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Abstract

Multi-hop networks comprising Line-of-Sight (LOS) dominated wireless channels have found
attractive applications in wireless networks, such as in vehicular networks involving unmanned
aerial vehicles. These applications are known to demand both high-reliability and low-latency
features on communication links. While Automatic-Repeat-Requests (ARQs) or Hybrid-ARQs
(HARQ) based decode-and-forward (DF) relaying strategies provide the high-reliability feature,
they are known to incur delays owing to multiple re-transmissions of packets. To address
the trade-off between the reliability and the low-latency features of ARQ-based or HARQ-
based DF strategies, in this thesis , we impose a sum constraint on the total number of ARQs
across the nodes as it captures an upper bound on end-to-end delay for packet transmissions.
Subsequently, we solve the problem of optimally distributing the total number of ARQs across
the nodes such that the end-to-end packet drop probability (PDP) is minimized under various
non-cooperative, semi-cumulative, cluster-based, and fully-cumulative strategies. For each of
the proposed strategies, we provide a set of necessary and sufficient conditions on the optimal
ARAQ distribution and use these conditions to synthesize low-complexity algorithms to obtain
near-optimal solutions. In addition to the PDP metric, we also analyze the packet delay profiles
to compare the latency of all the strategies and show that the packets reach the destination within

the deadline with an overwhelming probability.



Contents

Certificate
Acknowledgement
Abstract

List of Figures

List of Tables

I Part: Prerequisites

1 Introduction
.1 Motivation . . . . . . . . . oL
1.2 Problem Statement and Research Objectives . . . . . . . .. ... ... ....
1.3 Summary of the Contributions of this Thesis . . . . . . .. ... ... .. ...
1.4 Literature Review . . . . . . . .. . Lo

1.5 Organizationof the Thesis . . . . . . ... ... ... ... ... .......

2  An Overview of Multi-Hop Network under Consideration

Vil

iii

iv

vi

xii

Xix

Nl NV, T ST )

10

12



viil

2.1

II Part: ARQ Schemes for Achieving URLLC over Multi-Hop Net-

works

Introduction . . . . . . . ..

3 Non-Cooperative ARQ Schemes in Multi-Hop Networks

3.1
3.2

33

34

3.5

3.6

Introduction . . . . . . ... L
Signal Model . . . . . . . . . . .
3.2.1 Formulation of Optimization Problem . . . . . . ... ... ... ...
Sufficient and Necessary Conditions on the Optimal ARQ Distribution . . . . .
Low-Complexity List-Decoding Algorithm . . . . . . ... ... ... ....
3.4.1 Towards Solving Problem 3.2 without Integer Constraints . . . . . . .
3.4.2 List Generation using the Non-Integer Solution . . . . . ... .. ...
Complexity Analysis and Simulation Results . . . . .. ... ... ... ...
3.5.1 Simulation Results on Delay Analysis . . . . ... ... ........

Summary . . ... e e e

4 Cooperative ARQ Schemes in Multi-Hop Networks

4.1
4.2
4.3

4.4

Introduction . . . . . . ...
Fully-Cumulative ARQ Scheme . . . . . ... ... ... ... ......
Cluster based ARQ Schemes . . . . . . . ... ... ... ... .. . .....
4.3.1 Pair-wise Cooperative Scheme . . . . . . . ... ... ... .. ....
4.3.2 Cluster based Cooperative Scheme . . . . . . . ... ... ... ....
4.3.3  Algorithm for the Cluster based Cooperative ARQ Scheme . . . . . . .
Complexity Analysis and Simulation Results . . . . . ... .. ... ... ..

4.4.1 Pair-wise Cooperative ARQ Scheme . . . . . . ... ... ... ....

15

16
16
17
19
20
27
30
31
33
34
36



1X

4.5

4.4.2 Cluster based Cooperative ARQ Scheme . . . . .. ... ... .... 57
4.4.3 Fully-Cumulative ARQ Scheme . . . . .. ... ... ......... 61
444 Delay Analysis of Cooperative ARQ Strategies . . . . ... ... ... 62
Summary . ... 64

IIT Part: One-Hop Listening ARQ Schemes for Achieving URLLC over

Multi-Hop Networks 67
5 Semi-Cumulative ARQ Sharing Strategies in Multi-Hop Networks 68
5.1 Introduction . . . . . . . . L 68

5.2 Semi-Cumulative Multi-Hop Network . . . . . ... ... ... ... ..... 70

5.3 PDP Expression of Semi-Cumulative Scheme . . . . . . ... ... ... ... 73
5.4 Optimal ARQ Distribution of the Semi-Cumulative Scheme . . . . . . . .. .. 77

5.5 Low-Complexity Algorithms . . . . . . . .. ... ... ... ... .... 80
5.5.1 List Generation using Multi-Folding . . . . . .. ... ... .. .... 81

5.5.2 Multi-Folding based Greedy Algorithm . . . . ... ... ... .... 81

5.6 Simulation Results and Complexity Analysis . . . . . .. .. ... ... ... 82

5.7 Summary ... e 86

6 Cluster Based Semi-Cumulative ARQs Sharing Strategy in Multi-Hop Networks 87

6.1
6.2

6.3

Introduction . . . . . . .. 87
Cluster Based Semi-Cumulative Strategy . . . . . . . . .. ... ... ..... 89
6.2.1 Theoretical Results for CSC Strategy . . . . . ... ... ... .... 93
6.2.2 Complexity Reduction for Case-1and Case-2 . . . . . . ... ... .. 101
6.2.3 Complexity Reduction forCase-3 . . . . ... ... .. ... ..... 104

Low-Complexity Algorithms for CSC Strategy . . . . . . . ... ... .... 105



6.4
6.5

6.3.1 List Generation using Multi-Folding for the CSC Strategy . . . . . . . 105
6.3.2 Multi-Folding Algorithms for the CSC Strategy . . . . . . . ... ... 107
Simulation Results on Cluster based Semi-Cumulative Strategy . . . . . . . . . 110
Summary . ... 113

IV Part: CC-HARQ Based Relaying Strategies for Achieving URLLC

over Multi-Hop Networks 115
7 CC-HARQ Strategies in Multi-Hop Networks under Slow-Fading Scenario 116
7.1 Introduction . . . . . . .. L 116
7.2  CC-HARQ Based Multi-Hop Network Model . . . . . .. ... ... ..... 119

7.3 Analysis on the Optimal ARQ Distribution using CC-HARQ-SF . . . . . . .. 123
7.3.1 Approximation on the Marcum-Q function . . .. ... ... ... .. 123

7.3.2  Sufficient and Necessary Conditions on the Near-Optimal ARQ Distri-

bution in CC-HARQ-SF Strategy . . . . . .. ... ... ... .... 126

7.4 Low-Complexity List-Decoding Algorithm . . . . . . ... ... ... .... 130
7.5 SimulationResults . . . ... ... ... ... 132
7.6 CC-HARQ-SF based Fully-Cumulative Network . . . . . .. ... ... ... 136

7.7 Delay Analysis for CC-HARQ-SF based Non-Cumulative Network . . . . . . . 141
7.8 Summary . . . ... e e e e 145

8 CC-HARQ Strategies in Multi-Hop Networks under Fast-Fading Scenario 146
8.1 Introduction . . . . . . . . . .. e 146

8.2 CC-HARQ based Multi-Hop Network Model . . . . .. ... ... ...... 148

8.3 Optimal ARQ Distribution in CC-HARQ-FF based Non-Cumulative Network . 150

8.3.1 Approximation on the g-th Order Marcum-Q Function . . . . . . . .. 151



X1

8.3.2  Analysis on the Near-Optimal ARQ Distribution for CC-HARQ-FF
based Non-Cumulative Network . . . . . ... ... ... .. ..... 154
8.3.3 Low-Complexity Algorithm for CC-HARQ-FF based Non-Cumulative

8.3.4 Simulation Results for CC-HARQ-FF based Non-Cumulative Network 162

8.4 CC-HARQ-FF based Fully-Cumulative Network . . . . ... ... ... ... 163
8.5 Simulation Results on Delay Analysis for CC-HARQ-FF Strategy . . . . . .. 167
8.6 Summary . . . . ... 170
V Part : Final Remarks 171
9 Conclusions and Future Directions 172
0.1 Conclusions . . . . . . . . . s, 172
0.2 Future Directions . . . . . . . . . . .. 175

Appendix-1 179



List of Figures

2.1

3.1

32
33

34

Depiction of LOS dominated N-hop network, where 0 < ¢ < 1 represents the LOS
component of the k-th link, and ¢, € Z, denotes the number of ARQs allotted to the

transmitter of the k-th link, for 1 < k< N. . . . . . . . . . . . . ...

Depiction of LOS dominated /N-hop network, where 0 < ¢; < 1 represents the
LOS component of the k-th link, and g, € Z, denotes the number of ARQs
allotted to the transmitter of the k-th link, for 1 < k< N. ... ... .. ...
Listsizefor N =4and N =6atR=1. ... ... ... .. ... ......
PDP for N = 4 and N = 6 at R = 1. With uniform distribution, each link is
first allotted | 2= | ARQs, whereas the remaining ARQs are equally shared by
the first ¢y, mod N links. . . . . . . . . .. L
An illustrative example with N = 2: The LOS components and the SNR of the
two links are such that P, = 0.4 and P, = 0.25. With ¢s,,,, = 8, our approach
generates a list consisting 2 ARQ distributions, whereas the size of the search

SPACE IS 7. v v v e e e e e e e e e e

Xii

32



Xiii

3.5

4.1

4.2

4.3

4.4
4.5

4.6

4.7

4.8

4.9

Simulation results using a 4-hop network with LOS vector ¢ = [0.7, 0.3, 0.1, 0.5],
qsum = 8 at R = 1 and various values of SNR. At the top: Delay profile of the non-
cooperative ARQ strategy and a hybrid ARQ strategy when T = 1 microsecond is the
time taken for packet transmission, and Ty 4cx = 0.1 microsecond is the time taken
for NACK. At the bottom: plots on the average delay and PDP of the non-cooperative

ARQ along with that of a hybrid ARQ scheme and a repetition strategy. . . . . . . . .

An illustrative example of 4-hop network employing (i) the non-cooperative
strategy, (ii) the one-pair based cooperative scheme, (iii) the one-cluster based
cooperative scheme, and (iv) the fully-cumulative scheme. . . . . .. ... ..
Plots depicting the improvement in the PDP when using a one-pair (1p) coopera-
tivescheme. . . . . . . ... L
Plots depicting the PDP of the one-pair (1p) scheme when the ARQ distribution
is computed using exhaustive search and the proposed algorithm. . . . . . . . .
Complexity of the one-pair (1p) cooperative scheme. . . . .. ... ... ...
Plots depicting the improvement in the PDP when using a two-pair (2p) coopera-
tivescheme. . . . . . . . . L
Plots depicting the improvement in the PDP when using a cooperative strategy
with one-cluster (1¢) scheme by combining 3 links. . . . . .. ... ......
Complexity of the cooperative strategy with one-cluster (1¢) scheme by combin-
ing3links. . . ...

Plots depicting the improvement in the PDP when using a cooperative strategy

with two-cluster (2c¢) scheme wherein each cluster is formed by combining 3 links.

Complexity of the cooperative strategy with with two-cluster (2c) scheme

wherein each cluster is formed by combining 3 links. . . . . .. ... ... ..

37

40

56

57
58

58

59

60

60



X1V

4.10 Plots depicting the improvement in the PDP when using a fully-cumulative

4.11

5.1

5.2

5.3

54

6.1

strategy wherein one cluster is formed by combining all the links in the network. 62
Simulation results using a 4-hop network with ¢ = [0.7, 0.3, 0.1, 0.5], gsum = 8 at
various values of R and SNR. At the top: Delay profiles of the proposed schemes when
T = 1 microsecond is the time taken for packet transmission each time in the network.
At the bottom: plots on PDV as a function of «, where « captures the complexity
parameter to update the counter. The legends “NC", “1p", “Ic" and “FC" represent the
non-cooperative, one-pair cooperative, one-cluster cooperative, and fully-cumulative

strategies, respectively. . . . . . . . L L L e 65

[llustration of an N-hop semi-cumulative scheme with channels dominated by
LOS components. . . . . . . . . .. 70
Variation of average delay on the packets and the deadline violation parameter
(n) for various 7x acx When using the SC strategy. . . . . . . . ... ... ... 84
PDP plots when using an SC strategy with exhaustive search (no fold), 1-fold, 2-
fold and greedy strategies with ¢c; = [0.1,0.3,0.1,0.5,0.2], co = [0.5,0.5,0.5,0.5,0.5],
c3 = [0.9,0.2,0.4,0.7,0.1,0.5] and ¢, = [0.3,0.3,0.3,0.3,0.3,0.3] at SNR =
10dBandrate R=1.. . . . . . . . . . . . 85
List sizes for an SC strategy with exhaustive search, 1-fold, 2-fold and greedy
strategies with ¢; = [0.1,0.3,0.1,0.5,0.2], c; = [0.5,0.5,0.5,0.5,0.5], c3 =
[0.9,0.2,0.4,0.7,0.1,0.5] and ¢4 = [0.3,0.3,0.3,0.3,0.3,0.3] at SNR= 10 dB
andrate R=1. . . . . . . . . e 86

An illustrative example of a 5-hop network where a cluster is formed by grouping
3 consecutive nodes: (i) the cluster at the beginning (Case-1), (ii) the cluster at

an intermediate position (Case-2), and (iii) the cluster at the end (Case-3). . . . 90



XV

6.2

6.3

6.4

6.5

6.6

7.1

PDP comparison: Case-1 (first three hops constitute cluster), Case-2 (third hop to
fifth hop forming a cluster) and Case-3 (fourth hop to sixth hop forming a cluster)
with ¢; = [0.9,0.2,0.4,0.7,0.1,0.5] and ¢, = [0.3,0.3,0.3,0.3,0.3,0.3] at rate

Plots depicting the PDP comparison for Case-1 (first three hops constitute
cluster) and Case-2 (third hop to fifth hop forming a cluster) with no-fold, 1-

fold, 2-fold and greedy strategies where ¢; = [0.9,0.2,0.4,0.7,0.1,0.5] and

c =1[0.3,0.3,0.3,0.3,0.3,0.3]. . .. ... 111
On the left: Plots illustrating the PDP comparison for Case-3 with no-fold, 1-fold
algorithm where ¢; = [0.9,0.2,0.4,0.7,0.1,0.5] and cs = [0.3,0.3,0.3,0.3,0.3,0.3],
SNR =10 dB, rate R = 1. In this case, the last three hops constitute the cluster.

On the right: Plots depicting the reduction in list size for Case-3 with exhaustive
search, and 1-fold algorithms. . . . . . . ... ... ... .. ......... 112
Plots depicting the reduction in list size for Case-1 (first three hops constitute
cluster) and Case-2 (third hop to fifth hop forming a cluster) with no fold, 1

Fold, 2 Fold and Greedy strategies where ¢; = [0.9,0.2,0.4,0.7,0.1,0.5] and

c =1[0.3,0.3,0.3,0.3,0.3,0.3]. . . ... 112
Simulation results on probability of deadline violation using a 6-hop network

with ¢ = [0.9,0.2,0.4,0.7,0.1,0.5], at rate R = 1 and SNR = 10 d B with 10°
packets. For comparison, we have Case-1, Case-2, Case-3 and the SC strategy

(withnocluster). . . . . . . . . . . e 114

Ilustration of an N-hop network with a source node (5), the relay nodes
Ry, ..., Ry_; and the destination node (D) follow the CC-HARQ protocol
at each intermediate link. Also, each intermediate link can be characterized by

an LOS component ¢, Ve € [N]. . . . . .. ... L Lo 120



XVi

7.2

7.3

7.4

7.5

7.6
7.7

7.8

7.9

7.10

Comparison of original expression of Marcum Q-function with its proposed
approximation at different valuesof SNR. . . . . . ... ... ... ... ... 124
[lustration on the average delay on packets and deadline violation parameter (7))

for several values of 7y 4cx = {0.05, 0.2, 0.8} microseconds while implement-

ing CC-HARQ-SF strategy. . . . . . . . .. . .. 133
Comparison of list size between exhaustive search and the proposed low-complexity
algorithm with and without Theorem7.2. . . . . . ... .. .. ... ... .. 133
PDP comparison in CC-HARQ-SF based non-cumulative network between (i)
exhaustive search using original PDP expression, py, (ii) exhaustive search using
approximated PDP expression, py, (iii) proposed low-complexity algorithm
(given in Algorithm 7), and (iv) uniform ARQ distribution along with ARQ
distribution in a non-HARQ strategy (as discussed in Chapters 3, 4). With
uniform distribution, each link is first distributed with | gsum/N | ARQs, and the
remaining ARQs are equally shared by the first ¢g,,,, mod N links. . . . .. .. 134
An illustration for a CC-HARQ-SF based fully-cumulative network. . . . . . . 136
Comparison of the minimum PDP, denoted by py, for : (i) CC-HARQ-SF based
non-cumulative network, (ii)) CC-HARQ-SF based fully-cumulative network,

and (ii1) non-hybrid ARQ strategy . . . . . . . . . .. ... oo 138
Variation of average delay on the packets and the deadline violation parameter

(n) for various 7y acx in CC-HARQ-SF based strategies at SNR=0dB. . . . . 142
Simulation results on delay profiles for CC-HARQ-SF based strategies using a
5-hop network with ¢ = [0.1,0.5,0.1,0.3,0.7] and ¢4, = 12 atrate R = 1 and
SNR= 5dB with 10° packets wherein some packets are dropped either due to
outage and some are dropped due to deadline violation (marked in the rectangle). 143
[llustration on PDV for non-cumulative and fully-cumulative network while

implementing CC-HARQ-SF strategies for different 7y 4cx and o values. . . . 144



XVil

8.1

8.2

8.3

8.4

8.5

8.6

8.7

Comparison of minimum PDP (denoted by p,) against different values of ¢,,,, for
a 2-hop network implementing CC-HARQ-FF and Type-1 ARQs strategies [29]. 148
Ilustration of an N-hop network with a source node (5), the relay nodes
Ry, ..., Ry_; and the destination node (D) follow the CC-HARQ protocol
at each intermediate link. Also, each intermediate link can be characterized
by an LOS component ¢; Vk € [N] and the non-LOS component captures fast
varying behavior of the channel. . . . . . . . ... ... ... ... ... .. 149
Comparison of an original expression of gx-th order Marcum Q-function with its
proposed approximation (in (8.4)) at different SNR. . . . . . . ... ... ... 152
PDP comparison in CC-HARQ-FF based non-cumulative network between (i)
exhaustive search using original PDP expression, pg, (i1) exhaustive search
using approximated PDP expression, ﬁg, (ii1) proposed FTML low-complexity
algorithm (given in Algorithm 8), and (iv) uniform ARQ distribution. With
uniform distribution, each link is first distributed with | gsum/N | ARQs, and the
remaining ARQs are equally shared by the first gs,,,, mod N links. . . . . . .. 163
Comparison of list size between (i) exhaustive search in original PDP expression,
p(]; (in (8.1)), (ii) exhaustive search in approximated PDP expression, ]55 (in (8.6)),
and (ii1) the proposed FTML low-complexity algorithm (given in Algorithm 8)
for CC-HARQ-FF based non-cumulative network. . . . .. .. ... ... .. 164
Comparison of PDP for the CC-HARQ-FF based non-cumulative network and
fully-cumulative network at various values of ¢sym. -« - . - . v . o . .. L. 165
Variation of average delay on the packets and the deadline violation parameter

(n) for various 7y acx in CC-HARQ-FF based strategies at SNR=0dB. . . . . 167



XViil

8.8

8.9

Simulation results on delay profiles (in %) for CC-HARQ-FF based strategies
using a 5-hop network with ¢ = [0.1,0.5,0.1,0.3,0.7] and gs,,,, = 12 at rate
R = 1 and SNR= 5 dB with 10° packets wherein some packets are dropped
either due to outage and some are dropped due to deadline violation (marked in
the rectangle). . . . . . . ... L 169
[llustration on PDV for non-cumulative and fully-cumulative network imple-

menting the CC-HARQ-FF strategy for different 7y scx and « values. . . . . . 169



List of Tables

6.1 Binary sequence based PDP expression for N-hop CSC network

9.1 Summary of various protocols presented in this thesis . . . . . .

X1X



Part I

Prerequisites



Chapter 1

Introduction

1.1 Motivation

Multi-hop networks have found promising applications in wireless communication as they
enhance the reliability of communication between wireless devices that are either outside of
each other’s coverage area or unable to establish a communication link due to signal-blockage
difficulties [1-3]. While the problem of designing efficient and reliable protocols for multi-hop
networks have been traditional topics of interest, recent advances in the field of vehicle-to-
vehicle/infrastructure (V2X) communication, Industrial-IoT (IIoT) etc. have given rise to new
requirements such as high-reliability and low-latency on the protocols [4,5]. Example use-cases
include autonomous V2X communication in which strict deadlines are imposed on the round-trip
delay between the vehicles and the infrastructure, and automation tasks by deploying massive
low-power 10T devices in factory settings and so on, after which either the messages become
stale or the deadline violation may result in catastrophic consequences [6,7]. Other well-known

use-cases of high-reliability and low-latency in multi-hop networks are networks of Unmanned



Aerial Vehicles (UAVs) [8—10], in which power-limited UAVs either act as relays in coordinating
the movement of autonomous vehicles, or act as airborne base-stations [11-14]. Thus, owing
to increasing use-cases for achieving high-reliability and low-latency in multi-hop networks,
the problem of designing efficient, reliable and importantly low-latency protocols, is of utmost
importance in the context of next-generation networks.

To provide end-to-end reliability over such a multi-hop network, several protocols have
been studied. Some well known protocols include amplify-and-forward (AF) protocols and
decode-and-forward (DF) protocols [15], to name a few. While the AF protocols are known
for facilitating low-complexity processing at the intermediate relays, they are also known to
boost the effective noise at the destination. On the other hand, DF protocols are known for
providing high end-to-end reliability provided the messages are encoded using a strong code
of sufficiently large block-length to mitigate the effect of fading at each link. Although the
DF protocols with codes of large block-lengths ensure high reliability, the messages reach the
destination with a significant delay. Another variant of DF protocols that are known to provide
high reliability are the automatic-repeat-request (ARQ) based DF protocols [16], wherein each
relay is allowed to retransmit the packet when the next node in the chain is unable to decode
the packet. In comparison with DF strategies based on fixed block-length codes, DF strategies
based on ARQs introduce a variable delay on the packets by capitalizing on the stochastic
nature of the fading channels, however, also contributing additional delay due to the use of
ACK/NACK in the reverse channel from the receiver to the transmitter. In addition to ARQs,
Hybrid-ARQ (HARQ) is a promising technique wherein, on every retransmission, the receiver
node combines the latest packet along with its previous copies to decode the information. Among
many variants of HARQ schemes in practical systems, a popular scheme is Chase-Combining
HARQ (CC-HARQ), wherein each retransmission block is identical to the original code block,
and all the received blocks are combined using the maximum-ratio combining technique at the

receiver [17].



Towards handling the low-latency feature, the end-to-end delay in an /NV-hop network employ-
ing an ARQ or CC-HARQ based DF strategy depends on: (i) the packet size and the processing
delay for encoding and decoding operations at each node, and (ii) the transmission delay for
re-transmission of packets including the use of ACK/NACK at each link. Suppose that the pro-
cessing time at each hop is 7, seconds (which includes packet encoding and decoding time), the
delay incurred for packet transmission at each hop is 74 seconds (which includes the propagation
delay and the time-frame of the packet), and the delay incurred because of NACK overhead is
Tnvack (which is the time taken for the transmitter to receive the NACK). Given the stochastic
nature of the wireless channel at each link, the total number of packet re-transmissions before the
packet reaches the destination is a random variable, denoted by n, and as a result, the end-to-end
delay between the source and the destination is upper bounded by n X (7, 4+ 74+ Tnvack ) seconds.
In particular, when 7y 4cx << T,+ 74, the end-to-end delay can be approximated as n X (7,+74)
seconds. Thus, when the packet size and the decoding protocol at each node are established,
and when the deadline on end-to-end delay (denoted by 7.;4;) is known, we may impose an
upper bound on n, provided by gsym = [%J . This implies that ¢, captures the maximum
number of re-transmissions that can be tolerated over the multi-hop network in order to respect
the deadline on the delay. In the event when 7y ¢k is not negligible compared to 7, + 74, we
have the option of either using gy, = Lﬁj O (sum = LM—;‘ZMJ In the former case,
while a larger fraction of packets reach the destination due to higher ¢y, a non-zero fraction of
the packets that reach the destination may arrive after the deadline, thereby violating the latency
constraint. However, in the latter case, although a smaller fraction of the packets reach the
destination due to lower g, all of them arrive within the deadline. Thus, with either options for
deciding qs.m, performance degrades as 7y 4c i increases. Henceforth, we use gsym = %J
assuming that the frame structure and the resources for ACK/NACK communication support the

condition Ty ack << T, + Tq. Once g, captures the latency-constraint, the subsequent task

is to handle the reliability metric by distributing the ¢,,,,, ARQs across the nodes. Thus, g,



number of re-transmissions captures the worst-case delay that can be tolerated over the multi-hop
network. However, the way in which g¢,,,, ARQs are distributed across the N links will dictate
the end-to-end reliability of the DF strategy. This aspect is particularly important when the
reliability of the underlying links are heterogeneous. Motivated by the above arguments, we

present the problem statement and the research objectives of this thesis in the next section.

1.2 Problem Statement and Research Objectives

To ensure high reliability in multi-hop networks, we consider ARQ or CC-HARQ based DF
strategies, wherein each intermediate relay is allotted an appropriate number of ARQs. This
implies that a relay node will use its allotted number of ARQs until the next node is able to
successfully decode the packet. However, if the next node is unable to decode the packet within
the given number of attempts, then the packet is said to be dropped in the network. As the
packet can be dropped at any link in the network, our reliability metric is the packet-drop-
probability (PDP), that is the fraction of packets that do not reach the destination. Since the
multi-hop networks of our interest are composed of wireless links characterized by arbitrary LOS
components, the PDP of such networks is dependent on (i) the LOS components of the links, (ii)
the number of ARQs allotted to the links, (iii) the underlying signal-to-noise-ratio (SNR) values,
and importantly, (iv) the specific protocol used to implement the ARQ or CC-HARQ strategy.
One way to guarantee high reliability in multi-hop networks is to optimize the ARQ allocation
of each hop locally [18]. However, since we are interested in optimizing the PDP with upper
bounds on end-to-end delay, we take the approach of jointly optimizing the ARQ distribution
across the links by placing a sum constraint on the total number of ARQs. Towards that direction,
we ask: “When using an ARQ or CC-HARQ based DF strategy, how to allocate ARQs at each
intermediate node such that its PDP is minimized under the sum constraint on the total number

of ARQs in the network?". Formally, the problem statement is presented in Problem 1.1.



Problem 1.1. For an arbitrary N-hop network with a given LOS vector, and a given SNR,
solve
4,45, ...qy =arg min PDP
q1,42,--4N

subjectto g, >1,q, € Zy, 1 + @+ ...+ qN = Gsum-

Since there is a sum constraint on Zszl Qr = Qsum, 1t 1s straightforward to note that the search
space for determining the optimal distribution is bounded. With large values of ¢,,.,, and N, it
is not feasible to implement exhaustive search to solve optimization problem. Identifying this
limitation of exhaustive search, we obtain analytical results on the structure of the objective
function and the underlying constraints so that the optimization problem can be solved with
lower complexity than that of exhaustive search.

Furthermore, we also ask: “Given that the packets are designed to reach the destination
satisfying a given reliability within 7., time units, what are the delay profiles on the packets
under various ARQ or CC-HARQ based DF strategies?" Towards handling the above questions,

we present the contributions of this thesis in the next section.

1.3 Summary of the Contributions of this Thesis

The contributions of this thesis are as follows:

1. We propose a non-cooperative ARQ based DF strategy, wherein each node only knows
the number of ARQs allotted to itself; it does not know the ARQs assigned to the other
nodes in the network. With such constraints, we formulate an optimization problem of
distributing an appropriate number of ARQs at each link such that the PDP is minimized

for a given ¢gy,,,. We show that the optimization problem is non-linear with non-negative



integer constraints on the solution and therefore, it is extremely challenging to solve
it. Towards finding the solution of the optimization problem, we derive sufficient and
necessary conditions on the optimal ARQ distribution, and then propose a low-complexity
algorithm. Through simulation results, we show that the proposed algorithm is amenable
to implementation in practice, and also provides the optimal solution of the problem.
We also present simulation results on the delay profiles of the packets by comparing
the non-cooperative ARQ strategy with a standard baseline that does not require the use
of ACK/NACK. The simulation results show that the ARQ strategy assists in reducing
the average delay on the packets since the idea of asking for re-transmissions outweigh
the delay-overhead introduced by NACK. We highlight that the non-cooperative scheme
is referred to as the non-cumulative scheme interchangeably because by the virtue of
non-cooperation, the residual ARQs at any hop do not get added to its next hop during the

packet transmission.

. After allocating an appropriate number of ARQs at each node, we identify that there may
be unused ARQs at some relays owing to the stochastic nature of the wireless channels.
Therefore, without violating the sum constraint, we propose a variety of cooperative
ARAQ strategies wherein the unused ARQs of one node can be used by other nodes with
negligible increase in the communication-overhead. We refer to such strategies as the fully-
cumulative ARQ schemes, cluster based cooperative ARQ schemes, semi-cumulative ARQ
schemes, and cluster based semi-cumulative ARQ schemes. Subsequently, we characterize
the PDP expressions of each of the above schemes, and then solve the problem of allocating
an appropriate number of ARQs to the relay nodes so as to minimize the PDP under the sum
constraint on the total number of ARQs. Through extensive analysis and simulation results,
we show that the non-cooperative ARQ strategy and the fully-cumulative ARQ strategy

respectively offer the worst and the best PDP performance among the schemes, whereas the



class of semi-cumulative ARQ schemes trade-off PDP with the communication-overhead
between these two extreme classes of ARQ based DF strategies. Overall, in contrast to the
idea of optimizing the reliability of each link in a hop-by-hop manner, our approach jointly
optimizes the ARQ allocation across the links because of the constraints on end-to-end

delay.

. We propose CC-HARQ based strategies for multi-hop networks with slow-fading channels
(denoted as CC-HARQ-SF), wherein the channels are assumed to be static over the allotted
attempts at each link. Under this scenarios, we propose two types of strategies, namely:
non-cumulative strategy and the fully-cumulative strategy. For the non-cumulative strategy,
we derive a closed-form expression on PDP and formulate an optimization problem
of minimizing the PDP for a given ¢s,,,. We show that the optimization problem is
non-tractable as it contains Marcum-Q function of first-order. Towards obtaining near-
optimal ARQ distributions, we propose a tight approximation on the first-order Marcum-Q
functions, and then present non-trivial theoretical results for synthesizing a low-complexity
algorithm. Through extensive simulations, we show that our analysis on the near-optimal
ARAQ distribution gives us the desired results with affordable complexity. For the fully-
cumulative strategy, we provide theoretical results on the optimal ARQ distribution in

closed-form.

. We propose CC-HARQ based strategies for fast-fading scenarios (denoted as CC-HARQ-
FF), wherein the channels are statistically independent across allotted attempts at each
link. Similar to CC-HARQ-SF strategies, under this scenarios, we propose two types
of strategies, namely: non-cumulative strategy and the fully-cumulative strategy. For
the non-cumulative strategy, we derive a closed-form expression on PDP and formulate
an optimization problem of minimizing the PDP for a given qg,,,,- We show that the

optimization problem is non-tractable as it contains Marcum-Q function of higher-order.



Towards obtaining near-optimal ARQ distributions, we propose a tight approximation
on the higher-order Marcum-Q functions, and then present non-trivial theoretical results
for synthesizing a low-complexity algorithm. Similar to CC-HARQ-SF strategies, using
extensive simulations, we show that our analysis on the near-optimal ARQ distribution
gives us the desired results with manageable complexity. For the fully-cumulative strategy,

we present theoretical results on the optimal ARQ distribution in closed-form.

5. For each of our strategies, we have presented a detailed analysis on end-to-end delay
by considering the following metrics: (i) average end-to-end delay, (ii) packet deadline
violation (PDV), which is defined by the number of packets reaching the destination after
the given deadline, and (iii) delay profile, which represents the percentage of packets
reaching the destination at a certain time for a given deadline. By using the aforementioned
delay-metrics, we have provided valuable insights on the merits and demerits of our

strategies in achieving high-reliability with bounded constraints on end-to-end delay.

1.4 Literature Review

In [8], the authors studied different relaying strategies involving UAVs with single multi-hop
links and multiple dual-hop links. They optimized the placement of UAVs for different channel
models by considering both LOS and non-LOS channel models. In [10], the authors considered
low-latency and high reliability in the control and non-payload communications (CNPC) links
of UAVs, wherein they achieved ultra-reliability and low-latency in terms of the available
range of the CNPC links between UAVs and a ground control station. In [9], the authors
investigated the average achievable data rates of information (which requires ultra-reliable
and low-latency communication) exchanged between a ground station and the UAV's by using

Gaussian-Chebyshev quadrature (GCQ). In [17], authors have considered CC-HARQ schemes
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wherein they minimized the PDP under a total average transmit power constraint and minimized
the average transmit power under a fixed PDP constraint. In [19], authors have studied the
fundamental performance limits and linear dispersion code design for the MIMO-ARQ slow
fading channel. There are other contributions in the literature [20]- [22], that use different
forms of HARQ strategies. In [23], the authors investigated packet-drop-probability for energy
harvesting nodes in a multi-hop network using ARQs and Hybrid-ARQs. In [24], the authors
considered two classes of ARQs protocols, namely cooperative ARQ and non-cooperative ARQ
protocols, to ensure reliable data collection in energy-harvesting wireless sensor networks. In
the class of cooperative ARQ, neighboring nodes help each other and take advantage of the
broadcasting nature of the uplink channel by using spatial diversity. In [25], the authors have
analyzed the end-to-end performance of a cluster-based multi-hop network by using an ARQ
cooperative diversity scheme. They considered multiple relays in each hop to obtain cooperative
diversity. In [26], the authors addressed the ultra-reliability feature under the constraint of strict
latency by using a cooperative ARQ scheme. They varied the reserved time for re-transmissions
to optimize the latency feature. In a nutshell, none of the above contributions have addressed
optimal allocation of ARQs with a sum constraint on the total number of ARQs over a multi-hop

network.

1.5 Organization of the Thesis

This thesis is divided into five main parts where Part-I contains Chapter 1 and Chapter 2 that
cover the state of art, motivation, problem statement, research objectives, literature review,
contributions and prerequisites for this thesis. Part-II contains Chapter 3 and Chapter 4 that
cover the ARQ based non-cooperative and the variants of cooperative strategy for achieving
high reliability and low-latency communication over a multi-hop network. Furthermore, Part-II1

includes Chapter 5 and Chapter 6 that deal with the variants of semi-cumulative strategy for
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achieving high reliability and low-latency communication over a multi-hop network. After
that Part-IV includes Chapter 7 and Chapter 8 that cover the HARQ based strategies for both
slow-fading and fast-fading scenarios. In Part-V, we discuss about the conclusions of this thesis
and some directions for the future work.

Different parts of the results presented in this thesis have already appeared in the proceedings
of several conferences and journals. The list of publications based on this thesis can be found in

Appendix-1.



Chapter 2

An Overview of Multi-Hop Network under

Consideration

2.1 Introduction

In this chapter, we introduce the broad picture of our system model, which is used throughout
this thesis. Consider an N-hop network, as shown in Fig. 2.1, which includes a source node,
a destination node, and a set of NV — 1 relays. We assume that the information bits from the
source node are aggregated in the form of packets, and these packets are communicated to the
destination in a multi-hop fashion using the N — 1 intermediate relays. In other words, the
multi-hop network consists of NV wireless links, wherein the first link corresponds to the channel
between the source node and relay R, the second link corresponds to the channel between R;
and Rs, and similarly, the N-th link corresponds to the channel between relay Ry_; and the
destination node. We assume that the channel between any two successive nodes is characterized

by Rician fading with a quasi-static time-interval of L channel uses. In particular, the complex

12
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Figure 2.1: Depiction of LOS dominated N-hop network, where 0 < ¢; < 1 represents the LOS
component of the k-th link, and ¢, € Z, denotes the number of ARQs allotted to the transmitter of the

k-th link, for1 < k£ < N.

baseband channel of the k-th link, for 1 < k£ < NN, is modeled by

& 1—c
th\/§(1+b)+ %gk,

where 0 < ¢ < 1 captures the LOS component, and 1 — ¢, is the Non-LOS (NLOS) component
such that g, is distributed as CA/(0,1). In this signal model, the LOS component ¢ is a
deterministic quantity, thereby ensuring the equality E[|h,]?] = 1 irrespective of the value of cy.
As a special case, ¢, = 0 and ¢, = 1 capture the well-known Rayleigh and Gaussian channels,
respectively, whereas the intermediate values capture different degrees of Rician fading channels.
Assuming that the LOS components of the N links can be potentially different, henceforth,
throughout this thesis, we use the vector ¢ = [cy, ¢a, . . ., cy] to highlight the LOS components
of the /N-hop network.

Let C C CF denote the channel code employed at the source node of rate R bits per channel
use, i.e., R = 7log(|C|). Let x € C denote a codeword (henceforth referred to as packets)
transmitted by the source node such that %E[|x|2] = 1, where the expectation is taken over C.

When x is transmitted over the k-th link, for 1 < k£ < N, the corresponding received symbols
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after L channel uses is given by y; = hix + wy, € CL, where wy, is the additive white Gaussian
noise (AWGN) at the receiver of the k-th link, distributed as CA(0, 0?I;). We assume that
the receiver of the k-th link has perfect knowledge of hj, whereas the transmitter of the k-th
link does not have the knowledge of hj. Since the channel realization Ay is random, and the
realization remains constant for L channel uses, the instantaneous mutual information of the
k-th link may not support the transmission rate. Therefore, the corresponding relay node will be
unable to correctly decode the packet when the mutual information offered by the channel is less

than R. The probability of such an outage event is given by !

2R 1
Pk:Pr<R>log2(1+|hk|27)>:F( . ) 2.1)

where 7 = % is the average signal-to-noise-ratio (SNR) of the k-th link, F(z) is the cumulative

distribution function of |hy|?, defined as

281\ _ 2¢y, 2028 - 1)
F( g >—1 @ \/(1—%)’\/7(1—%)

such that Q);(+, -) is the first-order Marcum-Q function [27]. Henceforth, for the given system

model, we propose variants of ARQ and CC-HARQ based DF strategies in the next section to
achieve both ultra-reliability and low-latency communication. In the next chapter, we discuss the
ARQ based non-cooperative multi-hop model and we address the problem of obtaining optimal

ARQ distribution for a given sum constraint qgy,,.

"We note that Py in (2.1) is computed by comparing R with log,(1 + |hj|?©). However, this comparison
may not be accurate in our model since log,(1 + |hj|?©) is achievable for asymptotic block-lengths. In order to
obtain non-asymptotic expressions on P, we must replace log,(1 + |hj|>©) by the non-asymptotic rate given
in [28]. Upon incorporating this change, we observe that the non-asymptotic expression for Py, [28, Theorem 2] is a

decreasing function of the LOS component ¢y, and this is the same behaviour of (2.1) with respect to cy.



Part 11

ARQ Schemes for Achieving URLLC over
Multi-Hop Networks
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Chapter 3

Non-Cooperative ARQ Schemes in
Multi-Hop Networks

3.1 Introduction

In this chapter, we address the problem of obtaining the optimal ARQ distribution for a non-
cooperative multi-hop network '. The main contributions of this chapter are as follows:

1) We propose a new problem on distributing the number of re-transmissions across multiple
relay nodes in a LOS dominated multi-hop network so as to support low-latency and ultra-
reliability features on the underlying packets (See Section 3.2). In particular, given a multi-hop
network with potentially distinct LOS components of the links, we formulate an optimization
problem of minimizing the PDP under the constraint that the sum of the ARQs across all the links
in the network is bounded. First, we show that this optimization problem involves a non-linear

objective function with non-negative integer-constraints on the solution. Because of the sum

"Part of the results presented in this chapter are available in publications [29, 30]
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constraint on the total number of ARQs, we show that the size of the search space is bounded.
However, we also show that computing the optimal distribution of ARQs through exhaustive
search is not feasible to implement in practice.

2) At high signal-to-noise-ratio (SNR) values, we observe that the set of necessary and
sufficient conditions simplifies to a set of linear equations relating the number of re-transmissions
allotted to the /V links. Using this special case, we convert the problem of computing the optimal
distribution of re-transmissions to an equivalent problem of solving a system of linear equations
in RY, and to another problem of searching a distribution of re-transmissions in the integer
search-space that are nearest to the real solution. Through this approach, we show that the search
space for finding the optimal distribution of re-transmission can be significantly reduced when
compared to the exhaustive search method. Although our approach of formulating an equivalent
problem is motivated by high SNR approximation of the necessary and sufficient conditions, we
show through simulation results that our algorithm continues to generate a small list size at low
and moderate SNR values (See Section 3.4). Furthermore, we highlight that our algorithm scales
well with the number of hops, and importantly provides substantial reduction in complexity
when the bound on the total number of ARQs allotted across the relay nodes increases. Towards
solving this problem with low complexity methods, we prove a set of necessary and sufficient

conditions on the optimal solution of the optimization problem (See Section 3.3).

3.2 Signal Model

Consider an N-hop network, as shown in Fig. 3.1, which includes a source node, a destination
node, and a set of N — 1 relays. We assume that the channel between any two successive nodes

is characterized by Rician fading with a quasi-static time-interval of L channel uses. Along the
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Figure 3.1: Depiction of LOS dominated /N-hop network, where 0 < ¢;, < 1 represents the LOS
component of the k-th link, and ¢ € Z denotes the number of ARQs allotted to the transmitter
of the k-th link, for 1 < k < N.

similar lines of Section 2.1 (from Chapter 2), the probability of such an outage event is given by

2R 1
Pk:Pr<R>log2(1+|hk|27)>:F( . ) 3.1)

where v = 0—12 is the average signal-to-noise-ratio (SNR) of the k-th link. In this N-hop network
model, we assume that communication between any two successive nodes follows the ARQ
protocol, i.e., a transmitter node gets an ACK or NACK from the next node in the chain indicating
the success or failure of the transmission, respectively. Upon receiving a NACK, the transmitter
re-transmits the packet. Let g, be the maximum number of attempts given to the transmitter of
the k-th link. Consolidating the number of attempts given to each link, the ARQ distribution of
the multi-hop network is represented by the vector q = [g1, g2, - - ., qn]. Since we are addressing
low-latency applications, we impose the constraint Zf\il Qi = Qsum, for some gy, € Z., which
captures an upper bound on the end-to-end delay on the packets.

Note that if a node fails to deliver the packet to the next node within the allotted number of

attempts, then the packet is said to be dropped in the network. As the packet can be dropped in
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any of the links, the packet-drop-probability (PDP) of the N-hop network is given by

N k—1
pa=y P T -P"). (3.2)
k=1 =1

When calculating the above expression, we have assumed that the channel realization A, takes
independent realizations across the number of attempts, and the number of ARQs assigned to a

transmitter is not known to the other nodes in the network 2 .

3.2.1 Formulation of Optimization Problem

For a multi-hop network with LOS vector ¢ and SNR v = %, we are interested in computing
the ARQ distribution q which minimizes the PDP expression in (3.2) under the constraint that
ij:l Gk = Qsum, fOr a given qg,,, € Z.. We present this problem formulation as Problem 3.1,
as shown below. Henceforth, throughout this chapter, we refer to the solution of Problem 3.1
as the optimal ARQ distribution. We highlight that Problem 3.1 is a non-linear optimization
problem with non-negative integer constraints on the solution. Since there is a sum constraint on
Zgil Qr = Qsum. 1t 1s straightforward to note that the search space for determining the optimal
distribution is bounded. In particular, it can be shown that the number of candidates in the search

space is (q'*]@ﬁzl). Therefore, with large values of ¢,,,,, and [V, it is not feasible to implement

From the expression for pg in (3.2), we note that P in (3.1) is computed by comparing R with log, (1+|h|?©).
However, this comparison may not be accurate in our model since log, (1 + |h|?©) is achievable for asymptotic
block-lengths. In order to obtain non-asymptotic expressions on Py, we must replace log, (1 + |hx|?©) by the
non-asymptotic rate given in [28]. Upon incorporating this change, we observe that the non-asymptotic expression
for Py, [28, Theorem 2] is a decreasing function of the LOS component ¢, and this is the same behaviour of (3.1)
with respect to ci. Furthermore, since the ARQ distribution problem is solved by minimizing the PDP for a given c,
R and SNR, the terms Py, P, ..., Py are fed to the optimization problem as fixed inputs. As a result, any algorithm
presented to solve Problem 3.1 will hold good when using the non-asymptotic expression for Py in place of (3.1).

Due to these reasons, we continue to use (3.1) when describing our solutions to the optimization problems.
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exhaustive search to solve Problem 3.1. Identifying this limitation of exhaustive search, we
obtain analytical results on the structure of the objective function and the underlying constraints

so that Problem 3.1 can be solved with lower complexity than that of exhaustive search.

Problem 3.1. For a multi-hop network with a given LOS vector c, and a given SNR v = %

solve

Qiqgw--q;\r:arg min Dd
q1,42,--qN
subject to q. >1,
qk €Z+7

G+ g+ ... +aN = Gsum-

3.3 Sufficient and Necessary Conditions on the Optimal ARQ
Distribution

In this section, we present some insights on the expression of PDP, which in turn will be useful

in solving Problem 3.1.

Definition 3.1. Let 7 : RY — RY denote a permutation operator on an N-dimensional
Euclidean space. For an N-hop network with LOS vector c, we define an equivalent multi-hop
network with LOS vector € = m(c), wherein the wireless channel of the k-th link experiences the

LOS component c(k), where ¢(k) denotes the k-th component of the vector C.

Theorem 3.1. The PDP of an N-hop network with LOS vector ¢ and ARQ distribution q is
equal to the PDP of an N-hop network with LOS vector 7w(c) and ARQ distribution w(q), where
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7 is any permutation operator on RY.

Proof. We will prove this theorem using the method of induction. For N = 2, the PDP can be

written as

pa =P+ PP(1— P") =P+ P — PI"PJ. (3.3)
By swapping c; and c,, and also ¢; and ¢,, we obtain

py = PP+ P'(1— PP?) =P+ P! — PPPI. (3.4)

From (3.3) and (3.4), it is clear that p; = p/;. Thus, the statement of the theorem is proved for
N =2.

Assume that for N = k, swapping any two links will not change the PDP. For N =k + 1,
we want to prove that swapping any two links will not change the PDP. The PDP expression in

such a case can be written as

k—1 k
pa= PP+ BP=PM) 4+ PR IO - P0] + Py [ TTO- P9

7=1 =1
By taking (1 — P') common from the second term onward, we can rewrite the above expression

as

pa=Pl+(1—-P")|PP+PFQ—-PP)+...+ PEV(1—-PP)...(1—-P*)|.

(3.5)

It can be seen from (3.5) that the £ terms in the square bracket constitute the PDP of a k-
hop network with the LOS vector [cy, ¢3, . . ., ¢x1 1] and the ARQ distribution [go, g3, - - - , Grt1]-
Therefore, by hypothesis of induction, swapping any two links within the set {co, ¢35, ..., Cxr1}
will not change the PDP. It now remains to show that swapping the link with LOS component
¢ with any of the links in the set {¢s, ¢3, ..., cxr1} will not change the PDP. For illustrative

purposes, we will show that swapping c¢; with ¢;; does not change the PDP, although this
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approach can be applied to swap ¢; with any of the links in the set {cs, c3, ..., cxy1}. Towards

swapping c¢; with ¢ 1, let us first swap ¢, and ¢4 using (3.5), to obtain

k
PU + PP (L= PET ) + .+ PR(L= P (H - PP )

J=3

pa=P"+(1-P")

Note that this manipulation does not change the PDP due to the induction step. We further

rewrite py as

pa= P+ P (L= PP+ (L= PP | PP(L— PR 4 4+ PR = PR
k
(1)
7j=3

By swapping the links with LOS components ¢; and ¢, in the above expression, we obtain

Pu= P PP(L-BEY) 4+ (1- PEY) | PP(L— B + .+ PE(1- PP

(1e-10)

Jj=3

It is straightforward to observe that p; = p/,. Therefore, for N = k + 1, we have shown that
swapping any two links will not change the PDP. Finally, since it is well known that a permutation
7 can be realized through a sequence of swaps, it follows that the PDP of an N-hop network
with LOS vector ¢ and ARQ distribution q is same as that of the PDP of the network with LOS
vector 7(c) and ARQ distribution 7(q). O

The following theorem shows that a link with higher LOS component must not be given

more ARQs than the link with lower LOS component.

Theorem 3.2. With the LOS vector c, let the SNR be such that P, < 5 L/ k. Then the optimal

ARQ distribution q satisfies the property that whenever c¢; > c;j, we have q; < q; Vi, j.
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Proof. To highlight ¢; and ¢;, we rewrite ¢ as [¢1,¢2,...,Ciy...,Cj,...,Cn—_1,Cn] such that
J > i. Suppose that ¢; > ¢;, and ¢; and g; respectively denote the number of ARQs given to the
i-th link and the j-th link. Furthermore, let us assume that ¢; = ¢; = ¢. Suppose that we have
an additional ARQ with us, and the problem is whether to allot that additional ARQ to the i-th
link or the j-link such that the PDP is minimized. Towards solving this problem, let us consider
an equivalent multi-hop network with LOS vector ¢’ = [c1,¢2,...,¢N—1,...,CN, - - ., Ciy Cjl,
wherein ¢’ is obtained from c by swapping ¢; with cy_; and ¢; with c¢y. From Theorem 3.1,
we know that the PDP of the multi-hop networks with the LOS vectors ¢ and ¢’ are identical.

Furthermore, the PDP of the N-hop network with LOS vector ¢/, is written as
pa=Pl+PEL-PM) 4.+ (PE+PP(-P8) ] (1P
kE[NI\{i,j}
Note that P and P;]j appear only in the last term of the above expression. Since the question
of allocating the additional ARQ is dependent only on the expression P + Pfj (1 — P, we

henceforth do not use the entire expression for PDP. Additionally, since ¢; = g; = ¢, we obtain

one of the following expressions when allocating the additional ARQ,

_ q+1 q q+1
= P PI1 - P,
_ q q+1 q
= PI4 PP,
Since ¢; < c¢;j, we know that P, > P;. To prove the statement of the theorem, we have to show

that A < B. As 0 < P;, P; < 1, itis clear that PZ-qJr1 < P!and ij+1 < ij. Furthermore, A — B

can be calculated as
A—B=PIP,— 1)+ P!(1- P)) + P!P!(P, - F). (3.6)

Note that the first and the third term in above equation are negative, whereas the second term is

positive. Therefore, if the absolute value of the first term is greater than the absolute value of the
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second term, then A — B < 0. In the rest of the proof, we show that P{(1 — P;) > P/(1 — F;),
for any ¢ > 1. With ¢ = 1, the above equation can be written as (1 — P;) > P;(1 — P;). Itis
straightforward to prove that the above inequality holds if P; + P; < 1. Thus, the statement of
the theorem is proved for ¢ = 1. Now, since F; > P;, note that %Z increases as ¢ increases, and

therefore, for any ¢ € Z,, we have the inequality

P(1-PF) F(1-F)

This implies that the magnitude of the first term of (3.6) is greater than the magnitude of the

second term, and therefore, we have A — B < 0. This completes the proof. [

In the following definition, we formally introduce the search space for the optimal ARQ

distribution as highlighted in Problem 3.1.

Definition 3.2. The search space for the optimal ARQ distribution is denoted by S = {q €
ZY | SN 4 = qoum & @ 2 1V i}

For a given point q € S, we define its neighbors in the following definition.

Definition 3.3. For a given q € S, the set of its neighbors is defined as D(q) = {q €
S | d(q,q) = 2}, where d(q, Q) denotes the number of disagreements between q and q.

Note that for a given q € S, we have |D(q)| < 2(];[ ). In the next definition, we formally
introduce a local minima of the space S by evaluating the PDP of the multi-hop network over the

points in S.

Definition 3.4. An ARQ distribution q* € S is said to be a local minima of S, if it satisfies the
condition ps(q*) < pa(q), for every q € D(q"), where ps(q*) and ps(q) represent the PDP

evaluated at the distributions q* and q, respectively.

Using the above definition, we derive a set of necessary and sufficient conditions on the local

minima in the following theorem.



Theorem 3.3. For an N-hop network with LOS vector ¢, the ARQ distribution q* = [q}, 5, .., ¥y

is a local minima if and only if q; and q; for i # j satisfy the following bounds

q; 1 <Cq;—1> log P;

_ > lo + , (3.8)

(-1 = (¢ —Dlogh °\Cp)  logh

*—1 1 Dy log P;

i— < *log< % 1>+ %, (3.9)
4 q; log P; Dqs log P;

*_ *_9 * *__
where Cyr 1 = 2100 PL Cs g = Y03l PR Dyg = 300 PFand Dy 1 = Y204 P

Proof. From Definition 3.3, it is clear that a neighbor of q* in the search space S differs
in two positions with respect to q*. Let us consider two neighbors of q* that differ in the
i-th and j-th index, where i # j. Such neighbors are of the form q. = [¢}, 4¢3, ..., ¢ +
L...,q¢g—1,....qyJand q_ = [q],05,...,¢; — 1,...,q; +1,...,qy] provided ¢f —1 > 1
and ¢; — 1 > 1. From Theorem 3.1, instead of considering the multi-hop network with LOS
vector ¢ = [¢1,C2,...,Ciy...,Cj,...,CN_1,CnN], We consider a permuted version of it with the
LOS vector ¢ = [c1,¢Ca,...,CN—1,.--,CN, ..., G, Cj|, wherein the i-th link is swapped with
(N — 1)-th link, and the j-th link is swapped with N-th link. Correspondingly, the local minima
and its two neighbors are respectively of the form q* = [¢7, ¢5, .-, qx_15 - > qNs - @ GG
A+ = [¢1, 05, G155 ANy G L g —and Ao = [¢7, 65, - Q- QN5 G —

Lg; + 1]. From the definition of local minima, we have the inequalities

pa(a”) < pa(Qy), and pa(q”) < pa(q-), (3.10)

where p,(q*), pa(qs ) and py(q_) represent the PDP evaluated at the distributions q*, .., and
q_, respectively. Due to the structure of the PDP and the fact that q, and q; differ only in the

last two positions, it can be shown that the inequalities in (3.10) are equivalent to
(1) < ()

a;+1

il (- ) < ot (1),
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respectively. First, let us proceed with (3.11) to derive a necessary and sufficient condition on ¢
and ¢;. After modifications, the inequality in (3.11) can be rewritten as

1

PP + PP a- P - PP =PI <0

We can further rewrite it as

i —1 qi
a; a4 r ;-1 k
wery | rf () -rr (e <o
using the following standard equality,
1-P)=0-P)1+P+P+...+ ') (3.13)

Since (1 — P;) > 0 is always true, this implies that

q;—1 q;
r=0 k=0

Furthermore, we can rewrite the above inequality as

g -1
PE(1-P) - ( > P) (PP a-p)) <0
r=0

Expanding (1 — P;I; _1) and also using the fact that (1 — P;) > 0, we can write the above

inequality as

;2 ;-1
qa k T g1
P ) - (Xr)r <o
k=0 r=0

p¥ @1 pr
q}fl < < 2;,‘92 Zk . (3.14)
})‘ E:k:O }?

J
. A qf—1 A 452 5
With Cpr 1 = ( o Pg‘), and Cgr—2 = ( reo bj ), we have,

This further implies that

q

P C%;_l
*—1

})% C%*,g
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By taking logarithm on both sides, and subsequently rearranging the terms, we get

qa 1 Cq?‘l) log P;
> lo t + . 3.15
(g7 = 1) e (%—2 log P G-

This completes the proof for the first necessary condition. Although the second necessary

condition can be proved along the same lines using (3.12), we omit the proof due to lack of space
in this thesis. We highlight that the two conditions in (3.8) and (3.9) are also sufficient since the

bounds are obtained by rearranging the terms in the condition on local minima. 0
Corollary 3.1. At high SNR, i.e., when P, is negligible for each k, we have

q; log P; (1
(¢ —1) ~ log P, A 510

qf -1 S long +€§2)’
q; log P, J

(3.17)

where \ez(lj)| and ]61(2])| are small numbers.

Proof. When P; and P; are negligible, the first terms of the right hand side of both (3.8) and
Cyr— D -
(3.9) are negligible because log <qu 1) ~ 0 and log < lq)’ 1) ~ 0, and log(+) >> 0.

q;—2 a5
However, we note that these terms may either be positive or negative depending on the values of

i, g5, P, and P;. Therefore, by considering the polarity of these values, we bound the absolute
2)

values of eg}j) and ¢, in the statement of the corollary. O

Based on the necessary and sufficient conditions derived in Theorem 3.3, we are ready to

synthesize a low complexity algorithm to solve Problem 3.1.

3.4 Low-Complexity List-Decoding Algorithm

From Corollary 3.1, it is straightforward to note that at high SNR values, the necessary and

sufficient conditions on the local minima satisfy the bounds in (3.16) and (3.17), for every pair
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i, j such that i # j. We immediately notice that the following inequality also holds

*— 1 * *
i A (3.18)
4; d; q; — 1

Using (3.16), (3.17), and the strict inequality constraints in (3.18), we propose a method to

choose the ARQ distribution q in the following proposition.

log P;
log P;’

proposition 3.1. If the ARQ distribution q is chosen such that g—:’_ = fori # j, thenqis a

local minima of the search space at high SNR.

log P;

. [
Proof. By choosing q such that o = TogP,

for i # j ensures that the sufficient conditions in

(1) > (0 and

(3.16) and (3.17) are trivially satisfied when e < 0ande® > 0. However, when ¢; ;

] ]
(2

€:

i <0, the sufficient conditions in (3.16) and (3.17) continue to satisfy, provided the SNR is

. 1 * * 2 * ¥ _1
sufficiently large to bound |e! j)| < = — % and €] < & _ gl O
> q;— 4a; »J 4a; q;

Based on the results in Proposition 3.1, we formulate Problem 3.2 as a means of solving

Problem 3.1 at high SNR. However, from Problem 3.2, it is straightforward to note that a solution

. . . logP;
is not guaranteed since the ratio 10§ J

——p» Which is computed based on the LOS components and

the SNR, need not be in Q. Therefore, we propose to solve Problem 3.2 without the integer
constraints, i.e., to find an ARQ distribution q € R” satisfying the constraints % = %, for all
q; og 1

1,7 such that ¢ # j, and Z]kvzl Gk = Gsum-
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Problem 3.2. For a given {P;, P, ..

., Py}, find q1,qa, . . . qn such that

4qi _IOng

q; log

R?

Y 1, j such that i # j,

qk 217 v k?

dk GZ-H Vka

@1+ q+ ... 4N = Qsum-

List Size

List Size

10° 10
q © © © © ©
—O©—Exhuastive search 10°C S & © © ©
—Q—Proposed method w/o Theorem 3.2 —©—Exhuastive search
10% £ | —¥—Proposed method with Theorem 3.2 |; o s —9O—Proposed method w/o Theorem 3.2
c=10.1,0.4,0.7,0.9] S 107 £ |—%—Proposed method with Theorem 3.2 |
Geiin=17 g ¢=10.1,0.35,0.5,0.7,0.8,0.9
10% ¢ qsum=20 3
S S
10! / —— 3
: : : : 10° ‘ ‘
5 10 15 20 25 0 5 10 15 20 25
SNRin dB SNRin dB
10* 10° :
(¢ © © © © ©
It o o o o o 104 —©—Exhuastive search
103 t|=©—Exhuastive search g ‘Q‘Proposed method w/o Theorem 3.2
—O—Proposed method w/o Theorem 3.2 —¥—Proposed method with Theorem 3.2
—¥—Proposed method with Theorem 3.2 ol0PF c=[0.1,0.35,0.5,0.7,0.8,0.9]
N
102 ¢ c= [02, 0.6, 0.8, 09} {1 @ Qsum=25
Qsum=25 ﬁ 102t
—o—o— o o 0
101
‘ ‘ ‘ ‘ 10° ‘ ‘ ‘ ‘
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Figure 3.2: List size for N =4and N =6at R = 1.
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Figure 3.3: PDP for N = 4 and N = 6 at R = 1. With uniform distribution, each link is first
allotted L%%J ARQs, whereas the remaining ARQs are equally shared by the first ¢,,,, mod N

links.

3.4.1 Towards Solving Problem 3.2 without Integer Constraints

Towards solving Problem 3.2 without the integer constraints, we define d; ; = f)i];f fori # j.

With that, the task of solving Problem 3.2 in R can be viewed as the task of solving the system
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of linear equations: Aq,.,; = b, where

1 ~dy 0 0 ...0 0
0 1 —dyy O ... 0 0
Al € RVXN

0 0 0 ..ol —dyon

1 1 1 A | 1
Qreal = 01,2, -+, qn]T and b = [0,0,...,0, gsum]’. Subsequently, a solution in RY can be
obtained as

Qreat = A", (3.19)

as long as A is full rank. Although q,..; in (3.19) satisfies the first and the last constraints of
Problem 3.2, it cannot be used in the framework of multi-hop network since its components need
not belong to Z . In order to force the solution to lie in Z, in the next section, we provide an

algorithm that searches for ARQ distributions in S that are nearest to q;.cq;-

Remark 3.1. It is possible to prove by contradiction that q,., cannot have any negative
components since d; ; is strictly non-negative for all i, j. If at least one component of Qyeq) IS
negative, it implies that every component of q,.q IS negative, and therefore, the sum constraint

corresponding to the last row of Aq,.q = b will not be satisfied.

3.4.2 List Generation using the Non-Integer Solution

Our approach, as presented in Algorithm 1, is to search for integer solutions in S that are
nearest to q,.q. In particular, using q,.,;, we obtain an ARQ distribution, denoted by q =
(@1, G2, - - -, Gn] € ZN, by ceiling every component of qycqr, 1.€., @ = [Qrear|. Since g may

have zeros in some positions, we provide a brute-force correction by converting those zeros
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to ones. Subsequently, we compute Zf\il i, to verify the sum constraint. Due to the ceiling
operation on each component, Zfil q; 1s expected to exceed the sum constraint. Let £ denote
(Zfil Gi) — qsum- To identify the candidates in S, we choose F positions in q and subtract one
ARQ from each of these positions to make sure that the sum constraint is satisfied. Although, at
most (g) vectors in S can be generated this way, some of the combinations may not be valid
due to the results of Theorem 3.2. Thus, we create a list of ARQ distributions in S (denoted
by £ C S) from q.,;. Finally, we compute the PDP of every ARQ distribution in £, and then
choose the one which minimizes the PDP. An illustrative example of our approach is given in

Fig. 3.4 for a 2-hop network.

q2 dsum = 8
A
Global optimal solution P =04,P, =0.25

) A logPy _
b Neighbors di2 = opr =151

(1,7) .
.. Greal = [4.81,3.19]
(2,6) . . . .
. e — Possible integer solutions
v Y x — Real solution
(4,4) w—17(4.81,3.19)
N,
(62) .
(7.1) -
> ¢

Figure 3.4: An illustrative example with N = 2: The LOS components and the SNR of the
two links are such that P, = 0.4 and P, = 0.25. With ¢, = 8, our approach generates a list

consisting 2 ARQ distributions, whereas the size of the search space is 7.
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Algorithm 1 List Generation Based Algorithm
Require: A, b, ¢sym,c = [c1,¢2, ..., CN]

Ensure: £ C S - List of ARQ distributions in S.
1: Compute q,cq; = A7 'b.
2: Compute q = [Qreqt |-
3: fori=1: Ndo
4: if g; = 0 then

5: G=q+1
6: end if
7: end for

8: Compute £ = (Zf\il cji> — Qsum
90 L={qeS|d(q,q) =E,q; # qforc <c;}.

3.5 Complexity Analysis and Simulation Results

As highlighted in Section 3.2, the computational complexity for solving Problem 3.1 through
exhaustive search is (q“‘;(,”jl). In contrast, we have used the results from Theorem 3.3, to first
solve a relaxed version of Problem 3.2 in R” (instead of Z™), and then search for candidates in S
that are nearest to q,,;. Thus, the computational complexity of our method is dominated by the
complexity of solving the system of linear equations, and that of the algorithm used to generate
the list of candidates in S. While the complexity for the former case is O(N?), the complexity
of generating the list is at most (g), where F is the excess number of ARQs after the ceiling
operation.

To showcase the difference between the size of the list and that of the search space, we plot

them in Fig. 3.2 for several instantiations of multi-hop networks with N = 4 and N = 6. In

particular, we plot the list size both with and without incorporating the results of Theorem 3.2.
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For the former case, when subtracting one ARQ from all possible (g) positions from q, we
discard those ARQ distributions which follow the rule ¢; > ¢; whenever ¢; > c¢;. As a result,
we observe that the list size shortens remarkably after incorporating the rule of Theorem 3.2.
Based on the simulation results, we observe that the ARQ distribution which minimizes the PDP
from the list £ matches the result of exhaustive search, thereby confirming that our list indeed
encapsulates the optimal ARQ distribution of the underlying problem. Although we used high
SNR results of Corollary 3.1 to synthesize the list-decoding method, we observe that the size of

the list reduces significantly at low and medium range of SNR values as well. We attribute this

behavior to the fact that the parameters eﬁ}} and efj), for ¢ # j, satisfied eg’lj) < 0 and eg? > 0,
which in turn ensured that q,..,; satisfied the sufficient conditions of local minima. Finally, for
the parameters considered in Fig. 3.2, we also plot the corresponding PDP in Fig. 3.3 so as to

highlight the suboptimality of uniform ARQ distribution in LOS dominated multi-hop networks.

3.5.1 Simulation Results on Delay Analysis

It is well known that ARQ based strategies introduce additional delay on the packets owing to the
use of ACK/NACK. As a result, introducing ARQ strategies to support low-latency applications
may seem to contradict the motivation. However, we observe that these strategies provide benefits
in the average delay because: (i) re-transmissions are asked only if required thereby avoiding
the use of fixed block transmissions, and (ii) the loss in delay due to ACK/NACK is usually
negligible compared to the transmission time for the packet. For instance, in the LTE FDD
frame structure, the number of physical resource blocks (PRBs) used by PUCCH in the uplink to
carry ARQs is at most eight per subframe [33], and this is a small portion of the total number
of PRBs used in the downlink. To showcase these results, we present simulation results on the
end-to-end delay for the following two schemes: (i) The non-cooperative ARQ strategy, wherein

every relay is allotted ARQs by satisfying the sum constraint Zf\il ¢; = Qsum- (11) A repetition
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strategy, wherein multiple copies of the packet are transmitted on each link without having to
wait for ACK/NACK. To keep the focus on ACK/NACK, in this scheme, the transmitter of the
1-th hop sends all the ¢; packets one after the other, so that the receiver can decode using all the
packets. Using a 4-hop network to compare the above strategies, we measure the delay on every
received packet at the destination, and then a build a delay profile by computing a probability
mass function (PMF) on the delay. For the non-cooperative ARQ strategy, we use the total
delay on a packet as 1" + qvacx TN ack, Where ¢ is the total number of transmissions across
all the nodes to reach the destination, 7" is the time taken for the packet transmission each time,
qn Aack 1s the number of times NACK is sent in the network, and Ty 4¢x 1s the additional delay
introduced by NACK. Since ¢ and ¢y 40 are random variables, the end-to-end delay on each
packet is a random variable. In contrast, for the repetition scheme, the total time taken by the
packet to reach the destination is a deterministic quantity, and this is equal to gs,,, 1. To generate
the PMF, we use Tyacx = 0.17T as a representative value since the NACK overhead is usually
a small fraction of T". To justify 10% ARQ overhead for simulations, we have used the LTE
FDD frame structure for 1.4 MHz, wherein the ratio of the number of PRBs used for PUCCH in
the uplink to the number of PRBs used in the downlink is % = 0.09 [33]. We have also used
Qsum = 8 by distributing two ARQs to each node in the 4-hop network. At the top of Fig. 3.5, we
plot the PMF on the delay for various parameters of the non-cooperative ARQ strategy. The plots
show that a majority of the packets reach the destination before the deadline of 87" time units.
However, in the repetition strategy, all the packets reach the destination at 87" time units. These
results confirm that the average delay offered by the ARQ strategy is much smaller compared to
the repetition strategy, and this advantage is applicable despite using NACK. From the plots in
Fig. 3.5, it is observed that the average delay on the packet is higher for low SNR values, and
this behaviour is attributed to increased number of NACK when the SNR is low. Additional set
of plots on the average delay is also presented at the bottom of Fig. 3.5. While we have pointed

advantages in terms of average delay in Fig. 3.5, we also observe that the repetition strategy
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provides higher reliability to the packet; this is because each relay node decodes the packet using
multiple copies instead of just one copy. As a result, the PDP of the repetition strategy is much
lower compared to the ARQ strategy, as also shown in Fig. 3.5. Since the repetition strategy has
the advantage to decode using multiple copies of the packet, we note that its comparison with
the ARQ based strategy may not be fair. As a result, we present additional simulation results
using a Hybrid ARQ strategy, which is a variant of ARQ strategy. In this scheme, unlike the
ARQ based strategy, each node combines the received packet with the copy of previous failed
attempts, and then decodes the packet. In Fig. 3.5, we plot both the delay profile and the PDP of
the Hybrid ARQ scheme. The plots show that the PDP of the Hybrid ARQ matches that of the
repetition method along with substantial reduction in the average delay on the packets. Overall,
the simulation results on the delay profile confirm that ARQ based strategy does help in reducing
the average delay despite making use of NACK.

In the next chapter, we address a range of cooperative ARQ strategies to achieve ultra-

reliability and low-latency communication over a multi-hop network.

3.6 Summary

In this chapter, we have addressed a new framework to reliably communicate low-latency
packets over a non-cooperative multi-hop network dominated by line-of-sight channels. We have
specifically considered the question of how to distribute a given number of ARQs across the
relay nodes in an ARQ based decode-and-forward relaying protocol such that the packet-drop-
probability is minimized. To facilitate solving this problem with low-complexity methods, we
have derived necessary and sufficient conditions on the optimal distribution of ARQs, and have
subsequently used these conditions to propose a list-based enumeration algorithm. Simulation
results confirm that the generated list is substantially shorter than that of exhaustive search,

thereby rendering our algorithm amenable to implementation in practice.
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Figure 3.5: Simulation results using a 4-hop network with LOS vector ¢ = [0.7, 0.3, 0.1, 0.5], gsum = 8
at R = 1 and various values of SNR. At the top: Delay profile of the non-cooperative ARQ strategy
and a hybrid ARQ strategy when 7" = 1 microsecond is the time taken for packet transmission, and
Tnack = 0.1 microsecond is the time taken for NACK. At the bottom: plots on the average delay and

PDP of the non-cooperative ARQ along with that of a hybrid ARQ scheme and a repetition strategy.



Chapter 4

Cooperative ARQ Schemes in Multi-Hop

Networks

4.1 Introduction

In the previous chapter, we discussed the non-cooperative multi-hop model wherein we assumed
that every node has the knowledge of the ARQs allotted to themselves only. After allocating an
appropriate number of ARQs at each hop, we identified that there may be unused ARQs at some
hops because of the stochastic nature of the wireless channels. To circumvent this limitation, in

this chapter, we propose the following ARQ protocols for a multi-hop network:

* Fully-cumulative strategies, wherein every node is assigned a maximum number of ARQs
for packet re-transmission. In addition, every node has the knowledge of ARQs allotted to
the node from which it receives the packet, and also residual number of ARQs unused by

all the preceding nodes before it.

* Cluster-based cooperative strategy, wherein every node is assigned a maximum number

of ARQs for packet re-transmission. In addition, some nodes have the knowledge of the

38
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ARQs allotted to the node from which they receive the packet.

We show that by using the above protocols, the unused ARQs of the preceding node may be used
by the next node in the chain and thereby providing an opportunity to reduce the end-to-end PDP

! In the next section, we discuss about the fully-cumulative strategy over a multi-hop network.

4.2 Fully-Cumulative ARQ Scheme

Consider the N-hop network which contains a source node, a destination node, and a set of
N — 1 intermediate relay nodes. The underlying assumptions for the system model in this
section are similar to the non-cooperative model (as discussed in Chapter 3), wherein the LOS
vector ¢ = [cy, Ca, . . ., cy] is used to represent the LOS components of the N-hop network, and
qa=1[q,q,--.,qn] is used to represent the corresponding ARQ distribution. In contrast to the
non-cooperative model, we assume that every node has the knowledge of the number of ARQs
allotted to its preceding node. This way, the unused number of ARQs of the preceding node can
be used by the next node in the chain. Furthermore, we also assume that the packet structure
contains a dedicated portion, referred to the counter, in order to carry the residual number of
ARQs unused by all the preceding nodes in the network. We highlight that the use of the counter
in the packet structure is necessary since a given relay node cannot overhear the residual ARQs
from the upstream nodes other than the immediately preceding one. Thus, every node not only
uses the residual ARQs allotted to the preceding node, but also uses the residual ARQs of all the
nodes that forwarded the packet before it, thereby providing scope for minimizing the end-to-end
PDP. Henceforth, throughout this work, we refer to this scheme as the fully-cumulative ARQ
scheme. To explain the fully-cumulative ARQ model, suppose that the initial ARQ distribution

of the multi-hop network is represented by q = [¢1, @2, - - - , v, Where ¢ is the number of ARQs

IPart of the results presented in this chapter are available in publication [30]
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Figure 4.1: An illustrative example of 4-hop network employing (i) the non-cooperative strategy,
(i1) the one-pair based cooperative scheme, (ii1) the one-cluster based cooperative scheme, and

(iv) the fully-cumulative scheme.

allotted to the k-th link. On the first link, suppose that ¢; out of ¢; ARQs are used to successfully
transmit the packet to the next node, and as a result, qll/ =q — q'1 ARQs are unused. Since the
next node in the chain has the knowledge of ¢; as well as the number of attempts made by the
preceding node for successful transmission of the packet, it can use ¢, + ¢; ARQs to transmit
the packet to the next node. Furthermore, in order to help the next node in the chain to make use
of any residual number of ARQs, the second node encodes the number ¢, + ¢, in a dedicated
portion of the packet, referred to as the counter, and then starts transmitting the packet to the
next node. If the second node uses q'2 attempts, then the third node (which is the next node in
the chain) can use ¢3 + ¢2 + q’ll — q; number of attempts. Similarly, the third node encodes the
number g3 + ¢2 + q/ll — q; in the counter, and then starts transmitting the packet to the next node.

This way, each intermediate relay node gains additional ARQs for packet transmission by using
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* the knowledge of the number of ARQs allotted to itself,
* the number encoded in the counter portion of the packet, and
* the number of unsuccessful attempts made by the preceding node.

An example for the fully-cumulative ARQ scheme is given in Fig. 4.1, wherein all the nodes of a
4-hop network use the counter in the packet to learn the residual number of ARQs unused by
the preceding nodes in the network. In this scheme, note that as the preceding node may have
more number of ARQs than allotted to it (because of additional ARQs accumulated from its
preceding node), the next node in the chain does not know the number of attempts that would be
made by its preceding node. Therefore, a given node, upon sending a NACK to its preceding
node, will wait for the packet only for 7 amount of time. If it does not receive the packet within
7 units of time, then it implies that the preceding node has exhausted the allotted number of
ARQs, and therefore, the packet is said to be dropped in the network. It is intuitive that this
process of cumulatively adding the unused number of ARQs at each hop will reduce the PDP in
comparison with the non-cooperative strategy without changing the sum constraint on latency
Gsum = Zz]\il q;-

In the following theorem, we show that for a given ¢g,,, the strategy of transferring qg,,

ARQs to the source node minimizes the PDP of the fully-cumulative ARQ scheme.

Theorem 4.1. For an N-hop network with LOS vector ¢ = [c1,¢a, ..., cy], if the N nodes
implement the fully-cumulative ARQ scheme, then the optimal ARQ distribution that minimizes

the PDP is given by Q" = [qsum, 0, - . ., 0], where qsym = Z;VZI q;-

Proof. First, we prove the result for N = 2. With ARQ distribution q = [q1, ¢2], the PDP of the

fully-cumulative ARQ scheme is given by

PDP, = 1—]?1 (prh —j q2+] 1>7
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where the running index j captures the residual ARQs unused by the first link. Now, let us
transfer one ARQ from the second link to the first link assuming that go > 1. Therefore, with the
ARQ distribution q = [¢; + 1, ¢» — 1], the PDP is

a+1
PDP, _p1111+1 1_p1 (Zpéthl —Jj g2 1+j— 1>.

In the rest of the proof under N = 2, we will show that PDP, < PDP,. After simple

manipulations, the expression for PD P, — PD P, can be written as

PDP,— PDP, = pi* —plt 4+ (1 — p)pltp2

= pf (pl + (1 =p)p3~ t 1) :

In the above expression, since 0 < p; < 1, and 0 < p2*~ ! <1, the term p1+ (1 — pl)pgrl isa

q2—1

21 and therefore, p; + (1 — py)p? ™" < 1. As a consequence,

convex combination of 1 and p;
we have PDP, — PD P, < 0, wherein the equality holds only if ¢o = 1. Since this result is
true for any ¢; and g2 > 1, we can recursively apply the logic of transferring one ARQ from
the second link to the first link to show that the ARQ distribution [¢,, 0] is the optimal ARQ
distribution of the fully-cumulative cooperative ARQ scheme. This completes the proof of the
theorem for N = 2.

Using the hypothesis step of induction, we assume that the statement of the theorem is true
for N = k. To prove the result for N = k + 1, letq = [q1, G2, - - -, @r+1] be the ARQ distribution
across the £ + 1 nodes. Since the nodes apply the fully-cumulative ARQ scheme, we treat
the set of the transmitters of the k links including 2nd link, 3rd link, ..., (k 4 1)-th link as a
single virtual node, henceforth referred to as R2,. With that, we have a virtual two-hop network
involving the source, node R,, and the destination, wherein the source and node-v are allotted ¢,
and Qgymp = ngl ¢; number of re-transmissions, respectively. Since R, is a virtual node, the

manner in which ¢, , ARQs is internally distributed among the k constituent nodes dictates
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the probability with which the packet is dropped by the virtual node. With a total of gy, ., ARQs
allotted to the virtual node, let PD P, (qsum,») denote the probability that the packet is dropped
at the virtual node. Thus, since the source node and node R, also follow the fully-cumulative

cooperative ARQ scheme, the PDP of this two-hop virtual network is given by

q1
PDP =p" — (1 —py) (Zpgl—ﬂPDPU(qsm,v +j— 1)) : (4.1)

j=1
For a fixed p; and ¢y, the PDP expression (4.1) can be minimized by minimizing PD P, (qq,.,., +
j—1)foreach 1 < i < ¢. To help this cause, from the induction step, we know that
PDP,(q4,,,., +J — 1) can be minimized by allocating ggum,, + j — 1 ARQs to the transmitter
of the second link, and zero ARQs to the other links in the downstream. In the context of the
N-hop network, this leaves us with the question of minimizing PD P in (4.1) over the ARQ
distributions of the form [g1, ¢sum — ¢1,0,...,0] such that 1 < ¢; < gsum. Finally, towards
proving the statement of the theorem, we transfer one ARQ from the virtual node to the source

node. As a result, the updated expression of PD P, denoted by PDP,, is

q1+1
P = (1 =) (Z PP I PDP (quume — 1+ — 1)) : (4.2)

j=1
Similar to the proof for the statement of this theorem for N = 2, we will show that PDP, <
PDP. Towards that direction, the term PDFP, — PDP can be written (after some simple

manipulations) as
pt{1+1 - p(111 + (1 - pl)p({lPDPv<QSum,v - 1)
= pClﬂ (pl + (1 _pl)PDPv(QSum,v - 1) - 1) .
Note that PD P, (¢sum»—1) < 1. Furthermore, since p; < 1, the term p;+(1—p1) PD P, (qsum.o—

1) is a convex combination of 1 and PDP,(gsum. — 1). Therefore, we have the inequality

p1 + (1 — p1)PDP,(¢sum,») < 1, and this in turn, implies that PDP,, — PDP < 0. Finally,
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since this inequality can be proved for any ¢;, we can show through an iterative process that the

optimal ARQ distribution for the N-hop case is [¢sum, 0,0, . . ., 0]. This completes the proof. [

Although the above result is applicable for any N > 1, it is important to note that the
overhead of conveying the residual number of ARQs in the packet is not required when N = 2.
This is because the second node can learn the number of residual ARQs of the first node by

counting the number of unsuccessful attempts.

4.3 Cluster based ARQ Schemes

From the previous section, the fully-cumulative ARQ scheme is not applicable when some nodes
in the network do not have the knowledge of the ARQs allotted to their preceding nodes. In such
low-latency applications, only a proper subset of nodes in the network may cooperate to use the
residual number of ARQs from the preceding nodes, whereas the rest of the nodes may only use
the number of ARQs allotted to them. As a result, it is important to derive the end-to-end PDP in
such scenarios, and then solve the problem of computing the ARQ distribution that minimizes
the PDP of the network. Henceforth, throughout this chapter, we refer to such strategies as the
cluster-based ARQ schemes.

In the next two sections, we consider two variants of the cluster-based ARQ schemes: (i) the
pair-wise cooperative ARQ scheme, wherein only disjoint pairs of nodes in the path apply the
cooperative ARQ method among themselves, and (ii) the cluster-wise cooperative ARQ scheme,
wherein disjoint clusters, made up of more than two consecutive nodes, are formed to apply the

fully-cumulative ARQ scheme among themselves.
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4.3.1 Pair-wise Cooperative Scheme

Instead of incorporating the fully-cumulative strategy, we introduce cooperation among a subset
of nodes such that the end-to-end PDP of the network can be reduced with respect to the non-
cooperative case. To start with a simple version of this idea, we pair the k-th and (k + 1)-th
link, for 1 < k < N — 1, which are allotted ¢; and g, number of ARQs, respectively. This
implies that the transmitter of the (k + 1)-th link has the knowledge of ¢y, and as a result, the
residual ARQs unused by the preceding node can be used by the transmitter of the (k 4 1)-th
link. However, apart from these two nodes, the rest of the nodes in the network do not implement
cooperation. With such a simple idea, it is interesting to understand the characteristics of the
optimal ARQ distribution that minimizes the PDP of the strategy, and also answer the question of
how to compute the optimal ARQ distribution. Furthermore, this idea of pairing two nodes can
also be generalized to create at most L%J pairs such that cooperation among the nodes outside

the pairs is forbidden. Towards that direction, we define a pair-wise non-cooperative scheme.
Definition 4.1. The N-hop network is said to employ a pair-wise cooperative scheme defined by
the set P, for P C [N], where [N] = {1,2,..., N}, if it satisfies the following properties:

» Foreacha € P,wehavea+1 ¢ Panda—1 ¢ P provideda+1 € [N]anda—1 € [N],

respectively.

 For each a € P, the transmitter of the (a + 1)-th link has the knowledge of both q, and
da+1-
From the above definition, it is clear that for a pair-wise cooperative scheme with P, we have
|P| < L%J In the following theorem, we characterize the optimal ARQ distribution when a
pair-wise cooperative scheme defined by P is employed.

Theorem 4.2. For an N-hop network with LOS vector c = [c1,¢a, ..., cn|, letq = [q1, G2, - - -, qN]

be the corresponding ARQ distribution assuming that the nodes implement the non-cooperative
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scheme. Now, if the N nodes implement a pair-wise cooperative scheme defined by the set P,
then conditioned on the ARQ distribution q, the optimal ARQ distribution q* = [¢},q5, ..., qN]
that minimizes the PDP of this scheme is of the form q, = q, + Gu41 and g, = 0, for each

a € P. However, for a ¢ P such that a — 1 ¢ P, then we have g’ = q,.

Proof. First, we prove this theorem by considering the case of a pair-wise cooperative scheme
defined by the set P such that |P| = 1. This implies that out of the N nodes, two successive
nodes, say R; and R;;, for some 1 < j < N — 2, have been paired to improve the PDP of
the network. This further implies that node R, has the knowledge of ¢; as well as ¢;, and
therefore the residual number of ARQs unused by R; can be used by 1?;,;. By combining
the nodes R; and I2;;, we form a virtual node R; ;. that is connected to node I2;_; and the
node R, on either side. Note that this gives rise to a virtual (N — 1)-hop network wherein
the number of ARQs allocated to the virtual node R; ;11 is ¢; + g;j+1. With this formulation,
the question of how do these two nodes internally distribute ¢; + g1 ARQs among them is of
interest in this theorem. From first principles, the PDP of this virtual (N — 1)-hop network is
given by

Jj—2
P4 PP(L= PP+ .+ P [TT( = P9)] + PDP.g+g501) -
1

7
7—1 N-1

TIa-eo]+re[ I a=P"|-PDPg+a:)).

i=1 i=1,i#j,i#j+1

where PDP,(q; + q;4+1) represents the probability that the packet is dropped at the virtual node
after using a total of ¢; + ¢;;1 number of ARQs between them. By using the swapping results of

Theorem 3.1 on this virtual (N — 1)-hop network, we can exchange the position of the virtual
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node and the node Ry _; to obtain the same PDP, given by

j—2 j—1

P+ BP(L= PR+ P [T - P| + Py [ TTO- P9)] + .
=1 1=1
N—-1
+ PDP,(q; + g541) [ (1- P{“)]‘

i=LijiAj+1
Since the number of ARQs allocated to the other nodes in the network is fixed, we would need
to find a way to internally distribute the ARQs among the paired nodes. It is to be noted that
conditioned on q1, @2, . . ., gj—1,Gj+2, - - - , gn (Which does not include ¢; and ¢;;), minimizing
the above expression of PDP is same as minimizing P D P, (q; + ¢j+1), which is the packet drop
probability of the virtual node. However, since P D P,(q;+¢;+1) is the PDP of a two-hop network
internally formed between node-; and node-(j + 1), from Theorem 4.1, we state that the optimal
distribution to internally distribute ¢; and ¢;+; ARQs so as to minimize the PDP,(q; + ¢;+1) is
to provide all the ¢;; ARQs to the relay 17}, and then to keep zero ARQs at relay 2. This
further implies that the optimal ARQ distribution between node-j and node-(j + 1) conditioned
on the ARQ q¢1,¢2,...,Gj-1,Gj+2,---,qn 18 as followed by the statement of the theorem for
|P| = 1.
In general, when |P| > 1, the statement of the theorem can be proved using contradiction.
Suppose that the optimal ARQ distribution is such that there exists at least one pair of nodes, ?;
and R;; that satisfy the ARQ relation ¢; # 0 and g, # 0. Using the swapping results, we can

exchange the virtual node formed by R and 1?;,, with node [?x_1, and then obtain the PDP as

N—-1
Pa = qul —|—P2‘72(1 —qul) + ...+ PDPU(Qj +%‘+1)[H(1 _Piq'i):|.

i=1
Given that the ARQs for the rest of the nodes are fixed, the above PDP can be further minimized
by minimizing PDP,(q; + g;+1) by transferring all the ARQs of node R, to R;. This implies
that we can synthesize an ARQ distribution that yields PDP smaller than the optimal ARQ

distribution, which in turn is a contradiction. This completes the proof. 0
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For a multi-hop network implementing a pair-wise cooperative scheme defined by P such
that |P| = ~, let IV,,, denote the number of links in the virtual multi-hop network by forming
virtual nodes after combining the paired nodes. Furthermore, let the ARQ distribution on the
corresponding virtual /V,,-hop network be denoted by ¢1, G2, - . . , G, Wherein gy is the number
of ARQs allotted to the k-th node in the virtual N, ,-hop network, and where N,, = (N — |P]).
The nodes in this N.,-hop network can be partitioned into two groups, as [N,,| = V U V<,
wherein ) denotes the set of virtual nodes formed by combining successive pairs of nodes in the
original network. For this setup, a formulation of the optimization problem to solve the ARQ
distribution of the IV, ,-hop network is given in Problem 4.1, where p,4(P) represents the PDP of
the virtual yp-hop network obtained by using the set P.

After solving Problem 4.1, we use ¢, ¢, - . ., cj}k\,w to obtain the ARQ distribution for the
original /N-hop network by providing g; ARQs to the first node of the virtual node whenever
k €V, and zero ARQs to the other node in the virtual node. However, when k € V¢, we assign
7, ARQs to the corresponding physical node in the network. In the next section, we discuss the

idea of cluster-wise cooperative ARQ scheme.

Problem 4.1. For the virtual N.,,-hop network, where N.,,, = (N — |P

), solve

0 @ - v, =arg min_ py(P)
subject to
Qx €2,
@ =1, if k€ V°
Qx =2, ifk €V

q_1+q2+”'+q_pr = Qsum-
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4.3.2 Cluster based Cooperative Scheme

In this section, we discuss a cluster-wise cooperative scheme wherein the cooperation is among
a set of more than two successive nodes akin to the fully-cumulative scheme. As a result, there
will be additional communication-overhead since the cooperating nodes also forward the residual
ARQs in the packet, in addition to knowing the number of ARQs allotted to its preceding node.
Since we consider more than two successive nodes for cooperation, we refer to this method as
the cluster-wise cooperative scheme. In this approach, let ¢ represent the cluster size i.e., the
number of links in the cluster, and let - represent the number of such clusters in the network.
The network model of this cluster-wise cooperative model is as exemplified in Fig. 4.1. Note that
the cluster-wise cooperative scheme reduces to pair-wise cooperative scheme when ¢ = 2. The

following definition formally introduces a cluster-wise cooperative model with cluster-size ¢.

Definition 4.2. The N-hop network is said to employ a cluster-wise cooperative scheme defined

by the cluster set Cy, for C; C [N], if it satisfies the following properties:
e Foreacha € C, wehavea+1i ¢ Cifor1 <i<t—1,anda—i ¢ Ciforl1 <i<t—1.

o For each a € C,, the transmitter of the (a + i)-th link has the knowledge of q,.;_1 for each
1<i<t—1

* For each a € Cy, the transmitter of the (a + i)-th link with 0 < ¢ < t — 1 uses a counter in

the packet structure in order to convey the residual ARQs.

In the following theorem, we characterize the optimal ARQ distribution when a cluster-wise

cooperative scheme, defined by C;, is employed.

Theorem 4.3. For an N-hop network, let q = [q1, o, - - ., qn] be the ARQ distribution on the
nodes. If the N nodes implement a cluster-wise cooperative scheme defined by the set C;, then

conditioned on the ARQ distribution q, the optimal ARQ distribution q* = (¢}, G5, - . ., qx]| that
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minimizes the PDP is of the form q; = Zf;é giand q, ., = 0, for 1 < i <t — 1. However, for

a ¢ Cy such that a — i ¢ Cy, for 1 <i <t — 1, then we have ¢¢ = q,.

Proof. The statement of this theorem can be proved along the similar lines of Theorem 4.2.
However, instead of forming a virtual node by combining two nodes, we form a virtual node by

combining a set of ¢ successive nodes that form a cluster. [

For a multi-hop network implementing a cluster-wise cooperative scheme defined by the
set Cy, let the ARQ distribution of the corresponding virtual IV, .-hop network be denoted by
@i, G, ---,qn,., where N, = (N + |C|(1 — t)), and g, is the number of ARQs allotted to
the transmitter of the £-th link in the virtual /V,.-hop network. Furthermore, the nodes in this
N, .-hop network can be partitioned into two groups [N,.] = V U V°, wherein V denotes the set
of virtual nodes formed by combining ¢ successive nodes in the network, and V¢ denotes the
set of physical nodes that do not participate in cooperation. A formulation of the optimization
problem to solve the ARQ distribution of the IV, .-hop network is given in Problem 4.2, wherein
pa(Cy) represents the PDP of the V., .-hop network defined by the set C;.

After solving Problem 4.2, we use ¢}, 5, - - - q‘}*vw to obtain the ARQ distribution for the
original /N-hop network by providing g; ARQs to the first node of the virtual node whenever
k € V. On the other hand, when k& € V¢, we provide ¢; number of ARQs to the corresponding
physical node.

Note that our approach of solving the problem for both pair-wise cooperative and cluster-
wise cooperative schemes are similar. However, their implementations are different since the
cluster-wise cooperative scheme necessitates sharing the residual number of ARQs among the
nodes in the cluster through the counter embedded in the packet. On the other hand, the idea of

pair-wise cooperative scheme does not require additional overheads in the packet.



51

Problem 4.2. For the virtual N.,.-hop network, where N.,. = N + |C;|(1 — t), solve

0 Qs - - .cj}“vw =arg  min  py(Cy)

@1,G20- AN
subject to
Qr €4,
Qe 21, ifk € V°
QG 2t ifk €V

(jl+q_2+'--+QNA,C = Gsum-

4.3.3 Algorithm for the Cluster based Cooperative ARQ Scheme

In this section, we present an algorithm to compute a near-optimal ARQ distribution for the
cluster-wise cooperative scheme. As a special case, when ¢ = 2, this algorithm is also applicable
for the pair-wise cooperative scheme. Similar to our algorithm for the non-cooperative scheme
(as discussed in Chapter 3), our approach is to generate a list of ARQ distributions that are
contenders for the optimal ARQ distribution.

Our algorithm solves Problem 4.2, wherein the original N-hop network has been reduced
to a virtual NV, .-hop network comprising L, virtual nodes and L, physical nodes. Due to the
presence of virtual nodes, we immediately notice that the probability that a packet is dropped at a
virtual node is coupled with the number of ARQs in a manner different from that of the physical
nodes. Therefore, when attempting to compute the list of ARQ distributions for the N, .-hop
network, first we fix the ARQ numbers on the virtual nodes with the constraint that (i) g, > ¢
for each £ € V, and (ii) Zkev @k < Gsum — Lp. Subsequently, for each combination of ARQs

given to the virtual nodes, we obtain a list of ARQ distributions on the physical nodes using the
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low-complexity algorithm proposed for the non-cooperative case. A detailed description of our
approach to generate a list of ARQ distribution for the cooperative scheme is given in Algorithm
2. For the sake of description, our algorithm assumes that the first L,, links of the network do not
cooperate, while the rest of the links are grouped into 7 clusters each containing ¢ links.

Out of the ¢, ARQs, we assign a total of ¢. ARQs to the L, virtual nodes, where tL, <
de < Qsum — Ly (see line 2). This is because a minimum of one ARQ must be allotted to each

of the physical nodes, and a minimum of ¢ ARQs must be allotted to each of the virtual nodes.

Towards finding the ARQ distribution for the L,, physical nodes, we define d, g = }Zi Ilji for

a # [ and o, § € V°. With that, the task of obtaining ARQ distribution with integer constraints

can be approached by first solving the system of linear equations A ,qy et = b, in RY?, where

1 =dyy, 0 0 ... 0 0

0 1 —dyz3 0 ... 0 0
Ap: )

0 0 0 .o oo 1 —dg, g,

1 1 1 R | 1

Qpreal = 01, G2, - - -, qr,]" and b, = [0,0,...,0, (¢sum — ¢)|", where g, is the total number of
ARQs allotted to the L, virtual nodes. Subsequently, for the physical nodes, an ARQ solution in
R*» can be obtained as qprear = A, by, as long as A, is full rank (see line 4). Using qp rea,
we use techniques similar to the non-cooperative case to force a solution in the search space
satisfying the sum constraint. Specifically, as shown from line 5 of Algorithm 2, each component
of qp rcq 18 forced to be a positive integer using the ceiling operation, and then unnecessary
number of ARQs are removed from £, locations such that the sum constraint on the ARQs
on the physical nodes is satisfied. By subtracting one ARQ from each of the F, locations,

we create a list of ARQ distributions on the L,, physical nodes, denoted by L;j (see line 12).
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Algorithm 2 List Generation Algorithm for the cluster-based cooperative ARQ Strategy

Require: A,, by, Goum, ¢ = [c1,¢Co,...,cp, ), t, Ly, Ly

Ensure: L, C S - List of ARQ distributions in S.
1: £final = (b
2: for g. =tL, : (¢sum — Lp) do

3:

4.

5:

10:

11:

12:

13:

14:

15:

16:

17:

18:

Assign b, = (0,0, ..., sum — ¢c)-
Compute qpreqt = A, 'b,.
Compute &, = [ el
forj=1:L,do
if g, ; = 0 then
Ipj = dpj T+ 1
end if

end for

Compute E, = (Zfzpl dp,z) — (@sum — )

/ Lp ~
'Cp = {ap € Z" | Zaevc Gpo = Gsum — Ge, A(Ap, Ap) = Ep, Gpa # qppforcg <

Co S, B €V}

Ly={ay €ZY" | Yoy tva = Ger Qoo > t fora € V}
for jy =1:|L | do
for j, =1:|L,| do
Insert [ﬁ;(j1)||[,;(j2)} into L final
end for

end for

19: end for
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Meanwhile, we generate another list, denoted by £, , comprising the ARQ distributions on the
virtual nodes satisfying the sum constraint, dictated by the running index g¢. (see line 13). This
way, a list of ARQ distributions for the virtual N, .-hop network, denoted by L f;,,4;, is generated
by considering all possible ARQ distributions on the virtual nodes (see line 14 to line 18). In line
16, the symbol || denotes the concatenation operation. Finally, the PDP of the virtual N,.-hop
network is computed for each of these distributions in L;,,;, before picking the one which
results in minimum PDP.

Since the ARQs on the physical nodes is solved using linear system of equations, aided by
simple heuristics to satisfy the integer and sum constraints, we point out that the complexity of
our approach is dominated by the total number of ARQ distributions that can be allotted to the
virtual nodes. A detailed discussion on the complexity of our algorithms is presented in the next

section.

4.4 Complexity Analysis and Simulation Results

In this section, we present simulation results to showcase the performance of the pair-wise
cooperative scheme, cluster-wise cooperative scheme, and the fully-cumulative models. We
compare these schemes in terms of the end-to-end PDP, and also in terms of the computational

complexity of the underlying algorithms used to compute the near-optimal ARQ distribution.

4.4.1 Pair-wise Cooperative ARQ Scheme

We present the performance of the pair-wise cooperative ARQ scheme by incorporating both
one-pair and two-pair cooperation. For the one-pair cooperation approach, i.e., |P| = 1, we
choose a pair of consecutive links wherein the number of unused ARQs of given link is used by

the next link in the pair. In Fig. 4.2, we plot the PDP for a 4-hop network with the LOS vector
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¢ = [0.6,0.8,0.2,0.5] by pairing the last two links. Note that the optimal ARQ distribution
for this strategy is of the form [q1, g2, g3 + ¢4, 0]. To showcase the advantages with respect to
the non-cooperative scheme, we plot the PDP for different values of ¢,,,, and SNR. For each
combination of ¢, and SNR, the optimal ARQ distribution is obtained using Algorithm 2
as discussed in Section 4.3.3, wherein the input to the algorithm is a virtual 3-hop network
containing one virtual node (L,, = 1) and two physical nodes (L, = 2). The plots presented
in Fig. 4.2 confirm our theoretical results that the PDP of the network significantly reduces in
comparison with the non-cooperative scheme.

For the above mentioned simulation parameters, we plot the PDP in Fig. 4.3 after employing
the ARQ distribution obtained by Algorithm 2 as well as the exhaustive search method. Note
that the exhaustive search method in this context is the one applied on the virtual 3-hop network
along with the constraint that the virtual node is given at least two ARQs. The plots show that
our list generation algorithm provides near-optimal solution for all the considered values of
qsum- Finally, the complexity of the list generation algorithm for the one-pair cooperative ARQ
scheme is also presented in Fig. 4.4 to showcase the difference in the list size with respect to the
exhaustive search method.

Similar to the one-pair scheme, we present the performance of a two-pair cooperative ARQ
scheme, wherein two pairs of non-contiguous links are formed thereby resulting in two virtual
links. To showcase the results, we use N = 5 with the LOS vector ¢ = [0.4,0.6,0.8,0.1,0.3],
and then pair the first two and the last two links to form a virtual 3-hop network. In other words,
the transmitter of the second link has the knowledge of ARQs given to the source node, and
the transmitter of the fifth link has the knowledge of the ARQs allotted to that of the fourth
link. For this configuration, we present the PDP of the network in Fig. 4.5 against different
values of ¢s,,, and SNR. To compute the PDP for each combination of ¢s,,, and SNR, we use
the proposed list-based algorithm to generate the ARQ distribution. The plots confirm significant

improvement in the PDP as we transition from the non-cooperative scheme to the two-pair



56

N=4

[a M Ny, =3 (P
-20 | P

E1 0 last two links)
= Cooperative with 1p (10 dB) "0
~@-Non-cooperative (10 dB)
10730 -+ Cooperative with 1p (20 dB)
~@-Non-cooperative (20 dB) +
w4+ Cooperative with 1p(30 dB)
~@-Non-cooperative (30 dB)

1 0-40 n
10 15 20 25 30

Gsum

Figure 4.2: Plots depicting the improvement in the PDP when using a one-pair (1p) cooperative

scheme.

cooperative scheme on this network. We also observe that the two-pair scheme outperforms the
one-pair scheme, wherein only the last two links are paired to cooperative use the residual ARQs.
This behavior is attributed to the fact that packet drop probability at the second link reduces
owing to the use of residual number of unused ARQs at the source node. We highlight that the
optimal ARQ distribution for the one-pair and the two-pair fully-cumulative scheme are of the
form [q1 + ¢2, 0, g3, qa + g5, 0], and [q1, G2, g3, ¢a + g5, 0], respectively.

In the rest of this section, we quantify the computational complexity of the proposed list-
based algorithm that is used to search the ARQ distribution for the pair-wise cooperative ARQ
scheme. In the context of the non-cooperative ARQ scheme, it is well known that computational
complexity of finding the optimal ARQ distribution through exhaustive search is (qsﬁzl).
However, in the case of the pair-wise cooperative scheme, the computational complexity of the
exhaustive search method is upper bounded by (q];:’;fll), where V., is the number of nodes
in the virtual network such that |P| = +. To present the complexity numbers of the one-pair

cooperative ARQ scheme, we plot the list size generated by our algorithm in Fig. 4.4 as a
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Figure 4.3: Plots depicting the PDP of the one-pair (1p) scheme when the ARQ distribution is

computed using exhaustive search and the proposed algorithm.

function of ¢, for N = 4. The plots show that the list size is significantly shorter than the
exhaustive search method. Note that in this context the exhaustive search method is on the virtual
network containing three nodes with the constraint that each virtual node must be given at least
two ARQs. Similar results on the complexity can also be presented for the case of two pairs
with N = 5. In such a case, the list size is equal to the complexity of the exhaustive search on a

three-hop network with the constraint that each node is given a minimum of two ARQs.

4.4.2 Cluster based Cooperative ARQ Scheme

We present the performance of the cluster-based cooperative scheme, and compare its PDP
with that of the non-cooperative strategy. In this context, cluster refers to a set of more than
two consecutive links that share the residual number of ARQs with the next node in the cluster.
To showcase the results on PDP, we consider a 6-hop network with the LOS vector ¢ =

[0.8,0.4,0.7,0.4,0.2,0.5]. First, we form a single cluster containing three nodes by combining
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Figure 4.5: Plots depicting the improvement in the PDP when using a two-pair (2p) cooperative

scheme.

the last three links of the network. As a result, the optimal ARQ distribution for this strategy
is of the form [q1, g2, g3, @4 + @5 + G, 0, 0]. Similarly, we form two disjoint clusters containing

three nodes within each cluster, wherein the first cluster is formed by combining the first three
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Figure 4.6: Plots depicting the improvement in the PDP when using a cooperative strategy with

one-cluster (1c¢) scheme by combining 3 links.

links of the network, whereas the second cluster is formed by combining the last three links
of the network. As a result, the optimal ARQ distribution for this strategy is of the form
1 + g2 + ¢3,0,0,q94 + g5 + ¢6,0,0]. In Fig. 4.6, we compare the PDP of the one-cluster
cooperative scheme against the non-cooperative strategy for various values of ¢,,, and SNR.
The plots confirm that the one-cluster strategy provides significant improvement in the PDP.
Furthermore, the PDP of the two-cluster cooperative scheme is also presented in Fig. 4.8, which
displays further improvement over the non-cooperative strategy.

Similar to the pair-wise cooperative strategy, we quantify the computational complexity of
our list-based algorithm in order to find the near-optimal solution for the cluster-wise cooperative
ARQ scheme. Based on the nature of the proposed list-based algorithm, it is clear that the
complexity is dominated by the number of virtual nodes that arises due to the clustering process.
In particular, the computational complexity of the cluster-wise scheme is upper bounded by

( ) Zf“&m Ly ( 1 ) where L, is number of virtual nodes, L, is number of physical nodes



60

10° ‘ —
4 Exhaustive search with 1¢| .
o ~©-LIST generation with 1¢ ot
o | =
2 i
E N=T
z + "Ni. = 4 (Clustered last three
= 102 links )
3 b c=1[0.8,0.4,0.7,0.4,0.2,0.5]
s [ SNR=10dB .
£ L B o
S + e
O | g
e
10'® : : :
10 13 16 19 22

Gsum
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links.

10° 10° —— 102 ——
~+Coopertaive with 2c ~+-Cooperative with 2¢c oS ~+-Cooperative wih 2¢
G, -@-Non-cooperative Lo S—— ~@-Non-cooperative RoX Non—cooperatiye
10-2 e, e "G 10_4 ........ 0
"""""""""""""" ..
b Lo T ) ., L0 o iy
al o = o P o+
Q10 ., Q10 ., Q10
........ a g o
¢ =[0.8,0.4,0770.4,0.2,0.5] c—[080407040205] c7[08040704020u]
6||SNR=10dB ", SNR=20 dB '+v.‘,, 8 SNR 30 dB .,
107y =6 ... N=6 10 —6 4.
Ny, = 2 (Clustered first thlee o Ny = 2 (Clustered first thlee - g sz = 2 (Clustered first three ~~~~ +
links and last three links) links and last three links) links and last three links)
8 10 -10
10 10 10
12 14 16 18 20 8 10 12 14 8 9 10 11
(Jsurrz qS“’lﬂ qSU”l

Figure 4.8: Plots depicting the improvement in the PDP when using a cooperative strategy with

two-cluster (2c) scheme wherein each cluster is formed by combining 3 links.

that do not cooperate, ¢ is the number of nodes in each cluster. To present the complexity
numbers, we plot the list size generated by our algorithm in Fig. 4.7 as a function of qg,,. The
plots show that the list size is significantly shorter than the exhaustive search method. Note
that the exhaustive search method is on the virtual network containing four nodes with the
constraint that each virtual node must be given at least ¢ = 3 ARQs. In general, the list size of

the exhaustive search method on the virtual network is upper bounded by (q“”” 1) where IV, is
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Figure 4.9: Complexity of the cooperative strategy with with two-cluster (2c) scheme wherein

each cluster is formed by combining 3 links.

the number of nodes in the virtual network such that |C;| = ~. Similar results on the complexity
are also presented in Fig. 4.9 for the case of two clusters. In this case, the list size is equal to the
complexity of the exhaustive search on a two-hop network with the constraint that each node is

given a minimum of ¢ = 3 ARQ:s.

4.4.3 Fully-Cumulative ARQ Scheme

We present the PDP of the fully-cumulative scheme for a 4-hop network with LOS vector
c = [0.7,0.3,0.1,0.5]. Owing to the underlying protocol, each node in the network has the
knowledge of the number of ARQs of the preceding node. In addition, the packet structure
contains a dedicated portion to carry the residual number of ARQs unused by all the preceding
nodes. The plots on the PDP of the fully-cumulative scheme are shown in Fig. 4.10 for
various values of ¢, and SNR. Furthermore, the PDP of the non-cooperative scheme, one-pair
cooperative scheme (by pairing the last two links), and the one-cluster cooperative scheme (by

combining the last three links to form a cluster) are also presented in the same figure. Note that the
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Figure 4.10: Plots depicting the improvement in the PDP when using a fully-cumulative strategy

wherein one cluster is formed by combining all the links in the network.

optimal distribution for the fully-cumulative scheme, the pair-wise scheme and the cluster-wise
scheme are of the form [gsym, 0,0, 0], [¢1, ¢2, ¢3 + ¢4, 0], and [q1, g2 + g3 + g4, 0, 0], respectively.
The plots confirm that the fully-cumulative ARQ scheme is best in terms of minimizing the PDP
among the schemes under comparison. However, this scheme is accompanied by a marginal
increase in the communication-overhead owing to the use of a counter to carry the residual

number of ARQs.

4.4.4 Delay Analysis of Cooperative ARQ Strategies

We recall that the cluster-wise cooperative scheme and the fully-cumulative scheme require a
counter in the packet in order to convey residual number of ARQs of the preceding nodes in
the chain. In terms of communication-overhead, the additional space for conveying residual

ARQs is negligible as the counter takes at most 102, (gsu,) bits. In terms of delay-overhead,
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the cluster-wise cooperative scheme and the fully-cumulative scheme are such that each node
in the cluster (or the chain) needs to update the counter only once; this is when the packet is
successfully decoded. Therefore, there is no additional delay at each node. To capture the delay
profiles of all the four cooperative ARQ strategies in Fig. 4.10, we use simulation results to
compute the PMF on the delay of the received packets when the schemes are implemented on
a 4-hop network with LOS vector ¢ = [0.7, 0.3, 0.1, 0.5]. To generate the results, we use
the optimal ARQ distribution with ¢, = 8, R = 0.5, and 1, and SNR = 10 and 20 dB. With
T = 1 microseconds denoting the time taken for each packet transmission (including the time
taken for ACK/NACK), we fix the deadline for the packet to reach the destination as g, 7" = 8
microseconds. The PMFs that are generated using simulations are presented at the top of Fig.
4.11, which shows that the average delay offered by all the four schemes are less than the
deadline. We also note that the fully-cumulative scheme incurs marginal increase in the average
delay (at most 2%) as it consumes more number of re-transmissions to minimize the PDP.

For the rest of this section, we study the delay-overhead introduced by the cooperative
ARQ strategies in Fig. 4.10 especially capturing the overhead in updating the counter at every
node. Suppose that the counter portion of the packet is encrypted by every node to maintain
confidentiality from eavesdropping. Then when the packet is successfully decoded at a relay node,
it has to apply a suitable crypto-primitive to decrypt the counter portion of the packet. As a result,
an additional delay is introduced on the packet. Given that this delay depends on the crypto-
primitive architecture, we introduce a computation delay of 7. microseconds. Since the delay
introduced on the packet for each transmission is 7' = 1 microsecond (including ACK/NACK),
we study the effect of crypto-primitives by choosing 7. = a1’, where o = 0,0.1,0.5, and 1.
If the effect of « is not considered when designing gs.,.,,, then there is a non-zero probability
that some packets may reach the destination beyond the deadline. Therefore, instead of solely
focusing on PDP, we introduce a new metric referred to as probability of deadline violation

(PDV), which is defined as the probability that the packets either get dropped in the network or
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do not reach the destination before the deadline. At the bottom of Fig. 4.11, we plot the PDV
of the four schemes as a function of « for a 4-hop network with different parameters as chosen
for the left side of Fig. 4.11. Since ¢s,,, = 8, the deadline for packets to reach the destination
is 8 microseconds. The plots confirm that: (1) The PDV of the non-cooperative strategy and
the pair-wise cooperative strategy do not change with « since counter is not used in the packet.
(i1) The PDV of the cluster-wise cooperative scheme and the fully-cumulative ARQ scheme
increases with increasing values of «; this is because some of the nodes make use of the counter
in the packet. (ii1) The worst hit is the fully-cumulative scheme since every node has to open
the counter, thereby adding significant delay to the packet. Overall, the simulation results at the
bottom of Fig. 4.11 show that cooperative strategies outperform the non-cooperative strategy
when the overhead in updating the counter is small. However, as the computational overhead
in updating the counter increases, the performance of the cluster-wise and fully-cumulative

strategies degrade.

4.5 Summary

In this chapter, we have studied several cooperative ARQ protocols to facilitate reliable and
low-latency communication of messages over a line-of-sight dominated multi-hop network. We
have characterized the PDP of these cooperative protocols, and have addressed the problem of
minimizing their PDP under the sum constraint on the number of ARQs allotted to the nodes
in the network. In this context, the sum constraint captures the bound on the time taken for the
total number re-transmissions in the multi-hop network. We highlight that the fully-cumulative
ARQ scheme offers the lowest PDP among the other schemes. However, this scheme requires
every node to have the knowledge of the ARQs allotted to its preceding node, and also requires
a counter in the packet, which is used to embed the number of unused ARQs by all preceding

nodes.
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Figure 4.11: Simulation results using a 4-hop network with ¢ = [0.7, 0.3, 0.1, 0.5], gsum = 8 at various
values of R and SNR. At the top: Delay profiles of the proposed schemes when 7" = 1 microsecond is the
time taken for packet transmission each time in the network. At the bottom: plots on PDV as a function of
a, where « captures the complexity parameter to update the counter. The legends “NC", “1p", “1c" and
“FC" represent the non-cooperative, one-pair cooperative, one-cluster cooperative, and fully-cumulative

strategies, respectively.
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In the fully-cumulative scheme, if the counter is not used, then this will give rise to a new
form of cooperative ARQ scheme, wherein every node can use the residual ARQs only from the
preceding node, but not the residual ARQs from all the previous nodes. This new form of the

cooperative strategy will be discussed in the next chapter.
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Chapter 5

Semi-Cumulative ARQ Sharing Strategies
in Multi-Hop Networks

5.1 Introduction

Although the framework of non-cooperative strategy attempts to reduce the PDP by imposing
latency-constraints in the form of an upper bound on the total number of ARQs, we observe that
the non-cooperative strategy has a fundamental limit with which the PDP can be minimized.
Also, if the counter is not employed in the fully-cumulative scheme, a new cooperative ARQ
scheme will emerge in which each node can only use the residual ARQs from the preceding node
and not the residual ARQs from all previous nodes. Motivated by these observations, in this
chapter, we explore whether an ARQ based DF strategy can be proposed with cooperation among
the relay nodes to further increase the reliability with no relaxations on the latency constraints on
the packets. Towards that direction, we make the following contributions in this chapter ':

1) Under the class of ARQ based DF strategies for multi-hop networks, we propose a cooperative

'Part of the results presented in this chapter are available in publications [34,35]

68
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ARQ model, referred to as the semi-cumulative ARQ based DF strategy, wherein each transmitter
in the network has the knowledge of the number of ARQs allotted to its preceding node in addition
to the number of ARQs allotted to itself. We show that this cooperative framework assists a relay
node in borrowing unused ARQs from the preceding node thereby increasing the reliability of
the packets with no compromise in the latency constraints. We highlight that the benefits offered
by the proposed cooperative strategy does not accompany additional overheads since every node
only needs to count the number of failed attempts when decoding the packet received from the
preceding node (see Section 5.2).

2) For the proposed semi-cumulative ARQ based DF strategy, we address the problem of
computing the optimal ARQ distribution that minimizes the PDP subject to a sum constraint on
the total number of ARQs. Towards that direction, first, we use the Fibonacci series to derive
closed-form expressions on the PDP of the semi-cumulative strategy for arbitrary N and gy,
and then formally prove that the proposed strategy outperforms the non-cooperative strategy (as
discussed in Chapter 3). We highlight that the task of deriving the PDP expression is a non-trivial
contribution owing to the memory property introduced by the idea of borrowing unused ARQs
of the preceding nodes (see Section 5.3).

3) To solve the PDP minimization problem, first, we prove that the problem of computing the
optimal ARQ distribution for an N-hop network can be reduced to the problem of computing
the optimal ARQ distribution for an (N — 2)-hop network, thereby showcasing a substantial
reduction in the complexity (see Section 5.4). Subsequently, generalizing the reduction approach,
we propose two classes of low-complexity algorithms that can be used to compute near-optimal
ARQ distributions for any /N-hop network (see Section 5.5). We also present extensive simulation
results to showcase the efficacy of the proposed algorithms in terms of PDP reduction as well as

computational complexity (see Section 5.6).



70

5.2 Semi-Cumulative Multi-Hop Network

Consider an /N-hop network, as shown in Fig. 5.1, wherein a source node intends to communicate
its messages to a destination through a set of N — 1 relay nodes that operate using an ARQ
based DF strategy. In this model, the multi-hop network is characterized by the LOS vector
¢ = {c1,¢2,...,cn} and the ARQ distribution q = {q1,¢2,...,qn}, such that ¢; € [0,1]
represents the LOS component of the fading channel of the i-th hop and ¢; represents the number

of re-transmissions allotted to the transmitter of the i-th hop, for 1 < ¢ < N. Formally, let

q1,C1 q2,C2 gN—-1,CN—-1 qN,;CN
h U | U

Figure 5.1: Illustration of an N-hop semi-cumulative scheme with channels dominated by LOS

components.

S C CX denote the channel code employed at the source node of rate R bits per channel use,
ie., R = 3 logy(|S]). Let x € S denote the packet (traditionally referred to as a codeword)
transmitted over the multi-hop network such that %EHXP] = 1. When x is transmitted over
the i-th link, for 1 < 7 < N, the corresponding received signal after K channel uses is
given by y; = h;x +n; € CK, where h; is a quasi-static Ricean fading channel given by
h; = \/%_1(1 +1)+ %gi, such that . = /1, g; is distributed as CA/(0, 1), n; is the additive
white Gaussian noise (AWGN) vector at the receiver of the i-th link, distributed CA (0, 0%I ).
We assume that the receiver of each link has perfect knowledge of its channel, however, there
is no knowledge about the channel at the transmitter side. Furthermore, it is possible that the
instantaneous mutual information of the channel may not support the transmission rate R? as
the channel realization h; is random and does not change over K channel uses. Therefore, if

the mutual information of the channel is less than the transmission rate, then the receiver will
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not able to decode the packet correctly, and this event is referred to as the outage event whose

probability is given by 2

L
P = Prob(R > log, (1 + |hi|2a)) —F, ( . ) , (5.2)

where o« = = is the average signal-to-noise-ratio (SNR) of the i-th link, F;(z) is the cumulative

2, defined as F; <2 _1> =1-Q1| 4/ 12‘:; @/2(21 ) , such that

Q1(+,-) is the first-order Marcum-Q function. Owing to the above mentioned outage events,

a transmitter of the ¢-th hop is allotted ¢; number of re-transmissions in order to successfully
forward the packet to the next node in the network. Despite using this ARQ based DF strategy, if
a transmitter is unable to transmit the packet within ¢; number of ARQs, then the packet is said
to be dropped in the network. Since the packet can be dropped at any hop of the network, we use
PDP as the reliability metric of interest, which is defined as the fraction of packets that do not
reach the destination.

To achieve higher reliability than the ARQ based DF protocol in [29], we propose the

semi-cumulative model, as shown in Fig. 5.1, wherein every intermediate relay node can use

’In the regime of asymptotic block-lengths, i.e., K — oo, this event completely characterizes the decoding
error probability of the ¢-th hop, denoted by P;. In particular, with asymptotic block-lengths, P; would be
Prob (R > logy (1 + |hi\2a)), where v = ; is the average signal-to-noise-ratio (SNR) of the i-th link. However,
in the regime of non-asymptotic block-lengths, i.e., when K < oo, the corresponding non-asymptotic decoding

error probability, as derived in [28], can be computed as

K
P = /]R Q ( (O - R)) i, (T3)dT, 5.1)

where I'; = |h;|?c is the instantaneous SNR of the wireless channel in the i-th hop, fr, (.) is the probability density
function of the instantaneous SNR I';, C(T";) = log,(1+T';) is the Shannon channel capacity, V/(I";) = (I'; /2)(T; +
2)/((T; + 1)?)log3e is the back-off factor for finite block-length, and finally, Q(z) = (1/v/27) L e~ du. Note
that the expression in (5.1), which is derived using the achievable rates in [32], is applicable for any K, and it

collapses to the asymptotic outage probability expression as a special case when K — co.
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residual ARQs unused by its previous node in the chain. This simple idea stems from the fact that
although ¢; re-transmissions are allotted to a transmitter, the actual number of re-transmissions
can be less than ¢; owing to the stochastic nature of the wireless channel. To facilitate this, we
assume that every node has the knowledge of the number of ARQs given to its preceding node
in addition to the ARQs allotted to itself. Since a given node can use unused ARQs from its
previous node, the total number of ARQs used by it can be more than the number of ARQs
allotted to it. As a result, the next node in the chain, despite knowing the number of ARQs
allotted to its preceding node, does not know how long to wait for the successful transmission
of the packet. To fix this, each intermediate node will have to wait for a fixed amount of time
to receive the packet from its previous node beyond which the packet is said to be dropped
in the network. Unlike the non-cooperative strategy of [29], in this method, an intermediate
node can get more re-transmissions than the number of allotted to it just by listening to the
number of failed attempts of the preceding node. Although each relay node is allowed multiple
transmissions (including the number of unused ARQs of its preceding node) to communicate
the packet to the next node, there is a non-zero probability with the packet is dropped in the
network since the sum of the ARQs allotted to all the nodes in the network is bounded, i.e.,
Zf\il ¢ = qsum- Henceforth, we denote the PDP of the semi-cumulative ARQ based DF strategy
by pdps. v, where sc in the subscript highlights the semi-cumulative scheme, and N denotes
the number of hops in the network. Thus, in order to provide reliability along with low-latency

constraint on the packets, in this chapter, we propose to solve Problem 5.1, as shown below.

Problem 5.1. For an N-hop network with a given LOS vector c, a given SNR o = 0—12, and a

given Qgym, solve

* * * .
41z, --qy = arg  min  pdpse, N
q1,92,.-.-qN
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subjectto q; € Zy Yi,q; > 0 fori > 2,¢;41 # 0if ¢ = 0 or 1, and Zi]ilqi =
Qsum, where i € {1,2,... N}.

Towards solving Problem 5.1, in the next section, we derive an expression for the PDP of the
semi-cumulative scheme, and then formally prove that the semi-cumulative scheme outperforms

the non-cooperative ARQ strategy in [29].

5.3 PDP Expression of Semi-Cumulative Scheme
Theorem 5.1. The PDP expression for an N-hop semi-cumulative scheme is given by
N-1
pdpsen = PP+ (1= P)PEF+ ...+ [[ (1 — P) PR Fy, (5.3)
i=1

where F}, for 2 < j < N, is a function of P, P», ..., P,y (as givenin (5.2)) and q1, g2, . . ., qj—1

that can be computed using Fibonacci series.

Proof. For a 2-hop network, the PDP expression, denoted by pdps. 2, can be written as pdps.o =
PApse.in + pdpseon, Where pdpse1, = P and pdpgeon = (1 — Pl)PQQQ( Fa qul_ipzi_l)
represent the probability that the packet is dropped at the j-th hop for ;7 € {1,2}. From the
definition of the semi-cumulative scheme, the first node does not have any preceding node to
borrow ARQs whereas the second node can borrow unused ARQs from the first node. In the
expression for pdps. op, the term Z?; Pfl_iPzi_l, henceforth referred to as 592), captures the
probability that the packet is dropped in the second link despite using the residual ARQs from
the first link. These types of terms are known as external borrowing ARQ terms. In short, we
can rewrite pdps. s as pdps.o = P{* + (1 — Py)Ps? Fy, where Fy = [3’,(51’2). Similarly, the PDP

expression for a 3-hop network can be written as pdp. 3 = pdpsc,in + Pdpse.2n + PAPse 31, Where

q1 q2 q1 i—2
pipean = (1= P = Popy (S pr) P ie o p )
=1 i=1 i=1 k=0
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captures the probability that the packet is dropped at the third link. In the above expression, the
term (37, P71 (302, P7'Pi!) represents the probability that the second node passes the
packet without using the residual ARQs from the first node, whereas the third node makes use of
all the residual ARQs of the second node. Here, 3 = ( ) P{“_i) 1s referred to as the no bor-

23 A i i1 .
w0 £ 5% PPl s the external borrowing term

rowing term from the first node, whereas /3
as defined in the two-hop case. Along the same lines, the term 3% £ "% P~ 2;20 Ptk
represents the probability that the second node passes the packet to the third node after using all
the residual ARQs of the first node. We refer to this term as the internally borrowing term. In

short, the PDP expression for the three-hop can be written as
pdpsqg B qul + (1 — Pl)PQQQFQ + (1 — Pl)(l — PQ)P??BFg,

where F, = 5;31,2) and F5 = ﬁz(vl) ﬁg’g) + 5}1’2). In general, the PDP expression for an /N-hop
network can be written as pdps. N = pdpsc,1n+pdpscon+. . .+ pdpse, nn, Where pdpge vy, captures
the probability that the packet is dropped in the last link. This implies that the packet has survived
through the first set of N — 1 nodes. Among the preceding N — 1 nodes, a node passes the packet
to its next node either by using a number of attempts within its allotted ARQs without having
to use the residual ARQs of the preceding node, or by using a number of attempts exceeding
the ARQs allotted to it, however, by using the residual ARQs of the preceding node. We shall
denote these two possible ways as state 0 and state 1, respectively. This implies that the packet
can reach the penultimate node wherein all possible states taken by the first N — 1 nodes comes
from the space {0,1}"~!. Although the number of such sequences is at most 2=, not all
those sequence states are valid in our case. This is because the first node in the network cannot
take state 1 because it has no preceding node to borrow the ARQs. Similarly, given that the
underlying protocol is of semi-cumulative nature, node-j, for j > 2, cannot forward the packet in
state 1 if node-(j — 1) has already forwarded the packet in state 1. This is because node-(j — 1)

has used more ARQs allotted to it, and therefore, node-j does not have any residual ARQs
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V=1 we cannot have

to its advantage. This implies that among all possible sequences {0, 1
consecutive ones. This further implies that the total number of ways in which the packet arrives
at the penultimate node is equal to the number of binary sequences of length N — 2 that have
no consecutive ones. Henceforth, let us refer to this number as F'B(/N — 2). Let us call the
set of such binary sequences as F 3 _». In order to use it to obtain the ways in which packets
survive till the penultimate node, we pick x € FBx_», and then obtain a new sequence of length
N as x' = [0 x 0] if the last digit of x is 1. Similarly, we have x’ = [0 x 1] if the last digit of
x is 0. The above changes are applicable because the first bit of x’ has to be zero because of
the first node, and moreover, if the (N — 1)-th position is zero, that means the N-th node can
make use of its residual ARQs. However, on the other hand, if the (/N — 1)-th position is one,
then the only way the /NV-th node can drop the packet is by consuming all its ARQs. When the
sequence X' is of the form b = [b; by b3 ... by|, we can write the corresponding probability of
survival as follows. Because of no consecutive ones, let us look for sub-sequences of ‘01’ in the
sequence b. If the pattern ‘01’ is found in the j-th and (j + 1)-th positions for j < N — 2, then
use the expression 6}” 1. If the pattern ‘01 is found in the (N — 1)-th and N-th terms, then
we use the expression 555 ~V Once the above expressions are placed, the rest of the zeros in
the sequence are replaced by the term ﬁ{v if the zero is found in the j-th position. Finally, we
multiply these terms to get one expression. Once a sequence is replaced by the expression, we
add up all the terms to obtain Fy, which corresponds to a total of F'B(N — 2) terms. Thus, we

have pdpse nn = Hi]\:ll(l — P;)PiY Fy. This completes the proof. O

Corollary 5.1. Each term in Fy is a product of terms of the form Bf’j i Bg_l’N and ,va, where

N—-1,N

. _ .
P can occur at most once, (3% can occur at most N — 2 times, and 377~

can occur at most

(27 times.
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Lemma 5.1. With P = 1ZMDC P, and when P < , we have

dN—1
NN < 9op (Z PfVN_—;J) , (5.4)

j=1
when qn_1 > 1. Similarly, we have
o q5 qj+1
prer (o) (L), 59
a=1

when qj 1 > 1.

Proof. From the definition, we have g5 ' = SVt pIv-17i pi-l Gince P = max; P, we
can upper bound it as Sy N < 2t pavai-l — g Pav-1—1 Finally, since gy_; > 1,

N—-1,N

we have 5 < 2P, and therefore (5.4) also holds good. Similarly, from the definition,

we have 07T = 9 pie >y 2 P]qjjllH Using P = max; R, we have » 7~ 2 P]qfllﬂ <
> 2Pqﬂ+1+“f Furthermore, we have » 7~ 2P]+1 < 320 PY < 125 < 2, wherein the last
inequality holds since P < ;. These inequalities imply that Bt ( o P;“_a> 2P+,
Therefore, when ¢;,; > 1, we have 577" < ( o P;’J_a> 2P?2, and thus (5.5) also holds

good. This completes the proof. 0

Theorem 5.2. For a given q = [q1,q2, .. .,qn|, at high SNR values, the PDP of the semi-

cumulative scheme is upper bounded by the PDP of non-cooperative scheme.

Proof. We will prove this theorem by using the method of induction. For N = 2, the PDP
expression for the non-cooperative scheme is pdp,.o = P! + (1 — P}") P§*. Similarly, the PDP
expression for the semi-cumulative scheme is pdps.o = P + (1 — P;) ( n Pf’l_inﬁi_l) :
When ¢, > 1, note that P, < 1fori = 2,3, ..., ¢, and therefore, we have pdps.o < pdpnc.a-
This completes the proof for N = 2. Assuming that the statement of the theorem is true for any
k-hop network, we will prove the result for a (k + 1)-network. The PDP expression of the semi-

cumulative scheme for (k + 1)-hop network is pdpsc p+1 = pdpsc + Fri1 Pyt TT7- l(1 P),
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where pdp,. . is the PDP of the semi-cumulative scheme for the £-hop network. From induction,
we have pdps.i < pdpncx, and therefore, we only need to prove that Fj; Hle( 1-P) <
[15,(1 — P%). In other words, we need to prove that Fj,,; < []-_, ( 1 pi ) From
Theorem 5.1, we know that F}.,; can be written using binary sequences of length k£ + 1 such that
each sequence does not contain consecutive ones. Furthermore, we have shown that each term

of Fy1 is a product of several terms of the form 577", g4, for j < k — 1, and f5**". From

Corollary 5.1, it is clear that there is only one term in £}, which has Bg’kﬂ appearing once in
conjunction with H’;;ll <, and all other terms either have both 35" and 397*", or only i7"
In addition, from Lemma 5.1, this implies that £}, ; can be upper bounded as Fj | < Hle (1—
P)n(P) where n(P) is a polynomial in P of the form 2P + 2P?(k + 1 — 2) + p(P) such that
p(P) is a polynomial in P of degree at least three. At high SNR values, it is clear that P << 1,
and therefore, we can show that n(P) < 1. This, in turn, implies that Fj, < Hle(l — P*).

This completes the proof. ]

Given that the expression for pdp,. y is obtained, in the subsequent sections, we propose
low-complexity algorithms to solve Problem 5.1 since implementing exhaustive search to find

the optimal distribution of ARQs it is not practically feasible.

5.4 Optimal ARQ Distribution of the Semi-Cumulative Scheme

For an N-hop network with q = [¢1,¢2, ..., qn-1,qn], suppose that the ARQs for the first
N — 2 hops are fixed, and we are interested in computing the optimal values of ¢y _; and gy that
minimizes the PDP. If we start with @ = [¢1, ¢, .. .,0,qy_1 + qn], it may give us a sub-optimal
PDP. Therefore, using q, as we keep transferring one ARQ from the last node to the penultimate
node, we can expect the PDP to decrease, and then start to increase beyond a certain number of

transfers. Towards understanding this transition of PDP, we are interested in understanding the
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structure of the ARQ distribution when the PDPs of network with q = [¢1, g2, - - ., gv_1, qv] and
q = (91,42, - - -, qn—1 + 1, gn — 1] are equal. Once we obtain this relation, we can analytically
compute the values of gy _; and gy for a given qy, qa, . . . , ¢v_2, Which in turn reduces the search
space for computing the optimal ARQ distribution. This result is formally captured in the

following theorem.

Theorem 5.3. 7o find the optimal distribution of ARQs for a given N-hop network, brute force

search for an N-hop network can be reduced into brute force search for (N — 2)-hop network

by.ﬁx”/lg ARQS q1,492,---,4dN—2-

Proof. Consider an N-hop semi-cumulative scheme with q = [¢1, ¢, - . . , gn] Where sz\il g =
Jsum- Let pdpg. v and pdp;Q  represent the PDP of the N-hop network withq = [¢1, g2, - - ., qv—1, qN]
andq = [q1,q2,...,qv-1 + 1,qn — 1] respectively. The PDP expressions with q and g’ can be

respectively written as

pdpsen = DPApsein + - - + pdpsev—1)n + PAPse N
= pdpseN—2 + PAPsc(N—1)h + PAPsc, N,
Pdpsey = PAPyer + -+ PAPy (v_1yn + PAD e -
= pdp/sc,Nf2 + pdp;c,(Nfl)h + pdp;c,Nhn
where the individual expressions are the probabilities that the packet is dropped at the intermediate

links. It is straightforward to note that pdp,. ;, = pdp;c’jh for 1 < 5 < N — 2 since the first

N — 2 terms are the same in q and q'. Therefore, on equating pApse,n = pdplsc, N> We get
pdpsc,(Nfl)h + pdpsth = pdp;q(]\f_l)h + pdp;th,
pdpsc,(N—l)h - pdp;c,(N—l)h = _(pdpsc,Nh - pdp;c,Nh)a

where we can write polp;c (N—D)h = Pyn_q (pdpscv( N—l)h) because at the (N — 1)-th hop, every

term of F,_, gets multiplied by Py _, since one ARQ has been transferred from the N-th hop.
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Hence, we can write

PApsev—n(1 = Py_1) = —(pdpsenn — pdpae nn)-

On expanding the above equation and including (1 — Py_;) in the product loop, we write

(TT0-ror) (v ) = (TT0-rore ) B )

i=1 =1 2 =1 i=1 7

where I is the term obtained using the Fibonacci series corresponding to pdp'sc’ ~n- The above

equality can be further simplified as

Fn_ Py'Fy — F
(—NJ_VQ 1 ) = py B By = ) (5.6)
[[i=" B [[im B
—1
In the rest of the proof, we will show that w does not contain ¢y _; in it. Towards that
PNfl

direction, note that both F]'V and Fy contain the same number of terms in their expansion using
Fibonacci series, however, with the difference that the terms ¢ and gy _; in F)y appear as gy — 1
and qy_; + 1 in F, respectively. When constructing I and Fiy using binary sequences of
length N, we partition the terms of F, and Fy into two categories, namely: the sequences that
end with ‘01’ and sequences that end with ‘10’. This is because the states of the nodes before

the last two digits are the same for both FJ'V and Fly. As aresult, for the sequences that end with

‘01’, we can take the term 55}‘1” common, and only focus on its effect in w. Similarly,
N—-1

for the sequences that end with ‘10’, we can take the term ﬁ}V_Q’N_l common, and only focus

) . PIF._F _ o
on its effect in NP+,1N. To handle the former case, the term ﬂg Y from Fy 1s of the form
N-1

RS RS - 14l pl—i pie N-1,N
SN piv Tt pet = piv (Zfﬁl Py Py 1), whereas the term Sz from Fiy

is of the form Y171 PIV 1T Pt = PN (VT Pyt Pit). Therefore, the difference of

PR —F
O\

the two corresponding terms in NPqT is %, and this is because of the equality
N-1
dN-1 gnN-1+1

—i  pi— —i pi— 1
S PP - > PPV = ~ P (5.7)
=1 i=1
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_1 ! —_ . . . . .
This completes the proof that PN};+1FN does not contain ¢y _ in it from sequences ending with
N-1
‘01’. To handle the sequences that end with ‘10’, the term va —ZN-1 contributing to F]'V 1s of the

form S9N PV 2 S pav it Similarly, the term 3 %Y~ contributing to Fy is of

the form S0, 2 pIN 271 SN2 pan *E Therefore, when evaluated as Py ' Fyy — Fly, the term

/
Fy—PnFy

P]qvjf 7' can be taken common from both the terms, and therefore, the term ST does not
N-1

contain qy_1 in it from sequences ending with ‘10’.

Henceforth, (5.6) is written as Ry y = Py Ry y, wherein R; y = (Hﬁj_v—zllﬂ) and Ry n =

i=1 7

PR —F . )
Py Fy—Fy) do not contain the terms P and ¢y_;. Hence, Ry y and Ry y are constants since

[ Pt
{P,|1=1,2,...,N}and {¢; | i = 1,2,...,N — 2} are fixed. Now, we can rewrite the
1,N
. .. 8 7 .
equality condition as P]%N = gi’x ,0rasqy = %ﬁ). Note that in our work, we have a

R
(Iog R;JNV)

condition that ¢; € Z., however, the solution of gy = “TogPy

may belong to R. It implies
that to find the optimal solution which lies in Z , we need to obtain either [gx | or |gx | from
the equality condition. It can be observed that [¢y | will decrease PJ[,qN 1 , and this implies that
pdpse.N > pdpfsc’ ~» and this is a sub-optimal solution because when we give one more ARQ
from the last hop to the second last hop, PDP decreases. On the other hand, if we use | ¢y |, then
ij,qN ! increases, which implies pdp,. v < pdp’sc’ ~- Therefore, on giving one more ARQ from
(105 722

log Pn

the last hop to second last hop, PDP increases, and this implies that using gy = | | in
q captures the optimal solution conditioned on the first N — 2 ARQ numbers. Thus, on fixing
q1,Q2, - --,qnN—_2, Wwe can analytically compute ¢y, and also compute gy _; using the relation

N
gN-1 = Gsum — Zt:l,t;ﬁN—l qt- -

5.5 Low-Complexity Algorithms

From Theorem 5.3, we have proved that the search space for the N-hop network can be reduced

to the search space of an (N — 2)-hop network. Henceforth, we refer to this reduction as a
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one-fold technique. For a large value of N, we observe that the one-fold technique may not be
feasible to implement in practice. Therefore, we propose low-complexity algorithms to further

reduce the search space for the optimization problem.

5.5.1 List Generation using Multi-Folding

In the proposed multi-folding algorithm, as presented in Algorithm 3, instead of folding the
network once from /N-hop to (/N —2)-hop, we fold it multiple times to (/N —4)-hop, (N —6)-hop
and so on up to a 2-hop network or a 1-hop network depending on whether N is even or odd,
respectively. When the network is reduced (or folded) to a j-hop network, we need to provide
a sum of ¢sum ; ARQs to it, and it is clear that gy, ; can take all possible values in a range
17, ¢sum — (N — j) + 1]. When folding the network up to j-hops, for j > 4 and j > 3 when
N is even and odd, respectively, we fix the ARQs for the first (j — 2)-hops and then compute
¢j—1 and g; using Theorem 5.3 for each value of Gy, j. Subsequently, we create a list of ARQ
distributions [qi, . . ., ¢;], denoted by L;, by varying the values of ¢y, ;. Following a similar
procedure, the candidates of £ are used to generate L, for the (j + 2)-hop network by using
Theorem 5.3 for each value of gy j12. This way, a list of ARQ distributions are obtained
through Ly for the original N-hop network. It is clear that the size of the search space Ly

reduces with increase in the number of folds.

5.5.2 Multi-Folding based Greedy Algorithm

To further reduce the size of the search space from that of Algorithm 3, we propose to retain
the ARQ distribution that gives us minimum PDP for a given sy, ; from the list £;. This way,
only one ARQ distribution survives for a given ¢s,, ;, thereby significantly reducing the list

size when the algorithm traverses to s, n. In the process of obtaining g; for each Gy, j, We

log R;
log P;

note that only the floor of the ratio is chosen to obtain ¢;. However, by observing that
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the optimal distribution of the folded network may not contribute to the optimal distribution of

the original N-hop network, we also propose to select the ARQ distribution by ceiling the ratio

log R;
log P;°

R,
i

where R; =

j . In other words, for each Gy ; in £; we choose the ARQ distribution
that minimizes the PDP for the j-hop network, and for that selected ARQ distribution, we also
pick the ARQ distribution obtained by giving one ARQ from the last node to the penultimate
node. It is straightforward to observe that this technique gives us a significantly shorter list

compared to the multi-folding approach.

5.6 Simulation Results and Complexity Analysis

In the first part, we show that the packets of the ARQ based SC strategy that reach the destination
arrive within the given deadline constraint with a high probability, provided the delay overheads
from ACK/NACK are sufficiently small. To generate the results, ¢, is obtained as L%J
without considering the resources for ACK/NACK in the reverse channel, where 7;,4;, 74 and
7, are as defined in Section 5.1. Subsequently, we introduce different resolution of delays from
NACK, say 7y 4cx time units, and then study its impact on the end-to-end delay on the packets.
Assuming 7, + 74 = 1 microsecond, we set the deadline for end-to-end packet delay as gsym,
microseconds. Then, by sending an ensemble of 10° packets to the destination through the SC
strategy, we compute the following metrics when 7y acx € {0.2,0.4,0.6, 1} microseconds: (i)
the fraction of packets that were dropped in the network (denoted by Wp,,,,) due to insufficient
ARQ)s at the intermediate nodes, (ii) the fraction of packets that reach the destination after the
deadline (denoted by Wpeqaiine), and finally, (iii) the average end-to-end delay on the packets.
These metrics are plotted in Fig. 5.2 for various values of SNR at a specific value of N and the
LOS vector c. The plots suggest that the average delay is significantly lower than that of the

deadline especially when 7y ack 1s small, owing to the opportunistic nature of ARQ strategies.

However, as 7y 4ok increases, the average delay is pushed closer to the deadline. Furthermore,
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Algorithm 3 Multi-folding list algorithm

Require: N, ¢gum, P = [P1, Ps,..., Py].

En

—_—

21:
22:
23:
24:
25:
26:

sure: L ;nq - List of ARQ distributions in search space.
: Ly, ={¢} (Anullset)y Vk=1,2,..., N.
if N = odd then
Start with fixing ¢ .
L1 =A{[1, gsum — (N — 1) + 1]}.
Assign p = 3.
forj=p:2: Ndo
Assign C' = 1.
fori; =1:|L;_2|do
g1, qj—2] = Lj—2(i1)
Compute ¢; = Hgi };jj where R; = g;;
for Gsum,j = J : (gsum — (N —j) +1) do.
Compute g1 = Gsum,j — Z{:Lt;ﬁjq qt-
if g;_1 > 0 then
Insert [£;_2(i1)||gj—1l|g;] into £;(C).
Assign C = C + 1.
end if
end for
end for

end for
Lfinat = {LN|gj41 # 0forg; = 0or 1}.
else if V = even then
Start with fixing ¢; and go.
Lo={{aq1,0} € Z%|q1 + q2 € [2, gsum — (N —2) + 1]}
Assign p = 4.
Repeat steps from line number 6 to 20.

end if
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Figure 5.2: Variation of average delay on the packets and the deadline violation parameter (7))

for various Ty acx When using the SC strategy.

to capture the behaviour of deadline violations due to higher 7y 4c, in Fig. 5.2, we also plot
n = %W The plots confirm that when 7y 4c 1s sufficiently small compared to
Tp + Ta (see Tvack = 0.2us at SNR = 15, 20 dB), the packets that reach the destination arrive
within the deadline with an overwhelming probability as 7 = 1 at those values. In the rest of the
section, we present simulation results to analyse the PDP of the SC strategy for various values of
N, qsum,» and LOS vectors. Henceforth, to generate the simulation results for a given LOS vector
c and SNR, we use the saddle-point approximation in [28, Theorem 2] on (5.2) to compute
{P;,1 <i < N}. As emphasized in [28, Section V], these approximations are tight for Ricean
channels when R > 0.5 and when the block-length K is in few hundreds. Therefore, for the
proposed approximation to be valid, we use the block-length K = 500 in this simulation setup.
In general, when the saddle-point approximation in [28, Theorem 2] is not tight, { P;, 1 < i < N}
in (5.2) must be computed using numerical methods. First, in Fig. 5.3, we present simulation
results to compare the PDP of the SC strategy with that of the non-cooperative strategy [30].
Although we have proved the dominance of our strategy theoretically, the plots confirm that the
PDP of the SC strategy outperforms the PDP of the non-cooperative strategy with no increase

in the communication-overhead on the packet. Furthermore, to showcase the benefits of using

the multi-fold algorithm and the greedy algorithm, we plot the minimum PDP offered by these



85

algorithms for N = 5 and N = 6 in Fig. 5.3. The plots confirm that while the multi-fold
algorithm provides near-optimal ARQ distribution, the greedy algorithm is successful in offering
the optimal ARQ distributions

In terms of complexity, for an N-hop network, the size of the search space for the SC strategy

qsum+N—1

is upper bounded by ( N1

). However, with the multi-fold algorithm, we have shown that
the search space can be reduced. To showcase the reduction, we plot the size of the search space
(L) of the multi-fold algorithm for N = 5 and N = 6. For these cases, since we can fold the
network at most twice, we have shown the results for both one-fold and two-fold cases. The
simulation results, as shown in Fig. 5.4, display significant reduction in the list size as we move

to one-fold and two-fold. Finally, the plots also show that the list size of the greedy algorithm is

shorter than the multi-fold case, and it is, therefore, amenable to implementation in practice.
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Figure 5.3: PDP plots when using an SC strategy with exhaustive search (no fold), 1-fold,
2-fold and greedy strategies with ¢; = [0.1,0.3,0.1,0.5,0.2], co = [0.5,0.5,0.5,0.5,0.5], c3 =
[0.9,0.2,0.4,0.7,0.1,0.5] and ¢4 = [0.3,0.3,0.3,0.3,0.3,0.3] at SNR = 10 dB and rate R = 1.

Although the above presented results showcase the reduction in the overall list size for computing
the minimum PDP, they do not capture the number of computations at the destination in order to

arrive at the final lists. If we include the computations required to apply the results of Theorem
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Figure 5.4: List sizes for an

5.3 at each level of multi-folding, it is clear that the greedy algorithm offers minimum complexity
owing to fewer surviving distributions at each level. From the above results, we conclude that the
proposed SC strategy can be preferred to the non-cooperative strategy. In the next section, we
explore methods to further improve the reliability of the SC strategy by including the counters in

the packet.

5.7 Summary

In this chapter, we have proposed a semi-cumulative ARQ scheme wherein intermediate relays
of the network can use the residual ARQs from their previous node thereby reducing the PDP of
the network with no compromise in the latency constraints. We have derived the Fibonacci series
based closed-form expressions on the PDP of the semi-cumulative scheme for any given value of
N and g5y, and have subsequently addressed solving the optimization problem of minimizing

the PDP under a sum constraint on the total number of ARQs.



Chapter 6

Cluster Based Semi-Cumulative ARQs

Sharing Strategy in Multi-Hop Networks

6.1 Introduction

In the Chapter 4, the cooperative strategies use a counter in the packet so that the unused ARQs
by a node can be used by the succeeding nodes in order to further reduce the PDP. Although the
cooperative strategies of Chapter 4 are appealing, the use of counters in the packet contributes to
additional communication-overhead in the packet. Therefore, we ask: (i) Are there cooperative
strategies for ARQ based DF protocols that DO NOT use a counter in the packet, and yet utilize
the unused ARQs without violating the latency constraint?, and (ii) If the use of counter is
allowed, are there cooperative strategies that outperform the strategies given in Chapter 4? Also,
in Chapter 5, despite using the SC strategy, there may be residual ARQs at some nodes which go
unused. This is because a node cannot listen to the number of incorrect decoding events of all

the preceding nodes in the chain. Towards circumvent these problems, in this chapter ':

"Part of the results presented in this chapter are available in publications [35]
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1) We propose a Cluster-based Semi-Cumulative (CSC) strategy in which a group of con-
secutive nodes form a cluster, such that every node in the cluster forwards the information on
the residual ARQs of its preceding node to the next node in the cluster through a counter in the
packet. Therefore, a node in the cluster can make use of the residual ARQs of all the preceding
nodes in the cluster. However, the nodes outside the cluster continue to use only the residual
ARQs of their immediately preceding node without the need for a counter. This way, we further
reduce the PDP of the network from that of the SC strategy without violating the sum constraint.
Given the memory property introduced by the residual ARQs, we first provide a method to write
the PDP of the CSC strategy, and then formulate an optimization problem to minimize the PDP
subject to the sum constraint on the total ARQs. Furthermore, theoretical results on the ARQ
distribution within the cluster and outside the cluster are also provided before proposing several
low-complexity algorithms to solve the optimization.

2) Through extensive simulation results, we show that the proposed low-complexity algo-
rithms for the CSC strategy provide near-optimal ARQ distributions in minimizing the PDP.
Furthermore, we show that SC strategy and its cluster variant respectively outperform the non-
cooperative strategy and its cluster variant (as discussed in Chapters 3 and 4) for a given number
of total ARQs. In addition, unlike the cluster based cooperative strategy, we show that the
performance of the CSC strategy depends on the position of the cluster in the network. This is
because the unused ARQs of the last node of the cluster will have to be used by the next node in
the chain. We also present simulation results on packet delay profiles to highlight the impact of
cooperation on latency performance. We show that with no overhead to access residual ARQs
from the packet, the CSC strategies incur a marginal increase in average delay compared to
the SC strategy. This is due to more re-transmissions to provide lower PDP, and the need for
updating the counter once at each intermediate relay. However, it allows a majority of packets to

reach the destination within the deadline.
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6.2 Cluster Based Semi-Cumulative Strategy

In the SC strategy, the benefit of cooperation is limited if an intermediate node uses more
ARQs than the number allotted to it. For instance, in a 3-hop network with ARQ distribution
1,92, 93] = [4,3,5], suppose that the first hop consumes 2 attempts and the second hop
consumes 4 attempts by utilizing one residual ARQ from the first hop. Although one residual
ARQ is still unused from the first two hops, the third hop cannot utilize this because the second
hop has used more ARQs than its allotted quota. On the other hand, if the transmitter of the
third hop had the knowledge of residual ARQs entering the transmitter of the second hop, then
it would have used that one unused ARQs. Thus, to take advantage of the residual ARQs of
the preceding nodes, we require a counter in the packet that would be updated with the residual
ARQs at each hop. Formally, the set of consecutive nodes in the network that use a counter to
share the residual ARQs in the packet is referred as a cluster (similar to Chapter 4). To explain
the cluster-based idea, with ¢; denoting the number of ARQs allotted to the first hop, let the
first node in the cluster make ¢; — r; number of attempts to successfully transmit the packet
to the second node in the chain, for some 0 < r; < ¢; — 1. After that, when the second node
receives the packet successfully, it updates the counter with a number equal to the sum of ARQs
allotted to itself and the residual ARQs coming to the previous hop, i.e., ¢o + 71 ARQs, and
then transmits the packet to the next node. If the second node of the cluster uses gz + 11 — 79
attempts, then the third node updates the counter with g3 4+ 7o ARQs before transmitting the
packet. This way, each receiving node in the cluster updates the counter only once and recovers
the total number of unused ARQs by the previous nodes.

Using the above idea, we propose a Cluster based Semi-Cumulative (CSC) strategy on an
N-hop network wherein we make a group of nodes that acts as a cluster, as exemplified in Fig.

6.1. As the grouping of nodes can be done anywhere in the network, we propose three cases,
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Figure 6.1: An illustrative example of a 5-hop network where a cluster is formed by grouping 3
consecutive nodes: (i) the cluster at the beginning (Case-1), (ii) the cluster at an intermediate

position (Case-2), and (iii) the cluster at the end (Case-3).

namely, Case-1: cluster placed at the beginning by grouping a set of first few nodes. The network
is made up of two portions, a cluster portion followed by a semi-cumulative portion (see (a) in
Fig. 6.1). Case-2: cluster placed at an intermediate position. The /N-hop network is made up of
three portions, a semi-cumulative portion followed by a cluster, which in-turn is followed by a
semi-cumulative portion (see (b) in Fig. 6.1). Case-3: cluster placed at the end by grouping a set
of last few nodes in the network. The network is made up of two portions, a semi-cumulative
portion followed by a cluster (see (c) in Fig. 6.1). Overall, the nodes inside the cluster can
utilize the unused ARQs of all the preceding nodes in the cluster, whereas the nodes in the
semi-cumulative portion(s) utilize the unused ARQs of its preceding node only. Henceforth, a
multi-hop network employing the CSC strategy is referred to as the CSC network.

Similar to the SC strategy (as discussed in Chapter 5), we are interested in computing the
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optimal ARQ distribution on the N-hop CSC network such that its PDP is minimized for a given
Jsum- Let Ny, and N, represent the hop sizes of the semi-cumulative portions, and N, represent
the hop size of the cluster. Here the first subscript indicates the type of the sub-network, and the
subscripts u € {1} andy € {1,2} and w € {2, 3} are jointly used to represent their placement
in the N-hop network. Consequently, we have Ny, + N, + Ny, = N. In particular, the valid
combinations of u, y, w that capture the three cases of the CSC network are Case-1: y = 1 along
with w = 2 implying that a cluster of size N, is followed by a semi-cumulative network of size
Ng. Case-2: y = 2 along with v = 1 and w = 3 implying that a cluster of size N, is between
two semi-cumulative networks of size Ng; and N3. Finally, Case-3: v = 1 and y = 2 implying
that a cluster of size N, follows a semi-cumulative network of size N,;. Furthermore, let the
ARQ distribution on the nodes in the cluster be denoted by qcy = [Gey1, Gey.2s - - - » Gey, Ncy], and the
ARQ distribution on the nodes of the semi-cumulative portions be qs,, = [¢su,15 su,2s - - - s Tsu,Now )
and Qg = [@sw.1s Gsw2, - - - » @sw N. |- Given that a sum constraint is imposed on the ARQs, we

N, N, N, o
have > 0% Gour + D1t Qeyk + D ps] Gswk = sum as long as the combinations of u, y, w are

valid. Thus, in contrast to the usual notation on the ARQ vector q = [q1, ¢2, - - - , gn], We use q =

[q$u,1a qsu,27 sy QSu7Nsu7 QCy,la QCy,Qa v qu,Ncy7 qsw,la q$w,2> ey QSw,NSw]a for valid combinations of
Qqsu qcy qsw

u, y, w. Similarly, we use P = [Poy 1, Pow2s - - - s PouNou Pyt Pey2s -+ PeyNeys Pow,ts Pow,2s - - -

Py n,,] instead of P = [Py, P, ..., Py], to highlight the association of the outage probabilities
to either the semi-cumulative portion or the cluster. With the above notations on a CSC network,
the optimization problem for ARQ distribution is given in Problem 6.1 by encompassing all the
three cases. As presented in Problem 6.1, pdp.s v represents the PDP at the destination wherein

the subscript cs highlights the CSC network.

Problem 6.1. For an N-hop CSC network with a given LOS vector ¢, Ny, Ng,, Ng,, SNR

o= 0—12, and Qgym, solve arg min pdp.s v, subject to q € {0 U Z }" such that fo;{ Qsuk +
q
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Z]kvji Qey i T+ Z]kvj‘l’ Qsw.k = Qsum for all valid combinations of u, y, w.

Towards solving the above problem, the following questions must be answered, (i) How
to write the closed-form expression for pdp.s y in Case-1, Case-2 and Case-3, (ii) Once the
expression for pdp,.s v is written, how to allocate the ARQs to the nodes that are part of the
cluster, and those that are outside the cluster. A particularly interesting question under the
question in (ii) is “Does the optimal ARQ distribution on the nodes in the cluster depend on the
position of the cluster? To justify the relevance of this question, note that in both Case-1 and
Case-2, the node that follows the cluster can use the residual ARQs of the last node of the cluster
by listening to its number of failed transmissions. In contrast, in Case-3, there is no node after
the cluster that requires unused ARQs. Thus, whether or not non-zero ARQs must be allotted
to the last node of the cluster depends on the position of the cluster. Henceforth, in the rest of
this section, we follow a 3-step approach to solve Problem 6.1: Step 1: For a given g¢sum, Qsu
Qsw» characterize the structure of q, that minimizes the PDP. Step 2: Using the results of Step
1, form a virtual semi-cumulative network, and minimize its PDP. Step 3: Apply the structure of
q., obtained in Step 1 on the solution of Step 2.

As part of Step 1, we propose to solve Problem 6.2 that addresses the optimal ARQ distri-
bution within the cluster conditioned on the ARQs allotted to the semi-cumulative network(s).
In contrast to Problem 6.1, Problem 6.2 addresses to maximize the Packet Survival Probability
(PSP) at the last node of the cluster for any given residual ARQs. Formally, the PSP at the /V,,-th
node of the cluster is denoted by pspey ., (Tey, Ncy,l), where 7., ., 1 denotes the number of
residual ARQs coming from the (/NV., — 1)-th node of the cluster. We remark that it is imperative

to take the PSP approach due to the presence of a semi-cumulative network after the cluster.

Problem 6.2. For an N-hop CSC network with a given LOS vector ¢, SNR o« = % dsw 9sw

and qgm, solve arg max PSPey,Noy (Tey,Ney—1), VT ey, Noy—1 Where [qey 1, qey,2, - - -
dcy,1,9cy,25---Aey,Ney —1
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QCy,Ncy—l] € {O U Z—&—}Ncyil; such that Zkii Gsu.k + Zi\f;yl QCy,k + Zivilf QSw,k = {sum f()l"

all valid u, y, w.

6.2.1 Theoretical Results for CSC Strategy

First, we consider a CSC network with either Case-1 or Case-2. For a given g, and gy, the
following theorem proves that except the last node of the cluster, all the ARQs on the nodes
inside the cluster must be transferred to the first node of the cluster in order to maximize the PSP

at the last node of the cluster.

Theorem 6.1. In Case-1 and Case-2, giving all the ARQs of the first N, — 1 nodes of the cluster
to the first node of the cluster maximizes the PSP at the N.,-th hop of the cluster for any given

residual ARQS 1y (N.,—1) at the N,-th hop.

Proof. We divide the proof into two parts depending on the placement of the cluster in the
network.

Case I : With the cluster placed at the beginning, we have N, + Ny, = N. Let q. =
{gc11:9c12, - -, Gern., F and Qs = {@s2.1, Gs2.2; - - -, ¢s2.N., } Tepresent the ARQ distribution of
the networks cl and s2, respectively. Therefore, the overall ARQ distribution of the N-hop
network satisfies the constraint Z,Zil Gel ky + Z,ﬁil 0s2.ks = Qsum- We prove the theorem using
the induction method. For the initialization step, let Ny = 3 and qc1 = {¢c1.15 91,2, ¢e1,3}- Since
PSP is the metric of interest, let the residual ARQ arriving at the 3" hop be Tc1,2, where the range
of 712 18 [0, @11 + Ge1.2 — 2]. We prove that {11 + ge1,2, 0} maximizes the PSP at the 37 hop
of the cluster for any residual ARQ. For the ARQ distribution {qcm, q0172}, let the consumption
profile of ARQs at the first two hops of the cluster be q.1 = {Gc1,1, §c1,2} such that §o1 1 < ge11
and gc11 + Ge12 = Ge1,1 + Ge1,2 + Te1,2. Inorder to result in 7 o residual ARQs, the PSP at the
374 hop of the cluster is psper 3(re12) = (1 — Py 1) (1 — Py o) (D25 PgillPff}éﬁqd‘z_m’ri_l).

Note that when the exponent term of F,; » goes negative, we discard the corresponding terms
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from PSP expression as those terms are invalid. Similarly, with ARQ distribution {qcl,l +
Ge1,2,0}, the PSP at the 3" hop with re; 5 residual ARQs is pspy 5(re12) = (1 — Pa1)(1 —
Poo) (X8 i fPffféﬁqd’Tm’rifl), and similar to psp.; 3, we discard the terms with
negative exponent on P, 5. After solving the difference of psp:zl’g(rd,z) and pspe1 3(re12), we
get pspiy 4(rer2) — Pspera(rer2) = (1= Paa)(1 = P o) (01 Pat Py 77770 e
can be observed that psp'c173(7’61,2) > pspe13(re2) (because g2 > 0) where equality holds
when ¢.; » = 0 or 1. Therefore, the initialization step is proved. Now, we assume that the result
is also true for N,y = t+ 1 forany ¢ > 3. As a consequence, the optimal ARQ distribution which
maximizes the PSP at the (¢ + 1)-th hop for any given rey ;i {qe1.1 + o124+ - - -+ Ge1t, 0, . .., 0}
Now, we have to prove that the same result is true for N, =t + 2.

Let 7.1,(¢+1) be the number of residual ARQs at (t 4 2)-th node, where the range of Tel,(t+1) 18
[0, 305 geri — (¢ +1)]. Let PSPt (t+2) (Te1,t41) and pspey ¢41(7e1,) be the PSP at the (¢ 4-2) and
(t + 1) nodes, respectively. Conditioned on a given g.; ;11, We want to write pspe1 ¢+2(re1 e41) in
terms of pspe1 ++1(71+). This means for a given r.; ;, the (¢ + 1)-th node must make (g1 +11 +
Te1t — Te14+1) attempts out of which one is successful and the others are unsuccessful. The PSP

at (¢t + 2)-th node is

_ qcl,t+1+Tc1,t—Tel,t+1—1
PSPt p2(Ter41) = (1 — Peagg) E psperir1(ree) Py iy 70 ° , (6.1)
Tel,t
c + c —TIel, -1 eqe
where (1 — Py 1) Pyt v 74 represents the probability that e 41 + Te1t — Tet 41

ARQs are consumed at (¢ + 1)-th node. Note that once 7 ; is fixed, the second term in the
summation of (6.1) is fixed. This implies that to maximize psp.1 ¢+2(rc1e+1) for a given gey 11,
we need to maximize pspe ¢+1(rq ) for every r.i, in the valid range. From the induction
step, we have already assumed that the ARQ distribution {g.11 + ¢e12 + .- + Ge1,4,0,...,0}
maximizes the PSP for any residue at the (¢ + 1)-th hop. Therefore, by invoking the result from
(t + 1)-hop network, the optimal ARQ distribution for the (¢ + 2)-hop network conditioned on

¢e14+1 1s of the form ge1 41 = {¢a11 + a2+ -+ ¢at,0,...,0, e ¢41}- As the last step of
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this proof, we need to show that ¢.; ;; must be transferred to the first node of the cluster in
order to maximise the PSP for any residue at the (¢ + 2)-th hop. Using proof by contradiction,
let us assume that ¢, ++1 > 1 maximizes the PSP for any residue at the (¢ + 2)-th hop. In
that case, let us focus on the ARQ consumption profile qc1 111 = {Ge1.1,Ge1.2 - - - » Gere1} Of
the first £ + 1 nodes of the cluster that results in 7., ;41 = 0 at node ¢ + 2. We immediately
note that when ¢;; > 1 in g 441, it is not possible to have ARQ consumption of the form
{gara+qa2+.. . +qai—({t—1)+1,1,...,1,qc 41— 1} because a node cannot borrow from its
succeeding node. Therefore, the mass point value on the above consumption profile is 0. On the
other hand, if ¢.; ;41 = 0 or 1 in g, ++1, We can obtain every possible ARQ consumption profile,
and hence in this case, we have a non-zero mass point value against each ARQ consumption
profile. This is a contradiction as it results in higher value of psp.; ¢+2(rc1.t+1 = 0) compared to
that when ¢;11 > 11in q; ++1. Thus, the optimal ARQ distribution that maximizes PSP for every
residue at the (¢ + 2)-th hop is {ge11 + Ge12 + - - - + Ge1.441, 0, . . ., 0}. Although the ARQ on the
(t + 1)-th node can be either 0 or 1, we have used 0 in this proof.

Case 11 : In this case, the cluster is placed in between two semi-cumulative networks such that
N = N4+ N+ Ng. As a consequence, the first node of the cluster can make use of the residual
ARQs from its previous node in addition to the ARQs allotted to it. Let rs; n,, € [0, gs1.n., — 1]
be the residual ARQs from the last node of the s1 network. Therefore, the first node of the cluster
can use ARQs in the range [¢c2.1,¢e21 + 7s1.5.,]- Since a semi-cumulative network precedes

the cluster, the PSP at the first and the last nodes of the cluster are given in (6.2) and (6.3),

respectively.
— (1 — pPLNa PQSl,Nsl_l_"'sl,Nsl 6.2
pspe2i(rsing) = (1= Pan.:') PSPs1.Ny (Ts1,Na-1) Py : (6.2)
Tsl,Nsl—l
PSP2,Neo (Te2, Ney—1) = PSPs1.N. (Ts1,N0 —~1)PSPe2 Noo (T2, Nep -1 Ts1, N0 —15, €2, 1, oo Gea Np—1)-

(6.3)
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The LHS of (6.2) is fixed since the ARQ distribution on the semi-cumulative part s1 is fixed.
However, the LHS of (6.3) depends on the ARQs allotted to the first N, — 1 nodes of the
cluster as well as how the residual ARQ entering the first node of the cluster is used. It can be
observed that in order to maximize the LHS of (6.3) we need to maximize the second term of
(6.3) because psps1 ., (Ts1,n.,—1) is constant. By using Case I, we can maximize the second
term by transferring all the ARQs of the first N, — 1 nodes along with the residual ARQs from

s1 to the first node of the cluster. This completes the proof. [

The following theorem shows that the above discussed ARQ distribution within the cluster
minimizes the average PDP at the destination for a given ARQ allocation on the semi-cumulative

networks.

Theorem 6.2. In Case-1 and Case-2, for a given qg, and qs.,, by maximizing the PSP at the

Ney-th hop of the cluster for any residual ARQs, we minimize the average PDP at the destination.

Proof. First, we consider Case-1 where the cluster of size V., is followed by a semi-cumulative
network of size Ny. For this case, we have already proved that the ARQ distribution {q.1 1+¢c1 2+
oo+ GerNg-1,0,...,0} maximizes the PSP at N,;-th hop of the cluster for every . n,, 1. Fur-
thermore, let g.; n,, be the number of ARQs given to the last node of the cluster, and therefore, the
N¢1-th node can use upto gei n., +7c1,n.,—1 ARQs. If V;-th node uses more than g.; n,, attempts
(because of residual ARQs as indicated in the packet), then the first node of the s2 network cannot
get ARQ benefits. However, if the N ;-node uses fewer than ¢.; y,, attempts, then the first node of
the s2 network can borrow the residual ARQs unused by the N.;-th node. Formally, we can write
the PSP at the first node of s2 network with respect to the PSP at N,;-th hop as psps2.1(rc1n.,) =
(1= Pain) Xy o PSPet N (Fet v 1) P R0 where r v, 1 and e v,y
represent the number of residual ARQs arriving at /N.;-th node and first node of s2 network,

respectively. Similarly, the PSP at the second node of the s2 network and at the destination are

qu2,1 —147rc1,N,q —Ts2,1

respectively given by pspsa2(rs21) = (1 — Psa1) Em’Nd PsPs2,1(Te1, N ) Paa 1 ,
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052, Ngo — 14752 Nyp—1—Ts2,Ngo
Psps2.p(rsaNe) = (1=Pans) 2o, PPN (Ts2Ne-1) Py, : **, where
’ S

D represents the destination of the N-hop network (i.e. the Ng-th hop). It must be observed that
since pspei N, (Te1 N, —1) is maximized for each 7 n,, -1, the term pspso 1 (71 N, ) s maximized
for each 7. y,,. Furthermore, by repeating the steps in the similar way, we maximize the PSP at
the destination for every 75 n,,. As aresult, the average PSP is maximized at the destination,
which in turn minimizes the average PDP at the destination. This completes the proof when the
cluster is placed at the beginning. We can use a similar approach to prove the statement of the

theorem for Case-2. O]

Theorem 6.3. In Case-3, for a given qs, and qgym, giving all the ARQs of the N, nodes of the

cluster to the first node of the cluster minimizes the PDP at the destination

Proof. The proof is along the similar lines of Theorem 6.1 and Theorem 6.2 with the exception
that the ARQs allotted to the last node of the cluster must also be transferred to the first node
of the cluster; this is because there is no semi-cumulative network following the cluster in

Case-3. O]

For a given CSC network, once the ARQs on the N nodes is known, we have so far completed
Step 1 in our approach. In order to complete Step 2, it is important to write the expression for
the PDP of the network. Given that it is challenging to write the PDP expression owing to the
memory property in the strategy, we provide a set of rules to write the PDP expression for any V.
Similar to the PDP expression for the SC strategy, we continue to make use of binary sequences,
however, without using the structure of Fibonacci series owing to the presence of the cluster in
the network. For the ease of explaining our procedure, if the cluster is placed other than the last
position in the N-hop network, we split the cluster into two parts. The first part of the cluster is
the group of first N, — 1 nodes, henceforth referred to as the virtual node called node v. Similarly,
the last node of the cluster is referred to as node v + 1. On the other hand, when the cluster is

placed at the last position of the network, all the V., nodes of the cluster are treated as node v.
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Therefore, we replace the cluster by either two virtual hops or one virtual hop depending on its
location in the network. Consequently, we will replace the physical /N-hop network by a virtual
N-hop network, where N = N — (N, —1)+1, N = N—(Ny—1)+1,and N = N — (N) +1,
for Case-1, Case-2, and Case-3, respectively. On this N -hop network, the effective ARQ vector
is given by q = [Gou,1, Gsu2s - - - s Qsu,Nows Qv Qo1 Qsw, 15 Gsw 25 - - - 5 Tsw,Naw) € {0U 7., }N, where
Go = Zf\;f - Gey,i» and ¢y41 = Gey, N, for Case-1 and Case-2, whereas ¢, = Zfi‘f Qey,i for Case-
3. The procedure for writing the PDP expression for this virtual N -hop network is explained in

the next theorem.

Theorem 6.4. After replacing the cluster by node v and node v + 1 in an N-hop CSC network,

the PDP expression for the N -hop network can be written in closed-form.

Proof. For the virtual N -hop network, we can write the PDP expression at the destination as
pdpes i = PAPesin + pdpesan + - - + pdp., jp» Where pdpes pn, for 1 < k < N, denotes the
probability that the packet is dropped at the k-th hop. To write the expression of pdpcs kn, for
eachk € {1,2,..., N }, we recommend using a set of k-length binary sequences to characterize
the packet surviving event till the k-th hop. While writing the expression for pdp.s k., a bit ‘0’
in the m-th position of the sequence, for 1 < m < k, indicates that the m-th node forwards the
packet to its next node without borrowing the residual ARQs from its preceding node. Similarly,
bit ‘1" indicates that the m-th node forwards the packet after borrowing the residual ARQs from
its preceding node. For a given k, we discard the invalid sequences that do not follow the rules
of CSC network These rules are: (a) sequences starting with 1 at the MSB must be discarded
since the first node is the source, (b) sequence containing all 0 is invalid, (c) in a sequence,
two consecutive ‘1’ can only occur at the positions of v and v + 1 nodes of the cluster, because
node v + 1 of the cluster can borrow from node v irrespective of whether node v node has
borrowed from its preceding node or not. This event occurs when the cluster is placed other

than last position in the /NV-hop network. Therefore, a k-length sequence is invalid if it contains
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consecutive ones at any positions except for the above mentioned case, and (d) the last bit of
the sequence can be either ‘0" or ‘1’ as it represents whether the packet is dropped at the k-th
node with no borrowing or borrowing of residual ARQs from the (k — 1)-th node, respectively.
First, we collect the set of valid k-length sequences, and then based on whether k is odd or
even, we propose a procedure to use the k-length sequences to construct pdp. . We divide the
k-length sequence into the chunks of bits from the left to the right such that first chunk contains
only the MSB bit and the subsequent bits are divided into the chunks of two bits. If £ is odd,
we end up with a chunk of two bits at the end, otherwise, we end up with a chunk of one bit.
To map the bits to corresponding PDP terms, we parse the chunks of the sequence from left to
right, and then replace the chunks with the terms as listed in Table 6.1. Among the terms in
the table, the notation psp,(-) represents the probability that packet reaches node v + 1 after
consuming as many ARQs in the argument by the virtual node. Similarly, pdp,(-) represents
the probability that the packet is dropped by the virtual node despite consuming as many ARQs
in the argument. In this process, it is important to identify the locations of node v and node
v + 1 for every k. This way, each valid binary sequence is written as the product of terms of
the form 3., 1,1, By, o> By 0E> and 3, . g as given in Table 6.1, for valid combinations of
v € {0,1,01,10,11} and v2 € {s,v,v+1, ss, sv,v(v+1), (v+1)s}. Once a k-length sequence
is replaced by the corresponding expression, we add the expressions of all the valid k-length
sequences to obtain By,. Finally, using By, we obtain (i) pdps xn = Hi.:ll (1= Py ;)(Ps1 ) %% By,
when k < Ny, (i) pdpesr = 157 (1 — Par) By, when k = Ny + 1, (i) pdpessn =
Hf:_f(l — Ps1i)(Pyy1)®+! By, when k = Ny + 2 (referred to as a special case in Table 6.1) and
(iv) pdpesn = (1 — Pyy1) Hf\if (1—=Pay) H;ll(l — Py j)(Psat)%> By, when k > Ny +2 +1,

where 1 <t < N, for all above cases. Overall, we get pdpcs’ = Zf\il PAPes ih- ]

From the above results, we have shown that the PDP for the CSC strategy can be written

using the ARQ vector is q = [Gsu.1, - - - » Gsu,Nows Qvs Qot15 sw, 15 - - - » Gsw Now ] € {0 UZ+}N, where
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Table 6.1: Binary sequence based PDP expression for N-hop CSC network

Nodes Chunk | Chunks Bs Expression
size terms
First
position
s (MSB) 1 0 Bo,s1 S PR
v (MSB) 1 0 Bo,v1 Tv | pspu(qu — i + 1), where
Qv = qv — (Ne1 — 2).
Middle For (s, s) combinations, the indices
positions m, m — 1, m + 1 refer to positions of the nodes
m< N inside the semi-cumulative portions
sso |2 L0 b e | (SO P (S PR ), fora € fusw).
s |2 |0 Boe (i Pt ) (S8 Pl ™),
s, 2 10 Bro,sst (023 P ) (St plasmin ™),
where 7 is residual ARQs from previous node.
5,0 2 00 Boo,sur (™t PERY ) (S0 pspolaw — 5+ 1))
S 2 01 Bot,sor (i PR ) (S pspolge +i— 1= j+1)).
v 2| 10 | B (528 PR ) (S pspu(aw =k + 1),
where i is residual ARQs from previous node.
vils | 2 00 | Boo,osier (i P ) (i Pl ).
vtls |2 01 | Bov(urner (Shg PIy e ) (2 Pl ™).
vtls |2 10| Buio(s)sr (S5 Pt ™) (rey! Pl ™).
vootl 2 00 | Boou(utiyr (S0, pspulge — i+ 1) (SI5 PITT).
v,v+1 2 01 Bo1,v(v+1)1 (X% pspolqe —i+ 1))(2;;%) Pfﬁ”j)-
v, v+ 1 2 10 Bro,u(v+ 1)1 (i pspulao +i— 1 — G+ 1) (Xph PR,
where 1 is the residual ARQs from previous node.
v,v+1 2 11 Bi1,w(v+1)I ( 3;11175171/(‘11/-‘r’i—l—j""l))(zi;(l) Pgﬁﬁk)’
where % is the residual ARQs from previous node.
Last
positions
5.8 2 01 Bot,ssE SN T pliNew R
S, 8 2 10 B10,s5E ;;% gf}]’\,]:ffflﬂ
5, v 2 01 Bo1,svE Sy et Pff}jv’jffiPDPv(qv +i—1),
sv 2 10 Bio.s0E 22 Pl PDP, ()
v+1,s 2 01 Bot,(v+1)sE DD Rl A R o B
v+1,8 2 10 B10,(v+1)sE Z;;% Pgitﬁj
voutlt |2 01 | Boru(ut1)m (S8, pspolqe — i+ 1) Pigt.
v, v+ 1% 2 11 B11,0(v+1E ( ;;llpspv(qv+i—1—j+1))P5I117
* Special where 1% is the residual ARQs from previous node.
case
s (LSB) 1 0 Bo.s L.
s (LSB) 1 1 B1,sE P;; }Nsw where 1 is the residual ARQs from the previous node.
v (LSB) 1 1 BiwE PDPy,(qy + @ — 1) where 7 is the residual ARQs from the previous node.
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Gy = Zfi{ ! Qey,i» a0 Gyi1 = Gy N,,- Since q satisfies the sum constraint Zivji Qsuke T Qv +
Qu+1 + Z]kvjf Qswk = Qsum. it is straightforward to compute the optimal ARQ distribution
(@it s CouNas s Toi1> Dot - -+ > Do N, | through exhaustive search. Subsequently, we can
complete Step 3 by obtaining the optimal ARQ distribution of the N-hop network as ¢, ; = g,
ey, N., = Qo and g, ; = 0 for 1 < j < N,. However, since exhaustive search is not practical,
we present theoretical results on complexity reduction to compute the optimal ARQ distribution

for all the cases under Step 2.

6.2.2 Complexity Reduction for Case-1 and Case-2

In the following theorem, we show that the optimal ARQ distribution of the N -hop network can

be computed by using the search space for the first N — 2 values of q.

Theorem 6.5. For Case-1 and Case-2, to find the optimal ARQ distribution, the brute force

search of an N -hop network can be reduced to the brute force search for (N — 2)-hop network.

Proof. Letthe ARQ distribution of the N -hop network be q,., y = [ess Ges.2s - - s Qes. 1> Des, s
where either G, 51 = @sw,Now—1:Ges & = Tsw,Nows OF Qog i1 = Qu+15 Qos § = Gsw,1- Similarly,
let the outage probability vector be [15@3,1, ]50872, - f’cs’ 5= [Psuts- s PsuNews Pos Pot1, Pow s
-y Pawn,, ], where Py, = pspy({Gey,1, - - - Gey,No,—1}) is as defined in Theorem 6.4, P, =
Py ., Our approach for the proof is to fix the ARQs for the first N — 2 nodes, and then transfer
the ARQs from the last node to the penultimate node until the PDP is minimized. When we give
one ARQ from last node to the penultimate node, we obtain 61;8’ 5= [Gess Ges2y - - - Qesn—1 T

LG5 — 1]. Now, the PDP expressions with d. 5 and q;& 5> respectively, can be written as

/

PPy i = PP 57+ AP (51 + PAes sy PAD, 5 = PP, 0D, 5, 0D g
where the individual expressions are the probabilities that the packet is dropped at the intermediate
links. Also, it can be noted that the last two nodes must be either only semi-cumulative nodes

or a v + 1 node that is followed by a semi-cumulative node. It is straightforward to note that



102

PAPes jn = pdp;& gpforl <j< N — 2 since the first N — 2 terms are the same in q, v and q;s i
when cluster is placed other than the last position. Therefore, on equating pdp,., 5 = pdp;s 5 we

get pdpes (N—1)h — pdp'cs,(Nil)h = —(pdp s 51 — pdp'cs,Nh), where we can write pdp;&(Nil)h =

]5051 §—1(PdP.s (1)) because at the (N — 1)-th hop, every term of B;\?_1 gets multiplied by
P s.&—1 (outage probability of the (]\7 — 1)-th hop) since one ARQ has been transferred from

the N-th hop. Hence, we can write PAps (v—1yn(1 — ]5687];,71) = —(pdPes,n — pdp;s ). On

expanding the above equation and including (1 — ﬁ’cs’ &_1) in the product loop, we can write

By . (PTLB.-By)
N—1 des, N cs,N
_ = P . (6.4)
HN—2 ~ ~QC5‘,‘,7Z cs,N HN 1 - qc‘s,i
i=1,i#j,5.1.Pes j=P, = CS5t i=1,i#j,5.t.Pes j=P, = ¢St

where B and B;v are the terms obtained using the binary sequence representation corresponding
to pdp,, 5, and pdp/ .. 5> Tespectively. In the rest of the proof, we will show that (ﬁ”1~ B'~ —

B N) / (PCq;SNN 1) does not contain ¢, y_; in it. Towards that direction, note that both B and

Bj; contain the same number of terms in their expansion using binary sequences, however, with
the difference that the terms g, 5 and g, y_, in By appear as ¢, y —land ¢, 5, + 1in B,
respectively. When constructing B;v and B using binary sequences of length N, we partition
the terms of B;V and B into two categories, namely: the sequences that end with ‘01° and
sequences that end with ‘10°. This is because the states of the nodes before the last two digits
are the same for both B;\? and B. As a result, for the sequences that end with ‘01’, we can
take the term [ , 5, for y2 € {(v + 1)3 ss} at the locations N — 1 and N, common, and only
focus on its effect in (B " Pcs vBx/ P e - ). Similarly, for the sequences that end with ‘10°,
we can take the term 19 5,7, for 72 € {v(v +1), (v +1)s, ss} common at the locations N — 2

and N — 1 and only focus on its effect in (}5_1~ B — By)/ (P CSNN )~ To handle the former

csN 1—’—1 csN 1—"_1 @

oo 11 P’ 1 , whereas the term

case, the term [y; -, from B is of the form ) =%

q

cs,N— DYcs, N —i ]. cs, N
Bo1,+, & from B is of the form Z "P N N Pc’ . By taking P ' common from both

. cs,N—1 :
the above terms, the difference of the two corresponding terms in PCS’ NB v — By / Pcs N1
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1/ P s> and this is because of the equality

C

qcs,N—l qcs,N—1+1 1
p—i  pi-l _ Z pl—i  pi-2 _
Z Pcs,N—IPcs,N PCS,N—IPCS,N - ]5 - (6.5)
=1 =1 cs,N

This completes the proof that (]-:’]ng;v — Bg)/ ]55;’}&_’11 does not contain G, 5_; in it from
sequences ending with ‘01”. Note that this argument holds when 72 € {(v + 1)s, ss}. To handle
the sequences that end with ‘10’, we can have three types of terms based on the positions of node

v and node v + 1 and their status of borrowing the residual ARQs. One type of term is By ssk

csN 2 qcs,N72_7‘ —2 csN 1+ +k

which contributes to B a term of the form Z oo 72 k=0T g i1 . Similarly,
csN 2 qcsN 2 —i 1—2 qN—1+k
the term () 55 contributes to By a term of the form ), Pcs X0 0 Pc& Foq After

taking out PcsNz\jri , common, we can evaluate that (Pc; NB v~ Br)/ IBC(JSNJQ , does not contain
dr_,. Furthermore, the other type of term is [y, P+)E which contributing to B/~ a term of
the form Z ca,N—2 PSPes 5o Ges i 2~ +1) Zz ! P o, =17 Slrmlarly, the term Bo1 p(v11)E
+ji-1
contributing to By is of the form 3,5~ psp,, 5_ 2(qCS Noa—i+1) YT PqN 770 Therefore,
after taking out P7¥=! common, we can show that (P~ B". — B ps fl does not contain
g cs,N—1 cs,N"" N N cs,N—1
d5r—1- Similar result can also be proved for the third type of term 31 y(y+1)£. This completes
the proof that (B PCS vBy)/ (P o N . ) does not contain ¢, 5_, in it from sequences ending

N—1
with ‘10°.

Henceforth, equation (6.4) is written as E’ ]-T’q““ N R2 > Wherein R LN = £ By_,/
N_2 qCS 7 I A - N 1 qCS 7
(Hizlvi#jv'S't'Pcs,j:Pv PCS i ) and RQ’N - (PCS NBN o B )/(Hi:17i¢j75't~ﬁcs,j:Pv PCS ) ) dO nOt

contain the terms PC;SNN and ¢, y_,- Hence, Rl, 5 and RZ, 5 are constants since {P.,; | i =
1,2,..., N} and {Ges; | ¢ = 1,2,... N — 2} are fixed. Now, we can rewrite the equality
condition as P]%N = RI,N/RQ,N’ orasq,, y = log(RLN/RQﬁ)/ log PCS,N- Note that in our work,
we have a condition that g, ; € Z,, however, the solution of g, y = log(f%l’ 5/ RZ ~)/ log ﬁcs’ 5
may not belong to Z. . It implies that to find the optimal solution which lies in Z, we need

to obtain either [q,, 5| or [§,, 5| from the equality condition. It can be observed that [, 5
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will decrease PCLqNN ] , and this implies that pdpcs’ N> pdp;sj I and this is a sub-optimal solution

because when we give one more ARQ from the last hop to the second last hop, PDP decreases.

/

S5ldcs 7]
pHiesN .
cs,N

On the other hand, if we use [q,, |, then o

increases, which implies pdp,., 5 < pdp

Therefore, on giving one more ARQ from the last hop to second last hop, PDP increases, and
(s 125)
RQ,N
log 156571\7

this implies that using g, 5 = | ] in q,, 5 captures the optimal solution conditioned
on the first N — 2 ARQ numbers. Thus, on fixing ¢i, G2, - . . , G5 _o, We can analytically compute

5 and also compute g5 _, using the relation ., y_1 = Goum — Zivzl 1481 Qesit- O

Henceforth, the reduction technique in Theorem 6.5 is referred to as the one-fold technique
since the search space for the N -hop network is reduced to that of an (N — 2)-hop network. In

the next section, we present the results on complexity reduction for Case-3.

6.2.3 Complexity Reduction for Case-3

When the cluster is placed at the last position in the network, it is not possible to obtain the
results along the lines of Theorem 6.5. This is because the PDP at node v is not of the form
of the PDP of a semi-cumulative node. To circumvent this problem, we present a new one-
fold algorithm, which is as explained below. First, we split the /N-hop network into two parts
namely Nl—hop and Ng—hop sub-networks such that Nl = Ng; + 1 includes all the nodes of the
semi-cumulative network along with the first node of the cluster, and ]\72 = N_. — 1 includes all
the nodes of the cluster except the first node. Let the outage probabilities and ARQ vector of
Nl-hop network be given by P, = [1517 1527 . ,]5]\71] = [Ps1, Ps12y- -+ Pa Ny, Pean], where
PN = P, (outage probability of the first node of the cluster) and §; = [q1, Go, - - - » le] =
[gs1.15 Q51,25 - - -+ @s1,Nu1» Ge2,1)- Since the Nl—hop network is also semi-cumulative, we apply
Theorem 5.3 (from Chapter 5) on it by feeding a total of Doum, Ny, — dsum — (N — 1) ARQEs.

This way, we compute the list of ARQ distributions for the N 1-hop network, which is as large as
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the search space for (N 1 — 2)-hop network. Subsequently, for each ARQ distribution in the list,
we transfer (N — 1) ARQs to g, by assigning g j = 0 for 2 < j < N, and then compute
the optimal ARQ distribution of the N -hop network. Through this process, the size of the list is
reduced to that of a (Nl — 2)-hop network thereby reducing the complexity. The pseudocode for

the proposed method is provided in Algorithm 5.

6.3 Low-Complexity Algorithms for CSC Strategy

For large values of N, the one-fold technique might not be feasible to implement in practice.
Therefore, to further reduce the complexity, we propose multi-folding and greedy algorithms for

all the three cases.

6.3.1 List Generation using Multi-Folding for the CSC Strategy

In the proposed multi-folding algorithm, instead of folding the network once from N-hop to
(N — 2)-hop, we fold it multiple times to (N — 4)-hop, (N — 6)-hop and so on, upto a 2-hop
network or a 1-hop network depending on N, and the positions of node v and node v + 1 in
the network. The pseudocodes of the multi-folding algorithm are presented in Algorithm 4 for
Case-1, Algorithm 5 for Case-3, and Algorithm 6 for Case-2. In Case-1, we use Algorithm 4
with N = N — (N,; — 1) + 1. For the first j-hop network, such that j € {3,4}, we fix a total
number of ARQs, denoted by Gsurm j, in the range [(j + Ne1 — 2), Guypn 5 — (N —j) +1],and
then compute ¢;_; and ¢; using the ratio f{j from Theorem 6.5. Subsequently, using the list from
the j-hop network, a list of ARQs is obtained for the j 4+ 2-hop network, eventually generating a
list for the N-hop network. Similarly, in Case-3, we use Algorithm 5 with N = N — (N, — 1).

The pseudocode presented in the algorithm captures the ideas presented in Section 6.2.3. In this

case, the multi-folding algorithm as discussed in Section 5.5 (from Chapter 5) is applicable on
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Algorithm 4 Multi-folding list algorithm for Case-1 of the CSC strategy
Require: N, N, N, qsum, Outage probabilities of the links

Ensure: L, - List of ARQ distributions in search space

1: Ly ={¢}fork=1,2....N

2: if N is odd then > Start with fixing Ges,1 and ges 2

3: Ly :{[Nc1_17QSum_(N_1)+1]}
4: Assignp = 3

5: for j =p:2: N do

6: fori; =1:|L;_2| do

7: [Ges 15+ -5 Ges,j—2] = Lj—2(i1)

8: Compute §es ; from [ges 1, - - - , §es j—2] by using Theorem 6.5
9: for Goum,j = (j + (Net = 1) = 1) : (qoum — (N = ) + 1) do.
10: Compute Ges,j—1 = Gsum,j — Z{:Lt#_l Ges,t-
11: Insert [£;_2(21)]|Ges,j—1]lGes,j] to £ if Ges j—1 > 0
12: end for
13: end for
14: end for

15: Efinal :EN
16: else if N is even then > Start with fixing ¢cs.1 and e 2

17: ['2 = {{6.703,17 60572} € Zi’q}s,l + (jcs,Z € [Ncla qsum — (N - 2) + ]-]}

18: Assign p = 4, and repeat steps from line number 5 to 15

19: end if
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the N 1-hop network which only comprises semi-cumulative nodes. Finally, in Case-2, we use
Algorithm 6 with N=N-— (Ng — 1) + 1. Here, when the network is reduced (or folded) to a
j-hop network, we need to identify the locations of node v and node v + 1 in the folded network.
This is because the ARQs for node v and node v + 1 must not be computed in the same iteration
as it does not result in complexity reduction. Therefore, we split the virtual N -hop network
into three parts, namely: N;-hop, N,-hop and N;-hop networks such that N = N; + N, + N3,
wherein (]\7 1+ ]\E)—hop networks contain the semi-cumulative nodes preceding the cluster along
with node v, and Ng—hop network contains node v + 1 along with the semi-cumulative nodes
that follow the cluster. Note that this case invokes results from Algorithm 5 while folding within

the N;-hop network.

6.3.2 Multi-Folding Algorithms for the CSC Strategy

To further reduce the size of the search space from that in Algorithms 4, 5 and 6, we propose to
retain the ARQ distribution that gives the minimum PDP for a given ¢y, ; from the list £;. This
way, only one ARQ distribution survives for a given ¢, ;, thereby significantly reducing the
list size when the algorithm traverses to ¢,,,,, 5, (refer to Algorithms 5, 6) and ¢,,,,, 5, (refer to
Algorithm 4). In addition, for the ARQ distribution that survives for a given gy, ;, We generate
one more ARQ distribution by giving one ARQ from the last node to the penultimate node for
every j. This is along the similar lines of the greedy algorithm for the multi-folding algorithm
in the SC strategy. If we capture the number of computations required to arrive at the final
lists, it is clear that the greedy algorithm offers minimum complexity owing to fewer surviving

distributions at each level.
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Algorithm 5 Multi-fold algorithm for Case-3 of the CSC strategy
Require: Nl, NQ, dsum» qsum,N1 = qsum — (Ncg - 1), f)l = [pl, pg, e le]

Ensure: Ly, - List of ARQ distributions in search space
1: if Ny is odd then
2 Li={l, gy, — (M —1)+1]}
3: Assignp = 3
4: forj:p:2:]\71d0

5: fori; =1:|L;_2| do

6: [G1, .- -5 Gj—2] = Lj—2(i1)

7: Compute §; from [¢i, . .., §j—2] using Theorem 5.3 (from Chapter 5)
8: for Gsum,j = 7t (G, — (Ny —7) +1)do

9: Compute ;1 = Gsum,j — Zgzl,t¢j—1 qt

10: Insert [£;_o(i1)]|d;—1]|q;1in £; if G;—1 > 0 && j < Ny

11: Insert [£;_o(i1)||gj—1]|d; + Nolin £; if G;—1 > 0 && j = Ny
12: end for

13: end for

14: end for

15: Efmal = ‘CNl'

16: else if N 1 1s even then > Start with fixing ¢; and §¢»
17 Lo ={{d1, 42} € Z2|G1 + G2 € [2, ¢y, — (N —2) + 1]}
18: Assign p = 4, and repeat steps from line number 4 to 15

19: end if
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Algorithm 6 Multi-folding list algorithm for Case-2 of the CSC strategy

Require: N, Noi, Neo, N, N, qum» Pes = [Pes1, Pes2, -+, Py 5]
Ensure: Ly, - List of ARQ distributions in search space
I: Ly={o}k=1,2,....N
2: Split network N = Ny + Ns + N3 such that Ny = Ny +1, Ny = Neo — 2and Ny = Ny3 + 1
Not + 1, gsum — (N2 + N3)]
sum,, | 40
5: Call Algorithm 5 with ¢, v =, v, (k1), N1 = N, Py = P g and Ny = N

3: Assign q

sum,N1 = [

4: forky =1:|q

6: L w = 1Lz, |0j+1 # 0for g; = 0or 1 where j € {1,2,... , Ny — 2} and dx, = Nez — 1 for

dy,1 <1}

7: Insert L ;. into L,

8: end for

9: Assignp = Nj + 2

10: Assign N = N — 1 if N3 is odd, otherwise, assign N = N
11: forj=p:2: N do

12: fori; =1:|L;_5| do

13: [G1, ..., Gj—2] = Lj—2(i1)

14: Compute G; from [¢1, .. ., §j—2] using Theorem 6.5
15: for Gsum.j = j + No : (qsum — (N — j) + 1) do.
16: Compute §;—1 = Gsum,j — Z{:Lt#il Gs.

17: Insert [£;_2(i1)||Gj—1]|¢;] in £; if Gj—1 >0
18: end for

19: end for

20: end for

21: if N3 is odd then

22: for jy =1:|L5_,|do

23: Compute ¢y = Gsum — sum(Lyg_,(j1)), where sum(-) is the sum of elements in L g_,
24: Insert [L 5, (j1)||dx]in Ly if Gy >0

25: end for

26: end if

27: £final = ‘CN

(j1)
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Figure 6.2: PDP comparison: Case-1 (first three hops constitute cluster), Case-2 (third hop
to fifth hop forming a cluster) and Case-3 (fourth hop to sixth hop forming a cluster) with

¢ =[0.9,0.2,0.4,0.7,0.1,0.5] and c; = [0.3,0.3,0.3,0.3,0.3,0.3] at rate R = 1.

6.4 Simulation Results on Cluster based Semi-Cumulative
Strategy

In this section, we present simulation results to showcase the benefits of using a cluster inside
the NV-hop semi-cumulative network for Case-1, Case-2 and Case-3. First, we present simulation
results on the PDP and the complexity reduction of the proposed algorithms. For the experiment
set up, we consider a 6-hop network such that Case-1 has N.; = 3 and Ny, = 3. Similarly, in
Case-2, we have N;; = 2, N, = 3 and N3 = 1, and in Case-3, we have N,; = 3 and N, = 3.
Similar to Section 5.6 (from Chapter 5), we use the saddle-point approximation in [28, Theorem
2] to compute {P;, 1 < i < N}, for a given ¢ and SNR, and also use KX = 500.

In Fig. 6.2, we plot the minimum PDP offered by the optimal ARQ distribution for each case
as a function of ¢,,,,. From Fig. 6.2, it is clear that Case-3 shows a great improvement in PDP

because the number of nodes contributing to node v is three, whereas in Case-1 and Case-2, we
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Figure 6.3: Plots depicting the PDP comparison for Case-1 (first three hops constitute cluster)
and Case-2 (third hop to fifth hop forming a cluster) with no-fold, 1-fold, 2-fold and greedy
strategies where ¢; = [0.9,0.2,0.4,0.7,0.1,0.5] and ¢, = [0.3,0.3,0.3,0.3,0.3,0.3].

have node v + 1, such that if it uses residual ARQs from its previous node, then, the next node in
the chain cannot make use of residual ARQs from node v 4 1. To showcase the significance of
multi-folding and the greedy algorithms for Case-1 and Case-2, in Fig. 6.3, we plot the minimum
PDP from the list of ARQ distributions by making use of exhaustive search, one-fold, two-fold
and greedy algorithms. We use the same LOS vectors as in Fig. 6.2, i.e., ¢; and ¢, at SNR =10
dB. Similarly for Case-3, the results on PDP analysis are shown in the left-side of Fig. 6.4. It
can be observed that folding techniques provide near-optimal ARQ distributions.

To evaluate the complexity reduction of our algorithms, we plot the list size for all the three
cases as a function of ¢, in the right side of Fig. 6.4 and in Fig. 6.5. From the plots, we
observe a significant reduction in the list size by using the one-fold method, and further reduction
in the list size when using the multi-fold and the greedy algorithms. In Case-3, as N =4, we
could not apply the multi-folding technique because the network-size does not allow to fold
more than once. However, for large N, we can apply the multi-folding and the greedy algorithms

to reduce the list size.
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Figure 6.4: On the left: Plots illustrating the PDP comparison for Case-3 with no-fold, 1-fold

algorithm where ¢; = [0.9,0.2,0.4,0.7,0.1,0.5] and c5 = [0.3,0.3,0.3,0.3,0.3,0.3], SNR =

10 dB, rate R = 1. In this case, the last three hops constitute the cluster. On the right: Plots

depicting the reduction in list size for Case-3 with exhaustive search, and 1-fold algorithms.
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Figure 6.5: Plots depicting the reduction in list size for Case-1 (first three hops constitute cluster)

and Case-2 (third hop to fifth hop forming a cluster) with no fold, 1 Fold, 2 Fold and Greedy

strategies where ¢; = [0.9,0.2,0.4,0.7,0.1,0.5] and ¢, = [0.3,0.3,0.3,0.3,0.3,0.3].

In the rest of this section, we present delay analysis on packets to study the delay-overhead

introduced by the use of the cluster in Case-1, Case-2 and Case-3 scenarios. Let us assume

that we want to secure the packets from eavesdropping, and therefore, every node in the cluster
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encrypts the counter portion of the packet after updating it with the residual ARQs. As a result,
when the packet is successfully decoded at the next node, it needs to decrypt it by using an
appropriate crypto-primitive. Since this procedure results in an additional processing delay on
the packet, we represent this delay by 7. microseconds. Assuming that the delay introduced on
the packet per hop for each transmission is 7' = 1 microseconds (including both ACK/NACK),
we analyse the effect of crypto-primitives on end-to-end delay by choosing T, = o', where
a = 0,0.5, and 1. To quantify the delay profile of the packets in addition to PDP, we define
a new metric referred to as probability of deadline violation (PDV), which can be defined as
the probability that the packets either do not reach the destination before the deadline or get
dropped in the network. In Fig. 6.6, we plot the PDV of the four strategies as a function of « for
a 6-hop network with different parameters. Since gs,,,, = 12, the deadline for packets to reach
the destination is 12 microseconds. The plots confirm that: (i) The PDV of the semi-cumulative
network do not change with «. (ii) The PDV of the CSC strategy increases with increasing values
of «; this is because some of the nodes make use of the counter in the packet. (iii) The worst-hit
are Case-2 and Case-3 strategies with small ¢, as every node in the cluster has to modify the
counter, thereby adding a significant delay of N7, microseconds to the packet. However, in
Case-1, the nodes except the first node of the cluster need to encrypt and decrypt, and hence, the
additional delay from the cluster is (N,; — 1)7, microseconds. Overall, the simulation results of

Fig. 6.6 show that CSC strategy outperforms the SC strategy when « is small.

6.5 Summary

In this chapter, we have proposed a new family of cooperative ARQ strategies to assist low-
latency communication in multi-hop networks. We have derived closed-form expressions on
the PDP of the proposed strategies, and have solved the non-linear optimization problem of

minimizing their PDP under a sum constraint on the total number of ARQs. We have shown that
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Figure 6.6: Simulation results on probability of deadline violation using a 6-hop network

with ¢ = [0.9,0.2,0.4,0.7,0.1,0.5], at rate R = 1 and SNR = 10 dB with 10° packets. For

comparison, we have Case-1, Case-2, Case-3 and the SC strategy (with no cluster).

our strategies outperform the known strategies in this space.
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Chapter 7

CC-HARQ Strategies in Multi-Hop

Networks under Slow-Fading Scenario

7.1 Introduction

In the previous chapters, the Type-1 ARQ protocol was employed, wherein the receiver node
at each hop transmits an ACK or NACK depending on the success in decoding. Subsequently,
on every retransmission, the receiver node discards the previous version of the packet and only
uses the latest packet to decode the information. We note that when these solutions are used
in the scenario where the devices are static, and their surrounding does not change over time
(slow-fading setting), e.g., factory settings, Type-1 ARQs are not applicable for two apparent
reasons: Firstly, in Type-1 ARQ, the previous packet is discarded; therefore, it implies the
wastage of resources. Secondly, as the channel may not vary with time, there is no benefit
in discarding the previous packets and then decoding the new packet (that is re-transmitted)
under the same channel conditions. To address the mentioned issues, Hybrid Automatic Repeat

Request (HARQ) is a promising technique wherein, on every retransmission, the receiver node
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combines the latest packet along with its previous copies to decode the information. Among
many variants of HARQ schemes in practical systems, a popular scheme is Chase-Combining
HARQ (CC-HARQ), wherein each retransmission block is identical to the original code block,
and all the received blocks are combined using the maximum-ratio combining technique at the
receiver [17].

Motivated by the drawbacks of using Type-1 ARQs in wireless networks with slowly varying
channels, in this chapter, we propose a CC-HARQ based DF strategy for achieving high reliability
under delay-bounded scenarios. In particular, we consider a multi-hop network dominated
by slowly varying wireless channels with arbitrary line-of-sight (LOS) components. Along
the similar lines of previous chapters, we impose an upper bound on the total number of
ARQs required in the network following the CC-HARQ strategy based on the end-to-end
delay requirements of the application. Subsequently, we formulate an optimization problem of
allocating the optimal ARQ distribution to each intermediate link such that the packets reach
the destination with high reliability.! Due to the intractability of the objective function in the
optimization problem, first, we propose an approximation for the objective function at a high
signal-to-noise-ratio (SNR). After that, we obtain the necessary and sufficient conditions on the
near-optimal ARQ distribution followed by a low-complexity algorithm to solve the optimization
problem. We show that our CC-HARQ based framework outperforms the Type-1 ARQ based
strategy discussed in Chapter 3 and Chapter 4 when channels are slowly varying.

In terms of novelty, this is the first CC-HARQ based strategy that optimizes the reliability
aspects of multi-hop networks with bounded-delay constraints. Moreover, the analytical results
of this chapter cannot be viewed as a straightforward extension of previous chapters since the

objective function used for optimization is unique to the CC-HARQ strategy, which was not

! Although it appears that allocating ¢s.,,,, ARQs to the first node of the network seems optimal, such an approach
would require each node to explicitly communicate the residual ARQs in the packet. This, in turn, leads to additional

communication-overhead in the packet, and such a provision may not be allowed in certain applications.
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dealt with bounded-delay applications hitherto 2.

The main contributions of this chapter are summarized as follows:

1. First, we deal with CC-HARQ based strategies for multi-hop networks with slow-fading
channels (denoted as CC-HARQ-SF), wherein the channels are assumed to be static
over the allotted attempts at each link. Under this scenario, we propose two types of
strategies, namely: non-cumulative strategy, wherein the intermediate nodes only have the
knowledge of ARQs allotted to themselves but not others, and the fully-cumulative strategy,
wherein the intermediate nodes have the knowledge on ARQs allotted to the other nodes in
addition to themselves. For reliability analysis, we use the packet-drop-probability (PDP)
metric, which is defined as the fraction of packets that do not reach the destination. For
the non-cumulative strategy, we derive a closed-form expression on PDP and formulate
an optimization problem of minimizing the PDP for a given ¢s,,,. We show that the
optimization problem is non-tractable as it contains a first-order Marcum-Q function.
Towards obtaining near-optimal ARQ distributions, we propose tight approximation on
the first-order Marcum-Q functions, and then present non-trivial theoretical results for
synthesizing a low-complexity algorithm. Through extensive simulations, we show that our
analysis on the near-optimal ARQ distribution gives us the desired results with affordable
complexity (see Section 7.5). For the fully-cumulative strategy, we provide theoretical
results on the optimal ARQ distribution in closed-form, and show that it provides lower
PDP than that of the non-cumulative strategy (see Section 7.6). However, we also point
out that the PDP benefits offered by the fully-cumulative strategy come at the cost of
marginal increase in communication-overhead, as they make use of a counter in the packet

to forward the residual ARQs to the rest of the nodes in the up-stream.

2. After that, we present a detailed analysis on end-to-end delay by considering the following

%Parts of the result presented in this chapter are available in publications [36,37]
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metrics: (i) average end-to-end delay, (i1) packet deadline violation (PDV), which is
defined by the number of packets reaching the destination after the given deadline, and
(iii1) delay profile, which represents the percentage of packets reaching the destination at a
certain time for a given deadline. By using the aforementioned delay-metrics, we provide
valuable insights on the merits and demerits of our strategies in achieving high-reliability
with bounded constraints on end-to-end delay (see Section 7.7). In the next section, we

introduce the system model for the CC-HARQ based strategy.

7.2 CC-HARQ Based Multi-Hop Network Model

Consider a network with /N hops, as shown in Fig. 7.1, consisting of a source node (S), a set of
N —1relays Ry, Rs, ..., Ry_1 and a destination node (D). By aggregating the information bits in
the form of packets, we communicate these packets from S to D by using the N — 1 intermediate
relays. We assume that the channel between any two successive nodes is characterized by Rician

fading that varies slowly over time. We model the complex baseband channel of the k-th link,

c 1—c¢
hk:1/§(1+b)+ ( 5 ’“)gk,

where « = v/—1,0 < ¢ < 11is the LOS component, 1 — ¢ is the Non-LOS component, and

for1 <k <N, as

gx is a Gaussian random variable with distribution CN(0, 1). In this channel model, ¢ is a
deterministic quantity, which characterizes different degrees of Rician fading channels, and also
makes sure that E[|h;|*] = 1 holds for any c;. At the extreme ends, it is well known that ¢, = 0
gives us the Rayleigh fading channels and ¢, = 1 provides the Gaussian channels.

By assuming that the intermediate relays are sufficiently far apart from each other, throughout
this chapter, we use the vector ¢ = [y, o, . . ., cv] to denote the LOS components of the N-hop

network. Let C C C* denote the channel code used at the source of rate R bits per channel use,
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Figure 7.1: Tllustration of an N-hop network with a source node (S), the relay nodes
Ry, ..., Ry_; and the destination node (D) follow the CC-HARQ protocol at each intermediate

link. Also, each intermediate link can be characterized by an LOS component ¢, Vk € [N].

1.e.,

R = Flog([C]).

Let x € C denote a packet (which is a codeword in the code) transmitted by the source node
such that its average energy per channel use is unity. When x is sent over the k-th link, for
1 < k < N, the corresponding baseband symbols gathered at the receiver over L channel uses is

= hix + wy, € CL, where wy, is the additive white Gaussian noise (AWGN) at the receiver of
the k-th link, distributed as CA/(0, 0%I,). We assume that h;, is known at the receiver of the k-th
link owing to channel estimation; however, the transmitter of the k-th link does not know Ay,
Since hy is sampled from an underlying distribution and the realization remains constant for L
channel uses, the transmission rate R may not be less than the instantaneous mutual information

of the k-th link. Therefore, in such cases, the corresponding relay node will fail to correctly
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decode the packet. The probability of such an event is well captured by *

L
&:mem&u+mﬁw):m(/y>, (7.1)

where v = % is the average signal-to-noise-ratio (SNR) of the k-th link, Fy(z) is the cumulative

distribution function of |hy|?, defined as

21\ 2, [202F 1)
Fk( gl )_1 @ \/(1—%)’\/7(1—%) ’ 72

such that (-, -) is the first-order Marcum-Q function [27]. To support the transmission rate,

we follow the CC-HARQ strategy wherein a receiver node asks the transmitter node for retrans-
mission of the packet and combines the received packet with the previous failed attempts to
recover the information. To explain further, for a given N-hop network model, a transmitter node
gets an ACK or NACK from the next node in the chain, indicating the success or failure of the
transmission, respectively. Upon receiving a NACK, the transmitter retransmits the packet, and
the receiver combines the current packet with previously received copies of the packet. Let ¢ be
the maximum number of attempts given to the transmitter of the k-th link to retransmit the packet
on demand. Consolidating the number of attempts given to each link, the ARQ distribution of
the multi-hop network is represented by the vector q = [g1, @2, - . ., qn]. Since we are addressing
bounded delay applications, we impose the sum constraint Zf;l Qi = Qsum, for some qsym € Z,
which captures an upper bound on the end-to-end delay on the packets.

Note that the packet does not reach the destination if an intermediate node fails to deliver the
packet to its next node despite using the allotted number of attempts. Since the packet can be

dropped in any of the links, we use packet-drop-probability (PDP) as our reliability metric of

31t is well known that the expression for P, given in (7.1) captures the error expression in asymptotic block-
length regimes. However, it has been shown in [28, Theorem 2] that (7.1) serves as a saddle-point approximation on
the error-probability expressions in non-asymptotic block lengths, especially when the block-length K is in the

order of a few hundreds.
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interest, given by

N k—1
Pa =Py, + > Piy, (Ha - ijj)) : (7.3)

k=2 j=1
where P, represents the outage event at k-th link after using the g, attempts with the CC-HARQ
protocol. In particular, we have P, = Pr (R > logy (14 (3208 \hij)fy)), where hy; is the
channel realization at the k-th link for the j-th attempt. The expression on Fj,, is obtained due
to the maximum ratio combining technique. Under the scenario, when the channel remains
fixed over multiple attempts, we can rewrite the above equation as Pr (R > log, (1 + |l |2qrY))
which is equal to Fy, ( 2(1;—’71) . It can be observed that on every retransmission, the packet gets
added to its previous copies due to CC-HARQ protocol, which results in an increased effective
SNR of the given link. We call this strategy as CC-HARQ-SF, where ‘SF’ stands for slow-fading
scenario.

For the proposed CC-HARQ-SF based multi-hop network, we are interested in minimizing
the PDP given in expression (7.3) for a given sum constraint on the total number of ARQs given
by ¢sum € Z such that vazl ¢; = qsum- Henceforth, we formulate our optimization problem in
Problem 7.1 as shown below. Throughout this chapter, we refer to the solution of Problem 7.1,

as the optimal ARQ distribution.

Problem 7.1. For a given c and v = % solve

* % * .
41,99, ---qy = arg nun  pq
q1,492,---gN

N
SubjeCt 10 g, > 17Qk’ € Z+ Vk € [N]az% = Gsum-

i=1
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7.3 Analysis on the Optimal ARQ Distribution using CC-
HARQ-SF

The PDP expression in (7.3) is dependent on the Marcum-Q function, and tackling the Marcum-
Q function analytically is challenging because it contains a modified Bessel function of first
kind [27]. Therefore, in this section, we first present an approximation of the Marcum-Q function
at a high SNR and then use it to provide necessary and sufficient conditions on the optimal ARQ

distribution when using the approximations of the Marcum-Q function.

7.3.1 Approximation on the Marcum-Q function

Theorem 7.1. For a given N-hop network and at high SNR regime, we can approximate the
Marcum-Q function as Q1 (ay, by) = Q1(ax, by) £ 1 — (b2/2)e %/ for all k € [N].

Proof. In the context of the N-hop network discussed in the previous section, the Marcum-Q

function of first-order associated with the k-th hop is given by

AL (D) (S () )

m=0

where aj, = \/(2¢x)/(1 — k), by, = \/2 —1)/~v(1 — ¢) such that v = 1/02. We highlight

that a;, depends on the LOS component and by, is dependent on SNR. It can be observed that

at high SNR, b, is very small, and henceforth, we use the small values of b; to derive the
approximation. On expanding e b/ using Taylor series, and neglecting the higher power terms,
we can approximate ebi/2 by (1—56%/2). Similarly, by expanding the internal summation starting

with index m, we can neglect the higher power terms of b, and approximate the summation

iakbk am 1 N a_gbz
2 mT(m+i4+1) il (142 /)"

m=0

terms as
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Therefore, we can rewrite Q)1 (ay, by) as

S G rtalD)

(]

2
“‘?rw

Ql(ak‘a bk) ~e

Now, by using >~ jz"/n! = e” and re-arranging the terms in above equation, we can write

N[ 2 b, e
()l aet )

On further solving the above equation and by neglecting the higher power terms of b, we obtain

Q
“‘?no

Q1 (ay, by) -

%
)

_ b2 _a2
Q1(ax, by) ~ Q1(ag,by) =1 — Eke 2 (7.4)

This completes the proof. ]
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Figure 7.2: Comparison of original expression of Marcum Q-function with its proposed

approximation at different values of SNR.

To validate the approximation given in (7.4) for different values of SNR and the LOS
components, we present the simulation results in Fig. 7.2 where the original expression of

Marcum-Q function is compared with its approximated expression given in (7.4). It can be
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observed from Fig. 7.2 that the approximation on the Marcum-Q function almost coincides with
the original expression.

By using the approximation in (7.4), we can approximate (7.1) as

. - N ¢ -
szl—Ql(ak,bk):§€2 :—(1 0)627
— Ck

where ¢ = 211—’1, and P, denotes the approximation on Py. Similarly, for a given gj, retransmis-

sions, we can approximate Py, as Py, , given by

p,oa_ 0 (7.5)
A ' '

Finally, by using (7.5), we can write the approximate version of (7.3) as

N k—1
b Pt S P (Hu _ P>) )

k=2 Jj=1
where p,; denotes the approximation on p,. Henceforth, using the approximated expression on p,
as above, we formulate an optimization problem in Problem 7.2 as shown below. Throughout
this chapter, we refer to the solution of Problem 7.2, as the near-optimal ARQ distribution since

the objective function in Problem 7.2 is an approximation on the objective function in Problem

7.1.

Problem 7.2. For a given c and a high SNR v = (%, solve

* % * . ~
41,99, ---4y = arg nun  pq
q1,92,---4N

N

subject to qi. > 1, q € Z, VEk, Z G = Qsum-
i=1
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7.3.2 Sufficient and Necessary Conditions on the Near-Optimal ARQ Dis-
tribution in CC-HARQ-SF Strategy

Before we obtain the necessary and sufficient conditions on the optimal ARQ distribution, we
show that a link with a higher LOS component must not be given more ARQs than the link with

a lower LOS component.

Theorem 7.2. For a given LOS vector ¢ and a high SNR regime in a CC-HARQ-SF based
multi-hop network, the solution to Problem 1.2 satisfies the property that whenever c; > c;, we

have ¢; < ¢;Vi,j € [N].

Proof. To highlight the location of ¢; and ¢;, we write c as [¢1,¢2,...,Ciy...,Cj, ..., CN—_1,CN]
such that j > 4. Assume that ¢; > ¢;, and ¢; and ¢; denote the number of ARQs allotted to
the i-th and j-th link, respectively. Furthermore, let us suppose that ¢; = ¢; = ¢ and we have
one ARQ with us. Now, the problem is deciding whether to allocate that additional ARQ to
the i-th link or the j-link that results in lower PDP. Towards solving this problem, we consider
an equivalent multi-hop network with LOS vector ¢’ = [c1,¢a,...,CN—1, .-, CNy - -, Ci, G,
wherein ¢’ is obtained from c by swapping ¢; with cy_; and ¢; with c¢y. By using a similar
approach given in Theorem 1 (from Chapter 3), we can show that the PDP of the multi-hop
networks with the LOS vectors ¢ and ¢’ are identical. Furthermore, the PDP of the N-hop

network with LOS vector ¢/, is written as
Pa = Prgy + Pa (1 = P ot (P + Proy (1= Pra)) TT (1= Pray).
ke[NI\{i.j}

Note that f’iqi and f’jqj appear only in the last term of the above expression. Since the question
of allocating the additional ARQ is dependent only on the expression ISlq + quj (1-— ]—N’iqi), we

henceforth do not use the entire expression for PDP. Additionally, since ¢; = ¢; = ¢, we obtain
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one of the following expressions when allocating the additional ARQ,

= PFigry + Pj(1— Pi(qul))v
= 1Diq+Pj(q+1)<1_1Di )
Since ¢; < c¢;, we know that piq > qu for ¢ = 1. To prove the statement of the theorem, we use

the approximation given in (7.5) to show that A < B. Therefore, using (7.5), we write
—a? —a? —a?
P S (P s
(@+D(1-c) ql-q) (¢+1)(1 =)

B gzﬁe%ai ¢e%% B ¢e%ﬁ
b= q(1 —ci) " (¢+ 1)1 —¢) (1 q(1 - Cz‘))'

On solving the difference A — B, we get

(b(eagm ey el Ciea§/2> <1 1 )
~————

In the above equation, note that the second product term in the bracket is positive. Therefore,

to prove that A — B < 0, first, we show that e™9/2 _gmai/2 o cje_“?/2 — ;e %% < 0 for any
i,j € [N]. To proceed further, we start by assuming that the above inequality is true, and by

rewriting the above equation, we get e~/ 2(1 — ¢;) < e %/%(1 — ¢;) which in turns equal to
(1—¢) e %/?

< —55-
(1—¢;) = e %/2

Now, by taking the logarithm on both sides and on expanding both a; and

l—¢ j — Ci 1 —g¢
a;, we obtain the inequality log ¢ < G—¢ .Letx = —C, and therefore,
1—Cj (1—01)(1—01) 1—Cj
l—¢ | — G . . . .

r—1= G =494 Furthermore, by using =, we can rewrite the above inequality as
1—¢ (1-¢)
r—1

, where

1
(1—Cl> 1_Ci

i.e. logx < (z — 1), we can prove that the inequality log x <

logx < > 1 because ¢; < 1. Moreover, by using the standard inequality

i—c) is true for any i, j € [N].

Hence, this completes the proof that A — B < 0. [
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Henceforth, we use the set S = {q € ZY | Zjvzl ¢ = Qsum & qj > 1V j} to define the
search space for the optimal ARQ distribution. Furthermore, for a given q € S, its neighbors are

defined as below.

Definition 7.1. The set of neighbors for a given q € S is defined as H(q) = {q € S| d(q,q) =

2}, where d(q, Q) denotes the Hamming distance between q and Q.

In the following definition, we present a local minima of the space S by evaluating the PDP

of the CC-HARQ-SF based multi-hop network over the vectors in S.

Definition 7.2. To be a local minima of S, an ARQ distribution " € S must satisfy the condition
pa(q*) < pa(Q), for every q € H(q*), such that py(q*) and py(q) represent the PDP evaluated

at the distributions q* and q, respectively.

Using the above definition, we derive a set of necessary and sufficient conditions on the local

minima in the following theorem.

Theorem 7.3. For a given N-hop network with LOS vector c, the ARQ distribution q* =
45, G5, - - -, gy is said to be a local minima if and only if ¢} and q; for i # j satisfy the following

bounds

Q;QKi —q;(Ki + K;K;) — Cy

IN

0, (7.7)

K+ ¢ (K — KK;) — Cy > 0, (7.8)

where Cl = —K]Kl + q;‘sz + qf(KJ — KjKi)’ CZ = KJKZ + qik2Kj — q:(KJ -+ K]Kl) with

(2

K, fort € {i,j} given by

Ki=—¢l—a", (7.9)

Proof. According to Definition 7.1, it can be observed that a neighbor of q* in the search

space S differs in two positions with respect to q*. Let these neighbors are of the form q. =
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45,65, g+ 1,5 —1,...,qy]and - = [q7,¢5, ..., q¢f — 1,...,¢; +1,...,qy] that
differs in two positions at ¢ and j provided ¢; — 1 > 1 and ¢; — 1 > 1. Because of the type
of search space and the expression of PDP, we invoke the results from Theorem 1 (Chapter
3) that the PDP remains identical after swapping intermediate links. Therefore, instead of
considering the multi-hop network with LOS vector ¢ = [c1,¢a, ..., ¢y ..., Cjy .-, CN—1,CN ]
we consider its permuted version with the LOS vector ¢ = [c1,¢a, ..., CN_1, ..., CN, - -+, G, G,
wherein the i-th link is swapped with (V. — 1)-th link, and the j-th link is swapped with N-
th link. Consequently, the local minima and its two neighbors are respectively of the form
A =g G Gt AN G G A = 4 B ANt s 4+ L) —
andq- = [¢7, G5, qNn_15---»qNs - - - @ — 1, ¢} + 1]. By using the definition of local minima,

we have the inequalities

Pa(q”) < pa(q4), and pa(q*) < pa(q-), (7.10)

where p4(q*), pa(qs ) and py(q_) represent the PDP evaluated at the distributions q*, .., and
q_, respectively. Because of the fact that ., and q_ differ only in the last two positions and the

structure of the PDP, it is possible to demonstrate that the inequalities in (7.10) are equivalent to

Pig: + Pig; (1 - Pz‘q*) < Pygz-1) + Pitgg+1(1 = Pigz-1), (7.1D)

respectively. First, let us proceed with (7.11) to derive a necessary and sufficient conditions on
¢; and g;. On expanding Piq and ﬁ’jq, and by using the approximation on outage probability

given in (7.5), the inequality in (7.11) can be rewritten as

K, K; K; K; K, K;
) gt e )

¢ ¢\ ) @+l -1\ g+l
where K; and K; can be obtained from (7.9). On solving the above equation, we obtain
K; K; +Kj K; < K;K; K K;

¢ ¢+l ¢ ¢-1" qg¢ (¢+)(q@-1)
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After further modifications, we can rewrite the above equation as

In the above equation, we can replace (—K;K; + ¢*K; + ¢/ (K; — K;K;)) by C}, and by
rearranging the terms, we get (7.7). This completes the proof for the first necessary condition.
The second necessary condition for (7.11) can be proved along the similar lines of the above
proof to obtain (7.8). It can be observed that the two conditions of this theorem are also sufficient

because the bounds are obtained by rearranging the terms in the condition on local minima. []

7.4 Low-Complexity List-Decoding Algorithm

Using Theorem 7.3, we are ready to synthesize a low-complexity algorithm to solve Problem 7.2.

* )’é
proposition 7.1. If the ARQ distribution q is chosen such that q—i =4/ ?], fori # 7, then q is
4q; i
a local minima of the search space at a high SNR.

Proof. At ahigh SNR, ¢ is very small, and therefore, the product K; K is negligible. Therefore,
we can rewrite (7.7) and (7.8) as

GPKi— K, < ¢°K;+ ¢/ K;,

C]J*'QKz +G K > Q;FQK]‘ — ¢ K;
respectively. On rearranging the above equations, we get

G°Ki— ¢°K; < ¢Ki+ ¢ K,

¢*Ki—q’K; > —¢ K —¢K;,
respectively. Now, by equating ¢; K; + ¢; K; = €; j, the above equations become

G°K; —q?K; < ey, (7.13)

Q;QKi—C];kQKj > —€ij, (7.14)
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where ¢; ; is a positive number dependent on K;, Kj, ¢;, g;. If we choose ¢; and ¢; such that
¢;*K;—q;?K; = 0, for i # j, then it ensures that the inequalities in (7.13) and (7.14) are trivially
satisfied. Thus, choosing

G _ K

e Th (7.15)

for every pair 7, 7 € [N] such that i # j, satisfies the sufficient conditions given in (7.13) and
(7.14) at high SNR values. This completes the proof. [

Based on the results in Proposition 7.1, we formulate Problem 7.3, as given below, as a means

of solving Problem 7.2 at a high SNR.

Problem 7.3. For a given { K1, K, ..., Ky} and qsum, find ¢;,q;, . . . g such that

; e
Z_;:”?Zj Vi,j € [N] wherei # j,

* * , N *
q; > 17Qz € Z+7 VZ, Zi:l 4 = dsum-

However, from Problem 7.3, it is observed that a solution is not guaranteed because the ratio
\/%, which is computed based on the LOS components and the SNR, need not be in Q.
Therefore, we first propose a method to solve Problem 7.3 without the integer constraints, 1.e.,
to find an ARQ distribution q € RY. This type of problem can be solved by using the system
of linear equations of the form Rq = s to obtain q,.y = R™'s, where q = [q1,¢2, ..., qn

s =1[0,0,...,0, Geum)” and R € R¥*¥ such that R(j,j) = 1for1 < j < N, R(N,j) = 1, for

]T

2

K.
1<j<N,R(j,j+1)=—rju,forr, = [J(H and 1 < j < N — 1, and the rest of

J
the entries of R are zeros. Subsequently, using the solution q,..; in RY, we propose to obtain a

solution in the true search space S by generating a list as given in Algorithm 7 (also discussed

in Chapter 3). Finally, once the list is generated, the ARQ distribution that minimizes the PDP
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would be the solution of the proposed algorithm. In the next section, we present the extensive

simulation results to show the performances of our theoretical results.

Algorithm 7 List Creation Based Algorithm
Require: R, s, ¢sum, c = [c1,¢a, ..., CN]

Ensure: £ C S - List of ARQ distributions in search space S.
I: Compute Grew = R'S, 4 = [Qreat]|.
2: fori=1: Ndo
3: if ¢; = 0 then

4: G=q+1
5: end if
6: end for

~

. Compute F = (ZZ]\LI C]z) — Qsum
: L={q€eS|d(q,q) = E,q; # g;forc; < c;}.

o]

7.5 Simulation Results

In the first part of this section, we present simulation results on the delay profiles of the packets
under the CC-HARQ-SF protocol. We show that when the ACK/NACK delay overheads are
sufficiently small as compared to the payload, there is a high probability with which the packets
arrive at the destination within the given deadline. To obtain the results, first, we take qg,,, =
L%J , by assuming 7y acx = 0 and 7, + 7; = 1 microsecond where Tiq1, TN ACK, Tp and T4
(with ps unit) are defined in Chapter 1. Then, we consider non-zero values of Ty cx =
{0.05,0.2,0.8} s during the packet flow, and present the results for the following metrics: (i)
the number of packets that did not reach the destination due to lack of ARQs present at the

intermediate nodes (defined by Fy,.,,), (i1) the number of packets that reach the destination
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Figure 7.3: Illustration on the average delay on packets and deadline violation parameter (7)) for

several values of Ty acx = {0.05,0.2,0.8} microseconds while implementing CC-HARQ-SF

strategy.
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Figure 7.4: Comparison of list size between exhaustive search and the proposed low-complexity

algorithm with and without Theorem 7.2 .

after the given deadline (defined by P..qine), and (iii) the average delay on the packets. The

plots are as shown in Fig. 7.3 for a given /N and a LOS vector ¢ with different ¢, and

various SNR values. It can be observed that when 7y 40k 1s very small, specifically at values

Tnvack = {0.05,0.2} microseconds, the average delay is sufficiently lower than the gy, (the
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Figure 7.5: PDP comparison in CC-HARQ-SF based non-cumulative network between (i)
exhaustive search using original PDP expression, pg, (i1) exhaustive search using approximated
PDP expression, py, (iii) proposed low-complexity algorithm (given in Algorithm 7), and (iv)
uniform ARQ distribution along with ARQ distribution in a non-HARQ strategy (as discussed in
Chapters 3, 4). With uniform distribution, each link is first distributed with | gsym/N | ARQs,
and the remaining ARQs are equally shared by the first ¢s,,,, mod N links.

deadline). Also, the deadline violation parameter 7 = %ﬁ:’f‘”m is nearly or equal (in the
case of Ty 40k = 0.05us) to one. However, when 7y 40 = 0.8us, the average delay slightly
moves towards the deadline and also, 7 exceeds one, showing the deadline violation of the
packets.

In the rest of this section, we present the simulation results to validate our theoretical analysis
and to showcase the benefits of using the CC-HARQ-SF protocol over a non-HARQ based multi-
hop model. On the one hand, the computational complexity for solving Problem 7.1 and Problem

7.2 using an exhaustive search is (qsﬁ;’jl). On the other hand, the computational complexity of

our method is determined by the complexity of computing the inverse of a matrix and that of
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Algorithm 7. Furthermore, while the complexity for computing the inverse is O(N?), the number
of computations for generating the list is bounded by (g), where F is the leftover number of
ARQs after the ceiling operation. To demonstrate the benefits of using our low-complexity
method, we plot the curves for the list size of an exhaustive search and the proposed algorithm
in Fig. 7.4 for several values of ¢, with N = 4 and N = 5. Specifically, we plot the list
size both with and without incorporating the results of Theorem 7.2. When using Theorem
7.2, by subtracting one ARQ from all possible (g) positions from q, we discard those ARQ
distributions which follow the rule ¢; > ¢; whenever ¢; > c;. As a result, we see that the list
size shortens after incorporating the rule of Theorem 7.2 for N = 5. Furthermore, based on
the simulation results, we observe that the ARQ distribution, which minimizes the PDP from
the list £ matches the result of exhaustive search, thereby confirming that our list contains the
optimal ARQ distribution. Although, we used high SNR results of Proposition 7.1 to synthesize
the list-decoding method, we observe that the size of the list reduces significantly at low and
medium-range of SNR values.

Finally, to showcase the benefits of using CC-HARQ-SF in a multi-hop network, we plot
the minimum PDP against several values of ¢, in Fig. 7.5 by using (i) an exhaustive search
on py (as given in (7.3)), (ii) an exhaustive search on p, (as given in (7.6)), (iii) the proposed
low-complexity algorithm, (iv) uniform ARQ distribution in CC-HARQ-SF based strategy, and
(v) non-HARQ strategy. There are mainly two observations from the simulation results in Fig.
7.5: (a) the PDP improves in the case of optimal ARQ distribution (with the exhaustive search
on both py and p,) over uniform ARQ distribution and non-hybrid based ARQ distribution, and
(b) our proposed approximation p,; produces reasonably accurate results.

In the next section, we discuss the fully-cumulative strategy in CC-HARQ-SF based multi-

hop model with slow-fading intermediate channels.
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7.6 CC-HARQ-SF based Fully-Cumulative Network

In the CC-HARQ-SF based non-cumulative network, the residual ARQs at any node cannot be
transferred to its succeeding nodes. This is because the nodes in the network do not have the
knowledge on the ARQs given to the other nodes, thereby leading to wastage of ARQ resources.
Due to this limitation of the CC-HARQ-SF based non-cumulative network, in this section, we
consider a setup where every node is aware of the ARQs assigned to the node before it, unlike
the non-cumulative model. Therefore, the following node can use the unused ARQs from the
preceding node. In addition, we also assume that the packet structure contains a particular
portion, referred to as the counter, in order to carry the number of ARQs not utilized by the
preceding nodes in the network. We emphasize that the need to include the counter in the
packet structure has a vital role since a given relay node can only hear the residual ARQs from
the node immediately preceding one [30, Section V]. When using a counter, every node can
use the residual ARQs from all its preceding nodes in addition to its ARQs, thus reducing the
end-to-end PDP. Henceforth, throughout this chapter, we refer to this multi-hop network as the

CC-HARQ-SF based fully-cumulative network.

a q2 a3 qN-1 qN dsum.v

ACK/NACK CK/NAC ACK/NAC 4
WV V v
\_/ v ,
ACK/NACK
@ S cee @Y
(-
Mj\ Virtual link

Q» Slowly Varying /
Channels

N ?géfﬁrﬁgg_s%%n)s C® Packet + Counter R, - Virtual node

Figure 7.6: An illustration for a CC-HARQ-SF based fully-cumulative network.
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To explain the model further, assume that on the first link, g/1 out of ¢; ARQs are used to
successfully transmit the packet to the next node by implementing CC-HARQ-SF, and as a
consequence, q’ll =q1 — q'1 ARQs are not utilised. Since the following node in the chain is aware
of both ¢; ARQs and the number of attempts made by the preceding node for the successtul
transmission of the packet, it can use ¢, + ¢; ARQs to transmit the packet to its successor node.
Furthermore, to assist the successor node in the chain to make aware of any residual number of
ARQs, the second node encodes the number ¢ + q’l/ in the counter and then starts transmitting
the packet to the successor node. If the second node uses ¢, attempts, then the third node (which
is the successor node in the chain) can use ¢3 + ¢» + q'll — q; number of attempts. Similarly, the
third node encodes the number g3 + g2 + q'{ — q/2 in the counter and then starts transmitting the
packet to its successor node. This way, each intermediate relay node gains additional ARQ for
packet transmission by using (i) the knowledge of the number of ARQs allotted to itself, (ii)
the number encoded in the counter portion of the packet, and (iii) the number of unsuccessful
attempts made by the preceding node. We emphasize that every relay node updates the counter
in the packet only once, and as a result, the additional delay incurred by this update process
is negligible. An illustration of the fully-cumulative ARQ scheme is given in Fig. 7.6. In this
scheme, note that as the preceding node may have more ARQs than allotted to it (because of
additional ARQ accumulated from its preceding node), the next node in the chain does not know
the maximum number of attempts that would be made by its preceding node. Therefore, a given
node, upon sending a NACK to its preceding node, will wait for the packet only for a specified
amount of time, say 7 seconds. If it does not receive the packet within 7 units of time, then
it implies that the preceding node has exhausted the allotted number of ARQs, and therefore,
the packet is said to be dropped in the network. It is intuitive that this process of cumulatively
adding the unused ARQs at each hop will reduce the PDP in comparison with the non-cumulative
strategy without changing the sum constraint gy, = Zfil ¢;- To showcase the benefits, we

have shown the simulation results for a 3-hop network in Fig. 7.7 where it can be observed
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that the CC-HARQ-SF based fully-cumulative network outperforms the CC-HARQ-SF based

non-cumulative network.
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Figure 7.7: Comparison of the minimum PDP, denoted by p,, for : (i) CC-HARQ-SF based
non-cumulative network, (i1)) CC-HARQ-SF based fully-cumulative network, and (iii) non-hybrid

ARQ strategy .

The PDP expression for this scheme can be obtained similar to that of (7.3), however, the
residual ARQs from the preceding nodes are also taken into account when computing the PDP at
each node. For example, for a 3-hop network with the ARQ distribution q = [g1, g2, ¢3], the PDP

expression can be given as

-1 -1 q2+q1—(i+2)
pa = Pig + Z(Pu — Priiv1) Poggerar (1)) + Z(Pu — Piit1)) Z
=0 i=0 =0
(Paj = Paj+1)) Pa(gs+azar—(i+5+2))- (7.16)

In the above equation, Py; — Py(;+1) represents that the packet at k-th hop (where k& € [1, 3])
gets dropped till its i-th attempt and is transmitted successfully to its next node at (i + 1)-th

attempt. In a similar manner, we can write the PDP expression for any N-hop network. Now, we
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present the result on the optimal ARQ distribution for the CC-HARQ-SF based fully-cumulative

network.

Theorem 7.4. For a given ARQ distribution q = [q1, G2, - - - , qn] and qsym in a CC-HARQ-SF

based fully-cumulative network, the optimal ARQ distribution can be given by [¢sum, 0, . .., 0].

Proof. First, we want to prove the result for N = 2. With ARQ distribution [¢1, ¢2], the PDP can

be written as
q—1

pdpy = Pig, + Y (Pri = Pi(i+1) Pagotar—i1), (7.17)
i=0
where Py = 1. Furthermore, let us transfer one ARQ from the second link to the first link by
considering that ¢, > 1. Therefore, the PDP expression in this case can be written as

q1

pdpy = P + Z(P” = Pi+1) Paga—14qu+1- (41,
=0
q1
= Py + ) (Pri = Pirn) Patgarrar—(41)-
=0

On calculating pdps; — pdpgl, we get

q1—1
pdpy —pdp; = Pig — P41 + Z(Pu - Pl(i+1))P2(q2+q17(i+1))
i=0
q1
- Z(Pu — Pi(i11)) Pa(gatg1 —(i+1))

i=0
= (Pig = Piq+1) (1 = Pago-1))-

It can be observed that Py, > Pj(4,41) and (1 — Py(g,—1)) > 0, because Ps(q,—1y < 1. Therefore,

we conclude that the above equation results in a positive number and hence, pdps, > pdpgl.

Furthermore, if we keep transferring one ARQ from the second link to the first link and calculating

the difference between the old PDP and the new PDP (after transferring one ARQ), the difference

is always positive. In this way, the optimal ARQ distribution can be given by [¢; + ¢z, 0]. This

completes the proof for N = 2.



140

Now, by using the hypothesis step of induction, let us assume that the result is true for N = k.
To prove the result for N = (k + 1), letq = [q1, 2, - - - , @r+1] be the ARQ distribution across
the £ + 1 nodes. Since, the nodes are applying the fully-cumulative scheme, we assume that the
set of nodes from the 2"? to the (k + 1)-th node as a single virtual node. Henceforth, we refer to
this virtual node as R,,.. After forming a virtual node, now, we have a network comprising source
node, I?, and a destination node. Also, the I, node has given total gy, , = Zf;l ¢; number
of transmissions and ¢y, ,, 1s internally distributed among the & nodes constituting the virtual
node, R,. Let PDP,(qsum,) represent the PDP at the virtual node. Now, the PDP expression

for this above mentioned two-hop network can be written as

q1—1

PDPy, = P + Y _(Pii = Pi(i41)) PDPy(qoumo + 1 — (i + 1)), (7.18)
i=0
where P, = 1. Now, in the above equation, it can be observed that for the fixed ¢, Py;

and Py(;41) for each iteration ‘7, the PDP expression can be minimized by minimizing the
PDP,(qsumwp + @1 — (i + 1)). Also, by using the assumption on N' = k from the induction step,
we know that [gsum, 0, . .., 0] will minimize P D P,. Furthermore, for (7.18), we have the ARQ
distribution [g1, Gsum v, 0, - - ., 0]. In order to find the optimal ARQ distribution of (7.18), we use
similar approach as for N = 2. That is, we start transferring one ARQ from the virtual node to

the first link and write the new PDP expression as
q1

PDP;, = Pigny+ > (Pu— Piiir1) PDPy(quumy — L+ @1 + 1= (i +1))
=0

q1
= Pig+n + Z(Pu — Pi(i41)) PDPy(Qoumw + @1 — (1 + 1))
i—0

On calculating PD P, — PDPQS;, we get
PDP?U - PDPQS’I.II = (P1Q1 - Pl(Q1+1))<1 - PDPU(qum,v - 1))

It can be observed that 0 > Py, — Py(g,41) < 1 and (1 — PDP,(qsum,» — 1)) > 0, therefore, it

implies PD P, > PDP;;. Hence, on transferring one ARQ from the virtual node to the first
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link, the PDP will decrease. Therefore, we can conclude that the optimal ARQ distribution is

[@sum, 0, . . ., 0] for a fully-cumulative network. O

7.7 Delay Analysis for CC-HARQ-SF based Non-Cumulative
Network

In this section, we present a detailed analysis on end-to-end delay for CC-HARQ-SF strategies.
First, we show that packets in a non-cumulative network have a higher probability of reaching
the destination before the deadline, assuming that the delay overheads from ACK/NACK are
sufficiently small. To demonstrate the results, we obtain ¢, as ﬁj without considering the
resources for ACK/NACK in the reverse channel, where 744, 74 and 7, are as defined in Chapter
1. Subsequently, we introduce different resolution of delays from NACK, say 7y ack time units,
and then observe the impact on the end-to-end delay on the packets. Assuming 7, + 74 = 1
microsecond, we set the deadline for end-to-end packet delay as ¢, microseconds. Then, by
sending an ensemble of 10° packets to the destination through the CC-HARQ-SF strategy, we
compute the following metrics when Ty acx € {0.05,0.2,0.8} microseconds: (i) the fraction
of packets that were dropped in the network (denoted by Pp,,,) due to insufficient ARQs at
the intermediate nodes, (ii) the fraction of packets that reach the destination after the deadline
(denoted by Ppeqaiine), and finally, (iii) the average end-to-end delay on the packets. These
metrics are plotted in Fig. 7.8 for various values of SNR for a specific value of N and the
LOS vector c. The plots suggest that the average delay is significantly lower than that of the
deadline especially when 7y 4ck 1s small, owing to the opportunistic nature of CC-HARQ-SF
strategies. However, as Ty acx increases, the average delay is pushed slightly closer to the

deadline. Furthermore, to capture the behaviour of deadline violations due to higher 7y 4cx, In

PDr0p+PDeadline
PDrop

Fig. 7.8, we also plot ) = . The plots confirm that when 7y 4cx 1s sufficiently
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Figure 7.8: Variation of average delay on the packets and the deadline violation parameter (7))

for various Ty acx in CC-HARQ-SF based strategies at SNR= 0 dB.

small compared to 7, + 74 (see Tyacx = 0.05us at SNR = 10, 15, 20 dB), the packets that
reach the destination arrive within the deadline with an overwhelming probability as n = 1 at
those values. Owing to the use of ACK/NACK, [30] has already shown that the average delay
offered by the ARQ based strategy is much smaller compared to other strategies for packet
retransmissions. We highlight that our results improve upon that of [30] because of the combining
nature of the ARQs at the receiver.

In the rest of this section, we present the other delay metrics for our non-cumulative and
fully-cumulative strategies. Let us assume that we want to secure the packets from eavesdropping,
and therefore, every node in the cluster encrypts the counter portion of the packet after updating
it with the residual ARQs. As a result, when the packet is successfully decoded at the next node,
it needs to decrypt it by using an appropriate crypto-primitive. Since this procedure results in an
additional processing delay on the packet, we represent this delay by 7. microseconds. Assuming
that the delay introduced on the packet per hop for each transmission is ' = 7, + 74 = 1
microsecond. Now, we analyse the effect of crypto-primitives on end-to-end delay by choosing

T. = a1, where o = 0,0.5, and 1. In Fig. 7.9, we have shown the effect of o on the end-to-end
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delay by plotting the delay profiles (in percentage) of both non-cumulative and fully-cumulative
strategies. The delay profile refers to the percentage of packets reaching the destination in a
certain amount of time. For generating the plots, we have used an ensemble of 10° packets and
we considered N = 5, R = 1, SNR= 5 dB, ¢sum = 12, and ¢ = {0.1,0.5,0.1,0.3,0.7}. It can
be noted that the percentage of packets that reaches the destination after the given deadline can
be treated under the category of deadline violation. Evidently, delay profiles are same for the
non-cumulative strategy irrespective of the value of «, because there is no counter present in it.
However, it can be observed in a fully-cumulative network that as « increases, the percentage of
packets violating the deadline (where deadline is 12x5) increases. It can also be visualized by
the width of the rectangle that as « increases, the width of the rectangle increases (wherein the

rectangle shows the percentage of packets violating the deadline). Furthermore, if the effect of

non-cumulative, non-cumulative, . B L B
‘4 Tnack = 0.05us "B TNack = 0.4us e fully-cumulative, 7y acx = 0.0548 e fully-cumulative, 7y 4cx = 0.4us
2 2 . . . . . . 2 . . . . .
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Figure 7.9: Simulation results on delay profiles for CC-HARQ-SF based strategies using a 5-hop
network with ¢ = [0.1,0.5,0.1,0.3,0.7] and ¢y, = 12 atrate R = 1 and SNR= 5dB with 10°
packets wherein some packets are dropped either due to outage and some are dropped due to

deadline violation (marked in the rectangle).

« 1s not considered when designing ., when a = 0, then there is a non-zero probability that
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Figure 7.10: Illustration on PDV for non-cumulative and fully-cumulative network while imple-

menting CC-HARQ-SF strategies for different 7y 4cx and « values.

some packets may reach the destination beyond the deadline, however it is very small (see the
first plot in Fig.7.9).

Now, in addition to PDP, we define a new metric referred to as probability of deadline
violation (PDV), which can be defined as the PDV = %. In Fig. 7.10, we plot the
PDV for our CC-HARQ-SF based non-cumulative and fully-cumulative networks as a function of
« for a 5-hop network with different gg,,,,. In the plots, q, represents the ARQ distribution taken
for generating the plots for non-cumulative strategy and {¢sum, 0, ..., 0} is the ARQ distribution
for the fully-cumulative network. Also, for a given ¢s,,,, the deadline for packets to reach the
destination is g, microseconds. The plots confirm that: (i) PDV of the non-cumulative network
do not change with «, (i1) PDV of the fully-cumulative network increases with increasing values
of «; this is because N — 1 nodes made use of the counter in the packet, thereby adding a

significant delay of (N — 1)T. microseconds to the packet (because in fully-cumulative network,

the nodes except the first node use the counter).
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7.8 Summary

In this chapter, we have presented a novel CC-HARQ-SF framework to achieve high reliability
with bounded-delay constraints in a slow-fading multi-hop network. In particular, by using the
CC-HARQ-SF protocol at the intermediate relay, we have posed the problem of distributing a
given number of ARQs such that the PDP is minimized. We have shown that the problem is
non-tractable because the underlying PDP expression contains the Marcum-Q function. Towards
solving the problem, (i) we have provided a novel approximation on the Marcum-Q function in
the high SNR regime and have subsequently used the approximation by formulating a similar
optimization problem, (ii) we have derived a set of necessary and sufficient conditions on the
near-optimal ARQ distribution by using the approximated version of the optimization problem,
and finally, (iii) we have proposed a low-complexity list-based algorithm to solve the optimization
problem that yields near-optimal ARQ distribution. We have validated our approximation and

the efficacy of our algorithm through extensive simulation results.



Chapter 8

CC-HARQ Strategies in Multi-Hop

Networks under Fast-Fading Scenario

8.1 Introduction

In the previous chapter, we discussed the CC-HARQ strategy over a multi-hop model in a
slow-fading scenario. However, when the channels are not static and change over multiple
ARAQ attempts, the solutions and the analysis on PDP from Chapter 7 are no longer applicable.
Therefore, in this chapter, we address the issue of obtaining optimal ARQ distribution for the
CC-HARQ strategy under a fast-fading scenario '. In particular, the main contributions of this

chapter are summarized as follows:

1. We deal with CC-HARQ based strategies in fast-fading scenarios (denoted as CC-HARQ-
FF), wherein the channels are statistically independent across allotted attempts at each
link. Similar to CC-HARQ-SF, we propose non-cumulative and fully-cumulative strategies

under this case. For the non-cumulative strategy, we provide a closed-form expression on

IParts of the result presented in this chapter are available in publications [37]
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PDP, and show that the optimization problem is non-tractable and more challenging (as
compared to CC-HARQ-SF) as it contains higher-order Marcum-Q functions. Therefore,
to obtain near-optimal ARQ distributions, we first propose approximations on the Marcum-
Q functions of higher-orders, and then use them to formulate a new optimization problem.
Furthermore, we derive necessary and sufficient conditions on the solutions for the new
optimization problem, and then propose a low-complexity algorithm to solve the same.
Using extensive simulations, we showcase the accuracy of our theoretical results and
the proposed algorithms (see Section 8.3). For the non-cumulative strategy, we provide
theoretical results on the optimal ARQ distribution for a fully-cumulative network in
closed-form, and show that the fully-cumulative strategy provides lower PDP than the
non-cumulative counterpart at the cost of marginal increase in communication-overhead

(see Section 8.4).

. For each of our strategies, we present a detailed analysis on end-to-end delay by considering
the following metrics: (i) average end-to-end delay, (ii) packet deadline violation (PDV),
which is defined by the number of packets reaching the destination after the given deadline,
and (ii1) delay profile, which represents the percentage of packets reaching the destination
at a certain time for a given deadline. By using the aforementioned delay-metrics, we
provide valuable insights on the merits and demerits of our strategies in achieving high-

reliability with bounded constraints on end-to-end delay (see Section 8.5).

. Finally, we also address the open question of whether CC-HARQ based strategy outper-
forms performs Type-1 ARQs in a multi-hop network. Surprisingly, in this fast-fading
scenario, we note that the CC-HARQ strategy may or may not outperform Type-1 ARQ
strategy depending on the LOS components at each link and the underlying SNR. To
exemplify this behaviour, in Fig. 8.1, we present the minimum PDP of CC-HARQ based

strategies for a two-hop network under two different combinations of the LOS components.
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Irrespective of these observations, our contributions on the optimal ARQ distribution for

CC-HARQ based strategies are significant since the proposed low-complexity algorithms

are applicable for a wide range of LOS parameters.
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Figure 8.1: Comparison of minimum PDP (denoted by p,) against different values of g, for a

2-hop network implementing CC-HARQ-FF and Type-1 ARQs strategies [29].

8.2 CC-HARQ based Multi-Hop Network Model

Consider a network with N-hops, as shown in Fig. 8.2, consisting of a source node (S), a set of
N — 1relays Ry, Ro, ..., Ry_1 and a destination node (D). Along the similar lines of previous
chapter (in particular, Section 7.2), using the CC-HARQ protocol, the error event at the k-th link
after using the g, attempts can be written as P, = Pr <R > logy(14+ 32" \hkj|2*y)>, due to
the maximum-ratio combining technique. For CC-HARQ-FF, wherein the channel realizations
across the ¢, attempts are statistically independent, we denote P, by P,f 4> Which can be written

as P = Pr <R > logy(1+ X%, |hkjy2fy)). In this case, we highlight that only the NLOS

component across the attempts take independent realizations, whereas the LOS components
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Figure 8.2: Illustration of an N-hop network with a source node (.S), the relay nodes
Ry, ..., Ry_; and the destination node (D) follow the CC-HARQ protocol at each intermediate
link. Also, each intermediate link can be characterized by an LOS component ¢, Vk € [N] and

the non-LOS component captures fast varying behavior of the channel.

remain c¢,. Here, the superscript ‘f’ is used to represent the fast-fading scenario across the
attempts. Also, it is important to note that P,f o, 1s @ function of gj-th order Marcum-Q function
because qu L | ;] can be characterized by the non-central chi-square distribution with degrees
of freedom 2¢;,.

In the following section, we introduce an end-to-end reliability metric for the CC-HARQ
protocol under fast-fading scenarios and then present an analysis on “how to distribute the ARQs

so as to optimize the reliability metric".
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8.3 Optimal ARQ Distribution in CC-HARQ-FF based Non-
Cumulative Network

In this section, we analyse the optimal ARQ distribution for the CC-HARQ-FF network wherein
the channels across the attempts are assumed to be statistically independent, as given in Fig. 8.2.
Along the similar lines of previous chapter, for a CC-HARQ-FF based non-cumulative network,

the PDP expression can be written as

N k-1
pilczpljzh—'— Piqu(H(l_Pj};j))’ 8.1)
k=2

j=1

where P,qu = Pr (R > logy (14 (3205, |hkj|2)7)). Now, we are interested in allocating the
ARQs to the nodes to minimize the PDP in (8.1) for a given sum constraint g, € Z, such that
Zfil G; = Qsum- Therefore, we formulate our optimization problem in Problem 8.1 as shown
below. Throughout this chapter, we refer to the solution of Problem 8.1 as the optimal ARQ

distribution for CC-HARQ-FF based non-cumulative network.

Problem 8.1. Fora givenc, v = 0—12 and sy, Solve

q1,42,-.-qn = arg mn  py
q1,q2,--qN

N
subjectto qx > 1, qx € Z, Z% = {sum-

=1

It can be observed that P,ff 4, 18 dependent on g -th order Marcum-Q function, and tackling a higher-
order Marcum-Q function analytically is challenging because it contains a lower incomplete

gamma function. This way, the PDP expression is different from the CC-HARQ-SF strategy
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wherein the PDP expression is dependent on the first-order Marcum-Q function. Therefore,
in this section, we first present an approximation on the higher-order Marcum-Q function at a
higher SNR and then use the approximation to provide the necessary and sufficient conditions

on the near-optimal ARQ distribution.

8.3.1 Approximation on the g;-th Order Marcum-Q Function

Theorem 8.1. For a given N-hop network and a higher SNR regime, we can approximate

the generalized Marcum-Q function of order qx, denoted by Q) (ax,by), as Qg (ak,by) ~

Qular,bi) 21— L (%)™e" forall k € [N].

2

Proof. In the context of the N-hop network discussed in the previous section, the generalized

Marcum-Q function of order ¢;, associated with the k-th hop is given by

N1 Mg+, % 2\’
Q. (ar, by) = 1 — 6_225(%) (%) : (8.2)
i=0

gk +1

where A(-,-) is a lower incomplete gamma function, I'(-) is a gamma function defined as

Fn)=Mnm-1 ap =4/ (IQ_C’C;) and by, = 4/ 3/((21?;2)) such that v = . Furthermore, to simplify

A(+, ), we use the Holomorphic extension of incomplete gamma function given by
b2 b2 qr 00 (b )7»"!‘]
Mg +i, =) =T(qgp+1i % 2 8.3
(Qk 2) (g + 2)e ( > ZFQk+Z+]+1) 83)
By using (8.2) and (8.3), we can write
L () s ()
(5) ZU( JZ:Fq;mLz—i—J—i—l)

Similar to Theorem 7.1 (from Chapter 7), at a higher SNR, we use small values of by, to derive the

o
“‘wm

qu(ak,bk) = 1 — 67%67

b
approximation. On expanding ez using Taylor series, and neglecting the higher power terms,
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2
we can approximate e 2 by (1-— %) Similarly, by expanding the summations and neglecting

the higher power terms of b, (powers more than two) we approximate @), (ax, bx,) as

Jj=1

On further neglecting the higher power terms, we get

P

a

Qu(ag,by) = 1—e 2

M

o
""a—m

1—e"

1 bQ qk az
~ S A k -
qu(ak,bk) =~ qu(ak, bk) =1-— - (—) e 2. (84)
qr! \ 2
This completes the proof. ]
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Figure 8.3: Comparison of an original expression of g;-th order Marcum Q-function with its

proposed approximation (in (8.4)) at different SNR.

To validate the approximation in (8.4) for different values of SNR and the LOS components,
we present simulation results in Fig. 8.3 where the original expression of Marcum-Q function

of higher-order is compared with its approximated expression in (8.4). It can be observed from
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Fig. 8.3 that the approximation on the Marcum-Q function almost coincides with the original
expression and hence, it verifies the accuracy of our approximation.

Now, by using the approximation in (8.4), we can approximate P,f g I (8.1)as

- - 1 b2 qk a2 1 . _,2
Plquzl_qu<akabk>é—|<—k> 6_2k=—( ¢ ) e Zk, (8.5)

qe! \ 2 ! \1 —cx
where ¢ = %, and f’,qu denotes the approximation on P,qu. Finally, by using (8.5), we can
write the approximate version of (8.1) as
N k—1
ﬁg:Plj;l_f—ZPg%(H(l_ij;j))’ (8.6)
k=2 i=1
where 15§ denotes the approximate version of pf;. Henceforth, using the approximated expression
on pf;, we formulate an optimization problem in Problem 8.2 as shown below. Throughout
this chapter, we refer to the solution of Problem 8.2 as the near-optimal ARQ distribution for
CC-HARQ-FF based non-cumulative network since the objective function in Problem 8.2 is an

approximate version of the objective function in Problem 8.1.

Problem 8.2. For a given c, a higher SNR v = ﬁ and sy, Solve

* ok * . ~f
d1,42,---qn = arg nmun  py
q91,92,---gN

N
subjectto qx > 1, qx € Z, Z%’ = Qsum-

i=1

It can be noted that the expressions in (7.3) (from Chapter 7) and (8.1) look similar. However, due
the presence of the distinct order Marcum-Q functions, the strategies for solving the optimization
problems are different. Now, in the next section, we provide novel results on the necessary
and sufficient conditions on the near-optimal ARQ distribution for CC-HARQ-FF based non-

cumulative networks.
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8.3.2 Analysis on the Near-Optimal ARQ Distribution for CC-HARQ-FF

based Non-Cumulative Network

Before we obtain the necessary and sufficient conditions on the near-optimal ARQ distribution,
we show that based on a given LOS component, how we can decide on which link should get

more ARQs than others.

Theorem 8.2. For a given LOS vector ¢ and high SNR regime in a CC-HARQ-FF based multi-

hop network, the solution to Problem 8.2 satisfies the property that whenever ¢; > c;, ¢ > 1

and ¢ > -, we have q; > q; Vi,j € [N| and whenever ¢ > 1 and q <

1
T—c;’ -, we have

e

Proof. Along the similar lines of Theorem 7.2 (from Chapter 7), we only consider the ¢-th and

j-th links and assume that they have ‘¢’ ARQs to start with. Let A = ]5Z’; + P (1= ]5112) and

i(g+1)
B = ]51{(1“) + ]5;;(1 - ]51{(1“)) with ¢; = ¢; = ¢. By rearranging the terms in A and B, we get
_ pf Df pf pf _ pf D DJf DJf : :
A=PF;,+ Py = Pigligyryand B = Py + Py — Py 1) Pjg. On taking the difference
_ pf Df Df DJf pf pf Df Df
between A and B, we get A— B = B, — P .\ + Py — Py — PPy + Py Plg

Using the approximation on ]5,5 in (8.5), we can rewrite the difference as

o g D) 3 (D))

L1 (BRI g
(g2 \ 2 g+1 2 2 )

From the above equation, it can be observed that first term in the above equation is positive and

the second term is negative. Also, at high SNR, we can ignore high power terms of b; or b;.

Therefore, by neglecting the third term from the above equation, we get

A= = %(b?) (1 @D (%» y %(%)qul) (b?) - 1)‘
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Now, we want to estimate that whether the first term is greater than the second term or not. Let

us start by assuming that the second term is greater than the first term. Therefore, we can write

A () )30 ()

After rearranging and solving the above equation, we get

b2
e_“?/2 1-— 2((1——]}-1) S (b_?) q
e*a?’/Q 1 — b7 - b? ’

2(g+1)

Furthermore, by expanding the b7 = Vk‘ € {i,j} on RHS of the equation and making

2
%q—meOand

(lc

=~ (), we obtain

e—a?/? - 1 — i q
e*“?/ 27 \1- Cj .
Now, by taking logarithm on both the side and after rearranging, we get

Ci—Cj 1—Ci
I e)(i—q) = 418 (1 —cj)' 8.7

By using the standard inequality log z < x — 1, it can be observed that (8.7) is true for ¢ = 1.

(q+1)

However, (8.7) may not be true for ¢ > 1, because of the inequality “ =1 < Jogx. Hence, we
conclude that whenever ¢ > 1 and also, ¢ > —— (8 7) is false. It implies that A — B > 0
and hence, in this situation, higher LOS must be given more ARQs. Similarly, when ¢ > 1 and

q < (8.7) is true. It implies that A — B < 0 and higher LOS must be given lower ARQs.

(1 ¢)’
Similar to Theorem 7.3, by using Definition 7.2, we provide the necessary and sufficient

conditions on near-optimal ARQ distribution for CC-HARQ-FF. O

Theorem 8.3. For a given N-hop network with LOS vector c, the ARQ distribution q* =
(45, G5, - -, qx] is said to be a local minima for CC-HARQ-FF strategy if and only if ¢ and q4;
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for i # j satisfy the following bounds
(a5-1)

* q;
E;B}i (1_ B; ) ( ' ) E,E;B}" B;’ (Bj_ B; > 88)
¥ q +1 q —1 q; j!(q}f—l)! q ¢ +1 ’

*— oy | *
) B () B
(g7 —1)! a 7! \g (g -Digt \g+1 g )

where E; = e~ %/2, E; = e %% B; = ¢/(1—¢;) and B; = ¢/ (1 — ¢;) with ¢ = (28 — 1) /.

Proof. Along the similar lines of Theorem 7.3 (from Chapter 7), by using the definition of local

minima, we have the inequalities
5l (q*) < (4 dph(q*) < (g 8.10
pd(q ) = pd(q+)7 an pd<q ) —pd<q*)7 ( . )

where ]5£ (q*), ]’55(€1+) and ]55(61,) represent the PDP evaluated at the distributions q*, q., and
q_, respectively. Because of the fact that g, and q_ differ only in the last two positions and the

structure of the PDP, it is possible to demonstrate that the inequalities in (8.10) are equivalent to

P+ PL.(1=Pl) < Bl + Pl (1= Pl.,)

i(gf +1) (g7—1) (g7 +1)77
D f p.f p.f p.f p.f p.f
PiqZ T ij;f(l - Piq;*) < Pi(qi*—l) + Pj(qj*-+1)(1 - Pi(q;‘—l))'

Now, by using the approximation on 1522 from (8.5), we can rewrite the above two equations as

2
J

a2 I X a2 . a2

ez % e 9 ez % ez
;! < : > ! < : > <1 g < : > ) A !
A\l —¢ ! \1—¢; ; 1—¢ (gf +1)!

2 2
Y

b (g7 +1) . e~ 2 ® (g;—1) . 6752' b (g7 +1)
1—¢ (¢ —D'\1-¢ (¢ +\1—¢ ’
a2 R . a2 . —a2

e 2" 10} % n e —r 10) 5 1 ez 10) qi) < e 2
! \1—¢ qj. 1—¢j A\l —¢ (gf —1)!

2 2

b (a7 —1) e;;J b (a;+1) X ezt b (a7 —1)
<1—0i> +(Q§+1)!<1—Cj> ( _(q;*—l)!<1—ci> )
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Assuming E; = ¢~ %/2 and B; = ¢/(1 — ¢;) for i € [1, N], we can simultaneously rewrite the above

two inequalities as

E qu 4 BqJ (1_Bq1> ( El BZ(QT+1)+ EJ )Bj(-Q;_I) <1 ( EZ )B(q ‘i'1)>7
q
J

;k' i qz+1) (Q;_ll qz'i_l
E; o+ FE;i ¢ E; E; *_ E; * E; .
Tz'BEIZ + TJ‘B;IJ <1 . —Bq > 71'31'(111 1) + *7J'B§q] +1) <1 _ %‘ngz 1))_
q;! q;! (¢ —1)! (¢; +1)! (g7 —1)!
By rearranging the above two inequalities, we can obtain the two inequalities as
x (g5 1) rplai—1)
E; B}’ ( B; ) E;B;" (Ba‘ 1)  BEBI B" (Bj Bi > 8.11)
! q; +1 (¢ — D! \q; - g —1)! q; S +1

*_ * *_1 *
BB Y ( . BZ-> N E; B}’ < B; 1) - BB By ( B; B> 5.12)
(g7 —1)! q; gt \gi+1 — (g -Dlg! \g+1 g )

respectively. This completes the proof. O
It can be observed that the above two conditions are both necessary and sufficient because

the bounds are obtained by rearranging the terms in the condition on local minima.

8.3.3 Low-Complexity Algorithm for CC-HARQ-FF based Non-Cumulative
Network

It can be observed from (8.11) that the conditions are non-linear with integer constraints. Due
to higher-order non-linearity, it is not possible to solve the conditions analytically on the near-
optimal ARQ distribution. Hence, towards finding the near-optimal ARQ distribution, in this
section, first, we approximate the necessary and sufficient conditions at high SNR. After that, we
propose a Fold-To-Make-List (FTML) low-complexity algorithm based on numerical-methods,
as given in Algorithm 8.

Towards approximating the necessary and sufficient conditions at high SNR, let us rearrange

(8.9) as

£RED /5 E,BY B. E,E;B" VB B, B
124 = _1 + J 1— J < - ! )
(¢ = D'\ g 4" g +1 (¢; — D!q;! G g +1
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and add the above inequality with (8.8), to obtain

. *—1
i . o 1 + — 1 T T 2 4~ S
-0'\e " a@rn) G -D'\g gl
(¢ - - \ ¢q ¢+ glg+1)

At high SNR, first we focus on the LHS of the expression, wherein we can ignore terms which

contain B? and B]?. This is because they are negligible compared to unity. Likewise, on the
RHS of the expression, we can ignore the terms which contain BZ, BJZ and B;B; due to the same
reason as specified above. Therefore, by ignoring the above-mentioned terms, we can obtain the

inequalities as shown below
)
i

- *—1
E;BY™Y /9B, E;B% T 128,
(7 — D'\ ¢ (¢ =)'\ g

: * q; *
E:B;' (2— q—i) L BB <2 _ ﬂ) <0

where the second inequality can be obtained from the first inequality using algebraic manipula-

IN

0,

tions. Furthermore, there are multiple ways in which ¢; and ¢; can follow the above inequality.

. *
E; Bj] E;Bl
| - * ’ we

* q-
. E;B% E;B/’ .. .. ;

One such way is to assume that = Jq ——. This is because, by writing -
i g’ J

can obtain

R * *
EiB;* <4 % q_a) <0,
q; B; B;/ —
which is also true. Therefore, we impose the condition

* qa;
EIB,:L . Eij

*|

- *
| q;!

for every i, j € [IN] using the approximation on the sufficient conditions. Furthermore, by using

the Stirling’s formulae i.e. n! ~ v/27mn(n/e)", we can rewrite the above equation as

Ei <€Bz)q: o Ej (GB]‘)q;
V2ma; \ 4 V2L ANUVAS
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Now, on further solving the above equation, we finally get

g\ Vi ((q \*
o = (.Y ) 8.13
q‘] <€BJ) J Ez (631) ( )

Now, to obtain the near-optimal ARQ distribution by using the above expression, we formulate

an equivalent optimization problem of Problem 8.2 as given below:

Problem 8.3. For a given N, E = {E\, E,,...,Ex}, B = {By, Bs,..., By}, and qsum,
find q; and q; such that

-/ @\ VG (¢ " .
/q; <$) = E]Tz<€_Bz) , Vi,7 € [1, N] where i # j,

qi > 17% € Z+7Bi = %;El = @(l—ici’) Vi € [17N]7 Ef\il qi = YGsum-

In the rest of this section, our objective is to find the near-optimal ARQ distribution for Problem
8.3. Note that the equation in Problem 8.3 is non-tractable because we cannot solve it analytically
due to the non-linearity and integer constraints. Therefore, we obtain the near-optimal ARQ
distribution with the help of an FTML low-complexity algorithm based on numerical-methods
as proposed in Algorithm 8. In Algorithm 8, we define D;(q}) = Vi (a;/ eB;)% and €(q}) =
\/Tf_:(q;‘/eBi)qr Vi, j € [1, N] & i # j, where €;(g}) is a constant term for a given ¢, and thus
we can rewrite (8.13) as Dj(q;) = E;&(q]).

To explain Algorithm 8 in detail, it can be observed that for a fixed ¢;, the RHS of D;(q}) =
E;€(¢}) is a constant term. Therefore, by fixing ¢ (wherein ¢; € [¢sum — (N — 1)]), we can
find the ARQ distribution g5, Vj € [2, N|, by forming pairs such as (q1, ¢2), (¢1,43), - - - , and
so on. Thereby, for each possible value of ¢j, the other ARQ distribution can be calculated.

Thus, a list of suitable ARQ distribution can be created, which is denoted by £/ (in Algorithm

8) and from the list, the near-optimal ARQ distribution can be obtained. Furthermore, as the
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Algorithm 8 Fold-To-Make-List (FTML)- A Numerical-Methods Based Algorithm For CC-
HARQ-FF Based Non-Cumulative Network

Require: E, B, gsum,c = [c1,¢a,...,cN]-

Ensure: £/ C S - List of ARQ distributions in search space S.
: LT = {¢} - Internal array of list of ARQ distributions in Z .

—_—

2: for ¢ =1: qsum — (N —1) do
3 551,1 ={q}
4 for j =2: Ndo
5 Assign my = 1, ma = qyum — (N —1).
6: while ms — mq > 2 do
7 fork=1:2do
8 Calculate ©;(my,) = \/my(my/eB;j)™*.
9 Compute di, = |9D;(mi) — E;€,(¢7)].
10: end for
11: if di > d> then
12: Assign my = | T2 |
13: else
14: Assign mg = | 2 |,
15: end if
16: end while
17: fori=1:2do
18: Compute D;(my;) = /my(my/eB;)™.
19: Compute ¢; = |Dj(my) — E;€,(q7)|-
20: end for
21: if e; < ey then
22: Assign g; = mj.
23: else
24: Assign g; = ma.
25: end if
26: Insert ¢; in Eé; g
27: end for
28: end for

29: fort = 1:rows(L!) do
30: Compute I, = (Zfil EL‘) = sum-
31 Efz{qeg‘d(%fl):f.t?%qj' > 1}

32: end for
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LHS of ©j(¢}) = E;Ci(g}) is a non-linear term, we can apply a folding technique based on
numerical-methods to solve it. In particular, we use iterations, wherein the search space for qj 18
reduced by half in each iteration such that it converges into an appropriate value of ¢;.

To exemplify the steps, let us take the first pair (¢}, q¢5). After fixing ¢, the RHS of
D,(¢5) = E»x,(¢}) becomes a constant term and our objective is to find the suitable value
of g5 such that RHS becomes approximately equal to LHS. Therefore, to find the ¢3, first, we
define m; = min(q;) and my = max(q;), wherein ‘min’ is used for the minimum value and
‘max’ is used for the maximum value of ARQs that can be given to ¢;, respectively. In the
first iteration, m; = 1 and my = @sum — (N — 1) because the minimum value of ¢ = 1 and
maximum value of ¢ = ¢sum — (N — 1). And then, in each iteration, the value of either m;
or my gets changed based on the algorithm. In particular, we are changing and assigning the
new value to either m; or my as | (my + m2)/2|, where the deviation of RHS to LHS is higher
in the expression ©,(my) = FE>2€,(q7) Vk € [1,2]. This is because, our objective is to make
RHS closer to the LHS by eliminating ARQ distribution that results in higher deviation of RHS
from LHS. We emphasize that the folding algorithm helps because of the fact that the RHS is
an increasing function of q; Vj. Now, after few iterations, when the difference ms —m; < 2,
the iteration is stopped (refer to the lines from 6 to 16 in Algorithm 8). After the iteration stops,
we obtain the final values of m; and ms, on which we can again find the deviation of RHS to
LHS in ©,(m) = E»€,(q¢7) Vk € [1,2]. This time, we choose and assign ¢; to either m; or msg,
wherein the deviation is lower (refer to the lines from 17 to 25 in Algorithm 8). This is because,
we want to ensure that the difference between RHS and LHS is minimum to obtain ¢;. Now, we
repeat all the above steps to find other ARQ distribution for a fixed ¢; and therefore, we obtain a
list of ARQ distribution, denoted by £ (as given in Algorithm 8). Note that, for every j € [2, N],
the starting value of m; = 1 and my = ¢gum — (N — 1). Now, the list may contain infeasible
ARQ distribution because the sum of ARQ distribution along the rows of £ can exceed ggyn,.

Therefore, for each ARQ distribution in £/, we remove the extra ARQs, calculated by I; (refer
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to line 31 in Algorithm 8), such that the ARQ distributions are in the desired search space (refer
to lines from 29 to 32 in Algorithm 8). We emphasize that using Algorithm 8, we reduce the
list size by a significant amount. Also, in order to reduce the list size further, we can invoke the
results from Theorem 8.2.

We validate the accuracy of our Algorithm 8 using simulations in the next section. Formally,
we present simulation results on PDP and complexity analysis for CC-HARQ-FF based non-

cumulative network in the next section.

8.3.4 Simulation Results for CC-HARQ-FF based Non-Cumulative Net-

work

To validate all the results on the optimal ARQ distribution, we present the plots in Fig. 8.4 for
N =4 and N = 5 at different ¢,,,,. The following conclusions can be drawn through the plots:
(i) the minimum PDP obtained by using an approximated expression in (8.6) almost coincides
with the minimum PDP obtained from the original PDP expression in (8.1). Hence, it shows the
accuracy of our approximation on the Marcum-Q function of a higher-order, (ii) the proposed
low-complexity algorithm gives us the near-optimal ARQ distribution, hence validating the
accuracy of our proposed low-complexity algorithm, and (ii1) near-optimal ARQ distribution can
be obtained by using the uniform ARQ distribution (unlike the case of CC-HARQ-SF) because
the dominating factor is in terms of the number of ARQs allotted to a link (as in the power form
of our objective function). This way, while solving Problem 8.3 (which is equivalent solving
the Problem 8.2) using numerical-methods, the near-optimal ARQ distribution is closer to the
uniform distribution.

Furthermore, similar to Section 7.5 (from Chapter 7), the list size of the exhaustive search
in case of original expression (in (8.1)) and the approximated expression (in (8.6)) is (qsﬁ"jl).

However, by using the proposed low-complexity method given in Algorithm 8, we can reduce
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Figure 8.4: PDP comparison in CC-HARQ-FF based non-cumulative network between (i)
exhaustive search using original PDP expression, pg , (1) exhaustive search using approximated
PDP expression, }5(]; , (ii1) proposed FTML low-complexity algorithm (given in Algorithm 8),
and (iv) uniform ARQ distribution. With uniform distribution, each link is first distributed with

| gsum /N | ARQs, and the remaining ARQs are equally shared by the first ¢s,,, mod N links.

the list size significantly as shown in Fig. 8.5. Also, we have shown that the uniform distribution
is giving near-optimal ARQ distribution. Therefore, by using the uniform distribution along with
Theorem 8.2 (when ¢, is not divisible by V) provides the near-optimal ARQ distribution.

In the next section, we provide results for CC-HARQ-FF based fully-cumulative network.

8.4 CC-HARQ-FF based Fully-Cumulative Network

The idea of fully-cumulative network is similar to that in Section 7.7 with the only exception that
the PDP expression, in this case, will consider fast fading intermediate channels. For instance,
we can write the PDP expression for a 3-hop CC-HARQ-FF based fully-cumulative network as

-1 -1 g2+q1—(i+2)

I f § : ) J f § : ) J
by = P1q1 + (Pu - Pl(i+1))P2(q2+q1—(i+1)) + (Pu - Pl(i-}—l))
=0 =0 7=0

f f f
(ng o PQ(j+1))PB(Q3+Q2+QI*(i+j+2)) (8.14)
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Figure 8.5: Comparison of list size between (i) exhaustive search in original PDP expression,
pi; (in (8.1)), (i1) exhaustive search in approximated PDP expression, ﬁi; (in (8.6)), and (iii) the
proposed FTML low-complexity algorithm (given in Algorithm 8) for CC-HARQ-FF based

non-cumulative network.

where PJ, = 1 and (P, — P/

i 41)) represents that the packet at k-th hop (where k € [1, 3]) gets

dropped till its i-th attempt and transmitted successfully to its next node at (7 + 1)-th attempt. It

can be noted that the difference (P,fZ _p/

i +1)) is not similar to (Py; — Py(;11)) (from Chapter 7)

because of the Marcum-Q functions of distinct orders. Also, by using the similar strategy, it is
trivial to write the PDP expression for any given hop size. Now, we want to minimize the PDP

by finding the optimal ARQ distribution for a fully-cumulative network.

Theorem 8.4. For a given ARQ distribution q = [q1, Go, - - -, qn| and qsym in a CC-HARQ-FF
based fully-cumulative network, the optimal ARQ distribution can be given by [qsym — (N —
1),1,...,1].

Proof. First, we want to prove the result for N = 2. We start with ARQ distribution [g;, ¢2] and
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Figure 8.6: Comparison of PDP for the CC-HARQ-FF based non-cumulative network and

fully-cumulative network at various values of ggsy,.

the PDP can be written as

q1—1

I pf f f f
pdpy = Pjy, + Z(Pu‘ - Pl(i+1))P2(q2+q1—(i+1))7 (8.15)
i=0

where Pf; = 1 and the running index ‘7’ captures the unused residual ARQs from its previous
link. Furthermore, let us transfer one ARQ from the second link to the first link by considering

that go > 1. Therefore, the PDP expression in this case can be written as

q1
f ;o of f
Pl + 2 (Pl = Pl Pl vair oy
7=0
q1

- p/ f f f
N Pl(ql'H) + Z(PM B pl(i+1))P2(Q2+q1—(i+1))
1=0

pdp;

Similar to the results in Theorem 7.4 (from Chapter 7), we conclude that pdpg > pdpgl and the
optimal ARQ distribution can be given by [¢; + ¢2 — 1, 1]. Unlike the CC-HARQ-SF based
fully-cumulative network, we cannot have [¢; + ¢, 0] as the optimal ARQ distribution. This is
because, in CC-HARQ-FF, the order of the Marcum-Q function is equivalent to the ARQs given

to the link and zero-order in not valid. This completes the proof for N = 2. Along the similar
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lines of Theorem 7.4 (from Chapter 7), we can write

q—1
PDPJ, = P, + Y (P, = P}, ) PDP!(quums + @1 — (i + 1)) (8.16)

1=0

In the above equation, for the fixed ¢, Plfi and Plf( for ¢-th iteration, the PDP expression can

i+1)
be minimized by minimizing the PD P/ (qsum. + q1 — (i + 1)). Also, by using the assumption
on N = k from the induction step, we know that [¢s,,, — (N — 1), 1, ..., 1] will minimize the
PDP/. Furthermore, for (8.16), we have the ARQ distribution [q1, ¢sum.» — (N —2),1,...,1].
In order to find the optimal ARQ distribution of (8.16), we use similar approach as for N = 2.
That is, we start transferring one ARQ from the virtual node to the first link and the new PDP

expression can be written as

q1
=0

q1
- Plf(chrl) + Z(Plfl - Pljc(iJrl))PDqu(QSum,v + Q1 - ('l + 1))

i=0
Similar to Theorem 7.4 (from Chapter 7), PDP2fU > PDPQfU/ and we can conclude that the
optimal ARQ distribution is [gsum — (N — 1), 1, ..., 1] for a fully-cumulative network. Hence, it

completes the proof. O

To showcase the benefit of using the fully-cumulative network, we plot the results in Fig. 8.6.
It can be observed that there is a significant reduction in the PDP when we use a fully-cumulative
scheme. However, as mentioned in Section 7.6 (from Chapter 7), the fully-cumulative network
uses the counter that needs to be updated at each hop to convey the residual ARQs to the next
node in the chain. Therefore, it may increase the delay overhead compared to the non-cumulative
network. This is the cost associated with the fully-cumulative network in order to reduce the
PDP of a non-cumulative network.

In the next section, we provide a detailed analysis on the latency for CC-HARQ-FF based

non-cumulative and fully-cumulative networks.
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8.5 Simulation Results on Delay Analysis for CC-HARQ-FF
Strategy

Similar to Section 7.7, in this section, we present a thorough analysis on the end-to-end delay
for CC-HARQ-FF strategies by using the same set of delay and deadline-violation metrics.
First, we show that the packets in a non-cumulative network reach the destination before the
deadline with a higher probability, provided that the delay overheads from ACK/NACK are
sufficiently small. To demonstrate the results, we obtain ¢, as [ﬁj without considering the
resources for ACK/NACK in the reverse channel, where 74,4, 74 and 7, are as defined in Chapter
1. Subsequently, we introduce different resolution of delays from NACK, say 7y 4cx time units,
and then observe the impact on the end-to-end delay on the packets. Assuming 7, + 75 = 1
microsecond, we set the deadline for end-to-end packet delay as g, microseconds. Then, by
sending an ensemble of 10° packets to the destination through the CC-HARQ-FF strategy, we
compute the following metrics when Ty acx € {0.05,0.2,0.8} microseconds: (i) Ppyop, (ii)
Ppeadrine, and finally, (ii1) the average end-to-end delay on the packets. These metrics are plotted

in Fig. 8.7 for various values of SNR at a specific value of NV and the LOS vector c. The plots

10 ¥ ¥ 3 13 3 5 &
w - Tyack = 0.05us AN ~-Tvack = 0.05pus 12 ~dTvack = 0.05us \ ~Tvack = 0.05us
9 -G Tvack = 0.2us N, -3 Tvack = 0.2us 1 -3 Tvack = 0.2us \‘ =& Tvack = 0.2us
/g =@ Tvack = 08us 1.3 \\ =&~ TNnack = 0.8us = =Q-7Nnack = 0.8s 1.03 \ —Q-Tnack = 08ps
= g —j— Deadline \\ =10 —¥— Deadline \
> S > \
& @ = 9 .
— — \
g 5 Strategy: CC-HARQFF || - 1.2 N g s Strategy: CO-HARQFF | |  1.02 [Strategy: CO-HARQ-FF
o §\ N :[5, R= 1,] Gsum = 10 N o N =5 R=1, gun=13 W =5 R=1, qun=13
o N |a=[22222 N\ % ¢ |a=[23233 4=123233
5 B \[c=101,04,01,0207] 1 1 [[Strategy: CC-HARQFF g 7T Je=101,04,0.1,02,0.7] g‘% 0.1,0.4,0.1,0.2,0.7]
RSN ~ TN =5 R=1, g 210, Z & 1.01 3
] DI .05 N q - N \
DI N q=1[22222] . 6 TN, \
R ¢ =1[0.1,0.4,0.1,0.2,0.7] g R g‘;\. A
...H.M:&__.h s 9 _______
: . T B B e e
5 10 15 20 5 10 1 20 5 10 15 20 5 10 15 20
SNR SNR SNR SNR

Figure 8.7: Variation of average delay on the packets and the deadline violation parameter (7))

for various 7y 4cx in CC-HARQ-FF based strategies at SNR= 0 dB.

suggest that the average delay is significantly lower than that of the deadline especially when
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Tnack 1s small, owing to the opportunistic nature of CC-HARQ-FF protocol. However, as
TNAck 1ncreases, the average delay is pushed slightly closer to the deadline. Furthermore, to

capture the behaviour of deadline violations due to higher 7y ¢k, in Fig. 8.7, we also plot

PDrop+PDeadline

i . The plots confirm that when 7y 4cx 18 sufficiently small compared to 7, + 74
rOop

n=
(see Tvack = 0.05us at SNR = 10, 15, 20 dB), the packets that reach the destination arrive
within the deadline with an overwhelming probability as 7 = 1 at those values.

In the rest of this section, we present other delay metrics for non-cumulative and fully-
cumulative strategies. Similar to Section 7.7, we assume that that the delay introduced on the
packet per hop for each transmission is 7" = 7, + 7, = 1 microsecond, Ty acx € {0.05,0.2,0.8}
microseconds and 7T, = o1, where a = 0,0.5, and 1. By using these parameters, in Fig. 8.8,
we have shown the delay profiles (in percentage) of both non-cumulative and fully-cumulative
strategies. For generating the plots, we considered N = 5, ¢sum = 12, R = 1, SNR= 5 dB, and
c = {0.1,0.5,0.1,0.3,0.7} and an ensemble of 10° packets. It can be observed that the delay
profiles remain unchanged for the non-cumulative strategy irrespective of the value of o because
there is no counter present in it. However, it can be observed in a fully-cumulative network that
as « increases, the percentage of packets violating the deadline is more. This can be visualized
by the width of the rectangle in Fig. 8.8. Furthermore, when o = 0 while designing q¢sum.,
there is a non-zero probability that some packets may reach the destination beyond the deadline;
however, it is minimal (see the first plot in Fig. 8.8).

Now, in Fig. 8.9, we plot PDV for our CC-HARQ-FF based non-cumulative and fully-
cumulative networks as a function of « for a 5-hop network with different ¢g,,,,,. In the plots, quc
represents the ARQ distribution taken for generating the plots for non-cumulative strategy and
{qsum — (N —1),1,...,1} for the fully-cumulative network. For a given ¢, the deadline for
packets to reach the destination is ¢, microseconds. The following conclusions can be drawn
from the plots: (i) the PDV of the non-cumulative network does not change with «;, (ii) the PDV

of the fully-cumulative network increases with increasing values of «; this is because N — 1
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Figure 8.8: Simulation results on delay profiles (in %) for CC-HARQ-FF based strategies using
a 5-hop network with ¢ = [0.1,0.5,0.1,0.3,0.7] and gy, = 12 atrate R = 1 and SNR= 5 dB

with 10° packets wherein some packets are dropped either due to outage and some are dropped

due to deadline violation (marked in the rectangle).
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Figure 8.9: Illustration on PDV for non-cumulative and fully-cumulative network implementing

the CC-HARQ-FF strategy for different 7y 40, and « values.

nodes make use of the counter in the packet, thereby adding a significant delay of (N — 1)T.,

microseconds to the packet.
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8.6 Summary

In this chapter, we have proposed novel CC-HARQ based ARQ strategies for delay-bounded
applications in multi-hop networks. In particular, we have addressed the problem of optimally
distributing the ARQs to minimize the PDP for a given end-to-end deadline. Specifically,
we have considered the fast varying intermediate channels where we have considered non-
cumulative and fully-cumulative strategies for multi-hop networks. Towards formulating the
optimization problems, we have derived closed-form expressions on the PDP and have solved
the non-tractable optimization problems for our strategies. We have shown that the methods
of solving the optimization problems are distinct for each strategy because they contain the
Marcum-Q function of different orders. In addition, all the theoretical results and algorithms
have been validated through simulations along with a detailed analysis on end-to-end delay for

each of our proposed strategies.
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Chapter 9

Conclusions and Future Directions

9.1 Conclusions

This thesis addressed the issue of optimally distributing the Automatic Repeat Requests (ARQs)

in the multi-hop networks. The contributions of this thesis are as follows:

1. We proposed a non-cooperative ARQ based DF strategy, wherein each node only knows
the number of ARQs allotted to itself; it does not know the ARQs assigned to the other
nodes in the network. With such constraints, we formulated an optimization problem of
distributing an appropriate number of ARQs at each link such that the PDP is minimized
for a given ¢s,,,,. We showed that the optimization problem is non-linear with non-negative
integer constraints on the solution and therefore, it is extremely challenging to solve
it. Towards finding the solution of the optimization problem, we derived sufficient and
necessary conditions on the optimal ARQ distribution, and then proposed a low-complexity
algorithm. Through simulation results, we showed that the proposed algorithm is amenable
to implementation in practice, and also provides the optimal solution of the problem. We

also presented the simulation results on the delay profiles of the packets by comparing the
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non-cooperative ARQ strategy with a standard baseline that does not require the use of
ACK/NACK. The simulation results showed that the ARQ strategy assists in reducing the
average delay on the packets since the idea of asking for re-transmissions outweigh the

delay-overhead introduced by NACK.

. After allocating an appropriate number of ARQs at each node, we identified that there may
be unused ARQs at some relays owing to the stochastic nature of the wireless channels.
Therefore, without violating the sum constraint, we proposed a variety of cooperative
ARQ strategies wherein the unused ARQs of one node can be used by other nodes
with negligible increase in the communication-overhead. We referred to such strategies
as the fully-cumulative ARQ schemes, cluster-based ARQ schemes, semi-cumulative
ARQ schemes, and cluster-based semi-cumulative ARQ schemes. Subsequently, we
characterized the PDP expressions of each of the above schemes, and then solved the
problem of allocating an appropriate number of ARQs to the relay nodes so as to minimize
the PDP under the sum constraint on the total number of ARQs. Through extensive analysis
and simulation results, we showed that the non-cooperative ARQ strategy and the fully-
cumulative ARQ strategy respectively offered the worst and the best PDP performance
among the schemes, whereas the class of semi-cumulative ARQ schemes trade-offed PDP
with the communication-overhead between these two extreme classes of ARQ based DF
strategies. Overall, in contrast to the idea of optimizing the reliability of each link in a
hop-by-hop manner, our approach jointly optimized the ARQ allocation across the links

because of the constraints on end-to-end delay.

. We proposed CC-HARQ based strategies for multi-hop networks with slow-fading chan-
nels (denoted as CC-HARQ-SF), wherein the channels are assumed to be static over the
allotted attempts at each link. Under this scenarios, we proposed two types of strategies,

namely: non-cumulative strategy and the fully-cumulative strategy. For the non-cumulative



174

strategy, we derived a closed-form expression on PDP and formulated an optimization
problem of minimizing the PDP for a given gs,,,,. We showed that the optimization prob-
lem is non-tractable as it contains Marcum-Q function of first-order. Towards obtaining
near-optimal ARQ distributions, we proposed a tight approximation on the first-order
Marcum-Q functions, and then presented non-trivial theoretical results for synthesizing a
low-complexity algorithm. Through extensive simulations, we showed that our analysis on
the near-optimal ARQ distribution gives us the desired results with affordable complexity.
For the fully-cumulative strategy, we provided theoretical results on the optimal ARQ

distribution in the closed-form.

. We proposed CC-HARQ based strategies for fast-fading scenarios (denoted as CC-HARQ-
FF), wherein the channels are statistically independent across allotted attempts at each
link. Similar to CC-HARQ-SF strategies, under this scenarios, we proposed two types
of strategies, namely: non-cumulative strategy and the fully-cumulative strategy. For the
non-cumulative strategy, we derived a closed-form expression on PDP and formulated
an optimization problem of minimizing the PDP for a given ¢,,,,. We showed that the
optimization problem is non-tractable as it contains Marcum-Q function of higher-order.
Towards obtaining near-optimal ARQ distributions, we proposed a tight approximation on
the higher-order Marcum-Q functions, and then presented non-trivial theoretical results
for synthesizing a low-complexity algorithm. Similar to CC-HARQ-SF strategies, using
extensive simulations, we showed that our analysis on the near-optimal ARQ distribution
gives us the desired results with manageable complexity. For the fully-cumulative strategy,

we presented theoretical results on the optimal ARQ distribution in closed-form.

. For each of our strategies, we have presented a detailed analysis on end-to-end delay
by considering the following metrics: (i) average end-to-end delay, (ii) packet deadline

violation (PDV), which is defined by the number of packets reaching the destination after
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Table 9.1: Summary of various protocols presented in this thesis

Protocol ARQ knowledge Overheads PDP Complexity to compute
at a node optimal ARQ distribution
Non- ARQs allotted no counter higher than low
cooperative to itself needed cooperative
Pair-wise ARQs allotted to itself no counter lower than higher
semi- and the unused ARQs of the non-cooperative than
cumulative preceding node in the pair non-cooperative
Cluster-wise ARQs allotted to itself counter lower than same as
semi- and unused ARQs of the needed pair-wise pair-wise
cumulative | preceding nodes in the cluster scheme
Fully- ARQs allotted to itself counter lowest among optimal ARQ
cumulative and unused ARQs of needed the schemes distribution known

all preceding nodes

in closed form

the given deadline, and (iii) delay profile, which represents the percentage of packets

reaching the destination at a certain time for a given deadline. By using the aforementioned

delay-metrics, we have provided valuable insights on the merits and demerits of our

strategies in achieving high-reliability with bounded constraints on end-to-end delay [30],

[35], and [37].

The summary of various protocols presented in this thesis are given in Table 9.1.

9.2 Future Directions

The ideas and the techniques proposed in this thesis can be extended in several ways. Some

possible directions for future work are as follows:

1. In this thesis, we have assumed a multi-hop network with a single path with equal process-
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ing time at each hop. One of the possible directions for future work is to extend the above

technique with multiple paths and have unequal processing time for the packet at each hop.

. In Chapter 7 and Chapter 8, we considered a non-cooperative and fully-cumulative model
for a CC-HARQ based multi-hop network under both slow-fading and fast-fading scenarios.
Similar to Chapter 5 and Chapter 6, it would be interesting to analyse the behaviour of

PDP for a semi-cumulative based CC-HARQ based model.
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