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Abstract—Emerging fifth generation and beyond networks are
expected to deliver accurate information as fresh as possible.
In this work, we consider a wireless fading multiple access
channel, where M users communicate to a base station (BS)
in a time-slotted system. Each user can sample an information
packet in any slot of interest, compress it to a finite number of
bits and then transmit the compressed packet to the BS. The
compression and transmission result in distortion and power
consumption, respectively. Using the age of information (Aol)
metric for quantifying freshness of information, we consider
minimization of a long-term weighted average Aol across the
users, subject to average power and distortion constraints at
each user, for obtaining the number of bits to be transmitted by
a user in a given slot. We cast the problem as a constrained
Markov decision process (CMDP) and solve it via Lagrange
relaxation. We show that a threshold-type policy is optimal for the
relaxed problem. We also propose a convex optimization problem
to obtain a suboptimal but simpler stationary randomized policy,
whose minimum achievable average Aol is within twice that
of the optimal policy. Via numerical simulations, we illustrate
the threshold structure of the CMDP based solution and study
variation of the average Aols achieved by the proposed policies
when the bounds on the average power and distortion constraints
are varied.

I. INTRODUCTION

Emerging technologies such as the fifth generation (5G) and
beyond networks demand diverse capabilities including low
communication latency, high throughput, timely and accurate
delivery of information [1]. In this work, we adopt a metric
called age of information (Aol), defined as the time elapsed
since the generation of the last successful update generated,
for quantifying the timeliness of information [2]-[5], and a
distortion metric to measure the accuracy of information. We
consider an Aol minimization problem subject to average
power and distortion constraints in a wireless multiple access
channel. Our aim is to derive a policy to decide the number
of bits a user must transmit in a slot.

Optimization of Aol and related metrics has received
tremendous interest in the recent years. Specifically, trade-offs
between Aol and distortion have been studied in [6]-[9]. The
authors in [6] consider an on-off fading channel and optimize
data freshness at the receiver subject to a constraint on the
product of an Aol term and a distortion term. The authors in
[7] consider a scenario where the destination sends requests for
updates at random times and the source generates an update
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packet over a period of time and sends it to the destination over
a noiseless channel with zero delay. The distortion is modeled
as a decreasing function of the time taken to generate an
update after a request. Under this setting, the work minimizes
an average Aol subject to a per update distortion constraint.
The authors in [8] study trade-offs among Aol, distortion
and energy in a communication network and obtain a greedy
policy which is 2-competitive, independent of all parameters
of the problem, for minimizing a linear combination of Aol,
distortion and energy terms. Different from the above works,
we consider that communication occurs over a wireless fading
channel. A related work, [9] investigates timeliness-distortion
trade-off in an energy harvesting, single-user fading channel
by minimizing the average weighted sum Aol and distortion
over all possible transmit powers and transmission intervals.
Different from [9], we consider a multi-user fading channel,
where each user is subjected to an average power constraint.

In this work, we consider a single-hop multi-user wireless
network in which status update packets can be generated in
any slot of interest, as in [10]. The users are required to
communicate the packets to a BS over fading channels subject
to average power and distortion constraints at each user. The
goal is to minimize a weighted average Aol across the users.
At each slot, our goal is to find the user and the number of bits
to be transmitted based on the channel power gain realizations
of the users and their instantaneous Aols.

The trade-off involved is the following: For a given num-
ber of bits to be communicated to meet average distortion
constraints, transmitting over poor channels requires more
power. However, waiting for good channels may increase the
Aols. Similarly, transmitting a lower number of bits in a
poor channel requires a lower transmit power, but results in a
higher distortion. Hence, there exists a trade-off among Aol,
distortion and power consumption terms, as in [8]. However,
unlike in [8], we consider that communication occurs over
a fading multiple access channel, where the users can first
observe instantaneous channel power gain realizations and
Aols and then decide to transmit a certain number of bits
by adapting transmit powers. Concretely, we consider an Aol
minimization problem subject to average power and distortion
constraints, in a fading multiple access channel. The main
contributions of the paper are as follows:

o We cast the above problem as a constrained Markov deci-

sion process, which we solve via Lagrange relaxation. By
proving that the state-action value function of the relaxed
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problem is sub-modular, we show that a threshold-type
policy is optimal for the relaxed problem. This solution
may be adopted only when the number of users in the
network is low, due to the curse of dimensionality of the
CMDP.

e To cater to the situation when the number of users in
a network is high, we propose a convex optimization
problem, solving which, we can obtain a stationary
randomized policy. Based on the technique developed
in [11], we prove that the average Aol achieved by
the proposed stationary randomized policy is at most
twice that of the optimal policy. Moreover, using a dual
decomposition technique, we suggest a method to solve
the proposed convex optimization problem efficiently by
decoupling the problem into M different problems which
can be solved in parallel.

o Using numerical simulations, we illustrate the threshold
structure of the CMDP based solution. We also compare
performance of the proposed policies when the bounds on
the average distortion and power constraints are varied.

II. SYSTEM MODEL

We consider M sources updating statuses to a base station
(BS). Time is slotted with unit slot duration. The slots are
indexed by n € {1,2...,N}. In the below, we present the
channel, power consumption, distortion and Aol evolution
models, and formulate a long-term average Aol minimization
problem subject to a long-term average power and distortion
constraints.

A. Channel Model

We consider that the channel power gain of user ¢ €
{1,..., M} is independent and identically distributed accord-
ing to the random variable H; across the slots. H; takes values
from a finite set . We denote the realization of H; in slot n
as h;(n), which is estimated at the start of the transmission
slot n perfectly, using pilot signals. Hence, at the start of any
slot, h(n) £ (hy(n), ha(n),..., har(n)) is known.

B. Power and Distortion Models

For reliably delivering p bits when the channel realization is
h in user , let f;(p; h) be the transmit power required, where
fi(x; h) is a convex increasing function of x, parameterized
by h with f;(0;h) = 0 for any h € H. Moreover, f;(x;h) is
submodular in (z,h), i.e., fi(z + L;h+9) — fi(z;h+0) <
fi(r +1;h) — fi(r; h) holds for any x and h, for any § > 0.
When the receiver receives p bits from user ¢, let the distortion
incurred be d;(p), where d;(z) : RT — RT is a convex
decreasing function of x, where R is the set of all non-
negative real numbers. For instance, f;(x; h) = (exp(z)—1)/h
and d;(x) = exp(—z) are valid functions that satisfy the above
properties. For simplicity, we consider that the number of bits
that can be delivered in a slot is a finite positive integer, i.e.,
p €4{1,2,...,"max}, Where ryax is a finite positive integer.
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C. Decision Variables and Constraints

As mentioned, our goal in this work is to decide the number
of bits a user must deliver to the BS in a slot, in order
to minimize an average Aol subject to average power and
distortion constraints at each user. That is, our goal is to obtain
uip(n) € {0,1}, where

(n) 1 indicates that user ¢ transmits p bits in slot n,
Ui p(n) =
“e 0 otherwise,

ey
forne{1,2,...},ie{l,...,M}and p € {1,2,...,"max}-

We refer to u;,(n) as the decision variable. In the above
definition, u; ,(n) = 0 for all p € {1,2,..., max} means
that user ¢ does not transmit in slot n.
In this case, the instantaneous power consumed and the
: : : : : Tmax .
dlSﬁOl’thH incurred in slot n is Pt fi.(p, hi(n))u;,p(n) and
2o di(p)uip(n), respectively. For i € {1,..., M}, we
consider the following average power constraint:

N 7Tmax

%Z D E[filpshi(n)ui ()] < Py ()

n=1 p=1

lim
N—oo

and the following average distortion constraint:

N 7Tma
LR
Jim ; ; Eld;(p)ui,p(n)] < o, 3)

where the expectations are with respect to randomness in the
channel power gain process and u; , values.

As in many prior works [10], [11], we also consider a time-
division multiple access (TDMA) constraint that at most one
user can transmit in a slot, i.e., u; , values must satisfy:

M rmax

Zzui,p(n)él, Vn=1,2,.... (4)

i=1 p=1
D. Aol Model

Let a;(n) be the instantaneous age of information at the
destination in slot n for user 7. It evolves as follows:

ai(n+1) = 1 if ui,p(.n) =1 for some p >0
a;(n) +1 otherwise.
&)
The weighted average Aol experienced by the BS is given by
] M
MmN D> wEai(n)] (6)

i=1n=1

where the w; represents the weights offered to different
sources and E[] is the expectation with respect to the ran-
domness in a;(n).

E. Problem Formulation

In this work, we aim to minimize the long-term average
age of information subject to average power and distortion
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constraints. Concretely, our aim is to solve the following
optimization problem:

M N
A = min &E%OWZllez CLOING

subject to (2),(3), (4),

where 7 is a policy, a specification of the decision rule to be
used at each slot n € {1,2...} for choosing u; ,(n). All the
expectations are with respect to the chosen policy 7.

III. SOLUTION

The optimization problem in (7) has structure of a con-
strained Markov decision process (CMDP). In this section, we
first formally cast (7) as a CMDP and provide a Lagrangian
relaxation based solution. Next, we propose a convex opti-
mization problem to obtain a stationary randomized policy,
whose maximum achievable average Aol is at most twice that
of A* in (7).

A. CMDP Based Solution

We first cast (7) as a CMDP by associating its parameters
and decision variables to the standard components of a CMDP.
We then relax it via Lagrangian method and obtain the optimal
solution for the relaxed problem. The components of a CMDP
associated with (7) are:

a) States: We define the state of user ¢ at time slot n to
be (a;(n),hi(n)), where a;(n) € {1,2,...} and h;(n) € H
are respectively the instantaneous age of information and the
channel power gain realization of user ¢ in slot n. The state
of the system in slot n is s(n) = (a(n),h(n)), where a =
(a1y...,ap) and h = (hq,..., hyr). The state space of the
system, S = {1,2,.. }M x HM,

b) Actions: Recall that the instantaneous decision vari-
ables in slot n € {1,2,...} in (7) are w;,(n) values
for i € {1,...,M} and p € {1,2,..., max}, defined in
(1). In our CMDP formulation, we equivalently let r(n) =
(ri(n),...,rp(n)) as the instantaneous action (decision)
variable, where r;(n) € {0,1,...,7max} is the number of
bits transmitted by user 7 in slot n. The equivalence follows
because u; ,(n) = 1 implies r;(n) = p and vice versa.
In the above, we consider that not transmitting is equiva-
lent to transmitting zero bits. That is, u; ,(n) = 0 for all
p € {1,2,..., max} is equivalent to 7;(n) = 0 for any user
¢ and slot n. Moreover, due to the TDMA constraint in (4),
in any slot, at most one user can transmit greater than zero
bits, i.e., we can have r;(n) > 0 for some j € {1,...,M}
and ri(n) = 0 for all k¥ # j. Hence, the action space,
./4 = {(.’)31,0,...,0)7(07562,...70),...,(0,0,...,5{}]w)},
where z; € {0,1,2, ..., Tmax}-

c¢) Transition Probabilities: Noting that the channel
power gains evolve in independent and identically distributed
manner and using (5), the state transition probabilities for all
the states can be easily written down.
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d) Instantaneous Costs: The instantaneous costs incurred
in state s(n) when action r(n) is taken are: (i) individ-
ual Aol cost, a;(n + 1) and (ii) individual power cost,
fi(ri(n); hi(n)) and (iii) individual distortion cost, d;(r;(n))
forie{1,...,M}.

A stationary policy, 7, is a mapping from S to A. For a
stationary policy 7 and initial state s; € S, we define the
following long-term average expected cost functions:

323wt

))|50] 7

1
Df(sp) = lim B [Zd ri(n |30],

for all ¢ € {1,...,M}, which are the long-term average
expected Aol, power and distortion costs, respectively. Now,
(7) can be equivalently restated as:

A" (s9) = hmOO WE

P

(s0) = lim —IE

N—oco N

3 s

and

minimize A™(sp), (8a)
subject to P["(sg) < P, (8b)
DZTF(SQ) S (67N (80)

for all ¢+ € {1,...,M}. In the following, we provide a
Lagrangian relaxation based solution to (8).

1) Lagrange Relaxation of the CMDP: We now relax (8)
via Lagrange relaxation. For this, define,

Za, n+1) +Z/\ fi(ri(n
+ Zﬂz‘di(ﬁ(”))
i=1

where )\;, 5; > 0 are the parameters that trade-off the cost due
to the Aol, the power consumed and the distortion incurred in

shi(n))

cxp(s(n)

user 4, and A = (A1,...,A\y) and B 2 (By, ..., Bu). Define
N

VX g(s0) = ]VIEHOOZ]ETF[CA,ﬁ('a')‘SO]- )
n=1

Let V 5(s0) = ming VY 5(s0). It can be shown that VY 5(so)
is identical for any initial state, sy, along the lines in [12,
Lemma 6]. For any fixed A and 8, we first obtain Vy 5(s0)
by solving min, VT (sg) via the following value iteration of
the Bellman equation:

(10)

Vatia,g(s) =min Elex,g() + Vax,a(s)]s, 7,

starting at n = 0, where we define V) x g £ (). Then, we have,
VX 5(s0) = limy, 00 Vi x,8(80) /1.
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2) A Threshold Structure of the Optimal Policy for (9):
For any fixed A and 3, we prove that the optimal actions of
(9) have a threshold structure in the states. Note that the value
function in (9) can be written as

V(s) = min Q(s,r), (11)

where
Q(s,r) =

is the state-action value function. In the above, we dropped
the subscripts A and 3 and the superscript, 7, for notational
simplicity. We now have the following result:

Elc|s,r] + YE[V (s)]s, r], (12)

Theorem 1. Let x_; = (x1,...,Ti—1,Tiy1,...,20r). When
a_;, h and r_; are fixed, the optimal number of bits to be
transmitted in user i, r; is non-decreasing in Aol, a;. Similarly,
when a, h_; and r_; are fixed, r; is non-decreasing in the
channel power gain, h;.

Proof. We prove the first and the second part of the result
by showing that Q(s,r) is submodular in (a;,r;) and (h;,r;),
respectively, when all other state and action variables are fixed.
See Appendix A for details. O

The above theorem says that if it is optimal to transmit
r; bits when the Aol of user ¢ is a; (the channel power
gain is h;), we must transmit at least 7; bits when its Aol
is greater than a; (the channel power gain is greater than
h;), given all other state and action variables are fixed. In
other words, the optimal policy is monotonic. This knowledge
of the optimal policy being monotonic can be exploited to
reduce computational complexity in solving the value iteration
algorithm in (10) [13]. Moreover, since r; € {0,1, ..., Tmax}»
the monotonicity of the optimal policy implies existence of
rmax thresholds on the state variables, such that when a;
(hi)' is below kM threshold and above (k — 1) threshold,
it is optimal to transmit k£ — 1 bits. Such a threshold structure
simplifies the real-time implementation of the policy.

B. A Stationary Randomized Policy for Solving (7)

The CMDP based solution can be easily used when the
number of users in the network is low. However, due to its
curse of dimensionality, when the number of users is large,
it is prohibitive to adopt the CMDP solution. In order to
address such scenarios, we propose a convex optimization
problem to derive a stationary randomized policy that sub-
optimally solves (7). Specifically, we re-formulate (7) under
the following class of policies:

Policy R: In a slot, when the channel power gain realization
vector, H = h, user i transmits p bits with probability, 1; ,(h)
forie{l,...,M}and p € {1,... "max}

In the above policy, p;,(h) =0 for all p € {1,...,rmax}
implies that user ¢ is not transmitting. When user ¢ transmits,
since the number of bits delivered, p > 1, the update is
considered successful and the instantaneous Aol drops to 1

IThe thresholds on Aol and channel power gain can be different.
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(see (5)). The conditional probability of success, conditioned
on the event that the channel power gain realization, H = h,
is Z;‘“al" i o(h). Hence, the probability of success in a
slot is Ex [ZT“‘“‘ i, (h)]
intervals are geometrically distributed random variables with
Tzrmlx 1i,p(h)

Aol can be written as 1/Exy Z;““*l" i, p(h )} [11]. Moreover,

under the class of policies R, we can re-formulate (7) as the
following optimization problem:

In this case, the inter-success

mean, 1/Eg . Hence, the long-term average

M
1 w;
Ap= min — )" : : (13a)
pip) M~ g {Z;Tf Mz}p(h)}
subject to Epy Z filps hi)uip ()| < Py (13b)
_p 1
Ext | D di(p)pi ]gai, (13¢)
Lp=1
[ M rmax
Eu [> ) ui,p(h)] <1, (13d)
Li=1 p=1
0 < pip(h) <1, (13¢)

foralli € {1,...,M} and p € {1,..., max}, Where (13b),
(13c) and (13d) are respectively obtained by specializing (2),
(3) and (4) to the class of stationary randomized policies, R.
The above problem in (13) is a convex optimization problem.
Hence, it can be solved optimally via standard numerical
techniques, with a computational complexity proportional to
M7 max|H|M, where |H| is the number of possible channel
states in a user.

In the below, we propose a method to obtain the optimal so-
lution to (13) with a lower complexity via dual decomposition
[14]. For this, note that the only constraint that is common to
all the users is (13d). Define § > 0 as the Lagrange variable
corresponding to constraint (13d) and we can write down the
following problem for obtaining the dual function:

® MZ E [y 1u,p<h>}
0 (]EH l%%uw(h)

i=1 p=1
subject to (13b), (13c),

g(0) =

P«;p

+

— 1) ,  (14)

forall i € {1,...,M} and p € {1,...,7max}. For a given
0, as (13b), (13c) and (13d) are applicable to individual
users separately, (14) can be decoupled into M optimization
problems which can be solved in parallel. Specifically, the
decoupled problem for user 7 is the following:

gi(d) =
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Fig. 1: Optimal actions for a single user case for different states, (a, h) when A =
1,8 = 10 and rmax = 9. We observe monotonicity of the optimal solution proved in
Theorem 1.

" Tmax 5

min : + 0En Z i ()| = 37

Hip () MRy Z;r:lx 'ui”p(h)} o~ y
15)

subject to (13b), (13c¢),

for all p € {1,...,7max). Clearly, we have, g(J) =
Zij\i1 gi(9). The optimal ¢ value is the one that maximizes
the dual function g(§) = Z£1 gi(9), ie.,

0" —argmaXZgl d). (16)

The optimal p; ,(h) can be obtained by solving (15) for
0 = ¢*. For any 6, the optimization problem in (15) can
be solved in parallel, simultaneously for all the users, with
computational complexity proportional to ry,ax|H|-

In the following theorem, we show that the average Aol
achieved in (13) is at most twice the optimal Aol.

Theorem 2. The optimal objective value of (13), Ay is at

most 2 times that of (7), A*, i.e, Aj < 2A*.

Proof. We adopt the technique developed in [11] for proving
the result. Specifically, we first obtain an optimization prob-
lem, called the lower-bound problem, whose optimal objective
value, Lpg, is a lower bound to A* in (7). We then show that
the optimal solution to the lower-bound problem is a feasible
solution to (13). Then, we relate the objective functions of the
lower bound problem, L 5, and (13), under the optimal solution
to the lower-bound problem. Through this, we establish that
A% < 2A*. See Appendix B for details. O

The proof of Theorem 2 is based on [11]. The main
contribution in the proof is to show that the optimal policy
of the lower-bound problem is a feasible policy for (13).
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Fig. 2: The long-term achievable Aol regions in a two-user case for different bounds
on average power and distortion constraints under the proposed stationary randomized
policy, R, obtained by solving (13). We consider that the channel power gain h takes
values, 1,2, 3,4 and 10 with probabilities 0.63581, 0.23024, 0.0847, 0.03116 and
0.01809, respectively, and rmax = 10.

IV. NUMERICAL RESULTS

In this section, we obtain the numerical results assuming
that the power required to deliver x bits with the channel power
gain of h is f(x;h) = (e* —1)/h and that the distortion
incurred when z bits are transmitted is, d(z) = 27 for all
the users.

In Fig. 1, we show the optimal actions taken for different
states, (a, h), in a single user case, where a is the instantaneous
Aol and h is the channel power gain. From the figure, we
observe that when the instantaneous Aol is 1, it is optimal to
not transmit irrespective of the channel gain realization, as it
is the minimum Aol that can be achieved. For the states with
small channel power gains, as the Aol increases, it is optimal
to transmit only one bit, at the expense of high distortion, as
transmitting a single bit consumes a lower power compared
to transmitting higher bits. For the states with high channel
power gains, as the Aol increases, it is optimal to transmit
two bits, which leads to a lower distortion. Note that the power
consumed when the channel power gains are high is lower than
that when the channel power gains are low. Moreover, from
the figure, we can also observe the result of Theorem 1 that for
fixed h (and respectively, a), the number of bits transmitted is
non-decreasing in a (h).

In Fig. 2, we present long-term average achievable Aol
regions in a two-user case. For obtaining the plot, we let
w; = w and wo 1 — w in (13) and vary w over [0,1].
For a speciﬁc w, suppose f; ,(h) is the optimal policy, then

£ 1/En [Z;“”l" i p(h )} for i € {1,2}. From the fig-
ure, 1t can be seen that if the bound on the distortion constraints
of user 1 and user 2, a; and 9, respectively, are lower,
the achievable Aol region is smaller. This is because, when
the distortion constraint is stringent, one needs to transmit
more bits to meet the constraint. This leads to less frequent
transmission in order to meet the average power constraint,



2021 19th International Symposium on Modeling and Optimization in Mobile, Ad hoc, and Wireless Networks (WiOpt)

30

T T T T T T
—B&- Stationary Randomized Policy
—©6— Lower Bound

—-A— CMDP

20

15 -

Average Aol

Il Il Il Il Il Il Il Il
0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17 0.19 021 023 0.25
The bound on the average power, P

() Variation of average Aol with the bound on the average transmission power,
P, when the bound on the average distortion, o = 0.05.

24 T T T T T T
-5 Stationary Randomized Policy
22 —©— Lower Bound
—A~ CMDP
20 |-
18 -
= 16|
<
S 14|
g
<

12

The bound on the average distortion, o

(b) Variation of the average Aol with the bound on the average distortion, c,
when the bound on the average transmission power, P = 0.05.

Fig. 3: Variation of the average Aol achieved by different policies with bounds on the average power and distortion, for rmax = 9 and the channel power gain A takes values,
1,2,3,4 and 10 with probabilities 0.63581, 0.23024, 0.0847, 0.03116 and 0.01809, respectively,

leading to a higher average Aol.

In Fig. 3a and Fig. 3b, we plot the variation of the average
Aol achieved by the CMDP based solution and the stationary
randomized policy with the bound on the average power and
distortion, respectively. We also plot the average Aol achieved
by the lower-bound problem in (18). As expected, in all the
curves, the average Aol decreases with increasing bound on
the average power and distortion. This is because with a higher
transmission power, we can transmit frequently, even when the
channel power gains are low while maintaining the required
average distortion by transmitting certain minimum number
of bits. Similarly, when the maximum average distortion is
increased, we can afford to transmit frequently, a lower number
of bits so that the average power constraint is satisfied.

V. CONCLUSION

In this work, we considered a base station receiving status
update packets from multiple users over a fading multiple
access channel. In a slot, a user can sample a packet, compress
it to a finite number of bits and transmit them. The process of
compression and transmission result in distortion and power
consumption, respectively. Under this setting, our goal was
to obtain the number of bits a user must transmit in a slot
for minimizing an average Aol subject to average power and
distortion constraints at each user. We provided a CMDP
based solution to the above problem, which can be used in
a low-density network, and showed that the optimal actions
of the Lagrange relaxation of the CMDP exhibits a threshold
structure in the state variables. In order to cater to high-
density networks, we proposed a convex optimization problem,
and presented a method to efficiently solve it for obtaining a
simpler, 2-competitive stationary randomized policy. Through
numerical simulations, we illustrated the threshold structure of
the CMDP based solution and studied variation of the average
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Aols achieved by policies when the bounds on the average
power and distortion constraints are varied.

VI. APPENDIX
A. Proof of Theorem 1

To prove the first part of the theorem, it is sufficient to prove
Q(a;,a_;,h,r;,r_;) is submodular in (a;,r;), when a_;, h
and r_; are fixed [13], which we prove below. We replace all
the fixed quantities with a dot (-) for brevity.

Consider

Qa; +1,m +1,) — Qa; + 1,7;,)
=1+ Aifi(ri +15h) + Bidi(r; + 1)
+~E[V(1,a"_;,h")|a; + 1,7; + 1,
—((ai + 1)1 = L;50) + 1+ Xifi(ris ha) + Bidi(r:)
+9E[V((a; + 1)(1 = L,50) + 1,a";,h')|a; + 1,74, ])
<14 Aifi(ri + 1 hy) + Bidi(ri + 1)
+~E[V(1,a"_,, h)|a;,r + 1,
—(ai(1 = Lp;>0) + 1+ i fi(ri; ha) + Bidi(r:)

+7E[V(al(1 - H7“,>0) +1, a/—iv h/)|ai7 T4, ]) ) (17

where (a) holds true with equality when r; > 0. However,
when r; = 0, (a) is true because V (a, -) is non-decreasing in a,
which we prove in the below via induction. The instantaneous
cost, ex g(n) = 300y ai(n+1)+ 300 X fi(ri(n); hi(n)) +
Zij\il BiE[d;(r;(n))] is non-decreasing function of a;. Assume
that V,,(a;(1 —1I,,>0)+1,-) is non-decreasing in a,. Note that

P(a;(1 —1,50) + 173/_1'; h,\ai, ST Tg) = IEJ’(h/|h)
= ]P)((a’l + 1)(1 - HT1>0) + La/—i:h/‘ai + 17 '7Ti7r—i)7

as the realization of a,; is deterministic for a given action ;.
Since the positive weighted sum of non-decreasing functions is

| | | | | | | | | | | |
0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17 0.19 021 0.23 0.25
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non-decreasing, E[V (a;(1-1,,50)+1,a’,, h')|a;, 7, -] is non-
decreasing in a,;. Now, since the minimum operator preserve
the monotonicity, V(a,-) is non-decreasing in a. This proves
the first part of the result.

Similarly, for proving the second part of the theorem, it is
sufficient to prove that Q(a;, hi, r;, ) is submodular in (h;, 7;).
For some § > 0, consider

Q(ai, hi + 0,7+ 1,-) — Q(as, hy, i, -)

=14+ N fi(ri +1;hi +6) + Bidi(ri + 1)
+AE[V(1,a"_,,h")|ai,a_;, hi + 0,7; + 1,
—(ai(1 = Lr,50) + 14 Aifi(ri; hi + 0) + Bidi(r:)
+yE[V (a;(1 = I,50) + 1,a_;, h')|a;, a_;, hi, 73, 7))
ST+ Nifi(ri + 15 hy) + Bidi(r; + 1)
+’YE[V( —z)h/)‘a’ZDaf’Hh/Z’TZ—i_l ]
= (ai(1 =L, 50) + 14 Ai fi(ris hi) + Bidi(ri)
+VE[V(G/Z(1 - ]IT1->0) +1 a—z; h/)‘aia a_g, h’ia Tiy D ’
where (a) is because f;(r;+1; hi+0)— fi(ri; hi+0) < fi(ri+

h;) — fi(rs; hy) due to the assumption of sub-modularity of
the power function in r and h. Moreover, since the channel
realizations transition independently, E[V (a;(1 — I,,50) +
1,a’ ;,h)|a;,a_;,x,r; + 1, is identical for x = h; + ¢ and
x = h;, for any r; > 0. Hence the proof.

B. Proof of Theorem 2

Consider the following optimization problem:

Lp =

1 X 1
min lim Zwi
T NS M\ LR[S, S wi ()

+1],

(18)
subject to (2),(3),(4),

where ]{,Eizg_l Z;r““l" Ui p(n )} gives the time-average of
the expected number of successful updates over IV slots. Along
the lines in [15], we can obtain that L < A*. For proving the
result, we construct a feasible policy to (13) from the optimal
policy to (18). Let @; ,(n) be the optimal solution to (18).
Define Ny (h) = {n: h(n) = h}?_, and

fiip(h) = lim

1 -
N W@y 2 Tl

nENN (h)

Consider

E hm

th p;h
Z > filpsh

h nGNN(

n)) i, (n)

=FE | lim
N—oo N

))ﬂi,p(n)
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fi(ps hi)

=" N ()]

Z Ui,p(n)

neNny (h)

T (52)

=E | P(h)fi(p; hi)fiip(h) | = Ex [fip; hi)fuip ()]

{h}
Hence,
N Tmax
Jim E |+ Z > filpsh)iip(n)| < P
n_l p=1
= En Z fz p;h .uz,[)(h) < pz

Similarly, we can prove that (13c) and (13d) are satisfied. Now,
comparing the objective functions of (18) and (13), we have,
Agr < 2Lpg. Now, noting that Lg < A* < Ar < A%, we get,
Aj < 24*.

REFERENCES

[1] W.Jiang, B. Han, M. A. Habibi, and H. D. Schotten, “The Road Towards
6G: A Comprehensive Survey,” IEEE Open J. Commun. Soc., vol. 2, pp.
334-366, 2021.

[2] A. Kosta, N. Pappas, and V. Angelakis, “Age of information: A new
concept, metric, and tool,” Now Publishers, 2017.

[3] Y. Sun, I. Kadota, R. Talak, and E. Modiano, “Age of information: A
new metric for information freshness,” Morgan & Claypool, 2019.

[4] M. A. Abd-Elmagid, N. Pappas, and H. S. Dhillon, “On the Role of
Age of Information in the Internet of Things,” IEEE Commun. Mag.,
vol. 57, no. 12, pp. 72-77, 2019.

[51 R. V. Bhat, R. Vaze, and M. Motani, “Throughput maximization with an
average age of information constraint in fading channels,” IEEE Trans.
Wireless Commun., vol. 20, no. 1, pp. 481-494, 2021.

[6] S. Hu and W. Chen, “Monitoring real-time status of analog sources: A
cross-layer approach,” IEEE J. Sel. Areas Commun., pp. 1-1, 2021.

[71 M. Bastopcu and S. Ulukus, “Age of information for updates with
distortion: Constant and age-dependent distortion constraints,” 2019.
[Online]. Available: http://arxiv.org/abs/1912.13493

[8] N. Rajaraman, R. Vaze, and G. Reddy, “Not just age but age and quality
of information,” J. Sel. Areas Commun., vol. 39, no. 5, pp. 1325-1338,
2021.

[9] Y. Dong, P. Fan, and K. B. Letaief, “Energy harvesting powered sensing

in IoT: Timeliness versus distortion,” IEEE Internet Things J., vol. 7,

no. 11, pp. 10897-10911, 2020.

R. V. Bhat, R. Vaze, and M. Motani, “Minimization of age of information

in fading multiple access channels,” IEEE J. Sel. Areas Commun., pp.

1-1, 2021.

I. Kadota, A. Sinha, and E. Modiano, “Optimizing age of information

in wireless networks with throughput constraints,” in JEEE INFOCOM,

2018, pp. 1844-1852.

Y.-P. Hsu, E. Modiano, and L. Duan, “Scheduling Algorithms for

Minimizing Age of Information in Wireless Broadcast Networks with

Random Arrivals: The No-Buffer Case,” Dec. 2017.

V. Krishnamurthy and B. Wahlberg, “Partially observed markov deci-

sion process multiarmed bandits—structural results,” Math. Oper. Res.,

vol. 34, no. 2, p. 287-302, May 2009.

S. Boyd, N. Parikh, E. Chu, B. Peleato, and J. Eckstein, “Distributed

optimization and statistical learning via the alternating direction method

of multipliers,” Found. Trends Mach. Learn., vol. 3, no. 1, p. 1-122,

Jan. 2011.

I. Kadota and E. Modiano, “Minimizing the age of information in wire-

less networks with stochastic arrivals,” IEEE Trans. Mobile Comput.,

vol. 20, no. 3, pp. 1173-1185, 2021.

[10]

(11]

[12]

[13]

[14]

[15]





