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Abstract—For battery-limited IoT networks, the energy effi-
ciency and Age of Information (Aol) are two key performance
metrics. Yet the tradeoff between energy efficiency and Aol
remains unclear for large-scale networks since the analysis
becomes challenging due to the couple queue problem. This paper
aims to address this issue by studying the performance limit of
energy efficiency under Aol constraint.

Specifically, we evaluate the energy efficiency via the expected
number of successfully transmitted packets during each trans-
mitter’s life time for which the explicit expression is derived
based on the spatio-temporal analytical framework in [1]. By
further taking the Aol constraint into consideration, explicit
expressions of the Maximum Expected Number of Successfully
Transmitted Packets (MENSTP) and the corresponding channel
access probability are obtained. The analysis reveals that if the
Power Ratio of the Transmission state and the Waiting state
(PRTW) equals one, i.e., the energy consumption per time slot
of the transmission state equals to that of the waiting state, then
the expected number of successfully transmitted packets during
each transmitter’s life time and the peak Aol can be optimized
simultaneously; otherwise, the MENSTP declines with a stringent
Aol constraint. Moreover, the performance gap enlarges when the
PRTW or the node distribution density increases which reveals
a crucial tradeoff between the energy efficiency and Aol. It is
therefore of importance to properly tuning the channel access
probability to strike an optimal energy-age tradeoff in battery-
limited large-scale IoT networks.

Index Terms—Energy efficiency, age of information, random
access.

I. INTRODUCTION

Energy efficiency and the timeliness of information are two
critical performance metrics for many Internet of Thing (IoT)
applications, such as the forest fire warning system, in which
battery-limited sensor nodes are places in remote areas for
monitoring the forest fire. A high energy efficiency is required
to support a long battery life time and the information reporting
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needs to be timely, especially in the state of emergency.
To measure the freshness of the status information, Age of
information (Aol), which is defined as the time elapsed since
the latest packet has been delivered, was proposed in [2] and
has drawn wide attention in existing literature.

Extensive studies have been conducted to optimize the Aol
performance when there is an energy constraint. For instance,
various works considered energy harvest sources with finite or
infinite battery capacity [3]-[6]. By proposing various types
of information updating policy, such as the lazy updating
policy [7], the monotone threshold policy [8] and the optimal
online status policy [9], the average Aol performance was
optimized with constraints on energy harvest rate. It was
clearly pointed out that there exists an age-energy tradeoff
in energy-constrained networks, where the optimization of
one metric is usually achieved at the cost of the other. Note
that the above works focus on Aol performance optimization
because the devices can be recharged via energy harvest. If the
battery replenishment is infeasible, then the energy efficiency
gains the overarching priority, for which it is of paramount
importance to study how to optimize the energy efficiency with
Aol constraint.

This issue is particularly challenging in the multiple access
scenario as queueing status of neighboring nodes coupled
with each other due to the interference. Optimizing the en-
ergy efficiency by constraining the Aol in cognitive sensor
network has been considered in [10]. However, the channel
error probability was assumed to be a constant value and
is unrelated with the interference among nodes. The effect
of interference was considered in [11] while the scenario
is limited to two-node case. An energy cost minimization
problem with average Aol constraints was studied in [12] by
using Lyapunov optimization theory. In this work, the sensors
share orthogonal sub-channel and only effect of the noise was
taken into consideration. The sampling cost was minimized in
[13] subject to average Aol constraints in a wireless channel,
yet the formulation only captures channel fading and the
noise. In short, above works ignored or idealized key physical
attributes in wireless systems, i.e., the interference, and node
distribution density, from which it remains largely unknown on
how those factors affect the tradeoff between energy efficiency
and Aol performance, and how to perform the Aol-constrained
energy efficiency optimization when those factors are included.

This paper aims to address those open issues based on a

978-1/4/64iz42 frdéd 246 3hiR0 18 20RY MTEFEN UNIVERSITY. Downloadedi 28December 07,2022 at 16:45:06 UTC from IEEE Xplore. Restrictions apply.



2022 IEEE Wireless Communications and Networking Conference (WCNC)

spatio-temporal analytical framework in [1], which was es-
tablished by combining the stochastic geometry and queueing
theory. The contributions of this paper are as follows:

o We derive an explicit expression of the expected number
of successfully transmitted packets during each transmit-
ter’s life time for a Poisson bipolar network by taking the
physical attributes, i.e., the interference, channel fading
and the node distribution density, into consideration.

o To study the tradeoff between energy efficiency and Aol
performances, we first examine whether the expected
number of successfully transmitted packets during each
transmitter’s life time and the peak Aol can be opti-
mized simultaneously. It is found that they can be opti-
mized simultaneously only when the Power Ratio of the
Transmission state and the Waiting state (PRTW) equals
one. The tradeoff between the energy efficiency and the
peak Aol becomes significant when the PRTW increases,
which reveals that a proper tuning of the channel access
probability is of necessity.

o We further optimize the expected number of success-
fully transmitted packets with a constraint of the peak
Aol by tuning the channel access probability. Explicit
expressions of both the MENSTP and the optimal channel
access probability are obtained. It is found that when
the PRTW is larger than one, the feasible region of the
optimal channel access probability can be divided into
two parts depending on the peak Aol constraint. When
the Aol constraint is not stringent, the optimal channel
access probability is determined by the PRTW instead of
the peak Aol constraint; otherwise, the optimal channel
access probability depends on the peak Aol constraint and
is insensitive to the PRTW.

The rest of the paper is organized as follows. Section II
presents the system model and the derivation of the expected
number of successfully transmitted packets during each trans-
mitter’s life time. In Section III, the expected number of suc-
cessfully transmitted packets during each transmitter’s life time
is optimized by tuning channel access probability. Simulation
results are presented in Section IV. Finally, concluding remarks
and future work are summarized in Section V.

II. SYSTEM MODEL AND PRELIMINARY ANALYSIS

Let us consider a Poisson bipolar network where transmit-
ters are scattered according to a homogeneous Poisson point
process (PPP) of density A. Each transmitter is paired with
a receiver that is situated in distance R and oriented at a
random direction. In this network, the time is slotted into
equal-length intervals and the transmission of each packet lasts
for one slot. The packets arrive at each transmitter following
independent Bernoulli processes of mean rate £&. We assume
each transmitter is equipped with a unit-size buffer and hence a
newly incoming packet will be dropped if the buffer is full. At
the beginning of each time slot, transmitters with non-empty
buffers will access the channel with a fixed channel access
probability q.

Due to the broadcast nature of wireless medium, i.e., all
the nodes utilize the same spectrum for packet delivery,
each transmission would be affected by others’ due to the
interference. Consider a packet is successfully delivered if the
received SINR exceeds a decoding threshold 6. Therefore, the
corresponding probability of successful transmission for node
1 can be written as

pi(t) = P(SINR;(t) > 0). 1
Similar to [1], we assume a high mobility random walk
model for the positions of transmitters. Therefore, the received
SINR,(t) of each transmitter i, ¢ € N, can be considered as
ii.d. across time ¢. By symmetry, the probability of successful
transmission is also identical across all the transmitters. To
that end, we drop the indices ¢ and ¢ in (1) and denote p
as the probability of successful transmission. The probability
of successful transmission of a generic transmitter has been
obtained in [1] as

_ o oameERr
p—eXP{ sine(Z) &+ pa(1 —&) ORy } )

where « is the path-loss exponent, v is the SNR at the receiver.
In the following, we let ¢ = 7% / sinc(2) for simplicity. The
dynamics of packet transmissions over each wireless link can
be regarded as a Geo/Geo/1/1 queue with the service rate ¢p.

In this paper, we leverage the peak Aol A, as a metric for
the timeliness of information, which is defined as the time
average of age values at time instants when there is a packet
transmitted successfully. The peak Aol A, in the considered
scenario has been obtained in [1] as

A, = 1 + 2 1. 3)
£ qp

Different from [1], we assume that each transmitter has
a finite amount of initial energy F, and thus the life of a
transmitter comes to an end if its battery runs out. When the
network size is large, the expected life time of each node is
assumed to be identical, which is denotes as 7" in unit of time
slots. During the life time, each node could be in the following
four states: 1) idle state, i.e., the queue is empty; 2) waiting
state, i.e. the queue is not empty and the nodes do not transmit;
3) successful transmission state, i.c., the packet transmission
is successful; 4) failure state, i.e., the packet transmission
fails. Note that no matter the transmission is successful or not,
the amount of energy consumption is identical. Let 717, Ty,
Ts, T denote the expected number of time slots for each node
being in the idle, waiting, successful and failure transmission

states during its life time, respectively. We have

T=Ts+Tr+Tw + 1. 4)
Let P;, Py and Pp denote the energy consumption in the
idle, waiting and transmission states per time slot, respectively.
According to the total energy constraint of each node, we have
E=PyTw + PiT; + Pr(Ts + Tr) (5)

= Pw(Tw +T1) + Pr(Ts + Tr),
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Fig. 1. Optimal channel access probability q*’A?PHOO and the corresponding MENSTP M *Ap—=00 versus the PRTW If—VTV. E=2%10*J, Py =1 W,

A=0.01,a=3,v=20,R=3,£€{0.2,0.6,1}. () AP versus

where we assume that the energy consumption per time slot in
the idle state equals that in the waiting state, i.e., P; = Py, for
simplicity. In each transmission attempt, with probability p, the
transmitter spends one time slot in successful transmissions;
otherwise, with probability 1 — p, it spends one time slot in
failure. Therefore, we have

Ts P

= = (6)

TF 1— p
Recall that each transmitter accesses the channel with prob-
ability ¢ in each time slot; otherwise, it stays in the waiting
state. Thus,

Tw  1—¢q

Ts+Tr  q

Since the mean service rate of each queue is given by gp, we
have

)

Ts _
Tw+Ts+Tr

Let p denote the non-empty probability of each transmitter’s
queue which has been derived in [1] as

qp- (3

§
I S— ©)
P e éap
and we also have
T Ts+T
wr+ds+1dp  p (10)

T 1—p°
In this paper, we are in{erested in the epxpected number of
successfully transmitted packets M during each transmitter’s
life time, as it is an important performance metric that reflects
the energy efficiency. Since one packet lasts for one time
slot, the expected number of successfully transmitted packets
equals that of time slots that transmitters spend in successful
transmission state, we have

Eéqp
P (1= q)¢ + Prap(l — &) + Prq€’
by combining (4)-(9). It is clear from (11) that the expected
number of successfully transmitted packets M depends on the
channel access probability q.

M=Ts =

11

{ P,
T (b) M*Ap—° versus L.
w w

III. AOI-CONSTRAINED ENERGY EFFICIENCY
OPTIMIZATION

In this section, we consider to maximize the expected num-
ber of successfully transmitted packets M under the constraint
that the peak Aol A, is expected to no larger than a certain
threshold /Ip, by tuning the channel access probability q. We
have the following optimization problem

M*= max M (12)
q€(0,1]
st. A, <Ay,

The following theorem shows the solution to the optimization
problem (12).

Theorem 1. The Maximum Expected Number of Successfully
Transmitted Packets (MENSTP) under constraint A, < Ap,
M* is given by (13), otherwise (12) has no feasible solution.
The corresponding optimal channel access probability q* is
given by (14), in which the lower bound of the feasible solution
set Qmin given by

2XcR2¢ exp {ORD"y_l}
WO - — 1
2(1-£)+¢ (A, — g +1)
Achg(A'p—%H)
20-9+¢(A,-g+1)
where Wq(-) is the principal branch of the Lambert W
function, and p, is the non-zero root of the following equation

_ 2 £ o, —1

Proof. Due to lack of space, we sketch the outline here.

) 5)

Qmin =

(16)

« Prove that A, < A, is equivalent t0 ¢ > gmin-
o Solve gmin by combining (2), (3) and A, = /Ip.
o Solve the unconstrained optimization problem of M by
combining %‘,qﬁo’ 88—];4|q:1 and % =0.
« Prove that ¢*4»>> < g% ;'. The solution to (12) can
then be obtained by comparing gmi, and q*’Aﬂ_"’o.
O

Iq;ol is the optimal channel access probability to achieve the optimal peak
Aol, which has been derived in [1].
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4
2E¢ , if AcR?> 1520017
PW(AP+1_%_(‘{P_1+%)Qmin)+PT4min 52%-&-@*5(1—5)
B AeR? (14 /14 4 Pr
2XcR% exp {HR“fyfl + 1} - % <A, < ( (PW )> ,
exp —2 —OR>~y—1
\/H(Acﬁ%? (75 -1)
M{ =
¢ %exp - 42 (P )—GR"'\(*l
1+\/1+W Pi—l 2 _ AcR? (14 1+ Dr oy
— - _ W - if )\CR2 > W and Ap > ( )\(,RQ(PW )) 7
c Pr Lr &2 p o tp«£(1-¢)
2 <1+\/1+>\ch (PW 1)>+<PW 1) Pw exp \/ ( 72(13 ))*91{""‘/71
A Xer? qu;/71
Bpy€ : 2 [€+px(1-8)]° I >1,2
Pap=(1-OFPrE’ s i S S
w
(13)
2.4 1
o 72)\CR2fexp{9Ra'y*1} / _ AR £<Ap_5+1)
20-)+e( A, - +1) 20-)+e( A~ +1)
5 _ AeR2 (14, /144, (£ _
if AcR? > —A§P=0=9 and 2XcR?exp {0Ry ' +1} — 1 < 4, < ( e (7 1)) :
§2f+p*£(1 €) )
exp — —OR~y—1
Vi (e (7))
1
% =9 | rer? _
1+\/1+ oRT (ﬁ—g
2 _ AeR2 (14, /1+—4_ (L 4
it AcR? > 1§09 4nq 4, > ( se (i) :
& p,, TrE(1-8) )
exp — —0R~
Vo (e (F5)
1, if )\CRQ_Mand A >i+ 21,
52—+p*s<1 3 b
(14)
A. Discussion Fig. 1 demonstrates how the optimal channel access prob-

1) A, — 4o00: Let us first examine the case when A, —  ability q*“r~° and the corresponding MENSTP M +Ap—r00
00, w1th which based on Theorem 1, the MENSTP M *4» Zro0 vary with the PRTW % under different values of the packet

is give by arrival rate . It is clear from Fig. la that q*’A_PHOO =1
when };—; is small, indicating that each transmitter should
Piy P~ - \/1+ 42 ( Pr 1) —6R%y7! transmit at each time slot due to a low energy consumption in
_ AeRZ \Pw , the transmission state. As II;T increases, ¢*%» > decreases.
M*yA:D"(’O — AcR2 1+ 1+#( Pr ,1) +(P7T, )
P NeRZ \ Py Intuitively, a high energy consumption in the transmission state
if AcR2 > ﬁ?‘%, makes the cost of transmission failures unaffordable, and thus
Epat i TR each transmitter should reduce the channel access probability
P otherwise,
Py p«(1-)+Pr§

so as to enhance the probability of successful transmission.

1
which is achieved when the optimal channel access probabiiig}z Due to similar reasons, the optimal channel access probability
q*’APHOO is set to be also decreases as the packet arrival rate £ increases, as Fig.
la illustrates. Moreover, from Fig. 1b, we observe that when
1/ (# (1 + \/ 1+ 5 (% - )) IIDDVTV is small, a larger arrival rate always leads to a better
. . M *7“{?"00. When I%TV increases, it is interesting to see that
wApoe ) e i \/ ) —OR © M*4»7 is not sensitive to the packet arrival rate ¢ and
K B becomes solely dependent on PT This is because the optimal
if AcR? > _l&rp(=9]* channel access probability is low with a large & F.» With which
& Py TP=E(1-8) a newly-incoming packet would often be discarded since it

1, otherwise.

sees a full buffer. Thus the increment of the arrival rate is

18
(s not helpful for improving the performance of MENSTP and is
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Fig. 2. Optimal channel access probability g* and the corresponding MENSTP M* versus the timeliness constraint A,. E = 2 % 10*J, Py = 1 W,
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Fig. 3. Optimal channel access probability q*’A oo and the corresponding MENSTP M ™ +Ap—00  N[4=4Al versus the node density . E = 2 % 10%J,

Py =1W,A=00l,a=3~7=20,R=3,¢=1 5L

solely determined by P—T

2) Ap < +o0: With a finite peak Aol constraint Ap < 00,
Fig. 2 presents the optimal channel access probability and the
corresponding MENSTP. With £ &L =1, there are two cases
for the 0pt1mal channel access probablhty, i.e., (1) infeasible
region; (2) ¢* = 1. In case (1), as 71, is too small such that
no feasible solution exists. When the Ap constraint is relaxed,
i.e., in case (2), the optimal channel access probability ¢* =1
regardless of A,.

When P—T > 1, as shown in Fig. 2, the feasible region of
the 0pt1ma1 channel access probability is further partitioned
into two parts, i.e., (1) ¢* = qmun When A < Aq q ’Ap_m;
2) ¢* = ¢~4» 7> when A, > Ag=1" s . In case (1),
the optimal channel access probability ¢* decreases as A, in-
creases. As we have shown in Fig. 1, a lower access probability
is required to optimize M. When the Aol constraint further
looses and A,, exceeds Ag:q*’Ap 7%, ¢* is solely determined

by 5—;, which is consistent with the analysis in Fig. 1.

B. Tradeoff between Energy Efficiency and Aol

So far, we have demonstrated the MENSTP M™* and cor-
responding optimal channel access probability ¢*. Note that

€ {1,10,20}. (a) q*’A % versus . (b) M*Ap=00  NMa=%Ro versus .

instead of focusing on energy efficiency, lots of existing works
focus on the Aol optimization, i.e., g5, = arg minA,,. Due to

the difference in optimization objective, ¢j,; might be different
from ¢*, which leads to energy efficiency performance loss if
the focus is on Aol

To evaluate the tradeoff between energy efficiency optimiza-
tion and Aol optimization, Fig. 3 further illustrates how the
optimal channel access probability ¢*“»=° and the corre-
sponding MENSTP M*4»—~ vary with the node density
A under different values of the PRTW +5Z. Note that the
optimal channel access probability for AOI 0pt1m12at10n, ie.,
g = qx,» and the corresponding energy efficiency M 4=4A01
were presented, and have been highlighted in red in Fig. 3. We
can see that when JJSTTV = 1, we have g% ; = ¢*“»7°°, and the
corresponding M9=%u = M*Ar—~° indicating that M and
A, can be optimized simultaneously. As II;TTV increases, the
gap between the curves of M*4» = and M=% increases,
implying a noticeable tradeoff between the energy efficiency
optimization and Aol optimization. In this case, each trans-
mitter should access the channel less frequently to alleviate
the channel contention so as to reduce energy consumption
in the transmission state, which, nevertheless, leads to a large
queueing delay in the buffer and poor Aol performance.
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Fig. 4. The expected number of successfully transmitted packets M during each transmitter’s life time versus the channel access probability q. (a) A = 0.01,
§—VTV € {1,10,20}. (b) ]{.,’—VTV =10, A € {0.005,0.01,0.02}. Public parameters: E = 104J, Pjy = 1W, R=3m, £ =1, 6 = 0.8, a« = 3, SIR v = 20.

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, we provide simulation results to validate
the analysis. Specifically, in the beginning of each simulation
run, we realize the locations of transmitter-receiver pairs over
a 100 x 100 m? square area according to independent PPPs
and place the typical link where the receiver is located at the
center of the area. In each time slot, the location of each pair
is regenerated except for the typical link, and each simulation
lasts for 10* time slots. The simulation results are obtained by
average over 20 realizations.

In Fig. 4, we depict the expected number of successfully
transmitted packets M during each transmitter’s life time
as a function of the channel access probability ¢, under
different values of the PRTW % and under different values
of the node distribution density A. It can be seen that the
expected number of successfully transmitted packets M during
each transmitter’s life time various with the channel access
probability ¢ and can be optimized when ¢ is carefully tuned;
otherwise, the energy efficiency will be severely degraded.
It is therefore important to properly tune the channel access
probability towards a high energy efficiency. A close match
between the simulation and analytical results can be observed
from Fig. 4, which verifies the analysis.

V. CONCLUSION AND FUTURE WORK

In this paper, we maximize the expected number of suc-
cessfully transmitted packet during each transmitter’s life time
with the consideration of the peak Aol constraint for the
mobile random access Poisson networks. Explicit expressions
of MENSTP and the corresponding optimal channel access
probability are obtained.

The analysis shows that the MENSTP and the corresponding
optimal channel access probability decrease with the PRTW
regardless of the Aol constraint. The Aol constraint would
affect the optimal energy efficiency performance only if the
constraint is stringent. Moreover, the tradeoff between energy
efficiency and peak Aol is also studied. The analysis shows that
they can be optimized simultaneously when PRTW equals to
one, and the tradeoff between them becomes significant with

a large PRTW. These observations reveal crucial age-energy
tradeoff in battery-limited IoT networks.

Note that this paper analyzed the age-energy tradeoff and
studied the performance limit of energy efficiency by tuning
the channel access probability. With the stochastic arrival
model, the packet arrival rate is also a vital tunable parameter
that affects the performance limits. How to jointly adjust
the channel access probability and the packet arrival rate to
optimize the MENSTP deserves further study.
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