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Abstract—In this paper, we propose and analyze a wireless
transmitter, for multiple-input multiple-output (MIMO) systems,
that relies exclusively on energy harvesting. We consider wireless
transceivers where the transmitter harvests the total required
energy from its environment through various sources. We assume
that both transmitter and receiver are equipped with multiple
antennas. At the transmitter, a single transmit antenna that
maximizes the signal-to-noise ratio (SNR) at the receiver is
selected for transmission. The remaining antennas are used for
energy harvesting. At the receiver side, maximal-ratio com-
bining (MRC) is used. Furthermore, we assume that all the
harvested power is used to power the transmitter immediately.
The performance of the proposed scheme is analyzed in terms of
outage probability (OP), symbol error rate (SER) and channel
capacity. The harvested energy comes from random sources
and is considered as a random variable. Assuming that the
harvested power follows a gamma distribution and the MIMO
channel is a Rayleigh flat fading process, we derive a closed-
form expressions for the exact cumulative distribution function
(CDF) and probability density function (PDF) of the SNR. Based
on this, we analyze the performance of the proposed energy
harvesting scheme. The main contribution of this work consists
on proposing a new energy harvesting protocol and providing an
analytical performance assessment of this protocol over Rayleigh
flat fading channels. The obtained analytical results are validated
by comparing them with the results of Monte-Carlo (MC)
simulations.

Index Terms—Energy harvesting, MIMO channels, TAS/MRC.

I. INTRODUCTION

Wireless communications with energy harvesting (EH)
transmitters and/or receivers have recently attracted a consider-
able interest as a promising solution to design Self-Sustainable
Standalone networks [1]–[7]. For these systems, the transmitter
and/or the receiver scavenge energy from ambient power
sources to power totally or partially the data transfer. In such
a scenario, the harvested energy is not a deterministic quantity
but a random process which varies in time at a scale on the
order of the symbol duration [4]. In addition, the wireless
communication channel has a stochastic fading. Consequently,
the signal-to-noise ratio (SNR) at the receiver depends on
two random variables (harvested energy and channel fading).
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Obviously, the performance of EH systems depends on many
other parameters such as circuit power consumption or battery
efficiency. Hence, new transmission strategies are required to
take advantage of the potentiality offered by the EH systems.

The EH process can be performed in either the transmit
(TX) side or the receive (RX) side [7]. In this paper, we con-
sider point-to-point multiple-input multiple-output (MIMO)
communication systems using EH at the TX. For the EH TX
scenario, we assume that the transmitter does not have a fixed
power supply and needs to harvest energy from its environment
through various different sources. Wireless systems with EH
TX have be studied widely in the literature [1]–[10]. These
works have focused on the design of energy scheduling
policies for single-input single-output (SISO) systems using
natural ambient energy sources. The proposed approaches can
be classified into two main categories called offline and online
polices [5]–[10]. The offline polices consider that channel
state information (CSI) and energy state information (ESI) are
available non-causally at the beginning of transmission [1]–[5].
The online approaches assume a more realistic scenario that
suggests the ESI are available causally [8]–[12]. For the offline
energy management scheme, the problems of throughput max-
imization [1] and completion time minimization [2] have been
investigated. The proposed solutions do not take into account
the uncertainty of the amounts of the harvested energy. To
overcome this limitation, online solutions for stochastic ESI
model have been proposed [8]–[11]. For the online schemes,
the problem of throughput maximization is considered and
solved using the first-order Markov process [8]–[10]. In [11],
authors have focused on EH systems with imperfect CSI. The
design of wireless transmission systems with a TX relying
exclusively on EH is proposed in [13]. Author in [14] has
considered the energy harvesting for device-to-device commu-
nications in Nakagami fading channels with and decode-and-
forward (DF) scheme. Authors in [13] have presented a save-
then-transmit (ST) protocol for SISO systems. In the proposed
ST scheme, a fraction of the time is devoted exclusively for
energy harvesting and the remaining fraction is used for data
transmission. The first completely integrable circuits and
architectures for RF energy harvesting systems are presented
in [15].

This work proposes and analyzes a new energy harvesting
scheme for (MIMO) systems. In fact, this paper considers an
EH TX for MIMO systems. As in [13], we assume that the
TX is exclusively powered by harvested energy. In [13], the
proposed ST protocol assumed a time switching approach. To
ensure transmission time continuity, we propose to replace
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time switching by the classical transmit antenna selection
(TAS) scheme [16]. Hence, only a single transmit antenna,
which maximizes the SNR at the receiver, is used for data
transmission. The remaining transmit antennas are used for
energy harvesting. Furthermore, we assume that all the receive
antennas are combined with the maximal-ratio combining
(MRC) technique. These choices are made to minimize the
system complexity and to maximize the amount of the har-
vested energy. To simplify the system performance analysis,
we assume that the harvested energy is gamma distributed
and the channel is modeled as a flat fading Rayleigh process.
Based on these assumptions, we derive the probability density
function (PDF) and the cumulative distribution function (CDF)
of the SNR. Then, the performances of the propose EH TX
scheme are analyzed in terms of outage probability (OP),
symbol error rate (SER) and channel capacity. Closed-form
expressions for these metrics are derived and compared with
Monte-Carlo simulation results.

The remainder of this paper is organized as follows. In
Section II, we introduce the system model and the EH TX
protocol. Section III provides the exact expression of the CDF
the SNR and the OP. The PDF of the SNR is given in Section
IV, where we derive the channel capacity expression. Section
VI analyses the performance of our protocol. It includes
numerical results and provides the performance comparison
between analysis and Monte Carlo simulation curves. Finally,
a conclusion to this work is provided in Section VII.

II. SYSTEM MODEL AND EH PROTOCOL

In this paper, we consider an EH TX system over MIMO
channels. We assume that the transmitter and the receiver
are equipped with Nt and Nr antennas, respectively. At any
transmission period, only one transmit antenna is selected
for transmission and the other transmit antennas are used
to harvest energy from the environment. At the receiver
side, the Nr receive antennas are used for MRC. We con-
sider a Rayleigh block flat fading MIMO channel, where
the fading coefficients remain fixed during a transmission
block but vary from block to block [13]. The channel ma-
trix is denoted by H = [h1, · · · ,hNt ] ∈ CNr×Nt , where
hi = [hi,1, · · · , hi,Nr ]T is the channel vector between the
i-th transmit antenna and the receiver. The entries of the
channel matrix are considered as independent and identically-
distributed (i.i.d.) complex Gaussian random variables with
zero mean and unit variance. As in [11], we assume that there
is always data available, in the buffer, for transmission. We
assume that the CSI is perfectly known at the receiver. To
maximize the SNR at the MRC output, the receiver chooses
the index of the strongest transmit antenna which is determined
by

io = arg max
1≤i≤Nt

‖hi‖2 = arg max
1≤i≤Nt

Nr∑
j=1

|hi,j |2 (1)

where ‖.‖ represents the Frobenius norm. We assume that
the selected index is fed back to the transmitter via an ideal
feedback link. The received signal y ∈ CNr×1 is

y = hiox+ n (2)

where x is the transmitted symbol and n ∼ CN (0, σ2
nINr ) is

the additive complex Gaussian noise.
Furthermore, we assume that over each block duration T ,

the remaining Nt−1 transmit antennas harvest energy from the
environment. The harvested energy is stored in an energy stor-
age device (ESD) [13]. At the end of the frame transmission,
the ESD transfers the harvested energy to the transmitter. We
note that the harvested energy can be used for the transmission
and/or stored for future consumption. Nevertheless, due to the
inefficiency of the ESD, an amount of the stored energy can be
lost. Hence, the transmitter is encouraged to consume energy
as it is harvested [2]. We assume that the transmitter is not
connected to any other energy source and draws its power
from the ESD. Furthermore, we consider the scenario where
all the harvested energy is consumed. We call this scheme a
save-and-transmit protocol (S&T) in contrast with the save-
then-transmit (ST) approach presented in [13]. Let EH be
the harvested energy over a block duration which is a non-
negative random variable. Therefore, the total power available
within a frame duration is PH = EH/T . Let fP (p) and
FP (p) represent the probability density function (PDF) and the
cumulative distribution function (CDF) of P , respectively. For
the statistical proprieties of the harvested power, we proceed as
in [13], where authors have modeled the scavenged power as a
gamma random variable. This assumption is justified in [13] by
the fact that the Gamma distribution can model many positive
random variables. Let Pi denotes the power harvested by the
i−th TX antenna. We assume that the (Nt − 1) variables Pi
are independent and identically distributed (i.i.d.) and follow
a gamma distribution with a shape parameter αi > 0 and a
scale parameter βi > 0, i.e.,

Pi ∼ Gamma(αi, βi), for 1 ≤ i ≤ Nt and i 6= io (3)

with α1 = α2 = . . . = αNt and β1 = β2 = . . . = βNt . Thus,
the total harvested power PH is in turn gamma distributed with
shape parameter α = (Nt−1)αi and a scale parameter β = βi,
i.e. [17]

PH =

Nt∑
i=1
i6=io

Pi ∼ Gamma(α, βi), (4)

The PDF of the total power PH is given by

fP (p) =
pα−1e−p/β

βαΓ(α)
(5)

Let PC denotes the circuit power which represents the
power consumed by the hardware during the frame transmis-
sion and which is assumed constant [13]. The instantaneous
received SNR at the MRC output is then

γ =
‖hio‖2

σ2
n

(PH − PC) (6)

Given the PDF shown in (5), the average transmitter power is
P̄ = E{PH − PC} = αβ − PC . Hence, the average SNR per
branch can be defined as

γ̄ = (αβ − PC)/σ2
n (7)
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III. OUTAGE PROBABILITY

For the MIMO TAS/MRC system, the instantaneous mutual
information is [13]

Ri = log2

(
1 +
‖hio‖2

σ2
n

(PH − PC)

)
(8)

We note that (8) assumes that PH > PC . In fact, if the
harvested power is less than the circuit power, there is no
transmission and the mutual information is zero. It is also
noted that in (8), both PH and hio are random variables. For
the considered transmission and energy harvesting scenario,
the outage event is the union of two mutually exclusive events
called the circuit outage and the channel outage [13]. The
circuit outage occurs when the available power is less than
the circuit power, i.e. PH < PC . Clearly, the circuit outage
depends on the the statistics of the random variable PH . The
circuit OP is given by

P ci
out = Pr{PH < PC} = FP (PC) (9)

The channel outage corresponds to the case where PH > PC
while the instantaneous mutual information is less than the
target rate RT . The channel OP depends on the harvested
power and on the channel realization H and is given by

P ch
out = Pr{PH > PC , Ri < RT }

= Pr

{
PH > PC , ‖hio‖2 < σ2

n

2RT − 1

PH − PC

}
=

∫ +∞

PC

fP (p)FX

(
σ2
n(2RT − 1)

p− PC

)
dp (10)

where FX(·) is the CDF of ‖hio‖2, which is given by [18]

FX(x) =

[
1− e−x

Nr−1∑
k=0

xk

k!

]Nt
(11)

Since the two outage events are exclusive, the total OP is

Pout = P ci
out + P ch

out

= FP (PC) +

∫ +∞

PC

fP (p)FX

(
σ2
n(2RT − 1)

p− PC

)
dp (12)

For the general case, it is difficult to obtain a closed-form
expression for the integral in (12). Hence, the OP can be
evaluated by numerical integration. Nevertheless, when the
circuit power is negligible, a closed-form expression can be
derived. The following lemma gives an expression for the OP
when PC = 0.

Lemma 1: If the circuit power is negligible, i.e. PC = 0,
the OP is given by

Pout = 1− 2

Γ(α)

[
Nt∑
k=1

(
Nt
k

)
(−1)k+1

(Nr−1)k∑
l=0

ak,lk
α−l
2 ×

(
α(2RT − 1)

)α+l
2 γ̄−

α+l
2 Kα−l

2

√
k(2RT − 1)α

γ̄

] (13)

where Kv(·) is the v-th order modified Bessel function of the
second kind and ak,l are the coefficient of xl in the expansion[∑Nr

i=0
1
i!x

i
]k

defined as: ak,0 = 1, ak,1 = k, ak,l =

1
l

∑min(l,Nr−1)
n=1

n(k+1)−l
n! ak,l−n, for 2 ≤ l < k(Nr − 1), and

ak,l = [(Nr − 1)!]−k, for l = k(Nr − 1) [19].
Proof: For PC = 0, we have P ci

out = 0 and the integral
giving P ch

out can be expressed as

P ch
out =

∫ +∞

0

pα−1e−p/β

βαΓ(α)
FX

(
σ2
n(2RT − 1)

p

)
dp (14)

=

∫ +∞

0

pα−1e−p/β

βαΓ(α)

[
1− e−σ

2
n(2RT−1)/p

×
Nr−1∑
k=0

(σ2
n(2RT − 1)/p)k

k!

]Nt
dp

Thanks to the expansion of FX(x) given in [19], we can write

P ch
out =

1

βαΓ(α)

[
Nt∑
k=0

(
Nt
k

)
(−1)k×

(Nr−1)k∑
l=0

ak,lp
l
0

∫ +∞

0

pα−1−le−
p
β−

kp0
p dp

]
(15)

Using [20, eq. 2.3.16.1] and after some manipulations, we
obtain the result in (13).

IV. ERGODIC CHANNEL CAPACITY

In this section, we derive a closed-form expression of the
ergodic capacity when the circuit power is negligible. The
ergodic channel capacity can be expressed as

C =

∫ +∞

x=0

∫ +∞

p=PC

log2

(
1 +

x(p− PC)

σ2
n

)
fX(x) fP (p) dx dp

(16)
where fX(x) is the PDF of ‖hio‖2 given by

fX(x) =
Nt

(Nr − 1)!
xNr−1e−x

[
1− e−x

Nr−1∑
k=0

xk

k!

]Nt−1

(17)
Let us assume that PC = 0. Alternatively, the channel capacity
can be written as

C =

∫ +∞

z=0

log2 (1 + γ) fΓ(γ) dγ (18)

where fΓ(γ) is the PDF of γ =
‖hio‖

2

σ2
n

PH given by

fΓ(γ) =

∫ +∞

0

fΓ|P (γ|p)fP (p)dp

=

∫ +∞

0

σ2
n

p
fX

(
σ2
n

p
γ

)
fP (p)dp

=
2Nt

(Nr − 1)!Γ(α)

Nt−1∑
k=0

(
Nt − 1

k

)
(−1)k

×

[
(Nr−1)k∑
l=0

ak,l

(
α

γ̄

) (α+l+Nr)
2

(k + 1)(α−l−Nr)/2

× γ
(α+l+Nr)

2 −1kα−l−Nr

(
2

√
(k + 1)αγ

γ̄

)]
(19)
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Substituting (19) into (18) and using the relationship in [21,
eq. 13], we can express the ergodic capacity as

C =

∫ +∞

z=0

log2 (1 + γ) fΓ(γ) dγ

=
2Nt

(Nr − 1)!Γ(α) ln(2)

Nt−1∑
k=0

(
Nt − 1

k

)
(−1)k

×
(Nr−1)k∑
l=0

ak,l(k + 1)
α−l−Nr

2

(
α

γ̄

)α+l+Nr
2

×G1,4
4,2

(
γ̄

(k + 1)α

∣∣∣∣1− α, 1− l −Nr, 1, 1
1, 0

)
(20)

where Gm,np,q

(
·
∣∣∣∣apbq
)

is the Meijer-G function defined in [22].

V. AVERAGE SYMBOL ERROR RATE

It is well known that the instantaneous SER of many digital
modulations can be expressed as [23]

Pe(γ) =
c

2
erfc

(√
bγ
)

(21)

where c and b are modulation specific constants and erfc(· ) is
the the complementary error function which can be expressed
in terms of the Meijer G-function as [22, eq. 8.4.14.2]

erfc(
√
x) =

1√
π
G2,0

1,2

(
x

∣∣∣∣1,0, 1
2

)
(22)

The average SER P̄e can be derived by averaging the instan-
taneous SER over instantaneous SNRs, i.e.,

P̄e = E {Pe(γ)} =

∫ ∞
0

Pe(γ)fΓ(γ)dγ (23)

By substituting (19) and (22) into (23) and calculating the
resultant integral with the aid of [24, eq. (7.821.3)], we obtain
a closed-form SER expression as

P̄e =
Ntc

(Nr − 1)!Γ(α)

Nt−1∑
k=0

(
Nt − 1

k

)
(−1)k

×

[
(Nr−1)k∑
l=0

ak,l(k + 1)−l−Nr

×G2,2
3,2

(
b

γ̄

(k + 1)α

∣∣∣∣−α, −l −Nr, 1
0, 1

2

)]
(24)

VI. NUMERICAL RESULTS

This section presents some numerical results that illustrate
our theoretical analysis for different MIMO configurations. We
assume that the target rate is RT = 2 bits/s/Hz.

In Fig. 1, we compare the OP for different MIMO config-
urations, PC = 0, and a fixed mean power P̄ = αβ = 50
J/s. In our simulations, the SNR given by (7) is obtained
by varying the noise variance σ2

n while keeping the average
harvested energy constant. The analytical curves are obtained
based on expression (13) in Lemma 1. Fig. 1 indicates an
excellent match between the exact analytical OP and the MC

0 5 10 15 20
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-5

10
-4

10
-3

10
-2

10
-1

10
0

Fig. 1. OP versus SNR for PC = 0, mean power P̄ = αβ = 50 J/s and
different MIMO configurations.

simulated curves. We note that as the number of used antenna
increases, the OP decreases. However, we can see that the
(2× 4)-MIMO system outperforms the (4× 2)-MIMO one.

Fig. 2 shows the impact of the gamma distribution parameter
β on the OP. Similarly to Fig. 1, the analytical curves are
obtained based on expression (13). The curves are obtained
by fixing the mean power to P̄ = 50 J/s and varying β for
the (4×4)-MIMO system. For further comparison, the OP for
system with constant deterministic power P̄ (without EH) is
also presented. As shown, an OP loss is noted for systems with
random power. However, when β decreases, the OP of the EH
TX system approaches that of the constant power scheme. We
note that β, the scale parameter of the gamma distribution,
determines the statistical dispersion of the harvested random
energy. When β is large, the distribution of the random
harvested energy will be more spread out. However, when β
decreases, the distribution will be more concentrated and the
harvested energy exhibits less randomness.

In Fig. 3, the OP as a function of the number of transmit
antennas Nt is plotted for different values of σ2

n. Curves are
obtained by varying the Nt parameter in (13). We can see that
increasing the number of transmit antennas will improve the
OP since the amount of the harvested energy increases. Fig. 4
illustrates the effect of the circuit power on the OP for the (4×
4)-MIMO system and different values of PC . The analytical
curves are generated using (12), where the integral is evaluated
numerically. As expected, the figure shows perfect agreement
between the numerical analysis and the MC simulations. We
can see that the OP increases dramatically with the circuit
power.

In Fig. 5, we compare the channel capacity for different
values of β. This figure gives also the channel capacity for
the MIMO system with constant power. It is shown that the
simulation curves match well with the theoretical result given
by (20). We can see that as β decreases, the channel capacity
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Fig. 2. Impact of β on the OP for the (4 × 4)-MIMO system.
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Fig. 3. The OP versus Nt for Nr = 4, αi = 0.5, and β = 5.

curve approaches the scenario with deterministic constant
power. For β = 50, the capacity loss due to the energy
randomness is about 1 bit/s/Hz.

Fig. 6 presents the performance comparison between the
SER expression (24) and the MC simulation results. The
results are obtained for quadrature phase-shift keying (QPSK)
modulation (a = 2, b = 0.5). The average SER of the MIMO
TAS/MRC system without EH is also presented. We can see
that there is an excellent agreement between the analytical
SER expression and MC results. Once again, when the scale
parameter β decreases, the SER curves for the S&T protocol
approach the case of the system with deterministic power.
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Fig. 4. Impact of the circuit power PC on the OP for the (4 × 4)-MIMO
system.
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Fig. 5. Channel capacity for the (4×4)-MIMO system, PC = 0, and different
values of β.

VII. CONCLUSION

In this paper, we proposed a wireless MIMO system where
the TX relies completely on EH. We assume that the receiver
is based on the TAS/MRC techniques. Hence, only a single
antenna is used for the data transmission at the TX. So, we
propose to use the remaining transmit antennas to harvest
energy form natural sources. This S&T protocol allows the
data transfer with the TX powered exclusively by EH as for the
ST technique proposed in [13] for SISO systems. Furthermore,
an analytical performance assessment of the proposed protocol
over Rayleigh flat fading channels was presented. Expressions
for the CDF and PDF of the SNR at the MRC combiner output
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Fig. 6. SER of QPSK for (4 × 4)-MIMO system, PC = 0, and different
values of β.

were derived. Then, we have derived the expressions for the
OP, the average SER and the channel capacity. Numerical
results have shown an excellent agreement between analytical
expressions and MC simulation curves. In our analysis, we
have assumed that the random harvested power is gamma
distributed. We noted that when the scale parameter of the
gamma distribution is small, the performances of the MIMO
EH TX scheme approach those of systems with constant
deterministic power. In fact, for small values of the scale
parameter, the distribution is concentrated and this corresponds
to less randomness in the amount of harvested energy.

The main difference between our protocol and the ST tech-
nique presented in [13] is that the former is based on the time
switching approach, while our protocol is based on antenna
selection. With the time switching method, the frame interval
is fractionated in two intervals. A fraction is used exclusively
for EH and the other for the data transmission. Our protocol
allows simultaneous energy harvesting and data transmission.
The proposed autonomous transmitter can represent an effi-
cient solution for some particular cases, especially when the
available power amount is insufficient. However, its practical
implementation needs more investigation that was unaddressed
in this paper. More specific statistical models for modeling
the harvested power should be studied. Moreover, the circuit
power should be considered in the performance analysis. It
would also be interesting to adapt the transmission rate based
on the CSI and the ESI. If the amount of the harvested energy
exceeds a certain threshold, it will be preferable to store a
part of this energy for future use. The optimization of a such
approach is worth further exploration.
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