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Abstract—In this paper, we investigate the performance of a
wireless-powered energy beamforming system with a multiple-
antenna access point (AP) and a single-antenna user (SU). The
SU first harvests radio frequency (RF) energy from the AP in
the downlink (DL) and transmits the information to the AP in
the uplink (UL). We consider imperfect estimates and derive the
distribution of the received signal-to-noise ratio (SNR) at the AP.
The average throughput performance of delay-limited and delay-
tolerant modes are evaluated by the outage probability (OP) and
ergodic capacity (EC). Finally, analytical and asymptotic results
are validated by Monte Carlo simulations.

Index Terms—Channel estimation errors, average throughput,
energy harvesting, wireless powered communication network.

I. INTRODUCTION

A. Background and motivation

Wireless-powered communication networks (WPCNs) [1],

[2] have emerged as a means to alleviate excess energy use of

wireless networks. They exploit the principles of microwave

wireless energy transfer and may improve the energy efficiency

of battery-constrained wireless nodes. Thus, energy harvesting

(EH) from various energy resources is the idea. These include

mechanical, solar and radio-frequency (RF) energy sources.

However, the solar energy is time variable and the mechanical

motion is hard to predict [3]. In contrast, RF energy is

ubiquitous. Experimentally, with an isotropic RF transmitter of

4W and 1.78W power levels, a receiver can harvests 5.5 µW
and 2.3 µW energy at the distance 15m and 25m, respectively

from the source [4].

Thus, a WPCN may realize operational cost savings by

eliminating replacement or recharging of batteries. A key

protocol for WPCNs named “harvest-then-transmit” is devel-

oped in [5], where the wireless users harvest energy released

from the RF signals broadcast by an access-point (AP) in the

downlink (DL), and then use the harvested energy to send

information to the AP in the uplink (UL). A prototype WPCN

system is shown in Fig. 1.

In [1], the average throughput of energy beamforming has

been analyzed for a single-user multi-antenna WPCN for

delay-limited and delay-tolerant transmission modes. Energy

beamforming is utilized to maximize the energy efficiency of

single antenna wirelessly powered user and also to enable

long distance transmission. Performances of a WPCN over

generalized κ − µ fading channels is derived in [6]. In this

study, two single-antenna users harvest energy from the AP

first and then cooperatively transmit information to the AP.

The weighted sum-rate is evaluated to optimize the energy

beamforming vector, time allocation, and power allocation.

Channel state information (CSI) is an absolutely critical

component of wireless links. In practical systems, perfect CSI

is not available and in fact imperfect CSI is the norm [7],

[8]. Typically, training (pilot) symbols are sent periodically

for CSI estimation purposes. Imperfect CSI in WPCN was

studied in [9], [10]. The system proposed in [9] contains

a muti-user multi-antenna WPCN. The energy optimization

was formulated with consideration of beamforming design,

power allocation, antenna selection and time division based

on imperfect CSI. The secrecy performance of WPCNs with

imperfect CSI has also been investigated [10].

The aforementioned works focus on secrecy imperfect CSI

WPCN or the optimization of a WPCN with imperfect CSI, but

not the analysis of performance. In this paper, we concentrate

on a WPCN system with energy beamforming and imperfect

CSI via evaluating the delay-limited mode and delay-tolerant

mode.

B. Problem statement and contributions

To the best of our knowledge, the performance of a WPCN

due to imperfect CSI has thus far not been available. This gap

in understanding of the system performance is problematic. In

fact, imperfect CSI can lead to major performance degradation,

including diversity and coding gain losses. To quantitatively

understand these issues, in this paper, we investigate the two

different throughput performances as well as their high signal-

to-noise ratio (SNR) performance of a WPCN with energy

beamforming and imperfect CSI. In terms of the throughput

performance, AP uses delay-limited and delay-tolerant modes.

The main contributions are summarized as follows:

1) We consider a WPCN with energy beamforming and

imperfect CSI. The exact close-form expressions are

derived for both delay-limited and delay-tolerant modes.

2) Asymptotic analyses are developed for the average

throughput. For the delay-tolerant transmission mode,

we also obtain the throughput-optimal energy harvesting

time in the high SNR regime.

In a nutshell, this paper generalizes the work of [1] to the

imperfect CSI case.

Notation: For random variable (RV) X , fX(·) and FX(·)
denote the probability density function (PDF) and cumulative

distribution function (CDF). A circularly symmetric complex

Gaussian RV with mean µ and variance σ2 is CN (µ, σ2).



The gamma function Γ(a) is given in [11, Eq. (8.310.1)];

Kν(·) is the ν-th order modified Bessel function of the second

kind [11, Eq. (8.432)]; Gmn
pq

(

z | a1···ap

b1···bq

)

denotes the Meijer G-

function [11, Eq. (9.301)]; ψ (·) is the Euler psi function [11,

Eq. (8.36)].

II. SYSTEM MODEL

Fig. 1. System Model

In Fig. 1, we consider a single-antenna user (SU) and a

multiple-antenna hybrid access point. Both AP and the user

are half-duplex nodes. The AP has N ≥ 1 antennas and

uses a maximum ratio combiner (MRC) for UL signal. The

fixed battery-less user operates in the harvest-then-transmit

protocol [1]. The energy transfer channel, i.e., the AP → SU
channel, is denoted as h = [h1, . . . , hk, . . . , hN ]

T ∈ C
N×1,

and the information transfer channel, i.e., SU → AP channel,

is denoted as g = [g1, . . . .gk, . . . , gN ]
T ∈ C

N×1. The channel

coefficients hk, gk ∀k ∈ [1, N ] are independent and identi-

cally distributed (IID) circularly symmetric complex Gaussian

random variables (rvs) with zero-mean and unit-variance, i.e.,

hk, gk ∼ CN (0, 1).
The AP will obtain channel estimates of the true channels

h and g as ĥ and ĝ, respectively, via suitable pilot-assisted

channel estimation techniques. Thus, the estimate will have

both noise and correlative components. For any true channel

x ∈ {h,g}, the channel estimate x̂ ∈ {ĥ, ĝ} is related as [12]

x̂ = ρx+
√

1− ρ2ñ, (1)

where 0 ≤ ρ ≤ 1 is the correlation coefficient and ñ is an

N -dimensional noise vector of IID CN (0, 1) entries. While

ρ = 1 denotes perfect channel estimation, ρ = 0 is for the

worst case estimation, i.e., the estimates are merely noise. The

value of ρ is a function of pilot symbols, their power and other

factors. For convenience, we assume both uplink estimation

and downlink estimation are characterized by the same value

of ρ.

For a transmission block of time T , the SU harvests energy

for τT duration, and it transmits information for (1 − τ)T
duration where τ ∈ [0, 1]. Without loss of generality, we

assume a unit transmission block (T = 1). Thus, the total

harvested energy at the SU is Eh = ητP
||ĥHh||2

ĥH ĥ
, where η is

the energy conversion efficiency and P is the transmit power

of the AP.

By using this harvested energy, the SU transmits the in-

formation to the AP in the UL with power Ps which is

given as Ps = τηP
1−τ

||ĥHh||2

ĥH ĥ
. The received signal at the AP

is yA =
√
Psgs + n, where s is the energy-normalized data

symbol and n is the additive white Gaussian noise (AWGN)

term. The AP uses MRC reception to process this signal. The

end-to-end SNR can then be derived as

γA =
τηP

1− τ

1

σ2

||ĥHh||2
ĥH ĥ

||ĝHg||2
ĝH ĝ

=
τη

1− τ
γXY, (2)

where γ = P
σ2 , X = ||ĥHh||2

ĥH ĥ
and Y = ||ĝHg||2

ĝH ĝ
.

III. STATISTICAL DISTRIBUTION RESULTS

This section provides necessary statistical distribution re-

sults for the use in subsequent derivations throughout the

paper.

Lemma 1. Since γA = τη
1−τ

γXY , the PDF of γA is the
product of a constant and the rv Z = XY . Therefore the
PDF can be given by

fγA
(z) =

N∑

n=1

N∑

m=1

2Bρ (m,n)
(

z(1−τ)
τηγ

)α(m,n)

τη

1−τ
γ

Kn−m

(

2

√

z(1− τ)

τηγ

)

,

(3)

where α(m,n) = n+m−2
2 .

Proof. The PDF of X was derived in [13]

fX(x) =

N
∑

n=1

A(n, ρ,N)xn−1e−x, 0 ≤ x <∞, (4)

where A(n, ρ,N) =
(

N−1
n−1

) (1−ρ2)N−n

Γ(n) ρ2(n−1). As channels

are IID, the PDF of Y , fY (y), can also be given as (4).

Then the PDF of the product of two rvs X and Y , denoted

as Z = XY , can be derived as

fZ (z)
(a)
=

∫ ∞

0

1

ω
fX (ω) fY

( z

ω

)

dω

(b)
=

N
∑

n=1

N
∑

m=1

2Bρ (m,n) z
n+m−2

2 Kn−m

(

2
√
z
)

,

(5)

where (a) is the formula to find the PDF of the prod-

uct of two RVs; (b) is obtained by (4), Bρ (m,n) ,

A (n, ρ,N)A (m, ρ,N) and [11, Eq. (3.471.9)].

Since γA = τη
(1−τ)γZ, the PDF of γA can be derived as

(3). �

Corollary 1. The CDF of γA is given by

FγA
(x)

(a)
=

N∑

n=1

N∑

m=1

2Bρ (m,n)
τη

1−τ
γ

·
∫ x

0

(
(1− τ) z

τηγ

)α(m,n)

Kn−m

(

2
√

z
τη

1−τ
γ

)

dz

(b)
=

N∑

n=1

N∑

m=1

Bρ (m,n)
(

τη

1−τ
γ
)(α(m,n)+1)

x
α(m,n)+1

·G
2,1
1,3

(

x
τη

1−τ
γ

∣
∣
∣
∣
∣

−α(m,n)
n−m

2
, m−n

2
,−α(m,n)− 1

)

,

(6)

where (a) follows from the definition of CDF; (b) is obtained

by using the equation which expresses Kv (·) in term of G
m,n
p,q [·]

in [1] and [11, Eq. (9.31.5)].



IV. AVERAGE THROUGHPUT ANALYSIS

In this section, we evaluate the average throughput per-

formance of the system model (Section II). We consider the

delay-limited mode and the delay-tolerant mode.

A. Delay-Limited Transmission Mode

1) Exact Throughput Analysis: For delay-limited mode,
the AP has a limited cache, and the received signals at
the AP should be decoded block by block. Therefore, the
outage probability is considered. The outage probability (OP)
is given by the probability that the instantaneous throughput,
log2(1+ γA), falls below a certain predetermined threshold S
shown as

Pout = Pr (log2 (1 + γA) < R) = FγA
(γth) , (7)

where γth = 2R − 1 and FγA
(y) is the CDF of γA. The user

transmits with a fixed rate R and the effective communication
from the user to the AP is

Pave = (1− Pout)R (1− τ)

=R (1− τ)




1−

N∑

n=1

N∑

m=1

Bρ (m,n)
(

τη

1−τ
γ
)(α(m,n)+1)

γth
α(m,n)+1

·G
2,1
1,3

(

γth
τη

1−τ
γ

∣
∣
∣
∣
∣

−α(m,n)
n−m

2
, m−n

2
,−α(m,n)− 1

)]

.

(8)

Although (8) is a closed-form expression, Meijer G-function

is complicated to observe the specific relationships between

the average throughput and the parameters ρ, τ and γ.
2) Asymptotic Throughput Analysis: In order to gain a sim-

pler result, we derive the asymptotic throughput. To develop
this analysis, we need to go back to the definition of γA. From
(7) the average throughput of the delay-limited transmission
mode can be exactly expressed as

Pout = Pr

(

XY <
(1− τ) γth

τηγ

)

. (9)

We use a two-step process to find the asymptotic expression.

The first step is to average over X while keeping Y constant.

Since the PDF of X is a weight sum (4), the conditional outage

may be written as

Pout |y=
N
∑

n=1

A (n, ρ,N) Γ (n)

[

1− e−
∆
y

n−1
∑

l=0

(

∆

y

)l
1

l!

]

,

(10)

where ∆ = γth
τη
1−τ

γ
; The second step is to average the condi-

tional outage over the PDF of Y when γ → ∞. This can be
done as follows

Pout =

∫
∞

0

Pout |y fY (y) dy

(a)
=

N∑

n=1

N∑

m=1

Bρ (m,n) Γ (n)

·
∫

∞

0

[

1− e
−

∆
y

n−1∑

l=0

(
∆

y

)l
1

l!

]

︸ ︷︷ ︸
I

y
m−1

e
−y

dy

(b)
= 2

N∑

n=1

N∑

m=1

Bρ (m,n)∆
m+n

2 Kn−m

(

2
√
∆
)

,

(11)

where (a) is because of submitting the PDF of Y in (10); (b)

is due to the result obtained in Appendix. Then the average

throughput Pave = (1− Pout)R (1− τ).

Proof. See Appendix. �

B. Delay-Tolerant Transmission Mode

1) Exact Throughput Analysis: Delay-tolerant transmission
mode is considered for the AP, which has sufficient buffering
capacity and can tolerate the delay for decoding the stored
signals together. We can evaluate the throughput by calculating
the ergodic capacity. Therefore, the average throughput is
considered as the product of ergodic capacity and the effective
time duration (1− τ) for information transmission

C= (1− τ)

∫
∞

0

log2 (1 + z) fγA
(z) dz

(a)
= (1− τ)

N∑

n=1

N∑

m=1

2Bρ (m,n)
τη

1−τ
γ

·
∫

∞

0

ln (1 + z)

ln 2

(
(1− τ) z

τηγ

)α(m,n)

Kn−m

(

2

√

(1− τ) z

τηγ

)

dz

(b)
= (1− τ)

N∑

n=1

N∑

m=1

Bρ (m,n)
τη

1−τ
γ ln 2

·G
4,1
2,4

(
1− τ

τηγ

∣
∣
∣
∣

−1, 0

−1,−1, n−m
2

+ α(m,n), m−n
2

+ α(m,n)

)

,

(12)

where (a) is obtained by substituting (3) in the definition

of capacity; (b) is because of expressing the term ln (1 + x)
and xaKv (x) in Meijer G-functions [14] and then use [11,

Eq. (7.811.1)].

2) Asymptotic Throughput Analysis: Asymptotic through-

put is derived for γ → ∞ and N → ∞, respectively to gain

insights.

Proposition 1. The asymptotic capacity of the delay tolerant

transmission is given by

C =
1− τ

ln 2

[

ξ + ln ηγ − ln
1− τ

τ

]

, (13)

where, ξ =
∑N

n=1 2A (n, ρ,N)Γ (n)ψ (n) and ψ(x) is Euler

psi function [11, Eq. (8.360)].

Proof. Let C = (1− τ)C∗ where

C∗ =E [log2 (1 + γA)]

≈
[

log2
τη

1− τ
γ + E log2 (X) + E log2 (Y )

]

=
1

ln 2

[

ξ + ln ηγ − ln
1− τ

τ

]

.

(14)

We find E [log(Z)] =
dE[Zt−1]

dt

∣

∣

∣

∣

t=1

. For PDF

of X and Y , we can find that E
[

Zt−1
]

=
∑N

i=1
A(i,ρ,N)

ln 2 Γ (i+ t− 1)ψ (i+ t− 1). From (13), when

τ is given, the system throughput is proportional to the

logarithm function of the parameter γ at high SNR. It can

be observed that increasing the value of energy harvesting



time τ will let the value outside the square brackets decrease

but increase the value inside the square brackets. This means

the energy harvesting time plays two opposites in (13) and

we can find an optimal value for τ to maximize the average

throughput for delay-tolerant transmission mode. �

Proposition 2. The optimal energy harvesting time τ∗ for

delay-tolerant mode at high SNR can be expressed as

τ∗ ≈ 1

1 +W (ηγeξ−1)
, (15)

where W (x) is the Lambert W function [15].

Proof. First take the first-order derivation over τ to the

equation (b) in (13) and let it to zero as dC
dτ

= 0; We

have ξ + ln ηγ − 1
τ

= ln 1−τ
τ

; Then it can be written as

ηγeξe−
1
τ = 1−τ

τ
. Second, after some algebraic manipulations

we have 1−τ
τ

= W
(

ηγeξ−1
)

. The final result is given by

using W (·) as τ = 1
1+W (ηγeξ−1)

. W (x) is a monotonically

increasing function for x ≥ 0. From (15), it can be seen that

τ∗ is inversely proportional to the parameters η, γ and ξ, and

ξ is the function of the number of antennas at the AP. �

V. NUMERICAL AND SIMULATION RESULTS

In this section, Monte-Carlo simulations are provided to

validate analytical results and evaluate the impacts of key

parameters on performances. Without loss of generality, we

set transmit block time T = 1 and the noise variance N0 = 1.
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Fig. 2. Average throughput of delay-limited mode versus SNR γ for τ = 0.6,
η = 0.7 and R = 1.

Fig. 2 plots the average throughput of the considered

system for delay-limited transmission mode versus the SNR

with different numbers of AP antennas and the correlation

coefficient. As expected, increasing the transmit power and

the number of antenna at the AP can improve the average

throughput. It is because more energy can be harvested and

higher energy beamforming gain is obtained. In addition,

average throughput is also influenced by the correlation co-

efficient between channel vector and noise. Larger correlation

coefficient, better performance. The dotted lines represent the

asymptotic analysis of average throughput for γ → ∞ in (11)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

10
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10
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Fig. 3. Average throughput of delay-limited mode versus τ for N = 3,
P = 10 dBm.

and the asymptotic performance is improved while increasing

correlation coefficient and transmit power at the AP.

Fig. 3 plots the average throughput of delay-limited mode

versus energy harvesting time τ with different correlation

coefficients and energy conversion efficiency. We can observe

that the average throughput is improved with the correlation

coefficient increases because the channel estimation is better.

The figure also shows the relation between average throughput

and energy conversion efficiency. Obviously, higher energy

conversion efficiency helps the user harvest more energy in the

DL and it has larger transmitter power to transmit information

at the UL. The curves increase first and then decrease with

the energy harvesting time increasing.
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Fig. 4. Average throughput of delay-tolerant mode versus τ for P = 1 dBm
and N = 3.

Fig. 4 plots the average throughput for delay-tolerant mode

versus the energy harvesting time τ with different energy

conversion efficiencies and correlation coefficients ρ between

signal channels and the noise. In the figure, we can see a peek

for each curve. It is because in a transmission block of time T,

the user harvests energy for τT and transmits information for

(1− τ)T , so each case has an optimal energy harvesting time

which balances energy harvesting and information processing



best. This coincides with our analytical result in (13) and

(15). ρ = 1 is for perfect channel estimation and ρ = 0 is

for the worst case estimation, i.e., the estimates are merely

noise. Therefore we can observe that the curves with larger ρ

have better ergodic capacity. Besides, It is shown than higher

energy conversion efficiency also provides better performance

of ergodic capacity since the SU can harvest more energy

which is used as the transmit power in the UL.
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Fig. 5. Average throughput of delay-tolerant mode versus SNR γ for η = 0.9,
τ = 0.6, ρ = 0.6.

Fig. 5 plots the throughput curves for delay-tolerant trans-

mission versus the SNR with different numbers of antenna.

As seen in Fig. 5, increasing the transmit power and the

number of AP antenna can increase the ergodic capacity of

the system. We can also observe that the simulation results

match the analysis results we derive in (12). Although the

asymptotic curves (13) and the analysis curves (12) have gaps

when the transmit power at the AP is small, the asymptotic

curves quickly approach the exact one as the transmit power

increases.

VI. CONCLUSION

This paper analyzed the average throughput of a WPCN

with channel estimation errors. We analyze the exact and

asymptotic performance for delay-tolerant and delay-limit

modes. The correctness and effectiveness of these theoretical

analysis were verified by simulation results.

Our main findings can be summarized as follows. The

average throughput of delay-limited and delay-tolerant modes

can be improved by increasing transmit power P , the number

of AP antennas, the correlation coefficient and the efficiency

of energy harvesting conversion. Under delay-tolerant mode

and delay-limited mode, in the numerical results we can find

an optimal ratio τ which maximizes the energy harvesting and

information transmission.

APPENDIX

Here, we derive the approximation expression of the term
Step (a) in (11). Recall that ∆ = γth

τη
1−τ

γ
, so when γ → ∞,

∆ → 0 and I can be approximated as

I = 1− e
−

∆
y

n−1∑

l=0

(
∆

y

)l
1

l!
= e

−
∆
y

[

e
∆
y −

n−1∑

l=0

(
∆

y

)l
1

l!

]

(a)
= e

−
∆
y

∞∑

l=n

(
∆

y

)l
1

l!

(b)
≈ e

−
∆
y

(
∆

y

)n
1

n!
,

(16)

where, (a) is due to Taylor expansion e
∆
y =

∑∞
l=0

(

∆
y

)l
1
l! ;

When ∆ → 0, the terms for n ≥ n+1 is smaller than n = 1,

so we can ignore terms for n ≥ n+ 1.
The integral in Step (a) in (11) can be approximated as

∫
∞

0

[

1− e
−

∆
y

n−1∑

l=0

(
∆

y

)l
1

l!

]

y
m−1

e
−y

dy

≈ ∆n 1

n!

∫
∞

0

e
−

∆
y
−y

y
m−n−1

dy

= ∆
m+n

2 Kn−m

(

2
√
∆
)

,

(17)

which is obtained by using [11, 3.471.9]. By substituting this

in (11), we obtain the final result.
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