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Abstract. In this paper, we focus on the Peak Age-of-Information
(PAol) performance in Carrier Sense Multiple Access (CSMA) networks.
Specifically, by assuming that sensors are equipped with unit-size buffers
and the Bernoulli update process, the PAol expression and the opti-
mal access probability for minimizing PAol are derived. A comparison
between the optimal PAol in CSMA and that in Aloha is presented,
identifying the age performance in CSMA could be inferior to that in
Aloha if the ratio of sensing time to packet length is high. The criti-
cal threshold in terms of this ratio is characterized, which is shown as
a decreasing function of traffic arrival rate. It reveals that compared to
CSMA, Aloha is a better choice in scenarios with large propagation delay
and light traffic, such as low earth orbit mobile-satellite communications
for Internet-of-Things services.
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1 Introduction

With the rapid advancement of the Internet of Things (IoT), emerging IoT
applications necessitate more stringent information timeliness requirements. In
domains such as environmental monitoring, vehicular networking and intelligent
healthcare, swift and accurate system responses are essential for enabling effec-
tive decision-making by servers [1]. In order to characterize information timeli-
ness in wireless networks, the concept of Age-of-Information (Aol) was initially
introduced in [2], which measures the time elapsed since the generation of the
most recent successfully transmitted update. How to optimize Aol performance
is vital for propelling networks towards heightened productivity.

As an elegant solution for multiple sensors to access a shared channel, Car-
rier Sense Multiple Access (CSMA), has been widely applied such as wireless
ad-hoc networks and WiFi [3]. For the existing works of optimizing throughput
or delay performance of CSMA, the design of optimal parameters has long been
considered a challenging issue, since CSMA has the notorious bi-stability prop-
erty similar to which in Aloha [4], i.e., the network may have two distinct steady
operating points.
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In recent years, the Aol characterization and optimization of CSMA net-
works have garnered considerable attention [5-10]. The studies [5,6] focused on
characterizing the average Aol performance in vehicular network scenarios under
different assumptions. The paper [7] derived the closed form expression of the
average Aol of a ultra dense IoT system in the presence of noisy channels by using
the stochastic hybrid systems approach. The work [8] characterized the worst
Aol of wireless sensor networks, revealing the necessity of tuning the contention
window size to minimize Aol via numerical results. The work [9] minimized the
Aol of CSMA-based ad-hoc networks by optimizing the back-off timer, while the
study [10] focused on how to tune the channel attempt probability to optimize
Aol performance. Note that studies [8-10] are based on the assumption that
each node is always saturated by allowing dummy packets to be sent when the
buffer is empty. Although this assumption simplifies the mathematical complex-
ity, it inadvertently lowers the network performance ceiling, as dummy packets
also compete for channel resources without contributing to Aol. Thus, how to
exactly characterize and optimize the information timeliness in CSMA networks
remains a worthwhile and critical issue.

Another representative random access protocol, Aloha permits sensors with
non-empty buffers to access the channel with a specific probability at the begin-
ning of each time slot without channel sensing [11]. In contrast, CSMA requires
each sensor to sense the channel and transmit only if the channel is detected as
idle. The analysis in [12] reveals that when packet length is small, the benefits
of sensing may not necessarily outweigh the costs, and CSMA’s access efficiency
could be inferior to that of Aloha in terms of sum rate performance. In this
paper, we are interested in the following issues: Does such a threshold exist in
terms of age performance? If it exists, then how does this threshold vary with
system parameters? We aim to address these open issues in CSMA networks
by considering the metric termed Peak Age of Information (PAol)! , which is
defined as the maximum Aol achieved before a packet is received.

Our contributions can be summarized as follows:

— PAol characterization and optimization: By leveraging the embedded Markov
chain in [4], the explicit expression of PAol in CSMA networks is derived,
based on which PAol is further minimized by properly tuning the access
probability. Our analysis demonstrates that the minimum PAol decreases
with the mini-slot length and linearly increases with the number of sources
when the network size is large.

— Random access protocol comparison: Based on our previous work [14] on
Aloha protocol, we compare CSMA and Aloha regarding the optimal PAol.
It is found that CSMA outperforms Aloha only when the mini-slot length of
CSMA falls below a critical threshold. This critical threshold decreases lin-

! The adoption of PAol as an age metric stems from its stationary distribution, which
can be conveniently characterized through established queueing theory techniques
[13]. The insights gained from this analysis can also be leveraged to incorporate
different age metrics, including the mean Aol.
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early with the traffic arrival rate A when the aggregate input rate A < 0.48;
otherwise, it remains constant at 0.44.

The remaining parts of this paper are arranged as follows. The system model
and preliminary analysis of bi-stable behavior are provided in Sect. 2. In Sect. 3.3,
we derive PAol and further minimize it by optimally tuning the channel access
probability of each sensor. In Sect. 4, insights regarding the PAol performance
between CSMA and Aloha networks are provided. Summarizing findings are
concluded in Sect. 5.

2 System Model and Problem Formulation

Consider a CSMA network consisting of n sensors and a public server. Each sen-
sor has a unit-sized buffer and all the sensors are synchronized and can sense the
channel to determine its availability. The packet arrivals obey the Bernoulli dis-
tribution with parameter \ the newly arrived packet may be dropped out when
the buffer is full. With a non-empty buffer, the sensors will access the channel
with probability ¢ if the channel is idle. The packet is successfully transmitted
only if there is no other concurrent transmission [15], and the packet in the buffer
will keep being served until it is successfully transmitted.

Successful transmission

[[] Collision

N | | 1 |- 11 1 | L1 1 t
<1 f A
a xa 1 xa

Fig. 1. Time slots in CSMA networks.

An illustration of the time slots in CSMA networks is presented in Fig. 1.
Specifically, the time is divided into smaller mini-slots a, where the length a is
the ratio of the propagation delay needed by each sensor for sensing the channel
to the time required for packet transmission. Packets are transmitted over a
noiseless channel and we assume each packet has the same size and that the
transmission time required is one time slot. Suppose that the sensors can only
start transmission at the start of the mini-slot, and it takes each sensor 0 <
2 < 1/a mini-slots to detect the collision and further abort the ongoing update
transmission. In this paper, we assume z = 1/a, which indicates that the sensors
are operating in the half-duplex mode and remain unaware of any collisions until
the packet transmission is finished.
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Let p denote the successful probability of each access. Note that a discrete-
time Markov model for characterizing the Head-of-Line packets behavior in
CSMA network has been established in [4]. By substituting the offered load
given in Eq. (3) of [16] into the steady-state point equation given in Eq. (31) of
[4], the successful transmission probability is obtained as

_ nAq(l+a—p)
D = exp (/\(1+a—p+q)+qp)> ) (1)
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Fig. 2. Roots of (1). The intersection points of the solid line and the dashed line
represent the steady-state points pr, and pa. n = 100, A = 0.006, a = 0.1, ¢ is from
0.01 to 0.1 with step length 0.01.

It is clear that p is determined by the number of sensors n, the access proba-

bility ¢, the mini-slot length a and the traffic arrival rate A. For illustration, we

construct f(p) = p — exp (%), and f(p) = 0 has the same roots as

(1). The numerical results are presented in Fig. 2. It reveals that (1) has either
one root py, or three roots 0 < p4 < ps < pr, < 1, where p4 is the undesired
steady-state point, py, is the desired steady-state point and pg is the unstable
point [4]. Depending on the number of steady-state points, we can define the
stable region as below:

— Bi-stable region B = {(n, ¢, A\,a)| The CSMA network has two steady-state
points, p4 and pr,}.

— Mono-stable region M = {(n, ¢, A, a)| The CSMA network has one steady-
state point pr,}.

The network stays either at the mono-stable region M or the bi-stable region
B. Tt has long been observed that in B, the network may drop from p; to the
undesired point p4 in an unpredictable way, leading to intolerable poor perfor-
mance since pg < pr, [4]. Therefore, the network should stay in M for avoiding
the dropping risk. Under this consideration, our target is minimizing the PAol
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A by the optimal configuration of access probability ¢ given the network scale
n, the input rate A and the mini-slot length a, i.e.,

A" = min A,
0<¢<1 (2)

s. t. {n,q,\,a} € M.

3 Peak Age of Information Optimization

This section aims to optimize the PAol in CSMA networks. We will start by
deriving the explicit expression of the PAol in CSMA networks.

3.1 PAol Analysis

A (t) . Mini-slots

Successful transmission

Fig. 3. Aol trace in a CSMA network with the mini-slot length a = 0.2.

A graphical illustration of the Aol evolution over time is presented in Fig. 3. The
time instances at which each packet arrives and is successfully transmitted are
denoted by t; and t; respectively, i € {1,2,...}. Only successfully transmitted
packets are marked in the figure. Each transmission takes 5 mini-slots, as deter-
mined by a = 0.2. It can be seen from Fig.3 that the Aol A(t) increases over
time, and A(t) decreases to t —u(t) if and only if an update has been received by
the server, where u(t) = max{#;|0 < ¢} <t} and t € {1,2,--- }. Note that some
packets are discarded because of the limited size of the buffer, such as the packet
arrived at t;1o. To avoid ambiguity, we take k to denote the index of informative
packets that determine the PAol [17,18].

The PAol A, which is defined as the Aol achieved immediately before receiv-

ing the k' packet, is shown in Fig.3. The average PAol can be expressed as
A H{ACE+) AWM}

A £ lim su
T—oo SUP T T (A< A}

[19]. The informative packets are those
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that arrive when the buffer is empty such as the i*", i + 1" and i + 3" packets
illustrated in Fig.3. Accordingly, following the k*" packet reception, the PAol
Ay can be expressed as

A =Dy 1+ Wi+ Dy, (3)

where

— Dy, represents the access delay, which is the duration from the first packet to
arrive after the successful transmission of the k — 1** packet until to the k"
packet. The mean access delay is given by [4]

1 1+4a-—
E[Dy] = -+ ———~. (4)
p ap
— W represents the idle period, the duration from the successful transmission
of k— 1" packet to the arrival of a new one. Note that the packet arrival rate
in each mini-slot a is given by a), so that the idle period is obtained by
1 1
EWi]=— -a=—. 5
Wil = a=1 (5)
As Wy and Dy are independent and identically distributed random variables,
we have E[Dy_1] = E[Dy]. By further combining (3)—(5), the average PAol in
CSMA networks can be expressed as
1 2 2 21+4a
4= 2 2,240 (6)
Ap g ap

3.2 PAol Optimization

The following lemma shows the optimal configuration of access probability for
PAol minimization on the condition of network state p = py,.

Lemma 1. With p = pr, the optimal channel access probability for PAol mini-
mization is given by

A(2+a—p)+p’
A(1+4a) ’ (7)

,\(1+a)(1+Wo(%))
qu = { (+a) (rA+Wo (S5 ) ) -
1, otherwise,

T if n>

where Wo(+) is the principal branch of the Lambert W function and p’ is the
steady-state point in (1) with ¢ = 1.

Proof. See Appendix A.

Lemma 1 presents the optimal access probability when the network operates
at the desired steady-state point pr. As discussed in Sect. 2, if the network stays
in the bi-stable region, then it may not stay at pr and drop to the undesired
steady-state point p4. To avoid this risk, the optimal access probability for
minimizing PAol with {n,q, \,a} € M is given by Theorem 1.
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Theorem 1. For minimizing the PAol of CSMA networks, the optimal channel
access probability is given by

A(1+a) (14Wo (5557
g =< (1+a) (n)\+WO ( S )) _
4B, otherwise,

\ )‘>A07

(®)

where qp is the non-zero root of the equation (9) and Ao is the non-zero root of
A(t+a) (14Wo (557 ))
(1+a)<nA+Wg(%))f)\’

equation qg =

nAg5(1+a+ M) (1 1 n\qp 1
In (B() LIRS Lo
a5 — ) 2 4 gg—A 1_ [1_
2 1M
where p = (¢5=\)(1+a+gsB)

nq% (14a+X)

Proof. See Appendix B.
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Fig. 4. Optimal channel access probability ¢* versus the number of sensors n, A =
0.005, a = 0.025,0.1 or 0.25.

By comparing Lemma 1 and Theorem 1, we see that when the packet arrival
rate A is large, the network operates at p = pr and the optimal solution is
obtained according to Lemma 1. Otherwise, the network may fall into the bi-
stable region B and operate at p = p4. In such case, Theorem 1 points out that
the access probability should be set to the region boundary given by (9), with
which the CSMA network can minimize PAol while operating at p = py,. Fig. 4
depicts how the optimal access probability ¢* varies with the network scale with
the mini-slot length a = 0.025,0.1 or 0.25. We can see that ¢* decreases with the
network size n. By virtue of a stronger capability of detecting channel collision,
i.e., a smaller a, each sensor can take an aggressive transmission strategy with a
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larger q if the network size is small. When n is large, we have nA > 1, i.e., almost
all sensors in the network have a non-empty buffer and are always listening to
the channel to prepare for packet transmission. In this case, a smaller a for a
certain channel idle time means more chances for making transmission decisions,

therefore ¢* for each mini-slot decreases slightly as a decreases to improve the
successful transmission probability.

3.3 Simulation Results

Simulations are conducted to verify the above analysis. The simulation settings
are identical to the system model and therefore, the details are omitted here.
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Fig. 5. PAol A versus the channel access probability ¢, n = 100, a = 0.05 or 0.5. (a)
A = 0.003. (b) A = 0.009.

Fig.5 illustrates how the PAol A varies with the access probability with the
mini-slot length a € {0.05,0.5}. The packet arrival rate is set to A = 0.003
in Fig.5a and A = 0.009 in Fig.5b. It can be observed from Fig.5a that the
PAol A decreases as the channel access probability increase before the network
falls into B. However, the channel access probability should not exceed a certain



444 D. Wu et al.

threshold to prevent the network from falling into the bi-stable region, where the
network performance is unacceptable as we have discussed in Sect. 2. In addition,
it can be seen that with a smaller mini-slot length a, the optimal channel access
probability is higher and the corresponding minimum PAol is also lower. A
similar trend can also be observed in Fig. 5b. With A = 0.009, the network stays
in M and the PAol is minimized with ¢ = ¢*. The minimum PAol can further
be reduced with a smaller mini-slot length a since the source can quickly sense
the channel state and make transmission decisions accordingly.

1200

1000[

Absaa

—-=-a=0025

****** a=0.1
a=0.25

Fig. 6. Optimal PAol A versus the number of sensors n, ¢ = ¢*, A\ = 0.005, a =
0.025,0.1 or 0.25.

4 Minimum PAol Comparison: CSMA Versus Aloha

So far, we have demonstrated how to tune the channel access probability for
minimizing the PAol in CSMA network. Note that another representative ran-
dom access scheme, Aloha, also has drawn wide attention on age performance
evaluation [20]. In contrast to CSMA, where each sensor senses the channel first
and transmission happens only when the channel is idle, with Aloha, each sensor
transmits if there is a request. In this section, we compare CSMA and Aloha
from the view of minimum PAol.

In our previous study [14], we evaluated and optimized PAol of Aloha net-
works, where the following theorem was obtained on the optimal tuning of backoff
parameters.

Theorem 2. For minimizing the PAol of Aloha networks, the optimal channel
access probability is given by

A
* ni—e—1 A> 7?3

qAloha = AW? | (— Yo (10)

n .
otherwise
n(—2W_ (—¥22)_1) ’

where Ao ~ 0.48 and W_1(-) is the secondary branch of Lambert W function.
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Proof. The proof is presented in [14].

To avoid ambiguity, let us denote the minimum PAol of CSMA as Afgp/a
and that of Aloha as A%, ;.. Fig.6 shows how the minimum PAol varies with
n with the mini-slot length a € {0.025,0.1,0.25}. It can be seen that a smaller
mini-slot length a results in a lower A% g, 4. While both A%gy,4 and A% 1.
increases with the network size n, especially when n is large. The use of carrier
sensing has long been believed to greatly improve access efficiency. Yet, a closer
look at Af g4 With a = 0.25 suggests that when the network scale is large, the
age performance of CSMA is inferior to that of Aloha, i.e., Afgira > A%ioha-

800
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Alioha Absma
| ==X =0.004 X = 0.004
600 ———-A=0.008 A =0.008
500
A
FTe | .
300
200F
100 ’
10° 1072 10" 0.443 0.49810°

a

Fig. 7. PAol A versus the mini-slot length a, ¢ = ¢*, n = 100, A = 0.004 or 0.008.
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Fig. 8. Mini-slot threshold of PAol a* versus the packet arrival rate A\, ¢ = ¢*, n = 100.

Similar observations can also be found in Fig.7, which illustrates how the
minimum PAol varies with the mini-slot length a and A = 0.004 or 0.008. The
PAol in Aloha A%, ;. remains constant since there is no carrier sensing before
transmission. The PAol in CSMA Af ¢, 4 is lower for larger arrival rate A when
mini-slot length a is small. It is because more sources have packets to be sent
instead of waiting for fresh ones passively. It is clear that with a smaller mini-slot
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length a, the sensors sense the channel more frequently, which can help to avoid
collision and improve the PAol performance in CSMA networks. Yet, once more,
we observe that as a increases, Af gy 4/3=0.004 outperforms A% gy, 4la=0.008 due
to the negative impact of excessive channel listening overhead on network per-
formance when a majority of sources with packets participating in contention.
Furthermore, Af g4 grows as well and finally Afgpa > Alona- It indicates
that when the mini-slot length is large, CSMA is inferior to Aloha because the
sources will experience excessive overhead in terms of channel sensing.

Let us define a critical threshold in terms of the mini-slot length a as a*,
above which Afgpa > A¥onae Via numerical calculation according to (6) and
(8) in this paper, and (10) in [14], Fig. 8 depicts how this critical threshold a*
varies with the input rate A. It can be observed that when A > 0.048, the critical
threshold a* is constant at 0.44 because each sensor usually has a non-empty

buffer, with which the effect of A is trivial. While, if A < 0.048, we have \ < %,
and the optimal access probability in Theorem 2 should be adaptively tuned
according to A, with which the critical threshold a* decreases as the input rate
A grows.

The above discussion sheds important light on practical system design.
Specifically, the length of mini slots is determined by the ratio of the sensing
time to the packet length, which is often limited by the propagation delay. Our
analysis indicates that the benefit of sensing in CSMA is significant only for
the wireless network with sufficiently small propagation delays. Yet, for non-
terrestrial networks, such as low earth orbit mobile-satellite communications,
where the propagation delay is expected to be large, Aloha may be a more suit-
able multiple access protocol than CSMA in terms of PAol performance.

5 Conclusion

This paper presents the PAol analysis in CSMA networks. By characterizing
the steady-state points and PAol, we derive the optimal access probability for
minimizing PAol, taking into account the bi-stability of CSMA. Furthermore,
we compare the minimum PAol in Aloha and CSMA, demonstrating that the
advantage of CSMA networks is more pronounced with a smaller mini-slot length
a. Specifically, there exists a critical threshold for a, where Aloha and CSMA
networks exhibit the same optimal PAol performance. Our analysis reveals that
the benefit of carrier sensing for PAol exists only when the propagation delay
is small, whereas in applications with high propagation delay, such as non-
terrestrial communication, Aloha may be a more suitable protocol.

It should be noted that this paper focuses on the PAol optimization of CSMA
networks based on Bernoulli packet arrival. Future work may explore optimizing
PAol with different traffic models and packet management, and explore how
jointly tuning traffic rate and channel access probability to achieve better PAol
performance.
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A  Proof of Lemma 1

According to (1) and (6), we have

0A -2 —nApq(1 +a+ q)¢? +pc (1)
9q  @** \ (pg+ AC + q)° — nApg(1 +a+ \)
where ( = 1 4+ a — p. It can be further obtained that lir(r)l % < 0. When
q*)
n > W%W, we have lini % > 0 and the PAol can be optimized by
q%

qm € (0,1), where p’ is the steady-state point obtained by substituting ¢ = 1 in
(1) and the optimal access probability ¢ys can be derived by solving %—‘2 = 0 that

Ml +a—p)
S nA14a)—A—p’

qm (12)

where p; = exp (ﬁ‘a — 1). Otherwise, we have % < 0 for ¢ € (0,1], and the

channel access probability is given by ¢ = 1. Finally, (7) is obtained by levering
the Lambert W function and combing the above analysis.

B Proof of Theorem 1

The CSMA network region is illustrated in Fig.9, which shares the bi-stable
property in Aloha [4,21]. It is clear that the optimal access probability gps of
(7), is included in the mono-stable region if and only if the packet arrival rate
is high enough that A > Ao, where Ay is the intersection point of ¢qp; and the
bi-stable region boundary. Otherwise, the condition of p = py does not hold.
According to (7), we have

A1 +a) (14 W (357))
(1+a) (nA+Wo (557)) = A

argmin Alxsy, = (13)
q

When A < A, the access probability gp; will cause the network to fall into
B and the network performance may degenerate sharply over time [4]. Fig. 10
illustrates the PAol in different regions, which can be observed that the PAol
with the undesired point p4 is intolerable high since the successful transmission
probability p = p4 is far lower than that with p = py as Fig. 2 illustrated. The
PAol decreases with g before the network shifts to bi-stable region B. In such
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case, ¢* is the critical value before the network falls in B, which we mark as ¢p
and we have

argmqinA\)\ng =qB. (14)

The following analysis we focus on how to solve this critical value ¢p. Based
on (1), let

M
f1(p) = —ln(p) - m7 (15)
where AP (L+a+ ) Al+a+q)
_ nA\g a _ a—+q
M = —(q )2 , N = 7q Y . (16)

Since f1(p) = 0 is equivalent to (1), it can be utilized to analyze the number of
roots. We can obtain the first derivative of f1(p) about p with respect to p as

fp) = 22

e o

where g(p) = —(p+N—%)2+M72 — MN.
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Fig. 10. PAol performance at two distinct points pr, and pa.
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Note that g(p) has the same form as Eq. (27) in [19] so we omit the root

analysis in Appendix B of [19] due to the limited page. Another branch of the
optimal access probability qp, which is the boundary between the regions M
and B, can be expressed as f1(p}) = 0, where p} is given by Eq. (29) in [19].
By combing (15), (16), gp can be simplified as (9). Finally, the optimal channel
access probability can be obtained by combining (7), (9) , (13) and (14).
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