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In this paper, the performance of radio frequency energy harvesting cooperative multicast communication
is analyzed in terms of outage probability. The multicast communication between base station (BS) and
multiple destinations is assisted by one energy harvesting relay chosen from multiple energy harvesting
relays. The relays harvest energy from the BS transmissions to be able to transmit for cooperation. We
propose two power splitting approaches at the relays for energy harvesting. The first approach splits the
received signal at the relays into two portions and send them to decoding/energy harvesting circuitry,
simultaneously. In the second approach, the received signal during any receiving time is either sent to the
information decoding circuitry or energy harvesting circuitry depending on the strength of the received
signal. Analytical expressions of outage probability for these two power splitting approaches are derived.
The derived expressions are validated by comparing them with the simulation results. Further, the outage
probability of our proposed energy harvesting cooperative multicast system is almost equal to the non-
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1. Introduction

The advancement in display technology of the mobile devices
has resulted in exponential rise in the mobile video communica-
tion. The video communication is also an integral part of the 5G
communication standard. It is believed that the video communi-
cation traffic will comprise 75 percent of the overall mobile com-
munication traffic in 2020. Therefore, it is of immense importance
to make the video communication spectrum efficient in order to
meet the spectral efficiency goals of the 5G standards. One way to
increase spectral efficiency is through multicasting. This is possi-
ble when multiple mobile users are interested in watching same
video content e.g. a sport event or news. The basic idea of mul-
ticasting utilizes the broadcast nature of the wireless communica-
tion. Although, spectrally efficient the mutlicasting is not always
energy/power efficient. This is explained with the help of follow-
ing example. Assume two mobile users, uy, u;, send request for
same video content to the base station (BS). Further, assume that
the channel condition of u; is better than the channel condition
of u,. In this situation the transmit power of the BS must be ad-
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justed according to the worst user so that both users can decode
successfully. The main problem in the above scenario is that the BS
may not have good channel conditions with all of the mobile users.
This problem can be dealt with the help of cooperative commu-
nication. Essentially, in cooperative communication the multicast
communication between the BS and mobile users is assisted by
some helping nodes. The helping nodes are termed as relays. In-
creasing the number of relays results in higher probability of find-
ing a relay that has good channel conditions with all the mobile
users thanks to the increased degrees of freedom provided by the
cooperative communication. The communication between BS and
destinations is accomplished in two transmission phases. During
the first transmission phase the BS transmit the signal to relays
and destinations. While during the second transmission phase one
of the relays is selected for retransmitting the received signal to
all the destinations. The destinations combines the signals received
from the BS in first transmission phase and that received from the
selected relay during the second transmission phase. In conven-
tional cooperative multicast communication, the relays use their
own energy to assist the communication between the BS and mo-
bile users. However, the video multicast communication may last
over several minutes and therefore may result is exhaustion of the
relay batteries. Due to this reason, it is reasonable to consider the
possibility of providing energy/power to the relays for their trans-
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missions. Although there has been lot of research efforts carried
out to study the cooperative mulitcast system however the study
of energy harvesting (EH) cooperative video mulitcast system is not
present in the existing literature. Due to the aforementioned char-
acteristic (longer communication) of video multicast, it becomes
very crucial to study the performance of energy harvesting coop-
erative video multicast system.

Among various energy harvesting techniques, the energy har-
vesting efficiency of the radio frequency (RF) energy harvesting is
the highest [1]. In RF energy harvesting cooperative communica-
tion the relays harvest energy from the received signal in addition
to retrieving information from the received signal. This is accom-
plished by splitting the received signal at the relay into two por-
tions. One portion is sent to the energy harvesting circuitry while
the remaining portion is used for information decoding. The split-
ting of the received signal at the relays raises following questions:
(i) How much portion of the received signal should be sent to the
EH circuitry and information decoding circuitry? This is because
if higher portion of the received signal is sent to the EH circuitry
then decoding may fail, on the contrary a higher portion sent to
information decoding circuitry may result in very small power for
transmission purpose at the relay. (ii) How the splitting of the re-
ceived signal affects the performance of the video multicast com-
munication?

To answer the above questions, we study the outage probabil-
ity of EH cooperative multicast system. The relays use dynamic
power splitting protocol for energy harvesting. The main benefit
of dynamic power splitting is that it allocates the power to infor-
mation decoding and energy harvesting circuitry according to the
strength of received signal. The decoding result at the relays and
the amount of harvested energy at the relays depend on the chan-
nel conditions between BS and relays. Further, the channel con-
ditions between different relays and different destinations are in-
dependent. Since, the success of multicast communication depends
on the success of all the destinations. Therefore, we define the out-
age event when no relay can support the communication between
BS and all the destinations in the presence of direct connection
between BS and all the destinations. We study two power split-
ting approaches at the relays for energy harvesting and informa-
tion decoding. The contributions of this paper can be summarized
as follows.

« We propose an RF energy harvesting cooperative video multi-
cast system where a selected relay, among multiple relays, as-
sist the communication between BS and all the video user (VU)
destinations. In contrast to conventional cooperative multicast
system, the relay in our proposed system uses RF energy har-
vesting from the BS to power its transmission.

We consider two power splitting approaches for energy har-
vesting at the relays. The power splitting approaches are
termed as first transmission phase dependent (FPD) and aver-
age of first transmission phase dependent (APD). In addition,
we provide an analytical expression for the suboptimal trans-
mit power for FPD approach.

We analyze the outage probability of the proposed system and
provide novel analytical expressions for the outage probability.
We compare the analytical results with the results achieved
through extensive simulations.

The rest of the paper is organized as follows. Section 2 presents
a comprehensive literature review and our motivation. System
model is discussed in Section 3. Qutage probability analysis of the
proposed system is carried out in Section 4. Section 5 presents
simulation results and the conclusions of the paper are presented
in Section 6.

2. Related work

There has been a lot of research effort put into the study of co-
operative multicast systems. A power allocation scheme based on
outage probability minimization is proposed in [2]. In their work,
the authors have assumed that a single relay assist the communi-
cation between source and multiple destinations. In [3], the opti-
mum relay location strategies and power allocation of multiple re-
lays are proposed for cooperative multicast system. Their proposed
power allocation and relay location schemes are based on the aver-
age outage probability of all the destinations. A two stage coopera-
tive multicast with optimized power consumption and guaranteed
coverage is proposed in [4]. It is shown that the two stage cooper-
ative scheme outperforms the conventional one stage scheme with
respect to the power consumption at the BS. The same authors
have proposed an energy efficient two stage cooperative multicast
system [5] which is preferable when the user density is sufficiently
high. A social aware device to device based video multicast system
is proposed in [6]. They have proposed a group formation solu-
tion based on the coalitional game theory and further proposed a
resource allocation scheme for BS to handle the resource requests.
The performance of a multicast scheme depends on the availability
of the channel state information among different communicating
entities. In this regard, an efficient time allocation scheme is pro-
posed in [7] to obtain the channel state information at the source
and to find the optimal time duration of the BS/relay transmission.
It is shown that considerable improvement in the outage probabil-
ity and average transmit power of the relays can be achieved by
using their optimal time allocation scheme. A spectrum allocation
algorithm to improve the performance of video traffic while satis-
fying the voice traffic constraints is proposed in [8]. Their proposed
algorithm satisfy the voice traffic QoS constraints by allocating a
higher priority to the voice traffic with comparison to the video
traffic. The exact outage probability analysis of cooperative multi-
cast communication is carried out in [9]. It is shown that the diver-
sity order of the best relay selection scheme is the same as of that
achieved by all relay cooperation scheme. A similar analysis is car-
ried out in [10] except that the effect of cochannel interference is
also considered while analyzing the outage probability of the Nth
best relay selection scheme. A successive relaying based coopera-
tive multicast system is proposed in [11]. Analytical expression for
the outage probability of the quantize-map-forward relays is pro-
vided. However, the authors of [11] assumed no direct connection
between the source and all the destinations.

None of the above works discuss energy harvesting at the re-
lays. Multicasting with energy harvesting is discussed in [12-18].
A renewable energy based energy harvesting cooperative multi-
cast system is proposed in [12]. The optimal transmit powers of
the relays and their on-off operation with respect to energy effi-
ciency are found through line search. The energy harvesting effi-
ciency for radio frequency energy harvesting is the highest as com-
pared to other renewable sources. With this consideration, the re-
maining works have advanced the application of RF energy har-
vesting in multicast systems. A method for maximizing the se-
crecy rate of the energy harvesting multicast system is proposed
in [13]. A similar study is provided in [14] in which the secrecy is
maximized when energy receivers try to eavesdrop on the signal
that is intended for information receivers. This work is extended
in [15] to consider the possibility of imperfect channel state infor-
mation at the BS. A transmit power minimization scheme at the
BS is proposed in [16]. The transmit power minimization at the BS
is achieved by using efficient beamforming at the BS and adjust-
ing the power splitting at the receiver for energy harvesting. A low
complexity implementation of [16] is provided in [17] to make it
feasible for massive MIMO systems. The above works consider sin-
gle group of receivers where each receiver is interested in same
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Fig. 1. System model comprising of BS, energy harvesting relays and multicast des-
tinations.

content. In reality it is possible that receivers can be grouped ac-
cording to their requested content. In this context, an antenna se-
lection scheme for multigroup multicasting system is proposed in
[18]. The goal of their proposed algorithm is to minimize the trans-
mission power of the BS while satisfying the QoS constraints with
respect to information and energy transfer.

Although there is a lot of literature available for cooperative
multicasting and energy harvesting however, to the best of our
knowledge, there is no existing work that study the performance of
cooperative multicast communication when the relays use energy
harvesting for their transmissions. The energy harvesting at the re-
lays is crucial specially when the communication has to be carried
out for longer periods e.g. video communication. Therefore, in this
paper we propose an energy harvesting based cooperative video
multicast system and analyze its performance in terms of outage
probability.

3. System model

We consider a cooperative downlink video multicast system.
The system model comprises of a BS, K energy harvesting decode-
and-forward relays and ] VU destinations. A pictorial depiction of
the system model is presented in Fig. 1. The relays work in half
duplex manner. We assume that all the VUs are interested in same
video content. The video multicast comprise of two transmission
phases. In first transmission phase, the BS transmit the video sig-
nal to all the relays and VUs. Some of the relays will be able to
decode the information sent by the BS in first transmission phase.
These relays are termed as successful relays. One of these success-
ful relays will transmit during the second phase of transmission to
all the VUs. The VUs combine the received signal from BS and the
selected relay with maximum ratio combining (MRC). The channel
between any two communicating nodes are Rayleigh distributed.
The channel between a BS and ith relay is represented by h; while
the channel between the BS and ith VU is represented by g;. Sim-
ilarly the channel between ith relay and jth VU is represented by
fi j- We assume that the average values of |h;|2, |gi%, If ;1> V i j
are equal to Ay, Ag and Ay, respectively. Assuming that BS transmits
at power Pg, the received signal at the ith relay (y;) and jth VU (z;)
during the first transmission phase can be written as follows

Vi =/ Pehix +n;,
Z" = \/PBgix +nj,
where x is the transmitted symbol of the BS. n;, n; are the AWGN

noises at the ith relay and jth VU with variance Ny. The superscript
1st denotes the reception during the first transmission phase. The

(1)

mutual information between BS and jth VU during first transmis-
sion phase is

Pales|?
I}/U.lst:;log(1+ BJ\%| ) @)

where the factor % accounts for the fact that transmission is ac-

complished in two transmission phases. The relays use energy har-
vesting to power the transmission to VUs. Power splitting proto-
col is used at the relays due to its simplicity. In power splitting
protocol, the ith relay splits the received signal into two portions.
One portion «; (0 <o < 1) is fed to the energy harvesting circuitry
while the remaining portion 1—-«; (0 <1—0; <1) is fed to the
information processing circuitry for decoding. «; is termed as the
power splitting factor. The signal fed to information processing cir-
cuitry at the ith relay is given as follows

y::nf =4/ (1 — Oti)PBhiX + n;. (3)

The outage performance of the energy harvesting cooperative sys-
tem depends on « and hence its value should be adjusted accord-
ingly. From (3) we can find the mutual information (data rate) be-
tween the BS and ith relay as follows

o .12
If:élog(l—k(l alt])OPBth )

As we have assumed decode-and-forward relaying protocol at the
relays therefore the relaying operation will only be required if the
decoding at the relay is successful. This consideration can result in
two power splitting approaches. In the first approach we use the
harvested power, the power that remains after successful decoding,
in the first transmission phase for retransmission during second
transmission phase. Since the channel conditions between BS and
relays may vary over time hence the harvested power may also
vary with time. We assume that a successful transmission from a
relay can only take place if the harvested power in the first trans-
mission phase is higher than a given threshold (Ptllff ). The transmit
power of the relay is set to Prtht and the extra harvested power is
used by the relay for its own purposes. We denote this power split-
ting approach as first phase dependent (FPD). In the second power
splitting approach, if the relay is able to decode the received signal
correctly then the whole received signal is sent to information de-
coding circuitry and no signal part is sent to the energy harvesting
circuitry. On the other hand, if the signal cannot be decoded cor-
rectly then whole received signal is fed to the energy harvesting
circuitry. The transmit power of the relay is equal to the average
harvested power during the first transmission phase. We denote
this power splitting approach as average of first phase dependent
(APD).

For the FPD approach, assuming that the required data rate is R
that is If = R then the value of «; can be obtained as follows

No(22F — 1)
Pglhi> -

(4)

o = 1- (5)
2R

On the other hand, if |h;|? < %B’]) then «; will be negative ac-

cording to above relation. Therefore, to avoid such situation we set

the optimal value of «; to be

No(22R — 1))

of = max(O,l " BIE (6)

With this power splitting factor, the harvested power at ith relay
during the first transmission phase can be written as follows

P = noi P |2,

P = max(0, n(Ps|h;|* — (22R — 1)Np)), )
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where 7 is the energy harvesting efficiency and for simplicity of
exposition we assume its value to be 1 however the rest of the
analysis is applicable to any value of 5. It can be noted that we
have not considered the AWGN noise in our expression for har-
vested power. This is done to avoid the complexity of the analysis
[19,20].

For the APD approach, assuming that the required data rate is
R that is IlR = R then the value of «; can be obtained as follows

{0 if |2 > M@t
i= : No(2%f—1
1 if |k < %

(8)

The corresponding harvested power during the first transmission

] 2R_1y .
phase given that |h;|? < %B” is

P! = nPs|h;|. (9)

The average value of P,i is as follows

Ny (22R—1)
ppip= TP J LEA T ) (e
L W T - :
(]

i No(22R-1)
E|:P,’] [h|?2< T

The APD scheme is less complex for implementation at the re-
lay since it can be implemented with the help of a switch that
directs the whole received signal towards energy harvesting or in-
formation decoding circuitry depending upon the strength of the
received signal. However, more complex circuitry will be required
to implement the FPD power splitting scheme. Since, the received
signal should be splitted into two portions within every receiving
time.

If i*th relay is selected to transmit during the second phase of
transmission and if the transmission power of the i*th relay is Px
then the received signal at the jth destination can be written as
follows

2" = \/P. fi- X +nj, (11)

where the superscript 2nd denotes the reception during the second
transmission phase. As described above the destination will com-
bine the signals received during the first transmission phase and
second transmission phase for decoding. Therefore, the mutual in-
formation at the jth destination can be written as follows

1 Pslg;il?  Pelfej|?
VU.2nd _ ° Bl5j i+ | Jix, j
I = 5 log (1 N PN, ) (12)

(10)

Ny (22R-1)
p(1hyf2 <5

Since, the data rate in the multicast communication depends on
the data rate of the worst destination therefore the mutual infor-
mation for the multicast communication can be written as follows

i 1 Pslgi|?  Pelfil?
I-= min = log |1 — ], 13
M e 2 g( + No + No (13)

where the subscript MC means multicast and superscript i* indi-
cates the selection of i*th relay. Since, there are K number of total
relays therefore we consider that an outage occurs when none of
the K relays can provide the desired data rate. Mathematically, the
outage event can be written as

e <RI <R---IK- <R (14)

.1 Pslg|*> | Pelfiil?
max { min zlog|{ 1+ —"—+ ——+—) ).
i*e(]-nK)(le(l--«])z g( + No + No

Our aim is to find the probability of the event described in (14).
This probability is defined as the outage probability and it is a very

First Second
Tes | Tr1 | NA; | TRz | NAz | transmission transmission
phase phase

Fig. 2. Relaying scheme for two relay case.

Energy harvesting Relays

Multicast

s VUs

~“— First transmission phase
—=_ Second transmission phase

Active relay during second
transmission phase

Fig. 3. Simplified system model with one energy harvesting relay.

important parameter to gauge the performance of a communica-
tion system.

Remark 1. From (14) it can be easily noted that we are considering
the outage probability of famous Max-Min relay selection scheme.
This scheme requires the exact channel state information between
all the communicating entities at the source [9]. The availability of
this information at a central node (for example at source) results
in excessive communication overhead especially when the number
of communicating entities are large. Therefore, in the following we
provide a relaying scheme that achieves same outage probability as
the Max-Min relay selection scheme without requiring the channel
state information at any central node.

3.1. Relaying scheme

It is widely known that communication between any nodes will
not be successful if the received signal to noise ratio is lower than
a certain threshold. In our proposed relaying scheme, we divide
the whole transmission time into 2K + 3 time slots. A simplified
version for two relay case is shown in Fig. 2. The first transmis-
sion phase and second transmission phase discussed above occur
in the last two time slots and hence the above discussion is still
valid. During the first time slot (labeled Tgs) the BS transmits a pi-
lot signal. With the help of this pilot signal the relays and VU des-
tinations can find their channel states with the BS. If the channel
between relay R1 and BS is such that Pg|h;|2 > Ng(22R — 1) then
the relay R1 transmits a pilot signal during the second time slot
(labeled Tgq). All of the VU destinations can find their respective
channel conditions ([f,-‘jlz) with the help of this pilot signal from
R1. On the other hand, if Pg|h;|?2 < Ng(22k — 1) then no transmis-
sion takes place from relay R1. After Tg; all the VU destinations
combine the received signal from BS and relay R1 and if for any of
the VU destinations Ps|g;|2 + Py|fy j|> < No(22R — 1) then that VU
destination sends its negative acknowledgment in NA; time slot.
If no VU destination sends a negative acknowledgment then we
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conclude that relay R1 can support the multicast communication
and nothing is transmitted during Tg,. Otherwise, this procedure is
repeated for relay R2 also and if a negative acknowledgment is re-
ceived in NA, time slot then it means relay R2 also cannot support
the desired data rate between BS and VU destinations. This proce-
dure can be repeated for K number of times if we have K relays
in the system and hence an outage event will occur only if no re-
lay can support the multicast communication between BS and all
the VU destinations at data rate R. Therefore, the outage proba-
bility of this scheme is the probability of the event described by
(14). Hence, we conclude that this relaying scheme achieves same
outage probability as achieved by the Max-Min scheme however
without the need of exact channel states information at the source.

3.2. Signaling overhead

For the Max-min relay selection we need to know all the g;'s
and f; ;'s according to (14) at source. This required information in-
creases with the increase in number of relays and VU destinations.
On the other hand, the relaying scheme described in Section 3-A
does not require all channel states information at source. Instead, it
requires transmission of pilots from the successful relays, and neg-
ative acknowledgment in case of decoding failure at the VU des-
tinations. This results in increase in signaling overhead. However,
this overhead is dependent on the number of successful relays and
number of failing VU destinations. The number of successful relays
are generally less than the number of destinations and it is also
highly likely that some of the destinations decode correctly. There-
fore, the signaling overhead for the relaying scheme will be less
than that needed for Max-min relay selection.

4. Outage probability analysis

In order to analyze the outage probability of multicast system
presented in Fig. 1 we consider the outage probability of the sys-
tem in which there is single energy harvesting relay. We denote
this outage probability as Polut. The simplified system with single
energy harvesting relay is shown in Fig. 3. The outage event j oc-
curs if 0 <j <J VU destinations decode the BS signal correctly dur-
ing the first transmission phase and at least one of the remain-
ing | — j VU destinations fails to decode the received signal at the
end of second transmission phase. The outage probability Polu[ can
be found by summing the probabilities of event j for 0 <j<]. In
the following we find the analytical expression for Polut for differ-
ent transmit power schemes discussed above.

4.1. FPD power splitting approach

To find P}, the successful transmission probability of the relay,
the probability that the relay transmit during the second phase of
transmission, is required. In conventional cooperative commnuni-
cation, with decode-and-forward relay, the successful transmission
probability of the relay is equal to the successful decoding proba-
bility of the relay. In FPD transmit power splitting scheme, the re-
lay will transmit only when the harvested power in the first trans-
mission phase is higher than a particular value Ptlhﬁ. In this situ-
ation, even if the relay has decoded the BS signal correctly the
transmission from the relay in the second transmission phase is
not guaranteed because the harvested power may be lower than
Ptlhﬂ. Therefore, the probability of successful transmission from the
relay during second transmission phase in our energy harvest-
ing system is different than the conventional cooperative multicast
system. We denote the probability of successful transmission from
the relay during second transmission phase as P, sr. The successful

transmission from the relay will occur if

Paf|h|? +Pe(1 —af)|h|? > No(22F — 1) +
N’

successful decoding threshold

1st
P

harvesting part decoding part

(15)

harvest power threshold

hence we can write the probability of successful transmission from
the relay as follows

P]st + NO (22R _ 1)
Psr=P( |02 > -2 —F )
r.ST <| |* > P;
A PIstNg 2R 1)
Psr=e"™ % . (16)

Assuming that 0 <j <] VU destinations decode the BS signal cor-
rectly during the first transmission phase we can write the outage
probability of the multicast communication as follows

1,FPD ] j
Pout.j = (]) P\;U.lst
—

j VUs successful

Ej—j direct links (1 - Pr,ST)
~———

relay fails

+  Psr (1 =Py, 2naPruy.ona - 'Pvu,j,znd)il,
——

relay successful

at least one of J-j VUs fails

J .
ngi?D = ( i PJy 15¢Ey- direct tinks | 1=Pruy 2ndPruy,2nd - -
(17)

Pvu,,,zndpr.sr] ,

where Pyy 15 is the probability that a VU is able to decode the
message correctly during the first transmission phase, Pyy, 2nq iS
the probability that a VU is able to decode the message correctly
after combining the signals received during first and second trans-
mission phases. Further, E, girectlinks[X] in (17) denotes the expec-
tation of x over m direct links. The binomial operator appears in
(17) because there are jl(ﬁj)l number of ways in which j success-
ful VU destinations can be selected from a total of J VU destina-
tions. Since, we have assumed i.i.d. channel characteristics there-
fore indexing of the users in (17) will only result in complexity of
notation without any useful insights. The value of Pyy 15 can be
obtained using (2) as follows

 agNg@%R-1)

Ruase =P 2Ry =e” 0 (18)

Similarly, we can find By, 5q with the help of (12) as follows

Ng@2R-1)  pylg;? )

1st 1st
P P

—*f< 19
Ru.ama = PAV2" = R) = e (19)

where we have assumed that the value of direct channel be-
tween the BS and ith VU destination is |g;|2. Putting (18), (19) into
(17) and using the following definition of expectation

Ex ool f 1, x0)] = /-~~/f(x1,~~xn>

xp(x1) - -- p(xn)dxy - - - dxp, (20)
we can write (17) as
Ng(22R_1) No(22R_1)
i 2R _1) Opi OPi
1rep _ (] irg 0 —j b b
Pou[‘j =(")e B (Ag)]
J 0 0
2R_1)  pglgy|? Ny@2R_1) Pglg ;12
Y (L_@) (Mo LD L
[1 —e R e
PISEiNg (22R 1)

Xewps)}kg'g"z e Pdlg 2 dig 2 (21)
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where we have used Age*)‘g‘gr as the probability density func-
tion of |g;|?. The limit for direct channels (|g;|*’s) is taken from
2R
0— w because we have assumed that ] — j VU destinations
have not decoded correctly during the first transmission phase.
Since all the channels are independent from each other therefore

we can write the PXFPP as follows

out,j
No(2%R-1) No@2R-1)
2R _ . o ) Zoe 7
PKFPD _ J e—j/\giN"upB ”)» J-i B P
out,j i g
J 0 0
No@2R-1)  pplgy 2 L Ng@2R-1)  Pglg 2
[[1 P A
PISLLNG (22R 1)
— A (h 0 _ 2 _ 2
xe Ty )}K]e A1l ||| p—Aelg-jl d|g1|2---d|gj,j|2. (22)

Using the binomial theorem and carrying out the integration we
can write

2R plst LN (ZZR,])
PIFPD _ <f> o el (=) Z( )( 1yke Rt
out,j ]

e I Gy, (23)
No (22R-1
where ¢ = jo¥e ‘g‘2</\g k/\f"rllf[>d|g|2 J-i which simpli-
fies to
(NUQP_]))]] if kgl = g
o ) 2
( —e P k)‘f,,m )1 Iif k)\fpm # Ag,
and PSfP = ¥4 PRFED.

Remark 2. From (23) it can be observed that Pl 1s convex func-

tion of I’[1h5t and therefore there exists an optlmal value of P“t for
which the overall outage probability PFFP is minimum. The convex-
ity of outage probability with respect to I’t1h5f can be explained as
follows. For very small values of I’t1h5f the probability that the re-
lay successfully transmits increases however the probability that
the transmission is correctly received at the VU destination re-
duces due to the reduction in transmit power from the relay. On
the other hand, the situation is reversed for higher values of Pt1hSt
because in this case the probability of successful transmission from
the relay reduces albeit the probability of correct decoding has im-
proved owing to the increased transmit power of the relay. The op-
timal value of Pgh“ can be obtained by differentiating Py, ppr and
solving for Pt}f‘. Although we can find the optimal value of Pgh“
using numerical techniques however it is difficult to get a math-
ematical form of the solution. Due to this reason we consider a
suboptimal solution for I’[1h5f in the following Lemma.

Lemma 1. The optimal value of Pgh“ when there is no direct connec-
tion present between BS and any of the destinations is given as fol-
lows

Pilst = \/PeJNo 22k — 1). (25)

Proof. In the absence of direct connection between BS and VU
destinations the outage probability for a single energy harvesting
relay case can be obtained from (22) by putting all the g; = 0 and
j=0. After these adjustments the outage probability for a K en-
ergy harvesting relay system can be written as follows

PIStaNg @2R-1)

1 INg@2R-1)
K,FPD K - plst K
Prne = (Poucnnc)© = (1 —e e i ) . (26)

Minimizing P, npc iS equivalent to minimizing

_INg@2R-1)

P[lhﬂ ) (27)

PISLNg 22R-1)
1-e Iz e

PIstNg (22R-1) JN0(22R 1)
The product e P e

1st 2R
~ PhtaNg@2R-1)
e P

is a concave function since
_INg@%R-1)

. . . Tst .
is a decreasing function of Pghs‘ ande i is an
increasing function of Ptlh“. Further

ql,fuwl,(ﬂm) 7JN0(22R*”
lime ™ ® e & -0
P"ffeo
tl
(28)
PIS 4o (22R—1) 7JN0(2]2R—1)
. e — St
lim e [z e o —0.
P]5[~>oo

Hence we conclude that Pout Npc 1S @ convex function. After taking

the derivative of Pout npe With respect to Pt“f and equating it to zero
we can get the result presented in (25). O

4.2. APD power splitting approach

In this scheme, the outage probability analysis can be carried
out in a similar way as done for the FPD scheme case. Therefore,
we consider the single energy harvesting relay case first and then
we consider the multiple relay case. By using the value of power
splitting factor in (8) and received signal at the relay in (3) the
probability of successful decoding at the relay can be written as
follows

_ kpNo@2R-1)

Pycr=¢ s (29)

The relay will be able to transmit during the second transmission
phase with probability 1 if the transmission power of the energy
harvesting relay is equal to the average of the harvested power
[21]. Since, we have assumed that the relay will transmit at the
average of the harvested power therefore the probability of suc-
cessful transmission from the relay is equal to the probability of
successful decoding at the relay and therefore
X 2R _
P —e (30)
Now we need to find the transmit power of the relay. If we have
a single relay then the transmit power of the relay is equal to the
average harvested power during the first transmission phase pro-
vided in (10). However if we have multiple energy harvesting re-
lays then the transmit power of the relay will be a multiple of
(10) because the probability that a particular relay gets selected,
among multiple successful decoding relays, for second transmis-
sion phase is less than 1 and hence harvested power may accu-
mulate over multiple number of first transmission phase before a
transmission occurs from that particular relay. C;? an average the
ANy (22R-1)

harvested power will be accumulated Ke ! OPB ( = average
number of successful decoding relays during the first transmis-
sion phase) times. Therefore, the transmit power of the relay, PR,
is given as follows

Np(22R—1
o Ky (TR MG e
t = - Ng(22R—1 —e #
An Ay 21

Py

_AhNO(ZZR—1)
xe T8 . (31)
S gl Mo @)
Putting Py, 2na =€ i and Pgr=e Ty in
(16) we can write P1 j as follows

Ng(22R-1)

Ng(22R—1
] " Ng@R-1) T OT)
plAPD _ (J ) o~ gT/ / 1
out.j J 0 0
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Table 1
Simulation parameters.

Parameter  Value Parameter  value

J (5, 10) K (2, 4)
n 1 A 25
A 75 g 1
Py 5—-40 watt Ny .001 watt
R (1, 2) bps Pt .01 — .5 watt
107
-6
=10
8 o0l ~ — K=2, J=10 ,
o ——K=4, J=5
©
= ——K=2, J=5
e o1 3
107" ‘ ‘

. . . . . . .
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
P1st
th

Fig. 4. Outage probability as a function of relay transmit power Prl,f‘ for FPD scheme
with R =1 bps. The lines represent analytical results and circles represent simula-
tion results.

2
Ng@ZR-1)  Bylg 2 Nog(22R—1)  Pglg_jl
MO ) e T )

s

_ Ng@@2R-1)
e )"17"5 27 (32)

}*g“g'gl P e Pl digy

and for K number of relays PX j becomes

No(22R-1) No(22R-1)
2R _ ot 1) Note —1)
pKAPD _ J eij)“g%:z”/ Ty / Ty {1
OU[,] ] 0 0
4 (Ng@2R-1)  pglg |2 o Ng@2R-1)  Rglg 12
A’f(ip[R 7,7[12 ) Af (7,,[}1 7,,5 )
2R 1) .
. i) 'l P A SR P SN W 2 2
et I (a e mlal ekl P dlg 2 dlgy 2, (33)

which can be simplified using the binomial theorem. The overall

outage probability will be PAFD — Zjo_l P;;f?D and is provided be-
low

J-1 K
Pful;D _ Z (J) e—/\gj(%;’”) Z (Il<> (_-l)ke*k)»h NO(Z,;L”
j k

j=0 k=0

2R
k(=) Ng(22R-1)
xe U= 7

(Ag) Iz, (34)

where ¢ can be obtained from (24) by replacing P} with Pf.
5. Simulation results

The simulations are carried out in MATLAB. The important sim-
ulation parameters are provided in Table 1 below. We show four
types of simulation results. In the first result, we show the ex-
istence of optimal transmit power of the relay. The second result
shows the variations of optimal transmit power with the number
of available relays and desired data rate. The third result shows the
outage probability of the FPD and APD power splitting approaches.
Finally, we compare the outage probability of the proposed energy
harvesting cooperative multicast system with the outage probabil-
ity of the non-energy harvesting cooperative multicast system.

Fig. 4 shows the variation of outage probability for different
number of relays and VU destinations as a function of the transmit
power of the selected relay (Ptlhsf). It can be seen that the results
obtained through analytical expressions are in complete agreement

0.4

)

1st
th
°
&

T

A Ay

H AN

oo g
jmujios s s a )

NN — —

[ S S S,

Optimal transmit power (P,
°
o

0’0"5’ 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 40
Pg
Fig. 5. Optimal transmit power P[l,ft as function of Pz and R for different number
of relays. The lines represent optimal value of PtlhSr obtained from the exhaustive
search of the analytical expression for the outage probability and circles represent
the optimal transmit power obtained through simulations.

10 ‘
o o
75( o o6—b- & a A d
210 @
5 — o A o A A A o
e} N4
g 10"(M ,
% o o oY f)
g
S .|[—K=2,=5R=1, FPD
O 10" ===K=4, J=5, R=1, FPD 1
——K=2,J=5,R=1, APD
20|l ——K=4, J=5, R=1, APD
107 T T L L L L
5 10 15 20 25 30 35 40

Fig. 6. Outage probability comparison of the FPD and APD scheme when R =1 bps.
The lines represent the results obtained through analytical expressions and circles
represent the results obtained through simulations.

with the results obtained through simulations. Further, it can be
easily observed that the outage probability is a convex function of
the Ptlhst. The optimal transmit power for higher number of relays is
slightly higher than the optimal transmit power for smaller num-
ber of relays. This is because with increasing the number of re-
lays the likelihood of finding a relay that can harvest higher power
and has good channel conditions with all the destinations becomes
more likely.

Fig. 5 shows the optimal transmit power as a function of the
Pg and the desired data rate R. As R increases the optimal transmit
power (Pt]h“ ) also increases for a fixed value of Pg. This is because
higher signal to noise ratio is required at VU destinations to fulfill
the data rate needs and hence higher transmit power from the se-
lected relay is desirable. Further, it can be observed that for a fixed
value of R the optimal transmit power increases with increase in
Pg. This is explained as follows. As Pg increases the probability that
the harvested power at the relays is greater than Ptlhﬁ also increases
even for higher values of Pt1hSt’ Hence, the transmission power of
the selected relay can also be increased which subsequently results
in higher chances of successful reception at all the VU destinations.
Therefore, the optimal transmit power increases with the increase
in PB-

The outage probability comparison of FPD and APD approaches
is presented in Figs. 6 and 7 for R=1 and R = 2, respectively. It
can be seen that the FPD scheme performs better than the APD
scheme. This is because in APD approach the whole received signal
is fed to either energy harvesting circuitry or information decod-
ing circuitry. The energy harvesting from the received signal will
only take place when the received signal cannot be decoded or in
other words when the received signal is weak and hence smaller
power is available for energy harvesting. Since, the transmit power
is dependent on the average of the harvested power therefore the
transmit power is also small. This results in poor outage perfor-
mance of the APD approach as compared to the FPD approach.
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Fig. 7. Outage probability comparison of the FPD and APD scheme when R = 2 bps.
The lines represent the results obtained through analytical expressions and circles
represent the results obtained through simulations.
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Fig. 8. Outage probability comparison of the energy harvesting relaying scheme and
non-energy harvesting relaying scheme when R = 1 bps, P3 = 20 watt. The lines rep-
resent the results obtained through analytical expressions and circles represent the
results obtained through simulations.
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Fig. 9. Outage probability comparison of the energy harvesting relaying scheme and
non-energy harvesting relaying scheme when R = 2 bps, P; = 20 watt. The lines rep-
resent the results obtained through analytical expressions and circles represent the
results obtained through simulations.

Now we compare the outage probability of the proposed EH
cooperative multicast communication system with the non-EH co-
operative multicast communication system. The simulation results
are shown in Figs. 8 and 9 for R=1 bps and R =2 bps, respec-
tively. It can be seen from the figures that the outage probability
for the proposed EH system and non-EH system is almost same for
smaller values of relay transmit power. However, it increases for
proposed EH system as the relay transmit power increases. This is
due to the convex nature of the outage probability for EH system.
The loss is performance becomes almost negligible as the desired
data rate (R) increases. As the video communication usually oper-
ate at higher data rates therefore we can say that the performance
of the EH cooperative multicast communication system, where re-
lays do not use any of their own energy, is identical to the non-
EH cooperative multicast communication system, where relays use
their own energy for transmissions, for video communication.

6. Conclusions

In this paper, we have analyzed the outage probability of en-
ergy harvesting cooperative multicast systems where one relay is
selected to assist the communication between BS and multiple VU
destinations. The relays use either FPD power splitting approach or
APD power splitting approach for energy harvesting from the BS
transmissions. In the FPD approach the harvested power at the re-
lay is dependent on the instantaneous received power. On the con-
trary, in APD approach the harvested power is dependent on the
average of the received power. For FPD approach it is concluded
that outage probability can be optimized with respect to the trans-
mit power of the selected relay. The optimal transmit power is ob-
served to increase with the increase in the number of relays. Fur-
ther, the APD approach is easy to implement at the relays however
the performance of APD approach is inferior to the performance of
FPD power splitting approach. The simulation results show that the
outage probability of the proposed energy harvesting cooperative
multicast system is almost identical to the non-energy harvesting
cooperative multicast system for higher data rates. Therefore, we
conclude that our scheme is more suitable for video communica-
tion where the data rates are comparatively higher than the voice
or data communication.
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