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ABSTRACT

This thesis presents packet-level channel modeling, spectrum efficiency optimiza-

tion and channel estimation for wireless cooperative communication systems with

diversity combining. Cooperative transmission in a wireless network allows neigh-

boring nodes to share their communication resources to create a virtual antenna

array by distributed transmission and signal processing, which is useful to exploit

spatial diversity, increase channel capacity, and attain wider service coverage with

single-antenna terminals. How to exploit spatial diversity and leverage the multi-hop

channel structure is an important research issue for the cooperative network.

In this thesis, two cooperative schemes are considered, amplify and forward (AF)

and demodulation and forward (DMF). For AF cooperative systems, finite state

Markov chain (FSMC) models are designed in analyzing the system performance con-

sidering time-varying channel behaviors and facilitating fast channel simulation. For

DMF cooperative systems, first we formulate the optimization problem that jointly

chooses the modulation schemes at the source and relay nodes, to maximize the

throughput of cooperative systems under the BER constraint. Second, we propose to

use the soft values of each bit to devise a simple and effective combining scheme, which

can be applied for both AF and DMF cooperative systems. Third, as the soft values

from demodulation process can also be used for measuring the channel estimation



iv

accuracy, a soft value-assisted channel estimation has been proposed by iteratively

utilizing soft values to refine the accurate channel estimation. In addition, we also

implement the soft value module in OFDM-based transceiver system based on a GNU

Radio/USRP2 platform, and verify the effectiveness and performance improvement

for the proposed SVC systems.

As considering wireless cooperative systems has attracted increasing attentions

from both academic and industry to meet the demanding of the high data rate trans-

mission, the packet-level channel modeling, adaptive modulation, spectrum efficiency

improvement frameworks based on soft value combining and accurate channel esti-

mation algorithms proposed in this thesis are essential for future proliferation of high

data rate, reliable and efficient wireless communication networks.
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Chapter 1

Introduction

1.1 Background and Objective

A major driven force for the intensive research efforts in wireless communications and

networking is that the limited wireless spectrum may not satisfy the ever-growing de-

mand for inexpensive but effective wireless services, such as wireless Internet access

and ubiquitous multimedia distribution. Cooperative communication has emerged to

exploit spatial diversity from multiple nodes to improve the wireless spectrum utiliza-

tion and quality of wireless services. In particular, using cooperative communication,

wireless terminals can benefit from relaying messages for each other to propagate the

same signal over multiple paths in the network. This path diversity allows the ul-

timate receivers to combat channel variations resulting from fading, shadowing, and

other forms of interference.

Cooperative communication can be applied in many scenarios, including cellular

networks, ad-hoc networks, sensor networks, and vehicular networks. Different sce-

narios call for diverse cooperation methods which can be categorized to two main

classes.

1. Amplify and Forward (AF). As the name implies, the relay node amplifies the

received signal as well as noise and forwards it to the destination. Although the

noise is also amplified with the signal, the destination will achieve the diversity

gain by combining two independently faded copies. Because of the light func-

tionality requirement in the relay node, AF is a simple method to implement

and analyze. There are two types of AF schemes based on the choice of amplifi-

cation factor α. If the relay node knows the channel state information between
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the source and the relay, hSR, the fixed gain relays set α to,

α =

√
ERD

ESRE[|hSR|2] +N0
, (1.1)

where ESR and ERD denote the average transmission power at the source and

the relay, respectively. N0 is the power of white Gaussian noise. On the other

hand, if the relay has the instantaneous channel knowledge of the source to relay

hSR, the variable gain relays set α to

α =

√
ERD

ESR|hSR|2 +N0
. (1.2)

2. Decode and Forward (DF). Another cooperative scheme is the Decode and For-

ward. In this scheme, the relay decodes the incoming signal and transmits

an re-encoded signal to the destination. Again, independent replicas of the

source signal are received at the destination and spatial diversity gain can be

achieved. In an uncoded system with the DF protocol, as the relay always

forwards the signal to the destination no matter whether the signal is detected

correctly or not, an error propagation may occur when the erroneous decoded

signal is forwarded by the relay which degrades the system performance. To

cope with this problem, DF cooperation incorporated with cyclic-redundancy-

check (CRC) codes has been discussed [63], [43]. With CRC codes at the relay,

only a correctly decoded signal is allowed to be forwarded by the relay to avoid

error propagation. Meanwhile, DF with CRC codes also increases the hardware

complexity of the relay and requires additional time to decode and re-encode

CRC codes at the relay which results in longer delay.

As cooperative communication systems are more complex than the traditional

point-to-point communications with multi-hop multi-path structures, the objective

of this thesis is to develop a packet-level channel model of cooperative systems to

characterize the statistic properties, and also to investigate new techniques to exploit

the spatial diversity of cooperative networks with adaptive modulation and accurate

channel estimations, in order to improve the reliability and spectrum efficiency of

wireless cooperative systems.
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1.2 Contributions

1.2.1 Packets Level Channel Models for Cooperative Sys-

tems

Finite-state Markov chain (FSMC) models can capture the essence of time-varying

fading channels by preserving their statistic features. How to build FSMC models

for multi-hop and multi-path wireless systems remain an open issue. In this thesis,

the FSMC channel models are developed for amplify-and-forward (AF) cooperative

systems with selection combining (SC) and maximum ratio combining (MRC) tech-

niques, respectively. First, the second-order statistics, such as level-crossing rate

(LCR) and average fade duration (AFD) are derived based on the statistical proper-

ties of each individual path, for both SC and MRC systems. Then, simple and com-

putational efficient approximations are used to further simplify the proposed model.

Numerical and simulation results verify the accuracy and applicability of the proposed

FSMC models. Finally, the models are used to optimize the configuration for scalable

video streaming in an AF cooperative diversity system. Experimental results show

the feasibility and advantage of applying the proposed FSMC model for cross-layer

design and optimization.

1.2.2 Soft Value Combining for Cooperative Systems with

Adaptive Modulation

User cooperative communication is promising to improve wireless spectrum and en-

ergy efficiency. For user cooperative systems, how to maximize the efficiency using

adaptive modulation and effectively combine signals with different modulations with-

out sophisticated signal processing is an open issue. A simple soft value combining

(SVC) scheme has been proposed. The soft value is a numerical number related to

the confidence level in demodulating the bit. With SVC, the receiver sums up the

soft values of each information bit from the direct transmission path and the relay

path, no matter whether the two transmissions using the same modulation scheme or

not. Analytical framework has been developed to quantify the bit error performance

of SVC and to optimize the configuration of modulation in demodulate-and-forward

(DMF) cooperative systems. Analytical and simulation results have demonstrated

that the proposed DMF cooperative system with SVC and adaptive modulation is
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simple to implement and can substantially improve the spectrum and energy effi-

ciency of wireless systems, compared to the existing amplify-and-forward cooperative

systems and multi-hop relay systems.

1.2.3 Enhanced Channel Estimation for Cooperative Systems

with Soft Value-assistance

Inaccuracy of channel estimation is among the main factors that could cause perfor-

mance degradation in wireless communication. In the cooperative communication,

multiple-path and multi-hop scenarios require an even higher accuracy in channel es-

timation. We propose a channel estimation approach for demodulation-and-forward

(DMF) system with the assistance of soft value. The soft values indicating the reliabil-

ity of demodulated bits are utilized to improve the channel estimation quality. Based

on the Expectation-Maximization (EM) algorithm, iterative estimation schemes are

proposed which can benefit from the initial estimation results and the soft value

information. Numerical results show that the proposed soft value-based channel esti-

mation (S-CE) substantially improve the channel estimation quality in terms of mean

square error (MSE), and it thus can improve the spectrum efficiency by reducing the

pilot overhead as well as the bit error rate (BER).

1.3 Dissertation Outline

This work focuses on performance enhancement of wireless cooperative network us-

ing emerging wireless communication technologies. In order to obtain the statistic

information on fading channel of cooperative system, the packet level channel model

has been formulated which plays an important role in the network protocol design.

Modulation and error recovery for the cooperative system have also been proposed

for the throughput enhancement.

The rest of this dissertation is organized as follows.

In Chapter 2, the packet-level channel modeling of wireless cooperative network

has been discussed. First, we briefly review the existing work on channel modeling

with finite state Markov chain. Then, based on the statistic of the relay and the

direct Rayleigh fading channels, two essential second-order parameters level crossing

rate (LCR) and average fade duration (AFD), are derived which are important for

effective error coding design in the physical and the upper layers.
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Adaptive modulation related research issues are discussed in Chapter 3. First, We

use an approximate BER expression of M-QAM modulation to formulate an easy-to-

solve optimization problem, so the modulation types for the source node and the relay

node in the wireless cooperative system can be optimized in real time to maximize the

throughput under the BER constraint. To maximize the throughput for the whole

network, we further use a worst-link-first (WLF) matching algorithm for selecting

appropriate cooperators.

In Chapter 4, an error recovery protocol for user cooperative networks utilizing

the soft values of each bit from the physical layer has been proposed. First, we give

the definition of soft value in our scheme, and then the closed-form BER expression

of AF cooperative systems is derived, both in AWGN and fading channels. We also

extend the proposed error recovery scheme in DMF cooperative systems. Significant

performance improvement has been noticed from the preliminary results. Spectrum

optimization problem with soft value combining is a future research issue.

Chapter 5 focuses on channel estimation algorithm in cooperative systems with the

help of soft value. We propose a soft value-assisted channel estimation (S-CE) scheme,

by utilizing the reliable information about the initial channel estimation, to improve

the accuracy of channel estimation. Several channel refinement schemes are proposed

to balance the channel estimation accuracy and the computational complexity.

Chapter 6 concludes the dissertation and suggests the future research directions.

1.4 Bibliographic Notes

Most of the works reported in this dissertation have appeared in research papers.

The works in Chapter 2 and Appendix have been published in [44, 49]. The work in

Chapter 3 has been published in [45], and those in Chapter 4 have appeared in [46, 48].

The work in Chapter 5 has appeared in [47].
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Chapter 2

A Packet-level Channel Model for

Wireless Cooperative Diversity

Systems

2.1 Motivation and Contributions

As discussed in Chapter 1, the packet-level channel model is used to describe sta-

tistical properties of fading channels, and it can track the time-varying channel and

capture the dynamics of the packet error rate (PER), on a packet-to-packet basis.

A good packet-level channel model is not only important for the simulation of net-

working algorithms and protocols, but also critical for their performance analysis and

optimization.

Wireless cooperative diversity technologies have attracted extensive attention as

an essential option to improve the throughput and coverage of wireless communication

systems [38]. To overcome the attenuation and distortion caused by the multi-path

propagation of wireless channels, neighboring nodes can cooperate to enhance the

reliability and stability of wireless transmissions. Depending on the relay function-

ality, cooperative network can be categorized as amplify-and-forward (AF) by which

the relay node amplifies the received signal and retransmits it to the destination, or

decode-and-forward (DF) by which the relay node decodes the received signal before

forwards it to the destination. In the literature, there are extensive research work on

the performance analysis of cooperative diversity systems in terms of capacity and

bit error rate (BER) under different cooperative assumptions and diversity combining
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techniques [32, 75].

The previous performance analysis for cooperative diversity systems mainly fo-

cused on the overall average system performance. For example, BER measures the

average error rate in the receiver, determined by the average duration that the re-

ceived signal envelope falls beneath a certain level. We are also interested in the

higher-order statistics of wireless channels, such as how frequently the received enve-

lope crosses a threshold and how long the fading duration is below the threshold each

time. These channel statistics have a great impact on the design and performance

prediction of wireless systems. For instance, for the queue performance in the link

layer, not only the average transmission rate, but also its variation (or the variation

of service time) plays an important role.

It is well-known that the Finite State Markov Chain (FSMC) model is a simple

and effective tool to capture the first and second-order statistics of fading channels.

In 1960s, the classical two-state Gilbert-Elliott (FSMC) model [17] was developed,

and then it has been extended to multi-state Markov chain model in [80]. Since then,

FSMC models have been extensively studied and widely adopted for protocol design,

analysis and simulation purposes [10, 25, 24, 11, 71]. In the literature, FSMCs for a

single fading channel (Rayleigh, Rician, or Nakagami-m) [25], for identical channel

environments such as multihop relay systems [24, 11], and for diversity systems with

multiple identical branches [10] have been studied. However, for cooperative diversity

systems with non-identical relay and direct paths, proper channel modeling using

FSMC remains an open issue.

In this chapter, we fill the gap by developing the FSMC channel models for AF

cooperative diversity system with selection combining (SC) and maximum ratio com-

bining (MRC) diversity techniques, respectively, and applying it to optimize the con-

trol strategy for scalable video streaming applications. The main contributions of

this chapter are as follows:

1. Considering the statistic properties of the AF two-hop relay path and the direct

Rayleigh fading channel, we derive the second-order statistic parameters, i.e.,

the level crossing rate (LCR) and the average fade duration (AFD), for both

SC and MRC cooperative diversity systems. Using the widely adopted SNR

partitioning method, the state transition matrix and steady state probabilities,

which form the FSMC model, have been derived. To make the exact expres-

sion computational attractive for practical applications, we further apply the

approximation theorem to simplify the model.



8

2. Numerical and simulation results have been provided to validate the accuracy

of the proposed FSMC models.

3. The proposed FSMC models are applied to optimize the adaptation for scalable

video streaming in AF cooperative diversity system, which leads to better user-

perceived quality of experience (QoE).

2.2 Related Work

2.2.1 Second-order Statistics

Second-order statistics, such as LCR and AFD determine the frequency and the burst

length of the fading channel in certain status, which play an important role in system

performance [66, 20, 29, 70]. For AF relay systems with multiple hops, authors in [20]

have obtained the analytical expressions for the second-order statistics by modeling

the cascaded channel as the product of N fading envelopes. In [29], the statistical

properties for diversity techniques in Nakagami-m fading channels have been dis-

cussed, where each channel has identical channel distribution. Authors in [70] have

studied the statistics of the output from two non-identical Nakagami-m fading chan-

nels with MRC. However, none of the above work considers the diversity combining

for AF cooperative systems with non-identical relay and direct paths.

2.2.2 SNR Partitioning

Another important issue for FSMC modeling is the state partitioning, which is used

to separate the received signals into K nonoverlapping SNR regions. The equiprob-

able partitioning method (EPM) has been proposed and adopted in [80, 78]. Other

partitioning criteria, including equal time duration method and quantization MSE

method, have been discussed in [91, 71]. On the other hand, [28] showed that the dif-

ference of all partition methods may diminish as the number of the states K increases.

In the following, we choose EPM for simplicity.

2.2.3 Video Over Wireless Application

Currently, video applications account for the highest percentage of the network traffic

mix. It has been forecasted that two-thirds of the mobile data traffic will be video by
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2014 [9]. Given the highly dynamic network conditions, adaptive video transmission

gains high attention which can adjust the video source rate according to the avail-

able network bandwidth. Authors in [88] proposed adaptive transmission schemes

to achieve the inherent gain for a scalable multi-layered video system with quality

of service (QoS) guarantee. In [86], the rate adaptation problem was formulated as

a Markov Decision Process (MDP), aiming to find an optimal streaming strategy in

terms of user-perceived QoE. For the optimization problem, the state transition ma-

trix of the link-layer throughput is a key component. [86] assumed that the transition

matrix can be obtained from wireless channel models, but how to obtain the channel

models was not considered. Inaccurate channel modeling may under-estimate the

available bandwidth which leads to low average video quality, or over-estimate the

bandwidth which leads to more playback interruptions. We need to investigate the

impact on the video QoE of using different channel models. This case study can

reveal the importance of channel modeling on upper layer protocol performance and

design.

2.3 Wireless Cooperative Diversity System Mod-

els

2.3.1 System Model

We consider the user cooperative system with a relay path and a direct path, as shown

in Fig. 2.1. In the first time slot, the source node (S) broadcasts to the relay node

(R) and the destination (D). In the second slot, R amplifies the received signal and

retransmits it to D. In the system, the maximum Doppler frequency shifts induced

by the motion of the mobile stations for the SR, RD and SD, are denoted by fm1 , fm2

and fm3 , respectively. The symbol list is given in Section 2.8 for easy reference.

After the two-hop transmission, the overall received signals at the destination can

be written as [
rR

rD

]
=

[
Grh1h2

h3

]
s+

[
Grh2n1 + n2

n3

]
, (2.1)

where s is the transmitted signal with the average power normalized to unity, h1,

h2 and h3 are the channel gains of SR, RD, and SD, respectively, and n1, n2, and
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11, mh f

33, mh f

22 , mh f

Figure 2.1: System model.
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n3 are the additive complex Gaussian noise with average power N0. Gr is the fixed

amplification gain in R, hr = Grh1h2 is the overall channel gain of the relay path, and

nr = Grh2n1+n2 is the overall noise of the relay path. Note that the direct path and

the relay path do not have the identical noise power due to the amplification process

at the relay. Thus, the received SNR before the diversity combining is affected by Gr.

Following the definition in [59], the fixed gain is given by

G2
r =

1

CN0
, (2.2)

where C is a positive constant. The instantaneous end-to-end SNR of the relay path

and the direct path can be expressed as γR = γ1γ2/(C + γ2) and γD = γ3, where

γi = |hi|2/N0, i = 1, 2, 3 are the instantaneous SNRs of S-R, R-D and S-D channels,

respectively.

In this chapter, we assume that h1 and h2 are statistically independent, so the relay

amplification factor Gr can be absorbed in the average energy of h2 for convenience.

To develop the FSMC model for the above cooperative diversity system, there are

two essential technical problems. First, as mentioned above, due to the amplifying

action in the relay node, the received signal from the relay path contains colored noise,

which should be treated carefully. Second, depending on the diversity technique em-

ployed by the receiver, combined signals have different properties. Thus, we develop

the FSMC models for different combining techniques separately in Sections 2.4 and

2.5, respectively.

2.3.2 Statistical Properties of Direct and Relay Channels

To build the FSMC model for the cooperative diversity system, we need to analyze

the statistical properties of the received SNR of both paths, denoted by ΓD and ΓR

for the direct path and the relay path, respectively.

General Expression of LCR and AFD for Fading Channel

Here, we give the general expression of the second-order statistics for the received

signal’s envelope. Let y be the value of the fading channel envelope Y . The LCR

NY (y) is defined as the expected rate at which the random envelope crosses a given

threshold y in the downward direction, as described in detail in [71, 91]. It can be
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calculated from the joint PDF of the envelope and its time derivative by

NY (y) =

∫ ∞

0

ẏfY Ẏ (y, ẏ)dẏ, (2.3)

where ˙ denotes the time derivative, and fY Ẏ (y, ẏ) is the joint PDF of Y and Ẏ .

Another second-order statistical parameter used to describe the fading channel

properties is AFD, TY (y), defined as the average time that the channel envelope

remains below the threshold y after crossing it in the downward direction. It is given

by

TY (y) =
FY (y)

NY (y)
, (2.4)

where FY (y) is the cumulative distribution function (CDF) of Y .

Statistical Properties for Rayleigh Channel

For the direct path, which is a classical Rayleigh fading channel, the PDF, CDF and

LCR of the received SNR can be found as [91]

fΓD
(γ) =

1

γ̄3
exp

(
− γ

γ̄3

)
, (2.5)

FΓD
(γ) = 1− exp

(
− γ

γ̄3

)
, (2.6)

NΓD
(γ) = f3

√
2πγ

γ̄3
exp

(
− γ

γ̄3

)
, (2.7)

where γ̄3 = E{|h3|2}/N0 is the mean SNR of the channel gain, and E{.} denotes

expectation. f3 is the maximum Doppler frequency shift between the source and the

destination. If one of them is stationary, f3 equals the Doppler frequency induced by

the motion of the mobile station. In our case, f3 = fm3 .

Statistical Properties for AF Relay Channel

From the analysis in Section 2.3.1, the relay path can be modeled as a fixed gain AF

fading channel.
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The CDF of SNR ΓR for the relay path is given by

FΓR
(γ) = Pr(ΓR < γ) (2.8)

= Pr

(
γ1γ2

γ2 + C
< γ

)
,

which can be derived as

FΓR
(γ) =

∫ ∞

0

Pr

(
γ1γ2

γ2 + C
< γ|γ2

)
pγ2(γ2)dγ2 (2.9)

=

∫ ∞

0

1

γ̄2

[
1− exp

(
− γ

γ̄1

(
1 +

C

γ2

))]
e
− γ2

γ̄2 dγ2

= 1− 2

√
Cγ

γ̄1γ̄2
e
− γ

γ̄1 K1

(
2

√
Cγ

γ̄1γ̄2

)
,

where Kv(.) is the v-th order modified Bessel function of the second kind [18].

From (2.9), the PDF of SNR can be obtained by taking the derivative with respect

to γ,

fΓR
(γ) =

2

γ̄1
e
− γ

γ̄1

[√
Cγ

γ̄1γ̄2
K1

(
2

√
Cγ

γ̄1γ̄2

)
+

C

γ̄2
K0

(
2

√
Cγ

γ̄1γ̄2

)]
. (2.10)

From the definition in (2.3), the LCR for SNR of AF channels can be derived

following the method proposed in [66], and obtained as

NΓR
(γ) =

2
√
2πγ

γ̄1γ̄2
exp

(
− γ

γ̄1

)
(2.11)

∫ ∞

x=0

√
f 2
1 γ̄1x

4(x2 + C) + C2f 2
2 γ̄2γ

x2
exp

(
− γ̄1x

4 + Cγ̄2γ

x2γ̄1γ̄2

)
dx,

where fi, i = 1, 2 are the maximum Doppler frequency shifts for each hop, which de-

pend on the channel mode. For a fixed-to-mobile (F2M) channel, fi = fmi
, where fmi

is the maximum Doppler frequency shift caused by the motion of the mobile station.

For a mobile-to-mobile (M2M) channel, the overall maximum Doppler frequency shift

can be represented as fi =
√

f 2
mi,s

+ f 2
mi,r

[65], where fmi,s
and fmi,r

are the maximum

Doppler frequency shifts caused by the motion of the sender and the receiver, respec-

tively. The above properties are crucial in the analysis of the second-order statistical

parameters of a cascaded Rayleigh fading channel.
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2.3.3 Spatial Diversity

In the destination, two copies of the transmitted signals are received through inde-

pendent channels, which leads to the diversity gain. With the SC scheme, the receiver

selects the signal from the path with the higher received SNR, and ignores the other

copy. The output of the SC combiner can be expressed as

γ = max{γR, γD}. (2.12)

The MRC scheme takes the advantage of spatial diversity provided by the two

independent paths of the cooperative system. With the MRC scheme, signals from

each path are weighted with respect to their instantaneous SNR. The resulting overall

received SNR can be obtained by

γ = γR + γD. (2.13)

Comparing the performance of the SC and the MRC schemes, SC is inferior to

MRC from the perspective of the received SNR, due to the lower diversity gain.

On the other hand, the SC scheme has lower processing complexity than MRC. SC

requires a measurement of the received SNR from each path only, while MRC requires

the accurate measurements of both the channel gain and phase. Hence, depending

on the tradeoff between complexity and performance, both SC and MRC are widely

implemented in the wireless communication systems.

In the following sections of this chapter, we describe our FSMC modeling for two-

path cooperative diversity systems. The modeling method can be readily extended

to N multi-path cooperative systems, as briefly discussed in Appendix I.

2.4 FSMC Channel Modeling for AF Cooperative

System with SC

In this section, we derive the FSMC model for the AF cooperative diversity system

with selection combining. Based on the existing work on the statistical properties

of AF relay and Rayleigh fading channels, we first derive the second-order statistics

(LCR and AFD) for the AF cooperative diversity system with SC. Then, by parti-

tioning the received SNR into K non-overlapping states, the state transition matrix
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and steady state probabilities are obtained. The main challenges here are to ana-

lyze the statistic properties of the overall combined signals. To overcome the above

challenges, we adopt the mapping relationship between the input and output signals

of the SC combiner, and derive the expressions in terms of existing individual path

statistical parameters, such as LCR, PDF and CDF.

2.4.1 Level Crossing Rate

Let γ be the sampled value of the diversity combined SNR, Γ, of the fading channel.

From the definition in (2.3), the LCR, NΓ(γ), can be calculated as

NΓ(γ) =

∫ ∞

0

γ̇fΓΓ̇(γ, γ̇)dγ̇, (2.14)

where ˙ denotes the time derivation operator with respect to time, and fΓΓ̇(γ, γ̇) is

the joint PDF between Γ and Γ̇. Let fΓ(γ) and FΓ(γ) be the PDF and CDF of the

received SNR of the combined fading channel, respectively. Then the LCR can be

rewritten as

NΓ(γ) =

∫ ∞

0

γ̇fΓ̇|Γ(γ̇|γ)fΓ(γ)dγ̇. (2.15)

The value of the received SNR at the output of the combiner, denoted by γ, is

given by γ = max {γD, γR}. Then the PDF of the received SNR after SC, fΓ(γ), can

be represented by

fΓ(γ) =
∑

j∈{D,R}
P (Γ = γj|γj = γ)fΓj

(γ)

=
∑

{j,l}∈{D,R}
P (Γl < γ, l �= j|γj = γ)fΓj

(γ)

=
∑

{j,l}∈{D,R},l �=j

FΓl
(γ)fΓj

(γ). (2.16)

Given the LCR of the relay and direct paths, NΓD
(γ) and NΓR

(γ), by taking (2.16)
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into (2.15), the average LCR for the SC scheme, NΓ(γ), can be obtained as

NΓ(γ) =
∑

j∈{D,R}
P (Γ = γj|γj = γ)fΓj

(γ)

∫ ∞

0

γ̇jfΓ̇j |Γj
(γ̇j|γj)dγ̇j

=
∑

{j,l}∈{D,R},l �=j

FΓl
(γ)NΓj

(γ)

= NΓD
(γ)FΓR

(γ) +NΓR
(γ)FΓD

(γ), (2.17)

which implies the number of time that the received signal crosses the threshold γ.

Taking (2.6), (2.7), (2.9) and (2.11) into (2.17), the LCR of the received SNR for

SC can be expressed as a function of the SNR threshold γ.

2.4.2 Average Fade Duration

As shown in (2.4), the AFD for cooperative systems with SC is governed by the LCR

and the CDF of the combined SNR. The CDF of the SC channel SNR at the receiver

can be expressed as

FΓ(γ) = P (γD < γ, γR < γ)

= FΓD
(γ)FΓR

(γ). (2.18)

which uses the independence property of each path.

Thus, by taking (2.17) and (2.18) into (2.4), the AFD for the cooperative system

with SC, TΓ(γ), can be obtained as the average duration that the received signal is

below the threshold γ.

2.4.3 SNR Partitioning and Steady State Probabilities

Let S = s1, s2, ..., sK denote the received SNR state space with K states. Generally,

the SNR range of each state should be large enough so the channel most likely remains

in the same state during one packet transmission time. On the other hand, the SNR

range should be small enough to ensure the corresponding BER performance within

the range is similar. Based on the above requirements, [80] proposed EPM for SNR

partitioning as a simple and applicable solution, so that the steady-state probabilities
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πk of each state are all equal, i.e.,

πk =

∫ Γk+1

Γk

fΓ(γ)dγ = FΓ(Γk+1)− FΓ(Γk) =
1

K
, (2.19)

for k = 0, 1, ..., K. By numerically solving the above equations, the SNR thresholds

Γk, k = 1, 2, ..., K − 1 can be obtained.

2.4.4 State Transition Probabilities

Once the number of states and the corresponding SNR partitioning have been deter-

mined, we next calculate the state transition probabilities. In a first-order Markov

model, we assume a slow fading environment with appropriate SNR partitioning, and

that the state transitions are possible only between adjacent states. Let Pi,j denote

the state transition probability between state si and sj , which can be approximated

as [80]

Pk,k+1 ≈ NΓ(Γk+1)Tp

πk
, k = 1, 2, ..., K − 1 (2.20)

Pk,k−1 ≈ NΓ(Γk)Tp

πk
, k = 2, ..., K (2.21)

where Tp is the transmission time for one packet.

2.5 FSMC Channel Modeling for AF Cooperative

System with MRC

In this section, the FSMC channel model is derived for AF cooperative system with

MRC. Different from the approach adopted for SC, we first obtain the second-order

statistics by applying the variance properties of the AF relay path and the direct

Rayleigh fading path. Then an approximated expression of LCR is given to fur-

ther simplify the analytical results. Given the SNR partitioning, the state transition

probabilities and steady state probabilities are then obtained.
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2.5.1 Level Crossing Rate

To derive the LCR defined in (2.3), our approach does not require the explicit expres-

sion of joint probability fΓΓ̇(γ, γ̇) to obtain the analytical result of LCR. The detail

of the derivation is presented below.

As for fΓΓ̇(γ, γ̇), it can be expressed as follows:

fΓΓ̇(γ, γ̇) =

∫ ∞

0

fΓ,Γ̇|ΓD
(γ, γ̇|γD)fΓD

(γD)dγD

=

∫ ∞

0

fΓ̇|Γ,ΓD
(γ̇|γ, γD)fΓ|ΓD

(γ|γD)fΓD
(γD)dγD. (2.22)

By taking (2.22) into (2.3), the LCR expression for MRC can be rewritten as

NΓ(γ) =

∫ ∞

0

γ̇

∫ ∞

0

fΓ̇|Γ,ΓD
(γ̇|γ, γD)fΓ|ΓD

(γ|γD)fΓD
(γD)dγDdγ̇

=

∫ ∞

0

(∫ ∞

0

γ̇fΓ̇|Γ,ΓD
(γ̇|γ, γD)dγ̇

)
fΓ|ΓD

(γ|γD)fΓD
(γD)dγD. (2.23)

Since the relay and the direct paths are independent to each other, the derivative

of the received SNR of the MRC scheme, γ, can be expressed as

γ̇ = γ̇D + γ̇R (2.24)

= 2
√
γDα̇D + γ̇R,

where γD = α2
D, and αD = |hD|/

√
N0 is the normalized envelope.

For isotropic scattering, the derivative of the direct path envelope αD is Gaussian

distributed with zero mean and variance σ2
˙αD

= π2γ̄Df
2
3 [30]. As we know from

Section 2.3.2, LCR of the received SNR from the AF relay path, NΓR
, can be described

as

NΓR
(γ) = fΓR

(γ)

∫ ∞

0

γ̇fΓ̇R|ΓR
(γ̇|γ)dγ̇

= fΓR
(γ)

σΓ̇R√
2π

. (2.25)

Thus, the standard deviation of the derivative of the AF relay path SNR can be

obtained as

σΓ̇R
=

√
2π

NΓR
(γ)

fΓR
(γ)

. (2.26)
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Based on the statistic properties of the AF relay and direct paths, the variance of

the derivative of the receiver SNR for MRC, σΓ̇, has the following expression:

σ2
Γ̇

= σ2
Γ̇D

+ σ2
Γ̇R
, (2.27)

where the standard derivations, σΓ̇D
and σΓ̇R

are, respectively,

σΓ̇D
= 2π

√
γDγ̄Df3 (2.28)

σΓ̇R
=

√
2πNΓR

(γ − γD)

fΓR
(γ − γD)

. (2.29)

The detailed proof of the above assumption (2.27) is presented in Appendix II.

Based on the above discussion, the bracketed integral in (2.23) is obtained by

using (2.27) as

∫ ∞

0

γ̇fΓ̇|Γ,ΓD
(γ̇|γ, γD)dγ̇ =

√
σ2
Γ̇D

+ σ2
Γ̇R√

2π
, (2.30)

which is the function of γ and γD.

Also, the PDF of the received SNR Γ conditioned on the direct path SNR ΓD can

be rewritten as the known function fΓR

fΓ|ΓD
(γ|γD) = fΓR

(γ − γD). (2.31)

In principle, by substituting (2.30) and (2.31) into (2.23), we can obtain the final

formula for LCR of the received SNR with the MRC scheme as

NΓ(γ) =

∫ ∞

0

√
2πf 2

3 f
2
ΓR
(γ − γD)γDγ̄D +N2

ΓR
(γ − γD) fΓD

(γD)dγD. (2.32)

However, since NΓR
(γ) in (2.11) has no closed-form but integral expression, (2.32)

becomes computationally difficult given the double integration with complex function

(i.e., Bessel functions), and it is hard to apply multidimensional numerical integration.

By applying the multivarible Laplace approximation theorem [83], a tight closed-form

approximation of NΓR
(γ) can be obtained as

NΓR
(γ) =

√
2π

γ̄1γ̄2
exp

(
− γ

γ̄1
− 2

√
Cγ

γ̄1γ̄2

)√
f 2
1γγ̄2(

√
Cγγ̄1γ̄2 + Cγ̄1) + Cf 2

2 γ̄1γ̄2γ.(2.33)
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The detailed proof of (2.33) is given in Appendix III. It is noted that with the

approximation, the above integral (2.32) can be easily and quickly computed using

the well-known mathematical software tools, such as Mathematica or Matlab.

2.5.2 Average Fade Duration

The CDF of the received SNR with the MRC scheme can be expressed as

FΓ(γ) = P (Γ < γ)

= P (ΓR < γ − γD|ΓD = γD)P (ΓD = γD)

=

∫ γ

0

FΓR
(γ − γD)fΓD

(γD)dγD. (2.34)

By definition, (2.34) together with (2.32) provide the AFD as described in (2.4).

2.5.3 Steady State Probability and Transition Probability

Based on the same SNR partitioning method as discussed in Section 2.4.3, the steady

state probabilities and the state transition probabilities can be obtained as

πk =

∫ Γk+1

Γk

fΓ(γ)dγ = FΓ(Γk+1)− FΓ(Γk) =
1

K
(2.35)

Pk,k+1 ≈ NΓ(Γk+1)Tp

πk

, k = 1, 2, ..., K − 1 (2.36)

Pk,k−1 ≈ NΓ(Γk)Tp

πk
, k = 2, ..., K. (2.37)

2.6 Performance Evaluation

In this section, we first evaluate the accuracy of the proposed FSMC models for AF

cooperative systems with SC and MRC, by comparing the analytical results with the

Monte Carlo simulation results. Then we apply the proposed FSMC models to the

adaptive scalable streaming system and compare the user-perceived QoE with those

using other channel models.

Based on the system model, the source, relay and destination nodes form two

different mathematical scattering models for Rayleigh channels in the simulation.

Assume that the source and relay nodes are mobile stations, and the destination

node is fixed. Then the channels from S to D and R to D become F2M channels
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that are modeled by the standard Jakes model using sum-of-sinusoids (SOS) . And

the channel from S to R is M2M channel [65] by using a modified Akki and Habber’s

channel model. At the relay node, the fixed relay gain Gr is chosen to maintain a

constant average power of output [59]. We assume that the average channel gain of SR

is known at R, then the fixed relay gain Gr can be calculated as G2
r = 1/E[|rS−R|2] =

1/(γ̄1 + 1)N0. Compared to (2.2), C = γ̄1 + 1.

2.6.1 FSMC Modeling for SC and MRC

Figs. 2.2-2.3 compare the LCR and AFD results derived in Sections 2.4 and 2.5 for AF

cooperative systems with SC and MRC diversity schemes, among with the AF relay

path (without combining with the direct path) as the bench-mark. The maximum

Doppler frequency shift caused by the motion of each node are set as fm1 = 1 Hz,

fm2 = fm3 = 5 Hz with the packet transmission time Tp = 0.001s. The average SNR

for channel SR, RD, and SD are γ̄1 = γ̄2 = 15 dB, and γ̄3 = 10 dB, respectively. Since

we adopt the EPM for SNR state partitioning and the diversity combining schemes,

SC and MRC, lead to different distributions, state threshold γth are different for these

two schemes in order to ensure the equal probability of each state.

From Fig. 2.2, it is observed that the LCR for SC is higher than that for MRC

when the SNR threshold γth is small, and lower than that for MRC when the value of

γth is large. While for the AF relay channel, with even a smaller value of threshold, it

has a larger value of LCR compared with the other two diversity schemes. Specifically,

the received signal crosses the lower-value thresholds more frequently when the AF

relay (without combining) is used, while the trend is reversed for higher SNR. This

is consistent with the observation made in [29] for identical Nakagami-m diversity

system.

Combined the results of AFD in Fig. 2.3, we have more insights. As shown in

Fig. 2.3, first, with a small value of the SNR threshold γth, both SC and MRC almost

remain the similar value for AFD, which means that once the combined signal from

the AF cooperative diversity system drops beneath the low value threshold, it will

remain in the poor channel condition states for the similar amount of time. On

the other hand, the LCR results indicate that the signal with MRC crosses the low

threshold less often than that with SC, so on average it will stay less time in deep

fades. Second, the signal with MRC always has a lower AFD than that with SC and

AF relay for all SNR thresholds, so on average a stronger received signal is obtained
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Figure 2.3: AFD for SC and MRC cooperative diversity system compared with AF
relay channel.

from the higher order diversity scheme (i.e., MRC). Meanwhile, both cooperative

diversity schemes outperform the AF relay case with a lower AFD. In summary, the

higher order diversity technique used in the AF cooperative system not only brings the

larger average received SNR, but also improves the second-order statistical properties

of the received signal.

Similar tendency can be observed from Fig. 2.4, showing the transition proba-

bilities and steady state probabilities, respectively, for SC and MRC. As mentioned

above, we adopt equal probability method for SNR partitioning to separate SNR re-

gion into K equal probability states with different boundaries for SC and MRC cases,

and have verified by steady state probability shown in Fig. 2.4.

Fig. 2.5 demonstrates the LCR for SC and MRC, respectively, for various mobility

environments. From the figure, we can observe that with the increase of mobility, in

terms of maximum Doppler frequency shifts, LCR for both SC and MRC will be

enlarged accordingly, due to the severity of fading channels. Overall, as shown in

Figs. 2.2-2.5, the analytical results using the developed channel models match well

with the simulation results.
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Table 2.1: Layer Configuration

Resolution 2 3 Y-PSNR
Layer
index

320x180 112.84 39.01 35.47 1
320x180 238.94 88.84 39.44 2
640x360 363.82 140.33 35.90 3

2.6.2 Scalable Video Streaming for AF Cooperative System

with FSMC Modeling

We next use the scalable video streaming testbed [85] to evaluate the streaming

strategy based on the proposed FSMC models and compare it with other FSMC

models. The scalable video streaming testbed uses Lighttpd as the streaming server

and the sample video (“Big Buck Bunny” [85]) is encoded into three layers by the

open-source SVC codec JSVM. The detailed configurations are listed in Table 2.1.

Each layer of the scalable video is chopped into small segments of 17 frames, with the

total number of segments NT = 200. The frame rate is 24 frame per second.

The wireless link data rate can be adjusted according to the wireless channel

quality by using the adaptive modulation and coding techniques. When the channel

quality is good, a higher data rate Modulation and Coding Scheme (MCS) is used,

and vice versa. Based on the resolution choices listed in Table 2.1, we used a four-state

Markov channel model to capture the variation of the available bandwidth in the AF

cooperative diversity system. Assuming that the first state of the FSMC channel can

support 90 Kbps bandwidth with MCS index 8 in the 3GPP standard [1], we can

adjust the MCS configurations for the other states according to the average received

SNR as [67]. The average bandwidth, MCS index and received SNR of the cooperative

system for each states are listed in Table 2.2. The received SNR for the SR, RD and

SD channels are γ̄1 = γ̄2 = 15 dB, γ̄3 = 10 dB, and fm1 = 1 Hz, fm2 = fm3 = 5 Hz with

packet transmission time Tp = 0.01s. We use the Monte Carlo simulation results as

the real channel trace to test the received video quality. The video adaptation control

algorithm proposed in [86] relies on a Markov model for the available bandwidth. We

use our proposed FSMC models to assist the video adaptation decision process. Since

there is no existing FSMC model for AF cooperative diversity systems and AF relay

path has larger received SNR than the direct path, we choose the FSMC model for

AF relay path as a bench-mark for comparison. In other words, to compare the

video performance, we use the same wireless channels and the same video adaptation



27

Table 2.2: Available Bandwidth and SNR
State 1 2 3 4

Bandwidth (Kbps) 90 151.6 280.5 410.96
MCS index [1] 8 12 18 24

Average SNR γ̄ (dB) 6.65 9.94 14.94 20.83

Table 2.3: QoE Comparison
Case Model IR APQ PS Max queue

SC
FSMC 0 1.20 789.12 19.9
AF 0 1.16 548.19 19.7

MRC
FSMC 0 1.25 629.98 19.8
AF 0 1.24 406.34 19.9

control algorithm, and use different channel models (the proposed channel models for

the cooperative diversity systems vs. the existing channel model for AF relay path

only) to assist the video adaptation.

We use the following QoE performance metrics to evaluate the streaming perfor-

mance [86]: the interruption ratio (IR), equal to the playback interruption duration

over the total playback duration; the average playback quality (APQ), a larger value

of APQ means a better playback quality; and playback smoothness (PS), a larger

value of PS means the longer time of continuous playback of a particular video layer,

thus less frequently layer switching. Besides, the max queue denotes the maximum

number of buffered segments in the receive buffer, which is used to evaluate how well

the streaming strategy can avoid buffer overflow. Since the streaming strategy always

try to keep the buffered segment size smaller than the target buffer size.

Figs. 2.6-2.7 show the playback traces for the AF cooperative diversity system

with SC and MRC. As shown in the figures, the playback using the proposed FSMC

models is smoother than that using the AF relay path model for both SC and MRC

cases. Table 2.3 summarizes and compares the QoE performance using different

models. From the table, we can see that although using both the proposed FSMC

models and the AF relay model can ensure that there is no playback interruption

and the maximum queue length is kept less than the target buffer size (20), using the

proposed FSMC model can outperform the AF relay model in terms of both APQ

and PS. In summary, an accurate channel model can improve the effectiveness of

video adaptation control algorithm and enhance the user perceived video quality at

no extra energy or spectrum cost.
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Figure 2.6: Video playback performance comparison between AF relay and proposed
model for SC.
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Table 2.4: Notations for Chapter 2
Symbol Explanation

s transmitted symbol
hi channel gain for ith channel
Gr fixed amplification gain in R
fi maximum Doppler frequency shift for ith channel, i∈{SR, RD, SD}
fmi

maximum Doppler frequency shift caused by the motion
of the mobile station for ith channel

NY (y) LCR of channel envelope y
TY (y) AFD of channel envelope y
(ẏ) time derivation of y

fΓ, FΓ PDF and CDF of received SNR Γ
S = s1, s2, ..., sK received SNR state space with K states

πk steady-state probability for state sk
Pi,j state transition probability between state si and sj
Tp transmission time for one packet

2.7 Summary

In this chapter, we have developed a channel modeling framework for the AF coop-

erative diversity systems with SC and MRC. Second-order statistics for the received

SNR, such as LCR and AFD, have been derived and simplified by using the Laplace

approximation theorem. Then, based on the EPM SNR partitioning scheme, the state

transition probabilities and steady state probabilities have been obtained. Accuracy

and applicability of proposed FSMC models have been illustrated by comparing the

numerical results and simulation results.

A case study of using the proposed channel model to assist the adaptive video

streaming over the wireless cooperative systems with SC and MRC has been pre-

sented. The testbed results have shown that the proposed channel model can im-

prove the effectiveness of the video adaptation control algorithm to enhance the user

perceived video quality, which demonstrates the importance of accurate channel mod-

eling.

2.8 Symbol List

The symbol list is shown in Table 2.4.
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Chapter 3

Throughput Maximization for User

Cooperative Wireless Systems with

Adaptive Modulation

3.1 Motivation and Contributions

In Chapter 2, we have investigated the packet-level channel modeling for wireless

cooperative communication systems, which provides statistical properties for system

analysis and design. On the other hand, spatial diversity gain from the multi-hop

multi-path structure of cooperative systems can also benefit the performance improve-

ment. Since each individual link has distinct channel condition, assigning different

modulation schemes, i.e., implementing adaptive modulation becomes a promising

solution for spectrum efficiency problem of cooperative systems.

Adaptive modulation has been widely adopted in modern wireless communica-

tion systems to improve spectrum efficiency, while user cooperative diversity has also

been investigated to improve system coverage and efficiency. How to take the advan-

tage of adaptive modulation for user cooperative transmissions to maximize network

throughput under the constraint of the bit error rate (BER) requirement is an open

issue.

Different from the previous approaches, in this chapter, to fully utilize adap-

tive modulation to maximize the throughput of cooperative systems, we propose the

demodulation-and-forward (DMF) cooperative protocol. In short, a source node will

transmit its information bits in one time slot choosing a modulation type, and both
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the destination and a relay node will receive the message, successfully or in-error.

The relay then demodulates the received bits and sends it out in the following slot,

using another modulation type. The two slots may be of different durations, due to

the different modulation types used. One main difference of DMF and DF is that,

the relay in the proposed DMF protocol only demodulates the received signal with-

out decoding it. Decoding process is only conducted at the destination. This design

can not only reduce the decoding load at the relay, so the latency between the first

and second slot can be minimized, but also it allows the destination to use advanced

signal processing techniques to process the two copies of the signals to improve BER

performance.

The main contributions of this chapter are:

1. We propose the DMF cooperative protocol which can utilize adaptive modula-

tion to enhance spectral efficiency or throughput.

2. We formulate an optimization problem to jointly choose the best modulation

types for the source and the relay, so the throughput can be maximized under the

BER constraint. Different from [69], where the average symbol error probability

(SEP) of a multi-branch cooperative system under general fading channels was

analyzed using the method of [82], we derive a closed-form approximation of

BER for the DMF cooperative system.

3. We further extend the work to consider how to maximize the whole network

throughput by appropriately grouping users in the network, and the worst-link-

first (WLF) matching algorithm has been employed.

4. Extensive simulations have been conducted, and the results demonstrate that

the proposed DMF protocol with adaptive modulation can effectively improve

network throughput.

3.2 Related Work

Multiple-Input-Multiple-Output (MIMO) techniques have been widely accepted as

one of the key components for the next generation wireless communication system [16].

However, due to the size and cost limitations of terminals, spatial diversity using mul-

tiple antennas may be hard to achieve in practice. Thus, it has been proposed to use



33

the user cooperative diversity techniques to provide spatial diversity by allowing dif-

ferent individuals to relay the signal, forming virtual antenna arrays without installing

multiple antennas in each device. Several cooperative transmission protocols based

on half-duplex schemes were proposed [38], which can be classified into two main cat-

egories: the amplify-and-forward (AF) protocols by which relays amplify the received

signal and retransmit it to the destination, and the decoded-and-forward (DF) pro-

tocols by which relays decode the received signal before forward it to the destination.

For both AF and DF protocols, since extra channel bandwidth is needed by the relay,

how to improve spectral efficiency for cooperative system becomes a key issue [87, 39].

The approach in [87] improves the bandwidth efficiency by using a network coding

which allow each user to transmit its own information with the relayed one simulta-

neously. Superposition coding, originally proposed in [39], has been proved to be able

to improve the throughput of cooperative system.

On the other hand, spectral efficiency can be enhanced by employing adaptive

transmission techniques, which could fully utilize the time-varying wireless channels

by adjusting transmission parameters, such as transmission power, time, symbol rate

and constellation size. For instance, in [19], with the partial channel information

estimated at the transmitter, the dynamic allocation of system resource, namely time

and power, has been discussed. However, only a few studies have considered adaptive

modulation in cooperative system [26, 41, 54, 77, 89]. In [26], two-way AF cooperative

system with adaptive modulation has been proposed to increase throughput. For

DF cooperative protocol, [54] and [77] proposed to combine adaptive modulation and

Quality of Service(QoS) constraints from the upper layer to reduce the retransmission

time in the link layer. In [89], rotation matrix was employed in order to achieve signal

space diversity by changing the signal modulation. To the best of our knowledge,

how to take the advantage of adaptive modulation for user cooperative transmissions

to maximize network throughput under the constraint of the bit error rate (BER)

requirement is an open issue.

3.3 System Model and DMF Protocol

We first consider the cooperative model shown in the Fig. 3.1, where one relay node

(R) helps the source node (S) to deliver information to the destination (D). Similar

to the DF protocol, two time slots are used for each data transmission. A symbol list

in Section 3.8 for easy reference.
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In the first time slot, S sends its information to both R and D. The received signals

by R and D are denoted as ysr and ysd, respectively, which can be written as

ysd =
√

Eshsdx+ nsd, (3.1)

ysr =
√

Eshsrx+ nsr, (3.2)

where Es is the transmission power by S, x is the transmitted signal, and hsd and hsr

are the fading coefficients from S to R and S to D, respectively. In this chapter, we

use Rayleigh fading as an example. nsd and nsr are additive complex Gaussian noise

with average power N0.

Different from the DF protocol where the relay forwards the information to the

destination if it can decode it successfully, in the proposed DMF protocol, the re-

lay only demodulates the received signal and forwards it using another modulation

type. Then, the demodulated signal, denoted as x̂r, is re-modulated and subsequently

transmitted to D during the second time slot. The received signal at D in the second

time slot can be expressed as

yrd =
√
Erhrdx̂r + nrd, (3.3)

where Er denotes the transmission power by R and x̂r is the demodulated signal. hrd

and nrd represent the channel coefficient and Gaussian noise from R to D, respectively.

Since the proposed DMF protocol does not request the relay to decode the source

information, relay may transmit bits even there are transmission errors during the

first slot. The advantages of this design are two-fold: first, the process of the relay

can be simplified and the latency can be reduced; second, the distorted relay signal

may still be valuable for the destination when an advanced signal processing scheme

is used, which is an interesting further research issue. In this chapter, we assume

that all nodes use the same transmission power E for transmission and relay, and the

source node and the relay choose appropriate modulation types jointly to maximize

the throughput under the constraint of BER, which will be discussed in Section 3.4.

In Section 3.5, we further consider the network scenario of a cellular system using

the proposed DMF protocol. Users cooperate with each other in the uplink transmis-

sions. The instantaneous SNR between any user i and j is denoted as γi,j = γ̄i|hi,j|2,
in which |hi,j|2 is the amplitude of Rayleigh fading channel with the exponential dis-



36

tribution. γ̄i,j = σ2
i,jEi/N0 is the average received SNR and the pathloss parameter

σ2
i,j is determined by the distance between user i and j, i.e., σ2

i,j = d−α
i,j .

3.4 BER Performance Analysis and Protocol Op-

timization

To maximize the spectrum efficiency without violating the BER requirement, we first

investigate the BER performance of the proposed DMF protocol. Then, we formulate

an optimization problem to optimize the modulation types chosen by the source and

the relay, respectively.

3.4.1 Error Performance Analysis

The channel decoding process happens at the destination only, and the raw error

performance without coding is our focus. We consider the average symbol error

probability (SEP) of the M-QAM modulation system. Set β = |h|2. Using Rayleigh

fading channel as an example, β has an exponential distribution, defined as p(β) =

e−β. Then, the average SEP of the link between user i and user j can be expressed

as

PE =

∫ ∞

0

PE(β)p(β)dβ, (3.4)

where PE(β) is the instantaneous SEP which is the integration of Gaussian functions.

The expression of the average SEP is very complicated. To simplify it, we use the

method introduced in [82], which evaluates the SEP for high average SNR cases by

concentrating the error probability performance of the instantaneous SNR close to

zero which triggers the majority of symbol errors. Considering the Gray coding in the

system, the simple approximate expression of BER for M-QAM system is obtained

as

PBER ≈ 1
M

[
4b
π

√
M−1√
M

(
2(M−1)

3

)d
(∫ π

2

0
sin2d θdθ −

√
M−1√
M

∫ π
4

0
sin2d θdθ

)]
(γ̄)−1

(3.5)

where the fading channel parameters b and d are both equal to one for Rayleigh fading

channel [82].

To further simplify the above BER expression so the optimization decision of mod-
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Figure 3.2: Exact vs approximate expression of BER for Rayleigh fading channel.

ulation schemes can be done in real time, we use MATLAB to obtain the polynomial

approximation function for PBER:

PBER ≈ a(1) exp (a(2) · k) (γ̄)−1 (3.6)

where a = [0.157, 0.583] is the approximation vector measured from numerical curve

fitting method, and k = log2(M) is the number of bits represented by a symbol with

the M-QAM modulation scheme. As shown in Fig. 3.2, the simulation results and

the approximated fitting curve in (3.6) match well with each other.

3.4.2 Throughput Optimization

The throughput with the adaptive modulation scheme is determined by the modu-

lation type used. The optimization problem to maximize the spectrum efficiency or

total throughput for the DMF cooperative system with adaptive modulation under

the constraint of the received BER requirement Pe,max is formulated as

max
ks,kr

Rtotal(ks, kr)

s.t. : PBER ≤ Pe,max
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where Rtotal is the total throughput which is determined by the modulation types

chosen by the source and the relay, ks and kr, respectively.

Since the source and the relay may transmit signal in different constellation size,

the transmission time Ti(ki) of each hop can be written as L/(kiW ), where L (bit)

is the frame size and W (symbol/sec) is the symbol rate. Without loss of generality,

we assume that symbol rate W and frame size L are constant. Therefore, the total

throughput is R = 1
Ts+Tr

bps. As for the cooperative system shown in Fig. 3.1,

the information has two independent copies at D which could improve the BER

performance. However, since the modulation types through direct and relay links are

different, traditional maximal ratio combining (MRC) receiver no longer works here.

We choose selection combining (SC) where the error bit will only occur when the

two copies were wrong at the destination. The performance of the DMF scheme can

be further improved if more advanced signal processing technique is used to better

utilize the two copies than the SC, which can be a future research issue.

Given the SC scheme used, the upper bound BER at the destination that the

error bit will only happen when both paths are in error, can be written as

P upper
BER = P direct

e · P relay
e

= P sd
e

[
1− (1− P sr

e )(1− P rd
e )
]

= P sd
e P sr

e + P sd
e P rd

e − P sd
e P sr

e P rd
e ,

(3.7)

where P sd
e , P sr

e , and P rd
e are the bit error probabilities for the channels from S to D,

S to R, and R to D, respectively.

Thus, the optimization problem can be formulated as follows

Problem 1. (P1)

max
ks,kr

(
1

Ts(ks) + Tr(kr)

)
s.t. P sd

e P sr
e + P sd

e P rd
e − P sd

e P sr
e P rd

e ≤ Pmax

The objective is to maximize the throughput of the cooperative system which

is determined by jointly selected modulation types at the source and the relay, i.e.

ks and kr. For the nonlinear optimization problem above, there is no simple close-

form expression for the optimal modulation selection kr and ks. Although (P1) is

a nonlinear and complicated problem, the number of candidates for the M-QAM

modulation is limited. In a practical system, the integer value k as the number of
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bits per symbol normally is within a small range, e.g., [1, 8] so the group size of all

potential combinations is 82 = 64 only. Therefore, a simple searching algorithm can

solve the above optimization problem and find the optimal modulation scheme [ks,

kr] in real time.

If in the situation that both the source and the relay nodes should use the same

modulation type for transmission, we can add one more constraint ks = kr into the

optimization problem (P1), and obtain the optimal modulation type.

3.5 Network Matching

In a cellular system, we intend to group users appropriately to maximize the whole

network throughput. In this section, we will discuss the matching algorithm for this

purpose.

Assume that there are n mobile users (nodes) in a cell, and they randomly locate

in the cell which is covered by a base station (BS) in the center of the cell, as shown

in Fig. 3.3. We assume that two groups of nodes exist in the network: source nodes

with data to transmit to the BS in the upper link, and idle ones. A number of nodes

are willing to cooperate or act as a relay to enhance the whole system performance.

We assume that there exists incentive schemes for the ones contributing to the im-

proved system performance by using their own energy, which is out of the scope of

this chapter. If a source node can find a relay to improve the throughput, the two

nodes will use the DMF protocol for cooperation; otherwise, the source node will

just transmit directly to the BS using the highest modulation scheme under the BER

constraint. The problem is that two or more source nodes may prefer the same node

to serve as the relay. Since a node may have the capacity to serve as the relay for a

single source node only, an appropriate matching algorithm is needed to optimize the

whole system performance when such confliction occurs.

The design of the matching algorithm directly affects the whole network perfor-

mance, and the algorithm should be simple enough to match users in real time. Our

observation is that assigning a good relay to the source node with the worst channel

condition can benefit the whole network throughput most. Therefore, we use a worst

link first (WLF) matching algorithm which assigns a higher priority to the source

node with a worse channel condition to choose its relay. The WLF matching algo-

rithm was first proposed in [53], which has one order lower computational complexity

than the optimal maximum weighted matching algorithm, yet with very close perfor-
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Figure 3.3: Network cooperative system with users are randomly around the BS.

mance to the optimal one. We revise the WLF algorithm according to our context,

which is described in Algorithm 1.

In short, based on the location information of all nodes �r, the source node with the

worst uplink channel ui will be the first one to choose the relay. Then, we group the

source node ui and the chosen relay uj∗ (if such one exists) and remove them from the

source node set Usource and relay candidate set Urelay, respectively. This procedure

repeats till all source nodes have been considered. If a source node cannot find any

relay who can help to improve the throughput, the source node just transmits directly

to the destination using the adaptive modulation scheme.

3.6 Performance Evaluation

In this section, results from Monte Carlo simulations are presented to evaluate the

performance of various cooperative and non-cooperative protocols. Using the pro-

posed DMF cooperative scheme, the relay node only demodulates the received signal

without decoding. We assume γ̄ref is the reference SNR for nodes at the boundary

of the cell, so they have the lowest SNR among all nodes. The average SNR γ̄i of

node i will be obtained according to the relative distance, i.e., γ̄i =
(

di
dref

)−α

γ̄ref ,

while di and dref is the distance from node i and the boundary of the cell to the BS,

respectively. The raw BER requirement at the destination is set as Pmax = 10−3. The

pathloss exponent α typically has the range between 2 to 6. Here, we set α to 2, and

we can achieve even higher cooperation gain if a higher value of α is used.



41

Algorithm 1 Worst Link First Algorithm
Require: location �r
Ensure: optimal Upair

1: for Usource is not empty do
2: find the user ui ∈ Usource with the worst channel condition;
3: calculate the throughput for direct transmission Rdirect,i

4: R MAX = 0
5: for each uj ∈ Urelay do
6: calculate the cooperative throughput Ri,j;
7: if (Ri,j < R MAX) then
8: j∗ = j;
9: end if

10: end for
11: if (R MAX > Rdirect,i) then
12: remove uj∗ from Urelay;
13: add the pair [ui, uj∗ ] into U pair;
14: end if
15: remove ui from Usource;
16: end for
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Figure 3.4: Performance results for one dimension structure

3.6.1 Cooperation Gain and BER Performance for Single

Source

In this subsection, we consider a simple system with one source node, one relay node

and the destination located on a line. The source node is located at the origin, and we

adjust the position of the relay along the line between the source and the destination.

Given the location of the relay, the optimal modulation schemes for both the source

and the relay can be obtained, using the solution to the optimization problem (P1).

In Fig. 3.4(a), the x-axis represents the relative location of the relay, where the dis-

tance of the source and destination is normalized to one. Different curves correspond

to different received SNR from the source to the destination. The y-axis represents

the normalized throughput (normalized by assuming symbol rate is 1 symbol/sec).

The normalized throughput is proportional to the number of bits that can be delivered

to the destination per second. Zero throughput means that the cooperative system

cannot ensure the minimum BER requirement, no matter which modulation types are

used. As shown in the figure, the best relay location for a given source/destination

pair is around 0.5 to 0.7, i.e., the dsr is about 0.5 to 0.7 of dsd. The results in the

figure can be an important guideline for fast searching good relays, e.g., used by the

WLF matching algorithm. Taking γ̄ = 10dB as an example, dsr = 0.7 is the best

location with the modulation schemes of [ks, kr] = [1, 4], i.e., the source uses BPSK

and the relay uses 16-QAM.

Next, we further obtain the BER results from simulations for various modulation

schemes to verify whether the suggested modulations obtained from the optimization
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algorithm can ensure the BER performance or not. Rayleigh fading channels are

simulated and the bits cannot be correctly decoded by the destination are counted.

The reference SNR is 10 dB and dsr = 0.7. The optimization algorithm solution

is to use [ks, kr] = [1, 4] for modulation. From Fig. 3.4(b), not only scheme [1, 4]

can satisfy the BER constraint, but also [1, 5] can achive to the BER slightly below

10−3, so we can maximize the throughput by using [1, 5] instead. The reason that

the solution from the optimization problem (P1) is slightly more conservative is due

to the BER approximation in (3.5), which is an upper-bound for BER. Nevertheless,

the approximation is reasonably close to the real value, especially with higher SNR.

3.6.2 Network Throughput Evaluation

Next, we evaluate the performance of a network with Ns source nodes and Nr relay

candidates which are randomly located in a cell. We assume Ns = Nr equal to half of

the total number of nodes in the cell. The WLF matching algorithm is used to group

the source nodes and the relay nodes. If a source node cannot find any relay node

that can further improve the throughput, the source node just transmits directly to

the BS.

We compare four cases: the proposed DMF protocol with joint optimized modu-

lation schemes at the source and the relay, the DMF protocol with optimized modu-

lation while ks = kr (both the source and the relay using the same modulation), the

pure relay strategy (the destination only relies on the received signal from the relay

for decoding), and the direct transmission (the source node directly sends information

to the destination without any relay.) In the direct transmission case, since there is

only one user participating for transmission, the transmission power at the source is

doubled to be fair to compare. Both the pure relay and direct transmission schemes

use the AMC, i.e., the sender always chooses the highest modulation scheme under

the BER constraint.

In Fig. 3.5(a), we change the total number of users in the network from 10 to 30,

which covers both the low density and high density cases. As shown in the figure,

the proposed DMF with joint optimization always outperforms the DMF scheme

with the constraint of ks = kr, and both of them can achieve significant throughput

gain compare to the pure relay and direct transmission schemes. In addition, the

cooperation gain increases w.r.t. the number of users. This is because the source

nodes have better chance to find ideal relays in a higher dense network.
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Figure 3.5: Network performance results
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In Fig. 3.5(b), we fix the number of nodes and change the cell size so the reference

SNR varies from 5 dB to 20 dB. Again, the proposed cooperative scheme can achieve

5% to 150% throughput gain, compared with the direct transmission scheme. The

gain becomes less significant when the reference SNR reaches 20 dB, as the majority

of source nodes can directly transmit to the destination with the highest modulation

considered, 64-QAM. Overall, the proposed cooperative schemes can always achieve

cooperation gain and outperform the pure relay (which even becomes less favorable

than direct transmission when the reference SNR is above 15 dB).

3.7 Summary

In this chapter, we have proposed the Demodulation-and-Forward user cooperation

protocol, which can flexibly choose the modulation types for the source node and

the relay node to maximize throughput with the BER constraint. Closed-form BER

expression with the proposed DMF protocol has been derived and validated using

Monte Carlo simulations. We have further proposed to use aWLF matching algorithm

to group users for cooperation in a network, aiming to maximize the whole network

throughput. Simulation results have been given, which demonstrate that the proposed

protocol can effectively improve network throughput by taking the advantage of both

adaptive modulation and cooperation.

3.8 Symbol List

The symbol list is shown in Table 3.1.
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Table 3.1: Notations for Chapter 3
Symbol Explanation

x, x̂r transmitted signal, demodulated signal
hi channel gain for ith channel
γi,j instantaneous SNR between any user i and j

γ̄ = σ2Ei/N0 average received SNR
σ2 pathloss parameter
PE average symbol error probability (SEP)

Pe,max constraint of the received BER requirement
Rtotal total throughput for optimization
L (bit) transmission frame size

W (symbol/sec) transmission symbol rate
�r location information of all nodes
ui source node with the worst uplink channel

Usource source node set
Urelay relay candidate set
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Chapter 4

Soft Value Combining for User

Cooperative Systems with

Adaptive Modulation

4.1 Motivation and Contributions

Wireless cooperative communication can exploit the spatial diversity to improve the

efficiency and coverage of wireless communication systems [38, 51, 52]. Two well-

known cooperative systems, AF and DF, are discussed in Chapter 1. Another key

technology to further improve the spectrum efficiency is adaptive modulation and cod-

ing (AMC), which can adjust the modulation to optimize the data rate according to

the channel conditions [74, 42]. To utilize AMC in cooperative systems, demodulate-

and-forward (DMF), where the relay node demodulates the signal and forwards it

using an independent modulation scheme configured according to the channel qual-

ity, has been investigated in Chapter 3. As the complexity of DF is high for relay

node, in this chapter, we focus on AF and DMF systems only.

One of the important open issues for AF and DMF cooperative systems is the

combining scheme at the receiver. For AF systems, the optimal signal combining

scheme is the maximal ratio combining (MRC), and the modulation can be configured

considering the SNRs of all the links involved, referred as AF-MRC [36]. However,

the strict synchronization requirement causes a complex hardware structure for AF-

MRC. For DMF system, as it is difficult if not impossible to directly combine signals

with different modulation schemes due to the distinct waveform structures, MRC is
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not applicable [23].

In this chapter, we propose to use the soft values of each bit to devise a simple and

effective combining scheme, which can be applied for both AF and DMF cooperative

systems. Different from the existing work, the soft value defined, related to the

confidence of the PHY layer in demodulating the bit, can be applied for arbitrary

modulation and constellation mapping. The main contributions of this chapter are :

1. We develop an analytical framework to quantify the theoretical performance of

soft value combining based on both the AWGN and fading channel environ-

ments, for general modulation schemes.

2. We propose the soft-value combining (SVC) scheme for AF and DMF cooper-

ative systems considering the error propagation effect. In the AF system, the

SVC scheme can achieve close-to-optimal performance. In the DMF system,

the probability of error recovery by SVC has been analyzed.

3. We propose to maximize the spectrum and energy efficiency of DMF systems,

using SVC and optimal modulation configuration. Analytical and simulation re-

sults show that the proposed solution can substantially outperform the existing

AF cooperative systems and multi-hop relay systems.

4. We design a OFDM-based transceiver system with soft values from the demod-

ulation module in GNU Radio/USRP2 platform. The experimental result has

verified the effectiveness of soft value module with easy implementation, and

the performance improvement with SVC.

4.2 Related Work

Many existing approaches took the advantage of spatial diversity of wireless com-

munications to improve system performance [34]. By combining symbols from dif-

ferent copies, MRC, Selection Combining (SC), and Equal Gain Combining (EGC)

can improve system throughput with a higher effective received SNR. Rate adap-

tive transmission in AF cooperative systems was also discussed [60]. By adjusting

the modulation scheme used by both the source and relay nodes, the performance

is limited by the worst link in the cooperative system. More importantly, the tight

synchronization requirement makes practical implementation of the previous combin-

ing techniques difficult. In [56], the spatial diversity of multiple access points (which
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are wired connected) was considered. Each packet is chopped into multiple blocks.

When a packet error occurs, the receiver can resolve the corrupted packet by trying

all block combinations with the assumption that each block has at least one correctly

received copy by one of the APs. Its computational complexity becomes higher as

the number of blocks increases.

On the other hand, confident information has been used to identify collisions or

optimize the performance for error recovery protocols and bit-error detection [31, 84,

5, 37]. PPR [31] uses SoftPHY hints to detect corrupted bits without extra error

detection codes, and only retransmits those bits most likely in error. Driven by

SoftPHY hints from the PHY layer, SOFT [84] combines soft values associated with

individual bits from multiple copies of access points (APs) in 802.11 WLANs. The

soft packet forming from the corresponding soft values will be decoded in the link layer

to obtain the transmitted packet. [5] proposed an automatic repeat request (ARQ)

scheme with soft error detectors: instead of discarding the blocks with errors, such

blocks are stored temporarily for error recovery purpose. In DMF relay systems, [37]

designed a symbol selection threshold to minimize the transmission BER. The relay

node will only forward the most likely correct bits to the destination, as determined

by the comparison of the LLR with the designed threshold. [6] proposed soft-bit

MRC (SB-MRC) to combine signals with different modulation schemes. Defining the

soft value as an approximated expression of Log Likelihood Ratio (LLR), specified

for M-QAM Gray labelling modulations, SB-MRC can convert signals with various

M-QAM modulations into soft bits for combining. However, SB-MRC is not suitable

for non-Gray labelled or non-square-QAM modulations which are also important for

various applications. For example, the trellis modulation, such as bit interleaved

coded modulation with iterative decoding (BECM-ID), can achieve significant BER

performance improvement compared to the Gray labelling modulation and it has

been widely adopted in practical communication systems [79, 58, 8]. Furthermore, [6]

assumed error-free source to relay communication which also limits the application

of SB-MRC in cooperative systems.

As the user cooperative system has both the single-hop direct transmission path

and the multi-hop relay path which use independent modulation schemes with various

constellation mappings, none of the above approaches is directly applicable, which

motivates this work to fit the gap.
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Figure 4.1: System model.

4.3 System Model and Soft Value Combining

4.3.1 System Model

We consider the user cooperative system shown in Fig. 4.1. The source node (S)

communicates with the destination node (D) with the help of the relay node (R). S

transmits the symbols to D in the direct communication path, and the transmissions

are also received by R. R forwards the processed symbols to D. D combines both

copies from the direct and relay paths to recover the information. A notation list is

given in the Symbol List in Section 4.9 for easy reference.

To avoid collisions at R, we assume that a frame transmission takes two time slots.

In each slot, the message will be transmitted in a frame whose header contains the

information of the type of the modulation used. In the first time slot, S broadcasts the

modulated symbol x to R and D using Mi Quadrature Amplitude Modulation (Mi-

QAM). Each Mi-QAM symbol xi,j contains log2(Mi) = mi bits (named b1, b2, ..., bmi
).

Without loss of generality, we assume that the noise terms of link SR and SD, nSR

and nSD, have equal variances σ2
0, and are Gaussian distributed CN (0, σ2

0). All the

links, namely hSR, hSD and hRD, are assumed to subject to i.i.d. Rayleigh fading. The

received symbol by R and D are ySR and ySD, respectively, given by ySR = hSRx+nSR

and ySD = hSDx+ nSD.
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During the second time slot, the processed symbol, denoted as xRD, is subsequently

transmitted to D with the same average power. The duration of the second time slot

may be different from that of the first slot if different modulations are used by S and

R. The received symbol at D is yRD = hRDxRD +nRD, where nRD ∼ CN (0, σ2
0) is the

noise at D.

For the AF cooperative system, the received symbols are amplified and forwarded

by R to D with a fixed gain Gr. Denote γ̄i, (i = SR,RD, SD) as the average received

SNR of link i. Following the definition in [59], to maintain a constant average power

of output, the fixed gain can be given as Gr = (E[|ySR|2])−1 = ((γ̄SR + 1)σ2
0)

−1. In

this case, the instantaneous end-to-end SNR of the relay path and the direct path

can be expressed, respectively, as

γR =
γSRγRD

γ̄SR + γRD + 1
, (4.1)

γD = γSD. (4.2)

For the DMF cooperative system, instead of transmitting with the same modu-

lation type as the direct transmission, R first demodulates the received signal with

a modulation type M1 and transmits it in a separate modulation type M2. The

processed symbols xRD will have the same average power with probably a different

modulation type based on the SNR of RD only, so DMF can typically achieve a higher

throughput than AF.

For both systems, two copies of the transmitted signals are received by D through

independent channels, which can lead to a diversity gain. To exploit such diversity

gain, soft value information for each bit can be employed during the combining at D,

as discussed in the following subsections.

4.3.2 Soft Value

Soft value indicates how confident the receiver is on the demodulated signal, which is

assigned to each bit with the smaller absolute value representing less confidence. Let

xMi
i,j denote the transmitted symbol from node i to node j with Mi-QAM modulation,

which contains the bit sequence bk, (k = 1, .., mi), where mi = log2(Mi). y denotes the

corresponding received signal. Similar to the soft outputs in a Viterbi decoder [21],

a maximum likelihood (ML) decision making scheme is implemented at the receiver.

When the information bits have equal probability, the ML decoder is equal to the
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maximum a posteriori probability (MAP) decoder. Then, the soft value for each bit

is defined as the LLR [68]:

sk = log
Pr(bk = 1|y, h)
Pr(bk = 0|y, h) . (4.3)

Given the channel fading is independent of the transmitted symbols and fy|h,x{y|h, x =

α} = 1√
2πσ

exp(− ||y−hx||2
2σ2 ), (4.3) can be expressed as

sk = log

∑
α∈Θk

fy|h,x{y|h, x = α}∑
β∈Ψk

fy|h,x{y|h, x = β} = log

∑
α∈Θk

1√
2πσ

exp(− ||y−hα||2
2σ2 )

∑
β∈Ψk

1√
2πσ

exp(− ||y−hβ||2
2σ2 )

, (4.4)

where Θk (Ψk) is the set of constellation points whose k-th bit (bk) is one (zero). As

the log and exp operations are complicated to implement, the MAX-LOG-MAP is

used to simplify (4.4) as

sk≈ 1

2σ2

{
min
β∈Ψk

||y − hβ||2 − min
α∈Θk

||y − hα||2
}
. (4.5)

Define z
Δ
= y/h = x + n/h = s + n̂, where n̂ is a complex Gaussian R.V. ∼

CN (0, σ2/||h||2). Normalizing the LLR sk by 2/σ2 and applying the above z, we have

sk =
||h||2
4

{
min
β∈Ψk

||z − β||2 − min
α∈Θk

||z − α||2
}

=
||h||2
4

{
min
β∈Ψk

[||β||2 − 2zIβI − 2zQβQ

]− min
α∈Θk

[||α||2 − 2zIαI − 2zQαQ

]}
,(4.6)

where z = zI + jzQ, α = αI + jαQ and β = βI + jβQ.

Gray Mapping

Given the structure of Mi-QAM with Gray mapping shown in Fig. 4.2, we note that

the closest constellation points to the received symbol in different sets, Ψk or Θk,

always on the same row or column, due to the symmetry of Gray coding. Thus,

taking 16-QAM as example, the LLRs for bk(k = 1, 2, 3, 4) with Gray mapping can

be simplified by interval matrix Sk and boundary matrix Uk

s
(16)
k = SkUk, (4.7)
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Figure 4.2: 16-QAM constellation Gray mapping.
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Figure 4.3: QPSK constellation mapping: Gray, non-Gray.

where Sk =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

[||h||2zId,−2||h||2d(d− zI), 2||h||2d(d+ zI)
]
, k = 1,[||h||2d {2d− zI} , ||h||2d {2d+ zI}

]
, k = 2,[− ||h||2zQd, 2||h||2d(d− zQ),−2||h||2d(d+ zQ)

]
, k = 3,[||h||2d {2d− zQ} , ||h||2d {2d+ zQ}

]
, k = 4,

(4.8)

Uk =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

[
U(2d− |zI |), U(zI − 2d), U(−2d− zI)

]T
, k = 1,[

U(zI), U(−zI)
]T
, k = 2,[

U(2d− |zQ|), U(zQ − 2d), U(−2d− zQ)
]T
, k = 3,[

U(zQ), U(−zQ)
]T
, k = 4,

(4.9)

2d is the minimum distance between any two constellation points, and U(.) is the

unit step function.

Soft Value for General Modulation and Mapping

Compared with the previous work [6], the soft values we derived based on the above

approach are applicable not only for Gray labelled M-QAM, but also for other non-

Gray or other modulation types. A QPSK symbol labelled by either Gray-labeling or

the non-Gray-labeling are shown in Figs. 4.3(a) and (b), respectively. The LLRs in

(4.6) for QPSK in Fig.4.3(a) can be represented with β = −d, α = d for the first bit
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and β = jd, α = −jd for the second bit, i.e., s
(4)
1 = ||h||2zId and s

(4)
2 = −||h||2zQd.

For the non-Gray labeling QPSK in Fig. 4.3(b), we can observe that the received

symbols in the same region between the dash lines will share the same α and β for

the first bit. The soft value for the first bit s
(4)
1 can be represented as

s
(4)
1 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

||h||2zId, zQ > 0, zQ > |zI |
−||h||2zQd, zI < 0,−zI < |zQ|
−||h||2zId, zQ < 0,−zQ > |zI |
||h||2zQd, zI > 0, zI < |zQ|

(4.10)

For the second bit, the two constellation symbols in Θ2 and Ψ2 having the closet

distance to the received symbol satisfy the condition αI = βI . Hence the soft value

for the second bit is s
(4)
2 = −||h||2zQd. A similar procedure can be applied to obtain

the soft value for other modulation and constellation mappings.

Practical Implementation Discussion

To limit the memory usage and computation cost, we quantize the soft value to a few

bits. As shown in the simulation results in Section 2.6, five bits are sufficient to rep-

resent the soft value with negligible performance loss due to the quantization error.

This is in contrast to other diversity combining technique, such as MRC, which re-

quires a large memory space to store and process the received waveform. For instance,

for two-branch MRC, at least eight multipliers with complex arithmetic operations

and strict synchronization module are needed to generate co-phased combining sig-

nals [35], while our scheme only requires several adders with much smaller size for

the soft value calculation. Consequently, the proposed soft value combining is simple

and practical to implement.

4.4 BER Analysis of Soft Value Combining

In this section, we study how to combine the soft values from multiple received copies

to maximize the chance to recover the original information successfully. Then the

BER derivation for SVC of two signals with different modulation schemes are given.
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4.4.1 Soft Value Combining

From the definition of soft value in Section 4.3.2, the combined soft value of two

received copies is s̄k = w1s
(M1)
1,k + w2s

(M2)
2,k , where wi, i = 1, 2 is the combining weight

aiming to maximize the received SNR. s
(Mi)
i,k is the soft value for the k-th bit map-

ping from the i-th path signal with modulation type Mi. By applying Schwartz

inequality [73] and the soft value definition in (4.6), the maximal received SNR after

combining can be obtained as

(s̄k)max =

2∑
i=1

s
(Mi)
i,k , with wi = 1. (4.11)

As discussed in Section 4.3.2, soft value si,k is defined on the likelihood function,

which has the decision threshold of 0. Given the above combined weight wi, the

optimal decision rule for the decoder of s̄k is to decide the output bits based on the

threshold of 0, given by

b̂k =

⎧⎨
⎩1 if s̄k >0,

0 if s̄k <0,
(4.12)

where b̂k is the output from the decoder at the receiver. In the following, we will omit

the subscript k from s
(Mi)
i,k in the SVC for the simplicity of notation.

4.4.2 BER Derivation of 2-Branch Soft Value Combining

Assume that the same source bit stream has been modulated by M1-QAM and M2-

QAM modulation schemes, where bits (b1,1, b1,2, ..., b1,m1) and (b2,1, b2,2, ..., b2,m1) are

mapped to the complex symbol x1 = x1I + jx1Q and x2 = x2I + jx2Q, respectively.

Thus, the received signals can be written as yi = hixi + ni, where hi, i = 1, 2 are the

complex fading channel gains with unity energy. yi(i = 1, 2) are the received signals,

and the corresponding additive white Gaussian noises are ni ∼ CN (0, σ2
0).

The error probability of the combined signal for bit bk, Pr{e, bk}, can be given as

Pr{e, bk} = (Pr{e|bk = 1}+ Pr{e|bk = 0})/2. (4.13)
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We have

Pr{e|bk = c} =
L∑

j=1

Pr{e, bk = c|Ak,c,j}Pr{Ak,c,j}, (4.14)

for k = 1, 2, ...,max(m1, m2)

and Ak,c = {Ak,c,j, j = 1, 2, ...L} is the set of events that contains all of the possible

transmitted symbols for signal yi with the length of L, when the k-th bit equals c.

When c = 1, the element of Ak,1 is Ak,1,j = {x1 = D1,j ∈ Θ1,k, x2 = D2,j ∈ Θ2,k},
where Θi,k is the set of states for signal yi whose k-th bits is 1. Ak,0,j = {x1 = D1,j ∈
Ψ1,k, x2 = D2,j ∈ Ψ2,k}, where Ψi,k is the set of states of signal yi whose k-th bits is

0.

When c = 1 and under the condition of event Ak,1,j, the error probability of bk = 1

is

Pr{e, bk = 1|Ak,1,j} = Pr{s1(n1) + s2(n2) < 0|Ak,1,j}
= Pr{n1 ∈ Uk, n2 > Vk|Ak,1,j} (4.15)

where Vk = {n2 = f(n1)|n1 ∈ Uk}, f(n1) is the remapping function by solving

s1(n1) + s2(n2) = 0, and Uk is the boundary matrix as described in (4.9). Since

ni, i = 1, 2 are complex Gaussian noises, (4.15) can be written as

Pr{e, bk = 1|Ak,1,j} =

Nbk∑
i=1

∫
n1∈Uk,i

e−n1

√
π
Q(Vk,i)dn1, (4.16)

where Nbk is the number of definition intervals for sk, which equals the length of

vector Uk.

Since each bit has the same transmission probability, the average BER of SVC of

M1-QAM and M2-QAM can be obtained as

Pr{e, SV CM2
M1

} =
1

K

K∑
k

Pr{e, bk}, where K = max{m1, m2}. (4.17)

To further illustrate the above results, we use the following SVC of 16-QAM and

BPSK signals as an example, with M1 = 16 and M2 = 2. We first consider the

error probability of the combined bit b1, Pr{e, b1}. Due to the symmetry structure of
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the constellation maps and equal probability of all the transmitted symbols, we have

Pr{e, b1 = 1} = Pr{e, b1 = 0}. Then, with k = 1, (4.13) can be rewritten as

Pr{e, b1} =

L∑
j=1

Pr{e, b1 = 1|A1,1,j}. (4.18)

From Fig. 4.2, the decision boundary for set partitions Θk and Ψk are horizontal

or vertical. Consequently, b1 = 1 implies that the real part of the transmitted symbol

x1 can be either d1 or 3d1, and x2 is −d2. The the length of set A1,1 is L = 2, and

A1,1 = ∪j=1,2A1,1,j = {(x1I = d1, x2I = −d2), (x1I = 3d1, x2I = −d2)}. (4.19)

Since the expression of LLR for b1 in 16-QAM is defined on three definition inter-

vals, i.e., Nb1 = 3, Pr{e, b1 = 1|A1,1,j} in (4.18) has to be calculated piecewise. When

j = 1, with A1,1,1 = {(x1I = d1, x2I = −d2)}, (4.16) can be rewritten as

Pr{e, b1 = 1|A1,1,1} =

3∑
i=1

∫
n1I∈U1,i

e−n1I

√
π

Q(
√
2V1,i)dn1I , (4.20)

where U1 = [(−3d1, d1), (d1,∞), (−∞,−3d1)], and V1 = {s2−1 {−s1(n1)} |n1 ∈ U1}.
We have

V1 = 1
||h2||2d2

[||h1||2d21 + ||h2||2d22 + ||h1||2d1n1I , ||h2||2d22 + 2||h1||2d1n1I ,(4.21)

4||h1||2d21 + ||h2||2d22 + 2||h1||2d1n1I

]
.

When j = 2, A1,1,2 = {(s1I = 3d1, s2I = −d2)}, Pr{e, b1 = 1|A1,1,2} can be

obtained as

P{e, b1 = 1|A1,1,2} =
3∑

i=1

∫
n1I∈U1,i

e−n1I

√
π

Q(
√
2V1,i)dn1I (4.22)

where U1 = [(−5d1,−d1), (−d1,∞), (−∞,−5d1)] and

V1 = 1
||h2||2d2

[
3||h1||2d21 + ||h2||2d22 + ||h1||2d1n1I , 4||h1||2d21 + ||h2||2d22 + ||h1||2d1n1I ,

8||h1||2d21 + ||h2||2d22 + ||h1||2d1n1I

]
. (4.23)

Then taking (4.20) and (4.22) into (4.18), and using the fact that σ2
I = σ2

0/2 and
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d1
σI

=
√

γ1
10
, d2
σI

=
√
γ2, we can obtain the overall error probability of the combined bit

b1.

For error probability of combined bit b2, Pr{e, b2}, b2 = 1 implies that the real

part of transmitted symbol s1 can be either d1 or −d1, and s2 is −d2. b1 = 0

implies that the transmitted symbol s1 can be either 3d1 or −3d1, s2 is d2, i.e.,

A2,1 = {(s1I = d1, s2I = −d2), (s1I = −d1, s2I = −d2)} and A2,0 = {(s1I = 3d1, s2I =

d2), (s1I = −3d1, s2I = d2)}. Pr{e, b2} can be obtained following the same procedure

as that for Pr{e, b1}.
It can be shown that Pr{e, b1} = Pr{e, b3} and Pr{e, b2} = Pr{e, b4}, by switch-

ing from the real to imaginary part of modulated symbols. Eventually, the bit er-

ror probability of SVC of 16-QAM and BPSK transmissions can be obtained by

Pr{e, SV C2
16} = 1

2
(Pr{e, b1}+ Pr{e, b2}).

4.4.3 Fading channel

We use λi to denote the square of the magnitude of the Rayleigh fading channel

coefficient ||hi||2, and it follows an exponential distribution as fλi
(λ) = 1

λ̄i
e

−λ
λ̄i , where

λ̄i = E[||hi||2].
Plugging the distribution of the R.V.s λ1 and λ2 into the BER expression in (4.17),

the average BER of SVC for Rayleigh channel can be obtained by

Pr{e, SV CM2
M1

} =

∫ ∞

0

∫ ∞

0

Pr{e, SV CM2
M1

}(λ1, λ2)
2∏

i=1

fλi
.(λi)dλ1dλ2 (4.24)

As there are many existing approaches to approximate the Q function or to use

fast algorithm to evaluate it, numerical evaluation results of (4.24) can be obtained

accurately with low computational cost.

4.5 SVC for Cooperative Systems

In this section, we will apply the above soft value combining in the AF and DMF

cooperative systems, and study how to optimize the modulation configuration.
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4.5.1 AF System with Soft Value Combining

For the AF cooperative system with a fixed amplification gain, the instantaneous

received SNRs of the relay path and the direct path based on the system model in

Section 4.3 are denoted as γR and γD, respectively, which are expressed in (4.1) and

(4.2). We can obtain the BER expression by replacing the variance of noise σ2
1 and

σ2
2 in (4.17) by 1/γR and 1/γD, respectively. Since the relay and direct link share the

same modulation scheme, M1 = M2.

Due to the AF process, the relay path no longer follows the Rayleigh distribution.

From [44], the PDF of the relay path and that of the direct path for the fixed gain

AF cooperative system, fγR and fγD , are expressed respectively as

fγR(γ) =
2

γ̄SR
e

γ
γ̄SR

[√
(γ̄SR + 1)γ

γ̄SRγ̄RD
K1(

√
(γ̄SR + 1)γ

γ̄SRγ̄RD
)

+
γ̄SR + 1

γ̄RD
K0(

√
(γ̄SR + 1)γ

γ̄SRγ̄RD
)

]
, (4.25)

fγD(γ) =
1

γ̄D
e

γ
γ̄D , (4.26)

where Kv(.) is the v-th order modified Bessel function of the second kind [18].

Thus, the average error probability of the Rayleigh fading channel in the AF

cooperative system can be derived using (4.24), with fγ1(γ) = fγR(γ) and fγ2(γ) =

fγD(γ).

4.5.2 DMF System with Soft Value Combining

Consider the DMF cooperative system with three nodes, S, R and D, as shown in

Fig. 4.1. R will first demodulate the received M1 modulated signals. If the signal is

demodulated incorrectly at R due to the poor channel quality of S-R, the error may

be propagated to the destination. Such propagated error can result in severe perfor-

mance degradation of the DMF system, especially when the S-R link is not reliable.

Since the received symbol has been demodulated first, the transmitted symbol will

be modulated using the corrupted bits as there is no error correction coding used by

R. With SVC, the error in the relay path still has a chance to be recovered at D by

the direct transmission from S to D. For instance, in Fig. 4.4, b1 and b2 are corrupted

during the transmission from S to R. In the direct transmission path, assume that b2
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Figure 4.4: Cooperative system with error recovery.

and b3 are corrupted, and b2 and b4 are correct. After SVC, it is possible that the

corrupted bit b1 has being recovered by the signal from the direct path. We will give

the detailed analysis below.

Here we still use BPSK (M1 = 2) and 16-QAM (M2 = 16) as an example, and it

can be easily extended for other modulations. First, we assume that b1 is corrupted

during the transmission from S to R. Thus, at R, source bit b1 = 1 becomes the

corrupted bit b
′
1 = 0, and the real part of the re-modulated symbol x1 can be either

−d1 or −3d1, instead of d1 or 3d1, and x2I = −d2. Hence, the set of events for bits b
′
1

being corrupted, denoted as A′
1,c, can be expressed as

⋃
j{A′

1,1,j, A
′
1,0,j}, where

{A1,1,j, j = 1, 2} = {(x1I = −d1, x2I = −d2), (x1I = −3d1, x2I = −d2)},(4.27)
{A1,0,j, j = 1, 2} = {(x1I = d1, x2I = d2), (x1I = 3d1, x2I = d2)}. (4.28)

Taking (4.27), (4.28) and (4.15) into (4.13), the error probability of b
′
1 can be

obtained.

Following the same procedure, we can obtain Pr{e, b′2} for b
′
2. Using the property

that Pr{e, b′1} = Pr{e, b′3} and Pr{e, b′2} = Pr{e, b′4}, the BER performance of bits

that are corrupted during the S-R transmission can be obtained as

Pr{e, SR′} =
1

2
(Pr{e, b′1}+ Pr{e, b′2}). (4.29)
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Overall, the BER for the DMF cooperative system using SVC is expressed as

Pr{e,DMFM2
M1

} = (1− Pr{e, SR})Pr{e, SV CM2
M1

}+ Pr{e, SR}Pr{e, SR′}, (4.30)

where Pr{e, SR} is the BER performance for the S-R transmission, which equals to

Q(
√

Es

2N0
) for BPSK, and Pr{e, SV C} is the BER performance for two-path SVC

which is given in Section 4.4.2.

4.5.3 Optimal Modulation Configuration

Given the analytical results for AF and DMF cooperative systems with SVC, the next

question is how to choose the best modulation scheme for each transmission under the

constraint of BER, pe. Denote by m1 and m2 the bit-per-symbol rates corresponding

to the highest modulation schemes that can be supported by the first- and second-hop

of the cooperative system, respectively. Pe(m1, m2, Pt) ∈ {Pr{e, AF},Pr{e,DMF}}
is the overall received BER, either in AF or DMF systems. Assuming that all nodes

transmit using the same power Pt and fixed bandwidth, both the spectrum efficiency

measured by the number of bits transmitted per symbol duration and the energy

efficiency measured by bit-enery can be maximized by solving the following optimal

modulation configuration problem.

Problem 2. (P1)

max
m1m2

m1 +m2
(4.31)

s.t. m1, m2 ∈ [1, 2, 4, 6] (4.32)

Pe(m1, m2, Pt) ≤ pe (4.33)

Since the number of candidate modulation schemes is limited (e.g., typically four

M-QAM modulation schemes are used in cellular systems) and the BER results for

AF and DMF system can be easily solved numerically, it is feasible to solve the

optimization problem by a simple searching algorithm given in Algorithm 2 1.

1In Problem P1, we only use BPSK, QPSK, 16-QAM and 64-QAM as the modulation set. If
needed, other modulations, such as 8/32/128-QAM in Digital Television (DTV) system, or even
1024-QAM in microwave system, can be considered. It is anticipated that the performance of the
system can be further improved with more choices of modulations.
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Algorithm 2 Optimal Modulation Configuration
1: INPUT Pe as the required BER and Pt as the transmission power for S and R.
2: Rmax = 0;
3: for all modulation schemes do
4: calculate pe(m1,m2, Pt) ;
5: if Pe(m1,m2, Pt) ≤ pe, and

m1m2
m1+m2

> R then
6: R = m1m2

m1+m2
;

7: set n equal to the index of the modulation scheme
8: end if
9: end for

10: Return: R,n
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4.6 Performance Evaluation

Monte Carlo simulations are conducted to verify the analytical results and investigate

the performance of the proposed SVC for both AF and DMF systems. We also

compare the efficiency of SVC with the existing user cooperative schemes and non-

cooperative relay transmissions.

4.6.1 AF Cooperative Systems with SVC

We first compare the BER performance of the AF cooperative systems with MRC

and SVC, all using BPSK. From Fig. 4.5, the BER performance of the proposed SVC

(using ≥ 5 bit for each soft value) is close to MRC, the optimal combining scheme. As

we mentioned in Section 4.3.2, MRC has a much higher hardware cost, the proposed

SVC is more practical to implement.

Fig. 4.5 also compares the BER performance of SVC with different quantization

levels. We observe that the BER performance of 5-bit quantization (1 bit for the sign

and 4-bits for the magnitude of the soft value) is close enough to that of using the

real soft value. From the figure, SVC with 5-bit quantization level is close to MRC

and can out-perform SC by more than 2 dB when the BER threshold is ≤ 10−3.

4.6.2 DMF Systems with SVC

We next study the SVC performance when combining two copies of signals from

two single-hop paths. The received SNR for the second path is set as γ2 = 4 dB

with BPSK modulation, and signals from the first path is modulated by 16-QAM.

Fig. 4.6 compares the BER performance of the proposed SVC scheme and that of each

individual path, where the x-axis represents the average received SNR in dB for the

first path. From the figure, first, we observe that the simulation results match well

with the analytical ones. Second, SVC can result in the BER much lower than that

of either path, and close to the lower bound (the dashed curve). The lower bound is

obtained by the multiplication of the BERs of the two paths. The performance gain

of SVC is from the spatial diversity of two independent paths.

Fig. 4.7 compares the average BER performance of the three-node cooperative

system shown in Fig. 4.1 w.r.t. the received SNR of the 2nd-hop (R-D). BPSK

(M1 = 1) is used by the source node, with γSR = 7 dB and γSD = 5 dB. After

demodulated the received signals, R transmits to D using 16-QAM (M2 = 4). We also
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Figure 4.8: BER of cooperative system with SVC in Rayleigh fading channels, γSD=7
dB, γSR=15 dB

give BER results of the direct path (S-D) and the relay path (S-R-D) for comparison.

From the figure, we can observe that, first, the SVC scheme reduces the BER at

D, thanks to the diversity combining. To ensure BER of 10−3, the SNR required

for RD using SVC is almost 6 dB lower than that needed using the two-hop relay

(without combining). Second, as γRD increases, the gap of the BER performance

of SVC and that of the two-hop relay (without combining) becomes small. This is

because the BER of S-D is so high that the direct transmissions contribute little

to the combined signal, then the channel quality of S-R become the bottleneck of

the system performance. Also, we note that when the SNR of R-D exceeds 15 dB,

further increasing it will result in a higher BER. This is because, in this region, the

corrupted bits during the S-R transmission have a larger soft value and they have

even less chance to be recovered by the direct transmission. The results show that,

given fixed modulations, cooperative communication is preferable than the traditional

relay until the SNR of the second hop is larger than a threshold (in the example in

Fig. 4.7, the threshold is about 19 dB). Later we will show that, considering optimal

modulation configuration, the proposed DMF with SVC can always outperform the

relay scheme.

A similar tendency can be observed in Fig. 4.8 for Rayleigh fading channels.

Significant BER performance improvement can be achieved using SVC for DMF,

compared to using the relay path only.
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4.6.3 Spectrum and Energy Efficiency

We next evaluate the spectrum and energy efficiency of the cooperative system with

SVC using the line topology, i.e., S, R and D are located on a line. For comparison, we

implement the traditional relay scheme (the receiver decodes bits from the relay path

only) and the AF-MRC scheme, both using adaptive modulation. Assuming that

all the transmissions use a fixed bandwidth (with a constant symbol rate), spectrum

efficiency can be represented by m1m2

m1+m2
bit/symbol, where mi(i = 1, 2) are the number

of bits per symbol that the first and second hop modulation schemes can support,

respectively. Also the transmission power for the source and relay nodes are fixed

at the same level. Thus, the optimal spectrum efficiency solution (highest number

of bits transmitted per symbol duration) also leads to the optimal energy efficiency

(least bit-energy used). In the following, we mainly present the spectrum efficiency

results from which the bit-energy results can be obtained easily.

Without channel coding

We compare the spectrum efficiency performance without channel coding in AWGN

channels first. The uncoded BER requirement is pe = 10−3. The distance between

S and D is fixed as d0 = 1 unit with the corresponding reference SNR γSD = 6

dB. A simple path-loss model is applied, and the corresponding SNR at distance d

(0 ≤ d ≤ 1) can be obtained as γSD(d/d0)
−2.

In Fig. 4.9, x-axis represents the relay location (where the source node is located

at 0, and the destination node is located at 1), and y-axis represents the spectrum

efficiency in terms of bit/symbol. The densest modulation schemes are chosen follow-

ing Algorithm 2. From the figure, the DMF system with SVC can aways outperform

the relay and AF-MRC schemes. In the region d ∈ (0.25, 0.8), it can achieve 33∼50%

spectrum efficiency gain compared with the AF-MRC scheme, and, in the region

d ∈ (0.4, 0.6), 102% gain over the traditional relay scheme. In the above regions, on

top of the throughput gain, the proposed solution also achieves about 24∼33% and

50% bit-energy saving compared with the AF-MRC and traditional relay, respectively.

For communication systems, imperfect channel estimation is another critical issue.

Over- or under-estimation of the channel conditions can degrade system performance

by dropping packets with high BER or choosing lower modulation schemes. To in-

vestigate the impact of imperfect channel estimation, the channel estimation error is

assumed a Gaussian R.V. with zero mean and 0.2 unit variance. Monte Carlo sim-
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Figure 4.9: Spectrum efficiency, without channel coding, γSD = 6 dB
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Figure 4.10: Spectrum efficiency for perfect/imperfect CSI, γSD = 6 dB

ulations were conducted, where the locations of the relay node are at 0.3 and 0.5,

respectively. From Fig. 4.10, although imperfect CSI degrades the performance of

both the proposed DMF scheme and the traditional relay scheme, the proposed DMF

with SVC can still achieve around 41% and 37% gains (by averaging the results at

the two locations) over the traditional relay scheme with perfect and imperfect CSI,

respectively.

Considering channel coding

A realistic communication system uses channel coding to reduce the BER. To investi-

gate a realistic system, Fig. 4.11 presents the simulation results with Rayleigh fading

channels and the Reed-Solomon (RS) error code [255, 225]. For each setting, we se-

lect the best modulation combinations for all the schemes to maximize the spectrum

efficiency under the constraint that the coded BER is below 10−6.

The proposed SVC scheme can still bring additional gain to the system perfor-

mance. When d, the location of the relay, is in the region of (0.2, 0.6), the SVC

scheme can obtain 15∼28% spectrum efficiency gain compared to the AF cooperative



72

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Location

S
pe

ct
ru

m
 e

ffi
ci

en
cy

  (
bi

ts
/s

ym
bo

l)

 

 
DMF with SVC
Relay
Direct
AF−MRC

Figure 4.11: Spectrum efficiency, RS[255,225], γSD = 7 dB

system with MRC, and it can outperform the relay scheme by 104∼160%. Corre-

spondingly, the bit energy saving compared to the AF-MRC and relay schemes are

13∼22% and 51∼61%, respectively. These results demonstrate that the simple SVC

scheme can effectively exploit spatial diversity gain and facilitate adaptive modulation

in cooperative systems, and thus achieves higher spectrum and energy efficiency.

4.7 Testbed with GNU Radio and USRP2

In this section, we first briefly introduce the GNU Radio/USRP2 platform which

is increasingly popular and flexible for rapid prototyping and verification. Then

the OFDM transceiver system with soft values from demodulation is designed and

implemented in the GNU Radio/USRP2 platform. Results from the real transmission

system demonstrate the effectiveness and performance gain of SVC.
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4.7.1 GNU Radio and USRP2

With an exponential growth of modern wireless communications, modifying radio

devices easily and cost-effectively has become both a challenge and an advantage.

Software defined radio (SDR) brings together the flexibility and cost efficiency to

perform the digital signal processing inside a general piece of hardware, making de-

veloping radio functionalities easier and faster. GNU Radio [3] is a free software

development toolkit for SDR systems. Started in 1998, GNU Radio is now an official

GNU project, which provides the signal processing runtime and processing blocks

to implement software radios using readily-available, low-cost external RF hardware

and commodity processors. By getting code as close to the antenna as possible, GNU

Radio turns radio hardware problems into software problems.

Universal Software Radio Peripheral (USRP) [2] is a high-speed USB-based, gen-

eralized hardware for GNU Radio. The second version USRP2 [2], made available in

September 2008, offers higher performance and increased flexibility. It uses a Gigabit

Ethernet interface in place of a USB 2.0 connection. USRP2 has an open design,

drivers and free software to integrate with GNU Radio.

DC Power

Tx/Rx Ports

LED
Fashlight

Ethernet

Figure 4.12: Universal Software Radio Peripheral2 (USRP2)[4].

Fig. 4.12 shows how a USRP2 generally looks like. Its product family consists

of the motherboards, which contain an FPGA for high-speed signal processing, and

interchangeable daughterboards that cover different frequency ranges. Further, there

are two 100 mega sample-per-second (MS/s) 14-bit analog-to-digital converters, two

400 MS/s 16-bit digital-to-analog converters, and supports circuitry including a Gi-

gabit Ethernet interface. Together, they bridge between bits in a host computer and

one or more antennas. Among the various daughterboards, the USRP2 family has
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an overall range of DC to 5 GHz, covering everything from AM radio through Wi-Fi

and beyond. Some of the hardware specifications are listed in Table 4.1.

Table 4.1: USRP2 Preliminary Hardware Specifications.
Component Quantity Description

ADC 2 capable of 100 MS/s at a resolution of 14 bit,
88dB SFDR(LTC2284)

DAC 4 capable of 400 MS/s at a resolution of 16 bit,
80+dB SFDR (AD9777 )

FPGA 1 Xilinx Spartan 3 - XC3S2000 FPGA
Ethernet 1 Gigabit, an open source MAC in the FPGA,

a National Semicondutor PHY chip(DP83865)
MIMO Expansion 1 two USRP2 connected by a MIMO cable

Daughterboard capacity 2 1 TX, 1 RX
RF Bandwidth to/from host 1 25 MHz @ 16bits

The corresponding block diagram of USRP2 is shown in Fig. 4.13. After received

analogy signals at the front end, the ADC is used to transfer it to digital signals.

Then, the digital signals are fed into FPGA for the data rate conversion, and finally

to the software code inside the PC.

GbitE

...

PC

Figure 4.13: Block Diagram of USRP2.

In the PC, all the sources, sinks and processing blocks are implemented as classes in

C++, and all the high-level organizing, connecting and gluing are done using Python.

Thus, by modifying/adding the processing blocks, proposed scheme or algorithm can

be implemented in the real testbed systems with low-cost.
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4.7.2 Soft Values from Demodulation

As we have demonstrated before, the soft value is a useful information which can

be used to further improve the system performance from different angles. With the

significant advantages in terms of rapid prototyping and the availability offered by

GNU Radio/USRP2 platform, the implementation of soft values from demodulation

process is described as follows.

Our soft value system uses OFDM [61] to transmit data over multiple orthogo-

nal subcarriers. The OFDM transmitter is shown in Fig. 4.14. First, the transmitted

data is packeted by adding the MAC header, CRC and whiten payload (to avoid color

noise, payload is sent through a whitening filter [12]). Then packeted messages are

transmitted from Msg queue to the OFDM mapper where constellation mapping

for each subcarrier is applied. After inserting the preamble symbols, frequency do-

main packets are transfered to time domain by IFFT module. To avoid the ISI, CP

sequence is implemented before sending the packets to the USRP2 sink. The reverse

process is described in Fig. 4.15. As the purpose of this experiment is to obtain the soft

values of modulated symbols, we have modified the constellation mapping modules

(OFDM mapper, ofdm receiver) from transmitter and receiver sides respectively,

for calculating the soft vales. The input bit streams before the modulation module are

recorded in File tx.txt. At the receiver side, ofdm receiver module performs the

OFDM receiver function, including frame synchronization, frequency/timing synchro-

nization and FFT. OFDM frame sink is a signal processing module programmed

by C++, which is used for demodulating symbol streams to bits. During the demod-

ulation process, by calculating the soft value as we demonstrated in Section 4.3.2, the

soft values for transmitted symbols are obtained and recorded to the log files.

Due to the hardware limitation of USRP2, we choose lower data rate and short

packet length to improve the transmission reliability. The system parameters are set

as follows. The carrier frequency is 2.49 GHz and the data rate is set as 10 Kbps,

with 20 dB transmission gain. One OFDM frame consists 64 subcarriers and 16 CP.

QPSK modulation has been adopted for each subcarrier. To obtain the soft values

that experience different channel conditions, the same data file has been transmitted

twice to obtain the independently received copies for soft value combining. After

collecting the transmitted data in File tx.txt and the two copies of soft values in

File sv.txt, we use Matlab to analyze the experimental data and the results are

shown in Fig. 4.16(a) and (b).
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Figure 4.14: Block diagram of OFDM transmitter.
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Figure 4.15: Block diagram of OFDM receiver.

In Fig. 4.16(a), the soft values of the transmitted bits bi=1 are presented. As the

demodulation decision boundary is 0, combined soft values have less samples fallen

below the threshold, compared with single-copy SV1 or SV2. In other words, with

SVC, the BER is reduced. As shown in Fig. 4.16(b), the BER has been reduced from

1.24 × 10−1 (SV1) and 1.16 × 10−1 (SV2) to 3.71 × 10−2 with SVC, thanks to the

spatial diversity gain exploited from the combining of two independent copies which

mitigates the effect of fading.
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Figure 4.16: Performance results for soft value combining.
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4.8 Summary

In this chapter, we have proposed the soft value combining scheme for wireless co-

operative systems to effectively improve the spectrum and energy efficiency. The

closed-form BER expression for cooperative systems with the proposed soft value

combining has been derived and validated by simulation. The proposed soft value

combining scheme is simple and practical to implement than the existing optimal com-

bining, and it can achieve close-to-optimal performance. We have further extended

our work to the DMF cooperative systems which can flexibly choose the modulation

types of the two transmissions by the source and the relay node to improve spec-

trum efficiency. Simulation and analytical results show that, the DMF cooperative

system with SVC can substantially outperform the traditional cooperative systems

and the relay-transmission system in terms of both spectrum and energy efficiency.

Additionally, a OFDM transceiver system with soft values from demodulation module

are designed and implemented in the GNU Radio/USRP2 platform. The experiment

results verify the performance improvement from SVC and also demonstrate the flex-

ibility of SDR systems for the rapid prototyping and verification.

4.9 Symbol List

The symbol list is shown in Table 4.2.
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Table 4.2: Notations for Chapter 4
Symbol Explanation

yi received signal
x transmitted symbol, x = xI + jxQ

s
(Mi)
i,k soft value for bit bk from yi with Mi modulation type

Θi,k set of constellation signal yi whose bk bit is 1
Ψi,k set of constellation signal yi whose bk bit is 0
z normalized received symbol, z = y/h = x+ n/h
s̄k combined soft value for bit bk

Sk,Uk interval matrix Sk and boundary matrix Uk

Vk,j j-th element of available region Vk, Vk = {n2 = f(n1)|n1 ∈ Uk}
Ak,c set of events that contain all the possible transmitted symbols

when the k-th bit is c
Ak,c,j j-th element of set Ak,c

Ak,1,j = (x1 = D1,j ∈ Θ1
k, x2 = D2,j ∈ Θ2

k)
Ak,0,j = (x1 = D1,j ∈ Ψ1

k, x2 = D2,j ∈ Ψ2
k)

A
′
k,c set of events for corrupted bit bk, which is ĉ from the relay path

and is c from the direct path
Pr{e, SV C} BER of SVC
Pr{e, SR} BER of link S-R
Pr{e, SR′} BER of corrupted bits after SVC recovery
Pr{e,DMF} BER of DMF cooperative system with SVC
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Chapter 5

Soft Value-assisted Channel

Estimation for Demodulation and

Forward Cooperative Systems

5.1 Motivation and Contributions

In the Chapter 3 and 4, we have discussed the DMF scheme that forwards the demod-

ulated information to the destination with a proper modulation type [45, 90]. With

the reliable information for each bit, soft value, receivers can combine the signals from

different paths with different modulations. Thus DMF scheme not only simplifies the

complexity at the relay by avoiding the coding/decoding process, but also exploit the

spatial diversity and adaptive modulation gains by employing different modulation

types for two-hop transmissions.

To obtain the potential performance gain of DMF cooperative communication,

accurate channel state information (CSI) is essential to determine the optimal mod-

ulation configuration. In the majority of existing work, perfect channel knowledge

is assumed because of the common belief that the channel estimation approach for

DMF can be the same as the traditional direct transmission system. For the DMF

scheme, useful information, such as soft values reflecting the reliability of received

signals from the demodulation process, has often been overlooked. Soft values from

demodulation can be used to indicate the reliability of the transmitted bits, showing

how confident the demodulated bits are. Since the reliability of demodulated bits can

be caused both by noise and inaccurate estimation of the channel, such soft value
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information can also represent the quality of channel estimation, which in turn can

be used to improve the existing channel estimation algorithm.

In this chapter, we propose a soft value-assisted channel estimation (S-CE) scheme,

by utilizing the reliable information about the initial channel estimation, to improve

the accuracy of channel estimation. A channel estimation refinement scheme is derived

from the EM algorithm to iteratively approach the ML estimate of the channel. To

make a tradeoff between the complexity and performance, a hybrid scheme is proposed

to simplify the estimation with near-optimal performance. Simulation results have

demonstrated that the proposed S-CE scheme can significantly improve the system

performance by providing more accurate CSI.

5.2 Related Work

Effect of channel estimation errors for cooperative communication systems has at-

tracted great attention recently. In [22, 15], the effect of channel-estimation errors

on BER performance for AF cooperative system has been investigated. Channel es-

timation design and analysis for OFDM AF cooperative channels were discussed in

[33]. In [13, 64], the optimal training sequence design for channel estimation of the

AF system was discussed, as the training sequence being modeled for the optimal

MMSE estimator design. For the DF system, channel estimation normally employs

the same strategy as that in traditional point-to-point systems. In [14], the optimal

training design for the DF system under the total power constraint were studied.

Optimization tools were applied to find the optimal training sequence to achieve the

best spectrum efficiency. For the DMF system, to the best of our knowledge, no

previous work discusses the effect and design for channel estimation. Typically, such

as [81, 90, 46], channel state information are assumed to be known, and obtained

the same way as that in the DF system, which overlooks the special features of the

DMF scheme that each hop of the transmission can be implemented with different

modulation types.

On the other hand, using reliable information of received symbols for the channel

estimation is not totally new in the traditional point-to-point wireless communica-

tion systems. In [76], joint channel estimation and decoding process for turbo coding

system was proposed. Soft information from turbo decoder are used to iteratively

improve the channel estimation quality. In [40, 72, 62], soft reconstruction schemes of

the estimated channel for OFDM system with error correcting code (ECC) were inves-
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Figure 5.1: System model.

tigated. Reliable information from decoding were used to reconstruct the CSI, which

can be iteratively applied for the decoding process. However, the above mentioned

soft value information are all from the decoding process which raises the energy and

complexity concern in the cooperative communication system, and are not applicable

for the DMF system.

To fill the gap, we exploit the reliable information, i.e., soft value, to improve the

channel estimation quality which in turn will enhance the performance of the DMF

system.

5.3 System Model and Pilot Structure

5.3.1 System Model

Consider the cooperative communication system that the source node (S) transmits

information to the destination (D) via a relay node (R) in a frequency flat fading

channel as shown in Fig. 5.1. The notation table of this chapter can be found in

Section 5.7 for easy reference.

We assume transmissions by S and R are in two non-overlapping time slots to

avoid collisions. In the first time slot, S broadcasts the modulated symbol x to R and

D using Mi-QAM. Each Mi-QAM symbol xi,j contains log2(Mi) = mi bits (named

b1, b2, ..., bmi
). Without loss of generality, we assume that the noise terms of link
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SR and SD, nSR and nSD, are Gaussian distributed with equal variances, CN (0, σ2
0).

All the links, namely hSR, hSD and hRD, are assumed to subject to i.i.d. Rayleigh

fading, modeled as a circular complex Gaussian random process with autocorrelation

function

Rh(k) = J0(2πfmTsk), (5.1)

where fm is the maximum Doppler frequency shift, Ts is the symbol duration, and

J0(.) is the Bessel function of zero order.

In the first time slot, the received symbol by R and D are ySR and ySD, respectively,

given by

ySR = hSRx+ nSR, (5.2)

ySD = hSDx+ nSD. (5.3)

During the second time slot, instead of transmitting with the same modulation

type as the direct transmission, R first estimates the CSI of link SR, and applies it

to demodulate the received signal. Then R transmits it in a separate modulation

type M2. Since the processed symbols xRD will have the same average power with

probably a different modulation type based on the quality of RD only, DMF can

typically achieve a higher throughput than AF. The received symbol at D is

yRD = hRDxRD + nRD. (5.4)

Two copies of the transmitted signals going through independent channels are

received by D, which can lead to a diversity gain. To exploit this diversity gain

by combining two copies with different modulations, D will calculate the soft value

information for each bit as described in Section 4.3.2, and then apply the soft value

combining (SVC) scheme we also have discussed in Chapter 4, to demodulate the two

copies with the benefit of the spatial diversity gain. With SVC, soft values from relay

and direct paths can be weighted summed at D based on channel qualities.

5.3.2 Pilot Structure for Channel Estimation

For a pilot-based channel estimation, known symbols are inserted into the transmitted

sequence periodically. At the receiver, several estimation algorithms, such as Least
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Squares (LS), Minimum Mean Square Error (MMSE) can be employed to estimate

the transmission channel based on the pilot symbols and the pattern insertion [55].

The pilot-based channel estimation structure is shown in Fig. 5.2. Assume that

Np pilots are uniformly inserted into sequence X(k), where L is the pilot interval. For

the simple transmission model Y = HX +N , the channel response at pilot symbols

Hp(k), k = 1, ..., Np, is given by LS estimation, as Hp,ls =
Yp

Xp
.

Since the LS estimation is vulnerable to the noise and the accuracy of channel

response at pilot symbols is essential for the following data symbol communication, the

MMSE estimator is employed to depress the noise effect [55]. The MMSE estimation

of the pilot channel response can be obtained as

Ĥp,MMSE = RHpHp(RHpHp +
β

SNR
I)−1Hp,ls (5.5)

where β is a constant factor related to the modulation scheme (equal to 1, 1.8889 for

QPSK and 16-QAM respectively), and RHpHp is the auto-correlation matrix for pilot

channel response as described in (5.1).

After filtering the pilot channel responses, the MMSE estimator can be used to

interpolate the channel response of data symbols between pilots. To reduce the com-

putational complexity, we apply the pilots information within the observation window

Γ of limited size Lw,

Ĥk =
∑
k′∈Γk

w′
kHp,ls(k

′) (5.6)
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where wk is the estimation coefficients. wk can be solved by Wienner-Hopf equation,

as

w′
k = (Rh +

β

SNR
I)−1rh (5.7)

where Rh is the autocorrelation matrix with the size of Lx, and rh = [Rh(k −
p1), Rh(k − p2), ..., Rh(k − pLw)].

5.4 Soft Channel Estimation

In this section, we study how to utilize the soft values from demodulation to improve

the quality of channel estimation, as shown in Fig. 5.3. Based on the EM algorithm,

a numerical approach has been proposed to iteratively approach the ML estimation.

Then a hybrid scheme has been proposed to simplify the channel refinement scheme

for DMF cooperative system with several channel estimation processes.

5.4.1 Soft Value Mapping

Since the channel response is based on each transmitted symbol, we first need to

restore the transmitted symbol with the help of SVs. Using SV si defined in (??) for

transmitted bit bk,i from symbol Ck, and the fact that P{bk,i = 0}+P{bk,i = 1} = 1,

the probability of the i-th bit of the transmitted symbol xk given the observation Y
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and the initial channel estimation Ĥ, can be expressed as the function of SVs,

P{bk,i = 1|Y, Ĥ} =
1 + tanh( si

2
)

2
, (5.8)

P{bk,i = 0|Y, Ĥ} =
1− tanh( si

2
)

2
. (5.9)

where i = 1, 2, ..., log2(M) for M-QAM modulation.

Thus, the reliability of the transmitted symbol xij , in terms of the probability of

xk given received symbol Y and Ĥ, can be obtained as

P{xk|Y, Ĥ} =
∏

i=1,2,...,log2(M)

P{bk,i|Y, Ĥ}. (5.10)

5.4.2 Channel Estimation Refinement, EM Algorithm

For channel estimation, the ML estimate of H given the observation Y is presented

as

HML = argmax
H

log f(Y |H), (5.11)

where f(Y |H) is the conditional pdf of the observed signal Y given H , f(Y |H) can

be expressed as

f(Y |H) =
∑
xi∈X

f(Y |xi, H) Pr(xi|H), (5.12)

where X is the set of constellation symbols with size LX .

The channel response H and the input symbols xi are independent, and the prob-

ability of transmitted symbols xi is equal, Pr(xi|H) = Pr(xi) = 1
LX

. The ML esti-

mation is not practical to obtain results directly due to its high complexity. In the

presence of unobserved data, the EM algorithm [57, 50] is a well-known alternative

method which can iteratively approach to the results using the ML estimation. Ba-

sically, the algorithm can be broken down into two steps: the E-step for finding the

expected log-likelihood function and M-step for maximizing the results with respect

to the estimate parameters. In our case, the log-likelihood function of the incomplete

data is log f(Y |H, x). Due to the Gaussian noise assumption, we can rewrite the pdf
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of the received signal Y given the transmitted symbol x and H as

f(Y |H, x) =
1

2πσ2
exp{− 1

2σ2
|Y −Hx|2}, (5.13)

and from (5.12), the pdf of Y given H can be obtained as

f(Y |H) =

LX∑
i=1

1

2LXπσ2
exp{− 1

2σ2
|Y −Hxi|2}. (5.14)

By applying the above results for the ML estimation of (5.11), the EM algorithm

for estimating H from Y can be summarized as follows

E-step

Q(H|H(p)) = E{log f(Y |X,H)|Y,H(p)},

M-step

H̃(p+1) = argmaxH Q(H|H(p)).

Following the same procedure of the EM algorithm with (5.13) and (5.14), the

value of H that maximizing Q(H|H(p)) can be found [50] as

H̃(p+1) =

∑LX

i=1
Y
xi
f(Y |xi, H

(p))∑LX

i=1 f(Y |xi, H(p))
. (5.15)

By applying Bayes’ theorem to (5.13) and the fact that the transmitted symbol

xi is independent of H , (5.13) can be rewritten as

f(Y |xi, H) =
f(xi|Y,H) Pr(Y |H)

Pr(xi|H)

=
f(xi|Y,H)

Pr(xi)
. (5.16)

Taking (5.16) into (5.15) and replacing the pdf with the conditional probability

Pr(xi|Y,H(p)), the Mean-CSI (M-CSI) scheme is proposed as the channel refinement

is shown as

H̃k =
∑

i=1,2,...,LX

Pr{xi|Y, Ĥk}Yk

xi
. (5.17)
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5.4.3 Channel Estimation Refinement, Hybrid Algorithm

To assist the channel refinement performance in the low SNR scenario, a hybrid

scheme is proposed to combine the EM update information and the initial MMSE

estimation Ĥk as

j = argmax
i=1,2,...,log2(M)

P{xi|Y, Ĥk},

H̃k = P{xj|Y, Ĥk}Yk

xj

+ (1− P{xj|Y, Ĥk})Ĥk (5.18)

The motivation behind the hybrid scheme is that, for a single-time or a small number

of iterations, the initial estimation is important for the accuracy of estimation. When

the transmission SNR is low, which makes the SVs of the received symbols less reliable,

the initial estimate has an important impact on the channel refinement. In this

case, the hybrid scheme may achieve a better performance than the M-CSI scheme,

especially in the lower SNR range, which will be demonstrated in the simulation

section.

5.4.4 MMSE Update

After refining the estimate of channel based on the soft value information, the above

H̃k needs to be updated based on an MMSE filter to smooth out the results. Similar

to the MMSE estimation of the pilot channel responses in Section 5.3.2, the Winner-

Hopf function is solved to obtain the weight factor as

Ĥd,SV = Rh(Rh +
β

SNR
I)−1H̃d (5.19)

where Rh is the auto-correlation function of the Rayleigh fading channel.

5.4.5 Iterative Performance Analysis

As the EM algorithm is a numerical approach for ML estimation, and it requires an

iterative process to achieve the optimal results, a nature question is how important the

iterative process for our proposed S-CE is. We take BPSK modulation transmission

as an example, and compare the performance of several iteration processes.

From Fig. 5.4, the accuracy of channel estimation has not changed substantially

when the number of iteration changes from 1 to 5. This is because, unlike the decod-
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Figure 5.4: MSE performance of BPSK with S-CE.
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ing process which has a strong error-correction ability, demodulation has less ability

to improve the erroneous symbol. Especially when the MSE is low, the improved re-

liability of the received symbols (i.e., SVs) from a more accurate channel estimation

will be marginal, which limits the performance improvement of the channel refine-

ment. On the other hand, multiple iterations will greatly increase the complexity,

especially for the MMSE update. In the following sections, we only apply one time

channel refine process in the S-CE scheme given the tradeoff between performance

and computational complexity.

5.4.6 DMF Soft Channel Estimation

For the DMF system shown in Fig. 5.1, three channels need to be estimated, i.e.,

S-R, R-D and S-D channels, which are all applicable with the proposed S-CE. For

the relay path, with a more accurate channel response information, error propagation

can be depressed, and thus it can achieve better performance, both in BER and

MSE measurements. Moreover, an accurate channel estimation can also improve the

spectrum efficiency by reducing the pilot overhead of the cooperative system with

S-CE. With less pilot symbols, more useful data can be transmitted with a similar

transmission quality. An accurate channel estimation can be helpful for the relay

process, such as the forward threshold selection in [37], modulation scheme selection

in [27] etc.

The procedure of the DMF system with S-CE is described below:

Step 1: The source broadcasts information to the destination and the relay in the first

time slot. Then the destination and relay estimate the channel response in-

formation of the S-D and S-R links, respectively, and apply the estimated CSI

to demodulate the received symbols. Soft values of each bit are calculated as

described in Section 4.3.2;

Step 2: The relay forwards the received information to the destination with the best

modulation type selected according to the channel estimation;

Step 3: During the second time slot, a joint channel estimation and demodulation pro-

cess at the destination for the retransmitted symbols (probably with another

modulation type) from R to D is performed, and the soft value for each bit is

constructed using the same procedure as that in Step 1;
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Figure 5.5: MSE performance for MMSE, hybrid, M-CSI and M-sym channel esti-
mation with BPSK modulation.

Step 4: For each bit, the destination combines the corresponding soft values of the two

copies, and obtains the final decoded bit based on whether or not the combined

soft information is larger than the demodulation threshold.

5.5 Performance Evaluation

In this section, Monte Carlo simulations are conducted to investigate the performance

of the proposed soft channel estimation.

5.5.1 Point-to-point System with S-CE

We first discuss the performance of S-CE in a traditional point-to-point link with

Rayleigh fading. The pilot ratio is 10%, and the MMSE estimator is adopted at the

receiver as discribed in Section 5.3.2. Assume that the Rayleigh fading channel has

fm=10 Hz and Td = 10−4.

In Fig. 5.5, we first compare the estimation quality in terms of MSE for various

soft channel refinement schemes discussed in Section 5.4.1. It is also used to compare
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with the mean-symbol scheme (M-sym) proposed in [72] that the estimated channel

is constructed by dividing the received symbol Y with the mean value of the data

symbol, i.e., H̃k = Yk/
∑

i=1,2,...,log2(M) P{xi}xi. From the figure the proposed hybrid

scheme outperforms MMSE [55] by 5-10 dB, and outperforms the M-sym [72] by

up to 10 dB gain. M-CSI scheme can achieve a similar performance as the hybrid

scheme in the higher SNR range, while slightly worse in the lower SNR range. This is

because, when SNR is low which represent a poor channel condition, the soft value of

each bit becomes less reliable while the existing MMSE estimation results can be more

helpful. In the lower SNR range, the M-sym scheme [72] has the worst estimation

performance because of the noise effect that dominates the performance. Overall,

the hybrid scheme can both benefit from the soft value information and the existing

MMSE estimation results, and outperform other schemes in all the SNR range. In

the following simulation, we use the hybrid scheme for S-CE.

In Figs. 5.6-5.7, MSE and BER performance for BPSK and 16-QAM modulations

with S-CE are compared. For BPSK and 16-QAM, S-CE outperforms traditional

MMSE by 7 dB and 6 dB gain respectively, given the 10−2 MSE threshold. With

accurate channel estimation, BER performance improvement for both modulation

schemes are noticed in Fig. 5.7, especially for higher modulation schemes (16-QAM).

The dash curve represents the BER performance for each modulation scheme with

the perfect channel response information.

5.5.2 DMF System with S-CE

We next evaluate the performance of S-CE in DMF system with two different modu-

lations for source and relay transmissions. The averaged received SNR for S-R, R-D

and S-D are γSR = 20 dB, γRD = 30 dB and γSD = 20 dB, which can support BPSK

and 16QAM for the first and second hop transmissions, respectively. The BER and

MSE performance of S-CE with various pilot overheads are compared in Figs. 5.8-

5.9. It is noticed that with more pilot overheads, both BER and MSE performance

can be improved for traditional MMSE and our proposed S-CE scheme. But more

pilot overhead means less useful data transmission which would reduce the spectrum

efficiency. From the figures, S-CE can improve the system performance for all the

pilot overhead scenarios, which means under the same BER requirement, less pilot

overheads are needed for the S-CE scheme to achieve the same channel estimation

quality (i.e., MSE) and thus the spectrum efficiency can be increased.
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Figure 5.6: MSE performance of channel estimations for BPSK and 16QAM modu-
lations.

5 10 15 20 25
10

−4

10
−3

10
−2

10
−1

10
0

SNR, (dB)

B
E

R

 

 

MMSE
S−CE
PERF

BPSK

16−QAM

Figure 5.7: BER performance of channel estimations for BPSK and 16QAM modu-
lations.
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Figure 5.8: MSE performance of channel estimations with various pilot overhead for
DMF system.

Figure 5.9: BER performance of channel estimations with various pilot overhead for
DMF system.
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Table 5.1: Notations for Chapter 5
Symbol Explanation

yi received signal
x transmitted symbol, x = xI + jxQ

s
(Mi)
i,k soft value for bit bk from yi with Mi modulation type

fm maximum Doppler frequency shift
Ts symbol duration
Θi,k set of constellation signal yi whose bk bit is 1
Ψi,k set of constellation signal yi whose bk bit is 0
Np number of pilot symbols
L pilot interval

Hp,ls LS estimation of the pilot channel response

Ĥp,mmse MMSE estimation of the pilot channel response
β constant factor related to the modulation scheme

RHpHp auto-correlation matrix for pilot channel response
wk estimation coefficients which can be solved by Wienner-Hopf equation

H̃k channel estimation results from EM-algorithm

5.6 Summary

In this chapter, we have proposed the S-CE scheme for DMF cooperative systems

to effectively improve the quality of channel estimation. By utilizing the soft value

information indicating the reliability of the received symbols, two channel refinement

schemes (hybrid and M-CSI) based on the EM algorithm are proposed to improve the

accuracy of the channel estimation. Numerical results have shown that the proposed

S-CE scheme can significantly improve the MMSE channel estimation performance,

and leads to obvious performance gains for the DMF system. With accurate channel

estimation results, the pilot overhead can be reduced which in turn improves the

spectrum efficiency for the DMF cooperative system.

5.7 Symbol List

The symbol list is shown in Table 5.1.
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Chapter 6

Contributions and Future Work

6.1 Conclusions

In this thesis, we have tackled three fundamental and critical problems in wireless

cooperative systems: (1) channel modeling for wireless cooperative networks that

bridges the channel characters and the upper-level QoS design and anlysis. (2) spec-

trum efficiency and energy optimization problem for cooperative systems with the

multi-path multi-hop structure, and (3) accurate channel estimation problem in co-

operative systems with the efficient channel refinement scheme. The following outlines

the contributions achieved:

1. We have investigated the wireless cooperative systems with spatial diversity

over Rayleigh fading channels. The second-order statistic properties, such as

LCR and AFD are derived for wireless cooperative systems with SC and MRC

diversity combining. Then based on SNR partitioning, a packet-level FSMC

channel models for wireless cooperative diversity systems have been developed.

Additionally, simulation results on video scheduling problem by using proposed

FSMC models are demonstrated and highlight the effectiveness of proposed

work.

2. We have proposed the DMF cooperative scheme to fully utilize adaptive mod-

ulation to maximize the throughput of cooperative systems. A closed-form

approximation of BER for the DMF cooperative system has been derived. We

also have proposed a solution for maximizing the throughput of user cooperative

system by solving the optimization problem that jointly considers the modula-
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tion schemes at the source and the relay nodes. Additionally, WLF matching

algorithm has been employed to maximize the network throughput.

3. We have proposed the soft value combining scheme to utilize the spatial diversity

gain and improve the spectrum efficiency. By defining the soft value from de-

modulation process, we also have conducted the analytical framework of SVC

for wireless cooperative system with AF and DMF scheme and optimize the

spectrum efficiency. We have designed the GNU radio/USRP2 platform based

on OFDM transceiver system with soft values from demodulation process. Also

the experiment results have verified the effectiveness of SVC.

4. We have developed a soft value-assist channel estimation algorithm for DMF

scheme over Rayleigh fading channels. Two channel refinement schemes have

been proposed to iteratively improve the channel estimation quality with the

soft value information.

6.2 Future Work

The packet-level channel modeling and spectrum efficiency techniques for wireless

cooperative systems also opens several important future work, which are listed as

follows.

1. In Chapter 2, we have presented the FSMC model for wireless cooperative

system with diversity combining, which can be used to bridge the physical

layer and upper layer applications. So cross-layer design based on proposed

FSMC model will provide efficient tools for system throughput and performance

improvement. How to utilize the statistical information FSMC provided in the

upper layer, such as MAC scheduling, frame pattern design and rate adaptation,

will be studied.

2. Reliable information indicator, soft value, has been investigated in Chapter 4

and 5, respectively, for spectrum efficiency and channel estimation. Several

practical issues may be encountered when we jointly consider the above two

important performance features based on SVC. First, spectrum efficiency can

be further improved by jointly considering power allocation and modulation

configuration with SVC at both the source and relay nodes. Second, since the

current modulation schemes only have discrete number of bits per symbol, which
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mitigate the potential performance gain when channel qualities are in between

of the consequent modulation thresholds. Including other modulation schemes,

such as scalable modulations and trellis modulations, can help to retrieve the

performance gain. Third, error bits detection at the relay node can improve the

SVC performance by only forwarding the bits which are likely to be correctly

received. At the relay node, how to use soft value to make the decision of

forwarding the bit or not needs further investigation. Furthermore, the optimal

pilot pattern design for S-CE scheme by considering the soft values and DMF

structure is an interesting research direction.

3. Small cell networks (SCN) have the potential to meet the increasing capacity

demand of current cellular system and attract lots of attentions, by densely

deploying self-organized, low cost and low-power base stations. Packet-level

channel modeling can be extended to SCNs, where the statistic information for

each small cell can be used to analyze and optimize the network system design

with fast reactions and reduced cost. Also SVC can be employed in SCNs with

Coordinated Multi-point (CoMP) technique for data combining, when users

receive signals from multiple cells to reduce the inter-cell interference, especially

for the users in the cell edge.

4. To demonstrate the effectiveness and practical of proposed algorithm, a flexible

hardware testbed is important for research investigation and verification in the

realistic setting. To extend the current GNU radio/USRP2 platform to multiple

nodes with cooperative protocol, is imperative and valuable as future research

work.
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Appendix A

Appendix

APPENDIX I

FSMC for N multi-path cooperative systems

We briefly outline the general expression of LCR for N multi-path cooperative diver-

sity system. Assuming received signals from N independent paths with SNR notated

as Γi, i = 1, 2, ..., N . Each path, either performs as AF relay or direct channel, has

the LCR, CDF and PDF as NΓi
(γ), FΓi

(γ) and fΓi
(γ), respectively.

As for SC scheme, overall received SNR can be expressed as Γ = max {Γi}, i =
1, 2, ..., N . Taking the above expression into (2.17), the general expression for N

multi-path cooperative diversity system with SC, can be obtained as

NΓ(γ) =

N∑
i

NΓi

N∏
j,j �=i

FΓj
(γ). (A.1)

For MRC scheme with received SNR Γ =
∑N

i=1 Γi, the joint probability fΓΓ̇(γ, γ̇)

can be expressed as

fΓΓ̇(γ, γ̇) =

∫ ∞

Γ1=0

...

∫ ∞

ΓN−1=0

fΓΓ̇|Γ1...ΓN−1
(γ, γ̇|γ1, ..., γN−1)fΓ1(γ)...fΓN−1

(γ)dγ1...dγN−1.(A.2)

and the conditional probability fΓΓ̇|Γ1...ΓN−1
(γ, γ̇|γ1, ..., γN−1) can be further simplified

as

fΓΓ̇|Γ1...ΓN−1
(γ, γ̇|γ1, ..., γN−1) = fΓ̇|Γ,Γ1...ΓN−1

(γ̇|γγ1, ..., γN−1)fΓ|Γ1,...ΓN−1
(γ|γ1, ..., γN−1).(A.3)
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By taking (A.2) and (A.3) into (2.23) and following the same procedure in Sec-

tion 2.5, we can obtain the general expression for N multi-path cooperative diversity

system with MRC.

APPENDIX II

Proof of Eq.(2.27)

Given that the derivative of direct channel, α̇D is zero-mean Gaussian distributed,

where σ2
α̇D

= π2γ̄Df
2
3 [30], the expectation of ΓD under the condition of Γ and ΓD,

can be obtained as

E[Γ̇D] = E[2Γdα̇D] = 0. (A.4)

As for ΓR = γ1γ2/(C + γ2), it can be rewritten as ΓR = (1/(γ1γ2C
−1) + 1/γ1)

−1.

To achieve more mathematically tractable form of the expression, we adopt the well-

known inequality between harmonic and geometric means to derive an upper bound

for ΓR,

N(
N∑
i=1

1

xi
)−1 ≤

N∏
i=1

x
1/N
i , (A.5)

where the equality holds only when x1 = x2 = ... = xN . Using (A.5), an upperbound

for fixed-gain AF relay channel SNR, Γb, can be obtained as

ΓR ≤ Γb =
1

2
γ1

√
γ2
C
. (A.6)

Normally each hop of the relay link will share the similar channel quality, and the

constant amplify gain C = γ̄1 + 1, thus Γb is a reasonable approximation of ΓR.

Since the envelope of each hop from relay link αi, i = 1, 2 follows Rayleigh distribu-

tion, as discussed above, the derivative of αi is also zero-mean Gaussian distributed.

By using (A.6), the expectation of the derivative of AF relay link can be obtained as

E[Γ̇R] ≈ 1√
C
α1α2E[α̇1] +

1

2
√
C
α2
1E[α̇2] = 0. (A.7)

From (A.4), (A.7) and independence of each path, we can reach the conclusion
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that the expectation of Γ̇, E[Γ̇] = 0. So the variance of Γ̇ can be expressed as

V ar[Γ̇] = V ar[Γ̇R] + V ar[Γ̇D]. (A.8)

which leads to the form of (2.27).

APPENDIX III

Derivation of Eq.(2.11)

Here we provide a brief outline for the close-form approximation of (2.11). Multivari-

ate Laplace approximation theorem [20] can be applied for Laplace-type integral

J(λ) =

∫
x∈R

u(x) exp(−λw(x))dx (A.9)

where u and w are real-valued multivariate functions. λ is a real parameter, and R

is the unbounded domain of x = [x1, ..., xK ].

When the above integral J(λ) converges, while function w(x) satisfies the following

conditions: 1)w(x) has an absolute minimum x̃, i.e., ∇w(x̃) = 0; 2) The Hessian

matrix A = [( ∂2w
∂xi∂xj

)|x=x̃] > 0, then for larger λ, (A.9) can be approximated as

J(λ) ≈ (
2π

λ
)(K/2) u(x̃)√

det(A)
exp(−λw(x̃)), (A.10)

where det(.) denotes the matrix determinant.

Compare (A.9) and (2.11), we get

u(x) =

√
f 2
1 γ̄1x

4(x2 + C) + C2f 2
2 γ̄2γ

x2
, (A.11)

w(x) =
γ̄1x

4 + Cγ̄2γ

x2γ̄1γ̄2
, (A.12)

A = [
d2w

dxdx
] =

2

γ̄2
+

6Cγ

γ̄1
x−4, (A.13)

λ = 1. (A.14)

By definition, it is easy to obtain the interior critical point x̃ = (Cγγ̄2/γ̄1)
1
4 by

solving dw(x)/dx = 0. Although the approximation (A.10) is proven for large λ [83],
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it also holds and performs very well when λ is small [7]. Therefore, by substituting

(A.14) into (A.10) with the value of x̃, and after some simplification, we obtain the

approximation expression given in (2.33).


