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This paper analyzes the performance of a distributed joint power/packet diversity random access scheme in the presence of
energy requirements. In particular, the two main approaches separately developed in the recent years for exploiting the Interference
Cancellation (IC) capabilities of modern receivers, that is, Non-Orthogonal Multiple Access (NOMA) and Packet Repetition (PR),
are firstly compared and then combined by imposing a constraint on the total available power. This constraint, which is alternative
to the commonly adopted one based on the maximum power allowed for a transmission, results much more practical, since it enables
to better infer the energy efficiency of a scheme, be it a pure NOMA, PR or combined NOMA/PR one. Both theoretical derivations
and numerical simulations are carried out to evaluate the success probability and the throughput of the considered schemes by
accounting for evolved reception criteria and different fading scenarios. Furthermore, the influence of several nonidealities, including
imperfect IC and packet overhead, is discussed together with the impact of the system parameters, such as the user rate, the average
signal to noise ratio, and the number of slots that compose a random access frame.

Index Terms—Random access; slotted Aloha; NOMA; packet diversity; energy constraints.

I. INTRODUCTION

Random access represents a fundamental issue for all kinds

of networks that cannot rely on a centralized authority for

managing the communications [1] – [4]. Its importance will

further grow in the forthcoming fifth and sixth-generation

(5G/6G) systems, whose final aim will be that of creating a

pervasive space/terrestrial wireless scenario implementing the

Internet of Things (IoT) paradigm. To this purpose, 5G/6G

technologies will have to reliably support a large number

of possibile distributed applications, covering management,

automation, safety, and security services, whose simultaneous

execution will generate sporadic and heterogeneous traffic.

A. Related work

Current 2-4G cellular networks manage the distributed load

by adopting the well known Slotted Aloha (SA) protocol [5],

for which several extensions, suitable for the more challenging

5G/6G scenario, have been proposed. The SA performance

may be in fact significantly improved by introducing energy di-

versity and Interference Cancellation (IC), whose combination

enables to design different Non-Orthogonal Multiple Access

(NOMA) schemes [6] – [14]. More precisely, the NOMA

concept consists in allowing a set of users, which rely on

the same modulation and code rate, to transmit using different

energy levels selected in a set of L elements. This concept

may be used both in centralized and distributed scenarios. In

a centralized system, such as a cellular one, the coordinating

authority, represented by the base station, assigns the different

levels to the different users. Instead, in a distributed system,

each user randomly selects its level by knowing the allowed

ones, but not knowing those selected by the other users. In

particular, the levels are chosen so that, if at most L users
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send their packets in a given slot using different levels, all

the packets can be decoded. Beside NOMA, another approach

has been developed in the last years for increasing the SA

throughput. This approach, which combines Packet Repeti-

tion (PR) and IC, relies on the transmission of a certain

number M of replicas of a packet [15] – [19]. Two fixed

repetitions are adopted in the Contention Resolution Diversity

SA (CRDSA) protocol [15], while a random number of them

is used in the Irregular Repetition SA (IRSA) scheme [16],

already included in the last update of the DVB-RCS2 standard

[17], and in its prioritized extension [18]. A coded strategy

is alternatively adopted in the Coded SA (CSA) algorithm

[19], where the packets are firstly divided into segments

and subsequently encoded. Some useful proposals have also

investigated the combination of NOMA and PR to jointly

exploit energy and packet diversities [20] – [23]. In particular,

in [20], the benefits of PR in a NOMA scheme are analyzed

by introducing a multichannel SA system, while, in [21] and

[22], the NOMA/CRDSA scheme is specifically discussed and

an analytical expression for the packet error probability is

derived. The NOMA/IRSA case is instead addressed in [23],

where the degree-distributions originally presented in [16] are

recalculated for the joint scheme.

The above studies have highlighted the benefits of combined

NOMA/PR strategies in an ideal scenario, but their actual

applicability to real contexts requires further considerations.

Firstly, the impact of imperfect IC and unideal power control

should be better quantified [9], since the residual interference

and the fading effects may significantly affect the evolution

of the IC process. Secondly, for cost and safety reasons,

ultra-dense 5G/6G networks will be characterized by strin-

gent energy saving constraints [24], [25], whose influence on

NOMA/PR strategies has not been even deeply addressed.

Thirdly, the detection criterion should properly match the

behavior of a real receiver, in which a successful reception

does not occur only for the single uncollided or cleaned (after

IC) slot (single-slot erasure model). In a practical receiver, in

fact, even a collision may lead to decodable packets, as long as
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the Signal to Interference-plus-Noise Ratio (SINR) of one of

them lies beyond the reception threshold [26] – [28]. Besides,

when PR schemes are used, suitable headers must be added

to each packet replica for enabling the receiver to identify,

within the Random Access Frame (RAF), the positions of

the other replicas of the same packet [29]. These headers

enable, on one hand, the cancellation of the replicas of an

already decoded packet, and, on the other hand, the study

of more evolved multi-slot capture models, such as Chase

combining, in the presence of PR, or joint decoding, in the

presence of incremental redundancy [30] – [34]. Preliminary

simulations concerning the impact of the reception model and

of the energy requirement on the performance of a combined

power/packet diversity scheme have been presented in [35],

but ideally assuming perfect IC and absence of fading.

B. Contribution

In light of these considerations, this paper investigates the

performance of distributed joint NOMA/PR schemes under

total power constraints, adopting both single- and multi-slot

detection techniques in the presence of Rayleigh fading and

imperfect IC. To this aim, the NOMA energy levels and the

transmission power of each packet replica are analytically

derived in agreement with the rate and the residual interference

due to unideal IC. Subsequently, tight upper bounds on the

success probability in slow and fast fading scenarios are the-

oretically estimated for different reception criteria, including

the single-slot erasure model and the multi-slot capture ones

represented by Chase combining and joint packet decoding. In

particular, closed-form expressions for the success probability

of a NOMA scheme are obtained for any number of energy

levels in a fading-less channel. All theoretical results are

validated by extensive Monte Carlo simulations, which are

also carried out to investigate the dependance of the throughput

from the average Signal to Noise Ratio (SNR) and the header

carried by each replica.

The paper is organized as follows. Section II describes the

energy design. Section III derives the upper bounds on the

success probability. Section IV discusses the obtained results.

Finally, Section V summarizes the main conclusions.

II. ENERGY LEVEL DESIGN

Consider a distributed wireless network in which H con-

tending users send packets to a common destination. The

packet arrival is described by a Poisson process and the time

domain is subdivided into RAFs of K slots. Each user, as-

sumed frame- and slot-synchronous, sends at most one packet

in each RAF by randomly selecting, among the K slots, those

in whichM replicas orM encoded segments are inserted. The

term ‘segment’ is from now on adopted in general to identify

the possibility of including in the analysis either repetition

or incremental redundancy, in which the content of a slot

may be designed to be individually decodable. In particular,

the pure SA and NOMA schemes [6], are characterized by

M = 1, since they do not use repetition. Instead, the pure

CRDSA and the joint NOMA/CRDSA schemes [15], are

characterized by M = 2, while, in the pure IRSA and the

joint NOMA/IRSA ones, M is a random variable (r.v.) whose

optimized Probability Density Functions (PDFs) have been

determined in [23]. Beside the packet encoding in segments,

in NOMA, NOMA/CRDSA, and NOMA/IRSA schemes, each

user can select, among L possible equally likely energy levels,

that adopted for the transmission of its segments. The other

schemes, i.e. SA, CRDSA, and IRSA, of course adopt L=1.
At the destination, according to the IC mechanism, the

segments, possibly collided but referred to already successfully

decoded packets, are cancelled from the corresponding slots,

thus enabling further packet decodings. To realistically account

for the nonideality of IC, define as ǫ (0 ≤ ǫ ≤ 1) the

fraction of the residual interference after each cancellation

cycle and consider the presence of a specific header in each

segment. This header, whose effect on the final performance

of each scheme will be specifically addressed in Subsection

IV-D, contains specific pointers to the positions in the RAF

of the other segments referred to the same packet. This

enables the destination to infer the slots in which IC must be

performed. For such system, the instantaneous channel load

can be expressed (in packets per slot) as [15]:

G = χ
H

K
, (1)

where 0 ≤ χ ≤ 1 is the activation probability. All users are

assumed to adopt the same bi-dimensional modulation of order

ς and the same code rate ̺. To jointly account for these two

quantities, one may usefully consider the rate [32]:

R = ̺ log2 ς, (2)

which identifies the number of information bits carried by each

transmission, channel use or symbol. For the communication

channel, three propagation environments are considered: a

fading-less one, suitable to investigate the performance of each

scheme in a not mobile scenario, and two characterized by

Rayleigh fading. These ones may be slow, if the fading level

in a RAF remains constant for all segments of a packet, or fast,

if, instead, the segments experience different fading levels in

the same RAF.

According to the above introduced scenario, the following

of this section presents the technique conceived to design

the energy levels of a generic NOMA/PR scheme. The here

developed approach generalizes those in [38], [39], which may

be viewed as special cases of the here proposed one.

A. NOMA/PR under perfect IC

The design of the energy levels may be suitably addressed

by moving from the Shannon bound to relate the rate R to the

minimum SINR α required to correctly receive a packet. In

fact, by inverting the Shannon formula, one can immediately

obtain:

α = 2R − 1. (3)

Define now as El/N0 the energy El used by the l-th (l =
1, ..., L) NOMA level normalized to the noise spectral density

N0. Let us assume R ≥ 1 so that, for a given energy level,

only one successful packet reception is allowed. According to
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L M
2 3 4 8

1 0.5112 0.2660 0.2228
2 0.6607 0.1605 0.1788
3 0.7439 0.0906 0.0156 0.1499
4 0.7947 0.0470 0.1583
5 0.8370 0.1630

TABLE I
NOMA/IRSA: PROBABILITY OF SELECTINGM SEGMENTS AS A

FUNCTION OF THE NUMBER L OF ENERGY LEVELS.

these definitions, the normalized average Signal to Noise Ratio

(SNR) can be determined as:

Γ =
Eav/N0

E[M ]
, (4)

where Eav/N0 denotes the normalized average energy and

E[M ] represents the average number of repetitions. Recalling
the fundamental NOMA concept under perfect IC, the correct

detection of a packet when all transmitters use different energy

levels requires that the following constraint be met [6]:

El/N0

1 +

l−1
∑

i=1

Ei/N0

≥ α, l = 1, ..., L. (5)

It may be shown that (5) is satisfied when the l-th normalized
energy level is given by:

El/N0 = α1 (1 + α1)
l−1 , l = 1, ..., L, (6)

where α1 = mfα accounts for a possible margin mf . More

precisely, (5) identifies, for the generic l-th normalized energy
level, the condition to meet for ensuring the correct reception

of a packet using that level, when, for all the other packets,

lower and different levels are adopted. By using (6), the

condition (5) is satisfied when mf ≥ 1. Furthermore, mf

may be used to obtain a specific Γ value given L. Actually,
given the equal probability assumption, the normalized average

energy can be expressed as:

Γ =
Eav/N0

E[M ]
=

(1 + α1)
L
−1

L
≥

(1 + α)
L
−1

L
. (7)

As a possible example, Table I reports the probabilities,

derived according to [23, Tab. I], of selecting M segments as

a function of the number of energy levels. Using these values

and fixing L, E[M ], and Eav/N0, the minimum normalized

average energies (i.e., the SINR thresholds) required for the

correct reception of a segment can be obtained using (7).

Table II summarizes some values for R = 1, which, from
(3), implies α = 1.

B. NOMA/PR under imperfect IC

Consider now the imperfect IC condition with a residual

interference ǫ. In the presence of this residual, the normalized
energy levels become [39]:

El

N0

=
EL

N0

βL−l, l = 1, ..., L, (8)

NOMA NOMA/CRDSA NOMA/IRSA
L M Eav/N0 [dB] M Eav/N0 [dB] E[M ] Eav/N0 [dB]

1 1 0.00 2 3.01 3.60 5.57
2 1 1.76 2 4.77 3.23 6.86
3 1 3.68 2 6.69 3.02 8.48
4 1 5.74 2 8.75 3.00 10.51
5 1 7.92 2 10.93 2.98 12.66

TABLE II
Eav/N0 THRESHOLDS FOR R = 1 INFORMATION BITS/SYMBOL.

where:

β =
1 + α1ǫ

1 + α1

, (9)

and:
EL

N0

=
α1(1− ǫ)

1− ǫ− (1− α1ǫ) (1− βL−1)
. (10)

In the sequel of this paper, the energy levels defined by (8)

with ǫ > 0 will be referred to as robust design, while the

levels obtained by (6) with ǫ=0 will be referred to as basic

design. More precisely, by adopting a value ǫ > 0 in the

energy design (robust design), a packet using the l-th level

is correctly received when all the other packets use lower

and different energy levels, and when the residual interference

amount after IC does not exceed ǫ. When ǫ = 0 instead

(basic design), perfect IC is required. The usage of the term

‘robust’ hence arises from the objective of making the system

capable to correctly receive a packet when, realistically, a

residual interference is present, a situation in which the basic

design, relying on an ideal IC, would instead experience a

poor performance. By recalling (4) and using (8)-(10), the

normalized SNR can be expressed as:

Γ =
1

L

1− βL

βL − ǫ
, (11)

which enables to reformulate the definition of β in (9) when ǫ,
L, and the values of Γ given by (4) are assigned. Accordingly,

by inverting (11), one obtains:

β =

(

1 + ǫLΓ

1 + LΓ

)1/L

, (12)

and then, by further inverting (9), one can derive:

α1 =
1− β

β − ǫ
. (13)

Now that the NOMA levels in the presence of IC are available,

it is worth to investigate their implications on the rate. In

particular, R must meet the following condition:

R < log2 (1 + α1) = log2

(

1− ǫ

β − ǫ

)

, (14)

which, for Γ → ∞, becomes:

R < log2

(

1− ǫ

ǫ1/L − ǫ

)

, (15)

by using (12). This latter expression is interesting because it

enables to derive an upper bound on the number of energy

levels as:

L <
log ǫ

log [2−R(1− ǫ) + ǫ]
. (16)
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Ps|k =
1

Lk+1





k
∑

nc=2

L−2
∑

s=2

tmax
∑

t=s+1

nsmax
∑

ns=1

k!

nc!

(

np

ns

)

ns
(s− 1)nf

nf !
+

k
∑

nc=ncmin

tmax2
∑

t=2

k!

nc!

(

np

ns

)

ns + u(L− k)
L!

(L− k − 1)!



 . (18)

ǫ[%] R
1 1.25 1.5 1.75

1 6 5 4 3
2 5 4 3 3
3 5 4 3 3
4 4 3 3 2
5 4 3 3 2

TABLE III
NUMBER OF ENERGY LEVELS L AS A FUNCTION OF THE RATE R AND OF

THE RESIDUAL INTERFERENCE ǫ.

As possible examples, Table III reports the maximum number

of energy levels as a function of R and ǫ. As expected, the
number of levels, which holds both for pure NOMA and joint

NOMA/PR algorithms, decreases with the increase of ǫ.

III. ANALYSIS

This section presents a theoretical analysis for evaluating

the success probability Ps when the energy levels are defined

according to (8). The derivation of Ps is relevant since it

enables to directly obtain the throughput S, which is measured
as the number of information bits per transmission that are

correctly decoded at the receiver. This latter quantity can be

expressed as a function of the offered load G, of the rate R,
and of the success probability Ps as [29]:

S = GPs R. (17)

Observe that GPs represents the number of packets success-

fully received in a slot, thus it identifies the multiplexing

capability of the access scheme, while the rate R takes into

account the transmission mode, i.e. the modulation/code pair.

In (17), the key quantity for obtaining a proper throughput

estimation is the success probability. Its theoretical analysis is

analytically tractable when R > 1 and mf
∼= 1 in two cases:

for a pure NOMA scheme in a fading-less environment, but

accounting for any traffic load, and for a general NOMA/PR

scheme in low traffic conditions (G << 1), but accounting
for the presence of Rayleigh fading. These two cases are

respectively analyzed in the following subsections.

A. NOMA performance in fading-less scenario

According to the proposed model, there are two kinds of

successful events in a fading-less situation. To clarify them,

assume to observe the result of the receptions from the point

of view of a specific user that is attempting to send a packet

(target user). The first kind of events, in which all users

experience a successful decoding, involves h = k + 1 ≤ L
users (the target one and the other k concurrent ones), all

choosing different energy levels. The second kind of events is

still referred to h = k + 1 users, but is just partly successful,

since it includes some energy levels selected by more users,

which leads, given the assumption R ≥ 1, to collisions, and

available

np ≥ ns successful

levels

t idle slot

nu
unsuccessful

packets

s nc collision slot

nf
unsuccessful

packets

Fig. 1. Collision model.

some other levels, selected by just one user, which may be

successful. Identify by s the highest collision level. In such

a situation, some receptions may be successful only if there

is at least one idle energy level in a position t satisfying

the inequality 1 ≤ s < t ≤ L. More precisely, the k + 1
transmitted segments may be subdivided into four groups

(Fig. 1): the ns successful ones (1 ≤ ns ≤ L− t = np), the

nu = t − s − 1 unsuccessful ones that individually select an

energy level between s and t, the nc ≥ 2 ones that collide in

the s-th level, and the nf = h−ns−nu−nc ones that select an

energy level between 1 and s− 1 when s > 1. Following this
classification, the success probability given k can be evaluated

according to (18), reported at the top of the page, where:

tmax = min(L− 1, h− nc + s), (19a)

nsmax = min(np, h− nc − nu), (19b)

ncmin = max(2, h− L+ 2), (19c)

tmax2
= min(L− 1, 1 + h− nc), (19d)

and u(x) denotes the unit step function (u(x) = 1 if x > 0,
u(x) = 0 otherwise). In (18), the first addendum corresponds

to the collision scenario when s > 1, the second addendum

models the collision scenario when s = 1, while the third

addendum corresponds to the fully successful scenario. As-

suming a Poisson traffic, from (18) it is possible to determine

the average successful probability as:

Ps =

∞
∑

k=0

Ps|k
Gk

k!
exp (−G) . (20)

This latter formula may be evaluated in closed-form for

different L values. Some expressions are reported in Table IV.

Observe that, for L = 1, we obtain the well known success

probability for the SA protocol.

B. NOMA/PR limiting performance in fading scenario

At very low traffic, the collision is an unlikely event. This

simplifies the analysis developed in the previous subsection

and enables to include fading effects in the general NOMA/PR

scenario. Observe that, from the point of view of the success
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L Ps

1 e−G

2 e−G

(

1 +
G

2

)

3
e−G

9

(

6 + 5G+G2 + 3eG/3
)

4
e−G

64

[

32 + 28G+ 9G2 +G3 + 16eG/2 + 8(2 +G)eG/4
]

TABLE IV
CLOSED-FORM NOMA SUCCESS PROBABILITIES FOR THE FIRST FOUR L

VALUES.

probability, fading may reduce the received signal level below

the decoding threshold, but may also have a positive effect in

case of collision, since it may reduce the interference level

due to some segments. In low load conditions, this positive

effect is however negligible. For this reason, the estimators

presented below are considered approximating upper bounds.

When the fading statistic is introduced in the analysis, the

normalized SNR defined by (4) may be viewed as its average

value. Hence, assuming a Rayleigh fading channel, the actual

SNR γ is described by an exponential r.v., whose Cumulative

Distribution Function (CDF) is given by:

F (γ,Γ) = [1− exp(−γ/Γ)]1
R

+

0

(γ), (21)

where R

+
0 is the set of nonnegative real numbers, and

1X(x) is the indicator function, that is, 1X(x) = 1 if x ∈X

and 1X(x) = 0 if x 6∈ X. For a NOMA/PR system, it

is useful to consider, for comparison purposes, both the

commonly adopted single-slot model and the more advanced

multi-slot one, which enables to apply Chase combining

or, if incremental redundancy is used, joint decoding.

Besides, it is interesting to consider slow and fast fading

conditions, and also the possibility to transmit the segments

with independent or identical energy levels. The complete

analysis of all these possibilities leads to four different upper

bounds for the success probability of each decoding model

(single-slot, multi-slot with Chase combining, multi-slot

with joint decoding). Observe that, for the PR schemes in

single-slot scenario, it is sufficient to consider only the best

segment. In an equal energy scenario with slow fading,

all the segments experience the same conditions, while in

independent energy scenarios and/or in the presence of

fast fading, a transmission attempt fails only when all the

segments fail. In the Chase and code combining scenarios,

instead, all the segments should be considered. The following

paragraphs explain these aspects in more detail by presenting

the success probability upper bounds for each receiving model.

1) Single-slot detection

As a first step, it is useful to define the probability pl that
the fading level exceeds the threshold of correct reception for

the l-th energy level without exceeding the threshold of the

(l + 1)-th one. This probability is given by:

pl = F

(

α,
El

N0

)

− F

(

α,
El+1

N0

)

, l = 1 · · ·L, (22)

where the term EL+1/N0 = ∞ is introduced for mathematical

purposes. Assuming a slow fading scenario, the probability of

a single attempt failure when the fading level lies between

the l-th and the (l + 1)-th energy levels is given by pf |l =
l/L. Considering a constant level for the M segments, l/L
represents also the failure probability for all of them. Thus,

the success probability is upper bounded by:

Ps ≤ 1−

L
∑

l=1

pl
l

L
. (23)

If, instead, independent levels are considered, the reception

fails if all the M segments fail. Given the energy level, this

event occurs with probability (l/L)m. Therefore, the success
probability becomes upper bounded by:

Ps ≤ 1−

L
∑

l=1

pl

M
∑

m=1

(

l

L

)m

P (m) , (24)

where P (m) is the probability of generating m segments per

packet. More precisely, for CRDSA, in which M=2, we have
P (1)=0 and P (2)=1, while, for IRSA, in which M is a r.v.,

the corresponding probabilities are those reported in Table I.

For a fast fading scenario, it is useful to preliminarily define

the probability:

ql = F

(

α,
El

N0

)

, (25)

that the attempt using the l-th level fails. When equal energy

levels are used, the success probability is upper bounded by:

Ps ≤ 1−
1

L

M
∑

m=1

P (m)

L
∑

l=1

qml . (26)

When, instead, independent levels are used, the upper bound

becomes:

Ps ≤ 1−
M
∑

m=1

P (m) pmf1 , (27)

where:

pf1 =
1

L

L
∑

l=1

ql, (28)

represents the probability that a single attempt fails.

2) Multi-slot detection with Chase combining

When multi-slot detection is applied, the decision jointly

involves all segments. This is significantly different from the

previously analyzed single-slot case, where the decision was

based on the best segment, i.e. that with the highest SINR.

In particular, adopting a capture-based reception criterion in

combination with Chase combining, the performance depends

on the sum of the SINR values of the M segments.

Let’s again start with the slow fading scenario. If a trans-

mitter uses m independent energy levels lm = [l1, l2, ..., lm]



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/OJCOMS.2020.3034747, IEEE
Open Journal of the Communications Society

> OJCOMS-00319-2020 < 6

for its segments, one can determine the corresponding failure

probability as:

Pf (lm) = F

(

α,
1

N0

∑

l∈lm

El

)

. (29)

According to this definition, the upper bound for the success

probability can be expressed as:

Ps ≤ 1−

M
∑

m=1

P (m)

Lm

∑

lm

Pf (lm). (30)

If, instead, the transmitter uses the same energy level for the

m segments, the success probability is upper bounded by:

Ps ≤ 1−
1

L

M
∑

m=1

P (m)

L
∑

l=1

F

(

α

m
,
El

N0

)

. (31)

For the fast fading scenario with equal energy levels, let’s

preliminarily define the CDF of the sum of m exponential r.v.s

with equal average value Ξ as:

Q(ξ,Ξ,m)=

[

1−exp

(

−
ξ

Ξ

)m−1
∑

k=0

1

k!

(

ξ

Ξ

)k
]

1

R

+

0

(ξ), (32)

which represents the Erlang distribution. Exploiting this def-

inition, the upper bound on the success probability can be

evaluated as:

Ps ≤ 1−
1

L

M
∑

m=1

P (m)
L
∑

l=1

Q

(

α,
El

N0

,m

)

. (33)

If, instead, the users adopt independent energy levels, it is

necessary to first consider the vector Ξm=[Ξ1, ...,Ξm] of the
possible different average values and then evaluate the CDF:

Q(ξ,Ξm,m)=






1−

m
∑

k=1

exp

(

−
ξ

Ξk

)

Ξm−1

k
∏

h 6=k

(Ξk − Ξh)






1

R

+

0

(ξ),

(34)

which holds for Ξ1 6=Ξ2 6= ... 6=Ξm, but allows the evaluation

of all the other combinations through the extension by conti-

nuity of (34). The upper bound for the success probability can

now be evaluated by taking into account all the combinations

Elm of energy values as:

Ps ≤ 1−

M
∑

m=1

P (m)

Lm

∑

Elm

Q

(

α,
Elm

N0

,m

)

. (35)

3) Multi-slot detection with joint decoding

For code combining, the performance depends on the sum of

the equivalent rates of the individual segments. The concept of

equivalent rate has been defined and deeply discussed in [32].

It substantially represents the average value of the rates of the

segments associated to a packet and depends on the fading

statistic. More precisely, in a slow Rayleigh fading scenario

when the Shannon bound is adopted, the CDF of the equivalent

rate r is given by [32]:

T (r,Γ) = F (2r − 1,Γ). (36)

Parameter Value

Eav/N0 [dB] 16

K [slots] 20

ǫ [%] ≤ 5

R [information bits/transmission] 1

TABLE V
PARAMETER VALUES.

If the transmitters use independent energy levels, we can then

identify the vector of the equivalent rates as:

Rm = log2

(

1 +
Elm

N0

)

. (37)

Exploiting these definitions, the upper bound of the success

probability may be evaluated as:

Ps ≤ 1−
1

Lm

M
∑

m=1

P (m)
∑

Rm

Pf (Rm), (38)

where Pf (Rm) denotes the failure probability as a function

of the rate vector. For this latter quantity, a general formula

holding for any M value is difficult to derive. However, a

closed-form expression may be calculated for the relevant

M = 2 case as:

Pf (Rm)=Pf (R1, R2)=1−exp

(

√

ξ2 + 4δα− ξ

2δ

)

, (39)

in which ξ = (El1 + El2)/N0 and δ = El1El2/N
2
0 . When

the transmitters use the same energy level, instead, the upper

bound of the success probability may be more simply evalu-

ated by recalling (36), so as to obtain:

Ps ≤ 1−
1

L

M
∑

m=1

P (m)

L
∑

l=1

T

(

R

m
,
El

N0

)

. (40)

For the fast fading scenario, the CDF of the sum of the

equivalent rates corresponding to m segments is too complex

and has to be determined by numerical techniques. This

implies that also the corresponding bounds for the success

probability with independent and equal energy levels must be

numerically estimated.

IV. RESULTS

The default parameters adopted to derive the results are

reported in Table V. These values have been chosen because

they represent sensible scenarios, with limited energy, limited

delay, and realistic IC factors. In particular, the unity rate R
is the limiting value for the NOMA throughput estimation

developed in Subsection III-A. The impact of each parameter

on the network performance has been investigated by moving

from the initial values in the table. In all the evaluations,

L has been selected as the highest integer complying with

(7). Besides, according to the system model in Section II, the

input traffic is generated according to a Poisson process. Both

the theoretical analysis and the simulations are implemented

in Matlab. In particular, each point of a simulated curve is

obtained through Monte Carlo simulations by averaging the

results derived over 1000 realizations.
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Decoding model Fading scenario Energy levels Theory Simulation Confidence interval

single-slot slow equal 0.797 0.793 7.01E-03

single-slot slow independent 0.906 0.906 2.96E-03

single-slot fast equal 0.915 0.918 3.82E-03

single-slot fast independent 0.959 0.960 5.21E-03

multi-slot with Chase combining slow equal 0.883 0.885 4.74E-03

multi-slot with Chase combining slow independent 0.933 0.933 3.59E-03

multi-slot with Chase combining fast equal 0.947 0.946 4.29E-03

multi-slot with Chase combining fast independent 0.975 0.975 1.13E-03

multi-slot with code combining slow equal 0.901 0.901 6.45E-03

multi-slot with code combining slow independent 0.941 0.942 2.62E-03

multi-slot with code combining fast equal 0.957 0.957 3.97E-03

multi-slot with code combining fast independent 0.980 0.980 5.29E-04

TABLE VI
THEORETICAL UPPER BOUNDS AND SIMULATED SUCCESS PROBABILITIES FOR NOMA/CRDSA WITH L = 7 USING THE BASIC DESIGN (ǫ = 0) AND

CONSIDERING DIFFERENT FADING SCENARIOS, DECODING CRITERIA, AND ENERGY LEVEL SELECTION POLICIES.

A. Bound validation

The first group of results aims to prove the correctness of

the analysis by comparing the theoretical upper bounds on the

success probability calculated in Section III-B with the corre-

sponding Ps values obtained through simulations. Table VI

reports the results of this comparison for NOMA/CRDSA

(M = 2) using the basic design. One may immediately

notice that each bound is very tight to the corresponding

actual success probability. This confirms the acceptability of

the adopted approximation, holding in low traffic conditions,

which consists in the negligibility of the positive effects of

fading to possibly increase the received power for a segment.

Some case by case comparisons may be also useful to put

into evidence some general aspects. In particular, given the

decoding model and the energy policy, fast fading always

leads to larger Ps values with respect to slow fading, since,

in the first case, the propagation channel introduces a higher

diversity. For similar reasons, given the fading scenario and the

decoding model, the adoption of independent energy levels is
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Fig. 2. Throughput as a function of the channel load in a fading-less scenario
with perfect IC.

preferable to the usage of equal ones. Finally, as expected,

when the fading scenario and the energy policy are fixed,

the more sophisticated the decoding model the higher the

success probability. The same agreement between theory and

simulations has been observed for the NOMA/IRSA scheme

and for the robust design.

B. Single-slot model

Consider now the throughput achievable by the different

schemes. To this aim, let’s initially focus on the basic design in

a fading-less scenario with perfect IC. Figs. 2 and 3 illustrate

the throughput and the success probability, respectively, for

pure NOMA and NOMA/PR schemes, where the termina-

tion ‘-I’ identifies the usage of independent energy levels

(also identified by filled markers), while the termination ‘-E’

identifies the usage of equal energy levels (also identified by

empty markers). The first of these two figures shows that joint

NOMA/CRDSA has a slightly better performance at low loads,

while pure NOMA is better at high loads. Joint NOMA/IRSA
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Fig. 3. Success probability as a function of the channel load in a fading-less
scenario with perfect IC.
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Fig. 4. Throughput as a function of the channel load in a fading-less scenario
using a robust design.

has a slightly worse performance, given the limited energy

and the low number of slots available in the RAF. For both

joint PR schemes, the independent energy design parallels the

equal energy one. Fig. 3 puts instead into evidence the most

important benefit of the repetition schemes with respect to

pure NOMA: the capability to almost completely deliver the

packets from low to moderate loads. This represents a general,

basic difference between pure NOMA and both pure and joint

PR-based techniques, which will remain observable for all the

situations addressed in the remaining of the paper.

Consider now the robust design, which has been specifically

conceived to operate in the presence of a residual interference

ǫ. Note that this characteristic does not imply its sole usage

under imperfect IC. It might be in fact even used with perfect
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Fig. 6. Throughput as a function of the channel load in slow fading scenario
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IC, but at the expense of a certain performance reduction.

To this aim, Fig. 4 quantifies the throughput deriving from

adopting the robust design in NOMA and NOMA/CRDSA

for different ǫ values. This figure highlights the impact of this

latter parameter on the performance, whose reduction with the

increase of ǫ is significant.

The subsequent group of results in Fig. 5 outlines the impact

of fading by showing the throughput for the slow fading case

when the basic design is adopted. The curves confirm that

the independent energy design outperforms the fixed energy

one, a result already observed in Table VI from the analysis

of the theoretical and numerical upper bounds. A comparison,

still in a slow fading scenario, between the basic (ǫ = 0)

and the robust (ǫ = 0.05) designs is reported in Fig. 6. This

figure reveals that, in realistic conditions, the performance of

the robust design parallels that of the basic one in terms of

maximum throughput. One may however specifically note that,

in low traffic conditions, the robust design is preferable to the

basic one, while, for higher loads, the opposite choice should

be carried out. The better performance of the robust design

for low traffic loads is confirmed by Table VII, which focuses

on the success probability by considering the simulated values

and the theoretical upper bounds in both slow and fast fading

scenarios. In particular, the values in this table extend to the

Design ǫ L Fading Theory Simulation Confidence

scenario interval

basic 0.00 7 slow 0.906 0.906 2.96E-03

robust 0.05 4 slow 0.948 0.948 5.86E-03

basic 0.00 7 fast 0.959 0.960 5.21E-03

robust 0.05 4 fast 0.993 0.993 3.46E-03

TABLE VII
THEORETICAL UPPER BOUNDS AND SIMULATED SUCCESS PROBABILITIES

FOR NOMA/CRDSA OBTAINED WITH INDEPENDENT ENERGY LEVELS

USING THE SINGLE-SLOT DECODING MODEL IN THE PRESENCE OF

DIFFERENT FADING SCENARIOS AND DESIGNS.
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Fig. 7. Throughput for different rates R in ideal conditions with perfect IC.

fast fading scenario the observations so far formulated on the

suitability of the robust design in low traffic conditions.

As a summary of the results obtained for the single-slot

model, one may notice that the major advantage of the joint

NOMA/PR techniques is their higher success probability at

low to moderate loads (Fig. 3). In fact, Ps approaches 1

in fading-less conditions and remains satisfactorily close to

this value in different fading scenarios (Table VI). Joint

NOMA/PR techniques have also a slightly higher maximum

throughput, and the advantage is significant at low loads, while

pure NOMA has a higher throughput at high loads. In ideal

conditions, the not necessary usage of the robust design may

cause a reduction of the throughput, but, in realistic conditions,

it allows a higher success probability, being able to sustain a

given degree of imperfect IC.

C. Impact of the parameters

This section investigates in more detail the effects of the

parameters on the performance. To this purpose, consider first

the rate R. This quantity must meet the condition (14), which

depends on the access technique and on its parameters L, M , ǫ,
Eav/N0. Besides, by (17), the throughput directly depends on

R. To this regard, note that, in this paper, the condition R ≥ 1
has been always assumed in order to exclude the situations

in which more than one packet is successfully detected in

a collision. To discuss the effects of R on the performance,

initially consider the access techniques with a single energy

level (L=1), such as pure SA (M=1) and CRDSA (M=2)

for Eav/N0 = 16 dB (Table V). In such cases, R must

meet the condition R< log2(1 + Γ), which leads, for SA, to

R< 5.35 and S ≈ 5.35/e ≈ 1.97 (both given in information

bits/transmission). For CRDSA, instead, one obtains, still in

information bits/transmission, R < 4.39 and a maximum

throughput S=2.19 by assuming GPs=0.5, a value that can

be approached when K → ∞. These values are comparable

with the maximum throughput of the joint NOMA/CRDSA
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Fig. 8. Throughput for different average signal to noise ratios Eav/N0 in
ideal conditions with perfect IC for R ≈ 1.15.

access technique, shown in Fig. 2. Thus, for the single-slot

detection model, the performance of pure CRDSA parallels

that of joint NOMA/CRDSA, although the performance of the

latter may be improved by increasing K . A higher throughput

may be obtained by using IRSA with a sufficiently large

K value. Furthermore, when R is limited within a specific

range, for example forcing the usage of a Quadrature Phase-

Shift Keying (QPSK) modulation, which leads to R ≤ 2,

the performance of pure CRDSA becomes much lower. The

effects of this limitation for pure NOMA and NOMA/CRDSA

are addressed in Fig. 7 by considering different L values and

designing the R ones to comply with (14) when ǫ = 0. This

figure shows that the maximum offered load increases with the

decrease of R, but the maximum throughput remains almost

constant. The effect of the reduction of R is substantially that

of increasing the performance of the scheme at the higher

loads at the cost of a reduction at the lower ones.

Consider now the effects of the energy on the performance

by analyzing Fig. 8, which is obtained for different normalized

average energies Eav/N0 when the rate is still designed

according to (14) for ǫ = 0. As expected, the increase of the

energy and hence of the number of levels leads to a higher

diversity, thus improving the performance. More precisely, the

figure puts into evidence that the throughput improvement

experienced by the joint NOMA/CRDSA scheme is higher

than that provided by the pure NOMA one.

Finally, let’s observe the impact of the RAF length on

the throughput. Fig. 9 puts into evidence that both analyzed

NOMA/PR schemes benefit from the increase of the number of

available slots, even if the highest gain in terms of maximum

throughput when the RAF length increases from K = 20
to K = 100 is obtained by the joint NOMA/IRSA scheme.

Summarizing, the pure techniques, such as SA, CRDSA, and

IRSA, may obtain a good performance if the modulation

can be adaptively selected. In particular, CRDSA and IRSA

achieve their limiting throughput by using large K values, a
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choice that however implies large delays. Assuming instead

some constraints on the choice of the modulation, joint tech-

niques may be preferable, having the maximum throughput of

NOMA/CRDSA only a weak dependence on R.

D. Chase combining and joint decoding

Consider now, beside the single-slot model (maximum

SINR), the more advanced multi-slot ones represented by

Chase combining (sum of SINRs) and joint decoding (sum

of equivalent rates) [36]. For properly exploiting the benefits

of these detection techniques, the position of all the M
segments should be known in advance, before performing

packet decoding. Therefore, a header must be enclosed in each

segment to determine the positions of the other segments of

the same packet. This header may have a strong impact on

the throughput, especially for large M values. Hence, before

presenting the achievable performance, it is worth to briefly

summarize the header characteristics.

When M replicas are generated and the RAF consists of

K slots, b=⌈log2 K⌉ bits are required to specify the position

of each segment belonging to the same packet. Therefore, the

header should include at least b(M−1) bits, even if header

compression may be used to reduce the overhead. To enable

packet reception and IC, at least one among the M headers

should be correctly decoded. This operation depends on the

decoding strategy. For the single-slot model, the header and

the packet adopt the same coding rate, being the success

condition identical for them. For the multi-slot decoding

strategies the situation differs, since at least one header must

be correctly received before performing packet decoding. If

Chase combining is adopted, the condition for correct packet

decoding can be given in terms of the rate R as:

R < log2

(

1 +

M
∑

m=1

γm

)

, (41)
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Fig. 10. Throughput as a function of the channel load in ideal conditions and
perfect IC assuming a robust design.

where γm is the actual SINR of the m-th segment. Concerning

the M headers, the one with the best SINR is characterized

by γh = maxm (γm). Hence, from (41), we can infer the

following requirement:

γh ≥
1

M

M
∑

m=1

γm, (42)

which, in turn, leads to the following constraint for the

corresponding header rate:

Rh ≤ log2

(

1 +
2R − 1

M

)

. (43)

If, instead, code combining is used, the header rate must satisfy

this other constraint:

Rh ≤
R

M
. (44)

The above discussion shows that the effect of the header on the

performance may be determined by considering the packet in-

formation size, the number of slots per RAF, and the number of

segments. More precisely, this effect is heavy on NOMA/IRSA

(large M values) and less significant for NOMA/CRDSA

(M = 2). For this reason and for its wider usage in current

satellite systems [17], the results presented in this section are

focused on NOMA/CRDSA. In particular, Fig. 10 compares

the performance of the three different decoding techniques in

ideal conditions for the robust design. As expected, the more

sophisticated the reception criterion, the higher the throughput

for the NOMA/CRDSA scheme with independent and equal

energy levels from low to moderate loads. Conversely, pure

NOMA, being characterized by the transmission of a unique

packet copy, is not capable to exploit the benefits of multi-

slot decoding in the same traffic conditions, but becomes

again preferable when the load gets significant. This trend is

confirmed by the final figure, still derived for the robust design,

but in slow fading conditions with imperfect IC (Fig. 11).

In this situation, the fading has a positive effect on the
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Fig. 11. Throughput as a function of the channel load in a slow fading
scenario with imperfect IC assuming a robust design.

NOMA performance and a slightly negative effect on the

NOMA/CRDSA one. However, the advantage of the joint

system remains significant for the code combining detection

model. This advantage may be also improved by increasing the

RAF duration. Note that, to fairly compare the three decoding

techniques, the robust design has been adopted in all the

evaluations of this subsection, although this specific design

is mandatory only for the results presented in the last figure,

which addresses the realistic situation in which a residual

interference remains present after cancellation.

V. CONCLUSION

Next generation networks will support a large amount of

uncoordinated sporadic traffic coming from a large number

of nodes that attempt to simultaneously communicate with a

common receiver. For such kind of traffic, SA represents a

suitable access technique, but, in its basic behavior, may have a

not satisfactory performance. Multiple energy levels provided

by NOMA may be used to obtain a first kind of diversity

for improving the throughput. Besides, PR schemes (IRSA

and CRDSA) may be adopted to introduce a second kind of

diversity, which allows one to improve the system reliability

by exploiting an increased delay and complexity.

This paper has explored the joint utilization of multiple

energy levels and repetition schemes to increase both the

throughput and the reliability of the random access scheme.

This task has been carried out by assuming suitable energy

constraints and realistic operation conditions, including imper-

fect IC and packet overhead. The results have confirmed that

one important benefit of repetition schemes is the delivery

of almost all packets at low to moderate loads, while for

schemes not adopting repetitions this is not the case. However,

to fully exploit the repetition schemes capabilities, a large RAF

duration should be used, and advanced detection schemes, such

as Chase combining or joint decoding, should be adopted. To

this end, a suitable, self-decodable header should be added to

each segment of a packet to infer the position in the RAF of

the other segments referred to the same packet. The influence

of this header has been investigated for the more diffused

NOMA/CRDSA scheme by showing that the introduced over-

head has an acceptable impact on the throughput, specially

for low M values. A final and positive aspect that is worth to

consider when combined NOMA/PR protocols are conceived

is that the complexity derived by the joint introduction of

two diversity techniques is mainly at charge of the common

receiver, while the transmitters (sensors, actuators) maintain

their desired technological simplicity.
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