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Abstract: In this paper, we propose a novel pricing mechanism
to enhance the performance of the Slotted ALOHA mechanism
combined with ZigZag Decoding (SA-ZD). We model the system
using a stochastic game approach where the game state is given
as a Markov process. We assume a cooperative game framework
where users seek to optimize the same utility function. In our
previous pricing mechanism [1], we associated a cost C' € [0, 1]
for every transmission and retransmission attempt. Thus, if the
transmission succeeds, the user receives a reward equal to 1 — C'.
Otherwise, in the case of collision, he pays a penalty equal to C'.
Following this approach, users prefer to not take the risk of pay-
ing the penalty cost, which means they choose to wait rather than
transmitting, especially in heavy traffic conditions. Even though
it seems optimal to not transmit in such conditions, our results
show that this behavior yields a dramatic decrease in the system
performance. Besides, it leads to an inherent tradeoff between
the backlogged and newly arrived traffic. Toward this end, we
propose in this paper a novel pricing strategy where we associate
a cost not only to transmission attempts but also to the idle event
(i.e when no one is transmitting). Moreover, we address the trade-
off problem by associating different costs C, and C';, respectively,
to backlogged and newly arrived packets. Therefore, when a suc-
cessful transmission is going through the channel, users pay a cost
denoted by C's or Cy. If a collision occurs, they pay a cost C., and
when no one is transmitting, they pay the idling cost C';4;.. Com-
pared to the old pricing mechanism, our results show that the
proposed approach achieves the best performance and maintains
a fairness level between backlogged and newly arrived packets.
Keywords: Stochastic game, Pricing strategy,
Markov model, Performance evaluation.

Markov game,

I. Introduction

Slotted ALOHA (SA) [2, 3] and its modified versions [4, 5]
are one of the most efficient random access MAC mechanisms

implemented in wireless communication networks. They are
usually used in satellite communications and cellular tele-
phone systems. Due to the simplicity of their implementa-
tion and their wide range of applications, they are still used
by many recent architectures like LoRaWAN networks [5],
NOMA for the Next Generation Internet of things (IoT) [6, 7]
and IoT applications for COVID-19 pandemic [8].

In Slotted ALOHA, the time is divided into units called
slots, where the duration of each slot is the transmission time
of one data packet. Transmissions and retransmissions start
only at the beginning of a slot. When a new packet is re-
ceived by a node during the current slot, it shall transmit it
in the next slot. If two or more packets are sent simultane-
ously, they collide, and all packets involved in the collision are
corrupted. As a result, the collided nodes are considered back-
logged, and they should retransmit the packet after a random
time. After each successful transmission, the transmitter re-
ceives the transmission’s feedback (i.e. success or collision).
When no feedback is received, the transmission is assumed
to be failed. The main inconvenience of the Slotted ALOHA
mechanism is its instability nature, and its considerable col-
lision rate in heavy traffic conditions [9, 10]. Unlike CSMA
[11], Slotted ALOHA does not perform any channel detec-
tion, which makes it energy efficient and highly sensitive to
collisions. Therefore, it is primordial to manage collisions to
increase the system performance.

ZigZag Decoding (ZD) is an efficient interference resolu-
tion approach used by a receiver (e.g. the Access Point (AP))
to decode packets that arrived simultaneously. It is originally
designed to mitigate the hidden terminal problem [12]. An AP
equipped with ZD exploits the random jitter resulting from the
sporadic nature of the wireless medium and the differentiation
of the distance from the receiver. As a result, packets that are
sent simultaneously arrive at the receiver with some bit shift
(i.e. interference-free bits) which is implemented by the de-
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coder to recover the collided packets. The main feature of ZD
is it does not require any change in the Media Access Control
(MAC) layer, and unlike the (Request To Send/Clear To Send)
RTS/CTS mechanism, it does not introduce any overhead. We
have proposed an enhancement of the Slotted ALOHA using
the benefits of ZD. The mechanism named SA-ZD shows to
be very efficient in terms of all performance metrics compared
to the standard Slotted ALOHA [13, 9]. In SA-ZD, we as-
sume that simultaneous transmissions of two packets can be
decoded with ZD. Therefore, collisions occur only in the case
of three or more simultaneous transmissions.

Game theory was initially introduced for studying coopera-
tion and selfishness in economics. A game model consists of
a set of players, a sequence of strategies for each player, and
a utility function. The interaction between players defines the
amount of information revealed to the players. In the complete
information games, the player is aware of the utility functions,
payoffs, strategies, and all game rules. Whereas in the in-
complete or partial information games, players do not possess
full information about other players nor about the game envi-
ronment. Recently, game theory was used in network mod-
eling, and performance evaluation of random access mecha-
nisms [10, 14]. Since the channel access represents an inter-
action between users, we can model the Slotted ALOHA as a
game either in a cooperative or a non-cooperative framework.
In the Slotted ALOHA game, we consider the users as players
and the transmission probability as the strategy, whereas the
amount of information is defined by the design specifications
of the mechanism. The utility function is either the throughput
or the delay, or any other performance metrics of interest. In
this work, we are interested in a specific class of games called
stochastic games or Markov games which was initially intro-
duced in [15]. A stochastic game is a game with probabilistic
transitions played by a set of N players where the strategy is
either a deterministic strategy or a mixed strategy. The main
feature of stochastic games is that the history at each decision
point is related to some state. In our study case of SA-ZD,
the state represents the number of backlogged users which is
following a Markov process, whereas the strategies are given
as the retransmission probabilities. The rewards at every stage
depend on the player’s action and also on the current state.

Interest has been given in recent years to the cooperation
in MAC mechanisms, which refer to the case where all users
within a wireless system cooperate to optimize the same utility
function. In this paper, we study the team problem of SA-ZD,
in which users intend to maximize the system throughput or
equivalently minimize the access delay of transmitted pack-
ets. Although this approach provides maximal throughput, it
also yields a huge delay of backlogged packets. Therefore, to
achieve the maximum throughput and maintain a bounded de-
lay, we propose a novel approach allowing us to control the
users’ behavior (i.e. transmission probability) by introducing
several costs.

The existing tradeoff between newly arrived packets and
backlogged packets has also been noticed in the standard Slot-
ted ALOHA mechanism. And it is resulting from the design
specifications of the Slotted ALOHA mechanism, which spec-
ify that newly arrived packets are transmitted immediately in
the next slot after their arrival. Therefore, when the arrival

probability tends to 1, the cooperative model defers the back-
logged packets to allow newly arrived to be transmitted.

The remainder of this paper is organized as follows. In Sect.
II, we present a detailed review of the related works. Section
IIT outlines the principle of the Slotted ALOHA mechanism
combined with ZigZag Decoding. In Sect. IV we develop the
mathematical model of the proposed mechanism. Section V
and VI present respectively the performance of the system and
the performance of the backlogged packets. In Sect. VII, we
optimize the system as a team problem with the old pricing
strategy, and Sect. VIII present the proposed pricing mecha-
nism. Section IX discusses the numerical results and provides
a comparative study with the previous pricing strategy. Finally,
conclusions are summarized in Sect. X.

II. Related Work

The Slotted ALOHA mechanism was widely investigated and
improved over the past few years. In [16], The authors devel-
oped a new enhancement to Slotted ALOHA using the ZigZag
Decoding approach. The proposed mechanism named SA-ZD
is very effective in terms of delay and throughput compared
to the standard Slotted ALOHA. Through numerical analysis,
they showed that the SA-ZD operates as the standard Slotted
ALOHA in the case of no collision. However, when pack-
ets are sent simultaneously by two stations, it behaves as if
the collided packets are sent in separate slots. Besides, they
claimed that the proposed mechanism does not introduce any
overhead and does not require any MAC layer modification.

The authors in [17] proposed a novel approach based on the
policy trees to improve the Slotted ALOHA mechanism. The
proposed approach makes a balance between the ALOHA-Q
and DRL-based approaches. They introduced two ALOHA
variants. The first one, named ALOHA-QT uses the Quantita-
tive Tree (QT) algorithm which varies the transmission rate of
the user and adapts to the number of active nodes. Whereas,
ALOHA-QTF variant achieves fairness in short periods.

In [18], the authors provide an analytical model of the pure
and Slotted ALOHA with Multiple Packet Reception (MPR).
They found that time slotting has positive and negative con-
sequences. On one hand, it prevents the ongoing transmission
from colliding with another potential transmission. And on the
other hand, it does not allow the larger packet size to transmit
smaller ones.

The authors in [19] proposed to enhance the Slotted
ALOHA using the Capture Effect (CE) mechanism. With the
CE, the receiver can decode the packet sent at high power
among simultaneous transmissions as long as the tagged
packet is the only one sent with the highest power. The au-
thors also proposed to combine both ZD and CE mechanisms
to further enhance the Slotted ALOHA mechanism [20]. The
extended mechanism showed very efficient in terms of all per-
formance metrics. The authors showed that it outperforms the
standard Slotted ALOHA [10] as well as the enhanced ver-
sions, i.e. with ZD [16], and with CE [19].

Another enhancement mechanism to the Slotted ALOHA
is the Successive Interference Cancellation (SIC) which is a
collision resolution approach based on the received signal-to-
noise ratio (SNR). SIC refers to the ability of the receiver to
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decode packets that are transmitted with an SNR higher than
a given threshold. In [21], it was assumed that users select a
transmission power level based on a given distribution. In [22],
the receiver adopts a set of power levels and each user adapts
the transmission power based on the channel state. In [23], the
authors analyzed the maximum sum rates of Slotted ALOHA
with ordered SIC and unordered SIC. They also studied the
effect of MPR on system performance.

The authors in [24] presented a model analysis of an exten-
sion of the Slotted ALOHA named threshold-ALOHA. In this
mechanism, the users implement the Slotted ALOHA mech-
anism only when their age reaches a certain threshold. Oth-
erwise, they have to stay silent in order not to disturb the
users who have larger ages. Thus, if the age is below a cer-
tain threshold, the user should stay silent, and if not, it will
transmit with a fixed probability using the Slotted ALOHA
mechanism.

The authors in [14] introduced a non-cooperative game in-
vestigation of the Slotted ALOHA mechanism in satellite net-
work communications. They showed that in the case of a
huge number of active stations, the Slotted ALOHA with a
game is more efficient in terms of energy compared to the
same mechanism without the game. In [10], they proposed
a new pricing mechanism for the standard Slotted ALOHA
using a cooperative and non-cooperative game framework.
For every transmission and retransmission, they associated a
cost denoted by c. Although the idea seems interesting, it
yields the same tradeoff addressed in this paper for the im-
proved version SA-ZD. A similar strategy was adopted in [25],
where they investigated the Binary Exponential Backoff Algo-
rithm with Multi-Power Diversity (MPL-BEB). The proposed
game model shows that the MPL-BEB improved with the pro-
posed pricing strategy outperforms the standard MPL-BEB
and BEB.

In our previous work, we studied the SA-ZD mechanism
under the cooperative and non-cooperative game framework
[13, 9]. In the cooperative version of SA-ZD, we showed
that it outperforms the SA in terms of all performance met-
rics. Furthermore, using different objective functions of the
team problem, we showed that different configurations could
be achieved depending on the system requirements. More-
over, we emphasized the existing tradeoff problem between
the throughput and backlogged delay. Then, we proposed to
introduce a transmission cost to the cooperative version of SA-
ZD [1] in order to provide a more realistic scenario where
users are battery power devices. However, the proposed pric-
ing strategy shows that the user prefers to hold on the transmis-
sion in the case of high transmission cost which dramatically
degrades the performance of the system. To address this issue,
we propose in this paper an enhanced pricing mechanism tak-
ing into account the tradeoff problem between the throughput
and the delay.

In the non-cooperative game framework of the SA-ZD, we
analyzed the system as a game where every user attempts to
optimize his own utility function. Either by maximizing his
individual throughput or by minimizing the access delay of his
packets. Our results showed that the contention between non-
cooperative users results in a dramatic decrease in the overall
system performance. To solve this problem, we proposed to
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control the transmission cost in order to achieve the same per-
formance as the cooperative game model.

III. Overview of Slotted ALOHA Combined
with ZigZag Decoding

The Slotted ALOHA is a random access mechanism designed
to allow transmission from competed users. Each transmis-
sion starts only at the beginning of the time interval called
“slot”. A Slotted ALOHA network consists of an AP and a
set of connected devices which are in the coverage range of
each other. The performance analysis of the Slotted ALOHA
shows that it outperforms its unslotted version in terms of all
performance parameters. However, it is still open to enhance-
ments. The ZigZag Decoding [12] is one of the proposed ap-
proaches to improving the ALOHA performance. In ZD, the
AP is able to decode packets sent by two simultaneous trans-
missions. The idea behind the ZD mechanism is straightfor-
ward: When a collision of two packets is detected over the
channel, the AP triggers the ZD mechanism in order to decode
the collided packets and recover the data from the collision.
Since ZD uses a set of two collision events, the second slot
is also dedicated to the same packets to collide again. Thus,
we consider that the two packets are successfully received in
two successive slots as illustrated in Fig. 1. The main feature
of ZD is that it does not require any MAC layer modifications
and when no collision is detected, it behaves as a standard ran-
dom mechanism. ZD implements the random jitter differenti-
ation between transmitted packets. When two users transmit
their packets in the same slot, they will not perfectly collide at
the receiver side. In fact, they will reach the destination with
some free-interference bits which is called jitter. Thus, the re-
ceiver can trigger the ZigZag decoder in order to decode the
two packets.

In our network model, a station receives an Acknowledg-
ment (ACK) about the transmission state using one of the fol-
lowing feedbacks:

e (: Idle, when no one is transmitting over the channel,

e 1: Success, in the case of a single successful transmis-
sion,

e ZigZag, in the case of simultaneous transmission of two
packets,

e C: Collision, otherwise, when more than two packets are
transmitted simultaneously.

IV. Stochastic Game Formulation

We consider a wireless network consisting of an AP and a
set of M buffer-less devices operating the SA-ZD mechanism.
Thus, no packets are generated until the current one is success-
fully transmitted. As we are modeling the Slotted ALOHA,
the time is divided into equal periods (i.e. “slots”). We as-
sume that a slot is the required time to transmit a single packet.
We assume that the arrival traffic at each station follows a
Bernoulli process with a parameter p,, where all arrivals are
independents. For simplicity purposes, we consider the arrival
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Success Success with ZigZag Idle Collision
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Figure. 1: The principle of Slotted ALOHA combined with ZigZag Decoding, slot time equals two slots in the case of ZigZag
and equals to one slot otherwise. We emphasize that packets transmitted with ZD are received twice by the AP.

Notation Description

M Total number of active nodes

N Number of backlogged nodes

Pa Transmission probability of newly arrived packets

qr Retransmission probability of backlogged packets

P Transition matrix

7(pa,qr)  Steady-state probability

T Generic slot time. It is equal to two slot in the case of ZigZag,

and one slot otherwise

Table I: Notation and terminology

rate is the same for all users. Table 1, shows some notations
used in the paper.

Let Q. (i, N) be the probability that ¢ unbacklogged nodes
transmit a packet in a given time slot. we have:

M —- N “N—i)
Qau,N):( . )(1—pa>(MN AN O))

and let Q. (i, N) be the probability that ¢ backlogged nodes
retransmit their packet in a given time slot.

Q.(i,N) = (JZV) (1—g) " g )

We consider the stochastic process N as the number of
backlogged packets in the system. Our model is given as a
Markov process for every ¢, in the range ]0, 1]. The Markov
property holds since the future and the past states are condi-
tionally independent given the present state. Therefore, our
stochastic process IV is a Markov chain with a finite state space
E = {0,1,...,M}. The transition diagram of the proposed
Markov chain is given in Fig. 2, and transition probabilities
are expressed as follows:

PN nyiy =
Qa(i,N), 3<i< M- N,
Qa(l,N)(l—QT(O,N)—QT(I,N))7 i=1, 2<N<M-1,
Qa(2,N) (1 —Qr(0,N)), i=2 1<N<M-2,
Qa(0.N) [1 — Qr(1, N) — Qr(2, N)] iz o
+Qa(1, N)Qr(0,N) + Qa(2, N)Qr(0,N), ~— 7
Qa(O,N)QT(l,N)+Qa(1,N)QT(1,N) i=—-1, 1< N<M,

Qa(07 N)QT(27 N)7

0, otherwise.

i=-2, 2<N<M,

3
Lemma 1. For every retransmission probability q. in the
range |0, 1], the proposed Markov chain is ergodic and admits
a unique stationary distribution.

Proof. We assume that ¢, = 0 and p, > 0. If we start from
any given state ¢ where ¢« = 0, ..., M — 3, the Markov chain
will end up on one of the following absorbing states: M — 2,
M — 1 and M with non-null probability. Thus, a unique sta-
tionary distribution exists if and only if ¢, is within the range
10, 1]. Therefore, we shall exclude the case of ¢, = 0 in order
to maintain the ergodicity of the Markov chain and then the
uniqueness of the stationary distribution. It is trivial to show
that the Markov chain is ergodic since all states are aperiodic
and positive recurrent for every ¢, €]0, 1]. O

Remark 2. We emphasize that when q, = 0 and when the
Markov chain ends up on the absorbing state M —1, the system
throughput will equal the arrival probability p, because the
new arrived packets of the remaining unbacklogged node will
be transmitted in free-collision mode. However, if we reach
the absorbing state M, the system throughput will equal 0.
Hereafter, we denote m;(pg, qr) where i € {0,1,...,M}, as
the steady distribution of the Markov chain.

We compute the steady-state of our Markov process using
the following system:

7T(paa QT) = W(pay QT)P(paa qr)7

7-‘-N(pCLa (Jv) Z 07
M

> ™8 (Parqr) = 1.

N=0..M,

A simple iterative method can be followed in order to com-
pute the steady-state distribution from the system (4).
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Figure. 2: Markov transition diagram of the proposed team problem, where the state represents the number of backlogged

packets in the system.

V. Performance Metrics of the System

A. Normalized throughput

We define the throughput as the average number of the suc-
cessfully transmitted packets by the users in a given slot time
T.

ﬂw
Ma

Th(pa; qr) Peem™N (Pay @)
N:l
+ (Qa(]- 0) + 2Qa (2 0)) o (pm QT)] (5)
M
= ~ N)x (Pasar) (©)
N:O
where
su(c _Qa( )QT(LN)—FQQ(LN)Q,(O,N)
+2Q4(0, N)Qr(2, N) +2Q4(2, N)Q-(0, N) (7)
+2Qa(1, N)Qr(1,N) ,
and
T:1+le'gzag. (8)

Pz;47a4 1s the ZigZag probability, and it is defined by:

M

=Y [Qu(0, N)Qr(2,N) + Qu(2, N)Q, (0, N)

N=0

+Qa(1,

PZigZag

N)Qr(l, N)] 7rN(pm QT) .
©))

B. Access delay

We define the delay as the average time required by a station to
transmit a data packet from the source to the destination. We
can derive its expression using Little’s result. Thus, we have:

SB (pa7 q'r‘)

D Pa>qr) = 1+ B
( ) Th(paa(h)

(10)

where Sg(pa, qr) = Z%:O N7N(pa, ¢-) 18 the average num-
ber of backlogged packets.

VI. Performance of Backlogged Packets

A. Backlogged throughput

The throughput of backlogged packets is defined as the num-
ber of backlogged packets that have been transmitted over the
channel. The ability to transmit the awaiting packets is very
interesting in real-time services. Let Thgyce(Pa, gr) be the
average throughput of newly arrived packets that has been
transmitted. The average throughput for backlogged packets
is given by:

THB(pa; qr) = Th(paa Q'r’) - Thsucc(pa»(h‘)v (11)
where
M-—1
Thsuce( pmqr =T Z [Qu N)Q+(0, )
(12)
+Qa( , N)Qr(1,N)

+2Qa(27 N)QT(Ov N)] TN (pa7 QT‘) .

B. Backlogged delay

The access delay is defined as the time elapsed from the mo-
ment of the transmission until the reception of the packet, and
it is given by:

ThB (pa7 q'r’) + SB(Pm q’f)

DB(pm%") = ThB(pa’qT) -
SB(ptZ)q’l‘)
ThB(pavq’l")

C. Backlog level

We define the backlog level as the ratio of backlogged nodes
among the total number M, and it is given by:

Backlog(pa, q-) = (W X 100) %. (15)

We emphasize that the backlog level in the system is very im-
portant in ensuring fairness between newly arrived and back-
logged packets.

VII. Optimization Analysis of the Cooperative
Model

In a cooperative game scenario, all the active nodes seek to
optimize the same utility function. Thus, we can express the
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team problem as follows:
max _Utility (pa, ¢r)
QTE[€71]
ﬂ-(paa Q'r') = W(paa Q'r) : P(paa Q'r)v
subject to ¢ TN (Pa,qr) > 0, N =0,..., M,
Z%:() WN(paa (Jr) =1.

(16)

As introduced in our previous work [1], each transmission
and retransmission is associated with a cost, which is denoted
by C. We consider that the cost is normalized within the range
[0, 1] where 1 represent the maximum cost and O represents a
free cost. Now, we can express the utility function of the team
as:

M

Utility(pa, 4r) = (1 = ¢)Th(pa,4r) = cgr Y Nrx(pa, ay).
N=1

a7
Remark 3. Equation (17) arises from the fact that the node
earns (1 — ¢) > 0 for every successful transmission, where
1 represents the packet successfully transmitted and —c is the
cost of its transmission. Whereas in the case of collision (i.e.
the second part of the equation), only the transmission cost is
paid.
Lemma 4. For all q, € [e, 1] where € > 0, the problem (16)
has a unique solution.

Proof. According to Lemma 1 the stationary distribution
7 (Pa, ¢r) exists and is unique. Moreover, 7(p,, ¢,) are contin-
uous over 0 < ¢, < 1 which is not a close interval, therefore
a solution of the problem (16) may not exist. However, as we
restrict to the closed interval [e, 1] where € > 0, an optimal
solution indeed exists. Therefore, for any v > 0, there exists
some ¢; > 0 which is y-optimal. (g} > 0 is said to be -
optimal if it satisfies utility(pa, ¢) > utility(pq, q) — ~y for all
qr € [e,1].) O

VIII. Enhanced Pricing Mechanism
In this section, we provide an enhancement of the pricing
mechanism proposed in section VII. We associate a cost to

each event respectively as follows:

o (s Price for a new arrived packet crowned with success.

e (Cy: Price for successful transmission of backlogged
packet.

o (g Price for idling.
e (: Price for collision.

where all the prices are normalized in the range [0, 1].
The utility function of the new proposed game is given by:

Utzllty(pcw QT) = CsPsuch+CstuccB+CidlePidle+CcPc .
(18)

Scheme 1 2 3

Cs 0.1 0.3 0.1
Cy 0.1 0.1 0.1
Cidie 0.5 0.5 0.3
Ce 0.5 0.5 0.8

Table 2: Parameters used in the numerical results of different
schemes

Psycen s the probability that a newly arrived packet will be
transmitted successfully at the first attempt, and it is given by:

M
Poycen = Z [Qa(la N)QT(Oa N) + Qa(2a N)Q’I‘(O?N)
N=0
+Qa(1, N)Qr(1, N)| 7N (Pas gr) -
(19)

Psycep 18 the probability that a backlogged packet will be
successfully transmitted in a given slot. It is given by:

M
Paseen = Y [Qa(0, N)Qr(1,N) + Qa(0, N)Qr(2, N)
N=0
+Qa(1a N)QT‘(]-7 N)] 7TN(paa Q'r) .
(20)

P41 is the idle probability and it is defined as the prob-
ability that no one is transmitting or retransmitting over the
channel. It is given by:

M
Piaie = Y Qa(0, N)Qu(0, )7y (pargr) - (21)
N=0

Finally, P, is the collision probability and it is given by:

P.=1— PsyeeN — Psuce — Pidie - (22)

The optimal policy to save energy and to avoid collisions is
to not transmit at all. However, this is not the optimal policy
that we are interested in since we aim to maximize the through-
put and minimize the delay. In the following results, we plot
the performance metrics of different cost configurations.

IX. Numerical Results and Discussions

In this section, we evaluate the performance of the two pricing
strategies under different load conditions. We set the number
of nodes to 10, and we vary the arrival probability p, from 0
to 1. Wesete = 107

In the first approach, we consider a fixed cost in the set
C =1{0,0.2,04, 0.6, 0.8, 1} for every transmission and re-
transmission attempt, and we compare the performance met-
rics obtained for all arrival probabilities. In the second ap-
proach, we adopt a different pricing strategy in order to im-
prove the system performance. Therefore, we associate to ev-
ery newly arrived packet which is crowned with success a cost
denoted by Cj; for a successful transmission of a backlogged
packet, we associate a cost Cy. In the case of no transmis-
sion, we associate a cost C; 4., and finally, we associate a cost
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Figure. 3: Optimal retransmission probability as a function of arrival probability for both pricing mechanisms
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Figure. 4: Normalized throughput of the system, which includes the backlogged and newly transmitted packets

C. for the collision. The numerical results are obtained using
Matlab, and the parameters used for the second approach are
listed in Table 2.

Figure 3 shows the optimal retransmission probability as a
function of the arrival probability for different pricing mecha-
nisms. In the old approach, we notice that the optimal retrans-
mission probability is considerably lower compared to the en-
hanced pricing strategy. The reason behind this behavior is
straightforward: In the old approach, users do not charge any
cost when they do not transmit. Therefore, they prefer to hold
on the transmission rather than attempting to transmit. On
the other hand, in the old approach, the optimal retransmis-
sion probability goes to 0 in heavy load conditions (i.e. when
po — 0) regardless of the price used. In fact, this is not ef-
ficient because when the retransmission probability g = 0
the backlogged packets will not be transmitted which yields
a huge delay. On the contrary, our enhanced pricing strat-

egy keeps the optimal retransmission probability above 0 for
the three different pricing schemes. We can see however that
scheme 2 provides the highest retransmission probability fol-
lowed by the scheme 1 and 3 respectively.

In Fig. 4, we show the overall system throughput as a func-
tion of arrival rate. The throughput is given in equation (6)
and it includes the newly arrived packets that are transmitted
successfully at the first attempt and also the backlogged pack-
ets that are successfully transmitted after a previous collision.
We emphasize that the throughput, as well as the other per-
formance metrics, are derived from the optimal retransmission
probability depicted in Fig. 3. In the old pricing strategy, the
throughput decreases as the price increases, which is expected
since the corresponding retransmission probability shown in
Fig. 3a decreases dramatically as the price increase. This can
be explained by the fact that users do not take the risk of trans-
mitting a packet when the price is high. Instead, they prefer to
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Figure. 5: Delay of transmitted packets, which is given in terms of slots
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Figure. 6: Throughout of backlogged packets

not transmit, which negatively affects the system throughput.
However, in the second approach, the system throughput stays
at a high value for the tree schemes with a slight difference in
heavy load conditions.

We plot in Fig. 5 the delay of transmitted packets as a func-
tion of the arrival probability. The delay is given in terms of
slots and represents the time required for a packet to be trans-
mitted from its source to the destination. When a high price
is used in the old approach, the delay increase due to the con-
siderably low transmission policy as we have seen in Fig. 3.
However, the enhanced approach provides a lower delay com-
pared to the old one, and this is for the three proposed schemes.

Figure 6 shows the throughput of backlogged packets as a
function of the arrival probability. In the case of a low price,
the backlogged throughput in the old approach increases then
decreases for the arrival probability. When we increase the
price, the backlogged throughput decreases dramatically, es-

pecially in the higher price case (i.e. C' = 1), where the back-
logged throughput becomes 0 which means no backlogged
packet is transmitted over the channel. However, in the im-
proved approach, the backlogged throughput never drops to 0
which is very impressive. The three proposed schemes pro-
vide different backlogged throughput values. In particular, the
second scheme ensures the highest value compared to the first
and the third one.

In Fig. 7, we plot the throughput of packets that are ar-
rived and successfully delivered in the first attempt. We no-
tice that different costs provide different throughput values.
In light traffic, increasing the cost results in a throughput drop.
Whereas, in high traffic load, increasing the price improves the
throughput but at the expense of the backlogged throughput.
On the other hand, the results depicted in Fig. 7b show a rea-
sonable throughput without sacrificing the backlogged pack-
ets. Unlike the results shown in Fig. 6, we notice that scheme 2
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Figure. 8: Delay of backlogged packets, which is given in terms of slots

provides the lowest throughput compared to the third scheme.
In fact, scheme 2 prefers the backlogged packets and scheme
3 prefers newly arrived ones, whereas scheme 1 compromises
between the two schemes.

Figure 8 shows the delay of backlogged packets as a func-
tion of the arrival probability. In the old approach, increas-
ing the price yields a huge delay (10* slots). In heavy load
conditions, the delay becomes huge even when no cost is in-
cluded (C' = 0). However, as seen in Fig. 4, the correspond-
ing throughput of C' = 0 is very good. This tradeoff be-
tween the throughput and backlogged delay is a very challeng-
ing task since we are interested in maximizing the throughput
and meanwhile minimizing the backlogged delay which does
not seem to be done using the old approach. However, Our
approach is very efficient in addressing this tradeoff. Figure
8b, shows the delay of backlogged packets using the improved
pricing mechanism. Compared to the old approach, it pro-

vides a backlogged delay of less than 100 slots for the three
proposed schemes while maintaining a maximal throughput.

Finally, we plot in Fig. 9 the backlog level which is defined
as the percentage of backlogged users among all contended
users. It also refers to the number of packets that require re-
transmission over all packets in the system. Figure 9a shows
that, in the old approach, the backlog level of the system goes
up very quickly to 90%. However, the three schemes of the
enhanced approach achieve a 90% of the backlog level only
in heavy load conditions which is expected since the collision
rate increases due to the increasing number of transmission
attempts.

X. Conclusion

‘We have introduced in this paper a new pricing strategy in or-
der to further improve the performance of the Slotted ALOHA
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Figure. 9: Backlog level, which is defined as the ratio of backlogged nodes among the total number M.

mechanism combined with ZigZag Decoding. First, we devel-
oped a cooperative game model where all users optimize the
same utility function. Then, using a Markov process model,
we derived all the performance metrics of interest. Our model
includes throughput and delay analysis of both backlogged and
newly arrived packets.

In our previous work [1], we associated a cost to every trans-
mission and retransmission attempt. Using this approach, we
found that users prefer to not transmit, fearing potential colli-
sions. This behavior leads to a huge increase in the backlogged
delay and a dramatic decrease in the system performance. To
address this problem, we proposed a new pricing strategy by
imposing four different costs which we denoted by: Cs, Cp,
Ciqie and C.. This approach allowed us to control the users’
behavior and therefore improve the performance of the sys-
tem. Then, we proposed three different schemes. Our main
goal was twofold: (1) to improve the system performance in
terms of throughput and delay; and (2) to address the existing
tradeoff between backlogged and newly arrived packets. In
our analysis, we also included a comparative analysis with our
old pricing approach [1]. Our results show that the proposed
approach is very efficient in terms of all performance metrics.
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