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Enhancing Information Freshness for
Coordinated Direct and Relay Transmission

Tse-Tin Chan and Haoyuan Pan

Abstract—This paper investigates the information freshness
of relay-aided status updating in coordinated direct and relay
transmission (CDRT) for the first time. Information freshness is
measured by age of information (AoI), defined as the time elapsed
since the generation of the last successfully received update
packet. In CDRT, one sensor communicates directly with the
receiver while another sensor requires the assistance of a decode-
and-forward relay. Conventional CDRT is achieved via time
division multiple access (TDMA) or non-orthogonal multiple ac-
cess (NOMA). Interestingly, our experiments on software-defined
radios (SDR) indicate that in error-prone wireless networks,
TDMA-CDRT and NOMA-CDRT are not superior to each other
in terms of peak AoI in all signal-to-noise ratio (SNR) regimes.
Specifically, the direct sensor prefers NOMA-CDRT while the
relay-aided sensor prefers TDMA-CDRT, leading to a dilemma
in optimizing the peak AoI of the system. To this end, we put forth
a hybrid CDRT scheme that combines TDMA and NOMA. The
SDR experimental results show that the hybrid CDRT scheme
not only balances the peak AoI of the direct and relay-aided
sensors, but also achieves better information freshness for the
whole CDRT system.

Index Terms—Age of information (AoI), coordinated direct
and relay transmission (CDRT), Internet of things (IoT), non-
orthogonal multiple access (NOMA).

I. INTRODUCTION

INTERNET of things (IoT) gathers and shares information

among a wide variety of smart devices, such as small

sensors, wearables, actuators, and more [1]. For time-critical

applications, such as autonomous vehicles, intelligent manu-

facturing, and smart cities, fresh sensing data must be delivered

in a timely manner to reflect the observed current state. For

example, suppose a sensor monitors any malfunction on an

assembly line in a smart factory, failure to update the status in

time could lead to severe consequences, such as production

loss, component damage, or even injuries [2]. Therefore,

timely information updating plays a crucial role in the IoT.
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Fig. 1. An example of information update systems with CDRT.

In remote status updating, some sensors can be connected

directly to the receiver wirelessly. They are referred to as

direct sensors in this paper. However, some small sensors,

especially those powered by batteries or placed far away from

the receiver, may not be able to communicate directly with

the receiver. Therefore, a relay can be used to forward status

updates to the receiver [3]. We refer to these sensors as

relay-aided sensors. This paper considers the coexistence of

direct and relay-aided communications, which is also referred

to as coordinated direct and relay transmission (CDRT) [4],

as shown in Fig. 1. We design communication schemes for

information update systems with CDRT. In particular, we focus

on one sensor of each type, which can be easily extended

to the case of multiple sensors. For example, multiple relay-

aided sensors can communicate with the relay using time

division multiple access (TDMA), frequency division multiple

access (FDMA), etc. The relay then forwards the aggregate

packets to the receiver [5].

In this paper, we focus on enhancing the information fresh-
ness in CDRT-enabled information update systems. Since con-
ventional metrics, such as throughput and latency, cannot char-

acterize the information freshness, we adopt the newly pro-

posed performance metric: Age of information (AoI) [6], [7].
In contrast to latency, which measures only the time required

to deliver a packet, AoI is defined as the time elapsed since

the most recently received packet was generated, i.e., how

fresh the latest received packet is at the current moment [8].

In recent years, AoI has been extensively investigated by

various studies [8]–[14]. Early work on AoI focused on queue

management schemes [7], [9], [10] and packet scheduling

schemes [11]–[13]. We refer readers to recent research on AoI

in the survey [14].

Nevertheless, there are no studies on the AoI performance

of CDRT so far. CDRT was first considered in [4] and then
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often worked with non-orthogonal multiple access (NOMA) to

improve network performance. NOMA serves multiple users

at the same resource (e.g., time, frequency, coding, etc.). It

improves spectral efficiency and throughput compared with

conventional orthogonal multiple access (OMA) schemes (e.g.,

TDMA and FDMA) [15]. Besides performance improvements,

the literature showed that NOMA could effectively support

large-scale connectivity, which is a prominent feature of the

IoT communications [16]. Reference [17] first studied NOMA-

based CDRT (NOMA-CDRT) to improve the spectral effi-

ciency in the two-user downlink case. Then, [18] analyzed

the two-user uplink case in terms of the ergodic sum capac-

ity (ESC), and [19] studied a multi-relay scheme to improve

the system performance in terms of outage probability. Re-

cently, [20] studied the impact of full- and half-duplex relaying

on the outage probability and ESC, and practical applications

of NOMA-CDRT were considered in [21], [22].

As far as information freshness is concerned, whether

NOMA still outperforms OMA in AoI performance for CDRT

requires thorough investigation. Prior work showed that higher

throughput does not always lead to lower AoI [23]. Moreover,

as information freshness is critical in IoT communications,

improving the AoI performance of CDRT deserves an in-depth

study. This paper attempts to fill this research gap and has the

following three main contributions:

1) We are the first to investigate the AoI performance of

CDRT in information update systems. Specifically, we de-

rive and compare the average peak AoI of TDMA-based

CDRT (TDMA-CDRT) and NOMA-CDRT schemes. Pre-

vious studies, such as [18], [22], have shown that

NOMA-CDRT has a significant performance improve-

ment over TDMA-CDRT in terms of conventional met-

rics (e.g., ESC). By contrast, our experimental results

using software-defined radios (SDR) show that when

AoI is considered, TDMA-CDRT and NOMA-CDRT

do not outperform each other in all signal-to-noise

ratio (SNR) regimes. Furthermore, direct sensors pre-

fer NOMA-CDRT, while relay-aided sensors prefer

TDMA-CDRT in error-prone wireless networks.

2) We put forth a hybrid CDRT scheme that leverages

TDMA-CDRT and NOMA-CDRT. Depending on the

different order of the OMA and NOMA transmissions, the

two possible variations are called NOMA-OMA-CDRT

and OMA-NOMA-CDRT, respectively. The hybrid CDRT

scheme aims to strike a balance between direct and

relay-aided transmissions because both carry important

information updates for remote status monitoring.

3) We are the first to demonstrate the practical feasibility of

CDRT for updating sensing data with AoI requirements

through SDR experiments, which is amendable to real

IoT systems. The experimental results on SDR show that

the proposed hybrid CDRT scheme not only balances the

AoI performance of direct and relay-aided transmissions,

but also achieves a lower average peak AoI of the

network compared to TDMA-CDRT and NOMA-CDRT,

especially when the sensor-relay or relay-receiver link is

poor.
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Fig. 2. An example of the instantaneous AoI of a sensor in CDRT, Δ(𝑡 ) .

II. PRELIMINARIES

This section describes the general system setup and derives

a unified expression of the average peak AoI for different

CDRT models. We assume that the sensors periodically send

monitoring data to the receiver and that each node shares the

same bandwidth. We consider a generate-at-will model where

a status update packet is generated whenever the sensor has

the opportunity to send it. In other words, queuing delay is not

considered in this paper. When the packet decoding fails, the

receiving node discards the corrupted packet without sending

any feedback.

In the CDRT-based information update system shown

in Fig. 1, the controller wants to receive packets from the

direct and relay-aided sensors as fresh as possible. To quantify

the information freshness, the instantaneous AoI of the direct

sensor at time 𝑡 is defined as

Δd (𝑡) � 𝑡 −𝑈d (𝑡), (1)

where 𝑈𝑑 (𝑡) is the generation time of the latest successfully
received packet from the direct sensor [8].

In this paper, we study the peak AoI performance of differ-
ent CDRT schemes, which measures the AoI value reached just

before the successful delivery of the update packet. Then, the

time-average peak AoI of the direct sensor is denoted by Δd.
Similarly, the instantaneous and average peak AoI of the relay-

aided sensor can be defined by replacing the subscript “d”

with “r”, i.e., Δr (𝑡) and Δr, respectively. The peak AoI of the
network, Δ, is the average of Δd and Δr, i.e., Δ � (Δd +Δr)/2.
Let us denote by 𝜏 the time required for the controller

to successfully receive a packet from the sensor since the

packet was generated, and 𝜏𝑗 corresponds to the 𝑗 th successful
update. For example, the relay-aided sensor has a larger E[𝜏]
than the direct sensor due to the two hops. Fig. 2 shows

an illustrative example of the instantaneous AoI of a sensor

(i.e., the direct or relay-aided sensor), denoted by Δ𝑠 (𝑡) and
𝑠 ∈ {𝑑, 𝑟}. We assume that the ( 𝑗 − 1)th and 𝑗 th successful
updates occur at times 𝑡 𝑗−1 and 𝑡 𝑗 , respectively. The instanta-
neous AoI of the packet drops from Δ̂𝑠 (the peak AoI) to 𝜏𝑗
when the controller successfully receives the 𝑗 th update. Then
Δ𝑠 (𝑡) increases linearly with time until the next successful
update. We use 𝑍 to denote the time between two consecutive
successful updates and 𝑍 𝑗 to denote the time between the

( 𝑗 − 1)th and 𝑗 th successful updates.
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Using Fig. 2, we can derive the average peak AoI of the

direct or relay-aided sensor, Δ𝑠 , 𝑠 ∈ {𝑑, 𝑟}, in CDRT as

Δ𝑠 � lim
𝐽→∞

1
𝐽

𝐽∑
𝑗=1
(𝜏𝑗−1 + 𝑍 𝑗 ) = E[𝜏] + E[𝑍], (2)

which means that the average peak AoI is affected by the

transmission time from the sensor to the controller (𝜏) and the
time interval between two consecutive successful updates (𝑍).

III. AVERAGE PEAK AOI OF TDMA-CDRT AND

NOMA-CDRT

This section derives the average peak AoI of TDMA-CDRT

and NOMA-CDRT. Our SDR experimental results in Sec-

tion V show that the direct sensor prefers NOMA-CDRT while

the relay-aided sensor prefers TDMA-CDRT in error-prone

wireless networks, resulting in a dilemma of which scheme

should be used to reduce the average peak AoI of the network.

A. TDMA-CDRT

In TDMA-CDRT, nodes send packets one by one in orthog-

onal time slots, as shown in Fig. 3. We use 𝑇 to denote the
duration of each time slot in the CDRT schemes. The relay-

aided sensor first transmits its sensed data to the relay, which

then forwards it to the controller in the subsequent time slot.

After that, the direct sensor sends its packet to the controller.

The nodes continue this transmission order thereafter.

Since (2) shows that the average peak AoI is affected by 𝜏
and 𝑍 , we now derive E[𝜏] and E[𝑍] to compute the average
peak AoI of TDMA-CDRT. We denote the transmission time

from the direct and relay-aided sensors to the controller by

𝜏TD
d
and 𝜏TDr , respectively. Throughout this paper, symbols in

other CDRT schemes are defined similarly by replacing the

superscript “TD”, so we omit repetitive definitions in the rest

of the paper. Denote the time interval between two consecutive

successful updates of the direct and relay-aided sensors in

TDMA-CDRT by 𝑍TD
d

and 𝑍TDr , respectively. According to
Fig. 3, we can deduce E[𝜏TD

d
] = 𝑇 and E[𝜏TDr ] = 2𝑇 . That is,

the relay-aided sensor requires one more time slot due to the

two-hop transmission.

We next compute E[𝑍]. Let 𝑋TD
d

(𝑋TDr ) represent the

number of update packets transmitted by the direct sensor (the

relay-aided sensor) between two consecutive successful de-

codings at the controller. From Fig. 3, it is easy to figure out

that 𝑍TD
d

= 3𝑇𝑋TD
d

and 𝑍TDr = 3𝑇𝑋TDr . This is because the

direct sensor (the relay-aided sensor) transmits packets every

3𝑇 time interval, and the packet is successfully decoded after
𝑋TD
d

(𝑋TDr ) transmissions.

For theoretical analysis, when a receiver is receiving only

one packet, we assume that the successful reception probability

of that packet is 𝑝O ∈ [0, 1]. In other words, in TDMA-CDRT,
the successful reception probabilities of packets from the direct

sensor to the controller (𝑃TD
d
), from the relay-aided sensor to

the relay (𝑃TD
r1
), and from the relay to the controller (𝑃TD

r2
) are

all equal to 𝑝O. Extensions to different successful reception
probabilities are straightforward.

��� ���
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Fig. 3. TDMA-CDRT system model.

Considering the direct sensor, 𝑋TD
d
is a geometric random

variable with parameter 𝑝O. Then we have the expected values
E[𝑋TD

d
] = 1/𝑃TD

d
= 1/𝑝O. According to (2), the average peak

AoI of the direct sensor in TDMA-CDRT is computed by

Δ
TD

d = E[𝜏TDd ] + E[𝑍TDd ] = 𝑇 (
3
𝑝O

+ 1). (3)

Regarding the relay-aided sensor, since two hops are

needed, the overall successful reception probability (i.e., the

success probability of conveying a packet from the source to

the controller) is 𝑃TDr = 𝑃TD
r1

𝑃TD
r2

= (𝑝O)2. Hence, E[𝑋TDr ] =
1/𝑃TDr = 1/(𝑝O)2. As with the direct sensor, the average peak
AoI of the relay-aided sensor in TDMA-CDRT is

Δ
TD

r = E[𝜏TDr ] + E[𝑍TDr ] = 𝑇 (
3

(𝑝O)2
+ 2). (4)

As a result, the average peak AoI of TDMA-CDRT is

Δ
TD

=
1
2
(Δ
TD

d + Δ
TD

r )

=
1
2

(
𝑇 (

3
𝑝O

+ 1) + 𝑇 (
3

(𝑝O)2
+ 2)

)
=

3𝑇
2
(

1
(𝑝O)2

+
1
𝑝O

+ 1). (5)

Note that the successful reception probabilities (e.g.,

𝑝O) depend on various factors, such as SNR and channel

model (link gain). The results derived in this paper can be

applied to a wide range of wireless scenarios by using appro-

priate models of successful reception probabilities. In addition,

to provide a clear view of the performance of different schemes

in a real wireless communication environment, experiments us-

ing universal software radio peripheral (USRP) are conducted

to demonstrate the peak AoI performance of the schemes in

Section V.

B. NOMA-CDRT

We can see that in TDMA-CDRT, if all the transmissions

are successful, it takes three time slots for the controller to

receive one packet from each sensor. In contrast, as we will

see in NOMA-CDRT, only two time slots are needed to deliver

two packets from the direct sensor and one packet from the

relay-aided sensor to the controller. In this subsection, as in

the TDMA-CDRT part, we derive the average peak AoI of

NOMA-CDRT after obtaining E[𝜏] and E[𝑍].
As shown in Fig. 4, NOMA-CDRT repeats the transmission

sequence every two time slots. In the first time slot, the

relay-aided sensor transmits its packet to the relay, and the

direct sensor delivers its packet to the controller. Since these

sensors share the same communication resources, the relay

also receives the signals from the direct sensor. The relay
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tries to decode the packet from the relay-aided sensor by

NOMA (i.e., multiuser decoding; see Section V).

In the second time slot, there are two possible cases. If the

packet from the relay-aided sensor is successfully decoded at

the relay, the packet is forwarded to the controller. Meanwhile,

the direct sensor also transmits its packet to the controller. The

controller tries to decode the two packets as the relay does in

the first time slot. In the other case, if the packet from the

relay-aided sensor fails to be decoded at the relay, only the

direct sensor transmits its packet to the controller.

According to Fig. 4, we can deduce E[𝜏NO
d
] = 𝑇 and

E[𝜏NOr ] = 2𝑇 in NOMA-CDRT, because one time slot is

needed to convey the packet from the direct sensor while

two time slots are required for the relay-aided sensor. Fur-

thermore, it is easy to find that E[𝑍NO
d
] = 𝑇E[𝑋NO

d
] and

E[𝑍NOr ] = 2𝑇E[𝑋NOr ] based on Fig. 4.

The derivations about 𝑋NO
d

and 𝑋NOr based on the success-

ful reception probabilities are more complicated in NOMA-

CDRT. For theoretical analysis, we assume that if the re-

ceiver tries to decode two simultaneous incoming packets by

NOMA, the successful reception probability of each packet is

𝑝N ∈ [0, 1]. Note that in general, 𝑝N < 𝑝O under the same
received SNR.

In the first time slot, the successful reception probability of

the packet from the direct sensor to the controller (𝑃NO
d,1
) is 𝑝O.

Moreover, the successful reception probability of the packet

from the relay-aided sensor to the relay (𝑃NO
r1
) is 𝑝N because

the packet from the direct sensor interferes at the relay.

In the second time slot, there are two possible cases:

• Case I, with probability 𝑃NO
r1
: the packet from the relay-

aided sensor is successfully decoded at the relay in the

first time slot. The successful reception probabilities of

packets from the direct sensor (𝑃NO
d,2a

) and the relay

(𝑃NO
r2
), respectively, to the controller in Case I are 𝑝N.

• Case II, with probability (1 − 𝑃NO
r1
): the packet from the

relay-aided sensor fails to be decoded by the relay in the

first time slot. Then the successful reception probability

of the packet from the direct sensor to the controller in

Case II (𝑃NO
d,2b

) is 𝑝O.

Therefore, in the second time slot, the overall successful

reception probability of the packet from the direct sensor to

the controller (𝑃NO
d,2
) is

𝑃NOd,2 = 𝑃NOr1 𝑃NOd,2a + (1 − 𝑃NOr1 )𝑃
NO
d,2b

= 𝑝N𝑝N + (1 − 𝑝N)𝑝O. (6)

Moreover, the overall successful reception probability of the

packet from the relay-aided sensor to the controller is

𝑃NOr = 𝑃NOr1 𝑃NOr2 = (𝑝N)2. (7)

As a result, for the relay-aided sensor, we have the ex-

pected value E[𝑋NOr ] = 1/𝑃NOr = 1/(𝑝N)2. For the direct
sensor, we have the expected value E[𝑋NO

d
] = 2

𝑃NO
d,1
+𝑃NO

d,2

=
2

2𝑝O−𝑝O 𝑝N+(𝑝N )2 . Since the direct sensor has different success-

ful reception probabilities in the first and second time slots,

the derivation of E[𝑋NO
d
] = 2

𝑃NO
d,1
+𝑃NO

d,2

involves a series of steps,

which can be found in Appendix A.

��� ���
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Fig. 4. NOMA-CDRT system model.

The average peak AoI of the direct sensor in NOMA-CDRT

is then computed by

Δ
NO

d = E[𝜏NOd ] + E[𝑍NOd ] = 𝑇 (
2

2𝑝O − 𝑝O𝑝N + (𝑝N)2
+ 1),

(8)

while the average peak AoI of the relay-aided sensor in

NOMA-CDRT is

Δ
NO

r = E[𝜏NOr ] + E[𝑍NOr ] = 𝑇 (
2

(𝑝N)2
+ 2). (9)

Hence, the average peak AoI of NOMA-CDRT is

Δ
NO

=
1
2
(Δ
NO

d + Δ
NO

r )

=
1
2

(
𝑇 (

2
2𝑝O − 𝑝O𝑝N + (𝑝N)2

+ 1) + 𝑇 (
2

(𝑝N)2
+ 2)

)
=
𝑇

2
(

2
2𝑝O − 𝑝O𝑝N + (𝑝N)2

+
2

(𝑝N)2
+ 3). (10)

Prior studies [18], [22] showed that NOMA-CDRT achieves

higher throughput than TDMA-CDRT does. Interestingly, as a

preview, our SDR experiments in Section V find that although

Δ
NO

d < Δ
TD

d in all SNR regimes, Δ
NO

r > Δ
TD

r in the low

to medium SNR regime. In other words, the direct sensor

prefers NOMA-CDRT, while the relay-aided sensor prefers

TDMA-CDRT in the low to medium SNR regime. For a

comprehensive graphical representation of the average peak

AoI for different schemes and their performance comparisons,

please refer to Section V.

As a result, for the whole CDRT network, Δ
TD
and Δ

NO
are

not lower than each other in all SNR regimes. We are faced

with a dilemma between these two CDRT schemes. Compared

to TDMA-CDRT, the direct sensor in NOMA-CDRT can

send more packets in the same period, which may lead to a

lower average peak AoI of the system because of the smaller

time interval between updates. However, NOMA-CDRT also

reduces the successful reception probability when a receiver

receives packets from more than one source simultaneously. If

a packet fails to be decoded, the controller has to wait longer

for the next update, which may result in a higher average peak

AoI of the system. Hence, the following section puts forth a

hybrid CDRT scheme to address this dilemma.

IV. AVERAGE PEAK AOI OF NOMA-OMA-CDRT

This section presents the hybrid CDRT scheme with two

variations: NOMA-OMA-CDRT and OMA-NOMA-CDRT.
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The hybrid CDRT scheme balances the needs of the direct

and relay-aided sensors (i.e., keeping the average peak AoI of

both sensors low), as they both convey essential information

updates. Furthermore, hybrid CDRT can maintain a relatively

low average peak AoI of the whole network in all SNR

regimes.
We first introduce NOMA-OMA-CDRT as illustrated in

Fig. 5. In each of the two time slots, the transmission process

starts with NOMA, followed by OMA. In the first time slot, the

direct and relay-aided sensors send their status packets to the

controller and the relay, respectively. As in NOMA-CDRT, the

relay attempts to decode the packet of the relay-aided sensor

from the interfering signals by NOMA. If the decoding is

successful, only the relay forwards the packet to the controller

in the second time slot. Unlike NOMA-CDRT, the direct

sensor here does not transmit in the second time slot to prevent

impairing the successful reception probability of the packet

from the relay.
The average peak AoI of NOMA-OMA-CDRT can be

derived similarly as in the previous section. Considering the

direct sensor, we see from Fig. 5 that it needs one time slot to

transmit its packets to the controller, hence E[𝜏NO-O
d

] = 𝑇 .
Moreover, the direct sensor transmits its packets once ev-

ery two time slots, therefore E[𝑍NO-O
d

] = E[2𝑇𝑋NO-O
d

] =
2𝑇E[𝑋NO-O

d
]. As the direct sensor communicates with the

controller without interference, the successful reception prob-

ability of its packet, 𝑃NO-O
d

, is 𝑝O. We then have E[𝑋NO-O
d

] =
1/𝑃NO-O

d
= 1/𝑝O. Hence, the average peak AoI of the direct

sensor can be found by

Δ
NO-O

d = E[𝜏NO-Od ] + E[𝑍NO-Od ] = 𝑇 (
2
𝑝O

+ 1). (11)

Likewise, considering the relay-aided sensor, Fig. 5 shows

that it takes every two time slots to deliver an update packet

to the controller, therefore we have E[𝜏NO-Or ] = 2𝑇 and

E[𝑍NO-Or ] = 2𝑇E[𝑋NO-Or ]. In the first hop, the relay tries

to decode the packet from the superposed signal by NOMA,

therefore the successful reception probability of the packet

from the relay-aided sensor to the relay, 𝑃NO-O
r1

, is 𝑝N. In the
second hop, as there is no interfering signal, the successful

reception probability from the relay to the controller, 𝑃NO-O
r2

,

is 𝑝O. Since the update is successful if there are no errors in
both hops, the overall successful reception probability of the

packet is 𝑃NO-Or = 𝑃NO-O
r1

𝑃NO-O
r2

. In other words, we can derive

that E[𝑋NO-Or ] = 1/𝑃NO-Or = 1/𝑝O𝑝N. Then the average peak
AoI of the relay-aided sensor can be found by

Δ
NO-O

r = E[𝜏NO-Or ] + E[𝑍NO-Or ] = 𝑇 (
2

𝑝O𝑝N
+ 2). (12)

As a result, the average peak AoI of NOMA-OMA-CDRT is

Δ
NO-O

=
1
2
(Δ
NO-O

d + Δ
NO-O

r )

=
1
2

(
𝑇 (

2
𝑝O

+ 1) + 𝑇 (
2

𝑝O𝑝N
+ 2)

)
= 𝑇 (

1
𝑝O𝑝N

+
1
𝑝O

+
3
2
). (13)

OMA-NOMA-CDRT is similar to NOMA-OMA-CDRT,

and the main difference is that the former starts with OMA and

��� ���

T T T T

Fig. 5. NOMA-OMA-CDRT system model.

then NOMA. In other words, only the relay-aided sensor sends

in the first time slot, and the direct sensor sends in the second

time slot in OMA-NOMA-CDRT. We refer the readers to

Appendix B for the detailed computation of the average peak

AoI of OMA-NOMA-CDRT. The analysis is similar to that of

NOMA-CDRT, in which there are two possibilities depending

on the decoding outcome at the relay in the first time slot.

The experimental results in the next section compare the

average peak AoI performance between NOMA-OMA-CDRT

and OMA-NOMA-CDRT.

V. EXPERIMENTAL EVALUATION

A. Experimental Setup

We conduct real experiments on software-defined ra-

dios (SDR) to evaluate the average peak AoI performance

of different CDRT schemes. Our experiments are performed

on the USRP hardware (USRP N210 with SBX daughter-

boards) [24] and the GNU radio software [25] with the UHD

hardware driver. Each node in the CDRT is a USRP connected

to a computer via an Ethernet cable. The wireless experiments

operate at a center frequency of 2.185 GHz and a bandwidth
of 5 MHz. In addition, BPSK modulation and the standard

rate-1/2 [133, 171]8 convolutional code defined in the 802.11
standards are used.

We employ a trace-driven simulation approach to evalu-

ate the average peak AoI performances of different CDRT

schemes. Specifically, we first obtain the PHY-layer decoding

outcomes. We perform controlled experiments for different

received SNRs (from 7 dB to 10.5 dB). For example, at each
SNR, the direct sensor sends a large number of packets to

the receiver (i.e., 2000 packets in our experiments), and the
decoding results of different slots are recorded. Similarly, in

the case of simultaneous transmissions, the receiver (the relay

or the controller) sends beacon frames to trigger synchronized

transmissions of the two transmitters. The NOMA decoding

outcomes at the receivers are gathered. Notice that the SNRs

of the two simultaneously transmitting sensors could be dif-

ferent. We consider both SNR-balanced and SNR-imbalanced

scenarios, which will be presented in the next subsection.

To implement the NOMA decoder, instead of successive

decoding as in the conventional successive interference cancel-

lation (SIC) decoder, this paper uses a non-iterative multiuser

decoding (MUD) decoder [26] to recover the two users’ pack-

ets in parallel. Specifically, the received superposed signals

are passed through an MUD demodulator. The MUD decoder
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Fig. 6. SDR experimental results for the average peak AoI of (a) the direct sensor, (b) the relay-aided sensor, and (c) the whole system under different CDRT
schemes with the SNR-balanced scenario.

adopts the maximum a posteriori (MAP) algorithm to compute

the soft information of each channel-coded bit transmitted

simultaneously by the two nodes. The soft information is then

fed to two conventional point-to-point Viterbi decoders (i.e.,

the same decoder used for single-user transmissions) to recover

the packet from each of the two nodes.

We generate traces based on the collected PHY-layer decod-

ing outcomes to drive our AoI simulations for different CDRT

schemes, from which we compute the instantaneous AoI and

then the average peak AoI. In addition to the simulation

results, we also present the theoretical results. We compute

the successful packet reception probabilities from the decoding

result statistics and then substitute them into the AoI formulas

for different CDRT schemes (e.g., (3)–(5) for TDMA-CDRT)

to compute the theoretical average peak AoI.

B. Experimental Results

We first consider an SNR-balanced scenario where each

link in the CDRT has the same SNR at the receiver, ranging

from 7 dB to 10.5 dB, as shown in Fig. 6. For example,
in NOMA-CDRT, when the direct and relay-aided sensors

transmit simultaneously in the first time slot, the received

SNRs of both sensors at the relay are the same. In addition, the

SNR of the direct sensor at the controller is the same as that

at the relay. We use an SNR-balanced scenario to validate our

theoretical analysis of the average peak AoI. More importantly,

a simpler setting highlights the key differences among different

CDRT schemes.

As shown in Fig. 6, the simulation results corroborate

with the theoretical results, except that there is a small gap

for the CDRT schemes with NOMA. This is because, in

our theoretical analysis, we assume that the NOMA receiver

decodes each sensor’s packet with success probability 𝑝N, and
the success probability of decoding both sensors’ packets is

(𝑝N) (𝑝N) = (𝑝N)2. This assumption considers the decoding
events of the two sensors’ packets to be independent. However,

in practice, the successful decodings of the two packets are

usually correlated in our MAP-based MUD decoder because

the MUD demodulator computes the channel-coded soft bits

of the two users’ symbols simultaneously from the superposed

signals. Therefore, the actual probability of successfully de-

coding both sensors’ packets is slightly higher than (𝑝N)2.

Comparing TDMA-CDRT and NOMA-CDRT, as shown

in Fig. 6(a), the average peak AoI of the direct sensor is

significantly lower in NOMA-CDRT than in TDMA-CDRT.

This is because the direct sensor sends one update packet

per time slot in NOMA-CDRT, while it sends one update

packet per three time slots in TDMA-CDRT. Although NOMA

reduces the successful reception probability due to wire-

less interference, sending update packets more frequently in

NOMA-CDRT could still lower the average peak AoI of the

direct sensor. In contrast, Fig. 6(b) shows that the average peak

AoI performance of the relay-aided sensor in NOMA-CDRT

is worse than that in TDMA-CDRT in the low to medium

SNR regime. Although the relay-aided sensor also has a higher

frequency of sending update packets in NOMA-CDRT, its

average peak AoI is higher than that of TDMA-CDRT due to

the lower successful probability of NOMA decoding. In each

hop of NOMA-CDRT, the packet of the relay-aided sensor

interferes with that from the direct sensor. Since the direct

sensor prefers NOMA-CDRT while the relay-aided sensor

prefers TDMA-CDRT, Fig. 6(c) shows the average peak AoI

of the entire CDRT system, where TDMA-CDRT outper-

forms NOMA-CDRT in the low to medium SNR regime.

As the SNR increases, NOMA-CDRT gradually outperforms

TDMA-CDRT, because the successful reception probabilities

also increase and NOMA allows both sensors to transmit

sensed data more frequently.

Fig. 6 shows that TDMA-CDRT and NOMA-CDRT are not

superior to each other. Both schemes are beneficial for either

of the sensors and have their unfavorable SNR regimes. By

contrast, our hybrid CDRT scheme (NOMA-OMA-CDRT and

OMA-NOMA-CDRT) balances the needs of the direct and

relay-aided sensors. Unlike TDMA-CDRT and NOMA-CDRT,

the hybrid CDRT scheme maintains a relatively low average

peak AoI for both sensors as well as for the whole system. In

particular, the relay-aided sensor in the hybrid CDRT scheme

has the best average peak AoI performance in the moderate

SNR regime. The hybrid CDRT reduces the time interval of

consecutive transmissions without significantly compromising

the successful reception probability of update packets.

The above experiments assume that the links in CDRT

have the same SNR. However, in time-varying wireless en-

vironments, these links are more likely to have different



318 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 25, NO. 3, JUNE 2023

Fig. 7. SDR experimental results for the average peak AoI of (a) the direct sensor, (b) the relay-aided sensor, and (c) the whole system under different CDRT
schemes with the SNR-imbalanced scenario, where the SNR from the direct sensor to the controller and the relay in (a)–(c) are fixed at 9.5 dB.

channel conditions. We now investigate the average peak AoI

performance when the links have different SNRs, i.e., the

SNR-imbalanced scenario, as illustrated in Figs. 7(a)–(c). We

fix the SNR of the direct sensor to 9.5 dB at the controller and
the relay. Then, we vary the SNR from the relay-aided sensor

to the relay from 7.5 dB to 10.5 dB while that from the relay
to the controller from 10.5 dB to 7.5 dB. The different SNR
pairs are set to simulate different relay locations or different

transmit powers of the nodes.

Fig. 7(a) shows that the direct sensor has similar AoI perfor-

mance in the SNR-imbalanced and SNR-balanced cases, e.g.,

it prefers NOMA-CDRT. Nevertheless, Fig. 7(b) shows that the

relay-aided sensor has different results in the SNR-imbalanced

case. The average peak AoI of the relay-aided sensor is much

higher in NOMA-CDRT than in TDMA-CDRT. The reason is

apparent: the update is unsuccessful if the packet of the relay-

aided sensor is corrupted in any hop, which easily happens in

the SNR-imbalanced case because either hop has a low SNR.

The controller has to wait longer to receive the next successful

update. In contrast, the hybrid CDRT scheme outperforms

TDMA-CDRT and NOMA-CDRT in the SNR-imbalanced

scenario. For example, NOMA-OMA-CDRT achieves the best

AoI performance under a poor relay-controller link, because

the direct sensor remains silent when the relay forwards the

packet to the controller. Likewise, when the SNR from the

relay-aided sensor to the relay is low, OMA-NOMA-CDRT

outperforms other schemes.

Considering the average peak AoI performance of the whole

system, Fig. 7(c) shows that NOMA-CDRT is significantly

worse than TDMA-CDRT when the SNR of the sensor-

relay or relay-controller link is poor. Furthermore, the hybrid

CDRT scheme outperforms NOMA-CDRT and TDMA-CDRT

in average peak AoI. The performance gain is significant when

the relay-aided sensor has a lower SNR in either hop, because

an interference-free channel is assigned to the hop with lower

SNR for better decoding performance.

To conclude, the hybrid CDRT scheme strikes a balance

between the needs of the relay-aided and direct sensors, both

of which convey critical information updates. More impor-

tantly, when the links in CDRT have different SNRs, the hy-

brid CDRT scheme outperforms conventional TDMA-CDRT

and NOMA-CDRT schemes. We can choose to employ

NOMA-OMA-CDRT or OMA-NOMA-CDRT depending on

the actual situation. For example, when the transmit power of

the relay-aided sensor (e.g., a tiny sensor in the factory) is

weak, so the received SNR at the relay is low, we can strate-

gically use OMA-NOMA-CDRT to achieve the best average

peak AoI performance. Hence, the hybrid CDRT scheme is a

robust solution for deploying relay-assisted information update

systems in the IoT.

VI. CONCLUSION

We have investigated the average peak AoI of different

CDRT schemes for real-time status update. In particular, we

put forth a hybrid CDRT scheme combining TDMA and

NOMA and maintaining high information freshness for the

whole CDRT system.

Information freshness is of paramount importance when a

direct sensor and a relay-aided sensor send the sensed data to a

common receiver for seamless monitoring. Our investigations

on AoI reveal interesting findings for information update sys-

tems using CDRT. Specifically, our SDR experiments indicate

that TDMA-CDRT and NOMA-CDRT do not outperform each

other in terms of average peak AoI in all SNR regimes.

In error-prone wireless networks, to achieve a low average

peak AoI, the direct sensor prefers NOMA-CDRT, while the

relay-aided sensor prefers TDMA-CDRT, thereby posing a

dilemma in the optimization of the average peak AoI of CDRT

networks.

To address the above dilemma, we design a hybrid CDRT

scheme with two variations, namely NOMA-OMA-CDRT

and OMA-NOMA-CDRT. Experiments show that the hybrid

CDRT scheme can balance the average peak AoI of the direct

and relay-aided sensors. Furthermore, unlike TDMA-CDRT

and NOMA-CDRT, which have significantly worse average

peak AoI performance under their respective unfavorable

SNR regimes, the hybrid CDRT scheme can maintain a low

average peak AoI of the whole CDRT system when the SNR

varies. Overall, our hybrid CDRT scheme is a practical and

promising solution for information update systems with AoI
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requirements.

APPENDIX A

DERIVATION OF E[𝑋NOd ] IN NOMA-CDRT

We use the Markov model shown in Fig. 8 to

derive E[𝑋NO
d
]. In the Markov model, states Ω =

{𝑆 (1) , 𝐹 (1) , 𝑆 (2) , 𝐹 (2) } represent the packet from the direct

sensor being transmitted {successfully in the first time slot,

unsuccessfully in the first time slot, successfully in the second

time slot, unsuccessfully in the second time slot}, respectively.

Let 𝚽 be the state transition matrix that

𝚽 =

⎡⎢⎢⎢⎢⎢⎢⎣
𝜑𝑆 (1)𝑆 (1) 𝜑𝑆 (1)𝐹 (1) 𝜑𝑆 (1)𝑆 (2) 𝜑𝑆 (1)𝐹 (2)

𝜑𝐹 (1)𝑆 (1) 𝜑𝐹 (1)𝐹 (1) 𝜑𝐹 (1)𝑆 (2) 𝜑𝐹 (1)𝐹 (2)

𝜑𝑆 (2)𝑆 (1) 𝜑𝑆 (2)𝐹 (1) 𝜑𝑆 (2)𝑆 (2) 𝜑𝑆 (2)𝐹 (2)

𝜑𝐹 (2)𝑆 (1) 𝜑𝐹 (2)𝐹 (1) 𝜑𝐹 (2)𝑆 (2) 𝜑𝐹 (2)𝐹 (2)

⎤⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 0 𝑃NO
d,2

1 − 𝑃NO
d,2

0 0 𝑃NO
d,2

1 − 𝑃NO
d,2

𝑃NO
d,1

1 − 𝑃NO
d,1

0 0
𝑃NO
d,1

1 − 𝑃NO
d,1

0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎦
, (14)

where 𝜑𝑖 𝑗 is the transition probability from state 𝑖 to state 𝑗 .
𝑃NO
d,1
and 𝑃NO

d,2
are the successful reception probabilities of the

packet from the direct sensor to the controller in the first and

second time slots, respectively. The stationary distribution Π
of the Markov model can be found by solving Π = Π𝚽, i.e.,

Π = [𝜋𝑆 (1) , 𝜋𝐹 (1) , 𝜋𝑆 (2) , 𝜋𝐹 (2) ]

=

[
𝑃NO
d,1

2
,
1 − 𝑃NO

d,1

2
,
𝑃NO
d,2

2
,
1 − 𝑃NO

d,2

2

]
. (15)

We denote by 𝑢𝛼 the average number of state transitions

required to change from initial state 𝛼 to state 𝑆 ∈ {𝑆 (1) , 𝑆 (2) }
for the first time, i.e.,

𝑢𝛼 =

{
0, 𝛼 ∈ {𝑆 (1) , 𝑆 (2) }

1 +
∑

𝑖∈{𝐹 (1) ,𝐹 (2) } 𝜑𝛼𝑖𝑢𝑖 , 𝛼 ∈ {𝐹 (1) , 𝐹 (2) }
. (16)

In other words, we have⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

𝑢𝑆 (1) = 0,
𝑢𝐹 (1) = 1 + 𝜑𝐹 (1)𝐹 (2) 𝑢𝐹 (2) ,

𝑢𝑆 (2) = 0,
𝑢𝐹 (2) = 1 + 𝜑𝐹 (2)𝐹 (1) 𝑢𝐹 (1) .

(17)

The expected value E[𝑋NO
d
] is the average number of

update packets transmitted by the direct sensor between two

consecutive successful decodings at the controller. This means

the average number of time slots required to depart from state

𝑆 ∈ {𝑆 (1) , 𝑆 (2) } and then return to state 𝑆 ∈ {𝑆 (1) , 𝑆 (2) } for
the first time. Then we denoted by 𝑤𝑆 (1) and 𝑤𝑆 (2) the average

number of time slots needed to leave states 𝑆 (1) and 𝑆 (2) ,
respectively, and then return to state 𝑆 ∈ {𝑆 (1) , 𝑆 (2) } for the
first time. Thus, we have{

𝑤𝑆 (1) = 1 +
∑

𝑗∈Ω 𝜑𝑆 (1) 𝑗𝑢 𝑗 = 1 + 𝜑𝑆 (1)𝐹 (2) 𝑢𝐹 (2) ,

𝑤𝑆 (2) = 1 +
∑

𝑗∈Ω 𝜑𝑆 (2) 𝑗𝑢 𝑗 = 1 + 𝜑𝑆 (2)𝐹 (1) 𝑢𝐹 (1) .
(18)

Fig. 8. The Markov model of NOMA-CDRT. States
Ω = {𝑆 (1) , 𝐹 (1) , 𝑆 (2) , 𝐹 (2) } represent the status in transmission, i.e.,
the packet from the direct sensor is transmitted {successfully in the first time
slot, unsuccessfully in the first time slot, successfully in the second time slot,
unsuccessfully in the second time slot}, respectively.

Solving (17) and (18), we get⎧⎪⎪⎪⎨⎪⎪⎪⎩
𝑤𝑆 (1) =

2−𝑃NO
d,2

𝑃NO
d,1
+𝑃NO

d,2
−𝑃NO

d,1
𝑃NO
d,2

,

𝑤𝑆 (2) =
2−𝑃NO

d,1

𝑃NO
d,1
+𝑃NO

d,2
−𝑃NO

d,1
𝑃NO
d,2

.
(19)

Finally, the proportion of states, 𝑆 (1) and 𝑆 (2) , in the
successful decoding can be found using the stationary distri-

bution of the Markov model. Therefore, the average number

of update packets transmitted by the direct sensor between two

consecutive successful decodings at the controller is

E[𝑋NOd ] =
𝜋𝑆 (1)

𝜋𝑆 (1) + 𝜋𝑆 (2)
𝑤𝑆 (1) +

𝜋𝑆 (2)

𝜋𝑆 (1) + 𝜋𝑆 (2)
𝑤𝑆 (2)

=
2

𝑃NO
d,1

+ 𝑃NO
d,2

. (20)

APPENDIX B

AVERAGE PEAK AOI OF OMA-NOMA-CDRT

The idea of OMA-NOMA-CDRT is similar to

NOMA-OMA-CDRT described in Section IV. The main

difference is that OMA-NOMA-CDRT starts with OMA

followed by NOMA, as shown in Fig. 9. In the first time

slot, only the relay-aided sensor sends its packet to the relay,

while the direct sensor remains silent. In the second time slot,

if the decoding is successful, the relay forwards the packet

to the controller. Meanwhile, the direct sensor also conveys

its packet to the controller regardless of whether the relay

transmits.

Although the two variations (NOMA-OMA-CDRT and

OMA-NOMA-CDRT) are conceptually similar, their AoI per-

formance differs due to the different successful reception

probabilities of the packet at the nodes. In this appendix, to

avoid repetition, we only highlight the important differences

in the successful reception probability of the direct sensor for

the two variations.

In the first hop, the successful reception probability of the

packet from the relay-aided sensor to the relay is 𝑃O-NO
r1

= 𝑝O

because of the absence of interference. Considering the second

hop, there are two possible cases:
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Fig. 9. OMA-NOMA-CDRT system model.

• Case I, with probability 𝑃O-NO
r1

: since the packet from

the relay-aided sensor is successfully decoded at the

relay in the first time slot, the packets from the relay

and the direct sensor interfere with each other at the

controller in the second hop. Therefore, due to the use

of NOMA decoding, the successful reception probability

of the packets from the relay (𝑃O-NO
r2

) and the direct

sensor (𝑃O-NO
d,1

) to the controller in the second hop are

𝑝N.
• Case II, with probability (1 − 𝑃O-NO

r1
): since the packet

from the relay-aided sensor fails to be decoded at the relay

in the first time slot, only the direct sensor transmits its

packet in the second time slot with successful reception

probability 𝑃O-NO
d,2

= 𝑝O.

Therefore, the overall successful reception probability of the

packet from the direct sensor is

𝑃O-NOd = 𝑃O-NOr1 (𝑃O-NOd,1 ) + (1 − 𝑃O-NOr1 )𝑃O-NOd,2

= 𝑝O𝑝N + (1 − 𝑝O)𝑝O, (21)

while that of the packet from the relay-aided sensor is

𝑃O-NOr = 𝑃O-NOr1 𝑃O-NOr2 = 𝑝O𝑝N. (22)

As in Section IV, the average peak AoI of the direct sensor

is computed by

Δ
O-NO

d = E[𝜏O-NOd ] + E[𝑍O-NOd ] = 𝑇 (
2

𝑝O + 𝑝O𝑝N − (𝑝O)2
+ 1),

(23)

and the average peak AoI of the relay-aided sensor is com-

puted by

Δ
O-NO

r = E[𝜏O-NOr ] + E[𝑍O-NOr ] = 𝑇 (
2

𝑝O𝑝N
+ 2). (24)

Finally, the average peak AoI of the whole system is

Δ
O-NO

=
1
2
(Δ
O-NO

d + Δ
O-NO

r )

=
1
2

(
𝑇 (

2
𝑝O + 𝑝O𝑝N − (𝑝O)2

+ 1) + 𝑇 (
2

𝑝O𝑝N
+ 2)

)
= 𝑇 (

1
𝑝O + 𝑝O𝑝B − (𝑝O)2

+
1

𝑝O𝑝N
+

3
2
). (25)

REFERENCES

[1] M. A. Abd-Elmagid, N. Pappas, and H. S. Dhillon, “On the role of age
of information in the Internet of things,” IEEE Commun. Mag., vol. 57,
no. 12, pp. 72–77, Dec. 2019.

[2] H. Xu, W. Yu, D. Griffith, and N. Golmie, “A survey on industrial
Internet of things: A cyber-physical systems perspective,” IEEE Access,
vol. 6, pp. 78238–78259, Dec. 2018.

[3] U. Uyoata, J. Mwangama, and R. Adeogun, “Relaying in the Internet of
things (IoT): A survey,” IEEE Access, vol. 9, pp. 132675–132704, Sep.
2021.

[4] C. Thai and P. Popovski, “Coordinated direct and relay transmission
with interference cancelation in wireless systems,” IEEE Commun. Lett.,
vol. 15, no. 4, pp. 416–418, Apr. 2011.

[5] T.-T. Chan, H. Pan, and J. Liang, “Age of information with joint packet
coding in industrial IoT,” IEEE Wireless Commun. Lett., vol. 10, no. 11,
pp. 2499–2503, Nov. 2021.

[6] S. Kaul, M. Gruteser, V. Rai, and J. Kenney, “Minimizing age of
information in vehicular networks,” in Proc. IEEE Int. Conf. Sens.,
Commun. Netw., Jun. 2011.

[7] S. Kaul, R. Yates, and M. Gruteser, “Real-time status: How often should
one update?,” in Proc. IEEE INFOCOM, Mar. 2012.

[8] A. Kosta, N. Pappas, and V. Angelakis, “Age of information: A new con-
cept, metric, and tool,” Found. Trends Netw., vol. 12, no. 3, pp. 162–259,
Nov. 2017.

[9] A. M. Bedewy, Y. Sun, and N. B. Shroff, “Minimizing the age of
information through queues,” IEEE Trans. Inf. Theory, vol. 65, no. 8,
pp. 5215–5232, Aug. 2019.

[10] Y. Inoue, H. Masuyama, T. Takine, and T. Tanaka, “A general formula for
the stationary distribution of the age of information and its application
to single-server queues,” IEEE Trans. Inf. Theory, vol. 65, no. 12,
pp. 8305–8324, Dec. 2019.

[11] L. Corneo, C. Rohner, and P. Gunningberg, “Age of information-aware
scheduling for timely and scalable Internet of things applications,” in
Proc. IEEE INFOCOM, Jun. 2019.

[12] D. Sinha and R. Roy, “Deadline-aware scheduling for maximizing
information freshness in industrial cyber-physical system,” IEEE Sensors
J., vol. 21, no. 1, pp. 381–393, Jan. 2021.

[13] V. W. Håkansson, N. K. D. Venkategowda, S. Werner, and P. K. Varsh-
ney, “Optimal transmission-constrained scheduling of spatio-temporally
dependent observations using age-of-information,” IEEE Sensors J.,
early access, Jul. 2022.

[14] R. D. Yates et al., “Age of information: An introduction and survey,”
IEEE J. Sel. Areas Commun., vol. 39, no. 5, pp. 1183–1210, May 2021.

[15] S. M. R. Islam, N. Avazov, O. A. Dobre, and K.-S. Kwak, “Power-
domain non-orthogonal multiple access (NOMA) in 5G systems: Po-
tentials and challenges,” IEEE Commun. Surveys Tuts., vol. 19, no. 2,
pp. 721–742, 2nd Quart., 2017.

[16] Z. Ding et al., “A survey on non-orthogonal multiple access for 5G
networks: Research challenges and future trends,” IEEE J. Select. Areas
Commun., vol. 35, no. 10, pp. 2181–2195, Oct. 2017.

[17] J.-B. Kim and I.-H. Lee, “Non-orthogonal multiple access in coordinated
direct and relay transmission,” IEEE Commun. Lett., vol. 19, no. 11,
pp. 2037–2040, Nov. 2015.

[18] M. F. Kader and S. Y. Shin, “Coordinated direct and relay transmission
using uplink NOMA,” IEEE Wireless Commun. Lett., vol. 7, no. 3,
pp. 400–403, Jun. 2018.

[19] M. Yang et al., “Design and performance analysis of cooperative NOMA
with coordinated direct and relay transmission,” IEEE Access, vol. 7,
pp. 73306–73323, 2019.

[20] X. Pei et al., “NOMA-based coordinated direct and relay transmission
with a half-duplex/full-duplex relay,” IEEE Trans. Commun., vol. 68,
no. 11, pp. 6750–6760, Nov. 2020.

[21] H. Pan, J. Liang, and S. C. Liew, “Practical NOMA-based coordinated
direct and relay transmission,” IEEE Wireless Commun. Lett., vol. 10,
no. 1, pp. 170–174, Jan. 2021.

[22] Y. Xu et al., “Coordinated direct and relay transmission with NOMA
and network coding in Nakagami-m fading channels,” IEEE Trans.
Commun., vol. 69, no. 1, pp. 207–222, Jan. 2021.

[23] H. Pan, J. Liang, S. C. Liew, V. C. M. Leung, and J. Li, “Timely
information update with nonorthogonal multiple access,” IEEE Trans.
Ind. Inform., vol. 17, no. 6, pp. 4096–4106, Jun. 2021.

[24] Ettus Inc., “Universal software radio peripheral,” [Online]. Available:
https://www.ettus.com/. Accessed on: Jul. 1, 2022.

[25] G. FSF, “GNU Radio—GNU FSF Project,” [Online]. Available: http://
gnuradio.org/redmine/wiki/gnuradio. Accessed on: Jul. 1, 2022.



CHAN AND PAN: ENHANCING INFORMATION FRESHNESS FOR COORDINATED ... 321

[26] H. Pan and S. C. Liew, “Backbone-assisted wireless local area network,”
IEEE Trans. Mobile Comput., vol. 20, no. 3, pp. 830–845, Mar. 2021.

Tse-Tin Chan (S’16-M’20) received his B. Eng.
(First Class Honours) and Ph.D. in Information
Engineering from the Chinese University of Hong
Kong (CUHK) in 2014 and 2020, respectively. He is
currently an Assistant Professor in the Department of
Mathematics and Information Technology at the Ed-
ucation University of Hong Kong (EdUHK). Before
that, he was an Assistant Professor in the Department
of Computing at the Hang Seng University of Hong
Kong (HSUHK) from 2020 to 2022. His research
interests include wireless communications and net-

working, Internet of things (IoT), age of information (AoI), and machine
learning for communications.

Haoyuan Pan (S’16-M’19) received the B.E. and
Ph.D. degrees in Information Engineering from The
Chinese University of Hong Kong (CUHK), Hong
Kong, in 2014 and 2018, respectively. He was a Post-
Doctoral Fellow with the Department of Information
Engineering, CUHK, from 2018 to 2020. He is
currently an Assistant Professor with the College
of Computer Science and Software Engineering,
Shenzhen University, Shenzhen, China. His research
interests include wireless communications and net-
works, Internet of things (IoT), semantic communi-

cations, and age of information (AoI).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


