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Channel Estimation Errors

Danyang Wang', Student Member, IEEE and Chintha Tellambura!, Fellow, IEEE

In this paper, we analyze the performance of a wireless-powered communication network that consists of a multiple-antenna
hybrid access point (AP) and a single-antenna user. The AP transmits radio frequency (RF) power in the downlink (DL) using
maximal ratio transmission (MRT) type energy beamforming. The user harvests it and transmits data to the AP in the uplink
(UL), which is received with maximal ratio combining (MRC). Previous analyses have assumed the availability of perfect channel
estimation. In contrast, we eliminate this unrealistic assumption and consider the effect of imperfect channel estimates. We first
derive the distributions of the received AP signal-to-noise ratio (SNR). We then analyze the average throughput performance of
delay-limited and delay-tolerant modes by evaluating the outage probability (OP) and ergodic capacity (EC). We also derive the
exact bit error rates (BERs) and symbol error rates (SERs) of several digital modulations. Asymptotic performance expressions in
the high SNR regime and the large antenna regime are also developed. Finally, analytical and asymptotic results are validated by
Monte-Carlo simulations. The impacts of the transmit power, the energy harvesting (EH) time, the number of antennas and the
efficiency of EH are investigated.

Index Terms—Channel estimation errors, energy harvesting, average throughput, outage probability, ergodic capacity, symbol

error rate.

I. INTRODUCTION
A. Background and Motivation

Wireless energy harvesting communications may alleviate
excess energy use of wireless networks [[1]-[3]. They exploit
the principles of microwave wireless energy transfer and may
improve the energy efficiency of battery-constrained wireless
nodes. Energy harvesting (EH) is feasible from various sources
such as mechanical, solar, and radio-frequency (RF) energy
sources. However, solar irradiance is susceptible to weather
conditions and time varying. Mechanical motion is hard to
predict [4]. In contrast, RF sources not only avoid those
issues, but also are ubiquitous. For example, EH amounts of
5.5uW and 2.3uW are feasible at distances 15m and 25m
from an RF source of 4W and 1.78 W [5]]. Applications of
wireless-powered communication networks (WPCNs) include
active radio-frequency identification (RFID), real-time location
system tags, wireless sensors, and data loggers [6]]. Moreover,
Powercast has developed commercial WPCNss [7]]. They could
simplify the charging, servicing and maintenance of battery-
needed devices [6]], [8]-[10].

A key WPCN protocol is called harvest-then-transmit [[11]],
which works in the following setup. follows. An access-point
(AP) broadcasts RF power signals in the downlink (DL), users
harvest energy and then transmit data to the AP in the uplink
(UL). An alternative implementation is to deploy multiple
power beacons (PBs), which are dedicated RF power trans-
mitters for the purpose of enabling EH. These concepts have
increased the interest in WPCNs, and thus [1]] has discussed
three different EH modes. The first is pure wireless power
transfer (WPT), where an AP or a PB transmits power only
to a wireless EH receiver, without any information exchange.
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The second mode is the WPCN, as described before. The
third mode is simultaneous wireless information and power
transfer (SWIPT). In SWIPT, a hybrid AP transmits energy
and information using the same signal, from which the EH
receiver will harvest energy and extract information. This
paper focuses on the second mode, namely the WPCN, a
prototype of which is shown in Fig. [1| This prototype consists
of a multiple-antenna hybrid AP and a single-antenna user.
The AP can utilize its multiple antennas to focus energy in
the direction of the user; energy beamforming is thus common
place to increase both wireless power transfer efficiency and
data transfer efficiency [1], [9], [10].

B. Performance with Perfect CSI

Before proceeding to the main issue of imperfect CSI, we
briefly review a few works on WPCNs with perfect CSI [9],
[10], [[12|-[14]]. The key paper, which is the starting point of
our work, is [9]]. This work analyzes the average throughput
of the same WPCN (Fig. 1) for two transmission modes.
It utilizes maximum ratio transmission (MRT) energy beam-
forming to extend coverage and to maximize the amount of
harvested energy. This work also develops asymptotic analyses
in the high signal-to-noise ratio (SNR) regime. While [12]]
derives the outage probability, ergodic capacity, achievable
throughput and bit error rate (BER) using Meijer G-function
for the generalized x — p fading channel. However, this study
is limited to single-antenna AP and user. The focus of this
paper is to derive unified expressions, which can handle the
three classical fading models - namely Rayleigh, Rician and
Nakagami-m. The interplay between EH and user cooperation
in a WPCN is the focus of [[10], which optimizes the energy
beamforming vector and time and power allocations. The time
correlation between the DL and UL channels is investigated in
terms of the BER and achievable rate [13]]. In [15]], the energy
efficiency is maximized by jointly optimizing energy transfer
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time duration and transmit power. The average throughput of
a multiple-input multiple-output (MIMO) WPCN has been
studied in [14]. All these works assume the availability of
perfect CSI, which is the critical difference from our paper.

C. Performance with Imperfect CSI

CSI is an absolutely critical component of wireless links.
On the other hand, in practical systems, perfect CSI is not
available and in fact imperfect CSI is the norm [|16[—[19].
Typically, training (pilot) symbols are sent periodically for CSI
estimation purposes [20]. Alternatively, blind and semiblind
techniques have also been developed. The impact of CSI
estimation errors includes the loss of diversity and capacity
gains. To understand this, we can consider a simple wireless
link with one transmit antenna and say /N > 1 receive antennas
with maximal ratio combining (MRC) reception. The antenna
separation is sufficient to ensure independent fading across
them. Now if CSI is perfect, the diversity order of this link is
N. In contrast, for imperfect CSI, the diversity order collapses
to one [21]], [22].

Although imperfect CSI for WPCNs is studied in several
studies [23[|-[32], these works focus on specific application
scenarios and associated optimizations. For example, in [23]
the EH process is optimized by considering beamforming
design, power allocation, antenna selection and time division
based on imperfect CSI. On the other hand, how secrecy
performance and resource allocation issues are affected by
imperfect CSI has also been investigated [24], [25]]. The focus
of [26] is the capacity of an EH link Rician fading channels
for two cases: absence of CSI and partial CSI. Throughput
optimization of a massive MIMO WPCN with estimated CSI
has also been investigated [27]]. The impact of CSI on wireless
powered relaying (WPR) systems, a form of WPCNSs, has also
been studied [28]], [29]]. The paper [28]] investigates the impact
of CSI and antenna correlation considering instantaneous or
statistical CSI and derives outage probability and ergodic
capacity. The focus of [29] is the effect of the non-linear
EH process and imperfect CSI. Reference [30] analyzes an
EH cooperative communication link for two cases: (a) a
single-antenna source with perfect CSI and (b) a multiple-
antenna source with imperfect CSI. The uplink scheduling
problem for an AP with imperfect CSI has been investigated
[31]. The result is a discrete optimization solution of the
best transmission schedule. Secrecy throughput optimization
of a WPCN with nonlinear EH has been studied in [32]]. It
considers both perfect and imperfect CSI cases.

Although the aforementioned works consider imperfect CSI,
their primary perspective is not that of a comprehensive
performance analysis (e.g., deriving outage, capacity and error
rates). Instead, they focus on several application domains
and optimization. Thus, an analysis of imperfect CSI on the
performance of WPCNSs has been missing. Thus, this topic is
the focus of the present paper.

D. High-SNR Analysis

Another missing factor is the high SNR analysis of WPCNs
with imperfect CSI. To explain the reason for this, we need

2

some background. For a standard point-to-point communica-
tion link subject to small-scale fading, the SNR at the receiver
may be represented as v = X7, where 7 is the unfaded SNR,
a constant, and X is a random variable that accounts for all
the effects of small-scale fading [33]. It thus has the PDF
(probability density function), say, f(z). Suppose the Taylor
series near x = 0 to be f(x) = agx’ + a;zt*! + .. .. It turns
out that the asymptotic performance depends on just the first
term of the Taylor series and the two parameters ag > 0 and
t > 0 are critical. First developed in [33]], the insight is that
as 7y — oo, the asymptotic performance can be expressed as

Pe(ﬁ) = (GCW)icdv (H

where G, and (G4, which are functions of a and ¢, are called
coding gain and diversity gain, respectively. These important,
widely-used parameters enable the design and optimization
of wireless systems. For instance, from @) we observe that
log [P.(7)] varies linearly with log [§], which provides direct
insights in terms of coding gain and diversity gain. From (1),
we can readily see that

This limiting process can be used with any outage or error
rate expression to determine the diversity order.

Since the seminal paper [33]], several improvements have
been found [34]-[36]. Instead of the single term expansion,
[34] considers f(8) = agx® + ayz'™t, which are the first two
terms of the Taylor series, and approximate this as an expo-
nential function. This approach leads to a very highly accurate
asymptotic performance expressions, albeit more complicated
than those derived based on [33]. A Mellin transform based
approach over the asymptotic expansion of the PDF, given in
to derive a uniform approximation [35]] that works for both
low and high SNR regimes. Authors in [36] combined dual
exponential sum with the asymptotic model in (T).

E. Problem Statement and Contributions

To the best of our knowledge, the performance degradation
of the WPCN (Fig. |1) due to imperfect CSI has thus far not
been characterized. This gap in understanding is problematic
because, as mentioned before, imperfect CSI can lead to
performance losses. To characterize the impact of this problem,
we investigate the throughput performances and bit/symbol
error rates of several modulations, as well as their high SNR
performance of this WPCN with energy beamforming and
imperfect CSI. The throughput performance is analyzed for
both delay-limited and delay-tolerant modes. These modes
correspond to the length of the codewords transmitted by the
user. In the delay-limited mode, multiple codewords fit the
duration of each transmission block, and thus the AP decodes
each codeword as it arrives. In this case, outage probability
(OP), the probability that the short-term information transfer
rate falls below the fixed transmission rate of the user, serves
as a critical measure of the average throughput.

On the other hand, in the delay-tolerant mode, the user can
tolerate more delay and thus can use long codewords compared
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to the duration of the transmission block. In this case, it is
best for the AP to store multiple signal blocks in a buffer and
to decode them together. Consequently, the ergodic capacity
(EC), which is the long-term average of the instantaneous
information transfer rate, is the relevant measure of the system
throughput.

The main contributions are summarized as follows:

1) In practical networks, perfect CSI is not available due
to estimation errors, feedback delays and other issues
[23]. Thus, it is important to include these effects in
the analysis of performance. To this end, for a WPCN
with imperfect CSI, we derive the PDF and CDF (cu-
mulative distribution function) and moment generating
function (MGF) of the received SNR at the AP and the
exact close-form throughput expressions for both delay-
limited and delay-tolerant modes.

2) BER and SER values quantify the reliability of the net-
work. Thus, we also derive exact close-form expressions
for binary phase shift keying (BPSK), binary differential
phase shift keying (BDPSK), M-ary phase shift keying
(M-PSK), and M-ary quadrature amplitude modulation
(M-QAM).

3) As will be seen later, the PDF of the received SNR f(z)
contains Bessel functions, which lack a simple Taylor
series expansion at z = (. For this reason, the classical
asymptotic approach [33]] appears intractable here. Thus,
we develop a two-step process, exploiting the fact that
the received SNR is the product of two random variables
(RVs). So we take the expectation over one RV first and
simplify the result to yield asymptotic results. By using
this general idea, we derive novel, asymptotic (i.e., high-
SNR) expressions of throughput, BERs, and SERs. For
the delay-tolerant mode, the asymptotic large antenna
case and the throughput-optimal EH time in the high
SNR regime are also derived.

4) Finally, numerical results and simulations are presented
to validate the derived results and to investigate the
interplay between the quality of CSI and the EH process.
We thus find the large number of antennas eliminates
the effects of small-scale fading. We also find that the
quality of CSI measured by p has more impact on the
system performance than the other factors.

In a nutshell, this paper generalizes the work of [9] to the
imperfect CSI case. As well, [9] does not consider the analysis
of BER/SER, which is a main part of this paper.

Notation: For random variable X, fx(-) and Fx(-) de-
note PDF and CDF. Vector x ~ CN(p,X) denotes a
circularly symmetric complex Gaussian vector with mean g
and covariance matrix 3. The special case is the circularly
symmetric complex Gaussian RV with mean p and variance
o2 denoted by x ~ CN(u,0?). The gamma function I'(a)
is given in [37, Eq. (8.310.1)]; K,(-) is the v-th order
modified Bessel function of the second kind [37, Eq. (8.432)];
Gp' (2] ‘;1‘;;’ denotes the Meijer G-function [37, Eq.
(9.301)]; ¢ (-) is the Euler psi function [37, Eq. (8.36)];
2 denotes the transpose and conjugate of z; Wi () is
the Whittaker function, [37, Eq. (9.200)]; ¥(a,b;2) is the

3

confluent hypergeometric function in [37, Eq. (9.211.4)].

This paper is organized as follows. In Section II, we describe
the system model and the received SNR at the AP. Section
IIT presents several statistical distribution results, which are
necessary for the performance analysis of the WPCN. Section
IV obtains the exact performance and asymptotic results for
average throughput of delay-limited and delay-tolerant modes.
In Section V, average BERs of BPSK and BDPSK and average
SERs of coherent M-PSK and coherent square M-QAM are
analyzed as closed-form and asymptotic results. In Section
VI, numerical results show the accuracy of the exact and
asymptotic results. Section VII concludes the paper. Finally,
some derivations are relegated to Appendix.

II. SYSTEM MODEL

User

— DL Energy Transfer
<= === UL Data Transfer

Hybrid AP

Fig. 1. System Model

We first describe the network model in Fig. [T, which
consists of a single-antenna user and a multiple-antenna hybrid
AP. These two are half-duplex nodes. The AP has N > 1
antennas and uses MRC for signal reception. The user, without
a battery, is powered via the harvest-then-transmit protocol
[O]. Thus, the energy transfer channel, i.e., the AP-to-user
channel, is denoted as h = [hl,...,hk7...,hN]T e CNx1,
and the data transfer channel, i.e., user-to-AP channel, is
denoted as g = [g1,.-- -Gk, - - ,gN]T € CN*1, The channel
coefficients hy, gi Vk € [1, N| are independent and identically
distributed (i.i.d.) circularly symmetric complex Gaussian ran-
dom variables with zero-mean and unit-variance, i.e., hy, gx ~
CN(0,1). Equivalently, the channel coefficient magnitudes
|hi| and |gi| (k = 1,..., N) are distributed with the Rayleigh
PDF, ie., f(z) =2ze "0 < z < cc.

Let channel estimates of the true channels h and g be
denoted as h and g, respectively. AP gets them via suitable
pilot-assisted channel estimation techniques. Thus, these esti-
mate will have both noise and correlative components. These
are represented in the following model. For any true channel
x € {h, g}, the channel estimate X € {h, g} is related as [18]

%X = px++/1—p2n, (2)

where 0 < p <1 is the correlation coefficient between a true
channel and its estimate, and n € CV¥*! is an N-dimensional
noise vector of i.i.d. CN(0,1) entries. The quality of CSI is
indicated by the value of p. While p = 1 and p = 0 cases
indicate perfect and worst-case (noisy) channel estimation
scenarios. The range 0 < p < 1 will be the imperfect CSI
case. The exact value of p in practice is a function of pilot
symbols and their power. For convenience, we assume both UL
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and DL estimations are characterized by the same value of p. It
is worth mentioning that the model (2)) also represents the case
of outdated CSI as well. In this case, the well-known Jake’s
model suggests that p = Jo(27 f47), where Jy(z) denotes the
zeroth order Bessel function of first kind and f; indicates the
maximum Doppler frequency and 7 is the time delay. Thus,
all these factors can be investigated in conjunction with the
EH process, a task that is left for future research.

Given these details of channel estimation, we next turn to
specify the amount of harvested energy at the AP. Without loss
of generality, we assume a unit transmission block (7' = 1).
Thus, for 7 duration, where 7 € (0,1), the AP transmits RF
power at level P in the DL and the user harvests it. The user
then transmits data in the UL for (1 — 7) duration. This cycle
repeats again in the next block and so on. We assume that
the AP processes the transmit power symbols with a linear
precoder to achieve energy beamforming. Energy beamform-
ing is the process of a highly directional transmission with
high-gain antennas to focus energy beams toward the user. It
thus maximizes the harvested energy at the user. To achieve
this, the transmit signals at different antennas are carefully
weighted (precoding) to achieve constructive superposition at
the user. The precoding vector is computed by the AP, which
requires accurate CSI. In this work, we assume MRT energy
beamforming, which is optimal for the single-cell case [1].
Thus, the AP transmit signal is v/Pf where the precoding
vector f is chosen subject to the constraint ||f|| = 1. The AP
will utilize imperfect CSI to compute f = 1. Thus, the user’s

[k
total harvested energy is Ej, = n7|v/Pf7h|? = P%

[23, Eq. (2)], where n is the energy conversion efficiency.
In practice, the maximum conversion efficiency depends on
the specific technologies; for example, it is about 48% with a
Schottky diode and around 56% with CMOS (complementary
metal-oxide-semiconductor) devices [38]].

By using the harvested energy, the user transmits data
signals to the AP in the UL with power P; that is given as
E,  m™mP |[hh|[>

17 hih
Note that if perfect CSI is available, then h = h. The transmit
power of the user then becomes P; = T”P —||h||?, which is
consistent with previous results [9]]. The recelved signal at the
AP is y4 = \/P,gs + n, where s is the energy-normalized
data symbol and n is the complex additive white Gaussian
noise (AWGN) term, n ~ CAN(0,1). The AP uses MRC
type reception to maximize the received SNR; with MRC, the
received signal is multiplied by g/. This multiplication will

affect both the signal term and noise term in y 4. But the ratio
Hg gH

Py = 3)

1—71

of the powers of these two terms gets scaled by . The
SNR at the AP can thus be derived as

_ P 1 ||h"h]? (g gl*  _

= == == =y XY, “4)

l—-702 hHh gH§
where o2 is the power of noise, 7 = &= c= Tn , X =
A" h||” and Y = L&"ell” It is clear that both X and Y
Rfh N

have the identical statistical distribution. These ratios arise in
the performance evaluation of MRC diversity reception with

4

imperfect CSI, and their distribution was derived in a classical
paper [21].

III. STATISTICAL DISTRIBUTION RESULTS

This section provides necessary statistical distributions for
the use in subsequent derivations throughout the paper.

A. The distribution of Received SNR, 74

Lemma 1. Since v4 = ¢y XY, the PDF of 4 is the product
of a constant and the RV Z = XY. Therefore, the PDF can
be given by

N N 2B (m,n) (g)a(m’m .
Fia ()= A Ko m <2\/;) 5

where N is the number of antennas at the AP, a(m,n)

2R, An) = (10) e and Blmon) &
A(n)A(m).
Proof. The PDF of X was derived in [21]

ZA 2" e 0< < oc. (6)

As channels are i.i.d., the PDF of Y, fy(y), can also be

given as ().
Then the PDF of the product of two non-negative RVs X
and Y, denoted as Z = XY, can be derived as

e [ pe @ (2) o

N N

®) B(m,n) > n—-m—1_-—-w—=
:ZZW/OW TR (g
n=1m=1
N N )
9SS 2B (mn) 2K, (2V5),

n=1m=1

where (a) is the formula to find the PDF of the product of two
RVs; (b) is obtained by @; (c) is due to 37, Eq. (3.471.9)].
Since y4 = ¢yZ, the PDF of 4 can be derived as (5). W

Corollary 1. The CDF of y4 is given by

N & B (m,n)
Py, (z) = Z (a(m,m)+1) g
n=1m=1 ( 7) (8)
21 [ | —a(m,n)
Gl 3 — n—m n—m
cy 2 T T2 a(m7n)_1
Proof.
N N
(a) 2B (m,n)
B ) pELL
n=1m=1 2
T a(m,n)
3 (Z Ko (2,/z> dz
C C
"N ! ©)
) Z Z B (m,n) (m,n)+1
= —_— ?
== (CW)(a(m,n)—i-l)
o (x| —etmn)
Cﬁ n—2m, m2—n7 —oz(m,n) -1 )
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where (a) follows from the definition of CDF; (b) is obtained
by using the equation which expresses K, (-) in terms of
G in [9] and [37, Eq. (9.31.5)]. |

In addition to the PDF and CDF, the MGF can also be
used to evaluate performance measures [39] and their high-
SNR approximations [33]]. For these reasons, we next derive
the MGF of v4 in detail.

B. Moments-Generating Function

Lemma 2. The MGF of v4 can be given by

M, (8) = f: f: B(mm)(;)a(mm;

n=1m=1

-T (n) I (m)e% tiéia(mﬂl)w n—m

—%—a(m,n), >

(=):

(10)
Proof. The MGF is defined as M,, (t) = E[e "74]. By
substituting @ in this definition, we find
M= [ e ) dy
0
N N a(m,n)
(@) 2B (m,n) < 1 )
- = \& 11
22" 5 a

e /1
' / 67tyya(m’n)Kn—m, (2 y) dy7
0 cy

where (a) follows by using the PDF of ~4; (10) is then
obtained by applying [37, Eq. (6.643.3)]. ]

Corollary 2. Since the MGF in Lemma 2 is a complicated
expression, the effect of different parameters on the MGF is
hard to see directly. To alleviate this issue, we derive the
asymptotic (e.g., ¥ — 0o) MGF as

N m—1 m—1—k
RRAULY ST ERE
tcy — tcy

1

m=1

_~_(_1)m—2€% L " B b
tey "\ oty /)|’

where FE;(-) is the exponential integral function [37,
Eq. (8.211.1)].

Proof. Let us revisit the definition of the MGF; M., (t) =
E [e~*74]. Since 74 is a product of X and Y, we first take the
expectation of MGF over X. Thus, the MGF conditional on
Y, denoted as M., |y (t), is given by

v () =E [T
_ g AmIm)
— (1+teyy)n
This expression (13) is derived by taking the expectation over

the PDF of X, which is given by (6).
The next step is to take the expectation over Y, which yields

N N 00 mflefy
A@AO:E:E:BOmnWmXA ﬁ%ﬁ%@?@'““

n=1m=1

12)

M,

13)

5

We next note that (T4)) has the series sum over n and m. If
we expand the series over different n values, when 7 — oo,
the integrals for which n > 2 can be negligible compared to
the one for n = 1. For this reason, (T4) can be fairly accurately
approximated as follows:

N 00 ymflefy
MY (1) ~ B 1 —d
' () foopr} (m. )/0 1+ teyy Y
N m—1 m—1—k
(a) B(m, 1) 1
= (k)| —— 15
2 e |20 19
m=1 k=1
_ 1\™! 1
e () (L],
tcy tcy
where (a) is derived by using [37, Eq. (3.353.5)]. |

While the asymptotic MGF of v4 given in (I3) is fairly
simplified compared to the exact one (I0), even simper version
is possible. There are two cases: imperfect CSI and perfect
CSI. These are given in the next corollary.

Corollary 3. The asymptotic result in can be further

simplified for the case of imperfect CSI as

0<p <1,
(16)

-1 [In (cty) — vEM]
MaSyt%1—22(N 1)[
YA ( ) ( P ) Cti
where vgr is the Euler-Mascheroni constant. If perfect CSI
is available, then the MGF is approximately

1

asy, ~ —\—N .
M'YAJ (t) ~ (tC’y) v <J\/v7 1, ﬁ

) ,op=1 A7)
where U(a,b; z) is known as Tricomi’s confluent hyperge-

ometric function or the confluent hypergeometric function of
the second kind [37, Eq. (9.211.4)].

Proof. For the imperfect CSI case, when 0 < p < 1, in (14),
the dominant part is the one with n = 1 and m = 1. Therefore,
we can consider just that term of (I4) as

o -y
MOsY t) = (1— 2 Q(N_l)/ € d
S0 =(1-0) o Tra™
(a) av-1) T (0, 1) o
= (1 _p2) - )
x
where * = ¢ty and T (s,z) is upper incomplete gamma

function [37, Eq. (8.350.2)]. Let U = %e%F (0,2). By using
the series expansion of U at x = co, we can show that

o) (1),

2
When 5 — oo, we have % — 0. Therefore, U is approximated
well by the first term on the right. We thus find

rofd)

19)

2(N—-1 _
— )2 [l (ct7) — youd]

(ct7)

e o) = &

For the case of perfect CSI , where p = 1, the coefficient
A(n) is zero for all n, except for n = N. Therefore B (m, n)
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exists only when m = n = N. So when p = 1, the MGF may
be expressed as

MOV (1) = 1 /oo yN 1,— dy
b L(N) Jo (14 teyy)Y 20)
a _ 1
tcy
where (a) is obtained by [37, Eq. (9.211.4)]. |

Thus far, we have covered the basic distributional results.
Next, we will derive the SNR for the large antenna regime
(N — ).

C. SNR for the Large Antenna Case

The following corollary finds the deterministic limit of the
SNR as the number of antennas becomes extremely large. This
result is essential for the throughput analysis of the delay-
tolerant mode.

Corollary 4. In this case, we consider the number of AP
antenna increases without limitation with a fixed 7. Then v
can be derived as

Tn
1—

It is observed from (21), the effect of small-scale fading has
vanished when the number of AP antenna is very large. This
effect is known as channel hardening due to the impact of large
scale spatial diversity [40]. Note that v4 also increases with
the increment of energy conversion efficiency 1, 7, correlation
coefficient p and the number AP of antennas.

VAR TP N2 (21

Proof. The channel coefficients are i.i.d. circularly symmetric
complex Gaussian RVs with zero-mean and unit-variance, so

h ~CN(0,1).
h (L

N_ <h+\/?)

(i)thh_i_\/l—p nf’h (22)
N N

(c)

~ p,

where in step (a), we substitute the definition of h (E]) in hf’h.

Step (c) follows from the law of large numbers, & N h 22,7,

as N — oo [41} Eq. (7.14), Eq. (7.15)]. Similarly, & =25 p,
where 2 denotes the almost sure convergence.

: — Ih"h)? e 2 _

So we can obtain X = B N and Y =

”ggignz 22, p®N . Therefore, 74 — 17"77p4N 2, [ |

IV. AVERAGE THROUGHPUT ANALYSIS

In this section, we evaluate the average throughput perfor-
mance of the system model (Section II.) We consider both
delay-limited mode and delay-tolerant mode. The performance
metrics OP and EC are analyzed for these modes. Moreover,
we analyze the asymptotic performance at high SNR regime
to gain more insights.

6

A. Delay-Limited Transmission Mode

1) Exact Throughput Analysis

In this section, we consider the delay-limited case, where
the AP decodes the received signals one codeword at a time.
Therefore, the throughput is now measured by the OP, which
is the probability that the instantaneous channel capacity
falls below the fixed rate R bits/s/Hz, where R is the fixed
transmission rate of the user. The OP is thus given by

Pout = Pr(logy (1+74) < R) = F,, (vn), (23)

where v, = 2% — 1 and F,, (y) is the CDF of v, given
in (8). The user transmits for an effective communication
time fraction (1 —7) during the each harvest and transmit
cycle. Therefore, the average throughput of the delay-limited
transmission mode in bits/s/Hz is

RDL:(l—Pout)(l—T)R

B(m
= R* Z Z a(m,n) ’ytha(m’n)Jrl
n=1m=1 ( )( ( 1) (24)
o3 (| —olmm)
Ci n;m7 m;n’ _a(m’ n) _ 1 b)

where R* = (1 — 1) R.

Although the throughput expression (24) is closed form,
it consists of the Meijer G-function, which does not directly
reveal specific relationships between the throughput and the
parameters p, 7, and 7. That motivates the asymptotic analysis.

2) Asymptotic Throughput Analysis

In order to gain a simpler result, we derive the asymptotic
throughput.

Proposition 1. When 7 — oo, the asymptotic throughput in
bits/s/Hz is given by

N N

Rpy=R"[1-2% %" B(m,n) AT K (NZ)} ,
n=1m=1 (25)

where A % K,_ m(?\ﬁ) is a

monotonically increasing function with the increasing of A.
Therefore, the throughput is improved by increasing the SNR
~, energy conversion efficiency n, correlation coefficient p or
decreasing the threshold ~ip,.

Proof. See Appendix A. ]

However, the asymptotic throughput in Proposition 1 can be
further simplified. To this end, we consider two cases: namely
imperfect CSI (0 < p < 1) and perfect CSI (p = 1).

Proposition 2. The asymptotic throughput 23) can be further
written as
R {1 — (1 — pQ)Z(Nil) (ln (g> — 2’YE‘]M> ’y%h] )
Yth Y

R*

RDL ~
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From (26), we directly observe that the throughput may be
increased by increasing energy conversion efficiency n and
SNR at the AP.

Proof. See Appendix C. ]

Remark 1. When p = 0, namely, the user and the
AP cannot obtain CSI. The average throughput then is
R* |:]. — (ln %) — 2’7EM) oiliy

CSI, the average throughput wzll converge to the ceiling value
R* when either the number of AP antennas or the AP transmit
power increases without limit. The effect of small-scale fading
between the AP and the user vanishes under this scenario.
Furthermore, from Section the diversity order using OP
can be obtained. For the case of imperfect CSI, the diversity

.. . “log P
order is given as Gg = lim —28ewt — 1. In contrast, for
Y —»00 log ¥

o]
the case of perfect CSI, the diversity order can be derived as

Gq= lim —18leu — N
Jroo  log¥

]. For the case of perfect

Remark 2. Here we prove that the analytical results of [|9]
are special case of ours. The paper [9] studies the same
system model as ours but assumes perfect CSI. Therefore, in
our paper, when the correlation coefficient p = 1 (perfect
CSI), B (m,n) = 0 for all m and n except for B(N,N) =
Step (a) of (6]1) is reduced to

ol [z()l

F(N)lf(N) ’

Pout:

27)

which is equivalent to [9, Eq. (4)].

On the other hand, [14|] investigates a MIMO WPCN system
with perfect CSI. The SNR in [|I4} Eq. (8)] is a product of two
independent Chi-square variables. In contrast, in our paper,
the SNR (@) is the product of two weighted sums of Chi-square
RVs if p # 1. But for p = 1, the SNR (@) is the product of
two Chi-square RVs. Thus, the results in [14] for the case of
M =1 are equivalent to our results for p = 1.

The OP in [14, Eq. (12)] is given as

min(N,M) (N+M)i—2i% j i d Z ] oy
Blw=1-2 3, > > D) ('
j=|N—M| k=0
min —21? m—k
ng) (N+§):l 2l Fd(lm) (il 1
m! D

=1 m=|N—M|

il
Ko (2 Z)th> ,

where N is the number of the AP antenna and M
is the number of the user terminal antenna. d(i,j) =

7! 7'02
S, vy 9P = Genpar

the distance between the AP and the user terminal di = 1.

(28)

Here, we assume

-~

Let M =1, then we have min(N, M) =1, j =
(N+M)i—2i2 = (N+M)I—212 = N—1, d(i, j)
d(1,N —-1)=1. (@) then reduces to

—9 Z (7”7) B Ky & (2@) .

(29)

The OP @28), is identical to OP given in {8) in our paper,
which is (277) as well, when p = 1.

In our notation, A = M, which is equivalent to

A = 28 Therefore, 29) is identical to (7).

m

=N-1,
d(l,m) =

F F)/th = k'F

B. Delay-Tolerant Transmission Mode

1) Exact Throughput Analysis

In this mode, as mentioned before, a large delay is tolerable
for decoding the stored signals together. Thus, the throughput
is related to the ergodic capacity. However, the user transmits
data for time fraction (1 — 7) only in each cycle. Therefore,
the average throughput is the product of ergodic capacity and
the effective data transmit time. Thus, we find the throughput
in bits/s/Hz as

>~ 2B (m,n)

1] —1,0
v | —1,-1,252 + a(m,n), 25 + a(m,n) )’
(30)

where (a) follows by the use of PDF (3)); to derive (b), we
express the term In (1 4+ z) and z* K, (x) in Meijer G-function
[42]] and then use [37, Eq. (7.811.1)].

Remark 3. In our paper, when channel estimation is perfect,
ie.p=1 a(M,N) =N —1and B(m,n) = 0 for all m

and n except for B(N,N) = W EC is then written
as
41 —-1,0
(1—r)pG2s <% ~1,-1,N-1,N -1 )
¢= T(N)T(N)npro1n2 - GD

This B1) is thus equivalent to the EC in [|9) Eq. (12)].
We next consider EC in [14, Eq. (15)], which is given as

min(N,M) (N+M)i—2i2 min(N,M) (N+M)l—21?

d(i, j)
=13 Z > 7l Z Z
J=|N—-M]| =|N—M|
d(l,m) ﬁ a2 i ﬁ —-1,0 .
m' D D _17_17j7m
(32)
When M = 1, min(N,M) =1, j=m=N-1, (N +

MYi— 22 = (N + M)l — 212 = N — 1, d(i,§) = d(l,m) =
d(1,N — 1) = 1. Therefore, (32) is reduced to
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41 ~1,0
(1-7)PG2a | 0P
o net 1, -1,N—1,N—1

I(N)I'(N)nro?1n2

(33)
Obviously, (33) is equivalent to (31).

2) Asymptotic Throughput Analysis
Asymptotic throughput is derived for two regimes; namely
¥ — oo and N — oo to gain insights.

Proposition 3. When 7 — oo, the asymptotic throughput of
the delay tolerant transmission is given by

1-—
Rpr = —— o

1—
f-l— Inny —In T , (34)
T

where £ = 222[:1 A )T (n) (n) and ¢ (x) is the Euler
psi function [|537, Eq. (8.360)].
Proof. Let Rpr = (1 —7)C* where

C* =E[logy (14 74)]

o6 127+ Ellog, (0] + o, ()]

» 1—7
) [E—Hnn—i-ln(v)—ln = }

We can readily show that for RV Z, Ellog(Z)] =

t—1
2701 Since both X and Y have the same PDF,

t=1
Z can be either X or Y. We thus find that E [Zt’l]

(35)

PO ‘fn(;)l“( +t—1)(i+¢t—1). We differentiate this
and evaluate at ¢ = 1, which helps to compute the two
E [log, ()] terms in (35). [ |

Remark 4. From (34), for a given T, the system throughput
depends on the logarithm of 7 at high SNR. It can be observed
that increasing the value of EH time T will let the value
outside the square brackets decrease but the value inside the
square brackets rises. This means the EH time plays two
conflicting roles in (34), and thus we can find an optimal value
for T to maximize the average throughput for delay-tolerant
transmission mode.

Proposition 4. The optimal EH time T* for delay-tolerant
mode at high SNR can be expressed as
1
*

N ——————— 36
T TR W e’ o

where W (x) is the Lambert W function [43]].

Proof. First, we take the first-order derivative over 7 of C' in
(34) and equate it to zero as % = 0; We have ¢ 14— Inny —
1 = In1=7; Then it can be written as nyee 7 = 1=T.
Second, after some algebraic manipulations we have 1’% =
W (77e5~1). The final result is given by using W (-) as 7 =
Trwogey- W) is a monotonically increasing function
for z > 0. From (36)), we see that 7* is inversely proportional
to the parameters 7, 7 and £, where £ is a function that depends

on the number of AP antenna. |

8

Proposition 5. When the number of antenna N grows without
limit, the delay-tolerant throughput can be expressed as

Rpr = (1 —7)E[log, (1 + v4)]

~ (1 —7)log, (1 + 17p4N2)

~(1-7) [log2 (1”77;)41\12) + log, (7)] .

Remark 5. This proposition follows from Corollary 4. The
asymptotic throughput displays a logarithmic relation to the
SNR, energy conversion efficiency n, the correlation coefficient
and the number of AP antenna. For a given level of throughput,
as N — oo, the transmit power requirements (i.e. represented
by %) decrease. This is a beneficial trade off, resulting in less
energy use. Moreover, the performance of energy and informa-
tion transfer can be enhanced for long-distance transmission
by adding antennas at the AP.

(37

Remark 6. For massive MIMO systems, power scaling is an
essential feature, which allows the deployment of large-scale
antenna arrays to achieve the system target performance via
scaling down transmit power [44)], [45)]. The transmit power
can be scaled down as P = 1\1; p

throughput becomes Rpr ~ (1 — 7) log, (%2 When
r > 2, the throughput grows without bound, which means

the transmit power can be scaled down further. However,
when r < 2, the throughput converges to zero, which
indicates that the transmit power has been reduced too
much. When r = 2, the throughput converges to a constant

(1—1)log, ( L 4P)

V. AVERAGE BIT/SYMBOL ERROR RATE ANALYSIS

We next derive the error rates of our system for BPSK,
BDPSK, coherent M-PSK and coherent square M-QAM. The
average BER or average SER can be evaluated directly by
averaging the conditional bit error rate, Pggr(-) or the con-
ditional symbol error rate, Psgr(-) [46].

A. BPSK

1) Exact Analysis

BPSK is one of the most robust modulation schemes.
Its conditional error probability is given as Pppgr(vy) =
Merfe ( \/ﬁ) , where erfc (-) is the complementary error func-
tion [37, Eq. (8.250.1)] with A = % and v = 1. The average
BER of BPSK is given as

(38)
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where (a) is due to submitting (3) and Ppggr(y) in the

equation of Pgprr: (b) is obtained by using the same integral
as [46} eq. (8)] which expresses erfc () in term of G};"[] first,
and then do the integral for Meijer G-function.

2) Asymptotic Analysis

Since the closed-form expression (38) is complicated with
the Meijer G-function, the specific relationships between the
parameters and the BER are not clearly visible. However,
asymptotic BER expressions are simpler.

Proposition 6. When 7 — oo, the asymptotic BER in this
N
_ B (
P =
BER E 4ny

case is given as
m—1
e [ () (2)
m=1 «y «y
1 m—k—1
+ Y T (k) (—5> } .
(39)

Proof. See Appendix D. |

3~

Remark 7. In (39), it is seen that Pgrr decreases when SNR
5 increases. Although the asymptotic BER is simpler than the
closed-form expression (38)), it can be further simplified for
two cases: imperfect CSI and perfect CSL

Proposition 7. (39) is further simplified as
(1 _ pg)Z(Nfl)

1 (D) 7 +1n(c) = yeu],
Pgpr ~ 0<p<1,
r(N+1
W+ 5) ¥ (N,l;i,) p=1
2N/l (N) (tc7y) &y
(40)
Proof. See Appendix E. ]

Remark 8. The diversity order of BPSK can be derived from
(0). When CSI is imperfect (0 < p < 1), the diversity order is
Gy = lim LP?ER = 1. When CSI is perfect (p = 1), the

y—+00 log -
—logPprr _
log ¥ ’
Clearly, we see that the quality of CSI has a profound impact

on the diversity order.

diversity order can be given as G4 = hm

B. BDPSK

1) Exact Analysis
For this modulation, the conditional error probability is
given by Pprr(y) = Ae¥7. In this case, the average of
Pprr () is simply related to the MGF of 4. So the average
BER can be derived by the MGF technique [47], [48]]. It is
clear that the BER of BDPSK can be expressed as
1

PBE‘R = )‘M'YA (’U)
N N 1 a(m7n)+%
= — T r
>3 BmanA(£) ) )
cemeryTamalm, ")W_f_(y(m n),Bzm (1) .
2 vey

n=1m=1
1

For BDPSK, the parameter values are A = 5 and v = 1.

Although this result is exact, simpler yet accurate results are
possible with the use of asymptotic MGF.

9

2) Asymptotic Analysis
To this end, we can use Corollary 2 to obtain the asymptotic
performance of BDPSK. Thus, the asymptotic BER (5 — o0)
is given by
pBER = )\MaSy (U)
1 m—1 1 m—1—k
-3 B [ (- 1)
— — vey

(42)

m—1
()™ 2enm 1 E LA
vey vey

However, even further simplification is possible. By using
Corollary 3, thus, asymptotic Pggpr is obtained as follows;

2(N—-1 N\ —
)\(l—p2) ( )(CU’)/) 1
pBE’Rz '[(IHW’;FKICU—’YEM}, 0§p<]—a (43)
A(vey)™ 1
_ N, 1; =1.
r(NV) < v) g

Remark 9. According to @3), when 0 < p < 1 the diversity

order can be derived as G4 = lim M = 1. When the
J—o0
CSI is perfect, the diversity order is G4 = lim % =

"{—)OO
N. Thus, we see that the diversity order collapses when the

quality of CSI is less than perfect.

C. For coherent M-PSK

M-PSK modulation is widely used in advanced wireless
networks such as LTE, WiMAX and others. For a given
symbol rate, the information rate of M-PSK is significantly
higher than that of BPSK. However, it needs more transmit
power to keep the same error rates as BPSK.

1) Exact Analysis

The conditional SER for coherent M-PSK signals is given
by [49]

A
Psgr(v) = a/ e "o,
0

1

where a = -, A = IESK

W b(H) = sinZ(6) and gpPSK =
51112( ) Since the SER expression is an integral of the
exponentlal function, the expected value of this expression
directly relates to the MGF.

Thus, the average SER, Psgr, can be derived as

A
PSER:CL/O M’YA (b(@))d@

s i aB (. n) (1)a(m’")+;r ()T (m)

n=1m=1 &Y
A S — L —a(m,n) 1

. | e?b(@)c’Yb(e) 2 W,%,( n—2m W d9,

(44)

a(m,n),

where Pspp is obtained by Lemma 2. The finite integrals in
(@4) can be evaluated by mathematical software packages.
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2) Asymptotic Analysis

We see that has the Whittaker function, a complicated
function. Thus, the relations between the parameters and the
SER are not immediately evident. To alleviate this, similar
to the BDPSK case, we derive the asymptotic results via
Corollary 3 (Section III)

(45)

where, the finite integrals in (@3)) can be evaluated by software.
We can simplify it further for imperfect CSI case (0 < p <
1) and perfect CSI case (p = 1), respectively as

A

= 2(N—-1 SN

PSER%G/ (1-p% ( )(05(9)7) !
0

(46)
. [lni +1In (Cb (9)) — *yEM] do
and
_ A X)) 1
D. M-QAM

M-QAM is widely used in digital communication networks.
These include optical fiber networks, digital subscriber lines,
IEEE 802.11, orthogonal frequency division mulitplexing
(OFDM) based networks and more. By increasing constella-
tion size M, it is possible achieve arbitrarily high spectral
efficiencies.

1) Exact Analysis

The conditional SER for coherent square M-QAM signals
is given by [50] [49]

4q (2 442 (7
Pspr () = ﬁ/ 67h(0)vd9,L/ e Ovgg. (48)
™ Jo ™ Jo
where ¢ = 1 — ﬁ, h(0) = f{ﬁ;“(g) and goam = 2(1\/?71).
Then, SER of M-QAM can be derived as follow
_ o0
P = P, d
SER /0 (V) fra (7) dvy 49)
= Il - 127
where I; and I5 can be written as
n= @/E M, (h(0))do
™ Jo
N N oz(?’ﬂ,,'n.)+l
_4 1 :
_W;;B(m’n)<07) I'(n)T (m)
. H SRET —%—a(m,n) 1
/o R e VIO
(50)

* (=) (o)

10

"My, (h(0) do
2 N N a(m,n)+ %
:%ZZB(m,n)(%) I'(n)I' (m)

n=1m=1
1
= (ve)

(51)

The finite integrals in (50) and (BI) can be evaluated by
software such as MATLAB.
2) Asymptotic Analysis
We can also find an asymptotic expression for (#9). Similar
» to the case of BDPSK, we obtain the asymptotic result by
using Corollary 2.

E 1 1
. / th(@)cwh(Q)_E_a(m’mW i
0 2

—5—a(m,n),

Psgr~ P1 — P, (52)
where
4 5 as
P = ?q M (b (0)) o
N s m—1 m—1—k
- 49 [F B(m,) !
=2 IS r L_l P("")( ®) c*) (53)

2 %
Py=2C [ ppesv () do
™ Jo
N 2 s m—1 m—1—k
_ 4¢° (% B(m,1) 1
‘;7/0 h o) { 2 )( hw)cv) 54
1

F ()2 e <h(0) m)ml E; (_h(ﬁl)cv)} do,

where the finite integrals in (53) and (54) can be readily
evaluated by software such as MATLAB.
Using Corollary 3, for the imperfect case, when 0 < p < 1
we can obtain

4 H 221 =\—1
Poa ) (1=07) (ch (6)7) 55)
“[In¥ 4+ In(ch () — yerr) do
and
_4g® (% 2\2(N-1) -1
Py~ 7/0 (1-¢7) (ch (6)7) 56)

“[In¥ +1n(ch (0)) — ver] db.

For the perfect CSI case, where p = 1, we have

_4q (7 (h(0)cy) N 1
Py ~ /0 W (N,l, 0] cﬁ) o (57)

™ I'(N)
and
A [T (hO)ey) o1

Remark 10. For BDPSK, M-PSK and M-QAM, the exact
expressions are derived based on Lemmal2] and the asymptotic
results are based on Corollary 2 and Corollary 3 (Section III).
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TABLE I
SIMULATION PARAMETERS

Notation  Parameter Value
T Block duration 1
o? Noise variance 0 dBm

unfaded SNR

correlation

T [

®

Average Throughput (bits/s/Hz)

0.27}
0.26 | -©-Simulation N =2

- Simulation N = 5
0.26 - — Analysis in eq.(24)

--- Asymptotic in eq.(26)

sl | | | | | | | | [ [ [ [ [ [
0.25 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44
7 (dB)

Fig. 2. Delay-limited throughput mode versus average SNR (%) for 7 = 0.4,
n = 0.6 and R = 0.5.

For the imperfect CSI case, where 0 < p < 1, it can be seen
Sfrom @O, @3), @0), (33) and (56) that when the value of the
product of ¢ increases, the value of average BER/SER will
converge to zero, which means either the energy conversion
efficiency at the user or the AP transmit power rises, the
BER/SER can be improved. For the perfect CSI case (p = 1),
Pgrr contains a confluent hypergeometric function and the

impact of the parameters is not as explicit as the imperfect
CSI case.

VI. NUMERICAL AND SIMULATION RESULTS

This section provides Monte-Carlo simulations to validate
analytical results and to evaluate the impacts of the key
parameters, which are given in Table 1.

A. Delay-Limited Mode

Fig. 2] plots the delay-limited throughput versus the average
SNR with different numbers of AP antennas and the correla-
tion coefficient p. As expected, when the transmit power or the
number of AP antennas is increased, the average throughput
improves. The simple reason is that more harvested energy
is achieved as a result of higher energy beamforming gain
and the AP transmit power. The throughput is also influenced
by the quality of the CSI (e.g. correlation coefficient). When
p ~ 1, the system has perfect CSI without noisy estimates. If
p ~ 0, the poor performance results in poor throughput. The
dotted lines represent the asymptotic throughput for ¥ — oo

11

Average Throughput (bits/s/Hz)

-©-Simulation 7 = 0.9
- Simulation ) = 0.6 | |
— Analysis in eq.(24)

0 01 02 03 04 05 06 07 08 09

Fig. 3. Delay-limited throughput versus EH time (7) for N = 3 and P =
10dBm.

in 26), which improves when p and the AP transmit power
increase. When 7 is large, all the curves converge to 0.3, which
validates our analytical result that Rp;, = R* as ¥ — oc.

Fig. 3] plots the simulated and exact outage probability
versus EH time 7 with different correlation coefficients (p)
and energy conversion efficiencies (7). We can observe that the
throughput improves with increasing p. The figure also shows
the relation between average throughput and energy conversion
efficiency. Obviously, higher 1 helps the user harvest more
energy in the DL, so the user has more energy for UL data
transmission. The curves are concave and they increase first
and then decrease as the EH time increases. It is observed
that the peak for the p = 0.8 curve is at 7 = 0.1, while the
peaks for curves p = 0.5 and p = 0.2 are at 7 = 0.2. Thus,
the optimal EH time is sensitive to the quality of channel
estimations.

B. Delay-Tolerant Mode

Fig. {] plots the delay-tolerant throughput versus EH time 7
for several energy conversion efficiencies (1) and correlation
coefficients (p). The figure shows a peak for each curve.
This optimal EH time, 7*, balances EH time, 7, and data
transmission time, (1 — 7), perfectly. This coincides with our
analytical results (30) and (36). Note that p ~ 1 is for
perfect CSI and p ~ 0 is for totally noisy CSI. Thus, we can
observe that larger p and 7 increase the throughput. Finally,
we note that the simulation points (e.g. markers) lie exactly
on the solid curves, which are the analytical results. Thus, this
confirms that the derived theoretical results match with the
simulations. This assures some confidence about the validity
of the theoretical results.

Fig. [5] plots the delay-tolerant throughput versus the AP
transmit power with different numbers of AP antennas. In-
creasing both the transmit power and the number of antennas
builds up the ergodic capacity. As well, the simulation result
matches the analytical result in (30). Although the asymptotic
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Fig. 4. Delay-tolerant throughput versus EH time 7 for P = 1dBm and
N =3.
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Fig. 5. Delay-tolerant throughput versus 7 forn = 0.9, 7 = 0.6 and p = 0.6.

curves (34) and the analytical curves (30) diverge for small
values of the SNR (%), they converge as 7 increases. Hence,
the asymptotic expression is useful to correctly predict the
characteristic of the delay-tolerant throughput performance in
high SNR region.

Fig.[6] plots the delay-tolerant throughput versus the number
of AP antennas, N. The solid lines and the circle markers
represent the asymptotic analysis and simulations, respectively.
The slopes of curves are large when N is small, but increasing
N flattens out the curves. The asymptotic results converge to
the simulations when either the number of antennas increase
or p increase. When p = 1, i.e., noise-free estimates, the
simulation and asymptotic results coincide even for small
N. However, with more noisy estimates, more antennas are
needed to obtain a convergence between asymptotic and sim-
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-©- Simulation

16| |— Asymptotic in eq.(37)
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Fig. 6. Delay-tolerant throughput versus N for n = 0.9 and 7 = 0.4.
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Fig. 7. Average throughput versus the number of AP antennas for both delay-
limited delay-tolerant modes with different EH time 7, P = 10dBm, and
p=0.7.

ulation results. Finally, as before, increasing p improves the
throughput.

Fig. [7]shows average throughput of delay-limited and delay-
tolerant modes versus the number of AP antennas, N and
different values of the EH time 7. The throughput of the
delay-tolerant mode increases with more AP antennas, and the
slope of the curves gradually decreases. On the other hand, the
throughput curves of the delay-limited mode first increases
and then reach a ceiling when NN increases. This behaviour
can be anticipated from (24) because the average throughput
of the delay-limited mode is bounded by R*. Moreover, it
can be observed that the impact of 7 for both throughput
performances is unclear.
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Fig. 8. Pgppg versus 7 for p = 0.8, 7 =0.9, v =1 and A = 0.5.

C. BER

Fig. [§ plots the BERs of BPSK in (38) and BDPSK in (1)
versus EH time 7 with different numbers of AP antennas.
Solid lines represent the analytical results, while the markers
(triangle and star) represent the simulation points. Thus, we
clearly see a tight fit between simulation and the analytical
results. BPSK has better performance than BDPSK for same
parameters. It is observed that the deployment of more AP
antennas improves the BER of both BPSK and BDPSK. Unlike
the average throughput, where certain 7 results in the peak,
the BER decreases when 7 increases. We thus observe that
the minimum BER is obtained when 7 = 0.9. This trend can
be clearly seen from the asymptotic results (40) and (@3). Of
course, such large values of 7 are not helpful in terms of
throughput maximization.

Fig. 0] plots the average BER of BDPSK versus SNR for
different EH conversion efficiencies (n = 0.6,0.8) and EH
times (7 = 0.2,0.4,0.8). We see that the asymptotic results
(dashed lines) approach the exact (solid lines) and simulation
ones (markers) when SNR increases. As well, increasing SNR
improves the BER performance. The BER decreases when
the EH conversion efficiency or the EH time increases. It is
observed that gaps between asymptotic and analysis depends
on the EH time. 7. It also can be observed that increasing EH
time clearly improves the BER performance.

Fig. [I0] plots analytical, simulated and asymptotic BERs
of BPSK versus SNR. The number of AP antennas (V) is
assumed as either 2 or 4, and the correlation coefficient (p) is
0.2, 0.4 or 0.8. Similar to the BDPSK case, increasing SNR
improves the BER performance. In addition, Fig. [I0] shows
that either adding more antennas at the AP or increasing the
correlation coefficient can decrease BER. We can also see the
analytical (solid lines) and asymptotic (dashed lines) results
diverge for (N = 4,p = 0.8), but when N decreases, the
gaps between analytical and asymptotic results are reduced
quickly.
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Fig. 9. Pgpr of BDPSK versus ¥ for N = 4, p = 0.5, v = 1 and A\ = 0.5.
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Fig. 10. Pgrr of BPSK versus 7 for 7 = 0.8, n = 0.5, v = 1 and
A =0.5.

VII. CONCLUSION

Although there has been a flurry of works on WPCNs,
the impact of channel estimation errors on their performance
has received scant attention. Thus, this paper investigated this
topic in detail. Specifically, we analyzed the distributions of
the received SNR, the average throughput of delay-tolerant,
delay-limit modes, and the BER/SER performances. Exact
closed-form expressions as well as the high-SNR asymptotic
results were derived. The correctness and effectiveness of these
theoretical analysis were verified by Monte-Carlo simulation
results. Our results show that in the high SNR region, the
performance of one transmit and receive antenna coincides
with that of multiple antennas at the AP. Due to energy
beamforming at the DL, when the AP transmit power is large
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enough, the energy user harvests from one path is sufficient for
the UL information transmission. Numerical results showed
that optimal EH times for delay-tolerant and delay-limit modes
are different.

Our main findings from the derivations and the numerical
results can be summarized as follows:

1) Unsurprisingly, the throughput and BER/SER perfor-
mances can be improved by increasing the transmit
power P, the number of antennas at the AP, correlation
coefficient and EH conversion efficiency.

2) The optimal EH time fraction 7 which maximizes the
EH and data transmission rate can be derived for the
delay-tolerant mode.

3) In the conventional analysis of non-EH wireless [33]],
[51]], the asymptotic performance (e.g. BER, SER and
outage) can be expressed in terms of diversity gain and
coding gain (see (I)). But we have shown that this breaks
down in the case of EH links. Instead, most asymptotic
expressions tend to be of the form ln(;’# where ¢ and
d are some constants.

4) When the number of AP antennas becomes very large,
the effect of small-scale fading vanishes. This is the
well-known channel hardening effect in the massive
MIMO literature.

A. Future directions

Although the effect of imperfect CSI on a WPCN has been
the focus of this paper, several interesting future directions
suggest by themselves. Firstly, we assumed a linear EH model
where the EH output power increases linearly and unbounded
with the input RF signal power. However, practical EH circuits
display highly nonlinear characteristics, exhibiting saturation
with high input powers. Thus, nonlinear EH models are of
interest [|52]], which may thus be considered for the extension
of our results in this paper. Secondly, our work may also be
extended for non-orthogonal multiple access (NOMA) assisted
WPCN:s. For example, the exact and asymptotic performances
of imperfect CSI can be evaluated in NOMA WPCNs. Thirdly,
we have assumed independent fading across the multiple AP
antennas. Although this assumption roughly holds for the most
practical operating conditions, correlated fading can occur
sometimes. So analytical tools for the correlated fading case
are important to be developed. Finally, our work can also be
extended to MIMO systems.

APPENDIX A
PROOF OF PROPOSITION 1

To develop this analysis, we must go back to the definition
of v4. By using it and revisiting (23]), we can exactly express
the delay-limited throughput as

(59)

1_
P, = Pr <XY < (T)”h) .

Yy

As mentioned before, to find the asymptotics of the outage,
we need the series expansion of the PDF of XY, similar to (I).
We then have to consider the behaviour of K, (z) as z — 0.
But the expansion of this function near = 0 has logarithmic
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terms and negative powers of x [37]]. Due to this reason, the
classical approach is not viable. Alternatively, we use the two-
step process, which was earlier used to derived the asymptotic
MGF. The first step is to average over X while keeping Y
constant. Since the PDF of X is a weight sum (), the outage
for conditioned on Y, P,,; |y, may then be written as

Pt ly= iun)r(n) [1 D> (?)l;’

1=0
The second step is to average the conditional outage over
the PDF of Y when 7 — oo. This can be done as follows:

Pout = / Pout ‘Y fY (y) dy
0

. (60)

ymflefydy (61)

N N
Yo N Bnn) A Ky (2\/5) :

n=1m=1
where Step (a) is obtained by substituting the PDF of Y in
(60); The proof of Step (b) is obtained in the Appendix B.
Therefore, the average throughput can be written as (23).

APPENDIX B
APPROXIMATION FOR OP

Here, we derive the approximation expression of the term in
Step (a) in (61). Recall that A = %17_7), so when ¥ — oo,
A — 0 and I can be approximated as

n—1 l
_A A 1
[=1-e Z(y) I

=0

n—1 l
(a) _a A Z (A) 1
=e v |leyv — — —
|
[ =0 VY L
= /A
@eﬁz(

"
I

(e _a (A>” 1
~ e Y — —,
y n!

where, (a) follows readily; (b) is due to Taylor expansion e% =

Z;ﬁo (%)l % When A — 0, the terms for [ > n-+1 are much
smaller than the [ = n-th term, so we can ignore all the terms
for which [ > n + 1. Therefore, we obtain (c).

The integral in Step (a) in (6I) can be approximated as

n—1 l
e _A A 1 m—1_ —
[l S G) i)

=0

n 1 > 7éfy m—n—1
~A o e v Yy dy
n. 0

- A% K, (3VE),

which is obtained by using [37}, Eq. (3.471.9)]. By substituting
this in (6I), we obtain the final result.

(62)

(63)
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APPENDIX C
PROOF OF PROPOSITION 2

For the imperfect CSI case, where 0 < p < 1, when SNR
is large, the first term of @]) will be the dominant term, and
thus the whole sum in (6I) can be approximated by it. For
the term with m = 1 and n = 1, equation (b) in (6I) can be
written as

Pou~2(1- 2"V AR, (NK)

(2)2 (1 _ pQ)Q(N—l) A (_; nA — ’YEM) +0 (AQ) )

b 2(N-1 ol
= (1-0%) e (m (7) - 2’7EM> %

Vth

To obtain (a), we note that near x = 0, the Bessel function
can be expanded as Ko (2y/z) = —ilnz — gy + O (z).
We can use this expansion because as 7 — oo, A — 0. (b)

represents the equation in 7.
Therefore, the average throughput is expressed as

Rpr =R" |:1 - (1 — pz)Q(N_l) (ln (ﬁ) — 2’YEM) ’V%h:| .
Yth cy

(65)

For the perfect CSI case, when p = 1, B (m,n) exists only
when m = N and n = N, so can be written as

Py~ %AN K, (NZ)

a 2 1

T2 (N)
cy Vth N
() -2en) ()
Yth cy

(
® 1
T T2(N)
The proof of this is very similar to that of (64) and therefore
the details are omitted. Thus, the average throughput can be

expressed as
1 cy v\
l———(In{— ) —2vgMm R .
T2 (N) ( " (%h) ”EM> ( cv) ]
(67)

Rpr =R*

APPENDIX D
PROOF OF PROPOSITION 6

First, we express the BER by using the Q function, and then
take the expectation of the BER. Therefore, the average BER
of BPSK can be expressed as

Pppr =E [Q («/QCWXY)} ,

where the Gaussian Q-function is given by Q(x) =

/24 — ﬁl“ (%,%2) Therefore, can be

(68)

_1_ [oe
V2T f T €
rewritten as

_ 1 1

P =E|—=I'(-,c7XY )|. 69
BER [2 N <270’Y )] (69)
Next, we use the following two steps to find the asymptotic

BER.
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In Step 1, we average (69) over X while keeping Y
constant. Since the PDF of X is a weighted sum of exponential
terms (6)), the BER conditional on Y may be written as

N

D _ A(TL) > 1 — n—1_—x
Pppriy= Z 2ﬁ/@ I‘<2,C'yxy>x e *dx

(a) i A(n) VAT (n+ %)

1
n=1 2ny/m (1+Cﬁy)n+2

o1 (Lt gin 41 chw) 70
(Ni) i A(n) F(n—!—%)
= 2ny/m (1 +cyy)"
(o1 1
S Ay
Step (a) is obtained by calculating the integral part of the

conditional BER given by Y and using [37, Eq. (6.455.1)];
oF) (a,b;c; z) is hypergeometric function [37, Eq. (9.10)]
which can be written by the power series when |z| < 1.
oFy (a,by¢;2) = > 72, (azz)(b)’“ %, where if £ =0, (¢), =1
and if k > 0, (q), = q(q+1)- (g+k—1). In step (b),
since ¥ — oo, the parts for which n > 2 is small compared
to those with n = 1, so the parts for n > 0 can be omitted.
After some algebraic manipulations, we get (c).

Step 2: we average the conditional BER over Y. The BER

of BPSK may then be written as follows:

N
_ B(m,1) [~ 1 oy
P = E m
BER 4 /0 1+ ciyy €

o () (3)

(71)

where the integral is obtained by [37, Eq. (3.353.5)].

APPENDIX E
PROOF OF PROPOSITION 7
To this end, we can further simplify the asymptotic result
in (7I). When the CSI is imperfect, 0 < p < 1, the dominant
part occurs when the number of antennas equals to one. Thus,
only keeping the dominant part, we find

(1_p2)2(1\’—1) /oo eV
0

P ~
BER 4 14 cyy (72)
o\ 2(N—1)
(1 - P ) 1 _
~ 1 (7) " [Incy —veM]-

The derivation follows from Corollary 3.
When the CSI is estimated perfectly, p = 1, the value of
B (m,n) is not zero only when m = N and n = N, so
can be further simplified as
P _A(N)T(N+3)
BER|Y &= .
| 2N VT (14 cﬁy)N

(73)
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By averaging this over the PDF of Y, we get

L(N+3) /°° y e
Y
2NVTT2(N) Jo (14 eyy)™

@ T(N+3) 1
2N/l (N) (m)N\P (N’ . cv) ’

Pppr =
(74)

where (a) is obtained by applying [37, Eq. (9.211.4)].
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