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Abstract—We consider a base station (BS) receiving version
update packets from multiple streams and broadcasting them
to users using non-orthogonal multiple access (NOMA) over a
fading broadcast channel. Sequentially indexed packets arrive
randomly in each stream, rendering previous ones obsolete. To
measure information freshness, we define the version age of
information (VAol) at a user as the difference in the version
index of the latest available packet at the BS and that at the
user. Our objective is to minimize a weighted sum of average
VAol across users, subject to an average power constraint at
the BS, by optimally scheduling and transmitting update packets
from various streams with sufficient power to ensure successful
delivery. We consider channel-only stationary randomized poli-
cies (CO-SRP), which make transmission decisions solely based
on channel power gains. We solve the resulting convex problem
and demonstrate that the VAol achieved with the proposed CO-
SRP is within twice the optimal achievable VAol. Additionally,
we obtained a Constrained Markov Decision Process (CMDP)-
based solution and analyzed its structural properties. Numerical
simulations demonstrate close performance between the CO-
SRP and CMDP-based solutions. Time-division multiple-access
(TDMA) scheme, allowing transmission to at most one user
at a time, matches NOMA’s performance under strict power
constraints but is outperformed as constraints are relaxed.

I. INTRODUCTION

In the emerging communication networks, fresh information
delivery is of great importance. As such, researchers have
made tremendous efforts over the past decade to quantify, ana-
lyze, and optimize the freshness of information over networks.
Metrics such as the age of information (Aol) and its variants
have been considered and optimized in various communication
scenarios [1]-[3].

Recently, a metric called Version Age of Information
(VAol), defined as the difference in the version indices of
the latest information packets available at the transmitter
and receiver, has been considered [4]-[6]. Unlike the Aol,
which starts to increase after receiving a packet irrespective of
whether or not there is a new packet available at the source, the
VAol increases only when a packet arrives at the transmitter.
We consider the optimization of the VAol metric in a downlink
broadcast channel (BC), in which a single base station (BS)
transmits information to multiple receivers simultaneously,
using non-orthogonal multiple access (NOMA).

In the literature, optimization of Aol and its variants over
BCs have been considered under various assumptions [7]-
[15]. The works [8]-[12] and [13]-[15] consider optimization
of Aol over BCs under NOMA and time-division multi-
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ple access (TDMA) schemes, respectively. Communications
over noiseless BC [16]-[19] and erasure BC [20] have been
considered. The works [11], [13], [14], [20]-[22] consider
simple on-off fading channel where a transmitted packet is
considered to be successful with some probability and fails
otherwise, and [8]-[10], [18] consider a more general fading
channel where the channel power gain realizations can take
more than two states and the probability of success of a
transmission depends on the transmission power. Different
levels of knowledge about channel power gains at the BS
have been assumed. For instance, [8], [9] consider a BC
in which the BS has statistical knowledge of channel state
information only, without perfect channel state information at
the transmitter (CSIT), and [10], [12], [18], [19] consider Aol
minimization with perfect CSIT at the BS. In the above works,
Aol minimization is studied using different tools. For instance,
[8], [9], [15], [16], [21] adopt the Markov Decision Process
(MDP) framework, [12] adopts a Lyapunov optimization based
drift-plus-penalty framework. Index-based [13]-[17], [21] and
stationary randomized policies [11], [13], [14], [22] have also
been considered. The works, such as [23] and [24], analyze
the average Aol.

In some of the above works, including [8], [9], both user
scheduling and transmit power control are considered, as in
the current work. However, our work differs from these, as we
consider perfect CSIT, as in [10], [12], [18], [19] and adopt
the NOMA scheme. In applying NOMA with perfect CSIT, we
employ superposition coding at the transmitter and successive
interference cancellation at the receiver, with the decoding or-
der determined by the channel power gains of all users. In this
case, the transmit powers that are required to reliably deliver
a required number of bits of packets depend on the channel
power gain realizations and decoding order. As the channel
realizations can change over slots, the decoding order also
needs to be changed in every slot. Thus, the power required
for the successful delivery of update packets varies in every
slot, in turn impacting the streams that should be scheduled for
transmission in a slot. In [10], non-stationary channels have
been considered, and in [12], only two users are considered,
in which the channel power gain of a user is assumed to be
always greater than the other, due to which the set of users and
their decoding order need not be changed in every slot. The
works [18], [19], which consider perfect CSIT, obtain optimal
precoding schemes for Aol minimization. Moreover, almost
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all the above works, including [8], [9], [12], [18], [19], [23],
[24] consider the Aol as the metric, unlike in the current work
where VAol is considered as the metric.

In summary, none of the earlier works consider the mini-
mization of VAol over a BC with perfect CSIT at the BS using
NOMA, which we consider in the current work. The results
from earlier works, even those that consider NOMA with
perfect CSIT, cannot be generalized or specialized to obtain
results for the considered problem. Our main contributions are
as follows:

« To minimize a long-term expected average weighted sum
of VAol across users subject to an average transmit power
constraint, we consider a class of channel-only stationary
randomized policies (CO-SRP), in which the transmission
decisions are made based only on the channel power gain
realizations. We construct the induced Markov chain and
derive its stationary distribution to obtain the optimal CO-
SRP. Using this, we express the average VAol and average
power under the CO-SRP and reformulate the original
problem as a convex optimization problem and solve it using
standard techniques. We show that the VAol achieved by the
CO-SRP is within twice the optimal VAol.

« By considering the VAol and channel power gains of all the
users as a state, we obtain a constrained MDP (CMDP)
based solution by Lagrangian relaxation. We also obtain
the structural properties of the solution to the Lagrangian
relaxed problem.

o Through numerical simulations, we show that our proposed
CO-SRP solution performs competitively with the CMDP-
based approach while being significantly simpler. Further-
more, a TDMA scheme allows transmission to only one user
at a time and achieves comparable performance to NOMA
when the bound on the average power constraint is low.
However, as the bound is increased, NOMA outperforms
TDMA.

II. SYSTEM MODEL

We consider a BS that receives status update packets from
N streams to be communicated to N destination users. The BS
consists of a transmitter and N single-packet queues, each for
storing the latest packet of a user, where a queue can store at
most one packet. Time is slotted with slot index ¢ € {1,2,...}.
Next, we describe the packet arrival model, channel model, and
the NOMA strategy considered, followed by a description of
the performance metric adopted and the problem formulation.

A. Packet Arrival Model

At the start of every slot ¢, a new packet from stream % €
N £ {1,2,..., N} arrives with a certain probability, the packet
needs to be delivered to User 7 € A. Let A;(¢) € {0,1} be
the indicator function that is equal to 1 when a packet from
the i*® stream arrives in slot ¢, and A;(t) = 0 otherwise. The
packet arrival follows a Bernoulli process that is independent
and identically distributed (i.i.d.) across time, with P(A;(t) =
1) =X\, Vi e N and t € {1,2,...}. The latest packet from
the i*? stream is stored in Queue 7. We assume that each packet

arriving at the ith stream contains RZQ bits, that is, the packet
length is RY.

B. Channel Model and NOMA Strategy

We consider a block fading model where the channel power
gain remains constant over a block (coherence duration) and
varies independently across blocks [25, Section 5.4.5]. A
version update packet is coded over a single block, where
the channel remains constant, that is, the codeword length is
equal to a slot/coherence duration, implying slow fading.

Let H;(t) € H be the channel power gain between the
BS and User 7 in slot ¢ for all ¢ € A. We consider that
H;(1),H;(2)...,areii.d. for each User ¢ and that 7 is a finite
set with positive elements. Let u;(¢) € {0,1} be the indicator
function, which equals 1 when the BS transmits a packet
from the i'" stream during slot ¢, and w;(t) = 0 otherwise.
For transmission, the BS adopts superposition coding, which
allocates power P;(t) to the message corresponding to User 4
in time slot ¢, encodes and superimposes the codewords, and
transmits them over the fading BC. Each user employs SIC
to decode its message from the received symbols. Under this
strategy, we describe the relationship between transmit powers
and achievable rates next.

Let O;(t) be the index of the user with the highest channel
power gain, O5(t) be the index of the user with the next
highest channel power gain, and so on, in slot ¢. That is,
ho,(t) > ho,(t) > ...hoy(t) is satisfied.! As mentioned,
the users adopt SIC for decoding, where the user with index
On(t) decodes its message by considering codewords from
users On_1(t),...,01(t) as noise, the User On_1(t) first
decodes the message of User O (t) (which is possible because
the channel for User On_1(t) is better than that for User
On (1)), subtracts the encoded version of the message from the
received symbols and then decodes its message by considering
the codewords from users Oy _2(t),...,01(t) as noise. The
users On_o(t),On_35(t),...,01(t), decode the messages in
the similar manner [26], [27].

Under the superposition coding at the BS and SIC at the
users, the signal-to-interference-plus-noise ratio, considering
unit noise variance, experienced at User ¢ is given by

- P(t)hi(t)
1+ hi(t) Zk<0;1(t) Po,(t)’

where h;(t) is the realization of the random channel power
gain H;(t), and O; '(t) is the position of User i when the users
are arranged according to decreasing values of their channel
power gains. In this case, we consider that the maximum
achievable rate for User ¢ is given by f(S;(t)), where f()
is a concave, non-decreasing function with f(0) = 0 [27].

In the above, when transmitting a packet for User i, it
is optimal to transmit a minimum of RY bits of the packet;
otherwise, the update will not be received successfully. Hence,

Si(t)

"Multiple orderings are possible if channel power gain realizations of
more than one user are same. In such cases, we consider the ordering that
places the user with a lower index before the user with a higher index having
the same channel power gain.
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the power consumed for transmitting less than RY bits does
not result in any reward, or in other words, the reward earned
will be the same as when no bits are transmitted. Hence, with
the knowledge of the channel power gains of all users, the BS
allocates powers such that it delivers all the bits of a packet.
Thus, Po,, Po,, ..., are chosen such that

f(ho,Po,uo0,) = R uo,,
ho,Po,uo0, 0
_— — R

! (1 + ho, Po,uo, 021022

hoiPOini

f i = -ROO1 UO;,

1+ ho, Y242y Po,uo,
and so on until 7 = N. From the above, we obtain
f_l (R%1u01>
ho.

Poini = O uo; E POkqu

forall:=1,2,...,N. (D
C. Performance Metric and Problem Formulation

Let 2;(t) denote the version of the packet in the i*" queue
at the beginning of slot ¢. Recall that A;(¢) is the indicator
variable that indicates the arrival of a new packet from the ‘"
stream in slot ¢. Then, we have

= ZAi(T)

z;(t) value changes only when a new packet arrives in the
queue. Let y;(t) be the version of the most recently received
packet at Destination ¢ at time ¢. Then, the instantaneous VAol
is defined as A;(t) = z;(t) — y;(t). We measure instantaneous
VAol at the end of a slot.

In this work, we are interested in obtaining transmission
scheduling policy, m, which gives the rule for obtaining the
sequence of decisions {u;(t)}~, at the BS, for minimization
of the long-term expected average VAol subject an average
power constraint. For given weights wy, ..., wy, this can be
accomplished by solving the following optimization problem

LSS wiE[A (1)

Vops = min lim 7 @)
t=1 i=1
subject to hm — Z Z E[P, )] < 15
T—oo T
t=1 1=1
(2b)

Note that for any choice of {u;(t)}X,, we can obtain the
transmit powers required for ensuring all the bits of a packet
are delivered from (1) for any t.

In this work, we also consider a TDMA scheme, where, at
most, one user can transmit in a given time slot. Specifically,
we derive the TDMA scheme-based solution by solving (2)
with the additional constraint:

N
Z u;(t)

<1,vte{l,2,...,T} 3)

Next, we obtain solutions to (2).

III. OPTIMIZATION ANALYSIS

In this section, we first obtain a policy among the class
of channel-only stationary randomized policies (CO-SRP) to
solve (2). We also solve (2) using the CMDP framework.

A. Channel-Only Stationary Randomized Policy (CO-SRP)

Let 2V be the power set of A" and h £ (hy, ho, ..., hy).
Our policy is:

CO-SRP: In a slot, when the channel power gain is h, the
BS transmits to users in W € 2N with probability MhW~

The policy does not require the BS to have knowledge of
the instantaneous VAols and queue backlogs (queue status)
of the users for making transmission decisions, so its ex-
ecution becomes simple. Under the policy, the conditional
probability of successful delivery of a packet to User 1,
conditioned on h, is ZW@N:WO“}#@ phW, where ) is the
null set. Hence, the probability of successfully delivering
packets to User i, p!' SweaN wngiyzo Euluty] =
D oheHN DoWeaN wn{i}£d 1Y P(h), where P(h) is the prob-
ability of channel being h and p = {u)Y| YW € 2N Vh e
HN}. When the information is transmitted to users, the
transmit power allocated for codeword corresponding to User
i € YW when the channel is h, which we denote P}j}’l can be
computed via (1) and the expected power consumed for User
i will be equal to P = 37y, con iy iy 20 EH [y PV

Under this policy, the VAol evolves as a Markov chain
shown in Fig. 1. Below, we derive the long-term expected
average VAol (objective function of (2)) under the policy
by obtaining the stationary distribution of the Markov chain,
reformulate (2) under the CO-SRP, which turns out to be
a convex optimization problem, and obtain a bound on its
performance.

Theorem 1. The long-term expected average VAol under the
CO-SRP are given by

_ Al —pi)

lim
Pl

T—o0 T

H
HM%
=
>
=
\

Proof. Define m,,; = ]P’(Ai =
{0,1,...}. Then, we have

n) for all ¢ € N, n €

To,s = mo,i (1 — Ai(1 —pj

N +PE Y T
m=1

T = Tn—1,i Mi(1 = pf') + i (1= X)(1 = p),
for n € {1,2,...}. Since Y m,; = 1, we get,
T — Pi ( Ai(1—pi) >n
TN =P P NN =P )
for n € {0,1,...}. Thus, the expected VAol is
inP(A Z:mrn7 = 71 - ) “)
n=0 P
O
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Fig. 1: VAol evolution for the CO-SRP. The expressions closer to the arrows represent the state transition probability; the other expressions above are the events that cause the

transitions.

Similarly, using P!, the expected average transmit power
consumed by BS for under the CO-SRP is expressed as

1 T N N
Jim > > E[P (D] =) P 5)
t=1 i=1 =1

Using Theorem 1, and (5), the optimization problem in (2)
can be reformulated as

N
1

Vs = i i/\i — =1 s 6a

SRP OSIB,,‘IA’HSl;w (pf ) (6a)
N

subject to ZPi“ <P, (6b)

i=1
domY=1,vhen",  (60)
weaN

where, both p* and P! are affine function of )Y (for given
W and h, Pf/l\i values which can be computed from (1), are
constants) and take only positive values. Since the composition
of a convex non-increasing function with a concave function
gives a convex function [28], 1/ pf is convex. Hence, (6) is a
convex optimization problem that can be solved via standard
numerical techniques.

As mentioned, we are also interested in obtaining the CO-
SRP under the TDMA scheme. Under the TDMA scheme,
the CO-SRP can be expressed as follows: In a slot, when the
channel power gain is h, the BS transmits to User i € N with
probability pi. In this case, the equivalent of (6) under the
TDMA scheme can be obtained by constraining W to take
the values in {0, {1},{2},...,{IN}}, instead of all the values
in the power set 2.

1) Performance Bound: We show in the following that
the performance of the CO-SRP remains within a bounded
multiplicative gap from that of the optimal achievable average
VAol as the solution to (2).

Theorem 2. The VAol of the CO-SRP, Vsrp in (6) is less
than or equal to twice the optimal VAol, Vo in (2), ie.,
Vsrp < 2Vipe.

Proof. The proof consists of two parts. First, we obtain a
lowerbound for the objective function of (2) using an opti-
mization problem. Second, we compare this lowerbound with
the objective function of the CO-SRP to prove the theorem.
See Appendix A in [29] for details. O

B. Constrained MDP (CMDP) Based Solution

In this section, we cast the problem (2) under the CMDP
framework. We then relax it using the Lagrangian approach
and obtain the optimal solution for the relaxed problem. The
parameters and decision variables of a CMDP associated with
(2) are as follows: Let s 2 (A, h) be the state of the system,
where A £ (Ay,...,Ay) and h £ (hy,...,hy) are the set
of VAols and set of channel power gain realizations of all users
in time slot ¢, respectively. The set of actions for all users at
a time step is denoted as u £ (uy,...,uy), where u; = 0
indicates that the packet is not transmitted from Queue ¢ and
u; = 1 indicates that the packet is successfully transmitted
from Queue ¢, which requires sufficient power to be allocated
to deliver RY number of bits. We can compute the probability
transition matrix based on the packet arrival and channel power
gain distributions for each s and u. We define a stationary
policy, m, which is a mapping from state space to action space.
For a given stationary policy , the long-term expected average
weighted sum of VAol and the expected power consumption
cost will be:

T N
. 1
Ve = TILII(l:o T ; ; Wiy [Al(tﬂv and
1 T N

respectively. Now, (2) can be rewritten as the CMDP problem:

(7a)
(7b)

%pt = Inﬂin Va,
subject to Py < P.

To obtain the solution for (7), we transform it into an un-
constrained MDP problem using the Lagrangian relaxation
method, which is discussed below.
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1) Lagrange Relaxation of the CMDP: We now relax (7) to
an unconstrained MDP problem using Lagrangian relaxation.
The average Lagrangian cost function is defined as

Lr(0) = Va + 6P

where 0 is the Lagrange multig)\}ier and the random instanta-
neous cost is C(s,u,0) = > .° (w;A; + 0u; P;). Now, (7)
can be transformed as an unconstrained problem,

L2PY(0) = min L.(6), 8)
mell

where £oPt(6) is the minimum average Lagrangian cost ob-

tained by the optimal policy 7§"" for a given §. We first obtain

the optimal policy wgpt of the unconstrained MDP problem by

solving the Bellman equation.

In the optimal case, the solution to (8) will result in a
bounded VAol and bounded instantaneous cost for each User
1 € N. This is because if the VAol of User i becomes greater
than 0P, where P/"** is the worst case maximum power
required to deliver RY bits of User i, we can always transmit
the packet (since the VAol is non-zero, there will be a packet
for transmission) and reduce the overall cost. Hence, in our
case, the MDP can be considered to have finite state and
action spaces with a bounded instantaneous cost. To obtain
our results, we consider the following discounted total cost
criterion

1

0 . .
Vi(s) =min lim —

T N

t—1
i fim 739" D Enlus i) + 6us(OP(0)
where 0 < vy < 1 is the discount factor. It can be shown that
V,f (s) satisfies

(10)

V,f(s) = ml}n Q(s,u,0),

where Q (s, u,0) = E[C(s,u,0) +~yVI(s')[s, u], where s is
the next state reached from state s, when action u is taken, as
in Proposition 5 of [16]. Further, we define,

V,ﬁm+1(s) = muin E[C(s,u,0) + ’yV‘9

'y,m(sl)|sa 11],

1D
for all m € {0,1,2,...} with V,)(ZO(S) = 0 for all s. It can
be shown that lim, . V2, (s) = V(s) for each s and v €
(0,1) and that lim,_,; Vve(s) will give the optimal objective
value to (8).

Let x_; = (x1,...,21,Zit1,...,2n). Below, we show
the optimal policy obtained by the MDP is of threshold-type.

Theorem 3. For any i € {1,2,..., N}, suppose A_;, h and
u_; are fixed. If it is optimal to transmit i** stream when its
VAol is A;, then it must be optimal to transmit i** stream
when its VAol is A; + 1. Similarly, for any i € {1,2,... N},
suppose A, h_; and u_; are fixed, if it is optimal to transmit
it stream when the channel for User i is h;, then it must be
optimal to transmit i*™ stream, when the channel is greater
than h;.

Proof. See Appendix C in [29]. O

Due to the above theorem, the complexity of solving and
executing the considered problem using the MDP-based ap-
proach reduces.

2) Bisection Search for 6: Given the optimal policy W;’Pt
for (8) for a given 6, the objective function of the CMDP
problem (7) increases with 6, and Pﬂgpc in (7b) decreases
with 6. To determine a suitable value of 6 that makes the
result of the unconstrained problem to satisfy the constraint
(7b) with equality, we employ the bisection algorithm.

IV. NUMERICAL RESULTS

In this section, we present numerical results for the two-user
case. As mentioned, while our theoretical results apply to a
more general concave non-decreasing function with f(0) = 0,
we use f(z) = log(14x) for concreteness in our simulations,
as in [27].

In Fig. 2, we show the variation of the long-term expected
average VAol as a function of the average transmit power, P,
for NOMA and TDMA schemes under CO-SRP and CMDP-
based policy. Firstly, we observe that as P increases, the
average VAol decreases. This is because more and more of the
arriving packets get delivered as soon as they arrive. Interest-
ingly, at lower powers, NOMA and TDMA perform the same.
NOMA starts performing better than TDMA when power
increases. This is because, even in NOMA, in the optimal case,
packets are not transmitted to both users simultaneously at
lower powers, thereby making it similar to TDMA. However,
at higher powers, it is optimal for NOMA to transmit to both
users simultaneously. Secondly, we observe that the average
VAol tends to zero in the NOMA case as P increases, but
for the TDMA scheme, it reaches a saturation point at a
value of A. This behavior can be explained as follows. The
expression for the long-term expected average weighted sum
of VAol under CO-SRP is 211\;1 w;(Ni(p; ' — 1)), where
p; € [0,1] is the probability of successful delivery of a packet
to User 7. For the two-user case, we can rewrite expression as
0.5)\(p1_1 +p2_1 —2) when w; = wy =0.5and \; = Ay = \.
With the TDMA scheme, even with infinite available power,
the BS can transmit a packet to only one user at any time
t; this implies p» = (1 — p1). When p; — 1 and py — 0,
the average VAol for the first user goes to zero, while for
the second user, it tends towards oo. So, the optimal value
for the probability of successful delivery with infinite P, by
symmetry, is p; = p2 = 0.5. From this, we conclude that the
minimum achievable average VAol in the TDMA scheme for
the two-user case, at high P, is \. However, in the NOMA
scheme, there is no restriction on selecting only one user to
transmit at any given time. With higher available power, the BS
can simultaneously transmit to multiple users. So, the optimal
value for the probability of successful delivery of a packet for
User ¢ in the NOMA scheme is p; = 1. Using this condition,
we conclude that the minimum achievable average VAol in
the NOMA scheme is zero. In the CMDP-based solution, the
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TABLE I: Variation of difference of long-term expected average weighted sum of VAol
under CO-SRP with NOMA and TDMA schemes with respect to Hpmax (maximum
value of channel power gain), P(H = 0.1) and RO considering R(lJ = Rg = R°,
Hy = Hy = H, H = {Hmax,0.1}, A1 = X2 = 0.9, and w1 = wy = 0.5.
We denote Arpma, and Axoma as the expected average VAol under TDMA and
NOMA schemes respectively.

Humax| P(H = | R | P ArpMma | Axoma | ATpmAa—
0.1) ANOMA

1 0.9 2 45 1.1563 1.1502 0.0061

1 0.5 2 45 0.9 0.4150 0.485

2 0.5 2 45 0.9 0.3032 0.5968

2 0.5 3 45 0.9981 0.9980 0

2 0.5 3 100 | 0.9 0.5569 0.3431

trends observed in the CO-SRP continue to hold. Accordingly,
in the rest of the section, we obtain results only for CO-SRP.

We study the variation of the probability of simultaneous
transmission to both users, (Eg uﬁvz{u}}), in the NOMA
scheme as a function of average transmit power, in Fig. 3.
From the figure, we observe that at lower P, the proba-
bility of simultaneous transmission to both users is zero,
and hence NOMA behaves exactly like TDMA. However,
this probability increases as P rises. We also examined this
behavior under various scenarios involving the probability of
encountering a bad channel (channel with lower channel power
gain, H = 0.1). When P(H = 0.1) is higher, the power
required for transmitting to both users is also high, so NOMA
transmits to a single user at any given time with less available
power rather than attempting simultaneous transmission to
both users. In Fig. 4, we show the variation of the long-
term expected average VAol with respect to the probability
of packet arrival, )\, for both NOMA and TDMA schemes
under the CO-SRP. NOMA achieves a lower average VAol
compared to the TDMA scheme. In Fig. 5, we show the largest
achievable long-term expected average VAol region for both
TDMA and NOMA schemes. We varied the weights associated
with users (wy, w2) between 0 and 1, subject to the constraint
w; + we = 1. The figure shows that the achievable region
of the NOMA scheme includes that of the TDMA scheme.
In TDMA, if the average VAol of any of one user is low,
it results in a significantly higher average VAol for the other
user because TDMA allows the BS to transmit to only one
user at a given time.

We also study the variation of the long-term expected
average VAol for TDMA and NOMA schemes with respect to
different parameters. The results are summarized in Table 1. At
higher values of P, we observe a decrease in both the average
VAol under the TDMA scheme and the NOMA scheme as
the probability of bad channel occurrence, P(H = 0.1),
decreases. The average VAol under NOMA decreases with
increasing Hy,,x (the maximum value of channel power gain)
and decreasing R°. However, these changes in Hy,,x and RO
do not significantly impact the average VAol under TDMA at
higher values of P and P(H = 0.1).

1.2 \ I
X NOMA, CO-SRP
= 1l | —x— TDMA, CO-SRP ||
52 1 —&— NOMA, CMDP
= i —— TDMA, CMDP
'§ 20 0.8 |- ® 1
-5 I
z 15 %
g 06 %1 8
12
N8 04} |
= E
8T
Tg 02 +l
£3
= ol
| | | | |
0 10 20 30 40 50

P, Average transmit power

Fig. 2: Variation of the long-term expected average weighted sum of VAol, with the
average transmit power, P, under the CO-SRP and the CMDP-based policy with NOMA
and TDMA schemes. Parameters adopted are Ay = A2 = 0.5, R? = Rg = 2,
H ={1,0.1}, P(H; = 0.1) = P(H2 = 0.1) = 0.2, and w1 = w2 = 0.5.
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V. CONCLUSIONS

We considered the problem of scheduling the transmission
of version update packets from exogenous streams to different
users via a fading broadcast channel using the NOMA scheme
to minimize the long-term expected average weighted sum of
VAol across the users subject an average power constraint
at the BS. To address this problem, we derived a simpler
channel-only stationary randomized policy by solving a convex
optimization problem and obtained its performance bounds.
We also obtained a CMDP-based solution and characterized
its structural properties. Through numerical simulations, we
conclude that our proposed CO-SRP solution achieves com-
petitive performance with the CMDP-based approach while
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to probability of packet arrival, Ay = Ao = A, under the CO-SRP with NOMA and
TDMA schemes. Parameters are set to R) = RS = 2, H = {1,0.1}, P(H; =
0.1) =P(H2 =0.1) = 0.2, w; = wa = 0.5.
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Fig. 5: The largest achievable long-term expected average VAol region by NOMA and
TDMA schemes under CO-SRP by varying the weights associated with users (w1, w2).
Parameters adopted are P = 40, A\; = A2 = 0.9, R? = Rg =2and H = {1,0.1},
and P(H; = 0.1) = P(Hz = 0.1) = 0.5.

being significantly simpler, and the VAol achieved by CO-
SRP is within twice the optimal VAol. Additionally, based on
our comparison of NOMA to a TDMA scheme, we conclude
that NOMA outperforms TDMA when bound on the power
consumption is high. However, NOMA and TDMA exhibit
similar performance when this bound low.
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