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ABSTRACT

The Age of Information (Aol) is a key metric in monitoring and control applications of Internet of Things
(IoT) networks, where real-time decision-making relies on the freshness of the information. This paper
presents an innovative approach to optimizing the Aol in downlink NOMA/OMA systems. We propose
an Aol minimization-oriented adaptive framework that selects the optimal transmission mode from four
operational strategies: full-duplex (FD) cooperative simultaneous wireless information and power transfer
(SWIPT) non-orthogonal multiple access (NOMA), half-duplex (HD) cooperative SWIPT NOMA, regular
NOMA, and orthogonal multiple access (OMA). Since the FD cooperative SWIPT NOMA requires the near
user to be equipped with two antennas to enable FD operation, we propose enhancing the HD, OMA, and
regular NOMA modes of operation by applying beamforming diversity. The proposed work analytically
evaluates the system error performance by deriving closed-form expressions of the average block error rate
(BLER) for the four operating modes and validates the results through Monte Carlo simulations. Based on
the average BLER, the Aol for each operational mode is analysed, illustrating the necessity of the adaptive
system. Furthermore, we utilize the finite state Markov decision process to devise an optimal adaptive
policy that selects the best transmission strategy based on the Aol in the transmission time slot. Finally,
we present a suboptimal policy using the drift-plus-penalty algorithm to reduce system complexity while
maintaining near-optimal performance. The results demonstrate that the proposed approach minimizes the
Aol, providing valuable insights into system design.

INDEX TERMS Age of Information (Aol), Block error rate (BLER), cooperative NOMA, short-packet
communication, full-duplex relaying, half-duplex relaying.

. INTRODUCTION

The plethora of applications in the 5G and beyond technolo-
gies has significantly accelerated communication capabili-
ties for the Internet of Things (IoT). Technologies such as
ultra-reliable and low-latency communication (URLLC) are
crucial enablers for real-time control, reliable sensing, and
edge computing applications in the IoT [1], [2]. Applications
such as smart medical systems and industrial automation rely
heavily on the timely availability of control and monitoring
information, hence requiring metrics to evaluate the perfor-
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mance.

While traditional metrics like throughput and latency play
a role, they do not fully capture the essence of real-time and
the concept of the freshness of information. The age of infor-
mation (Aol) emerges as a valuable metric for information
freshness without depending on the information source [3].
Aol extends beyond latency by taking into account both the
arrival time of the information and the duration since the last
update [4]. Several factors influence the Aol, as detailed in
the literature, including the packet arrival rate at the source
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TABLE 1. A Comparative Analysis of this Work and Prior Studies on Multiple Access Schemes in Aol Systems

Multiple access schemes Antenna diversity Relaying R Optimization

Reference Beamforming

OMA | NOMA | SWIPTNOMA | SISO | SIMO | MISO | HD | FD Optimal Policy | Sub Optimal
A Maatouk, et al [8]. v v X v X X X X X -
Q.Wang et al [10]. v v X v X X X X X MDP Max weight
Shaohua et al [11]. v v v v X X v X X MDP Lyapunov
Kaboyo et al [12]. v v v v X X X v X -
This work v v v v v v v v v MDP DPP

nodes [5], the scheduling methods for the transmission [6],
the queuing techniques employed [7], and the access scheme
used in the network [8].

In IoT systems, the transmitted information is often in
the form of short bursts with finite block lengths (FBL),
leading to the prevalence of short packet communication
(SPC). Consequently, the authors of [9] established a foun-
dation for the study of SPC by analyzing the achievable
rate and outage probability in terms of the average block
error rate (BLER). Additionally, the adopted cellular access
methodologies, such as orthogonal multiple access (OMA)
and non-orthogonal multiple access (NOMA), coupled with
strategies such as energy harvesting (EH), simultaneous wire-
less information and power transfer (SWIPT), and coopera-
tive communication, substantially influence the information
timeliness within wireless networks. SWIPT offers a solution
to energy constraints in battery-powered devices, making it
integral to Aol analysis in communication systems.

A. RELATED WORKS

The average Aol was derived in closed form by applying
stochastic hybrid systems [8]. Specifically, the potential of
NOMA in reducing the average Aol to support machine-type
communication (MTC) is investigated. The study shows that,
despite NOMA'’s superior spectral efficiency over the OMA
scheme, a lower Aol is not always guaranteed. Motivated
by these findings, a hybrid OMA/NOMA scheme for a two-
client scenario was proposed in [10]. The base station (BS)
adaptively switches between OMA and NOMA to minimize
the Aol of the network. Assuming time-slotted interactions
between the BS and clients, the weighted sum is minimized
by formulating a Markov Decision Process (MDP) to derive
the optimal policy. To reduce complexity, a sub-optimal pol-
icy based on the max-weight principle is proposed, offering
near-optimal performance.

In [13], the authors introduced a cooperative NOMA trans-
mission scheme that utilizes prior information from the users
with better channel conditions. Their results demonstrated
that this approach achieved maximum diversity gain for both
users. Additionally, [14] investigated SWIPT in NOMA sys-
tems and demonstrated that it preserves NOMA'’s diversity.
Building on this, [11] proposed a cooperative SWIPT-NOMA
strategy for Aol analysis. Specifically, an adaptive NOMA
/OMA /cooperative SWIPT NOMA transmission scheme
was proposed since the different transmission schemes out-

2

perform each other on different system configurations. The
results show that the HD cooperative scheme necessitates a
strategic deployment, as two time slots are used to complete
the transmission, which increases Aol while reducing the
average BLER. Therefore, identifying the optimal operating
region is crucial for balancing these trade-offs. To minimize
Aol, an adaptive scheme was proposed that leverages all
transmission modes using an MDP-based optimal policy
and a lower-complexity Lyapunov-based sub-optimal policy.
However, a full-duplex (FD) scheme is not considered.

FD strategies have been studied, with error performance
in FD cooperative NOMA analyzed in [15] and [16]. To en-
hance Aol, we proposed an FD cooperative SWIPT-NOMA
scheme in [12], achieving superior performance when the
near user is within the effective region.

While [11] introduces an adaptive strategy for OMA,
NOMA, and cooperative SWIPT NOMA systems, it does not
consider FD operation. On the other hand, [12] investigates
the Aol performance under FD mode but lacks any adaptive
optimization framework. Moreover, the HD-based, OMA,
and NOMA baseline modes used in the baseline comparisons
do not fully utilize the potential degrees of freedom offered
by the two antennas required for FD operation, leaving one
antenna idle in other modes. In contrast, this work addresses
these limitations by focusing on Aol minimization in co-
operative SWIPT-NOMA systems through the incorporation
of antenna diversity and cooperative beamforming. These
enhancements are integrated into OMA, NOMA, and HD
cooperative SWIPT-NOMA modes to fully utilize system
capabilities in all operating modes. Table 1 provides a com-
parative summary of the literature.

B. MOTIVATIONS AND CONTRIBUTIONS

From the previously presented literature review, it can be seen
that the full realm of FD cooperative NOMA is not explored
as a transmission policy that can minimize the Aol. In our
previous work [12], we introduced and analyzed the FD
cooperative SWIPT NOMA system. Nevertheless, a closer
examination of the system model reveals an unexplored
degree of freedom, namely, having the cooperating near user
equipped with more than one antenna to enable the FD mode.
This extra hardware opens the door for improvement in the
FD mode and the HD modes of operation. As such, we further
investigate the Aol performance in an adaptive FD/HD coop-
erative SWIPT NOMA, NOMA, and OMA system. While
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not operating in FD mode, we utilize both antennas on UE;
by introducing the idea of antenna diversity. Additionally, in
the HD cooperative phase transmission, the idea of transmit
beamforming is introduced, fully utilizing both antennas in
this mode. We model the system as a finite state decision
problem by defining the maximum Aol and analyzing tran-
sitions based on system error performance, quantified by
the average BLER. Consequently, we fulfil the Markovian
property by analysing the Aol evolution and hence leverage
the MDP for optimization. This work’s contributions are
summarized below.

o We develop a downlink SWIPT NOMA/OMA system
model that can operate in FD energy harvesting mode
and opportunistically benefit from the mounted antennas
to aid the different HD modes through different diversity
techniques.

e We derive closed-form expressions for the average
BLER at UE; under four transmission modes, incor-
porating maximal ratio combining (MRC) and energy
harvesting (EH) for OMA, NOMA, and HD cooperative
SWIPT-NOMA schemes. The analytical results are val-
idated through Monte Carlo simulations.

o In the HD scheme, we derive the average BLER at
UE2 for the two-phase communication, accounting for
EH, receiver diversity at UE1 in the direct phase, and
transmit beamforming (BF) from UE; to UEs in the
cooperative phase. The overall average BLER at UE2 is
evaluated by combining the direct signal from the base
station (BS) and the cooperative signal fromUE; using
MRC then validated through Monte Carlo simulations.

« Additionally, the Aol for the different transmission
schemes is analysed based on their average BLER,
demonstrating that the schemes outperform each other
depending on the specific system configurations, such
as the effective regions in terms of distances.

« Another major contribution is the proposed adaptive
OMA, NOMA, and FD/HD cooperative SWIPT NOMA
scheme, which selects the best scheme by formulating
an MDP to obtain an optimal adaptive scheme.

« Finally, to lower the system’s computation complexity,
a drift plus penalty (DPP) algorithm is proposed based
on Lyapunov optimization that achieves near-optimal
performance.

The paper is structured as follows: Section II presents the
system model, Section III derives the average BLER, and
Section IV analyses Aol performance. Section V presents
simulation results, and Section VI concludes the study.

Notations: Bold symbols (e.g., X) represent vector. The
Frobenius norm is denoted by ||e||, while (e)7 and ()
denote the normal and Hermitian transpose, respectively.
Mathematical functions utilized include the probability den-
sity function (PDF), fx (z), of X, the cumulative distribution
function (CDF), Fx (), of X, the Gaussian Q)-function Q(y)
[17, Eq. 8.25] of y, the gamma function I'(a) of a [17, Eq.
8.31], the lower incomplete Gamma function ¥(c, =) [17, Eq.
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8.35], and the exponential integral function E; [17, Eq. 8.21].

Il. SYSTEM MODEL

A. NETWORK MODEL

We consider a downlink FD/HD cooperative SWIPT
NOMA/OMA system as illustrated in Fig. 1. The system con-
sists of a base station (BS) that serves a group of two users:
UEj, a nearby user at distance d; from the BS, and UE,, a
far user at distance dy from the BS. The system integrates the
concepts of multi-user decode-and-forward relay systems, as
proposed for future IoT networks in [18], with cooperative
SWIPT NOMA/OMA as discussed in [11]. UE; is equipped
with two antennas to enable FD cooperative relaying during
the cooperative phase, utilizing energy harvested from the BS
during the direct phase. Our model extends existing adaptive
strategies by incorporating FD operation and enhances HD
schemes through antenna diversity and cooperative beam-
forming, introducing additional degrees of freedom for im-
proved system performance. The more hardware-enabled
UE; applies SWIPT on the receiving side, as a portion of
the received signal is used for NOMA information decoding
and another portion as pure power to be harvested. The
power harvested in the initial phase is used to forward the
UE signal that is lagged by 1 time slot. The BS dedicates
one antenna for the sector that contains the NOMA users,
while the far user UE, is equipped with one antenna. The
system can be efficiently extended to multi-user scenarios
by applying NOMA user grouping with parallel processing,
as demonstrated in [19]. Consequently, the system model
supports four operational modes: FD cooperative SWIPT
NOMA, HD cooperative SWIPT NOMA, regular NOMA,
and OMA. This analysis focuses on a two-user scenario
to ensure analytical tractability while capturing key FD/HD
performance insights. Extending to a multi-user case would
enhance the model’s scalability but introduce challenges
such as multi-user interference, resource allocation, and user
fairness, further complicating optimization and error perfor-
mance analysis. The two-user NOMA scenario sufficiently
captures key transmission characteristics, as shown in [20].
Extending to multi-user cases to address scalability is left for
future work.

B. WIRELESS CHANNEL MODEL

We assume quasi-static, independent and identically dis-
tributed (i.i.d) Rayleigh fading channels h; ~ CN(0,1)
to model small-scale fading and a distance-dependent path
loss to model large-scale fading at a rate d;¢, where ¢ is
the path loss exponent. We further assume zero mean, unit
variance additive white Gaussian noise (AWGN) across all
the links BS — UE;, BS — UEs, UE; — UEs,, the
residual self-interference (RSI) link, UE; — UE; for the
FD scheme after active interference cancellation. Similar to
[21], we assume that the receiver has perfect channel state
information (CSI), meaning it has complete and accurate
knowledge of the fading process h;. This assumption is

3
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based on the idea that CSI can be obtained by transmitting
known training symbols, which the receiver uses to estimate
h; accurately. The CSI is necessary at UE, to enable the
construction of the beamforming vector in the cooperative
transmission. Therefore, the results provide an upper bound
on error performance, serving as a baseline for system design.
Therefore, the imperfect CSI scenario is left for future work
as well.

C. SIGNAL TRANSMISSION

To facilitate URLLC and mMTC communication, we con-
sider an SPC system as follows. In a given timeslot k, the
BS transmits a message to either UE; or UE, for the OMA
mode, contrasting with NOMA where the BS transmits a
superimposed message to both users simultaneously [22]. For
the cooperative HD and FD relaying modes, the BS transmits
simultaneously to the UEs in the direct phase, while in the
cooperative phase, UE; employs the decode-and-forward
(DF) strategy to transmit UEy’s message obtained after suc-
cessive interference cancellation (SIC) using the harvested
energy from the direct phase. Both phases are completed
within the same timeslot in the FD scheme, whereas they
require two timeslots in the HD scheme [23].

For the NOMA based modes, the BS transmits a super-
posed signal z[k] = \/aix1[k] + \/azx2[k] to UE; and UE,
simultaneously using NOMA principle, where «; and a5 are
NOMA power allocation coefficients for UE; and UE; re-
spectively. During the cooperative transmission phase of the,
FD/HD cooperative SWIPT NOMA mode, UE; transmits the
signal s[k] = &2[k — 7] to UEq, where 7 signifies processing
delay, set to 1 [23]. To guarantee the success of MRC at
UL for the direct signal from the BS and cooperative phase
signal from UE;, we assume time synchronization be perfect
(the receiver knows the signal propagation delay from the
transmitting antenna to the receiving antenna)

1) UE; signal Transmission for the FD Mode

In the FD mode at UE;, one antenna is used as a receive
antenna while the other is used as a transmit antenna, leading
to self-interference w,.. Therefore, the received signal at UE;
in time slot k is given by [24].

1-b
yiP[k] = (7)11@ k] + /P, VEwrslk] K|+ wilk],
1 N
self interference AWGN noise
desired signal
ey

where (1 — b) is the fraction of the received signal power P
utilized for information decoding, h; is the channel coeffi-
cient, and P, is the average power at UE;.

We further adopt the self-interference cancellation ap-
proach in this mode, utilized in [25], and express the system
analysis in terms of the transmit SNR.

ph(lfn)

_ 2
T )

Pr =

pn = h1[*p, 3)
P

where p = Z7 is transmit signal to noise ratio (SNR) at
UE;, parameters  and y are dependent on the specific self-
interference cancellation approach, and v originates from the
passive cancellation.

Using SIC, UE; decodes x» while treating z; as inter-
ference. Therefore, the signal-to-interference-plus-noise ratio
(SINR) of decoding x5 at UE; is given by

as(1 = b)p|hy|?
a1(1 = b)plha|? + prlwr[2 + df
is the transmit SNR at the BS, and E{z?} =

Ns = )

where p = %

E{z3} = 1.
If the SIC is successful, the SINR to detect 1 at UE; is

given by

o 11— b)P|h1|2

1,1

N1 = g &)
’ Pr‘wr|2"'d(1z5

2) UE; Signal Transmission for the HD Mode

In the HD mode, UE; utilises two antennas for information
decoding and EH, combining the received signal coherently
through MRC in the direct phase (BS to UE;) and transmit
BF in the cooperative phase (UE; to UEy). Therefore, the
received signal at UE; in time slot k is given by

(1-b)P

- gi'halk] +wik],  (6)
1

HD
v (k] =
where g1 € CNr*! is the receive BF vector at UE+, and N
number of antennas at UE;, (.)# is the Hermitian transpose.

By employing MRC, a normalised BF vector is employed by
UE; as follows [26].

h,
g1 = 7y 7
[[hy ||

where ||| is the Euclidean norm.

@)

UE; utilizes SIC to decode x> and treats x; as inter-
ference, then the signals from both receive antennas are
combined coherently using MRC to obtain the received SINR
of decoding z2 at UE; given by

o _ a2 =Dollial?)
a1 (1= b)p([Ihul?) + df

®)

After SIC, UE; obtains its signal by subtracting the above
component from the received signal. Therefore the SNR of
detecting x; at UE; given by

D ar (1= b)p(|ha )

1,1 — d¢ ()]

3) UE; Signal Transmission for the NOMA and OMA Modes

Similarly, UE; utilises both antennas for the reception of
in the NOMA mode. Therefore, the observation at UE; for
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(@) 4 by ((( ) AL
\N h -7 Tdy hy i
Two Time-Slots Si"gle;,i“‘e'sl:;;
——  Direct Phase Slot 1 . C;Z;Zrat;;ePhase FD cooperative
—— Direct Phase Slot 2 OMA Mode ~ Selfinterference SWIPT NOMA Mode
d, h d, h
(((;))) 2hy (((?)) 2.hy
2 A N/ Rt
P - d3' h3
Two Time-Slots
Single Time-Slot —— Direct Phase HD ti
—+ Direct Phase NOMA Mode |- - » Cooperative Phase SW[;(;?;;ZI/‘;;‘;EWU de
FIGURE 1. The system model illustrating the four transmission modes
NOMA given by
ha® nbpy|hs|?
P FD __ o 042P| 2 |3 16
N = | Loy 1 V23 =722+ Y21 = , (16)
v (K] ,/d?gl 12 (k] + wi[k]. (10) aiplho|? + dy P
—_———

Therefore, the received SINRs to detect x5, and 1 at UE;
after SIC are given by

asp|lhy||?
N, = 27| 21|\ . (11
a1p||h|]? + dj
n I ?
(6%
751:1/)7(1)1. (12)
dl

Since OMA serves one user at a time, the observation at UE;
for OMA is given by

yr [k] = ﬁgfhlml[k] + w[k].

Hence, the received SNR to decode z; at UE; is given by

o _ pl]?
0= :
dy

(13)

(14)

4) UE, Signal Transmission for the FD Mode

For the FD mode, UE, combines the direct phase signal z[k],
and the cooperative phase signal s[k].Therefore, the received
signal at UE, after the two phases is given by

P P,
_ @hﬂm ¥ \/ghgsm +walkl,  (15)

where hs and hg are the channel coefficients between BS to
UEs, and UE; to UE; respectively. The SINR for decoding
x2 at UEy is given by

VOLUME 4, 2024

direct phase cooperative phase

where 7 is the RF to DC power conversion efficiency.

5) UE; Signal Transmission for the HD Mode

In the HD mode, the transmission strategy adopted at UE; in
the cooperative phase is maximum ratio transmission (MRT)
since it is the optimal BF for a single user scenario [27] BF
consists of a channel vector h3 and the BF vector g3 = \hs B
Similar to the FD mode, UE; combines the signal x[kj and
s[k]. Therefore, the received signal at UE, after the two
phases is given by

P P,
Dlk] = \/:hgx[k] + \/:thBS[k] +walk].  (17)
ds d

The SINR for decoding x» at UEs is given by

azplha|? nbpn||hs|?

ayplha|? + df dg

’)’2}%} =722+ V2,1 = , (18)

direct phase cooperative phase

where py, = ||y [[?p.
6) UE, Signal Transmission for the NOMA and OMA Modes

In the NOMA mode, UE; receives signal x[k] from the BS.
Therefore, the observation at UE; is given by

P

Y5 (K] = ||~ hoalk] + walk]. (19)
d2

5
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The received SINR to detect x5 at UE; is given by
azp|ha?
’)’g 2=

—, (20)
T aiplhof? +df

Since OMA serves one user at a time, the observation at UE,

is given by
P
ys k] =, /d—¢h2x2[kz] + wok].
2

Hence, the received SNR to decode z2 at UE; is given by

21

o _ P|h2‘2
5 = ———
dj

(22)
ll. AVERAGE BLER ANALYSIS

The instantaneous BLER for a given SINR ~; ; in FBL, SPC,
with block length m > 100 and N bits, is given by [9]

amw=wm> 03

V(%i3)/m

where C(v; ;) = log,(1 + ~; ;) is the Shannon-capacity,
and V(v;;) = (1 — (1 + 7;;)"%)(logy e)? is the channel
dispersion. For fading channels the average BLER E; ; is
given by

e =B~ [ o) _N/m) 2) dz
s = Eleis] ~ | Q( w@ml>hMUd.
(24)

Obtaining a closed-form expression for (24) is challenging
because of the Q)-function’s complexity. Therefore, the fol-
lowing linear approximation of the Q-function can be utilized
[28].

Ei,j ~ \Ij(,yi,jaNa m) = Q (

Yij < v,
—w(ij —Q),v <5 S,

\Il(’Yi,jaNa m) ~ Z(/%J) =

O = =

Yij = U,
(25)

u =

VM g0k L= L
\2m(2%m —1)

Q+ i By plugging (25) into (24), the average BLER can
be rewritten as

where w =

u

adz/ mehwuwx:w/zwxwma
0

v

(26)

Proof: See Appendix A

Since u—v =u% is generally small for SPC, g; ; is simplified
using first-order Riemann integral approximation as follows
[29].

U+ v
( 2 ) zF’Yi,j(Q)'

Eij R w(u—v)F,, (27)

Therefore, the average BLERs at UE; and UE, are approxi-
mated by the associated CDFs at the respective SINR.

A. AVERAGE BLER AT UE,

For the three NOMA modes, the overall average BLER of
decoding x[k] at UE; depends on the two stages of SIC [30].

g1 =¢12+ (1 —%12)%1,1- (28)

Since we utilize two receive antennas in the OMA, NOMA,
and HD mode at UE;, the general closed-form of the CDF
is modelled as i.i.d. Rayleigh fading across each antenna,
modelled by a chi-squared distribution with two degrees of
freedom [31, Ch. 7].

Np—1 n
-0 1 Q
FZ.OJ.’N’HD(Q) ~ l—exp ( > E - ( ) ,VQ >0,
’ Vi e\ Vi
(29)

where Np is the number of receive antennas, 7, ; the average
SINR. Therefore, for the NOMA and the HD cooperative
SWIPT NOMA modes, the average BLER at UE; is obtained
by substituting (29) into (28) while for the OMA mode, the
average BLER at UE; is obtained directly from (29) since
the SIC operation is not required.

The CDF for the FD mode is derived in [23] and extended
for SWIPT [12] as follows.

n=0

T2T1

FFDO) 1 — — 21 =92 > 30
D () e LI >0, (30
and
1 - e~ <<y
FFD(()) — (—D)rari 100 N ) |
1,2() {17 w >0, GV
where 7 = m%w A = Elwe], m = ai(l — b)pAs,
- N W
X =Elhi|, x = 22,0 = F5lat-

Therefore, for the FD mode the average BLER at UE; is
obtained by substituting (30), and (31) into (28).

B. AVERAGE BLER AT UE,

The average BLER associated with decoding xz[k] for the
HD/FD cooperative SWIPT modes at UE; utilizing the DF
strategy is given by [30]

Eg =E19822 + (1 —E1,2)%23. (32)

where 5 5 is the error of decoding xs[k] at UE,, and &5 3
is the error after two phase signal to UEs from UE;. Errors
occur when neither UE; nor UE, can decode x»[k] and/or
when UE; can successfully decode z3[k] but MRC fails.
For the NOMA, FD, and HD modes, the CDF associated with
decoding x5 [k] at UE; is given by

—ds?0

F ™) ~ 1 —exp ————.
2,2 Q) exp plas — a1Q))

(33)
Proof: See Appendix B

Similarly, the CDF associated with decoding o [k] at UE,
for the OMA scheme is obtained as follows.

—dy?
ngl—exp EEy
p

(34)
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FIGURE 2. Validation of analytical framework of average BLER for the HD
cooperative SWIPT NOMA.

The error g5 3 associated with the two phase communication
at UEy for the FD cooperative SWIPT NOMA mode is
adopted from our previous work [12, Eq. 29].

For the HD cooperative SWIPT mode, we derive €, 3 for
the two-phase communication at UEs as follows.

ha | nbpl[ha |[*|[hs||*
Let X = —2zelhal”  apg 4 = nbell sl pep
aiplha|24dg dgdg ’

Q

BPQ)=P{A+X <Q}= / fx(x)Fa(a)|g ™" da.

’ (35)
Since the product of two independent Rayleigh channels in
A is chi-square distributed [31], the CDF is modelled as
a product of gamma distributed variables due to BF [32].
We utilize the accurate approximation of the product of
generalized Gamma random variables derived in [33] to
obtain the CDF. Moreover, using computationally expensive
contour integrals associated with modelling the product of
Gamma random variables through the Meijer-G function is
avoided [34]. Therefore, from [33, Eq. 25] the CDF F}P(a)
is obtained as

9 ®
e (e (t))

(36)
where the fading figure, mo = 0.6102n + 0.4263, the scale
parameter 29 = 0.8808n 79661 + 1.12 and v > 0 is the
shape parameter, k = 2) is the number of antennas while

d; = d?.

By differentiating (33), fp(b) is obtained. Then plug the
result and (36) in to (35) to obtain 5% as

_HD _ /9 FEP(Q — 2)dSas, dz
ex
0

€53 = - dx.
2,3 plag — a1x)? plag — a1x)

(37
Since (37) is mathematically intractable, é??(Q) is ap-
proximated by Gaussian Chebyshev quadrature (GCQ) sum-
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FIGURE 3. Average BLER for each user and mode Vs transmit SNR.

marised as follows fab f(z)dx = b—Ta

Wi\/ 1-— LCFf(.’lAT),

(b—a)x; , (b+a)
BN

i=1

i =

21 .
where W; = {7, x; = cos(%),x and

M are the quadrature nodes which serve as the complexity
trade-off [35]. Therefore,

HD dg)OlQﬂ'Q M
E. ~ = D i)s (38)
2,3( ) F(C)Mp; (30)

1 — @2y (mo +mk — K, m3ge <M)K)
(20[2 - 0[19(4,01' + ].))2
A5 +1)

X ex )
P 200 — a1Q(p; + 1)
(39)
where ¢; = cos (35+7), ¢ = mg + mk — £ while M is the

number of the quadrature nodes for the complexity trade-off.

Therefore, the average BLER at UE is obtained by substi-
tuting (29), (33), and (38) into (32) for the derived HD mode
average BLER. The FD mode average BLERs are obtained
by making a similar substitution into (32), while average
BLER for the NOMA and OMA modes directly utilize (33),
and (34) respectively.

The derived HD framework above is validated in Fig. 2,
with the average BLER for each user and the operating mode
shown in Fig. 3. A detailed discussion of these results is
provided in Section V.

IV. EWSAOI OF THE TRANSMISSION MODES

The average BLER in Section III quantifies the system’s error
performance. Based on this, we model the instantaneous Aol
in a given time slot and the overall performance over an
infinite time horizon through the expected weighted sum of
Aol (EWSAOoI).
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FIGURE 4. Random Policy EWSAol versus SNR at (d1=1, d2=3, d3=2).

A. AGE OF INFORMATION FORMULATION
From the definition, the Aol of a received packet is [36];

Ay =t = Gi(t), (40)

where G;(t) is the generation time of latest packet and ¢ is
the arrival time at the destination. The dynamic evolution of
the Aol is analysed for the OMA and NOMA schemes as
follows. If a user effectively receives a packet within a single
time slot, the Aol drops to 1. If not, the Aol increases by 1.
The instantaneous Aol, A;, in the next time slot ¢ 4 1 is given
by

1, if 1;(t)=1,
A;(t)+1, if [;(t) =0.

The variable ;(t) € {0, 1} is the indicator function that holds
a value of 1 when UE; decodes its packet in the slot ¢ and
otherwise equals 0. The BS transmits to one user in one time
slot in the OMA mode, while the BS transmits to both users
simultaneously if the NOMA mode is selected.

On the other hand, the cooperative modes utilise a two-
phase transmission protocol [37]. During the first stage, if
UE; decodes the packet successfully, the Aol is set to 1.
Otherwise, it increases by 1. During this stage, the Aol at
UE, always increases by 1. The evolution of the Aol is given
by

Ai(t+1) = { (41)

R if 1;(t) =1,
At 1) = {Al(t) +1, if I1(t) =0, 42)
and
Ag(t+1) = Ag(t) + 1. (43)

During the second phase, UE; capitalizes on MRC to com-
bine signals from BS and UE; while UE; receives the latest
update from the BS. The evolution of the Aol is given by
2, if Io(t) =1,
Ao(t+1) =
2(f+1) {A2<t> +1,

if I3(t) = 0. 9

20
—#—OMA

18 —#— HD Cooperative SWIPT NOMA BF |
—#—NOMA

16 p FD Cooperative SWIPT NOMA

EWSAol

11 12 13 14 15 16 17 18 19 20
SNR dB

FIGURE 5. Random Policy EWSAol versus SNR at (d1=2, d2=3, d3=1).

The primary distinction between the HD and the FD co-
operative modes is that the HD requires two-time slots to
finish the two-phase transmission, whilst the FD strategy only
needs one timeslot [38].

To quantify the Aol, we obtain the network wide long-
term average through the EWSAoI obtained from the instan-
taneous Aol (41) through (44) for the respective schemes.
The packet delivery [;(¢) is quantified by the average BLER
analysed in section III. The EWSAOI is given by

2

where T is the time horizon, E|.] is the expectation operator,
w; the weight associated with the ith user, and A; the
instantaneous Aol at the ith user. The instantaneous A; is
obtained from 41 to 44 based on the transmission mode.
The indicator variable [;(t) is the respective average BLER
derived in the previous section, since it represents the packet
delivery probability in a given time slot.

. (45)

B. RANDOM POLICY EWSAOI

The EWSAOoI in (45) can be implemented directly using a
random policy, where the base station (BS) randomly selects
an action in each time slot. In the OMA mode, the BS
randomly chooses which user to communicate with in a
given time slot. For the NOMA, HD/FD cooperative SWIPT
NOMA modes, the power allocation coefficients are adopted
for each time slot, as summarized in Table II. This strategy
results in the outcomes presented in Figures 4 and 5, with a
detailed discussion provided in Section V.

C. OPTIMAL POLICY TO MINIMIZE THE EWSAOI

To achieve optimal Aol should be minimized. Therefore, our
Problem 1 is
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min A
T

st apptag =1
0 <ay <1, (46)
0<by; <1,
0 < P < P,

where 7 represents the sequence of actions at each time slot,
a;; denotes the power allocated to user UE; in timeslot ¢,
while b;; is the power splitting factor to user UE; in timeslot
t, and Py 1s the BS’s maximum transmit power.

It is a common practice to set a maximum Aol to D,
beyond which the utility of the status update becomes zero
[39]. This approach quantifies the utility of the updates and
facilitates modeling the system as a finite state system. Once
the Aol exceeds this threshold, the packet is discarded, and
a new packet is transmitted from the BS. Therefore, the
instantaneous Aol in the OMA mode is modified as follows

1, 1-7%,
Alt+1) = {min(Ai(t) +1,D), &, “7)
and

The instantaneous Aol for the other modes is modified in a
similar approach used for the OMA mode by setting max-
imum Aol and the respective average BLER to signify the
indicator variable.

Next, we model the system as a finite state MDP problem
to adaptively select the best transmission mode in a given
time slot as follows. The Aol of the users in the next time slot
is associated with the error probability obtained through the
average BLER. The BS allocates the optimal power splitting
coefficient, b , and the power allocation factors o, ao for the
HD and FD modes. For the NOMA mode, the BS allocates
the power allocation factors, while for the OMA mode the BS
selects the optimal user to serve.

To model a practical system, we model the coefficients b
and « as discrete from the following set [10].

1 2 1 1 1 2 1
— = - — Vand{—, =, 1 — 1,
9K, 2K, "2 2K, Ky Ky Ky

(49)
where K7 > 2, and Ky > 2.

We now formulate a policy that minimizes the EWSAol
summarized in 46, as follows. A finite state MDP is described
by tuple {S, A, P, r} with the State space S, action space A,
Transitional probabilities P, and reward r as follows.

Let the state space S, be defined as {A;, By, A1z, Aot}
such that, the state s; at time slot ¢ comprises the instanta-
neous Aol of both users A1, Ag;, and the indicators A; and
B;. Here, A; indicates the scenario where the BS can initiate
a new action in this state. If A; = 0, the BS can select a
new action while A; # 0, the BS cannot choose a new action
in this state. Additionally, A; # 0 implies that the state is
in the second phase of HD mode. The value of A; is the
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power allocation of the previous state under the HD mode.
Moreover, B; = 1 signifies that the state is in the second
phase of HD mode, and UE; has successfully decoded x5 in
the first phase while B; = 0, denotes other states.

The action space is defined by the policy m comprising a
finite series of actions at each time slot, represented by {a, },
for the four transmission modes paired with their respective
power allocations and the energy harvesting coefficients. We
adopted an action coding strategy to streamline the action
representation [11] for all discrete coefficients in 49. How-
ever, our analysis includes more actions due to adding the
FD mode to the system.

ar € {1~ (K1 +1)(Ky+1)+2}, (50)
where K1 = K9 = 5.

o Ifa, € {1 ~ (K7 —1)(K2—1)}, the BS selects the FD
Cooperative-SWIPT-NOMA scheme.

e For a; € {1 ~ (K1 71)(K271)+1 ~ (K1+1)(K2)+
2}, the HD Cooperative-SWIPT-NOMA scheme is cho-

sen. where, o = (=1 m;’f(l(Klfl)“) and

b= (L(a“_l)/gjrmﬂ) for cooperative schemes.

o If ay € {1 ~ (Kl + 1)(K2) +3 ~ (Kl + 1)(K2 +
1)}, the BS opts for the NOMA scheme and oy =
(“‘_(Klz_;i(Kz_l)), and ag =1 — .

e Otherwise, if a; = (Ky + 1)(Ks + 1)+ 1ora; =
(K1 +1)(K2+1) + 2, the OMA scheme is selected for
transmission to UE; and UE,, respectively.

where "mod" represents the remainder operator, and |- ]
denotes the round down operator.

The transition probability P: P(s;y1|s¢, a¢) is the proba-
bility of transitioning from state s; to next state sy through
taking an action ay.

If Ay = 0and a; € {1 ~ (K; —1)(Ks — 1)}, the BS
chooses the FD mode with the following transitions
(as, By = 0,A1; +1,1), &5 (a))(1 — 25 (ay)),
(ag, By = 0,1,A0, + 1), (1 —2%(ay))E% (ar),
(at, Bt = 0,A1, + 1, A0+ 1), &} (ar)85 (ar),
(as, By = 1,1,1), (1 — &} (as))(1 — 25 (ar)).

St+1 =

IfA =0a €{l ~ (K —1)(K—1)+1n~ (K, +
1)(K2) + 2}, the BS chooses HD mode with the following
transitions

(at7 Bt = 07 Alt + 17 AQt + 1>7§11{2(at)7
(at, By = 1, A1 +1,A9; + 1),
et (ar) — {211 (ar), E1a(ar)

(ag, By = 1,1, A0, + 1), 1 — &1 (ay).

St+1 = (52)

IfA; =0,a; € {1 ~ (K1+1)(K2)+3 ~ (K1+1)(K2+

9
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1)}, the BS chooses NOMA for transmission to the UE,
(at,Bt :O,Alt—i-l,l), ?Il\l(at)(l—EQN(at)),
(ar, By =0,1, 800 +1), (1 =2 (ar))25 (a),
(ata Bt = 07 Alt + 17 AQt + 1)) gll\l(a‘t)gQN(a’t%
(ae, By =1,1,1), (1 = 2 () (1 = £ (ar)-
(53

St+1 =

If Ay =0,a; = (K1 + 1)(K2 + 1) 4+ 1, the BS chooses
OMA and transmission to UE;

{(ataBt =0,A1 + 1,0 +1), 22(ay),
St+1 =

(54)
(a, By = 0,1,A0,+ 1), 1—29(ay).

If A, =0,a;, = (K1 + 1)(K2 + 1) + 2, the BS chooses
OMA and transmission to UE5

(as, B =0, A1 + 1, A0, + 1), 29 (ay),
St4+1 = _0O (55)
(at, By = 0,A9; +1,1), 1—25(ay).
If Ay = a;—1 # 0, this state s; is in the second phase

of HD Cooperative-SWIPT-NOMA, and the state transition
probability is related to Ay, that is, a;_;. When By = 1,

(0,B; =1,A1, +1,A0,+ 1), Ehs(ay),

St4+1 = _H (56)
(OvBt :17A1t+172)7 1_523(a’t)'

When B; = 0,
(Oth :07A1t+17A2t+1)ﬂ g22(a’t)7

St+1 = _ (57)
(0,B: =0,A1;+1,2), 1—2g(ar).

The reward r is defined in terms of state and action pairs by
(st ar) = w1y, + waAg . Starting from the initial state
so = {0,0,1,1} the long-term average reward under policy
7 is expressed as.

T
. 1 -
C(m,s9) = Tl;rréosupf ;]E [r(st,at)|so]- (58)
Therefore Problem 1 can be rewritten as
Problem 2.
min C(7, sp). (59)

Before solving 58, we prove the existence of a time-
invariant and deterministic policy for every action through
the following theorem. Proof: See Appendix C

Theorem 1. An optimal policy 7*, to minimize the total
average cost is obtained by solving the Bellman optimality
equation with an optimal average return /* and value func-
tion V(s).

I"+V(s) = Iréiﬂ{r(s, a) + E[V(8)|s,a]},Vs €S, (62)

where 7* is the optimal policy, I* is the optimal average
return, V (s) is the value function of state s, r(s,a) is the

10

Algorithm 1 To solve the Dynamic Programming Algorithm

Input: MDP parameters: State space S, action space A, Transi-
tional probabilities P, reward r, Total time horizon 1" = 108,
Ki=Ky=5
Output: EWSAoI, A.
1: Set initial state, { A, B, A1, A2} = {0,0,1,1}
2: Action space A € {1 ~ (K1 + 1)(K2 + 1) + 2}
3: Sett =1T,Vy, =1,r(st,at,se41) forall t
4: fort=T:—-1:1do
5.
6

for s; € S do
Compute Optimal policy 7™ (s¢)

7" (s¢) = arg min Z P(siv1lse, ar) [r(se, ae, se01) + Vah
at €A

st41€S
(60)
7: end for
8: for s; € S do
9: Compute Optimal value V),

V. = min {r(st,at,st_‘_l) + z P(sz+1|sz,at)V;;+1}

at€A
st41€S
61)
10: end for
11: end for

12: Calculate the EWSAoI, A according to (45).

immediate cost incurred by taking action « in state s, A is the
set of all possible actions, S is the set of all possible states,
§ denotes the next state resulting from action « in state s,
E[V(8) | s,a] is the expected value function over the next
state given current state and action.

The MDP formulation defines a finite state space based
on the Aol for two users, (A1, Ag), and mode indicators
(A4, By), resulting in a manageable state space for small-
scale systems. However, for N users, the state space grows
exponentially as O(D?), where D is the maximum Aol,
making the Bellman optimality equation (62) computation-
ally intensive due to the need to evaluate all state-action pairs.
To address this for massive UEs, heuristic or approximate
dynamic programming methods, such as value function ap-
proximation or reinforcement learning, can be employed to
reduce complexity while maintaining near-optimal perfor-
mance. The MDP formulation is summarized further in the
algorithm 1

D. SUB-OPTIMAL POLICY TO MINIMIZE THE EWSAOI

To reduce the computational complexity associated with the
MDP, a sub optimal policy based on the DPP strategy for Lya-
punov optimization is proposed. Lyapunov drift-plus-penalty
techniques have been widely applied in time analysis to
optimize resource allocation and ensure stability in dynamic
wireless systems [40]. The policy does not rely on any statis-
tical underlying process for decision-making. According to
the Lyapunov theorem, a control strategy should minimize
the Lyapunov function at each timeslot and for improvement,
substitute a constraint for the conditional Lyapunov drift [41].
The Lyapunov function of the queue vector () is given as
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Algorithm 2 To solve the Drift-Plus-Penalty Algorithm
Input: Total time horizon, T' = 10%, K; = K, = 5.
Output: EWSAoI, A.

1: Set initial state, { A, B, A1, Az} ={0,0,1,1}

2: fort=1—Tdo

3: forat:1—>(K1+1)(K2+1)+2d0

4: Obtain the Lyapunov drift as (65) per and (66).

5: end for

6: Choose the action
min,, [@NOF (A(H), ®H(A(D)].

7: Update the states according {A, B, Ay, Ay} accord-
ing to the selected action based on (41)-(44).
8: end for

9: Calculate the EWSAoOI, A according to (45).

follows:
1
=5 Qi) (63)
i=1
The Lyapunov drift equation offers such a constraint as.

AQE) = E{L(Q(t + 1)) - LQ{)|Q(H)}.  (64)

The structure of the Lyapunov drift equation for the FD
mode mirrors that of the OMA and NOMA modes, as all
three complete the transmission within a single time slot.
Consequently, the Lyapunov drift expressions for the OMA,
NOMA, and FD modes are derived similarly, following the
approach in [11].

N,O,F 1 al
O E(A( Zl—slatwi

’L:1

g L

(65)
And the two-slot Lyapunov drift for HD Cooperative SWIPT
NOMA as

N
<I>H Z 1—2gc(ay)w; A Zwl

Therefore, in the current state s;, if A; = 0, the policy
chooses action a; from action space A; with the minimum
value of min,, [@NOF(A(®F), PH(A®))];if A = ay—1 #
0, the policy cannot select a new action.

The Drift-Plus-Penalty (DPP) algorithm (Algorithm 2)
achieves linear complexity concerning the number of users,
O(N), as the Lyapunov function (Equation 60) scales with
the sum of squared Aol values, making it more scalable
than the MDP’s exponential complexity, O(D" ). However,
for massive user equipment (UE) scenarios, the action space
grows with power allocation and mode combinations, po-
tentially necessitating user clustering to group UEs with
similar channel conditions, thereby reducing computational
overhead while maintaining effective Aol minimization.The
above DPP formulation is further summarized in algorithm 2

VOLUME 4, 2024

TABLE 2. Simulation parameters.

Parameter Value
Random policy NOMA power | a;=0.2, aa=0.8
allocation coefficients

Random policy power splitting | b = 0.3
coefficient

Pathloss exponent =3

CDF parameters m, n, v 1.8,2,1.2
Maximum Aol Aar=100
Time horizon T = 10
Parameters K1, Ko 5

Number of bits, blocklength N=80, m=100

V. SIMULATION RESULTS

In this section, we interpret and discuss the results from
our proposed model, emphasizing the significance of BLER
and the necessity of extending our analysis to the Aol. The
simulation Table II outlines the parameters used for the
random policy, along with general settings. The parameters
for the MDP, and the DPP policies are optimally selected
within the algorithms described in section IV.

A. AVERAGE BLER OF THE TRANSMISSION SCHEMES

First, we validate the analytical framework through Monte
Carlo simulations. In Fig. 2, the results show that the average
BLER obtained from the analytical framework and the Monte
Carlo simulations are tight, confirming the accuracy of our
error performance analysis. Validation for the OMA and
NOMA modes is omitted, as the equations used are the same
as the HD mode. Additionally, the HD mode incorporates our
new ideas, such as receiver diversity in the direct phase and
transmit beamforming in the cooperative phase.

Fig. 3 shows the average BLER for each user and mode.
The dashed line plots represent the distance configuration
d1 = 1,dy = 3,d3 = 2 while the solid lines represent the
distance configuration d; = 2,ds = 3,ds = 1. Overall, the
HD mode provides the best average BLER for both users,
while the OMA mode provides the best average BLER in
isolation. Furthermore, in the higher transmit SNR region
UE, has a better average BLER compared to UE; as shown
by the curve crossing of the FD and HD modes.

The average BLER is a good metric to quantify relia-
bility, such as the order 10~° required for crucial URLLC
requirements [42] and 10~ for mission-critical applications.
However, as demonstrated in Fig. 3 this not easily achieved
even at high SINR. Additionally, monitoring and control
applications in a multi-user scenario require scheduling to
select the best transmission, which the user’s average BLER
does not directly demonstrate. Therefore, based on the aver-
age BLER the Aol is evaluated at all the operating modes
because it quantifies both latency and inter-delivery time of
the packets.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

IEEE Access

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2025.3598362

S. Kaboyo et al.: Optimization of Age of Information in Adaptive FD/HD Cooperative SWIPT NOMA/OMA System

20 T T

—#— Optimal OMA

—#— Optimal HD Cooperative SWIPT NOMA
—#— Optimal NOMA

F Optimal FD Cooperative SWIPT NOMA

15 . . ]
—o— Optimal Adaptive

EWSAol

8 10 12 14 16 18 20
Transmit SNR (dB)

FIGURE 6. Optimal Policy EWSAol versus SNR at (d1=1, d2=3, d3=2).

B. AOI ANALYSIS FOR THE TRANSMISSION SCHEMES
The EWSAOoI for two distance configurations is plotted in
closed-form from (45) to obtain Fig. 4 and Fig. 5. The
results obtained through a random policy show that different
schemes exhibit performance advantages depending on the
distance configurations. For instance, NOMA is the best
mode for high transmit SNR, while the proposed HD mode
is the best for low transmit SNR at a shorter distance below
1.5 between the BS and UE;. The OMA scheme is always
better at large distances and low transmit SNR. This is the
basis for the optimal and suboptimal strategies described in
Section I'V.

Fig. 6 and Fig. 7 show that the optimal decision enables the
operation at lower SNR for both distance configurations. Fur-
thermore, the results show that selecting the optimal powers
in the NOMA-based modes and the optimal user to serve for
the OMA mode provide a lower Aol than the random policy
results. At distance configuration d; = 1,dy = 3,d3 = 1,
the proposed HD mode has the lowest Aol at low transmit
SNR. Additionally, this proposed HD mode maintains a
good performance at dy = 2,de = 3,ds = 1 against
the OMA mode, which is ideal for this configuration, while
at the same time outperforms the FD and NOMA modes.
This improved performance of the HD mode is attributed to
the receive diversity introduced in the direct phase at UE;
and the transmit beamforming in the cooperative phase that
maintains a good error performance for both configurations.
The NOMA scheme provides the best Aol performance in
the high transmit SNR region for all distance configurations.
This is attributed to the successful packet delivery to both
users within the same time slot without requiring two phases
in the cooperative modes. Furthermore, the optimal adaptive
policy selects the best strategy in every time slot, hence
providing the lowest possible setting of the Aol in each dis-
tance configuration. Finally, Fig. 8 shows that the suboptimal
based on the drift plus penalty policy approach provides near-
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EWSAol

Transmit SNR (dB)

FIGURE 7. Optimal Policy EWSAol versus SNR at (d1=2, d2=3, d3=1).

optimal results while providing lower complexity. This is
obtained by selecting the action that minimises Lyapunov
drift. This approach reduces both the computation overhead
of the MDP and the deployment complexity in resource-
constrained environments like IoT devices.

VI. CONCLUSION

In this work, we considered the Aol minimization problem
in an adaptive OMA, NOMA, FD/HD cooperative SWIPT
NOMA system. Specifically, we introduced the idea of re-
ceiver diversity when UE; is not operating in FD mode
and further propose transmit BF for the HD scheme in the
cooperative phase to fully exploit both antennas on UE; used
for full duplex operation. Consequently, we developed an
analytical framework by deriving average BLER closed-form
expressions while validating them through Monte Carlo sim-

—e— Optimal Adaptive
E —#— Sub Optimal Adaptive

EWSAol
S

ot

0 1 1 1 1
8 10 12 14 16 18 20 22

Transmit SNR (dB)

FIGURE 8. Optimal and Sub Optimal Policy EWSAol versus SNR at (d1=2,
d2=3, d3=1).
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ulations. Based on the obtained results, the scheme-wise Aol
is analyzed, demonstrating a configuration-dependent perfor-
mance of the different schemes. To exploit these performance
advantages of each scheme, we suggested an adaptive policy
leveraging the MDP and a lower complexity policy based
on the drift plus penalty algorithm. The results show that
the proposed approach minimizes Aol in wireless networks
and offers insights into practical system design. Future work
will investigate multi-user NOMA with user clustering and
distributed optimization to address scalability in massive UE
scenarios. By grouping UEs based on channel conditions,
clustering can reduce the action space complexity, while
distributed optimization enables local decision-making at
each UE, mitigating the computational burden of centralized
MDP and DPP approaches. These strategies aim to maintain
low Aol in large-scale systems while managing multi-user
interference effectively.

APPENDIX
A. AVERAGE BLER EQUATION
Proof.

fu= [ 20uh @) de
Substituting for Z(-y; ;) in (27) and (28)

- [Mrwas | (5-wite-0) £, (@) o
1

= 5 (F'Yi,,j (U,) + F‘Yq, (vl)) + wQ(F%,J (ul) - F’Y:ﬂ,j (U7))

— w/ xfy, (x)dz.
Using integration by parts yields

= S (Fy, (00 + By () + 09y, () = B ()

— (w(uiFy,  (wi) — vy, (v3)) +w /u E,, (z)dx

i

substituting for u and v

- % (F%j (vi) + Fy, (ul)) +wQ(Fy,  (ui) — Fy, (i)

oo o) B o (2 ) Rue)

+w/ F,, . (z)dv

:w/ F,,  (z)dx

i

B. STATIONARY AND DETERMINISTIC POLICY
Proof. In [11], [43], the conditions for the existence of an
average optimal policy are stated as follows:

There exists a positive constant § < 1, ), and ¢, and a
measurable function w > 1 on S, where s = A, B, A1, Ao,

VOLUME 4, 2024

such that the reward function |7 (s, a)| < Qw(s) for all state-
action pairs (s, a) and

> w(8)P(s]s,a) < dw(s) + q.

s5es

(67)

Therefore, when w(s) = w1 A; +weAg and ¢ > wq + wo,
if A = 0, there exists

max wlAﬁ{{(a) —+ ngQ + 1 —q ’wlAlglO =+ w2A2 —+ 1 —dq
w1 A1 + waly w1 A1 + waly

a

w1A1 —+ wQAQgQO + 1-— q wlAléf(a) + U)QAQEE(G) —+ 1-— q
w1 A1 + walo ’ w1 A1 + walo ’
wiAEY (@) + waAoEY (a) +1 — q} <5<l

w1 A1 + wa Ao

that meets the condition. If A # 0 and B = 1, there exists
w1 Ay + w2 (Ag — 1)+ 1)E23(a) + 1 — ¢
wi1Ay + waAs
that meets the condition. Similarly, if A # 0 and B = 0,
there exists
w1 Ay + w2 (Ag — 1) + 1)e%2(a) + 1 — g
wi1Ay +waAs
that meets the condition.

Furthermore, there exist two value functions vq,vy €
B,,(S) and some state s € S, such that

forall s € Sand A € (0,1),
(68)
where hy(s) = Va(s) — Va(so) and B, (S) := {u : |ujw <
oo} denotes the Banach space, |ulw := supw(s)~!|u(s)]
ses

<di<l1

<di<l1

v1(s) < ha(s) < va(s),

denotes the weighted supremum norm.
According to condition 1, we show that there exists
widitwaBotwitws < g such that

w1 A1 +waAg
Zw(é)P(§|s, a) < kw(s)
ses
for all (s, a), and for d € DMP where DMP denotes the set

of Markovian and deterministic (MD) decision rules. We can
derive that

Zw(é)Pd(§|s,a) <w(s)+wi+we < (14+1)w(s), (70)
ses

(69)

so that, for each A, 0 < A < 1, there exists an integer Z such
that

N Zw(é)Pﬂz (8s,a) < M (w(s)+2) < AN (1+Z)w(s),

ses
(71)
where 7 = (di,...,dn), d; € DMP 1 < i < Z. Then,
according to Proposition 6.10.1 in [44], for each m € Dy p,
there exists a 6, 0 < 6 < 1, such that the value function
satisfies

V()| < 1%9[1 et ) EDLw(s). (T2)

O
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