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ABSTRACT In this article, we study two novel massive multiple-input multiple-output (MIMO) trans-
mitter architectures for millimeter wave (mmWave) communications which comprise few active antennas,
each equipped with a dedicated radio frequency (RF) chain, that illuminate a nearby large intelligent
reflecting/transmitting surface (IRS/ITS). The IRS (ITS) consists of a large number of low-cost and
energy-efficient passive antenna elements which are able to reflect (transmit) a phase-shifted version of
the incident electromagnetic field. Similar to lens array (LA) antennas, IRS/ITS-aided antenna architectures
are energy efficient due to the almost lossless over-the-air connection between the active antennas and
the intelligent surface. However, unlike for LA antennas, for which the number of active antennas has to
linearly grow with the number of passive elements (i.e., the lens aperture) due to the non-reconfigurablility
(i.e., non-intelligence) of the lens, for IRS/ITS-aided antennas, the reconfigurablility of the IRS/ITS facil-
itates scaling up the number of radiating passive elements without increasing the number of costly and
bulky active antennas. We show that the constraints that the precoders for IRS/ITS-aided antennas have
to meet differ from those of conventional MIMO architectures. Taking these constraints into account and
exploiting the sparsity of mmWave channels, we design two efficient precoders; one based on maximizing
the mutual information and one based on approximating the optimal unconstrained fully digital (FD)
precoder via the orthogonal matching pursuit algorithm. Furthermore, we develop a power consumption
model for IRS/ITS-aided antennas that takes into account the impacts of the IRS/ITS imperfections,
namely the spillover loss, taper loss, aperture loss, and phase shifter loss. Moreover, we study the effect
that the various system parameters have on the achievable rate and show that a proper positioning of
the active antennas with respect to the IRS/ITS leads to a considerable performance improvement. Our
simulation results reveal that unlike conventional MIMO architectures, IRS/ITS-aided antennas are both
highly energy efficient and fully scalable in terms of the number of transmitting (passive) antennas.
Therefore, IRS/ITS-aided antennas are promising candidates for realizing the potential of mmWave ultra
massive MIMO communications in practice.

INDEX TERMS Intelligent reflecting/transmitting surfaces, reflect/transmit array, lens array, hybrid MIMO,
mmWave communications, scalability, and energy efficiency.

. INTRODUCTION

M ILLIMETER wave (mmWave) communication systems
are promising candidates for realizing the high

data rates expected from the next generation of wire-

less communication networks [2], [3]. These systems

will be equipped with a large array of antennas at the
transmitter and/or the receiver to cope with the high path
loss, limited scattering, and small antenna apertures at
mmWave frequencies. However, conventional fully-digital

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

144

VOLUME 2, 2021


HTTPS://ORCID.ORG/0000-0003-3920-7415
HTTPS://ORCID.ORG/0000-0002-4033-2005
HTTPS://ORCID.ORG/0000-0003-3780-9308

IEEE Open Journal of the
Communications Society

a) Fully-Digital Architecture

b) Fully-Connected Hybrid Architecture

¢) Partially-C: ted Hybrid Archi e

4@7

=

PSM ¢

s pe : L
PS M - M/N +1 L
—

d) Lens-Array Antenna Architecture

f) ITS-aided Antenna Architecture

Non-reconfigurable Passive EM Lens

<

PS m 2 e PS M

=T

Transmitting element

<

PS .\1%
—

Reconfigurable Passive ITS

PS 1 é’ w  PSm
[

o

N DdJd

Active antenna
Focal Arc of the Lens
1

Active antenna

Reflecting element

Receiving element

Active antenna

Y Y Y

PS 1%

PS m% P
L

Reconfigurable Passive IRS

BBP: Baseband precoder, RFC: RF chain, PS: Phase shifter, SN: Switching network

FIGURE 1. Schematic illustration of the considered massive MIMO architectures. Here, Q, N, and M denote the numbers of data streams, RF chains, and transmit antennas
(passive elements in LA and IRS/ITS-aided antennas), respectively, and K denotes the number of active antennas of the LA architecture. For the LA architecture, the EM lens is a
non-reconfigurable surface and consists of fixed phase shifters, whereas the IRS/ITS-aided antenna architectures are equipped with intelligent surfaces employing

reconfigurable phase shifters.

(FD) multiple-input multiple-output (MIMO) systems, which
connect each antenna to a dedicated radio frequency (RF)
chain, see Fig. 1 a), are infeasible for mmWave systems due
to the prohibitively high cost and energy consumption of the
high resolution analog-to-digital/digital-to-analog converters
required for each antenna element [4]. This has motivated
researchers to consider hybrid analog-digital MIMO architec-
tures, which tremendously reduce the number of RF chains
by moving some of the signal processing operations into the
analog domain [5]-[7].

Typically, in hybrid MIMO systems, it is assumed that the
output of each RF chain is connected to all antennas via an
analog network, see Fig. 1 b). This architecture is referred
to as fully-connected (FC) hybrid MIMO and is able to
realize the full beamforming gain of massive antenna arrays.
Unfortunately, FC hybrid MIMO is not scalable due to the
excessive power consumption of the analog network for large
numbers of antennas [8]. In particular, the analog network
is comprised of RF dividers, combiners, phase shifters, and
line connections, which lead to high RF losses and hence
reduce energy efficiency. To deal with this issue, partially-
connected (PC) hybrid MIMO architectures were proposed in
the literature where the output of each RF chain is connected
to only a subset of the antennas [4], [9], see Fig. 1 c).
Thereby, RF combiners are not needed, and the numbers
of phase-shifters and RF lines are reduced. Nevertheless,
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as is shown in [8] and also in Section V of this article,
the power consumption of PC hybrid MIMO still scales
with the number of antennas in a similar manner as for FC
hybrid MIMO.

To overcome the poor energy efficiency of analog
networks, lens array (LA) antennas have been proposed in the
literature [10]-[13]. LA antennas consist of two main com-
ponents, namely an electromagnetic (EM) lens and several
active antennas, which are connected by an almost lossless
wireless link, see Fig. 1 d). EM lenses are phase-shifting
devices which can be realized utilizing an array of passive
antenna elements [13] or continuous aperture phase shift-
ing [12]. The active antennas are placed on the focal arc of
the EM lens and connected to a small number of RF chains
via a switching network. The EM lens transmits the signals
of different active antennas in different directions [11], [12].
Therefore, due to the sparsity of mmWave channels, only the
few active antennas that lead to transmission in the direc-
tions of the scatterers in the channel have to be activated.
Note that the number of passive antennas (i.e., the effective
lens aperture) determines how narrow a beam can be made
whereas the number of active antennas limits the number of
beam directions (i.e., the resolution of the LA). Hence, as the
number of passive elements increases, the number of avail-
able active antennas also has to increase in order to maintain
a satisfactory performance. Although passive antennas can be
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small and cheap (e.g., simple patch antennas), active anten-
nas that can transmit with high power are typically bulky and
expensive (e.g., horn antennas) [13]. Therefore, increasing
the number of active antennas constitutes a bottleneck for
the scalability of the LA architecture as its implementation
becomes costly and bulky for massive MIMO systems.

In order to improve the scalability and energy efficiency of
mmWave massive MIMO systems, in this article, we con-
sider two novel massive MIMO transmitter architectures'
which comprise few active antennas and a large intelligent
reflecting surface (IRS), see Fig. 1 e), or a large intelligent
transmitting surface (ITS), Fig. 1 f). Recently, intelligent sur-
faces or metasurfaces have been extensively investigated in
the literature with the objective to improve the coverage,
spectrum, and energy efficiency of wireless communication
systems [15]-[32]. The deployment scenarios of intelli-
gent surfaces can be roughly classified into two categories,
namely intelligent surfaces as a part of the wireless channel
and as a part of the transceiver architecture.> For the former
case, the waves incident on the intelligent surface are emit-
ted by a transmitter which is located far away, such that the
channel between the transmitter and the intelligent surface is
subject to fading, cannot be influenced, and has to be esti-
mated for beamforming design [15]-[22], [24]. In contrast,
for the latter case, the intelligent surface is embedded into
the transmitter/receiver architecture [25]-[32]. Therefore, the
waves incident on the intelligent surface are created by phys-
ically close active antennas, such that the channel between
the active antennas and the intelligent surface is fixed
and can be properly designed during manufacturing. The
focus of this article is on the second category, namely
IRS/ITS-aided transmitter antenna architectures, and their
communication-theoretical modeling and system design.

In the considered IRS/ITS-aided MIMO architectures,
each active antenna is equipped with a dedicated RF chain
and illuminates the IRS/ITS. The IRS (ITS) consists of
a large number of low-cost and energy-efficient passive
antenna elements which are able to reflect (retransmit) a
phase-shifted version of the incident electromagnetic field.
In particular, each passive element receives a superposi-
tion of the signals transmitted (over the air) by the active
antennas and adds a desired phase shift to the overall sig-
nal. In IRS-aided antennas, the phase-delayed signal is then
reflected from the array whereas in ITS-aided antennas, the

1. Following the reciprocity theorem [14], the considered transmitter
architectures can be also used as receivers. However, for concreteness,
in this article, we focus on transmitter design and leave the receiver design
for future work.

2. The term large intelligent surface (LIS) has been also used in the
literature to refer to surfaces that are placed on e.g., walls and com-
prise a large array of transmitting/receiving antennas, see e.g., [33], [34].
Unlike the reflecting/transmitting intelligent surfaces considered in this arti-
cle, the surfaces in [33], [34] neither reflect nor re-transmit their received
signals, instead the input/output of the antenna elements is directly con-
trolled/processed. The main purpose of LISs is to bring the massive MIMO
transceivers close to the users and to ensure line-of-sight links.
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phase-delayed signal is transmitted in the forward direction.’
Borrowing an analogy from optics, an IRS is analogous to
a curved mirror whereas an ITS is analogous to a lens. The
curvatures of this imagined mirror and lens are steerable via
the reconfigurable phase shifters. Unlike in LA antennas,
where the EM lens is non-reconfigurable, i.e., non-intelligent,
and the direction of the beam is controlled by the loca-
tion of the corresponding active antenna, in IRS/ITS-aided
antennas, the direction of the beam is directly controlled by
the reconfigurable intelligent surface. Therefore, the num-
bers of active antennas in IRS/ITS-aided antennas do not
have to scale with the number of passive elements.* The
performance gain of IRS/ITS-aided antennas compared to
hybrid antennas is often attributed to the feed mechanism.
In particular, the analog network which feeds the transmit
antennas in hybrid architectures causes a severe power loss,
which impedes its implementation in massive MIMO and
high-frequency systems [25]. In contrast, the IRS/ITS-aided
antennas feed the transmit antennas on the intelligent surface
over the air, which is referred to as space feeding mechanism
and inherently more energy efficient [25], [35].

We note that IRS/ITS-aided antennas have been widely
investigated in the microwave and antenna commu-
nity, where they are also known as reflect/transmit
arrays [25], [26], quasi-optical arrays [27], and reconfig-
urable arrays [26], [28]. Moreover, various prototypes are
available in the literature [26], [29], [30]. Thereby, the
performance of these architectures is typically characterized
in terms of the beamforming gain. In contrast, in this article,
we are interested in multiplexing several data streams and
the design of the corresponding precoder. In particular, this
article makes the following contributions:

« We first model the precoder structure of IRS/ITS-aided
antennas and show that the constraints it has to meet
are different compared to those for conventional MIMO
architectures. In addition, we introduce several illu-
mination strategies (i.e., choices for the positions and
orientations of the active antennas with respect to the
intelligent surface) which affect the precoder structure.

« Taking the constraints on the precoder into account and
exploiting the sparsity of mmWave channels, we design

3. We note that IRS/ITS-aided antennas have several advan-
tages/disadvantages with respect to each other and which one is preferable
depends on the particular implementation strategy. For instance, for IRS-
aided antennas, the feed position introduces a blocking area whereas this
issue does not exist for ITS-aided antennas. On the other hand, IRS facil-
itates the placement of the control system for the phase shifters on the
back side of the surface [25]. Moreover, for the IRS-aided antennas, the
magnitude of reflection coefficient is often large (close to one) due to the
existence of a metal ground plane that reflects the entire incident wave,
see Fig. 1 e). In contrast, for ITS-aided antennas, the intelligent surface
has to be properly designed to ensure a large magnitude for the trans-
mission coefficient which in general may lead to a higher implementation
complexity [25].

4. LA antennas can be seen as special cases of ITS-aided antennas. In
fact, ITS-aided antennas reduce to LA antennas when i) the surface is non-
reconfigurable and is designed to focus a wavefront arriving perpendicular
at the surface to its focal point and ii) the active antennas are placed on
the focal arc of the surface (i.e., the lens).
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two efficient precoders for IRS/ITS-aided antennas; one
based on maximizing the mutual information (MI) and
one based on approximating the optimal unconstrained
FD precoder via orthogonal matching pursuit (OMP).
The performance of the MI-based precoder serves as
an upper bound for that of the OMP-based precoder;
however, the computational complexity of the former
is higher than that of the latter. Hence, using the MI-
based precoder as a performance upper bound allows
us to assess the efficiency of the OMP-based precoder.

« We develop a power consumption model for IRS/ITS-
aided antennas that takes into account the impact of
several IRS/ITS imperfections, namely the spillover
loss, taper loss, aperture loss, and phase shifter loss,
as well as the power consumption of the required digi-
tal signal processing and the power amplifiers. For a fair
performance comparison, for conventional MIMO archi-
tectures, we adopt power consumption models from the
literature [8], [36] that account for their unique char-
acteristics, e.g., the losses in the RF feed networks
of hybrid architectures and the losses in the switch-
ing network of the LA architecture. We show that the
power consumption of the conventional FD, FC, and
PC architectures significantly increases as a function
of the number of transmit antennas whereas the power
consumption of the LA and IRS/ITS-aided antennas is
almost independent of the number of transmit antennas.’

o We study the impact of the system parameters on the
achievable rate via simulations and show that a proper
positioning of the active antennas with respect to the
intelligent surface in IRS/ITS-aided antennas leads to
a considerable performance improvement. In addition,
our simulation results show that in contrast to the con-
ventional FD, FC, PC, and LA MIMO architectures,
the IRS/ITS-aided MIMO architectures are fully scal-
able in terms of the number of transmit antennas.®
Therefore, IRS/ITS-aided antennas are promising can-
didates for realizing the potential of mmWave ultra
massive MIMO in practice.

We note that the recent paper [37] also studied IRS-aided
antennas (referred to as reflect arrays) and proposed a corre-
sponding precoder design based on alternating optimization
(AO). We employ this precoder as a benchmark and
show that the proposed precoders outperform the AO-based
precoder in [37] especially for environments with few scat-
terers. Moreover, the focus of this article is mainly on the
scalability and energy efficiency of IRS/ITS-aided anten-
nas which were not studied in [37]. Furthermore, compared
to [37], in this article, more detailed models for the precoder

5. Throughout this article, we refer to the passive elements of the LA
and IRS/ITS-aided architectures as transmit antennas, too.

6. We note that, at mmWave frequencies, hundreds and even thousands
of passive antenna elements can be accommodated in a compact design. For
example, a 10 cm-by-10 cm intelligent surface can contain approximately
350 and 1600 passive elements at frequencies of 28 GHz and 60 GHz,
respectively, with element spacing of half a wavelength.
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structure and the power consumption of the IRS/ITS-aided
antennas are provided. Such accurate models are needed for
a fair performance comparison of different MIMO archi-
tectures and the design of IRS/ITS-aided MIMO structures
(e.g., the adjustment of the relative positions and orientations
of the active antennas with respect to the intelligent surface)
which was not investigated in [37].

In our previous work [31], [32], we investigated symbol-
level precoding of intelligent surfaces where the update rate
was equal to the symbol rate. In contrast, in this article,
we design the precoder for a given channel realization,
which implies that the state of the intelligent surface has
to be updated once per channel coherence time. Therefore,
the complexity of the IRS/ITS-aided antennas considered in
this article is lower than that of the symbol-level precoding
schemes studied in [31], [32]. Finally, we note that this
article extends its conference version [1] in the following
directions: i) The precoder structure for the IRS/ITS-aided
antenna architectures is formulated more carefully in this
article (see assumptions Al1-A4 in Section II-A) and the
special case of hypothetical uniform illumination is con-
sidered, see Corollary 1, which is not included in [1]. ii)
The power consumption of the IRS/ITS-aided antenna archi-
tectures is discussed in more detail via an example setup
in Section III-D. Moreover, we establish lower and upper
bounds on the power radiated by the active antennas in terms
of the desired power to be radiated by the intelligent sur-
face into the channel, see Lemma 1, which is not considered
in [1]. iii) In this article, we propose two precoder designs,
namely MI-based and OMP-based precoders, whereas in [1],
only the OMP-based precoder is given. iv) We include the
LA architecture as a new benchmark scheme in this article
and provide corresponding models for the precoder structure
and power consumption using the same unified framework
as for the other benchmark architectures, see Table 2.

The rest of this article is organized as follows. In
Section II, we provide the considered system, channel, and
signal models. Mathematical models for the precoder struc-
ture and the power consumption of the considered IRS/ITS-
aided antenna architectures are presented in Section III. In
Section IV, two different precoder designs for IRS/ITS-aided
antennas are developed. Simulation results are provided in
Section V, and conclusions and directions for future research
are presented in Section VL

Notations: Bold capital and small letters are used to
denote matrices and vectors, respectively. ||A||F, trace(A),
AT, and AH denote the Frobenius norm, trace, transpose, and
Hermitian of matrix A, respectively. E{-} represents expec-
tation and /(x; y) denotes the MI between random variables
(RVs) x and y. |a] and Za denote the absolute value and
the angle of complex number « in polar coordinates, respec-
tively. In addition, |A| denotes the determinant of square
matrix A. The big O notation, g(x) = O(f(x)), indicates
limy_,  |g(x)/f (x)| < k for some fixed k, where 0 < k < oo.
For a real number x, [x]T = max{0, x} and y = [x] is the
smallest integer number y for which y > x holds. CA (i, X)
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FIGURE 2. Schematic illustration of positioning of the active antennas and the
intelligent surface.

denotes a complex Gaussian RV with mean vector u and
covariance matrix X. Furthermore, 0, and 0,, denote a
vector of size n and a matrix of size n x m, respectively,
whose elements are all zeros. I, is the n x n identity matrix
and C represents the set of complex numbers. [a(m, 1)l n
represents a matrix with element a(m, n) in its m-th row
and n-th column. A, , and a, denote the element in the
m-th row and n-th column of matrix A and the n-th element
of vector a, respectively. Finally, vec(A) denotes a vector
whose elements are the stacked columns of matrix A, and
® denotes the Kronecker product.

Il. SIGNAL, SYSTEM, AND CHANNEL MODELS

In this section, we present the system, transmit signal, and
channel models for the considered IRS/ITS-aided MIMO
systems.

A. SYSTEM ARCHITECTURE

We assume that the considered IRS/ITS-aided antennas are
equipped with N active antennas and that the intelligent sur-
face comprises M passive antenna elements. Moreover, we
assume that each active feed antenna is connected to a ded-
icated RF chain, i.e., there are N RF chains. To facilitate
presentation, we characterize the positions of the passive
antenna elements by (rm,n,Q,ﬁ,n,qﬁfn,n), Fmn = 0, 0,',’,,,, €
[0, %], qb,’ihn € [0,2x], in N different spherical coordinate
systems whose respective origins are the positions of the
active antennas. Here, an,n denotes the elevation angle of
passive element m (with respect to the beam direction of
active antenna n), ¢k, , represents the azimuth angle of pas-
sive element m (in the plane perpendicular to the beam
direction of active antenna n), and ry,, is the distance
between passive element m and active antenna n, see Fig. 2
for an illustration of (ry, ,, 95,71,,,, ¢f,,,n). In a similar manner,
we characterize the positions of the active antenna ele-
ments by (Fu.n, Oy s Bip.n)» Tmn = 0,65, €10, 51, ¢, €
[0, 2], in M different spherical coordinate systems whose
respective origins are the positions of the passive antennas.
Here, 6, , denotes the elevation angle of active element
n (with respect to the normal to the surface) and ¢y, ,
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represents the azimuth angle of active element n (in the
surface plane). Note that the values of (7, p, 9,’,’,,,1, q&{,’l’n) and
(Fm.ns Oy n> Bpy.) depend on the specific positioning of the
feed antennas and the intelligent surface. Moreover, in order
to rigorously present our results, we make the following

assumptions.

Al) We assume the same antenna pattern for all active
antennas with antenna gain G“(6, ¢) for elevation
angle 6 and azimuth angle ¢ defined in the spheri-
cal coordinate system with the active antenna as the
origin. Similarly, we assume the same antenna pattern
for all passive antennas with antenna gain G” (0, ¢) for
elevation angle 6 and azimuth angle ¢ defined in the
spherical coordinate system with the passive antenna
as the origin.

We assume that while each element of the intelligent
surface is in the far field of the active antennas; the
entire surface is not in the far field. This implies that
the electric-field power reaching each element decays

with the distance square r% (i.e., higher order terms

[0 qu, q > 2, are negligible); however, the wave-
fronrtmbhase curvature cannot be neglected. These are
valid assumptions if A < 1y, < ZdE)L, VYm, n (typi-
cally r.n = SA, Vm, n), which holds in practice [14].
Here, A and d, denote the wavelength and the largest
electric dimension (defined as the physical dimension
normalized to A) of the intelligent surface, respectively.
We neglect the mutual coupling between the active
antennas (passive antenna elements) which is an accu-
rate assumption when the antennas (passive elements)
are sufficiently separated, i.e., typically by at least
A/2 [38].

We assume that the power radiated from the active
antennas is either reflected/forwarded or absorbed by
the intelligent surface such that no power from the

active antennas directly arrives at the receiver.

A2)

A3)

A4)

B. TRANSMIT SIGNAL MODEL

Let s € C2%! denote the vector of Q independent data
streams that we wish to transmit. Moreover, let x € CM*!
denote the transmit vector radiated from the intelligent
surface. Assuming linear precoding, the relation between
transmit vector x and data vector s is as follows

x = /PyFs, 6]

where F € CM*€ is the precoder which includes the base-
band precoder, the impact of the channel between the active
antennas and the intelligent surface, the imperfections of the
IRS/ITS, and the phase change introduced by the intelligent
surface, see Section III for the detailed modeling of precoder
F. Moreover, in (1), P denotes the transmit power radiated
by the intelligent surface and we assume that E{ss"} = Ip
and |F|lr = 1 hold. In this article, we impose a constraint
on the maximum power radiated from the intelligent surface
into the channel which is typically enforced by regulations.
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For example, for carrier frequencies 54-66 GHz, the United
States Federal Communications Commission enforces a total
maximum transmit power of 500 mW (27 dBm) for an emis-
sion bandwidth of more than 100 MHz [39]. Alternatively,
one can impose a constraint on the power radiated by the
active antennas.” Although our derivations in Section III
and the proposed precoders in Section IV are applicable
for both power constraints, we focus on the former power
constraint for IRS/ITS-aided antennas since this enables a
more straightforward comparison with conventional MIMO
architectures.

C. CHANNEL MODEL
We consider a point-to-point MIMO system with the follow-
ing input-output channel model

y=Hx+1z, 2)

where y € C/*! denotes receive vector and J is the
number of receive antennas. Moreover, z € C/*! denotes
the additive white Gaussian noise vector at the receiver,
ie., z ~ CN(0y,0%I;) where o2 is the noise variance at
each receive antenna. Furthermore, H € C/*M is a low-
rank channel matrix accounting for the limited number of
scatterers in the channel. In particular, H is modeled as
follows [2], [3], [40]

1 & H
H=— hh, (67, ¢/ )h 0!, o!). 3
ﬁgl(1¢1)t(1¢1) 3)

where L is the number of effective channel paths and
hy € C is the channel coefficient of the /-th path. Moreover,
h(6],¢)) (h.(6],¢])) denotes the transmitter (receiver)
antenna array steering vector for angle-of-departure (AoD)
(6], ¢)) (angle-of-arrival (AoA) (6], ¢])) with elevation angle
0, € [-n/2,7/2] (6] € [—m/2,7/2]) and azimuth angle

7. The maximum radiated power is also constrained by the antenna effec-
tive isotropic radiated power (EIRP) [39]. The transmit power and EIRP are
related according to EIRP = Gmax Ptx, where Gmax is the overall maximum
antenna gain of the passive elements on the intelligent surface.
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¢lt € [—m/2,7/2] (¢lr e [—m/2, 7'[/2]),8 see Fig. 3.
Assuming the passive elements are uniformly distributed on
the intelligent surface which itself lies in the y — z plane,
h/(¢;, 6)) is given as follows [2]
hi (0], 91)
_ Vec([ﬂd«my—l)cos(ef) (o) @) | )
my,n;

~ vee (i (6f) @ BT (¢16])). @
where

ht(elt) — [d%(mz_])ﬁn(el’)] (Sa)

hy(#l6f) = [ 0m=D o) o) (5b)

ny

Here, d is the distance between the passive antenna elements.
Moreover, assuming a square surface and that ~/M is inte-
ger, the passive antenna indices along the y- and z-axes are
denoted by my, m, = 1,...,\/1\7[. Furthermore, as shown
in (4), the considered steering vector can be decomposed
into the Kronecker product of two vectors, namely h;(@l’)
and h;(¢]|0/) which show the capability of the array to
scan different elevation angles and different azimuth angles
for a given elevation angle, respectively. We assume an FD
receiver equipped with a uniform planar antenna array. Thus,
h, (6], ¢)) is defined analogous to h;(6/, ¢)) in (4).

lll. MATHEMATICAL MODELING OF THE IRS/ITS-AIDED
MIMO ARCHITECTURES

In this section, we first model the constraints that the
IRS/ITS-aided antennas impose on the precoder. Then, we
present different illumination strategies for the active anten-
nas. Finally, we quantify the total power consumption of
IRS/ITS-aided MIMO and further elaborate on the inherent
losses for a special case.

A. CONSTRAINTS ON THE PRECODER

Let us define X = [)_Cl,...,)_CN]T € and y =
[)'11,...,5)M]T e CMx1 wwhere X, and ym denote the sig-
nal transmitted by the n-th active antenna and the signal
received at the m-th passive antenna, respectively. As can
be seen from Fig. 1, the data stream vector s is multi-
plied by the baseband precoder B, fed to the RF chains,
and then transmitted over the active antennas/illuminators,
i.e., X = /PyxBs. We note that the maximum number of
independent data streams Q that can be supported is lim-
ited by both the numbers of transmitter RF chains N and
the rank of the channel matrix min{M, J, L}. Moreover, the
numbers of transmit and receive antennas are typically large

(CNXl

8. We note that for notational convenience, in this article, the def-
initions of elevation and azimuth angles used for characterization of
(rm,n. 951’,,, ¢fn’n) and (rm,n, 05, > By ) are different from those used for
characterization of the AoAs/AoDs of the channel, see Figs. 2 and 3. The
latter follows the standard definition of spherical coordinate systems in the
physics literature [14, Ch. 16] whereas the former is a popular convention
used in the radar literature [11].
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in mmWave communication systems in order to ensure a suf-
ficient link budget, i.e., M, J > N, L, which implies that for
the maximum number of independent data streams, we typ-
ically have Q < min{N, L}. Based on assumptions Al1-A3,
the signal that is received at the m-th passive element, y,,,
is obtained as [28]

N
S = 3G O W) 6P (03,0, 08,) T (6)
n=1 ,
The intelligent surface applies a phase shift of 2w g, to
the signal received at the m-th element before reflect-
ing/transmitting it, i.e., Xy = Yma/Psct €XP(27Bim), Where
X is the m-th element of x. The signal attenuation caused
by the aperture and phase shifter losses is captured by a
power efficiency factor denoted by pgf, see Section III-C
for details. The following proposition formally character-
izes the precoder structure for IRS/ITS-aided antennas in
matrix form.
Proposition 1: Under Assumptions A1-A4, the precoder
F for IRS/ITS-aided antennas has the form

F = DTB, (N

where B € CV*€ is the digital baseband precoder which
controls the output signal of the active antennas. D € C¥*M
is a diagonal phase-shift matrix which controls the intelligent
surface and is given by

D= diag(aizﬂﬁl, o eﬂ”ﬂM) (8)

with B,, € [0, 1]. Moreover, T € C¥*V is a fixed matrix,
which depends on the power efficiency of the intelli-
gent surface, denoted by pgf, active and passive antenna
gains, and the antenna positioning, i.e., (., 6,’,’,,,,, qbl,;l,n) and

(Fmns Oy s b 1)» Ym, n, and is given by

)»\/,OsrfG“(sz,n, ¢a,n)GP (er?z,n’

AT P n

)
m,n) _.27rm.n
e’

T

m,n

€))

Proof: The proof follows from rewriting (6) in matrix
form y = TX, where the efficiency factor pgr is included
in T, and combining it with x = Dy, X = /P«Bs, and the
definition of the linear precoder x = /P Fs in (1). []

We note that both IRS/ITS-aided antennas have identi-
cal precoder structures, as given by (7). The precoder for
IRS/ITS-aided antennas consists of three parts, namely B,
T, and D. Among these three components, T is fixed and
determined during manufacturing whereas B and D can be
adjusted during online transmission based on the CSI. In
Section III-B, we introduce different strategies for the design
of matrix T. Moreover, in Section IV, we propose two
precoding schemes for optimization of matrices B and D.
We note that T and particularly the surface power efficiency
factor pgt may assume different values for IRS/ITS-aided
antennas, respectively, see Section III-C for details.
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B. ILLUMINATION STRATEGIES

Matrix T depends on how the active antennas illuminate
the intelligent surface of the IRS/ITS-aided antennas. Thus,
different illumination strategies, including the relative posi-
tioning and orientation of the active antennas and the
intelligent surface, lead to different designs of matrix T.
In the following, we introduce several different illumina-
tion strategies. To do so, let us assume that the intelligent
surface lies in the y — z plane and its center is at the
origin. Furthermore, let us assume that all active antennas
have distance R; from the intelligent surface and are uni-
formly distributed on a ring of radius R, with center ¢, see
Fig. 4. We assume this specific geometry for the locations
of the active antennas and the intelligent surface in order
to be able to rigorously present the proposed illumination
strategies. Nevertheless, we note that other geometries are
also possible and only affect matrix T while the precoder
designs proposed in Section IV are valid for any given
matrix T.

Full lllumination (FI): Here, each active antenna fully illu-
minates the entire intelligent surface [37], [41]. To achieve
this, we assume that all active antennas illuminate the center
of the intelligent surface, see Fig. 4 b-i).

Fartial Illumination (PI): Note that each passive element
can only change the phase of the superposition of the signals
that it receives from the active antennas. To compensate
for this limitation, a natural option is to have the active
antennas illuminate disjoint subsets of the intelligent surface.
Assuming that the passive elements responsible for a given
active antenna are physical neighbors, for PI, each active
antenna illuminates the center of the area occupied by its
respective passive elements, see Fig. 4 b-ii).

Separate Illumination (SI): SI is an extreme special case
of PI where the signals of different active antennas are
physically shielded such that each part of the intelligent
surface only receives the signal of one active antenna, see
Fig. 4 b-iii). Note that due to the wide beam patterns of
the active antennas, even under PI, they illuminate not
only their respective subset of passive elements, but all
other passive elements as well. This causes interference
between the signals from different RF chains which is
avoided by SI.

Blockage-Free PI: In this article, in general, for the IRS-
aided architecture, we neglect that the active antennas may
partially block the reflected RF signal. Therefore, unless
otherwise stated, we assume ¢ = (Ry, 0, 0) which yields the
minimum average distance between the active antennas and
passive elements, i.e., Aﬁ Y 2 mtmn and thus the over-
the-air losses are minimized. In practice, IRS-aided antennas
are designed to support transmission/reception for a limited
range of AoDs/AoAs and the active antennas are placed
outside this range to avoid blockage [41], [42]. To achieve
this, for blockage-free illumination, we assume that the active
antennas are placed on one side of the intelligent surface
(e.g., ¢ = (Rg, d/M/2, d~/M/2)) in order to avoid blocking
the AoAs/AoDs pointing to the other side [41], [42], see
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FIGURE 4. Schematic illustration of the arrangement of the active antennas and the intelligent surface for different illumination strategies.

Fig. 4 b-iv). For simplicity, in this article, we use blockage-
free illumination only in combination with PI although in
principle it can be also used in combination with FI and SI,
e.g., see [41] for blockage-free FI.

Hypothetical Uniform SI: For practical illumination strate-
gies, the distribution of the power received from each active
antenna at the intelligent surface is non-uniform. For single-
stream data transmission, non-uniform power distribution
causes a decrease in the achievable antenna gain, which
is known as taper loss [14, Ch. 15]. More generally, for
multi-stream data transmission, a non-uniform power dis-
tribution reduces the achievable rate. In order to study the
performance degradation due to non-uniform power distri-
bution across the intelligent surface, we focus on SI and
introduce a hypothetical illumination where the powers of
the signals received from each active antenna at its respective
passive elements are identical. To formally model uniform
SI, let us rewrite matrix T = [c ,e /27 mn/*], . where

Cnn = Dty W) GP(OF, . 88,/ AT ). For
uniform SI, the phase 27ry,, ,/A remains the same as for SI
while ¢, , is equal to a constant ¢, Yn, m € M,, and equal
to zero otherwise. Here, M, is the set of indices of the pas-
sive elements responsible for reflection/transmission of the
signal emitted by active antenna n. To account for the over-
the-air pathloss and surface efficiency, we set the value of ¢
as A/pstG*GP /(47r), where r = Al,l > n Yome, Tmn and
we assume G(Oh ., Phn) 2 G“ VOhn € (0,051, Vo n €
[0,27], and GP(65 . %) = GP, V05, € [0, 3], Vohnn €
[0, 27].2 Here, G* and G” are constants and 0051 is the eleva-
tion angular extent of the sub-surfaces in SI with respect to
their feed antennas. The following corollary provides matrix
T for uniform SIL

9. For the hypothetical uniform SI, for the active antennas, we assume a
uniform antenna pattern with the elevation angle confined to 6 € [0, 1951],
whereas for the passive antennas, we assume a uniform antenna pattern
with the elevation angle confined to 6 € [0, %]. The reason for this choice
is that the active antennas are usually horn antennas whose antenna gain
is controllable, whereas the passive antennas are typically simple patch
antennas whose antenna pattern is wide and not easy to control.
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Corollary 1: For uniform SI, matrix T in (9) simplifies to

27”/;1 n
T= [Ce e ] (10)
m,n
with
A 4psef :
c = { 4y 1—cos(657)’ it m e M, (11)
0, otherwise.

Proof The proof follows directly from noting that
G“ ﬁ and GP = 2 has to hold such that

fQ #Gq@p,@)dQ =1, g € {a,p}, holds where dQ2 =
sin(f) d6 d ¢ [14] and applying the simplifying assumptions
of uniform SI in (9). [ |

In Section V, we comprehensively study the aforemen-
tioned illumination strategies via simulations in order to
obtain insights regarding their impact on performance for
system design.

C. POWER CONSUMPTION AND LOSSES
The power consumption of IRS/ITS-aided antennas can be
divided into two parts.

Baseline Circuitry: The circuit power consumption com-
prises the power consumed for digital baseband processing,
denoted by Py, and by each RF chain (including the digital-
to-analog converter, local oscillator, and mixer), denoted by
Pii.. Although, in principle, Py, may depend on M and
N, in the remainder of this article, we assume Py}, is con-
stant since its impact is typically much smaller than that
of P [43], [44].

Power Amplifier: The power consumed by the power
amplifier (PA) is commonly modeled as Pry/p0pa Where Py
is the output power radiated by the active antennas and
Ppa denotes the power amplifier efficiency [8], [44]-[46].
The power radiated by the active antennas is given by
P = ExUR) = Ptx||B||12,,. Due to the losses incurred in
the channel between the active antennas and the intelligent
surface as well as the inefficiencies of the intelligent sur-
face, Pix < Prq holds. The main sources of the power loss

for IRS/ITS-aided antennas are provided in the following:
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o Spillover Loss: Since the effective area of the intelli-
gent surface is finite, some of the power radiated by
the active antennas will not be captured by the pas-
sive antennas, resulting in a spillover loss [42]. We
define the efficiency factor pg to take the spillover
into account. We note that the value of ps depends
on the relative positions of the active antennas and
the intelligent surface, i.e., (Fu.n» Onn» Pmn)s Ym,n,
and the radiation pattern of the active antennas, i.e.,
G“(6.1, $'n.n). Hence, the impact of pg is implicitly
captured by matrix T.

o Taper Loss: In general, the density of the received power
differs across the intelligent surface as it depends on
GOl 1, Bn.n) and 1y, . As discussed earlier, for multi-
stream transmission, taper loss leads to a reduction of
the achievable rate. We define the efficiency factor pr
to account for this loss. Similar to pg, the impact of
pr is implicitly captured by matrix T.

o Aperture Loss: ldeally, for IRS/ITS-aided antennas,
the total power captured by the aperture will be
reflected/transmitted. In practice, however, the actual
power transmitted into the wireless channel is smaller
than the total power captured by the surface, which is
due to inefficiencies in antenna reception/transmission,
power absorption by the IRS/ITS, and unwanted reflec-
tion by the ITS. The aperture efficiency is taken into
account by introducing efficiency factor p4. For future
reference, we decompose the aperture efficiency factor
as pa = pi"pST, where pi" is the antenna aperture
efficiency of the individual passive antennas and ,ozrf
denotes the surface efficiency factor which captures the
remaining losses of the surface excluding the antenna
aperture losses. Thereby, the impact of pi™ is implicitly
captured via the passive antenna pattern G”(6y, ,,, &y, ,
by matrix T.

e Phase Shifters: Each phase shifter introduces a cer-
tain loss once the RF signal passes through it. For
the IRS-aided antennas, the signal passes twice through
the phase-shifters whereas for the ITS-aided antennas,
the signal passes only once through the phase-shifter,
see the dashed arrows in Fig. le) and f). Hence, for
the reflected wave in the IRS-aided antennas and the
re-transmitted wave in the ITS-aided antennas to have
the same overall phase shift, the phase shift induced
by the phase shifters of the IRS-aided antennas should
be half of that for the ITS-aided antennas. The impact
of this difference between IRS- and ITS-aided anten-
nas on the overall phase-shifter losses depends on the
specific phase-shifter technology. Let pp(8) denote the
phase-shifter power efficiency factor as a function of
phase-shift value 8. Then, the overall phase shifter effi-
ciency factors of the IRS- and ITS-aided antennas are
given by pl%(ﬂ /2) and pp(B), respectively. In practice,
for most phase-shifter realizations, the overall phase-
shifter loss is almost independent of the phase-shift
value and practically constant [47], [48]. For example, in

switched-line phase shifters, the insertion loss is caused
by switch losses (which are independent of the phase-
shift values) and line losses (which increase with the
phase-shift value) [49]. Nevertheless, the overall loss
is dominated by the switch losses which implies that
the phase-shifter loss is practically constant for differ-
ent phase shifts. Therefore, in this article, we assume
that the phase-shifter efficiency is constant for different
phase-shift values, i.e., pp(8) = pp, VB.

Remark 1: In addition to RF losses, each phase-shifter
consumes a certain amount of power in order to control its
phase-shift states. The amount of power consumed depends
on the adopted phase-shifter technology. For phase shifters
realized by varactor diodes or micro-electro-mechanical
system (MEMS) switches, the phase-shifter power con-
sumption is almost negligible [47]. On the other hand, if
the phase shifters are realized by positive-intrinsic-negative
(PIN) diode switches, a constant direct current (DC) is
needed to drive each switch which implies a constant power
consumption per unit-cell element. In this case, the total
power consumption of the surface for controlling the phase
shifters increases linearly with the number of unit cells. Since
we are interested in scalable MIMO transmitter architectures,
we focus on the former realizations of the phase-shifters and
neglect the corresponding power consumption.

Recall that the impact of the spillover, taper, and antenna
aperture losses is included in matrix T in (9). The remaining
losses are accounted for in the power efficiency of IRS and
ITS defined as pgf = p%pf‘rf and pogf = ,op,of‘rf, respectively,
which accounts for the combined effects of the surface aper-
ture and phase-shifter losses. In summary, the total power
consumption of the IRS/ITS-aided MIMO architectures is
obtained as

Prq
PtOt:Pbb+NPrfc+—.
pa

12)

Due to the aforementioned power losses, 10 ie., 0s, pp, and

P4, the active antennas have to transmit with power Pyq
to ensure the required power Py is radiated by the passive
antennas where Py > Pix holds. The following lemma relates
the power radiated by the active antennas, P4, to the power
radiated by the intelligent surface Py, based on matrix T and
power efficiency factors pg, pop, and p4. For future reference,
let @ (T) = %ETT) > 1 denote the condition number of
matrix T, where omax(T) and opin (T) denote the maximum
and minimum singular values of T, respectively. Moreover,
although the values of pg and p4 may in general be different
for each active antenna and depend on the position of the
active antenna with respect to the intelligent surface, for
simplicity of presentation, we assume identical pg and py
for all active antennas.

Lemma 1: The power radiated by the active antennas, Pyq,
is bounded in terms of the transmit power radiated by the

10. Note that taper loss reduces the achievable rate but does not constitute
a power loss.
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intelligent surface, P, as follows

Ptx < Ptx
wz(T)Prts - G]%]ax(T)
P 2(T)P
) S S in LSO ¥
Gmin(T) Prts

where ppg = psrfpgmpg. Therefore, assuming an ideal
well-conditioned matrix T with @ (T) = 1, we obtain

Py = %
Proof: The proof is provided in Appendix A. |

From (12) and Lemma 1, we can conclude that the total
power consumption of IRS/ITS-aided antennas does not
explicitly depend on the number of passive elements M (or
equivalently the size of the IRS/ITS) which makes them
energy efficient and scalable. Nevertheless, the condition
number @ (T) and the values of the spillover efficiency, ps
are determined by factors such as the size of the intelligent
surface, the beam pattern of the active antennas, the distance
between the active antennas and the intelligent surface, etc.,
which may in turn be influenced by M. Moreover, there is
a trade-off between the spillover loss ps and the taper loss
pr such that the former can be decreased at the expense
of increasing the latter by employing a narrower beam for
the active antennas [14, Ch. 15]. In the following subsec-
tion, we analytically show for a special case that pg and pr
can be made independent of M by proper positioning of the
antennas. Moreover, in Section V, we show via simulations
that & (T) can be made small (i.e., close to one) when the
antennas are properly positioned.

D. SPECIAL CASE

To illustrate the variation of the spillover and taper losses
as a function of the feed pattern and the angular extent
of the intelligent surface, we consider the following simple
class of axisymmetric feed antenna patterns which have been
widely-adopted by the antenna community!! [14], [42]

2(14+«)cos“(0), if 0<60 <7
GO, ¢) = and 0 <¢ <27 (14)
0, otherwise,
where « > 2 is a real number and normalization

factor 2(1 + «) ensures that fQ ﬁG(d), 0Hde = 1
holds [14]. Therefore, the (maximum) antenna gain in dB
is 10log;o(2(1 + «)). The value of « (i.e., the gain of the
active antenna) has to be jointly optimized with the relative
position and orientation of the active antenna with respect
to the intelligent surface such that the active antenna illu-
minates only the intended part of the intelligent surface, see
illumination strategies in Section III-B. For the antenna pat-
tern in (14) and assuming a circular planar surface where
the feed antenna orthogonally illuminates the center of the

11. We note that our modeling and derivations are valid for general feed
antenna patterns and only for the analysis in Section III-D and the simulation
results in Section V, we adopt the example antenna pattern in (14).
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surface, the spillover loss is obtained as [14, Ch. 15]
_f¢ ", G($,0)dQ
Jy Jio G(¢.0)d Q2

where 6 is the elevation angular extent of the intelligent
surface with respect to the feed antenna. Similarly, the taper
loss is obtained as [14, Ch. 15]

2
[f¢ (fio./G(qs,e)dS]
21 (cos™(60) — 1) [, fy_o G($,6)dS
[1 — cos*/2=1(6p)]*

(1 = cos=1(6p)) (cos~1(Bp) — 1)
(16)

ps =1-cos“™(@), (15

or

_ k—1 o
(k2 —1)?

where dS = dSpdSys is the normalized unit area covered
by [6,6 + d6] and [¢, ¢ + d¢] on the intelligent surface,
dSy = cos~2(9)d#H, and dSy = sin(f) d¢. Moreover, the
normalization factor 2m(cos~!(6p) — 1) ensures that pr =
1 for uniform illumination. Note that choosing a larger «
decreases the spillover loss; however, it increases the taper
loss.

The spillover and taper efficiencies in (15) and (16),
respectively, were derived for a circular planar surface. For
square planar surfaces, we can obtain approximate expres-
sions for ps and pr from (15) and (16), respectively, by
approximating the square surface with a circular surface
having the same area. In particular, for a square surface
with area («/A71d)2, the elevation angular extent 6y of the
approximately equivalent circular surface is obtained as

d |M
6y ~ tan™! (— —),
RV m

where R; is the distance between the active antenna and
the intelligent surface. Therefore, for square surfaces, if Ry
is chosen to be proportional to +/M, the value of 6y is
independent of M. Hence, in this case, the spillover and
taper losses do not scale with M, see (15) and (16).

A7)

IV. PRECODER DESIGN FOR IRS/ITS-AIDED MIMO
ARCHITECTURES

In this section, we propose two linear precoders for IRS/ITS-
aided antennas exploiting the sparsity of the mmWave
channel. We assume that CSI H is available at the trans-
mitter and is used for precoder design. Therefore, similar
to the precoder designs in [5]-[7], [50] for conventional
MIMO architectures, the frequency with which the proposed
precoders (including the phase shifters at the intelligent sur-
face) are updated should be chosen in accordance with
the channel coherence time. This is in contrast to load
modulated arrays [51], media-based modulation [52], and
symbol-level precoding for IRS/ITS-aided MIMO [31], [32],
where antenna loads or phase shifters change at the sym-
bol rate. Exploiting the CSI, ideally, we would like to
design the optimal precoder which maximizes the achiev-
able rate or equivalently the MI between s and Yy, i.e.,
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R(F) 2 I(s;y) = log, |I; + yHFFH"|, for y given in (2)
and Gaussian s, as follows

maximize log,|I; + )/HFFHHH
FeF

subject to : ||[F|% < 1, (18)

where y = Z—‘;, constraint ||F||127 < 1 enforces the transmit
power constraint, ¥ = {F = DTB/B € CV*¢ and D =
diag(dy, ...,dy), dy, € A} is the set of feasible precoders,
and A = {x|]x € C and |x| = 1} is the set of unit-modulus
numbers. We note that the problem in (18) is different from
those considered in [5], [9], [45], [53]-[55] for conventional
MIMO architectures due to the different constraints imposed
on the precoder via F. Hence, the solutions proposed in
the literature for conventional MIMO architectures are not
directly applicable to (18).

Unfortunately, problem (18) is not tractable since set F
is not convex due to the unit-modulus constraint on the ele-
ments of phase-shift matrix D. A similar challenge exists
for conventional hybrid precoders where the elements of
the corresponding analog precoder have to be unit-modulus.
Since the global optimal solution of such non-convex prob-
lems cannot be found in a computationally efficient manner,
suboptimal solutions have been pursued in the literature.
These solutions can be classified into two categories: i) solu-
tions that find a local optimal/stationary point of the original
problem [9], [53], [54], and ii) greedy solutions which exploit
certain useful properties of the original problem (e.g., the
sparsity of the mmWave channel) [5], [45], [55]. In this sec-
tion, we propose new precoder designs for IRS/ITS-aided
MIMO which in part belong to both aforementioned cate-
gories. In particular, in each iteration, for a given phase-shift
matrix, the digital baseband precoder is found as the global
optimum of a corresponding sub-problem; however, for the
phase-shift matrix, we only allow transmission in the direc-
tion of the AoDs of the channel which is an intuitive but
in general heuristic choice. We note that IRS-aided antennas
have been considered previously in [37] and a local optimal
solution based on approximating the optimal FD precoder,
instead of maximizing the MI as in (18), was derived.
We show in Section V via simulations that the proposed
precoders outperform the benchmark scheme from [37].

A. RATIONALE BEHIND THE PROPOSED PRECODERS
For the spatially sparse channel model introduced in (3),
H; = {hy(6],¢)),Vl =1,...,L} forms a vector space for
the rows of H. Moreover, in practice, (6, ¢}) is an RV that
takes its values from a continuous distribution. Therefore,
since L < M, the elements of H; are with probability one
linearly independent [5]. Let H;- denote the null space of
H;. Thereby, any precoder F = Fy, + FH,i can be decom-
posed into matrix Fy, belonging to space H; and matrix
FHIJ_ belonging to space Hti. The following lemma for-
mally characterizes the impact of Fy;, and FH,L on the cost
function and the constraint in (18).
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Lemma 2: For any given precoder F, the relations R(F) =
R(F3;,) and [[F|lf = [[Fy, lI# hold.

Proof: The proof is given in Appendix B. |

Motivated by the above results, we limit our atten-
tion to precoders of the form F = Fy, which includes
the optimal FD precoder [5], [7]. More explicitly, the
precoder is rewritten as F = H;C, where H, =
[h,(0, 1), ..., (8}, ¢1)] € CM*L and C e CE*€ contains
the corresponding coefficients. For the FC hybrid MIMO
architecture, the similarity of the structure of the optimal
precoder F = H,C and the corresponding hybrid precoder
F = RB, where B and R denote the digital and ana-
log precoders, receptively, has motivated researchers to use
the channel response vectors h,(@l’ , ¢>l’) as the columns of
R [3]-[5]. Since R has N columns (i.e., there are N RF
chains), the hybrid precoder problem simplifies to choosing
the best N columns of H; and the corresponding coefficients.
Unfortunately, this concept is not directly applicable to the
IRS/ITS precoder in (7) because of its different structure.
Hence, we rewrite F = H,;C in a more useful form. Let us
divide the index set of the passive antennas {1, ..., M} into
N mutually exclusive sets M,,, n=1,..., N. We note that
depending on the adopted illumination scenario, the passive
antenna elements corresponding to set M, may also receive
signals from active antennas n’ # n. Now, F = H,C can be
rewritten as

N
F=> HMC

n=1

where H}""" = I H, € CM*L and I, € {0, 1}">M is a
diagonal matrix whose m-th diagonal entry is one if m € M,
and zero otherwise. In other words, we decompose H; into
N subspaces, denoted by H,M”, n=1,...,N, which have
mutually exclusive non-zero supports and are fully charac-
terized by HtM”, n =1,...,N, respectively. In a similar
manner, let us rewrite the precoder in (7) as

19)

N
F = ZDM"TM"B,

n=1

where DM =T, D € AY*N and TM» =T, T € CY*N,
Comparing (19) and (20) motivates us to choose DM» such
that DMrTMn becomes similar to H,M". To do this, we
have to address the following two challenges. First, since
DM» has only M /N non-zero elements and HtM” has ML/N
non-zero elements, H,M” cannot be fully reconstructed via
DMeTMn a5 matrix TMn is fixed. Hereby, we choose to
reconstruct only one column of H,M” via DMaTMn_ The
unmatched columns of DM TMn are treated as interference.
Fortunately, for M > N, the interference approaches zero
due to channel hardening. Second, we have to choose which
column of HIM” to reconstruct. In the following, we intro-
duce two approaches, namely MI-based and OMP-based
strategies, to choose the best N columns of H,M”. Note
that the above precoder design effectively reduces the search

(20)
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space for the diagonal phase-shift matrix D from multi-
dimensional continuous set AM*! to the finite elements
of sets H,M”, n=1,...,N, ie., NL elements in total.
Therefore, as typically N, L << M, one can adopt an exhaus-
tive search over this reduced space to obtain the optimal (e.g.,
rate-maximizing) phase-shift matrix D for a given baseband
precoder B.

B. MI-BASED PRECODER

For the proposed MI-based precoder, we design the phase-
shift matrices DM", n=1,...,N, and the corresponding
baseband precoder in an iterative manner, such that the
MI expression in (18) is maximized [50]. In particular, the
proposed precoder design consists of an inner loop and an
outer loop. The outer loop involves N iterations where in
the n-th iteration, we choose the best channel path for the
design of phase-shift matrix D", and in the inner loop, we
determine the corresponding baseband precoder, denoted by
B,. In particular, the inner loop involves L iterations where
in the I-th iteration, we maximize the achievable rate by
optimizing the baseband precoder B assuming DMn is one
of the elements of H,M”. Therefore, we have to consider the
following two problems.

Optimizing the Baseband Precoder: Here, we assume
the phase-shift matrix D = ZI,:;I DM s given. Since
the logarithm is a monotonically increasing function, the
optimization problem for finding the digital baseband
precoder B, which maximizes the MI I(s; y), simplifies to

maximize
BeCNxQ

subject to : trace(ClBBHC'l") <1,

‘I, + yHClBBHC'l"HH‘
(21)

where C; = DT € CM*N_ Let us define matrix H =
HCl(C'l"Cl)’% € C/*N and its corresponding singular
value decomposition (SVD) H = UXVH, where U =
[up,...,u5] € C and V = [vy,...,vy] € CVN are
unitary matrices containing the left and right singular vec-
tors, respectively, and X is a diagonal matrix containing the
singular values o1, ..., oy in descending order. The solution
of (21) is given in the following lemma.

Lemma 3: For a given phase-shift matrix D, the optimal
baseband precoder B as a solution of (21) is given by

1

B = (C'jcl)ff[vl,...,vQ]z, (22)

where Z = diag(,/z1, ..

and threshold u is chosen such that constraint ZqQ: 12g=1
is met.

Proof: The proof is given in Appendix B. |

Note that the baseband precoder B effectively eliminates
the interference between the data streams.

Optimizing the Phase-Shift Matrix: As discussed earlier,
we decompose D into N components DM”, n=1,...,N,
which are initialized to the identity matrix Ip; and their

o JZ0) € CO%0, 7y = [ — L1t

2
Yoy
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Algorithm 1 MI-Based Precoder Design

1: initialize: DM» = Iy, Vn.

2. forn=1,...,N do

3: for/=1,...,L do

4 Set DMr = DMn[]] from D, in (24).

5: Find B[/] using (22) for D[I] = Z;lﬂ DM,

6 Set R[l] = log, (]I, + yHFF'H"|) for F

D[/]TB[/].

7:  end for

§:  Update DM» = DM»[/*] and B, = B[/*] for I*
argmax R[/].

1
9: end for
10: Return D = YV DM~ and B = By.

values are updated in each iteration. In particular, in the
n-th iteration, the following problem is solved

maximize Iy + yHDCzDHHH ,
DMn €D,
where C, = TB(D)B(D)"TH € C¥*M  Here, B(D) denotes
the optimal baseband precoder as a function of a given phase-

shift matrix D which is obtained from (22). Moreover, set
D, is given by

(23)

Dy = {DMil e a¥M, Vi1, 1

exp<j|:4 (HIM">m T 4Tm,ni|> )

Ym=m €M,
0, otherwise

DM 1) = [ Bes

As can be seen, the cardinality of D,, is L which allows us to
solve (23) via an exhaustive search. Algorithm 1 summarizes
the main steps of the proposed MI-based precoder design.

C. OMP-BASED PRECODER

In this subsection, we propose a second precoder, namely the
OMP-based precoder, which is computationally less complex
than the MI-based precoder (see Section IV-D) but achieves
a similar performance in poor scattering environments (see
Section V). In particular, the OMP-based precoder attempts
to approximate the optimal unconstrained precoder for the
FD MIMO architecture, denoted by F°P, using the OMP
algorithm. Minimization of ||F°P' — F||r has been commonly
adopted as design criterion for constrained hybrid precoders
for conventional MIMO architectures, see e.g., [5], [37], [44].
Motivated by this, we consider the following optimization
problem for the precoder of IRS/ITS-aided MIMO systems

minimize | F* — DTB|
BeCNxQ pMneD,
subject to : [DTB|2 < 1. (25)

Again, let us fix sets M,, n = 1,...,N, a priori. The
proposed precoder employs N iterations where in each
iteration, the following two problems are solved.
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Algorithm 2 OMP-Based Precoder Design
I: initialize: Fi? = FOP' and DM = 0y, Vn.
2. forn=1,...,N do
3 IF=argmax,_; ; (W), for ¥ = H!"Fffjl.
4

,,,,,

Update DM as the element of set D, in 24)
corresponding to [}.
Update B, using (28) for C3 = >, pMiTMi,
Update Fr*s = Foprt — 3" pMiTMiB,,

end for

. Return D = YV DM+ and B = By.

® W

Optimizing the Phase-Shift Matrix: Let Fi*® = FoP' —
S, DMTMiB, denote the residual precoder in iteration n
where B,, is the baseband precoder designed in iteration n.
In each iteration, we project the residual matrix from the
previous iteration onto the space defined by H; and find the
direction [* that has the maximum projected value. This can
be mathematically formulated as follows

[ = argmax (\II\IIH)”, (26)

I=1,....L
where ¥ = H}"Fﬁf_s | € CL*Q. Therefore, DMn is selected as
the element of D,, corresponding to the /*-th channel path,
see (3).
Optimizing the Baseband Precoder: By defining C; =
S, DMiTMi ¢ CMXN | we can formulate the optimization
problem for B,, as follows

minimize HFOPt — C3BH%,
BeCNxQ
subject to : ||C3B||12p <1, (27)

which has the following well-known normalized least square
solution [5]

(ctlcs) " o
"= Hes) ! oH
|cs(cties) ™ chon

(28)

’

Algorithm 2 summarizes the main steps for the proposed
OMP-based precoder design.

D. COMPLEXITY ANALYSIS

Let us assume that M > J>N>Qand M > L >N > Q
hold. Moreover, we use the following results: The SVD of
matrix A € C™*" of rank p has complexity order O(mnp),
the inversion of matrix A € C™*™ has complexity order
O(m?), and the multiplication AB of matrices A € C™*"
and B € C"P has complexity order O(mnp) [56], [57].
The Ml-based precoder involves NL iterations (i.e., inner
and outer loops) where each iteration comprises the SVD of
matrix H (i.e., O(JN?)), the inversion of matrix C'I"Cl (.e.,
O(N?)), and matrix multiplications (i.e., O(MNJ)). Hence,
recalling M > J, N, Q, the overall complexity order of the
MI-based precoder is O(MN?JL). On the other hand, the
OMP-based precoder requires the SVD of matrix H (i.e.,
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O(MJL)) and involves N iterations where each iteration com-
prises the inversion of matrix C3HC3 (i.e., O(N3)) and matrix
multiplications (i.e., O(MLQ + MN?)). Assuming N = Q,
the overall complexity order of the OMP-based precoder
simplifies to O(M (N? + J)L). In summary, the complex-
ity of both proposed algorithms is linear in M, which is
a crucial advantage for ultra massive MIMO transmitters
employing several hundreds (or even thousands) of trans-
mit antennas. Moreover, computing the OMP-based precoder
entails a lower complexity than computing the MI-based
precoder as N*+.J < N2J holds for typical values of N and
J,ie, N,J>1.

V. SIMULATION RESULTS

In this section, we first describe the considered simulation
setup and benchmark schemes. Subsequently, we study the
performance of the proposed precoders and the impact of the
system parameters. Then, we compare the performance of
IRS/ITS-aided MIMO with that of the conventional MIMO
architectures. Finally, we study the impact of imperfect CSI
on the performance of the proposed precoder design.

A. SIMULATION SETUP

We generate the channel matrices according to (3). Thereby,
we assume that the AoAs/AoDs 6], 0/, ¢}, and ¢] are uni-
formly distributed RVs in the intervals given in Table 1.
Moreover, we use the square uniform planar array in (4),
ie., a VMd x \/A_ld planar surface. The channel coefficient
for each effective path is modeled as h; = \/iTlle, where &
and 7y are the path loss and the random fading components,
respectively, and are given by

_ 2\ -
hl=<—> and h; =CN(0, 1), (29)

4l

respectively. In (29), £ denotes the distance between the
transmitter and the receiver and n represents the path-loss
exponent. The noise power at the receiver is given by o =
WNoNF, where W is the bandwidth, Ny represents the noise
power spectral density, and N denotes the noise figure. All
results shown in this section have been averaged over 103
random realizations of channel matrix H from (3) which
includes the random realizations of the AoAs (6/, ¢;), the
AoDs (], ¢}), and the corresponding path coefficients /.

We arrange the active antennas with respect to the
intelligent surface as shown in Fig. 4 and described in
Section III-B. We neglect the impact of the blockage of the
active antennas in IRS-aided antennas; nevertheless, we study
the performance of IRS-aided antennas under blockage-free
illumination which is designed to avoid the blockage of
desired AoAs/AoDs [41], [42]. Moreover, we adopt the feed
antenna pattern in (14), which is widely used in the antenna
community [14], [42]. For the passive antenna elements, we
assume a uniform antenna pattern in the half-space where the
intelligent surface faces the active antennas, which implies a
constant antenna gain of 3 dB. Unless otherwise stated, we
adopt the default values of the system parameters provided
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TABLE 1. Default values of system parameters [8], [28], [36], [40], [44], [45], [58].

in Table 1, which include the values of the parameters of
the conventional MIMO architectures too, see Section V-B.
Recall that the analysis in Section III-D revealed that Ry
should scale with the square of the area of the passive sur-
face that is intended to be illuminated. Therefore, for FI
and blockage-free PI, the value of R; has to scale with
VM such that the elevation angular extent 6y of the entire
array with respect to any of the active antennas remains
approximately constant, see (17). Furthermore, we assume
a fixed value for R, which is larger than A/2 to ensure
negligible mutual coupling among the active antennas, see
Assumption A3. In contrast, for PI and SI, the value of Ry
has to scale with /M/N such that the elevation angular
extent of each sub-array with respect to its dedicated active
antenna remains approximately constant. Moreover, we scale
R, with M such that each active antenna remains close to
the center of the area where the passive elements it serves
are located. Therefore, in Table 1, we provide the values of
R, and R, for two scenarios, namely scenario S1 for FI and
blockage-free PI, and scenario S2 for PI and SI.

B. BENCHMARK SCHEMES

We consider the FD, FC hybrid, PC hybrid, and LA anten-
nas as benchmark architectures. The precoder structures and
power consumption models for these architectures are sum-
marized in Table 2. In the following, we briefly explain
the assumptions made to arrive at these expressions for
conventional MIMO systems.

Fully-Digital MIMO: Here, we have N = M RF chains
which enable FD precoding, i.e., F = B, where B is the
digital precoder. For FD MIMO, we adopt the optimal uncon-
strained precoder obtained from the SVD of the channel and
water filling power allocation [7].

Fully-Connected Hybrid MIMO: In the FC hybrid archi-
tecture, we have N RF chains whose outputs are connected to
M antennas via passive analog dividers, phase shifters, and
combiners [5]. For this MIMO architecture, the precoder is
given by F = RB, where B € CV*? denotes the digital
precoder and R € AM*N represents the analog RF precoder.
We adopt the spatially-sparse precoder introduced in [5].
For large RF networks, the insertion loss may easily exceed
20-30 dB which makes a one-shot power compensation
infeasible due to amplifier nonlinearities at high gains [8].
In practice, to compensate for this insertion loss, multiple
gain-compensation amplifiers (GCAs) are cascaded to ensure
that a minimum power is delivered to drive the PAs before
transmission via the antennas [8], [46]. Assuming that the
signal is amplified by GCAs before being fed to the PAs
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Parameter l n| L 01, 07 G),/, 2 No Np w A d Ry R, K
Value | 100m | 2 [~2/3,27/3] | [~7/2,7/2] | —174 dBm/Hz | 6 dB | 100 MHz | 10 mm (28GHz) | A/2 | SI:A4AL, sz:% Sl1:2d, $2:4YZM | 49 (20 dB gain)
Parameter Py, Pie Py Pix Pinp | Gamp Lp L¢ Lp (1/pp in dB) 1/p%" in dB Pamp | Q | N | M | J
Value | 200 mW | 100 mW | 5 mW | 20 dBm | 40 mW | 10 dB | 3.6 dB | 3.6 dB 2 dB IRS: 0.5 dB, ITS: 1.5dB | 0.3 | 4 | 4 | 256 | 16
12

to compensate for the RF losses,'~ the power consump-
tion of the RF network is given by [ GL.d:,ﬂPamP’ where
Ly is the total loss in dB occurring in the RF network,
Gamp denotes the maximum amplification gain of the GCAs
in dB, and P,y is their respective power consumption.
Assuming that the power dividers (combiners) are imple-
mented by a cascade of two-port power dividers (combiners),
we need at least [log,(M)] ([log,(N)]) stages of division
(combining) [46], [59]. Therefore, the total power loss for
the signal flowing towards each antenna is obtained as
Lt = [logy(M)]Lp + [logy(N)1Lc + Lp, where Lp (Lc)
is the power loss of each three-port divider (combiner) in
dB and Lp = 10log;((1/pp) [46], [59].

Fartially-Connected MIMO: The signal model for the PC
architecture is identical to that of the FC architecture, i.e.,
F = RB, with the difference that R is now a block-diagonal
matrix R = diag(ry, ..., ry), 1, € A*! where r, € An*!
is the RF precoder vector which connects the output of the n-
th RF chain to r, antennas [9], [54]. Note that Zflvz =M
has to hold. We assume that all RF chains are connected to
the same number of antennas, i.e., r, = M/N, Vn, where we
assume that N is a divisor of M. Equivalently, the precoder
for the PC architecture can be rewritten as F = DTB where
T is a fixed matrix whose element in the m-th row and n-th
column is one if the m-th antenna is connected to the n-th
RF chain and zero otherwise and diagonal matrix D is the
corresponding analog precoder. Considering the structure of
F, the proposed Algorithms 1 and 2 can be exploited for
precoder design for the PC hybrid MIMO architecture. In
Fig. 8, where we compare PC MIMO and IRS/ITS-aided
MIMO, we employ Algorithm 2 for both architectures to
ensure a fair comparison. Noting that the PC architecture
does not include a power combiner and assuming that the
power dividers are implemented by a cascade of two-port
power dividers, we obtain the total power consumption given
in Table 2.

Lens Array MIMO: EM lenses are phase-shifting devices
which can be designed employing either an array of passive
antenna elements (similar to the considered ITS) [13] or
continuous aperture phase shifting [4], [12]. We consider the

12. In practice, multiple stages of power amplification are needed within
the RF network to ensure that the signal power does not get too weak,
see [8] for examples of multiple-stage power amplification. Our motivation
for considering single-stage power amplification in this article is two-fold.
First, the exact design of multiple-stage amplification crucially depends
on the specific system parameters, e.g., M, N, Gamp, and Ly, and can-
not be easily generalized. Second, since the number of required GCAs is
larger for multiple-stage amplification, single-stage amplification constitutes
a favorable choice for hybrid MIMO architectures, which we consider as
performance benchmarks.
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TABLE 2. Comparison of different MIMO architectures, namely FD, FC, PC, LA, IRS-aided, and ITS-aided antennas.

Architecture | Precoder F Constraints Total Power Consumption Pt
FD B B e CVx@ Py + MPr + 2=
FC RB BeCVQ RealN Pon, + N B + [ToCDlLogfon MLt | 3 p,,, + Pix
PC RB B e CN*Q, R = diag(ry,...,rn), 10 € AL SN p =M Py + NP + {7“"%2(” {1“’“"] M Pop + 22
LA DTSB | B € CV*Q, S € {0, 1}X%V fixed matrix T € CM*~_ fixed D = diag(ds, ..., dar), dm € A Pob + NPte + NPo + 51
IRS & ITS DTB B € CV*? fixed matrix T € CM*N (cf. (9)), D = diag(dy, .. -, dy),dm € A Py + NPy + [“17)

former option since it allows us to employ similar surfaces
for LA and ITS-aided antennas. Therefore, the precoder for
LA antennas is given by F = DTSB, where B € CV*€ is the
digital precoder matrix, S € {0, 1}X*V is a binary switching
matrix which specifies which RF chain is connected to which
active antenna, T € CM*K ig a fixed matrix which models the
channel between the active and the passive surface (similar
as for IRS/ITS-aided antennas in (9)), and D € AM*M js a
fixed diagonal matrix with unit-modulus elements designed
with the objective to focus the wavefront perpendicular to
the lens plane at the focal point of the lens (i.e., a non-
reconfigurable/non-intelligent surface). For LA antennas, we
use a modification of the proposed OMP-based precoder
obtained with Algorithm 2. Since for LA antennas D is
fixed and different active antennas are selected via matrix
S for transmission in different directions, the main change
required when adapting Algorithm 2 to LA antennas is that
line 4 is replaced with the selection of the active antenna
which is used to transmit the signal of RF chain n along the
AoD (91’:, d)l’:) chosen in line 3. Here, we adopt the following
antenna selection strategy:

1, if k= argmax |(h'(0L, ¢})DT);
k=1,..K S
0, otherwise.

[Slk,n = (30)

Moreover, we assume that in the LA architecture, the active
antennas are placed on the focal arc of the lens as given
in [11, Egs. (1) and (2)] with focal distance 4A+/M /7, and
illuminate the center of the passive EM lens. For the design
in [11], the number of active antennas is a linear function of
the effective lens aperture or equivalently M, which we refer
to as LA antennas with full K. In addition, we consider the
case where K is fixed independent of M and refer to it as LA
antennas with fixed K. The power consumption model for
LA antennas is similar to that for ITS-aided antennas except
for the additional power consumed by the N active switches,
i.e., NPy, where Pg,, denotes the power consumption of each
switch [36].

C. PERFORMANCE OF PROPOSED PRECODERS AND
IMPACT OF THE SYSTEM PARAMETERS

In Fig. 5, we show the spectral efficiency R (bits/s/Hz)
from (18) versus the number of transmit antennas M for
SI, Q =N =4, and J € {16, M/4}. Note that both IRS/ITS-
aided antennas yield the same spectral efficiency since we
neglect the impact of the blockage of the active antennas in
IRS-aided antennas and the difference in the array efficiency
factor p4 for these architectures only influences their power
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FIGURE 5. Spectral efficiency (bits/s/Hz) versus number of transmit antennas M for
Sl,@=N=4,and J € (16, M/4}.

consumption but does not impact their spectral efficiency.
We observe that, as the number of antennas M increases,
the spectral efficiency increases. However, the slope of the
increase is larger for / = M/4 than for J = 16. As can be
seen from Fig. 5, the Ml-based procoder outperforms the
OMP-based precoder in terms of spectral efficiency. This
is expected since the MI-based procoder is optimized for
maximization of the achievable rate whereas the OMP-based
precoder is obtained by approximating the optimal uncon-
strained FD precoder. Nevertheless, the additional gain of the
Ml-based procoder is small and decreases as M increases.
This can be attributed to the fact that both the MI- and OMP-
based precoders search over the same sets for their respective
phase-shift matrices whose cardinality is rather small, i.e.,
NL. In fact, we show later in Fig. 10 that for rich scat-
tering environments (i.e., large L), the proposed MI-based
precoder achieves larger performance gains over the OMP-
based precoder. For the remainder of this section (except
for Fig. 10), we consider poor scattering mmWave channels
(specifically L = 8), and hence focus on the OMP-based
precoder.

In Fig. 6, we show the spectral efficiency (bits/s/Hz) ver-
sus the number of transmit antennas M for Q = N = 4
and J = 16, and study the impact of the different illumi-
nation strategies introduced in Section III-B, namely FI, PI,
SI, blockage-free PI, and uniform SI, see Fig. 4. As can be
observed from this figure, PI achieves a better performance
than FI. This can be explained as follows. For the proposed
precoder, the passive elements are partitioned into N mutu-
ally exclusive subsets, i.e., M,, n=1,..., N, where each
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FIGURE 6. Spectral efficiency (bits/s/Hz) versus number of transmit antennas M for
Q = N = 4, J = 16, and different illumination strategies.

subset is responsible for reflection/transmission of the signal
of one of the active antennas, see (20). For PI, the positioning
of the active antennas minimizes the interference between
the different subsets of passive antennas M,, n=1,...,N,
which is beneficial for performance, whereas for FI there is
significant interference between different subsets of passive
antennas, which cannot be mitigated by the precoder. To
study the impact of the power distribution across the pas-
sive antennas, we also show the achievable rate for uniform
SI, see Proposition 1 and Corollary 1. As expected, uni-
form SI outperforms SI; nevertheless, the additional gain is
small. Furthermore, we observe from Fig. 6 that blockage-
free PI, which is designed to avoid the blockage of desired
Ao0As/AoDs by the active antennas for the IRS-aided archi-
tecture, achieves the lowest spectral efficiency. This is due to
the higher over-the-air power loss and the more non-uniform
power distribution across the intelligent surface compared to
the other illumination strategies.

Next, we study the impact of the positioning of the active
antennas and the intelligent surface via parameters R, and Rg.
Unfavorable positioning of the active antennas and the intel-
ligent surface causes matrix T to be ill-conditioned which in
turn decreases the achievable rate of any precoder design due
to the reduced degrees of freedom in F = DTB. Moreover,
an ill-conditioned matrix T leads to an increase of the power
that has to be radiated by the active antennas to achieve a cer-
tain transmit power for the intelligent surface, see Lemma 1.
Therefore, we study the condition number of matrix T, i.e.,
@ (T), for different illumination scenarios. Recall that a well-
conditioned matrix T has a condition number close to one.
In Fig. 7, we show the condition number @ (T) versus a)
R, for Ry = 4Ry where Ry £ d\/NEN (see (17)) and b)
Ry for R, = 2d assuming M = 256, N = 4, and different
illumination strategies, namely FI, PI, SI, blockage-free PI,
and uniform SI. As can be seen from Fig. 7 a), for FI, PI,
and blockage-free PI, the condition number of T improves
(i.e., decreases) as R, increases. Whereas for SI (uniform
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FIGURE 7. Condition number @ (T) versus a) Ry for Ry = 4Ry and b) Ry for
Rr = 2d assuming M = 256, N = 4, and different illuminations.

SI), the condition number of T is close to one (exactly
one) for the entire considered range of R,. On the other
hand, Fig. 7 b) shows that, for FI, PI, and blockage-free
PI, the condition number of T generally increases as Ry
increases which is expected since the columns of matrix T
become more similar. Interestingly for SI (uniform SI), the
condition number of T remains again close to one (exactly
one) for the entire considered range of R;. From Figs. 6
and 7, we conclude that SI yields a better performance than
FI and PI. This makes SI a suitable illumination option
especially for the ITS-aided architecture which does not
face the issue of the blockage of AoAs/AoDs by the active
antennas. More importantly, as far as hardware implemen-
tation is concerned, SI is simpler than FI and PI since each
active antenna and its respective passive elements can be
manufactured independent of the other active and passive
antennas.

D. COMPARISON OF DIFFERENT MIMO
ARCHITECTURES

For IRS/ITS-aided antennas, we adopt the proposed OMP-
based precoder (except for Fig. 10) and the SI illumination
strategy. For comparison, in addition to the benchmark
schemes discussed in Section V-B, we consider the AO-
based precoder in [37] for IRS-aided antennas. In this case,
we adopt the FI strategy, not SI, since this precoder was not
designed for SI and, as a result, has a poor performance in
this case.

In Fig. 8, we show a) the spectral efficiency R (bits/s/Hz)
given in (18), b) the corresponding total consumed power Py
(dBm), and c) the corresponding energy efficiency WR/ Py
(bits/joule) versus the number of transmit antennas M for
Q =N =4 and J = 16. Our observations from Fig. 8 can
be summarized as follows:
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FIGURE 8. a) Spectral efficiency (bits/s/Hz), b) total consumed power Pyt (dBm),
and c) energy efficiency (MBits/Joule) versus number of transmit antennas M for
Q=N=4andJ=16.

o Ascan be seen from Fig. 8 a), the FC hybrid architecture
can closely approach the spectral efficiency of the FD
architecture. As expected, PC hybrid MIMO has a lower
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spectral efficiency compared to FC hybrid MIMO due to
the fewer degrees of freedom available for beamforming
in PC MIMO, i.e., only M phase shifters are used in PC
MIMO whereas MN phase shifters are employed in FC
MIMO. Although the IRS/ITS-aided architectures also
have M phase shifters, they achieve a slightly lower
spectral efficiency compared to the PC architecture due
to non-uniform power distribution across the intelligent
surface. The LA antennas with full K outperform the PC
and IRS/ITS-aided antennas since the entire surface/lens
can be used for transmission of the signal from each
active antenna due to their placement on the focal arc
of the lens. However, in practice, linearly increasing K
with M is infeasible as active antennas are costly and
bulky. For a fixed K of 64, the achievable rate of the
LA antenna even decreases with M which is due the
fixed number of supported AoDs and the narrow beam
generated by the lens. We investigate the impact of K
on the performance of LA antennas in more detail in
Fig. 9.

We also observe from Fig. 8§ a) that the proposed OMP-
based precoder outperforms the AO-based precoder
in [37] by a large margin. This might be attributed to
the fact that the iterative AO-based algorithm in [37] is
more prone to getting trapped in a local optimum which
is avoided by the proposed OMP-based precoder as it
efficiently exploits the sparsity of mmWave channels.
The main advantage of the IRS/ITS-aided architectures
is their scalability in terms of the number of antennas M
which is evident from Figs. 8 b) and ¢). In fact, IRS/ITS-
aided MIMO (using the proposed precoder) achieve
similar spectral efficiency as FD and FC MIMO if they
are equipped with N times more antennas, e.g., in Fig. 8
a), FD and FC MIMO with M = 256 antennas and
IRS/ITS-aided MIMO with M = 1024 antennas achieve
the same spectral efficiency of 37.5 bits/s/Hz. However,
from Fig. 8 b), we observe that the total transmit power
of the conventional FD, FC, and PC architectures sig-
nificantly increases as M increases which makes their
implementation quite costly or even infeasible.!> We
note that the high power consumption of FD antennas
can be attributed to the large number of DACs whereas
that of the PC and FC hybrid antennas is mainly caused
by the GCAs needed to compensate for the power loss
in the analog network [8]. On the other hand, the total
power consumption of the LA and IRS/ITS-aided archi-
tectures remains almost constant as M increases, which
is mainly due to the efficient over-the-air connection
between the active and passive antennas [25], [35].
We observe from Fig. 8 b) that the power consump-
tion of the LA architecture does not depend on the
number of active antennas K. However, the overall

13. We note that the jumps in the power consumptions of the FC and
PC MIMO architectures in Fig. 8 b) are due to an increase of the number

in required GCAs per antenna, i.e., [

Lyt
Gamp

1, as M increases.

VOLUME 2, 2021



IEEE Open Journal of the
Communications Society

~I|EEE
ComSoc

40 T

# Active Antennas = K = 180

# Active Antennas = N = M = 256 |
- = o =t

P
o

30

25+ .
# Active Antennas = N =4

20

——FD SVD
—&— LA, Prop. OMP, full K [11]
—p— LA, Prop. OMP, given K

—o— ITS, Prop. OMP

Spectral Efficiency (Bits/s/Hz)

10

5 I I T
0 50 100 150 200 250 300

Number of Active Antennas for LA with Fixed K

FIGURE 9. Spectral efficiency (bits/s/Hz) versus number of active antennas K in the
LA MIMO architecture for @ = N = 4, M = 256, and J = 16.

power consumption of LA antennas is higher than that
of IRS/ITS-aided antennas since the active antennas
have to transmit with higher power Py to achieve the
same transmit power of the intelligent surface Pi. In
particular, for the LA architecture, the active anten-
nas have to be placed on the focal arc of the lens,
which leads to a severely non-uniform power distri-
bution across the intelligent surface for the received
signal of some of the active antennas. This issue does
not exist for IRS/ITS-aided antennas which is the rea-
son for their lower power consumption compared to
LA antennas. In addition, from Fig. 8 b), we observe
that the proposed ITS-aided antennas have a lower
power consumption compared to the proposed IRS-
aided antennas due to their higher array efficiency
factor, i.e., [pstlas = 2lpplap +Ipy la = —4.5 dB and
[pstlas = [pplas + [p}"las = —3.5 dB, see Table 1.
Furthermore, the precoder in [37] leads to a higher
power consumption than the proposed precoder since
the latter employs SI whereas the former employs FI.

« We observe in Fig. 8 c) that the energy efficiency of the
conventional FD, FC, and PC architectures decreases
as M increases whereas the energy efficiency of the
proposed IRS/ITS-aided architectures increases. This
is mainly due to the high power consumption of the
conventional architectures for large M. For LA anten-
nas with fixed K = 64 (full K), the energy efficiency
decreases (increases) due to the decreasing (increasing)
spectral efficiency as M increases.

In Fig. 9, we show the spectral efficiency (bits/s/Hz) of
the LA architecture versus the number of active antennas K
for Q =N =4, M = 256, and J = 16. In addition, we also
show the performance of the LA architecture with the full
K design in [11] (K = 180 for M = 256 and the considered
range of AoDs), the proposed ITS-aided architecture (with
4 active antennas), and the FD architecture (with 256 active
antennas). As expected the achievable rate of LA antennas
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FIGURE 10. Spectral efficiency (bits/s/Hz) versus number of channel paths L for
Q=N=4,M e {100, 400}, and J € {16, 36}.

improves with K due to the larger number of supported
AoDs. However, the curve saturates for large K (approxi-
mately K > M) since in this regime, the bottleneck is the
passive lens (i.e., how narrow the beam can be made). Fig. 9
shows that at M = 256, the proposed ITS-aided architecture
with only 4 active antennas outperforms the LA architecture
with K = 132 antennas.

In Fig. 10, we compare the performance of the AO-based
precoder in [37] and the proposed MI-based and OMP-based
precoders in more detail for different scattering environments
and different numbers of transmit antennas. In particular, in
Fig. 10, we show the spectral efficiency (bits/s/Hz) versus the
number of channel paths L for Q =N =4, M € {100, 400},
and J = 16. From this figure, we observe that as the num-
ber of channel paths L increases, the spectral efficiency
of the proposed MI-based and OMP-based precoders first
increases and then decreases. This behavior is due to the
fact that the proposed precoders select the N best paths.
Therefore, for larger L, we have more paths to select from,
which yields a diversity gain, but selecting only N out of
L paths becomes a limiting factor. In contrast, the spec-
tral efficiency of the AO-based precoder in [37] increases
as L increases. This is due to the fact that the AO-based
precoder in [37] does not explicitly choose its phase-shift
matrix based on the transmit array response of the avail-
able paths. In fact, increasing L leads to a better conditioned
channel matrix which improves the convergence behavior of
the precoder in [37]. In addition, we observe from Fig. 10
that the performance gain of the proposed precoder over
the AO-based precoder increases with the number of trans-
mit and receive antennas. This behavior is in line with the
results reported in the literature which state that for large
M, even the optimal unconstrained precoder transmits the
data over at most the N strongest channel paths [5], [7].
Finally, we observe that for all ranges of the parameters
considered in Fig. 10, the proposed MI-based precoder out-
performs both the proposed OMP-based precoder and the
AO-based precoder in [37].
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E. CSIIMPERFECTION

Next, we investigate the impact of channel estimation errors
on the performance of the proposed precoder design. We
assume that the channel is reconstructed by estimating the
AoAs (6], ¢]), the AoDs (0], ¢}), and the corresponding
channel coefficients #;. The estimated parameters are mod-
eled as ¥ = x+ €, x € (0], 9], 6], ¢, i}, where €, denotes
the estimation error and is a (real for AoAs/AoDs and com-
plex for h;) zero-mean Gaussian RV. For simplicity, we
assume that the estimation errors of different parameters are
independent, the estimation error variances for the AoAs
and AoDs are identical, and the number of paths L is cor-
rectly estimated. As a measure for the estimation quality,
we use the widely-adopted normalized mean square error
(NMSE), defined as |H— H||%/||H||12¢, where H denotes the
estimated channgl matrix [60], [61]. We use the estimated
channel matrix H for the precoder design, but compute the
spectral efficiency for the actual channel matrix H. Fig. 11
shows the spectral efficiency of the FD and IRS-aided archi-
tectures versus the NMSE for M = 400, Q = N = 4,
and J = 16. To separately investigate the impact of esti-
mation errors of the AoAs/AoDs and the path coefficients,
we consider three cases, namely i) the AoAs and AoDs
are estimated and the path coefficients h; are known, ii)
the path coefficients h; are estimated and the AoAs and
AoDs are known, and iii) the path coefficients /; and the
AoAs/AoDs are estimated and the estimation error €, has
the same variance, Vx € {6/, ¢/, 6, #;, bj}. In addition to
FD antennas and IRS-aided antennas using MI-based and
OMP-based precoders, we also show results for IRS-aided
antennas with a random precoder as a baseline. The ran-
dom precoder F = DTB is computed by initially generating
the entries of D and B as zero-mean unit-variance complex
Gaussian RVs, then normalizing each entry of D to ensure
the unit-modulus constraint, and finally normalizing matrix
B to ensure the transmit power constraint |F||f = 1, such
that the random precoder satisfies F € F. From Fig. 11,
we observe that for small NMSE (approx. below 0.1), the
performances of the considered precoders designed based
on estimated channel H and perfect channel H are similar.
For the estimated AoAs/AoDs, the achievable spectral effi-
ciency decreases as the NMSE increases. Note that, in this
case, the NMSE is upper bounded by 2. Here, the upper
bound corresponds to the extreme case where the estimated
and the acAtual Ao0As/AoDs are independent RVs, which
yields [E{||H—H||12v} = 2[E{||H||129}. In contrast, for estimated
hy, although the achievable spectral efficiency decreases as
NMSE increases, it saturates to a larger value. The reason
for this behavior is that the values of A; determine the N
best directions among the known AoDs/AoAs for transmis-
sion and the corresponding power allocation to the beams.
Since the number of paths is small, i.e., L = 16, and the
actual AoAs/AoDs are known, we can achieve a large rate
even by random path selection and random power alloca-
tion where the randomness is due to severely imperfect hy.
On the other hand, if the AoDs are incorrectly estimated,
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the precoder transmits the signal in wrong directions which
severely reduces the amount of signal power that reaches the
receiver. In fact, for large NMSEs, precoder designs based on
imperfect CSI are even outperformed by the random precoder
which scatters the signal in all directions. Moreover, we
observe from Fig. 11 that the imperfect AoAs/AoDs are the
performance bottleneck when both the AoAs/AoDs and the
path coefficients are imperfect. Furthermore, Fig. 11 suggests
that the impact of channel estimation errors on the achievable
spectral efficiency of the FD and IRS-aided architectures is
quite similar.

VI. CONCLUSION AND FUTURE WORK

In the following, we first briefly present the major conclu-
sions drawn from this article, and then we provide some
directions for future research.

A. CONCLUSION

In this article, we proposed to employ IRS and ITS to realize
the full potential of mmWave ultra massive MIMO in prac-
tice. In particular, we derived models for the corresponding
precoder structure and the consumed power that accounted
for the imperfections of IRS/ITS. Furthermore, we proposed
different illumination strategies for the active antennas to
realize the full potential of IRS/ITS-aided MIMO. Based on
the derived precoder structure and exploiting the sparsity
of mmWave channels, we designed two efficient precoders
for IRS/ITS-aided antennas; namely MI- and OMP-based
precoders. Our comprehensive simulation studies provided
the following interesting insights for system design: 1) A
proper positioning of the active antennas with respect to
the intelligent surface leads to a considerable improvement
in spectral efficiency of IRS/ITS-aided MIMO architectures.
2) In poor scattering environments, the proposed OMP-based
precoder approaches the performance of the proposed MI-
based precoder, whereas in rich scattering environments,
there is a performance gap between these two precoders.
Therefore, in channels with poor scattering, the proposed
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OMP-based precoder is preferable due to its lower compu-
tational complexity, whereas in channels with rich scattering,
the proposed Ml-based precoder may be preferable due to
its superior performance. 3) For large numbers of transmit
antennas, the conventional MIMO architectures are either
energy inefficient (due to the high power consumption of the
large numbers of RF chains of the FD MIMO architecture
and the large power loss in the RF network of the hybrid
MIMO architectures) or expensive and bulky (due to the
large numbers of active antennas required for the LA MIMO
architecture). 4) The proposed IRS/ITS-aided MIMO archi-
tectures are highly energy efficient (because of the almost
lossless over-the-air connection between the active anten-
nas and the passive intelligent surface) and fully scalable in
terms of the number of transmit antennas (since unlike for
LA antennas, only few active antennas are required).

B. FUTURE WORK
The results of this article can be extended in several
directions.

Reception Design: In modern systems, the same node usu-
ally serves as both transmitter and receiver, e.g., a base
station (BS) in cellular networks. Since the resources used
for transmission and reception are typically orthogonal in
time and/or frequency, it is customary to treat the transmis-
sion and reception problems separately. In this article, we
studied the use of IRS/ITS-aided antennas at the transmitter
and focused on the modeling and design of the precoder. An
important direction for future research is to investigate the
application of IRS/ITS-aided antennas at the receiver and to
develop corresponding combining schemes.

Multi-user Communications: In this article, we considered
a point-to-point MIMO system, which is a suitable model
for, e.g., data backhauling from a macro BS to a small-
cell BS. Other interesting network architectures include the
uplink and downlink between a BS and multiple mobile
users. The design of corresponding precoders and combin-
ers when the BS employs IRS/ITS-aided antennas constitutes
an interesting research problem for future work, see [44].
Hereby, one may consider different precoder design crite-
ria including maximization of the users’ sum rate, fairness
among the users, and the coverage area.

Channel Estimation: In this article, we assumed that
knowledge of channel matrix H is available at both transmit-
ter and receiver, which is a widely-adopted assumption for
precoder design in the literature [5], [9], [37], [44], [45], [50],
[53]-[55], [62], [63]. In practice, channel matrix H has to be
estimated from pilot symbols. A simple approach is based
on beam steering whereby the transmitter and the receiver
create pencil beams along specific AoDs (9; , qblt) and AoAs
(0], ¢7), respectively, and estimate the corresponding chan-
nel coefficient /;. Channel matrix H can be estimated by
repeating this procedure for all possible AoDs and AoAs
with a predefined resolution. Since this simple approach
may cause a huge training overhead for high-quality chan-
nel estimation, more efficient channel estimation techniques
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have been developed in [3], [61], [64] using compressed
sensing, which exploits the sparsity of the mmWave chan-
nel. Although the beam steering technique can be directly
applied to IRS/ITS-aided antennas, the existing compressed
sensing-based schemes rely on the precoder structure of the
conventional hybrid beamforming architectures, and hence,
have to be suitably modified for application to IRS/ITS-
aided antennas. Moreover, since the number of pilot symbols
is limited due to the finite coherence time of the channel,
estimation errors are unavoidable. This motivates the design
of robust precoders for IRS/ITS-aided architectures which
account for estimation errors, see [65] for robust precoder
designs for conventional hybrid and FD architectures.

APPENDIX A
PROOF OF LEMMA 1

The power radiated by the active antennas is obtained as
P = trace(E{xx")) & Py trace(BBM} = Py ||B||2, where
equality (a) follows from X = /PyBs and E{ss"} = I,.
Similarly, the transmit power radiated by the intelligent sur-

face is given by Py = trace{[E{xxH}} = Ptx trace{FFH} = @

Py trace{DTBBAT'DH) <€ P trace(TBBHTHD"D} =
P | TB||%, where equality (a) follows from X = /PxFs
in (1), equality (b) follows from F = DTD from
Proposition 1, and equality (c) follows from the matrix equal-
ity trace{AB} = trace{BA}. Therefore, ||TB||12¢ = 1 has to
hold. Moreover, the Frobenius norm of the product of two
matrices are bounded as [66]

(DB < ITBII < 0ax (DIBIIZ-

Using the above bounds and recalling that | TB|2 % = 1 holds,

we obtain bounds ode(T) < |BJ3 < ar;é(T) whose sub-

stitution in Prg = Pi||B|| 7 leads to the tighter lower and

€2y

mm

upper bounds in (13). Moreover, crmm(T) and amax(T) are
bounded respectively as
ITIE =) 0, (D)
n
o (T)
= opin(D ) 5=— < Nop (D@ *(T)  (32)
n mln(T)
ITIF =) 04 (D)
n
2y D 07 (1) _ Nogy (D) (32b)
i L 52 (T) —  w(T)

On the other hand, ||T||12p can be computed as

ITIF =) pat
n

A 2
x Z( ) (05> )G (0> Bin)
— 4 rm

A

= NpsrfpzmpSa (33)
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where A, is the fraction of power radiated from active
antenna n and collected by the surface. A, is related to
spillover loss ps and the passive antenna aperture loss p3™.
Assuming that p§™ and pg are identical for all active anten-
nas, we obtain A, = ,ogmps, Vn. Substituting (33) in (32a)
and then in (31) leads to the looser lower and upper bounds
in (13) and concludes the proof.

APPENDIX B

PROOF OF LEMMA 2

The proof follows from similar arguments as those pro-
vided in [5]-[7], [50] for the precoder design of conventional
MIMO systems. In particular, for the achievable rate R(F),
the precoder appears in the term HF = HF3, + HFHL
The elements of matrix HFHL are obtained based on the
multiplication of the rows of H and the columns of FHJ_
Moreover, the rows of H belong to space H; whereas the
columns of FHL belong to space H;-. Since H, and H;- are
orthogonal, we obtain HFHL = 0; n. Therefore, FHL does
not 1mpact the achievable rate in (18). Moreover, we have
||F||F = trace(FF") = trace((F3, + FH})(FHt + FH’L) ) =
trace (3 Ky + Fp B 1) = I 7 + IIF32 I > 1F3q, U7
where we used trace(FH,F;'_l rl) = trace(FHtLF%) = 0. This
concludes the proof.

APPENDIX C
PROOF OF LEMMA 3

~ 1
Let us define B = (C'l'iC1)7B € C2*N_ Assuming C'l'iCl is
a non-singular matrix, the constraint in (21) is rewritten as

trace(ClBBHC'l")

I

2

— trace cl(ct‘cl)_%ﬁﬁ'*(c'ﬂcl) cH

I

1

© trace ﬁﬁ”(c'ﬂcl) 7CHCI(CHcl) ’

= trace (ﬁﬁH) , (34)

where for equality (a), we used the relation trace(XY) =
trace(YX) for X € C"™"™ and Y € C"™*", Based on this result

and using the definition H = HC,(CHC|)"2 € C/*V, the
problem in (21) is rewritten as

maximize
BeCNxQ

subject to : trace(ﬁ§H> < 1.

)IJ + yﬁﬁszﬁH(
(35)

The above problem has the form of MI maximization for
an FD MIMO system with equivalent channel matrix H.
Thus, the solution is found via the waterfilling algorithm as
B = [vy, ..., vplZ [7]. Then, the optimal baseband precoder

is given by B = (C';'Cl)_%fi which concludes the proof.
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