performance enhance compared to systems
that do not utilize AMC schemes and FSMC predication.

2.2 Layered scheme and SPC

2.2.1 Definition

As physical layer technique, SPC scheme has been proven in the information theory com-
munity. Now it has been used in wireless broadcast communication, where the channel is
commonly utilized to different receivers within a single broadcast radio signal. The SPC
symbol contains multi-layer resolution modulated symbol, enabling a receiver to decode
its own, as well as its peers’ information if its channel condition is sufficient for the higher
resolution. This multi-resolution nature of SPC signals has been exploited for the use in
transmitting scalable video which is multi-resolution encoded through hardware based or
logical based SPC operation.

To implement the proposed SPC modulation for video multicast, strategic mapping
of the log2m1 bits from the base layer and log2m2 bits from the enhancement layer are

11



Figure 2.1: illustration of finite state Markov model partitioning.
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Figure 2.2: Mapping of a 3-bit symbol block to one of the eight constellation symbols.
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required into a log2m1m2-bit symbol block, where m1,m2 is the number of bits needed
to be transmitted for each layer in one group of frame. Take the following example, the
SPC base layer x1 is BPSK modulated, the SPC upper layer x2 is QPSK modulated,
correspondingly in the constellation diagram there will be one bit from the base layer and
two bits from the enhancement layer. Each SPC symbol block will contain 3 bits and these
two conventional modulation schemes will yield the resultant constellation diagram with
eight points, mapped from this SPC symbol block (Figure 2.2).

The mapping of the 3-bit symbol block to the 8-point constellation is based on the
knowledge regarding the information bits of the scalable video bit streams in the application
layer. For a symbol referring to ‘0‘ in the base layer and a symbol referring to ‘01’ in the
enhancement layer, a corresponding 3-bit symbol block containing ‘001’ (i.e. ‘0’—‘01’)
can be formed and mapped to the symbol ‘0, 01’ in the constellation diagram of the
existing modulation scheme for generating a logical SPC modulated signal equivalent to
the conventional approach.

2.2.2 Encoder

The intrinsic goal of SPC is to facilitate the transmission of two independent receiver’s
information in a single wireless transmission block by the superimposition of the two signal’s
symbol blocks. The superposition process of multiple signals is analogous to the vector
addition of the signal constellation symbols, the constellation symbol belonging to each
layer will vector add together before they are transmitted [21] - [23].

The example diagram of the constellation is Figure 2.3. x1 (Figure 2.3.1) and x2 (Figure
2.3.2), are information for receiver 1 modulated using QPSK and information for receiver
2 modulated using BPSK, respectively. Modulation using QPSK has the capability to
achieve a higher transmission rate over BPSK at the expense of robustness when subject
to a noisy channel. The superimposed signal x is a vector sum of the two modulated signals
governed by x = x1 + x2.

As shown in Figure 2.3.3, vector x consists of symbol ‘01’ from Figure 2.3.1 and symbol
‘1’ from Figure 2.3.2. Signal x is the SPC symbol, launched as a single wireless transmission
block, and received by various receivers with diverse channel conditions within the same
coverage.

2.2.3 Decoder

Correspondingly at the receiving side, the signal is expressed as y = x+ z, where z is the
noise perceived by receiver. Vector Subtract can be used to get the right demodulation
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data. The conventional technique to decode the received SPC signals is known as Signal-
Interference Cancellation (SIC), which is used to identify the signal components meant for
the noise and other receivers.

Thus as shown in Figure 2.3.4 and Figure 2.3.5, the receiver can obtain its own infor-
mation by subtracting the undesired signal components belonging to other receivers from
its received SPC signal. For receiver 1 to decode its data from y1, it must use the de-
modulator corresponding to the information used for receiver 2, x2 and then subtract x2
from the received signal y1. The result of the subtraction using SIC is x1, which is usually
distorted by the noise experienced at receiver 1, z.

The design mechanisms of logical superposition coded modulation for mimicking a
conventional BPSK/QPSK SPC modulation can be extended to any combinations of two
existing modulation schemes, such as QPSK, 16-QAM, and even 64-QAM, which are adopt-
ed in current and emerging wireless standards. Any combination of modulation schemes
chosen with the conventional SPC implementation with m1 and m2 points for the base and
enhancement layers, respectively, can be theoretically decoded by M points SPC demod-
ulator, where M = m1m2 . So at the receiver, the proposed approach can only requires
simple modifications in the MAC layer software, which demonstrates full decoding com-
patibility with the conventional multi-stage SIC approach involving additional hardware
devices.

Moreover, the logic superposition process can be applied to more than two layers, where
the coding representation will get from logical operation of all the layers. In the process
the symbols in the constellation diagram are decided, not only by the total energy available
π, but also by the energy allocation ratio between the layers. Mathematically, the overall
signal layer during the transmission power is satisfied:

π = π1 + π2 + . . .+ πL, (2.4)

The SPC symbol x in constellation diagram can be represented as:

x =
L∑
l=1

√
πlxl, (2.5)

where x1, ..., xl, ..., xL are independent and identical Gaussian random variables referring
to the individual channel symbol of layer 1, ..., l, ..., L, πl is the power allocation to layer l
under a total power constraint π.
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Chapter 3

Proposed Scheme

The objective of this thesis is to improve network throughput in a fading channel, which is
affected by the stale channel CSI problem. Network spectrum efficiency is used to measure
network performance. To achieve this objective, a new framework incorporating AMC with
layered transmission through the SPC scheme is proposed. A layered multi-step FSMC
model is employed under this framework to effectively assist the system in selecting the
optimal modulation and coding scheme for each layer in every multi-resolution unicast
transmission. Based on previous CSI, the layered multi-step FSMC model will attempt
to predict current channel status for each layer, and each layer will choose an appropriate
coding scheme and be superimposed together for each transmission by the SPC operation
mentioned in chapter 2.

3.1 System architecture of layered AMC

The system architecture of the proposed layered AMC framework is illustrated in Figure
3.1. As shown in every multi-resolution unicast transmission, multi-layer schemes achieved
through SPC are employed both at the MAC layer of transmitter and receiver. The pro-
posed layered multi-step FSMC model is located on the transmitter side. It will receive CSI
from the feedback path and predicate the optimal power and coding scheme of each layer
in the SPC symbol to maximize network throughput in subsequent symbols transmission.

In the framework, the same modulation and coding scheme must be employed for
corresponding layers in the transmitter and receiver to ensure data retrieval is successful.
When symbols of each layer are superimposed into one unicast, the SPC scheme should
completely satisfy the power constraint for that transmission.

Periodically, signaling mechanisms between the transmitter and receiver are necessary
to establish knowledge of the FSMC characteristics, including optimized power allocation
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Figure 3.1: Architecture of proposed layered AMC with multi-step FSMC modulation and
demodulation.

and layered coding selection for each state. This enables receivers to employ the same set
of demodulation schemes to successfully recover the received SPC modulated signal. For
every certain number of transmissions, the CSI feedback is sent to the transmitter with an
indication of the receiver’s instantaneous channel condition. Using this CSI, the layered
FSMC model performs channel estimation for subsequent transmissions.

In Figure 3.1, the general unicast process is shown after employing the proposed frame-
work. There is one transmitter and one receiver in the figure. After setting up the original
CSI and layered multi step FSMC model parameters, the process of the proposed scheme
works as follows.

Step 1: On the transmitter side, with previous CSI getting through the feedback path,
the scheme decides whether to update the layered multi-step FSMC model. If updated, the
next transition states are determined, while the corresponding transition probabilities are
calculated. If not, the current layered multi-step FSMC prediction model and transition
probabilities can be kept.

Step 2: Based on channel predictions resulting from layered FSMC model, the layered
AMC framework selects the optimal power allocation and coding scheme for each layer
to fully utilize network capacity and maximize network throughput, while satisfying QoS
requirements of each layer and the total power constraints of each transmission.

Step 3: From the optimal selection for power and modulation scheme of each layer,
symbols of each layer are superimposed into one single unicast SPC symbol and sent to
the receiver on the fading channel. The channel fading effect and noise result in errors in
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the transmission.

Step 4: Signaling mechanisms enable the transmitter and the receiver to have the
same knowledge, such as the modulation and coding scheme of each layer. After receiving
the SPC symbol at the receiver, the receiver uses the SPC scheme to demodulate the
symbol for each layer. Lower rate transmissions are easier to demodulate than higher rate
transmissions even after channel fading.

Step 5: For every certain number of transmissions, the receiver sends feedback of the
CSI to the transmitter. The process goes back to step 1 and fully adapts to the new
channel status.

3.2 Coding scheme error

In the proposed framework, each layer of the transmitter will choose the optimal mod-
ulation and coding scheme for current channel status to maximize network throughput
while satisfying the QoS of that layer. However if two coding schemes, such as two turbo
scheme 16QAM (1/2) and QPSK (1/1), have the same effective information bit. What
is the metric to choose coding scheme? Turbo codes have been used extensively and the
following section will begin by explaining the turbo code structure.

Turbo codes seek to achieve reliable information transmission over bandwidth or latency
constrained communication links in the presence of data-corrupting noise, and they have
been used extensively in 3G and 4G mobile telephony standards e.g. in HSPA and LTE. The
turbo code encoder is a parallel concatenation of two recursive systematic convolutional
(RSC) codes whereas the turbo code decoder is an iterative serial concatenation of two soft
output Viterbi algorithm decoders. These make the turbo code complex, and the presence
of interleaver in both the encoder and the decoder further complicates this coding scheme.

Theoretical analysis of a turbo code is difficult due to coding structure [32] [33]. A
few journal papers have analyzed turbo codes with this theoretical approach. However,
their results do not closely match computer simulation results (too optimistic), and the
theoretical analyses presented in these papers are not clearly described and thus are difficult
to follow. In addition, the theoretical approach often requires tremendous computer run
time to find the complete weight distribution of the turbo code words.

In this thesis, instead of directly calculating the error rate of turbo code, another
approach (i.e. the effective information bit error rate) is given as the performance mea-
surement of the coding scheme (Eq. 3.1). This is based on the following: as an effective
forward error correction (FEC) codes, turbo code can improve the transmission perfor-
mance. Given the turbo scheme shown in the second column of table 4.2, performance
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of the corresponding scheme without the turbo code correction should be lower than the
scheme with the turbo code correction.

For example, two turbo schemes, 16QAM (1/2) and QPSK (1/1) are examined. In
the constellation diagram representing the 16QAM Modulation scheme, every symbol has
4 bits while for QPSK each symbol has 2 bits. Considering the rates of both schemes
for each symbol, the effective information bits are the same 4/2=2*1= 2 bits in these two
scheme. However, the extra turbo bits in 16QAM (1/2) can correct the transmission errors,
so the error occurring in the transmission of 16QAM (1/2) should be less than QPSK (1/1).
This leads to the strategy of first choosing higher modulation turbo methods if the same
information rate is required.

Furthermore, while the same modulation and coding scheme is chosen only with dif-
ferent coding rate parameters, such as 64QAM (3/4) and 64QAM (1/2), the higher rate
turbo code will have more information errors. The reason for this is that fewer turbo check
bits are in the higher rate code, and through interleaver, the map distance between two
codes is less than the lower rate one, which usually results in higher SNR to satisfy the
BER of higher rate turbo code.

In the SPC scheme, The Key parameter- average information symbol error rate denoted
as eM(cl, γl, l) can be calculated through:

eM(cl, γl, l) =

1−

[
1− 2

(
1− 1√

M(cl)

)
Q

(√
3

M(cl)− 1
γl

)]2
,

(3.1)

where for layer l, γl is the signal-to-noise ratio (SNR), and cl represents the ID correspond-
ing to the M(cl)-ary modulation and coding scheme adopted, for example, in Table I for
LTE standards. The number of constellation symbols is, as a function of the number of
bits per symbol r(cl), given by:

M(cl) = 2r(cl),

with γl evaluated as:

γl = 10 log

(
hlπl

1 + hl
∑L

g=l+1 πg

)
, (3.2)

where hl and πl are the fading channel gain and the power allocation, respectively, for
layer l, and L is the total number of layers in the layered radio signal. Based on the
achievable rate and symbol error probability of each layer, the transmitter adaptively
selects modulation and coding schemes for the SPC modulated signals from a collection of
predefined candidates.
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Figure 3.2: The transitions Compare between one-step markov-chain model and multi-step
markov-chain model.

3.3 Layered Multi-step FSMC model

In this section unlike of the previous one-step FSMC model, a layered multi-step FSMC
model is developed to model the time-varying characteristics of the receiver’s layered fading
channel. A Markov chain of order m, where m is finite integer, is a process satisfying:

Pr(Xn = xn|Xn−1 = xn−1, Xn−2 = xn−2, . . . , X1 = x1)

= Pr(Xn = xn|Xn−1 = xn−1, Xn−2 = xn−2, . . . , Xn−m = xn−m) for n > m,

In other words, the future state depends on the past m states, and it is possible to construct
a chain Yn from Xn, let Yn = (Xn, Xn−1, . . . , Xn−m+1), the ordered m-tuple of X values,
then Yn is a Markov chain. So order 0 Markov models have no memory in a sequence
and they are equivalent to a multinomial probability distribution in some sense. Order
1 Markov models, also known as first-order Markov models, have a memory size of one
state. Mathematically they can defined by a table of probabilities Pr(Xt = Si|Xt−1 =
Sj), for i, j ∈ [1, . . . , k], this model is the number of k order 0 Markov models, one model
for each state Sj.

As discussed in chapter 2, the first-order FSMC model has been proven to be very
effective in capturing the time-varying nature of wireless fading channels. As first-order
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FMSC models, the layered multi-step FSMC models utilize previous CSI from the feedback
path to precisely predict the following layered channel status. The Receiver channel SNR
is divided into small non-overlapping states according to the increased order of the channel
SNR.

In the one step Markov model the transition can occur only in adjacent states. Math-
ematically, this means for current frame state Sj, the received SNR of the next frame can
be located only in the adjacent states Sj−1, Sj or Sj+1. It is easy to notice that, due to the
simplicity of one step first-order FSMC models, it considers only the adjacent state transi-
tion. In real fading channel status, the transition between non-adjacent states is possible.
The fluctuations of the fading characteristic, especially in the fast fading channel suggest
one possibility: in the previous MAC frame, AMC chooses a lower rate modulation and
coding scheme, such as BPSK, while in the current frame, AMC choose a high rate mod-
ulation and coding scheme, such as 16QAM. Allowing multi-step transition is more likely
the real channel situation. The modulation and coding schemes of the layered multi-step
FSMC models are updated at the transmitter based on the fading characteristic received
from CSI to improve the channel accuracy.

In the proposed layered multi-step FSMC model, each state represents a specific channel
SNR range. Unlike previous studies where the Markov model focuses on the non-layer
data transmission, the symbol in this proposed study is the superimposed layered symbol
achieved through SPC. This means that, for each state in the model, the power is allocated
to different layers and each layer will have its own layer SNR in addition to the model
channel SNR, and the network throughput will be the combination of all the layers in
transmission. For example, if two layers exist and the current model channel SNR γspc
is located at the SNR boundary of State Sj, also known as γj ≤ γspc ≤ gammaj+1,
based on the power each layer receives (represented by a power ratio) , the layer SNR can
be calculated by Eq. (3.2). When channel SNR changes from one state to another, the
layer SNR of each layer needs to be calculated again. Moreover, every state in the model
should maintain an optimal power allocation ratio for layers, and based on the power ratio
and QoS requirement, optimal modulation and coding scheme can be found to maximize
network performance.

For each state of the proposed FSMC model, transition probabilities are calculated ac-
cording to the estimated fading channel parameters from CSI. Given the model complexity
parameter α, the FSMC model will choose 1th to αth maximum transitions in the model.
From this, the layered multi-step Markov chain model is generated. The mathematical
presentation of the model is described in chapter 4.

Using this derived model, the evaluation of spectrum efficiency can be conducted based
on the estimation of the current channel state. By incorporating SPC-realized layered
transmission with Markov-modeled channel estimation, the proposed framework will be
demonstrated to achieve superior performance in mitigating the vicious impacts caused of
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the stale CSI feedback.
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Chapter 4

Model Analysis

After the proposed new framework that incorporated layered multi-step FSMC model and
multi-layer SPC scheme, mathematical analysis can be done to measure scheme perfor-
mance for the proposed framework. This chapter makes use of the fading channel charac-
teristics from CSI, sets up layer multi-step FSMC, chooses modulation and coding schemes
for each layered SPC, and calculates spectrum efficiency after employing the proposed
framework.

4.1 Layered Multi-step FSMC Model Representation

One practical consideration in the layered multi-step FSMC model is how quickly the
transmitter changes its state. Due to the fact that the model is based on the estimate of
the channel fading level, several symbol times may be required to obtain a good estimate.
This is mathematically shown in [25] for flat fading channel that τj ≥ TS ≥ TM , where TS is
the symbol time, τj is the average time that the FSMC model does not change the current
state or the modulation scheme, and TM is the root-mean-square (RMS) delay spread of
the channel, for Nyquist pulses B = 1/TS. In general, wireless channels have RMS delay
spreads of less than 30 µs in outdoor urban areas and less than 1 µs in indoor environments
[14]. In [25], the minimum τj = 0.7/ms, which indicates that in outdoor channels the rates
can be tens of Ksymbols/s and hundreds of Ksymbols/s in indoor channels.

With the previous CSI at the transmitter side, the layered AMC framework adaptively
selects the modulation and coding set which consists of the optimal modulation and coding
scheme for each layer, while satisfying the total power constraint and QoS requirement for
each transmission. At the receiver, the same SPC modulation and coding schemes set as
the transmitters are employed, which retrieve the data of each layer from the received SPC
modulated signal. Periodically, signalling mechanisms between the transmitter and receiver
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Table 4.1: modulation and coding schemes in lte standards

ID (cl) level r(cl) SNR boundary
[bits/symbol] [dB]1

0 Silent 0 0
1 QPSK(1/2) 1 6
2 QPSK(3/4) 1.5 8.5
3 16QAM(1/2) 2 11.5
4 16QAM(3/4) 3 15
5 64QAM(2/3) 4 18.5
6 64QAM(3/4) 4.5 21

are necessary to establish knowledge of the FSMC characteristics, including optimized
power allocation and layered coding selection for each state. This enables the receiver to
use the corresponding set of demodulation schemes employed to recover the received SPC
modulated signal.

Table 4.1 shows the modulation and coding schemes in LTE standards. To simplify the
modulation and coding schemes selection process, assume only the modulation and coding
schemes shown in the table are available for selection.

As a first-order FSMC model, layered multi-step FSMC model has stationary state
probability for each state and transition probabilities for every transition. Beginning
with the state definitions illustrated in Eq. (4.1), the states of the layered multi-step
FSMC model are denoted by S = {S0, ..., Sn}, corresponding to the boundary vector
B = [γ0, γ1, ..., γn, γn+1], where n is the number of finite SNR channel states and there is
no overlapping in the SNR allocation. For the most conservative performance evaluation,
receiver SNR values in the range of [γj, γj+1), with state Sj, 0 ≤ j ≤ n assigned to a SNR
of (γj + γj+1)/2 for the most conservative performance evaluation. With a given step size
∆ to segment the range of SNR values, the boundary vector B is defined as:

B =


γ0 = −∞ dB

γ1 = 0 dB

γj = γj−1 + ∆, ∀j = 2, ..., n

γn+1 = +∞ dB,

(4.1)

In this thesis assume that ideal and zero delay in the feedback path. Average SNR of
the fading channel and general Nakagami fading parameter can be estimated from CSI.
Given the boundary of receiver SNR state, the stationary probability for that state can be
calculated as: ∫ γj+1

γj

PA(γ)dγ, (4.2)

25



where PA(γ) is the PDF of the fading channel model, [γj, γj+1)) is the SNR boundary
of state Sj. The PDF of the Nakagami fading channel is in Eq. (2.1), the stationary
probabilities of Sj, denoted as P (j), can be derived as:

P (j) =
Γ(m,mγj/γ̄)− Γ(m,mγj+1/γ̄)

Γ(m)
, (4.3)

where γ̄ is the average SNR, Γ(x) is the Gamma function defined by Γ(x) =
∫∞
0
e−ttx−1dt,

and Γ(x, α) is the incomplete upper Gamma function defined by Γ(x, α) =
∫ α
0
e−ttx−1dt.

Note that a Rayleigh fading channel can be modeled when m = 1.

The next probability needed to be calculated in layered multi-step FSMC model is
transition probability. Because the previous CSI current channel state status and state
probabilities of each state are known, having these transition probabilities can be calculated
using Eq. (4.4) and Eq. (4.5).

In [24], it is shown that the level crossing rate Lj at the threshold γj of the Nakagami
fading channel is expressed as:

Lj =

√
2π
mγj
γ̄

fd
Γ(m)

(
mγj
γ̄

)m−1
exp

(
−mγj

γ̄

)
, (4.4)

where fd denotes the Doppler frequency.

the transitions probability pSj ,Sk from state Sj to state Sk, where the boundary of Sj is
[γj, γj+1) and the boundary of Sk is [γk, γk+1), can be approximated by absolute value of
the ratio of expected level crossing at [γk, γk+1) divided by the average symbols per second
the SNR falls in the interval associated with state Sj [16] [37]. The transition probability
of state Sj to state Sk is:

pSj ,Sk(j 6=k) =| Lk − Lk+1

P (j) ∗R(t)
|=| (Lk − Lk+1) ∗ T

P (j)
|

pSj ,Sj = 1−
∑
k

pSj ,Sk(j 6=k),
(4.5)

where R(t) is the transmission rate at time t, T is the time duration of a MAC frame, and
Lj is the level crossing rate at γj defined in Eq. (4.4).

So the transition probabilities of the layered multi-step FSMC model can be generated
as the matrix in the following, each element in the matrix pSj ,Sk represents the transition
probability from state Sj to Sk defined in Eq. (3.2).

p = {pSj ,Sk , j, kε(0, n)}, (4.6)

where j, k are index of states Sj, Sk.
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Figure 4.1: Proposed layered multi-step FSMC model.

Figure 4.1 gives the general representation of the proposed layered multi-step FSMC
model. As shown each state of the proposed model has a range of SNR values, due to
the fact that the symbol in this framework is the superposition of multi-layer SPC symbol.
The SNR of each layer can be obtained using Eq. (3.2). Depending on the power allocation
and QoS of each layer, state probability and transition probability of each layer can be
calculated by equations defined above.

Accuracy and complexity are concerns of the proposed layered multi-step FSMC model,
complexity factor α was introduced to represent the achievable accuracy and complexity,
where α is in range [3n + 1, (n + 1)2] and means the number of connections between the
model states.

Given α and pSj ,Sk , a unique layered multi-step layered FSMC model can be generated.
the layered multi-step FSMC model will choose 1th to αth maximum transition probabil-
ities in Eq. (4.5). If pSj ,Sk is chosen, Sj, Sk are said to be connected and there would be a
direct connection from state Sj to state Sk in the model.

The value of α need to be chosen carefully, If α is large enough as n2, any two states in
the layered multi-step FSMC model will be connected, The resulting amounts of calculation
need to be carried out which would require an unreasonable amount of time. Conversely if
the complexity factor α is small enough, the layered multi-step FSMC model accuracy will
not be guaranteed. An acceptable value of α must be chosen to adequately satisfy both
requirements for complexity and precision for network throughout.

With both stationary and transition probabilities derived for the proposed layered AMC
framework, it is important to identify the challenge in selecting key optimization parame-
ters, such as the step size and the complexity factor of the layered multi-step FSMC model,
to demonstrate the model’s practical feasibility in terms of computation complexity. Using
the model defined by Eq. (4.2) - Eq. (4.6), as long as the channel parameters, including
fd, m, and γ̄, fluctuate slowly, the accuracy of the estimation model should be subject to
an acceptable error rate for increased time intervals between necessary model regeneration
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and reduced computation complexity. The choice of an appropriate step size and model
complexity factor will be further studied and analyzed in Chapter 5.

4.2 Model objective

Spectrum efficiency can be calculated for the proposed model to measure the system perfor-
mance. There are N symbols in every MAC frame. Each symbol has the same modulation
and coding scheme in the MAC frame with r(c) and the symbol durations of Ts. For a
modulation and coding scheme c chosen for each MAC frame, denote the corresponding
number of information bits per frame by rf (c). The N symbols in the MAC frame, each
with symbol durations of Ts with r(c) bits/symbol, allow the information rate R to be
expressed in bits/second as:

R =
rf (c)

T
=
Nr(c)

NTs
=
r(c)

Ts
, (4.7)

Assuming the adoption of ideal Nyquist signal pulses with a fixed symbol period Ts = 1/B
for all modulation schemes [26] and using Eq. (4.6), the spectrum efficiency ηf is given by:

ηf =
R

B
=
r(c)

Ts
Ts = r(c), (4.8)

The AMC scheme adaptively changes according to the CSI from feedback path. Before
transmission, the layered AMC algorithm has the transmitter estimate the current receiver
channel condition based on the previous feedback CSI from receiver and the previous
FSMC state, denoted by Sj, using which the best modulation and coding scheme for each
data layer is selected from a collection of predefined candidate modulation and coding sets
each denoted by Mj = {c1, ..., cl, ..., cL}, where cl represents the ID corresponding to the
modulation and coding choice optimally selected for the lth layer.

For each possible set of Mj, the expectation of spectrum efficiency, denoted by η̄f (Mj),
is expressed as:

¯ηf (Mj) =
∑

k,psj ,sk>α

L∑
l=1

psj ,skr(cl)[1− eM(cl, γk, l)]

=
∑

k,psj ,sk>α

L∑
l=1

−psj ,skr(cl) ∗ [1− [1− 2(
1

M(cl)
)∗

Q(

√
3

M(cl)− 1
γk)]

2,

(4.9)
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where r(cl) is the number of information bits in a symbol using cl, pSj ,Sk is the transition
probability from state Sj to state Sk, and eM(cl, γk, l) is the symbol error rate if the
modulation and coding choice corresponding to the ID cl is selected for layer l under
channel state Sk with an SNR of (γk + γk+1)/2. Eq. (4.9) is used to evaluate the spectrum
efficiencies of all predefined modulation and coding sets, including all the situation such as
upper layers is eliminated without assignment to maintain potential BER targets necessary
in providing reliable service for lower layer(s).

For state Sj, the modulation set yielding the highest expected spectrum efficiency is
assigned. Assuming there are L layers in transmitter and receiver, corresponding mod-
ulation and coding scheme for each layer is cl, where l, (0 ≤ l ≤ L) is an integer,
M∗

j = {c∗1, c∗2, . . . , c∗L} is assigned to Sj, if:

η̄f (M
∗
j ) = max

c1,c2,...,cL
η̄f (Mj), (4.10)

Without loss of generality, when number of layers is L = 2, each modulation and coding
set can be denoted as Mj = {c1, c2}, where c1 and c2 is the modulation and coding scheme
selected for layer 1 and layer 2, respectively. For state Sj, the modulation set yielding the
highest expected spectrum efficiency is assigned, such that M∗

j = {c∗1, c∗2} is assigned to Sj
if:

η̄f (M
∗
j ) = max

c1,c2
η̄f (Mj)

=
∑

k,psj ,sk>α

(psj ,sk(r(c1)[1− ec(c1, γk, l)] + r(c2)[1− ec(c2, γk, 2)])), (4.11)

To evaluate the system as a whole, the expected spectrum efficiency, denoted as η̄, is
evaluated over all states in the FSMC as follows:

η̄ =
n∑
j=0

P (j)η̄f (M
∗
j ), (4.12)

where P (j) is the stationary probability of state Sj as defined in Eq. (3.1).

It could be noted that the determined optimal modulation and coding set for each
state are valid as long as the statistical fading parameters fluctuate slowly, allowing high
reusability of each employed layered multi-step FSMC model depending on application
scenarios to further the effectiveness of the proposed scheme.
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4.3 Search strategy for optimal power and coding schemes

The number of coding schemes and power ratios are fixed in the optimal process for selecting
power and coding schemes, and the formulation obviously becomes a discrete and nonlinear
problem which is subject to a serious scalability problem when an optimal solution is
desired. Thus, an optimal search strategy is introduced in this section to lower the search
process complexity. The basic idea of the proposed approach lies in two folds:

(1) the number of coding schemes is much less than that of the power ratio allocated
to each layer. Instead of choosing power ratios and coding schemes randomly, the focus in
this section is to give every state a coding scheme.

(2) Lower layer rates should be less than the rates of higher layers, represented as
r1 < r2 < . . . < rL in the sense that lower layer information data can have more chance to
recover even when the higher layer data cannot be recovered successfully.

The selection process is subject to the constrains of whole power restrictions and QoS
(BER) requirements for each layer. Mathematically this is represented as:

max η̄ = max
c1,c2,...,cL;π1,π2,...πL

n∑
j=0

P (j)η̄f (M
∗
j )

= P (j) ∗ max
c1,c2,...,cL;π1,π2,...πL

n∑
j=0

η̄f (M
∗
j ),

subject to

(4.13)

{
π = π1 + π2 + . . .+ πL

eM(cl, γl, l) ≤ BER, for layer l,

where in the optimization procedure the modulation and coding scheme cl and the allocated
power πl of layer l are dynamic variables to maximize the network spectrum efficiency.
Using Eq. (4.13), it is easy to maximize overall spectrum efficiency by maximizing the
spectrum efficiency of each state in the layered multi-step FSMC model. Figure 4.1 gives
the flowchart for this optimal power and coding scheme search process through CSI. Before
the selection process, the corresponding channel SNR that can achieve the QoS can be
calculated using the reverse process of Eq. (2.2) for each coding scheme. The Focus is
on the change of coding scheme when predicating channel status from the current FSMC
model. The coding scheme that can satisfy the QoS (BER) can be calculated by following
available transition states where at least the lowest rate coding scheme would be selected. In
the layered multi-step FSMC model, the least power that can achieve this coding selection
must be allocated. Based on that, after determining the minimal power ratio of each layer
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Figure 4.2: Flowchart for optimal power and coding scheme search.
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in current channel status, the search space is narrowed. This improves the search process
efficiency compared with an exhaustive search scheme.
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Chapter 5

Result analysis

To measure the performance of the proposed framework which incorporates multi-step F-
SMC model prediction and multi-layer SPC scheme. Comprehensive numerical simulation
is conducted. The results from comprehensive numerical evaluations are presented in this
section to: 1) compare the legacy non-layered AMC scheme with the proposed framework
with and without FSMC estimation. The scheme without the FSMC estimation simply
uses the average CSI feedback based on the several previous transmissions in the window
to choose the optimal modulation and coding set; 2) study the behavior of the proposed
framework when subject to various BER targets and fading conditions; 3) determine the
impact of the step size parameter and model complexity factor in the layered FSMC mod-
el for exploiting the implementation compromise between performance and computation
complexity.

Numerical experiments are conducted using MATLAB, where the presented results
are calculated based on the average of 200 executed simulations. For a fair comparison,
total transmission power and wireless channel properties are assumed to be equal in all
experiments such that the SNR of each layer are expressed in Eq. (2.4). Various channel
fading conditions and QoS targets are tested to evaluate the behavior of the proposed
scheme. Channel fading effects are evaluated by using m = 0.7 for fast fading and m = 1
for slow fading (Rayleigh).

Figure 5.1 - Figure 5.4 show the spectrum efficiency under different average receiver
SNRs when a minimum BER target is enforced for the non-layered conventional AMC, as
well as for all layers of the proposed framework for a fair comparison in terms of QoS. Two
layers are used to simplify the proposed model. In layered AMC framework with multi-step
FSMC model prediction, each layer of one state will choose the optimal power and coding
scheme to maximize spectrum efficiency for current fading channel characteristics. While
in non-layered scheme, only one state keeps the optimal coding scheme. To accelerate the
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search process for the optimal power and coding scheme, this chapter proposes a search
strategy.

5.1 Impact of BER target

Firstly, Figure 5.1- Figure 5.4 demonstrate that the spectrum efficiency of layered AMC
generally have superior performance over non-layered AMC under diverse BER targets
regardless of the channel fading characteristics. Take an example at average channel SNR
10 dB, the spectrum efficiency of layered AMC with FSMC prediction scheme is 1.2 b/s/HZ
higher than non-layered with FSMC prediction scheme, and 1.5 b/s/HZ higher than non-
layered AMC without FSMC prediction scheme in slow fading channel for required BER =
10−4. These verify that layered AMC with FSMC estimation can better utilize the receiver
channel due to more accurate channel estimation, with all four figures exhibiting certain
common characteristic. Moreover, it is observed that the spectrum efficiency increases with
looser BER constraints under the same receiver average SNR. However, the improvements
in non-layered AMC with or without FSMC estimation are less in magnitude because all
the power can only be allocated to a particular choice of modulation and coding scheme
for a single layer, even though the BER target has already been fulfilled. this exhibits the
advantages of layered AMC.

Figure 5.1: Spectrum efficiency at m = 0.7, BER = 10−6.

There is a common drop-and-increase trend of spectrum efficiency in layered AMC
results. The reduction is produced by the enforcement of the BER target in the lowest

34



Figure 5.2: Spectrum efficiency at m = 0.7, BER = 10−4

Figure 5.3: Spectrum efficiency at m = 1, BER = 10−6.
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Figure 5.4: Spectrum efficiency at m = 1, BER = 10−4.

layer, causing the inability to create the upper layer(s) due to insufficient power when
both the lowest layer of layered AMC and the single layer in non-layered AMC switch to
a higher rate while maintaining the BER target. Such scenario exhibiting the described
trend occurs at the channel boundaries between link adaptations to a higher coding level.
For example when the average SNR is 8.5 dB at BER = 10−6 for fast fading channel,
the corresponding spectrum efficiencies are 2.8 b/s/HZ, 1.7 b/s/HZ and 1.5 b/s/HZ. It
is then more likely that the channel state be around 8.5 dB, which results in a higher
occurrence of state transitions where lower layer will choose higher modulation, and the
upper layer must be silenced since 8.5 dB is a boundary SNR. Once the average SNR of
the channel improves, scenarios where the power is required to fulfill the BER target of
the lowest layer are more likely to occur, allowing higher probabilities to allow sufficient
power allocation to create the upper layers. Therefore, beyond an average SNR of 8.5
dB, the trends of spectrum efficiency increasingly become larger and continue to provide
superior performance over non-layered AMC. Moreover, for layered AMC with multi-step
FSMC estimation, the drop-and-increase trend is less pronounced, this is because the
channel being estimated for scenarios where the instantaneous channel is actually higher
than 8.5dB to support the creation of the upper layer for coding selection.

5.2 Impact of Fading

Comparing Figure 5.1 - Figure 5.4, it is similarly concluded that the spectrum efficiency
of the proposed layered AMC framework always achieves better performance than that of
the conventional non-layered AMC under very different fading situations, regardless of the
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BER target. In the range of the low SNR regime, more gains in spectrum efficiency can be
obtained earlier for fast fading channel conditions when utilizing layered AMC, even with a
more stringent BER target. This is because there are more opportunities for layered AMC
in mitigating the stale CSI feedback with the higher layer utilization. At BER = 10−6 for
the proposed layered AMC with FSMC scheme the spectrum efficiency can be achieved
at SNR 8.3 dB for a fast fading channel. However, at SNR of 9.5 dB the same spectrum
efficiency is achieved for slow fading. Further observation demonstrates that for fast fading
channel performance of AMC with the layered multi-step FSMC degrades quite a bit while
the layer scheme supplementally results in the increase of whole spectrum efficiency.

5.3 Impact of step Size and system complexity

The influence of step size between different adjacent states in the proposed layered multi-
step FSMC model is evaluated in Figure 5.5 - Figure 5.8 for two diverse fading situations
under different BER targets. Figure 5.5 and Figure 5.7 show the spectrum efficiency under
various average channels SNR, Figure 5.6 and Figure 5.8 are the specific situation when
the average SNR is 10 dB. Whatever the average SNR, the figure will exhibit the same
characteristics. An average SNR of 10 dB stepped from 1 dB to 3 dB in increments of 0.1
dB is employed. With larger BER targets, the expected spectrum efficiency increases, with
the proposed framework providing higher spectrum efficiency than non-layer AMC in both
diverse fading and BER target scenarios. Although larger step sizes reduce the accuracy of
the FSMC results, it is observed from these figures that the spectrum efficiency is generally
in a declining trend with increasing step sizes.

For example in Figure 5.6, if the step size is increased from 1 dB to 3 dB spanning
an SNR range from 0 to 30 dB, the number of states would decrease from 30 to 10; such
tripling of the step size only decreases the spectrum efficiency by approximately 10%, or
0.5 bits/HZ/s, while reducing the number of states in the FSMC by three times. Hence,
the performance of the proposed framework is relatively insensitive to step size variations,
allowing reduced computational overhead through the use of larger step size for practical
system implementations.

The influence of system complexity for AMC with layered multi-step FSMC model is
evaluated in Figure 5.9 - Figure 5.12 for two diverse fading situations under different BER
targets. Figure 5.9 and Figure 5.11 show the spectrum efficiency under various average
channels SNR, Figure 5.10 and Figure 5.12 is the specific situation when the average SNR
is 10 dB. With the complexity factor stepped from factor 20 to factor 70 in increments of
factor number 3, whatever the average SNR, the figure exhibits the same characteristics for
the varying complexity factor. Similarly results show the advantage of proposed framework
in the spectrum efficiency under both diverse fading and BER target scenarios. Higher
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Figure 5.5: Spectrum efficiency at BER = 10−6 for varying step size.

Figure 5.6: Spectrum efficiency at BER = 10−6 for varying step size at SNR 10dB.
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Figure 5.7: Spectrum efficiency at BER = 10−4 for varying step size.

Figure 5.8: Spectrum efficiency at BER = 10−4 for varying step size at SNR 10dB.
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model complexity results more calculation which is sometimes unachievable during MAC
frame time, while lower model complexity results the inaccuracy of channel prediction.
When tighter BER constrains need to be enforced, more system complexity should be
chosen to predict an accurate result due to the more rapidly decrease of spectrum efficiency
for larger BER.

Furthermore, Figure 5.9 - Figure 5.12 show that when same complexity is selected
in channel prediction, for fast fading channel situation the spectrum efficiency decreases
faster regardless of the BER constrains. This indicates more system complexity is needed
to obtain more accurate results for the fast fading channel. Through the observations in
Figure 5.9 - Figure 5.12, when fast fading channel is considered, empirical complexity is
the threshold which can be used to keep the model accurate while decreasing the model
complexity at the expense of a 0.3 b/s/HZ decrease (around 10%).

5.4 Impact of layer number in layered multi-step F-

SMC model

Figure 5.9: Spectrum efficiency at BER = 10−6 for varying complexity.
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Figure 5.10: Spectrum efficiency at BER = 10−6 for varying complexity at SNR 10dB.

Figure 5.11: Spectrum efficiency at BER = 10−4 for varying complexity.
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Figure 5.12: Spectrum efficiency at BER = 10−4 for varying complexity at SNR 10dB.

In practice, for sufficiently large number of layers of power ratio allocations, impracti-
cal computations would be introduced, rendering the optimal search procedure unreason-
able. Due to the complex formulations of the proposed framework, extensive simulations
were performed to study the behavior of spectrum efficiency and system complexity to
demonstrate the sufficiency of the two-layer scheme to achieve favorable results for power
allocation.

The simulations were performed using an Intel Core 2 Duo processor clocked at 2.26
GHz with 3 GB of RAM. The study of increased allocated layers focused on the increased
computation complexity of two and three layer schemes without losing generality. The
QoS requirement was set to BER = 10−6.

Table 5.1 summarizes the elapsed time for different units of allocated power for each
layer. Simulation results show that when the total allocated power was set to 100, 200, or
even 800 units, the spectrum efficiencies of the two and three layer schemes are very similar,
while the elapsed time to perform the simulation increased up to 1000 times. Even for
power workstations, such complexity is unacceptable. The unchanged results in spectrum
efficiency with the addition of the third layer is reasonable, given that to maximize spectrum
efficiency, most of the power will already have been allocated for base layer transmission,
with the remainder left over for upper layers to increase spectrum efficiency. Thus, more
precise power allocation can be employed while maintaining reasonable complexity in the
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two-layer scheme over the three-layer scheme for optimized power allocation.

Table 5.1: complexity calculation time for multi-layer scheme

layer scheme unit whole elapsed time each run elapsed time
(seconds) (seconds)

2 layers 100 27.556 0.138
3 layers 100 338.838 1.694
3 layers 200 1499.577 7.498
3 layers 400 6064.188 30.321
3 layers 800 25704.508 128.523
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Chapter 6

Conclusion

This thesis introduced a novel framework by incorporating AMC with layered transmis-
sion through SPC to tackle the effects of decreased performance caused by the stale CSI
problem. An efficient layered multi-step FSMC model is developed to assistant the system
choose optimal modulation and coding scheme, as well as the power allocated for each
layer in every multi resolution transmission under this framework.

Combining these two schemes allows superimposed layered data to be transmitted on
the channel which is under the predication of the layered multi-step FSMC model. The
results that from the lower-rate portion of an SPC transmission on overestimated CSI
may still likely be secured instead of being completely lost, while both the lower-rate and
higher-rate data of an SPC transmission can be decoded and obtained on an underestimated
channel. In this sense, the whole system throughput can be enlarged.

The layered FSMC model in this thesis was designed to include multi-step transitions
to help the system select a more accurate and relevant modulation and coding scheme for
each layer in every multi-resolution unicast transmission. The multi-step transitions are
calculated from the channel characteristic received from CSI. Moreover, in the proposed
model, layer SPC symbols are incorporated in each state to give the model multi chances
to recover information data.

To allow the proposed layered multi-step FSMC model to have close to reality perfor-
mance, the layered multi-step FSMC model in this thesis was designed with constrains of a
complexity parameter. Values of complexity factor and step size are discussed extensively
in the thesis to better a predicate channel state. Additionally a search strategy on how to
efficiently obtain optimal values for the power and modulation scheme is given.

Simulation results prove that this proposed framework generally achieves higher spec-
trum efficiencies over a system using non-layered AMC, even when the proposed framework
simply uses average CSI feedback without FSMC estimation for optimal modulation and
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coding selections. Simulation results also demonstrated that two layer schemes is the good
choice for allocating powers and more layers are not needed in practice for implementation.
The proposed layered AMC framework is believed to be fundamentally applicable for in-
corporation into emerging 4G wireless technologies to reduce the gap between achievable
channel performance and the Shannon capacity limit.
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