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Abstract—Multi-hop networks that are dominated by line-
of-sight (LOS) wireless channels have gained traction in th
recent past owing to the emergence of wireless networks bake

on unmanned aerial vehicles. One of the challenges in such

vehicular networks is to design communication strategies a
provide both ultra-reliability and low-latency features. Towards
providing ultra-reliability against channel impairments, it is well
known that automatic repeat request (ARQ) based decode-and
forward relaying is an effective strategy wherein each trasmitter
can be allotted an appropriate number of re-transmissions bsed
on the LOS component of its forward link. However, in order to
provide low-latency features, it is also known that multipe re-
transmissions may not be a favorable choice as the total nuneb
of re-transmissions across the relays incurs significant day in
communicating the packet in the end-to-end network. Identlying
this conflict introduced by the ARQ protocol, we investigatethe
optimal allocation of the humber of ARQs at each link so as to
minimize the packet-drop-probability at the destination subject
to a sum constraint on the total number of ARQs allotted to
all the nodes in the network. First, we prove a set of necessar
and sufficient conditions on the optimal ARQ distribution, and
then use these conditions to propose a low-complexity algtnm
to solve the problem statement. Through extensive simulain
results, we show that the proposed algorithm significantly educes
the computational complexity when compared to exhaustive
search and yet recovers the optimal ARQ distribution.

Index Terms—Multi-hop network, low-latency, ultra-reliability,
ARQ based protocol, line-of-sight component.

I. INTRODUCTION

been shown to deliver high end-to-end reliability provided
decoding strategy at the relays ensures perfect recoveheof
packets. One such strategy towards ensuring perfect rgcove
of packets is the class of automatic repeat request (AR@xbas
DF strategies, wherein each intermediate relay node itedlo
multiple re-transmissions to combat multipath fading [5].
While the idea of relaying packets through ARQ based DF
strategy ensuregltra-reliability, the very fact that each inter-
mediate node has to process the packets will incur subatanti
delay on the packets. In particular, the delay introduced at
each relay comprises processing delay (for the decoding and
encoding operations) and transmission delay (for multiple
transmissions), and moreover, the end-to-end delay iadummn
the packets is the sum of the delays contributed by all the re-
lays on the path. Although there exists a gamut of contrilmsti
on optimizing reliability over multi-hop networks, veryvie
have studied the underlying trade-off between end-to-ehd r
ability and end-to-end delay offered by these protocols[[d]
We highlight that a study of this nature is paramount esgigcia
when the packets from the source have both ultra-religbilit
and low-latency constraints, i.e., when the packets at the
source node must reach the destination within a given deadli
[8]-[10]. Example applications including such constraiate
vehicular networks with autonomous driving vehicles, rido
surgery etc. In a nutshell, motivated by facilitating lomtdncy
transmission of packets, we study the trade-off between end

Multi-hop wireless networks have found extensive applicae-end reliability and end-to-end delay in a multi-hop netiv
tions [1]-[3] for their ability to extend the coverage arefa ahat employs ARQ based DF strategy. We specifically consider

power-limited radio transmitters. In particular, theséwarks

multi-hop networks that are dominated by line-of-sight @O

are known to facilitate long-range communication betwedading channels since such LOS channels usually manifest in
a source and a destination node by introducing multiplpplications that need both low-latency and ultra-religbi

short-range links thereby guaranteeing high reliabildgttires

features, e.g. Unmanned-Aerial-Vehicles (UAVS) [11].

against impairments introduced by fading channels. Tosvard

achieving high end-to-end reliability over multi-hop netiks,

A. Problem Statement

a number of protocols have been proposed by carefully analyzin an ARQ based DF relaying strategy, each relay node is
ing the trade-off between complexity and error performancgiven a certain number of attempts to transmit the packets
On the one hand, the class of Amplify-and-Forward (AR)pon failure to decode by the next node in the chain. As a
protocols [4] are known to assist low-complexity procegah consequence, if a relay node is unable to correctly decagle th
the intermediate relays, however, they are also known tetbopacket within the given number of attempts, then the packet
the accumulated noise witnessed at the destination, whishsaid to be dropped at that link. Since the packet can be
in turn degrades the error performance. On the other handopped at any of the links in the network, one important
the class of Decode-and-Forward (DF) protocols [4] hawesign objective is to minimize the end-to-end packet-drop
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TABLE I: Novelty of our work with respect to existing contribons

Reference Existing contributions Limitations in comparison with our work
[13] Achieves high reliability under the constraint of Not considered LOS channels.
strict latency by using cooperative ARQ scheme. Not addressed the optimal distribution of ARQ$
The idea is to vary the reserved time for re-transmission
[6] Low-latency and high-reliability communications in thentml

and non-payload communications (CNPC) link of UAVs. Not addressed the optimal distribution of ARQ$
This is a multiple antenna based model

[7] Uses Gaussian-Chebyshev quadrature (GCQ) to approximat®lot minimized the latency with respect to ARQE
the achievable data rate No ARQ scheme considered
[14] Adaptive HARQ (A-HARQ) scheme is proposed. LOS channels not considered.
Re-transmissions are done on better quality sub-bands| Not relevant to address optimal ARQ distribution
[15] Analyzes packet-drop-probability for energy harvesting | No LOS channel. Does not improve the reliability
nodes with links using ARQ or hybrid-ARQ with a given constraint on latency.

Optimal distribution of ARQs not studied.

probability (PDP), which is the fraction of packets that di n of searching a distribution of re-transmissions in the gete
reach the destination. A straightforward solution to miizin search-space that are nearest to the real solution. Through
the PDP is to allocate appropriate number of ARQs on eattis approach, we show that the search space for finding the
link based on its LOS component. However, we note thaptimal distribution of re-transmission can be signifitant
ARQs result in significant amount of end-to-end delay oreduced when compared to the exhaustive search method.
the packet due to multiple rounds of re-transmissions, aAdthough our approach of formulating an equivalent problem
this delay, in the worst case, is proportional to the totéd motivated by high SNR approximation of the necessary
number of ARQs allotted to all the nodes in the networland sufficient conditions, we show through simulation ressul
Therefore, on packets, which have low-latency constraihes that our algorithm continues to generate a small list size at
total number of allotted ARQs must be bounded. As a resitw and moderate SNR values (See Section V). Furthermore,
of this conflict of jointly providing ultra-reliability andow- we highlight that our algorithm scales well with the number
latency features, we identify an interesting problem dbtv  of hops, and importantly provides substantial reduction in
to allocate ARQs to each link such that the PDP is minimizemplexity when the bound on the total number of ARQs
under the constraint that the total number of ARQs allotteallotted across the relay nodes increases.
across the relay nodes is bounded by a fixed number?” Although [6], [7], [13], [14] have studied latency and
reliability aspects of multi-hop networks, they have neith
o addressed LOS environments nor have considered the opti-
1) We propose a new problem on distributing the numbeggization problem of minimizing the PDP with a constraint on
of re-transmissions across multiple relay nodes in a LQRe total number of ARQs. Some specific differences between
dominated multi-hop network so as to support low-latency,r work and the prior contributions are listed in Table I.
and ultra-reliability features on the underlying packef®€  Notations We usex ~ CA/(0, 2) to represent a circularly
Section IlI). In particular, given a multi-hop network Withsymmetric complex Gaussian random variable with mean
potentially distinct LOS components of the links, we forate! \5riances2. The set of all complex numbers, real numbers,
an optimization problem of minimizing the PDP under thestional numbers, integers, and positive integers, arpees
constraint that the sum of the ARQs across all the links m/ely denoted byC, R, Q, Z, andZ, . We use. = v/—1. We

problem involves a non-linear objective function with NoNgectorsa andb.

negative integer-constraints on the solution. Becausehef t

sum constraint on the total number of ARQs, we show that !l LOS DOMINATED MULTI-HOP NETWORK MODEL

the size of the search space is bounded. However, we als€onsider anN-hop network, as shown in Fig. 1, which
show that computing the optimal distribution of ARQs thrhugincludes a source node, a destination node, and a s€t-ot
exhaustive search is not feasible to implement in practiaelays. We assume that the information bits from the source
Towards solving this problem with low complexity methodspode are aggregated in the form of packets, and these packets
we prove a set of necessary and sufficient conditions on thee communicated to the destination in a multi-hop fashion
optimal solution of the optimization problem (See Sectibp | using theN — 1 intermediate relays. In other words, the multi-

2) At high signal-to-noise-ratio (SNR) values, we observeop network consists a¥ wireless links, wherein the first link
that the set of necessary and sufficient conditions simptierresponds to the channel between the source node and relay
fies to a set of linear equations relating the number of ré;,, the second link corresponds to the channel between
transmissions allotted to th® links. Using this special case,andRs, and similarly, theV-th link corresponds to the channel
we convert the problem of computing the optimal distribatiobetween relay? 1 and the destination node. We assume that
of re-transmissions to an equivalent problem of solving the channel between any two successive nodes is characteriz
system of linear equations iRY, and to another problem by Rician fading with a quasi-static time-interval bfchannel

B. Contributions



where~y = % is the average signal-to-noise-ratio (SNR) of

the k-th link, F(x) is the cumulative distribution function of
|hi|?, defined as

2R 1\ 20n [228 1)
F( g )_1 Ql(\/(l—ck)’\/W(l—Ck))

such thatQ, (-, -) is the first-order Marcum-Q function [12].

In this N-hop network model, we assume that communi-
cation between any two successive nodes follows the ARQ
protocol, i.e., a transmitter node gets an ACK or NACK
] o ) from the next node in the chain indicating the success or
Fig. 1: Depiction of LOS dominatedV-hop network, where ajjyre of the transmission, respectively. Upon receiviag
0 < ¢ < 1 represents the LOS component of theh link, Nack, the transmitter re-transmits the packet. Lgt be
and g; € Z. denotes the number of ARQs allotted 0 thgye maximum number of attempts given to the transmitter of
transmitter of thek-th link, for 1 <k < N. 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 vectey = [¢1, g2, ..., qn]. Since we are
addressing low-latency applications, we impose the caimgtr
Zfil ¢ = Qsum, TOr sOMeqs,, € Z,, which captures an

o 1= upper bound on the end-to-end delay on the packets.

\/i(l +u)+ Gk Note that if a node fails to deliver the packet to the next node
2 2 within the allotted number of attempts, then the packetid sa
where 0 < ¢, < 1 captures the LOS component, ando be dropped in the network. As the packet can be dropped
1 — ¢ is the Non-LOS (NLOS) component such th@t in any of the links, the packet-drop-probability (PDP) oé th

is distributed asCA/(0,1). In this signal model, the LOS N-hop network is given by

uses. In particular, the complex baseband channel of:te
link, for 1 < k < N, is modeled by

hy =

componenty, is a deterministic quantity, thereby ensuring the N k—1
equality E[|hx|?] = 1 irrespective of the value of,. As a Py = ZP]gk H(l — Py . )
special case¢;, = 0 and ¢,y = 1 capture the well-known 1 i1

Rayleigh_ and Gaussian charjnels, respectively, \{vhe.reas \Wﬁen calculating the above expression, we have assumed
intermediate values capture different degrees of RiCI@M@ ,,; the channel realizatioh, takes independent realizations

channels. Assuming that the LOS components ofXhénks across the number of attempts, and the number of ARQs

can be potentially different, henceforth, throu_ghout thed, assigned to a transmitter is not known to the other nodes in
we use the vectoe = [c1,co,...,cn] to highlight the LOS the network

components of thévV-hop network. _ o
LetC c CF denote the channel code employed at the sourfe Formulation of Optimization Problem

node of rateR bits per channel use, i.e§ = +log(|C|). Let For a multi-hop network with LOS vectoe and SNR

x € C denote a codeword (henceforth referred to as packets)- 0_12 we are interested in computing the ARQ distribution
transmitted by the source node such that[|x|?] = 1, where q which minimizes the PDP expression in (2) under the
the expectation is taken ovér Whenx is transmitted over the constraint thatzfj:1 Gk = Qsum, fOr @ givenqeum € Z,.

k-th link, for 1 < k < N, the corresponding received symbolsve present this problem formulation as Problem 1, as shown
after L channel uses is given by, = hix + w;, € CL,  below. Henceforth, throughout this paper, we refer to the
where w;, is the additive white Gaussian noise (AWGN) asolution of Problem 1 as the optimal ARQ distribution. We
the receiver of thek-th link, distributed asCA'(0,0°1). highlight that Problem 1 is a non-linear optimization prob-
We assume that the receiver of tieth link has perfect lem with non-negative integer constraints on the solution.
knowledge ofh;,, whereas the transmitter of tteth link does Since there is a sum constraint @szl Gk = GQsum, it iS

not have the knowledge df;.. Since the channel realizationstraightforward to note that the search space for detengini
hy is random, and the realization remains constant for the optimal distribution is bounded. In particular, it cae b
channel uses, the instantaneous mutual information oktheshown that the number of candidates in the search space is
th link may not support the transmission rate. Therefore, tt@qs;\bfni;l)_ Therefore, with large values af,.,, and NV, it is
corresponding relay node will be unable to correctly decogt feasible to implement exhaustive search to solve Pnoble
the packet when the mutual information offered by the chnni Identifying this limitation of exhaustive search, we aibt

is less tharR. The probability of such an outage event is giveanalytical results on the structure of the objective fumttind

by the underlying constraints so that Problem 1 can be solvéd wi
lower complexity than that of exhaustive search.

P, = Pr(R > log,(1 + |h’€|27)) =F (2:_ 1) -0



Problem 1:For a multi-hop network with a given LOS  within the set{cs,c3,...,cx+1} Will not change the PDP. It
vectorc, and a given SNRy = % solve now remains to show that swapping the link with LOS com-
- . . ponentc; with any of the links in the sefce, cs, ..., cpt1}
N> 42>y =arg, N Pd will not change the PDP. For illustrative purposes, we will
subject tog;, >1, show that swapping; with c;+; does not change the PDP,
although this approach can be applied to swamwith any of
G €L+, the links in the sef i
C2,C3, ..., Cky1}. TOWards swapping;
nt@t... AN = Gsum- with ¢;41, let us first swap:; and ¢, using (5), to obtain

— pa _ pa dk+1 g3 _ p9kr+1
I1l. SUFFICIENT AND NECESSARYCONDITIONS ON THE pa =P+ (1 =P | Py’ + Py (1 Pk+1)+"'

OPTIMAL ARQ DISTRIBUTION A

In this section, we present some insights on the expression + PP (1 - ngjll)<H(1 — ijj))
of PDP, which in turn will be useful in solving Problem 1. j=3 '

Definition 1: Let 7 : RY — RY denote a permutation
operator on arV-dimensional Euclidean space. For &rhop
network with LOS vectore, we define an equivalent multi-
hop network with LOS vectoe = 7(c), wherein the wireless
channel of the:-th link experiences the LOS componatt), P« = P+ P (1—PM)+(1-Pf")
wherec(k) denotes thé:-th component of the vectar.

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

PR - P

Theorem 1The PDP of anV-hop network with LOS vector - Qe b @
c and ARQ distributionq is equal to the PDP of aiv-hop o H B = PAY) H(l - ij) : (6)
network with LOS vectorr(c) and ARQ distributionr(q), =3
wherer is any permutation operator d&” . By swapping the links with LOS components andci1 in
Proof: We will prove this theorem using the method othe above expression, we obtain
induction. ForN = 2, the PDP can be written as
P = Py +PM(1-BET) + @)
pa =P + PP (1—-P")=P"+ P — P"PP. 3)
_ pak+1 q3 (1 _ pQ
By swappinge; andcs, and alsog; and g, we obtain (1= Pih) | B (- )
/I pY92 q1 92\ _ pY92 g1 92 pYa1 k
ph, =P+ P"(1— PJ?) = P> + P[* — P* P, 4) _
CooE oo e et +...+P§2(1—pfl)<H(1—P;ﬁ)) e
From (3) and (4), it is clear that; = p/,. Thus, the statement isa

of the theorem is proved fav = 2. ] ) ,
Assume that forN = k, swapping any two links will not It is straightforward to observe that; = p/;,. Therefore, for

change the PDP. FON = k + 1, we want to prove that N =k + 1, we have shown that swapping any two links will

swapping any two links will not change the PDP. The pppot change the PDP. Finally, since it is well known that a
expression in such a case can be written as permutationr can be realized through a sequence of swaps, it

follows that the PDP of arV-hop network with LOS vector

k—1 - . .
I q q q " c and ARQ distributionq is same as that of the PDP of the
pa = PP+ BRIP4 B [ Hl(l - b )} network with LOS vectorr(c) and ARQ distributiont(q). B
j=

. The following theorem shows that a link with higher LOS
Qg1 b component must not be given more ARQs than the link with
+ B [1_[1(1 F; )] lower LOS component.
_ = Theorem 2With the LOS vectok, let the SNR be such that
By taking (1 — P*) common from the second term onwardp, < 1,V k. Then the optimal ARQ distribution satisfies

we can rewrite the above expression as the property that whenever > ¢;, we haveg; < ¢; V 4, j.
Proof: To highlight ¢; and c¢;, we rewrite c as
pa = P'+(1-PM|PP+PPA-PP)+... [c1,¢2,. .., ¢Ciy. .., Cj, ..., cN—1, Ccn]| SUCh thatj > i. Suppose
thatc; > ¢;, andg; andg; respectively denote the number of

ARQs given to thei-th link and thej-th link. Furthermore,
: (5) let us assume thay; = ¢; = ¢. Suppose that we have
an additional ARQ with us, and the problem is whether to
It can be seen from (5) that tHeterms in the square bracketallot that additional ARQ to theé-th link or the j-link such
constitute the PDP of &-hop network with the LOS vector that the PDP is minimized. Towards solving this problem,
[c2,¢3,...,cry1] @and the ARQ distributiorigs, g3, . . ., qx+1]-  let us consider an equivalent multi-hop network with LOS
Therefore, by hypothesis of induction, swapping any twédin vectorc¢’ = [c1,¢2,...,¢n=1,...,¢CN, ..., G, ¢;], Whereinc

+ P (1= PP).. (1 - PB)




is obtained fromc by swappingc; with cy—1 andc¢; with the spaceS by evaluating the PDP of the multi-hop network
cny. From Theorem 1, we know that the PDP of the multiever the points irf.

hop networks with the LOS vectors and ¢’ are identical.  Definition 4: An ARQ distributiong* € S is said to be
Furthermore, the PDP of th&¥-hop network with LOS vector a local minima ofS, if it satisfies the conditiorps(q*) <

¢/, is written as pa(q), for everyq € D(q*), wherepy(q*) and ps(q) rep-
B ” . " resent the PDP evaluated at the distributiafis and q,
pa = P+ B(1-P)+... respectively.
+ (P + P (1 - P")) H (1—P™). Using the above definition, we derive a set of necessary
ke[N\{é,5} and sufficient conditions on the local minima in the follogyin
theorem.

Note thatP" ande‘“ appear only in the last term of the above
expression. Since the question of allocating the additio
ARQ is dependent only on the expressiBfi + P} (1— "),

we henceforth do not use the entire expression for PDP.
Additionally, sinceq; = ¢; = ¢, we obtain one of the

Theorem 3:For an N-hop network with LOS vectoe, the
"ARQ distributionq* = [¢}, 43, ..., q¢%] is a local minima if
d only if g7 andg; for i # j satisfy the following bounds

. . . . ¥ 1 Cgr—1 log P;

following expressions when allocating the additional ARQ, & > lo ( d ) + 7 (11
g exp 9 Q (-1 — (¢ —-1Dlogh & C’q;f,g log P; (11)

A = Piq+1 + P;'Z(l - Piq+1)7 -1 1 Dyx 1 log P;
—+1 - * — * IOg ( - + J I (12)

B = Piq + ij (1 _ P;I). q; 4 log P; Dq;f log P;
Sincec; < c¢;, we know thatP; > P;. To prove the statementyhere 0. . — S =lpr o, o - S5 2pk p _

q; —1 r=0 ‘i1 “Yq;—2 k=0 *j a3

of the theorem, we have to show that< B. As0 < P;, P; <
1, it is clear thatP?*! < P# and P/*' < Pf. Furthermore,
A — B can be calculated as

ZZ;:O ng and Dy 1 = Z;';Bl b

Proof: From Definition 3, it is clear that a neighbor
of g* in the search spacB differs in two positions with
A—B=P!(P—1)+P/(1-P;)+ P!P/(P; — P;). (9) respect toq". Let us consider two neighbors af* that

) , , ) differ in the i-th and j-th index, wherei # j. Such neigh-
Note that the first and the third term in above equation 3Rrs are of the oMy = (g5, a3 rdf + 1o g —

negative, whereas the second term is positive. Therefbre, i 1 anda. = lo*. o 1 % %
_ _ =gk g =1, g+
the absolute value of the first term is greater than the atlsoIBrovidgﬁ]q%ﬁ _ql S [qi qa2nd qsfql_ 1 > 1qj From ng(])-
3 7 - .

value of the second term, theA — B < 0. In the rest of on, 1 instead of considering the multi-hop network with
the proof, we show thaP/(1 — P;) > P/(1 - F;), for any | 55 vectorc —

S 1 With 1 th b t" b it [01702,...,Ci,...,Cj,...,CN_l,CN], we
g = 1. With ¢ =1, the above equalion can be Wntten aggnsider a permuted version of it with the LOS vector
Pi(1 - P;) > Pj(1 - Fj). Itis straightforward to prove that , _ [C1,C2s - CN—1,- .- CN> - Ciyc;], Wherein the i-

the above inequality holds #; + P; < 1. Thus, the statement ., i1k is swapped with(N — 1)-th link, and the j-th
of the theorem is proved fog = 1. Now, sinceP; > Pj, |ink js swapped withN-th link. Correspondingly, the lo-

Pe . ;
note thatpy increases ag increases, and therefore, for anyal minima and its two neighbors are respectively of the
q € Z+, we have the inequality form q* = (¢, ¢5,.. .. qh 1, - dNs - 05 Gl Qr =
Pq 1_P P 1_P [qT7QS3vq?\[—lvvqy\]aaq:c_Flaq;_l] and q- :_
i ( ) >—Z( ) > 1. (10) [¢5.43,--- aN—1:---+dN>---»4 — 1.¢} + 1]. From the defi-

Pl _ P 11— P
P Fi) ~ B (1-F) nition of local minima, we have the inequalities

This implies that the magnitude of the first term of (9) is . - . -

greater than the magnitude of the second term, and therefore pa@’) < pa(@y), andpa(q’) < pa(d-), (13)

we haveA — B < 0. This completes the proof. B wherepi(q*), pa(q+) andpq(q-) represent the PDP evalu-
In the following definition, we formally introduce the sehrc ated at the distributiong*, ¢, andq_, respectively. Due to

space for the optimal ARQ distribution as highlighted inhe structure of the PDP and the fact thatandq; differ only

Problem 1. in the last two positions, it can be shown that the inequsliti
Definition 2: The search space for the optimal ARQ distriin (13) are equivalent to

bution is denoted b = {q € ZY | Y, ¢ = Gsum & ¢; >

For a given pointq € S, we define its neighbors in the - @ @ o1 a;+1 ;-1
following definition. PE PP (1-PP) <P PP (1-P0 ) 1)
_ Definition 3: For a givenq € S, the set of its neighbors respectively. First, let us proceed with (14) to derive aesec
is defined asD(q) = {q € S | d(q,q) = 2}, whered(q,q)  sary and sufficient condition aff andg;. After modifications,
denotes the number of disagreements betwgand q. the inequality in (14) can be rewritten as

Note that for a givery € S, we have|D(q)| < 2(%). In
the next definition, we formally introduce a local minima of P/

0-P) + PPa-PH—pPET A — PETY) <o,



We can further rewrite it as

x a; —1 . qi
a-ry (P rf (o m) - r ()
r=0 —
using the following standard equality,
(1-P"=1-P)Q+P+P+...+ P 1.

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

(16)

q; -1

. @
Sorr)-ri () <o
k=0

pa qu
r=0

Furthermore, we can rewrite the above inequality as

q;

1
. Pl . i1
P (1P )_<§P) (P a-pp) <0
r=0

Expanding (1 — ijf_ and also using the fact thdt —
P;) >0, we can write the above inequality as

. q; —2 q;—1 X
(S ) ()

k=0 r=0
This further implies that

<0.

q; q; -1
P r=0

<< P{)
g;—1 — =2 5 |
Py dkto b

(17)

With Cye 1 2 < Zf_glpg), andC,: , 2 ( 4z ij>,
we have,

Piqi‘ Car—1

; j

J

By taking logarithm on both sides, and subsequently regrran

ing the terms, we get

a4 1 log
(¢ —1) = (gf —1)log P

Cqr—1 log P;
t . (18
(Cq;—2>+10gpi (18)

Cq’ffl
becauselog C— ~

q;—2

~
~

0, and

0 and log (Dq;1>
D
10g(,%) >> 0. However, we note that these terms may
either be positive or negative depending on the values of
gi,qj, P;, and P;. Therefore, by considering the polarity of
these values, we bound the absolute valueé,lﬁfand efj) in
the statement of the corollary. ' ]
Based on the necessary and sufficient conditions derived
in Theorem 3, we are ready to synthesize a low complexity
algorithm to solve Problem 1.

IV. LOW-COMPLEXITY LIST-DECODING ALGORITHM

From Corollary 1, it is straightforward to note that at high
SNR values, the necessary and sufficient conditions on the
local minima satisfy the bounds in (19) and (20), for every pa
i,j such thati # j. We immediately notice that the following
inequality also holds

g —1 a;

<O G
qu_l

9

(21)

4
Using (19), (20), and the strict inequality constraints 21)
we propose a method to choose the ARQ distributjdn the
following proposition.
ProPosition 1:If the ARQ distributionq is chosen such that
ai _ log

- = ] I;Jf, for i # j, thenq is a local minima of the search
q; og I,
space at high SNR.
Proof: By choosingq such that% = igi_—?’ for i #

j ensures that the sufficient conditions in (195 and (20) are
trivially satisfied whert!) < 0 ande!”) > 0. However, when
61(.,1].) > 0 and efj) < 0, the sufficient conditions in (19) and
(20) contin(u)e to satisfy, provided(tr;e SNR is sufficientisgka

1 qaj a 2 @ _ gi-1
to bound|e; ;| < i andle; /| < PR [ |
Based on the results in Proposition 1, we formulate Problem
2 as a means of solving Problem 1 at high SNR. However,
from Problem 2, it is straightforward to note that a solution

is not guaranteed since the rat{%, which is computed

This completes the proof for the first necessary conditiof@sed on the LOS components and the SNR, need not@e in

Although the second necessary condition can be proved alo-%e
the same lines using (15), we omit the proof due to lack &P 1€
space in this paper. We highlight that the two conditions #1€ constraintsy = o2

refore, we propose to solve Problem 2 without the integer
nstraints, i.e., to find an ARQ distributiepc R” satisfying

1051;,;, for all i, such thati # 5, and

(11) and (12) are also sufficient since the bounds are ohliainEfCV:l Gk = qsum-

by rearranging the terms in the condition on local mininma.
Corollary 1: At high SNR, i.e., whenP; is negligible for
eachk, we have

a4 logPj | ()
(L 19
(¢ —1) ~ logP; T (19)
1 logP;
CEmS -~ L (20)

q; ~ logPh

Where|e§}J?| and|e§§)| are small numbers.

Proof: When P, and P; are negligible, the first terms

Problem 2: For a given {P, P,..
q1,492,..-4dN such that

., Py}, find

qi _log P;

= Y 1,5 such that # j
o TogP i, ] # 7,

gk 213 v kv
dk €Z+a Vka
G1+q@+...+qN = Gsum-

of the right hand side of both (11) and (12) are negligible



A. Towards Solving Problem 2 without Integer Constraints 2, Gsum =8

Towards solving Problem 2 without the integer constraints, Global optimal solution P1=04,P, =025
we defined; ; £ igi?j for i #£ j. With that, the task of solving a 7) Neighbors dip 2 AR =151
Problem 2 inR" can be viewed as the task of solving the S dreat = [4.81,3.19]
system of linear equation#q,..,; = b, where (2’6)( ), ‘ o — Possible integer solutions

3,5) -

- ’ I X — Real solution

1 —dio 0 0O ... 0 0 A

, (4,4) “e"(4.81,3.19)
0 1 —dgz O ... 0 0 oy
A : : cee e : c RNXN (672)\_

: : : : : ’ T

0 0 0 .. oo 1 —dyoaw _ . _ -

1 1 1 1 1 Fig. 2: An illustrative example withN = 2: The LOS

components and the SNR of the two links are such that

Qreat = [q1,02,---,qn]" andb = [0,0,...,0,¢sum]”. P, = 0.4 and P, = 0.25. With gy, = 8, our approach

Subsequently, a solution iR™ can be obtained as generates a list consistirgy ARQ distributions, whereas the
Greas = A~ b, 22) size of the search space’is

as long asA is full rank. Althoughq....; in (22) satisfies the Algorithm 1 List Generation Based Algorithm
first and the last constraints of Problem 2, it cannot be usgﬂ)ut A, b, Gsum, ¢ = |c1, o, ..., CN]
in the framework of multi-hop network since its componentéutput: £ C S - List of ARQ distributions inS.
need not belong t@. . In order to force the solution to lie in ;. Computed,ca; = A~ 'b.
Z., in the next section, we provide an algorithm that searches. Computed = [qyeat]-
for ARQ distributions inS that are nearest tQ,.cq;. 3 fori=1:N do

Remark 1t is possible to prove by contradiction that.;

) e ! 4: if ¢ =0 then
cannot have any negative components sificeis strictly non- ¢, G =q+1
negative for alli, ;. If at least one component af,cai IS 4 end if
negative, it implies that every componentdf..; is negative, . and for
3Pitheref3r% wiﬁ il:)rtnbceogziir:\flir:dcorrespond|ng to thedast . ComputeE = (Zij\il Gi) — Goum
Qreal = ' 9 L={qeS|dlq,q)=FE,q; #q forc <cj}.

B. List Generation using the Non-Integer Solution

Our approach, as presented in Algorithm 1, is to search for 10°
integer solutions irS that are nearest tq,.,;. In particular, 5~ Exhuastive search 1

H . . . . —$—Proposed method without Theorem 2 —e—Exhuastive search
using qreqi» We obtain an ARQ distribution, denoted by ¢ ||l=Proposed method with Theorem 2 0 Proposed method without Theoret} 2
QO c=1[0.1,0.4,0.7,0.9] 10° —%— Proposed method with Theorem 2|

List Size
List Size

d = [G1,G2,...,dn] € ZN, by ceiling every component of
Qreals 1-€., 4 = [Qrear]. Sinceq may have zeros in some

positions, we provide a brute-force correction by conwerti 7% 1&M*
those zeros to ones. Subsequently, we compuie, g;, to 1

Gsum=17

¢ = [0.1,0.35,0.5,0.7,0.8, 0.9
Gsum=20

i
X

. . ;. A 10° 10°
verify the sum constraint. Due to the ceiling operation ochea L - T
componenth\; 1 i is expected to exceed the sum constraint. . 16
Let £ denote(zij\; 1 @i) — gsum- TO identify the candidates in d Lot | o Bxnuasive search

—$—Proposed method without Theorem 2

S, we chooseE positions ing and subtract one ARQ from 10 g e e ihout Theore —~+— Proposed method with Theorem 2

N

each of these positions to make sure that the sum constsaint i§ —+—Proposed ehod wih Teoem 2} £10° Z;[:O‘zls’0‘35’0'5’0'7’0'&0'9]‘

satisfied. Although, at mos{tg) vectors inS can be generated ' B

this way, some of the combinations may not be valid due ,; —o—o— s o

to the results of Theorem 2. Thus, we create a list of ARQ F=—+—+—"* ¢ © A ———
distributions inS (denoted byL C S) from q,.q. Finally, W s P s e s s
we compute the PDP of every ARQ distribution &y and SNRiin dB SNRin dB

then choose the one which minimizes the PDP. An illustrative  Fig. 3: List size forN =4 andN =6 at R = 1.
example of our approach is given in Fig. 2 fa2-top network.
V. COMPLEXITY ANALYSIS AND SIMULATION RESULTS  gq\ye a relaxed version of Problehin R™ (instead ofZ"), and
As highlighted in Section II, the computational complexitghen search for candidatesSnthat are nearest tQ,..,;. Thus,
for solving Probleml through exhaustive search Q%@;@"jl). the computational complexity of our method is dominated by
In contrast, we have used the results from Theorem 3, to fitee complexity of solving the system of linear equationg] an



10°% 10°%

the relay nodes in an ARQ based decode-an_d—fqrward_ relaying
O~ Uniform distributio —o—Uniform distrbutio protocol such that the packet-drop-probability is minieuz
10° To facilitate solving this problem with low-complexity niet
g 210° ods, we have derived necessary and sufficient conditions on
N the optimal distribution of ARQs, and have subsequentlyuse
107 o . . .
these conditions to propose a list-based enumerationitdgor
£=[01,04,07.09 ;;}E;d“"‘5’”'5’0'7‘0'8’“'*’]‘ Simulation results confirm that the generated list is substa
TS L 1 2111 shorter than that of ex_haustive sea_rch,_ therebyeeing
SNRin dB SNRin dB our algorithm amenable to implementation in practice.
10° 10°
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