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Abstract

The interplay of physical layer enhancements and classic random access protocols is the objective of this paper. Successive
interference cancellation (SIC) is among the major enhancements of the physical layer. Considering the classic representatives
of random access protocols, Slotted ALOHA and Channel Sensing Multiple Access (CSMA), we show that two regimes can be
identified as a function of the communication link spectral efficiency. In case of high levels of spectral efficiency, multi-packet
reception enabled by SIC is of limited benefit. Sum-rate performance is dominated by the effectiveness of the Medium Access
Control (MAC) protocol. On the contrary, for low spectral efficiency levels, sum-rate performance is essentially dependent
on physical layer SIC capability, while the MAC protocol has a marginal impact. Limitations due to transmission power
dynamic range are shown to induce unfairness among nodes. However, the unfairness issue fades away when the system is
driven to work around the sum-rate peak achieved for low spectral efficiency. This can also be confirmed by looking at Age
of Information (Aol) metric. The major finding of this work is that SIC can boost performance, while still maintaining a fair
sharing of the communication channel among nodes. In this regime, the MAC protocol appears to play a marginal role, while
multi-packet reception endowed by SIC is prominent to provide high sum-rate, low energy consumption, and low Aol.

Keywords Slotted ALOHA - CSMA - SIC - Multi-packet reception - Sum-rate optimization - Age of information

1 Introduction

The recent impressive progress in wireless networking is
mostly due to enhancements at the physical layer. As for
MAC layer, the dominant paradigms can be cast into the
big categories of reservation protocols and random access
protocols. Reservation protocols rely heavily on signaling.
Random access provides simplicity and robustness in uncer-
tain environments characterized by high traffic burstiness.
Already existing multiple access schemes may not be
applicable to exploit the full potential of next-generation
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wireless networks. This is attracting interest on re-thinking
the design of Next Generation Multiple Access (NGMA) [1].
There exists a need for the development of innovative access
schemes, to integrate and exploit the impressive progress of
physical layer transceiver technology and signal processing
techniques over the last decade.

A key feature offered by modern wireless transceivers
is the ability to decode multiple superposed packets, i.e.,
Multi-Packet Reception (MPR). MPR can be implemented
by leveraging on Successive Interference Cancellation (SIC)
or other signal processing techniques [2, 3]. We aim to inves-
tigate the impact of SIC on multiple access, with emphasis
on Internet of Things (IoT) scenarios. Multiple access in IoT
systems is often ruled according to random access protocols,
given the burstiness of traffic and the limited amount of data
that devices usually communicate in each interaction.

An extensive literature has been growing on new mul-
tiple access techniques [1, 4, 5], specifically so-called
Non-Orthogonal Multiple Access (NOMA), most suited
for IoT scenarios. Specifically, innovative and powerful
algorithms have been shown to improve Slotted ALOHA
performance and random access schemes in general (see
Section2 for a review). In this paper, we define a gen-
eral framework for random multiple access with SIC-based
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MPR, encompassing Slotted ALOHA and CSMA. We ana-
lyze several performance metrics, i.e., sum-rate, probability
of success, energy consumption, and age of information. The
perspective assumed in this work is to evaluate system per-
formance as a function of the communication link spectral
efficiency.

We provide the following two main original contributions:

e We highlight the existence of two fundamental regimes:
(1) high spectral efficiency, where CSMA is superior in
terms of sum-rate and SIC gives little contribution to sys-
tem performance; and (ii) low spectral efficiency, where
the effect of MAC protocol is marginal and performance
is dominated by SIC. This interpretation of the obtained
results is new, to the best of the authors’ knowledge.

e The low spectral efficiency sum-rate peak couples with
fair sharing of the channel among contending nodes,
while unfairness arises for high spectral efficiency regime.
More in depth, fairness here means that the same prob-
ability of success and age of information performance
are achieved by all nodes, irrespective of their distances
from the base station, and in spite of limited transmission
power range.

This paper extends and strengthens the preliminary model
analysis and results presented in [6]. The major new contri-
butions are (i) extension of the analytical model to evaluate
mean energy consumption per delivered packet and mean age
of information; (ii) new numerical results to assess energy
consumption and Aol performance, both as global and indi-
vidual node metrics.

The rest of the paper is organized as follows: An overview
of related literature is presented in Section 2. Section 3 intro-
duces the modeling approach and the main assumptions.
The proposed model is analyzed in Section4, where expres-
sions of all considered performance metrics for the Slotted
ALOHA and CSMA are derived. In Section5, numerical
results are provided, the model is validated against simu-
lations, and the main outcomes of the model are discussed.
Conclusions are drawn in Section6, hinting also at future
work.

2 Related work

The impact of MPR on the design and performance of MAC
protocols represents an important field of research. It has
been shown that interference cancellation has the potential to
boost the performance [7, 8]. A first study of Slotted ALOHA
stability under a general MPR model is presented in [9]. The
throughput analysis for pure ALOHA with all-or-nothing
MPR model that can decode successfully up to K = 2
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received packets is given in [10]. A general K all-or-nothing
model for Slotted ALOHA is analyzed in [11]. A thorough
and very interesting analysis of the Slotted ALOHA and
CSMA for an all-or-nothing MPR model is given in [12].

Several SIC models are proposed in [13], in which
throughput is increased while maintaining low complexity. It
is shown that both proposed models, so-called SA-NOMA-
SIC and SA-NOMA-Joint Decoding (JD), suit the next
generation IoT. Non-orthogonal multiple access-based col-
lision resolution is investigated in [14] in a heterogeneous
device environment. MAC layer perspective is the main focus
in [13, 14]. The recent paper [15] on ALOHA-NOMA pro-
tocol shows a significant increase of throughput. However,
the achieved performance depends critically on a number of
assumptions, like ideal SIC, and perfect Channel State Infor-
mation (CSI).

In case of heterogeneous IoT networks, strict slot syn-
chronization might be a challenging problem. The Slotted-
ALOHA NOMA protocol considered in [16] solves the
problem of synchronization, assuming that the number of
active devices is detected to adjust power levels. However,
there exists an issue: achieved throughput is linked to picking
distinct optimum power levels, which is done by repeated
randomized attempts. Increasing the number of attempts
introduces an increased delay in the system. An enhanced
version of this protocol is studied in [17], where the receiver
adaptively learns the number of active devices using multi-
hypothesis testing. A comparison with CSMA shows that
the Slotted ALOHA NOMA protocol performs better in a
low transmission probability regime in terms of throughput
[17]. A similar study for Slotted ALOHA is done in [18], to
analyze sum-rate, with ordered and unordered SIC receivers.

A NOMA-based random access scheme is utilized in [19].
It maximizes the packet decoding probability, by using SIC.
This requires that transmission power levels be fixed using
channel state information.

The interplay between NOMA and other advanced phys-
ical layer techniques might help in a smooth transition
toward next generation multiple access schemes. NOMA-
based multi-antenna techniques are proposed in [4] for the
evolution of next generation multiple access. A coded pilot
random access scheme is proposed in [20] for massive
Multiple-Input Multiple-Output (MIMO) systems. To deal
with high spectral efficiency and large-scale connectivity, a
power level-based NOMA modulation technique is proposed
for NGMA in [21]. Extra information bits are encoded into
the power levels. Different signal constellations are utilized
for different power levels to help the receiver distinguish
mixed signals.

An energy-efficient Slotted ALOHA protocol based on
SIC is studied in [22]. The model assumed there is similar
to that presented in this paper. The analysis proves that there
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exists a significant increase in throughput due to the SIC.
A few other strategies are proposed in [23, 24] for energy-
efficient wireless sensor networks (WSN). A cooperative
Slotted ALOHA-based model is studied in [25] for through-
put maximization.

Different power allocation methods have been proposed in
[26, 27] based on NOMA along with SIC at the receiver side,
both for uplink and downlink scenarios. A particle swarm
optimization with a genetic algorithm is proposed in [26],
which utilizes the channel state information to obtain bet-
ter performance metrics, especially throughput and average
consumed energy. A straightforward model of NOMA along
with SIC is studied in [28], where the main parameter is
the distance between the user and the base station. Bit Error
Ratio (BER) performance of a downlink NOMA model is
investigated in [29] with ideal and non-ideal SIC conditions.

Recently, age of information has been considered as a
more relevant metric than throughput and delay in many
multiple access applications, e.g., [oT and sensor networks.
Age of information is analyzed in [30] for NOMA along
with SIC. A comparison is done with Orthogonal Multiple
Access (OMA) schemes, like Time Division Multiple Access
(TDMA) and Frequency Division Multiple Access (FDMA).
Two sensors are considered around the Access Point (AP),
and it is seen that SIC-based NOMA outperforms the OMA
schemes. A modified version of Slotted ALOHA is pro-
posed in [31] to minimize the network-wide average age of
information. It is named as Mini-Slotted Threshold ALOHA
(MiSTA). A similar analytical study is done based on game
theory for MAC layer protocol, Slotted ALOHA, in [32] with
capture effect.

A CSMA-SIC-based study for a three-node network is
presented in [33]. It shows that most of transmission oppor-
tunities provided by SIC are not exploited, even if CSMA
is optimized. This proves that MAC protocols should be re-
designed having in mind the potential of SIC. Along these
lines, a SIC-based MAC-layer protocol in Wireless Local
Area Network (WLAN) is defined in [34]. Also, a few strate-
gies for maximizing the SIC-based gains are analyzed. A
SIC-aware scheduling algorithm is developed in [34] for
WLANS.

The perspective of this paper is broader than most lit-
erature contributions that deal with techniques to achieve
practical SIC solutions. Instead, we highlight fundamental
trade-offs in a general modeling framework of random mul-
tiple access with SIC. We aim at answering the following
question: given new physical layer and signal processing
techniques that boost the communication channel perfor-
mance, and considering a random access-based 10T scenario,
where should we spend most efforts for system performance
improvement, physical or MAC layer? To explore this issue,
we state a unifying model setting that encompasses both

Slotted ALOHA and CSMA, SIC-based receiver as well as
simple receiver that can only exploit capture effect.

3 System model

We consider n nodes sharing a communication channel.
Nodes are scattered uniformly at random within a maximum
distance R from a Base Station (BS). Nodes send update mes-
sages to the BS, that acts as a collector. We assume that the
n nodes are saturated, i.e., they always have packets ready to
send.

3.1 Spectral efficiency

Let W denote the bandwidth of the shared communication
channel and n be the target spectral efficiency (bit/s/Hz)
selected by the nodes, e.g., by properly setting the modu-
lation and coding scheme of the communication link. The
achieved data rate is nW bit per second.

We assume that the communication link can be modeled
as an Additive White Gaussian Noise (AWGN) channel, i.e.,
the additive impairments, including noise and interference,
are modeled as white Gaussian processes with zero mean.
Then, the spectral efficiency 7 is related to the required level
of Signal-to-Interference-plus-Noise Ratio (SINR) y as fol-
lows:

n=1log, (1 +vy) (1)

In the following, we assume that a block of data bits
(packet) is decoded successfully if the average SINR at which
the packet is received exceeds the threshold y = 2" — 1.

3.2 SINR and path loss model

The SINR I at the receiver side is given by

G Py

= —r
Py + Py

@
where we use the following definitions:

G path gain of the link between the transmitter and the
receiver.

Py, transmitted power level.

Py background thermal noise power level.

P; interference power level.

We model the path gain, G = G4G;Gr, as the product
of a deterministic component G4, accounting for distance
between the transmitter and the receiver, a log-normal
random component Gy, accounting for shadowing, and a
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negative exponential random component G ¢, accounting for
multi-path Rayleigh fading.

The deterministic path gain G, follows a power law:
G4 = k/d®, where k is a constant that depends on the carrier
frequency and antenna gains, d is the distance between the
transmitter and the receiver, and « is the path gain exponent,
typically in the range of 2 to 5.

The shadowing G is assumed to remain the same for a
given node throughout its communication activity. It is given
by G5 = 10%:4/19 where oy is the shadowing standard devi-
ation in dB and Z is a standard Gaussian random variable
(zero mean, unit variance).

The fading G s depends on variability of the propagation
scenario. It is sampled from a negative exponential proba-
bility distribution with unit mean, independently packet by
packet. Hence, itis P(Gy > x) =e™*, x > 0.

3.3 Power control and interference

Power control is in place, so that nodes aim at achieving an
average target level of SNR at the receiving BS. We account
for the limited power dynamic range of nodes by requiring
that Px € [Pixmin Pwx,max]- Let So denote the target SNR
level. The node can estimate its deterministic and shadow-
ing path gain components, e.g., by means of periodic pilot
tones sent by the BS. Then, the node sets its transmission
power level so as to compensate those two components (fast
Rayleigh fading changes packet by packet and cannot be
compensated by means of power control). Hence, transmis-
sion power is set as follows:

. PN
P,. = max {Ptx,mil’l , min {Ptx,max , So GG, ” (3)

The value of Sy is chosen as follows: The received SINR
in case of no interference (single transmitter) is I' = SoG .
Packet decoding is successful, if I' > y,ie.,if Gy > y/Sp.
Since G is a negative exponential random variable with
mean 1, the probability of successful decoding, in case of a
single transmitter (no interference), is e~V/50_ The level Sy
is set so that this probability be at least 1 — €, i.e., Sp =
—y/log(l —€).

Let us consider a reference node, say node 1. The inter-
ference power is the summation of power received from all
nodes, transmitting at the same time as node 1. Generalizing
to any node i, we can write the SINR for the i-th node as
follows:

. Gu,iGy,iGyriPryi . Gf,iSO,i
PN+Z]'#,' Ga,jGs,jGrjPrx,j 1+Zj7éi Gf,js‘o,j
4

i
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where power control implies that

min{ Gd,j Gs,j Ptx,max 7 SO”

Py
©)

Gd,j Gs,j Ptx,min
9

Sp. i =max
0, { PN

forj=1,...,n.
3.4 Multi-packet reception

MPR is implemented thanks to SIC. Let us assume that
k packets are received simultaneously and let S;, j =
1, ...,k be their respective received power levels, normal-
ized with respect to the background noise power level (hence,
the S;’s are non-dimensional). Assume they are ordered in
descending order, i.e., S| > Sy--- > S (ties are broken
at random). SIC works as follows: Provided decoding of
packets 1, ..., h — 1 be successful, packet £ is decoded suc-
cessfully if and only if the following inequality holds:

Sh
—— 2V (6)
L+ Yt S

Note that we assume perfect interference cancellation.
Hence, the residual interference is due only to signals weaker
than the A-th one.

For comparison purposes, we will also consider a plain
receiver not endowed with SIC capability. In that case, MPR
is still possible, thanks to capture effect. Specifically, packet
h is successfully received if and only if its SINR exceeds
y, which in case of capture only turns into the following
inequality:

ey ™
I+ Zr:l,r#h Sr

The transmission time of a packet (including overhead) is
denoted with 7. Let L denote the packet length. Since the
bit rate that a node can afford with a required SINR level of
y is W log, (1 + y), the packet transmission time and packet
length are tied by the following relationship:

L

T=— (8)
Wlog, (1 +y)

In case of Slotted ALOHA, it is assumed that the slot time
is equal to T, i.e., one packet transmission fits exactly the
slot time.

4 Model analysis

We define the following node-related performance metrics:
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e U(i), rate of node i, i.e., the mean number of bits deliv-
ered by node i per unit time, normalized by the channel
bandwidth.

e P (i), probability of successful packet delivery by
node i.

e E(i), mean energy consumed by node i per delivered
packet.

e A(i), mean age of information of node i.

The global sum-rate U is given by U = Y !, U(i).
The overall success probability P is obtained by averag-
ing the corresponding individual node metric, i.e., Py =
% >, Ps(i). The global energy consumption must be cal-
culated by means of a weighted average, where the mean
energy per delivered packet of each source node is weighted
by the average rate of delivered packets of that source node. In
other words, the global mean energy consumption is obtained
as the ratio of the overall energy consumption of all nodes,
divided by the overall number of correctly delivered packets.
As for the age of information, the relevant global metric is
obtained simply as an arithmetic average of individual values
of each node.

In the following, we analyze these metrics in case of Slot-
ted ALOHA and CSMA protocols.

4.1 Analysis of Slotted ALOHA

Time is slotted, and slot size equals the packet transmission
time 7. A station transmits in the current slot with probability
p, while it defers to next slot with probability 1 — p, where
the same procedure is repeated.

The probability that k nodes transmit in a time slot is

wy = <:>pk<1 — pynk )

Let g« be the conditional probability that & packets are
decoded successfully, given that k nodes transmit simulta-
neously, for h = 0,1,...,k and k > 1. Let M denote the
number of successfully decoded packets in a time slot. The
mean number of successfully delivered packets in a time slot
is

n k

E[M] = Z Wi

n
hane =) _ miwy (10)
k=1 h=0 k=1

where my is the mean number of successfully decoded
packets in a slot, conditional on k nodes attempting their
transmissions. Let s¢(j) be the probability that node j is
successful, given that it transmits in a slot along with k other
nodes, 0 < k <n — 1. Itis easy to prove that

k
me= - [sk—1 (D) + - + 51 ()] (11

fork=1,...,n.

Let us consider a given scenario, with fixed nodes. The
SNR of node j is denoted with Sp ;. For k = 1, it is easy
to verify that so(j) = e~7/50.J. For larger values of k, the
calculation depends on the way interference is dealt with
(either capture or cancellation). As a matter of example, for
given values of Sy j, j = 1,...,n, in case of capture only
(no SIC), a formal expression for sx (/) is as follows:

s0(j)=e~7/50 k=0
Sy k i _
sk(j)=e v/ 0./2(1'],...,ik)ecn,1_k [Th=i T+ 50., /50,7 k=1,...,n—1

12)

where C,,_1 . is the set of all ways to select k indices from the
set {1,2,...,n — 1}, irrespective of the order. Note that the
summation extends to (";1) terms, so the expression above
has little practical value for large values of n. No effective
analytic closed formula has been found in case of SIC. Hence,
we resort to ad hoc simulation to provide an accurate estimate
of the s; (j)’s for each given value of y.

4.1.1 Probability of success

The probability of success can vary from node to node, since
power control is not perfect, i.e., the finite power dynamics
can forbid some nodes from achieving the target SNR S at
the receiver. The success probability of node j, given that it
transmits, is obtained by weighting the conditional probabil-
ity s (i) with the probability of the event that 4 nodes other
than node i transmit in the same slot. Hence,

n—1
1
Py(i) = Zshu')(” , )pha —pyi (13)
h=0

Note that E[M] = Z:’: 1 PP (i). We define an overall suc-
cess probability as follows:

1 & ,
Po=- ;sz(z) (14)

4.1.2 Sum-rate

Let L be the number of bits in one packet. The amount of bits
decoded successfully in a slot is LE[M], and the resulting
delivered bit rate is R = LE[M]/T = W log,(1 + y)E[M],
where we have used Eq. (8). The overall sum-rate is U =
R/W, that is,

U=log,(1+y)) m (Z)”k“ -p* (15)

k=1
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In the following, we set the transmission probability p
to the value that maximizes the mean number of packets
delivered per slot, namely, E[ M ], which also maximizes the
sum-rate. Note that the optimal p is a function of y, since
the my’s are.

We obtain the rate of node i as the product of the spectral
efficiency 7, the probability p with which a node transmits,
and P;(i), the probability of success of node 7, given that it
transmits:

n—1
U(i) =logy(1+y)pPs(i) =loga(1+y)p Y sni)
h=0
x(" A l)ph(l —p) (16)

It can be checked that U = Y __, U (i).

4.1.3 Energy

Let E denote the mean amount of energy per delivered
packet. The mean energy consumed by node i in a slot is
p P« (i)T. The mean number of packets delivered by node i
in a slot is p P;(i). The mean required energy per delivered
packet of node i is therefore given by

_ pPuT L

) N0)

pP(i)  Wlogy(1+y) Py(i)

7

Also in this case, we define a global metric by averaging
E (i) over all nodes. The mean number of packets delivered
successfully by node i over K slot times equals Kp P (i).
The average number of packets delivered successfully by all
nodes over K slot times is Knp Ps. Hence, the weight to be
used for E(i) is w; = KpPs(i)/(KnpPs) = Ps(i)/(nPy).
Then, the global average energy per successfully delivered
packet is given by

n

&AG,. L1 |
E—i; ap, B = P Togs (1 7) 1 ;Hx(z) (18)

4.1.4 Age of information

The mean age of information can be defined as the mean age
of updates collected at the BS from each individual node. Let
us focus on node i, and let Y (i) be the number of slots sepa-
rating the delivery of two consecutive successful packets of
node i. It is easy to recognize that Y (i) is a Geometric ran-
dom variable with ratio equal to p P (i). Then, itis E[Y (i)] =

@ Springer

1/(pPs(i)) and E[Y (i)*] = (2 — pPs(i))/(pPs(i))*. There-
fore, for node i, we get

. _E[Y()] ( | 1) L
A =T—"1_7 )= =
JEYD] - \pPG) 2) T Wiog( + )
1 1
) (pPs(i) - 5) (19

4.2 Analysis of CSMA

Let us define the back-off slot time as the time required to
perform channel sensing. Let § denote the duration of the
back-off slot time. A node sensing an idle back-off slot time
starts transmitting with probability p. With probability 1 — p,
the node defers to next back-off slot, where the procedure is
repeated. Transmission time lasts 7.

We assume nodes can hear each other.! Therefore, back-
off time slot boundaries are synchronized. We define the
virtual slot time as the time elapsing between two consecutive
idle back-off slot times. Let V denote the random variable
representing the duration of a virtual slot time. V is either
equal to §, if no node transmits, or § 4 T, if at least one node
transmits. The probability that no node transmits in a slot is
(1 — p)". Then, the mean duration of the virtual slot is

E[V]=8(1-p)"+@+D[1-(1-p)"|=6+T[1-(1-p)"]
(20)

For the renewal reward theorem, we can write the through-
put in terms of packets per unit time as A = % Then, the
normalized throughput p is

EfVvl 6+ T[—-(1-p)"]

4.2.1 Sum-rate and probability of success

The average amount of bits delivered in a transmission time
T is Lp. The average delivered bit rate is R = Lp/T =
W log, (1 4+ y)p, where we have used Eq. (8). The sum-rate

! Thisis a strong assumption, yet it is critical for effective use of CSMA.
In case hidden nodes might exist, either CSMA is ruled out, or some
corrective action must be in place. As a matter of example, the BS could
assist nodes to assess correctly the state of the channel by transmitting
a busy tone whenever the BS is receiving an incoming signals. This
is doable by implementing a mild form of full-duplex radio at the BS,
i.e., the BS must be capable of cancelling out its transmitted busy tone,
while receiving data from the nodes.
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isU = R/W, that s,

2 k=1 Wk
U —10g2 (1 +]/)m (22)
where 8 = §/T is the normalized back-off time slot duration.
Note that we assume § is a constant and does not scale with
y. As a consequence, 8 varies with y, since T varies with y.

Also with CSMA, we set the transmission probability p
to the value that maximizes the sum-rate. The optimal p in
case of CSMA takes a different value with respect to the
optimal p with Slotted ALOHA. Expressions for the success
probabilities Pg(i) in case of CSMA are the same as those
holding for Slotted ALOHA. However, numerical values of
success probability differ because of the different optimal p
value of CSMA with respect to Slotted ALOHA.

4.2.2 Energy

The energy consumption is computed considering that a
CSMA node can be in one of three states:

1. Transmitting, corresponding to power level Py + Py, (i)
for node i.

2. Receiving/listening, corresponding to power level Py.

3. Sleeping (doze mode), where we assume that no power
is consumed.

The logic is as follows: Maintaining an active transceiver
chain costs a power consumption of Py. If in addition the
node transmits, a power level Py adds to the baseline power
consumption Py.

The metric E is defined as the mean consumed energy per
delivered packet. We evaluate mean consumed energy and
mean number of carried bits with reference to a virtual slot
time. A virtual slot time lasts § if no node transmits (nodes
only do sensing), or § 4+ T if at least one node transmits.
In the latter case, all nodes do sensing for a time §, then
some of them transmit for a time 7', and the remaining ones
listen to the channel (to check when it goes back to idle) over
time 7.

Letus focus on a given node i. The mean energy consumed
in a virtual slot by node i is

Evs@)=(1 - p) (b1 = py'™ + Po@ + DT = (1 = py' 1)

+p (Pos+[Po+ P ()]T)
(23)

The mean number of packets sent by node i and success-
fully delivered in a virtual time slot is Qys(i) = pPs(i),
where P; (i) is the success probability of node i. So the mean

energy consumed by node i can be found as follows:

Eys(i) _ Pod+ PoT[1— (1 —=p)"I+ pPic ()T

E@G) = — = ;
QOvys(i) pPs (@)
_ L ( /3+1—(1—P)"+Ptx(i)>
Wlog,(1+7) \' " pP(i) Py (i)

Note that the average energy per packet for node i is the sum
of two terms. One is the same as the energy per delivered
packet in case of Slotted ALOHA. The other one is propor-
tional to Py, and it is due to channel sensing.

We define a global metric E, as the average energy per
successfully delivered packet belonging to any node. The
mean number of packets delivered successfully by node i in
a virtual slot time is p Py(i). The mean number of packets
delivered successfully by all nodes in a virtual slot time is
np P;. Hence, the weight of E (i) in the global metric E is
given by w; = pPs(i)/(npPs) = Ps(i)/(nPs). Then, the
global average energy per successfully delivered packet is

n

SR L L B+1—(1—p)
E= ; b, DO B Wlogn () (P
1 n
) Ptxa)) 4)

Note that the global average energy in case of CSMA is the
sum of two terms. The first one accounts for energy dissipated
during sensing of the channel (it is the term proportional to
Po). The second term is formally identical to the global aver-
age energy per delivered packet in case of Slotted ALOHA.
Note however that the success probability P and the opti-
mized probability of transmission p may take different values
for CSMA and Slotted ALOHA. Therefore, CSMA does
not require necessarily more energy per packet than Slotted
ALOHA, in the considered setting (saturated stations).

4.2.3 Age of information

We consider the point of view of a node, say node i. Let
V denote the duration of the virtual slot time seen by node i
when itisidle, and let C denote the time required for a node to
countdown idle back-off slots, until it attempts transmission.
Itis

v k) with pr.obability q, 25)
8§+ T otherwise.

where ¢ = (1 — p)"~! is the probability that no node # i
transmits. The Laplace Transform (LT) of the PDF of V is

pv(s) =E[le™V=eg +eCTD (1 —g) (26)
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The time C is equal to

s+ ifK=0,

C= X .
D e+ +T ifK > 1.

27)

where P(K = h) = (1 — p)*p, h > 0. The LT of the PDF
of C is given by
pe—s(6+T)

=E[e ‘] =
wc(s) le"1] 1= —=plev(s)

(28)

The time Y between two consecutive successful packet
delivery from the considered node to the BS is given by

N
Y = Z Cy (29)
k=1

where P(N = h) = (1 — P;(i))""P(i), h > 1. Hence,
the LT of the PDF of Y is given by

oy (5) = Ele~] = — o) (30)
L= = Ps()ec(s)

Note that the transmission time 7 is tied to the SINR
requirement y: T = m, for a given value of the
number L of bits in a packet.

The mean Aol of node i is given by

 E[Y?] E[C? ( 1 )
AG) = = E[C] — 1 (31)
2E[Y]  2E[C] P, (i)
It can be verified that
EC)= PRV 4 s =PI =P 5
P p

_ _ 2
E[C?] = 1TPE[VZ] + <1TPE[V]> + E[C])” (33)

where
E[V]=64+T(0—-q)=TPB+1—-¢q) (34)
E[V] =824+25T(1—q)+T*(1 —q)

=72 [(B+1- +4(1-0)] (35)
=7q(1 - @) + E[V])’

where g = (1 — p)" ' and g = §/T.

5 Performance evaluation

The presented analytical models are validated against MAT-
LAB simulations by implementing the MAC layer protocols

@ Springer

Slotted ALOHA and CSMA, along with the system model
defined in Section 3.

More in depth, the considered approach is semi-analytic.
The mean number of correctly decoded packets given that k
nodes transmit, my, is estimated by mean of dedicated simu-
lations. The estimated value is used in the analytic formulas
introduced earlier. Also, the individual success probabilities
Py (i) are estimated by means of dedicated simulations and
then fed into the analytic formulas.

In case of CSMA, it is assumed that all nodes hear each
other, and hence back-off slot boundaries are synchronized.
The performance metrics introduced in Section4 are plotted
as a function of the SINR threshold y. We consider a quite
stretched range of values of y, mainly for the purpose of
highlighting the existence of different operational regimes in
the system. Numerical values assigned to system parameters
are listed in Table 1. A quite large value has been considered
for the back-off slot time of CSMA. They are generally tar-
geted to low-bit rate applications, e.g., sensor networks. Note
that, since the theoretical transmission rate is W log, (1 + y)
and the length of messages is fixed to L, the time to trans-
mit one message (slot time in Slotted ALOHA, transmission
time in CSMA) is T = L/(W log,(1 + y)), hence it varies
with y. Therefore, the ratio 8 = §/T is actually a function of
y . For the lowest considered value of y, namely, y = 0.01,
we have T ~ 139.3 ms, hence 8 = 0.00072. For the largest
considered value of y = 1000, we have T ~ 0.2 ms and
hence S ~ 0.5.

Two kinds of plots are displayed: global metrics and indi-
vidual performance indicators.

In each plot of the first kind, Slotted ALOHA and CSMA
are compared with and without SIC (i.e., only capture effect is
in place). Global metrics curves referring to Slotted ALOHA
are colored in blue, and curves of CSMA are red. Curves
referring to SIC are plotted as solid lines, capture only
(without SIC) being plotted as dashed line curves. In case
of per-node performance metrics, four different plots are
reported, one for each case of Slotted ALOHA/CSMA with-
out/with SIC, for a clearer vision of results. In each plot, ten
curves are shown, one for each node.

5.1 Mean number of successfully decoded packets

The mean number of correctly decoded packets in one trans-
mission time, my, conditional on k nodes transmitting, is
shown in Fig.1 in case of capture effect only (no SIC).
Figure2 shows my in case of SIC. Both these figures are
shown for several values of k.

In both cases, my is monotonously decreasing with y,
which is quite intuitive, based on the fact that the higher the y,
the more difficult to decode correctly the superposed packets.
Note that m decays as y grows, since transmission power
is limited to Pi. Another common feature of my plots with
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Table 1 Numerical values used

. . Parameters Definition Value
in the performance evaluation
Py Transmission power —20 dBm to 20 dBm
Py Noise floor power level —109 dBm
w Channel bandwidth 1 MHz
K Coefficient of deterministic path gain —32.44 dB
o Deterministic path gain exponent 4
Oy Shadowing standard deviation 8dB
L Message length 2000 bits
§ Back-off slot time 100 s
n Number of nodes 10
€ Epsilon 0.1
Fig.1 Mean number of 10 . . . .
correctly decoded packets .
conditional on k nodes Without SIC
transmitting, my, as a function 8r 1
of SINR threshold y, in case of
capture effect only 6 - |
O L L Pl L
102 10" 10° 10’ 10? 10°
SINR Threshold, v
Fig.2 Mean number of 10 . .
correctly decoded packets .
conditional on k nodes With SIC
transmitting, my, as a function 8F — 1
of SINR threshold y, in case of R
SIC at the receiver g |
4 |- -
I NN ’
0 L L L 1 L L T L L
102 10" 10° 10’ 10? 10°

SINR Threshold, v
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respect to capture and SIC is that for large values of y, m
appears to be the strongest candidate, i.e., the less the number
of superposed packets, the better for the success of decoding.
On the contrary, for small y values, the higher &, the better.
In fact, for very low y values, interference cancellation is
quite effective and even capture works fine for many packets.
This is not so counter-intuitive, if one thinks of what actually
happens here, e.g., in case code division multiple access is
used, or any other multiplexing technique which is robust
against interference.

The main difference between the results with and without
SIC lies with the behavior of curves in the transition region,
for intermediate values of y. The transition in case of SIC
is much sharper than in the other case, denoting a sort of
threshold effect.

5.2 Optimization of transmission probability
and sum-rate

Figure 3 shows the optimal value of the transmission proba-
bility p as a function of y. For low SINR threshold values,
physical layer (SIC) is mainly responsible for improving
the system performance, while the role of MAC layer is
negligible, because all the nodes are allowed to transmit
simultaneously. This is derived by the fact that optimal prob-
ability is equal to 1 in low SINR regime. For large values of
y, the MAC layer is the bottleneck, since collisions are the
main responsible for performance degradation. Hence, the
optimal value of p becomes smaller and smaller as y grows.
This effect is also clear in the sum-rate plot in Fig.4.

The sum-rate plot in Fig.4 is quite interesting, since it
reveals that sum-rate has two peaks, one in the low y range
and another one in the high y range.

As for capture only performance, the highest sum-rate is
achieved for relatively high values of y, while low spectral
efficiency operation leads to very low sum-rate values. More-
over, CSMA turns out to offer superior sum-rate performance
with respect to Slotted ALOHA, which is a well-known

classic result. In other words, when working in the high spec-
tral efficiency regime (high values of y), SIC provides little
gain to random access protocols in terms of throughput. Note
that the high spectral efficiency regime is the typical choice
of cellular system as well as WiFi.

A second peak of sum-rate appears for lower values
of y, i.e., when the system is operated in a low spec-
tral efficiency regime. This is the region of choice of, e.g.,
spread-spectrum systems, or of some sensor network tech-
nology, e.g., LoORaWAN. The same optimized performance
is achieved by Slotted ALOHA and CSMA at this left peak
of sum-rate, which is consistent with the fact that the opti-
mal value of the transmission probability is 1 or close to 1,
so that the MAC protocol plays essentially no role. On the
contrary, SIC has a major effect on performance. When only
the capture effect is exploited (no SIC), the achieved sum-
rate is very low, definitely worse than what can be achieved
at high y values. If SIC is in place, a strong improvement of
sum-rate is obtained, even better than what is offered by the
high spectral efficiency regime.

5.3 Probability of success

The probability of successful transmission per node is plotted
in Fig. 5 (with and without SIC) in case of Slotted ALOHA.
For low values of SINR threshold, there exists perfect fair-
ness among the nodes, i.e., all of them experience the same
probability of success. As y grows, the near-far effect takes
hold and unfairness shows up, since nodes farther away from
the BS cannot compensate their attenuation due to the limited
transmission power range.

Similar comments apply to Fig. 6a, where the probabilities
of success for individual nodes are plotted as a function of y
in case of CSMA. Differently from Slotted ALOHA, in case
of CSMA, a non-trivial behavior of the success probability
is apparent (see the discussion at the end of this section, with
reference to Fig. 7).

Fig.3 Optimal value of the 1 : :
transmission probability p as a ---SA Without SIC
function of SINR threshold y. x —SA With SIC
(SA, Slotted ALOHA) F o8 ---CSMA Without SIC |
o —CSMA With SIC
=
T 06/ ,
[
Qa
<)
o 04- a
= n=10
£
o 02 ]
o
0 L 1 L L 1 R | L L Ll L L L
102 107 10° 10 10? 10°

@ Springer

SINR Threshold, ~
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Fig.4 Sum-rate U as a function
of SINR threshold y for the
optimized value of the
transmission probability p. (SA,
Slotted ALOHA)

151

Sum-Rate

0.5

The probability of success for each node is different due
to the fact that the dynamic range of the transmission power
is limited. Hence, the nodes that experience a large attenua-
tion cannot possibly make up for it, due to limitation of their
maximum transmission power level. This limitation creates
unfairness among the nodes. Nodes close to the BS expe-
rience high probability of success, while nodes far away

| L PR L il L TR S| L TR S |

---SA Without SIC ||
—SA With SIC

- --CSMA Without SIC
—CSMA With SIC

n=10 |

10° 10"
SINR Threshold, ~

experience low probability of success. This difference of
probability of success among the nodes becomes significant
in high y regime, as the required SINR levels are high.

A key finding of these results stems from a comparison
of sum-rate and success probability plots. Focusing on the
location of sum-rate peak in low threshold regime, it can
be checked that it occurs for values of y for which node

Fig.5 Slotted ALOHA 1
probability of success of
individual nodes as a function of
SINR threshold y. (a) Without
SIC; (b) with SIC

Node-specific Prob. of Success

SA Without SIC

102 10 10° 10! 102
SINR Threshold, v
(a) Without SIC.

n 17 T T T T T T v T T T LR ERE
® e SA With SIC
38 M\
(/3) 0.8~ i
5 \\
a 06 N\ J
(o]
£ AN
£ 0.4- \ 1
(&)
(0]
&
d 0.2~ b
©
(@]
=z

0 Il L L il | L

102 10™ 10° 10! 102 103

SINR Threshold, v
(b) With SIC.
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Fig.6 CSMA probability of

) T T T T
success of individual nodes as a 7] .
function of SINR threshold 1. 8 A CRMA Without SIC
(a) Without SIC; (b) with SIC 5 0.8 1
%2 .
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(@] \
g 06f \\ |
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individual success probabilities coincide, i.e., unfairness dis-
appears. Exploiting SIC and operating the system at low
spectral efficiency achieves apparently a double advantage:
high sum-rate and removal of unfairness.

Figure 7 represents the overall probability of success as a
function of y. In this plot, the analytical models are compared
with simulations. Simulations correspond to circle markers.

Fig.7 Overall probability of

(b)

Simulation results match perfectly with the analytical expres-
sion curves.

The probability of success is high for low threshold regime
and low for high threshold regime. In between these two
regions, there exists a quite interesting behavior. While the
overall success probability is monotonously decreasing in
case of Slotted ALOHA, a non-trivial behavior shows up

success Ps as a function of the - --SA Without SIC
SINR threshold y. (SA, Slotted ® | —SA With SIC
ALOHA) » 0.8 - --CSMA Without SIC|-
3 o —CSMA With SIC
g u
E/_J 0.6~ ® 8
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z ,
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Fig.8 Overall average energy = 102 .
per delivered packet E as a %_ F
function of the SINR threshold = n=10
y. (SA, Slotted ALOHA) E |
© 10° ---SA Without SIC
g —SA With SIC
o - --CSMA Without SIC
g 10°. ... —CSMAWithSIC | -
Qo [ |
< F
o
@
o J
o
[
@
o
210—22 ‘\1 N | - “‘\1 . “““\2 L
10° 10° 10° 10 10 10°
SINR Threshold,
for CSMA. This is due to the decreasing value of the opti- 5.4 Energy

mal transmission probability as y grows. Hence, the average
number of concurring transmissions decreases, boosting the
value of success probability. As y grows further, success
probability definitely falls down, since the effect of the lim-
ited maximum transmission power level prevails.

The overall average energy per delivered packet E is plotted
as a function of the SINR threshold y in Fig. 8. It is assumed
that the sensing energy (power level consumed by a node
while listening to the channel) is Py = 0.7 - P, i.e., 70% of
the transmission power level.

Fig.9 Slotted ALOHA mean = SRR R AR R SR S A R A
energy consumed by individual =3 SA Without SIC n=10
nodes per delivered packet, as a E 2
function of SINR threshold y. g 107
(a) Without SIC; (b) with SIC 2
8
o
@ 5
o
>
2
)
C
o}
c 3
I
o} i
E L il Ll L TR R | L il L el
102 107 10° 10’ 10 10°
SINR Threshold, v
(a) Without SIC.
s SA With SIC =10
=
[}
4
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©
Q
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S ]
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(b) With SIC.
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In general, required energy per delivered packet has a
monotonous trend for increasing values of y. This comes at
no surprise, given that higher power levels should be adopted
by nodes to meet the more stringent requirement on the SINR
threshold. It is less obvious why the curve is not actually
monotonous. On the contrary, local peaks appear. This is
due to the interplay of several factors: (i) the varying optimal
level of transmission probability, (ii) the varying value of 8 in
case of CSMA, and (iii) the variability of success probability
with y.

Slotted ALOHA turns out to be much more parsimonious
with respect to CSMA. However, it is to be noted that we
are addressing saturated nodes, thus a node that is not trans-
mitting with CSMA is always busy doing sensing. Even if
less extreme scenarios were considered, it could be expected
that the weight of power consumption due to sensing would
make CSMA more demanding in terms of energy required
per delivered packet. This stems also from observing that, in
the physical layer-dominated region, i.e., for low values of
y, both MAC protocols Slotted ALOHA and CSMA achieve
the same sum-rate and success probability with SIC. Hence,

CSMA offers no incentive in the face of the increased demand
of energy due to sensing.

It turns out that SIC provides energy saving. This is due
to the definition of E, which is the average energy spent
to deliver a packet with success. Since SIC improves the
probability of success, less re-transmissions are required to
deliver a packet, and hence energy is saved with respect to
the case, without SIC.

The mean energy consumed per delivered packet by each
node is plotted in Figs.9 and 10 (without and with SIC) for
Slotted ALOHA and CSMA, respectively. The results high-
light that the unfairness in energy consumption is the price
that we pay to maximize global sum-rate, while maintaining
fairness among the nodes in terms of probability of success
of individual nodes for low values of SINR threshold (see
Figs.5 and 6).

The unequal energy consumption of nodes stems from
considering a given scenario, where nodes stay at fixed posi-
tions. Since it is required that all nodes set their transmission
power so as to compensate the long-term average path loss
(deterministic path loss plus shadowing), it is consequential

Fig. 10 CSMA mean energy
consumed by individual nodes
per delivered packet, as a
function of SINR threshold y.
(a) Without SIC; (b) with SIC

Mean energy per packet (mJ/pkt)

CSMA Without SIC
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SINR Threshold, ~
(a)

102+

-
o
[=}
T

CSMA With SIC

Mean energy per packet (mJ/pkt)
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that farther nodes spend more energy to achieve this target.
It is interesting that the minimum energy budget is struck at
low SINR threshold values. It grows slowly at the beginning,
and it finally ramps up very quickly when we move to the
high SINR threshold range. The main reason of this behavior
is the sharp decrease of success probability when y grows.
Also, note the fast growth of the energy per packet is quite
different from node to node. Some of them (the closest to the
BS) exhibit a moderate growth.

The same qualitative behavior is found by the comparison
of curves, in Figs.9 and 10 for Slotted ALOHA and CSMA,
respectively. Somewhat larger values of the energy budget are
exhibited by CSMA with respect to Slotted ALOHA for each
value of y, as already anticipated by the overall energy per
delivered packet. In case of low values of the SINR thresh-
old, all nodes are transmitting, and the probability of success
for each node is almost 1 — ¢ = 0.9 in this regime, due
to the low requirement of SINR threshold. For this reason,
the transmission power required of each node can be easily
matched. For high values of the SINR threshold, the nodes
need higher levels of transmission power. Hence, we expect

a smaller success rate due to the maximum power limit. As
a result, the energy curves increase in this region.

5.5 Age of information

The mean Age of Information (Aol) of each individual
node is plotted in Fig. 11 (with and without SIC) for Slot-
ted ALOHA. Similar comments apply to Fig. 12, where the
individual node mean Aol is plotted as a function of y in case
of CSMA.

In the low y range, SIC brings a major performance
advantage, leading to a local minimum of Aol. Moreover,
Aol performance coincides for all nodes, i.e., full fairness is
achieved. If only capture effect is exploited, the local min-
imum is much less pronounced. A wide plateau appears,
where Aol is largely insensitive to the specific value of the
SINR threshold. Fairness is achieved as well.

In the large y range, a very different behavior is observed.
The Aol values taken by each nodes differ significantly from
each other, thus giving evidence of great unfairness. For
some nodes (the farthest ones from the BS), the Aol exhibits

Fig. 11 Slotted ALOHA age of 10" F .
information of individual nodes
as a function of SINR threshold
y. (a) Without SIC; (b) with SIC SA Without SIC
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Fig.12 CSMA age of 107 i
information of individual nodes I [
as a function of SINR threshold n=10
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an extremely fast increase, due to the collapse of success
probability, ultimately tied to the upper limit on the trans-
mission power level. The nodes closest to the BS manage to
keep Aol at low values, even for very high values of y. At
least for the more lucky nodes, the mean Aol shows a local
minimum also in this range. However, the value of the min-
imal Aol is different for different nodes, and it is attained at
different values of y. Another important aspect here is that
the local minima of Aol at high levels of y are higher in value
than the local minima of Aol at low levels of y.

Comparing sum-rate, energy per packet and Aol in case of
SIC, irrespective whether Slotted ALOHA or CSMA is used,
we see that all performance are optimized at approximately
the same point, corresponding to the tip point where the opti-
mal transmission probability starts falling down from 1. In
other words, optimal performance is obtained by running the
system with the largest y value for which it is optimal having
all nodes transmit simultaneously. This optimal level of y is
identified by the left peak of the sum-rate.

@ Springer
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6 Conclusion

This study presents a comprehensive analysis of several per-
formance metrics of Slotted ALOHA and CSMA with and
without successive interference cancellation. Our focus is on
optimization of multiple performance metrics, namely, the
sum-rate, probability of success, energy required per deliv-
ered packet, and the mean age of information, as the required
SINR level at the receiver is varied.

Based on the results, we identify two regimes: the low
threshold regime and the high threshold regime. The analy-
sis shows that the performance in the low threshold regime
is dominated by the physical layer (SIC), while MAC layer
protocol has no influence. In the high threshold regime, per-
formance is mainly determined by MAC layer protocol, due
to the high cost of collisions that cannot be properly solved by
SIC, because of the large required SINR level. We observed
that the local optimization achieved in the low SINR thresh-
old regime achieves generally better performance targets than
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the optimal point in the high y range. An important outcome
is that unfairness among nodes arises in the high y regime,
while any unfairness disappears at low y values for all met-
rics, except energy consumption. Adopting SIC and setting
the target spectral efficiency to relatively low values, a dou-
ble advantage is achieved, optimal performance sum-rate,
and Aol fairness among nodes. We highlight that achieving
fairness is not trivial, since we consider stationary nodes that
maintain different distances from the BS and we account for
power control with a limited dynamic range.

As future work, non-saturated nodes are to be considered
to match a massive multiple access scenario. We aim also
to define distributed adaptive algorithm able to adjust the
transmission probability p and the target SINR y to achieve
the sum-rate peak as the load on the system varies.
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