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SUMMARY

Most of the recent wireless communication applications require high speed and high rate
service. However, less than 70% of the packet size is the actual data. In other words, the data
efficiency of a wireless packet is relatively low. The objective of the research is to increase the
packet efficiency by investigating the roles of various overhead. In two-way wireless networks,
several types of overhead should be considered. For example, the overhead bits used for channel
state estimation and its feedback, re-transmission overhead, and control bits are the main
research topic this thesis wants to cover.

The first part of this thesis focuses on the analysis and optimization of the throughput in
two-way wireless communication networks with infinite block-length. We consider a practical
wireless packet capturing the tradeoff between channel estimation pilot bits, channel estimation
feedback bits, and re-transmission request bits. We consider three transmitter protocols and
receiver schemes, under the assumption of time-correlated fading channels. We evaluate the
throughput performance of various protocols while optimizing the packet structure.

The second part of this thesis focuses on the analysis and optimization of the throughput in
two-way wireless communication networks with finite block-length. We extend our framework
to finite block-length scenarios. We consider two receiver schemes and derive closed form results
of the throughput. We compare the difference between infinite block-length and finite block-

length in terms of the tradeoffs of channel estimation bits and data bits.

Xiv



SUMMARY (Continued)

The third part focuses on the network coded (NCed) hybrid-ARQ (HARQ) with packet
efficiency considered. We investigate the various types of overhead needed in NCed HARQ
systems, which includes the control and extra feedback information between the base station
and users. We derive expressions of the outage probabilities and throughput by taking re-
transmissions and extra acknowledgements into account. We also obtain the optimal number
of users numerically to maximize the downlink and uplink throughput.

This is where you write the paper. I've included a sample chapter below, to suggest a

possible organization. Just add references to the rest of your paper here.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

In order to support low-latency, high data rates applications like remote surgery, smart fac-
tory automation, and virtual reality video streaming in mobile wireless networks, channel state
information (CSI) and its feedback have played a critical role in improving spectrum efficiency.
In addition, pushing the demand of high reliability, re-transmission is inevitable for reliable
transmission in wireless communication networks due to a failed reception. In practical, a wire-
less contains bits that used for learning a channel, feedback of the channel state information,
bits for requesting re-transmission and actual data. These overhead besides actual data limit
the information rate in wireless networks. Transitionally, channel estimation, CSI feedback,
and re-transmission requests are usually studied separately, therefore optimized separately. A
framework that captures the tradeoff beween all the overhead and data is necessary to improve
the throughput performance in practical two-way wireless system. Furthermore, in the fifth
generation (5G) mobile wireless networks, the finite block-length coding technique has been
developed for reliable and delay restricted applications. These low-latency applications usually
require low latency in order of milliseconds and the coding block length is therefore shorter

than the traditional applications’ packet block length.



1.2 Thesis Contribution

The goal of this research is to provide a fundamental and practical understanding of the
value, in terms of system throughput, of feedback in wireless communication. Estimating/learn-
ing the channel state and requesting the re-transmission are considered at different levels of the
protocol stack and hence studied separately, — one in the physical-layer and the other in the
network-layer. In this thesis, several topics are proposed. 1) Development of a framework that
combines CSI estimation, feedback, and re-transmission request feedback. 2) Performance eval-
uation of wireless communication networks while taking into account the channel correlation
and channel variation, which add more computation complexity. 3) An analysis of tradeoffs
between data, training and feedback that provides insight of future wireless systems design.
4) Moreover, application of the framework in a network coded (NCed) hybrid-ARQ (HARQ)

scenario.

1.3 Thesis Organization

The rest of the dissertation is organized as follows. In Chapter 2, we introduce the pre-
liminary knowledge of channel estimation using our practical model. In Chapter 3, we present
our analysis of the tradeoff in a point-to-point two-way wireless communication network. A
comprehensive study of channel estimation error is presented. In Chapter 4, we investigate
the tradeoffs under the assumption of finite block-length and compare the difference of opti-
mal training between infinite block-length and finite block-length packets. In Chapter 5, we

investigate how channel estimation bits and extra acknowledgements impacts the performance



of network coded (NCed) hybrid automatic repeat request (HARQ). In Chapter 6, we conclude

the thesis.



CHAPTER 2

CHANNEL ESTIMATION IN TWO-WAY WIRELESS

COMMUNICATION

The contents of this chapters are based on our work that is published in IEEE Open Journal

of the Communications Society (Gu et al., 2021)

2.1 Introduction

Channel state information (CSI) is one of the most crucial concepts in current generation
wireless communication systems. Path loss, scattering, fading, and movement of objects can
cause change of CSI. An accurate CSI at the base station and end user is a prerequisite to
embrace all new techniques in current generation wireless systems. In the 4G and 5G wireless
communication systems, variety of channel adaptive techniques are widely used to increase the
channel capacity. With Channel state information at the transmitter (CSIT) , these new tech-
niques allow the transmitter to adapt the transmit power and rates to increase the throughput
of wireless networks.

Two-way wireless communications can be accomplished by frequency division duplex (FDD)
or time division duplex (TDD). The first step towards understanding the utility of feedback
in two-way networks is to develop a meaningful and general, yet tractable, framework, which
can be used to analyze both FDD and TDD systems. We begin by proposing a transmission

protocol that captures the tradeoff between feedback and data in two-way scenarios. Then, we



derive an expression for the channel state information estimation which takes several practical
tradeoffs in two-way communciation networks. The analysis derived here is valid for uplink and
downlink by substituting the uplink parameters with downlink parameters (i.e, exchange the

subscript u with d).

2.2 Channel model and Estimation

We consider a time-selective fading channel model, which is able to capture static, quasi-
static, and block fading. We assume that the channel remains constant within one transmission
period but varies between transmissions. The pilot symbols are inserted periodically during
each transmission. A simplified model of the channel estimation and its feedback are shown by
Figure Figure 1.

At transmission s, the received signal of the i-th channel use, ys(i), is given by

Ys(i) = hexs (1) +ws(i), i=1,---,T, (2'1)

where x4(1) is the transmitted signal with maximal power P;. Note that the subscript 1 € {d, u}
represents downlink or uplink. wg(i) ~ CA'(0,Np) is a complex additive white Gaussian noise
(AWGN) with zero mean and variance Ny, and hg is the channel gain that follows a zero mean
circular symmetric complex Gaussian distribution with unit variance, i.e., hy ~ CA/(0,1), and
independent of ws(i) for all 1 and s. We define the downlink/uplink transmit power over the

noise power as y; = P1/Np, with 1 € {d, u}.
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Figure 1: Channel estimation model in fading and noisy channel with CSI feedback. h represents
the channel fading coefficient and w represents channel noise. The packet consists of training
bits, CSI feedback bits and data bits.

We assume that the channel gains are correlated over several transmissions. Note that due
to processing time and ARQ feedback delay, the time between first transmission of a packet
and re-transmission of the same packet is long enough so the channel entries can be considered

independent (Jin et al., 2011).



2.2.1 Channel estimation at the receiver

During the training phase, the received signal vector at the base station can be written as

o = VP T 22

where ys = [ys(1),--- ,ys(Tt,s)]T, It =10, , 11* with length Tis, and ws contains the noise
components that are independent identically distributed (i.i.d.) with covariance matrix Ny I,
where I is the identity matrix.

The minimum mean square error (MMSE) estimator of the channel gain hg at the receiver

is given by (Kay, 1993, Eq. (10.31)) as

~ N
hR= Y% . 2.3
7 No+ TPy ;”5“) 23

It follows from (Equation 2.2) and (Equation 2.3) that ]/’\LE is a complex Gaussian random vari-

ables with zero mean and variance 82R ; that is given by
)

~ _ Tt,s Pu _ Tt,s'Yu
R NO + Tt,s Pu 1+ Tt,syu )

(2.4)

The channel estimation error at the receiver is equal to }Nﬂs = hg — }AIE, which is a circularly

symmetric complex Gaussian random variable with zero mean and variance 621{ s- Using the or-
)



thogonality between the MMSE estimator and the error (Kay, 1993), ?15 and ﬂ‘; are independent

and the mean square error (MSE) of hg, 5]22’8, is equal to

1

Ops=1—-0Cps=—.
R Rs 1+Tt,sYu

(2.5)

2.2.2 Channel estimation at the transmitter with FDD

In FDD, the transmitter does not have direct access to its own CSI, it relies on the feedback
information from the receiver. Because of the transmission time, the feedback CSI describes a
delayed channel state hg_1, where T is the feedback delay in frames. Therefore, at frame s — T,
the receiver simultaneously estimates hs_; to decode the received message and predicts h using
an innovation process defined later. Once predicted, the receiver will transmit the predicted
channel gain, ﬁs,prea to transmitter in order to estimate hs. Using the classical Jakes model,
the correlation coefficient between hg and hs_r is defined as (Tse and Viswanath, 2005a, Eq.
(2.58))

Pr = E[h:hsf’r] = ]O(ZT[fTTT)) (2'6)

where fi is the Doppler frequency, T is the time difference between time frame s and time
frame s — T, Jo(+) is the zero-th order Bessel function of the first kind (Abramowitz and Stegun,
1964, Eq. (9.1.18)), and E[-] is the expected value operator. Since hs_; and hg are circularly

symmetric jointly Gaussian with zero mean, and using the Gauss-Markov model, the delayed



and actual channel gains can be expressed using the following innovation process (Shi et al.,

2018)

hS—T = Pr hs + \/ 1— p% €sy (27)

where the innovation process es is unit variance complex Gaussian i.i.d. in time and independent
of hs. Under this model, the received signal at the base station during training phase at frame

s — T, can be re-written from (Equation 2.2) as

Vs—t = PrV/ Pu 1Tt,sf~chs + (] - p%)Pu €es + Ws_r,

where e; is a zero mean complex Gaussian vector with identity covariance matrix and indepen-
dent of ws_. and hg. Considering /(1 — p2)Pq es + Ws_ as a noise vector, hy can be predicted

using MMSE estimator as

Te,s—t

~ PtV Pu X .

hR = § (). 2.8
sP1e = No (1= p2)Pu + Ty e p2 Py 2= YoV (28)

i=1

R

s,pre nas complex Gaussian distribution with zero mean and variance

Like the non-delayed case, h

E[|ﬁ§pre|2] that is equal to

2
~2 Pz Tes—t Pu
o = . . 2.9
Ros,pre NO + (1 - p%)Pu + p% Tt,s—T Pu ( )
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Applying again the orthogonality principle of the MMSE estimator, the predicted channel error,

~

hR e =hs — R}

s,pre s,pres 1S & zero mean complex Gaussian random variable with variance equals to
)

the MSE

~2 1 ~2 1+ (1 _ p%)‘}/u

o =1-0 = '
R,s,pre Rysypre =™ 1 1 (1— p%)‘yu + p% Tes—tYu

Once hyg is predicted, the receiver sends back the predicted channel gain }AtsR)pre, to the transmitter
during CSI period using Tcsys CSI symbols. We assume that the feedback channel is modeled as
an AWGN channel with downlink transmit power Pq4, as described in (Kobayashi et al., 2011).
Afterwards, if zg denotes the received feedback signal vector at the transmitter, then zs can be

expressed as

Zs =V P4 1TC51,sth,pre hs,d + \/]Td 1Tc51,sth,pre hs;d + 1, (2‘10)

where ng is the zero mean complex Gaussian noise with covariance matrix equals to NoI and
independent of ﬂspre‘ }Atsyd is the MMSE estimator of the downlink channel coefficient using
training pilots with variance 6\; 4 » While ﬁs,d is the estimation error that is independent of }Ats,d.
Both }Alsyd and ﬁs,d are independent of ng. It is worth mentioning that the components of ng

and w, are independent.
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At the transmitter side, using the estimator in (Kay, 1993, Eq. (10.31)) and the system model

in (Equation 2.10), the MMSE channel estimator at the transmitter is equal to

~2 - / Tesr,
T GR,s,pre Os,d Pd )

s — =2
No + Tests Ok pre Pd

zs(1). (2.11)

i=1

Subsequently, PALI follows a zero mean complex Gaussian distribution with variance 6\% ¢ that is

expressed as

~ Tesis OR,s,pre 95,4 Yd
/\2 )
1+ Tests 0R g pre Yd

1, = (2.12)

Ti,s.aPa
No+Tts,aPa’

where vq = E—% is the downlink SNR, (Arid = and Ty q is the number of downlink
training symbols. On the other hand, using again the orthogonality principal, the MSE can be

obtained by

~2 ~2 ~2
o 1+ TCSLS GR,s,pre ‘Yd(] - 0—R,s,preo—s,d)

=2
1+ TCSI,s UR,s,pre Yd

. (2.13)

As mentioned above, h? and h! have zero mean complex Gaussian distribution with vari-

ances GZR’S and 8%8, respectively, but they are not independent. Actually, without that de-
pendency, it is not possible to obtain an accurate estimate of the channel coefficient at the
transmitter, ﬁ;r, as the transmitter would have an outdated channel estimate that is indepen-

dent from the actual channel realization. Indeed, the correlation between ?LE and ﬁ;r will improve

the total system throughput, even though it presents a challenging computation complexity on
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the throughput expression. The covariance between ]/’\LSR and ]/’\LI can be computed using their
definitions, (Equation 2.3) and (Equation 2.11), the expression of ys in (Equation 2.2), and the

expression of zg in (Equation 2.10), to get

Ehfh{*] =6}, 6{5 = psORs OTs, (2.14)

where ps = Ors 07 is the correlation coefficient between PALSR and ﬁl

It is worth noticing that ﬂl is an estimation of PALSR from a previous realization, and since }AlsR
and ﬁf are orthogonal, the correlation between }AII and ﬁSR is negligible, which has been proved
numerically. Thereafter, it can be neglected and we consider that ﬁf and ﬂl are independent

complex Gaussian random variables.

2.2.3 Channel estimation at the transmitter with TDD

Unlike FDD, uplink and downlink are reciprocal in TDD, which means that transmitter can
rely on the received training to get a prediction of the channel without an extra CSI feedback
phase. As in FDD, due to transmission time, the training pilots describe a delayed channel
state that is hs_;. Using Ty pilots, the transmitter is able to predict ﬁl with an estimate
variance similar to (Asz,s,pTe in (Equation 2.9), and equals to

2T,
&, = Py Tt Vd : (2.15)

T+ (1 —p2)va+p2Tesva

The MSE is equal to

~ T+ (1—p2)va

2 T

52 = . 2.16
T (1= p2)va + 2 Tisva (2.16)
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The correlation coefficient between PALE and ﬁz in TDD case is similar to that in FDD case i.e.,
ps = O7sO0Rr,. Hence, the channel estimation in TDD can be treated as a special case of FDD

with no feedback error.

2.3 Conclusion

To conclude this chapter, for both cases FDD and TDD, }ALSR, RSR, and }ALI are zero mean

circularly symmetric complex Gaussian random variables with variances 0% ., 0%, and 0%,
Y el )

respectively, which means that I}Alflz, Iﬁf\z, and Iﬂllz have an exponential distribution with
2 2

~ ~ ~2 . TR . -
parameters Og ¢, O g and 075, respectively. Moreover, we have seen that hg is independent of

ﬁf and ﬁl for all s, though ﬁsR and ﬁz are correlated with correlation coefficient ps.



CHAPTER 3

THROUGHPUT PERFORMANCE OF TWO-WAY WIRELESS
COMMUNICATION WITH COMBINED CSI AND ARQ FEEDBACK

WITH INFINITE PACKET LENGTH

The contents of this chapters are based on our work that is published in IEEE Open Journal

of the Communications Society (Gu et al., 2021).

3.1 Introduction

Feedback in wireless systems are designed to increase the throughput performance. Feedback
can be used to estimate and indicate the channel state, request re-transmissions after a packet
can not be decoded by the receiver, or help improve adaptive transmission strategy. In general,
feedback has been studied from a one-way perspective, meaning data travels in one direction,
and feedback — often assumed to be perfect — in the other. Two forms of feedback have been
played very crucial roles to address these demands. CSI, the signal-to-noise ratio of a certain
transmission, is essential for the wireless receiver to decode the packet. Also, CSI can be fed
back to the transmitter side and exploited to maximize the data throughput. Re-transmission
is inevitable in reliable wireless systems due to a failed reception. Automatic repeat request
(ARQ) and HARQ are highly adopted in communication systems.

The goal of this research is to provide a fundamental and practical understanding of the

value, in terms of system throughput, of feedback in wireless communication. Feedback has

14
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traditionally been used to either learn the channel state, or to request the re-transmission of a
failed reception. Despite the established link between the accuracy of the channel state and the
performance of the re-transmission protocols, these two feedback usages have been commonly

studied separately — one in the physical-layer and the other in the network-layer.

3.2 Related Work

Traditionally, estimating/learning the channel state and requesting the re-transmission are
considered at different levels of the protocol stack and hence studied separately. Some re-
search studies have, nonetheless, established a link between re-transmission performances and
physical-layer parameters. They can be classified in two groups: Studying re-transmission pro-
tocols under the assumption of 1) inaccurate CSI due to transmission noise, or 2) delayed CSI
due to re-transmission delay.

Re-transmission protocols under inaccurate/noisy CSI: In (Cao and Kam, 2011), Cao and al.
studied the impact of the accuracy of CSI at the receiver on the performance of ARQ and
HARQ protocols. They derived bounds on the accepted packet error rate and good-put that
take into account both the channel estimation error and the re-transmission protocol. Closer to
our work is (Ghanavati and Lee, 2018), where the authors took into account the training phase
length and minimum mean square error (MMSE) channel estimation when optimizing the to-
tal transmission power in point-to-point communication with ARQ re-transmission. However,
these papers did not consider the temporal channel variations and the CSI delay. In (Shi et
al., 2019), the authors derived outage probabilities for non-orthogonal multiple access (NOMA)

with CC-HARQ and IR-HARQ), taking into the channel estimation error at the receiver side.
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Delayed CSI and re-transmission delay: In (Kim et al., 2011), the authors proposed an optimal
rate adaptation for chase combining HARQ protocol (CC-HARQ) and time-varying channel
model, based on the outage probability with delayed CSI that is known at transmitter and
receiver. In (Shi et al., 2015), Shi and al. adopted an information-theoretic approach to in-
vestigate the impact of channel time variation on the incremental redundancy HARQ protocol
(IR-HARQ) performance. They have extended their work by analyzing the optimization prob-
lem in an energy efficient perspective (Shi et al., 2018), where they considered re-transmission
with a priori fixed number of re-transmissions. More recently, outage probabilities for NOMA
with delayed CSI are derived in (Cai et al., 2019) and statistical CSI are investigated in (Xu
et al., 2018). However, in (Kim et al., 2011; Shi et al., 2015; Shi et al., 2018), the CSI es-
timation error was not considered. In addition, the throughput expression did not take into
account the resources dedicated to training and feeding back the CSI. It was assumed also that
after sending each packet, the transmitter does not send any further frame until it receives an
acknowledgement, which is not throughput-efficient. Therefore, most current re-transmission
protocols allow the transmitter to send a number of packets specified by a window size without

the need to wait for individual acknowledgement from the receiver.

3.3 Main Results

In this chapter, we develop of a generalized framework for feedback in two-way networks
which combines limited CSI feedback and ARQ), captures time-variation of the channel, ac-
counts for training, feedback, and data bits. We derive the outage probability expressions and

achievable throughput for both Time-Division Duplex and Frequency-Division Duplex expres-
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sions by taking into account the channel correlation, feedback error of CSI from the transmitter
to the receiver, and channel variations over time. We evaluate the tradeoffs between training,
CSI, ARQ and data bits as function time-variation of the channel. To to specific, we summarize

the main contributions as follows:

3.3.1 Accurate channel and re-transmission model

Compared to previous works (Ghanavati and Lee, 2018; Einstein, 1905; Kim et al., 2011; Shi
et al., 2015; Shi et al., 2018), we consider both noisy and time-varying channel model, to
accurately represent wireless propagation. We extend our model to capture the time-variation of
the channel in both frequency division duplex (FDD) and time division duplex (TDD) scenarios.
Compared to (Kim et al., 2011; Shi et al., 2015), a more efficient re-transmission protocol is
considered, where the transmitter sends a number of packets without waiting for individual
acknowledgement from the receiver. In case of error, the receiver can selectively reject a single
packet, which will be re-transmitted alone. In such case, the receiver may accept out-of-order
packets and buffer them. This protocol design creates a significant channel correlation between
consecutive packet transmissions, while the channel correlation between the re-transmission of
the same packet is negligible due to the long duration between these transmissions as proved
in (Jin et al., 2011).

3.3.2 Efficient resources usage

Most of the existing literature assume an uplink channel to provide information which helps
the transmission of the downlink channel. However, the cost of uplink channel usage is not taken

into account and the overhead bits can reduce the space for actual information bits. In this
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chapter, we develop a two-way framework for feedback, which combines limited CSI feedback
and ARQ, and accounts for training, feedback, and data bits. This results in a tradeoff between
improving rates in one direction and feeding back information to improve rates in the other.
The optimization of tradeoffs will increase throughput as they are affected by the rate of channel

time-variation.

3.3.3 Accurate performance evaluation

Given the practical channel model we discussed abobe, this chapter is the first to math-
ematical expressions of the outage probability and throughput of different combinations of
transmitter and (H)ARQ protocols. Our study shows the effect of the channel varying rate
(slow to fast varying channel) on the throughput of each scheme, and the impact of training,
feedback and data phase lengths on system performance. From the mathematical perspective,
this chapter offers an explicit form of the MMSE of channel estimation at receiver and trans-
mitter, and closed/integral form expressions of the outage probability and throughput of the
above systems using three transmitter protocols based on power and rate adaption such that,
no adaptation, power adaptation, and rate adaptation; and three ARQ receiver protocols with
basic ARQ and two hybrid ARQ, namely CC-HARQ and IR-HARQ. As opposite to previous
works (Cao and Kam, 2011; Ghanavati and Lee, 2018; Einstein, 1905; Shi et al., 2015; Kim
et al., 2011), this chapter considers channel estimation error at transmitter and receiver with
delayed CSI. Delayed imperfect CSI will create a correlation between the channel estimator
at transmitter and receiver. Knowing that in power and rate adaptation protocols the outage

event depends on channel estimator at transmitter and receiver, the derivation of the proba-
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bility of that event becomes complicated using the joint correlated portability density function
(PDF) of Rayleigh random variables in terms of the zero-th order Bessel function. For instance,
IR-HARQ considers the previously decoded messages where the derivation of the throughput
requires the computation of the PDF of the sum of transformation of Rayleigh random vari-
ables that was not done before. To summarize, this chapter provides a realistic throughput
analysis of the above mentioned protocols that shows the impact of the channel varying rate on
tradeoff between training, feedback and data phase lengths through explicit outage probability

derivation.

3.4 System Model

In order to develop a general framework for two-way wireless networks, we start by defining
the system model. We propose a transmission protocols that captures the trade-offs between
CSI estimation, feedback, re-transmissions, and actual data. Then, we derive an expression for

the throughput which demonstrates many of the involved tradeoffs.

3.4.1 Transmission Protocols

We consider both FDD and TDD two-way systems with limited feedback, where two users
exchange packets designed as shown in Figure 2. Each packet is divided into three or four
phases depending on the used model: CSI training, HARQ feedback, CSI feedback (only for
FDD case), and data. Assume that a packet with T symbols (channel uses) that includes Ty
training symbols, is sent in transmission s. The training symbols are transmitted by the mobile
to the base-station (BS) to estimate the channel gain. In FDD, the system does not have

reciprocity between opposite streams (uplink and downlink); this is unlike TDD, where the
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Training for C1 ARQl Data for BS

@ Channel C1me——pp (})
%hChanne| Comm—— /]

Training for C2| ARQ Data for Mobile
Tis TarQ.s T —Tis— Tarq.s
(a) TDD
Training for C1 ARQl CSI FB for C2 Data for BS
7\

Channel C1 )y ()
= Channel C2 PA

Training for C2 | ARQ| CSI FB for C1 Data for Mobile
T s TarQ,s Tesrs T —Tis —Tarqs — Tosis
(b) FDD

Figure 2: The two-way packet-structure and inter-dependence of streams for (a) TDD, and (b)
FDD.

reciprocity between uplink and downlink allows the mobile to get access to CSI, C;, through
training. Therefore, the CSI feedback phase is only needed in FDD so the transmitter can rely
on the feedback information from the receiver. The receiver estimates the CSI and then feeds
back the estimates to the transmitter using Tcsys symbols.

For this purpose, two practical adaptive protocols, with very simple encoding and decoding
(Goldsmith and Varaiya, 1997a), are considered: %) constant transmit power (CP) protocol
and 77) truncated channel inversion (CI) protocol. In CP protocol, the transmitter adapts the
transmission rate to the channel variation by keeping the transmit power constant. While in CI

protocol, the transmitter adapts the transmit power by keeping the transmission rate constant
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when the channel response is above a cut-off level. In addition, we consider a no CSI (NC)
protocol to study the impact of the absence of CSI feedback phase on system performance. The
last phase is the HARQ feedback phase that is used for re-transmission protocols; it contains
TarQ,s symbols.

To summarize, we consider three transmitter protocols (NC, CP, and CI), combined with
three HARQ receiver schemes (basic ARQ, CC-HARQ), and IR-HARQ) to explore the effect of
these various protocols on system performance. Let Ty denote the transmitter protocol and Ry

denote the receiver scheme, then T, € {NC, CP, CI} and R, € {AR, CC, IR}

3.5 Throughput Analysis

The throughput is used to study the system performance of each selected scheme. In order
to obtain its expression, we begin by defining the channel achievable rate and the target rate,

and deriving the outage probability expressions for each scenario.

3.5.1 Channel Achievable Rate

As described above, the transmitter protocols include NC, CP, and CI, while the receiver
ARQ schemes include AR, CC, and IR. Let I g (m) be the channel achievable rate after the
m-th transmission at the receiver, using transmitter protocol Ty and receiver scheme Ry. For
transmission protocol Ty, we denote P, s the received signal to interference plus noise ratio
(SINR) at transmission s. It is worth mentioning that Bt s varies with transmitter protocol

only because the SINR does not depend on the receiver scheme. Using the fact that the channel
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estimation error will add a Gaussian error to the received signal, the SINR at receiver, without
CSI or using constant transmit power protocol at transmitter, can be expressed as
Yu [hE?

Bnes = Beps = ————=—. 3.1
T T valngp &

Knowing the predicted channel gain |ﬂzlz, the transmitter uses CI protocol to maintain a con-
stant received power by inverting the channel fading, which, in some cases, may lead to infinite
transmit power. Therefore, we consider a truncated inversion policy that only compensates for
fading above a certain cutoff fade vy (Goldsmith and Varaiya, 1997a), i.e. Iﬁllz > vo. Hence,

the SINR using CI protocol is given by

IhR2Py,

nI2 Yo |hRP e
Bets = —Ho— = =i R > v, (3.2)

The achievable rate of transmitter protocol Ty with basic ARQ, which takes into account only

the most recently received signal burst, can be evaluated as

It Ar(M) = ot log (14 B m) (3.3)

T—Te,m—Tcs;,m—TARQ,m

where o, denotes proportion of data symbols in a packet that is equal to oy = T
for FDD case, and oy = M for TDD case. When deploying the CC scheme and

after combining m received bursts, the total received SINR is equal to ) i~ Br, s (Larsson et
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al., 2013; Caire and Tuninetti, 2001), so the achievable rate of CC with any transmitter protocol
Ty, is given by

ITX)Cc(m) = &, log (] + Z BTX,S> . (34)

s=1
In addition, using IR scheme, the achievable rate is equal to the sum of all previous received
rate terms corresponding to a given message (Larsson et al., 2013). Therefore, the achievable

rate of IR and transmitter protocol Ty is equal to

It r(m) = Z os log (1 + B, s) - (3.5)

s=1

3.5.2 Transmitter Target Rate

Another important metric is needed to define the throughput, that is the transmitter target
rate at transmission m, Ry (m). Without CSI, the transmitter is sending at fixed rate R
because the channel state is not available. Thus, the transmitter target rate for NC is equal to
Rne(m) = R. However, in the CP protocol, the transmitter adapts the transmission rate to the
channel variation while keeping the transmit power constant, in more details the target rate is
adapted as Rcp(m) = am log (1 +yu|ﬁ;|2>. Finally for truncated CI, the transmitter adapts
the transmit power according to the channel gain to maintain a constant received power Py,

the target rate is equal to Gaussian channel capacity with SNR vy, and «,, data symbols, i.e.
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Rer(m) = oy log(1 + vy, ), when \ﬁ;lz > Yo, and zero otherwise. To summarize, the transmitter

target rate, Ry (m), varies with the transmitter protocol as follows

RNC(m) = R) (36)

Rep(m) = ot log(1 + vy %), (3.7)
otm log(1+7vy)  if [T, > vo

Rer(m) = (3.8)
0 otherwise.

The expected rate at the m-th transmission, Ry, (m), is equal to the expected value of the
transmitter target rate Ry (m) over the distribution of IﬂLIZ that has an exponential distribu-
tion with mean G%m, i.e. Ry, (m) = E[Ry, (m)]. Without CSI, the target is constant, so the
expected rate is equal to Ryc(m) = R. Using CP protocol, Rcp(m) is obtained by averaging

(Equation 3.7) over the probability density function (PDF) of [h] |* as

_ o0 ~ = 1
Rep(m) = A(xsz e X/0% log (1 4+vax)dx = o e¥d Tm Ey <Az) , (3.9)
OTm Jo Yd 07,

where E;(-) is the exponential integral function (Abramowitz and Stegun, 1964, Eq. (5.1.1)).
The integral in (Equation 3.9) is solved using the identity (Abramowitz and Stegun, 1964,

Eq. (5.1.28)) following an integration by part. In the case of CI protocol, it was proved in
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(Goldsmith and Varaiya, 1997a) that the expected rate is the maximum over the threshold, vy,

of the average transmit rate using Py m as transmit power, i.e.
Rei(m) = max o 1og (14 Puryn/No) Pr [IRL > o)

where Py is the transmitter power that is determined by solving

o0
P — Pirm e—x/E%yde _ Ptr,mE Yo
“ X 02 2 '\& )
Yo Tm Tm Tm

Hence, the expected rate using CI can be expressed as

/\2
5 Yu O —X
R = | 1 . 1
ci(m) I)I(lzagcocm og( + () > e (3.10)

3.5.3 Outage Probability Definition

In case of AR and CC scenarios, the transmitter keeps sending the same packet, with dif-
ferent coding rates Ry (s), until an ACK is received or the maximum number of transmission,
M, is reached. A successful decoding at transmission s happens when the packet is encoded
with rate Ry (s) below the channel achievable rate It g (s). Therefore, the outage event, at
transmission m, occurs when the system transmits with target rate above the channel achiev-
able rate in all previous transmissions s < m. Let’s define At g (s) as the outage event at

transmission s (1 <'s < m), then At g (s) = {It g (s) < Rr.(s)}. Then, for any transmitter
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protocol Ty, the probability of outage for AR and CC, denoted by nT, g, (m), is defined as the

probability that At g, (s) occurs for s =1,...,m, i.e.
N1 R (M) =Pr[A g (1), A1 R (2), -+, AT R (M)], for Ry € {AR,CC}, (3.11)

where Pr[A] denotes the probability of event A.

Unlike AR and CC, in IR the system sends the first sub-codeword of length Ty with coding
rate rate Rt (1) = % If a NACK message is returned back from the receiver, the transmitter
knows that the first sub-codeword is erroneously decoded and therefore sends the next sub-
codeword of length T, with code rate Ry, (2) = % This process continues until an ACK is
received or the maximum number of transmissions, M, is reached. Assuming a perfect coding
and decoding, the packet is lost, i.e. outage event, after m transmissions only if the average
achievable rate accumulated throughout the transmissions is less than the average transmission
rate (Szczecinski et al., 2010). In more details, the packet is decoded successfully only if all the
previous sent sub-codewords can be decoded successfully on average. The outage event can be
defined by

1 Uk T. T
e Y I (s < = (3.12)
o & e o
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where Ty is the size of the s-th sub-codeword and I}X’IR(S) = o log (14 B, ,s) is the achievable

Ts

rate when receiving the s-th codeword only. Knowing that Ry = AR

the outage probability
of IR is expressed using (Equation 3.12) as

A - I'/I'X,IR(S)
nr,,r(M) = Pr [ Rels) < 1] : (3.13)

s=1

On the other hand, the probability of successful transmission at the m-th transmission, Kt g, (m),
is defined as the probability that the system decodes successfully the packet after exactly m
transmissions and fails to decode it in the previous m — 1 transmissions, which leads to the

expression of kt, g (M) as

KT, R (M) =M1 R, (M — 1) =M1 8, (M), (3.14)

where Nt g, (0) = 1.

3.5.4 Throughput Expression

Assuming that all nodes have always packets to send (Larsson et al., 2010), the through-
put, v, is defined using the renewal-reward theorem (Caire and Tuninetti, 2001) as the ratio
between the expected rate, R, and the expected number of transmissions, 7, which are defined
through the outage probability and expected rate. Assuming that M is the maximum number

of transmissions, i.e. stop transmitting the same packet after M attempts, the expected number
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of transmissions per packet, 71, r,, is equal to the sum of the outage probabilities during the

M transmissions (Caire and Tuninetti, 2001)

M-1
TroRe = ) MR (M) (3.15)
m=0

The expected rate, Ry R, in nats/Hz/s is defined as the sum over m of the expected rate at
transmission m, ETX’RX(m), multiplied by the probability of successful transmission at trans-

mission m, K1, g, (M), yield

M
Riore = Z Rr, g, (M) K7, R, (M). (3.16)
m=1

Therefore, the total system throughput can be expressed, using the renewal-reward theorem

(Goldsmith and Varaiya, 1997b), as

M
Z Ry, R, (M) K1, R, (M)
= m=] . (3.17)

M—1
> g (m)
m=0

_ Rk,
VTX)RX - 77[_ R
Xy

3.6 Outage probability for basic ARQ

In this section, we investigate the outage probability expressions for basic ARQ schemes
by deploying the above defined three transmitter protocols, NC, CP, and CI, i.e. Ry = AR
and T, € {NC, CP, CI}. Because of its basic concept, the achievable rate of AR at transmission

s is independent from the achievable rate of other transmissions, which can be noticed from
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(Equation 3.3). Therefore, the events At _ar(s) are independent for s = 1,--- ,m, and the
outage probability can be written as the product of outage probabilities of each transmission,

yield

N1 AR(M) 2 PriAT ar(1), A, AR(2), -, AT AR(TM)]

= [ [PriAn ar(s)] = [ [ PrlIn, ar(s) < Rr(s)]
s=1

s=1

m
= [ [Prloslog (1 + Br,s) <Rp(s)],  for T, =NC, CP, CI, (3.18)

s=1

where the expression of It ar(s) is obtained from (Equation 3.3). A compact expression of

NT1,,AR(M) can be driven as

Ry, ()

m
N7, AR(M) = HPr [BTX,S <e o —1], for T, = NC, CP, CI. (3.19)
s=1

According to the transmitter protocol Ty, Nt ar(m) is evaluated in the following subsections.

3.6.1 NO CSI Transmitter Protocol

Without CSI, the transmitter set a fixed rate R and only the imperfect channel estimation
at receiver will affect the SINR. Using the expression of Bnc,s in (Equation 3.1), the outage

probability (Equation 3.19) can be obtained as follows
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which is evaluated using the cumulative distribution function (CDF) of ]I“‘h‘thlz that is derived
in Appendix A in (Equation A.1) for independent exponential distributions |hSR|2 and |?18R|2.

Note that 6, = eas — 1.

3.6.2 Constant Transmit Power Transmitter Protocol

By keeping the transmit power constant, the transmitter target rate depends on the trans-
mitter predicted channel coefficient (Equation 3.7),1i.e. Rep(s) = o log(1+yu|ﬁ1|2). Thereafter,
by replacing Bcp,s by its expression from (Equation 3.1), the outage probability (Equation 3.19)

can be expressed as

T]CPAR Pr < |h = E=zp> [ Pr <1 + YuX h =X
1 1+v [ERACEI I S i T|2
b o —5
=1I= J Fiare (T4 vux)e ks dx, (3.21)
s=1 ORs 0 RIp2

where F gr2 (+) i |
2

. Note that (Equation 3.21) is obtained by condition-

ing over the distribution of |h§|2. The CDF of the ratio of the correlated exponential random
variables |]/’\LSR|2 and IﬁIIZ is obtained using the distribution of their difference |ﬁ§|2 — |ﬁ1|2, as
derived in appendix B. Actually, this difference can be seen as an expression that contains four
Gaussian random variables, because an exponential random variable is the sum of the squares of
two real independent Gaussian random variables. Using a moment generating function (MGF)

approach, the CDF of that difference is obtained in (Equation B.9), and subsequently the CDF
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Ih

of the ratio D

is derived in (Equation B.11), the whole proof is more detailed in appendix B.

The final outage probability expression is given by

=l
“Rys Og ¢ — (1 +yuX)GTS
| | : dx | d 3.22
nepag(m ( Jo ZGRS As(T 4+ vux) i e (3.22)

1

—~ —~ —~ —~ 2\ 2
A(x) 2 <z var (|h§|2 —x|h§|2) _E [|h§|2 _ x|h1ﬂ >

= [+ Gk, + 260353, (1 - 203) . (3.23)

3.6.3 Channel Inversion Transmitter Protocol

In this protocol, the transmitter rate is constant, Rei(s) = o log(1 + vy ), while the SINR is

HTR(2
defined in (Equation 3.2) as Bcrs = %. From (Equation 3.19), the outage probability

of CI protocol and basic ARQ scheme can be written as

m

NerAr(m H

s=1

NG <1 ﬁF (1) (3.24)
—_— = - ~R2 .
[T + vy, [hRP2 - ’

s=1 Ihd12+yu ]2

where F zr2 (+) is the CDF of S Ly — Using the CDF of |ﬁ§|2—|ﬁz|2 and by averaging

T|2 R|2
T v R s v o]
over [hR|? that is independent of both of them, F RR[2 (+) is derived as closed form in
hI 124y IRR12

(Equation B.13). A closed form expression of the outage probability can be derived as

=2 =2 2 ~2
GTSGRS(] — ps) +quR s}\ (1)
| | , 3.25
nerar(m ( 0%, — 02+ 2vu0h, + A(D) A(D) (3.25)
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where A¢(1) is given by (Equation 3.23).

3.7 Outage Probability for Hybrid ARQ Schemes

In this section, we study the outage probability of HARQ schemes, which includes the CC
and IR, Ry € {CC,IR}. The outage probability of CC is defined using (Equation 3.11) as the
probability that the channel achievable rate It g (s) is less than the target rate Ry (s) for all

transmissions 1 < s < m, while the outage probability of IR is given by (Equation 3.12).

3.7.1 HARQ Chase Combining Scheme

In the CC protocol, the user keeps sending the same packet until it receives an ACK or
reaches the maximum number of transmission, M. Therefore, the rate is not varying from
transmission to another because the same packet is sent. Hence, for CC protocol we consider
only the no CSI and channel inversion schemes, where the transmitter target rate is fixed as
R and log(1 + vu), respectively. Using the fact that the achievable rate of CC is an increasing
function with respect to s (Equation 3.4), the outage probability depends only on the last event

AT R, (M) as follows

nr,,cc(m) £ Pr(lr cc(1) < Ry, (1), , I, cc(m) < Ry (m)] = Pr [Ir, cc(m) < Ry, (m)]

=Pr

m
o log (1 +) Bm) < RTX(m)] ,for T, = NC, CI, (3.26)

s=1
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which is obtained using the channel achievable rate expression of CC, (Equation 3.4). A

simplified expression of Nt cc(m) is given by

R Tx

m)
nt.cc(m) = Pr Z Br.s<e em —1|, for T, =NC, CL (3.27)

In the following analysis, (Equation 3.27) will be studied to derive the expression of the outage

probability using the two different transmitter protocols, NC and CI.

3.7.1.1 No CSI Protocol

The target rate is set to be R, and the received SINR, Bncs, is expressed in (Equation 3.1).
The outage probability in case of deployment of CC and NC is obtained from (Equation 3.27)

as

nneee(m) =P i h{E__8w| _1 1 JOO] I (e_ e (t)) dt, (3.28)
NC,CC =Pr — < — s—=| = w@NC,CC 3

S 1+vyulhB? T 2 mjy t
where @nc,cc(t) is the characteristic function (CHF) of ) I hsP? Im(-) designates the

s=1 T+yu |hR\2’
imaginary part of a complex number, and i is the imaginary number, i* = —1. Actually,
(Equation 3.28) is obtained using the CDF inversion formula (Wendel, 1961, Eq. (2)), because
i R
nne,ce(m) is equal to the CDF of Y [, % applied to ‘I, where 0, = exm — 1. The

channel coefficients, ﬁSR and FLSR, are independent for 1 <'s < m, which means that @nc,cc(t)
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7R |12
can be expressed as the product over s of the CHF's of each random variable %, a closed

form expression of that CHF is derived in Appendix A, and from (Equation A.8) we have

n T PR S PR
onceelt) = [T [ 1+it="Rs—e e £y (ke ) (3.29)
s=1 Yu GR,S ’Y'LL GR,S

By combining (Equation 3.28) and (Equation 3.29), the outage probability of the couple (NC, CC)

has the following expression

)
1—-itop s

=2

1T (1 it T .. Ok = 1 —ito}
nNC,CC(m):_J — Im|e v [T +it—R5-e ks E]< — S) dt. (3.30)
0 mt yU'GR,S YUO-R,S

s=1

3.7.1.2 Channel Inversion Protocol

CI scheme consists of sending the packet with the same rate by dividing the transmit
power, Py, by the predicted channel gain I}ALSTIZ, under the condition that I}ALST\Z > vo. Using

these settings, the target rate is equal to Rer(s) = s log(1 + vu) and the received SINR that

Yu IhE‘z

Ty R Thereby, the outage probability

is expressed in (Equation 3.2), is equal to Bcrs =

expression (Equation 3.27) is evaluated as

m

nerec(m) = Pr Z % <Yul, (3.31)
Ih{l? +yulh§P

s=1

nR2
which is equal to the CDF of ) T, % applied to ..
yulh®2

TRy kR is composed of two correlated ran-

We may notice that the random variable B¢ =

dom variables, such that \?LSRIZ and ||/’\LI|2, and an independent random variable from both of them,
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which is IITLE\Z. Using the CDF expression of hzTh3 in Appendix B defined in (Equation B.13)

for correlated hy and hy, the CDF of B¢y has the following expression

2x (6—‘2]',36-2]2,5(1 - Pf) + YuGZR,SAs (X/Yu))

— — — , if x >0, 3.32
As (X/'Yu) (’Yu7\s (X/Vu) + VuO—ZR,s —X G%s + ZX‘Yuo—lzl,s) ( )

FﬁCI,s (x) =

where Ag(x/vy) is defined in (Equation 3.23).

The PDF of B¢ys can be expressed as the first derivative of Fg., | (x) with respect to x

_ dFBCI,s

foer, (x) = —3 = (). (3.33)

Thereafter, using the fact that (Bc1s)j<<m are independent, the outage probability when

coupling CI and CC is given by the following convolution product

Nernec(m) = fpey *# fpeg, * Faepy (Ya), (3.34)

where “ %" denotes the convolution operator.

3.7.2 HARQ Incremental Redundancy Scheme

In IR, the receiver combines the previously received sub-codewords to attempt to decode
the whole packet, a different expression of the outage probability is defined for IR rather than
the expression of the previous two schemes, AR and CC, which is expressed in (Equation 3.12)

as

m

M r(m) =Pr | Y

s=1

XK IOg (1 + BTX,S)

1 for T, = NC, CP, CI. .
RI(5) <1y, or Ty , CP, (3.35)
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In the following analysis, we substitute 1, s and R, (s) by their expression according to the

transmitter protocol T, = NC, CP, CI.

3.7.2.1 No CSI Protocol

In this case, the rate is fixed to R and the received SINR is evaluated by (Equation 3.1),

which gives the expression of the outage probability as follows

nne,r(m) = Pr

o -
hR 2
Y alog (1 + y“'S') < R] . (3.36)

- 1+ yy[hR12

It appears that the outage probability is equal to the CDF of } I*; s log(1+ Bnc,s) evaluated
at R. Since all the channel coefficients are independent for s = 1,--- ,m, the CDF of that sum
applied to x, Fsr(x, -, -, ), can be expressed as a convolution product, as described in Appendix
A, and is given in (Equation A.12). Thus, the outage probability using IR and NC protocols is

equal to
nner(m) = Fsp (R ZR IR VAL, (3.37)

where IR =v, [GZRJ,--- ,GzR’m], IR =y [GZRJ,--- ,cNTZR’m], and Ay = [oq, -+, 0.

3.7.2.2 Constant Transmit Power Protocol

When deploying CP protocol, the received SINR is equal to the SINR of NC protocol, i.e.

Yu‘th‘z

SR while the target rate varies with the channel, as derived in (Equation 3.7),

BCP,S =
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and equals to Rep(s) = o log(T + vu |PAL;r|2). Therefore, using its expression in (Equation 3.35),

the outage probability of CP and IR is given by

m
_ log (1 + Bcpys)
ncpr(m) = Pr Zlog“ T R <1]. (3.38)

s=1

From that definition, ncpr(m) is equal to the CDF of ) I, lsz(gfgﬁfgﬂl) evaluated at 1. Notic-

log(1+Bcp,s)

ing that the random variables LHg = g (1 e T2

are independent for s = 1,--- ; m, the outage
probability can be written as a convolution product of the PDF of LHg, fip,(-), and its CDF,

Frn, (+), as follows

Nepr(m) = frp,, * - fop, * Fop, (1), (3.39)

where frp, () and Fry, () are derived in Appendix B, in (Equation B.15) and (Equation B.16),

|# and

respectively. In fact, the distribution of LH; is obtained using the joint distribution of IﬁSR
Iﬁllz and some change of variables as described in (Equation B.14).

3.7.2.3 Channel Inversion Protocol

In this case, the target rate is fixed to be Rey(s) = o5 log(14v4), while the received SINR is

yulhR2

defined in (Equation 3.2) as Bcrs = Ty RER

subsequently the outage probability expression

(Equation 3.35) can be expressed as

- YulnEP
Nerr(M) = Pr Zlog T4+ ——5 | <log(1+vu) (3.40)
s=1

IRT[2 4 vy hR2
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Like the previous IR cases, the outage probability is equal to the CDF of ) *; Lcys evaluated

Vulth‘z

at log(1+vw), where Lcy s = log (1 + Ty R

). Actually, (LCLS)lgsgm are independent over
s, so the outage probability is expressed as a convolution product of the PDF and CDF of Lcys.
Using the CDF and PDF of B¢y derived in (Equation 3.32) and (Equation 3.33), respectively,

and a change of variable, the CDF and PDF of Lcis can be written as

Fren. (%) = Fpey, (€5 = 1) (3.41)

Lo, (x) = e fpo  (e¥—1). (3.42)
Therefore, the outage probability of using the couple protocol (CLIR) can be deduced as

NenR(M) = frep * fepmoy * 0 % fre, * Frep, (108; (T+vu) ) (3.43)

3.8 Simulation Results

In this section, we first evaluate the tradeoff of training and data in transmissions. We
study the impact of training and CSI feedback in different protocols. Then, we optimize the
throughput over the training phase duration and CSI phase duration, T; s and Tcsy s, respectively
for all re-transmissions. We also validate our derived results with Monte Carlo simulation
results. Finally, we investigate how throughput changes with regard to channel correlations,
i.e., different mobility, in both FDD and TDD scenarios. We set the maximum number of

transmissions to be M = 3 and packet size T = 50.



39

3.8.1 Impact of Training effect on throughput

Throughput (bits/s/Hz)

06 ]

0-5 1 1 1 1 1 1 1 1 1
6 7 8 9 10 11 12 13 14 15 16

Percentage of Training bits in the first transmission
Figure 3: Impact of first transmission training on throughput for different protocols, with
SNR= 10 dB, pgq = 0.9, and T =50. Green circles mark the optimal value of throughput.

When the packet size is fixed, adding more training in the packet reduces the estimation
error but reduces the CSI feedback and data length. The throughput could decrease due to
redundant training phase and insufficient data phase. Figure 3 shows the impact of the first
transmission training on the system throughput, while the training of second and third re-

transmission are optimized. We plot the throughput versus the percentage of training symbols
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pa = 0.9 fast fading pa = 0.1 slow fading
1st | 2nd | 3rd | Average | 1st | 2nd | 3rd | Average
NC, AR | 10 | 10 | 10 10 10 | 10 | 10 10
NC,CC | 8 8 6 7 8 8 6 7
NC, IR | 10 | 8 8 9 10 | 8 8 9
CP, AR | 12 | 12 | 12 12 32 | 32 | 32 32
CP,IR | 12 | 12 | 10 11 38 | 32 | 32 33
CIL, AR | 14 | 14 14 14 32 | 32 32 32
CI,CC | 14 | 14 | 14 14 32 | 30 | 30 31

CI, IR 14 | 14 14 14 32 | 32 26 30
TABLE I.: PERCENTAGE OF TRAINING IN EACH TRANSMISSION FOR TWO CHAN-
NEL CORRELATION COEFFICIENT VALUES p4 = 0.9, 0.1 AND SNR = 10DB.

in the first transmission for the different transmitter and receiver protocols for SNR equals to
10 dB. The impact of training phase length is clearly shown in the figure. The throughput
value increases in the beginning and decreases after the optimal point.

To further study the impact of training length at different re-transmissions and protocols, we
provide the optimal training phase length at each transmission in Table I for different channel
varying conditions, i.e. different values of pg. A larger value of pg indicates a faster varying
channel. It is clear from Table I that NC protocol (i.e. fixed rate and power transmission) needs
less training than CP and CI. CP and CI need CSI at the transmitter to update the transmitting
power or rate. The transmitter relies on the CSI feedback from the receiver through a noisy
channel, which is an estimation of the CSI at the receiver. Since, the channel estimation error
at the transmitter side is closely related to the channel estimation error at the receiver, the two

adaptive transmission protocols are more sensitive to the channel estimation error. Therefore,
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adding more training for CP and CI to improve the CSI estimation, is worth the loss of data
phase length.

HARQ protocols are also compared in Table I, we notice that CC and IR demand more
training in the first transmission. However in the second and third transmissions they require
less. This can be explained by the fact that AR scheme discards the whole packet if it is not
successfully decoded, while CC and IR merge the previous packets to improve the decoding pro-
cess. More training in the first transmission for CC and IR helps the following re-transmissions,
which is one of the tradeoffs that is specific to two-way communication with re-transmission
protocols that should be taken into account when optimizing the throughput.

To study the impact of the channel time-variation (how fast the channel varies by (Equation 2.6))
we compare the required training length for different transmitter protocols with different values
of pg in Table I. Since NC does not need CSI at the transmitter and CSI estimation is not
affected by the channel varying condition, the number of CSI training symbols remains the
same for all NC results. As expected, adaptive transmission protocols, CP and CI require less
training for slow varying channels and more training for fast varying channels. For fast vary-
ing channels, increasing the training will reduces the CSI estimation error at the transmitter

(Equation 2.12) and, is worth the loss of the data.

3.8.2 Impact of CSI feedback

The optimal CSI feedback symbols allocation is shown in Table II for several protocols,
two values of SNR, and two channel time-varying conditions. Since NC does not need CSI at

the transmitter, the results focus only on the two adaptive transmission protocols CP and CI.
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0 dB, Fast fading | 0 dB, Slow fading | 5 dB, Fast fading | 5 dB, Slow fading
CP, AR | 18 | 18 | 18 6 |6 |6 6|66 21212
CP,IR |18 | 18| 18 10 | 10 | 10 66|10 2122
CI, AR |18 |18 |18 6 |6 |6 6|66 2122
CIL,CC |14 |14 |18 6 |10 |10 6|66 2122
CLIR |14 |14 |18 6 |10 |10 6|66 2122

TABLE II: OPTIMAL PERCENTAGE OF CSI FEEDBACK SYMBOLS IN THREE TRANS-
MISSIONS FOR DIFFERENT VALUES OF SNR AND TWO CHANNEL VARYING CON-
DITTIONS, SLOW FADING CHANNEL pgq = 0.9 AND FAST FADING CHANNEL p4q = 0.1.

During the simulation, we noticed that for high values of SNR, only one CSI feedback symbol
is needed for SNR greater than 5 dB.

As expected, when the SNR increases, we need less CSI symbols. A similar CSI reduction
is observed also when the channel is varying slowly, which means high channel correlation.
Comparing Table I and Table II, the CP and CI require less CSI symbols than training symbols
because the CSI feedback is used to transmit the estimated channel gain to the transmitter,
therefore, an accurate channel gain estimation is prerequisite. Unlike the observation in the
previous subsection Sec.3.8.1, where more training is needed in the first transmission for CC
and IR, less CSI symbols are needed in the first transmission for most CC and IR protocols.
Actually, more packet space has been allocated for training symbols, so it is not worth allocating

more CSI symbols in the packet.

3.8.3 Throughput optimization

In this chapter, we considered eight transmitter and receiver protocol combinations in total.
We will show how different combinations perform under different SNRs and channel varying

conditions. Figure 4 depicts the optimal throughput as a function of the SNR for two channel
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Figure 4: Optimal throughput for the stu@)ec&’tpr_o&)(lols with two values of channel correlation
coefficient, (a) pg = 0.6, and (b) pg = 0.1. Cross markers show the monte carlo simulations

that match analytical results.
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varying conditions, moderate varying channel corresponds to pg = 0.6 and fast varying channel
corresponds to pg = 0.1. Figure 4 shows that NC protocol performs better than CI and
CP for fast varying channels and in low to mid SNR for moderate varying channels, and
conversely beyond that. In fact, in low SNR and moderate varying channel or moderate SNR
and fast varying channel, the CSI at receiver and transmitter is not accurate, which reduces
the throughput of transmitter protocols that requires an accurate CSI feedback, such that CP
and CI. Therefore, in those regimes, we should not use the adaptive rate or power protocols
(CP and CI) and adopt the simple NC protocol.

At the receiver side, the HARQ schemes have better performance than basic ARQ. The IR
scheme outperforms the CC scheme for all values of SNR and in both channel varying conditions,
which is similar to the results described in (Larsson et al., 2013). It is worth mentioning that
for good channel conditions (high SNR and high channel correlation), the combination CP-
IR outperforms all other protocol combination by 0.15 bits/s/Hz for pg = 0.6. The close
performance of receiver protocols (AR, CC, and IR) in Figure 4(b) is due to the fact that for
pa = 0.1 the channel is nearly uncorrelated, so the system requires more training to cover up
this miss. It is also explained in Table I and Table II, which makes the performance of CC and
IR converge toward the performance of AR.

We illustrate the effect of channel varying conditions in Figure 5, on the behavior of the
optimal throughput with fixed value of SNR = 10 dB for both FDD and TDD cases. The
throughput is constant for various pgq for NC because NC does not require any CSI feedback

to the transmitter. As the result described in the previous figure, the combination CP-IR
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gives the best throughput over all other combinations for good channel conditions, especially
for pg > 0.35 in FDD and pg > 0.2 in TDD. Note that the throughput of CP and CI with
AR decreases when pg is increasing. The target rate Ry (m) of CP and CI increases with
channel correlation pgq. Therefore, the outage probability increases for high pgq for CP and CI.
We also notice that the overall throughput, which is proportional to the expected rate and
inversely proportional to the outage probability, decreases when pg gets closer to 1. Indeed, an
asymptotic analysis of the expected rate of CP (Equation 3.9) and CI (Equation 3.10) shows
that the expected rate has a logarithmic behavior versus 8%5. However, the outage probability
expressions of AR couples with CP and CI, defined in (Equation 3.25) and (Equation 3.22)

respectively, have a linear relation with respect to cAY%S. Since the channel estimator power

8%5 is increasing with respect to pgq (Equation 2.15) and the throughput is expressed as the

fraction between the expected rate and the sum of the outage probabilities (Equation 3.17), it

follows that the throughput expression has a nominator with logarithmic behavior versus pgq

Cq log(1+C2pq)

o , where Cy and C; are

and denominator with linear attitude versus pg, i.e. v ~
constants. Therefore, at some point, the throughput changes behavior with respect to pgq from
increasing to decreasing for basic ARQ protocols. This throughput decreasing behavior becomes
more severe for TDD. For TDD, in (Equation 2.14), the correlation coefficient ps between l'AlSR
and ]/’\ll— is larger than in the FDD case. Therefore, in (Equation 3.22) and (Equation 3.24),

when ﬁSR and ?LI, outage probability will increase more, thus additional re-transmissions are

required to successfully deliver a message.



1.2

-
—y
T

—_

o
©

0.7

Throughput (bits/sec/Hz)

NC,AR
NC,CC|’
NC,IR

1.2

1.1

Throughput (bits/sec/Hz)
o
[e2]

T

——
-6 -

NC,AR

NC,CC |

NC,IR
CIL,AR
Cl,cc

[T o TX C|,|R
W —%— CP,AR
=+ CP,IR

1

02 03 04 05 06 07 08 09
Py

(b) TDD

46

Figure 5: Impact of the channel variation on the optimal throughput for SNR = 10 dB, with
different protocols, for (a) FDD , and (b) TDD.



CHAPTER 4

THROUGHPUT PERFORMANCE OF TWO-WAY WIRELESS
COMMUNICATION WITH COMBINED CSI AND ARQ FEEDBACK

WITH FINITE PACKET LENGTH

4.1 Introduction

In order to support low-latency applications like remote surgery and smart factory au-
tomation in the fifth generation (5G) mobile wireless networks, the finite block-length coding
technique has been developed for reliable and delay restricted applications. These low-latency
applications usually require low latency in order of milliseconds and the packet size is required
to be short.(Devassy et al., 2019).

Shannon’s capacity provides the achievable rate with zero error probability under the as-
sumption of unbounded block-length(Tse and Viswanath, 2005b). However, to achieve mil-
liseconds order latency, a packet can only contain finite number of symbols which results in
a rate loss. The exact channel capacity of finite block-length packet is unknown but tightly
approximated in (Polyanskiy et al., 2010).

Re-transmission is inevitable in reliable wireless systems. ARQ and HARQ are highly
adopted in current generation wireless communication systems. HARQ has been proven to be

an efficient way to increase spectrum efficiency.

47
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4.1.1 Related Work

Under the assumption of perfect CSI, the performance of wireless communications in finite
block-length regime has been studied extensively. The throughput performance of IR-HARQ
has been studied in (Makki et al., 2014). The authors derived bounds and an approximated
closed form result of throughput. Also, in the imperfect regime, an achievable rate bound
of MIMO Systems with Imperfect CSI in the Finite Length Regime is studied in(Potter et
al., 2013). More recently, the authors of (Schiessl et al., 2018) defined and derived a random
blocklength-equivalent capacity with imperfect CSI at the transmitter and finite block-length.
However, to the best of our knowledge, the throughput of HARQ under the imperfect CSI and

finite block-length settings has not been studied yet.

4.1.2 Channel Model and Estimation

We consider a single antenna system with classic frequency-flat Rayleigh fading channel.
At the m-th transmission, the total of T symbols are transmitted to the receiver through the
fading channel. T symbols are split to two phases: the pilot symbols of length T; s, which are
used to estimate the channel, and the data symbols with length Ty which contain the actual

data to be transmitted to the receiver. The transmission process can be modeled as

Ys(i) = hex(1) +ws(i), 1=1,2,..,7T,

where hg, denotes the channel fading coefficient at the s-th transmission, following a circularly

symmetric complex Gaussian random distribution CA'(0,1). x(1) is the input symbol and
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the noise wg(i) ~ CA(0,Np). The channel input is subject to the average power constraint
E[x*(1)] < Py. As discussed in the previous chapters, the MMSE estimator of the channel gain

h at the receiver is given by (Kay, 1993, Eq. (10.31)) as

Ti s
e > ysli). (4.1)

hE=
S No + Tt’SPu im

It follows from (Equation 2.2) and (Equation 2.3) that PALE is a complex Gaussian random vari-

ables with zero mean and variance GZR ¢ that is given by
)

~ Ti sP T
O_ZR = t,shu _ t,sYu , (4'2)
’ NO + Tt,sPu 1+ Tt,sYu

where v, = %. The channel estimation error at the receiver is equal to ﬁSR =hg — ﬁ?, which

is a circularly symmetric complex Gaussian random variable with zero mean and variance 6212 .
)

Using the orthogonality between the MMSE estimator and the error (Kay, 1993), }AIE and ]'NLSR

are independent and the mean square error (MSE) of hg, 6213,57 is equal to

1

g =1—0Op,= .
R Res ]+Tt,syu

4.1.3 Information outage probability on finite block-length

The information outage probability is an important performance metric in wireless com-
munication protocol evaluation. Traditionally, we define an outage event that the mutual

information between the channel output and the channel input does not cross a target rate R.
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When optimal inputs distribution is assumed, the mutual information is equal to the maxi-
mal achievable rate for a given error €, which is also known as e—capacity(Koga and others,
2013). An excellent approximation of the maximal achievable rate of a single packet over finite

block-length block fading channels is given by (Yang et al., 2013)

[~ log(1 + Brcs) — 1 2B g1 ), (1.4

_ _vulh¥? _ 1 s
where Bnc,s = Ty R and V(x) = /1 (EER More formally, we follow the definition of the
event Ay, := {I;n > R}, where I, is the mutual information after m-th transmission. Under the

assumption of Gaussian inputs and noise, using (Equation 4.4), the approximations of mutual

information of three (H)ARQ schemes are

Basic ARQ : Iar ~ log(1+ Bnec,s) — V(B]T\IC’S)Q_] (e).
IRHARQ: T~ ) log(1 +Bres) — /L PNCel g 1(e),

s=1

4.2  Joint Information Outage analysis of imperfect CSI and (H)ARQ

Traditionally, the outage probability is defined as the the probability that the target rate is
above the channel achievable rate. This definition actually assumes that when the block-length
is sufficiently large, the error probability is arbitrarily small given the target rate is lower than
the achievable rate. However, as discussed in (Yang et al., 2014), the traditional definition
of outage probability does not coincide with the real packet error probability when the block-

length is small. Indeed, the lowest packet outage probability we can achieve is the block error



o1

rate €. Therefore, using (Equation 4.4), we may rewrite the approximated outage probability

of one transmission as (Yang et al., 2014, Eq. (59))

VT(log(1+ Bnes) — o)

1——1
(]+BNC,S)2

T'|out(Tn) =E Q (45)

Re-transmission of a packet is necessary when the receiver fails to decode the received packet.
Two re-transmission patterns are considered in this chapter. 1) Basic ARQ discards previous
packet if the received packet fails to be decoded and send a re-transmission request to the
transmitter. 2) Incremental redundancy ARQ re-transmit different information in the new
packet packet than the previous one. A parent codeword is generated and divided to sets of

sub-codewords, and the sub-codewords are transmitted in different IR-HARQ rounds.

4.2.1 Outage probability of basic ARQ

Assume that a packet is transmitted m times before being successfully received, the outage

probability can be expressed as

- Q VT(log(1+ Bnes) — o)

nout,AR(m) = HE % . (46)

=1 1— -l
(1+Bnc,s)
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For Rayleigh fading channels, to find the expectation over the random variable Bnc s, we

need to first derive the statistics of Bncs-

hRi2 | I ——
Fooe () =pr|est b g T e (4.7)
BNe,s 2
1 +‘Yu|h§|2 ORR
1+ X
s
2 2 x
0%, 0% ——
hR hR ] YuUER
Fones (X) = (208 Je TR (4.8)
Pne, (02, + 02 )2 " (0 +02,x)

Using (Equation 4.7), we can derive the outage probability as

2 2 L x

m (oo ﬁ(lo (14+x)— L) OOk 1 woZ
nwmmm%4|J — e N ERA = LT
<140 1— T O'ﬂE + O'ﬁ]sx O'ﬂg + O'REX

(4.9)

To the best of our knowledge, the integration cannot be solved in closed form. Therefore, the

Q-function can be approximated by using the Taylor expansion
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where 0, = ex —1 and bm =/~ Therefore the outage probability of basic ARQ can be

ex —1

approximated by

7\/271,29
bm m \/7
2 2
2 2oR 2 4 T Y27 120
m b 2 o e s 0%, bm 7 5
Nout,AR(M) ~ | ( L 1 he hy e "R _1|e *RE
out ~ T Y - - -
’ V2 3 2 _ V2n 2 o2 \/271
s=1 O-i'vlsk em bm + 0—}/{5 th
1 WV 1 \/
U% ﬁ - em ] 0‘% ﬁ + em 1
R 1: bm R m: bm
—e WE | S o——— | +teNE | —o— —
GﬁR hR O-ﬂR hR
S S S
b 4 bnf”em bm?zj
mOTg 202 e 3 1
_ s hR _
2
o= 2 T 1 2 2 7 _1 2
hE Ohr ( 2bm ) Tk e (ﬁbm T 6) T 0%k
(4.10)

4.2.2 Outage probability of IR-HARQ

Unlike AR, during each transmission, IR sends a sub-codeword of length T; with the coding
rate R (1) = 1. When a NACK is received by the transmitter, the transmitter sends the

= T
next part of sub-codeword of length T, with code rate Ry (2) = % This process continues
until an ACK is received or the maximum number of transmissions, M, is reached. Therefore,
the packet is decoded successfully only if all the sub-codewords can be decoded successfully

on average after the receiver combines all received packets. The outage probability can be

expressed as

vmT (ZE] log(1+ Bne,s) — %)

nout,IR(m) =E Q m i
Lz \/1~ pwc?



54

The outage probability cannot be solved in closed form. However, based on the simulation

results in Chapter 3, we find that the optimal number of training bits in each round is almost

the same. In order to solve the outage probability in closed form, we assume that the number

training bits are the same in each round. In this case, the outage probability can be solved by

adopting the same approximation in (Equation 4.10) as

V2n

B 20m
7 Nt
0_2 e ZGﬂE 02 b Van WJrZem
b 2 hR AR M bm oz 202
Nout IR(m) \/1 + 3 1 . Nz 5 s\/ﬁ [ 11]e R¥
’ 27 2 _ V2n 2 0% /27
GHE Om o ) T Gﬁ}; R
_1 V2 _1 V2
20 Tmn —Um 1 oZp met + Om 1
—e N5 i 5 —— | +e " Ei 5 —5
o= < 0% 0%
hR hR hR hR
S S S S
b 4 \l{;ierzem bn\(z
mgﬁf 202y e n 1
- — R _
= 2 T 1 _ 2 2 T 1 2
AR O ( 7% 9) + O%k O ( o= T 9) + Ol
(4.11)

B/m mT
where O, =eom — 1T and by, = | —7—.
e am —]

4.3 Throughput Analysis

In order to derive the throughput, we need an expression for average rate per transmission,

which depends on the the probability of outage. Follow the definition of (Equation 3.17), the

total system throughput can be expressed as

—_ RSh’)RX
VshRy = 77.}1]2
S yINX
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where Ry € {AR, IR}, assuming maximum M transmissions, the expected rate is

M
Rsh,RX = Z R (nout,RX (m - ]) — MNout,Ry (m)) )
s=1

and the expected number of transmission per packet is

M1
Tenke = D Nout,r (M)
m=0

4.4 Simulation Results

In this section, we simulate the throughput performance results derived previously over a
block Rayleigh fading channel. We set the maximum number of transmissions to be M = 3.

First we plot and validate the approximation of the outage probability under different
transmit power (i,e., yy) and various target rates in Figure 6. As shown in the figure, we mark
the actual outage probabilities using circles and the approximated values are plotted using
curves. The approximation is tight under low to mid SNRs. As reported in (Devassy et al.,
2019), the LTE standards employ codes with block-length as short as 100 symbols. We select
the packet size T to be 100 to show that our approximation is tight enough even the packet is
short. Actually, our approximation becomes tighter when the size of the packet increases. Also,
we validate our approximations under different target rates in Figure 6(a) and Figure 6(b). We
notice that the outage probability decreases dramatically when the training sizes increase from

1 to 3. The results also coincide with our conclusion in Chapter 3.
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We also plot the throughput of basic ARQ and IR-HARQ systems in Figure 7. Note
that the selected training sizes are near the optimal training size. Different from the results in

Chapter 3, we find that under curtain packet size, the optimal number of training increases with

VT(log(1+Bnc,s)— o)
-1
“JrBNC,s)

of (Equation 4.6) is a convex function which decreases in the beginning and increases later.

SNR in mid to high SNR range. Actually, the term inside the Q-function
Therefore, at curtain point, the behavior of optimal number of training changes with respect
to the transmit power. Coincides with the results in Chapter 4, we also find that IR-HARQ

shows better throughput performance than basic ARQ.

4.5 Conclusion

In this chapter, we have further expanded the generalized framework in two-way networks
to adapt the effect of finite block-length. We derived closed form expressions for basic ARQ
and TR-HARQ using a tight approximation. We investigated how finite block-length affects the

optimal number of training compared to infinite block-length.
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CHAPTER 5

ON PRACTICAL NETWORK CODED ARQ FOR TWO-WAY

WIRELESS COMMUNICATION

The contents of this chapters are based on our work that is published in the IEEE Interna-

tional Conference on Communications (ICC) (Zhu et al., 2017)

5.1 Introduction

Network coding (NC) has attracted an increasing interest due to its improvement on through-
put. The throughput benefit is derived by the efficient use of packet transmissions (Ho and
Lun, 2008). For NC, more information can be communicated with fewer packet transmissions,
which leads to an improved spectral efficiency (Fragouli, 2011; Keshavarz-Haddad and Riedi,
2014; Zeng et al., 2014). In a series of studies, NC has been proven useful for both fixed reliable
wired systems (Lun et al., 2008) and noisy wireless systems (Larsson et al., 2006; Ahmad et al.,
2018; Bouteggui et al., 2020; Li et al., 2018).

It has been proven that NC can improve the throughput of ARQ for both multicast channels
(Nguyen et al., 2009; Ghaderi et al., 2007; Larsson, 2008) and broadcast channels (Osseiran et
al., 2011; Tajbakhsh et al., 2013; Chiti et al., 2013). During re-transmissions, receivers may
decode unintended packets as side-information. Then the transmitter can send a network coded
packet (NCP) consisting of the packets retransmitted to several receivers who can extract their

intended packets from the NCP with side-information. Some network coded (NCed) ARQ
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schemes have been proposed and proved to be highly effective in improving throughput (Lang
et al., 2012; Antonopoulos and Verikoukis, 2012; Larsson et al., 2013). A random linear network
coding (RLNC) scheme with ARQ was proposed in (Lucani et al., 2009; Ghanem, 2013) to
strengthen the throughput by reducing the transmission delay. A new NC scheme with reverse-
link-assistance (RLA) for two-way wireless systems was proposed by (Zhu et al., 2016).

In existing literature, NCed-ARQ throughput was obtained by assuming no overhead during
transmissions. However, in real wireless communication systems, the transmitter needs to know
exactly what unintended packet has been overheard by several receivers. Thus more feedback
between transmitters and receivers are needed(Larsson and Johansson, 2006). The different
types of needed feedback have been introduced in (Sundararajan et al., 2009). Similarly, the
control information needed to implement NC in multicast channels was also studied in (Sagduyu
and Ephremides, 2007), but the resources dedicated to feedback were not taken into account
when deriving the throughput. Therefore, the effect of extra overhead to the overall system
throughput should be carefully studied. In addition, in a multiple-access-broadcast channel
(MABC) with M users, when the users are exchanging packets through a base station , NCed-
ARQ improves the performance of the downlink (DL) but the extra-feedback are sent over
through the uplink (UL). By allocating more resources to feedback in the uplink packet, we
decrease the resources dedicated to the uplink data. Thus, there is a tradeoff between the
UL and DL throughput, and this tradeoff is considerably affected by the number of end-users,

signal-to-noise ratio (SNR), and size of ARQ feedback.
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5.2 Preliminary

We consider an M-user MABC as depicted for M = 2 in Figure 9. This model system,
in which several end-users wish to exchange messages with a central node, or base-station, is
a model that captures the behavior of current and future cellular networks. We assume that
the system uses time division duplexing (TDD). During the broadcast period the base-station
transmits packets sequentially to the terminal nodes. Then the end-users transmit packets to

the base-station sequentially.

5.2.1 Channel Model

In this chapter, we consider symmetric DL and UL block fading channels with complex
valued Gaussian distributed signals and additive white Gaussian Noise. We also assume the
channels are completely symmetric with respect to each user i.e., all the involved DL and UL
channels undergo identical independent distributed (i.i.d) Rayleigh fading and Gaussian noise.
Therefore for both DL and UL, the output of it" symbol of k" transmission of a packet is given
by:

(1) = hex (1) +wi (i), (5.1)

where Ty (1) is the received signal, hy is the channel gain distributed as CN(0, 1), xi(i) is the
transmitted signal, and wy (i) is additive white Gaussian noise with mean zero and variance

Ng. The capacity for each DL and UL channels is given by

Ci = In(1 + [hy[*P1/No), 1 € {d, 1} (5.2)
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Figure 8: Packet structure

where P4 and P, are the DL and UL transmit power, respectively. Hence, P3/Ng and P, /Ny

are their transmit SNR.

5.2.1.1 Scheduling

The NCed-ARQ system consists of one base-station and M end-users. We define a schedul-
ing scheme that the transmission starts from M DL transmissions and followed by one UL
transmission per end-user to base-station. We define this procedure as a round of transmission.

After a full round of transmission finishes, another round starts.

5.2.1.2 Protocol

With NCed-ARQ, the DL transmission is divided into two phases(Zhu et al., 2016). In
the first phase, only DL packets containing RPs are sent from the base-station to end-users.
Non-targeted end-users overhear and save some unintended RPs from the base-station. During

the first phase, after a packet is sent to its target user, the user sends an intended ACK/NACK
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back during UL. Also, a packet may be overheard by other users, according to the scheme, the
overheard user needs to send an ACK in the UL packet to base-station during its UL time-slot.
After each DL packet with RP has been decoded by at least one user, phase I begins. In the
second phase, base-station only sends DL packets with NCPs through DL and end-users respond
UL packets. When a user successfully decodes its own packet, the user sends an intended ACK
to the base-station. Notice UL transmission does not apply NC therefore only RPs are sent

during UL.

5.2.1.3 Example (M =2 case)

Figure 9 illustrates NCed-ARQ in the case of M = 2 end-users, where a solid line with a blue
arrow indicates a real transmission of one packet.We denote overhearing of a packet as a dashed
line with a red arrow. We define ng E as the k-th DL packet from the base-station to end-user
u. INZ* / IAY* are the ACK /NACK sent by intended user u for packet W}? h and UAff,k’LL is the
ACK sent by unintended user 1’ who overhears the packet ng 1kl TC stands for training and
control bits in a packet. In the example, four DL packets are successfully transmitted to the
intended users in 4 rounds of transmission. In the first round, W]?t } and W]?t ; are sent and both
the packets are failed to be decoded by intended user but decoded by unintended user. During
UL transmission, each user sends an intended NACK (IN) and a unintended ACK (UA) along
with a regular packet to the base-station. In this example, the UL transmissions are successfully
decoded by base-station hence base-station includes an ACK in its DL packets. Similarly in
the second round, ng } and Wf; g are sent and each user decodes the other user’s packet but its

own. Then phase II starts and base-station begins to send NCPs. In the first DL transmission



64

User 1 User 2

_ [Tc| Ack [w*lg,, \ )
D Tc] ACK|WHLg, | ‘F\
T IN,*JUA,#12W#L g | >
< ‘TC‘INZ#I‘UAl#I’I W#lz B‘
Tc] ACK [w#2, | N YPhase I
Tc|ACK[W#25, \ q
Tc|IN,*2UA,#22W#2, 4|
‘Tc‘INZ#Z‘UAl#Z,l W#zle‘ J
TC|ACK [W#l  oWHTg )| Start to send NCPs -
< | ACK[W#25 . pW#2, | .
TCIN,#1IN,#2 (W | .
| ITCIINF N2 WS,
‘TC‘ ACK ‘W#IB,I@W#IB,Z‘ A - Phase II
Tc[ ACK|W#2, ,pW#? g
< ‘ ‘ ‘ B.16D BZ‘ >
TclIA 1A, 72 (W 4 |
TChA A2 W s | | )

Figure 9: NCed-ARQ for a 2-user case

of round three, the base-station sends W;f } EBW%% ; as a NCP where @ indicates a NC operation
of packets. In the second DL transmission, WE% 12 @ ng % are sent. In this round, each user fails
to decode the two NCPs therefore they replies INs in its UL packet. For example, user 1 fails
to decode Wé } and ng ]2, then user 1 sends IN?éH and IN?E2 in UL packet which notifies the
base-station to re-transmit the NCP. Then in the fourth round, same NCPs are sent and two

users successfully decode the packet and reply IAs.
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5.3 Throughput Analysis

In this section, based on the outage probabilities derived previously, we derive the equations
for the DL and UL throughput. The target rates per user of DL and UL are defined as Rq and
Ry. Assuming one base-station and M users in the two-way wireless system, we define S;p as
the average number of re-transmissions required for the receiver to decode the packet. Then
their throughputs are

R

Tim = S—l for 1 € {d,u}. (5.3)
LM

)

To take the two-way channel into consideration, we also consider the sum of DL and UL

throughput, which can be expressed as

Tsum,M = Td,M + Tu,M- (5'4)

We define Iqx and I, as the mutual information at the receiver’s decoder after kth re-
transmission of a packet in DL and UL, respectively. As assumed, we consider a symmetric
system with respect to any user. Then mutual information Iy and I} are identical for each
user. We also consider events Agx = {Iqx > Rq} and Ayx = {Iyx > Ry} which indicate the
mutual information of one packet at the receiver’s decoder does not achieve the rate (i.e., decod-
ing is unsuccessful) after k' re-transmission in DL and UL, respectively. Then the successive

outage probabilities after k'™ DL or UL re-transmission are given by

”pl(k) = Pr{Am,Alyz, ...,A[yk} forl e {d, uf. (5.5)
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5.3.1 Number of Re-transmissions

As introduced in the previous section, we adopt a two-phase NCed-ARQ protocol. The
transmission process in the downlink is divided into two phases. In the first phase, only RPs
are sent from the base station the users. If a RP has been correctly decoded by one or more
receivers, the first phase ends. If the RP is decoded by its intended user, the user will not
participate in the phase II of the transmission, which means the RP will not be included in the
NCP. If the RP is not decoded by its intended user but received successfully by one or more
unintended users, the RP will be included in a NCP which will be sent in the second phase. In
the second phase, NCPs will be sent to all users that did not receive its own packet in phase 1
but received all other unintended packets. We define Q!(k) as the event that a RP is decoded
by its intended user after k DL transmissions in the first phase and it does not require a second
phase. For the second case that requires Phase II, we define Q™ (m, k,t) as the event that
m unintended users decode the packet after k DL re-transmissions in Phase I but the intended
user fails to decode it, and it takes an extra t re-transmissions of an NCP to achieve a successful

decoding at the intended user. By these definitions, the probabilities of these two events are

Pr{Q!(k)} = (pa(k — 1) — pa(k))palk — HMT, (5.6)
M—-1-m
Pr{Q™ ! (m, &, 1)} = pa(k — M (Mn: 1) (%)
b (5.7)

(1= D) patt k= 1) = palt )
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The average number of re-transmission per DL packet is

M—-1 oo
Sam = Z] (kPr{QI )} + 2 (k+ ﬁ)Pr{QHH(m,k t)}) (5.8)
k= m=1 t=

For each UL packet, base-station is the only receiver and there is no NC scheme adopted in

UL transmission. Hence, the average number of re-transmissions is given by

Sum = Z(pu(k — 1) —pulk)). (5.9)

5.3.2 QOutage Probability

The mutual information (in nats/Hz/s) at the k' re-transmission in DL and UL are respec-
tively given by

Il,k =oln(1+ pl‘k) for 1 € {d, u}, (510)

where o is the average data bit ratio of each packet, SNR random variable pyy ~ Exp(A1) and
A2 %’. Since the receiver adopts the basic ARQ scheme and discards erroneously received
packets, we obtain Pr{Ay|lix—1} = Pr{Aix}. Then the outage probability for each user in each
re-transmission is identically given by

= Pr{A1;} = Pr{li < Ry} = Pr{py < R/}

(5.11)

=1— ei}\leRl/o‘171
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We derive the data bit ratios for both DL and UL transmissions. We define N as the packet
size and Ny, as the training and control bits. In the NCed-ARQ protocol adopted in this paper,
each user needs to reply ACK/NACKs for their intended packets and extra ACKs for their
unintended packets. The length of ARQ feedback bits for intended and unintended packets are
defined as Nf; % and Nf%xzq’ respectively. In DL transmissions, the receiver will send an ACK
or NACK to the transmitter. Additionally, when transmitting a NCP, the base-station needs
to specify which RPs are included in the NCP. We define N; as the number of bits to indicate
the RP of one user is part of the NCP. Hence, with m + 1 users, (m + 1)N; bits are included

in the NCP. The DL data bit ratio is expressed as

) N-Nee—N1

B .
x4 = AN in Phase I,
%a = , N—Ntc—Nf}\RQ—(mH)NT
Xgm = N in Phase II.

We define ni, and ny, as the average number of ACK/NACKs for intended packet and ACKs

for unintended packets replied in each UL transmission. Then the average UL data bit ratio is

N — N¢e — nygN —nyN
B tc ia f}\RQ ua f%RQ

(5.12)

The DL outage probability is derived as

qq =1- e haetd/ %™ in Phase I, (5.13)
da = . 5.13
" . —?\deRd/“d,m_] .
Qam =1—¢ in Phase IL.
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Then, we can derive the outage probabities as

pa(k) = q:ik in Phase I,
(5.14)
palk+t) = q:ikqg;l in Phase II.
Hence, (Equation 5.6) and (Equation 5.7) can be simplified to
’ "(k—1
Pr{Q!(k)} = (1 — qp)a, ™. (5.15)
;N\ M
—1 ’ ] - " (f— ”
Pr{QM 1 (m, k, 1)) = (M )qdkM A ) (ag ! = dah): (5.16)
m a; ’
Similarly, the UL outage probability is
pu(k) = qy. (5.17)

We plug these outage probabilities into (Equation 5.8) and (Equation 5.9) and simplify them

to

1 aM NS Mo (1-qp) T
Sam = Vs d__ ( ) —4 7
T—qM M@ —qM Z m+1 dq 1= dgm’

gl

(5.18)
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5.3.3 Number of Extra Acknowledgments

Then we derive the values of niq and nyq that also depend on events Q!(k) and Q1 (m, k, t).
If we only have the first phase and no NCP is sent, each user simply replies k TA/INs for its
intended packet over k re-transmissions. However, other users may overhear this packet and
reply UAs even though the packet is decoded by its intended user. Such UAs are useless for
NCed ACK scheme and hurt UL throughput with a lower data bit ratio. Therefore, we assume
if a RP is successfully decoded by its intended user, the user will reply IA in advance. Then
the base-station sends the control information that notifies the next packet is a new RP to
suppress UAs replied by other users. In this way, extra UAs will not be sent, which means each
user replies 0 UAs for unintended packets if we only have Phase I. If event Q1 (m, k, t) occurs

and m + 1 users are included with t extra re-transmissions of NCPs, m 4 1 users need to send

(k4 t)(m+ 1) TA/INs over k(m + 1) + t time-slots. Therefore, (E(tﬂ%ﬂ) = k+£]/<(tﬂr1) TA/INs

are sent in each packet on average. Similarly, each user sends ﬁ

) UAs on average.
Considering all possible cases, the average number of ACK/NACKs for intended packet and

ACKs for unintended packets are respectively given by

Ma =1 > i i A1) p ot (i, &, 1), (5.19)
m=1 k=1 t=1 k+t/(m+ ])
n.,. — M1 ii LPY{QH—H(TTI K t)} (5 20)
ua k+t/(m+1) Kyt ‘
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5.4 Simulation Results

In this section, we numerically evaluate the DL, UL and sum throughput derived in the
previous section. We assume that each channel is quasi-static and all nodes have the same
transmit SNR. We set the size of packet N to be 1000 bits. We set N¢. and N; to be 300 bits
and 8 bits respectively. More bits for unintended ACK is required as unintended ACK needs to
contain source address for base-station to recognize the sender of ARQ. We use 3-bit intended
ACK and 10-bit unintended ACK and vary Nf}\ . and Nf%RQ by a spread factor. Also we
examine how different DL and UL transmission rates affect throughput of the system.

Figure 10 shows the DL and UL throughput versus number of users. Notice that the DL
throughput always increases as the number of users become greater in all SNR regimes while
UL throughput always decrease. As the number of users increase, more data bits in a UL
packet are used for transmitting acknowledgment. Clearly there is a tradeoff between DL and
UL throughput so we want to obtain optimal sum throughput when number of user varies. We
omit the plots for other DL/UL rate and acknowledgment size settings as for all cases it shows
similar results.

Figure 11 and Figure 12 shows the sum throughput versus number of users with different
UL rate. In both plots we set 6-bit intended ACK and 20-bit unintended ACK. We also show
the optimal number of end-users Moyt in captions of two plots. Notice when SNR = 0 dB,
the actual Mopt exceeds 30, there is still an optimal value of M. As M increases, a packet may

contains only overhead information but no real data, in this case the transmission will be stuck.
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Figure 12 and Figure 13 shows the sum throughput versus number of users with different
UL rate. The sizes of intended ACK and unintended ACK are doubled in Figure 13. By
comparing Figure 12 and Figure 13, we see that when number of users M is quite small, the
sum of throughput is almost the same as there is not many overhead acknowledgments sent
through UL channels. However as number of users increase, more intended and unintended
ACKs are required which impairs the DL performs. The system has larger size of ARQs in
Figure 13, therefore we see from Figure 13, sum of throughput decreases more significantly

than in Figure 12.
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Figure 11: Ry = 1 b/s/Hz, Ry = 0.7 b/s/Hz and ARQ feedback is spread by 2. Mgp =
30,28, 21,21,26,30 for SNR =0,3,6,9,12,15 dB (30 indicates the optimal M exceeds 30).
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CHAPTER 6

CONCLUSION

This dissertation focuses on establishing a practical framework for analyzing two-way wire-
less networks performance with re-transmissions. In this thesis, we analyzed the tradeoffs
between several between bits spent on learning the channel, re-transmission request bits, and
data bits in two-way wireless networks. By exploiting the tradeoffs in wireless packets, we are

able to shed some light on the design of next generation wireless systems. In particular,

6.1 Contributions

1. In our work Throughput Performance of Two-way Wireless Communication with Com-
bined CSI and ARQ) Feedback with Infinite Packet Length, we have developed a general-
ized framework for feedback in two-way networks that combines limited CSI feedback and
ARQ. Indeed, throughput expressions, which characterize the tradeoff between resources
allocated to training (learn channel), feedback (ARQ, CSI), and data transmission, were
derived and numerically evaluated. We investigated the combination of different trans-
mitter and receiver protocols under various channel varying conditions. It has been shown
that using imperfect CSI at the transmitter and receiver can enhance the performance in
several cases (good conditions) while it will deteriorate in others. In slow fading channels

with high SNR regimes, CP with IR has the best throughput result. When dealing with
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fast time-varying channels and low SNR regimes, using constant power and rate gives the

best throughput performance.

. In our work Throughput Performance of Two-way Wireless Communication with Com-
bined CSI and ARQ Feedback with Finite Packet Length, we explore deeper regarding
the short packet effect on the tradeoffs in a wireless packet. As current generation com-
munication systems require ultra-reliable and low-latency communications, the wireless
packets should be designed for small packets with only few hundreds of bits. The achiev-
able rates are impacted by the size of the packet and some of our previous results do
not hold in the case of short packets. Using the new approximation of finite block-length
channel capacity, we derive the outage pro abilities and throughput for basic ARQ and
IR-HARQ. We find that using less training bits in the low SNR range and more training
bits in the high SNR range could help increase the throughput of wireless systems. This
results are slightly different from the results we obtain under the assumption of infinite

block-length packet due to the short packet effect.

. In our work On Practical Network Coded ARQ for Two-way Wireless Communication,
we study the NCed-ARQ performance in a more practical setting. We take into account
the resources(control information, CSI, and extra acknowledgments) dedicated to the
exchange of information between base-station and end-users. We derive the expressions
for the number of re-transmissions and extra overhead. Based on the analysis, we obtain
the expressions for DL and UL throughput which captured the tradeoff between overhead

and re-transmission. In moderate SNR, the sum of DL and UL throughput is concave
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with respect to the number of end-users. Finally, we maximize the sum of the throughput

and derived the optimal number of users numerically.
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Appendix A

TRANSFORMATION OF INDEPENDENT EXPONENTIAL RANDOM

VARIABLES

A.1  Statistics of hy/(1 + h;)

Let h; and h; be two independent random variables following an exponential distribution

(i.e. v/hy and v/h; follow a Rayleigh distribution) with means o7 and o3, respectively, and let

X = 11;12. The CDF of the random variable X, Fx(x), is defined by

Fx(x) =Pr[X < x| e Pr[hy < x4+ xhy] = Ey, [Fn, (x + xh2)],

+hy>

_h
where F, (h) =1—e 1 is the CDF of h;.

Thus, by averaging over the PDF of h,, the CDF and PDF of IL‘LZ can be obtained as

1 _x
Fn (x)=1 e o1, ifx>0. (A.1)

—
T+hy 1+ G%X

_ (712(72 + 071 + 0%
YT T o+ ox)?
T+hy 1+ 02x)

e o, if x> 0. (A.2)

The MGF of X5, Mx(t), used later to get the distribution of the sum, is defined as

Mx(t) = E [etx] ~E [e“ﬂz] . (A.3)
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Knowing that the MGF of h; is equal to My, (t) ! (Simon and Alouini, 2005, Eq. (2.8)),

= T—ot

the MGF of X can be obtained as the average over h; of the following expression

Mx(t) = E

1 —1—th LI M (A.4)

The last integral (Equation A.4) is solved using the identity (Abramowitz and Stegun, 1964,
Eq. (5.1.5)) to get
T—to

Mx(t) =1+ t?eT "By (1/02 — tor/o2). (A.5)
2

The CHF of X is obtained straightforward as

1—itoq

ex(t) = Mx(it) =1 +it?€ 2 Eqy(1/0y —itoy/07). (A.6)
2

A.2 Distribution of the Sum of hy /(1 4+ hyy)

Let hyy and hyy be a set of independent exponential random variables for k = 1,2,--- ,m

with means o7} and oy, respectively. Let Xy = 1}:;1‘1 for T<k<m,and S = Z?:] Xk.

2

Actually, S is the sum of independent random variables Xy, which means that its MGF (re-

spectively CHF) is the product of the MGFs (respectively CHFs) of these random variables.
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Therefore using the results in (Equation A.5) and (Equation A.6), the MGF and CHF of S are

given, respectively, by

m 1—toy 1—t
Ms(t)=H(1+t ke mi gy <“‘k>) (A7)
el 02,k 02k
@ (t)_ﬁ<1+1t koo (Htmk» (A5)
: 1 02,k ‘ ] 02,k ' '

A.3 Distribution of log(1 + hy/(1 + hy)) and its sum

Another transformation of random variable is used during the outage probability derivation

in this paper that is a scaled logarithm of 1+ ]J}:—]‘u, i.e. LH = alog <1 ) Actually, using

+h

the CDF of X from (Equation A.1), the CDF of LH, Fin(+,-,-, ), is derived as

« 071 exp (—%#)
Fiu(x,01,02,a) =F ea—1)=1-— if x > 0. A9
LH( y 01,02, ) 14}::12( ) o1 —0'24—0‘267‘/‘1’ = ( )
By deriving the CDF with respect to x, the PDF of LH, fy(-,-,-, ), can be written as follows
2 _ x/a x/a _
0702 + 071 — 02 + 0ze e 1 .
fLu(x, 01, 0 1 exp | —— if x > 0. A.10
LH( y01,02,0 ) (0_] — o+ crze"/a) p ( o1 ) ) el ( )
Furthermore, let hyy and hyy be independent exponential random variables for k = 1,2,--- ,m,

with means o7y and oy, respectively, the PDF of the sum of aylog1 + 13;1;} cannot be

expressed in closed form. However, an integral expression can be derived using i (x, o7, 02, a).
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To do so, we define the vectors L; = [071,012, -+ ,01ml, L2 = [021,022, -+ ,02,m), and A =

la1,az,- -+ ,aml, then the PDF of SL=3 ", axlog 1+ 13%3‘ is given by

2k

fSL(X) Zl) ZZ) A) = fLH(X) 01,1,02,1, (1]) * 1:LH(X) 01,2, 02,2 aZ) ook fLH(X) 01,m, 02,m, am))

(A.11)

where “ x" denotes the convolution operator. The CDF of SL can be obtained as

Fsp(x, Z1, 22, A) = fLu(X, 01,my 02,my Q) * - - * fru(x, 012, 022, az) * Fru(x, 01,1, 02,1, a1).

(A.12)
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Appendix B
STATISTICS OF CORRELATED EXPONENTIAL DISTRIBUTIONS

Let h; and h; be two correlated exponential random variables with means o7 and o3,

respectively. The joint PDF of h; and h; can be written using (Mallik, 2003) as

_ (o (x Y ey
Franaloy) = 0102(1 — p?) exp( 1—p? <G1 " Gz)) o ((1 - pz)x/ﬁ) ’ (B

where p is related to the correlation coefficient that is defined by E[hih,] = (1 + p?)o707 and
Io(-) is the 0-th order modified Bessel function of the first kind (Abramowitz and Stegun, 1964,

Eq. (9.6.16)). In what follows, we aim to obtain the distribution of the random variables

hy — hy, %, and hz]}r]h3 for independent hsz, which are needed to get the outage probability of

different studied scenarios.

B.1 Distribution of hy — hy

Let X = hy — hy, as hy and h; follow an exponential distribution, each one is the sum of
the square of two independent Gaussian random variables. More specifically hy = V12 + V32 and
hy, = sz + Vf, where V = [Vq, V5, V3, Vy] is a real Gaussian random vector with zero mean

and covariance matrix Ry = E[VTV]. The origin of the correlation between h; and h; is the
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correlation between Vi and V,, and between V3 and Vy (Mallik, 2003). Therefore, the covariance
matrix of V is given by

Rviz 09 1 o7 p\/0702
Ry = , Wwhere Ry = 5 . (B.2)

02 Ryz Py/0102 02

Note that X can be written in term of the elements of V as

X=Mh—hy=(V{ = V3)+ (V5 = V7) = U + Uy, (B.3)

where Uy = V12 — sz and U, = V% — Vf are i.i.d. random variables, which means that the
distribution of X is totally defined by determining the distribution of U;. Obviously, U; is equal
to the product of two random variables P =V; —V, and Q = V; +V, (i.e. Uy =P Q), where P
and Q have joint Gaussian distribution with zero mean, variances var(P) = %(01 +0,—2p,/07103)
and var(Q) = %(0‘1 + 02 + 2p,/07102) respectively, and covariance E[PQ] = ©5°2. From the

PDF of joint Gaussian, the PDF of U; can be derived as

> 1 u 1 A s ) oful >
fu, (u) = —f t,—)dt= e2o1020-0%) TK ( ) B4
uy () Joo it "Q ( t> my/0102(1 — p?) *\oyoa(1 - p?) B4

where Ko(-) is the 0-th order modified Bessel function of the second kind (Abramowitz and

Stegun, 1964, Eq. (9.6.24)) and o is defined by

o = y/var(P)var(Q) = %\/(01 + 07)2 — 4p?oy0;. (B.5)
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Thereby, the MGF of U; can be obtained using the identity (Gradshteyn and Ryzhik, 2007,

Eq. (6.661.2)) as

o0 1
My, (t) = J e fy, (u)du = . B.6
w () —o0 w (1) V1 —t2o102(1 — p?) —t(o] — 02) (B:6)
Since U; and U, are i.i.d., the MGF of X is the square of the MGF of U;
1
Mx(t) (B.7)

T 1 —to10,(1— p?) — t(o] —03)

The PDF of h; —h; is defined as the inverse Laplace transform of Mx(t), which can be obtained

using the Laplace transform table (Abramowitz and Stegun, 1964, Eq. (29.3.12)) as follows

—2|xlo+x(07—07)

fryny () = 5o 2oreali=efl o, Wx € R (B.8)

By a simple integration, the CDF of h; — h; is expressed as

20-0140; o To5y75; itx <0
\ <
Fh] 7}12 (X) = (Bg)

o 2x
1— 2‘”2%6 Zoter-o2 - otherwise.

B.2 CDF of hy/h;

The CDF of % is defined as

h
Fu, (x) = Pr (‘ < x) L=, Prihy —xhy <0) = Fun, (0), (B.10)
22
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where Fp,_xn,(x) can be obtained from (Equation B.9) by substituting o, by xo,. Thus the

CDF of 2—‘ can be expressed as
2

1 _
Fh] (X) _ 01 02X

h2 2 2\/G$ +20702(1 = 2p?)x + 0%x2

, ifx>0. (B.11)

B.3 CDF of hy/(h; + h3)

Assuming that hz follows an exponential distribution with mean o3 and that is independent

of hy and hy, the CDF if hz}:}% can be written as

hy
F =P < = Pr(h; —xhy < xhjz). B.12
e (x) r<h2+h3 X> by a0 r (hy —xhy < xh3) ( )

Conditioning over h3, the CDF of hzh+1h3 is expressed in terms of the CDF of hy —xh;. Therefore,

the average CDF is given by

eizcx+cr1 —X0)

Fon (%) = E [Fryoxn, (xh3)] = 1 -

R, +hs 4oy

2 _ 2xh3
Ox + 07 XO'ZE [ ]

x0102(1 — p?) 4 2x0,03
oy (204 + 071 —x0y + 2x03)’°

if x >0, (B.13)

where oy = %\/(01 +x07)% — 4xp?o0;.
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B.4 CDF of log(1+h;/(1 4 h3))/log(1 + hy)

Like section B.3, assuming that h; has an exponential distribution with mean o3 and inde-

h
log( 1+ ) .
( ”h?) is defined as

pendent of h; and hy, the CDF of the ratio Tog(Thy)

log (1 +11ﬁ) log (1+ thy)
F - P S —E,.. |pr |28l hs=1/t—1
) =P = Ty X h3[ r[log(whz) <X” 3=1/ }
1
1 —L(1 log (1T + thy)
—| e py |2t t) .
L 2oy r[logmhz) <xd

Therefore, we should focus on the distribution of X = %. Using the joint PDF of h; and

h; in (Equation B.1) and a change of variables from (hy, h;) to (X,Y), where Y = log(1 + h;),

we can obtain the PDF of X, fx(x,t), as follows

* Y 1 e —1 e¥—1
f t) = _ 1) —
x(x1) Jo toro,(1—p2) O <y(x+ ) 1—p? < toy * 02

20/ eV —T)(ev— 1)
><10< oo )dy. (B.14)

log(]-‘r%)

Hence the PDF and CDF of “Tog(TThy)

can be obtained, respectively, in integral forms as

1
fFLS(x):J %e 7 0V gy (x, 1) dt (B.15)
o t7o3

Frr, (x) = JZ frr, (t)dt. (B.lﬁ)
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This Appendix includes the copyright permissions granted from the IEEE and Creative
Commons.
Copyright Permission from Creative Commons: The following statement has been copied

from the creative commons license page. You are free to:

e Share — copy and redistribute the material in any medium or format.

e Adapt — remix, transform, and build upon the material for any purpose, even commer-

cially.

Copyright Permission from IEEE: The IEEE does not require individuals working on a
thesis to obtain a formal reuse license, however, you may print out this statement to be used
as a permission grant:

Requirements to be followed when using an entire IEEE copyrighted paper in a thesis:

e The following IEEE copyright/ credit notice should be placed prominently in the ref-
erences: [year of original publication] IEEE. Reprinted, with permission, from [author

names, paper title, IEEE publication title, and month/year of publication].

e Only the accepted version of an IEEE copyrighted paper can be used when posting the

paper or your thesis on-line.
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e In placing the thesis on the author’s university website, please display the following mes-
sage in a prominent place on the website: In reference to IEEE copyrighted material
which is used with permission in this thesis, the IEEE does not endorse any of [univer-
sity /educational entity’s name goes here|’s products or services. Internal or personal use
of this material is permitted. If interested in reprinting/republishing IEEE copyrighted
material for advertising or promotional purposes or for creating new collective works for
resale or redistribution, please go to http://www.ieee.org/publications_standards/
publications/rights/rights_link.html to learn how to obtain a License from Right-

sLink.
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