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Exploiting an Optimal Delay-Collision tradeoff in
CSMA based high-dense Wireless Systems

Nicola Cordeschi, Member, IEEE, Floriano De Rango, Member, IEEE, and Mauro Tropea, Member, IEEE

Abstract—A novel carrier sense multiple access strategy with
collision avoidance (CSMA/CA) balancing contention probability
and channel access time is proposed. The approach can be
applied to any context where the computational simplicity of
the MAC must be preferred to the complexity of the channel
access strategy. Our MAC, called Delay-Collision CSMA (DC-
CSMA), is a slotted nonpersistent CSMA/CA with nonuniform
contention probability distribution, designed to reduce at the
same time latency of contenders and preserve a high successful
access probability. An utility function aiming at equalizing the
effects of these two performance metrics is introduced, and
the related theoretical properties and optimal distribution are
derived. DC-CSMA is insensitive to the number of contenders
and very robust with respect to contention window size, packet
length, and impairments such as frame synchronization errors
and hidden terminals, and it does not require any adaptive
tuning to optimize its performance. Current technologies such as
WSN, RFID, IoT devices can benefit from such a simple access
technique. The numerical evaluation has been led out considering
latency, successful probability and throughput, and DC-CSMA
has been compared with other classical strategies such as CSMA
with uniformly distributed contention probability, CSMA/p* and
Sift distribution.

Index Terms—CSMA/CA, collision probability, WSN, mMTC,
constrained-wireless systems, IoT, channel access delay, utility
function, optimization problem.

I. INTRODUCTION AND RELATED WORK

N the last years, many medium access control (MAC)

strategies have been proposed for different technologies as
WSN, Internet of Things (IoT), RFID systems or any other
device with some limitations in computation, delay, throughput
and so on [1]. A lot of interest has been given to scalable
MAC approaches able to maintain good performance also
in extreme cases where the number of nodes dramatically
increases, or where the node density estimation is not precise
due to many reasons such as node mobility, link failures,
heavy energy-saving sleeping schedule policies etcetera [2],
[3]. Considering the heterogeneity of the arising technologies
such as 5G, WLAN, IEEE 802.15, 802.11ax, 802.11ah etc.,
simple MAC strategies with guaranteed theoretical bounds and
scalability must be exploited to adapt to the specific operative
conditions and constraints. In this respect, carrier sense mul-
tiple access with collision avoidance (CSMA/CA) is among
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the most prevalent techniques due to their intrinsic capability
to cope with the high level of dynamism and heterogeneity
of modern wireless networks in a very simple low cost way.
Quite interesting contributions based on CSMA/CA techniques
have been proposed, applied to WSN or RFID systems [4],
[5], or integrated into vehicular and industrial delay-sensitive
control networks, monitoring applications, IoT over WiFi and
other relevant current technologies [6]-[9]. The works [8]-
[13] develop analytical and simulation models for assessing
the performance of IEEE 802.X CSMA/CA families and
dimension their parameters, analyzing the impact of number of
backoffs, congestion window size, backoff exponent, mainly
by means of Markov Chain (MC) or recursive throughput
analysis. On the whole, the analysis carried out by [8]-[13]
reveals that the binary exponential backoff (BEB) collision
avoidance feature is the root cause of quality of service
(QoS) flaws of IEEE 802.11, 802.14, 802.16 families. Collided
stations are inherently not fairly treated, this producing a
significant delay variation among nodes. The regenerative
model of the Restricted Access Window (RAW) slot in IEEE
802.11ah is a first step to handle this disequilibrium [8], aiming
at adapting Wi-Fi networks to the emerging IoT and reduce
contention when up to thousands of IoT devices operate in
the same area. However, some inherent drawbacks of the
standard are emphasized in [9]. Real-time wireless control
and monitoring applications usually have varying degrees of
timeliness requirements, and the basic IEEE 802.11 MAC
mechanism cannot support them, most of the existing research
on enhancing IEEE 802.11ah RAW only aiming at improving
the throughput or the energy efficiency without considering
explicitly the delay. As authors claim in [8], when the back-
off function is regenerated for all the stations without any
freezing, the contention changes significantly and this is not
properly taken into account by the research community. Due
to above discussed strength of regeneration in IoT contexts,
in this paper we explicitly model a backoff strategy with
Contention Window (CW) regeneration.

[6], [7], [14], [15] propose some modifications to the
scheme implemented by the IEEE 802.X families, by adjusting
the initial backoff window size or controlling the amount of
traffic entering the network, some of them also comparing their
approach with nonuniform distributions. On the other hand,
since CW sizes equal for all nodes naturally results in good
short-term fairness which lower the delay, [4], [5], [16]-[20]
propose protocols where contending nodes do not perform the
BEB algorithm after collisions, but rather use or dynamically
converge to similar values of their contention windows. Even
in this case, it is crucial to set the CW size carefully. While
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outperforming the traditional BEB of IEEE 802.11, both the
performance and the optimized CW size of these approaches
are still too sensitive to the number n of nodes, making them
useful for limited communication range and low deployment
densities, but not in massive high-density scenarios. We aim
at proposing an approach strongly robust with respect to this
important matter.

To tackle these problems [4], [5], [18]-[20] develop slotted
fixed window CSMA protocols with uniform and nonuni-
form attempt probability distributions. Throughput and delay
performance of these approaches are almost independent of
the number of contenders, achieving simplicity and good
throughput under both low and high contention, so fulfilling
their target to be eligible for WSN, IoT, RFID. However, they
do not adequately consider two major aspects. First, since
they use constant CW sizes, their setting is still critical: even
though they overcome the dependence of the CW on the
number of active nodes, they are still quite sensitive to the
CW size. They do not properly assess or control the sensitivity
of performance to the choice of CW, challenging when other
system parameters (like, for example, packet length) change,
or in presence of non-idealities like estimation errors or hidden
terminals. We deeply investigate this point. Second, to the best
of our knowledge, until now nonuniform distributions with
CW regeneration have mainly focused on the optimization of
the access successful probability, i.e., just handling the part of
delay due to collision. However, as we will show, this is not
always appropriate.

With this in mind, the focus of this paper is to exploit the
right tradeoff between the head-of-line channel access delay
and collision probability, and extend the range of possible
CSMA/CA families. We propose a novel optimized nonper-
sistent strategy called Delay-Collision CSMA (DC-CSMA),
whose target is to try to be less conservative in comparison
with other strategies and achieve a balanced tradeoff between
these two opposed metrics. We compare DC-CSMA with
well known nonpersistent policies with uniformly distributed
contention probabilities (U-CSMA), the CSMA optimized to
maximize the frame successful probability (CSMA/p*), and
Sift, a very robust policy under node estimation errors.

The paper is organized as follow: Section II presents the
problem statement and a detailed analysis of the main in-
volved system parameters, while DC-CSMA and its theoretical
optimality properties are derived in Section III. Latency and
normalized system throughput performance evaluation for
clique saturated networks are presented in Section IV. Section
V discusses CW size optimality and complexity issues, while
Section VI presents performance evaluations in presence of
hidden terminals and other non-idealities. Finally, Section VII
concludes the paper with a final discussion.

II. CONTROLLING THE ATTEMPT PROBABILITY: SYSTEM
MODEL AND PROBLEM SETUP

Let n be the number of contenders (nodes, sensors, sta-
tions, etc.) that simultaneously attempt the transmission in
the current frame. We assume that all nodes are synchronized
and start a frame at the same time, and we reserve the term

slot to indicate the unit time in the contention window (CW).
That is, we model a slotted CSMA/CA system for a massive
clique network in saturated traffic conditions, where each node
always has packets to transmit, and, furthermore, each node
can sense and is affected by each other transmission that is
taking place in the clique'. Each node independently picks a
slot in the CW according to its own probability distribution
(for example, the standard uniform distribution). Let K denote
the contention window size, i.e., the number of contention slots
in the CW, and let p; denote the probability for a contender
to choose slot ¢ to attempt the transmission. If a node finds
the selected slot already busy, occupied by a transmission in
progress, it waits until the channel is idle and tries again by
picking a new slot. We denote by p = {p;},=1..x the nodes’
attempt probability distribution on slots. The probability Ps(4)
of a successful transmission in the slot ¢ is the probability that
a node chooses slot ¢, while all other nodes do not select any
slot from 1 to ¢, and is given by:

(D

Py(i) = np; (1 - sz) .
=1

Hence, the total probability of success Ps over the contention
window is given by the sum of the probabilities (1):

)

Tay et al. [4] propose a nonpersistent carrier sense multiple
access scheme named CSMA /p*, with p* being the probability
distribution that maximizes the probability of success Ps
in (2), also discussing some assumptions under which p*
minimizes latency in event-based workload. In order to explore
other possible directions to maximize performance and expand
the set of probability distributions of potential interest, let
us call a distribution p asymptotically optimal in probability
(a.0.p.) if limg oo Ps(K) = 12. In this sense, p* in [4] is an
a.0.p. distribution. In fact, by maximizing (2) for each finite
value of K, p* is the distribution with the highest rate of
convergence of Ps to 1 (for example, in a saturated network
with n = 200 contending nodes, the probability of success P;
provided by CSMA/p* is already equal to 0.94 for K = 32
contention slots).

However, in the general case, a policy maximizing (2) (or,
more weakly, any a.o.p. distribution) is not guaranteed to
also obtain optimized performance either in terms of latency
or throughput. This is occasioned by the fact that P, is
just an intermediate term in the performance metric of a
CSMA scheme, although fundamental. In addition to it, a

'We will relax these assumptions in Section VL.

2In fact, for each policy, the attempt probability distribution p = p(K)
is a family of distributions, depending on the content window size K and,
possibly, other system parameters (e.g., current and/or maximum number of
contenders the system can handle, etc.) and the same dependence reflects in
performance metrics like Ps(K) in (2). Unless needed, throughout the paper
we do not indicate explicitly this dependence to avoid cumbersome notation.
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key performance parameter for a random access scheme is
the expected successful slot number

K
0= iPy(i). 3)
i=1

If on the one hand it is important to maximize Ps, on the
other is essential to keep ¢, as low as possible. Table I
shows the probability of success, the expected successful slot
number and the head-of-line latency, i.e. the latency of first
transmission (defined as the expected delay for successful
transmission in multiples of slot time) for CSMA/p* and
the standard nonpersistent uniform distribution (U-CSMA),
in a low-density scenario with 10 contending nodes and a
packet length equal to 40 slot-times. It turns out that, as
expected, by increasing the contention window size K both
policies improve their probability of success, but the expected
successful slot number £, of CSMA /p* always settles around
33% — 35% of the CW, causing a significant drop in latency
and a high sensitivity of CSMA/p* to the value of K. This
is due to the fact that for the CSMA/p* scheme Ps(i) in
(1) linearly decrease over time slots, spreading too much its
successful probability in order to maximize it, whereas the
U-CSMA one exponentially decreases so that concentrates in
the first few slots. As an effect (see Table I), CSMA /p* is not
guaranteed to always have better performance than the uniform
one, at least in low-density scenarios.

TABLE I: Probability of success, expected successful slot
number and latency for increasing values of CW size

K (n=10) 16 32 64 128
Ps (CSMA/p*) 0.90 0.95 0.97 0.99
Ps (U-CSMA) 0.72 0.85 0.92 0.96
ZS (CSMA/p*) 557 10.96  21.68  43.08
ls (U-CSMA) 1.40 2.88 5.80 11.63
L (CSMA/p*) 11.13 1461 2430 45.14
L (U-CSMA) 18.61 11.04 10.16 14.24

On the other hand, as illustrated in Table II, the probability
of success of CSMA/p* is quite stable and insensitive to
the number n of contenders, whereas uniform distribution
one dramatically drops for increasing node density. This is

TABLE II: Successful probability for increasing values of
contending nodes

n (K=16) 5 10 15 30 60
P; (CSMA/p*) 091 090 090 090 0.89
P; (U-CSMA) 085 072 0.60 033 0.08

due to the fact that for for U-CSMA we have [4] P, ~
(n/K)/(e"¥ — 1), showing as U-CSMA performance are
highly sensitive to the ratio n/K, preventing its effective
applicability to a really high node-density scenario.
Motivated by the above analysis, a challenging problem
is to search for a CSMA scheme able to maximize P,
in (2) by controlling the way the probability of success is
spread among slots in (1) in order to keep ¢, low and best
capture qualities of both CSMA /p* and U-CSMA policies. To
proceed in this direction, in the next subsection we provide a

mathematical system model for the latency of schemes with
CW regeneration and investigate the relationship among the
performance parameters introduced above and the way they
differently affect latency in different application scenarios,
presenting our proposal.

A. Latency performance of CSMA schemes with CW regener-
ation

Let T, and T, denote the duration of a contention slot
and a packet transmission, respectively. We define the latency
L as the expected head-of-line access delay for a successful
transmission. Let 7 be the the propagation delay plus the time
for carrier sensing and transceiver switching from receive to
data send. If a transmission starts at slot 7, with probability
given by (1), the latency is (i —1)7Ts + 7. Since collisions only
occur at the beginning of a packet transmission (in other slots
they can be sensed by the other transmitting nodes), the time
wasted due to collisions is the same as the transmission time
of a packet, and the latency is (i — 1)Ts + 7 + T}, + L. With
regard to the attempt distribution p, as in [21] we consider the
more general weaker distribution constraint:

K
> opi <, )
=1

(i.e., we assume that each node can decide to contend in
a frame or remain idle skipping to the next frame, with a
possibly non-zero probability py of not choosing any slot). In
such a case, if all contenders skip the frame, the latency is
KT, + L. Altogether, assuming the propagation delay plus
sensing plus switching time proportional to the slot time
(1 =~ T)?, the latency is:

L= [Ps(i) (iTs) + Pu(i) (iTs + T, + L)|+Po (KT, + L)

where Py is the possibly non-zero probability for the CW to
remain idle, and P, () is the probability of collision in slot i.
Rearranging terms, latency can be expressed as

_ (ls+l.+ PyK (1— Py)
L_( 2 )Ts—i—( P —1)T,, ()

with £, = Zfil 1P.(7) being the expected slot number when
the collision begins. To give an insight into the diversified
way system parameters affect latency and generally system
performance, we examine two interesting limit cases.

1) High packet length/time slot ratio (T,/Ts — 00): we
can see as in the limiting case of sufficiently large T}, with
respect to T, latency is well approximated by the latter term
of the sum (5), that, for distributions p forced to choose a
slot in the CW (like in the standard uniform distribution or
CSMA /p*, where Zfil p; = 1), leads to:

L~ <; - 1) T,, (6)

S

3This is not a model limiting assumption. Depending on the considered
application, the opposite case of 7 negligible compared to Ts (7 <K T5)

leads to a latency L’ equal to L' = L — MTS, with L being the one

in (5), with a difference L’ — L of the order osf the time slot.
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confirming that CSMA/p*, by maximizing P;, has indeed in
this asymptotic case the smallest latency.

However, from one hand, as detailed in standard documents
[22], [23] data packets are typically very small in sensor and
control networks and, from the other hand, due to the progress
in PHY layer in the last decade (increased speed, bandwidth,
multiple spatial flows [24]) even in more general wireless
networks it is becoming more and more mandatory to also
examine the following second opposite limiting case.

2) Small packet length/time slot ratio (T,/T, — 1):
When the packet-length is of the order of the time-slot
duration, T}, ~ Ty, from (5) we have: L ~ ((,/P;) T, +
(Ce+ (K —1)Py + (1 — Py)) Ts/Ps. Let P. = S| P.(i)
be the (total) frame collision probability. Being {. < KP.,
for the latency’s second term we can write the following upper
bound:

(ec+(K—1)£z+(1—Ps)) < (K +1) (;S—1).

From Table I, K = 32, for the CSMA/ p*ischerne we can see
as (K +1)(1/Ps — 1) = 1.74, whereas ¢;/P; = 11.54, one
order of magnitude higher, so that:

L~0,T,, @)
with ¢/, £ (ZS /PS) being the conditional successful slot
number (i.e., the expected successful slot number if there is a
success in the contention window). Hence, for small values of
the packet-length T},, comparable to T (actually, at least up
to two order of magnitude higher than 7, as we will show in
Section IV), the probability of success is not the best parameter
to be optimized to improve performance.

We also refer to (6) and (7) as the contributions to the
latency related to the average time wasted in collisions (wasted
time) or waiting for a transmission (waiting time), respectively.
As seen, (6) and (7) control latency each in a specific situation.

Finally, in the general case, regardless of the relationship
between T, and Ty, from (5) we have L > ¢/ T for any
distribution p, this lower bound becoming tight for any a.o.p.
distribution for increasing values of K. Therefore, in order to
develop schemes able to behave well in terms of probability
of success (that is, a.0.p. distributions) and, at the same time,
scalable with regard to the choice of K, it is important
to turn the attention on the effect of the CW size on the
expected successful slot number, and search for strategies
able to keep ¢/, low and as insensitive as possible to the
choice of K, preserving the possibility to i) set K to fulfill
the desired successful probability without having to pay the
drawback of a high expected successful slot number that
would impair latency (and throughput), and ii) be scalable
and possibly compliant with legacy (so to be, for example,
usefully integrated in already working BEB strategies like in
the CSMA/CA IEEE 802.11 standard family, or any other
optimized scheme able to adequately control K, like [6], [7],
[16]).

To move in this direction and take account of the tradeoff
between these two performance metrics, P and /,, we propose

4
to maximize the following utility function:
_ Oy
Uk (P, ls) = Py — ——. 8
K ( ) K1 (®)

DC-CSMA will be the optimal nonpersistent strategy related
to it. Before proceeding further, let us stress here that we
will develop DC-CSMA under the general weaker constraint
(4), and that throughout the paper we compare it with an
improved version of CSMA/p*, optimized over K slots and
subject to the same constraint (4). To avoid any ambiguity,
we will call CSMA/p™ the policy originally proposed in [4],
i.e. the one optimized over K — 1 slots and satisfying the
stricter constraint: Y1 p; = 1.

Remark (Some insights about the choice (8)): The utility
function (8) is a special case of the more general one:
Uk (Ps, ls,05) = Py — {,/0K, identifying the Pareto tradeoff
between the two metrics P, and ¢, that control the wasted
time (6) and the waiting time (7), respectively, namely the
two contrasting targets that is essential to optimize in order to
control latency (5). From this perspective, both CSMA/p* and
DC-CSMA can be incorporated in this more general common
mathematical framework as special cases. We explicitly point
out that the proof reported in the Appendix leading to the
optimal DC-CSMA expression generalizes to any possible
choice of 0, thus allowing to control the whole Pareto family
and switch between DC-CSMA and CSMA/p* in a smooth
manner. In this sense, our analysis generalizes the one in [4]
that led to CSMA/p*, and contains it as a particular case.
Based on these observations, some justification is needed for
our specific choice §x = K + 1. In this regard, for any
given K, when 0 is too high, U reduces to P and to the
CSMA/p* strategy, only controlling the wasted time (6) due to
collisions. On the contrary, when 6 is too small (0 < 1),
the optimal solution becomes the null one (i.e., obtaining a
success is not considered valuable enough compared to the
time needed to have it, and the best choice is to refrain
completely from transmission). Being for a generic distribution
£, bounded above by K, it can be shown that to avoid trivial
solutions and keep U bounded in the valuable interval [0, 1]
without limiting the distribution feasibility space we must have
0k > K. Thus, by setting x = (K + 1) and rewriting the
utility in terms of /5 as U = P, (1 — '5/0f ), we obtain the
following straightforward lower and upper bounds on P, and
v, respectively:
P, > U;

7. < (K+1)(1-0), ©)
showing as (8) is able to bound both the wasted time and the
waiting time through the unique number U, irrespective of the
specific protocol dependent scenario, data unit format and any
other details of data transmission. From (9) it is immediate to
recognize that greater values of 6x would provide less tight
bounds for the conditional successful slot number (and the
corresponding waiting time (7))*.

In the following Section III we derive the optimal distribu-
tion for (8) and its properties. Based on the above Remark,

*0r might also be a real number in |K, K + 1[, but this is just a
mathematical sophistication and does not affect the analysis.
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we stress that the optimality results we detail in the following
do not extend to a general 0, but are explicitly related to our
optimized choice in (8).

III. THE OPTIMAL CSMA DISTRIBUTION FOR
COLLISION-DELAY TRADEOFF

We now validate the choice (8) by deriving some of its

optimality properties. We begin with a result related to the
probability of success P;.
Proposition 1 (Asymptotic successful probability optimality):
Let p the probability distribution that maximizes (8). p is
asymptotically optimal in probability (a.o.p), i.e., its proba-
bility of success approaches 1 for increasing values of the
contention window size K.

Proof: The proof is by contradiction. Let p(K) be the dis-
tribution that maximizes (8) for a contention window size of
K slots, and let Ps(p(K)) denote the successful probability
achieved by such a distribution. For a possibly different size
K*, let p*(K*) and P;(p*(K™)) be the CSMA/p* distribution
maximizing (2) and the corresponding optimal successful
probability, respectively. Since limps_ o0 Ps(p*(K*)) = 1
[4], to show that p(K) is a.0.p. as well, it is sufficient to
prove that for any K* and any f €]0, 1] there always exists a
value K such that

Py(p(K)) = fPs(p"(K7)).

To this end, note that p* (K ™) is also feasible for the CW with
K > K* slots>. Hence, being by definition p(K) the optimal
distribution for Uk (+) in (8), we can write:

Uk (p*(K*)) < Uk (p(K)). (10)

From the definition (8) we have Uk (p(K)) < Ps(p(K)).
Let us assume by contradiction that there exist a K™* and
a f €]0,1] such that Ps(p(K)) < fPs(p*(K™*)) for any
K > K*. Being l,(p*(K*)) the expected successful slot
number achieved by p*(K™), from the last two inequalities
and (10) we derive:

ciqenyy o (P (KX))

(1= DR () < =72,
getting a contradiction, since the right term of (11) tends to 0
as K goes to infinity, whereas the left term is fixed and strictly
positive. This shows that 1 is a limit point for Ps(p(K)). Being
Ux monotone and bounded in the interval [0, 1], it is easy to
see that it is the only limit point and the successful probability
converges: limg oo Ps(p(K)) = 1. O

Y

Essentially, Proposition I ensures that by increasing the
number of slots in the CW is always possible to achieve the
desired successful probability. As previously highlighted, this
result cannot be obtained simply through the examination of
the utility function expression (8), i.e., Ui does not converges
to P, for increasing values of K. As a consequence, despite
achieving the same optimality property in terms of probability

SEach distribution feasible for K* can trivially be used for a contention
window size K > K™, by setting its slot attempt probabilities in the interval
[K*+1,K] to 0.

of success P, the distribution p maximizing (8) doesinot retain
the same poor CSMA/p*-like behavior in terms of /. In this
regard, we can state the following optimality result.

Proposition 2 (Successful slot number increase): For the
distribution p, the expected successful slot number /5 only
increases sublinearly with the contention window size K, i.e.,

0(K)

lim =0.

K—oco

12)

Proof: From Proposition 1, for any ¢ > 0 there exists K
such that for any pair (K, K*), with K > K* > K, we have:
| Ps(p(K))— Ps(p(K*))|< /2. Furthermore, for such a K* >
K we can always choose K > K* so that: £4(K*)/(K +1) <
€/2. From the monotonicity of Ug (-) we have U (p(K*)) <
Uk (p(K))), that can be re-arranged as:

1,(K) iy bs(K™)
< K — K
completing the proof. [

In Section IV we will evaluate the combined effect of these
optimality results on latency and throughput performance. We
now proceed to define the optimal probability distribution p
and discuss some implementation aspects. We defer the proof
of its optimality to the Appendix.

Definition (The optimal distribution for (8)): Let p, be the
probability of choosing slot ¢ conditioned on not choosing
any slot before ¢ (i.e., the conditional attempt probability),
and let V £ (K + 1)Uk a renormalized version of the utility
function U in (8). Let r; be the “optimal reward” measured at
slot ¢, defined as the optimal value of the renormalized utility
function if the policy decided not to attempt transmission in
the first (¢ — 1) slots, i.e., it is the maximum utility that can
be reached by holding off the first transmission attempt until
slot 4°.

The conditional probability distribution p} and the optimal
reward r; can be calculated via the following backward
recursion, for i = K, ..., 1:

o it D) —ri
¢ n(K—i—i—l)—n—H

13)

ri=EK—i+1)(1—p)" " (14)

with the starting value rx 1 being the reward for keeping the
entire contention window idle, clearly equal to zero (rx41 =
0). Finally, the optimal nonpersistent probability distribution
p is given by

(K*i+1)*7’i+1

1—1
pi = <n(K_i+1)_rm> (1—;pl> (15)

for i = 1,..., K, that is, it can be calculated as a function
of the conditional probability as p; = pi(1 — Z;;i pi) via a
forward recursion. O

The optimal distribution p is obviously not affected by the renormalization
and the optimum rewards in terms of the original U in (8) are equal to
ri/(K 4+ 1). We renormalized in order to keep expressions (13), (14) in a
more compact form and better show the intuition behind the policy.
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Fig. 1: (a)-(b) DC-CSMA'’s contention probability distribution over slots for two values of n and K = 32. (c) Distribution of
the probability of success over slots (1) for different values of contention window size K and n = 10 contenders.

Fig.1 shows the DC-CSMA attempt probability distribution
over slots for K = 32 and n = 15,200 (low and medium-
high node density scenario). Unlike CSMA/p* [4], for DC-
CSMA the distribution is no longer guaranteed to be strictly
increasing, its shape depending on the number n of contenders.
Specifically, in order to handle both P, and /, at the same
time, distribution p tends to spread more fairly the attempt
probabilities over slots, especially in less collision-affected
scenarios (i.e., low values of n), where it does not sacrifice
much the first slots of CW, aiming at keeping the expected
successful slot number as low as possible.

In fact, from Fig.l1 we can see as DC-CSMA quite ap-
proaches a flat distribution for n = 15, at least for the first 24
slots. On the other hand, in more deeply competition affected
scenarios (and, consequently, more exposed to collision),
where a probability of success P high enough is harder
to achieve, the delay-collision distribution lowers down the
attempt probability on first slots and progressively increases
it. In this case (Fig.1, n = 200), DC-CSMA and CSMA /p*
distributions have a more similar trend, both increasing slowly
in the first slots and more rapidly in the last few ones.
Nevertheless, despite the similar behavior, even in the high-
dense scenario they have different shapes and the delay-
collision distribution p does not reduce to a scaled-up version
of p*.

As mentioned above, throughout the paper we set CSMA/p*
to effectively work on K slots instead of K — 1, in order
to ensure a fair comparison and not penalizing it especially
for low values of CW size, neither in probability of suc-
cess nor in latency (i.e., we removed the stricter constraint
pic = 1—pi —...—pi_,). Table Il shows the expected
number n; of transmission attempts over the CW for some
values of n and K, that is the average number of nodes out
of the total number 7 that decide not to skip to the next frame
according to what allowed by (4), but pick up a slot in the
current window. It turns out that the number of nodes expected
to attempt transmission under DC-CSMA is approximately

7Both policies could as well as have been compared under this constraint
active, without any change in the hierarchy of the relative optimality range.
However, as we will show in Section VI, this would deeply affect performance
in presence of hidden terminals and frame synchronization errors.

twice or three times higher than the one under CSMA /p*3.
Hence, p is more aggressive that p*, especially for high values
of K and a large number of contenders. Fig.1(c) compares the

TABLE III: Number of re-transmission attempts 7.

n (K=32) 15 200 n (K=64) 15 200
7 (CSMA/p*) 496 583  m; (CSMA/p*) 580  7.10
7 (DC-CSMA) 878 1241 7 (DC-CSMA) 11.01 1838

resulting successful probability distribution (1), illustrating as
DC-CSMA is somehow intermediate between CSMA/p* and
U-CSMA, resulting in i) a higher successful probability in
the first few slots when compared to the one provided by
p*, and ii) a decrease over slots stronger than the very slow
one provided by CSMA/p*, but more graceful than the abrupt
sharp drop of U-CSMA. This intermediate reshaping aims at
lowering down the expected successful slot number without
incurring in the heavy degradation affecting (2) for the uniform
distribution®. In this respect, the effect of such a less hesitant
behavior of p in transmission attempts is a larger number of
collisions and, consequently, a slight decrease in the overall
successful probability (2). However, as one can see from the
first plot (top) in Fig.2, this drop is rather limited and in
the worst case p achieves a percentage of over 92% of the
maximum possible one provided, by definition, by p*.

On the other hand, at the cost of the slight decrease of Pk,
the reshaping of P(i) allows to strongly reduce the expected
successful slot number /,, making it asymptotically vanishing
when compared with the overall CW size K. This claim is
supported by Fig.2 (bottom), that plots the fraction of the
expected successful slot number compared to the number of
slots in the contention window. The graph shows that the
delay-collision distribution p is able to always keep £, bounded

8More precisely, 1.7-2.8 for the values in Table III, and up to 3.3 times
for a contention window size K = 128 and a number of contenders equal to
n = 1000.

°In Fig.1(c) we plotted the probabilities for a low-dense node scenario
(n = 10) for display purposes, in order to also show in the same plot
the successful probabilities of the uniform distribution. As already indicated,
for increasing values of n performance of standard nonpersistent CSMA
dramatically drops, and it would not be possible to appreciate in the same
plot the differences between p and p*, that are basically independent from n
and largely insensitive to its value.
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Fig. 2: (top) Probability of success of DC-CSMA as a per-
centage of the optimal one provided by CSMA /p*. (bottom)
Expected successful slot number of both policies as a percent-
age of K.

to the first few slots, regardless of K. Intuitively, this means
that DC-CSMA is more stable and scalable with respect to
the contention window size, and can adjust it to accommodate
the desired successful probability Ps; without incurring in
increasing delay. On the contrary, Fig.2 (bottom) shows as
for CSMA /p* the expected successful slot number is always
located around 33%-34% of the CW size.

IV. LATENCY AND NORMALIZED SYSTEM THROUGHPUT
PERFORMANCE

In this section our MAC strategy DC-CSMA has been
compared with the standard nonpersistent CSMA where the
contention probability is uniformly distributed (U-CSMA), and
the nonuniform CSMA/p*, optimal in successful probability,
proposed by Tay et al. [4]. Performance have been evaluated
considering the following metrics: probability of success P,
expected successful slot number /,, access delay in terms
of latency L and normalized system throughput S. We have
tested the range of applicability of each policy under different
number of contenders, contention window size, packet length
ratio T}, /T,. With regards to throughput, let

K

K
T 2 P [T+ Ty), T2 P(i)[iTs + T

i=1 =1
be the expected lengths of successful and collided transmis-
sion, respectively. As in [19], we express the normalized
system throughput as the fraction of time the channel is used
to successfully transmit. Therefore, being the expected frame
length T¢ equal to Ts + T. + Py(KTy), the normalized
saturation throughput can be obtained through a simple gen-
eralization of the model proposed in [19], and rearranged as:

g PiTp _ PT,

T (ls +lc+ PoK)Ts+ (1 — Py) T,
Probability of success and expected successful slot number
for DC-CSMA, U-CSMA and CSMA/p* are presented in
Fig.3(a) and Fig.3(b). DC-CSMA and CSMA/p* performance
are almost flat as the number of contenders increases, showing
as they are able to properly adapt to the actual node density

(16)

condition, and the same almost flat behavior maintains out
of the shown range (up to tens of thousands and more con-
tending nodes). On the contrary, U-CSMA quickly degrades
its performance when the number of contenders increases.
Being designed to maximize this specific metrics, as expected
CSMA/p* reaches the best performance in terms of successful
probability, while our proposal remains really close to the opti-
mum, regardless of n. However, from Fig.3(b) some interesting
results can be noticed. The increase in successful probability
provided by CSMA/p* when CW size moves from K = 32
to K = 64 is strongly paid in terms of expected successful
slot number, up to 4 times (and more) higher than the more
stable one provided by DC-CSMA, less sensitive to K than
CSMA/p*, making it able to exploit the CW size to increase
P, without degrading the access time to the channel.

A. Latency performance

The combined effect of the above discussed tradeoff is
illustrated in Fig.3(c), that shows the way latency is affected
for a packet length T}, equal to 80 slot-times. Some conclusions
may be drawn. First, CSMA/p* presents an higher latency and,
what is more, it degrades its performance as the contention
window size K increases, showing as its strategy is affected
by the contention window size. Second, DC-CSMA is able to
maintain low the delay in data transmission and, moreover, its
overall performance improve by increasing the CW size, as
a result of the balanced tradeoff among P, and /, depicted
in Fig.3(a) and Fig.3(b). Third, U-CSMA, instead, degrades
significantly its performance when the number of contenders
increases. This testifies a low scalability of the classical
uniform distribution. However, it is possible to see as U-
CSMA outperforms CSMA/p* for a low number of nodes,
indicating as CSMA/p* fits high node-density scenario, but can
be suboptimal otherwise. DC-CSMA performs well regardless
of n.

In order to better understand why DC-CSMA outperforms
CSMA/p*, for n = 500 and T, = 40 slot-times, Fig.4(a)
shows the time-slot dependent latency component and packet-
length dependent latency component associated to the delay,
that is, the first and second addend of (5), respectively. Fig.4(a)
confirms that ¢/, is the dominant component of the time-
slot latency component for both DC-CSMA and CSMA/p*,
corroborating our choice (8). Note that the main component
affecting the overall CSMA/p* delay is the time-slot latency.
In fact, in order to increase the frame successful probability
CSMA/p* applies a very conservative strategy incurring in
many idle slots that degrade performance. On the contrary,
DC-CSMA approximately equalizes the two latency compo-
nents for a large range of CW sizes (as an example, for
K = 64 the CSMA/p* time-slot latency component is around
4 times higher than the packet-length one, the ratio becoming
more and more unbalanced for increasing K, while for DC-
CSMA it stabilizes at levels around 1 for K > 30). The impact
on the overall latency is illustrated in Fig.4(b) and Fig.4(c).
All delay components of CSMA/p* are presented in Fig.4(b):
time slot-latency and conditional success slot number severely
affect the performance for increasing K. In fact, CSMA/p* is
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too reliant on the proper dimensioning of window size K, not
explicitly taken into account by its optimization procedure and,
consequently, resulting in performance too much dependent on
its setting. In many contexts where different CW sizes could
be used such as IEEE 802.11, IEEE 802.15.4 or other tech-
nologies that try to reduce the collision probability changing
in real time the contention window [16], this can create a
few problems if some importance needs to be given also to
the channel access delay among all contenders. On the other
hand, DC-CSMA, via its flat stable behavior (Fig.4(c)), is able
to better preserve its performance over different CW sizes.
Hence, the shaping of the contention probability can be more
independent of its value, extending its possible application in
situations where a programmable MAC could scale the CW
without complicating too much the MAC protocols. In other
terms, DC-CSMA maintains the advantage of CSMA/p*, that
is, the simplicity to apply in many context such as WSN, IoT
or RFID, with the further strength to also exploit the dimension
of the delay in a more stable way.

B. Normalized system throughput and packet-length/time-slot
ratio dependence

The extension of the operative range of DC-CSMA strategy
has been further investigated in Fig.5, where performance

Corresponding CSMA/p* and DC-CSMA total Latency.

are compared under different packet lengths 7}, measured in
multiple of slot-times, for n = 200 contenders. From Fig.5(a),
we see as for a fixed CW size DC-CSMA has a quite extended
range of optimality. It is interesting to observe as, for a very
high packet length, CSMA/p* recovers and can perform better
than DC-CSMA. This is due to the second component of the
latency, as shown in the previous graphs, that can become
more significant in comparison with the time-slot one. This
confirms the asymptotic analysis of Section II-A about the
packet-length/slot-time ratio; with regard to this, interestingly,
we can provide now a quantitative indication of what small or
high packet-length/slot-time ratio means in order to choose the
best performing probability distribution for a CSMA scheme.
While CSMA/p* asymptotically outperforms DC-CSMA (i.e.,
for T, /Ty — 00), it is possible to see how for a wide operative
range of packet lengths the performance of DC-CSMA can be
better. We see as at least up to 7}, ~ 120 slot-times, DC-CSMA
should be preferred. Moreover, if the CW size of DC-CSMA
is high or can be scaled up, the DC-CSMA is always more
performing. Concerning the normalized throughput shown in
Fig.5(b), the same analysis applies and it is possible to see the
(actually, quite limited) range of values of K where CSMA/p*
outperforms DC-CSMA on the basis of the packet length.
However, note as the approximately flat behavior of the DC-
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CSMA throughput makes it quite insensitive to possible real-
time changes of packet lengths or packet length differentiation
among nodes, depending on the application. As an example,
we can see as with the setting K = 64 DC-CSMA throughput
is strongly robust for any 7}, in the considered range [20, 120].
More specifically, the throughput obviously depends on the
packet length T}, but does not degrade with respect to the
maximum one achievable for that 7T}, through a customized
tuning, while the CSMA/p* setting of CW should be adjusted
to any change of T}, (which is hard in practice) if it does
not want to lose up to 8% — 10% of its own maximum
throughput. We anticipate that this issue will have a more
deep negative impact on performance of CSMA/p* (and its
heuristic Sift) under non-ideal network conditions (see Section
VI). This testifies that under very massive contention such
as in IoT, RFID or 5G contexts, where it is possible to
use large contention windows, our proposal could be a good
compromise.

Before concluding this section, Fig.5(c) summarizes which
protocol works better depending on the situation, making
possible a practical dimensioning concerning which strategy
to use. In fact, Fig.5(c) shows the packet length threshold
T that separates the DC-CSMA and CSMA/p* optimal
working regions as a function of K. For any given K, for
packet lengths T}, sufficiently high the wasted time (6) due
to the expected number of collisions dominates the latency
L and CSMA/p* is to be preferred. On the contrary, for
packet lengths under the threshold T}, collisions are more
tolerated because of the smaller size of the transmitted
packets and the waiting time (7) affects performance more,
allowing DC-CSMA to achieves better performance. Note
from Fig.5(c) that the threshold 7}; splitting the two optimal
working regions fast increases with the CW size. In fact, it is
a super-linear increase (e.g., for K = 32 it is T,/ /K = 2.85,
whereas for K = 64 it is 7,;/K = 3.92, indicating that in
these operative conditions DC-CSMA should be preferred to
CSMA/p* whenever the packet lengths T}, are lower than 91
or 251, respectively, allowing the profitable working region of
DC-CSMA to quickly saturate the space for increasing values
of CW size. As a final example, for K = 128, just beyond
the plotted range, it reaches the value 77 =~ 700. Due to

the above considerations, CSMA/p* (and, as we show in the
following, its heuristic Sift) is forced to keep K quite static
and low, indeed limited to the range [16, 32]. In Fig.5(c) we
also plotted the optimality threshold related to CSMA/p™. As
it could be expected, under ideal conditions CSMA/p™ suffers
a penalty gap compared to its improved version CSMA/p*
only for relatively low values of K (Fig.5(c) (bottom)), while
the graphs rapidly overlap for increasing size (Fig.5(c) (top)).
In Section VI we will see that this will be no longer the case
in presence of hidden terminals or frame synchronization
erTors.

Summarizing the results achieved so far, the above analysis
showed that: i) CSMA/p* tends to work better with low
CW sizes, whereas DC-CSMA with higher ones; ii) in order
to guarantee a probability of success of the order of 0.95
(or above) CSMA/p* and DC-CSMA should use contention
windows at least of the order of 32 and 64, respectively. In any
case, for ' > 64 they can be considered practically equivalent
in terms of probability of success and wasted time due to
collisions, regardless of the number n of contenders. On the
other hand, with regard to the average waiting time needed to
start a successful transmission, it is evident the performance
gap to the benefit of DC-CSMA (basically, due to the result
established in Proposition 2). This is the reason why DC-
CSMA generally outperforms CSMA/p*.

V. CW SIZE ADAPTATION AND COMPLEXITY

In this section we prove a theoretical result about CW size
optimality, and discuss some practical aspects related to CW
size selection and complexity.

A. CW size adaptation

In Fig.5(c) we compared DC-CSMA and CSMA/p* in terms
of packet length optimality intervals for each assigned CW size
K. An interesting issue is to allow each policy to search for
its best CW size K°P! for each specific application scenario
(in terms of traffic, topology, channel), and then compare. We
explicitly point out that for the general distribution case we
are investigating this is a nontrivial problem even for a clique
saturated network and, to the best of our knowledge, generally
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unsolved. We expect this problem to be generally intractable
due to the integer nonlinear dependence on K, and remains
out of the scope of the paper. Nevertheless, this open issue
allows to highlight some distinctive features of the family of
strategies we consider. About the results shown so far, it could
remain unclear if the advantage of DC-CSMA might disappear
with different settings of network parameters. This is not the
case. We can establish the following result.

Proposition 3 (CW optimality): For any packet length size
T, and related CSMA/p* (whose CW size K* is possibly
tuned to achieve the best performance among all CSMA /p*
for that specific situation), there exists an appropriate setting
of DC-CSMA that guarantees the same successful probability
of CSMA/p* (i.e, the same wasting time due to collisions),
with a lower expected successful slot number (i.e., a lower
waiting time due to idle slots).

Proof: Let K* be the CW size used by CSMA/p*, possibly
optimized. Let K be the CW size such that DC-CSMA obtains
the same frame successful probability as CSMA/p*, i.e.:

Py(p(K)) = Ps(p*(K™)).

By leveraging Proposition 1, such a K clearly exists. Being
CSMA/p* the optimum in probability for any fixed CW, it
must be K > K*. Since each distribution feasible for K*
can trivially be used for a contention window size K > K*
by setting to O the attempt probabilities in the interval [K* +
1, K], p* can be applied to K as well. Therefore we can write:
Uk (p*(K*)) < Uk (p(K)), where the inequality is strict since
the distribution p in (13)—(15) optimal for (8) is unique by
construction. Finally, from this last inequality and definition
(8) we directly obtain:

Ls(p(K)) < Ls(p™(K7)).
O

We recall that the optimized setting of the DC-CSMA
CW size able to achieve the highest performance, whose
existence is ensured by Proposition 3, is generally unknown.
For both policies, a precise CW adaptation would add a
second-level optimization structure that would i) increase the
computational complexity and i) introduce transient intervals
with a consequent increase of convergence-time and latency.

Nevertheless, Proposition 3 makes clear that Fig.5(c) should
be used to select between DC-CSMA and CSMA/p* only
when K is fixed, like in practical low cost implementations
as detailed in Section V-B. On the other hand, whenever it
is possible to choose the optimized K or converge to it, DC-
CSMA always obtains better results. In this regard, dynamic
adaptation of the CW size like, for example, modifications of
the approach proposed in [16] could be investigated. However,
as seen in Section IV and more deeply investigated in Section
VI, due to the robustness of DC-CSMA with respect to the
used CW size in a wide range of conditions, the dynamic
search of such an optimal K value can thus be avoided. Fixed
choices of K result in almost optimal performance, without
any additional cost neither in terms of complexity nor in terms
of convergence time. In fact, in addition to the advantages

investigated above, one of the strengths of DC-CSMA is its
application/traffic independence, in contrast with traditional
uniform approaches that totally rely on the CW size adaptation
and convergence to a steady-state solution.

B. Complexity analysis and practical implementation

About complexity, the only required computational effort
is the computation of the optimal DC-CSMA probability
distribution p through the backward and forward recursion
(13)-(15), quite trivial and of the order of O(K). Therefore,
DC-CSMA and CSMA/p* retain the same computational
complexity. This is one of the reasons that led us to choose
(8) as utility function, together with its independence from
traffic patterns. Specifically, the low complexity is due to the
closed form expressions (13)-(14) connecting the probability
distribution to the optimal rewards r; of the utility function (8).
This allows to avoid having to resort to fully numerical opti-
mization and more complex dynamic programming approaches
that would indeed increase complexity and impair a practical
applicability (also introducing convergence time issues). In
fact, by leveraging (9), the utility function (8) can control
P, and ¢, without directly addressing the more cumbersome
traffic-dependent latency and throughput expressions (5), (16).
By taking a further look at (13)-(14) we can also recognize
that it is not necessary to re-calculate them every time K
changes (e.g, increases), the new distribution being a shifted
version of the previous one, obtained by adding the conditional
probabilities of the initial slots in the updated CW, while
the others shift. Moreover, depending on the application, or
in case of strongly limited capabilities of devices, a further
possibility could be to avoid any run-time calculation and
just communicate to the device (or store in it) the sample
distribution for a K,,,, big enough to cover the need of
the user/application, while devices with some computational
capabilities could calculate it. In this regard, in Section VI-A
we will verify the strong robustness of DC-CSMA against
node estimation errors. This allows devices to calculate the
optimal distribution one-shot or update it only on a periodic
basis.

VI. NODE ESTIMATION ERRORS, HIDDEN TERMINALS AND
FRAME SYNCHRONIZATION ERRORS

In this section we further compare performance in presence
of some non-idealities that impair real systems with more
general network topologies, like node estimation errors, frame
synchronization errors and hidden terminals. We anticipate
that the performance gap will increase, precisely because
of the greater robustness of DC-CSMA. We also compared
performance with Sift [5], [7], [18], [19], a very robust policy
under node estimation errors.

A. Robustness against node estimation errors

In order to evaluate the robustness of the proposed pol-
icy to the estimation error on number of active nodes, we
compared performance when the number n of contenders is
different from the estimated value N used by distributions.
In Fig.6(a) and Fig.6(b) we show the probability of success
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Fig. 6: (a)-(b) Probability of success and Expected successful slot number vs contention window size K, under node estimation
error. (¢) Normalized throughput vs number of nodes n under node estimation error for T}, = 60 slot-times and K = 32.

and the expected successful slot number when n 200
while NV is a five times higher overestimate of n, i.e. it is
a quite rough estimate possibly set to the maximum number
of active contenders in the systems. We compared DC-CSMA
with CSMA/p* and Sift, a robust distribution under node
estimation errors whose shaping parameter « is set to [5],
[18] @ = N~V(KE=1)_ Ag a benchmark, for the three policies
we also show the perfect node estimation case when N
coincides with n. Some interesting conclusions can be drawn
by the examination of these pictures. First, the distribution
who maximizes the successful probability, CSMA/p*, is also
the most sensitive to the node estimation errors; its successful
probability drops sharply under an inaccurate estimate. On
the other hand, DC-CSMA closely follows CSMA/p* under
perfect node estimation, and, furthermore, it is quite robust
with respect to node overestimation. Indeed, despite the high
estimation error, its success probability does not drop under the
condition that it uses a CW size K greater than approximately
30. The same is true for the Sift distribution, that confirms
itself as strongly stable under node overestimation, from a
successful probability point of view. This might lead to the
wrong idea to consider the Sift independent from n, provided
that IV is chosen as large as possible. However, from Fig.6(b)
it can be seen as the Sift expected successful slot number is
sensitive both to N and K. More in detail, Sift ¢, retains
the same linear dependence on K than CSMA/p* (they have
the same slope in the log-log scale of Fig.6(b)), while, on
the contrary, DC-CSMA is strongly scalable with respect to
the CW size, even under strongly inaccurate node estimation
(both DC-CSMA graphs exhibit the same slope in Fig.6(b),
corresponding to a sublinear increase). As a consequence, DC-
CSMA can properly balance the opposite effects of successful
probability and expected successful slot number on overall
performance. This is confirmed by Fig.6(c), where we com-
pared the normalized throughput for 7}, = 60 slot-times and
K = 32, i.e., we chose a CW size where CSMA/p* and Sift
still well behave. Even in this setting we can see as DC-
CSMA outperforms both policies. About the node estimation
error, for both DC-CSMA and Sift it can be recognized as the
throughput penalty is more severe when N underestimates n
(for example, when N = 2500 and n = 5000 both DC-CSMA

and Sift loose about 7% — 9% with respect to their own perfect
node estimation benchmark throughput, respectively), whereas
both are strongly robust under overestimation. Only when the
number of nodes is very low compared to the estimated one
(approximately, from 7 to 10 times lower than N), DC-CSMA
performance starts to drop and Sift is to be preferred.

B. Hidden terminals and frame synchronization errors.

The most severe non-ideality affecting performance of
nonuniform backoff strategies with CW regeneration is the
loss of synchronization among frames. A major cause of such
a loss is the presence of hidden terminals (HTs). In fact,
devices naturally abort their backoff as soon as they sense
a transmission on the channel, and trigger the start of a new
contention period over K slots when they perceive the channel
continuously idle for a distributed inter-frame space (DIFS).
The presence of HTs destroys this natural coordination and
synchronization among devices that relies on sensing. When
this happens, performance abruptly collapses and reduces to
the one provided by standard uniform distributions (see [19]
for an empirical analysis of the phenomenon, through simula-
tions and testbeds). The reason is the loss of hierarchy among
slots and the equalization of the access probabilities. This adds
up to the performance degradation that hidden terminals would
naturally produce anyway. In Fig.7 we show the throughput
performance degradation (for Sift, CSMA/p™, CSMA/p* and
DC-CSMA) under harsh conditions when n = 200 nodes share
a common channel and, in addition to saturated traffic and
massive scenario, for each node three other fully saturated
nodes inside the network act as HTs sharing the same receiver,
with packet lengths 7T}, equal to 60 and 120 slots, respectively.
We tested up to K = 1024, the maximum CW size (CW,,,42)
used in the IEEE 802.11 standard; this wider range also allows
to detect the turning point in DC-CSMA’s performance, that
due to its strong robustness requires a higher CW range to be
noticed.

Table IV summarizes the main results, indicating: i) the
percent Optimality Loss Rate (%OLR) each strategy suffers in
presence of HTs compared to its ideal case, obtained by com-
paring the peak performance each policy achieves with HTs
compared to the peak performance the same policy achieves
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Fig. 7: Normalized throughput performance vs contention window

terminals (HTs) and without hidden terminals (no-HTsSs).

without HTs; ii) its 10%-Robustness Range (10%RR), i.e.
the extension of the average CW size range (up to 1024,
in the tested interval) in which performance does not fall
below 10% of the policy’s optimal one achieved with the
best possible choice of K iii) the Static Stability Range
(SSR), namely, the extension of the intersection between
the two 10%RRs concerning the HTs and no-HTs cases.
SSR provides a measure of the possibility for a policy to
conservatively dimension K regardless of a prior knowledge
of the environment and HTs presence (hard to achieve in
practice and time-dependent), so to optimally work in both
cases without sacrificing performance. The wider is SSR, the
less sensitive is the policy to a choice of K not tuned for the
specific situation.

TABLE IV: Performance metrics in presence of HTs. The first
block refers to T}, = 60 slot-times, the second one to T}, = 120
slot-times.

DC-CSMA  CSMA/p* CSMA/pt  Sift

%OLR 14% 23% 43% 24%
10%RR (no-HTs) 980 90 90 109
10%RR (HTs) 918 70 170 237
SSR 896 27 0 0
%OLR 18% 28% 44% 25%
10%RR (no-HTs) 993 180 180 228
10%RR (HTs) 823 92 250 472
SSR 721 13 0 11

We spend some words to interpret the obtained results
and draw some conclusions. First, what discussed above with
regard to hidden terminals and frame synchronization explains
the performance drop of CSMA/p* and Sift in Fig.7, in
agreement with [19]. Second, the 40% peak performance
improvement of CSMA/p* over CSMA/p™ is due to its weaker
constraint (4) as compared to the equality one of CSMA/p™
and Sift. Specifically, although this weaker constraint leads
to fairly negligible differences under ideal conditions (see
Fig.5(c)), it is crucial in presence of non-idealities. In fact,
as seen in Table III and related discussion about the expected
number 7, of transmission attempts, the optimized exploitation
of (4) acts as a natural distributed admission control scheme
that strongly limits the flooding phenomena that can affect
contention when synchronization or sensing fail.

Finally, regardless of the robustness results, we explicitly
point out that even comparing DC-CSMA to the best possible
CSMA/p*, we obtain an improvement of 15% in presence
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of HTs, that increases up to 56% compared to CSMA/p™.
Compared to Section IV, this gap increases because of the
greater degree of freedom of DC-CSMA in choosing the
CW size. More in detail, while under perfect sensing both
strategies can normally guarantee high probability of success
for relatively low values of K (see Fig.3(a)), this is not true
when ideal conditions no longer apply. CW size adaptation
is also a natural instrument to spread contention in order
to contrast the HTs problem, as traditional BEB schemes
indicate. Due to the above analysis CSMA/p* and Sift cannot
explore this possibility.

As a final test, we consider the two star subnetworks NET1
and NET?2 in Fig.8(a), each consisting of 100 nodes, each node
labeled with its device number DN, with DN € {1,...,100}
for NET1 and DN € {101,...,200} for NET2. Each yellow
node (DN € {1,...,50} for NET1 and DN € {151, ...,200}
for NET2) is out of the interference range of the other
subnetwork, just belonging to the clique of 100 nodes related
its own subnetwork. On the other hand, the red nodes (DN €
{51,...,150}) are within the sensing and interference range
of each other, and also interfere with the receiver of the other
subnetwork. As a consequence, each red node i) belongs to
one of two cliques of 150 nodes (namely, the 100 nodes within
the same subnetwork plus the 50 red nodes of the adjacent
one), therefore experiencing a more crowed channel, and ii)
acts as HT for the far yellow nodes of the other subnetwork.
Thus, the per node access situation of the entire network
is strongly unbalanced. For an IoT application whose WiFi
protocol parameters are reported in [25, Table I], Fig.8(b)(top)
plots the throughput performance (in Mbps) achieved by each
node, averaged over 9 (s) of network operation. The protocol
parameters correspond to a payload PL of 8 (Kbit), a total
packet duration equal to T, = 205,7 (us) (i.e., 23 slot-
times in multiples of the slot duration 75 = 9 (us)) and a
CW size K = 64. In the blue graph (Dynamic), nodes are
topology-aware and can adapt their optimal distribution by
taking account of the exact per-node clique dimension. The
graph confirms that DC-CSMA is able to perfectly equalize
throughput among devices, even under the strongly unbalanced
depicted scenario. Conversely, in the red graph (Blind) nodes
simply use the static distribution dimensioned for n = 100
and K = 64, and are totally unaware of the presence of
the other subnetwork. In such a blind situation throughput

1000
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differently distributes among nodes, and HTs impair yellow
nodes’ performance. Nevertheless, we stress that the total
network throughput just falls from 33.9 (Mbps) (Dynamic)
to 31.6 (Mbps) (Blind), with only a 7% decrease, confirming
DC-CSMA’s throughput robustness even under strong node
estimation errors and HTs. Finally, Fig.8(b)(bottom) shows
the per-node throughput performance of the topology aware
optimized CSMA/p*. It can be recognized that the traffic
cannot be perfectly balanced even when nodes are aware of
clique-sizes. This is due to an excessive conservative behavior
of CSMA/p* that over-limits the nodes in the most crowded
cliques (red nodes). Besides the unfairness, we measured a
total 27% network throughput fall compared to DC-CSMA.
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Fig. 8: Throughput performance after 9 (s), for n = 200 nodes
(100 each star subnetwork), K = 64.

VII. DISCUSSION AND CONCLUSIONS

Being a basic contention-based channel access, DC-CSMA
is perfectly suitable to be integrated with other techniques to
provide service-level differentiation (like [19], or in combi-
nation with other approaches described in it) or to pursue
specific targets, as done for CSMA/p* and Sift for example in a
vehicular context [7]. A further topic of investigation is to use
OFDMA on top of DC-CSMA, and optimize their integration.
We believe that the flexibility of DC-CSMA makes it a good
candidate in these contexts as well. This is left as future work.

In this work, a novel nonpersistent CSMA called DC-
CSMA able to balance the frame successful probability and the
expected success slot number has been proposed. It is a good
compromise between the opposed qualities of U-CSMA and
CSMA/p*: it slightly lowers the frame successful probability
compared to the maximal one provided by CSMA/p*, but
offers in return a very low expected successful slot number
and latency independently of the CW size. Moreover, DC-
CSMA outperforms CSMA/p* and Sift for a broad range
of packet lengths, while retaining the robustness of Sift to
node estimation errors. Furthermore, the performance gap
increases in presence of hidden terminals. These features make
it suitable for high-dense delay-sensitive technologies such
as WSN, RFID, IoT devices, that can benefit from access
techniques robust with respect to the access parameters that
do not require time-wasting tuning procedures.

APPENDIX

Without loss of generality we consider in the proof the
renormalized version V' = (K + 1)Uk of the utility function

(8). Let

7
Po(i) 2 [T (1 —p)",
=1

for 2 = 1,..., K be the probability that CW has remained
idle until the end of slot ¢, expressed as a function of the
conditional attempt probabilities p}. We assume, by definition,
Pz(0) =1 (i.e., the probability that the frame begins already
occupied by an ongoing transmission is zero by definition). It
is easy to see that the utility function V' can be re-arranged as
V= Zfil V;, where the i-th addend

a7)

Vi=n(K —i+1)Py(i—Lpi(1—p)" "', (18)

is the value of the utility function related to a success at slot
i. Let us now denote by V() 2 S™K 'V the forward utility
function related to slot 7, that is, the sum of the last X —
1+ 1 terms of the utility function. Since maximum occur at
an interior point, as it can be easily verified, and the first
(i —1) addends V; (18) for I < i do not depend on p}, it must
necessarily be: 02,‘\/ = 82,_1/(") =0for:=1,...,K. In
order to derive an easy to handle expression, from (18) the
forward utility function V() related to slot i can be re-arranged
as

VO = Py(i — 1)r (19)
where
K -1
/ n—1 / n
o= (n(K =1+ s )" T 00"
=1 m=i

is the value of the utility function conditioned on idle in the
first (¢ — 1) slots, i.e., what we called the reward for refraining
the transmission until slot 7. As expected, r; only depends on
the forward conditional probabilities pg , for [ > 1.

Hence, being from (17) Py (i) = Py (i —1) (1 — p})", from
(18) and (19) we can derive the following recursive expression:

VO =V, 4 VD =V, 4 Py(i)rin =

= P (i= )1 =p)" " [ (UK =i+ 1) = risn) ph 7

(20)

fori = 1,..., K, with rg4; = 0, showing as the forward

utility function related to slot ¢ depends on past actions via

the idle probability Py (i — 1), future actions via the expected

future reward r; 1, and the present action via the probability

P} to attempt transmission at the current slot. Since Pg (i — 1)

and 7;41 do not depend on pj, the derivative of (20) with
respect to p} is

(4)
27‘; = (n(K =i+ 1) = 1241 Pali = 1)(1 = p)""

= [ (B =it D) =i )i | Pai=1) (0= 1) (1=p) "2
= nPo(i~1)(1 - p)"
X [((K 1) - ri+1) - (n(K 1) - Ti+1)p2} , 21

that set to O allows to derive (13). By examining the sign
of (21) it can be verified that (13) is a maximum. Finally,
by introducing (13) into (20) we get (14), while the optimal
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nonpersistent distribution (15) can be obtained via the standard
relationship between conditional and non-conditional probabil-

.. 1—1
ities p; = p, (1 — 22:1 pl).
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