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Abstract—Cooperative relaying is a promising technology
which can improve the energy efficiency of cellular networks.
However, the relays’ static power consumption may cancel out
the energy saved by the deployed relays. Energy harvesting (EH)
technique is introduced for relay nodes in cellular networks in
order to deploy flexibility and reduce the energy charge. Due to
the EH property, relay nodes cannot maintain a stable energy
flow and keep active with a certain probability, which would
degrade the benefit from relay-aided cooperative transmission.
In this paper, an analytical model is proposed to investigate the
energy efficiency of cellular networks aided by EH relay nodes.
Meanwhile, the closed-form expressions of coverage probabilities
and mean achievable rates for different links are derived. Nu-
merical results show that EH relays bring more improvement on
energy efficiency compared with non-EH relayed transmission.
The influence of the density and transmit power of stations is
also given through numerical simulation.

I. INTRODUCTION

With the increasing demand for higher data rate wireless
communications and the exponential growth of the numbers
of base stations (BSs) and users, the operating cost and
power consumption of cellular networks grow quite amaz-
ingly. Therefore, improving the energy efficiency is of great
importance. Recently, relayed transmission has been regarded
as a promising way to reduce the energy consumption of
BSs [1], as well as to increase the capacity and reliability
of wireless networks [2]. Compared with BSs in traditional
cellular networks, the deployed relays which cover smaller
areas with lower transmit power can provide the nearby users
with higher signal-to-interference-plus-noise ratios (SINRs).

There have been some works in the literature about energy
efficiency of relay-assisted networks. Most of the related works
focus on traditional network deployments such as square or
hexagonal. In [3], an analytical approach to derive the coverage
and achievable rate in cellular networks is proposed based
on a stochastic geometry model, which seems more tractable
to the usual grid models. Furthermore, the combination of
introducing active/sleep modes in macrocell base stations as
well as deploying small cells has been considered in the
heterogeneous cellular networks [4]. The relationship between
base station density and energy efficiency of the relay-assisted
cellular networks is studied in [S5] [6]. Energy efficiency
analysis of relay-assisted cellular networks which is performed
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on orthogonal time division multiple address (TDMA) is
investigated in [7]. However, TDMA proposed to be used at
relay is not scalable, so we select FDMA as our orthogonal
resource sharing scheme.

Generally, the power consumed by a BS or a relay node
consists of two parts, the transmit power consumption and
the static power consumption. The static power consumption,
which is caused by signal processing, cooling consumption and
etc., occupies a significant part of the total power consumption.
Therefore, the power saved by relayed transmission may not
compensate for the additional power consumption of relays.
An emerging solution is using energy harvesting (EH) nodes
as relays. Ambient energy harvesting is a promising technique
which can collect energy from renewable resources such as
wind, solar energy, geothermal energy and so on [8]. EH
relays are attractive as they provide sustainable energy without
the need for batteries or wires, and they can be deployed
flexibly. The capacity of a point-to-point link with an EH
transmitter was investigated for the additive white Gaussian
noise (AWGN) channel in [9]. Furthermore, the work in
[10] discussed the optimal transmission protocols for two-
hop communication systems with an EH source and a non-EH
relay. In [11], the outage behavior benefited from cooperative
transmission aided by energy harvesting relay node. In this
paper, we investigate a communication system with normal
non-EH BSs and EH relays. Meanwhile, this paper attempts to
evaluate the energy efficiency of energy harvesting relay-aided
cooperative network based on stochastic geometry approach.
An on-off model is employed to describe the active/sleep
modes in relay nodes. The explicit expression of energy
efficiency for the proposed cooperative networks is obtained.
By theoretical analysis, the effect of nodes density and transmit
power on the energy efficiency is derived.

The rest of this paper is organized as follows. The sys-
tem model is presented in section II, some assumptions are
proposed as well. In Section III, the coverage probability and
the energy efficiency expression for the downlink networks are
derived. Afterwards, the simulation results and discussions are
shown in Section IV. Finally, we conclude our paper in section
V.
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Fig. 1. The downlink relay-assisted cellular network model.

II. SYSTEM MODEL

A downlink relay-aided cellular network shown in Fig.1 is
considered in this paper. The BSs and relay stations (RSs) are
located in Euclidean plane according to independent homo-
geneous Poisson point processes (HPPPs) &5 and & with
densities Ag and Ag. Suppose all RSs work in half-duplex
mode and use decode-and-forward (DF) strategy. Each RS
connects to the geographically closest BS and has a circular
coverage with radius R,.

Users are divided into two different types: some are served
directly by the geographically closest BS and distributed
according to an independent stationary point process with
density Apy, namely D-UEs in this paper. The cooperative
users, namely C-UEs, locate in the RSs’ coverage areas and
communicate with BSs via the retransmission of relays. C-
UEs are arranged to another independent HPPP with intensity
Acp in each circular area. Suppose the distance between
D-UE or RS and its corresponding BS is r. As BSs are
distributed according to HPPP with density A, the probability
density function (pdf) of r is f, (r) = 27rAg exp (=7 Apr?).
Furthermore, due to the HPPP property of ®g, the distance
between the C-UE and its targeted RS [ follows the pdf
fi (1) = 2l/R2. Since different nodes arranged to different
HPPPs would interact each other and make it a huge challenge
to analyse the system, two assumption are made to simplify
the model. Firstly, we assume that a C-UE cannot be coverd
by more than one relay at a time. The second hypothesis is
that the whole coverage area of a relay is within a Voronoi
area of a unique BS.

Frequency division multiple access (FDMA) is performed
to handle the resource distribution of multiple users and relays.
Assume that the total number of subchannels is constant M
and the subchannel resources are fully used in the transmission.
Information is intended to be transmitted from BSs to users.
In cooperative transmission protocol, the half-duplex relays
divide the transmission process into two equal sub-phrases. In
the first half phrase, the BSs send data to relays and occupied
My, subchannels. In the second half phrase, M., subchannels
are divided for each RS which have successfully decoded the
data to transmit the information to C-UEs, and the number of
RSs that can work simultaneously in this Voronoi cell is p =
My, /M. The remainder Mp, subchannels are distributed to

the direct link, and there exists My, = M — My, — M,.,,.

A. Power Consumption Model

It is assumed that BS is powered by a traditional power
source with constant power Ppg. In contrast, relay is powered
by the energy harvesting module with average power output
flow Pg. The power consumption model at each BS is given
by Pp tot = ApPp + Ppo. Where Ap is the slope of the
load-dependent power consumption, and 1/Apg accounts for
the efficiency of the amplifier. Py denotes the static power
consumption, which includes overhead of signal processing,
cooling power consumption, etc.. Similarly, the power con-
sumption for a relay Pgry,; in the transmission process can be
given as Pr ot = ArPr + Pro, Where Pro accounts for the
static power consumption of relay nodes.

B. Energy Harvesting Model

The state of renewable resources in nature may vary all the
time, such as the speed of wind or the intensity of sunlight.
Thus the power of harvested energy can’t be stable as artificial
energy source. In this study, we assume that the harvested
energy flow is ergodic and stationary. The battery inside an
EH relay can be used to store the harvested energy. When
forwarding the received signal, the EH relay will use the
energy stored in the battery. To simplify the analysis, it is
assumed that the storage of a battery is big enough and there
is no leakage in battery.

We constrain the process of utilizing the harvested energy
as follows. When a frame of date is coming, it is necessary
for the EH relay to judge whether to amplify and forward
this frame because the energy may be not enough. And it will
make the judgement by the rules that if there is more than
Pr_+otto energy in the battery when the beginning of a frame
is just received, the relay will forward this frame. Otherwise
the relay will do nothing with this frame. ¢y represents the
transmitting period of a frame. We define active rely is a rely
with enough energy. And we model the active/sleep strategy
of a relay as a Bernoulli trial. When there is no enough energy
in a rely, it will sleep, during which the battery will still keep
harvesting the available energy. We define v as the probability
that a relay is in active state. Thus when v = 1, it means that
the rate of harvesting energy is faster than the average rate
of consuming energy. In addition, each relay has the same
probability to be in active state. And probability for a relay
to be sleeping is 1 — 7. A relay will consume energy with a
power of Pgec., when it is sleeping. Thus the average total
power consumption of each relay is given as

PR_tot = ’Y(ARPR + PRO) + (1 - ’Y)Psleeir (1)

C. UE distributions and Spectrum Allocation

In our system, suppose the area of a BS Voronoi cell is S.
From the Gamma distribution I'(K') = fooo K~ lexp(—z)dx
with factor K = 3.575 [12], the pdf of S can be approximate
represented as

ok KR gy
f(S) =B F(K)S exp(—K\pS). 2)
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Since RSs are distributed according to a HPPP &, the
active relays’ number Ng in a Voronoi cell with an area of S
follows the Poisson distribution. Then the discrete probability
density function of Ng can be written as

© (yArS)*
p{Ng =k} = / CARS). op(—ArS)F(S)dS. ()
0 .
The distribution of the D-UEs’ average number p{ Npy = k}
can also be derived in the same way.

Since C-UEs are distributed according to HPPP with den-
sity Acu, the C-UEs’ number in the coverage area of a relay
is given by

(AcumR2)*

%l eXp(—/\CUﬂ'R%). (4)

p{Ncv =k} =

The subchannels are independently selected by transmit
nodes and the analytical result for a unique subchannels can
be extended to others. The probability that a given subchannel
in My, is used by the direct BS-to-UE link in the first phrase
can be given as follows

Pdu = M

1« .

Z man(k, Myy1)p{Npv = k}. Q)
bu k=0
The same expression goes for the BS-to-relay link in the first
half phrase, as well as the relay-to-UE link in the second half
phrase.

1N .
pr =~y _ min(k, p)p{Ng = k}, 6)
P k=0
1 (o]
cu — ) k, Mru N, = .
Pew = 71 kg’)mm( Jp{New =k} (1)

D. Performance metrics

According to our model, the energy efficiency of the whole
network is equivalent to that of an arbitrary Voronoi cell, which
can be expressed as the ratio of area spectral efficiency to the
area average power consumption

T (bps/Hz|W). )

EE =

ave

The area spectral efficiency for the network is measured by
the mean achievable rate as

T=15+ 7R (bps/Hz), )

where 75 and 7R are the area average achievable rate over
all the direct links and relay links, respectively. The average
network power consumption P,,. consists of the power con-
sumed by both BSs and relays. The details are analyzed in the
next section.

III. ENERGY EFFICIENCY ANALYSIS

In this section, the coverage probabilities for different links
are derived firstly. Then, we use the mean achievable rate to
measure the spectral efficiency. Finally, the energy efficiency
expression is derived.

A. Coverage Probability and Mean Achievable Rate

The signal-to-interference-plus-noise ratio (SINR) experi-
ences by the receiver is given by
—Q
SINR = 27 (10)
I+ 02
where P represents the transmit power, and h is the channel
power gain which we assume to experience the Rayleigh
fading, namely h ~ exp(u). Suppose p = 1 in this paper. I is
the interference from the other active transmitters (excluding
the targeted transmitter) nearby which work in the same
frequency, and o2 is the variance of the background noise.

The coverage probability is defined as the probability that
the SINR at the receiver is equal to or larger than a quality-
of-service (QoS) threshold I" and can be written as

P.=P(SINR >T). (11)

The average ergodic achievable rate for a given subchannel is
defined as A

7 = E[log, (1 + SINR)]
(12)

1

and the unit of 7 is b/s/Hz.

According to the distribution densities of different nodes
and their subchannels occupied probability, the spatial process
of BSs is the independent thinning of the original PPP of BSs,
denoted by a PPP with intensity Agpg,,. Similarly, for the BS-
RS link, the BS intensity is Agp;.

1) BS-RS link: We assume the SINR threshold at the
receiver is I'yy, and the transmit power on one of the sub-
channels is given by Py, = Pp/Mp,.. Iy, is the aggregate
interference from all the other BSs working at the same time
and frequency except the intended BS by, which is given by
Iy, = > Pygir; ©. Then the coverage probability for

ic®p\{bo}
a BS-RS link is derived as follows
Py hr—2
Ibr + o2
—p(p > Dot Uoe £ 07)
Pbr

—Ty,r%o? Typer®
= er L - (r)dr.
[ e e () 1)

Pc_br = ]P( > 1—‘br)

) (13)

Observe that Ly, (s) represents the Laplace transform of Ijy,.
It can be derived from the definition of Laplace transform,
evaluating at s = ', 7Y/ Py,

Lr,, (s) = Ep,, (exp(—sly))

= ]E':I)B( H Ehi (exp(_spbrhiri_a)))
i€®p\{bo} (14)
1
=EBop( [ ———)
icds\(bo) 1+ sPy,r;—

Then, the last step can be derived from the probability gen-
erating functional (PGFL) of the PPP. For function such as

g(x), there exists E[ E[@g(x)] = exp(—A [ (1 — g(x))dx),
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where A represents the density of the interference node.
According to the whole transmission process of BS-RS-UE
link, the occupied probability for a given BS-RS link is p,-peq,.
Thus the interference density received from other BSs on this
subchannel is p,p.,Ap. Equation (13) can be deduced as

1
L = -2 A 1l—
Ibr(S) exp( TPrPculrB /r>0( 1+ SPer_O‘

Yudv).
(15)
The distance r between RS and its associated BS is also
the minimum distance between them, so the integration limits
should be set from 7 to co. The details of the derivation can
be found in [3] and we just provide some key steps in this

paper.

For a positive random variable X, there exists E[X] =
fooo P(X > t)dt, equation (12) can be written as

. 1 > Py hr—¢
=g [ B0 P fr)ar

oz [ R P s s

_ TAB vio (e -1
= ln2/ / exp(—mABv )

L))dtd

x L, ( 7,

(16)
According to equation (15), £y, can be expressed as

ve (el = 1)

)= €$P(—7W/\Bprpcu(€t - 1)2/(1)
Pbr

Joso T
X —— ax
(et_l)—Q/a ]. + xa/Z

2) BS-UE link: The derivations of the coverage probability
for BS-UE link are similar to those of P. .. Suppose the SINR
threshold at the UE is I'y, and the transmit power on the
particular subchannel is Py, = Pp/Mp,, then we can obtain
the coverage probability for BS-UE link as

'Clbr(
(17

R / cap(—mA5v(L + pauQ(Tou, 1))
v>0

5 18
“ on (_Fbuva/zaz )dv ( )
P Pbu '
The mean achievable rate we derived in this link is
2 _
Ty = ﬂ)\B / / exp(—mAgv — vio (e 1))
2
2(e' - 1)
X Ejbu(T)dtdv ,
(19)
where
v3 (et —1
L0, (CE ) = cap(-morppan(el - 1/)
bu (20)

X /oo L d
—=ax
(et—1)—2/« 1 +.’13a/2

3) RS-UE link: There exists some differences when talking
about the RS-UE link. The accuracy coverage probability
function for a RS-UE link cannot be obtained, since the PDFs
of the distance between R-UE and other RSs are unknown.
Suppose that the whole coverage area of a RS shrinks to a
single point and the distances between R-UE and the other
RSs are approximated to be the distances between the targeted
RS and other RSs. Approximate expressions of the coverage
probability for a typical RS-UE link is obtained under the
assumption. According to the discussions above, there are
P. 4rprp RSs on average that can receive and decode the
messages successfully. Considering the active probability of
the EH RSs, the density of RSs on the unique subchannel for
the RS-UE link is A = YP. prPrPeupAR.

For the RS-UE link, the coverage probability is given by

1 R
P..= R_%/o exp(—mAQ(Try, t))

/242 @1

—I

x exp( iz
ruw

U,

where P, = Pgr/M,,.

The mean achievable rate we derived in this link is

v2o?(et — 1)
Tru = / / exp(—————)
R y Py, 22)

X ﬁ[m (T))dtdv
where
ve(et -1 .
L[b“((Pi)) = exp(—muAPyy (! — 1)/
% 0 1+ Zl'a/2 v
B. Spectrum Efficiency
The throughput of one subchannel is defined as
T = P.log,(1 + SINR), 24)

where P, represents the coverage probability of the certain
subchannel.

Mean achievable rate of a certain link represents the
average achievable throughput of the link. Since our system
uses a non-overlapped subchannels to transmit data, multi-
users are able to work simultaneously by FDMA. When we
calculate the area average throughput, the occupied probability
for each subchannel should be taken into consideration. The
cooperative link consists of two period, and the throughput of
this link is determined by the smaller one. As a result, the area
average achievable throughput of the BS-UE link is given by

T = Pc_buMbupduTbu (25)

Similarly, the area average throughput of the BS-RS-UE
link is

1 .
2= gpprMrupcuPc_brPc_rumln{TbT7 TT“} (26)
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The throughput of the links should be normalized at the end
of the calculation, and the spectral efficiency per unit area 7
is defined as follows

1
M)\B(Tl + 1) =T 27

C. Energy Efficiency

BSs send messages to both D-UEs and RSs, the numbers
of subchannels allocated for BS-UE link and BS-RS link are
Mpypypdayw and p.pM . pew, respectively. Thus the average power
consumption for a BS during the whole process ia given by

PB_av = ﬂB (Mbupdupbu + Pberupcuppr) + Pgo. (28)

The relay link is divided into two sub-phrases. Only when
both of the sub-phrases send messages successfully, the BS-
RS-UE link works. RSs which have not harvested enough
energy will sleep and cost Pjsieep. Some of the active RSs
would decode the frames successfully is P._,p,p, while others
which would not receive datas from BSs or fail to decode the
frame. The average power consumption of RSs is

PR_au = Pc_brperRl + (7/\R\/\B - Pc—bTPpr)PRO (29)
+ ((1 - ’Y))\RPsleep)\)\B'
Where Pri = BrPruPeu My + Pro.

Combining the above equations, the energy efficiencies for
normal and EH relay-assisted cellular networks are given by.

T
hnor = )\B (PR_rw + PB_av)

T

NEH = v
AB-PR_MJ

IV. SIMULATION RESULTS

In this section, we present the derived analytical results
through simulations. Table 1 shows the default simulation
parameters of the system model. The simulations can be
divided into two parts. The nodes density effect on energy
efficiency, and the impact of transmit power for different nodes
on energy efficiency. We also compare the differences between
different .

TABLE 1. SYSTEM PARAMETERS
Parameter Value
AB; AR 107 °m 2,5 x 10 °m ™2,
Acu, Abu 2x 10 °m 2,10 °m 2
Pgp, Pr 23dBm, 20dBm
R 40m.
e 4
My, Myr, My 88,32, 8
Fous Doy T -10dB, -10dB, -10dB
o? -80dBm
BB, Br 5.32, 4.8
Ppo, Pro 118.7W, 15W
Psicep 43W

In this part, we evaluate the relationship between energy
efficiency and nodes density. Figure 2 shows how the energy
efficiency varies with the density of BSs for different active
probabilities of RSs in both EH and normal systems. It can be

- ¢-y=0.3, EH Relay
= ¢=0.3, non_EH Relay

——y=0.6, EH Relay

-+-4=0.8, non_EH Relay

-*-y=1, EH Relay

& y=1, non_EH Relay

Energy Efficiency EE (bps/Hz/W)

L L L L L L
0 02 04 06 08 1 12 14 16 18

Density of BSs Ap(m~?) x10

Fig. 2. Energy efficiency vs. density of BSs for different active probabilities.

seen from the figure that the energy efficiency increases with
the density of BSs first with a fast speed then decreases, and
finally reaches a convergence value. That is to say, the growth
of area spectral efficiency is faster than the average network
power consumption first and then the situation is reversed, so
each curve has its optimal BS density for energy efficiency.
Besides, the energy efficiency of EH relay-assisted networks
is superior to that of ordinary networks with normal non-EH
relays. Meanwhile, in the same BSs’ density, the bigger the
RSs’ active probability, the better energy efficiency the link
has. However, with the increasement of BS density, energy
saved by EH adopted in RSs is negligible, and the energy
efficiency for different links begin to converge.

Figure 3 illustrates how the energy efficiency of this system
changes with density of C-UEs in various working probabili-
ties. We observe that the energy efficiency first increase with
the density then tend to keep a constant value. The reason can
be explained as follows. In the very beginning, densities of the
C-UEs and D-UEs are small. Subchannels allocated for UEs
are sufficient, so the energy efficiency increases faster than
the increase of the density of C-UEs. After reaching a top
value, almost all the residual subchannels are occupied by the
BSs and D-UEs, and the energy efficiency will not increase
anymore. Because of the subchannels limitation, high density
of RSs will lead to a increase of statistic power consumption.
Since EH can avoid this problem and bring a lot of benefit, the
EH links perform better than the normal links. The relationship
between the density of D-UEs and energy efficiency follows
the same trend.

Figure 4 displays how the energy efficiency varies with the
transmit power of BS for different values of active probabilities
of RSs. It can be seen that the energy efficiency increases with
the transmit power first and then decrease, showing a quasi-
convex trend. There exists an optimal energy efficiency. Firstly,
the increase of coverage probability, which is caused by the
increase of transmit power may lead to better performance in
energy efficiency. However, when the power bounds to a value,
the growth of spectrum efficiency cannot compensate for the
growth of power consumption and the energy efficiency begin
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to decrease. EH relay system has better performance since the
power consumed by relays is ignored.

The relationship between energy efficiency and transmit
power of RS for different RS active probabilities is shown in
Figure 5. Compared to EH Relay system, the energy efficiency
of normal system will decrease with the increase of transmit
power because of the increasing power consumption made by
the RSs.

V. CONCLUSION

In this paper, we study the energy efficiency of downlink
energy harvesting relay-assisted cellular networks and normal
relay-assisted cellular networks using stochastic geometry ap-
proach instead of merely relying on system simulations. We
introduce EH relays with sleeping strategy into the normal
relay-assisted system to reduce the static power consumption
of RSs. Expressions of the coverage probability and mean
achievable rates are derived to calculate the energy efficiency.
For certain network configuration, there exist optimal BSs
densities and transmit power. Meanwhile, EH relay system
performs better on energy efficiency.
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Fig. 5. Energy efficiency vs. transmit power of RSs for different active
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