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Abstract—We evaluate a modification of irregular repetition
slotted ALOHA (IRSA) involving intermediate decoding and
early transmission termination by some nodes, upon their decod-
ing success. This is meant to avoid unnecessary transmissions,
thereby reducing energy consumption. We expect this to be
particularly useful at low loads, where most transmissions can be
avoided as they do not often result in a collision and are therefore
redundant. To validate this proposal, we observe that most of the
literature related to IRSA considers an asymptotic heavily loaded
regime; thus, we also present a model of energy consumption and
success probability for frames of limited length and low offered
loads. Thanks to our analysis, also confirmed by simulation,
we are able to show that the proposed technique is able to
reduce IRSA energy consumption by minimizing transmissions,
while preserving performance gains over standard ALOHA. For
example, we are able to get a 33% energy saving at offered loads
around 10% without affecting throughput.

Index Terms—Energy efficiency; Irregular repetition slotted
ALOHA; Random access protocols; Internet of things.

I. INTRODUCTION

Irregular repetition slotted ALOHA (IRSA) [1] is an en-
hanced version of framed slotted ALOHA (FSA), which relies
on a bipartite graph optimization of contention resolution. The
rationale behind this methodology is to organize access in syn-
chronous frames, comprising a known number of slots. During
each frame, users select a number of slots, according to a
certain distribution, and resulting in an irregular bipartite graph
for user/slot association. The selected slots are independently
occupied by the users with a replica of their packets.

If the overall occupancy of one slot, considering the su-
perposition of all sources, ends up as consisting of only one
replica, the corresponding packet is successfully received.
In addition, packets can be further decoded by leveraging
coding and successive interference cancellation (SIC), applied
exploiting the underlying structure of the bipartite graph,
akin to iteratively-decodable error correction through message-
passing [2].

IRSA and other coded slotted ALOHA techniques find
application in massive access for the Internet of things (IoT),
satellite communications, and wireless sensors networks, to
improve the efficiency of communication, i.e., enhancing
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throughput and/or supporting a large number of devices to
access the channel [3], [4].

The focus of investigations pertaining to this and similar
massive access techniques is often on highlighting how the
bottleneck of traditional ALOHA procedures can be avoided
[5], [6]. While this is a required preliminary step, pervasive
communication in the IoT, especially involving sensors with
limited capabilities and/or located in remote areas, are also
subject to strong needs in terms of energy efficiency [7]–[9].

The traditional justifications behind the efforts to limit the
energy expenditure of the nodes lie in the difficulties of battery
replacement [10], or the fact that communication often resorts
to some form of energy harvesting, which may be scarce
at times [11]. This problem is even more acute in extreme
scenarios like satellite links or emergency communications
[12], [13].

The goal of the present paper is to identify practical
techniques to reduce the consumption of IRSA at the sender
side, which ultimately boils down to diminishing the number
of transmissions, without significantly affecting the resulting
performance gain brought over the standard ALOHA access.
In particular, the main idea can be seen as inspired by
detection techniques that allow for an early stop of useless
transmissions. For example, in CSMA/CD, devices are able
to detect collisions in real-time and stop transmitting when
one happens [14]. This helps to avoid wasting resources on
transmitting corrupted data.

Our rationale is similar, but based on detecting successful
transmissions, as opposed to failures, ahead of time. In IRSA,
users with successfully decoded packets could stop transmit-
ting further replicas before the end of the frame without any
consequence. The irregular graph is just pruned of unnecessary
arcs, since the further replicas of such nodes would be removed
through SIC [15]. The reduced number of transmissions will
allow the involved nodes to save energy [16].

Such a shortcut cannot be adopted on a per-slot basis, as the
successful decoding of replicas requires exploration of the ir-
regular graph and message passing. Yet, an intermediate check
can be adopted. We will therefore consider an IRSA variant
where packet decoding is attempted half-way through the
frame and the explained procedure of stopping transmission
from users whose packets have been successfully decoded is
applied only once. Multiple subdivision are of course possible



but with a tradeoff between the increased control and the actual
energy saving. Repeating the procedure in each slot will cause
the system to become a plain slotted ALOHA.

In the existing literature, most studies consider saturation
of asymptotically long frames [17], [18]. In our case, instead,
finite frame lengths have to be considered, since we need
to include the impact of splitting SIC over subsequent sub-
frames. In such settings, important contributions were obtained
[19], yet focusing on reliability and packet loss rate. This
prompts us to circumvent most limitations on SIC, but at the
same time we derive analytical and approximated expressions
of energy consumption for low channel loads.

Our finding, verified by both analysis and simulation, is
that the proposed technique allows for a reduced number of
transmissions and therefore decreased consumption, which is
particular relevant at low channel loads. For instance, we
show that for a commonly studied distribution, more than 30%
energy saving is obtained for loads around 0.1 [packets/slot].

The rest of this paper is organized as follows. Sect. II
presents the system model, while in Sect. III the average
energy consumption is derived. In Sect. IV, an approximate
consumption model for low to moderate loads is proposed.
Numerical results are given in Sect. V, and Sect. VI concludes.

Notation: We use capital letters, e.g. X , for random variables
(r.v.s) and their lower case counterparts, e.g. x, for their
realizations. The probability mass function (pmf) of a discrete
r.v. X is denoted as Pr{X = x} = PX(x). Furthermore, we
denote conditional pmfs as Pr{X = x|Y = y} = PX|Y (x|y)
and the expectation of X as E[X] =

∑
x xPX(x).

II. SYSTEM MODEL

We consider a system with m uncoordinated active nodes
(users), which transmit packets to a common receiver by
sharing a wireless channel. Time is divided into slots of equal
duration, during the transmission of a single packet. A medium
access control (MAC) frame consists of n consecutive slots,
and users are both slot and frame-synchronized. The channel
load, denoted with G, is defined as

G =
m

n
[packets/slots].

Following the IRSA protocol [1], each node shall send r
copies (or replicas) of its data packet uniformly, placed over
the n available slots. In practice, r is independently drawn
by each user according the IRSA probability distribution, and
r ∈ {2, rmax}. Following the traditional notation [20], we can
write the polynomial formulation of the IRSA distribution as

Λ(x) =
rmax∑
r=2

Λr x
r (1)

where Λr denotes the probability that a node transmits r
replicas. Each replica contains a pointer to the slot indexes
where the other replicas are located.1 This information is used

1This can be obtained, e.g., by placing the pointers into the packet header.
A more efficient approach uses the packet payload as the seed of the random
generator used by the sender to place its replicas. Thus, upon decoding one
of the replicas, the receiver can retrieve the positions of all other ones.

user 4
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slot 1 slot 2 slot 3 slot 4 slot 5 slot 6 slot 7 slot 8

Fig. 1. Transmission pattern over a MAC frame of n = 8 slots and with
m = 4 active users for IRSA distribution Λ(x) = x3.

by the receiver during the decoding process. As example of the
frame structure in IRSA with Λ(x) = x3 is shown in Fig. 1,
considering m = 4 users, and n = 8 slots.

Denoting the r.v. associated to the number of replicas that
a user plans to transmit in the entire frame as R, the average
number of replicas transmitted per user is

E[R] =

rmax∑
r=2

Λr r.

Throughout our discussion, we assume collisions as destruc-
tive, so that the receiver cannot directly extract information
from a slot where multiple users transmitted. Conversely, a slot
occupied by a sole packet (singleton slot), leads to decoding.

At the receiver’s side, SIC is performed. The algorithm
operates by iteratively decoding replicas that are interference
free. When a replica is decoded, the receiver learns where
the other replicas of the same packet are located, and their
contribution from the incoming signal is removed. Ideal inter-
ference cancellation is assumed. As a consequence, replicas
from other users may become interference free and can thus
be decoded. This is repeated until no interference free replicas
are identified or up to a predefined number of iterations [21].

Two-step SIC approach

To improve the energy efficiency of IRSA, we consider the
following modification to the scheme. Every node continues
to draw the number of replicas at the start of the frame.
However, only replicas falling under the first α ≤ n are sent
at first. We refer to the initial α slots as the first part (or
portion) of the frame. At the receiver’s side, a first decoding
attempt is performed after α slots applying the SIC algorithm
to the first portion of the frame, as described earlier. After
this procedure, the receiver distributes a feedback to all users
informing them of which packets (i.e., nodes) have been
successfully retrieved. We observe that the proposed solution
entails an extra costs due to the transmission of the feedback
after α slots. This causes an additional energy expenditure
for the devices, which have to receive the broadcast message.
Nonetheless, as highlighted by the results in Section V, this
cost is possibly outweighed by the energy savings.

Along this line, we note that the feedback can be provided
as a short message. For instance, one viable technique is to
transmit a packet of length α bits, in which the i-th bit is set to
one if packets in the i-th slot were successfully decoded, and



zero otherwise. By examining the relevant positions within the
feedback packet, each node is able to determine whether or
not its replicas have been successfully decoded.

Then, the second part of the SIC approach takes place. In
this case, nodes that were already decoded no longer send
others replicas, whereas uncoded nodes continue operating
as originally planned and sending further replicas in the
remaining n − α slots. At the end of the frame, the decoder
process all n slots through the SIC algorithm.

To illustrate this approach, let us consider again the trans-
mission model illustrated in Fig. 1, where we assume that the
SIC processes α = 4 slots at the first step. At the first step,
user 1 is decoded in slot 1 as it is a singleton slot. Following
this, user 2 is decoded in slot 4, and its copy from slot 2 is
cancelled. Subsequently, user 4 becomes free from interference
and is also successfully decoded. The receiver informs these
three users to cease their transmissions, and replicas colored
in green are spared from further transmission.

III. AVERAGE ENERGY CONSUMPTION

We denote by p the transmission power, set as the same
value for all nodes, and by t the packet duration. The energy
consumed per packet transmission is given by

e = p · t [joule]. (2)

Let K be the r.v. associated to the number of replicas that a
node transmits in the two-step SIC scheme. Note that K = R
if the node is not decoded during the first step of the SIC,
and K ≤ R otherwise. We aim to evaluate the average energy
consumed per node by the proposed scheme, which can be
expressed as

E = E[K] · e ≤ E[R] · e. (3)

The average number of replicas transmitted per user depends
on the behavior of the system in the first α slots. Specifically,
we need to calculate the distribution of the replicas transmitted
by a user in the first part of the frame, and the probability of
such user to be resolved through SIC at the first step.

We derive the replica distribution for a user in α slots as
follows. Take r.v. T as the number of replicas sent. Given the
initial IRSA replica distribution Λr, and assuming α ≥ rmax,
the user can transmit t ∈ [0, 1, . . . , rmax] replicas in α slots.
Leaning on the polynomial notation, the replica probability
distribution Γ(x) in the first portion of the frame is

Γ(x) =
rmax∑
t=0

Γt x
t

where Γt = PT (t) is derived as follows

Γt =

rmax∑
r=2

PT |R(t|r)PR(r) (4)

=

rmax∑
r=2

Λr

(
r

t

) t−1∏
i=0

α− i

n− i

r−t−1∏
j=0

n− α− j

n− t− j

where Λr = PR(r). The binomial coefficient accounts for all
possible ways of choosing t replicas from the r to transmit. In

turn, the first product represents the probability that t replicas
are placed in the first part of the frame, while the second
product the probability that r − t replicas are placed at the
end of the frame. In the ratio, the denominator represents all
potential slots to place a replica, while the numerator indicates
the number of available slots to position the replica in the part
of the frame under consideration (positive cases).

For better comprehension, evaluate this numerical example.

Example 1. Assuming a frame length of n = 200 and the
distribution given by Λ(x) = x3, consider a SIC over the first
half of the frame, i.e. α = 100 slots. The evaluation of the
probabilities leads to Γ0 = 0.1231,Γ1 = 0.3769,Γ2 = 0.3769
and Γ3 = 0.1231. The polynomial distribution becomes

Γ(x) = 0.1231 x0 + 0.3769 x1 + 0.3769 x2 + 0.1231 x3. (5)

Note that when only a portion of the frame is taken into
account, the replica distribution also includes strictly positive
probabilities for users placing none or one of its replicas in
the first part of the frame, i.e. Γ0 and Γ1. In this numerical
example, Γ0 = Γ3 and Γ1 = Γ2 due to the fact that
α = n/2. Another particular case is when α = n, which
clearly collapses into Γ(x) = Λ(x).

The probability that a user transmits a total of K replicas,
given that R were selected from the original distribution and
T were sent at the beginning of the frame, is expressed as

PK|R,T (k|r, t) =

{
Pdec(t) for k = t

1− Pdec(t) for k = r.
(6)

Here, Pdec(t) denotes the probability that a user is decoded at
the first step of the SIC process, having sent T = t in the first
α slots. We have that

E[K] =
∑
k

k PK(k)

=
∑
k

k

rmax∑
r=2

r∑
t=0

PK|R,T (k|r, t)PT |R(t|r)PR(r)

and, given (6), we compute

E[K] =

rmax∑
r=2

Λr

{ r∑
t=0

Γt

[
t+ (r − t) (1− Pdec(t))

]}
. (7)

If we insert (4), (7), and (2) into (3), we obtain the expression
of the average energy consumed per node given in (9) (see
top of next page). We further assess the successful delivery of
packets versus the overall energy expenditure. To this end, we
define the energy-normalized throughput η, as

η =
G[1− PLR(G)]

E
[bit/joule] (8)

where PLR(G) is the packet loss rate indicating the probability
that a packet is not successfully decoded in the frame, which is
function of the channel load G. We also define the packet loss
when a node transmits t replicas at the first part of the frame
as PL(t) = 1 − Pdec(t). In the next section, we provide an
approximation of the packet loss valid for low channel loads
to evaluate (7) and (8).



E =

rmax∑
r=2

Λr

{ r∑
t=0

rmax∑
h=2

Λh

(
h

t

) t−1∏
i=0

α− i

n− i

h−t−1∏
j=0

n− α− j

n− t− j

[
t+ (r − t) (1− Pdec(t))

]}
p t. (9)

user 3
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user 1

slot 1 slot 2 slot 3 slot 4

Fig. 2. Stopping set example of three users transmitting their replicas in two
slots. The stopping set profile is ν(s) = [0, 2, 1, 0]. This represents a stuck
situation in the two-step SIC approach.

IV. PACKET LOSS APPROXIMATION FOR LOW- MODERATE
CHANNEL LOAD

The average energy and energy efficiency evaluations pre-
sented earlier require computing the packet loss probabilities
in the first part of the frame, PL(t), and overall, PLR(G).
Deriving the analytical expression for these quantities poses
a challenge due to the difficulty in tracking the behavior of
the SIC process. Existing tools such as density evolution can
be implemented only assuming an infinite population of nodes
placing replicas over a infinite frame, as in [17].

On the other hand, this technique cannot be applied in the
case of finite length frames. However, in the case of low
to moderate channels load, the packet loss of SIC can be
approximated by addressing the so call stopping sets [19], [21],
[22]. These are configurations where multiple users transmit
their replicas in the same time slots, resulting in a loop where
the receiver cannot decode because none of the replicas are
free from interference. A stopping set s is defined by four
elements

(i) the number ω(s) of users involved
(ii) the number µ(s) of slots involved

(iii) the number c(s) of isomorphisms, and
(iv) the set profile, denoted by ν(s).

The set profile of s is represented as

ν(s) = [ν0(s), ν1(s), ..., νrmax
(s)]

where νy(s) is the number of users involved in the stopping
set s and transmitting y replicas. Given a set profile, the
isomorphisms of a stopping set are all the possible combi-
nations of users and slots for which the set profile can occur.
All of the aforementioned elements can be computed through
enumeration. For a better understanding through examples,
look at the following practical case.

Example 2. Consider the stopping set depicted in Fig. 2. Here,
user 1 transmits two replicas in slots 2 and 4; user 2 transmits
one replica in slot 4, and user 3 transmits one replica in slot 2.
This represents a stopping set, as the decoder fails to resolve
any of these users. This stopping set can only occur in the two-
step SIC scheme when a portion of the frame is processed. In
the traditional scheme, this particular stopping set does not
occur, because users always transmit more than one replica, as
indicated by distribution (1). In this stopping set, the number
of users is ω(s) = 3, the number of slots is µ(s) = 2, the set
profile is ν(s) = [0, 2, 1, 0], and the number of isomorphisms
is c(s) = 2. Indeed, another isomorphism corresponds to a
transmission pattern where users 2 and 3 send replicas in
slots 2 and 3, respectively.

If we denote by S the ensemble of possible stopping sets
that might occur when processing α slots, the probability that
a users´employing the distribution Γ(x) is not decoded in the
first part of the frame can be approximated in the low to
moderate channel loads as in [19]

Pa(α,Γ(x)) ≈
∑
s∈S

ϕ(s)ω(s)c(s)

(
α

µ(s)

) rmax∏
t=1

Γ
νh(s)
t

νh(s)!

(
α

t

)νt(s)

(10)

where ϕ(s) =

ω(s)−1∑
i=0

(−1)ω(s)−1+i (ω(s)− 1)!

i!
(nG)i.

In general, an evaluation of (3) requires the probability of not
decoding a user conditioned on having sent exactly T = t
replicas in the first α slots. For simplicity, we approximate
this quantity leaning on (10), i.e.,, on the average loss rate
given the distribution Γ(x). We will then consider

PL(t) = 1− Pdec(t) ≃ Pa(α,Γ(x)).

The tightness of this approximation will be verified in Sec. V.
Note also that, for α = n, which implies that Γ(x) = Λ(x)

then the probability that a user is not decoded in the the entire
frame can be written as

PLR(G) = Pa(n,Λ(x)).

V. NUMERICAL RESULTS AND DISCUSSION

In this section, numerical results obtained for the two-step
SIC scheme are presented. The scheme is evaluated by means
of simulations for low to high channel loads and analytically
for low to moderate channel loads.

In all results, we consider frames of length n = 200 slots
and IRSA replica distribution within the whole frame given
by Λ(x) = x3. We evaluate the two-step SIC process in two



TABLE I
PARAMETERS OF CONSIDERED STOPPING SETS

s ν(s) µ(s) c(s) ω(s) s ν(s) µ(s) c(s) ω(s)

1 [0, 2, 0, 0] 1 1 2 12 [0, 2, 0, 2] 4 24 4
2 [0, 0, 2, 0] 2 1 2 13 [0, 1, 2, 1] 4 24 4
3 [0, 2, 1, 0] 2 2 3 14 [0, 1, 2, 1] 4 24 4
4 [0, 0, 0, 2] 3 1 2 15 [0, 1, 1, 2] 4 48 4
5 [0, 1, 1, 1] 3 3 3 16 [0, 0, 3, 1] 4 24 4
6 [0, 0, 3, 0] 3 6 3 17 [0, 0, 4, 0] 4 72 4
7 [0, 0, 2, 1] 3 6 3 18 [0, 0, 3, 1] 4 144 4
8 [0, 3, 0, 1] 3 6 4 19 [0, 0, 2, 2] 4 48 4
9 [0, 2, 2, 0] 3 12 4 20 [0, 0, 2, 2] 4 48 4

10 [0, 0, 1, 2] 4 12 3 21 [0, 3, 1, 1] 4 72 5
11 [0, 0, 0, 3] 4 24 3 22 [0, 2, 3, 0] 4 144 5
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Fig. 3. Average energy consumption per node E as a function of channel load
G for IRSA distribution Λ(x) = x3, IRSA with two-step SIC with α = 100,
and α = 150 slots. Curves with markers indicate simulation results while
dashed lines indicate results provided by the analytical approximation.

scenarios, i.e. α = 100 slots and α = 150 slots. The case
of α = 100 slots follow Example 1 and thus its replica
distribution in the initial portion of the frame is given in (5),
whereas for the case α = 150 slots this distribution follows

Γ(x) = 0.0149 x0 + 0.1399 x1 + 0.4254 x2 + 0.4198 x3.

We set both packet duration t and transmission power p to
be unitary. In this way, we focus on the energy consumed per
packet duration and neglect the unit of measure (joule).

We start evaluating the average energy consumption per user
E as a function of the channel load G as shown in Fig. 3.
Curves with markers indicate results obtained by Monte Carlo
simulations, while dashed curves results obtained through the
proposed approximation. The stopping sets considered for the
approximation of Pa(α,Γ(x)) in (10) are all listed in Table I
together with the corresponding values of each parameter.

In the IRSA scheme, since each user always transmits
three copies of its packet, the energy consumption per user
is independent of the channel load and remains constant
regardless of the value. A significant reduction in energy
consumption is noted for the scheme utilizing the two-step
SIC technique.

In particular, the scheme in which the decoder processes
the first α = 150 slots shows evident energy savings for each
channel load value considered, with a notable improvement
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Fig. 4. Energy-normalized throughput η as a function of channel load G for
IRSA distribution Λ(x) = x3, IRSA with two-step SIC with α = 100, and
α = 150 slots. Curves with markers indicate simulation results while dashed
lines indicate results provided by the analytical approximation.

of nearly 25% observed for low channel loads. For channel
loads below G = 0.40 [packets/slot], we observe even higher
savings when the decoder processes α = 100 slots. In this
case, savings of over 33% can be achieved with a simple
modification to the protocol design.

It is worth noting that the energy consumption of the two-
step SIC approach varies with the channel load. This occurs
since, as the number of users in the system increases, there is
a higher probability that the decoder may not decode a user in
the first part of the frame, due to more frequent occurrence of
stopping sets. Failure to decode a user in the initial step of SIC
requires transmitting additional replicas, consequently increas-
ing the average consumption and approaching the performance
of the basic IRSA operation. Concerning energy consumption,
there exists a tradeoff between α and G. Processing more slots
in the initial step enhances the probability of decoding a user,
as fewer stopping sets may occur. However, larger values of
α also leads to sending more replicas.

Finally, the dashed curves confirm the accuracy of the ana-
lytical approximation for low and moderate loads in represent-
ing the real behavior of the proposed scheme, demonstrating
its tightness.

In Fig. 4 the energy-normalized throughput η as a function
of the channel load G is plotted. Also for this picture, dashed
curves show the proposed approximation and curves with
markers report the simulation results. For each scheme, η
presents low values at low traffic due to the low throughput
determined by G[1 − PLR(G)].2 As expected the energy-
normalized throughput for the two-step SIC scheme outper-
forms the traditional IRSA protocol for every channel load
considered. Each scheme presents the maximum value of
η at the maximum throughput reached for the distribution
Λ(x) = x3 which in this case is around G = 0.75 packets/slot.
This figure also demonstrates the validity of the given approx-

2We remark that the approximation of the packet loss rate PLR(G) over the
entire frame is computed through (10) considering only stopping sets s = 4
and s = 11, i.e., the ones involving users sending three replicas. Indeed,
when the whole frame is examined, the users which remain undecoded have
transmitted all three replicas given that Λ(x) = x3 is considered.
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Fig. 5. Average energy consumption E per node as a function of channel
load G for IRSA two-step at the first and second part of the frame.

imation by showing a tight behavior in response to the actual
performance.

Additionally, we emphasize that the proposed two-step SIC
preserves the performance in terms of packet loss rate, and
consequently has the same throughput of the conventional
approach. Indeed, it is easy to show that a node that is decoded
using the IRSA protocol is also decoded using the two-step
SIC, and vice versa for non solved nodes of IRSA.

Finally, in Fig. 5 the average energy consumption E per node
at each part of the frame for the two-step SIC as a function
of the channel load is plotted. Once again, we compare the
cases where the first step considers of α = 100 or α = 150
slots, and we compare the consumption in the first and second
part (square and triangle markers, respectively). The energy
consumption during the initial part of the frame is independent
of the channel load considered. This happens because when
α is fixed, the average number of replicas transmitted by a
user within α slots remains constant as well. In this case,
E = 1.50 per packet duration for α = 100 while E = 2.25
for α = 150. As expected, the energy consumption in the
second part of the frame increases when we consider higher
channel loads. This behaviour arises because a more congested
channel reduces the probability of successful decoding in the
initial phase, requiring the transmission of additional replicas.

VI. CONCLUSIONS

In this paper, we studied a two-step interference cancel-
lation method for IRSA systems. Our research focuses on
modification of the protocol to enhance overall system energy
efficiency. We derived both close approximations and the exact
formulations of the energy consumption. Our results confirm
notable improvements in energy saving, especially in systems
operating at low to moderate channel load conditions. The
proposed technique offers practical solutions with tangible
benefits in real-world deployments contributing to the ongo-
ing efforts to create more sustainable and efficient wireless
communication networks.
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