Timely Status Update: Should ARQ be Used in Two-Hop Networks?
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Abstract—This paper investigates the information freshness of
two-hop networks. Age of information (Aol) is used as the metric
to characterize the information freshness, defined as the time
elapsed since the latest received status update was generated.
In error-prone wireless networks, prior studies indicated that
Automatic Repeat-reQuest (ARQ) does not help improve the av-
erage Aol performance of single-hop networks, because sending
a new packet always carries the most up-to-date information
(i.e., discarding the old packet). We believe that this observation
does not apply to two-hop networks. For example, when a packet
transmission fails in the second hop, although a new packet has
more recent information, it may require more time to be delivered
(i.e., the communication has to restart from the first hop), thus
leading to a high Aol. This paper analyzes the theoretical average
Aol of two-hop networks with and without ARQ. Specifically,
we model the two schemes using Markov chains, from which we
derive the average Aol. Our theoretical and simulation results
confirm that, unlike single-hop networks, ARQ should be used
in two-hop networks to achieve lower average Aol. In particular,
when ARQ is used, the successful decoding probability of the
second hop has a greater impact on the average Aol than that of
the first hop. Overall, our findings provide insight into the ARQ
design for two-hop timely status update systems.

I. INTRODUCTION

The Internet of Things (IoT) technologies have substantially
promoted the development of machine-type communications
(MTC) in 5G communication networks. In many real-time
MTC scenarios, such as autonomous driving, telemedicine,
and intelligent transportation, timely status updating is of
paramount importance. For example, in automatic driving, the
status collected by multiple sensors (e.g., real-time locators
and lidars) needs to be quickly delivered and integrated for
decision-making and control; otherwise, out-of-date status
could lead to traffic accidents.

Age of information (Aol) was first proposed in [1] to
measure the information freshness in timely status update
systems. In contrast to delay, which measures only the time
required to deliver a packet, Aol measures the elapsed time
since the latest received update packet was generated. Since
Aol is fundamentally different from conventional metrics, it
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Fig. 1. A two-hop status update system with a source node, a relay, and a
destination node.

has received significant attention in recent years. Early works
on Aol focused on the upper layers of the communication pro-
tocol stack [2]-[7]. For example, [2]-[4] considered different
queuing models and analyzed the corresponding average Aol.
Scheduling policies that improve information freshness were
studied under various network models [5]-[7]. Recently, the
study of Aol has moved down to the medium access control
(MAC) layer and the physical (PHY) layer. For example, Aol
with different MAC protocols, including both scheduled access
and random access strategies, were investigated in [8]-[10]. At
the PHY layer, [11]-[13] investigated the impacts of channel
coding on the average Aol.

In practical wireless systems, packet corruption is inevitable
due to wireless impairments. Conventional communication
systems are designed for reliable communications, in which
Automatic Repeat-reQuest (ARQ) is a practical way to ensure
reliability. The source retransmits the corrupted packet until
the destination finally receives the packet. However, when the
system metric becomes information freshness, whether ARQ
should be used requires re-investigation, because a new packet
always contains the most recent information. For example,
[14] studied the average Aol of a point-to-point system and
showed that ARQ does not help to reduce the average Aol.
Instead, when a source has a chance to send, sampling and
sending a new packet (i.e., no ARQ) achieves a higher level
of information freshness.

The study of [14] was limited to a single hop. In many
practical scenarios, however, the destination may be located
out of the communication range of the source, e.g., many low-
cost sensors may have low transmit power. Thus, a relay is
dedicated to helping forward the update packet of the source
to the destination, as shown in Fig. 1. This paper then poses
a question: should ARQ be used in such a two-hop network?

The answer to the above question is not so obvious. In
single-hop networks, the average Aol of the non-ARQ scheme
is lower because a new packet always contains the latest status
update. If ARQ is not used in two-hop networks, this means
that a new packet is sent when the relay fails to receive the
packet from the source (i.e., in the first hop), or when the
destination fails to receive the packet forwarded by the relay
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Fig. 2. An example of the instantaneous Aol A(t), where the (5 — 1)-th and
the j-th successful update occur at times 7 ~! and 7, respectively.

(i.e., in the second hop). By doing so, there is no doubt that the
latest status update will be available whenever the destination
successfully receives the update packet. However, the time to
receive an update could be long, because even if the relay
successfully receives a packet from the source, the packet is
immediately discarded if the destination fails to receive it.
Sending a new packet at the source can help the destination
receive the latest update packet, but the transmission process
has to restart from the first hop. Waiting too long for a
successful update can result in a high average Aol (i.e., a
low information freshness).

Hence, when decoding fails in a two-hop network, whether
to send a new packet at the source or to retransmit the old
packet at the relay requires quantitative study to achieve a
low average Aol. To this end, this paper presents a theoretical
analysis of the average Aol in two-hop networks, considering
both the ARQ and the non-ARQ schemes. In particular, we
model each scheme using a Markov chain to derive the
average Aol. Our theoretical and simulation results show that,
unlike single-hop networks, ARQ should be used in two-
hop networks to achieve lower average Aol. In particular,
our analysis indicates that, for the ARQ scheme, the packet
decoding success rate of the second hop has a more significant
impact on the average Aol than that of the first hop.

II. PRELIMINARIES
A. Age of Information (Aol) Metrics

We study a two-hop status update system with a source
node, a relay, and a destination node, as shown in Fig. 1. The
source senses the status of physical characteristics (such as
temperature, humidity, etc.) and wants to send status update
packets to the destination that is not within the communication
range of the source. The decode-and-forward relay helps to
forward the update packets of the source to the destination.

In status update systems, the destination wants to receive
update packets from the source as fresh as possible. Aol is
used in this paper to quantify the freshness of update packets.
Specifically, at any time ¢, the instantaneous Aol of the source
measured at the destination is defined by A(t) = ¢ — G(¢),
where G(t) is the generation time of the most recently received
update packet from the source.

This paper considers a generate-at-will model [15], where
the source will take measurements and generate an update
packet at any time it has the opportunity to transmit. Fig. 2

plots an example of the instantaneous Aol A(t), where the
(4 — 1)-th and the j-th successful updates occur at times ¢/~
and ¢/, respectively. As shown in Fig. 2, the instantaneous Aol
A(t) generally increases linearly with time ¢, and drops only
when an update packet is successfully decoded by the destina-
tion. Denote by 7 the instantaneous Aol at the moment when
an update packet is successfully decoded by the destination.
Fig. 2 shows that A(t) drops to 777! and 77 at times #/~!
and t7, respectively.

With the instantaneous Aol A(t), we can compute the
average Aol. Specifically, the average Aol A of the source
is defined as the time average of the instantaneous Aol

s [

To compute the average Aol A, we use Z to represent the
time between two consecutive status updates, e.g., Fig. 2 uses
Z; to denote the time required for the j-th successful update
since the (j — 1)-th successful update. Let us consider the area
A under the line between two consecutive successful updates
as shown in Fig. 2. The area A; between the (j — 1)-th and
the j-th successful updates is calculated by

: 1
Aj =777 + 5(Zj)Q. )

According to the renewal theory, the average Aol A is
computed by

A n > 1A - E[TZ+%(Z)2} _E[r7] | E[7
s STz EB[Z] £z 2E[Z]
(3)

As we are considering a status update system with two hops,
an important issue is how to deal with the packet loss to ensure
a low average Aol of the system. In conventional wireless
systems, ARQ is used to ensure reliable transmission at the
link layer. However, in terms of Aol, prior works on single-
hop networks (i.e., without relays) found that the non-ARQ
scheme has a lower average Aol compared with the classical
ARQ scheme. The following subsection reviews this finding
in single-hop networks, and we believe that it is not directly
applicable to the two-hop networks considered in this paper.

B. Review: The Average Aol of Single-hop Networks

We consider a single-hop network in which the source can
transmit packets directly to the destination (i.e., without the
help of the relay). We assume a time-slotted system in which
the transmission time of an update packet occupies a time slot
of duration 1 for the sake of simplicity.

Let us first consider the non-ARQ case, where in each time
slot, the source sends a new update packet to the destination,
regardless of the decoding result of the destination in the
previous time slots. We assume that the destination receives
and decodes an update packet successfully with probability q.
Since a new update packet is sent in each time slot, once the
packet is successfully received, the instantaneous Aol of the
source drops to 7 = 1 (i.e.,, E[rZ] = E[Z]). Furthermore,



the time between two consecutive updates, Z, is a geometric
random variable with parameter g, i.e., E[Z] = 1/q, E[Z?] =
(2—q)/q>. Hence, substituting the terms into (3), the average

Aol of a one-hop network without ARQ, AIIT_ARQ, is [14]
AN-ARQ _ | | 2-q/¢ 1 1 @

! 2(1/g) 2 ¢

Now let’s look at the classic ARQ case. When ARQ is used,
a new update packet is sent only if the destination successfully
receives the previous old packet. Notice that the time between
two consecutive status updates, Z, is still a geometric random
variable with the parameter g; however, when the update
packet is received, the instantaneous Aol of the source now
drops to 7 = Z’, where Z’ is the corresponding Z in the last
update (i.e., E[7Z] = (E[Z])?). According to [14], the average
Aol of a one-hop network with ARQ, AfR , is computed by

e300
g  2(1/q) 2 ¢ q
= AN-ARQ (1 - 1) . (5)
q

Comparing (4) and (5), since 0 < ¢ < 1, AMQ g
never smaller than AIII_ARQ. That is, ARQ does not help
to improve the average Aol of single-hop networks. This is
because a newer update packet always has the most up-to-date
information (i.e., a smaller 7).

However, we believe that the above conclusion does not
hold in two-hop networks. We see from (3) that the average
Aol depends on 7 and Z. In the two-hop case without ARQ,
the minimum instantaneous Aol is 7 = 2 time slots. In other
words, in the absence of ARQ, when an update packet is not
successfully received in either the first hop (at the relay) or
the second hop (at the destination), the relay will drop the old
packet, and the source will immediately send a new update
packet. By doing so, as long as the destination receives an
update packet, the instantaneous Aol will drop to 7 = 2.

Although the smallest 7 can be achieved when not using
ARQ), blindly transmitting a new update packet from the first
hop increases the duration between two consecutive updates,
Z. For example, the relay may take a long time to receive the
latest update packet, but this packet is immediately discarded
if the transmission from the relay to the destination fails. By
contrast, if ARQ is used in the second hop, the destination may
successfully receive the update after only one retransmission
from the relay (i.e., only one more time slot is needed), thus
having a smaller Z. At the same time, in the ARQ scheme,
7 is larger than two time slots due to packet retransmission.
Therefore, a quantitative study is required to thoroughly un-
derstand the joint impact of 7 and Z on the average Aol.

III. THE AVERAGE A0l OF TWO-HOP NETWORKS

A. The Average Aol of the non-ARQ Scheme

We first compute the average Aol of a two-hop network
without ARQ. Later, we investigate the average Aol when
ARQ is employed in Section III-B. Suppose that the relay
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Fig. 3. The MAC protocol in a two-hop network without ARQ.
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Fig. 4. The Markov Chain of the non-ARQ scheme in a two-hop network,
where state 1 (2) means that the current transmission is in the first (second)
hop, and state s indicates a successful update at the destination.

receives an update packet from the source in the first hop with
a successful decoding probability of p;, and the destination
receives an update packet from the relay in the second hop
with a successful decoding probability of po.

Fig. 3 depicts an example of the MAC protocol without
ARQ in a two-hop network. The relay first sends a polling
frame to the source. After receiving the polling frame, the
source samples and sends an update packet (i.e., packet
1) to the relay. Suppose that the relay cannot decode the
update packet. The relay informs the source to send a new
update packet by sending a polling frame again, and now the
update packet (i.e., packet 2) is successfully decoded by the
relay. After that, the relay forwards the update packet to the
destination, but the destination cannot decode the packet and
sends a negative acknowledgment (NACK) frame to the relay.
Since ARQ is not used, the relay simply drops the old packet
and informs the source to send a new packet (i.e., packet 3).
Fig. 3 assumes that both the relay and the destination receive
packet 3, and then the destination sends an acknowledgment
(ACK) frame to the relay.

We further assume that the duration of control frames (i.e.,
the polling frame and the ACK/NACK frame) is negligible
compared with that of an update packet. For example, in
IEEE 802.11 [16], the duration of a packet with a 512-byte
payload is 778 us, while the duration of an ACK is only 60
us. Therefore, we can still use the time slot as the unit when
calculating the average Aol as in Section II-B.

We model the MAC protocol using a Markov chain, as
shown in Fig. 4. Specifically, state 1 (2) means that the current
transmission is in the first (second) hop, and state s indicates
a successful update at the destination. We use () to denote the
state space, i.e., Q@ = {1,2, s}. At the beginning, the system
starts with state 1, i.e., the first hop. A new update packet
is generated and sent to the relay. The relay can decode the
update packet from the source with a probability of p;. If the
packet is successfully decoded, the Markov chain will transit to
state 2, meaning that the next time slot is used for the second
hop transmission. Otherwise, if the relay cannot decode the



update packet from the source (probability: 1 —p;), the system
remains in state 1. That is, the next time slot is still used for
the communication of the first hop, and the source drops the
old packet and sends a new packet to the relay.

When the current state is state 2, the relay forwards the
update packet to the destination. If the destination successfully
receives the packet (probability: p2), the Markov chain transits
to state s, meaning that the destination successfully receives
the update, i.e., the instantaneous Aol drops to 2 time slots
and F [7Z] = 2E[Z]. Otherwise, with probability 1 — po,
the destination cannot decode the update packet, and the state
goes back to state 1. Finally, when the current state is s, the
next state must be state 1 since a new update packet will be
sent, starting from the first hop. Let IIN ~4%® denote the state
transition matrix, which can be written as

N Tl T2 Tis 1—p1 p1 O
"= RQ — To1 Moo Tos | = | 1 —po 0 D2 (6)
Ts1 Ts2 Tgs 1 0 0

where 7, is the probability of transiting from state J = z to
state J =y, for x,y € Q.

To compute the average Aol of the non-ARQ scheme by (3),
we first compute E [Z] and E [Z?%]. We use m;, to represent
the expected time required to transverse from state Jy = i
to state Jz = s for the first time through a series of states

J1,J2,...,Jz_1. Based on the property of the Markov chain,
we have
mis = ETs |Jy = 1]
0 , 1 =38,
YD ENA+T i =4|P(h=jllo=i) ,i#s,
JEQ
0 L1 =8,
= 1+Z7Tz’jmjs ,i;«és, (7)
J#s

where 75 is a random variable that represents the time to reach
state J = s for the first time. According to (7), we have
mis = 14 pimas + (1 — p1)mas,
maos = 1 +p2mss + (1 _p2)mlsu (8)
megs = 0.
Based on the Markov chain shown in Fig. 4, F[Z] equals
m1s. By simplifying (8), E'[Z] can be computed by
1+ 1 1
o — ©)
P1p2 pip2 P2
Similarly, we use n;s to denote the expectation of the second
moment of the time required to transverse from state from
state Jy = 1 to state Jz = s for the first time through a series
of states Jy, Ja, ..., JJz_1. By definition, n;s is computed by

s = E [(TS)2 o = z}

E[Z] = Mis —

’Z:S7

0
= ZE[(1+TS)2|J1:j}P(J1:j|JO=i) i s.
jeQ

BT 1h =] P =jlh=1)

Z +2E [Ty |y =j]P(Ji=j|Jo=1) ,1# s
I€QN\ +E[1|J1=4]P(Ji=jlJo=1)
0 , =8,
- 1+Z7Tij(njs+2mjs) , 1% 8.
J#s
(10)

Therefore, we have

n1s = p1 (N2s + 2mas + 1) + (1 — p1) (n1s + 2mys + 1),
N2s = P2 (nss +2mss + 1) + (1 _p2) (nls +2mys + 1) ’
ngs = 0.
(n
It is easy to see that E [Z?] equals ny,, which is given by

204p)> 1 3

(p1p2)* P2 pip2

With E [Z] and E [Z?], the average Aol of two-hop networks
without ARQ, AQN*ARQ, is computed by

E[Z?] 3

E[2%] = ny, = (12)

1+p1 1

pp2 14pr
(13)

“N— _ ErZ]
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B. The Average Aol of the ARQ Scheme

This subsection analyzes the average Aol of two-hop net-
works with ARQ. Fig. 5 depicts the MAC protocol in a
two-hop network with ARQ. As shown in Fig. 5, in time
slot 2, when the relay fails to forward packet 1 to the
destination, the destination sends a NACK frame to the relay.
The relay retransmits the old packet to the destination in slot
3. Furthermore, we remark here that ARQ is used only in the
second hop. For example, as shown in Fig. 5, when the relay
fails to receive packet 2 in the first hop in slot 4, the source
sends a new packet (i.e., packet 3) instead of retransmitting the
old packet 2. In this case, it is easy to understand that sending
a new packet from the source (i.e., without ARQ) always leads
to a lower instantaneous Aol compared with sending the old
packet from the source.

We also use a Markov chain to model the ARQ scheme in
a two-hop network, as shown in Fig. 6. The only difference
compared with the non-ARQ scheme shown in Fig. 4 is that
when the relay fails to forward the update packet to the
destination (probability: 1 — ps), the system remains in state
2 in the ARQ scheme. In contrast, in the non-ARQ scheme,
the system transits to state 1, as shown in Fig. 4.

As in the non-ARQ scheme, we need to compute F [Z] and
E [Z?] based on the Markov chain. Specifically, we have
mis = 1+ prmas + (1 — p1)mas, (14)

maogs = 1 + (1 —pg)mgs.
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Fig. 6. The Markov Chain of the ARQ scheme in a two-hop network, where
state 1 (2) means that the current transmission is in the first (second) hop,
and state s indicates a successful update at the destination.

Then, F [Z] can be found by

1 1
=ms = — + —.
b1

E[Z] .

(15)
Similarly, n;; and E [Z?] can be computed by
nis = 1+ p1 (nes + 2mas) + (1 — p1) (nas + 2mas) ,
ngs = 14+ (1 — p2) (nas + 2mas),

(16)
2 2 2
-

222 (1,1,
p1) (p2) D1p2 P11 P2
17)

E[Z%] =n, =

Let Y denote the time it takes for the relay to receive an update
packet from the source and X denote the time it takes for the
destination to receive an update packet from the relay. Then
X is a geometric random variable with parameter ps. Since
ARQ is not used in the first hop and the time taken from the
source to the relay is always one time slot, the instantaneous
Aol 7 upon a successful update is 7 = 1 + X. Thus, we have
ElrZ)=E[1+X")(Y + X)]
=E[Y]+E[X]+(E[X])*+ E[Y]E[X]

=(14+ E[X])E[Z] (18)

where X' is the corresponding X in the last update. The
average Aol of two-hop networks with ARQ, A?RQ, is

AARQ_E[TZ] E[ZQ] _1 1 + 2 1

B E[Z] 2y p1+Dpa
(19)

Comparing the average Aol performance of the ARQ
scheme (19) and the non-ARQ scheme (13), we have

YARQ A N—ARQ
Aj — A,

=) {00 1] 51+ p2) — pipa}
B (p1 + p2) (p1p2) (1 +p1)

==+
2E [Z] 2 P1 P2

<0, (20
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Fig. 7. Performance comparison between ARQ and non-ARQ schemes in
a two-hop network: the average Aol versus the probability of successful
transmission in each hop with p1=pa.

because phpg € [0,1]. As a result, we can conclude that
A?RQ < A “ARQ Recall that in a one-hop network, the
average Aol of the non-ARQ scheme is lower than or equal
to that of the ARQ scheme (i.e., A N-ARQ < ARRQ. oo
(5)). Interestingly, here we see that AARQ < ANl_ARQ
the two-hop network. In other words, from the perspective of
enhancing the information freshness, unlike one-hop networks,
ARQ should be used in two-hop networks. In the next section,
we further compare the simulation results of A2N_ARQ and
ASRQ under different p; and po.

I'V. PERFORMANCE EVALUATION

We now compare the average Aol of the two-hop network
with and without ARQ under different p; and ps. Specifi-
cally, we validate our theoretical analysis via simulations on
MATLAB. As we will see, unlike the single-hop network, the
ARQ scheme leads to a lower average Aol than the non-ARQ
scheme does in the two-hop network.

We consider both the theoretical results and the simulation
results. For the theoretical results, we substitute p; and p, into
(13) and (19). For the simulation results, we first simulate the
two protocols based on p; and ps over a series of time slots
and collect the instantaneous Aol in each time slot. After that,
we compute the average Aol based on the instantaneous Aol.

1) p1 = p2 case: We examine the relationship between
the average Aol and the successful transmission probabilities,
when p; is equal to ps, as shown in Fig. 7. We see from
Fig. 7 that the simulation results corroborate the theoretical
results. Specifically, the average Aol with ARQ is smaller than
that without ARQ, as also indicated by (20) previously. This
is because, in the non-ARQ scheme, when the second hop
transmission fails, the transmission has to be restarted from
the first hop. Blindly transmitting a new update packet from
the source results in a longer time between two consecutive
status updates, i.e., ——l—
for the non-ARQ scheme Even though the non- ARQ scheme
has a smaller instantaneous Aol upon a successful update (i.e.,
two time slots), the ARQ scheme still has a lower average Aol
due to the shorter “inter-update” interval.

Furthermore, the ARQ scheme reduces the average Aol
more significantly when p; and p. are small. In particular,
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Fig. 8. Performance comparison between the ARQ scheme and the non-ARQ
scheme: the average Aol versus p2, when p1 is fixed to (a) 0.5 and (b) 0.9.

when p; = py = 0.2, the average Aol is reduced by
around 57% when using the ARQ scheme compared with
the non-ARQ scheme. As p; and p, increase, we find that
the performance improvement from ARQ becomes smaller
because there are fewer packet corruptions (i.e., ARQ is not
often needed, so the average Aol are almost the same for
both schemes when p; and ps are larger). For example, when
p1 = p2 = 0.7, the average Aol drops by about 7% for the
ARQ scheme compared with the non-ARQ scheme.

2) p1 # p2 case: We next focus on the case where p; #
p2. Specifically, Fig. 8 plots the average Aol versus p,, when
p1 is fixed to (a) 0.5 and (b) 0.9; Fig. 9 plots the average Aol
versus pi, when ps is fixed to (a) 0.5 and (b) 0.9. From Fig. 8
and Fig. 9, we find that, as in the case of p; = po, the average
Aol of the two-hop network with ARQ is smaller than that
without ARQ, i.e., A5TQ < ANTARQ Iy addition, the ARQ
scheme reduces the average Aol more significantly when p;
and po are small.

Moreover, when ARQ is used, po has a greater impact on
the average Aol than p; does. For example, as shown in Fig.
8(a), when p; = 0.5 and p, varies from 0.2 to 1, the average
Aol of the ARQ scheme drops by 65.4% from 11.07 time
slots to 3.83 time slots. However, as shown in Fig. 9(a), when
p2 = 0.5 and p; varies from 0.2 to 1, the average Aol drops by
40.1% from 8.07 time slots to 4.83 time slots. Similar effects
can be found when we compare Fig. 8(b) and Fig. 9(b) with a
larger p; or py. Furthermore, let us consider two special cases
where (p1,p2) = (0.9,0.5) and (p1, p2) = (0.5,0.9). It is easy
to figure out that (py, p2) = (0.5,0.9) leads to a lower average
Aol. This can be explained by (19), the average Aol of the
ARQ scheme. Specifically, (19) can be decomposed into two
parts, ie., 1 + p;j}'ff — plj_m and p%. It is easy to observe
that swapping the two hops’ successful rates does not affect
the first part of the equation, while a higher p, leads to a lower
p% and hence a lower average Aol.

V. CONCLUSION

We have compared the average Aol performances between
the ARQ and the non-ARQ schemes in two-hop networks.
We derive the theoretical average Aol of both schemes using
Markov chains. Unlike single-hop networks in which ARQ
does not help to improve information freshness, our theoretical
and simulation results indicate that ARQ should be used in

(@) p=0.5 (b) p2=0.9
16 12
o ARQ: Simulation " o ARQ: Simulation
" ARQ: Theory ——ARQ: Theory
v N-ARQ: Simulation 1o v N-ARQ: Simulation
12 ——N-ARQ: Theory 9 ——N-ARQ: Theory

Average Aol (time slots)
Average Aol (time slots)

02 03 04 05 06 07 08 09 1 02 03 04 05 06 07 08 09 1

Fig. 9. Performance comparison between the ARQ scheme and the non-ARQ
scheme: the average Aol versus p1, when p2 is fixed to (a) 0.5 and (b) 0.9.

two-hop networks to lower the average Aol. Moreover, we find
that the packet decoding success rate of the second hop has a
more significant impact on the average Aol than that of the first
hop does. We believe that the insights of ARQ designs in two-
hop networks with Aol requirements are generally applicable
to multi-hop line networks beyond two hops, whereas the
detailed investigation is left to our future work.
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