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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 (Aol), 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 Aol 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 Aol 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 Aol of the direct and relay-aided
sensors, but also achieves better information freshness for the
whole CDRT system.

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

I. INTRODUCTION

NTERNET of things (IoT) gathers and shares information
Iamong 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 (Aol) [6], [7].
In contrast to latency, which measures only the time required
to deliver a packet, Aol 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, Aol has been extensively investigated by
various studies [8]-[14]. Early work on Aol focused on queue
management schemes [7], [9], [10] and packet scheduling
schemes [11]-[13]. We refer readers to recent research on Aol
in the survey [14].

Nevertheless, there are no studies on the Aol 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
NOMAA still outperforms OMA in Aol performance for CDRT
requires thorough investigation. Prior work showed that higher
throughput does not always lead to lower Aol [23]. Moreover,
as information freshness is critical in IoT communications,
improving the Aol 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 Aol performance of
CDRT in information update systems. Specifically, we de-
rive and compare the average peak Aol 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
Aol 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 Aol 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
Aol performance of direct and relay-aided transmissions,
but also achieves a lower average peak Aol of the
network compared to TDMA-CDRT and NOMA-CDRT,
especially when the sensor-relay or relay-receiver link is
poor.

Instantaneous Aol, A(t)

Peak Aol, A

Time

Fig. 2. An example of the instantaneous Aol of a sensor in CDRT, A(t).

II. PRELIMINARIES

This section describes the general system setup and derives
a unified expression of the average peak Aol 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 Aol of the direct
sensor at time ¢ is defined as

Aq(1) = 1 = Ua(t), (D

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

In this paper, we study the peak Aol performance of differ-
ent CDRT schemes, which measures the Aol value reached just
before the successful delivery of the update packet. Then, the
time-average peak Aol of the direct sensor is denoted by Ad.
Similarly, the instantaneous and average peak Aol of the relay-
aided sensor can be defined by replacing the subscript “d”
with “”, i.e., A;(¢) and A,, respectively. The peak Aol of the
network, A, is the average of Aq and A, i.e., A £ (Ag+A;)/2.

Let us denote by 7 the time required for the controller
to successfully receive a packet from the sensor since the
packet was generated, and 7; corresponds to the jth successful
update. For example, the relay-aided sensor has a larger E[7]
than the direct sensor due to the two hops. Fig. 2 shows
an illustrative example of the instantaneous Aol of a sensor
(i.e., the direct or relay-aided sensor), denoted by A;(¢) and
s € {d,r}. We assume that the (j — 1)th and jth successful
updates occur at times ¢;_; and ¢;, respectively. The instanta-
neous Aol of the packet drops from Ay (the peak Aol) to 7;
when the controller successfully receives the jth update. Then
As(t) increases linearly with time until the next successful
update. We use Z to denote the time between two consecutive
successful updates and Z; to denote the time between the
(j = Dth and jth successful updates.



Using Fig. 2, we can derive the average peak Aol of the
direct or relay-aided sensor, Ay, s € {d,r}, in CDRT as

A £ lim —Z(T, 1+2Z) =B[]+E[Z],  (2)
which means that the average peak Aol is affected by the
transmission time from the sensor to the controller (7) and the
time interval between two consecutive successful updates (Z).

III. AVERAGE PEAK Aol oF TDMA-CDRT AND
NOMA-CDRT

This section derives the average peak Aol 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 Aol 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 Aol is affected by 7
and Z, we now derive E[7] and E[Z] to compute the average
peak Aol of TDMA-CDRT. We denote the transmission time
from the direct and relay-aided sensors to the controller by
7,2 and 7P, 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 ZIP and Z!P, respectively. According to
Fig. 3, we can deduce E[r;°] =T and E[7°] = 27T. That is,
the relay-aided sensor requires one more time slot due to the
two-hop transmission.

We next compute E[Z]. Let X (XP) 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 ZgD = 3TX§D and ZTP = 3TX'P. This is because the
direct sensor (the relay-aided sensor) transmits packets every
3T time interval, and the packet is successfully decoded after
X7 (X™P) transmissions.

For theoretical analysis, when a receiver is receiving only
one packet, we assume that the successful reception probability
of that packet is p© € [0, 1]. In other words, in TDMA-CDRT,
the successful reception probabilities of packets from the direct
sensor to the controller (PTD) from the relay-aided sensor to
the relay (PTD) and from the relay to the controller (PTD) are
all equal to p©. Extensions to different successful reception
probabilities are straightforward.
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Considering the direct sensor, XED is a geometric random
variable with parameter p©. Then we have the expected values
E[X;P] =1/P]° =1/p°. According to (2), the average peak
Aol of the direct sensor in TDMA-CDRT is computed by

Ay =E[°] +E[ZP] =T(I%+ 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 PP = PTDPTD (p°)?. Hence, E[XP] =
1/PP =1/(p°)2. As Wlth the dlrect sensor, the average peak

Aol of the relay-aided sensor in TDMA-CDRT is

—TD 3
A =E[r Pl +E[ZP] = T( oy + Y- )
As a result, the average peak Aol of TDMA-CDRT is
—m | —T —TD
A= E(Ad +A )
3 3
== T(—+1)+T(—+2)
p° (P°)?
3T 1 1
=2 (Gop ot D 5)

Note that the successful reception probabilities (e.g.,
p©) 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 Aol 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 Aol of
NOMA-CDRT after obtaining E[7] 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[Té\’o] T and
E[tNO] = 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[Z]°] = TE[X]°] and
E[ZNO] = 2TE[XNO] based on Fig. 4.

The derivations about X)'© and X 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 < p© under the same
received SNR.

In the first time slot, the successful reception probability of
the packet from the direct sensor to the controller (P 9y is p©
Moreover, the successful reception probability of the packet
from the relay-aided sensor to the relay (PN°) 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 PNC: 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) and the relay
(Pgo), respectively, to the controller in Case I are p™.

« Case II, with probability (1 — PN®): 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 11 (ngb) is p©.

Therefore, in the second time slot, the overall successful
reception probability of the packet from the direct sensor to
the controller (P}?) is

PY? = PNOPE% +(1- PN

= pNpN+(1-pN

)Pd2b

O

)P (6)

Moreover, the overall successful reception probability of the
packet from the relay-aided sensor to the controller is

PYO = PNOPNO Ny2, 7

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

pected value E[XN°] = 1/PNO = 1/(pM)2. For the direct

sensor, we have the expected value E[X)0] = —o2= =

Py +Py;
m Since the direct sensor has different success-
ful reception probabilities in the first and second time slots,

the derivation of E[X)°] = w involves a series of steps,
which can be found in Append1x A

(p
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Fig. 4. NOMA-CDRT system model.

The average peak Aol of the direct sensor in NOMA-CDRT
is then computed by

2
2p0 = pOpN+ (pN)?

—NO

¢ =B[N +E[Z)°] =1(

+1),
3

while the average peak Aol of the relay-aided sensor in
NOMA-CDRT is

—NO
T

=E[fC] +E[Z]°] = T(—= +2). 9)

2
(pPN)?
Hence, the average peak Aol of NOMA-CDRT is
SRR
! T
2 (2p° - pOpN+ (pN)?
T 2 2
2290 — pOpN+ (P2 T (PN

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
—N —TD . —NO —TID .
Ay < Ay in all SNR regimes, A, > A, 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
Aol for different schemes and their performance comparisons,
please refer to Section V.

As a result, for the whole CDRT network, ZTD and ZNO 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 Aol 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
Aol of the system. Hence, the following section puts forth a
hybrid CDRT scheme to address this dilemma.

+1)+7T( +2)

2
(pN)?
+3).

(10)

IV. AVERAGE PEAK A0l 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 Aol of
both sensors low), as they both convey essential information
updates. Furthermore, hybrid CDRT can maintain a relatively
low average peak Aol 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 Aol 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[7)0°] = T.
Moreover, the direct sensor transmits its packets once ev-
ery two time slots, therefore E[Z)0°] = E[2TX]9°] =
2TE[X]9°]. As the direct sensor communicates with the
controller without interference, the successful reception prob-
ability of its packet, PdNO'O, is p©. We then have E[Xg’o'o] =
l/Pgo'O = 1/p°. Hence, the average peak Aol of the direct
sensor can be found by

Ay C =E[r)O0] 1 B[ZN00] = T(io +1). (1)
p
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[tNOO] = 2T and
E[ZNO-O] = 2TE[XNOO]. 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©, is pN. In the
second hop, as there is no interfering signal, the successful
reception probability from the relay to the controller, PNO©,
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-O = pNO-OpNO-O I other words, we can derive
that E[XNO-O] = 1/PNO-O = 1/pOpN. Then the average peak
Aol of the relay-aided sensor can be found by

—NO-O

A =E[R 001+ E[ZM0] = T(

+2).  (12)

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

—NO-O

—NO-O —-NO-O
A =

JERTOR)
=%TS%+D+HE%W+”
= T(; + L + E)
popN  p° 2
OMA-NOMA-CDRT is similar to NOMA-OMA-CDRT,
and the main difference is that the former starts with OMA and

13)

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

Direct Direct
sensor sensor
Relay- Relay-
LRI aided Relay aided Relay [ o «
sensor sensor
Time
[ e—T—fe—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
Aol 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 Aol 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 Aol 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]g convolutional code defined in the 802.11
standards are used.

We employ a trace-driven simulation approach to evalu-
ate the average peak Aol 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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(c) Whole system
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Fig. 6. SDR experimental results for the average peak Aol 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 Aol simulations for different CDRT
schemes, from which we compute the instantaneous Aol and
then the average peak Aol. 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 Aol formulas
for different CDRT schemes (e.g., (3)-(5) for TDMA-CDRT)
to compute the theoretical average peak Aol.

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 Aol. 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)Z2.

Comparing TDMA-CDRT and NOMA-CDRT, as shown
in Fig. 6(a), the average peak Aol 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 Aol of the
direct sensor. In contrast, Fig. 6(b) shows that the average peak
Aol 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 Aol 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 Aol
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 Aol 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 Aol 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
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Fig. 7. SDR experimental results for the average peak Aol 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 Aol
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 Aol 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 Aol 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
Aol 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 Aol 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 Aol. 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 Aol 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 Aol 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 Aol 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 Aol in all SNR regimes.
In error-prone wireless networks, to achieve a low average
peak Aol, 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 Aol 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 Aol of the direct
and relay-aided sensors. Furthermore, unlike TDMA-CDRT
and NOMA-CDRT, which have significantly worse average
peak Aol performance under their respective unfavorable
SNR regimes, the hybrid CDRT scheme can maintain a low
average peak Aol 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 Aol
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requirements.
APPENDIX A
DERIVATION OF E[X]°] IN NOMA-CDRT
We use the Markov model shown in Fig. 8 to
derive E[Xg’o]. In the Markov model, states Q =

(s, FM §2) F@)Y 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 @ be the state transition matrix that

_905(1)5(0 PsHp)  Pshg@  PsFQ)

P = Prsh PrOHpn) Prphs@ Prl)pQ@
Pss)  PsOF1)  Ps2)52)  Ps@FQ)
| PFOs)  PFOFD  PrOSQ PR FEQ
[ NO NO
O S

= PNO l—PNO 82 OCL2 s (14)

Wb o
|© d,1 d,1

where ¢;; is the transition probability from state i to state j.
P‘Ii? and ngg) 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 IT
of the Markov model can be found by solving I1 = [1®, i.e.,

= [7gm,Tpm,Tg@, Tpe ]
NO 1 _ pNO pNO 1 _ pNO
Py 1=Py7 Pgy 1-Pg5
2’ 2 27 2

5)

We denote by u, the average number of state transitions
required to change from initial state & to state S € {S(1), §?)}
for the first time, i.e.,

0, a e {sM §2)
Ug = )
¢ L+ Yie(r0) F@) Pailli, @€ {(FO, F®y

In other words, we have

(16)

Ug(1) = 0,

upany =1l+ororouroe, a7
us(z) = O,

UF©) =1+ CroOpFpOHUEpQ).

The expected value E[X)©] 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 € {SW @1 and then return to state S € {S), §?)} for
the first time. Then we denoted by w1 and wg) the average
number of time slots needed to leave states S(!) and S,
respectively, and then return to state S € {S"), S} for the
first time. Thus, we have

{ng =1+ jcaesm uj =1+ @50 paupa, (18)

wse =1+ Y jecq@so =1+ @sopmupm.
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Fig. 8. The  Markov  model of  NOMA-CDRT. States

Q= {S(l) JFD 5@ F@ } 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
2P0
Ws() = SNo-pNO_sNOpNO »
s ng?+Pg)’?—P§?P§f? (19)
2P0
Wg2) = F

SN0, pNO_ pNO pNO *
Pyy+Py, —Pyy Py,

Finally, the proportion of states, SV and S@, 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

T T
E[xN0] = — S0y + —32 i
() + g2 Tg() + Tg@)
2
=—— . (20)
NO NO
Pyy + Py
APPENDIX B
AVERAGE PEAK A0l OF OMA-NOMA-CDRT
The 1idea 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 Aol 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 PONO = p©
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.

o Case I, with probability PG™NO: 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 (PON) and the direct
sensor (P((i)"lNO) to the controller in the second hop are
pN.

o Case II, with probability (1 — Pg'NO): 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 Pg’zNO =p°

Therefore, the overall successful reception probability of the
packet from the direct sensor is

P(?'NO pO- NO(PO NO) +(1— PO NO)PO -NO
=p°pN+(1-p°)p° @1)
while that of the packet from the relay-aided sensor is
pO-NO PO NOPO -NO _ 0N 22)

As in Section IV, the average peak Aol of the direct sensor
is computed by

2
pO+pOpN —(p

—O-NO
Ad

=E[rONO] + E[Z29NO] = 7( +1),

(23)

0)2

and the average peak Aol of the relay-aided sensor is com-
puted by

ANC 2 B[£ONO] 4 E[ZONO) =T(ox+d. 09
Finally, the average peak Aol of the whole system is
—0-NO —O-NO —0-NO
A = —(Ad +A )
= 1 T( 2 +1)+ T( <+ 2)
S 20 pO+ pOpN - (pO)?
1 1 3
=T( + + =). (25)
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