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ABSTRACT
Usage of passive intelligent surface (PIS) is emerging as a low-cost
green alternative to massive antenna systems for realizing high en-
ergy beamforming (EB) gains. To maximize its realistic utility, we
present a novel channel estimation (CE) protocol for PIS-assisted
energy transfer (PET) from a multiantenna power beacon (PB) to
a single-antenna energy harvesting (EH) user. Noting the practical
limitations of PIS and EH user, all computations are carried out at PB
having required active components and radio resources. Using these
estimates, near-optimal analytical active and passive EB designs are
respectively derived for PB and PIS, that enable efficient PET over
a longer duration of coherence block. Nontrivial design insights on
relative significance of array size at PIS and PB are also provided.
Numerical results validating theoretical claims against the existing
benchmarks demonstrate that with sufficient passive elements at PIS,
we can achieve desired EB gain with reduced active array size at PB.

Index Terms— Wireless energy harvesting, passive beamform-
ing, antenna array, channel estimation, least-squares, phase shifters.

1. INTRODUCTION
Passive intelligent surface (PIS) with reconfigurable reflect-arrays [1,
2] can orient sharp beams toward intended users to achieve similar
energy beamforming (EB) gains as by the massive multiple-input-
single-output (MISO) systems comprising active arrays. As each
element in an active array [3] has its own radio frequency (RF)
chain involving several active components like low-noise amplifier,
frequency up-converter, and digital-to-analog converter, relative im-
plementation cost of even a massive PIS (where each passive element
is just a low-cost printed dipole) is very low [4]. Though PIS has
been extensively used in radar systems and space communications,
more recently they have gained interest for supporting high data rate
and energy sustainability demands of ubiquitously deployed users in
5G networks [4,5]. This is because PIS can be easily integrated into
walls, ceilings, and other reasonable-sized flat-objects near existing
transmitter(s) to induce desired phase shifts using PIS-controller for
collaboratively altering reflected signal directions. However, as the
PIS only comprises passive elements, new channel estimation (CE)
and EB protocols are required for maximizing its practical utility as
a low-cost green alternative to active arrays in multiantenna systems.

1.1. State-of-the-Art
Considering lightweight and conformal geometry features, the role
of PIS attached to walls or ceilings inside a building for improving
indoor coverage was first investigated in [2]. These reflect-arrays in
PIS can employ varactor diodes or micro-electrical-mechanical sys-
tems, whose resonant frequency can be electronically controlled [6]
to create desired reflection(s) in intended directions. Lately, a PIS-
assisted two-user MISO communication system testbed was also de-
veloped in [7] to verify gains due to passive beamforming. Other
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indoor implementations of PIS include conventional liquid crystal
meta-surfaces fabricated via lithography and nanoprinting methods
for multiantenna relaying [8], or employing software defined meta-
materials [9] as reflect-arrays for supporting nanonetworks applica-
tions [10]. On other side, considering active intelligent surface based
massive MISO transmission (instead of reflection, as in PIS), authors
in [5] derived uplink (UL) data rates at an optimal receiver and quan-
tified the enhancement for indoor communications. In contrast, for
outdoor scenarios with PIS having infinite phase resolution passive
elements, optimal transmit power allocation and PIS phase shifters
(PS) design was investigated in [1] to maximize the downlink (DL)
sum-rate. More recently [4], PIS-assisted MISO energy transfer to
a single user was studied and a semidefinite relaxation (SDR) based
optimal active and passive EB design was proposed. Thus, we notice
that research on smart signal processing techniques to maximize the
utility of PIS-assisted MISO communications is still in its infancy.

1.2. Motivation and Key Contributions
In the existing literature [1–10], the radio resource-limitations of PIS
were ignored and perfect channel state information (CSI) availability
was assumed during investigation. Also, their requirements are very
different from those of the multiantenna amplify-and-forward re-
lays [1, 4], where active transceiver units are involved. In fact to our
best knowledge, the optimal CE protocol for maximizing the practi-
cal efficacy of PIS-assisted energy transfer (PET) over MISO Rician
channels has not been investigated yet. Hence, we present a novel
low-complexity optimal CE protocol for maximizing DL received
power. Further, since both mean harvested power and achievable
rate are non-decreasing in received power [11], our PIS-limitations-
aware EB designs can be applied to both energy transfer and infor-
mation decoding systems. This optimal CE protocol with green PIS
designs can provide perpetual connectivity for internet-of-things.

The key contribution of this work is three-fold. (1) Novel CE
protocol for PET from a multiantenna power beacon (PB) to a single-
antenna energy harvesting (EH) user is proposed that neither re-
quires any prior on CSI nor any active participation from PIS. (2)
Near-optimal closed-form expressions for transmit (active) and re-
flect (passive) EB designs are respectively derived for PB and PIS
to enable efficient PET over a longer duration of coherence block.
These analytical solutions not only enable low-complexity imple-
mentation, but also yield nontrivial insights on designing the size of
active transmit-array at PB and passive reflect-array at PIS. (3) Nu-
merical investigation is carried out to validate the CE quality, quan-
tify performance gains of PET over benchmarks, and estimate PIS
size for achieving a desired EB gain for fixed and optimal CE time.

2. SYSTEM DESCRIPTION
2.1. MISO Wireless Channel Model
We consider a point-to-point MISO wireless system consisting of an
N -antenna PB [12], or source S, serving a single-antenna EH user

4659978-1-5386-4658-8/18/$31.00 ©2019 IEEE ICASSP 2019



Source S

N antennas
Phase I: Channel estimation

C
o
h
e
re
n
c
e
b
lo
ck

o
f
τ
s

PIS I

User U
M elements

M : gSIUM

0: hSU

1: gSIU1

Phase 2: Downlink PET

P
h
ase

I:
C
E

(M
+
1)τ

c

P
h
ase

2
:
P
E
T

(τ−
(M

+
1)τ

c )

PIS-controller

Fig. 1. DL PET from N -antenna S to U with help of M -element I
using LS method for estimatingM+1 channels (hSU,GSIU) in UL.

U . To assist S-to-U transmission, a PIS I comprising of M passive
elements, or reflect-arrays, is installed on the opposite wall near S,
as shown in Fig. 1. These M passive elements [1, 7] at I act as
low resolution PS which can be dynamically reconfigured via a PIS-
controller to program the scattering of incident signals from S. Here
it may be noted that the negligible strength of the signals reflected
two or more times by PIS is ignored [4]. We assume flat quasi-static
Rician block fading model [13, Ch 2.2], where the channel impulse
response for each link remains invariant during a coherence interval
of τ seconds (s) and varies independently across different coherence
blocks. So, S-to-U and I-to-U channels are represented as below:

hik =

√
βikKik

Kik + 1
hDik +

√
βik

Kik + 1
hSik , (1)

∀i ∈ {S, I} , k ∈ U . Here hDSU ∈ CN×1 and hDIU ∈ CM×1

are deterministic vectors containing specular components [14], βik
models distance-dependent path loss and shadowing based large-
scale fading, and Kik is the Rician factor. Whereas, the scattered
components hSSU and hSIU are complex Gaussian random vec-
tors with independent and identically distributed (IID) zero-mean
unit-variance entries. So, hik ∼ CN

(
µhik

,Chik

)
, where µhSU

∈
CN×1,µhIU

∈ CM×1, ChSU = βSU
KSU+1

IN ,ChIU = βIU
KIU+1

IM .
Likewise the baseband equivalent of Rician fading for S-to-I link is
represented by HSI ∈CN×M , whose circularly symmetric complex
Gaussian IID random entries have the same variance βSI

KSI+1
and dif-

ferent means as combinedly denoted by the matrix µHSI
∈CN×M

which models the deterministic component [15] of S-to-I link, with
its large-scale fading parameter as βSI and Rician factor as KSI .

2.2. Adopted PIS Design and Control
Each reflecting element of PIS I acts as a keyhole combining all the
incident signals, and re-scattering this combined signal to behave as
a point source [1, 4]. So, with αi ∈ (0, 1) and θi ∈ (0, 2π) respec-
tively denoting amplitude reflection coefficient and PS value for the
ith passive element of PIS, the diagonal PS matrix whose principal
elements represent the passive (reflect) EB design is defined below:

Θ , diag
{
α1e

jθ1 α2e
jθ2 . . . αMejθM

}
∈ CM×M . (2)

The PIS-controller of I can dynamically adjust the values of these
M αis and θis to orient the underlying reflections from the respec-
tive passive elements in the desired directions. Practically, this PIS-
controller can be an ultra-low-power micro-controller, designated
with only the PS-adjustment role. It is connected to and programmed
by S, which has all the required computational and energy resources.

3. PROPOSED CHANNEL ESTIMATION PROTOCOL
In this section we present a novel CE protocol for efficient PET from
S to U . It involves the estimation of channel vectors hSU ,hIU ,

and matrix HSI using least-squares (LS) approach as outlined in
Section 3.2. But before that, Section 3.1 motivates the need for these
estimates in joint active and passive EB designing for efficient PET.

3.1. Channel-Reciprocity Based Downlink MISO PET
As PIS is a passive reflecting unit, assuming channel-reciprocity and
adopting the widely investigated time-division duplex (TDD) mode
of communication in MISO systems [14,15], the DL channel coeffi-
cients for all the links are obtained by estimating them from the UL
pilot transmission from EH U . As depicted in Fig. 1, we consider
that each coherence interval of τ s is divided into two subphases,
namely, UL CE phase and DL PET phase. Denoting the unit-norm
linear precoder or active EB vector at S by fA ∈ CN×1, with its
transmit energy signal being xe ∈ C, having power |xe|2 = pe, the
received signal yU ∈ C at U during the PET subphase is given by:

yU =
(
hT
SU + hT

IU Θ HT
SI

)
fA xe +wU

=
(
hT
SU + fTP GT

SIU

)
fA xe +wU , (3)

where M diagonal entries of Θ in (2) denote the passive EB or PS
vector fP∈CM×1 at I, GSIU , HSI diag

{
hT
IU
}
∈ CN×M rep-

resents the cascaded channel matrix, and wU is the received additive
white Gaussian noise (AWGN) with zero-mean and variance σ2

wU .
Ignoring EH from noise power, the received signal power at U is:

PU = |yU |2 ≈ pe
∣∣∣(hT
SU + fTP GT

SIU

)
fA

∣∣∣2 . (4)

Since, the precoding vectors, fA and fP require information on hSU
and GSIU , next we outline LS method to obtain them via UL CE.

3.2. Novel Binary Reflection Controlled LS Channel Estimation
With PIS I not having any radio resources of its own and being pro-
grammed by S using PIS-controller, we propose a binary-reflection
(full or no) controlled LS CE protocol which runs over total duration
of (M+1) τc to obtain LS estimator (LSE) for M+1 channel vec-
tors, having N elements each, as denoted by hSU and M columns
gSIUi, ∀i ∈ M = {1, 2, . . . ,M}, of GSIU . This binary model is
adopted because it takes care of the fact that PIS does not have any
active components, and thus, PB has to itself estimate all the M +1
channel vectors (hSU ,gSIUi, ∀i ∈M), one-by-one. As depicted
in Fig. 1, throughout the CE phase duration of (M + 1) τc ≤ τ
(in seconds) [15, 16], U transmits a pilot signal xp, having power
pc = |xp|2, to S. So, during the ith subphase of duration τc s, only
ith passive element of I is in full-reflection or ON mode with its am-
plitude coefficient set as αi = 1 to aid S in estimating gSIUi, while
all other elements, being in no-reflection or OFF mode, set their co-
efficients to αk = 0, ∀k 6= i. However, due to practical restrictions
we may not be able to realize perfect ON/OFF reflection modes.
Hence, with non-negative constants ε1 and ε0 respectively modeling
these realistic implementation errors in ON and OFF modes, entries
of combined I’s PS matrix Φ ∈ RM×(M+1)

≥0 during CE phase are:

[Φ]i,m,

{
1− ε1, (i = m) ∧ (m 6= 1)

0 + ε0, (i 6= m) ∨ (m = 1)
, ∀i∈M,m∈M+, (5)

whereM+ , M∪ {M + 1}. So, each column’s M entries in Φ
represent the practical amplitude coefficient values, with all PS set as
θi = 0,∀i ∈M. Therefore, using (3), the combined received signal
matrix YS ∈ CN×(M+1) at S during CE phase can be written as:

YS =
(((

hSU ⊗ 11×(M+1)

)
+ GSIU Φ

)
⊗ xp

)
+ WS . (6)
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where ⊗ is Kronecker product operator and WS is AWGN matrix
with variance σ2

wS for all entries. Denoting 1st column vector of YS
by y1, we rewrite YS=

[
y1 YS

]
with YS as its lastM column vec-

tors. Similarly, we can redefine WS =
[
w1 WS

]
, Φ= [ε01M×1

Φ
]
, and Xp,Φ⊗ xp∈CM×M. Using these in (6) we obtain:

y1 = (hSU + ε0 GSIU 1M×1)xp + w1, (7a)

YS = xp (hSU ⊗ 11×M ) + GSIU Xp + WS . (7b)

Therefore, the LS estimate of S-to-U channel hSU as obtained using

the pseudoinverse x†p,
x∗p
pcτc

of pilot signal xp is defined below [17]:

ĥSU = y1 x
†
p = hSU + h̃SU , (8)

where h̃SU , ĥSU − hSU = ε0 GSIU 1M×1 +
w1 x

∗
p

pc τc
represents

the CE error. Using this LS estimate ĥSU of hSU , the LS estimate
for the cascaded channel matrix GSIU , as obtained using the pseu-
doinverse X†p , XH

p

(
Xp XH

p

)−1
of Xp [17], is represented below:

ĜSIU=
(
YS − xp

(
ĥSU ⊗ 11×M

))
X†p = GSIU + G̃SIU , (9)

where G̃SIU,
(
WS−xp

(̃
hSU⊗11×M

))
X†p representing error in

estimating GSIU=HSI diag
{
hT
IU
}

shows that CE in PET is more
prone to errors than in conventional MISO communications without
PIS. This critical aspect will be numerically verified in Section 5.1.

4. JOINTLY OPTIMAL ACTIVE AND PASSIVE EB DESIGN
Here we first recall the existing EB designs assuming perfect CSI at
S, and start with mathematically formulating the problem of interest:
OJ1: max

fA,fP
PU , s. t. (C1) :‖fA‖2≤1, (C2) :

∣∣[fP]i∣∣ = 1,∀i∈M.

Since for any passive EB design fP, maximum ratio transmission
(MRT) yields the optimal active EB at S, we set optimal fA as below:

fAid
opt

=
h∗SU + G∗SIU f∗P
‖h∗SU + G∗SIU f∗P‖

, (10)

and using which OJ1 gets reduced to the below equivalent problem:

OJ2 : max
fP

PUopt
A

, pe

∥∥∥hT
SU + fTP GT

SIU

∥∥∥2 , s. t. (C2).

To resolve non-convexity of OJ2, authors in [4] proposed a SDR
based solution, as obtained numerically using CVX [18], followed
by randomization method to construct a rank-one solution. Though it
has been shown to perform very well, the complexity of solving this
problem [4, Problem (P5)] withM+1 variables and constraints is in
the order of O

(
(M + 1)6

)
[19, sec. 6.6.3]. To avoid this very high

complexity, which is very critical in PIS-assisted communications
with M � 1, we next present a closed-form solution for passive EB
design, whose quality is later verified against this SDR one in Fig. 2.

4.1. Proposed Closed-form Joint EB Design
The received RF power at U in OJ2 for optimal active EB under
ideal scenario of perfect CSI availability can be rewritten as below:

PUopt
A

= pe

(∥∥∥hT
SU

∥∥∥2+∥∥∥fTP GT
SIU

∥∥∥2+2
〈
hT
SU , f

T
P GT

SIU

〉)
, (11)

where 〈a,b〉 is the standard inner product between vectors. Thus, to
ensure that the reflected signals from I get coherently added up U
with ones received directly from S, we design the passive EB vector

fP by setting the amplitude coefficients to the maximum value 1, i.e.,
αi = 1, ∀i ∈ M, and then phases are set as to ensure that reflected
signal (S-to-I-to-U) received at U aligns with direct one (S-to-U).
Hence using (11), analytical expression for proposed passive EB is:

fPid
opt

= exp
{
−j GT

SIU h∗SU
}
, with j =

√
−1. (12)

Thus, our proposed solution just requires single computational step
in (12), and thereby, yields a significant reduction in complexity. Be-
low we present a key analytical insight out of our novel EB solution.
Remark 1 The proposed EB design ensures the constructive inter-
ference of the reflected and directly received signals, respectively
from I and S, at U , i.e., collectively received power, PUopt

A
, is more

than the sum of individual powers, pe
(∥∥hT

SU
∥∥2 + ∥∥fTP GT

SIU
∥∥2).

Now with the proposed EB for perfect CSI availability given by (10)
and (12), the practical joint active and passive EB designs under CE
errors as obtained in closed-form using LSE for hSU and GSIU are:

fApra
opt

,
ĥ∗SU+Ĝ∗SIU f∗

P
pra
opt∥∥∥∥∥ĥ∗SU+Ĝ∗SIU f∗

P
pra
opt

∥∥∥∥∥
, fPpra

opt
, exp

{
−j ĜT

SIU ĥ∗SU

}
. (13)

Next we use these expressions to develop nontrivial design insights.

4.2. Insights on Relative Active and Passive EB Gains
Recalling from Section 3, the practically realizable effective har-
vested power at U , considering the energy spent in CE, is given by:

EH , τe η pe

∣∣∣(hT
SU + fTPpra

opt
GT
SIU

)
fApra

opt

∣∣∣2−(M + 1) τc pc, (14)

where τe , τ − (M + 1) τc is the time for PET and η is rectifica-
tion efficiency [20,21] of EH unit at U . As shown later in Fig. 5, for
maximizing PET efficiency, τc has to be selected optimally while re-
solving the underlying CE-quality versus delivered-energy-quantity
tradeoff. Further, as η is non-decreasing in received power [20], and
the passive EB fPpra

opt
ensures constructive interference of reflected

and direct signals (Remark 1), EH in (14) can be lower-bounded as:

EH ≥ τe η (pA + pP)− (M + 1) τc pc, (15)

where pA , peh
T
SU ĥ

∗
SU

‖ĥ∗SU‖
and pP ,

pef
T
P
pra
opt

GT
SIU Ĝ

∗
SIU f

∗
P
pra
opt∥∥∥∥∥Ĝ∗SIU f∗Ppra

opt

∥∥∥∥∥
respec-

tively are the contribution of active and passive EB gains. Below we
discuss how to use (15) for designing the PIS and PB array sizes.
Remark 2 For independent channels [14,15], with larger active ar-
ray size N at PB, EH gets enhanced due to higher summation terms
in received power pA. Whereas, as each passive element at PIS con-
tributes to a term in allN summation terms of pP, we can design PIS
with sufficiently largeM to achieve desired EB gain with reducedN .

This critical design aspect of saving significant cost by reducing ac-
tive array size at PB by increasingM at PIS is studied in Section 5.2.

5. NUMERICAL RESULTS AND CONCLUSIONS
Here, we evaluate the achievable EB gains during PET under CE
errors. Unless otherwise stated, we have used N = 10,M = 20,
τ = 1ms and τc = 0.01τ

M+1
, ε1 = 0, ε0 = 10−3, pe = 30dBm, pc =

−10dBm, σ2
wS =σ

2
wU =σ

2,10−20 Joule (J) [14], η=0.7,KSU =

KIU = 0 [4], KSI = 10, δ= 3×108

2f
, and βik = GiGk$

d
%
ik

, ∀i, k ∈

{S,U , I}, where $ =
(
δ
2π

)2 being average channel attenuation at
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unit reference distance with δ being the inter-element separation at
PIS and PB [14], f = 915 MHz [22] being transmit frequency, dik is
i to k distance, GS = GU = 0dBi, GI = 5dBi [4], and % = 2 is the
path loss exponent [20]. The specular components of Rician fading
channels for all links are modeled using [15, eq. (2)] and we have set
L = 1 and gi = 1, ∀i, in that. Further, we have considered rectangu-
lar topology [4] for positioning S, I, and U inside a room (cf. Fig. 1)
with dx and dy being the lengths of its two sides in meters (m). As S
and I, being dx distance apart, lie on the one side with their respec-
tive coordinates being (xS , yS) and (xI , yI), U lies on the other
parallel side dy distance apart with coordinates (xU , yU ). Hence,
xS = 0, xI = dx, yS = yI = 0, yU = dy, dSI = dx, dSU =√
x2U + d2y, and dIU =

√
(dx − xU )2 + d2y . We use xU = 5m,

dx = 10m, and dy = 1m. Lastly, all results here have been gener-
ated after taking average over 104 independent channel realizations.

5.1. Verification of Analytical Claims
We start with validating the near-optimality of our proposed ana-
lytical EB design (fAid

opt
, fPid

opt
) against the SDR-based benchmark

design [4] for different PIS sizes M . From Fig. 2, we observe that
the performance gap between the benchmark and our closed-form
design is less than 1%, 2%, and 3.5%, for M as 50, 100, and 200,
respectively. This corroborates the practical near-optimality of our
proposed computationally-efficient analytical EB designs in making
a fast decision, and hence, allowing longer time for DL PET phase.
Further, as compared to the ‘No PIS’ case, the proposed EB designs
for PET withM as 50, 100, and 200, providing an average improve-
ment of around 2dB, 4.1dB, and 7.5dB, respectively, demonstrates
the significance of using PIS. Lastly, we also observe that the signal
coverage of U by S is improved by using PIS I because it alleviates
the signal attenuation problem over larger dSU (as plotted via higher
xU ) by allowing U to receive strong reflected signals from other end.

Next via Fig. 3, we validate the quality of proposed LSEs, ĥSU
and ĜSIU , against increasing average signal-to-noise-ratio (SNR)
γc =

βSI pc τc
σ2 values during CE phase. With average effective har-

vested power EH at EH U (cf. (14)) as the performance validation
metric for estimating the goodness of LSEs, we have also plotted
the perfect CSI (no CE error) and isotropic [15] transmission cases
to respectively present upper and lower bounds on average value of
EH. As observed from Fig. 3, the quality of EH performance for pro-
posed LSEs improves with increasing SNR because the underlying
CE error reduces, and for SNRs greater than 45dB, the correspond-
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ing practical performance approaches as that with perfect CSI avail-
ability. Here, we also notice that CE accuracy is more critical in PET
as compared to ‘No PIS’ scenario because higher CE time (pr SNR)
is needed in the former case to learn additional (reflected) channel
matrix GSIU . So, we conclude that optimal CE protocol plays key
role in realizing the practical merits of PIS-assisted communications.

5.2. Key Optimal Design Insights
In this part we bring out the designing criteria for selecting the size
M for PIS which allows much cheaper implementation with pas-
sive elements alone, and array size N for PB that can provide higher
EB gains at the cost of active energy consumption. Specifically, via
Fig. 4, we try to find out the PIS size that can meet the EB gain re-
quirements with lower array sizeN at PB. It is noted that on ignoring
CE errors, PET with M = 52 and N = 8 can achieve the same per-
formance as that for N = 10 without PIS. Likewise, for achieving
the latter performance for PET with N = 2 and N = 4, the number
of passive elements required at PIS are M = 239 and M = 163, re-
spectively. Further, for reducing 6 active antenna from N = 10 and
N = 8 designs, we respectively need to include an additional 163
and 187 passive elements at PIS. This additional PIS size actually
depends on the U’s location. So, in contrast to xU = 5m, when U
moves closer to PIS, with xU = {6, 7, 8, 9}m, we need fewer M =
{222, 175, 127, 96} passive elements for reducing N from 10 to 2.

Lastly, we conclude this paper by shedding some key insights on
optimal CE time τc maximizing EH, defined in (14), under practical
CE errors. From Fig. 5, where the variation of average harvested en-
ergy EH with τc is plotted for different N values, it can be observed
that it is unimodal in τc. Also, EH = 0 for τc = τ

M+1
, and the value

at τc = 0s represents the isotropic transmission performance. It is
interesting to note that the optimal CE time τcopt ≈ 10−6s = τ

1000
remains same irrespective of the sizes (N,M) of PB and PIS. Fur-
ther, the values ofM in Fig. 5 have been selected to achieve the same
average EH performance for underlying different N values. In com-
parison to the results in Fig. 4, here we notice that, under CE errors,
larger sized PIS is needed to meet the same EB requirements as with
N = 10. Specifically, in practice around 8% more passive elements
are required when using LSEs to design the joint active and passive
EB vectors in (13) instead of using perfect CSI for EB in (10), (12).

Thus, we summarize that setting CE time as τc ≈ τ
1000

for ob-
taining LSEs can yield significant EB gains (Fig. 5). Also, a larger
sized low-cost PIS can be chosen to have smaller active array sizeN
at PB to implement EB in an efficient way noting limitations of PIS.
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