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Abstract—Intelligent reflecting surface (IRS) is regarded as a
revolutionary paradigm that can reconfigure the wireless propa-
gation environment for enhancing the desired signal and/or weak-
ening the interference, and thus improving the quality of service
(QoS) for communication systems. In this paper, we propose an
IRS-aided sectorized BS design where the IRS is mounted in front
of a transmitter (TX) and reflects/reconfigures signal towards the

CY) desired user equipment (UE). Unlike prior works that address
O\l link-level analysis/optimization of IRS-aided systems, we focus on
(O the system-level three-dimensional (3D) coverage performance in
O\l both single-/multiple-cell scenarios. To this end, a distance/angle-
dependent 3D channel model is considered for UEs in the 3D space,
as well as the non-isotropic TX beam pattern and IRS element
D radiation pattern (ERP), both of which affect the average channel
power as well as the multi-path fading statistics. Based on the
above, a general formula of received signal power in our design is
| obtained, along with derived power scaling laws and upper/lower
bounds on the mean signal/interference power under IRS passive
———beamforming or random scattering. Numerical results validate our
|— analysis and demonstrate that our proposed design outperforms
- the benchmark schemes with fixed BS antenna patterns or active
(j)' 3D beamforming. In particular, for aerial UEs that suffer from
) strong inter-cell interference, the IRS-aided BS design provides
——'much better QoS in terms of the ergodic throughput performance
compared with benchmarks, thanks to the IRS-inherent double
pathloss effect that helps weaken the interference.
Index Terms—Intelligent reflecting surface, sectorized base sta-
LO tion design, element radiation pattern, distance/angle-dependent
3D channel, wide-area coverage analysis.
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I. INTRODUCTION

With the commercial use of fifth-generation mobile net-
works, the demand for wide-area three-dimensional (3D) cover-
age and the explosive growth of wireless data continue to spur
- = Innovations in wireless communication technologies for higher
~ spectral/energy efficiency and better quality of service (QoS).

Among others, some prominent technologies are proposed
a in the last decade including massive multiple-input multiple-
output, ultra-dense network, and millimeter wave [1]]. Although
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these technologies significantly enhanced the wireless network
spectral efficiency, they also incurred increasingly more energy
consumption and higher hardware cost, due to the deployment
of more base stations (BSs) and/or relays in the network as
well as mounting them with more active antennas requiring
costly radio frequency (RF) chains, especially when operating
at mmWave bands. Moreover, the interference issue caused by
concurrent transmissions from more active BSs and/or active
antennas is becoming the bottleneck for sustainable growth of
network capacity [2]. This is particularly the case for the 3GPP
planned support of aerial users [3], which typically have a high
probability of line-of-sight (LoS) channel with the ground BSs
and thus suffer from strong inter-cell interference [4].

To tackle the above challenges, intelligent reflecting surface
(IRS), also known by other names such as reconfigurable intel-
ligent surface (RIS), has recently emerged as a promising solu-
tion based on the new concept of smart and controlled wireless
propagation environments [5]-[8]]. Specifically, IRS is a planar
surface consisting of a massive number of low-cost passive
reflecting elements that can be tuned dynamically to alter the
amplitude and/or phase of the signal reflected by them, thus
collaboratively reconfiguring the signal propagation to enhance
the desired signal and/or weaken the interference, thereby
improving the QoS of communications for both terrestrial and
aerial user equipments (UEs) in the 3D space. Compared with
the conventional active relaying/beamforming, IRS does not
require any active RF chain for signal transmission/reception
but simply leverages passive wave reflection, thus leading to
much lower hardware cost and energy consumption yet still
operating spectral efficiently [9].

The appealing advantages of IRS have attracted a great deal
of interest in investigating IRS-aided wireless systems from
various aspects and/or under different setups (see the recent
surveys [5]-[8]]), such as passive beamforming design [10]-
[13], IRS-aided orthogonal frequency division multiplexing
system [14] [13], non-orthogonal multiple access [16] [17],
physical layer security [18]] [19], and so on. The above works on
IRS-aided wireless systems mainly aim to optimize the system
performance at the link level with one or more IRSs serving
one or few UEs at fixed locations, which show that the IRS-
aided system can achieve significant spectral efficiency and/or
energy efficiency improvement over the traditional system with-
out IRS, with optimized IRS reflection coefficients. However,
such potential improvements are directly affected by the IRS
electromagnetic characteristics and its specific deployment in
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the 3D environment, which are still in the early stage of study.

Regarding the electromagnetic nature of IRS and its as-
sociated channel characteristics, some practical experiments
have been carried out on pioneering IRS prototypes [20]-[22].
First, based on antenna theory and practical measurements,
the non-isotropic element radiation pattern (ERP) of IRS is
proposed in [20] and experimentally validated in [21]]. The non-
isotropic IRS ERP has a direct impact on the IRS-reflected
channel power gains for UEs located at different angles from
the IRS, which, however, is typically ignored in the literature
when considering IRS/UE(s) at fixed locations. Second, it is
revealed that the signal experiences the double pathloss effect
when going through the two IRS-related links (i.e., the link
between the transmitter (TX) and each IRS element, and the
link between each IRS element and the UE), which depends on
both the TX-IRS and IRS-UE distances. Third, in the ideal case
with single LoS propagation path for the two IRS-related links,
the authors in [20] propose a general (single-path) formula
for the UE’s received signal power reflected through the IRS,
which incorporates the IRS ERP and the free space pathloss
model, and is verified by measurements in the electromagnetic
chamber. Nevertheless, for UEs distributed in a wide-area 3D
space, there typically exists multi-path propagation for the IRS-
related links, which depends on the specific propagation envi-
ronment and is distance/angle-dependent. The above practical
results and considerations motivate us to investigate the IRS-
aided 3D coverage problem by incorporating the IRS ERP and
wide-area 3D channel characteristics.

Due to the angle-dependent ERP and the double pathloss
effect, the IRS deployment needs careful design. Given a total
number of reflecting elements, there are various IRS deploy-
ment strategies by placing these elements at different locations,
e.g., near the TX [22], [23]], near the UEs [24] or both [23],
or dividing them into smaller-size IRSs that are distributed in
the network [26]-[28]. In this paper, we focus on the near-
TX deployment and propose a novel IRS-aided sectorized BS
design for providing wide-area 3D coverage. Note that different
from the pioneering works (e.g., [20]-[23]]) that focus on the
IRS-aided communication prototype/architecture design and
link-level performance analysis, we lay our basis on their works
and focus on the system-level performance for providing wide-
area 3D coverage in both single- and multiple-cell scenarios.
Our main contributions are summarized as follows.

o First, we propose the IRS-aided sectorized BS design where
the IRS, as part of the BS, is mounted in front of a TX,
providing coverage service in a sector/cell. We place the IRS
in close proximity to the TX in order to alleviate the double
pathloss effect, while highlighting the TX beam design, IRS
ERP design, and the impact of their relative installation
positions on the achievable antenna gain and beamwidth and
hence the coverage range for spatially distributed UEs.

o Second, the IRS ERP is incorporated with the distance/angle-
dependent 3D channel models for both terrestrial and aerial
UEs in a wide area. In particular, the impact of IRS ERP
on the multi-path fading statistics is derived, including the

Fig. 1: A cellular system with multiple sites, each with three sectors.

gains on the Rician factor and the mean fading power.

o Third, 3D coverage performance analysis is performed based
on our proposed design and the 3D channel model. In
particular, we analyze the impact of IRS passive beamform-
ing/random scattering on the mean signal/interference power
by deriving their upper and lower bounds, based on which the
double pathloss effect is manifested in explicit form and so
is the power scaling law with the number of IRS elements.
Interestingly, it is revealed that the double pathloss effect
could be beneficial in alleviating the inter-cell interference
issue for the case with random scattering from non-serving
IRSs in other cells, especially for UEs in the sky. Based
on these results, the signal-to-noise ratio (SNR) or signal-
to-interference-plus-noise ratio (SINR) can be obtained for
both ground and aerial UEs in the single- or multiple-cell
scenarios. Furthermore, the spatial distribution of the UEs’
QoS in terms of ergodic throughput can be plotted as a 3D
coverage map in the cell.

Finally, numerical results validate our analysis especially
the impact of IRS ERP on the coverage performance, and
demonstrate that our proposed design outperforms the bench-
mark schemes with fixed BS antenna pattern or active 3D
beamforming under the same number of IRS/antenna elements.
It is shown that our proposed design effectively addresses
the uneven coverage issue due to sidelobe gaps in the fixed
pattern scheme, and thus significantly improves the QoS in
terms of both achievable throughput and the fairness among
UEs. Moreover, for aerial UEs that suffer from strong inter-
cell interference, the IRS-aided BS design provides much better
QoS in terms of ergodic throughput compared with active 3D
beamforming, thanks to the IRS-inherent double pathloss effect
that helps weaken the interference.

The rest of this paper is organized as follows. The new IRS-
aided sectorized BS design is presented in Section II. The 3D
channel model and impact of IRS ERP are illustrated in Section
III. Then, the 3D coverage performance analysis is provided in
Section IV. Numerical results are shown in Section V. Finally,
conclusions and future works are presented in Section VI.

II. IRS-AIDED SECTORIZED BS DESIGN

Consider a cellular system with multiple sites as illustrated in
Fig.[[l where each site consists of three sectors/cells. Different
array configurations can be considered for each sector or cell,



TABLE I: Parameters and symbols for the IRS-aided sectorized BS design

Positions of the TX, the n-th IRS element and UE u
Maximum antenna power gain of the TX/IRS

Numbers of IRS elements along the Y-/Z-axis

Positive integers used to adjust the pattern shape
The radius and the area of the elliptic footprint

Parameter/Symbol | Meaning

Wix, wln , Wey

GIX7 Gi

Fi, Fi Normalized power pattern of the TX/IRS
My, My

dy,dz Element spacing along the Y-/Z-axis
Ly, 4z HPBW on the Y-/Z-planes

ay,qz

o, 83,5

D TX-IRS distance

0,9

The elevation and azimuth angle in the spherical coordinate system

Target area /
UE&% //
Gy

Scatterer

Fig. 2: IRS-aided sectorized BS design in a single sector/cell.

e.g., fixed pattern or 3D beamforming synthesized/enabled by
3GPP antenna ERP [29], which are typically used in traditional
cellular networks and hence taken as benchmark schemes. In
this section, we propose a novel IRS-aided sectorized BS design
to serve UEs in each sector/cell, the key parameters of which
are listed in Table [

A. Positions of TX, IRS and UE

For each sector/cell, the IRS-aided sectorized BS consists of
a single-antenna TX and a passive IRS with N £ My x M
reflecting elements arranged in the form of a uniform planar
array (UPA), as illustrated in Fig. 2l Upon being illuminated
by TX, the IRS can reconfigure the phase/amplitude of the
signal reflected through each of its passive elements and beam
towards the desired UE in the target area. Take the red dot in
Fig. [2] as the origin of a 3D Cartesian coordinate system L.
Assume that the IRS is placed in the Y-Z plane with a height
of Hy meters (m), whose center position is given by wg =
(0,0, Hy). Here we use a flattened index n € {1,--- ,N} £ N
to replace the 2D index (my,mz) of an IRS element, with
n = (my+ My _ )MZ+(mZ+%), my € [17M M},

2 2 2
andmy € [1 — 2z 2z] [1 Then, the n-th IRS element, denoted
as I,,, locates at

2

wr, £ wo + W, (D

n

where E]n = (0, (my — %)dy, (mz — %)dz)T; dy and dz
denote the element spacing along the Y-axis and Z-axis, respec-
tively, which are usually of subwavelength scale in the range

For simplicity, we assume that both My and M7 are even numbers.

between =

5 and % [20]. For simplicity, assume that the TX
points towards the IRS center and locates at wy, = (D, 0, Hy),
whereby the TX antenna boresight is perpendicular to the IRS
surfacel] Besides, assume that the typical UE wu locates at

wy 2 (#y, yu, H,)", with H, denoting its height.

B. TX Beam Design

Assume that the TX is equipped with a directional antenna,
while each UE has an isotropic one. A general form of antenna
power radiation pattern is given by G.F.(6,¢), with G,
being the maximum antenna power gain, F, (6, ¢) being the
normalized power pattern, # and ¢ denoting the elevation and
azimuth angles respectively in the local coordinate systenﬁ
of the TX, as shown in Fig. [2I For elementary directional
antennas such as horn or patch antennas, the cosine-shaped
power radiation pattern is a good approximation [30] that allows
explicit trade-off between antenna beamwidth and directivity.
Therefore, for the purpose of exposition, assume that the TX
power radiation pattern is given by Gy Fix(0, ¢), with Fix(0, ¢)
given in the form of

Ful0,6) = sin®™ 0 cos®™ ,0 € [0, 7, 6 € [~7/2,7/2], @)

where 0%, ¢!* represents the elevation and azimuth angles, and
the positive integers gy and gz can be used to adjust the
pattern shape. The associated half power beamwidth (HPBW)
on the azimuth and elevation planes, denoted by uy and pgz,
respectively, can be obtained as

[y = 2arccos 27ﬁ, 3)
Lz = 2arccos2 70z 4)

Note that when gy # gz, the HPBWs on the two principal
planes are different. In this case, the perpendicular section of
the pattern can be approximated by an ellipse, with which a
typical rectangular IRS panel can be inscribed. Therefore, for
a given TX beam pattern and TX-IRS distance D, we can obtain
the projection parameters, i.e., the radius « and 5 of elliptic
footprint as shown in Fig. 2l which are given by o = D tan &*
and = D tan £2. Then the area of the elliptic footprint can
be expressed as S = waf. To effectively utilize the IRS, we

The design can be readily extended to the non-perpendicular case.
31t is transformed by rotating the global coordinate system Ly.



need to jointly design the TX beamwidth py, uz and the TX-
IRS distance D so as to illuminate the whole IRS surface.
As a reference design, for the special case that the IRS panel
is inscribed inside the elliptic footprint with the maximum
rectangular area, we have the following relationships:

Mydy = V2o = V2D tan %Y (5)

Mydy = V28 = V2D tan % 6)

Another design consideration is the trade-off between an-
tenna gain and installation convenience. In general, the maxi-
mum antenna gain can be expressed as

. 47
f_%i foﬂ' Ex(97 ¢) sin 6 d6 d¢

In particular, we have Gix = 2(2¢ + 1) when ¢y = ¢z = q.
Along with the HPBW formulas in (3) and (@), it implies the
relationship between the TX antenna gain and its beamwidth,
whereby a larger G corresponds to a smaller HPBW. Although
narrower beamwidth is associated with higher antenna gain,
it requires a longer distance D to illuminate the IRS panel.
Therefore, there exists a trade off between the TX antenna gain
G and TX-IRS distance D, both of which need to be properly
chosen for cost reduction and installation convenience.

G

@)

C. IRS ERP Design

We adopt the IRS ERP proposed in [20] and experimentally
validated in [21]], which is given by G;Fi(0, ¢) with G; being
the maximum power gain and F}(6, ¢) following the form of

‘ _ ) (cosf 0 €0,3],¢ € [0,27],
F1(9,¢>{ 0, ge(gjr],gbe[(),%r].

For an IRS element, its ERP affects both the incident and
reflected signals as illustrated in Fig. 2 where 6% and ¢Z
represent the elevation and azimuth angles respectively in the
local coordinate system of the IRS, with = € {t,r} representing
the incident and reflected signal at I,,.

Similar to the impact of TX beam pattern on the trans-
mitted signal, the IRS ERP explicitly characterizes the 3D
angle dependence of the signal incident/reflected by each
IRS element. In particular, the choice of a maximum power
gain Gj is a design factor that tradeoffs between radiation
beamwidth and directivity gain, which in turn affects the 3D
coverage performance for UEs distributed in a wide area/space.
Finally, besides ERP, the joint passive beamforming/random
scattering by all IRS elements also plays a key role in affecting
the signal/interference power and hence the overall coverage
performance, as will be discussed later in Section [[V]

®)

III. 3D CHANNEL MODEL AND IMPACT OF IRS ERP

In this section, we introduce the distance/angle-dependent
3D channel model in the considered area, with emphasis on
the impact of IRS ERP on the channel statistics. For a typical
cell/sector, consider the downlink communication from the BS
to its served UEs, denoted by & = {1,--- U}, whereas

the results obtained can be similarly applied to the uplink
communication as well. To focus on the coverage performance,
assume that the served UEs are assigned with orthogonal-
time Resource Blocks (RBs), i.e., time division multiple access
(TDMA) or time-sharing is adoptedE For a typical UE v € U
assigned on a typical RB with bandwidth B and transmit power
P, we introduce the IRS-related channels in the fo]lowingﬁ

A. TX-IRS Channel

Due to the short distance, we assume that the whole IRS
panel is in the near-field of the TX. As a result, the angle and
distance between the TX and each IRS element I,,, n € N,
need to be considered individually. Furthermore, assume free
space propagation between the TX and I,,. When considering
isotropic radiation patterns at both TX and IRS sides, the TX-I,,
channel amplitude can be expressed as

|h1, | £ /g, = /Bo(dm, )2, 9)

where gry, denotes the channel power gain, dr, denotes the
TX-I,, distance, and 5y = (4”—01%)*2 denotes the channel power
gain at a reference distance of 1 m, with f. denoting the carrier
frequency and c denoting the speed of light.

When non-isotropic radiation patterns are applied at the TX
and IRS, the TX-I,, channel amplitude is given by

(W, | £ V/GoGiB (03, 03 R (0, 64, ), -
B. IRS-UE Channel and Impact of IRS ERP

1) Distance/angle-dependent channel model: Assume far-
field propagation from the IRS to the typical UE u, and hence
the distance dy,_,, direct (i.e., LoS direction) elevation and
azimuth angles (0}, ¢,) from each IRS element I,, to the UE
are approximately treated as the same for all elements n € N,
denoted as d,,, 0,, and ¢, respectively. Specifically, the distance
from the IRS center wy to the UE position w,, is given by

dy 2 /22 +y2 + (H, — H)?, (11)

while the LoS direction of the UE, denoted as €2, £ (0w, Ou)s
with reference to the IRS’s boresight direction, is given by

(10)

6, £ arccos fl_u’ (12)
¢u = arccos Yu (13)

VyE + (Hy — Hi)?
Therefore, when considering isotropic radiation patterns at
both IRS/UE sides, the I,,-UE w« channel amplitude is given by

|l £ V/Gun, (14)

where the average channel power gain ¢, = PL;; Lis defined
as the reciprocal of the large-scale pathloss PL,,, and the term
&, accounts for small-scale fading. In general, the pathloss

4TDMA is in general superior over FDMA due to hardware limitation of
IRS passive reflection, which can be made time-selective, but not frequency-
selective [31]]. Other multiple access schemes are left for extended future work.

SBased on our design in Section [[Il the TX beam points towards the IRS
and hence the direct TX-UE link is assumed to be negligible for simplicity.



PL,, between the BS (or IRS) and a UE u in the 3D space
is a function of the BS-UE distance and the UE’s elevation
angle, whose function form depends on the environment and
the specific LoS/NLoS channel condition. For the purpose of
exposition, we adopt the LoS/NLoS pathloss functions with
their associated probabilities as specified by 3GPP in [3] for
the urban macro (UMa) scenario.

On the other hand, the term &,, can be modeled as a random
variable (RV) that characterizes the multi-path fading effect.
For simplicity, we consider the case with half-wavelength
element spacing dy = dz = A/2 and hence assume that the
fading terms &, of all IRS elements n € N are independent
and identically distributed (i.i.d.), which follow the Rician

distribution Rice(v, o) with scale parameters v = and

K
K+1

o = and hence a mean power of E[(£,)?] = 1.

RFD)
In particular, the Rician K factor represents the ratio of mean
power of the direct LoS path against that of all other NLoS
paths, which is distance- and/or angle-dependent in a given
propagation environment, and also depends on the LoS/NLoS
pathloss condition. In the case of NLoS pathloss condition, we
assume K = 0 which reduces to Rayleigh fading. In the case of
LoS pathloss condition, we choose a distance/angle-dependent
Rician K factor for ground/aerial UEs, respectively. For ground
UEs, based on [32], we have

K =13-10.03d, (dB), (15)

which decreases with the BS-UE distance d,, (m). For aerial
UEs above the BS height, based on [33], the angle-dependent
Rician K factor can be modeled as

K = Ajexp(A20.,), (16)

where A; and As are constant coefficients determined by the
environment, and 0/, = arcsmlHdi_H'l is the elevation angle
of the UE with reference to the horizontal plane at height H;
that the IRS center resides. Then we have K < K < Ky,
where Kyin = Ay and Ky = Aqe27/2,

In addition to the fading amplitude &,, and the LoS direction
Q., we further consider the direction of departure (DoD)E
denoted by Qf, £ (6", #",), of the reflected NLoS paths from an
IRS element I,, to UE w, which is similarly assumed to follow
the same distribution for all IRS elements n € N. Specifically,
define the normalized power angular spectrum of the NLoS
reflected paths as Ps(€2"), which then integrates to a total power
of 1/(K +1),1ie

1
P(QNHdQY = ——.
% 5(€2) K+1

2) Impact of IRS ERP on multi-path fading statistics:
When the non-isotropic radiation pattern is considered, i.e.,
by incorporating the IRS ERP, the multi-path fading statistics
of the I,,-UE u channel will be affected, including the Rician
K factor and the mean fading power. Therefore, we have the

a7

%Due to the assumed isotropic antenna pattern of the UE, the direction of
arrival (DoA) at the UE is not considered for simplicity.

following lemma to describe the impact of IRS ERP explicitly.

Lemma 1. Define the gains of the Rician K factor and the
mean fading power as

Gk = %, (18)
o EIEY o

respectively, where &!, denotes the new fading term with the
impact of IRS ERP, which can be shown to follow the Rician
distribution Rice(v',0") with a mean power of p and scale

parameters v' = \/pv = y %y and o' = \/po = NEat

Proof: See Appendix [Al [ |
As a result, with the impact of IRS ERP, the I,,-UE u channel
amplitude is rewritten as

Based on similar analysis in for directional antennas, we
derive G and p in the following. First, for the (potentially
present) LoS component (i.e., K # 0), its power K/(K + 1)
is scaled by the IRS pattern gain G;Fi(Q2,) along the LoS
direction 2, £ (0, ¢,). Second, for the NLoS components,
its mean power ENios can be obtained by weighing the power
angular spectrum Ps(Q) with the ERP G;F;(2), i.e

(20)

ENLos = Gi%PS(Q VF(Q27) dQ. 21)
Therefore, by the definition of Rician K factor, we have
iF(Q2) - K/(K+1 iF(2) - K
ENLos (K + 1)Exvos
p = Exvos + GiFi(Qy) - K/(K + 1), (23)
GiFi(Q4)

and hel?ce GK' = (KiD)Fues '

For illustration purpose, we consider an example of power
angular spectrum for Ps(€") and model the scatterers as non-
uniformly distributed on the surface of a cylinder centered at

Iy, as shown in Fig[l Specifically, Ps(€2") is given by

Py(Q) = { K%lfl(gwfz(af), 2 eU,

. 24
otherwise, 24

where U £ {(0,9)|0 € [0~,0"] ¢ € [¢", ¢""]} defines the
angular ranges, while f1(6") and f3(¢") follow the cosine
probability density function (PDF) and the normalized von
Mises PDF [33]], respectively, which can be expressecﬂ as

0 — 0

f1(9)é£005<2 ~ )|9 bl <On< . (29
pao) 2 9 g < g < o @6)
ok cos(d—bg)

where 0 £ 5 =0 fo(o) £ and P & fqﬁH fo(®)dg;

271y (k)

"Note that the von Mises PDF in is truncated and normalized in order
to model scatterers in a certain angular range.



Scatterer

Fig. 3: A 3D cylinder model for scatterers.

0, and 0, are related to the mean angle and variance, respec-
tively; Io(+) is the zeroth-order modified Bessel function of the
first kind; ¢, is the mean angle at which the scatterers are
distributed in the IRS plane; and £ controls the spread around
the mean angle.

Note that the specific angular distribution of scatterers has
a direct impact on the multi-path fading statistics due to the
angle-dependent IRS ERP. Specifically, in this case, different
elevation angular distributions f;(¢) by varying 6, and 6, will
affect the NLoS mean power FEnpos and hence the I,,-UE u
channel statistics, as will be illustrated later in Section [V-Al

C. TX-IRS-UE Channel

Based on the above model and analysis, by considering non-
isotropic radiation patterns at the TX and IRS, the cascaded
TX-1,,-UE wu channel can be written as

by, 2 By, Tohi = Wy B | Ane? © T80 27)

where T,, £ A, e/ denotes the reflection coefficient of I,
with the amplitude A,, € [0, 1] and the phase ¢, € [0, 27), and
Yn £ Z(Wyy B, ,,) denotes the cascaded channel phase, which
can be estimated by existing methods such as [13]].

As a result, the overall TX-IRS-UE channel is given by

hr £ B (28)
Finally, the received power by UE w is given by
R‘,u é Pt |h/TIu|2
‘ 2
Z \/ FcombinegTIngilAne](gn-’_wn) , 29)
neN
where Feompine £ I (92(7 qﬁt,’{)F, (9:17 (bfn)

= PtGlx Gi Ju

IV. 3D COVERAGE PERFORMANCE ANALYSIS

A general formula is obtained in (29) for the received power
of a typical UE u in our IRS-aided sectorized BS design, which
is applicable to the desired signal from the serving IRS, as well
as the interference from non-serving IRSs in other cells. In
this section, we first analyze the impact of IRS passive beam-
forming/random scattering on the signal/interference power,
respectively, and then discuss the SNR/SINR and ergodic
throughput in single-/multiple-cell scenarios.

A. Impact of IRS Passive Beamforming/Random Scattering on
Signal/Interference Power

Based on (29), the UE’s received power depends on the 3D
channel model and the directional TX pattern and IRS ERP, as
well as the IRS phase shifts that could lead to different power
scaling laws. In the following, we derive expressions for the
signal or interference power as well as upper/lower bounds on
their mean values, under IRS passive beamforming or random
scattering, respectively.

1) IRS passive beamforming: In this case, we assume con-
tinuous phase shift capabilityﬁ at the IRS which can adjust the
phase shift ¢,, such that the N reflected signals are of the same
phase at UE u by setting ¢, = —¢, = —Z(hyy by ,). In
addition, assume for simplicity that A, = A, n € N. As a
result, under the above passive beamforming by the serving
IRS, the received power of UE u is given by

R‘,u - PthxGiguA2 ‘Z’IZGN \Y4 Fcombinengngr:L

Define bO = PlCVVth*ViguA2 and Wn, £ FcombinegTIn for
convenience of derivations. The coefficient by depends on g,
and hence the IRS-UE pathloss PL,,. The weight w,, depends on
Etombine and grr,, , which in turn depends on the TX antenna/IRS
ERP pattern as well as a second pathloss between the TX and
IRS. Therefore, it can be seen from (30Q) that the UE’s received
power depends on both the TX-IRS pathloss and the IRS-UE
pathloss, and hence suffers from the double pathloss effect.

Fortunately, passive beamforming can be a rescue with
sufficiently large number NV of IRS elements. In the following,
we derive the upper or lower bound of F; ,, and reveal the power
scaling law with /N. When w,, takes the maximum (minimum)
valud] for all n € N, denoted as wWmax (Wmin), We have

2

(30)

bowim\ ZneN E;\Q <P.< bowfnax\ Zne./\/ 5;‘2.

Denote = £ 37, /&, For iid. &, n € N, by the central
limit theorem (CLT), = can be approximated by the Gaussian
distribution for practically large N , 1.e.,

€2

=& ox ¢ P2 Gaussian (NE{¢!}, Nvar{¢'}), (32)

where the mean and variance of &/, are respectively given by

/ Ay pﬂ- (= /
var{€)} £ p - ﬁﬂ (—K"), (34)

T o
ometric function of the first kind. Then the upper and lower

bound of the mean signal power is given by

gub £ E{bowiax |E|2} = bOwr%ax (NQ]E{E’:L}2 + Nvar{g,’l}) )
(35)

with L1 (2) = 1F1( 1 1,z) denoting the confluent hyperge-

8The case with discrete phase shift is left for our extended future work.
9The maximum (minimum) w,, typically happens at the IRS center (edge).



Sy £ Efbowp, |21} = bowp, (N*E{€,}* + Nvar{¢},}) ,

(36)
respectively, both of which scale with IV in the order of O(N?).
Therefore, the IRS passive beamforming can effectively com-
pensate for the double pathloss effect and significantly boost
the received signal power given sufficiently large N.

2) IRS random scattering: A typical scenario for this case is
that a non-serving IRS in another cell beamforms towards its
own cell and thus generates randomly scattered interference
to the typical UE w in the target cell. In this case, denote
S Cn + ¥, and assume it to be uniformly random in
[0,27) due to the random phase ), from the non-serving
IRS to the UE. Similar to the above analysis, we first denote

A2 cn WnlLe . Then, we have the following lemma.

Lemma 2. Fori.id. £, and i.id. £,, n € N, by the Lyapunov
CLT [36], =’ can be approximated by the circularly symmetric
complex Gaussian (CSCG) distribution for practically large N,
Le.,

= A z;vwnféej‘f" P CSCG (0, pZneN wi) :
ne

(37

Proof: The variable =/, & w, £/ e’*n for each element n
has zero mean and independent in-zphase and quadrature-phase
components each with variance %ﬂ p, which is proved in Ap-
pendix B. Furthermore, since the variables =/, n € N are inde-
pendent, based on the Lyapunov CLT, the independent in-phase
and quadrature-phase components can be each approximated
by an independent normal distribution with zero mean and
variance ), -\ <5 p for practically large N. Finally, according
to the complex random process theory, the distribution of the
combined variable =’ = ) - =] is obtained and Lemma
is thus proved. |

Based on (29), the interference power from a non-serving
IRS to UE u is given by

2
—7 2 ;
P =bo[E* =0 |Y2 _ wnhe™

Similarly, when w,, takes the maximum/minimum value for all
n € N, the mean interference power from the non-serving IRS
is thus upper/lower bounded by

(38)

Lo 2 0E(Z Y, o ven = bopN ke, (39)
Ty 2 boE{|=']*}] @ bopNud,,  (40)

Wy =Wnin ,NEN

where the equation in (a) is due to Lemma 2. Note that both
of them scale with N in the order of O(N), which is similar to
the traditional active beamforming case with /V active antennas
[€]. On the other hand, however, the additional double pathloss
effect also applies to the interference power in the IRS-aided
scenario, which in turn further mitigates the interference effect.
This is particularly helpful for aerial UEs that suffer from a high
probability of strong LoS interference from other cells [29], as
will be illustrated later in Section [V-C

B. SNR/SINR and Ergodic Throughput

1) Single cell: The instantaneous received SNR is given by
Y2 P/ W, (1)

where additive white Gaussian noise (AWGN) is assumed with
power W £ NyB and power spectrum density Np. Finally,
the ergodic throughput within UE u’s RB in bits/second/Hz
(bps/Hz) can be expressed as

Ry £ E {log,(1+7,)} -

2) Multiple cells: For illustration, consider a cellular system
with @ sites shown in Fig. [Tl each consisting of three cells and
thus comprising a total of C £ 3Q cells, denoted by the set C.
In this case, the typical UE u in the target cell 1 suffers from
interference from the non-serving IRSs in other cells C \ {1}.
The aggregate interference power is then given by

A
= ZUEC\ oy P

where the interference power F;, , from a non-serving cell
v can be obtained based on (B8) for the case with random
scattering. On the other hand, the signal power S from the
serving cell can be obtained by (@Q) for the case with passive
beamforming. As a result, the received SINR is given by

Su = S/(I+W).

(42)

(43)

(44)

Finally, the ergodic throughput of UE u can be obtained by
replacing ~, with ¢, in formula (42)).

V. NUMERICAL RESULTS

In this section, we first verify our analytical results in
Lemma 1 by Monte Carlo (MC) simulations for the I,,-UE
u channel power gain distribution according to Q) and (6).
Then, the 3D coverage map in terms of ergodic throughput
distribution in a typical cell is obtained by extensive MC
simulations in both single-/multiple-cell scenarios. In com-
parison, two benchmark array configuration schemes are also
evaluated, including fixed pattern and 3D beamforming syn-
thesized/enabled by the same number N = My x My of
active antenna elements, as described in [29]]. In particular, the
fixed pattern electrically downtilts its main beam by 10°, while
3D beamforming adopts maximum ratio transmission (MRT).
Furthermore, we have incorporated the impact of antenna
pattern on the BS-UE channel similarly as in Section

In the single-cell scenario, each MC result for a given UE
location is obtained by averaging over 25000 samples of BS-UE
channel realizations, constituted by 50 instances of LoS/NLoS
channel conditions, each with 500 fading realizations. In the
multiple-cell scenario, seven sites are considered as in Fig. [I
where each interfering BS-UE channel is generated based on
similar procedures in the above. The following parameters are
used if not mentioned otherwise: f. = 2 GHz, dy = dz = \/2,
D =0.559m, N =10x10, Hy =25 m, puy = puz = 87°, A =
0.9, k=05, ¢y = 3m/2, U = {(6,0)|6 € [37/10,7/2],¢ €
[7,27] }, P, = 10 dBm, Gy = 8 dBi, Ny = —174 dBm/Hz,
B = 180 kHz, Kpin = 0 dB, Ky = 30 dB and C = 21.
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cos ¢ and different n, and 0,.

For ground UEs or aerial UEs, we set H,, = 1.5 m or 120 m,
respectively. For the IRS-aided BS, two ERPs in the form of
@) are considered, with G; = 6 dBi (i.e., cosf) and G; = 9
dBi (i.e., cos® ), respectively, as is used in [20] and [21]]. For
the benchmark schemes, each active antenna element follows
the 3GPP ERP as in with a maximum gain of G, = 8 dBi.

Besides, for quantitative comparisons we also evaluate the
average ergodic throughput R £ |u| > weu Ru, Jain’s fairness

mdex@ J and average mean signal power S or interference
power I for ground or aerial UEs in the cell. The results are
summarized in TABLEs [[Il and [[lTl where 3D BF stands for 3D
beamforming while IRScos and IRScos3 denote the IRS-aided
BS design with ERP of cos 6 or cos3 6, respectively.

A. Link Level Performance

We first verify the analytical results in (2Q) and @) for
a given single link (e.g., the link between I; and a typical
ground UE 1). Each MC result is obtained by averaging over
3000 randomly generated fading realizations (comprising 10
instances of random path angles, each with 300 random phase
realizations), each with a fixed number n, of scattered paths.
Besides, we investigate the impact of IRS ERP on multi-
path fading channel statistics by comparing two examples of
elevation angle distribution in (23) for scattered paths. The first
one is with §, = 7/12 and 6, = 7/12 (near the IRS boresight),
while the other is with 6, = 57/12 and 6, = 7/12 (far from
the IRS boresight). For purpose of illustration, the IRS ERP
with G; = 6 dBi (i.e. cos0) is chosen here.

The cumulative distribution function (CDF) of the I;-UE 1
channel power gain is plotted in Fig. Ml First, it is verified
that our analytical results match well with the MC simulation
results, especially when the number of scattered paths n,
increases. Second, it is observed that the [;-UE 1 channel power
gain distribution is affected by variations in the scattered path
distribution due to the angle-dependent IRS ERP. Specifically,
the average channel power gain with 6, = 7/12 is greater than
that with , = 57/12. This is because the elevation distribution
of scattered paths for 6, = 7/12 is closer to the boresight of
the IRS ERP (i.e., # = 0) than the counterpart of §, = 5m/12.

)

10This index is defined as J £ % with R,, denoting the UE

throughput in @2), where J € (0, 1] and a hlgher J represents better fairness.
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Fig. 5: Ergodic throughput distribution for ground/aerial UEs in the
single-cell scenario, with traditional BS design: (a) fixed pattern (b)
3D beamforming; or IRS-aided BS with ERP: (c) cos 6 (d) cos® 6.

B. Single Cell

The ergodic throughput distribution for ground and aerial
UEs in the cell is plotted in Fig. [3l for the four types of array
configurations, respectively. First, for the fixed pattern case in
Fig. B(a), it is shown that the ground coverage performance
is better than that in the sky. This is because the downtilted
antenna mainlobe of a traditional BS mainly aims to serve
ground UEs, while the aerial UEs can only be served by weaker
antenna sidelobes with possible coverage holes in between.
Second, for the 3D beamforming case in Fig. Bb), it can
be seen that the overall coverage is much better and more
balanced than that of the fixed pattern case, as also suggested
by indicators R and J in TABLE [ This is because, by 3D
beamforming, the beam angle can be flexibly adjusted towards
a target UE to improve its coverage, at the expense of higher
cost and complexity. In particular, due to higher LoS probability
in the sky, the aerial coverage in turn is better than the ground
coverage, thanks to 3D beamforming.

In comparison, for the IRS-aided BS design with ERP of
cos @ or cos® 0, it can be seen from Fig.[Blc) and (d) as well as
Table [ that their average ergodic throughput R and fairness
J are overall similar to that of the 3D beamforming scheme in
the single-cell scenario, and yet requiring much fewer active RF
components (only one active TX with fixed antenna pattern).
The results thus validate the discussions in Section [V-A] for
the impact of IRS passive beamforming. Interestingly, by com-
paring Fig.[Bc) and (d), the overall performance corresponding
to the ERP of cos® 0 is slightly better than that of the ERP of
cos B, but is weaker at positions right above the BS. This is
because cos® § has a higher gain but narrower beamwidth, thus



the transmitted energy from BS decays faster with angles.

TABLE II: Average ergodic throughput R (bps/Hz), fairness index .J
and average mean signal power S (dB) for ground or aerial UEs in
the single-cell scenario.

design | Fixed Pattern 3D BF IRScos IRScos3

R 4.364 14951 15137  16.442

Ground J 0.7218 0.9486  0.9508  0.9613
S -112.7 -79.6 -80.1 -77.9

R 3.770 20.980 20.905  21.576

Aerial J 0.7854 0.9986  0.9988  0.9987
S -128.8 -81.7 -82.0 -80.0

C. Multiple Cells

In the multiple-cell scenario, each IRS-aided sectorized BS
follows the same parameters as in the single-cell scenario,
except for its boresight that points towards its own cell. The
ergodic throughput distribution in the typical cell 1 is shown
in Fig. [6] for the four designs, respectively, whereby the overall
coverage performance is degraded compared with that of the
single-cell case in Fig. [ due to inter-cell interference.

Additionally, we have provided numerical validations for
the upper/lower bounds of mean signal or interference power
given by the formulas in Section [V=Al For the example
case with the ERP of cosf, we have —85.6 dB < S <
—75.8 dB,—-110.4 dB < I < —100.5 dB for the ground UEs,
and —87.2dB < S < —77.3 dB,—106.4dB < I < —96.5 dB
for the aerial UEs, both of which are supported by the actual
results given by TABLE [l Similar results are observed for
the case with the ERP of cos® 6.

Notably, the aerial coverage by 3D beamforming, though still
better than that of fixed pattern, degrades significantly due to
the high probability of strong LoS interference from other cells.
In comparison, the IRS-aided BS design provides much better
aerial coverage in the multiple-cell scenario. The underlying
reasons are two-folds. First, based on the analysis in Section
[[V-A] for the link between the serving BS and UE, the O(N?)
power scaling law of IRS passive beamforming effectively
compensates for the double pathloss effect, thus achieving
similar mean signal power compared with 3D beamforming
in this example, as given in TABLE[Il On the other hand, for
the links between non-serving BSs and the UE, the interference
is subjected to the power scaling law of O(N) in both IRS-
aided scheme and active 3D beamforming scheme, whereas
the former experiences the additional double pathloss effect
and hence is much weaker than the latter, as suggested by the
indicator I in TABLE [

VI. CONCLUSION

This paper proposes an IRS-aided sectorized BS design
and analyzes its 3D coverage performance in single-cell and
multiple-cell scenarios. Compared with conventional BSs, the
proposed design can enhance the coverage performance in the
target area with reduced hardware cost and power consumption.
Numerical results validate our analysis especially the impact
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Fig. 6: Ergodic throughput distribution for ground/aerial UEs in the
multiple-cell scenario, with traditional BS design: (a) fixed pattern (b)
3D beamforming; or IRS-aided BS with ERP: (c) cos 6 (d) cos® 6.

TABLE III: Average ergodic throughput R (bps/Hz), fairness index
J, average mean signal power S (dB) and average mean interference
power I (dB) for ground or aerial UEs in the multiple-cell scenario.

design | Fixed Pattern 3D BF IRScos IRScos3
R 1.207 5852  5.522 5.466
Ground J 0.7027 0.9051  0.9020  0.9059
s -112.8 -79.6 -80.1 -77.9
I -120.2 -99.6  -104.1  -101.5
R 0.370 1.010  6.099 5.757
Aerial J 0.3668 0.8676  0.9820  0.9804
S -128.8 -81.7 -82.0 -80.0
I -125.8 -81.9  -100.0 -97.0

of IRS ERP on the coverage performance, and demonstrate
that our proposed design outperforms the benchmark schemes
with fixed BS antenna pattern or active 3D beamforming under
the same number of IRS/antenna elements. Compared with the
fixed pattern scheme, it is shown that our proposed design
significantly improves the QoS in terms of both achievable
throughput and the fairness among UEs. Compared with the
3D beamforming scheme, the IRS-aided BS achieves similar
coverage performance in the single-cell scenario. Nevertheless,
in the multiple-cell scenario, the proposed design provides
much better QoS in terms of ergodic throughput compared with
active 3D beamforming, for aerial UEs that suffer from strong
inter-cell interference. Finally, wideband phase shifts will be
considered in our future work.



APPENDIX A
THE IMPACT OF IRS ERP ON RICIAN FADING CHANNEL

When considering isotropic IRS ERP, the Rician faded I,,-
UE u channel by, ,, can be modeled as

K 1
Myuw =/ 9u \/ K—JrthOS +4/ K—HhNLOS ) (45)

where hyos 2 €/27%/X denotes the deterministic LoS compo-

nent with |hpes| = 1, and hnpos denotes the NLoS component
which can be modeled as a zero-mean and unit-variance CSCG
RV. In practice, the NLoS component hny os is the superposition
of a certain number of randomly scattered paths, denoted by the
set P. Specifically, we have hnpos = > pep hps Where hy, £
ape~7¢ corresponds to the channel of the p™ path in the set P,
with a,, and o denoting its amplitude and phase, respectively.
Based on [37]], it is reasonable to assume that the phase for each
path is uniformly distributed in [0, 27) and that the phases of
different paths are independent. Therefore, by the Lyapunov
Central Limit Theorem, hnios can reasonably be modeled as a
CSCG RV. By incorporating the non-isotropic IRS ERP, both
the LoS and NLoS components will change. Specifically, the
LoS component is rewritten as hj ¢ 2 \/GiFi(Q,)el2 /A,
while the NLoS component is h; s = > per ) GiE () hy,

where €}, = (6}, ¢},) denotes the AoD of the p-th path. As a
result, the 1,,-UE wu channel can be rewritten as

K 1
Lou = V9u | 1/ K—Jrlh/“’s T4/ K—th/\ILOS

Note that the IRS ERP has only impact on the amplitude of
hios and hnpos. As a result, for the NLoS component, each path
remains a circular symmetric RV, and hence hy . can still be
modeled as a CSCG RV, following CA/ (0, (K +1)Entos). As a
result, by, satisfies the condition of the Rician fading channel,
and the Rician K factor can be rewritten as

/A E{'KLHhLOSP} _ GlE(Qu)

(46)

K= =K. = K-Gr. (47)
E{|ﬁhhos|2} (K + 1) ExLos
The scale parameters are thus obtained as
E{(&)*} K" K’
r_ n _ 4
! \/ K +1 K +1’ (48)
E 7\2
L [men T o)
2(K"+1) 2(K’ +1)

Therefore, the amplitude |A{ |, denoted as &/, in Lemma 1,
follows the Rician distribution Rice(v’, o).

APPENDIX B
MEAN AND VARIANCE OF E;L FOR THE IRS RANDOM
SCATTERING CASE

For the variable =/, in (37), denote its amplitude as V =
wyp&!, and its phase as ¢ £ ¢,. For the IRS random scat-
tering case, the phase ¢ is uniformly random in [0, 27), and

hence =/ is circularly symmetric with independent in-phase

and quadrature-phase components. In addition, the amplitude
V' follows the Rician distribution with the first and second
moments given by w,E{¢,} and w2E{(¢/)?}, respectively.
Note that V and ¢ are independent. Denote X £ V cos ¢y and
Y £ Vsin ¢ as the in-phase and quadrature-phase components
of the =/, respectively. In the following, we obtain the mean
and variance of X, while those of Y can be similarly obtained.

First, the first and second moments of X can be ex-
pressed as E{X} = E{Vcosp} = E{V}E{cosp} = 0
and E{X?} = E{VZ?cos?¢} = E{w?(¢,)*}E{cos? p} =
w2E{(¢))2}E{ s e)) — “igf(e)2) Then, the variance
of X is given by

var{ X} = E{X?} — [E{X}]2

_wp \2y _ Wa (50)

. A 5
In summary, the variable =/, = w, £/ e’ for each element n

has zero mean and independent in-phase and quadrature-phase
2

1]

components each with variance <2 p.
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