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ABSTRACT
We investigate the practical realization of energy beamforming gains
in the downlink wireless power transfer from a massive antenna ra-
dio frequency (RF) source to multiple single antenna energy har-
vesting (EH) users. Assuming channel reciprocity for the uplink
and downlink channels undergoing Rician fading, we first obtain the
least-squares and linear-minimum-mean-square-error channel esti-
mates using the energy-constrained pilot signal transmission from
EH users. Due to the usage of low cost hardware at the users and for
realizing massive antenna system at the RF source, these estimates
are strongly influenced by the transmitter and receiver in-phase-and-
quadrature-phase imbalance (IQI). Using these channel estimates,
we next derive the harvested power at each user by applying the
source transmit precoding that maximizes the sum harvested power
among the users. Selected results generated considering practical RF
EH system parameters show that IQI and channel estimation errors
can lead to about 30% degradation in the sum EH performance.

Index Terms— RF energy harvesting, IQ imbalance, massive
MISO, channel estimation, LMMSE, least-squares, beamforming.

1. INTRODUCTION

Massive antenna array at the radio frequency (RF) source can help in
realizing the long range wireless power transfer (WPT) to RF energy
harvesting (EH) users [1]. Also, if the accurate channel state infor-
mation (CSI) is available at the transmitter (TX), then it can enable
the perpetual operation of low power EH devices in the internet of
things (IoT) [2]. However, due to the usage of low cost hardware and
low quality RF components for the ubiquitous deployment of EH
devices in IoT and for making massive antenna array system eco-
nomically viable, the performance of these multiple antenna energy
sustainable systems is more prone to RF imperfections [3]. Unfortu-
nately, this may result in a significant performance degradation due
to the underlying TX and receiver (RX) in-phase-and-quadrature-
phase-imbalance (IQI) and its impact on the channel estimation (CE)
errors [4]. This work aims at investigating this performance degra-
dation in the energy beamforming gains [5, 6] of practical multiuser
(MU) massive multiple-input-single-output (MISO) WPT [1, 2].

1.1. Related Works and Motivation

Recently, in [7] it was shown that due to IQI in MU massive MISO
systems, every single antenna RX can be viewed as having two ports,
one actual and other virtual, which leads to an inaccurate CE at the
multiple antenna TX. Capitalizing on this observation, the impact of
IQI on CE and information transfer (IT) was investigated in [4, 8, 9]
for the MU massive MISO systems. On one hand, the performance
of uplink (UL) massive MISO systems was investigated in [8] and
[9] while incorporating the CE and IQI compensation. Whereas, the
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authors in [4] studied CE and sum rate limits in downlink (DL) MU
massive MISO systems. However, these works [4, 7–9] focusing on
IT, did not investigate the impact of IQI and CE errors on the efficacy
of massive MISO WPT. Further, only linear-minimum-mean-square-
error (LMMSE) based CE was presented in [4, 8, 9] which requires
the distribution of channel and noise to be known a priori.

The impact of CE errors on the EH performance of WPT from
massive antenna TX to single and multiple users was respectively
investigated in [5] and [6]. Different from [4, 8, 9], Rician fading
was considered in [5,6] due to the availability of strong line-of-sight
(LoS) component in short range WPT links where TX to RX distance
is constrained by low receive energy sensitivity [1, 10] of RF EH
devices. To the best of our knowledge, the joint impact of IQI and
CE errors on the optimized sum EH performance of MU massive
MISO WPT over Rician channels has not been investigated yet.

1.2. Key Contributions and Notations

The key contribution of this work is two-fold. (1) Considering the
impact of IQI on the RF EH performance degradation for the first
time, we derive both the LMMSE and least-squares (LS) based Ri-
cian channel estimates for the DL WPT in a MU massive MISO
system. (2) Using these estimates we obtain the harvested direct-
current (DC) power [11,12] at each user by applying the TX precod-
ing that maximizes the sum harvested power among the EH users.
To corroborate our investigation and quantify the degradation in EH
performance, the variation of this sum harvested power under IQI
and CE errors with practical WPT system parameters is compared
against the maximum value as obtained for perfect CSI with no IQI.

Notations: Vectors and matrices are denoted by boldface low-
ercase and boldface capital letters, respectively. AH, AT, A∗, and
A−1 respectively denote the Hermitian transpose, transpose, conju-
gate, and inverse of matrix A. 0n×n and In respectively represent
the n × n zero and identity matrices. With tr (A) being the trace
of matrix A and [A]i,k denoting its (i, k)th element, [D]i denotes
the ith diagonal entry of the diagonal matrix D. ‖ · ‖ and | · | re-
spectively represent the Euclidean norm of a complex vector and the
absolute value of a complex scalar. Lastly, with j =

√
−1 and C de-

noting the complex number set, CN (µ,C) represents the complex
Gaussian distribution with mean vector µ and covariance matrix C.

2. SYSTEM DESCRIPTION

In this section we first present the system model details along with
the adopted wireless channel model. Then we develop the received
baseband signal model under both TX and RX IQI.

2.1. Multiuser Massive MISO Channel Model
We consider the MU massive MISO WPT from an N antenna RF
source S to theM single antenna EH users U = {U1,U2, . . . ,UM}.
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With N � M , we assume flat quasi-static Rician block fading
where the channel impulse response for each communication link re-
mains constant during a coherence interval of τ symbol duration and
varies independently across different coherence blocks. S−to−Ui
channel as represented by an N × 1 vector hi is defined below.

hi =

√
βiKi

Ki + 1
hdi +

√
βi

Ki + 1
hsi , ∀ i = 1, 2, . . . ,M, (1)

where hdi ∈ CN×1 is a deterministic vector containing the LoS
and specular components of the Rician channel hi, βi models
the large-scale fading between S and Ui which includes both the
distance-dependent path loss and shadowing, Ki is the Rician fac-
tor denoting the power ratio between the deterministic and scat-
tered components of the S−to−Ui channel. On the other hand,
hsi ∈ CN×1 is a complex Gaussian random vector, with inde-
pendent and identically distributed zero-mean unit-variance entries,
representing the scattered components of the S−to−Ui channel.

Thus, hi ∼ CN
(
µhi

,Chi

)
, where µhi

=
√

βiKi
Ki+1

[√
αi0

√
αi1ejθi1 (ψi) . . .

√
αiN−1e

jθiN−1
(ψi)
]T

and Chi = βi
Ki+1

IN .
Here, αik and θik respectively represent the power gain of kth an-
tenna at S for Ui and its phase shift with respect to the reference
antenna, while ψi is the angle of arrival/departure of the specular
component at S from Ui. With δ representing the inter-antenna
separation at S, θik (ψi) , 2πk δ sin (ψi) , ∀k = 1, 2, . . . , N − 1.

Now let us denote the combined S−to−U channel by the
matrix H , [h1 h2 . . . hM ] ∈ CN×M . In this work, we refer
the S−to−U channel as DL and the U−to−S as UL. Assuming
channel reciprocity due to the adoption of widely incorporated time-
division duplex (TDD) mode of communication in MU massive
MISO systems [4–9], the DL channel coefficients are obtained by
estimating them from the UL pilot transmission from the M EH
users. We consider that each coherence interval of τ symbol period
duration is divided into two subphases, namely, UL CE phase and
DL WPT phase. During the CE phase of M ≤ τc ≤ τ symbol
period duration [2, 4, 6], each Ui transmits orthogonal pilot sig-
nal vector spi ∈ Cτc×1 to S. With pc denoting the UL CE or
training average transmit power of each user Ui for each symbol
period, the combined orthogonal pilot signal matrix can be repre-
sented by Sp , [sp1 sp2 . . . spM ]T ∈ CM×τc , which satisfies
SpS

H
p = pcτcIM . Hence, with pcτc representing the energy con-

sumption at U during the CE phase, the resulting received baseband
signal Y ∈ CN×τc at S without any TX or RX IQI is given by

Y = HSp + W, (2)

where W ∈ CN×τc is the received complex additive white Gaussian
noise (AWGN) matrix with zero mean entries having variance σ2

w.

2.2. IQ Imbalance Model

Now we derive the received baseband signal at S under both TX and
RX IQI. The baseband TX IQI in Sp during the UL transmission
from U can be modeled as follows [3]

SpTI = TU1 Sp + TU2 S
∗
p. (3)

Here, TU1 and TU2 represent the M × M diagonal matrices
with their ith diagonal entries respectively defined as [TU1]i ,
1
2

(
1 + gTUie

jφTUi

)
and [TU2]i , 1

2

(
1− gTUie

jφTUi

)
, where

gTUi and φTUi respectively denote the TX amplitude and phase
mismatch at the ith user Ui. Similarly, the baseband RX IQI in Y at
S during the UL transmission from U can be modeled as [3]

YRI = RS1 Y + RS2 Y
∗, (4)

where RS1 and RS2 represent the N × N diagonal matrices
with their ith diagonal entries respectively defined as [RS1]i ,
1
2

(
1 + gRSie

−jφRSi
)

and [RS2]i , 1
2

(
1− gRSie

jφRSi
)
, where

gRSi and φRSi respectively denote the RX amplitude and phase
mismatch at the ith antenna of S. Using (3) and (4) in (2), the
received UL baseband signal matrix YJI ∈ CN×τc at S during the
CE phase with joint TX and RX IQI can be obtained as

YJI = HA Sp + HB S∗p + WJI, (5)

where HA , RS1 HTU1 + RS2 H
∗T∗U2, HB , RS1 HTU2 +

RS2 H
∗T∗U1, and WJI , RS1 W + RS2 W

∗. It is worth not-
ing that due to the usage of narrow band signals for DL WPT [1, 2,
10] and UL pilot signal transmission [4, 8], we have considered the
frequency-independent IQI model [3]. Further, due to the limited
availability of feedback or training signals at S from the energy-
constrained users U , we assume that S does not compensate for
IQI and treats HB S∗p and WJI in (5) as the interference and scaled
noise, respectively, which stem from joint TX-RX IQI. As we con-
sider IQI in both UL CE and DL WPT, instead of TX or RX IQI, now
onwards we denote IQI at S and U as S-IQI and U -IQI, respectively.

3. UPLINK CHANNEL ESTIMATION UNDER TX-RX IQI

Here we present the LS and LMMSE channel estimates for the effec-
tive channel HA as defined in (5) for the joint S-U -IQI. In order to
have sufficient time for WPT to enable efficient RF EH at U , we set
τc = M , allocating the minimum time required for CE phase [4, 6].

3.1. LS based Channel Estimate

The LS based CE can be used when the distribution of the channel
and noise are not known a priori. From (5), the LS estimate ĤAL ∈
CN×M for the effective channel HA under IQI is given by [13]

ĤAL = YJI S
H
p

(
Sp S

H
p

)−1

= YJI S
H
p (pcτc)

−1 , (6)

where with Hd , [hd1 hd2 . . . hdM ] representing the combined
deterministic components of the channel H, the mean of ĤAL is

given by µĤAL
= RS1 HdTU1+RS2 H

∗
dT
∗
U2+

[
RS1 HdTU2 +

RS2 H
∗
dT
∗
U1

]
S∗pS

H
p

pcτc
and variance [CĤAL

]ik of the element in ith

row and kth column of ĤAL for the real-valued Sp (special case) is

[CĤAL
]ik =

βk
Kk + 1

(
|[RS1]i|2 + |[RS2]i|2

)
+

[CWJI ]i
pcτc

, (7)

where CWJI = σ2
w

(
|RS1|2 + |RS2|2

)
represents the covariance

matrix of WJI as defined in (5). The detailed proof for obtaining
(7) has been omitted here due to the limited space. Also, it may
be noted that as suggested in [14], a special structured Sp can be
considered for reducing the impact of IQI on LS based CE. However,
this requires a novel pilot matrix design investigation that considers
the limited energy-constraint and feedback availability from EH U .

3.2. LMMSE based Channel Estimate

LMMSE can provide a much more accurate CE if the distribution of
the channel and noise are known a priori [5]. Using (5), the LMMSE
estimate ĤAM ∈ CN×M for HA can be obtained as [13]

ĤAM = µHA
+ CHA,YJI (CYJI)

−1 (YJI − µYJI

)
, (8)
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where µHA
and µYJI

represent the respective means of HA and
YJI, with CHA,YJI representing the cross-covariance matrix of HA

and YJI, and CYJI denoting the covariance matrix of YJI. In (8)
matrix vectorization is used for applying the canonical form of vec-
tor estimation [13], and mean of ĤAM is given by µĤAM

= µHA
=

(RS1 HdTU1 + RS2 H
∗
dT
∗
U2) with the variance [CĤAM

]ik of the

(i, k)th element of ĤAM ∀ (1 ≤ i ≤ N, 1 ≤ k ≤M) defined below

[CĤAM
]ik=

(
βk

Kk+1

)2
|[RS1]i|4(

βk
Kk+1

+
σ2
w

pcτc

) (
|[RS1]i|2+ |[RS2]i|2

) . (9)

Intermediate steps in the derivation of (9) under real-valued Sp as-
sumption have not been included. However, it can be obtained using
the similar steps as outlined in proofs for Propositions 1 and 2 in [4].

4. DOWNLINK WIRELESS RF POWER TRANSFER

In this section we first present the optimal TX precoding that max-
imizes the sum harvested power among the users with perfect CSI
availability at S and no IQI. Later, we extend this result to obtain the
sum harvested power for both LS and LMMSE estimates with IQI.

4.1. Ideal Scenario: Perfect CSI with No IQI

The received RF energy signal ye ∈ CM×1 at the users U due to the
DL WPT with perfect CSI and no IQI can be defined as

ye = HT x + wU , (10)

where x ∈ CN×1, satisfying tr
(
xxH

)
= pe, is the TX precoding

vector with pe being the transmit power for the DL WPT and wU ∼
CN
(
0M×1, σ

2
we

IM
)

is the received AWGN at U . Hence, ignoring
the negligible harvested power from the noise signal wU due to low
receive energy sensitivity [2, 10] and denoting nonlinear RF-to-DC
rectification efficiency [11, 12] at each EH user by η, the sum har-
vested DC power during each of the remaining τ −τc symbol period
duration is given by PH = η tr

(
ye y

H
e

)
= η tr

(
HT xxH H∗

)
.

To maximize this sum harvested DC power PH among M EH users,
with the availability of perfect CSI at S with no IQI, the optimal TX
precoding can be obtained as [15]

xopt =
√
pe vmax

(
H∗HT

)
, (11)

where vmax

(
H∗HT

)
∈ CN×1 represents the eigenvector corre-

sponding to the largest eigenvalue λmax

(
H∗HT

)
of the matrix

H∗HT. With ‖vmax

(
H∗HT

)
‖ = 1, the maximum sum harvested

DC power PHopt under this ideal scenario can be obtained as

PHopt = η pe λmax

(
H∗HT

)
. (12)

This maximum sum harvested power PHopt is used as a benchmark
to compare the performance degradation due to IQI and CE errors.

4.2. Under IQI and Channel Estimation Errors

Using (10), the received energy signal yeTI ∈ CM×1 at users U
during the DL WPT under the TX IQI in DL (i.e., S-IQI) is given by

yeTI = HT (TS1 x + TS2 x
∗) + wU (13)

where TS1 and TS2 represent N ×N diagonal matrices with gTSi
and φTSi in their ith diagonal entries [TS1]i , 1

2

(
1 + gTSie

jφTSi
)

and [TS2]i , 1
2

(
1− gTSie

jφTSi
)

respectively denote the TX am-
plitude and phase mismatch at the ith antenna at S. It is worth
noting that the DL WPT does not suffer from the RX IQI in DL (or
U -IQI) because RF EH does not require the RF to baseband con-
version [2, 10] that may suffer IQI. Rather, the harvested DC power
is directly obtained from the received RF power after the RF-to-DC
conversion by the RF EH circuit [2,10–12] available at the EH users.
Thus, we can observe that the U -IQI only affects the UL CE phase,
whereas the S-IQI affects both UL CE and DL WPT phases. Thus,
as also verified later by the numerical results in Section 5, S-IQI
leads to more significant degradation as compared to U -IQI.

Using the channel estimate, LS ĤAL or LMMSE ĤAM , along
with (11), the TX precoding under IQI and CE errors is given by

xĤAE
=
√
pe vmax

(
Ĥ∗AE

ĤT
AE

)
, ∀E = {L,M}, (14)

and the corresponding sum harvested DC power PĤAE
is derived as

PĤAE
= η tr

(
HT

(
TS1 xĤAE

+ TS2 x
∗
ĤAE

)
×(

xH
ĤAE

TH
S1 + xT

ĤAE
TH
S2

)
H∗
)
, ∀E = {L,M}. (15)

Following the definition in (12), it can be observed that PĤAE
≤

PHopt , ∀E = {L,M}, and we can define the percentage RF EH

performance degradation by ∆PAE
,
(

1 − PĤAE

(
PHopt

)−1
)
×

100%, ∀E = {L,M}. To obtain the RF EH performance degrada-
tion due to S-IQI only, we need to set TU1 = IM and TU2 =
0M×M in (15). Similarly, for investigating the U -IQI alone, substi-
tute RS1 = TS1 = IN and RS2 = TS2 = 0N×N in (15). Next
we compare this degradation ∆PAE

in PHopt due to CE errors alone
and along with U -IQI, S-IQI, and joint-S-U -IQI (called joint-IQI).

5. NUMERICAL PERFORMANCE EVALUATION

Here, we evaluate the sum harvested DC power among the EH users
under IQI and CE errors. Unless otherwise stated, we have used
N = 40,M = 12, τ = 120 and τc = 12, each having symbol du-
ration of 8.33µs, pe = 30dBm, pc = −40dBm, σ2

w = 10−16 Joule,
gTUi = gTSi = gRSi = 1−0.15ξ, φTUi = φTSi = φRSi = 15◦ξ,

with ξ = 1 ∀ i, δ = 3×108

2f
,Ki = 2, αi = 1 and βi = $d−%i , ∀i,

where $ =
(

3×108

4πf

)2
being the average channel attenuation at unit

reference distance with f = 915 MHz [12] being TX frequency, di
is S to Ui distance, and % = 2.5 is the path loss exponent. For in-
corporating the practical nonlinear RF-to-DC conversion operation
at U , η is modeled using [11, equation (6)] for the commercially
available RF EH circuit from Powercast [12]. The M users have
been placed uniformly over a square field with length L = 7m and
S placed at its center. For the average sum harvested power results
we used 103 independent channel realizations and complex pilot Sp.

First via Fig. 1 we investigate the performance of the sum har-
vested power among users for the ‘ideal’ scenario (perfect CSI with
no IQI) against the practical scenarios which include: (a) only CE
errors with no IQI (called ‘No IQI’), (b) U -IQI with CE errors, (c)
S-IQI with CE errors, and (d) the joint-S-U -IQI with CE errors. For
each case, both LS and LMMSE based CE results are plotted with
varying N . It is observed that the U -IQI alone does not have a sig-
nificant impact on the sum EH performance. Whereas, for both LS
and LMMSE based CE, the S-IQI has a more significant impact and
it closely follows the degradation caused by the joint-S-U -IQI. The
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Fig. 1. Variation with increasing antennas N at source.

Mismatch fraction ξ in amplitude 1− 0.15ξ and phase 0.15◦ξ terms

0 0.5 1 1.5 2S
u
m

h
ar
ve
st
ed

p
ow

er
(d
B
m
)

3

4

5

6

7
(a) LS

0 0.5 1 1.5 2
4

5

6

7
(b) LMMSE

Ideal No IQI U -IQI S-IQI Joint IQI

Fig. 2. Variation with increasing mismatch fraction ξ in the ampli-
tude and phase parameters representing the TX and RX IQI.

main reason behind this outcome, as also explained in Section 4.2,
is that S-IQI affects both UL CE and DL WPT. Further, LMMSE
requiring additional prior information can provide a relatively en-
hanced EH performance as compared to LS based CE. Another key
observation from Fig. 1 is that the absolute degradation in sum EH
performance gets more enhanced with increasing antennas N at S.

Next we investigate the impact of increased mismatch ξ in the
amplitude and phase terms modeling the IQI. In particular, by plot-
ting the variation of ξ from 0 to 2 in Fig. 2, it implies that the am-
plitude mismatch (1− 0.15ξ) gets enhanced from 1 to 0.7 (30% de-
crease) and the phase mismatch (15◦ξ) increases from 0◦ to 30◦. We
observe that degradation in sum EH performance gets enhanced with
increased mismatch fraction ξ for each IQI for both LS and LMMSE
CEs. This degradation is more prominent for IQI in LS based CE.
As ξ increases from 0 to 2, leading to 30% amplitude mismatch and
30◦ phase mismatch, it results in about 54% and 38% decrease in
sum EH performance due to joint IQI as compared to that achieved
respectively by the LS and LMMSE based CE with no IQI.

Now, we consider the impact of improved UL CE due to the in-
creased transmit power pc. As shown in Fig. 3, with increased pc,
the degradation in the sum EH performance decreases due to a more
accurate CE. In fact, for pc > −30 dBm, the performance of both LS
and LMMSE CE, with and without U -IQI, converges to that of the
ideal scenario. However, with S-IQI and joint IQI, this degradation
cannot be reduced to zero. This result is in accordance to a simi-
lar recent observation of [4] for data communication over Rayleigh
channels. Thus, S-IQI is a much more bigger threat in realizing the
full energy beamforming gains even with very high quality CE. We
would also like to add that, as in practice the value of pc at EH users
is very low, it is very difficult to totally eliminate the CE errors.

Lastly, in Fig. 4, we conduct a sum EH performance degra-
dation ∆PAE

comparison study among the four considered prac-
tical scenarios for varying critical system parameters N, ξ, and pc
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Fig. 3. Impact of increased TX power pc during CE phase.
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Fig. 4. Comparing percentage degradation in sum EH performance.

(cf. Figs. 1, 2, 3). We observe that the average degradation for no
IQI, U -IQI, S-IQI, and joint IQI over the ideal scenario is about
10.25%, 12.58%, 25.84%, and 27.21% for the LMMSE based CE.
Whereas it is much higher, i.e., 16.98%, 21.42%, 35.47%, and
38.29%, respectively, for the LS based CE. Hence, we note that
the IQI and CE errors can lead to about 30% degradation in the
achievable sum harvested power as realized by the ideal energy
beamforming gains. Here, more than 18% degradation due to IQI
alone signifies that it plays a more prominent role in WPT perfor-
mance degradation than the CE errors alone.

6. CONCLUDING REMARKS

This paper investigated the practical feasibility of the energy beam-
forming gains achieved due to MU massive MISO WPT under IQI
and CE errors over Rician fading. Both LS and LMMSE estimates
were obtained under the joint TX and RX IQI. Using these derived
estimates, the sum EH performance was compared against the ideal
scenario with optimal TX precoding for perfect CSI availability and
no IQI. It was observed that the S-IQI, due to the usage of low qual-
ity RF components for realizing massive antenna array gain, can sig-
nificantly degrade the achievable EH performance. This degradation
gets further enhanced with increasing number of antennas N at S.
As compared to LS, LMMSE based CE provides a much better per-
formance and is relatively less prone to IQI. Further, we notice that
U -IQI for both LS and LMMSE CEs can be mitigated by using high
TX power pc during the UL CE phase. However, this is not practi-
cally feasible in low power EH users scenario. Hence, we conclude
that IQI can result in much higher EH performance degradation than
the CE errors alone and there is a need for the novel green designs
for channel and IQI parameter estimation to realize the maximum
achievable energy beamforming gains. In future, we would like to
investigate the optimal TX precoding design and TX-RX resource
allocation to maximize EH performance under IQI and CE errors.
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