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In this paper, a novel transmission policy referred as alternate distributed beamforming (ADB) for buffer-aided half-duplex (HD)
multirelay systems is proposed, in which the relays are divided into two groups and activated alternately in their transmitter and
receiver modes, with one group receiving the same information broadcast from the source while the other group simultaneously
transmitting the common messages to the destination via distributed beamforming in each time slot. It is worth noting that the
relays used for reception and transmission are determined without the instantaneous channel state information (CSI). Theoretical
analysis of the achievable throughput of the proposed scheme in Rayleigh fading channels is provided, and the approximate
closed-form expressions are derived for multiantenna relay scenario, with single-antenna relay scenario as a special case.
Moreover, the asymptotic expressions for the maximum achievable throughput of the proposed scheme and corresponding
optimal power allocation in the high- and low-SNR regimes are derived as well. Numerical results in accordance with
theoretical analysis demonstrate that the proposed policy achieves a significant improvement in the maximum achievable
throughput compared with benchmark schemes. It is shown that for the ADB scheme, the almost or exact symmetric relay
grouping may achieve the best performance in the high-SNR regime. It is also shown that increasing the number of antennas
equipped at each relay is better than increasing the number of relays equipped with a single antenna when the total number of

antennas at the relays is fixed.

1. Introduction

With the further improvement of people’s demand for cov-
erage and throughput of wireless networks, cooperative
communications have been an important building block
for wireless communication systems, in which the commu-
nication between a source node and a destination node is
accomplished via the help of a number of relay nodes [1].
With the help of relays, alternative and independent trans-
mission paths are offered, and the diversity gain of the net-
work can be obtained. Also, distributed beamforming gain
can be expected [2].

Profiting from the higher node density in the next gener-
ation wireless network, the enthusiasm to tap the potential
of cooperative communications continues unabated. To bet-

ter utilize the benefits provided by multiple relays, various
relay selection schemes have been proposed [3-10]. The
conventional relay selection (CRS) scheme selected a single
relay that provides the strongest end-to-end path between
the source and destination [3]. The selected relay immedi-
ately forwards the received data in the next time slot to the
destination, so the ability of the relays to store at least a lim-
ited number of data packets is not incorporated. This relay
selection policy is considered as the optimal selection
scheme for conventional relaying system without buffers.
Meanwhile, the adoption of buffer-aided relays can pro-
vide both throughput and diversity gain by adaptive link selec-
tion [11]. Storing packets and transmitting them in more
favorable wireless conditions increases the network’s resil-
iency, throughput, and diversity and has therefore been widely
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applied in cooperative networks to improve the system perfor-
mance [4-10]. For instance, a space full-duplex max-max
relay selection (SFD-MMRS) scheme was introduced in [4],
which mimics full-duplex (FD) relaying with half-duplex
(HD) relays via link selection. In addition, a modified max-
link relay selection scheme has also been proposed, in which
the direct link between the source and destination was
exploited to achieve a significant performance gain in terms
of diversity and delay [5]. In [6], a priority-based max-link
relay selection scheme was proposed for buffer-aided
decode-and-forward cooperative networks, in which the best
relay node is selected corresponding to the link having the
highest channel gain among the links within a priority class.
The authors in [7] designed the buffer-aided adaptive trans-
mission scheme for the buffer-aided wireless powered cooper-
ative nonorthogonal-multiple-access (NOMA) relaying
network. A novel probabilistic buffer-aided relay selection
scheme was proposed in [8], in which the link selection out-
come depends not only on the wireless channel condition
and the buffer state but also on additional randomness. In
[9], NOMA, buffer-aided full-duplex (FD) relaying and broad-
casting were combined to improve the relay selection with low
complexity. Two asynchronous learning algorithms for joint
hybrid NOMA/OMA relay selection and power allocation in
buffer-aided delay-constrained networks were proposed in
[10]. It is worth noting that the relay selected with the adaptive
link selection policies varies with the instantaneous channel
state information (CSI), which may introduce more complex-
ities in practical implementation.

Note that a relay usually operates in either FD or HD
mode. In FD relaying, the relays transmit and receive at
the same time and frequency, at the cost of hardware com-
plexity [12, 13]. In HD relaying, relays are incapable of
transmitting and receiving simultaneously, thus leading to
reduced capacity of the whole network. In order to recover
the HD loss, several successive relaying schemes have been
proposed [14-19], the main idea of which is to adopt two
different relays acting as the receiving and transmitting relay
simultaneously. In [14], a two-way relaying protocol and a
two-path (successive) relaying protocol were proposed to
avoid the prelog factor one-half. It was shown that both pro-
tocols recover a significant portion of the HD loss for differ-
ent relaying strategies like decode-and-forward (DF) and
amplify-and-forward (AF). A successive relaying protocol
is studied for a two-relay wireless network in [15], in which
simple repetition coding is applied at the relays. In [16], the
authors considered a two-relay network with multiple anten-
nas at the destination. The infrastructure-based relays with
highly directional antennas were used to avoid IRI. A factor
graph representing the joint a posteriori probability of the
coded symbols and the channels in the frequency domain
was introduced in [17], and the AF successive relaying pro-
tocol was used in a two-relay network to overcome the HD
limitation [18] considering the throughput optimization of
an energy harvesting assisted two-relay network using a
buffer-aided successive relaying protocol. In [19], the
authors developed an adaptive cooperative transmission
scheme with relays harvesting wireless energy, where two
relays are adopted to alternately forward source data to the
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destination using the two-path successive relaying (TPSR)
protocol. A hybrid algorithm aiming at enhancing buffer-
aided relaying for supporting delay-sensitive applications
was presented in [20], which switches between successive
relaying and HD operation. The authors in [21] proposed
and analyzed a novel threshold-based relaying scheme for
buffer-aided two-way relaying systems. Note however that
a two-hop network relying either on a single two-way relay
or a pair of relay nodes with successive relaying protocol is
investigated in most of the aforementioned works.

In this paper, we propose a novel fixed scheduling trans-
mission protocol named alternate distributed beamforming
(ADB) for the buffer-aided HD multirelay systems, where
the relays are divided into two groups and activated alter-
nately in their transmitter and receiver modes in each time
slot to create a virtual FD system. It is worth noting that in
contrast to the relay selection schemes, the receiving and
transmitting relays of the proposed scheme are predeter-
mined and do not vary with the CSI. We assume half-
duplex DF relays with infinite-size buffers. We assume that
there is no direct link between the source and the destination
or between any relay pair due to path loss and shadowing.
We analyze the achievable throughput of the proposed
scheme in Rayleigh fading channels and derive the closed-
form expressions. We also derive the asymptotic expressions
for the maximum achievable throughput and corresponding
optimal power allocation in the high- and low-SNR regimes,
respectively. Numerical results in accordance with the theo-
retical analysis corroborate the superiority of the proposed
scheme in buffer-aided dual-hop cooperative relay networks.
The contributions of this paper can be summarized as
follows:

(1) We propose an ADB scheme for the buffer-aided
HD DF cooperative communication systems, which
combats the HD loss with successive relay group
and is independent of the instantaneous CSI

(2) We derive the closed-form expressions for the
achievable throughput of the proposed scheme, and
we also obtain the asymptotic expressions for the
maximum achievable throughput and corresponding
optimal power allocation in the high- and low-SNR
regimes, respectively

(3) Through numerical results, we show that the pro-
posed fixed scheduling protocol can further improve
the achievable throughput compared with bench-
mark schemes. We also show that with the ADB
scheme, increasing the number of antennas
equipped at each relay is better than increasing the
number of relays equipped with a single antenna
when the total number of antennas at the relays is
fixed

The remainder of this paper is organized as follows. Sec-
tion 2 describes the system model. Section 3 revisits several
existing transmission protocols for multiantenna relay sce-
nario. Section 4 gives the main results of this paper including
the operation of the ADB scheme, comprehensive analysis of
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the achievable throughput, and the asymptotic closed-form
expressions for the high- and low-SNR regimes. Section 5
provides the numerical results. Finally, conclusions are
drawn in Section 6 with some lengthy proofs in the
Appendices.

Notations. Throughout this paper, (-)” and ()" denote
the matrix transpose and conjugate transpose, respectively.
||| is the Euclidean or L, vector norm. F,(-) and f,(-) rep-

resent the cumulative distribution function (CDF) and the
probability density function (PDF) of random variable
(RV) v, respectively. E[] denotes the expectation operation.
M (x, m, Q) denotes the distribution of a Nakagami-m RV
x with shape parameter m and scale parameter (2, and ~
stands for “distributed as.”

2. System Model and Preliminaries

2.1. System Model. We consider a relay network consisting of
one source node S, a set of L decode-and-forward (DF)
relays R;, -+, R;, and one destination node D, as shown in
Figure 1. We assume that the source node S and the destina-
tion node D are equipped with a single antenna, and the
relays are equipped with N antennas. We assume that all
nodes operate in the HD mode, i.e., they cannot transmit
and receive data simultaneously. We assume that there is a
buffer of infinite length at each relay such that each relay
can store the information received from the source and
transmit it in later time.

We assume that there is no direct link between the
source and destination, and the communications can be
established only via relays, ie., all the information that
the destination receives has been processed by the relays.
We also assume that there is no interfering link between
any relay pair [17, 18]. In practice, this assumption is
valid if the relays are located far away from each other
or if fixed infrastructure-based relays with directional
antennas are used [22, 23]. We use hSR,»j and hR,»jD for i

€{1,--,L} and je{l,---,Nz} to denote the channel
coeflicients of S - R;; and R;; - D links, respectively, where
R;; denotes the j-th antenna of the relay R;. The channel
is assumed to be stationary and ergodic. We consider the
block fading channels, in which the channel coefficients
remain constant during one time slot and vary indepen-
dently from one to another. In addition to fading, all
wireless links are impaired by additive white Gaussian

noise (AWGN).
We assume Rayleigh fading for the channel coefficients
and the variances of hg, and hy ,, to be 07 and 07
ij ij SR R;;D

respectively. Throughout this paper, we consider the case
of independent and identically distributed (i.i.d.) fading for

both S-R;; and R;; - D links, i.e., 07 =0% and 07 =07
i i SR 9 R;;D

,ie{l,---,L},je {1, -+, Ny}, which is a typical assumption
to facilitate analysis [4, 24].

2.2. Two-Hop Transmission. The transmission between S
and D through relay R, is divided into two hops. In the first
hop, relay R; receives data from S and decodes with the max-

FIGURE 1: System model.

imal ratio combining (MRC) protocol. Hence, the channel
output after MRC at the relay R, is given by

ySRi = wSRi (hSRixS + nRi)’ (1)

where xg is the signal transmitted by S with an average
power Pg. hog = [hgz > hep »hg ]” denotes the channel
i i, i, LNR
vectors between S and R;, with i€ {1,---,L}. wg, =hk, /||
hgg || is the receiving vector at R;. ny is the additive white
Gaussian noises (AWGNSs) at R; with zero mean and vari-
ance o%. The instantaneous received signal-to-noise ratio
o 2

(SNR) at relay R is given by g = Pg||hgy [|*/0%.

Similarly, in the second hop, the relay R; transmits data

to D with the maximal ratio transmission (MRT) protocol.
The received signal at D is given as

YrD = hg pWg pXg + 11p, (2)

where x; is the signal transmitted by R; with an average
power Pp. hy p=[hg phg poeoihg )" denotes the chan-
i i, i, LNR

nel vector between R; and D, where i€ {1,---,L}. wy, =
hg p/llhg pl| is the transmit beamforming vector at R;. np, is
the AWGN at D with zero mean and variance 0%, And the
instantaneous received SNR at the destination from relay
R; is given by yp , = Pg|[hy blI*/0%. Without loss of general-
ity, we assume that the noise power at the receiving nodes is
equal to one, ie, 0% =04 = 1.

3. Existing Relaying Protocols

In this section, we revisit several existing relaying protocols
in a multiantenna relay scenario.

3.1. Conventional Relay Selection (CRS). The conventional
relay selection protocol selects the relay which provides the
strongest end-to-end path between the source and destina-
tion [3]. The source transmits in the first time slot, and the



selected relay forwards the data received from the source
towards the destination in the second time slot. The best
relay R; is selected based on

joug, mas {min raro}} ©

ie{l,--,L}

The instantaneous end-to-end throughput for the overall
system is given by

11 i h
Cp=logy ( 1+ max min (PSH 5R,

" el ). @)

Then, the achievable throughput is given by E[C,].
Throughout this text, the unit for the throughput is bps/Hz.

3.2. Space Full-Duplex Max-Max Relay Selection (SFD-
MMRS). This protocol chooses different relays for reception
and transmission, according to the quality of the channels,
so that the relay selected for reception and the relay selected
for transmission can work simultaneously [4]. The best relay
for reception R, and the best relay for transmission R, are

selected, respectively, based on

ry=arg max {ys, .

t=arg max {yp ).

The second best relay for reception R, and the second
best relay for transmission R, are selected, respectively,
according to

r,=arg  max

ie{l,...,L}{YSRI}’
i#r,
t, = ar max { }
2 gie{l;--,L} YrD
i#t,

Then, in SFD-MMRS, the relays selected for reception
R; and transmission R; are chosen as

ifr, #1¢,,

JR, ), ifr,=t,and min (YSRYZ’ )/R”D>
(Ry,» Ry) =
>min ()’SR,l > th2D> >

otherwise.
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Let Cg and Cy, denote the instantaneous capacities of
the S — R and R - D links, respectively, i.e.,

2
cSR=10g2<1 Py | )

)
The achievable throughput is given by min {E[Cg], E]
Crpl} [4, 25].

Crp =log, (1 +PRHthID

3.3. Decode and Forward (DF). In DF [2], each relay must
decode the common message transmitted by the source node
and beamform their transmissions to the destination, which
is also performed in two time slots. Then, the instantaneous
rate for the overall system is given by

", (gu%u)z)).

©)

1 . .
Ci= Elog2 (1 + min <P51r§r}<1§rz”h5’{k

The achievable throughput is given by E[C,].

4. Alternate Distributed Beamforming Policy

In this section, we first propose the ADB scheme and then
derive the approximate closed-form expressions for the
achievable throughput. Based on the overall system power
constraint, we define the maximum achievable throughput
and obtain the asymptotic closed-form expressions in the
high- and low-SNR regimes, respectively. Subsequently,
the special case of single-antenna relays is provided as
well.

4.1. The ADB Policy. The operation of the ADB can be seen
in Figure 2, which has two patterns. Time is slotted into dis-
crete equal-size time slots. We divide L relays into two
groups, i.e., group 1 with M relays, %, ={R,, -, Ry} and
group 2 with L—M relays, &, ={R,;,;, -~ R, } (Due to
the ii.d. assumption, the relays can be divided arbitrarily.
In case of different fading statistics, the relay grouping will
be another interesting problem). In pattern I, the source
broadcasts messages to the relays in group %, for each t,
-th time slot while at the same time, the relays in group
R, beamform the same message to the destination. It is
assumed that the relays are synchronized through signaling.
By contrast, in pattern II, the relays in group %, must
decode the message transmitted by the source node and
stores the packet in their buffers for each t,-th time slot
while the relays in group %, transmit the previously
received packets through distributed beamforming to the
destination. Denote 7, = {t,}, 7, = {t,} as the set of time
indices for the relays in groups 1 and 2 receiving data from
the source, respectively. Note that 7, U5, ={1,2,--,N},
where N is the total number of time slots. We assume that
the cardinality of 7, and 7, is |7 | =|7,| = N/2. Denote
R, as the average arrival rate at the relay buffer and R,
as the departure rate considering the queue of the buffer.
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— Pattern |

— — — -+ Pattern II

FIGURE 2: The operation of the proposed ADB scheme.

Note that R, > R, is always valid due to the buffered relay-
ing protocol, and when R;, > R, the queue of the buffer is
said to be in the absorbing state. One can always improve the
policy to increase the throughput until it reaches the point
where R, =R, i.e., under the optimal policy, the queue
stays at the edge of nonabsorption where we have R, =
R, And the probability that the queue is empty is close
to zero when R;, =R ,, [26]. Moreover, the relays do not
have to transmit when the queue is empty at the initial state,
and it would not affect the overall performance in the long
run.

It is evidently that with this protocol, a virtual FD system
is created with successive relay group, and the HD loss of
conventional relays can hence be recovered and distributed
beamforming gain can also be expected. And it is worth not-
ing that compared with the selective protocols, there is no
instantaneous CSI requirement for the proposed scheme
when selecting the relays for transmission and reception,
i.e., the receiving and transmitting relays are predetermined
in advance of data transmissions, which makes it easier to
implement in practice.

4.2. Achievable Throughput Analysis. Here we analyze the
achievable throughput of the proposed ADB scheme and
derive the approximate closed-form expressions. First, we
have the following results.

Proposition 1. Given the transmit power levels Pg and Py,
the achievable throughput of the proposed scheme can be
expressed as

Achievable throughput (bps/Hz)

102 10! 10° 10! 10°
P/P,

~e— SFD-MMRS

=4+ CRS

—--DF

= ADB (simulation results)

% ADB (theoretical results)

FIGURE 3: Achievable throughput versus P¢/Py for several relaying
protocols.

The maximum achievable throughput (bps/Hz)

0 5 10 15 20 25
SNR (dB)

==~ SFD-MMRS === ADB (simulation results)

—4— CRS ¥ ADB (theoretical results)

—=--DF

FIGURE 4: The maximum achievable throughput versus SNR for
several relaying protocols.

1
Cuntes )= 3 min (€[, 1+ 2o g () )

2 -
1
- |log, <1+PR< z HhR,-DH> ) }4— 3 min
L RieR, i

.{[E{lo%(]+PSRT§2(\|hSRi|]2)) E

ooz}

| E—

(10)
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0%

-30

-15
SNR (dB)
= ADB (simulation results)
* low-SNR approximation (theoretical results)

-25 -20

(b) Low-SNR regime

FIGURE 5: The maximum achievable throughput of high/low SNR.

The maximum achievable throughput (bps/Hz)

3.6

—#— ADB (simulation results)

T
2.5

3

3.5 4

Relay Grouping Modes (M)

O high-SNR approximation (theoretical results)

FIGURE 6: The maximum achievable throughput versus different grouping modes of the proposed scheme.
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5.5
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3.5
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The maximum achievable throughput (bps/Hz)
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Antenna numbers (N,)

=@ SFD-MMRS === ADB (simulation results)
+ CRS % ADB (theoretical results)
DF

F1GURE 7: The maximum achievable throughput versus the number
of antennas equipped at each relay for several relaying protocols.

Proof. Considering each group of relays, we know that the
achievable throughput of the data flow passing through
group X, is given by [25]

1
Capp, =min {NEHMN z {log2<1 +PSR{?L;£(HhSR,(tI)H2)>:|

LeT,

,Nn;nw%tezg |:10g2 <1+pR (RZ% HhRiD(tz)H) )]}

1
=3 min {[E {logz(l +P5Rf12(i%r}(‘|thi||2)>},[E

)

where hSRi(tl) and hR,.D(tz) denote the channel coefficients
of the S — R; and R; — D links in the ¢, -th and ¢,-th time slots,
respectively, and the last equality comes from the fact that
each transmission mode occupies half of the whole transmis-
sion time slots, i.e., |7 ,| =|7,| = N/2. The computation of
Capg, is similar to that of C,pp . Therefore, the achievable
throughput of ADB can be calculated as

(11)

Caps(Ps: Pr) = Capp, + Caps,» (12)
as shown in (10). O
Remark 2. The mode switching frequency Q, i.e., the relays

selected to receive data in every Q consecutive time slots,
does not change the throughput. It is obvious that as Q

4.5

3.5

+*-

2.5

2]
1.53
1

{
i
2 4 6 § 10 12 14 16 18 20

The maximum achievable throughput (bps/Hz)

Relay Numbers (L)
—o— SFD-MMRS === ADB (simulation results)
CRS *  ADB (theoretical results)
—#— DF

FiGure 8: The maximum achievable throughput versus the number
of relays for several relaying protocols in single-antenna scenario.
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F1GURE 9: The maximum achievable throughput versus the number
of relays for several relaying protocols.

increases, the queue length increases, and the average delay
increases as well. Without loss of generality, we consider
the case that ,={1,3,5---} while 7,={2,4,6---}
throughout this paper, i.e., the two different transmission
modes alternate every time slot.



Denote

C,=E {log2 (1 +PS mm HhSR H2)>],

Cp,= [logz (1 + P, (REZ%HhRiDDZN,
)

C21=[E{log2<l+Ps m1n ||hSR|| )],

2
C22=[E[10g2 <1+PR< Z ||hRiD||> >]
R;e%,

Proposition 3. Given P and Py, the approximate closed-
form expressions for the achievable throughput of ADB in
Rayleigh fading channels are given by

(13)

1 1
Caps(Ps, Pp) = 3 n (C;;, Cp) + 3 min (C,;, C,5)
1 )
3 (Ci+Cy) if Cp<CpandCy <Cyy,
1 )
2 (Ci+Cp) if Cy<CpandCy > Cyy,
=1 |
2 (C+Cyy) if C>Chand Cy < Cyy,
1 .
E(sz +Cy,) otherwise,

(14)

where

M
P
. (1/20@)
NPT (NS

qln2

Cy= Z

1,20,

ny+nyteeny =M

» , » per o
(=LY g (M) e Seo(- L) (X))
Pg 2Pg0?] = Pg 207
k
C,y= Z 1 - (_i) eI/ZPRMUiEl( 1 2)
oo K(1/2Mo?) " In2 [\ Pr 2PpMo;j,
k k-r -r
1 1
Fen() i) |
by Py 2Mo,
4
- (17202
(”1 G2 HNR) ( g>

qln2

Cy= z

n;20,
ny+nyte+ny =L-M

. _i PeLﬂ\/IIZPSJ + i
Py 2PS(72 P

o) () ]
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1 ( 1 )k 1/2Py(L-M)o?
E —— ) e’ R nE,
k=0 k!(l/Z(LfM ai)_k In2 Py

.<m)+i(r—1)!<_é>k'(m>r}
(15)

where the symbol C is used for the analysis of the approxi-
mate closed-form expressions for the achievable throughput
of the proposed ADB scheme in Rayleigh fading channels, and

Np-1
p= Z i (16)
i=0

Np-1

q= [ @™ (17)

i=0

M
with ( . ) =M!/n!n,!-ny |, and E;(x) = [
20N,

nl’ nz’ en
(e7'/t)dt, x > 0 is the exponential integral function.

Proof. Please see Appendix A. O

Note that the values of C,;, C,,, C,;, and C,, only
depend on the transmit power values, the ADB parameter
M, the total number of relays L, and the channel statistics.
Therefore, given these parameters, we can compute the
values of C,;, Cy,, C,;, and C,, offline and conduct the fol-
lowing design on the optimal power allocation in advance.

Given the total power constraint of the network denoted
as SNR, we can allocate the total power to the source and
relays to achieve the best performance. Note that the derived
optimal values of the Pg and Py can be viewed as an optimal
configuration of the transmission power for the relay
networks.

ADB. The receiving and transmitting relays for each time
slot have been determined before the system starts its nor-
mal operation. The source transmits in every time slot, while
either M relays in group %, or L — M relays in group %,
transmits in one time slot. Note that |7,|=|9,|=N/2.
Therefore, we should have P + L/2P, < SNR.

SFD-MMRS. We allocate transmit power to the source
and L relays to enable each relay to be capable of being
selected for transmission. Again, the source works for all
time slots. So we should have P+ LP, < SNR.

CRS. We should allocate transmit energy to the source
and L relays, albeit the data transmission occupies two time
slots. Therefore, we should have 1/2(Pg + LPg) < SNR.

DF. Each relay must decode the common message trans-
mitted by the source node and beamform their transmis-
sions to the destination, and obviously we need to allocate
transmit energy to source and L relays. It is also performed
in two time slots, so we should have 1/2(Ps + LP;) < SNR.

Consider the achievable throughput in (14), once given
the total power SNR, it is obvious that when Py is small,
the throughput is limited by the source-relay hop. On the
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other hand, when Py is small, the relay-destination hop will
be the bottleneck of the system. Therefore, there is always an
optimal power allocation that maximizes the achievable
throughput.

Definition 4. The maximum achievable throughput of ADB
is given by

C CADB(PS’PR)' (18)

=  max
X p+L/2PR<SNR

Similarly, we can define the maximum achievable
throughput for DF, CRS, and SFD-MMRS with the total
power constraint of the network SNR.

4.3. High-SNR Regime. In this part, we perform the asymp-
totic analysis for the maximum achievable throughput of
the proposed scheme in the high-SNR regime. We have the
following result.

Theorem 5. Given the total power SNR, the asymptotic
closed-form expression for the maximum achievable through-
put of ADB in the high-SNR regime for Rayleigh fading chan-
nels is given by (19).

NyM-1
vigh 1 2SNR Ry
Ccl9 = 1 + - +1
ADB = 2n 2 [n <eazM/a§ + Li2Mo? k; kT

2SNR Ne(L -1 4
’ a 2 2 * Z ]_( —2)/ >
eZ(L—M)/og+L/2(L—M)oh £

9
where y = 0.5772156649, and
M
-1)!
NgM-1 | R (-1
4= Z k Z qM?P >
k=1 1n;20,
ny+ny+e--
+ny, =M
L-M
—M)- p-1)
Ny(L-M) 11 Z Ny, nNR ( )
a,= - = 5
k=1 k 1,20, q(L _M)
N+, o+
ny =L-
(20)

The maximal achievable throughput for the proposed
ADB scheme in high-SNR regime can be achieved when

b SNR
ST+ Lo?/2em Mo, ’
(21)
o SNR
R e M?02/a? + L2
g
Proof. Please see Appendix B. O

Corollary 6. Under the aforementioned system settings, the
almost or exact symmetric allocation of relays, i.e., when M
= |L/2], may achieve the best performance in the high-SNR
regime.

- a, 2
Proof. Denote f(M)=(1/21In2)[ln (2SNR/e" M/o?, + L/2M

ai)+Zka1A471(1/k) —y]; then, (19) can be rewritten as a
function of M

high
(19) Capp(M) = f(M) + f(L - M). (22)
SNR I SNR 1
C%’B = Iv‘;gze + SN og,e .
) 1,20, ! ( ) o/gMP*! + LI2NyM?o}, 1/% 7,20, p! < > o2/q(L - My + LI2Ny(L - Mo,
Attty =M o T = I Ayttt =L-M Mo T 75 TN
(23)
SNR
Py = - ,
1+ L/ZZn-ZO,nlJranr---JrnN =M GépllaiNRquJrs
! R nl’nz’...’nNR
(24)
SNR
Pp= i .
251 /52 p+3
1/2 nizo)n1+n2+...+nNR=M <nl yy oo iy )Ggp./O'hNRqM +L/2
bl b b R
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Obviously, we have Cg‘g;(M) = Cg%l;(L -M). It is a
symmetric function with M =L/2 as the axis of symmetry.
When L is even, we can achieve an extreme point at M =1L
/2; when L is odd, we can achieve an extreme point at M =
L—1/2=|L/2]. Note that the proposed policy can recover
the HD loss introduced by the DF policy, ie., M =0. The
extreme point can be actually a maximal point, as will be
verified in the numerical results as well. It is worth noting
that, whatever function of f(x) with respect to x is, f(x) +
f(L —x) always exists an extreme point at x = L/2. O
Proof. Please see Appendix C. O

4.5. Single-Antenna Relays. In this part, we consider the
single-antenna relay scenario as a special case. We use g;
and h; for i=1,---, L to denote the channel coefficients of S
—R;, and R;-D links, respectively. The instantaneous
received SNR at relay R; is now given by y, =Py g, IN,,
and the instantaneous received SNR at the destination from
relay R; is given by y, = Pylhi|*/IN,.

Similarly, given the transmit power levels Py and Py, the
achievable throughput of the proposed scheme can be
expressed as

Cups(Ps, Pg) = % min { [log2<1 + P mm(| )ﬂ E

etz
{fu(ion )f

oz )

Proposition 8. Given Pg and Py, the approximate closed-
form expressions for the achievable throughput of ADB in
Rayleigh fading channels are given by

(25)

1 1 .
Capp = 5 mmn (Cipp Cyp) + 5 mmn (G Cp2)
1 )
2 (Cii+Cyy) if Cy<Cpand Cyy < Cyy,
1 )
2 (Cii+Cp) if € <Cpand Cy > Cyy,
=1 |
> (CtCyy) if Cp>Cpand Cy < Cyy,
1 .
3 (Cy, +C,,) otherwise,

(26)
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4.4. Low-SNR Regime. In this part, we perform the asymp-
totic analysis for the maximum achievable throughput of
the proposed scheme in the low-SNR regime. We have the
following result.

Theorem 7. Given the total power SNR, the approximate
closed-form expression for the maximum achievable through-
put of ADB in low-SNR regime for Rayleigh fading channels is
given by (23), and the corresponding optimal power allocation
is

where

c eM/zoépsE M
" 2 T 202P;

1 1 M (—1/PpM)
Cp= — e]/ZbIPRMEl( ) v Z (—1/ i ) ‘1
In2 2b,PyM = (2b)* k!
z Z 1 k-s 1 -s
k£ (s= D PM 2b, ’
o eL—M/ZoéPS : L-M
27 2 '\ 202pg )’

1 1
C..= =) pli2boPy(L- M)E B
27 In { 2b,PR(L - M)

(Lil( 1/Py(L - M)) ) +1}

k=1 (sz) k!
~-M-1 1 k 1 k-s 1\~
' S (2b)* K g s:zl( Dl( PR(L_M)> <2b ) }’
(27)
where
%, UM
b, = i [(2M - )]

, (28)

b= _hM [(2(L - M) - D))",

and (2M - )= (2M — 1)(2M - 3) ---
(e7'/t)dt, x > 0 is the exponential integral function.

3-1, and E;(x) = [

X

Proof. Please see Appendix D. O

5. Numerical Results

In this section, we evaluate the proposed ADB scheme and
compare it with that of CRS [3], SFD-MMRS [4], and DF
[2]. We assume that oé =07}, = 1, unless specified otherwise.

Figure 3 plots the achievable throughput versus Pg/Py.
We assume SNR=10dB, N, =6, L =4, and M =2. We can
find that the achievable throughput always has a peak value
as Pg/Py varies, which verifies that once given the total
power SNR, there is always an optimal power allocation that
maximizes the achievable throughput. We can see that the
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proposed scheme achieves the largest maximal throughput.
We also note that the analytical results obtained based on
the derivation in (14) match the simulation results, which
verifies the approximate closed-form expressions.

In Figure 4, we compare the maximum achievable
throughput of the proposed ADB scheme with several exist-
ing schemes as SNR varies. We assume N, =6, L =4, and
M =2. We can find that the proposed scheme achieves the
best performance.

In Figure 5, we plot the maximum achievable through-
put of the proposed ADB scheme in the high- and low-
SNR regimes, respectively. We assume N, =6, L =4, and
M =2. We note that the theoretical results obtained based
on Theorems 5 and 7 match the simulation results in the
high- and low-SNR regimes, respectively, which verifies the
asymptotic closed-form expressions.

In Figure 6, we compare the maximum achievable
throughput of the ADB scheme versus different M, i.e., dif-
ferent grouping modes. We assume SNR =10dB, N, =6,
and L = 6. It is interesting that, the symmetric allocation of
relays achieves the best performance with the given setting,
which verifies Corollary 6. This is generally because that bal-
anced beamforming gain can be retained within each group.

In Figure 7, we plot the maximum achievable through-
put of each scheme versus the number of antennas of each
relay. We assume SNR =10dB, L=4, and M =2. We can
clearly see that the maximum achievable throughput
improves as Nj increases. And the proposed scheme
achieves a significant improvement in achievable through-
put. We also observe that as Ny increases, the superiority
of the proposed scheme over other strategies in achievable
throughput becomes more apparent.

In Figure 8, we plot the maximum achievable through-
put of each scheme versus the number of relays for the
single-antenna scenario. We assume SNR=10dB and M =
L/2. We can find that the proposed scheme achieves the best
performance in all cases. It is interesting that for a given
SNR, the proposed scheme achieves the largest maximum
throughput when L =10, and the DF strategy achieves the
best throughput performance when L = 6. This is generally
due to the tradeoff between the reduction in the power allo-
cated to relays and the increased beamforming gain as L
increases considering the total power constraint.

Figure 9 plots the maximum achievable throughput ver-
sus the number of relays L for a fixed total number of anten-
nas. We assume M = L/2, and the total number of antennas
is fixed as N,=24. It is interesting that the maximum
achievable throughput decreases as L increases. In other
words, when the total number of antennas at the relays is
constant, it is better to increase the number of antennas
per relay rather than the number of single-antenna relays.

6. Conclusion

In this paper, we have proposed a novel transmission proto-
col named ADB for buffer-aided multiple relay systems, in
which the relays are divided into two groups, with one group
receiving the signals transmitted by the source node while at
the same time, the other group beamforming the previously
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received data to the destination. The two groups are acti-
vated alternately in their transmitter and receiver modes to
combat the HD loss. In this protocol, the relays used for
reception and transmission are predetermined without the
need of instantaneous channel state information (CSI). We
have considered the multiantenna multirelay scenario. We
have obtained the closed-form expressions of the achievable
throughput for the proposed scheme. We have also obtained
the asymptotic expressions for the maximum achievable
throughput and corresponding optimal power allocation in
the high- and low-SNR regimes, respectively. Our results
corroborate that the ADB scheme achieves significant
improvement over the benchmark schemes in terms of the
maximum achievable throughput. In addition, we have
found that the almost or exact symmetric allocation of relays
may achieve the best performance in the high-SNR regime.
Furthermore, for a given total number of antennas, the pro-
posed scheme achieves the better throughput performance
with the increased number of antennas per relay rather than
the increased number of single-antenna relays.

Future directions include the study of relay grouping
based on the proposed scheme considering the path loss.
The successive opportunistic relay selection policy based
on the assumption of full CSI could also be designed to fur-
ther improve the throughput performance. In addition, the
analysis of the interference between the relays could be
involved, and more efficient ways of interference mitigation
and exploitation can be examined. On top of that, when the
buffer size is finite, packet-based transmission and Markov
chain methods could be adopted, which is also a good direc-
tion to expand.

Appendix
A. Proof of Proposition 3

To compute the achievable throughput of ADB in (14), we
need to find Cy;, C,,, C;;, and C,,.
Computation of C,;. In this case, we denote z=

. 2 .
min }tp where t; = ||hgg ||°. Therefore, to derive C,;, we
ie{l,-,M !

first compute the cumulative distribution function (CDF)
. 2 2

of z. Denote z =min (||hSR1||2, hse, 1%+ [l hsg, MI7)- t; fol-

lows the Erlang distribution. The CDF of ¢; is given by

([27],17.2)

Fr(t;)=1- ;] (A1)
r=0 :
Then, the CDF of z can be calculated as
F,(z)= P(i6 {Ilr,l-i-r,lM) ;< z) =1- P(i€ {rﬁl_i_rylm 2 z)
(A.2)

" 20} M
) et (NRZI (z/ZUg) o ) |

1
=0 rl
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Then, C,, can be obtained as

C,=E {log2 (1 + Psig{?}i.r}w} HhSR,- HZ)} = Ellog, (1 + Pyz)]

(o)
:J log,(1 + Pgz)d(F,(z) - 1)
0
M (1/20‘2>zi§71"'”i+1
g
g Z nl,nz)-.-’nNR
- Ne=1 .\,
1,0, In 2] .26 (i)™=
ny+n,+ee
+ny, =M
00 LYK imy, p~MI20}z
—dz
JO z+1/Pg
M Ng-1
(1/202)2":g
g
b Z My Mg w5 Ay
- Ng-1
st In 2[5 (i)™
ny+n,+
+ny =M
Ng-1
in
1 ; " Mipe? g M
P ¢ 1\ 2Pg02
N §Yg
Ng-1
Zigili"’“ 1 Z i1, =1 M -
+ (r- 1)'(——) i=0 5 ,
= Py 20,

where polynomial theorem is used in equality (a) and [28],
Eq. 3.353.5, is used to obtain equality (b). And E, (x) = [°(
e”!/t)dt, x > 0 is the exponential integral function.

The computation of C,, is similar to that of C; and is
expressed as

L-M N1,
( ) . <1/20;)Z:\—5 Ve
My, My, =255 My
Cy = Z £

Np-1
1,20, In 2T 8 (i)™
ny+hy et
ny, =L-M
Np-1 (A 4)
i .
_i ; HleL—M/ZPSJ;E L-M
Pg "\ 2Ps0?
Ni-1
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Computation of C,,. In this case, let z=Y¥ s,, where s,
= |lhgpll,i € {1, -+, M}. Denote t;=||hy p* i€ {1, M}.
t; follows the Erlang distribution, and the probability density
function (PDF) of which is given by

(1/20_’%)NR tf\]R_le—ti/ZGi

fTi(ti): (NR—I)!

(A.5)

Note that when the shape parameter of gamma distribu-
tion is integer, the gamma distribution coincides with the
Erlang distribution. And it is well known that a Nakagami-
m random variable (RV) is the square root of a gamma
RV, so we can know that s; follows the Nakagami distribu-
tion, and the PDF of s, is correspondingly given by

Ny 2Ng-1 2252
2(1207) s e 2%

fS,(Si)_ (NR_I)'

(A.6)

We denote s; ~ (s, m, Q), where m = N and Q =2N,
o7. So far we know that z is a sum of M i.i.d. Nakagami ran-
dom variables (RVs). A relatively simple and widely used
approximation for the sum PDF was given in [29], (82),
(84), from which we can have z ~ #(z,ym,,2), where ,m
=mM and (Q=M,Q. Then, the approximate PDF of z is
given by
) (1 2 M(fﬁ 2N M-1 e—zz/zMag

fz(2)=

)NRMZ

(NeM = 1)

: (A7)

The CDF of z is simply obtained by integrating the PDF
in (A.7) with respect to z and is given by

F (Z _ z2(I/ZMO_%I)NRMtZNRM—le-tl/zMo'i g (I/ZMGi)NRM
“ 0 (NgM - 1)! == (NxM-1)!
22 NpM-1 2%k
K NRM-L=x/2Mo} 4, _ 7/2Mo z .
0 k=0 k!(l/ZMai)fk
(A.8)

Then, C,, can be computed as

Cy,=E |}0g2 <1 + Py (i”hm,H)Z)] = E[log, (1 + Pgz’)]

= Joolog2 (1+ PRzz)fZ(z)dz =—log, (1+ PRzz)e’ZZ/ZM"ﬁ
0

NpM-1 ZZk

—22/2Mo?
7] + e !
k=0 k 1/2M() 0

( h) 0

NpM-1 22k

= _d(log,(1+ P,z
0 K(12Me2) (log, (1. Px="))
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2
NRM 1 00 sk o=1/12Mo}x

dx

o kl(1/2Ma?) klanO x+1/Pg

NyM-1 1 1\ )
— <_ _> el/leRMa;E1 ( )
= k(12Me3) 2 [\ Pr 2P, Mo,

k k-r
+ Y (r-1)! <—Pi> (1/2Ma§1)"} ,

R

(A.10)

where [28], Eq. 3.353.5, is used to obtain the final equality.
The computation of C,, is similar to that of C,,, and is
written as

1 1\* 1/2Pp(L-M)o?
> & p) e 'Ey
i K(12(L-M)o) " In2 |\ Pr

Gt $0 4 o)

(A.11)

Finally, C,pp is obtained by substituting (A.3), (A.4),
(A.10), and (A.11) into (14).

B. Proof of Theorem 5

First, to compute the achievable throughput of the proposed
ADB scheme in high-SNR regime, we need to find C,;, C,;,

C,,, and C,, in high-SNR regime, which is denoted as C}llilgh,
C}zulgh, C}ﬁgh, and le;gh, respectively.

ligh . As the total power SNR —

00, we know that P¢— co, and C}lﬁlgh
obtained as

(a) Computation of C

can be

13
M
P
( ) -(1/2a;)
My, My, ooy 1)
Cllngh— hm Cn—P1£>nOO Z Lz lvr:2
’ n;20, 4
Nyt
+nNR:M
1\* M/2Pga? M L N (M v
' (T) MIE | g7 | Z(H)!(T) 27
s ] =1 S g
M
‘(1/2(;;)
. [N CNEN N
- Pslinoo Z qln2
n,ZO,
ny+n,+
+nNR=M
P
1\? M M
: (WT) Ell5pgz | -V 552
s $0g 0y
M
P
-(4/20@) ,
Byt ey iy E, (M/ZPSJ g)
=th lR 2 ' P
T n;20n,#M am s
N—————
ny+n,+eee x
+ny, =M
M
(p-1!
1 M ny, My, ey
+—E =]+ .
In2 ‘<2psa;> ngo MPqIn2
14N+
+nNR:M
(B.1)

where equality (c) is obtalned from the fact that as P¢ — oo
M/2Pso p-r
, €17%% — 1, (=1/Pg)f" — 0 as r#p and (~1/P)
— 1 as r=p. (B.1) utilizes the fact that when n, =M, p=
0, and g =1 according to (17). We first consider the term

lim A. Here, we use an approximation for the exponential
Py—00

integral function E, (x) [30]:

0o (_ .k
El(x)zlnG)_y_ <k’lz!) ,x>0,

X P

(B.2)
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where y=0.5772156649 is the Euler constant. Then, the

(c) Computation of Cgizgh. As the total power SNR —
value of A as P¢ — co can be calculated as 00, we also have Py —> 00, and C,, in high-SNR
regime, which is denoted as d;;gh, can be obtained as
E, (M/zpsa;>
lim A= lim
Pg—00 Pg—00 Psp

In (2Psa;/M> P (—M/zpsa;)k/kk!

- NpM-1 )
18] . (4 .
-k Cyy = lim C,,= lim S —
P oo Py oo 7 Pe—eo (50 k1(1/2Mo2)  In 2
In (2P0 /M 1\* 1 1\ 7k
~ lim (275, >:o, S Y (R, o Y (.
P 5 Py) T\2PMo? 2Mo?
(B.3)
NpM-1 >
1 E,(1/2P,Mo
where p>1 for n, # M is used. = lim ' Y B Pi )
) me -
Then, C'¥" can be obtained by ! is1 kl(-2Moj)"In2 R
—
B
M 1 NpM-1 )
(p-1) E1< ) + L lim —E,
chish _ i 1 E( M )+ Z ys My, 05 Ay, ln2 ZPRMO'h P k Pr—ocoIn 2
1 - Tm A Ap 2
p—ooIn2 '\ 2Ps0? ns0, MPqln2 N M-1 .
e <2PRMah) Z kln 2 2
N =
NgM-1
M - |In (2PgMo}) -y + -
(}7 _ 1)' |: n ( R h) y ; k:|
1 ZPSO'; ORI
ik (M RASED) v : (B.6)
n,;20,
1+,
+nNR—M

where equallty (e)is obtamed from the fact that as P, — 00
(B4) , ePMo 1 (<1/Py)"" — 0 as r#k and (-1/Py)"”

— 1 as r =k, and equality (f) is obtained due to lim B
RT 00
=0, the calculation process of which is similar to that of
it bt Plim A, and hence is omitted here.
(b) Computation of C,". The computation of C,? is S
similar to that of C}lnlgh and is obtained as

(d) Computation of C}f' The computation of C, 'gh i
similar to that of C22 and is derived as

z ( ] >
(p—l)!
1 2P0? S My, ttey .
Chlgh 1n2 n( S g) v+ ny, Ny nNR 1

—

r(L-M)-1
3 high _ 2 1
L-M o (L-M)’q Ch" =1 In (2P0} (L-M)) -y + Z |- (B.7)
n;+n,+ =
et
I LM

(B.5) Considering (14), (18), (B.4), and (B.6), the maximal
' achievable throughput can be achieved when
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SNR

high _ ~high Pg= ——————,
Y =Gy " 1+ Lo2en Mo,
I =
Pg+ 2 Pp=SNR P = SNR
K e M?0}/0% + L12
(B.8)
where
M
-1!
ot A [
a, = E - Z qu >
k=1 1n;>0,
ny+n,+
+nNR:
L-M
- p-1)!
Na(L-M)-1 | 5 iy gy ooy iy, (p-1)
a,= - -
k=1 1n;20, 9(L - M)’
N4yt +
ny,=L-

(B.9)

Finally, given the total power SNR, the approximate
closed-form expressions for the maximum achievable
throughput of ADB in high-SNR regime, which is denoted
as CZ%};, can be obtained by substituting (B.8) into (B.4)-
(B.7) and then (14). Specifically,

, 1 2SNR M
Chlgh _ In + — +1n
APE= 21n 2 " M/o? + LI2Maj, ,; k

2SNR Ne(LA)-14
’ a 2 2 + Z T —2y .
e (L~ M)/o3 + LI2(L - M)o, k

k=
(B.10)

—

C. Proof of Theorem 7

First, to compute the achievable throughput of the proposed
ADB scheme in low-SNR regime, we need to find C,;, C,;,

C,,, and Cy, in low-SNR regime, which is denoted as C\%",
Clow, Clow and Cl9, respectively.

(a) Computation of C'%". We first compute the C'%". We
denote z= min ||k ||°, the CDF of which has
ie{l,-,M} !

been given in (A.2). As the total power SNR — 0,
we have P — 0. Here, we use the approximation
log, (1 +x) = x log,e for small x to get

15

low _ . 2
Cov = {logz <1 +By_min [ | )}
= E[log, (1 + P4z)] = E(Psz log,e) = P log,eE(z),
(C1)
where E(z) can be computed as
MO
il

0

|
0 =0 r!

ey M M

Nt (21203) e % s [Nt (21202)
. Z ~ dZ:J e—MIZ%Z ' dZ

r=0 r: 0 =0 r
M
P
~(1/2a;)
My Mgy oo ANy

e [ :‘Zf i [ ed(Fy(e)-1) =2 (NRZI (”2”9‘3/2)

™M

_h y

o 2
J ZPE_M/ZUﬂZdZ

n,;20, 1 0
n1+n2+---+nNR:M
M
2 IAfP-1
n,n n ZUyP.M
i B TR Ng
2 ; »

n;20,
n1+n2+---+nNR:M

(C.2)

where polynomial theorem is used in equality (h) and [28],
Eq. 3.351.3, is used to obtain equality (i). Then, Cll"lW can
be obtained by substituting (C.2) into (C.1) and is expressed
as

M
. i 2P0’ pllog,e
Cllolwz 1> 72 > NR ]
ngo qu+l
20,
ny+hy+e iy =M

(C.3)

(b) Computation of C%". The computation of C3" is
similar to that of C'9" and is given by

L-M 2
2Pgo pllog,e
nl) nz’ [EEN nNR

q(L - My

low _
' = 2
n;>0,
ny+hyte iy =L-M

(C.4)

(c) Computation of C). Next, we compute the C}3". We
denote z= Y, g pll, the PDF of which has been given in
(A.7). As the total power SNR — 0, we also have P, — 0
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. Similarly,

Cy" = E[log, (1+ Py2?)] = E(Pye” logye) = Py logyeF (),
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where [28], Eq. 3.351.3, is used to obtain equality (j). Then,
Clz"zW can be obtained by substituting (C.6) into (C.5), and
as a result,

(C5)
Chy" = 2PNy M?0} loge. (C.7)
where E(z%) can be calculated as
. (d) Computation of C'9*. The computation of C'9" is
E(z%) :J Zf(2)dz similar to that of C'%" and is obtained as
0
_ szz. 2(12Mop) "N (12Mo)™ . L
. (NxM —1)! == (NxM-1)! CYY =2PyN(L - M)“0j, log,e. (C.8)
[Oo xZ\IRM37XI2MUidx é 7(1/2MU}21)NRM . NRM' < : >7NRM71 = 2NRM20'§1
1) : 2 :
o0 (N =1 2Ma Following the same reasoning in Appendix B, the maxi-
(C.6)  mal achievable throughput can be achieved when
SNR
Py= i ,
1+L/2 2p!/o} N pgMP*?
Cllolw — Clzozw z nizoynl+n2+.-.+nNR=M ( nl’ nz) . nNR >ng Uh Rq
L = (C.9)
Pg+ — Py =SNR _ SNR
N 7 R PR = .
M
251/ 52 3
l/z I’ZiZO,nl‘H’lz'f" ..+nNR=M ( Byt ety > O'gp!/O'hNRqMP"' +L/2
R

Finally, given the total power SNR, the approximate
closed-form expressions for the maximum achievable
throughput of ADB in low-SNR regime, which is denoted

as cﬁ;)g , can be obtained by substituting (C.9) into (C.3),
(C.4), (C.7), and (C.8) and then (14). Specifically,

Cow _ SNR log,e N SNR log,e
ADB = M L-M ’
Uy 5o P a2/gMP*! + LI2N M’ o7, ns0 P! a2lg(L = MY"*! + LI2Ng(L - M)},
= ”1)”2)""”1\1 = ”1)”2)"'»”1\1
Ny +hy+e- R e+ R
+ny, =M ny, =L-M

D. Proof of Proposition 8

To compute the achievable throughput of ADB in (26), we
need to find Cy;, C,,, C;;, and C,,.

Computation of C,,. In this case, we denote z = min (
9% g5> > gay)- Therefore, to derive C,;, we first compute
the probability density function (PDF) of z. The cumulative
distribution function (CDF) of z is given by

Fy(2z)=P(min (g}, g3, - gyy) <2) = 1— e M7 (D.1)

(C.10)

Take the derivative of (D.1), and the PDF of z can be
computed as f,(z) = M/2aée’M/2"faZ. Then, C,; can be

obtained as

Cu = Ellog,(1+ Pi2)] = | logy(1+ Pye)f (2)ds
0

MI20%Ps M (D.2)
= ol i
In2 207 Pg
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The computation of C,, is similar to that of C; and is

given by
eL—M/Zof]PS L-—M
Cy = E, 5 .
In2 205 P

Computation of C,,. In this case, let z= Y™ h; be a sum
of M iid. Rayleigh random variables (RVs). Note that the
distribution of an arbitrary sum of Rayleigh RVs does not
exist in closed-form. As a result, numerical evaluations and
approximations must be used [31]. A relatively simple and
widely used small argument approximation (SAA) for the
sum PDF was derived in [32]. Then, the SAA to the PDF
of z

(D.3)

$(2M-1) ~£212b

MM (v - 1) (D-4)

Fsaa(t) =

where b=o2/M[2M - 1)!"M, 2M-1)!l=(2M -1)(2M
-3)---3-1 and t=z/v/M is the normalized argument.
Integration of (D.4) yields a SAA to the CDF of a Rayleigh
sum given by

t2/2b

Fou(t)=1- (D.5)

z2/2b Z

Then, the C,, can be computed as

Cy, =E[log, (1 +Py(hy + hy+---+hy)?)]
)

= Jzologz (1 + Py (\/Mt)2>f(t dt
- ﬁ {embPRMEl <2bPlRM) [(k_l %) " 1}
@Y

The computation of C,, is similar to that of C,, and is
derived as

_ 1 1/2bPy(L-M) 1
€= m{e B 2ep, -2
{(Lﬁl 1/PR L M)) > +1}
k=1 K
L-M-1
PN

)

)!!]I/L—M

M-1

1 & 1
2 et 1)!('PRM)

(D.6)

where b= (0/L-M)[(2(L-M) -1 . Finally, C,pp
is obtained by substituting (D.2), (D.3), (D.6), and (D.7) into
(26).
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