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Abstract: The design of random media access control (MAC) protocol has been attracting
great attention for satellite communication networks, where the propagation delay is long
and the traffic load is varying. Advanced coded random access schemes tend to provide re⁃
source allocation strategies for massive uncoordinated devices, where multiple packet repli⁃
cas from each user are transmitted in random slots of the frame and successive interference
cancellation (SIC) iterations are tracked to recover collided packets at the receiver. It is as⁃
sumed that each active user just has a single information packet to be transmitted. In this pa⁃
per, an MAC layer random access scheme named Multi-Packets Transmitted Irregular Repe⁃
tition Slotted Aloha (M-IRSA) is proposed. Different from the existing advanced random ac⁃
cess schemes, the M-IRSA scheme supports various number of packet transmission per user
by using pre-coding procedure. Joint decoding combined with SIC iterations and local de⁃
coding is analyzed. The simulation results show that the proposed scheme is more efficient
compared with the IRSA scheme without packet loss rate (PLR) loss.
Keywords: Aloha; coded random access; MAC; satellite network; successive interference
cancellation
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1 Introduction

Recent years have witnessed the explosion of wireless
machine-type communications (MTC) in satellite net⁃
works. Typical MTC networks involve a massive set
of battery-powered or harvesting-powered devices au⁃

tonomously transmitting small data, i. e. , short messages. Cur⁃
rent multiple access control (MAC) layer solutions for MTC
networks tend to privilege scheduled and coordinated trans⁃
missions, in compliance with the classical information-theo⁃
retic assumptions[1]. Traditionally, the coordinated multiple
access schemes can take efficient usage of the available
bandwidth. However, it requires control signaling that may
even outnumber data[2], which is particularly challenging.

Opposed to coordinated schemes, random access schemes
provide a common channel to be dynamically and opportunis⁃
tically shared by a population of users without coordination
requirements.
As a practical and effective solution to massive uncoordinat⁃

ed multiple access, coded random access has been the subject
of several investigations in the past few years, combining user
packet replication (or packet coding) with successive interfer⁃
ence cancellation (SIC) at the receiver. The Collision Resolu⁃
tion Diversity Slotted Aloha (CRDSA) protocol[3] was the first
scheme to exploit SIC to resolve collisions on a random access
channel, where the users repeat their transmission twice in a
frame. The Irregular Repetition Slotted Aloha (IRSA) was in⁃

DOI: 10.12142/ZTECOM.202004009

https://kns.cnki.net/kcms/detail/34.1294.
TN.20201124.0933.004.html, published
online November 24, 2020

Manuscript received: 2020-10-11

62



M-IRSA: Multi-Packets Transmitted Irregular Repetition Slotted Aloha Special Topic

SUN Jingyun, LIU Zhen, WU Yang

ZTE COMMUNICATIONS
December 2020 Vol. 18 No. 4

troduced in Ref. [4] to provide a further throughput gain over
CRDSA, by optimizing the transmission repetition rate for
each packet. An extension of IRSA access strategy named
Dubbed Coded Slotted Aloha was proposed in Ref. [5], where
the packets are encoded prior to transmission in the MAC
frame, instead of being simply repeated. Since then, coded
random access emerging as a new paradigm has been the sub⁃
ject of several investigations[6–10]. With this paradigm, the
throughput is substantially increased, which makes it a practi⁃
cal and efficient solution to support for uncoordinated access.
In the coded random access schemes, each information packet
is repeated mutiple times and transmitted over time slots.
However, compared with the Aloha schemes, they require
more energy for transmission. Furthermore, in the coded ran⁃
dom access schemes mentioned above, each user is able to
transmit only one packet per frame even the user has multiple
packets to transmit.
As a potential application, users acting as relays in a cellu⁃

lar network have various number of packets to transmit per
frame; the sizes of data are different according to the types of
platforms. Reservation-CRDSA (R-CRDSA) with access con⁃
trol[11] was designed for the case in which the user has multiple
fragmented packets to transmit. A specific slot of each frame
is reserved for the user until the end of the last packet. With⁃
out SIC, collisions cannot be cancelled in unreserved slots,
leading to low throughput performance. The Multiple Reserva⁃
tion-CRDSA (MR-CRDSA)[12] scheme was developed based on
the R-CRDSA scheme, where multiple slots are reserved un⁃
der low traffic loads. The users with one information packet
will have no opportunities to access the channel if all of the

slots are reserved, which is not practical in communication
systems.
We investigate the application where users who have vari⁃

ous number of packets to transmit per frame and propose a
scheme named Multi-Packets Transmitted Irregular Repeti⁃
tion Slotted Aloha (M-IRSA), where no load control mecha⁃
nism or load estimation procedure is needed. Multiple informa⁃
tion packets from the same user are pre-coded before transmis⁃
sion. The decoding method is a joint one that combines SIC it⁃
erations and local decoding procedure. The proposed scheme
promises higher efficiency without packet loss.

2 IRSA Scheme and SIC Procedure
In IRSA schemes, the repetition rate of each user is opti⁃

mized compared with that in the CRDSA schemes. Each user
sends several replicas according to a probability distribution
instead of two replicas in CRDSA. The IRSA scheme and SIC
procedure is shown in Fig. 1.
In Fig. 1a, user u1 has three replica packets (u1.1, u1.2 and

u1.3), all of them having the same information data. The SIC it⁃erative procedure in IRSA is similar with the decoding pro⁃
cess for LDPC codes over the erasure channel, which is repre⁃
sented by the bipartite graph (Fig. 1b). In each replica, the in⁃
formation about the position of other replicas is included, e.g.
in a dedicated header field. If one packet replica is recovered,
the positions and the content of the other replicas will be
known. This way, the interference of this packet can be can⁃
celed. For example, u1.2 and u1.3 can be recovered by the re⁃ceiver as the interference of u1.1 is removed.

▲Figure 1. IRSA scheme and SIC procedure.
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The traffic load G represents the average number of informa⁃
tion packets per slot. The threshold is defined as the maxi⁃
mum value of G that the bursts shall be recovered with a prob⁃
ability close to 1. When G is above the threshold, the SIC pro⁃
cedure will fail and the packet loss rate (PLR) shall increase.
The threshold can be calculated by“and-or”tree.
The IRSA scheme promises quite a remarkable throughput.

However, two of its characteristics should be considered.
First, IRSA has lower critical points compared to the slotted
Aloha. When the offered load increases above a critical point,
the throughput will decrease rapidly; in other words, the criti⁃
cal point is the offered load level, where the maximum
throughput is attained. Second, each user in an IRSA system
performs a single transmission within each MAC frame. When
the number of users is low while they have a lot of packets to
transmit, the channel resources cannot be used efficiently.

3 Proposed M-IRSA Scheme

3.1 System Model
The M-IRSA framework is inspired in the situation where a

large number of un-cooperated users are seeking access to a
receiver. A slotted and framed random access system is con⁃
sidered at the MAC layer, where each frame is divided into M
time slots. The users form a population size U and attempt
transmission at the beginning of a new frame. It is assumed
that the i-th user has ki (ki ≥ 0) information packets to betransmitted. (The i-th user has no packet to transmit if ki = 0.)Accordingly, the total number of information packets to be
transmitted is (N =∑i = 1

U ki). The number of information pack⁃
ets to be transmitted is random and independent with each oth⁃
er, so the total number of information packets N is unknown to
the receiver. We define a parameter Di to present the normal⁃ized information packet data size of the i-th user, which is giv⁃
en by Di = ki /M.The normalized traffic load G is given by G = N M , which
represents the average number of information packet transmis⁃
sion per slot.
In this paper, a classical MAC collision channel model is

used. The packet loss is only caused by collisions, which
means the collided packets can be recovered if the interfer⁃
ence from other packets is removed. This assumption is rea⁃
sonable since the bursts have been encoded via the (4096,
1992) concatenated extended Bose-Chaudhuri-Hocquenghem
(BCH) structured irregular repeat accumulate (S-IRA) code
and transmitted with quadrature phase shift keying (QPSK)
modulation. The results at Eb /N0 = 2 dB confirm that the per⁃formance degradation with the actual IC algorithm is negligi⁃
ble in both the low and the high PLR regions.
3.2 Operation of M-IRSA
For the i-th user, ki information packets are pre-coded via

linear block coding before transmission. The coded packets
are transmitted to the receiver.
A zero (M, ki ) generating matrix is initialized, where the Mrows denote the positions of slots and the ki columns representinformation packets. The coding degree of information packets

follows a given distribution { Λ l}, where Λ l denotes the proba⁃bility of an information packet choosing l positions out of M
rows randomly. The i-th user sends the output coded packets
to the corresponding slots respectively. The indexes of infor⁃
mation packets and their corresponding positions are included
in the header of output coded packets. In practical implemen⁃
tations, the overhead due to the inclusion of pointers in the
header of the coded packet may be reduced by adopting more
efficient techniques. A more elegant approach to address this
issue is to embed in each coded packet the number of informa⁃
tion packets and a user-specific seed of a pseudorandom gen⁃
erator known both to the user and the receiver. Once a coded
packet is resolved, the receiver can use the knowledge of the
generator and the obtained seed to determine the generation
matrix. Since the positions are selected randomly, it happens
that some positions are not chosen by the information packets.
The actual number of coded packets is denoted by
hi (hi ≤ M ). We define the pre-coding rate of the i-th user as
Ri = ki /hi.It is assumed that each user has one buffer. Before transmit⁃
ted, the information packets are preserved in the buffers.
Therefore, it is possible that the users are aware of the number
of information packets. The information packets are pre-coded
via linear block coding before transmission. The generating
matrix is random. But the maximum length of coded packets is
fixed, which is equal to the frame length.
(1) Example 1.
As shown in Fig. 2, there are 2 active users, where the user

u1 contains 3 information packets (circles), by an index
{ k1,1, k1,2, k1,3}, and the user u2 contains 2 information packets(circles), by an index { k2,1, k2,2}. The first information packet of
k1,1 selects position S1 and S3; the information packet k1,2 se⁃lects position S2, S3 and S5; the information packet k1,3 selectsposition S1 and S4. Thus, the generating matrix of u1 is
é

ë

ê
ê

ù

û

ú
ú

1 0 1
0 1 1
1 0 0

0 0 0
0 1 0
1 0 0

. (1)

In the same way, the generation matrix of u2 is
é
ë
ê

ù
û
ú

1 0 0
0 1 0

0 0 1
0 0 1 . (2)

The user u1 generates 5 coded packets, by an informationindex { h1,1,..., h1,5}, and transmits them to S1, S2, S3, S4 and S5.The user u2 generates 3 coded packets, by an information in⁃dex { h2,1,..., h2,3}, and transmits them to S1, S2 and S6. The pre-
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coding rates of the two users are R1 = 3/5 and R2 = 2/3.At the receiver, singleton slots are the ones with only one
coded packet transmitted to each slot. A collision takes place
in a slot when two or more coded packets are simultaneously
transmitted to the slot. Such a slot is called collision slot. In
the meanwhile, once a collision is detected, no more informa⁃
tion about the number and content of colliding packets can be
achieved by the receiver. The decoding procedure at the re⁃
ceiver combines SIC iterations and local decoding procedure.
It is conducted iteratively as follows until all of the informa⁃
tion packets are recovered or collisions persist with no further
information packets being recovered. As seen in Fig. 2, S1 and
S2 are collision slots, while S3, S4, S5 and S6 are singleton slots.• Round 1 (SIC procedure): Coded packets h1,3, h1,4, h1,5 and
h2,3 are known by the receiver, as S3, S4, S5 and S6 are single⁃ton slots. It also means that k1,1⨁k1,2, k1,3, k1,2 and k2,1⨁k2,2 areknown by the receiver. Once a coded packet is received by the
receiver, the generating packets will be cracked.
• Round 1 (local decoding procedure): The information pack⁃

ets k1,1, k1,2, and k1,3 will be recovered based on the knowledgeof k1,1⨁k1,2, k1,3 and k1,2. Then the coded packets h1,1 (k1,1⨁k1,3 )and h1,2 (k1,2 ) will be known by the receiver.• Round 2 (SIC procedure): The contributions of interfer⁃
ence due to h1,1 and h1,2 are canceled respectively, making S1and S2 new singleton slots. Coded packets h2,1 and h2,2 will beknown by the receiver.
• Round 2 (local decoding procedure): The generating pack⁃

ets of u2 are cracked during round 1 (SIC procedure). Then theinformation packets k2,1 and k2,2 will be recovered based on theknowledge of h2,1 and k2,2.(2) Example 2.

As seen in Fig. 2, S1 and S2 are collision slots, while S3, S4,
S5 and S6 are singleton slots. Coded packets h1,3, h1,4, h1,5 and
h2,3 are recovered as S3, S4, S5 and S6 are singleton slots (Step1). Then the correctly recovered coded packets help to recover
the information packets, making information packets k1,1, k1,2and k1,3 recovered. Hence, the coded packets h1,1 and h1,2 areknown by the receiver (Step 2). Next, the contributions of in⁃
terference due to h1,1 and h1,2 are canceled respectively, mak⁃ing S1 and S2 new singleton slots (Step 3). A second decodingiteration is then triggered.

4 Performance Analysis

4.1 Pre-Coding Rate
In the pre-coding procedure, the information packets’de⁃

gree distribution is given by Λ(x) ≜∑l
Λ l xl, while

Λ'(1) ≜∑l
lΛ l is denoted as the average packet repetition

rate. On the other side, the position’s degree distribution
tends to be the Binomial distribution, which is expressed as
Ψ (x) ≜∑l

Ψ l xl. The average number of information packets
per position is Ψ'(1) ≜∑l

lΨ l. It is easy to verify that the
probability that a generic user sends an information packet
within a given position is Λ'( )1 /M = Ψ'( )1 /k.
The probability that one coded packet has l information

packets is given by

Ψ i,l = ( )kil (Ψ'i ( )1
ki )

l

(1 - Ψ'i ( )1
ki )

ki - l
. (3)

Mi,I is defined as the expected number of positions with noinformation packets, which is given by

Mi,I = M (1 - Λ'( )1
M )

ki

. (4)

It is assumed that information packets ki are generated bycoded packets hi and sent to time slots hi by the user ui. Obvi⁃ously, we have hi ≥ ki. The expected length of coded packets
is E[ hi ] = max (ki,M - Mi,I). Hence, the expected rate of Ri is

E[Ri ] = min
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÷

÷ . (5)

In the IRSA scheme, each user has only one information
packet to transmit, which means ki = 1. According to Eq. (5),we have the expected coding rate of the IRSA scheme as:

▲Figure 2. An Multi-Packets Transmitted Irregular Repetition Slotted
Aloha (M-IRSA) example with frame size m = 6 slots and 2 active users.
The first user u1 contains 3 information packets and generates 5 coded
packets. The user u2 contains 2 information packets and generates 3
coded packets. Slots s1 and s2 suffer from collisions.
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E[R IRSA ] = min ( 1
Λ'(1) , 1) . (6)

It should be noted that the proposed M-IRSA scheme be⁃
comes a typical IRSA scheme when each user only has one
information packet to transmit. The pre-coding rate turns to
be 1/Λ'(1).
Moreover, the approach is actually peer-to-peer transmis⁃

sion when there is only one active user. The maximum pre-
coding rate 1 can be achieved as there is no interference from
other users.
4.2 Packet Loss Rate and Throughput
We analyze the evolution of the interference subtraction in

the proposed scheme in the asymptotic case where N tends to
infinity. In the“AND-OR”tree, each OR node evaluates logi⁃
cal OR operation on the value of its children and each AND
node evaluates logical AND operation on the value of its chil⁃
dren. One edge of the OR node is revealed once one of the oth⁃
er edges connected to the node has been revealed; on the con⁃
trary, one edge of the AND node is revealed whenever all the
other edges connected to the node have been revealed. In the
proposed multiple access scheme, information packets act like
the OR nodes; time slots act like the AND nodes; coded pack⁃
ets act like the OR nodes in SIC iterations and act like the
AND nodes in local decoding procedure.
We define that q is the probability that an edge of informa⁃

tion packet is unknown, t is the probability that an edge of cod⁃
ed packets connected to one information packet is unknown, ϵ
is the probability that an edge of coded packets connected to
one time slot is unknown, and p is the probability that an edge
of one time slot is unknown.
Now the edges between information packets and coded

packets are considered, with λl denoting the probability thatan edge is connected to an information packet of degree l and
ρl denoting the probability that an edge is connected to a cod⁃ed packet of degree l. They can be expressed by λl =Λ l l/∑l

Λ l l and ρl = Ψ l l/∑l
Ψ l l.

It is supposed that there are two active users (u1 and u2) inthe system, where u1 has k1 information packets generated to
h1 coded packets and u2 has k2 information packets generatedto h2 coded packets. After transmission, some coded packetsare collided. It is assumed that (1 - ϵ1 )h1 out of h1 codedpackets and (1 - ϵ2 )h2 out of h2 coded packets are received bythe receiver without collisions. It is easy to verify that the num⁃
ber of collision slots is ϵ1h1 = ϵ2h2. All of the informationpackets have the same edge degree distribution λl, while ρ1,land ρ2,l are the coded packets’edge degree distribution of u1and u2 respectively.
4.2.1 Local Decoding Procedure
One edge connected to one information packet is unknown

when all of the other edges connected to the same information
packet are unknown. One edge connected to one un-collided
(un-erased) coded packet can be known when all of the other
edges connected to the same coded packet are known. The
edges connected to collided (erased) coded packets do not
transfer information during the local decoding procedure.
Therefore, during the j-th iteration, for the user u1, we have
q1, j =∑

l
λl tl - 11, j - 1, (7)

and
t1, j = ϵ1, j - 1 + (1 - ϵ1, j - 1)∑

l
ρ1,l ( )1 - ( )1 - q1, j l - 1 =

1 - (1 - ϵ1, j - 1)∑
l
ρ1,l ( )1 - ( )1 - q1, j l - 1 . (8)

The recovery of information packets may help to recover the
collided (erased) coded packets. One collided (erased) coded
packet turns to be known when all of the connected edges
from information packets to the coded packets are known. ϵ1is the probability that an edge of coded packet connected to
one slot is unknown, which can be expressed as
ϵ1, j = 1 -∑

l
ρ1, l (1 - q1, j) l . (9)

In the same way, for the user u2, we have
ϵ2, j = 1 -∑

l
ρ2, l (1 - q2, j) l . (10)

4.2.2 SIC Procedure
The recovery of collided (erased) coded packets then helps

the implementation of the SIC procedure. New clean slots ap⁃
pear since the interference from the recovered coded packet is
canceled. Hence, the collision (erasure) probability is updat⁃
ed. One edge connected to a collided time slot is known only
when the other edge connected to the same slot is known.
Therefore, we have 1 - ϵ1, j = 1 - ϵ2, j - 1 and 1 - ϵ2, j = 1 -
ϵ1, j - 1.The local decoding procedure and the SIC procedure imple⁃
ment iteratively. According to the equations above, we get the
expressions of q and t as follows.
qj =∑

l
λl tl - 1j - 1, (11)

tj = 1 -∑
l
ρ1, l∑

S
ρ2,S (1 - qj) l + S - 1 . (12)

By letting N → ∞ (k1 → ∞ ; k2 → ∞), the coded packets’
degree distribution follows a Poisson distribution. For the user
u1, we have
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Ψ1 (x) = exp ( - k1Λ'M (1 - x ) ) . (13)

The polynomial representation of edge degree distribution
of coded packets is
ρ1 (x) = exp ( - k1Λ'M (1 - x ) ) . (14)

Similarly, for u1 and u2, we have
ρ1 ( x ) ρ2 ( x ) = exp ( - ( )k1 + k2 Λ'( )1

M
(1 - x ) ) =

exp ( - NΛ'( )1
M

(1 - x ) ). (15)

The evolution iteration after the iteration of the probability
q is given by
qj =∑

l
λl (1 - exp ( - qj - 1GΛ'(1) )) l - 1 . (16)

The theoretical analysis of the M-IRSA scheme can be ex⁃
tended to multiple users (more than two users), which is veri⁃
fied in the next section by numerical results. According to
Ref. [4], the probability q in the proposed M-IRSA scheme has
the same expression with that in the IRSA scheme.
The normalized throughput T is defined as the probability

of successful information packet transmission per slot, which
is given by T = [∑i = 1

U ki∙(1 - PLR) ] /M. In this way, PLR
can reflect the performance of throughput.

5 Simulation Results
In this section, numerical results are illustrated. We consid⁃

er an MAC frame size M = 200 slots and a user population
size npop = 200. There are two kinds of users in the simulation:each of 100 out of npop users has 2 information packets to trans⁃mit once each of the other 100 users has 5 information packets
to transmit once activated. Each user becomes active at the be⁃
ginning of any frame with probability p, independent of the
other users and regardless of the user’s activation history. The
repetition rate of each user is following the distribution Λ (x) =
0.5x2 + 0.28x3 + 0.22x8.

Fig. 3 shows the expected pre-coding rate versus the nor⁃
malized packet data size. The x-axis represents the average
normalized information packet data size of the users. The y-ax⁃
is represents the average pre-coding rate. In a typical IRSA
scheme, each information packet is transmitted repeatedly
with a given distribution, so the pre-coding rate is constant
versus the normalized packet data size and only rates 0 < R <
1 2 can be obtained. As shown in the figure, the expected

coding rate of the IRSA scheme is E[R IRSA ] = 1/0.5 × 2 +
0.28 × 3 + 0.22 × 8, which means the users are expected to
transmit 3.6 coded packets for one information packet. On the
other hand, the expected coding rate of the M-IRSA scheme is
varied according to Di (the normalized information packet datasize of the user). It needs less coded packets for one informa⁃
tion packet, which means the proposed M-IRSA scheme is
more effective than the IRSA scheme especially with large nor⁃
malized packet data size in the pre-coding procedure.

Figs. 4 and 5 show the PLR and throughput performance
comparison of the proposed scheme and typical IRSA scheme
when the traffic load G is fixed. It can be seen that the pro⁃
posed scheme is more effective without PLR.

▲Figure 3. Expected pre-coding rate versus the normalized packet data size.

IRSA: Irregular Repetition Slotted AlohaM-IRSA: Multi-Packets Transmitted Irregular Repetition Slotted Aloha

▲Figure 4. PLR performance comparison between M-IRSA and IRSA
schemes.
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6 Conclusions
A pre-coding based random access scheme named M-IRSA

is proposed, where no channel load estimation or additional
central controller is needed to allocate the channel resource.
Joint procedure of SIC iterations and local decoding is ana⁃
lyzed. Compared with the existing advanced random access
scheme IRSA, the proposed scheme is more effective without
PLR loss.
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▲ Figure 5. Throughput performance comparison between M-IRSA
and IRSA schemes.
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