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Abstract

In this paper, we propose a new interference-suppression beamformer design

and a Direction-of-Arrival (DoA) estimation method for Line-of-Sight (LoS) multi-user
communication systems with circular Large Intelligent Surfaces (LISs). This symmetrical
circular-shaped LIS allows signals defined on it to be formed by combining Fourier
and Bessel series. The Fourier harmonics are orthogonal along the rotational direction
and the Bessel functions constituting the Bessel series are orthogonal along the radial
direction. Synthesizing basis functions from these two series results in the proposed
interference-suppression beamformer, with their coefficients designed to cancel inter-
user interference. Also by exploiting signal structure of a circular LIS communicating
with Mobile Stations (MSs), we devise a DoA estimation method to obtain directional
information of incoming signals. Under LoS channel, the DoA corresponds to eleva-
tion and Azimuth angles of MSs relative to the LIS. This method is numerically demon-
strated to have promising performance with high-frequency carriers.

Keywords: Large intelligent surface, Fourier-Bessel series, Interference-suppression,
DoA estimation

1 Introduction

Large Intelligent Surface (LIS) is a spatial continuous aperture packed with a large num-
ber of antennas [1]. Several advantages that help improving existing wireless communi-
cation systems come with this new configuration. First, the continuous aperture of a LIS
enables fine tuning of electromagnetic fields on the surface. This provides flexibilities
in designing beamformers to achieve spatial diversities. Second, a continuous aperture
can focus transmitting energy on a small area with high spatial resolution. This property
not only can boost transmission efficiency, but also is favorable in precise positioning
and wireless charging. Third, LIS-based systems can achieve high energy efficiency with
its surface structure for transmitting and receiving signals, as shown in [1-3]. Fourth,
utilizing advanced metamaterial technology, LISs can be installed integrating with sur-
faces such as windows, walls, and advertising boards on streets and high-ways [4]. These
advantages coupled with recent developments of metamaterials and programmable
metasurfaces that makes implementing a practical LIS system possible [5-9], has pro-
moted LIS as a promising technology to serve future wireless communication systems
with ever-increasing demand of high-speed, high-volume data transmissions [2, 3, 10].
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In existing literature, LISs can be used in either of the following two ways. The first
is to use LIS as a constructive signal reflector so that the composite channel between
a transmitter and a receiver becomes favorable. This is also known as Reconfigurable
Intelligent Surface (RIS) or Intelligent Reflecting Surface (IRS) [7, 11-13]. The second
is to use LIS as a transmitter and/or receiver. In this paper, we refer to LIS as in the
second way.

One fundamental problem about LIS systems is what capacity they can achieve. This
line of researches is conducted by applying electromagnetic theory to model propaga-
tion channels between two transmitting/receiving LIS volumes/surfaces. Then, the
Degree-of-Freedoms (DoFs), which can be interpreted as the number of orthogonal
channels or communication modes, are obtained by solving for the number of eigen-
functions of the channel. In [14], the authors obtain a formal solution of orthogonal
modes between one transmitting volume and one receiving volume communicating in
free space. Specifically, the result is applied to calculate concrete communication modes
between two volumes with rectangular shape. Asymptotic DoFs for two communicating
LISs are derived in [4]. The result shows that larger-than-one DoF can be achieved in
Line-of-Sight (LoS) channel condition, showcasing the possible benefit of deploying LIS
systems. Authors in [15] take effects of multipath channel into account by incorporat-
ing an experimental scattering channel model in their analysis of DoF for systems with
transmit and receive antenna arrays. The resulting spatial DoF is the product of effective
array aperture and angular spread of the physical channel using spherical uni-polarized
antenna arrays. These theoretical results provides insightful observations for designing
LIS systems. Under practical channel condition, solving for orthogonal communication
modes is a challenge task because it involves complex differential equations, which is
usually complicated to solve. As an effort to address this challenge, authors in [16] pro-
pose a practical method for deriving near-field communication modes between linear
aperture antennas in free space.

Another line of LIS-related researches includes performance analysis and transceiver
design. In [3], the asymptotic capacity per unit-volume as well as DoF are analyzed for
one- and two-dimensional (rectangular) LISs with matched-filter receivers, showing the
promising advantages of the system for data transmission. In [17], positioning using LIS
is investigated and Cramer-Rao bounds are computed under various scenarios. These
two seminal works investigate the possibilities of LISs as a new technology for commu-
nications and positioning. In [2], authors consider circular-shaped LISs communicating
in the uplink, and calculate array gain, spatial resolution and capacity. This work first
explore the effect of shape in implementing a LIS system. Performance of LIS system
under practical channel environments with channel estimation error and hardware
impairments is studied in [18, 19]. Asymptotic rates are analyzed and channel harden-
ing effects discussed. This study shows benefits of LIS under practical channel, but does
not propose new transceiver schemes. In [20], authors propose a channel model tak-
ing mutual coupling, superdirectivity and near-field effects into account, and develop
matched filter and weighted MMSE receivers for this model. In [21], authors ultilize
electromagnetic information theory to formulate the continuous-aperture-MIMO pat-
tern function design problem into an projection optimization problem by projecting
continuous functions on finite orthogonal bases.
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As can be seen from the above survey, most existing literatures study performance
of Matched Filter (MF) or Minimum Mean-Square Error (MMSE) transceivers applied
to LIS systems. These conventional techniques might as well be employed in LIS sys-
tems. However, they do not exploit all specific features of channels and transmitting
signals of a LIS system. First, LIS is usually studied under LoS channels. Indeed, this
is a reasonable channel model for LIS systems, as is argued in [3]. On one hand, LIS
surfaces are deployed high up on top of buildings, resulting in dominant LoS path to
Mobile Stations (MSs). On the other hand, employment of high-frequency spectrum
such as millimeter wave, due to high-capacity demands and spectrum scarcity, also
leads to LoS predominant propagations [22]. Under LoS model, channel coefficients
are related to parameters such as Direction-of-Arrival (DoA) and the relative distance
between transmitters and receivers. These parameters are implied in the signal struc-
ture, which might be exploited for transceiver design. Second, LIS can be manufac-
tured in different shapes. Symmetric ones such as circular are preferable as spatial
harmonics, e.g., Fourier series, can be defined on them. These harmonics provide a
set of bases to synthesize signal waveforms. Third, LISs are continuous apertures,
which is more mathematically tractable than discrete configurations (e.g., Massive
MIMO). Inspired by these observations, we propose a new transceiver design method
for multi-user LIS systems.

In this paper, we consider circular LISs communicating with multiple MSs in LoS
channel. Exploiting the symmetric property of a circular LIS, we can synthesize Bes-
sel and Fourier series defined on it to achieve interference-free communications.
Although [2] also studies circular LIS, we are different in terms of main content and
methodology. The majority of [2] is on analysis of spectrum efficiencies and properties
of LIS systems, while this paper focus on methods of designing multi-user transceiver
and estimating DoA. In terms of methodology, we adopt new analysis techniques and
propose new transceiver design method.

Our contributions in this paper can be summarized as follows.

+ We develop a new analysis of performance of LIS with MF transceiver. The analy-
sis reveals a new observation of the inter-user interference terms. The strength of
this interference is not determined by physical inter-user distance, as is conven-
tionally believed, but by projected distance (see Sect. 3).

+ We propose a new interference-suppression transceiver based on Bessel-and-Fou-
rier—Series Synthesis (BFSS). The orthogonal Bessel series form a basis for signals
along the radial direction and the Fourier series for signals along the rotational
direction. By combining these two and tuning coefficients of the synthesized
series, we obtain a beamformer that suppresses interference. The proposed beam-
former is also numerically demonstrated to perform well in high Signal-to-Noise
Ratio (SNR) regime.

« We propose a new DoA estimation method to obtain directional information of
signals coming from a MS. Under LoS channels, the estimated DoAs are eleva-
tion and azimuth angles of a MS with respect to the LIS. We numerically demon-
strate the promising performance of the proposed estimation method for carrier
frequency in mmWave spectrum and higher.
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The rest of the paper are organized as follows. System model and preliminary introduc-
tion of spatial harmonics are presented in Sect. 2. New interference-suppressing beam-
former is proposed in Sect. 3 along with an analysis of MF transceiver. DoA estimation
method is presented in Sect. 4. Numerical results are shown and analyzed in Sect. 5.
Conclusions are drawn in Sect. 6.

1.1 Notation and definition

In this paper, boldface upper- and lower-case symbols represent matrices and vectors,
respectively. The identity matrix is I without specifying its size, as it is clear from con-
text. The conjugate, transpose, and Hermitian transpose operators are denoted by (-)*,
()T, and (¥, respectively. Component-wise multiplication is denoted by ®. Expectation
operation and absolute value are represented by E[-]and | - |, respectively. The norm of a
vector x is denoted by ||x||. span(A) means a linear space spanned by columns of matrix
A.

2 System model

As shown in Fig. 1, we consider a base station equipped with a circular LIS of radius
R, denoted by D, situated on the x — y plane, with its center at the origin o of a 3-D
coordinate system. The LIS communicates with K MSs situated in front of it. Denote
the kth (k =1,2,---,K) MS’s position at My with spherical coordinate represented by
(pk> Ok> vk )» where py is the distance from MS k to the coordinate origin o, 6 is the ele-
vation angle, measured with respect to the z axis and yj the azimuth angle, measured
counterclockwise with respect to the x-axis. All MSs are equipped with single antenna.

2.1 Channel model

In practical deployment, LISs can be installed outside the wall of a top building, cov-
ering MSs roaming down on streets. The distance between a LIS and a MS is usually
much larger than the size of a LIS, and the signal is dominated by Line-of-sight (LoS)
component. In this paper, a far-field LoS propagation channel is assumed with px > R,

msk M, (0,,6,,7,)
Fig. 1 LIS model
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k=1,2,---,K, and py is also larger than the Rayleigh distance 2(2R)?/4 [2]. Consider
an arbitrary infinitesimal element A € D (on x — y plane) on the LIS with coordinate
(p, /2, ¢). The channel coefficient between A and M} can be modeled as [2, 23, 24]

A
hk(p,ﬁl)) ~ Fhk(prgo)r (1)

2
(0, p) = ———
& 4 |My — A| Ok

where 4 is the carrier wavelength. Also note that path-loss factor in the above equation
can be well approximated as M%A‘ ~ p—lk for A € D, since px > R. The channel’s effect

on phase is accounted for by /1; (p, ¢), which is given by
I (p, @) = e 5 IMc—Al (2)

The approximation of |Mj — A|by pi in (1) is too crude to be applied to the phase term in
the above equation. A second-order approximation is needed here to take into account
of phase variations on D.

My = Al =/ 0F = 2px0 5in(6) cos(p — 1) + p?
~ px = psin ) cos(p — o).

3)

Equation (3) is obtained by omitting second and higher order terms due to pg >> p for
p < R. It can be seen that the first term in (3) is constant for all A € D. The phase shift
it induced can be compensated by each MS, thus this term can be omitted for succinct
expressions. From here on, /g (p, @) is expressed in polar coordinate as

hi(p, @) = o 7 psin(6p) cos(p—yy) @

2.2 Signal model
The LIS transmits signal s; intended for MS &, precoded by filter fi(p, ¢). The transmit-
ted signals are zero-mean and independent of each other, i.e.,

E[sx] =0, (5)
E[S;;Sk] = Py, (6)
]E[s:fsj] =0, Vi#j. (7)

The received signal at the /-th MS is a summation of signals from all of D, which can be

written as
K
r = / &(p, ) ka(p, P)skpdpde + ny, (8)
D k=1
for/ =1,---,K. Thefilters fi(p, ¢)are normalized to have unit power. The noise term is

a additive white Gaussian noise with mean zero and variance 012. Note that this noise is

an average of noises of elements on the LIS.
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2.3 Orthogonal bessel series
This section briefly introduces orthogonal Bessell series and related expressions that will
be used in later sections.

A circular LIS, like the one shown in Fig. 1, possesses rotational symmetry as well as
radial symmetry. Signals defined on domains with circular symmetry can be decom-
posed into circular harmonics of integer frequencies, i.e., Fourier series. Along the radial
direction, it is natural to decompose electromagnetic signals into orthogonal Bessel
series as in [25, 26].

An orthogonal Bessel series is of the form [26]

]?(,0) = ch]v(ﬂvnP/R), 0<p<R v>—-1, )
n=1

where a,,, denotes the n-th zero of v-th order Bessel function J,(-) of the first kind, i.e.,
Jv(ay,) =0, and ¢, the series coefficients. In the decomposition, the Bessel functions
with different zeros in their arguments are orthogonal, as the following orthogonality

equation shows.
R
| ohaunp R @mo /R D =0, 2 m, (10
0

By this orthogonal property, the coefficients ¢, can be obtained as

2 R_
=S Pv(a R)pdp. 11
"= Rl (am? /0 S @mpRpdp a
In the above equation, the factor m is to normalize the result, since
R
| Uaunp /R pdp = Vst 2 12)
0

Utilizing Bessel series along radial direction and Fourier harmonics along rotational
direction, we can synthesize beamforming patterns with desirable properties. Based on
this observation, we will investigate into designing interference-suppressing transceiver
in next section.

3 Bessel-and-Fourier series synthesis (BFSS) transceiver
In this section, we first develop a new analysis of MF transceiver, and then propose the

design of a interference-suppressing transceiver for multi-user LIS systems.

3.1 MF transceiver
As is well known, MF maximizes individual receiver’s signal power, ignorant of inter-
user interference. For MS k, its MF transmit filter is given by

1
M (p,0) = ﬁh;(p,m, (13)
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where ﬁ is a normalization factor to keep the filter power being 1 when integrating

over the LIS. The received signal for MS [ can then be obtained as

K
rp = /D g(p, ) ka(MF) (0, )skpdpde + ny

. k=1 (14)
= 5151 + 1 Z sk + my,
k#l

where 7, = 3 \/Agm’ The received signal consists of the desired signal for MS /, the inter-

user interference and the noise. The normalized effective channel coefficient Oy in the

inter-user interference term is given by
Py £ L/ hi(o, )i (o, ) pd pde (15)
Koz [T '

This coefficient signifies inter-user interference level and its analytical expression is
obtained in the following proposition.

Proposition 1  The normalized effective channel coefficients Oy are calculated as

_ h@rRAG,D/2)

by = )
k= TonRAMK, 1)/ 7 (16)
where the projected distance A(k, 1) between MS k and | is calculated as
Ak, D) = \/sin2 Ok + sin? 6; — 2 sin Oy sin 6; cos(yx — ¥;). (17)
Proof See Appendix A. O

Remark 1

Note that the result obtain in Proposition 1 is the same as that in [2], only differing in
a constant phase factor. This factor is pre-compensated as explained in Sect. 2.1 ( after
(3)), resulting in succinct expressions without restricting the applicability of our result.
Note that the derivation of the normalized effective channel coefficient Oy, as shown in
Appendix A, is different from [2]. This result leads to a physical interpretation of the vari-
able A(k,1) in its argument. We see from (17) that A(k,[) is the distance of two points
(sin 6, yx) and (sin 6, y;) on the x — y plane. These two points are projections of MS k and
s locations, i.e., (pk, Yk, Ox) and (py, y;, 0;), onto the x — y plane and normalized by their,
respectively, distance from origin o.

Note that when two MSs’ projected positions on x —y plane are very close, i.e.,
A(k,l) — 0, we have
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X

Fig.2 A plot of function @.The main lobe width is equal to the first zero of Bessel function J; (x), which is
approximately a1 &~ 3.8317

i @ i ) 2w RA(k, 1)
1m = m
Ak —0 lk Atk —0 2T RA(k, [) ! A
1
= 5[]0(0) —2(0)] (18)
_ 1
=5

where the derivative of Bessel function /i (x) is utilized, i.e., J;,(x) = %[],,_1 *) = Jur1 ()]
This channel coefficient achieves maximum value when A (k, /) = 0 (ref. to Fig. 2).

The normalized channel coefficient is a function of projected distance between dif-
ferent MSs. When two MSs’ projected positions overlapped, the received inter-user
interference reaches maximum power level, the same as the power of the desired signal
component, as seen from (14). This is the case when two MSs locate on the same radial
from the origin o (with the same elevation and azimuth angles). This means one MS is
behind the other one as seen from o, which is very unlikely since we consider LoS path
and MSs are usually roaming on a surface under the LIS.

Based on Eq. (14), we derive the sum rate for MF transmitter as shown in the following

proposition.

Proposition 2  The sum rate for MF transceiver is given by

e = ZK:log 1+ PR* /(4T p)* )
I=1 Skt QPR 22/ 2/ o1)* + 0f

From the above analysis, we see that the sum rate is dependent on normalized effec-
tive channel coefficients @ between interfering terminals. These coefficients are closely
related to the projected distance A(k,[) between two interfering MSs. The envelop of
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@i decreases as A(k, ) increases as seen from Fig. 2. Spatial proximity of MSs results in
large interference, especially when two MSs situated on the same line going through the
origin of the LIS.

If all MSs have the same power constraint, we have the following corollary.

Corollary 1 For equal power transmissions, i.e., Py = P, Vk, the sum rate can be writ-

ten as
K
1/4
CcWME) _ log (1 + >, (20)
; Skt P +1/e1
_ PR*)?
where o; = rp}gﬁ.And
K 1
cWME) _, log (1 + ), as g; — oo. (21)
z; 43 kst P

At high SNR, sum rate is dominantly determined by normalized effective channel
coefficients @y, which are functions of the radius R of the LIS and carrier wavelength
A, as seen from (16). An interesting observation is that, given other conditions the same,
increasing R or decreasing 4 decreases the normalized effective channel coefficients and
thus inter-user interferences. In consequence, the sum rate increases. This is the case
because inter-user distance affects interference through its normalization by carrier
wavelength. Smaller wavelength results in large normalized inter-user distance. Another
observation is that the sum rate saturates at high SNR, as (21) shows. This is due to the
MEF transceiver not considering suppressing inter-user interference.

3.2 BFSS transceiver
Inter-user interference is a major cause of performance degradation in future wireless
communication systems with massive connections sharing a same spectrum. To miti-
gate inter-user interference, new transceivers have to be designed for LIS systems. In the
following, we develop a interference-suppressing transceiver by synthesizing Bessel and
Fourier series defined on the LIS.

Denote by fk(BFSS) (p, @) the BESS filter for MS k. We consider interference-mitigating
beamformer of the following form

(BFSS) g > PN im—1)¢
fk (0, 9) =hy(p, 9) Z Crkmlv (ﬂva)e] , (22)
m=1

0<p<KR, v>—-1,

where a,,, is defined in (9).
Remark 2

Note that in Eq. (22), only Fourier harmonics of nonnegative frequencies are included,
ie, d "V form=1,2--. As a result, the synthesized signals do not represent all pos-

sible signals that can be formed when employing all of available harmonics. This will not
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restrict our design of transceiver that follows. As it turns out, it is enough for the purpose

of a interference suppression transceiver.

The filter coefficients cy,, in (22) are to be designed such that the following normalization

conditions are satisfied

e¢]

Z(Ckm,‘gm)2 =1 Vk, (23)

m=1

where B, = /7T RJy+1(@ym). Using fk(BFSS) (p, @), the received signal at MS / can be writ-

ten as
1= /Dgz(prfﬂ) S 15 0, )sepdpde + my (24)
k

We summarize the resulting formula for signal r; in the following proposition.

Proposition 3  The received signal r; can be rewritten as

M

A 2

= s—cnéosi+5— > Sk O Chmbtom + 1l (25)
2p1 201 % pyR—

where

RZ

&0 = —/J1(ao1), (26)
ao1

and

S = /DM

R
0 2w (27)
X / Jo (“Om*)lmfl —pAk, D) | pdp for k #£1,
0 R A
and ay is defined as
A sin 0 sin y; — sin 6 sin y
oy = arctan - - . (28)
sin 6; cos y; — sin Oy cos yi
Proof See Appendix B. O

To suppress inter-user interference, we set the undetermined coefficients cg,, such that

the following system of linear equations are satisfied

M
Z ChkmSlkm = 0, = 1,2,---,K, ) ;é k, (29)

m=1

fork =1,2,---,K. The above equations can be written in matrix form as
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[Miciy =0, (30)
where
_ T
¢ =l cka 0 cml s (31)
$1k1 ke 0 Sukm

Ck-1k1 Sk—vk2 * Sk—1)kM

M, =

k Ck+nk1 Sk+nk2 0 Sk+1)kM (32)
L Ckx1 Ckk2 - Ckkm

The solution ¢y is in the null space of [Ty,

o€ span(l _ n;(nkn;)*lnk). (33)

Proposition 4 The BFSS filter coefficients ci are chosen according to (33). The maxi-
mum SNR achieved by MS k is given by

(BFSS)
SNR!
2
P28} [ el (1- ML) T ey (34)
4piop \ ||[(1- ML)~ )es] © b )
wheree; =[10 --- 01T andb = [By B1 --- Bul” (ref to (23)). The sum rate achieved
is given by
K
CEFSS) = 3" log (14 SNR{™). (35)
k=1

Proof The coeflicients can be obtained by picking one vector from the above null

space and normalized. Of these solutions, the one with maximum cgq is desirable,

since it’s a gain of the desirable signal component in MS k’ received signal. This can

be achieved by projecting vector e; = [1 0 --- 0]7 onto the null space, resulting in

(I - HZ(H k I'IZ)_1 IT k)el. Taking the normalization condition (23) into account, we have

e} (I— I} (TT IT}) "1y ) ey
[1[(1— M, (M)~ et ] © b|’

max cx1 = (36)

whereb =[Bo B1 --- Buml’. U

From (35), it can be seen that sum rate grows linearly with SNR in high SNR regime. It
is also seen that the signal strength of BFSS transceiver is discounted compare to that of
using MF transceiver. The discount factor is determined by the angle subtended by vec-
tore; =[10 --- 0]7 and the null subspace in (33). The size of this angle in turn depends

Page 11 of 24
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on the dimension of the null space. But the null space’s dimension is limited by the num-
ber of interference signals to be suppressed, given fixed M. The more interferers there
are, the “smaller” the null space, resulting in small signal strength. The BFSS transceiver
trades signal strength for zero interference.

4 DoA estimation
From analyses in the above sections, we know that DoA information of MS £, i.e., the
elevation angle 6; and the azimuth angle y; are “encoded” in the series expansions of
its channel coefficient /(p, ¢). These information can be extracted by taking correla-
tions of received signals. This extracted DoA only reveals in which direction a MS’s sig-
nal comes from, and under LoS, this is also the direction a MS locates with respect to the
LIS. To pinpoint a MS’s position, a third coordinate, the distance pj from the origin have
to be determined. This can be achieved by utilizing off-the-shelf algorithm to estimate
this distance [27-29]. This problem is well studied in literature, and thus we assumed the
distances between the LIS and MSs are known in the following.

During training phase, each MS transmits a pilot symbol s; with power that is pro-
portional to square of its distance to the LIS, which makes received signal power levels
from different MSs more or less the same. Then, the received aggregate signal at the LIS

is given by

ro(00, Y0) = / ng(p @ ho(p, 9)skpdpde + no, (37)

27 R?

where ho(p,¢) = e/ T psin(@o) cos(¢v=10) and the aggregate noise ng follows a white
Gaussian distribution of mean zero and variance og. The integration is normalized by
area of the LIS to get succinct expressions in the following. Since MSs reside on one side
of the LIS, the scanning variables 6y and yp and directional angles of MSs are physically
constrained by

T
0o, 01 € (0, 5), Yo, Vi € [0,27). (38)

Following similar derivations in Sect. 3, we have

K \
2w RA(0, k
ro(Bo, yo) = E h2nRAQ,b)/4) o, (39)

Z 2TRAO,K)/7

where

A0, k) = \/sin2 6o + sin? O — 2 sin g sin O cos(Yo — V).

From Eq. (39), we see that the received signal is a sum of functions of the same form L) (x)

with different arguments and noise. As Fig. 2 shows, this function oscillates with decay-
ing envelop amplitude. At x = 0, it achieves maximum value of lim,_,¢ L= (x) 1 . Each

transmitting MS “excites” a waveform L) (")

in the received signal, and a peak appears at
(O, vi) if the argument A(0,k) =0 correspondlng to 6p = 6k, Yo = k. This is shown by

the following lemma.



Chen EURASIP Journal on Advances in Signal Processing ~ (2023) 2023:129 Page 13 of 24

Lemma 1 Under the condition (38), the projected distance function A(0,k) = 0 if and
only if 0y = O and yy = yy, for some k.

Proof See Appendix C. O

This lemma establishes the correspondence between A (0, k) = 0 and the scanning var-
iables 6y and yy equaling to the directional angles of some MS, i.e., 6y = 6; and yy = y; for
some [. Hence, we can locate the “peak” signals to estimate DoAs of respective MSs. The
accuracy of this DoA estimation process is affected by side lobes induced by interfering
MSs.

Proposition 5 DoA of MSs, i.e., Ok and yy, for k =1,2,--- ,K, can be estimated by
locating the peaks of function ro(6o, y0), 6o € (0, %), yo € [0,27). The estimation resolu-
tion is given by

, (40)
where a1y, is the m-th zero of J1(x), m = 1,2,3,- -«

The major source of interference of the proposed DoA estimation method comes from
I

J(Cx) induced by MSs. Farther-away side lobes are smaller in amplitude and

produces smaller disturbance. Selecting m in Proposition 5 is to determine how much

side lobes of

disturbance will be considered acceptable. Larger m results in smaller disturbance and
thus higher estimation accuracy. This leads to a trade-off between accuracy and resolu-
tion in the proposed estimation method, given other parameters fixed. As shown in
Proposition 5, the resolution is inverse proportional to m. Increasing m increases a1, and
decreases the resolution. At the same time, inter-user projected distances are increased.
The farther away from each other the MSs are, the smaller the mutual interference. As a
result, estimation accuracy increases. Two other important parameters that also affect the
resolution are R and A. Larger R and/or smaller A results in higher resolution. However,
size of the LIS R cannot get too large due to physical constraint. It is more promising to
employ high-frequency carriers to obtain high estimation resolution, since mmWave and
higher spectra are to be employed in future wireless communication systems [30, 31].

Algorithm 1 Proposed DoA Estimation Algorithm

1: Input: 74(6y,v0), for Oy € (O, %) , Yo € [0, 27)
2: for [ =1to K do
3 (01, m) = argmax(gom)ro(%, %)

J1(2rRA(0,1)/N) .
4 m(bo, o) = ﬁTm,
s: 10(00,Y0) < T0(00,v0) — m (6o, 70)s

6: end for

7. return (6;,7v,),l=1,--- K.
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Algorithm 1 is proposed based on Proposition 5. The algorithm evaluates aggregate
signal strength at different locations and obtains a location with maximum signal value
as a DoA estimation for some MS. Then, the MS’s signal is regenerated using the esti-
mated DoA and subtracted from ro(6p, o). The major part of complexity comes from
these evaluations. Thus, the complexity is proportional to % In the above discussion, a
one-symbol training scheme is assumed. This can be easily generalized to multiple train-
ing symbols. Estimation accuracy can be improved by exploiting diversity among differ-

ent received symbols.

5 Numerical results
In this section, simulation results are presented to show the performance of using circu-
lar LIS for communicating and DoA estimation.

5.1 Capacity

In the following numerical evaluations of sum rates, the scenario is that a LIS is installed
on a building surface, serving MSs down on streets with LoS channels. The MSs’ dis-
tance to the LIS is set to be larger than the Rayleigh distance 2(2R)?//. Since the LIS
covers terminals in front of the antenna surface, the elevation angle is within the range
Ok € (0,7/2) and azimuth angle is y; € [0,27), k = 1,2, -, K. These location coordi-
nates are generated uniformly randomly in following simulations. Since each MS has a

different received SNR, we define a reference SNR as rSNR = 41272 5, where p is the dis-

tance from a reference point to the LIS. This reference distance is set to be in the middle
of the range.

MF beamformer performances are shown in Figs. 3 and 4. Figure 3 shows sum rates
achieved by MF beamformer under different sets of configuration parameters. The per-
formance plotted in the figure is averaged over the random Point-Process (PP), marked
as “PP-averaged” From the figure, we see that the sum rate is increasing with SNR.
Another observation is that larger LIS radius, i.e., larger aperture, result in better per-
formance, corroborating analysis in Sect. 3.1. Simulation results of sum rate versus the
number of MSs K are presented in Fig. 4. The sum rate is in general increasing with the
number of MSs K. But the increasing rate becomes slower as K increases, because more
simultaneous transmitting MSs result in an interference-limited system, showing satu-
rated performance.

Figure 5 illustrates the performance of BFSS beamformer under various configura-
tions. The sum rate is larger with larger LIS radius R and/or more number of MSs. These
are the same as observed in MF receiver. An interesting observation is that with BFSS,
increasing the carrier wavelength 4 slightly increases sum rate, in contrast to what hap-
pens in MF receiver. This is indeed the case because BFSS suppresses inter-user inter-
ferences and its SNR is proportional to 4. In MF, increasing 4 reduces the projected
distance between MSs, which results in stronger interference.

Another important question is to compare performance between MF and BFSS beam-
formers, which is shown in Fig. 6. Under the same setting, MF performs better than
BESS in low SNR regime, but is inferior in high SNR. There is a point where BFSS sur-
passes MF in performance. After this cross point, MF sum rate saturates, as it enters
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Fig. 3 Sum rate vs. SNR with MF transceiver. Parameters are set as K = 10, A=0.3 m. PP-averaged’curves are
obtained by averaged over 300 runs
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Fig. 4 Sum rate vs. number of MSs K with MF transceiver. Parameters are set as ’SNR=10 dB. 'PP-averaged’
curves are obtained by averaged over 300 runs

0o

an interference-limited regime. The performance gap between BFSS and MF becomes
larger and larger. This shows the promising performance gain of BFSS transceiver for
interference-limited wireless networks. And as is envisioned, future cellular networks
will be deeply interference-limited with massive connections and aggressive spectrum

reuse schemes [32, 33].
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Fig. 5 Sum rate vs. ISNR with BFSS transceiver. Results are obtained by averaged over 300 runs
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Fig. 6 Sum rate comparisons between MF and BFSS transceivers

In the development of BESS beamformer in Proposition 3, we truncate the Bessel and
Fourier series and keep M terms. It is important to investigate the effects of such trunca-
tion on overall performance. To this aim, Fig. 7 presents sum rate versus the number of
truncated terms M. We see that, as M increases, the sum rate first increases and then
decreases, resulting in a maximum value for each parameter setting. This is due to two
conditions imposing on M has competing effects on the resultant beamformer, specifi-
cally, on the first coefficient of the BESS beamformer, as shown in Proposition 4. The two
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Fig. 7 Sum rate vs. M with BFSS transceiver. Number of MSs K = 9. A= 0.3m. Results are obtained by
averaged over 300 runs

conditions on M are Egs. (23) and (29), corresponding to the normalization and interfer-
ence-suppression requirements. On one hand, the normalization condition dictates that
M coefficients of the BFSS beamformer have a fixed power. Increasing the number of
coefficients reduces the power each one might get. On the other hand, the interference-
suppression condition demands that M is large enough to cancel all interferers’ signals.
In the setting of Fig. 7, M must be larger than 8. Increasing M enlarges the null space of
the interferers’ signals, as shown in Eq. (33), which might result in large coefficient val-
ues. But, the coefficient values are also constrained by the normalization condition. The

overall result of these two effects is shown in Fig. 7.

5.2 DoA estimation

In LoS environment, DoA reveals a MS’s directional information of its position and also
determines the phase of its channel coefficient to the LIS. In addition, estimating DoA
under this scenario is part of the positioning procedure. The acquired DoA information
can also be used in beamforming designs.

Figure 8 illustrates the function ro (6o, yo) with three MSs and LIS radius R = 1.5 and
carrier wavelength A = 0.1m. The three “peaks” represents three signals present in the
system. The coordinates of those “peaks” approximate the elevation and azimuth angles
of corresponding signal’s DoA. The approximation error mainly comes from tail fluc-
tuation of the function h% (refer to Eq. (39)), induced by presence of other MSs’ trans-

mitting signals. When two MSs’ projected distance A(kj, ko) is larger than, e.g., a12, the
i

@) the estimation error can be greatly reduced if parameters R and / are

second zero of ~

large enough.



Chen EURASIP Journal on Advances in Signal Processing ~ (2023) 2023:129 Page 18 of 24

(0.945,4.33)

1
(0.26,4.115)
¥

0.95
- (0.83,1.65)

0.9

Normalized |r,(6,7)l
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MSs'DoAs are shown in the figure

To evaluate the proposed algorithm’s performance, we run simulations for differ-
ent parameters and present the Mean Square Error (MSE) vs the number of MSs K
in Fig. 9. We see that MSE increases with K, and increases only slightly when K is
larger than ten. More MSs transmitting signals result in more interference in the
estimation process, increasing the MSE. But the increasing rate becomes small.
Comparing different curves in the figure shows that large value of radius R and small
wavelength A improve the proposed estimation algorithm’s performance. This is in

s
107 R x =003
-~ R=2, A=003
% R=1,A=001
& R=2, A=001

100¢ 5

MSE

107¢

10-10 L L L L L

Fig. 9 Performance of the proposed DoA estimation. Averaged over 300 runs. 'SNR=5dB
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Fig. 10 Performance of the proposed DoA estimation. Averaged over 300 runs.K = 5

accordance with that large aperture and high-frequency carriers improve resolu-
tion. Importantly, for R =2 and 4 = 0.0lm the MSE can be as low as about 10~°.
This wavelength corresponds to frequency of 30GHz. This is about in the lower part
of the mmWave spectrum, which will be employed in future wireless communica-
tion systems [30, 31]. Figure 10 presents how the MSE performance varies with the
rSNR. It is seen that as signal strength increases and/or noise power reduces, MSE
decreases slightly.

6 Conclusion

This paper proposes a new interference-suppression transceiver for LoS multi-user LIS
systems based on exploiting the signal structures resulting from geometric symmetries
of the antenna surface. The signal can be decomposed into orthogonal communication
modes using Bessel and Fourier series. The proposed beamformer tunes the coefficients
of these communication modes to cancel inter-user interferences. The proposed trans-
ceiver method BFSS’s performance is studied under varying parameters and compared
with conventional MF receiver. The BESS performs better than the MF in the high SNR
regime. Another interesting result is that choosing more communication modes will not
always increase the sum rate because power is thinly spread on these modes. Thus, we
need to choose just enough modes but not too many. A DoA estimation method is also
proposed for identifying directional information of MSs in LoS condition, following the
same line of ideas. This method is demonstrated to have promising performance with
high-frequency carriers, e.g.,, mmWave. The principle can be generalized to other sym-
metric geometries.
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Appendix A: proof of proposition 1
The received signal for MS / can then be calculated as

/ &(p, ) ka Do, 0)scpdpde +m

2
SaR——— dpd
Mm//

A1
Eﬁ / hi(p, ©) I (p, @) pdpde + ny
izl P
A
= R R c1>
N Sz+2f Z ISk + 1.

it P

The normalized effective channel coefficients @y, k # [, can be calculated as

Oy = o Rz / hi(p, )y (p, ©) pd pde
21 . 3 .
= ¢/ T psinf cos (go—)/z)e—17p5m0k cos (w_yk)pd,odgo
271R2/
1 P '
= m/ e’ZTP[S‘“GZCOS(SD*Vz)*SIHGkcos((p*yk)]pdpdw
1 R 2w
= m/ / eITpA(k,l) cos ((p—a,d)pdpd(p
1
R / ]°< )pdp
_ 7 2 RA(k, 1)
T 2RAGG D) 7 .

(42)

where step (41) follows from equation J,(x) = /2;7: f02 T e/ cos9tn9) gy [34]. In above for-

mulas, the normalized projected distance A(k, ) between MS k and / is defined by

A% (k, 1)
=(sin 6; cos y; — sin G cos yk)2 + (sin 6y sin y; — sin 6 sin )/k)2
=sin? Ok cos? Yk — 2 sin 6y cos yi sin 6; cos y;

+ sin® 6; cos® v+ sin® Ok sin? Vi

— 2sin 6 sin y; sin 6; sin y; + sin? 6 sin® VI
=sin? 6y + sin?6; — 2sin O sin ; cos(yx — ;).

Appendix B: proof of proposition 3
Substituting (22) into (24), the received signal at MS [ is given by

(43)
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r = Zsk/ g(p, )i (p, 9)
X D
Z Comlv ((lvm )e](m l)wpdpdw + ny.
In (44), the summation term can be computed as follows. When k = [, we have
/ &(p, (p)hl (0, 9) Z Cimlv <ﬂvm )e](m l)wpdpdw
P pitm=1)
R T
2 .

471.,0 chlﬂ/ Ty (ﬂvm )/Odp/ e/(m—l)wd(p

% 11/0 /v(aﬂ%)/?dﬂ

Without loss of generality, let v = 0. Then,

/ORIO (%1%),061,0

R2 o1 N g
== Jo(p)p'dp
a1 JO
ao1
R2 R2
=—N(p)e| =—h(aon).
Izt 0 ao1

When k # [, we have

/ & (p, (P)hk(,O ®) Z Chomlv (ﬂvm )el(m l)wpdpdgo

m=1

hi(p, )hk(pr ®) Z Clomlv (avm )e](m Dw,Od,Od(p

o)

x ¢/ 5 Plsind cos(g—y)—sin b cos(e—y )i (m=10¢ 1, 1 5 1)

“anp / Z km]v Avm— )

x e17pA(k,l) cos (w—akl)+i(m—1)<ﬂpdpd(p

o0
A m—1 i(m—1)ay
. ] Cli e
2p mzzzl "

R 21
o\ @vm— )Jm— ( Ak,l> dp,
X/o (a ) 1 }vp( ) |pdp

- A
dmp Jp

Tan 2]
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where oy is defined as in (28).
Evoking upper bounds given in [35], the integration in the above equation can be
bounded as

"R
0 21
/0 T (ﬂvm E)]mfl </,L)0A(k, l)) pdp

R\ R
<,30/31<a ) (m—l)_g/0 p 3pdp
vm
3B0B1R?
:%(m—u—%, V> 0m—1>0,

Aym

where By = 0.674885... and B; = 0.7857 are constants [35]. As order m increases, the
integration approaches zero. When m > M £ max({K, R3}, the above integration can be
omitted.

Collecting the above results together, equation (44) can be rewritten as

M
A A
rp= Tczﬁévsz Ry Zsk Z CkmStkm ~+ 11> (45)
pi p k#l  m=1
where
R p
& = / Ty (ﬂvlf)pdp, (46)
0 R
and

G =771V
R
p 27 (47)
x /0 Jv(ava)fm_l(ipA(k,l))pdp.

and

N sin 6; sin y; — sin 6 sin yi
oy = arctan - - .
sin 6; cos y; — sin O cos yi

Appendix C: proof of lemma 1
If By = 6; and yp = y, then it is obvious A(0, k) = 0.
If A(0, k) = 0, then

sin® 6 + sin? Or = 2sin g sin 6 cos(yo — V&)
sinfy  sin6

= =2cos(yo — 1) <2, o0k € (o, %)

sinf  sinfy

sin 0 + sin 9k
sin 6 sin 6y

But, we have inequality > 2, with equality being achieved when

sin 6 = sin 6. This equality condition in turn leads to yp = y;.
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Abbreviations

LIS Large intelligent surface

LoS Line-of-sight

DoA Direction-of-arrival

MS Mobile station

RIS Reconfigurable intelligent surface
IRS Intelligent reflecting surface

DoF Degree-of-freedom

MMSE  Minimum mean-square error
BFSS Bessel-and-Fourier-series synthesis
MF Matched filter

MSE Mean-square error

SNR Signal-to-noise ratio
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