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Abstract—We propose a hybrid beamforming architecture for
near-field reconfigurable holographic surfaces (RHS) harnessed
in cell-free networks. Specifically, the holographic beamformer
of each base station (BS) is designed for maximizing the channel
gain based on the local channel state information (CSI). By
contrast, the digital beamformer at the central processing unit is
designed based on the minimum mean squared error criterion.
Furthermore, the near-field spectral efficiency of the RHS in cell-
free networks is derived theoretically by harnessing the popular
stochastic geometry approach. We consider both the phase shift
error (PSE) at the RHS elements and the hardware impairment
(HWI) at the radio frequency (RF) chains of the transceivers.
Furthermore, we theoretically derive the asymptotic capacity
bound, when considering an infinite physical size for the RHS
in the near-field channel model. The theoretical analysis and
simulation results show that the PSE at the RHS elements and the
HWI at the RF chains of transceivers limit the spectral efficiency
in the high signal-to-noise ratio region. Moreover, we show that
the PSE at the RHS elements and the HWI at the RF chains
of BSs can be compensated by increasing the number of BSs.
Finally, we also demonstrate that the ergodic spectral efficiency
based on the near-field channel model is higher than that based
on the far-field channel model assumption.

Index Terms—Reconfigurable holographic surfaces (RHS),
near-field, cell-free network, stochastic geometry, phase shift
error (PSE), hardware impairment (HWI).

I. INTRODUCTION

RIVEN by the every-increasing demand for data trans-

mission in mobile networks, sophisticated technologies,

such as millimeter wave (mmWave) communications, mas-

sive multiple-input and multiple-output (MIMO) systems, and

ultra-dense networks (UDN) have been rolled out across the

globe [|1]. Hence, at the time of writing, research is also well

under way for the exploration of next-generation communica-
tions [2]].

The emerging reconfigurable holographic surface (RHS) is

a promising solution for the future wireless networks [3[]. In

Lajos Hanzo would like to acknowledge the financial support of the
Engineering and Physical Sciences Research Council projects EP/W016605/1,
EP/X01228X/1, EP/Y026721/1 and EP/W032635/1 as well as of the European
Research Council’s Advanced Fellow Grant QuantCom (Grant No. 789028).
(Corresponding author: Lajos Hanzo.)

Qingchao Li, Mohammed El-Hajjar and Lajos Hanzo are with the School of
Electronics and Computer Science, University of Southampton, Southampton
SO17 1BJ, UK. (e-mail: Qingchao.Li@soton.ac.uk; meh@ecs.soton.ac.uk;
lh@ecs.soton.ac.uk).

Yanshi Sun is with the School of Computer Science and Informa-
tion Engineering, Hefei University of Technology, Hefei, 230009, China.
(email:sys@hfut.edu.cn).

contrast to intelligent reflecting surfaces (IRS), which play the
role of a relay conceived for reconfiguring the propagation
environment [4], the RHS acts as a reconfigurable antenna
array at base stations (BSs). It has the benefit of a spatially
continuous electromagnetic aperture capable of creating pencil
beams to approach the ultimate capacity limit of wireless chan-
nels [5]. Specifically, the RHS is a spatially finite metasurface
constructed by numerous reconfigurable radiation elements,
essentially realizing a software-controlled antenna. Compared
to the conventional massive MIMO paradigm that employs
a large number of high-complexity and energy-hungry radio
frequency (RF) chains, the RHS has a reduced number of RF
chains. Its beamforming pattern is formed by appropriately ad-
justing the phase and amplitude of the reconfigurable elements
based on the holographic principle.

The RHS has been widely investigated, including its channel
modeling [6], channel estimation [7], [8], near-filed commu-
nications [9], [[10] and its applications in sensing [11]. As for
its beamforming techniques, Wei et al. [[12] proposed a low-
complexity zero-forcing (ZF) based beamforming architecture
relying on Neumann series expansion to replace the matrix
inversion operation in the downlink of multi-user RHS-based
MIMO communications. Moreover, both user-cluster based
precoding method and a two-layer precoding method were
proposed in [13|] for mitigating the cross-polarization and
inter-user interferences in tri-polarized holographic MIMO
schemes. In [[14]], a novel type of space-division multiple ac-
cess (SDMA), termed as holographic-pattern division multiple
access (HDMA), was proposed based on the RHS architec-
ture. The theoretical analysis and simulation results showed
that the HDMA scheme outperforms the traditional SDMA
arrangement in terms of both its cost-efficiency and sum-
rate. Moreover, in [15], Zhang et al. employed the HDMA
technique and designed continuous-aperture based MIMO
patterns, where the continuous pattern functions were trans-
formed into their projection on finite orthogonal bases. Then
the block coordinate descent (BCD) method was employed
for solving the associated sum-rate maximization problem.
Deng et al. [[16], [[17] proposed an amplitude-controlled RHS
architecture, where a hybrid beamforming scheme was em-
ployed for maximizing the achievable sum-rate. Specifically,
the associated digital beamformer was designed based on the
ZF method, while the holographic beamformer was realized
by appropriately adjusting the amplitude of the reference wave
radiated in order to form holographic patterns in the desired



beam directions. It was shown in [16], [17]] that the RHS-
assisted hybrid beamformer promises higher sum-rate than
the conventional phased array based MIMO systems for the
same physical size, while imposing a reduced hardware cost.
Moreover, the holographic beamformer based on the discrete
amplitude-controlled RHS elements and the corresponding
amplitude discretization effect were investigated in [18]]. An et
al. in [|[19] proposed a stacked intelligent metasurface (SIM)
based architecture, where multiple holographic surfaces are
stacked at the transceiver. To maximize the achievable sum-
rate, the phase shifts associated with all the metasurface layers
of the SIM were optimized based on the gradient descent
algorithm. By contrast, the digital beamformer at the RF
chains was designed based on the singular value decompo-
sition (SVD) method. The theoretical analysis and simulation
results showed that the achievable sum-rate performance can
be improved upon increasing the number of RHS layers.
For mitigating the channel state information (CSI) acquisition
overhead, Wu et al. [20] proposed a two-time scale beam-
forming scheme. Specifically, the holographic beamformer was
designed based on the slow-changed statistical CSI. Then
the instantaneous CSI of the equivalent channel links was
estimated and exploited for designing the digital precoding
matrix. Furthermore, the asymptotic capacity of the RHS in
the near-field channel model is investigated in [21f]. It was
shown that the RHS consumes less power than the phased
array, when the user equipment (UE) is in the far field of the
BS antenna.

However, the above RHS solutions have the following
limitations.

Firstly, the beamforming techniques in the above RHS
solutions were tailored for traditional cellular networks, where
the cell-edge UEs suffer from low-reliability reception due
to the high path-loss and inter-cell interference. The cell-free
network concept has emerged as a promising technique for
achieving an increased higher rate as well as near-uniform
load-balancing, where a central BS is replaced by multiple
distributed BSs to serve multiple UEs [22]. As a benefit of
the reduced average distance between the UE and its nearest
BS as well as the coordination among BSs, the transmission
reliability can be significantly improved [23]. In [24], Zhang et
al. analyzed the uplink spectral efficiency of various scalable
combining methods, including full-pilot zero-forcing (FZF),
partial FZF (PFZF), protective weak PFZF (PWPFZF), and
local regularized ZF (LRZF) schemes, in massive MIMO
systems by exploiting the associated channel statistics. Nu-
merical results show that LRZF provides the highest spectral
efficiency. Ma et al. [25]] proposed a novel partially-connected
cell-free massive MIMO (P-CF-mMIMO) framework for re-
configurable intelligent surface (RIS) assisted systems, where
a limited number of communication links exist among the
users and BSs for the sake of reducing the communication
costs. They showed that the P-CF-mMIMO systems achieve an
improved performance or communication costs compromise,
by selecting an appropriate network connection ratio. To
reduce the overhead required for CSI-sharing between BSs, a
distributed algorithm can be employed based on the maximum
ratio transmission (MRT) or the maximum ratio combining

(MRC) criteria, albeit at the cost of a performance degradation.
Specifically, in the distributed optimization algorithm of the
cell-free system, the cooperation between BSs is promising in
terms of harnessing parallel computing resources and achiev-
ing almost the same data rate as the centralized algorithm [26].
Furthermore, as shown in [27], the cell-free scenario can be
beneficially conceived with the SIM-aided MIMO systems to
reduce both the energy consumption and the processing delay.

Secondly, the beamforming design and performance analy-
sis in [12]], [13]], [14], [15], [16[l, [17], [18], [19], [20], [21]
are based on the assumption of ideal phase shift configuration
at the RHS elements. However, the phase shift error (PSE)
is inevitable at the reconfigurable surfaces in practical hard-
ware, resulting in significant performance degradation [28]].
Moreover, the hardware impairments (HWI) at the RF chains
of transceivers are also inevitable, which inflict performance
degradations as well [29].

To deal with the above issues, in this paper we propose a
hybrid beamformer for the RHS-based cell-free networks and
derive the corresponding theoretical spectral efficiency upper
bound in the near-field, in the face of the realistic PSE at the
RHS elements and practical HWIs at the RF chains of the
transceivers. Our contributions in this paper are as follows:

o To reduce the channel estimation overhead, we propose
a hybrid beamforming architecture for RHS-based cell-
free networks in the face of imperfect hardware quality
of the phase shifters at the RHS elements and of the RF
chains at the transceivers. Specifically, the holographic
beamformer of the distributed BSs is designed based on
the local CSI by adjusting the phase shifts of the RHS for
maximizing the power gain, while the digital beamformer
at the central processing unit (CPU) is designed by
relying on the minimum mean squared error (MMSE)
method based on the overall CSI shared by the distributed
BSs for mitigating the inter-user interference. We also
take into account the PSE of the RHS elements and the
HWTIs of the RF chains.

o The theoretical ergodic spectral efficiency of RHS-based
cell-free networks is derived, in the face of the PSE
and HWIs, by leveraging the popular stochastic geometry
approach. The theoretical analysis shows that the spectral
efficiency is limited by the PSE of the RHS elements
in the high signal-to-noise ratio (SNR) region, but it
may be compensated by increasing the number of BSs.
Similarly, the spectral efficiency is limited by the HWIs
of the transceivers in the high-SNR region. Moreover,
increasing the number of BSs is capable of compensating
the HWIs of the RF chains at the BSs, but it cannot
compensate for the HWIs of the RF chains at the UEs.

o Furthermore, the asymptotic approximate capacity bound
is derived for the infinite physical dimension of the RHS
in a near-field scenario. We show that the ergodic spectral
efficiency based on the near-field channel model is higher
than that based on the far-field channel model assumption.

Finally, Table [I| explicitly contrasts our contributions to the
literature [12], [13], [14]], [15], [16[, [17], [18], [19], [20],
[21].
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The rest of this paper is organized as follows. In Section [II}
we present the system model, while Section highlights
our hybrid beamformer design. Our theoretical analysis is
presented in Section complemented by our simulation
results in Section [V] Finally, we conclude in Section [V

Notations: Vectors and matrices are denoted by boldface
lower and upper case letters, respectively; (-)T, (-) and (1)
represent the operation of transpose, conjugate and hermitian
transpose, respectively; © represents the Hadamard product
operation; |a| represents the amplitude of the complex scalar
a; ||a|| represents the Euclidean norm of the vector a; C™*”
denotes the space of m x n complex-valued matrices; Iy
represents the N x N identity matrix; Diag{a,as, - ,an}
denotes a diagonal matrix with the diagonal elements being
the elements of aq, as, - -+ , an in order; a,, represents the nth
element in the vector a; CA(u, ) is a circularly symmetric
complex Gaussian random vector with the mean g and the
covariance matrix 3; |®| represents the cardinal number of
the set ®; C,y, represents the correlation matrix between the
vectors a and b, i.e. Cap = E[ab'].

II. SYSTEM MODEL

In this section, we first describe our proposed reconfigurable
holographic surface based cell-free network, followed by its
near-field channel model.

The system model of the RHS-based cell-free network
is shown in Fig. [T} In contrast to the conventional cellular
network where a central BS supports the UEs in the cell, the
cell-free networks relies on multiple distributed BSs which
cooperatively serve the UEs. We focus on the uplink operation,
where a set of BSs supports K single-antenna UEs. We denote
the set of BS locations as ®. Referring to [30], [31], the distri-
bution of BSs across the two-dimensional Euclidean plane can
be modelled by a homogeneous Poisson point process (PPP)
with density 7, measured in terms of the number of BSs per
m?. Furthermore, the RHSs are at the height of H and have a
random orientation following a uniform distribution. To reduce
the CSI estimation overhead, we employ hybrid beamforming,
where the holographic beamformer of each distributed BS is
designed based on the local CSI. Then the CPU fuses the
signals gleaned from all distributed BSs via the fronthaul
and designs the digital beamformer based on the overall CSI
received from all BSs to detect the UEs’ desired information.
Furthermore, due to the hardware imperfections of practical
systems, having HWIs at the RF chains [32], [33] and PSE at
the RHS elements [28]], [34] are inevitable. In this paper, we

consider both of these non-ideal characteristics and analyse
their effects on the system performance.

A. RHS-based BS Architecture

In contrast to the IRS deployed in a channel environment
to play the role of a relay conceived for reconfiguring the
propagation environment, the RHS is deployed at the BSs to
act as reconfigurable antenna arrays. To avoid having a large
number energy-hungry RF chains to support energy-efficient
communications, where a RHS illuminated by a single RF
chain can be utilized at the cell-free BSs [21], [35ﬂ As shown
in Fig.[I] the zoy plane coincides with the RHS and the origin
o is located at the center of the RHS. We assume that a total
of N = N, x Ny RHS elements are compactly placed in a
uniform rectangular planar array, with N, elements in the x
axis direction and N, elements in the y axis direction. Each
RHS element has the size of A = J§; X §.

InBS-l (I =1,2,---,L), we denote the coefficient of the
nth element by TV e’ | where L = |®| represent the number
of BSs while T\ € [0,1] and o) e (—m, ] represent the
appropriately configured amplitude and phase shift of the nth
element, respectively. We set Fg) = 1 to realize full energy
transfer, and hence the response of the RHS is given by

1) (1) 1
@(l) :Diag {ejeg ’e‘792 R 76]05\) }

—Diag {e](egl)_ijgl)) 61(55%5;”) .
- b

b )

S (970) }
(1)

where 9 9( +0,, 6" with 9 bemg the expected phase shift
value of the nth RHS element, while Hn represents the phase
error due to the realistic RHS hardware imperfection. The
phase error @(f ) obeys identically and independently distributed
(i.i.d.) random variables having the mean of 0, and it may
also be modelled by the von-Mises distribution or the uniform
distribution [28]], [34]. These may be represented as 9

VM(0,w,) and 0y, ~ UF(—1p,1,), respectively, where w,
is the concentration parameter of the von-Mises distributed
variables and (—tp, ¢p) is the support interval of the uniformly
distributed variables. Although the exact values of gff ) cannot
be obtained, we can exploit the statistical information for

To unveil the theoretically achievable rate limit of the RHS in the near-
field scenario of cell-free networks, we assume that each user is equipped
with a single antenna. Practically, each user may be equipped with multiple
antennas to acquire higher diversity gain. Note that our methodology is also
applicable to the case of multiple antennas at the users, when the beamformers
at the RHS and the users are alteratively optimized.
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Fig. 1.

beamforming designs. For BS-/, we represent the desired phase
. . — . OO\ 2
shift matrix by ®(l) = Diag{e’1’,e%2 ... e~}

B. Near-field Channel Model

As shown in Fig. [I] the equivalent channel spanning from
the UEs to the RF chains at the BSs is composed of the
channel links impinging from the UEs to the RHS, the RHS
beamforming matrices and the channel links spanning from
the RHS to the RF chains at the BSs.

1) Channel links from the RHS to the RF chains at the BSs:
For each BS, we assume that the RF chain is located on the
normal of the RHS through the origin with the distance of dj.
Hence the coordinate of the RF chain is r = (0,0, —do)T. We
denote the position of the geometrical center of the nth RHS
element as p, = (7,,,yn,0)T. In contrast to the popular IRS
which is deployed in the channel environment, the RHS is part
of the BS and it is illumined by an RF module in its vicinity.
Thus, referring to [19], [21]], [27], only the signal radiated
from the RHS can be received by the RF chain. Furthermore,
we represent the channel link spanning from the RHS to the
RF chain as fff € C**¥, with the response corresponding to
the nth RHS element given by [21]]

fl = Ve X lrmenll )

where A is the carrier wavelength, z,, and y,, are the coor-
dinates of the geometrical center of the nth RHS element on
the x-axis and y-axis respectively, and ¢, is the power gain
of the link between the nth RHS element and the RF chain
represented as

a+1
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xn‘i‘% yn+67y 2 (a + 1) < /d§+w2+y2>
Sn :/ / s
T —571 Yp — 2
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dzdy
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( ) dg —zdady,  (3)
7 (d3 a2+ y?)
where 2(« + 1) is the gain of the RF chain.
2) Channel links from the UEs to the RHS: When the
communication distance between transceivers is shorter than

the Rayleigh distance, which is formulated by % with D
being the physical size of the receiver, the electromagnetic

RHS controllor

System model of reconfigurable holographic surfaces-based cell-free network.

waves impinging on the receiver must be accurately modeled
as spherical waves [36]. Given the short range high-frequency
communications in the cell-free network considered, as well
as the large size of the reconfigurable holographic surface, we
employ the near-field model for accurately characterizing the
channel response.

In our theoretical study on the fundamental performance
limits, we can assume that the signals from the UEs to the BSs
go through a basic free-space line-of-sight (LoS) propagation,
which was widely employed for the near-field channel model,
as seen in [14]], [21]], [37], [38]]. We denote the channel vector
spanning from the UE-k to the RHS at BS-1 as g("*) € CNV*1,
with the response corresponding to the nth RHS element given
by [37), (38]

B | @

where q(-*) is the position of UE-k in the Cartesian coordinate
of BS-/, and Bf«f #)'is the channel’s power gain between UE-k
and the nth RHS element at BS-/, given by

=
s

In (5) the integration interval of the coordinate interval of the
nth RHS element is

smz/Jt
o — ¢

||q (, k)H . smw(l k)

47 o — ¢

&)

0
2’

531
5 } ; (6)

wt(l’k) denotes the angle between the vector qt®) —t and the
zoy plane of Fig. [1]in the Cartesian coordinate of BS-/, while
(%) denotes the angle between the vector q(“*) and the zoy
plane in the Cartesian coordinate of BS-I. Still referring to (),
(a) is based on [|q"%) — | -sinh{"*) = ||q"R) || -sin 1R for
all t € D,,. In practical systems, since the size of each RHS
element is on the wavelength scale, the channel’s power gain
variation from UE-% to different points belonging to D, is
negligible. Therefore, the channel’s power gain between UE-k

Oz
Dn{(x,y,O)T:xn2<z§xn+

5@/
yn—5<y§yn+



and the nth RHS element at BS-/ can be approximated as
LR || winy ofy (LK
o Al sn )
Ar a9 — pn||

(7

3) Equivalent channel spanning from the UEs to the RF
chains at the BSs: According to (I, (Z) and (), the equivalent
channel spanning from UE-k to the RF chain at BS-I, denoted
as hl(k), can be represented as

hl(k') :f(l)HQ(l)g(l,k:)

N ) | 7)) 2x (1,k)
zz,/#)ﬁg,mey(en +00 =2 (Ir=pnll+[la"" —pa])))
n=1

®)

Note that the aggregated channel is contaminated by the RHS
phase shift error. Given the random nature of phase shift error
9% ), only the mean of hl(k) can be acquired by relying on the

o)

statistics of 6,,’. Therefore, we have:

(k) _
=

h E[R{*)], 9)

and

P = —ERM), (10)

respectively.

III. BEAMFORMING DESIGN

Practical RF chain circuits generally suffer from HWIs,
including power amplifier non-linearities, amplitude/phase im-
balance in the In-phase/Quadrature mixers, phase error in the
local oscillator, sampling jitter and finite-resolution quantiza-
tion in the analog-to-digital converters [32]. To characterize
the impact of RF chain HWISs, the non-ideal hardware circuits
of the transmitter and the receiver can be modelled as non-
linear memoryless filters [33]]. Specifically, the key modeling
characteristics in this non-linear memoryless filter are that the
desired signal is scaled by a deterministic factor and that
an uncorrelated memoryless signal distortion term is added,
which follows the Gaussian distribution in the worst case.
Upon considering the RF chains HWIs of the transceivers,
the signal received by BS-[ is formulated as:

K

W=y (\/pkgusvhl(k)sk + vk (1 =€) eoh P u®

k=1
Vo = eh o) . an

where sy is the desired information received from UE-k, py
denotes the transmit power of UE-k, and w; ~ CN(0,02)
is the additive noise at the RF chain of BS-[/. Furthermore,
u®) ~ CN(0,1) and vl(k) ~ CN(0,1) are the distortion of
the information symbol s; due to the RF chains HWIs of UE-
k and BS-I, respectively. Finally, €,, and €, are the hardware
quality factors of the RF chains at the UEs and the BSs,
respectively, satisfying 0 < e, < 1land 0 < ¢, < 1. Explicitly,
a hardware quality factor of 1 indicates that the hardware
is ideal, while 0 means that the hardware is completely
inadequate. Based on the fronthaul between the CPU and the

BSs, the CPU uses the signals y1,y2, -+ ,yr received from
all BSs and designs the digital beamformer weights to recover
the information from all UEs. Therefore, the signal received
at the CPU is given by
T
y =y, y2, -yl

K
= Z (\/ pkauauh(k)sk + V' Pk (1 - gu) svh(k)u(k)
k=1

+vpe (1 —e,)h™ @ V(k)) +w.

yYL

12)

If we denote the receiver combining (RC) vector used for
recovering the information s; as b(*), the equivalent signal
used for recovering the information si, denoted as y; =
b(k)Hy, is formulated in . Therefore, the instantaneous
achievable rate of UE-k, denoted as Ry, is Ry, = logy(14+%).
Furthermore, ~; is the signal-to-interference-plus-noise ratio
(SINR) of si given in @]), where the correlation matrix
CrLmnk can be derived as shown in (42).

For UE-k, we aim for jointly optimizing the active beam-
former b(*) at the CPU and the holographic beamformer
6(1),6(2), e ,§(L) at all the distributed BSs for maximiz-
ing the instantaneous achievable rate Rj. The corresponding
optimization problem can be formulated as

(P1) max Re, k=1,2,--- K (15
b<k‘),@(l),§(2),m ,§(L)
st. @0 1y, 1=12,--- L (16)

To solve Problem (P1), it is expected that the CSI of all BSs is
shared with all BSs, which requires sharing the CSI between
all BSs. Hence, to reduce the overhead of sharing the CSI
among all BSs, we employ hybrid beamforming. Specifically,
the holographic beamformer at each distributed BS is designed
based on the local CSI for maximizing the channel’s power
gain B2 B2, -, |h"||2, while the MMSE-based
digital RC is employed at the CPU based on the overall CSI
of the entire network for mitigating the inter-user interference
and for recovering the information si, s, - - , Sk

In the following, we present the details of the holographic
beamformer harnessed at the BSs and the digital beamformer
at the CPU.

A. Holographic Beamforming

For UE-k, we aim for jointly optimizing the holographic
beamformer @), @) ... @) in order to maximize the
channel’s power gain ||h(*)||2, formulated as:

. 2
(P2)  max Hh(k) H (17)
oY, 1e{1,2,-,L}
S.t. 6(l)§(l)H :IN7 l S {1a27 ?L}7 (18)

where h(® is the equivalent channel in the absence of contam-
ination from the RHS phase shift error, with the /th element
given by

B 3 e g (F2 ralla®pa])
= Sn pn’ e .
n=1

19)
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Ve = e
b(k)H ( >

k'=1

—(k)—(k)H
Pr (EvCrxnnan + (1 —€0) Chovnpan © 1) — /)kfufvh( T 0'121,IL) b(*)

This shows that since all BSs jointly support all K UEs, the
holographic beamformer of all BSs focused on a specific UE-k
for maximizing the channel’s power gain ||h(*)||2 is at the cost
of disregarding other K — 1 UEs. Since the main advantage of
the cell-free architecture is that of reducing the path-loss from
each BS to its nearest UE, the holographic beamformer at a
specific BS can be focused on its nearest UE. Specifically, we
denote the BS set having its holographlc beamformer focused
on UE-k as £, = {I : DV < D1 = 1,2.... .1}
with D,(Cl) being the distance from UE-k to BS-I. Therefore,
Problem (P2) can be reformulated as

. 2
(P3) _max th’?H (20)
@ ", IeELy
st. 80" =1y, 1ecry, @1)

where Hhﬁ |? is the channel’s power gain for UE-k cor-
res ondlng to the BSs belonging to the set Lf, given by
[h;” Pz = ier, |A{¥)|2. Therefore, the holographic beam-
former in BS-/ of Problem (P3) is optimized as

—(l 2
0, = (Hr —pull + Hq“ Bop) teLe @
Upon substltutlng into (19), we arrive at
QWP = Z VB (23)
n=1

if { € Ly, or at

h(k) Z /C Bglk

n=1

if l € Ly with k' # k.

(o e l) g

B. Digital Beamforming

Upon getting the optimized holographic beamformer matri-
ces 87,07, 8" the equivalent channels spanning
from all K UEs to the CPU, i.e h® h® ... hU) can be
obtained. Then, the optimal active beamformer b*) for the
recovery of the information s; can be designed based on the
MMSE criterion as

K

b(k) =PkEuv <Z Pk’ (61)Ch(k’)h(k’)

k'=1

—Ljk)

+ (1 — 511) Ch(k/)h(k’) ®© IL) + UiIL) (25)

IV. THEORETICAL ANALYSIS

In this section, we theoretically derive the ergodic achiev-
able sum-rate upper bound, given the random distribution of
BSs following a homogeneous PPP, by employing the popular
stochastic geometry approach.

Lemma 1. Since the distribution of the BSs follows the PPP,
each realization of the BS generation, including the number
of BSs and their positions, are random. The instantaneous
spectral efficiency of UE-k with respect to the channel h(*)
in each realization of BS generation is given by

Ry =logy (14 %), (26)

with the SINR ~;, formulated as:
K

e =i RO (z e (BB
k'=1

+(1-e) € (BRI o1, + (1-¢%) Q™))

. . -1 ..
A o 1) oL oﬁ,IL) h®. 27)
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R=Klog, | 1+ 5 (30)
(Fa-e+fa-aa)en: |a"/o® ) g
In we have the ergodic achievable sum-rate upper bound becomes
2 2
Q(k):Diag{Hy§ O[] } (28) « preull
T - Z log 2
with Vl(k) _ [\/§£l)ﬂ£l,k),\/gél)ﬁél,k)’.”7 <](\§)51(\lfk)] =1 pk(l—Eu)}}-‘\EH BO| 1o2
sin(ep) (31)

Furthermore, ¢ = when the RHS phase error follows
7 1(wp)

U(—tp,1p), and § = 7225 when it obeys VM(0,w,) with
Iy(-) and I (+) representmg the modified Bessel functions of
the first kind of order 0 and order 1, respectively The RHS
)2 Elg12
phase error power is 02 = E[0,’"] = §:2 and 02 = E[0,""] =
—, when it follows the unlform distribution and the von-Mises

d1str1but10n respectively.

Proof: See Appendix [A] [ |
Accordmg to (26), the ergodic sum-rate can be expressed

as R = E[Zk 1 Riel.
Theorem 1. The ergodic sum-rate ur bound, denoted

as E, can be represented as shown in lb where we have

(CN><1

with ¢, given in and ﬁ € CN*1 with
_ A|| || sinw

= +dwdc.

4772 ffcec fo (lel242lcllzn cos wta? +(H4y,)2)2
Furthermore, S represents the area of the BS distribution and
C, is the BS distribution area with the geometric center as the
origin of the coordinate system.

Proof: See Appendix [ |

Corollary 1. When the transmit power p;, — 0o, the ergodic
achievable rate upper bound is given in (30). This indicates
that the ergodic achievable sum-rate is limited by the hardware
quality of the RHS elements as well as of the RF chains at
the UEs and the BSs. Hence there is a saturation in the high
transmit power region, when the hardware quality is non-ideal.

Proof: It can be directly obtained by setting p — oo in
29). |
Corollary 2. We analyze the impact of hardware quality of
the RHS elements, of the RF chains at the UEs and of the RF
chains at the BSs on the ergodic achievable sum-rate upper
bound as follows.
Firstly, when the hardware quality of the RHS elements and
the RF chains at the BSs is ideal, while that of the RF chains at
the UEs is non-ideal, i.e. we have ¢ = 1,¢, =1 and ¢, < 1,

Secondly, when the hardware quality of the RHS elements
and the RF chains of the UEs are ideal, while that of the RF
chains at the BSs is non-ideal, i.e. we have £ =1, ¢, = 1 and
€y < 1, the ergodic achievable sum-rate upper bound becomes

PkEv % :

Il
M=
5}

&

2
- prs (1= c0) | +a3

(32)

Finally, when the hardware quality of the RF chains at both
the UEs and BSs is ideal, while that of the RHS elements is
non-ideal, i.e. we have ¢, = 1, ¢, = 1 and &£ < 1, the ergodic
achievable sum-rate upper bound becomes

2
\@H ﬁ(o)

1-¢2)-¢HB0) 1 52

prE* -

I
] =
3

(33)
k=1 pk% (

In the high transmit power region, i.e. pj, — oo, the asymp-
totic ergodlc sum-rate upper bound of (3I)), (32) and (33) tends

»nS
R = Klogy (1+ 25)
nSI\f 0S|/ B

and R = Klog, ( 1+ TR-E)<Hp@
means that increasing the BS density is capable of compensat-
ing the HWI of the RF chains at the BSs and the PSE at the

RHS, but it cannot compensate for the HWI of the RF chains
at the UEs.

Proof: They can be directly obtained by setting £ = 1,
=1 and ¢, = 1 in (29), respectively. [ |

to

, respectively. This

Corollary 3. When the BS density obeys n — oo, the
ergodic achlevable sum-rate upper bound R becomes R =

, which is the same as that of the ideal BS
hardware quality and RHS elements. It further demonstrates
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Fig. 2. Theoretical analysis @), @) and simulation results of the ergodic
achievable rate R versus the transmit power p for different number of RHS
elements, with perfect RHS phase shift design and ideal hardware quality of
the RF chains at the BSs and UEs.

that increasing the density of the BSs can compensate for the
phase shift error at the RHS elements and for the HWIs of the
RF chains at the BSs. But it cannot compensate for the HWIs
of the RF chains at the UEs.

Proof: Tt can be directly obtained by setting n — oo in
9. =
Theorem 2. In the case of an infinitely large physical size,
ie. N, — oo and Jh_) 00, the ergodic achievable rate upper

‘o ol : Allell
bound is given in (34), where ¢ = =15 —allel
g C 272 f ceC, (HC‘|2+H2)%

1)d2+!
and € = foo foo (et 1)dg s dzdy.
o0 JToe 27rA(d(2)+12+y2) 2

Proof: See Appendix [C| [ |

V. NUMERICAL AND SIMULATION RESULTS

In this section, the average achievable rate of the near-
field RHS architecture of cell-free networks is presented.
Unless otherwise specified, the simulation parameters are: the
wavelength is A = 10~2m, the BS density is = 1072 /m?,
the number of RHS elements at each BS is N = 64 x 64, the
transmit power of all UEs are identical, i.e. p = p1 = py =
.-+ = pg, the additive noise power at the RF chains of the
BSs is 012” = —120dB, the height of the BSs is H = 10m, the
distance between the RF chain and the RHS is dy = 0.2m, the
physical size of each RHS element is A = 5mm X 5mm, the
gain of RF chains is 2(a+1) = 10dB, the hardware quality is
€y = €y = 1, and the RHS phase shift error power is ag = 0.
We assume that the BSs are distributed over a disk having a
radius of 100m following a homogeneous PPP.

Firstly, we focus our attention on the single-UE case, where
the UE is located on the origin. In Fig. 2] Fig. 3] and Fig. @
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Fig. 3. Theoretical analysis (31), (32), (34 and simulation results of the
ergodic achievable rate R versus the transmit power p for different number
of RHS elements.

we utilize lines, e.g. ‘——"’, to represent the theoretical upper
bound of the ergodic achievable rate, and utilize markers, e.g.
‘LI, to represent the corresponding simulation results.

Fig. 2| compares the ergodic achievable rate R versus the
transmit power p for different number of RHS elements,
for perfect RHS phase shift and ideal hardware quality of
the RF chains at the BSs and UEs. As shown in Fig. [2}
the ergodic achievable rate is improved upon increasing the
number of RHS elements. Furthermore, there is an achievable
rate performance bound, when the number of RHS elements
obeys N — oo, which is different from the far-field model
assumption, where the achievable rate can increase infinitely.
This is due to the factor that the far-field model assumption
ignores the increased path-loss between the RF chain and the
RHS elements, when N — oo.
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Fig. 4. Theoretical analysis (33), (34) and simulation results of the ergodic
achievable rate R versus the transmit power p for different number of RHS
elements, with imperfect RHS phase shift design, i.e. 012, > 0.

Fig. (] investigates the effect of HWT of the RF chains at the
BSs and the UEs on the ergodic achievable rate. As shown in
Fig. B the achievable rate is limited by the hardware quality
and it saturates in the high transmit power region. Furthermore,
it shows that the realistic HWIs cannot be compensated by
harnessing more RHS elements.

Fig. [] presents the effect of the PSE of the RHS elements
on the ergodic achievable rate, with the phase shift error power
of 02 = 0.1 and o2 = 1. Similar to the effect of the HWIs
of the RF chains at the BSs and UEs, the achievable rate
cannot be improved without limit in the high transmit power
region. Furthermore, Fig. f] shows that the ergodic achievable
rate degrades upon increasing the phase shift error power ag.

Then, in the following we focus our attention on the multi-
UE case, where K UEs are randomly distributed in the
coverage area. Fig. [ compares the achievable sum-rate R
versus the BS density 7 for different number of UEs, at
the transmit power of p = 20dB. Fig. [ shows that the
ergodic achievable sum-rate approaches its theoretical upper
bound with the increase of the BS density. Specifically, in
Fig. |§| (a), the RF chains at the BSs have non-ideal hardware
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Fig. 5. Theoretical analysis (31), (32) and simulation results of the achievable

sum-rate R versus the deployed BS density n for different number of UEs
K, with p = 20dB.

quality of €, = 0.99, and it shows that the achievable
sum-rate can be improved upon increasing the deployed BS
density. Furthermore, the achievable sum-rate performance of
the proposed beamforming method considering the HWI is
better than that ignoring the HWI. By contrast, in Fig. 5] (b),
the RF chains at the UEs have non-ideal hardware quality of
ey = 0.99, and it shows that the achievable sum-rate cannot
be further improved by increasing the deployed BS density.

Fig. [ compares the achievable sum-rate R versus the
deployed BS density i with the transmit power of p = 20dB
and the PSE power 012) = 1, where we show that the side
effect bought by the PSE of the RHS elements can be com-
pensated by increasing the deployed BS density. Furthermore,
considering the PSE in the beamforming design can improve

the achievable sum-rate.

Fig. [7] shows the simulation results of the ergodic achiev-
able sum-rate R versus the transmit power p for different
wavelengths A and different number of RHS elements N
with the number of UEs being K = 8, in both the near-
field and far-field channel models. The figure shows that
the far-field channel model can reach similar performance
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Fig. 7. Simulation results of the ergodic achievable sum-rate R versus the
transmit power p for different wavelength A and different number of RHS
elements N, with the number of UEs K = 8.

as the near-field channel model, when the number of RHS
elements is small i.e. N = 8 x 8, or the wavelength is
large, i,e A = 10~ 1m. By contrast, the near-field channel

model promises higher achievable sum-rate upon increasing
the number of RHS elements N or decreasing the wavelength
A. It can be illustrated that the phase shift at the receiver nodes
in the far-field channel model is usually approximated by its
first-order Taylor expansion based on the planar wavefront
model, and this approximation results in a phase discrepancy,
which increases when the distance decreases or the wavelength
decreases [36].

VI. CONCLUSIONS

Beamforming algorithms were formulated for reconfig-
urable holographic surfaces used in cell-free networks for
maximizing the achievable sum-rate, in the face of realistic
hardware impairments of the RF chains at the BSs and UEs as
well as the phase shift error at the RHS elements. The popular
stochastic geometry approach was employed for deriving the
ergodic achievable sum-rate in the near-field channel model.
The theoretical analysis and the simulation results showed that
the achievable sum-rate is limited by the HWIs of the RF
chains as well as the PSE of the RHS elements, and saturates
in the high-SNR region. Furthermore, the HWIs of the RF
chains at the BSs and the PSE at the RHS elements can
be compensated by increasing the BSs density. By contrast,
the achievable sum-rate degradation resulting from the HWIs
of the RF chains at the UEs cannot be further compensated
by increasing the deployed BSs density. We also showed
that the ergodic achievable sum-rate considering the near-field
channel model is higher than that based on the far-field channel
model assumption. In our future research, the holographic
beamformer of the BSs and the digital beamformer of the CPU
can be jointly optimized to obtain a further performance en-
hancement by utilizing alternating optimization. Furthermore,
both robust beamforming designs and the performance analysis
of RHS based cell-free networks having imperfect CSI will be
of practical interest.

APPENDIX A
PROOF OF LEMMA[I]

_ Firstly, we focus on our attention the RHS phase error
05} ) following the uniform distribution, i.e. 97(5 ) U (—tp, tp)-
When 6 ~ U(—1y, 1), the ith-order moment of 65, denoted

as E[0"], equal to 0 when i is odd and equal to 74, when
1 1s even. Thus, we arrive at
(1) > (—1)ib2i sin(tp)
E o] = o ) e 35
; (2¢+ 1)! lp ¢ (35)
e 22 — w2 1,2
Hence the RHS phase error power is o = E[6,°] = 5lp

Then, we assume that the RH§ hase error §£P follows
the von-Mises distribution, ie. 6% ~ VM(0,,), which

satisfies [39]

E [eﬁﬁf’} _ Dl=) _ (36)

B Io(wp)
Therefore, the RHS phase error power becomes Ug =
E[9)% = L.

©@p
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According to , (EI), 1i and hl( ) can be derived in =Diag {,Ok (1—¢e,)€ ‘h(lk)’z + Pk (1 52) Hu§k)H2
(37). Therefore, we then get

E““) _ gi’ﬁk). (38)

Furthermore, according to ( i ( 0 E h(k) h(k)Jr

1 i and b
can be derived in (39). According 36) and @) we

then get

E[n{hT] = iR, (40)
if n1 = ny and l; = l5. Otherwise we have
E (B0 = eRRET, @1

due to the independence of 9(11 and éﬁj) According to l|
and @T)), we can express Cyoopx as

Chonm =E [h(k)h(k)H} = EZnFpH 4 (1- 52) Q.
(42)

We can arrive at (27) by substituting (38) and @2) into (T4).

APPENDIX B
PROOF OF THEOREMII]

The SINR of 74 in 27) can be further reformulated as
shown in @3), where we have

A =pp (1 —¢,) & (ﬁ(k)ﬁ(k)H> OIp+pr(1—¢ ) Q™
+021;

2 &) HVSIC)HQ 2
UARTACIl
(44

2 _ 2 [ (k) |2
+og,pr(L—eu) € [hy” | +pi (1

+og. e (1—e0) €2

+o2},

with the equality in (a) established when K = 1, (b) is based
on the Woodbury matrix identity [40]], and (c) is based on the
fact that A is a diagonal matrix with its inverse A~! given in
(@3). According to (@3), the ergodic sum-rate can be derived
as shown in (@6), where (a) and (c) are based on Jensen’s
inequality, and (b) is based on adopting that the distribution
of BSs follows a homogeneous PPP with the density of 1 and
each UE is allocated an average power of 4-. Furthermore,

E[|h{* 2] and E[[|»*'||] can be further expressed as

E{ "“)” ’f W’T (47)
and
o[l e geren

respectively, with ﬂflk) in the vector [)'(k)

/A

given by
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where Cj is the BS distribution area with UE-k as the
coordinate system origin, the equality in (a) is established
when all UEs are located at the geometrical center of the BS

distribution area. According to #6), @7), @8) and ({9), we

can get the ergodic achievable sum-rate upper bound in (29).

APPENDIX C
PROOF OF THEOREM 2]

When we have N, — co and N,, — oo, ,6'(0) in
(29) can be further reformulated as
2
’ﬁH\/ﬂ“’) - B89 e, (50

where (a) is based on the fact that the amplitudes of the links
spanning from the UEs to all RHS elements are approximately
identical, with C and e being

// / AHcHsmw
A7 e, Jo (el + )T
A
LI A
222 Jeee, (el + B)*
and
=D Ve
n=1
o xn+% yn+%y 1 da+1
:Z/ 5 / s o)) oz dedy
n=1/en=% Jyn—F \ 2wA(d3 + 22 +y?) 2

e’} o) 1 da+1
_ / / (a+1) _dady.
—ocoJ—oo \ 2 A (d3 + 22 4+ y?) 2

Furthermore, when we have N, — oo and N, — oo,
"B in can be further expressed as

g CZ Sns

(52)

(53)



where (a) is based on the fact that the amplitudes of the links
spanning from the UEs to all RHS elements are approximately
identical, and ) 7 | ¢, can be derived as

oo
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(54)

According to (33) and (34), we can get

SHB = ¢. (55)

Finally, upon putting (50) and (53) into (29), we get (34).
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