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Abstract—We investigate the age of information (Aol) of a
relay-assisted cooperative communication system, where a source
node sends status update packets to the destination node as
timely as possible with the aid of a relay node. For time-slotted
systems without relaying, prior works have shown that the source
should generate and send a new packet to the destination every
time slot to minimize the average Aol, regardless of whether the
destination has successfully decoded the packet in the previous
slot. However, when a dedicated relay is involved, whether the
relay can improve the Aol performance requires an in-depth
study. In particular, the packet generation and transmission
strategy of the source should be carefully designed to cooperate
with the relay. Depending on whether the source and the relay are
allowed to transmit simultaneously, two relay-assisted schemes
are investigated: time division multiple access (TDMA) and non-
orthogonal multiple access (NOMA) schemes. In TDMA, the
source generates and sends a new packet every other time slot
to avoid possible simultaneous transmission with the relay. In
NOMA, the source generates and sends a new packet every time
slot, thus possibly forming simultaneous transmission from the
relay and the source. A key challenge in deriving their theoretical
average Aol is that the destination has different probabilities
of successfully receiving an update packet in different time
slots. We model each scheme using a Markov chain to derive
the corresponding closed-form average Aol. Interestingly, our
theoretical analysis indicates that the relay-assisted schemes can
only outperform the non-relay scheme in average Aol when the
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signal-to-noise ratio of the source-destination link is below —2dB.
Furthermore, comparing the merits of relay-assisted schemes,
simulation results show that the TDMA scheme has a lower
energy consumption, while the NOMA counterpart typically
achieves a lower average Aol.

Index Terms—Age of information (Aol), information freshness,
non-orthogonal multiple access (NOMA), relay.

I. INTRODUCTION

In recent years, timely status update systems have received
significant attention from academia and industry [1]-[3]. En-
abled by the Internet of Things (IoT) technology, machine-type
devices with sensing, monitoring, and communication capabil-
ities send status packets to update their latest information at the
sink. Providing timely and fresh status updates is paramount in
many applications, such as real-time decision making in cyber-
physical systems [4] and periodic safety message exchange in
vehicular ad hoc networks [5].

Prior works showed that metrics in conventional communi-
cation systems, such as throughput and delay, are inadequate to
measure the timeliness or freshness of updates [1]. Hence, age
of information (Aol) was proposed to characterize the informa-
tion freshness [6], [7]. Unlike delay, which measures the time
required to deliver a packet successfully to the destination, Aol
measures the time elapsed since the generation of the most
recently received status update from a destination perspective
[1], [7]. More precisely, if the latest update packet received
by the destination is generated by the source at time #’, then
the instantaneous Aol at time ¢ is ¢ —¢'. Since its introduction
in [6], [7], Aol has been studied in various communication
network settings, revealing that it is fundamentally different
from delay and throughput which capture the effectiveness of
data collection and transmission only [8]-[10].

In many practical scenarios, an information source (say,
a low-cost sensor) has a weak channel condition at the
destination, e.g., a low signal-to-noise ratio (SNR), possibly
due to a long distance from the destination or low transmit
power. A dedicated relay can be used to help forward update
packets of the source to the destination. In this paper, we
consider a relay-assisted status update system with a source
node, a half-duplex decode-and-forward (DF) relay node, and
a destination node. As depicted in Fig. 1, the destination may
receive an update packet from the source either from the direct
link or the relay-assisted link. Note that the relay-assisted link
has two hops, while the direct link has one hop only.

Intuitively, suppose a relay is located in the middle between
the source and the destination (see Fig. 1), the channel
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Fig. 1. A relay-assisted status update system with a source node, a relay
node, and a destination node. The destination may receive an update packet
from the source either from the single-hop direct link (the solid line) or the
two-hop relay-assisted link (the dashed lines).

conditions of both hops are more likely to be better than that of
the direct link, thus improving the packet reception reliability.
However, it is not so obvious whether the dedicated relay can
improve the information freshness. Let us consider a time-
slotted system in which the transmission of an update packet
occupies one time slot. If the relay is not available, i.e., a non-
relay system, a “new” packet should always be sent by the
source in each time slot regardless of whether the destination
has successfully received the previous “old” packet. In other
words, the old packet should be dropped even when it was not
received by the destination, because it contains an outdated
status [11]. By doing so, the latest status update will be
available whenever the destination successfully receives an
update packet, i.e., the instantaneous Aol upon a successful
reception is always one time slot. In contrast, considering a
relay is involved, the destination may successfully receive the
update packet more often due to better channel conditions of
the relay-assisted link. However, when the destination receives
an update packet via the relay-assisted link, the instantaneous
Aol will only drop to two time slots (i.e., two hops are
required). Then, we pose the first question (Q1) in this paper:

Q1: Can the dedicated relay improve the Aol performance
of a relay-assisted system with a direct link from the source
to the destination, compared with the non-relay system?

To answer Q1, we need to design the protocol details of
the relay-assisted system first. To simplify the overall system
design, we assume that there is no feedback from receivers (the
destination and the relay) to transmitters (the source and the
relay), which is favorable for the low-cost implementation of
IoT status update applications [3]. In addition, we adopt the
widely used generate-at-will model [1] to model the packet
generation pattern at the source. Under the generate-at-will
model, the status of the observed phenomena can be sampled
by the source, and an update packet can be generated when the
source has a transmission opportunity. For example, the source
in the non-relay system generates and sends a new update
packet to the destination at the beginning of each time slot
to minimize the average Aol [11]. Now suppose that a relay
is involved. If the source still sends an update packet every
time slot, the destination may receive wireless signals from
the source and the relay simultaneously, i.e., when the relay
successfully decodes the previous update packet and forwards
it to the destination. Advanced techniques such as multiuser
decoding [12] are required to separate the simultaneously
transmitted signals. To avoid simultaneous transmission, a
possible solution is to lower the packet generation rate of
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the source, e.g., the source sends an update packet to the
destination every other time slot.! The discussion above poses
the second interesting question (Q2) in this paper:

Q2: As far as Aol is concerned, what packet generation
and transmission strategy should the source adopt when a
dedicated relay is involved in the system?

Depending on whether the relay and the source are allowed
to send simultaneously, this paper investigates two relay-
assisted schemes, referred to as the time-division multiple
access (TDMA) scheme and the non-orthogonal multiple ac-
cess (NOMA) scheme, respectively. In the TDMA scheme,
the source generates and sends a new update packet every
other time slot to avoid possible simultaneous transmission
with the relay, while in the NOMA scheme, a new update
packet is generated and sent every time slot (as in the non-
relay scheme).

As a promising technique in the next-generation wireless
communication networks, NOMA allows simultaneous trans-
mission in the same time-frequency resource, thus increasing
spectral efficiency compared with conventional orthogonal
multiple access (OMA) schemes such as TDMA and OFDMA
[14], [15]. In our setup, if the relay decodes a packet and
forwards it to the destination, the source and the relay will send
simultaneously in a non-orthogonal way because the source
sends a new packet every time slot. To separate the two dif-
ferent update packets, we consider the widely used successive
interference cancellation (SIC) decoder [15] at the destination.
Since the relay-destination link typically has better channel
conditions than the source-destination link, we assume that
the SIC decoder first tries to decode the old packet forwarded
by the relay, followed by the new packet from the source.
Thanks to SIC, the destination now has the opportunity to
receive the most up-to-date status packet every time slot, which
is not possible in the TDMA scheme. However, interference
from the source reduces the effective SNR of the signals from
the relay, which affects the decoding of the packet from the
source due to the successive nature of the SIC. Therefore, a
quantitative study is needed to investigate the relative merits
of relay-assisted TDMA and NOMA schemes when Aol is the
performance metric.

Unlike previous works that considered the relay-assisted
link only [16]-[18], our work considers a relay-assisted net-
work with both direct and relay-assisted links from the source
to the destination. As a result, a key challenge in deriving the
theoretical average Aol for both TDMA and NOMA schemes
is that the destination has different probabilities of successfully
receiving an update packet in different time slots (see Section
IV for the details). In particular, for the NOMA scheme, in
each time slot, the destination may receive an update packet
from either the relay or the source. The instantaneous Aol
upon a successful update at the destination could be different,
i.e., one time slot (two time slots) if the packet is received via

'We note that under frequency-division multiple access (FDMA), i.e., the
source and the relay operate on different frequency bands, the source can
send update packets every time slot. However, due to the reduced bandwidth
of each node, the duration of each update packet increases, thus resulting in
a high average Aol in FDMA [13]. Therefore, we do not consider FDMA for
low-Aol systems in this paper.
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the direct link (the relay-assisted link). To tackle the above
challenges, we model each scheme using a Markov chain so
as to derive their corresponding closed-form average Aol. We
design the states and state transitions in the Markov chains to
carefully distinguish the two different update scenarios (i.e.,
update packets received from the source or the relay). In
addition, since practical status update packets in IoT devices
are typically short (e.g., tens of bytes), we estimate the packet
error rate (PER) of each link in the relay-assisted systems
using the short packet theory [19]. Our analysis serves as a
guideline for the Aol analysis in relay-assisted systems.

Our theoretical analysis and simulation results indicate that
for Q1, the relay-assisted schemes can only outperform the
non-relay scheme in average Aol when the SNR from the
direct link is below —2dB. Otherwise, a pure non-relay
scheme can achieve a better average Aol in general. For the
investigation of Q2, we find that if the relay-destination link
has a higher enough SNR than the source-destination link, the
source should generate and send an update packet every time
slot, i.e., to adopt the relay-assisted NOMA scheme. With the
help of SIC, the NOMA scheme can reduce the average Aol of
its TDMA counterpart by as large as 25%. However, when the
source is low-power (e.g., tiny sensors) and the average Aol
requirement is less stringent, the TDMA scheme is preferable
to energy-efficient relay-assisted status update systems.

To conclude, we have the following major contributions:

(1) We study the average Aol of relay-assisted coopera-
tive communication systems with both direct and relay-
assisted links from the source to the destination. In
particular, we investigate the packet generation and trans-
mission strategy of the source, together with the help
of a dedicated relay, aiming to improve the information
freshness of the source at the destination.

(2) We establish a Markov chain-based approach for deriving
the theoretical average Aol of relay-assisted systems.
Specifically, we derive the closed-form average Aol for-
mulas for two relay-assisted schemes, namely the TDMA
and NOMA schemes, each modeled by a Markov chain.
We believe that our Markov chain-based approach can
serve as a reference for the Aol analysis in general relay-
assisted systems.

(3) We conduct comprehensive simulations to compare the
average Aol among different schemes. Our results in-
dicate that due to the existence of the direct link, the
relay-assisted schemes can only outperform the non-
relay scheme when the SNR of the source-destination
link is as weak as —2dB. Even under weak source-
destination links, the packet generation and transmission
strategy of the source in relay-assisted systems should be
carefully designed to cooperate with the dedicated relay
and outperform the non-relay scheme.

II. RELATED WORK
A. Age of Information (Aol)

As a performance metric to measure information freshness,
Aol has attracted significant attention in recent years. Early
works on Aol focused on analyzing the average Aol or
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peak Aol under different abstract queueing models [1], [20],
[21]. Packet management plays an important role in lowering
Aol [22]-[24]. For example, the optimal packet generation
rates under various models were investigated in [24]. It was
shown that the optimality conditions for Aol are usually
different from those for delay and throughput [1]. In addition,
scheduling, sampling, and updating policies were designed to
control packet transmission and minimize the average Aol [1],
[25], [26]. These works focused mainly on the upper layers
of the communication protocol stack, i.e., above the physical
(PHY) and medium access control (MAC) layers. Along this
line, our work investigates Aol-aware packet generation and
transmission strategies as well, but focuses on the PHY and
MAC layer designs in relay-assisted systems.

The study of Aol at the PHY and MAC layers is mainly
focused on designing different techniques to deal with wireless
impairments that lead to packet loss or errors, such as channel
access policies [27], automatic repeat request (ARQ) [11],
[28], [29] and multiple antennas [30], thereby improving the
information freshness. For example, the impacts of ARQ on
the average Aol were investigated in different network settings,
such as single-hop networks [28] and multi-hop networks [11].
In these works, feedback signals are usually required to issue
from receivers to transmitters so that ARQ can be used. Our
work assumes no feedback from receivers to transmitters, thus
simplifying the overall system design. Without feedback, we
show that in a relay-assisted setting, the packet generation and
transmission strategy at the source should be jointly designed
with the dedicated relay, which is of significant importance to
achieve good Aol performance at the destination.

B. Orthogonal and Non-Orthogonal Multiple Access

NOMA is a key enabler for the 5G/BSG communication
systems to accommodate massive devices and to improve net-
work throughput [15], [31], [32]. Compared with conventional
TDMA techniques, NOMA allows more than one user to share
the same resource block, thus increasing spectral efficiency
and user fairness [15], [31], [32]. The application of NOMA
in relay-assisted systems has also been frequently studied,
e.g., [15], [33]. In the relay-assisted NOMA scheme studied
in this paper, the relay and the source may send different
update packets simultaneously to the destination, forming a
NOMA transmission. Most NOMA systems assume the use
of successive interference cancellation (SIC) at the receiver
[32]. It was shown that the significant difference in received
power among the users is critical for the operation of SIC
[31]. Our work further examines the effect of SIC on Aol in
a relay-assisted network.

Most previous NOMA works focused on optimizing con-
ventional metrics such as throughput and delay. Very recently,
some works have applied NOMA to improve the average
Aol performance [34]-[36]. For example, [34] studied the
average Aol in a two-user NOMA network for the first time
and showed that NOMA and TDMA outperform each other
under different packet arrival rates. Later, [36] specifically
investigated the effect of SIC on the average Aol, and [35]
further validated the Aol improvement of NOMA over TDMA



This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3290164

through experiments on software-defined radios. However,
[34]-[36] focused on single-hop networks without relays.
[37] studied a user-cooperative scenario with more than one
hop, where an adaptive NOMA/OMA downlink system was
proposed to minimize Aol. To the best of our knowledge, the
use of NOMA in Aol-oriented relay-assisted systems has not
been investigated. This paper is an attempt to fill in this gap.

C. Aol in Relay-assisted Cooperative Communications

A few works have explored Aol in relay-assisted TDMA
cooperative communications. For example, Aol performance
with static relays is investigated in [11], [16]-[18], [38]. In
addition, mobile relays are used to increase the coverage
and thus enhance the information freshness in UAV networks
[39]-[41], mobile ad hoc networks (MANETS) [42], and the
Internet of Underwater Things (IoUT) [43], where UAVs or
autonomous underwater vehicles (AUV) are adopted as mobile
relays.

Reference [11] studied whether ARQ should be used at
the relay node in a two-hop relay network by formulating
the communication procedure as Markov chains. The authors
of [16] further explored the use of truncated ARQ in each
hop to reduce Aol, and [17] optimized the transmit power of
a full-duplex relay and the blocklength of update packets to
solve the Aol minimization problem. However, these works
considered the relay-assisted link only. Our work considers a
relay-assisted network with both direct and relay-assisted links
from the source to the destination, where different successful
updating probabilities from the relay and the source have a
significant impact on the evolution of Aol, and the Markov
chains should be developed to distinguish these two update
scenarios. Reference [38] considered both links as well, but
did not study NOMA transmissions. Moreover, prior work paid
more attention to the operation of the relay. They did not study
how the source should collaborate with the relay to achieve
a low average Aol. In contrast, this paper focuses more on
the packet generation and transmission schemes at the source.
Together with the aid of the relay, two relay-assisted schemes,
namely TDMA and NOMA schemes, and their merits are
investigated.

III. PRELIMINARIES

A. System Model and Age of Information (Aol) Metrics

We study a relay-assisted status update system with a source
node, a relay node, and a destination node, as shown in Fig. 1.
Let us consider a time-slotted system where the duration of
an update packet occupies one time slot, assuming each time
slot has a unit length. In addition, we assume that there is no
feedback from the receiver (the destination or the relay) to the
transmitter (the source or the relay), which is favorable for
low-cost IoT status updates. In such a status update system,
the destination wants to receive update packets from the source
as fresh as possible, but the direct link from the source to the
destination has a low SNR. Hence, a half-duplex DF relay is
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Fig. 2. An example of the instantaneous Aol A(t). The (j — 1)-th and the
J-th successful updz}te occur at t7~1 and 7, where the update packets are
generated at (t7~1)" and (¢7)’, respectively.

dedicated to helping forward the update packets of the source
to the destination.?

To measure the information freshness, we adopt the recently
proposed metric, Aol, to quantify the timeliness of update
packets. Specifically, at any time ¢, the instantaneous Aol
of the source, measured at the destination, is defined by
A(t) = t — G(t), where G(t) is the timestamp when the
most recently received update packet from the source was
sampled and generated. A lower instantaneous Aol means
higher information freshness. Fig. 2 plots an example of the
instantaneous Aol A(t), where the (j — 1)-th and the j-th
successful update occur at '~ and t7, respectively. Let us
use 7 to denote the instantaneous Aol at the moment when the
destination decodes an update packet successfully. As shown
in Fig. 2, the instantaneous Aol A(t) drops to 77~1 and 77 at
t7=1 and 7, respectively. Between the two consecutive status
updates at /=1 and #/, A(t) increases linearly with time .
With the instantaneous Aol, we can compute the average Aol.
In particular, the average Aol of the source, A, is defined as
the time average of the instantaneous Aol, i.e.,

1 T
A:Th—r)r;oT\/O A(t)dt. (D)

We consider a generate-at-will model in which the status
of the observed phenomena can be sampled by the source
(say, a sensor) and the update packet can be generated at any
time of the sensor’s choice [1].3> This ensures that the sampled
information is as fresh as possible, e.g., a sensor reading is
obtained just before the transmission opportunity.

Under the generate-at-will model, the packet generation and
transmission strategy at the source is of paramount importance

2Qur model can be extended to more complicated system setups, including
scenarios with multiple source-destination pairs with a single relay, or multiple
source nodes communicating with the same destination node via a single relay,
etc. In all these scenarios, the system can be divided into different source-
relay-destination groups. The different groups can operate in a TDMA manner.
In each group, the TDMA or NOMA relay-assisted scheme can be adopted.

3To realize the generate-at-will model, for example, the communication
layer of the source can “pull” a request from the upper application layer
just when there is an upcoming transmission opportunity. In other words, the
source should generate an update packet just before its communication layer
has the transmission opportunity, not too early and not too late.
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to achieve low Aol in the relay-assisted system. Since there is
no feedback in our considered relay-assisted system, the relay
can be operated as follows. If an update packet is successfully
decoded in a time slot, the relay can simply forward the
update packet to the destination in the subsequent time slot.
Otherwise, it remains silent or receives signals from the source
(depending on whether the source sends a packet in the next
time slot under the generate-at-will model). However, the
packet generation and transmission scheme of the source node
requires an in-depth investigation. Depending on whether the
relay and the source are allowed to transmit simultaneously,
this paper studies the relay-assisted TDMA scheme and the
relay-assisted NOMA scheme, respectively, and their average
Aol will be analyzed in Sections IV and V. Intuitively, owing
to a larger packet generation rate, the NOMA scheme may
outperform the TDMA scheme in average Aol at the cost
of higher energy consumption. We compare the average Aol
and energy cost of different schemes in Section VI. Before
examining the relay-assisted scenario, we first present the
general method for computing the average Aol, using the
benchmarked non-relay scheme as an example.

B. Review: The Average Aol of the Non-Relay Scheme

To compute the average Aol A in (1), we use Z to denote
the time required between two consecutive status updates. For
example, in Fig. 2, Z; is the time between the (j — 1)-th
and the j-th successful update. The area of A; between the
(j — 1)-th and the j-th successful update is calculated by

, 1
Ay =777 + 5(2.7')27
where 777! is the instantaneous Aol after the (j — 1)-th
successful update. The general formula for computing the

average Aol A is given by [1]

Y/, 4 E [TZ+ %(Z)Z} E[rZ] E[z%]

(@)

A = lim = =
J 500 ijl Z; E[Z] E[Z]

3

where E[-] denotes the expectation operator. As mentioned
earlier, if the relay is unavailable, the source should generate
and send a new packet to the destination every time slot. If
the destination successfully receives an update packet from the
source, the instantaneous Aol of the source drops to 7 = 1
(we also have ]E]E[E'ZZ]] = 1). Suppose that the destination can
successfully decode an update packet with probability pgq.
Then the time required for two consecutive status updates,
Z, is a geometric random variable with the parameter pyq,
ie, E[Z] = 1/psa,E[Z%] = (2 — psa)/(psa)?. Therefore,
substituting E[Z] and E[Z?] into (3), the average Aol of the
non-relay scheme is given by

Axg =1+ (2- psd)/(psd)2 _ l + i
2(1/psd) 2 Dsd
From (4), we observe that if the channel condition of the direct
link from the source to the destination is weak (i.e., a small
Psd), the average Aol of the source is high because of a long
time between two consecutive updates.

“)
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In the next section, we first consider the relay-assisted
TDMA scheme, where the source sends an update packet to
the destination every other time slot (i.e., avoiding possible
interference from the relay). A key question we want to answer
is whether the relay-assisted scheme can outperform the non-
relay scheme, because with the additional hop compared to
the direct link transmission, the destination requires an extra
time slot to receive the update packet from the source via the
relay. We theoretically analyze the average Aol of the relay-
assisted TDMA scheme. Later in Section V, we extend the
TDMA scheme to the advanced NOMA scheme.

IV. THE RELAY-ASSISTED TDMA SCHEME

This section presents the relay-assisted TDMA scheme. In
Section IV-A, we first describe the details of the TDMA
transmission protocol and point out the difficulty in analyzing
the average Aol under this scheme. Later in Section IV-B, we
construct a Markov chain to model the relay-assisted TDMA
scheme, from which the average Aol can be computed. As
will be seen in Section IV, our analytical method also applies
to the NOMA scheme with modifications to the states in the
Markov chain.

A. The Relay-assisted TDMA Transmission Protocol

In the relay-assisted cooperative network operated with
OMA, we assume that time is divided into multiple rounds.
Each round consists of two time slots, namely slot 1 and slot
2, as shown in Fig. 3. We define the transmission states in
each time slot as follows.

o In slot 1 of a round, the source samples and sends a new
update packet to the relay and the destination. We call the
system in a source state since the source is transmitting
now.

o In slot 2 of a round, depending on whether the relay has
successfully decoded the packet from the source in slot 1,
the system is either in a relay state or a wait state. More
specifically, if the relay successfully receives an update
packet from the source, the system now enters the relay
state in slot 2, i.e., the relay forwards the packet to the
destination in slot 2 of the current round, as shown in
round 1 of Fig. 3. Otherwise, the system enters the wait
state, i.e., both the source and the relay remain silent in
slot 2, as shown in round 2 of Fig. 3.

The relay-assisted setting raises several difficulties in an-
alyzing the average Aol. For example, the destination may
receive an update packet from the source via the direct link
(i.e., requiring only one time slot) or the relay-assisted link
(i.e., requiring two time slots), leading to a different 7 just after
each successful update (recall that 7 is always equal to 1 in the
non-relay scheme). Furthermore, for the non-relay scheme, the
decoding outcome of each time slot is independent. In each
time slot, the destination decodes an update packet from the
source with a success probability of psq. However, for the
relay-assisted scheme, the transmission of the relay in slot
2 depends on the decoding result in slot 1, thus leading to
different success probabilities of receiving an update packet
at the destination in different time slots. As a result, the time
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Fig. 3. Example of the relay-assisted TDMA transmission procedures.

between two consecutive status updates, Z, is not as simple
as a geometric random variable. To address this issue, as we
will present in the next subsection, we model the relay-assisted
TDMA scheme with the help of a Markov chain so that we
can derive the average Aol.

B. Average Aol of The Relay-assisted TDMA Scheme

We model the relay-assisted TDMA scheme using the
Markov chain depicted in Fig. 4. The Markov chain consists
of six states. They are defined based on whether there is a
successful update at the destination in the current time slot
and the state that the system will transit in the next time slot
(namely, the source state, the relay state, or the wait state; see
Section IV-A):

o State ST (State S~ ) means that the destination success-

fully receives (fails to receive) an update packet in slot
2 of the current round. The system will enter the source
state in slot 1 of a new round.

o State RT (State R~) means that the destination success-
fully receives (fails to receive) an update packet in slot
1 of the current round. As the relay successfully receives
the packet from the source in slot 1, the system will enter
the relay state in slot 2.

e State W1 (State W) means that the destination suc-
cessfully receives (fails to receive) an update packet in
slot 1 of the current round. As the relay fails to receive
the packet from the source in slot 1, the system will enter
the wait state in slot 2.

We use (@ to denote the state space, ie., @ =
{8T,S7,RT, R~ , Wt W~} Let V = {ST,RT WT} de-
note the set that includes states indicating a successful update
at the destination in the current time slot. In addition, suppose
that the relay and the destination successfully receive an
update packet from the source with probabilities of pg- and
Dsd. respectively, and the destination successfully receives an
update packet from the relay with probability p,q. With these
notations, we detail the Markov chain shown in Fig. 4 as
follows.

In slot 1 of a round, the system is in either state S or state
S~ of the Markov chain, depending on whether the previous
round has a successful update at the destination in slot 2. As
illustrated in Section IV-A, the source state means that the
source will generate and send a new update packet to the
relay and the destination. Based on the decoding results at
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psr(l'psd) psr(l'psd)
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Fig. 4. The Markov chain for the relay-assisted TDMA scheme.

the relay and the destination, the Markov chain may transit
to state W, W~, R*, or R™. For example, if the relay can
successfully decode the packet but the destination fails to do
so with probability ps (1 — psq), the Markov chain transits
to state R~ . In other words, the destination fails to receive
the packet in slot 1, but the relay can successfully receive it,
which will be forwarded to the destination in slot 2. Likewise,
if neither the relay nor the destination decodes the packet with
probability (1 — ps,) (1 — psa), the Markov chain transits to
state W, i.e., a wait state with no packets being sent in slot
2 of the current round.

When the current state is state W+, W—, Rt, or R, the
Markov chain will go back to S or state S~ after slot 2, i.e.,
a new round starts. The state transitions are as follows.

1) When the current state is state R~, the Markov chain will
transit to state S if the destination successfully receives
the packet forwarded by the relay in slot 2 with probability
pra.t Otherwise, the Markov chain will transit to state S—
with probability 1 — p.q.

2) When the current state is state R, i.e., both the destination
and the relay receive an update packet from the source in
slot 1, the system will transit to state S~ with probability
one. This happens even though the destination may receive
the packet forwarded by the relay in slot 2, because the
same packet has been received in slot 1 and the destination
will not decode it in slot 2.

3) When the current state is state W™ or state W ~, the system
will transit to state S~ with probability one, i.e., no packets
are sent in the wait state and thus the destination does not
receive an update packet in slot 2.

Let QrpMma denote the state transition matrix of the Markov
chain shown in Fig. 4. Then Qrpya can be written as (5),
where w,, is the transition probability from state J = z to

4The destination can combine the received signals in both time slots to
jointly decode the update packet sent by the source, i.e., using maximum
ratio combining (MRC), thus increasing p.q. The average Aol of the relay-
assisted TDMA scheme with MRC can be found in our technical report [45].
As shown in Proposition 1, the average Aol is jointly affected by psq, psr,
and p.q. Hence, when pg; is small, increasing p,q alone by MRC reduces
the average Aol little when pgy is small.
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0 0 0 0 0 1
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Ty + + Tpt+ + T+ Tyw+ + T+ + Tg+ RV Ty + + Tpt+ + T+ stV

state J = y for any x,y € ). Using the Markov chain, we
have the following Proposition 1.

Proposition 1: The average Aol of the relay-assisted
TDMA transmission scheme, Arpaa, iS given by

ElrZ)  E[2?] _
E[Z]  2E[Z]

2— Dsd
DPsd + DPsrPrd (1 - psd)
(0)

Proof. To compute the average Aol of the relay-assisted
TDMA scheme by (3), we need to compute E [Z], E [ZQ},
and E[rZ] accordingly. The time between two consecutive
status updates, Z, is equal to the time required to start from
state Jy to state Jz, where Jy, Jz € V, going through a series
of intermediate states Jq, Jo, -+, Jz—1 ¢ V. Hence, E [Z] can
be computed by

+

ArpMma =

W+

E|Z] = M,
1] Tw+ + T+ + Tg+ wrv
TR+ TS+
M + M ,
Tw+ + TRr+ + g+ RtV Tw+ + T+ + Tg+ stV
@)

where M,y denotes the expected time required to traverse
from state Jy = a to state Jz € V for the first time and
7 = (Tw+, TR+, s+, Tr—,Tyw—,Ts—) is the stationary
distribution of the Markov chain depicted in Fig. 4. Similarly,
E [Z?] can be computed by

W+
E[Z?] = N
[ } Tw+ + Tr+ + Tg+ wrv
TR+ TS+
N + N, ,
Tw+ + T+ + Mg+ rrv Tw+ + T+ + Mg+ STV
(®)

where N,y is the expectation of the second moment of the
time required to traverse from state Jy = a to state Jz € V
for the first time.

Now, we consider the computation of E [rZ]. Notice that
when the Markov chain reaches state W™ or state R (i.e.,
the destination successfully receives an update packet in slot
1 of a round), the instantaneous Aol drops to 7 = 1;
when the Markov chain reaches state ST (i.e., the destination
successfully receives an update packet in slot 2 of a round),
the instantaneous Aol drops to 7 = 2. Therefore, E [7Z] is
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given by (9). In the following, we compute the components in
(7), (8), and (9).

Computation of 7y +,7r+,Tg+: According to the property
of a Markov chain, the stationary distribution of the Markov
chain can be computed by solving equation {2 =7. We
have

TDMA

™= (7Tw+,7TR+,7Ts+, TR—TW-—, TFS*)
— ((1 - psr)psd PsrPsd  PsrPrd (1 - psd) Dsr (1 - psd)

2 o2 2 ’ 2 ’
1- st 1- sd 1- srPrd 1- sd

Computation of M, and N,y : Since M,y is the expected
time required to traverse from state Jo = a to Jz € V for the
first time, it is computed by

MaV ZE[TV |J0 = a]
=Y E[l|J; =b]Pr (i =b|Jy =a)
beV
+Y E[1+Ty [/ =b]Pr(Jy =b|Jo=a), (I1)
b¢V

where Ty is a random variable that represents the time to
reach state space V' for the first time. The first term of (11)
means that starting from Jy = a and after one step of state
transition, the Markov chain reaches V for the first time. The
second term of (11) means that starting from Jy = a and after
one step of state transition, the next state does not belong to
V, and it requires additional T3, state transitions to reach V'
for the first time. Based on the Markov chain in Fig. 4, we
can write the expressions for the different M,y accordingly,
forming a set of linear equations

Mw+v - 1 + MS*V

Mp+y =14+ Mg-v

Mgty = wgtw+ + wgtp+ +wstp- (1 + Mg-v)
+wg+w- (1 + Mpy-v)

Mp-v = wr-s+ +wg-5- (1 + Mg-v)

Mw—v - 1 + Ms—v

Mgy = ws-w+ +ws-prt+ +wWs-p-(1+Mp-v)
+ws-w- 1+ My-v)

12)
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Solving these linear equations, we obtain M,y, a =
{ST, RT, W}, where
— 2— s
{ Ms+v = 5 ot pm) (13)
My+yv = Mpvy =1+ Mg+y
Similar to My, N,y can be computed by
Nyy =E [(Tv)2 \Jo = a}
=> E[|A =b]Pr(Jy=blJy=a)
bev
+Y E [(1+Tv)2|J1 = b] Pr(J; =blJo = a)
bEv
=Y E[L[Ji =b]Pr(Ji =b|Jy =a)
bev
2
+3°E [(Tv) LTy + 1]y = b} Pr(Ji=b|Jo =a).
bV
(14

N,y can be expressed by a set of linear equations for different

a, i.e.,

Ny+y =14+ Ng—y +2Mg—y,

Np+y =1+ Ng-y +2Mg—

Ng+v = wgtw+ +wstpt +wgtg-(1+ Ng—y +2Mp-y)
+wgtw-(1+ Ny -y +2Mpy—y)

Np-v =wg-g+ +wr-g-(1+ Ng-y +2Mg-y)

Ny -y =14 Ng-y +2Mg-y

Ng-v =ws-w+ +wg-pt+ +wg—p-(1+ Ng—y +2Mp-y)
+ws-w-(L+ Ny—y +2My—y)

(15)

Again, solving the linear equations, we obtain N,y, a =
{ST, BT, W*}
{ NS+V — 4(17psd)(17psrprd)(27psd) + 4—3psa

[Psa+Psrpra (1—psa))? Dsd+PsrPrd (1—psa)
NW+V = NR*V =1+ NS+V + 2MS+V

(16)

Then E [Z] is obtained by substituting (10) and (13) into (7),
i.e.,
2

@ source node @ relay node

@ destination node

source state source state ' source state

o
oo
1 C |

joint state

® ¢ ‘ C3X ‘ fou ® ‘
oib @ é»o G Ao 0

|
»
t t+ L
|

Time

slot 1 slot 2 slot 3 slot 4

Fig. 5. Examples of the relay-assisted NOMA transmission procedures.

A. The Relay-assisted NOMA Transmission Protocol

Recall that a key difference between the NOMA scheme
and the TDMA scheme is that the source sends a new update
packet to the destination every time slot. Suppose that the
source generates and sends a new update packet C? in time
slot %, as shown in Fig. 5. In the first time slot of Fig. 5, the
relay successfully decodes packet C'* sent by the source. Then
in the second time slot, the relay forwards the old packet C'!
to the destination. At the same time, the source sends a new
packet C? to the destination, i.e., a NOMA transmission. If
the relay cannot decode the packet sent by the source (e.g.,

.the third time slot in Fig. 5), it keeps silent in the subsequent

time slot, and only the source sends a new packet (e.g., the
fourth time slot in Fig. 5).

Hence, based on whether the relay and the source send
simultaneously, we define the following two transmission
states in each time slot

o If only the source sends a new update packet, we call the
system in the source state.

o If the relay and the source send simultaneously, we call
the system in the joint state. More specifically, the relay
forwards the old packet received in the previous time slot,
and the source sends a new packet, thus forming a NOMA
transmission.

As in the TDMA scheme, we also construct a Markov

| = poa F popea (L= o)’ (I7)  chain to compute the average Aol of the relay-assisted NOMA
sd srPrd — Psd . . .
scheme in the following subsection.
Similarly, we obtain E [7Z] and E [Z?]

E[rZ] = 2 PerPrd (1 — psa) (2 — psa) B- Average Aol of The Relay-assisted NOMA Scheme
Dsd + PsrPrd (1 — psd) [Psd + PsrPra (1 — psd)]2 We model the relay-assisted NOMA scheme using the
(18) Markov chain depicted in Fig. 6. The Markov chain consists
_ of five states. As in the TDMA scheme, the states are defined

2 2 (2 psd)
E [Z ] = Pod + Perprd (1 — ped) based on whether there is a successful update at the destination
28(2 B > )r[ i 25(1 B ) (1 = pea)] in the current time slot and the state of the system in the next
+ Pad) Psd PsrPrd Psd)] (19) time slot (i.e., the source state or the joint state).

[psd + PsrPrd (1 - psd)]2
Finally, we compute Arpma by substituting (17), (18) and
(19) into (6). O

V. THE RELAY-ASSISTED NOMA SCHEME

This section presents the relay-assisted NOMA scheme. As
in Section IV, we first describe the details of the NOMA
transmission protocol and then compute its average Aol by
a Markov chain, which is constructed similarly to the one in
the TDMA scheme.
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« State ST (S7) means that the destination successfully re-
ceives (fails to receive) an update packet from the source
in the current time slot, and the system will enter the
source state in the next time slot.

o State JT (J7) means that the destination successfully re-
ceives (fails to receive) an update packet from the source
in the current time slot, and the system will enter the
joint state in the next time slot.

o State S means that the destination successfully receives
an update packet from the relay in the current time slot
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Fig. 6. The Markov chain for the relay-assisted NOMA scheme.

of NOMA transmission (but fails to decode the update
packet from the source), and the system will enter the
source state in the next time slot.

For consistency, let us also use Q = {S*, J*,S% J= S~}
to denote the state space, and use V = {S*,J* Sf} 1o
include the states indicating a successful update in the current
time slot. Notice that in ST, the instantaneous Aol drops to
two time slots upon the successful update, while in S* or J T,
the instantaneous Aol drops to one time slot only.

For the NOMA transmission, we assume the use of SIC
decoding at the destination. Since the relay-destination link
generally has a better channel condition than the source-
destination link, the SIC decoder first tries to decode the old
packet forwarded from the relay by treating the new packet
sent from the source as noise. If the old packet is successfully
decoded, the SIC decoder subtracts it from the superimposed
signals and tries to decode the new packet. Suppose that the
SIC decoder decodes the old packet with a successful decoding
probability of pY;. Then the successful decoding probability of
the new packet is pY; = pN;psd, i.e., perfect SIC is assumed so
that the destination tries to decode an interference-free packet
from the source.

With the notations above, we now detail the Markov chain
shown in Fig. 6. When the current state is state ST, S, or
SE the system will enter the source state, meaning that the
source generates and sends a new update packet to the relay
and the destination. Based on the decoding results at the relay
and the destination, the Markov chain may transit to state S,
S, JT, or J~. For example, if the relay successfully decodes
the packet but the destination fails to do so, the Markov chain
will transit to state J~ with probability ps, (1 — psq), meaning
that the destination fails to receive the packet from the source
in the current time slot, and the next time slot is a NOMA
transmission (i.e., the relay will forward the decoded packet).
Likewise, if neither the relay nor the destination decodes the
packet with probability (1 — ps;) (1 — psq), the Markov chain
will transit to state S, i.e., only the source sends a new update
packet.
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When the current state is state J* or J~, the system will
transit to the source state after the joint state, regardless of the
SIC decoding results at the destination, because the relay will
not send a packet in the subsequent time slot after the joint
state. Notice that from the Markov chain in Fig. 6, we see if
the current state is state J—, the Markov chain may transit to
state ST, S—, or ST in the next time slot. However, if the
current state is state J T, the Markov chain will transit to state
St or S~ only, i.e., the system will not transit to S, Recall
that state ST means that the destination successfully receives
the old update packet from the relay but fails to decode the
new update packet from the source in the NOMA transmission.
Hence, if the current state is J—, the system transits to Sh
with probability pN;(1 — psa) = pY, — pY;, meaning that the
decoded packet forwarded by the relay leads to a successful
update at the destination (i.e., the instantaneous Aol drops to
two time slots). If the current state is J7, it means that the
destination has already received the previous old packet. In
the next time slot, the destination can exploit the received old
packet to cancel the signals from the relay. Assuming perfect
interference cancellation, the destination now tries to decode
an interference-free packet from the source. If the new packet
is decoded, the system will enter state ST; otherwise, the
system will enter state S™.

Let Onowma denote the state transition matrix, which can
be written by (20). The Markov chain in Fig. 6 helps us derive
the average Aol of the relay-assisted NOMA scheme.

Proposition 2: The average Aol of the NOMA scheme,
ANOMA, 18 computed by

A _E[rz] E[Z?]

NOMA = F17Z] T 2E[Z]
~ 143pe | L4 ps (L=psa)] [L+po (1= p5)]
S 2 (14 per) [psd +psrp51 (1- psd)] (1 + psr)

4 [1 + Dsr (1 - psd)] [psrpsd (ng - psd)}
[psd +psrprNd (1 - psd)] (1 +psr)
Proof. See Appendix A for the details. The average Aol is

computed following the same method as in the TDMA scheme
using the Markov chain depicted in Fig. 6. O

3y

VI. PERFORMANCE EVALUATION

This section compares the average Aol among different
schemes. We first estimate the packet error rate (PER) using
the short packet theory. After that, we examine the average Aol
of the non-relay and relay-assisted schemes (i.e., the TDMA
and NOMA schemes).

A. Packet Error Rate for Short Packets

We assume the channel of each wireless link in the status
update system contains both small-scale block-fading and
large-scale loss [14], [17]. For each link, the SNR at the
receiver is expressed by v = %ﬁdﬂ;, where P is the
transmit power of the transmitter, 6y is the channel power
gain at the reference distance, h is the small-scale block-
fading Rayleigh distribution coefficient with zero mean and
unit variance (i.e., E[|h|?] = 1), d is the distance between the
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transmitter and the receiver, ¢ is the path loss exponent, and
o2 is the power of additive white Gaussian noise. Therefore,
the average SNR at the receiver is 7 = %.

In status update systems, the update packets transmitted by
the source are usually short. Information theory indicates that
with finite block lengths, the PER cannot go to zero. Therefore,
we use the short packet theory to estimate the PER. According
to [19], the PER in AWGN channels can be expressed as

v (log(1+7)—2)

1 b
VIi- e

where D and n are the numbers of source bits and coded bits
of an update packet, respectively, and Q is the code rate. Q (+)

is the Q-function, i.e., Q (x) = \/% fm o7 dt.

Under the quasi-static Rayleigh fading with an average SNR
of 74, we need to obtain the average PER. To do so, the Q-
function in (22) can be approximated as [17]

exQ

(22)

1 <6+ !
57 2ﬁ’
1 1 1
ex{Blr=0+5 5+—ﬂ 6—%, (23)
1
0 0— —
7’7> 257
where § = 2% —1and 8 = — ———25~——_. Therefore, the
27 2(7)71

average PER & can be computed by (24). Based on the PER
formula (24), we can estimate pgq, Psr, and prq (i.e., one minus
the corresponding PER) under different 4, which are used to
evaluate the average Aol presented in the next subsection. For
the NOMA scheme, pY, and pY, are computed by (25) and
(26), respectively, where Ei(-) denotes the exponential integral
(see Appendix B for the detailed computation).

B. Average Aol versus Code Rate

We first examine the relationship between the average Aol
and the code rate. Fig. 7 plots the average Aol versus the code
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rate for different schemes, namely the non-relay scheme, the
relay-assisted TDMA scheme, and the relay-assisted NOMA
scheme. The number of source bits per update packet is 128
bits. In this simulation, the average SNR from the source to
the destination 7sq is assumed to be —3dB. The average SNR
of the relay at the destination and the average SNR of the
source at the relay are both set to 3dB, i.e., Yyq = Ysr = 3dB.

We plot both the theoretical and simulation results in Fig. 7
to verify the theoretical analysis of the average Aol derived in
the previous sections. Specifically, for the theoretical results,
we first estimate the PERs and then substitute them to the
corresponding average Aol formulas, i.e., we substitute psq
into (4) for the non-relay scheme, substitute psq, psr and prq
into (6) for the relay-assisted TDMA scheme, and substitute
Dsds Psr» PNy, and pY; into (21) for the relay-assisted NOMA
scheme. For the simulation results, we first conduct simula-
tions of the three protocols based on psq, Psrs Prd, pﬁi and pgi
over a large number of time slots. We collect the instantaneous
Aol in each time slot based on the decoding results, from
which the average Aol is calculated. Also, notice that the unit
of the average Aol in Fig. 7 is the number of channel uses,
which is simply the multiplication of the blocklength n of an
update packet and the average Aol in the number of time slots.

From Fig. 7, we see that the simulation results corrobo-
rate the theoretical results, thus validating the correctness of
our derivations in the average Aol of different schemes. In
particular, the relay-assisted NOMA scheme outperforms both
the non-relay and relay-assisted TDMA schemes in terms of
the average Aol, when the channel condition from the source
to the destination is weak (i.e., 3sq¢ = —3dB). The detailed
average Aol comparison among different schemes will be
presented in Section VI-C.

Interestingly, as indicated by Fig. 7, all the three schemes
can achieve their optimal average Aol when the code rate is
neither too high nor too low. The reasons are as follows. Given
a fixed number of source bits, when the code rate is low, the
number of coded bits is large (i.e., more coding redundancy
is added), thus resulting in a longer duration for each update
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Fig. 7. Performance comparison for the non-relay scheme and the relay-
assisted TDMA and NOMA schemes: the average Aol versus the code rate,
where 75q = —3dB, Ayd = ¥sr = 3dB. The payload of an update packet is
128 bits.
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Fig. 8. The optimal code rate versus the average SNR from the relay at the
destination 7,4, where 734 = —3dB, 4rq + ¥sr = 10dB. The payload of
an update packet is 128 bits.

packet. Although adding more coding redundancy reduces the
PER, the long packet duration leads to a high average Aol. In
contrast, when the code rate is high, the duration of an update
packet becomes shorter at the cost of higher PERs. Thus, the
destination suffers from high PERs and receives fewer update
packets, leading to a high average Aol as well. Therefore, as
the code rate increases, the average Aol first decreases and
then increases. As shown in Fig. 7, there exist optimal code
rates to achieve the lowest average Aol for different schemes.

In general, we need to optimize the code rate for different
SNR scenarios to achieve the corresponding optimal average
Aol. To see this, Fig. 8 plots the optimal code rate versus
the average SNR from the relay at the destination 7,q. We
consider the average SNR from the source to the destination
Ysd = —3dB as an example, and other 754 leads to similar
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observations. In addition, 4yq +%s: = 10dB. That is, when 7,4
increases from 0dB to 10dB, the average SNR of the source
at the relay 75, decreases from 10dB to 0dB at the same time.
This SNR setting simulates the impact of different locations
of the relay.

First, we see from Fig. 8 that the optimal code rate for
the non-relay scheme is a constant of around 0.58 under
different 4,4, since there is only a direct link with a fixed
SNR Asq = —3dB. Next, we observe that as 7,q increases,
the optimal code rate for the relay-assisted TDMA scheme
first increases and then decreases. As indicated by Proposition
1, i.e., equation (6), when 754 (and also psq) is fixed, the
average Aol of the relay-assisted TDMA scheme ATpMAa 1S
inversely proportional to the product of ps, and p,q. When the
channel condition of any hop is low (i.e., either 7,q or g, is
low), it requires a lower code rate to achieve a good overall
PER performance at the destination. Therefore, we see from
Fig. 8 that the optimal code rate for the TDMA scheme is
symmetric with respect to 4,q = J5; = 5dB. In other words,
when both hops have the same channel condition and have a
relatively high SNR= 5d B, a large code rate should be chosen
to shorten the duration of update packets, thereby lowering the
average Aol.

Similar to the relay-assisted TDMA scheme, as the average
SNR 7,4 increases, Fig. 8 shows that the optimal code rate
for the relay-assisted NOMA scheme also first increases and
then decreases. Recall that in the NOMA scheme, when the
destination receives the superimposed packets from the relay
and the source, the SIC decoder first decodes the packet from
the relay by treating the packet from the source as noise. Due
to SIC, the effective SNR from the relay to the destination
becomes lower. If 4,4 is as small as 0dB, more coding
redundancy should be added to have a better PER performance
at the second hop, i.e., a lower code rate is used. When 7,4
becomes larger (e.g., 6d B), a larger code rate should be chosen
to shorten the duration of update packets and lower the average
Aol. When 7,4 is as large as 10d B such that 7. becomes 0dB,
the optimal code rate now should be reduced to ensure that the
relay can receive update packets from the source in the first
hop first, before forwarding to the destination in the second
hop. We notice that a lower code rate is needed when 7,4 is
0dB (more coding redundancy), compared with the scenario
when 7,4 is 10dB (less coding redundancy). This indicates
that the PER performance caused by the SIC operation in the
second hop affects the optimal average Aol more significantly
than the PER in the first hop. In the next subsection, we
examine the optimal average Aol given the optimal code rates
under different SNR scenarios.

C. Average Aol Comparison Among Different Schemes

Answers to Q1 in Section I: We now compare the average
Aol of the non-relay and the relay-assisted schemes. Specif-
ically, Figs. 9(a)—(c) plot the average Aol versus the average
SNR of the relay at the destination 7,4, when the average
SNR of the source at the destination 7.4 is —3dB, —2dB,
and 0dB, respectively. As shown in Fig. 9, compared with
the non-relay scheme, the relay-assisted schemes improve
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Fig. 9. Performance comparison for the non-relay scheme and the relay-assisted TDMA and NOMA schemes: the optimal average Aol versus 7,q with
Ysr + Yrd = 10dB, when 744 is (a) —3dB, (b) —2dB, and (c) 0dB. The payload of an update packet is 128 bits.

the information freshness greatly when the 734 is weak. For
example, when J5q = —3dB, both the relay-assisted TDMA
and NOMA schemes outperform the non-relay scheme by
giving a significantly lower average Aol. In contrast, when
Ysa = 0dB, the non-relay scheme generally gives a lower
average Aol. This shows that the dedicated relay does not
always help reduce the average Aol when the destination can
receive an update packet via the direct link under a certain
successful probability (e.g., when 7sq = 0dB, the successful
reception probability is around 0.4). Such results reveal the
key difference when a direct link is involved in relay-assisted
networks compared with prior works focusing on the relay-
assisted link only [11], [16]-[18].

When 73q = —2dB, as shown in Fig. 9(b), the average Aol
of the relay-assisted TDMA scheme is still lower than that of
the non-relay scheme in most scenarios, i.e., when the SNR of
any hop is neither too low nor too high. Only when 7,q or 7,
is 0dB, the average Aol of the non-relay scheme outperforms
that of the TDMA scheme. This shows that when one of
the two hops suffers from a very poor channel condition, a
dedicated relay does not help improve information freshness
if TDMA is used. In contrast, by using the NOMA scheme,
the average Aol is lower than that of the non-relay scheme as
long as #,q is larger than 1dB, as plotted in Fig. 9(b).

Answers to Q2 in Section I: Let us now focus more on the
two relay-assisted schemes. Figs. 9(a) and 9(b) show that
the average Aol of the relay-assisted TDMA scheme first
decreases when 7,4 increases from OdB to 5dB, and then
increases when 7,q continues increasing to 10dB. In other
words, the lowest average Aol of the relay-assisted TDMA
scheme is achieved when 75, = 4,4 = 5dB. Since the average
Aol Arpyma is inversely proportional to the product of ps, and
Drd» the optimal average Aol achieves the lowest when both
hops have a relatively high SNR of 5dB. Similar to OMA,
the average Aol of the NOMA scheme also first decreases
and then increases. However, as indicated in Fig. 9(a) (and
Fig. 9(b)), unlike the TDMA scheme in which the lowest
average Aol is achieved when .q = 5d B, the NOMA scheme
achieves the lowest average Aol when 7,4 = 7.5dB (and
Ara = 8dB). This phenomenon also indicates that the PER
performance in the second hop affects the optimal average
Aol more significantly than the one in the first hop.
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Comparing the average Aol between the NOMA and TDMA
schemes, we see from Figs. 9(a) and 9(b)) that when 7,4 is
small, the TDMA scheme gives a lower average Aol than
the NOMA scheme. This is because the effective SNR from
the relay to the destination in the NOMA scheme is small,
so the successful decoding probability by SIC is low at the
destination. When 7,4 increases, e.g., :q > 4dB in Fig. 9(a),
the relay-assisted NOMA scheme now outperforms its TDMA
counterpart. This performance improvement is mainly due
to the higher packet generation and transmission rate at the
source in the NOMA scheme. Recall that in the TDMA
scheme, the source sends a new update packet every other
time slot. In the NOMA scheme, it sends a new update packet
in every time slot so that the destination has a chance to
receive the most up-to-date update packet in every time slot.
For example, suppose the source sends an update packet, and
the relay fails to decode the update packet from the source
in the current time slot. In that case, the TDMA scheme will
waste the next time slot because the source remains silent to
avoid possible interference with the relay at the destination.
Note that since there is no feedback, the source does not know
the decoding result of the relay. However, the destination in
the NOMA scheme will send a new update packet in the next
time slot, regardless of the decoding outcome of the relay,
so that the destination can have the opportunity to update
its status immediately (i.e., no time slot will be idle). This
saves the airtime and reduces the average Aol. Furthermore,
since the NOMA scheme depends much on the success of
SIC, we observe that its average Aol is sensitive to 7,4, i.e.,
the SNR of the second hop. For example, in Figs. 9(a) and
9(b), whether NOMA outperforms TDMA depends greatly on
Yrd. In contrast, TDMA scheme has a more stable average
Aol across different 4,4. This property is beneficial when the
channel conditions vary quickly in practical wireless systems.

Discussion on the Energy Issue: At a higher packet gener-
ation and transmission rate, it is easy to see that the source
in the NOMA scheme consumes more energy than that in the
TDMA scheme. Fig. 10 plots the average energy consumption
of the source versus 7,4, when 7sq = —2dB. Suppose that the
energy to transmit a coded bit is £ = 1. Then the average
energy consumption £ is defined as the energy to transmit
the whole update packet consisting of n coded bits under the
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Fig. 10. Performance comparison for the non-relay scheme and the relay-
assisted TDMA and NOMA schemes: the average energy consumption versus
Frd> When 459 = —2dB. The payload of an update packet is 128 bits.

optimal code rate, multiplied by the fraction of time slots V'
that the source will send an update packet, i.e., £ = nEV.
Note that V = 1 for the non-relay and relay-assisted NOMA
schemes, and V' = 0.5 for the relay-assisted TDMA scheme.
Fig. 10 shows that the relay-assisted TDMA scheme offers
the lowest energy consumption. Hence, the TDMA scheme is
a more viable option for energy-efficient relay-assisted status
update systems when the information freshness requirement is
not very stringent. On the other hand, if the energy issue is
not a concern for the source, i.e., a higher packet generation
and transmission rate is possible, the NOMA scheme should
be adopted when the relay has a high enough SNR at the
destination. Otherwise, the TDMA scheme is a more suitable
solution since it provides a more stable average Aol across
different channel conditions.

VII. CONCLUSIONS

We have investigated the average Aol of a relay-assisted
system where a source node wants to send status update
packets to a destination node as timely as possible with the
help of a relay node. Specifically, we theoretically study the
average Aol of two relay-assisted schemes, namely the TDMA
and NOMA schemes, and examine their merits under different
system settings.

This paper aims to answer the question (i.e., Q1): whether
the dedicated relay can improve the Aol performance of a
relay-assisted system with a direct link, compared with a
non-relay system. The exploration of Q1 leads to another
interesting question (i.e., Q2): what packet generation and
transmission strategy should be adopted by the source when
a dedicated relay is involved in the system? To this end,
we investigate relay-assisted TDMA and NOMA schemes,
depending on whether the source and the relay are allowed to
send simultaneously. A key challenge in deriving the theoreti-
cal average Aol is that the destination has different successful
probabilities for receiving an update packet in different time
slots. To tackle this issue, we establish Markov chains to model
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different transmission schemes, from which the average Aol
can be derived.

Both theoretical and simulation results indicate that due to
the existence of the direct link, the relay-assisted schemes
do not always outperform the non-relay scheme (i.e., the
answer to Q1). When the SNR of the source-destination link
is as weak as —2dB, both relay-assisted TDMA and NOMA
schemes significantly outperform the non-relay scheme in
terms of average Aol. For Q2, we show that if the SNR of the
relay-destination link is sufficiently high compared with the
source-destination link such that SIC works well, the source
should generate and send an update packet every time slot.
In other words, the NOMA scheme should be used since it
reduces the average Aol by as much as 25% compared to
its TDMA counterpart. When the energy issue is a concern
for the source and the Aol requirement is less stringent, the
TDMA scheme, in which the source generates and sends an
update packet every other time slot, is an effective solution for
low-power relay-assisted status update systems.

APPENDIX A
PROOF OF PROPOSITION 2: THE AVERAGE AOI OF THE
RELAY-ASSISTED NOMA SCHEME

As in the TDMA scheme, to compute the average Aol of
the relay-assisted NOMA scheme, we need to compute E [Z],
E [Z?], and E[rZ] for the NOMA scheme. Following the
same manner in Section IV, they are computed by (27), (28),
and (29), where the embedded components are computed in
the following.

Computation of 7g+,7;+,mgr: The stationary distribution
7 of the Markov chain depicted in Fig. 6 can be obtained by
solving the equation 70, = 7, i.e.,

™= (T‘—S*aﬂ-J*vﬂ-SRuﬂ—J*uﬂ—S*)

— ((1 - psr)psd +psr(psd)2 +p:arpi\1d (1 - psd) PsrPsd

1+ psr "1 “l‘psr7
psr (1= paa) (P2 —PN1) Por (1 = poa)
1+ po o l4pe
(1= psa) (1 + DsrPsd — psrpgi)) (30)
1+ po

Computation of M,y and N,y : Following (11), we can also
compute M,y for the NOMA scheme. Based on the Markov
chain in Fig. 6, the linear equations of M,y with different a
are
Mg+y = ws+s+ + wg+ g+ +ws+y- (L+My-v)
+ Ws+g5— (1 + MS*V)
Myry =wyrst +wirg- (1+ Mg-v)
Mgry = wgrgt +wgn g+ +wgry- (1+M;-v)
+ WeRg— (1 + MS*V)
Myv =ws-s+ twy-sr tws-s- (1 + Mg-v)
Mgy =wg-g+ +wg—y+ +wg—y- (L+M;-v)
+wg-5- (L + Mg-v)

(31)

Solving (31), M,y where a = {S*, J*,S%} is computed by
_ _ 1+psr(1_ps )

Ms+y = Mgry = psd+psrp§j(1—dpsd) (32)

My =14 (1 —psa) Mg+v
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[] R o e B B
T+ Tyt TSR
E[z?]=—— "5 N I S— +— 8% Nery. (28)
7] 2 R T L
g+ 7+ TgR
EfrZ]=(—S5"  Mgv+— I M )+2(¥M ) 29)
(2] (7T5+ + 7+ +7gR stV Tg+ + 75+ +Tgr TV Tg+ +Tj+ +Tgr stV
1
E[Z] = P - (35)
Psd + PsrPY| + PsrPsd (Psa — PNY)
E[77] = 1+ per (3 — 2psa) 2[1+ psr (1 — psa)] [(1 — psa) (1 + psr — 2psrPY;) + PsrPsa (1 — psa)] 36)
Psd + PsrPN, + Psrpsa (Psa — PN,) [Psa + PsePYy + Psrpsa (Psa — PNYy)] [Psa + pseply (1 — psa)]
N N
E[rZ) = 1+ par Per (1= psa) (Ppy — Ph) [1 + psr (1 — psa)] o

Psd + PsrPN + Psrpsd (Psa — PNY,)

[Psa + PsrY| + PsrPsd (Psa — PNy)] [Psa + PsrpDy (1 — psa)]

Similarly, we compute N,y based on equation (14). Specif-
ically, Nov-, a = {S*,JT,S%}, is obtained by solving the
linear equations of N,y with different a,

Ngty = wgtg+ +wgt g+ +wgrg- (14+Nyj-y +2M;-v)
+ws+57 (1 + stv + 2MS*V)
Nypry =wyrst +wyrg- (14+ Ng-y +2Mg-v)

+ws—5— (1 + stv + 2MS*V)
(33)

Hence, we have

1+3psr (1—psa)
psa+psrpDy (1—psa)
2[14por (1=psa)][(1=psa) (1+Psr —2perrpa )]
[Psd+psrpﬁl(17psd)]2
Ny+y =14 (1 = psa) [Ns+v +2Ms+v]

Ng+v = Ngry =

(34)

Therefore, using the components computed above, E[Z],
E [ZQ], and E [7Z] are given by (35), (36), and (37). Finally,
we can compute Anoma in (21) by substituting (35), (36),
and (37) into (3).

APPENDIX B
COMPUTATIONS OF pY; AND pY|

In the NOMA relay-assisted scheme, when SIC is used and
the signal from the source to the destination is treated as noise,
based on [44], the CDF of the effective SNR *yi\é from the relay

to the destination is given by
o _ T & e_tdt
Fox(z)=1- / e tdt eardeO%
Vra 0 14 Zedg
) Yrd
e Trd
=1 — " (38)
Jsd
L+

Therefore, pY, (25) can be computed by pY, = 1 — &Y}, where
N, is computed by (39). For pY; (26), it can be computed
by pgi = pi\épsd, i.e., perfect SIC is assumed so that the
destination tries to decode an interference-free packet from
the source.
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NSRV = WgRgS+ +wSRJ+ +wSRJ— (1 + NJ*V + 2MJ*V)
+wSRS— (1 + NS*V + 2MS*V)
Nyj-v =wj-s+ +wy-gr +wy-g5- (1 + Ng-v +2Mg-v)

NS*V = Wg-g5+ +WS*J+ +ws—J— (1 +NJ7V +2MJ*V)
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