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ABSTRACT

This paper deals with the performance evaluation and optimization of an efficient Hybrid Automatic Repeat Request
(HARQ) scheme suitable for applications delivered over lossy multicast communication channels. In particular, differently
from previously investigated strategies, this paper proposes a Modified HARQ scheme based on the Symbol Combining
principle (MHARQ-SC) where multiple copies of a same packet are consecutively transmitted at each transmission
opportunity. By considering as performance metrics the mean packet delivery delay and energy consumption per
information packet, this paper presents suitable performance evaluation and optimization strategies tailored for multicast
communications. For the sake of comparisons, it has been also analysed, under the same operational conditions, the
performance of different HARQ schemes optimized for multicast communications. Numerical results have been provided
in order to validate the proposed performance evaluation and optimization approaches in the case of the MHARQ-SC
scheme. An important result devised here is that the reported analytical results clearly highlights the performance gain of

the proposed strategy in comparison with all the other considered alternatives. Copyright (©) 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Multicast communications are gaining momentum in
wireless communications since they make possible the
delivery of services to multiple users located within the
coverage area of the same access node. Differently from
unicast communications, multicast flows can transmit the
same message to several users by (virtually) just one
transmission attempt. Hence, multicast services can reduce
the spectrum demand and energy consumption. Multicast
services include video applications, group text messaging
and specific messaging services to handle emergency
situations (in geocasting fashion).

On the other hand, it is well known in the literature [ 1-8]
that the communication delay and transmission energy

associated to reliable multicast communications decrease
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Prepared using wemauth.cls [Version: 2010/07/01 v2.00]

as the number of users increases. In particular, the mean
time required to successfully transmit an information
packet to all the members of a Multicast Group
(MG) increases with the MG size; hence, the overall
energy increasing related to the reliable transmission
of an information packet increases as well. It can
be noticed that usually the bottleneck of the overall
system performance is the node experiencing the worst
channel propagation conditions. Reliable communications
are normally guaranteed by the adoption of Hybrid
Automatic Repeat Request (HARQ) schemes. At the light
of this, the paper deals with HARQ schemes, as foreseen
in 3G HSDPA (High Speed Downlink Packet Access)
standard [9]. In particular, these aim to reliably transmit
downlink communications flows characterized by a rate
higher than that of the 3G UMTS cellular system [2].



An Efficient HARQ Scheme For Applications in Multicast Communication Systems

The HARQ scheme has been first considered for
increasing data reliability in unicast communications [10,
11]. In particular, Lin et al. proposed in [10] a HARQ
technique that iteratively broadcasts fixed-length packets
comprised of a couple of subpackets of equal length.
In this way, each subpacket can be used to deliver new
information elements or for increasing the amount of
redundancy related to a packet previously transmitted.

On the other hand, several papers proposed the use of
HARQ schemes in multicast communication systems [1,8,
12—-14]. In particular, Wang et al. [15] proposed several
HARQ strategies. Among them, the authors proposed
schemes exploiting the repetition time diversity; where
the receiver recover transmitted information packets by
combining (according to the maximum ratio combining) a
fixed number of copies previously received (with errors).
In addition, Kim et al. proposed in [12] a HARQ error
control strategy for multicast communication based on the
Symbol Combining (SC) approach, originally proposed by
Chase [16]. The SC approach requires that each receiving
node stores all the copies of the same information packet
(even those received with errors) and, upon the reception
of a packet, it is soft-combined with the previous ones.
Hence, the transmission reliably is ensured, increasing the
system performance. In [12] an extensive performance
comparison with different HARQ alternatives already
presented in the literature is provided to clearly highlight
the better behaviour of the proposed approach, referred in
the following as HARQ-SC scheme.

Differently from [12], this paper deals with a Modified
HARQ-SC scheme, hereafter named MHARQ-SC, relay-
ing on the continuous transmission (or retransmission)
of a specified number of copies (denoted as m) of the
same packet at each transmission opportunity. At each
receiving node, all the received copies of the same packet
are combined according to the SC principle. It follows that
the implementation complexity of the proposed MHARQ-
SC is the same as for the classical HARQ-SC scheme.

In order to derive the performance bounds for the
MHARQ-SC scheme a theoretical framework based on
the Absorbing Markov Chains (AMC) theory [17] is
proposed hereinafter. We will consider in the analysis
both AWGN and frequency-non-selective slow Rayleigh
faded propagation conditions. Moreover, an -efficient
optimization procedure of the MHARQ-SC scheme is

also outlined in the paper. The accuracy of the proposed
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Figure 1. Multicast network model.

performance evaluation and optimization methods will be
validated by resorting to computer simulations. Finally,
we will show that the optimized MHARQ-SC scheme
outperforms the rate optimized HARQ-SC alternative
proposed in [12].

The remaining part of this paper is organized as follows.
In Section 2 we introduce and analyse the MHARQ-
SC scheme for multicast communications in the cases
of AWGN and (frequency-non selective slowly) faded
communication channels. A suitable optimization method
is also proposed and analysed in this Section. Numerical
results and performance comparisons are provided in

Section 3. Finally, in Section 4 the conclusions are drawn.

2. MHARQ-SC APPROACH IN
MULTICAST COMMUNICATIONS

This Section deals with the performance evaluation and
optimization of the MHARQ-SC scheme for multicast
communication systems. The accuracy of the proposed
approach will be validated by comparing analytical
predictions with simulation results. As stated before, the
MHARQ-SC scheme resorts to the SC principle previously
considered [11, 16—18] in order to increase the overall
delivery performance, in particular under high error rate
conditions. It will be demonstrated here that the continuous
transmission of an optimized number m of copies of a
same packet at each transmission opportunity allows the
MHARQ-SC scheme to behave better than the HARQ-SC
alternative. In particular, the impact of the round-trip delay
is reduced, i.e., the time needed to send a packet from the
transmitting node to the MG and to receive the successful
feedback from all the members of the MG.

The functional model of the system under investigation

is sketched in Fig. 1. In this case, a single source
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node, namely the Access Point (AP), transmits the same
oy WM}
of M nodes forming the MG. Each link from the AP

to a generic node is modelled as an independent lossy

communication flow to the set W = {W1, W, ..

channel. In such scenario, the simplest retransmission
scheme consists in retransmitting a new set of m copies
of a same packet till all the nodes belonging to the MG
receive that packet without errors™ [8]. However, this
solution is not efficient because it cannot take into account
that some nodes could have successfully received the
informative packet during previous transmission attempts.
As a consequence, we refer here to a more efficient scheme
where the AP keeps track of the received acknowledgment
messages individually sent out by each node. Hence,
according to this scheme, the AP continuously retransmits
a set of m copies of a same packet if there is almost one
node within the MG waiting for that packet; the other
nodes instead ignore successive error free receptions of the
same packet. In particular, any node of the MG recover the

information packet by using the procedure below:

e The m copies of the same packet are combined
symbol-by-symbol according to the SC principle;

e The SC detection is performed symbol-by-symbol
as outlined in the Appendix A;

e Assuming that we adopt an ideal error detection
code (i.e., a code able to detect any error pattern),
in the case of the information packet has been
successfully received, a positive acknowledgement
message (ACK) is sent back to the AP, a Negative
ACK (NACK), otherwise.

The algorithmic description of the MHARQ-SC scheme,
from the point of view of the AP, is illustrated in Fig. 2.
Note that by assuming m equal to 1 the same figure also
illustrates the mode of operation of the classical HARQ-
SC alternative. In particular, the classical HARQ-SC
scheme consists in a packet transmission procedure where
information packets are soft-combined by each receiving
node (on a packet transmission basis). In this case, the
SC detection process is reset as soon as the information
packet has been successfully received (i.e., a SC detection
is successfully performed). On the other hand, in the case
of the MHARQ-SC approach, the receiving node performs

the SC detection on the set of m copies of the same

*Without any loss of generality we assumed that the acknowledgement messages
are transmitted on a fully reliable channel.
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Figure 2. Algorithmic description of the MHARQ-SC scheme
from the point of view of the AP.

information packet. If the detection process fails, a new
process start as soon as a new set of m copies are received.

Finally, the theoretical analysis presented in the paper
assumes saturation conditions (i.e., the AP always have
information packets to transmit).

We will show in the rest of this paper that the
performance of the MHARQ-SC scheme are dependent on
m. So that an analytical approach to derive optimum m
values (maximizing the performance gain in comparison
with the HARQ-SC alternative) is presented. We will
mainly focus on the minimization of the mean multicast
delivery delay (on a information packet basis) defined
as the time elapsed from the beginning of the first
transmission attempt of the set of m copies of the same
packet to the time instant at which all the nodes of the
MG have notified to the AP the successful reception of
that packet, normalized with respect to the single packet

transmission time 7.
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Finally, we will assume that: (i) the communication
channels are iid with an AWGN or frequency-non selective
slow Rayleigh faded propagation conditions and, (ii) each
information flow uses the Binary Phase Shift Keying
(BPSK) modulation’. Moreover, propagation conditions
will be considered statically independent across the
transmission of the m copies of the same information

packet.

2.1. Performance Evaluation

The performance behaviour of the MHARQ-SC scheme
can be efficiently inspected by the Absorbing Markov
Chain (AMC) theory [17] (Chapter 3, page 43). Let us
consider the process modelling the error-free reception of
an information packet from all the nodes belonging to the
MG. We start our analysis by considering a scenario where
all the communication channels have same propagation
conditions.

Let s; (for ¢ =0,..., M) be the state of the process,
defined as the number of nodes of the MG that have
successful received the packet of interest. Hence, if at the
end of a next attempt the number of nodes that have got
an error-free copy of the information packet passes from
i to j (for j > %), the process moves from the state s; to
sj. According to this, sy is the absorbing state of the
process [17], i.e., the process enters this state if all the
nodes of the MG received an error-free copy of the original
packet. So that, once the process reaches the absorbing
state, it cannot be left.

It is easy to note that the considered process always
starts from the state so and ends as soon as it enters the
absorbing state sps. According to standard AMC theory
definitions, all the states {so,...,Sym—1} are transient,
meaning that once the process leaves one of them it can

no longer reenter it.

T Note that the derived results are quite general and they can be easily extended
to different modulation schemes.
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Let p;,; be the probability that a transition occurs from

the state s; to s;, defined, for j > i, as:
M -1 —j J—i
Piy = < v ].) Pa(m)" ™~ [1=Pa(m)] " @

where Pp(m) is the packet error probability at each
receiving end and depends upon m as justified in the
Appendix A.

Let P be the state transition probabilities matrix with
the (7, j)-th entry, p; ;, given by (2). In particular, P can
be expressed as reported in (1).

Moreover, we have from the standard AMC theory [17]
that the transition matrix P can be expressed in its

canonical form as follows:

P= 3)

QR
0|1

where:

1. Q is the M x M transition matrix modeling the
process as long as it involves only transient states,

defined as:
Pe(m)™ ... (Af) Pp(m) [1 — Pp (m)] Mt
Q-| °© (MI_I)PB(m)[l—PB(m)]M_2
0 . Pg (m)

“

2. R is a M-dimensional column vector listing the

transition probabilities of the process whenever it

starts from a transient state and enters the absorbing
one, defined as:

[1 - Pa(m)] M

[1 — Pp (m)] Mt

R = (&)

1- PB(m)

M M
Pg(m)M (M 1) Pg(m)M~1! [1 — Pp (m)] [1 — PB(m)]
M—1
0 Pg(m)M-1 [1 - PB(m)]
P = (1)
0 0 1— Pg(m)
0 0 1
4 Wirel. Commun. Mob. Comput. 2013; 00:1-11 © 2013 John Wiley & Sons, Ltd.
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ngl(m)PB,Q(m) PB,l(m)

Pg.1(m) [1 - PB,2(m)]

[1 — P (m)} Pp 2(m)
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1-— PB,l(m)

[1 - PB,l(m)] [1 - ngg(m)}

Figure 3. Absorbing Markov Chain associated to the packet transmission process for a multicast network with two receiving nodes
and independent lossy channels.

3. 0 is a M-dimensional row vector with entries all

equal to zero.

We are now in the position to extend the analysis
outlined before to the case of unequal propagation
conditions for each communication channel. Differently
from before, the i-th state of the packet reception
process is now defined as a M-ary column vector s;
(with i =0,...,2M — 1), whose t-th entry s;[t] (for
i=0,...,2Y —1 and t =1,..., M) is equal to 1 if
node W, has correctly received the information packet
or 0, otherwise. AS a consequence, the absorbing state is
represented by the vector s, _; with all entries equal to
one.

Also in this case, the packet transmission process begins
from the state so (whose entries are all equal to 0) and
ends as soon as it enters the absorbing state son _;. As
before, it is easily to note that all the states s; (with ¢ =
0,...,2M — 2) are transient.

Let us define the operator =: the relation s; >~ s;
holds if s;[t] > s;[t] Ve =1,..., M. Let Pg(m) (for
i=1,...,M) be the packet error probability at the i-th
node side, i.e., the probability that the W; node cannot
recover the information packet after processing the m
received copies according to the SC technique. As reported
in the in the Appendix A, Egs. (20) and (26) define
Pg,i(m) (for i =1,..., M) in the case of AWGN and
frequency-non selective slow Rayleigh faded channel,
respectively.

Hence, for s; = s; = sym_q, the (4, j)-th entry of the

transition matrix P is equal to one. Otherwise, if s; > s;,

the state transition probability p; ; is defined as:

pi= II Poetm) [T [1=Poetm)] ©
t=1,...,M tc. t=1,...,M tc.
si[t]=s;[t]=0 sj [t]>s;[t]

As an example, the state diagram of an AMC modelling
the packet error-free reception for a multicast group
formed by two nodes (under the different propagation
conditions assumption) is shown in Fig. 3.

From (6), the transition probability matrix P can be
again given in the canonical form (3). However, in this case

we have:

1. Qisa (2™ — 1) x (2™ — 1) defined as:

Po,0 Po,1 Po,oM _1
P10 P11 Py oM 4
Q=
PoM 19 PoM_11 PoM 1 oM 1
@)
2. R is a (2™ — 1)-dimensional column vector
defines as:
Py oM
Py oM
R= ®)
PoM _y oM

3. 0is a 2™ — 1 dimensional row vector with all

entries equal to zero.

In oder to derive a closed form solution for the the
mean multicast delivery delay, it is useful to provide the

following definition [17] (Chapter 3, page 46):
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Definition 1

Let us consider the matrix Q (3); we define the
fundamental matrix of the AMC as N = (I—-Q)™ %,
where I is the identity matrix having M x M dimension
in the case of equal propagation conditions or (2™ — 1) x
(2™ — 1) dimension in the case of unequal propagation

conditions.

Moreover, from standard AMC theory, we have that the
following relation holds [17] (Chapter 3, page 46):

N=(I-Q '=> Q" ©)

k=0

where the (4,5)-th component of the matrix Q" is the
probability that the process reaches the j-th transient state
from the j-th one in exactly k steps (i.e., after that the AP
has complete & transmissions of the set of m copies of the
same information packet).

From (9) we have that the (¢,7)-th element of the
fundamental matrix N is the mean value of the total
number of times that the process, started from the i-th
state, reaches the j-th state’. Hence, the mean number of
times that the AP has to transmit m copies of the same
information packet before all the users receive the original
packet (i.e., before that the process enters the absorbing

state) can be expressed as
¢(m) = NI[L,1] (10)
1

where the term NJ[1,[] is the (1,[)-th element of the N
matrix. Hence, the term {(m) is equal to the sum of all the

elements forming the first row of the matrix IN.

2.2. Optimization Procedure

From (10), we have that the mean multicast delivery delay
d(m) of an informative packet (normalized with respect to
T)is:

§(m) = (m +s)((m) (11)

where s denotes the round-trip delay normalized with
respect to 7 (i.e., the normalized time elapsed from the
successful reception of the information packet to the
reception of the ACK by the AP).

Note that both the i-th and j-th states are transient.

F. Chiti et al.

Let L and E, be the packet length (expressed in bits)
and the energy per bit, respectively. The mean value
(normalized with respect to LE}) of the mean energy,
e(m), required to successful deliver an information packet

can be expresses as follows:

e(m) = m¢(m) 12)

From (11) and (12) we note that the mean energy is
minimized once e(m) is minimized with respect to m.
Hence, for the sake of simplicity, we focus our analysis
only on the minimization of §(m) with respect to m. As a
consequence, the optimal values for m have been assumed
as the solutions of the following optimization problem:

PD) minimize

3(m) (13)

subjectto m € N (14)

Unfortunately, P1 is an integer nonlinear optimization
problem. This means that it is hard to the best of our
knowledge to derive its solution in a closed formulation.
As a consequence, we have resorted to the Mesh Adaptive
Direct Search (MADS) algorithm [19] that allows to
solve non-differentiable and nonlinear problems (possibly
having integer optimization variables). In particular, in
this paper we have considered the implementation of the
MADS algorithm based on the NOMAD solver [20].

3. NUMERICAL RESULTS

This Section presents numerical results concerning the
performance analysis of the proposed MHARQ-SC
scheme, while providing comparisons with different
HARQ alternatives in order to clearly highlight the
advantages of the proposed solution. In particular, the
classical HARQ-SC scheme (Sec. 2) and the optimized
HARQ approach proposed by Kim et al. [12] have been
considered. The analytical predictions derived according to
the performance evaluation method outlined in Sec. 2 will
be also validated by comparisons with simulation results.
The cases of an AWGN and non-selective slow Rayleigh
faded propagation conditions have been assumed within

two different scenarios detailed below:

e Scenario 1 - All the links connecting the AP to

the receiving nodes have the same propagation

6 Wirel. Commun. Mob. Comput. 2013; 00:1-11 © 2013 John Wiley & Sons, Ltd.
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Figure 4. Optimal values of m as function of v [dB] in the case
of AWGN propagation conditions (Scenario 1).

conditions. This means that the Signal-to-Noise
Ratio (SNR) ~; and the mean SNR 7;, at the i-
th receiving node (for ¢ = 1,..., M) are equal for
all the nodes to a value v and ¥ (i.e., 7; = v and
i = 7), respectively. Both v and 7 take the values
spanning the interval [3, 13] dB;

e Scenario 2 - Different propagation conditions with

parameters y; and ~; defined (fori = 1,..., M) as

i=1,...,M (15
i=1,...,M (16)

vi=m— (=1,

where the values of n and 7 have been set to
0.45 dB. Hence, in this scenario the node Wi is
characterized by the best propagation conditions

while node W, the worst ones.
Moreover, we have assumed for both considered scenarios:

e a multicast set composed by M = 30 nodes;

e the length L of each information packet equal to
512 or 1024 bits;

e the normalized round-trip time, s, defined in Sec. 2

equal to 5 or 10.

We start our analysis by providing numerical results
concerning the optimization procedure for the proposed
MHARQ-SC scheme outlined in Sec. 2 according to the
problem (P1). The obtained results are shown in Figs. 4
and 5 as function of v and 74, respectively, under the
assumption of AWGN propagation conditions. In these
figures the optimal m values derived as solutions of the
problem P1 are compared with those ones obtained by
resorting to numerical simulations in order to validate

the proposed optimization procedure. A good agreement

7 minimuth y, [dB]

Figure 5. Optimal values of m as function of the minimum
values of ~; [dB] in the case of AWGN propagation conditions
(Scenario 2).

between analytical predications and simulation results is
evident in the figures.

For what concerns the latter aspect, the value of m has
been optimized by simulating the transmission of the same
information packet and testing different values of m?®, the
value minimizing (13) was considered as the best value for
the m index (among the considered ones). On the other
hand, we remark that the optimal value of m (representing
the solution of P1) has been found by using the NOMAD
solver (Sec. 2). Finally, let us consider again Figs. 4 and
5, they show that both the optimal values of m and those
derived by the simulative approach are the same.

The performance in terms of the mean multicast
delivery delay in the case of the optimized MHARQ-SC
scheme (normalized with respect to 7) are presented in
Figs. 6 and 7. The figures also compare the MHARQ-
SC with the classical HARQ-SC scheme by assuming
L = 1024 bits and M = 64 nodes. These figures clearly
highlight a good agreement between analytical predictions
and simulation results. In addition to this, a significant
performance gain of the proposed MHARQ-SC scheme
with respect to the other considered alternatives is pointed
out.

Let us consider frequency-non selective slow Rayleigh
faded propagation conditions. According to this, Figs. 4-
5 and Figs. 8-9 show the obtained optimal m values. The
figures also compare both analytical and simulation results;
also in this case we can not that the analytical predictions

match the simulation results.

81n particular we have considered values in the interval [1, 30].
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Figure 6. Normalized mean multicast delivery delay (per
information packet) as function of v [dB] in the case of AWGN
propagation conditions (Scenario 1).
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Figure 7.Normalized mean multicast delivery delay (per
informative packet) as function of the minimum value of ~; [dB]
in the case of AWGN propagation conditions (Scenario 2).
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Figure 8. Optimal m values as function of 4 [dB] in the case
of (frequency non-selective slow Rayleigh) faded propagation
conditions (Scenario 1).

Figs. 10-11 show the mean (normalized) multicast
delivery delay performance of the optimized MHARQ-
SC scheme in comparison with those achieved by the
classical HARQ-SC, for L = 1024 and M=64. Analytical
predictions are once again compared with simulation
results in order to validate the proposed performance

evaluation and optimization approaches. These figures

8 9
minimum ¥, [dB]

Figure 9. Optimal m values as function of the minimum value of
7: [dB] in the case of (frequency non-selective slow Rayleigh)
faded propagation conditions (Scenario 2).
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Figure 10. Normalized mean multicast delivery delay for
informative packet as a function of 4 [dB] for a frequency non-
selective, slow Rayleigh fading channel (Scenario 1).
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Figure 11.Normalized mean multicast delivery delay for

informative packet as a function of the minimum #5; [dB]

for a frequency non-selective, slow Rayleigh fading channel
(Scenario 2).

clearly point out the better behaviour of the optimized
MHARQ-SC scheme.

Likewise, Fig. 12 compares the performance of the
optimized MHARQ-SC scheme with that achieved by
the rate optimized HARQ-SC scheme proposed by Kim
et al. [12] (indicated in the figure as Opt. HARQ-

SC). The results reported in the figure were derived
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Figure 12.Normalized mean multicast delivery delay as a
function of M for v; = 3 dB.

by considering the Scenario 1 with ; = 3 dB (for ¢ =
1,..., M) and (frequency-non selective slow Rayleigh)
faded propagation conditions. In the same figure the
performance of the classical HARQ-SC scheme are
also reported for comparison purposes. In particular, we
stress that in Fig. 12, the proposed MHARQ-SC clearly
outperforms the other alternatives, in particular, when the
number of multicast nodes increases.

Finally, we would like to point out that the improved
performance of the MHARQ-SC scheme, in comparison
with the classical and optimized HARQ-SC schemes, can
tackle the drawback of excluding from the service all
these users characterized by poor channel propagation
conditions. This is of particular interest in the case of real
time services where the so-called Quality of Experience

(QoE) index plays a crucial role [21].

4. CONCLUSIONS

In this paper we have investigated the performance
improvements achieved by the use of the proposed
MHARQ-SC scheme in multicast wireless communication
systems. The paper has also proposed a suitable
optimization procedure in order to achieve the best
performance for the MHARQ-SC scheme. Both the
performance analysis and the optimization strategy
proposed for the MHARQ-SC scheme have been based
on the application of the AMC theory. Furthermore, the
accuracy of the obtained analytical predictions have been
validated by comparing them with simulation results in the
case of AWGN and frequency-non-selective slow Rayleigh

faded propagation conditions. Performance comparisons
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with the classical HARQ-SC scheme and optimized
HARQ-SC have been also provided to highlight the
performance improvement of the proposed MHARQ-SC
scheme. Finally, to further validate the good behaviour
of the optimized MHAR-SC scheme, we have carried out
a performance comparison with an optimized HARQ-SC
recently proposed in the literature. The effectiveness of
the proposed optimization and analytical model is evident
especially if we compare it with the optimized HARQ-SC
scheme. It demonstrate significant throughput gains of 2.6-

3.6 fold in the mean multicast delivery delay.

A. APPENDIX

This Appendix deals with the definition of Pg(m) at a
generic node of the MG. This allows us to keep the analysis
general and simplify the notation considering at the same
time both Scenario 1 and 2. In order to facilitate a better
understood of what follows, we recall that according to the
MHARQ-SC principle the AP continuously transmits m
copies of a same packet at each transmission attempt.

In carrying out our analysis we considered both AWGN
and frequency non-selective slowly-faded Rayleigh mul-
tipath fading channel. In the rest of this Appendix, we
will refer with v (AWGN regime) and % (frequency non-
selective, slow Rayleigh multipath fading regime) to the
SNR and mean SNR characterizing the reception of a

generic node, respectively.

A.1. AWGN Propagation Conditions

Let us assume that the receiving node performs an ideal
coherent detection. The decision variable [22] for each of
the L bits forming the j-th received copy (of the same
packet) is:

2i(j) =diVEy +ni(§) i=1,...,L (17

where d; is a random variable taking the values {—1, 41}
with equal probability if the ¢-th bit is O or 1, respectively.
The term E}, is the energy associated to each transmitted
bit and n;(3) is random variable which follows a Gaussian
distribution with zero mean zero and variance Np/2
(where Ny is the one-side power spectral density of the
white Gaussian noise affecting the link between the AP

and the generic node).
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According to the SC principle [23], we can define the

following overall decision variable:
m
Zi=> z(j) =mdiVE, +n: i=1,...,L (18)
j=1

where it is easily to note that the term n; results to be a
Gaussian random variable with zero mean and variance
equal to m No /2.

According to the standard decision criterion for
equiprobable symbols [22], we have that the bit error
probability related to the BPSK modulation is:

P.(m) :Q( 2m'y) (19)

where v = E,/No. Hence, under the assumption of
an ideal detecting code,i.e., able to detect all the
error configurations, the error probability related to an

information packet (as function of m) is:

Pp(m)=1— [1 - Pe(m)]L . 20)

A.2. Frequency Non-Selective Slow Rayleigh
Multipath Fading case

Let us assume that the communication channel connecting
the AP with the receiving node is a frequency non-
selective, slow Rayleigh multipath faded. Moreover, we
assume that all the channel parameters are known at the
AP side.

For these reasons, according to the optimal maximal
ratio combiner (proposed by Brennan [23]), the overall
decision variable of the ¢-th bit received by the generic

node can be defined as follows:
Z; = VEy Za§+zajnj i=1,....,L (@21
j=1 j=1

where n; (for j = 1,...,m) are m iid Gaussian random
variables with mean zero and variance Ny/2. Terms «;
(for j = 1,...,m) are m iid Rayleigh random variables,
they are constant for all the bits forming each copy of
the same information packet and independent on a packet
copy basis. Hence, the decision variable Z; follows a
Gaussian distribution. Moreover, the bit error probability
of the BPSK modulation is:

P.(m) = Q(v/2u(m)) @2

F. Chiti et al.

where

m

wm#% > o (23)

j=1

Let us provide the definition of the probability density
function of v(m). From [22] it can be easily proved that the
v(m) is a x2-distributed random variable with 2rn degrees

of freedom. Hence, we have:

1 1 _(m)
P((m) = o yrmm ()" e T @)
where 5
5 b 2
y= N E(a3) (25)

with E(a?) denoting the mean value of «; [22]. We
remark that the propagation conditions are assumed
constant during the transmission interval of each of the
m copies if the same information packet. As a result, the
packet error probability of an information packet results to
be:

PB(m):lf/ooO [17Q( 27(m))]L‘

-p(y(m)) dy(m) . (26)
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