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Abstract

Reconfigurable intelligent surface (RIS) has been envisioned as a promising and cost-effective
technique to enhance future wireless communications. Extensive research attention has been
drawn to the use of conventional diagonal RIS with diagonal phase shift matrices, where each
RIS element is connected to its own load to ground but not connected to other elements. How-
ever, the simple architecture of conventional diagonal RIS limits its flexibility of manipulating
passive beamforming. To fully exploit the benefits of RIS, a new technical advance, namely,
beyond diagonal (BD) RIS, has emerged by introducing inter-element connections. This thesis
aims to develop novel architectures and modes of BD-RIS with performance enhancements,

study corresponding signal processing solutions, and characterize hardware impairments of

BD-RIS.

First, we propose two new branches of BD-RIS, namely BD-RIS with hybrid transmitting and
reflecting mode, and BD-RIS with multi-sector mode, which enable enhanced channel gain and
enlarged coverage compared to conventional diagonal RIS. Specifically, the modeling, architec-

ture design, discussions, and beamforming design for the proposed two modes are provided.

Second, we study the signal processing techniques for BD-RIS aided multi-antenna systems.
Specifically, we start by synergizing BD-RIS with rate-splitting multiple access, which is a non-
orthogonal technique providing additional flexibility for the interference management. Under
imperfect channel state information conditions at the transmitter, a stochastic optimization
problem is formulated and efficiently solved. Then, we propose an efficient pilot sequence and
BD-RIS design for channel estimation, which theoretically guarantees to achieve the perfor-

mance lower-bound.

Finally, we characterize two important hardware impairments at BD-RIS, namely, mutual cou-
pling and frequency dependence in wideband systems. To evaluate the impact of mutual cou-
pling at BD-RIS, we adopt dipole antennas and model the mutual coupling as a function of
inter-antenna spacing. To evaluate the impact of frequency dependence at BD-RIS, we adopt

lumped circuit models in wideband communication systems.
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Chapter 1

Introduction

The forthcoming next-generation 6G is expected to address 5G drawbacks, improve existing
techniques, and lead new technological trends [1,2]. Reconfigurable intelligent surface (RIS),
which can build controllable radio environments and improve communication quality in a cost-
effective manner [3-7], is regarded as one of the promising techniques to drive the 6G archi-
tectural evolution [2]. An RIS is a two-dimensional planar surface which consists of numerous
nearly passive elements with ultra-low power consumption. Each element has a multi-layer
structure composed of rectangle patches and tunable components, e.g., positive intrinsic neg-
ative (PIN) diodes, which can be independently switched between “ON” and “OFF” states,
thereby generating different responses, i.e., phase shifts and amplitudes, for incident signals [6].
Thus, RISs can be flexibly deployed into various wireless communication systems to modify the

propagation environment without much power consumption.

1.1 Background and Motivations

1.1.1 Conventional Diagonal RIS

In most existing RIS literature, the simplest architecture, where each element is connected to its
own reconfigurable load but is disconnected from other elements, is considered. Therefore, the
scattering matrix of this kind of RIS, namely conventional diagonal RIS, is modeled as a simple
diagonal phase shift matrix. With this simple architecture, three main research directions,
namely, beamforming design, channel estimation, and modeling of hardware impairments, have

been well studied and are briefly summarized below.

Beamforming Design: With the conventional diagonal RIS, beamforming design for sin-
gle RIS-aided wireless communication systems has been developed using different metrics,

e.g., power minimization, rate maximization, and max-min fairness [8-11]. Considering the

1



2 Chapter 1. Introduction

high hardware complexity and cost of realizing RISs with infinite/high-resolution phase shifts,
research on practical finite/low-resolution cases has been developed [12,13]. To further im-
prove the system performance, multiple RISs and coordination problems have also been stud-
ied [14-16]. In addition, RIS has also been investigated to provide performance enhancement in
various scenarios, e.g., wireless power transfer (WPT) [17], simultaneous wireless information
and power transfer (SWIPT) [18], integrated sensing and communication (ISAC) [19], cognitive
radio [20], and index modulation [21].

Further, the interplay between RIS and rate-splitting multiple access (RSMA), which is a non-
orthogonal transmission strategy enabling more flexible inter-user interference management
comparing to other existing multiple access techniques, such as spatial division multiple ac-
cess (SDMA) [22], has been recently proven to have performance benefits. Specifically, the
synergy among the conventional diagonal RIS and 1-layer RSMA in multiuser systems is most
commonly considered, whose benefits are shown by focusing on various metrics, such as sum-
rate maximization [23], energy efficiency maximization [24], outage probability analysis [25-27],
transmit power minimization [28], and max-min fairness [29]. In addition, the interplay between
conventional diagonal RIS and RSMA beyond 1-layer architectures, such as 2-layer hierarchical
RSMA [30,31], is also studied. While the abovementioned RIS aided RSMA work [23-31] is
restricted to perfect channel state information (CSI) conditions, a more practical imperfect CSI

scenario is analyzed in [32].

Channel Estimation: It is worth noting that the enhanced performance provided by RIS,
as illustrated in [8-21,23-31], depends heavily on accurate CSI. Therefore, in addition to
beamforming at RIS, another important research direction on RIS is channel estimation. In
conventional RIS literature on channel estimation, there are in general two strategies to obtain
the instantaneous CSI [33]. The first strategy is to separately estimate the channels between the
base station (BS)/users and the RIS by partially “activating” RIS elements using RF chains.
In this strategy, the separate channels can be estimated by leveraging channel reciprocity and
time division duplex (TDD) and applying conventional estimation approaches, such as the
estimation of signal parameters via rotational invariance technique (ESPRIT) and multiple
signal classification (MUSIC) [34], and compressed sensing (CS) [35,36]. This strategy generally
has low training overhead regardless of the number of RIS elements. However, the drawback is
that the equipment of RF chains will result in additional cost and power consumption, which
violates the original motivation of employing RIS in wireless communication systems. To avoid
the equipment of RF chains at RIS, the second strategy has been proposed, whose main idea
is to estimate the cascaded user-RIS-BS channels relying on purely passive RISs [37]. In this
strategy, the BS estimates the cascaded channel through proper design of the pilot sequence and
RIS patterns, such as the ON/OFF-based design [38] and the orthogonality-based design [39,40].
To reduce the training overhead, other estimation schemes, such as a three-phase framework [41]
and an anchor-assisted channel estimation [42], have been further proposed making use of the

common BS-RIS channels for different users. With the same motivation, a novel cascaded
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Figure 1.1: RIS classification tree.

channel estimation scheme has been proposed by exploiting the sparsity and correlations of

millimeter wave channels [43].

Hardware Impairments: The aforementioned research on conventional diagonal RIS assumes
an ideal RIS model with no hardware impairments, such as mutual coupling between elements,
power loss to realize each element, and dependence on signal frequencies, and focuses on the
purely theoretical analysis. However, those hardware impairments are generally not negligible
in practice and thus ignoring them might cause performance loss for practical implementation
and prototyping. To capture the power loss, practical RIS model analysis based on lumped
circuit models has been proposed in narrowband communication systems [44]. Furthermore,
the frequency dependence of RIS response in wideband systems has been accurately modeled
and analyzed in [45-47], as already experimentally highlighted in [48,49]. In addition, the
impact of mutual coupling at RIS has been analyzed in [50-52], where the strength of mutual
coupling has been measured based on the spacing between dipole antennas. To evaluate the
performance of RIS in practice, the near- and far-field free-space path loss models for RIS aided

wireless systems have also been theoretically derived [53] and experimentally verified [54].

1.1.2 Beyond Diagonal RIS

Conventional diagonal RIS can only control the phase of incident signal, which limits the ca-
pability for manipulating passive beamforming and thus degrades the performance. To address
the limitation of conventional diagonal RIS, beyond diagonal (BD) RIS has been proposed [55]
by interconnecting elements to mathematically generate nonzero off-diagonal entries of the RIS
scattering matrix. Under the concept of BD-RIS, four main research directions, namely, mod-
eling and architecture design, beamforming design, modeling of hardware impairments, and
mode analysis, have been investigated and are briefly summarized below, together with the
RIS classification tree illustrated in Fig. 1.1.
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Modeling and Architecture Design: The modeling of BD-RIS and the concept of group-
and fully-connected architectures, named according to the circuit topology of inter-element
connections, have been first proposed in [55], followed by the dynamic grouping strategy to
decide how to group elements [56]. To find a better performance-complexity trade-off, BD-RIS
with tree- and forest-connected architectures have been proposed in [57], which can achieve the
performance upper bound with the minimum circuit complexity. In addition, another novel RIS
architecture [58] has been proposed, where the signal impinging on one reconfigurable element
can be reflected from another one, yielding a non-diagonal phase shift matrix that enables more

flexible beam manipulation.

Beamforming Design: Based on different architectures of BD-RIS, the corresponding beam-
forming designs have been studied. Specifically, a closed-form globally optimal solution for
group/fully-connected BD-RIS aided single input single output (SISO) systems has been pro-
posed in [59]. Focusing on the same BD-RIS architecture, a low-complexity design for BD-RIS
aided multiple input multiple output (MIMO) systems has been proposed in [60] and a uni-
fied optimization framework for BD-RIS aided MIMO, adapting to power minimization, energy
efficiency and sum-rate maximization problems, has been proposed in [61]. Applications of BD-
RIS, such as interplaying with ISAC systems [62,63], interplaying with RSMA [64], enabling
wideband wireless communications [65,66], enabling the stacked intelligent metasurface [67],

and enabling channel reciprocity attacks [68], have also been investigated.

Hardware Impairments: While the aforementioned works [55-68] primarily focus on BD-RIS
models with perfect hardware, limited works have studied the modeling and impact of hardware
impairments, such as the power loss of interconnections and the discrete-value impedance com-
ponents at BD-RIS. A universal framework has been proposed in [69] which models the mutual
coupling and mismatching at antenna arrays. Meanwhile, the practical loss due to the inter-
element connections has been investigated based on the transmission line theory [70], which
demonstrates the enhanced channel gain provided by BD-RIS over conventional RIS in the pres-
ence of losses. In addition, a practical design considering group/fully-connected BD-RIS with
discrete values has been proposed in [71]. Results suggest that while four resolution bits are
needed in conventional diagonal RIS, only a single resolution bit is sufficient in fully-connected
BD-RIS, simplifying significantly the future development of these promising RIS architectures.
Beyond this, the resistance loss in the BD-RIS circuit design, which is potentially much higher
than that of the diagonal RIS, the mutual coupling between elements, and the frequency varia-
tion of antenna gain and the scattering matrix might also have non-negligible impact on BD-RIS

performance, while none of existing literature has focused on their modeling and analysis.

Mode Analysis: Note that the abovementioned BD-RIS architectures are proposed assuming
the BD-RIS works on the reflective mode, that is the incident signals from the transmitter are
all reflected from the RIS towards the same side as the transmitter. This, however, physically
limits the coverage of BD-RIS. To address this issue, the concept of simultaneously transmitting
and reflecting (STAR) RIS or intelligent omni-surface (I0S) [72-76], has been proposed, which
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allows the impinged signals to partially be reflected towards one side of the RIS and partially

transmit through the RIS to serve users in another side.

1.1.3 Motivations

Although BD-RIS has been investigated from multiple perspectives, there still exist many open
problems, such as exploring novel architecture designs and mode analysis, beyond the STAR-
RIS [72-76] to further enhance the channel gain and enlarge the coverage. More importantly,
it remains challenging to analyze the impact of CSI imperfections in BD-RIS aided systems.
Due to the unique cascaded channel structures and the new constraints induced by BD-RIS
architectures different from conventional diagonal RIS cases, the cascaded channel estimation
schemes for conventional diagonal RISs [37-43] do not work for BD-RIS aided scenarios. There-
fore, it is also challenging, yet more important, to develop efficient channel estimation methods
for BD-RIS aided systems with affordable overhead. In addition, modeling and analyzing other
hardware impairments, such as the effect of mutual coupling at BD-RIS and the frequency de-
pendence of BD-RIS in wideband systems, are not straightforward extensions to conventional
diagonal RISs since the inter-element connections at BD-RIS introduces correlations between
entries of the scattering matrix. This makes it difficult to individually characterize the behavior

of each entry of the scattering matrix as in conventional diagonal RISs [45-47].

1.2 Contributions

Based on the above literature review, this thesis addresses the mentioned open and challenging
problems of BD-RIS by fundamentally modeling its hardware, developing novel signal process-
ing schemes, and providing insights based on theoretical and numerical results. A summary of

each chapter/part, highlighting the main contributions, is given as follows.

Chapter 2: Background Theory lays the foundations for this thesis by providing an
overview of the primary concepts, modeling principle of RIS aided systems, and optimization
techniques used throughout the thesis. Specifically, the modeling of general RIS aided wireless
communication systems using the multi-port network analysis is first explained. Furthermore,
key optimization techniques, including the fractional programming, Karush-Kuhn-Tucker con-

ditions, and Manifold based maethods, are briefly reviewed.

Part I: Mode Analysis of BD-RIS proposes and analyzes two novel modes of BD-RIS.
More specifically:

e Chapter 3: BD-RIS with Hybrid Transmitting and Reflecting Mode proposes
a novel branch of BD-RIS, namely, BD-RIS with hybrid mode, as illustrated in Fig. 1.1.
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This is done by back-to-back placing every two antennas and connecting them to construct
a cell, based on which the STAR-RIS [72-76] is one special case and is further generalized
to more sophisticated architectures, i.e., BD-RIS with cell-wise group/fully/dynamically
group-connected architectures. With the proposed model, the beamforming design prob-
lem is formulated and solved using optimization techniques, followed by the initialization

strategies, convergence analysis, and complexity analysis.

e Chapter 4: BD-RIS with Multi-Sector Mode goes beyond BD-RIS with hybrid
mode and proposes a novel branch of BD-RIS, namely, BD-RIS with multi-sector mode
as illustrated in Fig. 1.1. This is done by placing multiple antennas at each sector of a
polygon and connecting them to construct a cell, based on which BD-RIS with hybrid
mode is one special case with number of sectors equal to 2. With the proposed model,
the corresponding channel model taking into account the antenna gain is derived. The
received power scaling law is derived as a function of the number of sectors, and the
beamforming design is proposed to maximize the sum-rate performance for a multiuser

system.

Part II: Signal Processing of BD-RIS studies the beamforming design of BD-RIS aided

wireless systems under imperfect CSI and the channel estimation schemes. More specifically:

e Chapter 5: Synergizing BD-RIS and Rate-Splitting Multiple Access with Im-
perfect CSI studies the performance benefits of synergizing advanced multiple access
techniques at the transmitter and BD-RIS. Specifically, the CSI imperfections are taken
into account in the bemaforming design, which leads to a stochastic problem. An effi-
cient iterative design is proposed applying the relationship between rate maximization
and mean square error minimization. The proposed design is also analyzed from the

perspectives of initialization, complexity analysis, and convergence.

e Chapter 6: Channel Estimation and Beamforming for BD-RIS studies the chan-
nel estimation and beamforming design for BD-RIS aided wireless systems. Specifically,
the cascaded channel estimation scheme for BD-RIS, which could finely adapt to BD-RIS
with different architectures and modes, and to different scenarios, is proposed based on
rigorous theoretical derivations and analysis. After obtaining the cascaded channel esti-
mate, the beamforming designs relying on only the cascaded channels are proposed by
modifying the algorithms proposed in Chapters 3 and 4. The performance trade-off be-

tween the channel estimation and data transmission is also investigated and highlighted.

Part III: Hardware Impairments of BD-RIS focuses on the effect of two important hard-
ware impairments at BD-RIS. More specifically:

e Chapter 7: BD-RIS with Mutual Coupling focuses on the effect of mutual cou-
pling at BD-RIS. Particularly, the mutual coupling among BD-RIS elements is explicitly
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characterized, as a function of inter-element spacing. Based on this, the corresponding

beamforming design algorithm capturing the mutual coupling is developed.

e Chapter 8: Wideband Effect of BD-RIS focuses on the frequency dependence of
BD-RIS in wideband communication systems. Particularly, this effect is mathemati-
cally modeled based on specific circuit designs, which can widely adapt to BD-RIS with
group/fully /tree/forest-connected architectures. With the proposed wideband model, the

beamforming design algorithms for different BD-RIS architectures are also developed.

Chapter 9: Conclusion provides the concluding remarks of the thesis and suggests potential

future research directions.

The theoretical analysis and algorithms proposed in the six core chapters, i.e., Chapters 3-8,
are evaluated through simulations under various parameter settings. For the sake of readability
and logical smoothness, lengthy proofs of the main results, written as propositions, lemmas,
and theorems, are relegated to the appendices. However, important discussions and insights

drawn from such results are mentioned in the chapters.

1.3 Publications

This thesis is written as a monograph based on the following one magazine paper, eight journal
papers, and two conference papers, that have been accepted and published, or submitted for

future publication.

Magazine and Journal Papers:

H. Li, S. Shen, M. Nerini, and B. Clerckx, “Reconfigurable intelligent surfaces 2.0: Be-
yond diagonal phase shift matrices,” IEEE Commun. Mayg., vol. 62, no. 3, pp. 102-108,
2024. [Chapters 1 and 9]

e H. Li, S. Shen, B. Clerckx, “Beyond diagonal reconfigurable intelligent surfaces: From
transmitting and reflecting modes to single-, group-, and fully-connected architectures,”
IEEE Trans. Wireless Commun., vol. 22, no. 4, pp. 2311-2324, 2023. [Chapter 3]

e H. Li, S. Shen, and B. Clerckx, “A dynamic grouping strategy for beyond diagonal
reconfigurable intelligent surfaces with hybrid transmitting and reflecting mode,” IEEE
Trans. Veh. Technol., vol. 72, no. 12, pp. 16748-16753, 2023. [Chapter 3]

e H. Li, S. Shen, B. Clerckx, “Beyond diagonal reconfigurable intelligent surfaces: A multi-
sector mode enabling highly directional full-space wireless coverage,” IFEE J. Sel. Areas
Commun., vol. 41, no. 8, pp. 2446-2460, 2023. [Chapter 4]
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H. Li, S. Shen, and B. Clerckx, “Synergizing beyond diagonal reconfigurable intelligent
surface and rate-splitting multiple access,” IEEE Trans. Wireless Commun., vol. 23, no.
8, pp. 8717-8729, 2024. [Chapter 5]

e H. Li, Y. Mao, O. Dizdar, and B. Clerckx, “Rate-splitting multiple access for 6G — Part
III: Interplay with reconfigurable intelligent surfaces,” IEEE Commun. Lett., vol. 26, no.
10, pp. 2242-2246, 2022. [Chapter 5]

e H. Li, S. Shen, Y. Zhang, B. Clerckx, “Channel estimation and beamforming for beyond
diagonal reconfigurable intelligent surfaces,” IEEFE Trans. Signal Process., vol. 72, pp.
3318-3332, 2024. [Chapter 6]

e H. Li, S. Shen, M. Nerini, M. Di Renzo, B. Clerckx, “Beyond diagonal reconfigurable
intelligent surfaces with mutual coupling: Modeling and optimization,” IEEE Commun.
Lett., vol. 28, no. 4, pp. 937-941, 2024. [Chapter 7|

e H. Li, M. Nerini, S. Shen, B. Clerckx, “Beyond diagonal reconfigurable intelligent sur-
faces in wideband OFDM communications: Circuit-based modeling and optimization,”
submitted to IEEE Trans. Wireless Commaun., 2024. [Chapter 8]

Conference Papers:

e H. Li, Y. Zhang, and B. Clerckx, “Channel estimation for beyond diagonal reconfigurable
intelligent surfaces with group-connected architectures,” in Proc. IEEE Computational
Advances in Multi-Sensor Adaptive Process. (CAMSAP), 2023. [Chapter 6]

e H. Li, M. Nerini, S. Shen, and B. Clerckx, “Wideband modeling and beamforming for
beyond diagonal reconfigurable intelligent surfaces,” in Proc. IEEE Workshop on Signal
Process. Advances in Wireless Commun. (SPAWC), 2024. [Chapter §]

1.4 Notations

The following notations are used throughout the thesis.

Boldface lower-case and upper-case letters indicate vectors and matrices, respectively. C, R,
N, and Z denote the set of complex numbers, real numbers, natural numbers, and integers, re-
spectively. (-)T, (1)*, (), and (-)~! denote the transpose, conjugate, conjugate-transpose, and
inverse, respectively. ® and ® denote the Kronecker product and Hadamard product, respec-
tively. R{-} and J{-} denote the real and imaginary parts of a complex number, respectively.
Z(+) returns the angle of complex variables. E{-} denotes the statistical expectation. Tr(-)

denotes the summation of diagonal elements of a matrix. | - | denotes the absolute-value norm
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of a scalar or the size of a set. || - ||z and || - || denote the Euclidean norm and Frobenius norm,
respectively. j = y/—1 denotes the imaginary unit. diag(a,...,ay) and blkdiag(A4, ..., Ax)
denote diagonal and block-diagonal matrices, respectively, with diagonal entries ay, ..., ay and

diagonal blocks Ay, ..
eration, respectively. circshift(a, N) rearranges vector a by moving the final N entries to the

first NV positions. mod(M, N) returns the remainder after M is divided by N. V(-) denotes the

first-order Euclidean gradient operation. % denotes the first-order partial gradient operation.

., AnN. vec(:) and unvec(-) denote the vectorization and its reverse op-

Iy denotes the N x N identical matrix. 0;;«x denotes the M x N all-zero matrix. 1,; denotes
an M x 1 all-one vector. [A];; and [a];, respectively, denote the (7,7)-th entry of A and the
i-th entry of a. [A];.s j.; extracts the i-th to ¢'-th rows and the j-th to j’-th columns of A. [a];,;
extracts the i-th through the j-th entries of a. a ~ CN(Oyx1,0%Iy) characterizes a column
vector a with entries following the circular symmetric complex Gaussian (CSCG) distribution.
Dy denotes the N x N Hadamard matrix. Fy and Fy, respectively, denote the N x N discrete

Fourier transform (DFT) matrix and its normalized DFT matrix with

(-1 -1) (SRR

< ) [Fyli, = \/LN exp ( — g2 (1.1)

[Fnli,; =exp < — 27

A block-circulant matrix C € CMNXM2N jg defined based on a sequence of blocks C, €
CMixMz  Cpn_y € CMixMz gych that all columns are composed of the same blocks and
each My columns are rotated one block to the bottom relative to the preceding M, columns.

That is, C takes the form

[ C) Cwno C, C |
C, Co Cno1 C,
C = bIkCiI’C(Co, Cl7 ceey CNfl) = : Cl CO : (12)
CN_2 . CN—l
|Cn-1 Cy-2 G G

The circulant matrix is a special case of the block-circulant matrix with M; = My = 1.
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Chapter 2

Background Theory

This chapter lays the foundations for this thesis by explaining the modeling of the RIS aided
communication systems using the multi-port network analysis and reviewing the key optimiza-

tion techniques used in this thesis.

2.1 Multi-Port Network Analysis

Multi-port network analysis is a powerful and useful technique for analyzing wireless systems, by
regarding each antenna in the wireless system as a port and characterizing the behavior between
its terminal voltage, current, incident wave, and reflected wave [77]. This technique has been
used in conventional MIMO systems [78-80], where the accurate wireless channel model has
been derived capturing the imperfections at the transmitting/receiving antennas, such as the
mutual coupling and imperfect matching. In this section, this technique, together with its three
important parameters, namely, scattering, impedance, and admittance parameters, has been
used to model the RIS aided multi-antenna system. Physically-consistent assumptions at the
transmitter, receiver, and RIS have been introduced to derive the RIS aided wireless channel,
which will be used throughout Chapters 3-8.

2.1.1 Scattering, Impedance, and Admittance Parameters

Consider an RIS aided multi-antenna system with an N-antenna transmitter, an M-element
RIS, and a K-antenna receiver. The whole system is modeled as an N,-port network with
N1 = N + M + K, where the incident waves and reflected waves at the ports are respectively
given by a € CNnx! and b € CNenx!; the voltages and currents at the ports are respectively
given by v € CNarx! and i € CManx! As such, the N,y-port netork can be characterized by

11
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NaHXNa NaIIXNa

its scattering matrix S € C 1 impedance matrix Z € C 1 and admittance matrix

Y € CNanxPNangach of which relates b and a, or v and i, by [77]
b=Sa, v=7Zi, i=Yyv, (2.1)
where v and i relate to b and a by
v=a+b, i=(a—b)Z;! =(a— b)Y, (2.2)

with Zy the reference impedance and Yy = Z; ! the reference admittance used to calculate the

scattering matrix. Therefore, the three matrices relate to each other by
S = (Z + ZOINau)il(Z - ZOINall) = (YEJINan + Y>71<YbINa11 - Y)? Y=27" (23)

To model the RIS aided communication system, the vectors a, b, v, and i are formulated in

terms of sub-vectors as

ar bt vT 1T
a= |a|, b= bI , V= [|VI], i= iI > (24)
agR br VR iR

where sub-vectors with subscripts T, I, and R, respectively, correspond to the incident /reflected
waves, voltages, and currents at the antenna ports of the transmitter, the RIS, and the receiver.

Accordingly, the matrices S, Z, and Y can be formulated in terms of sub-matrices as

Strr St Str Zor Zmy Zogr Yrr Y Yrgr
S=|Sr Su Sw|, Z=|Zivr Zy Zw|, Y=|Yr Yu Ymr|, (2.5)
Srr Sri Srr Zyr Zni Zgr Yrr Yri Ygrr

where the diagonal sub-matrices refer to the scattering/impedance/admittance matrices that
correspond to the antenna arrays at the transmitter, RIS, and the receiver; the off-diagonal
sub-matrices refer to the transmission scattering/impedance/admittance matrices between the

transmitter, RIS, and the receiver.

Transmitter: At the transmitter, each antenna is connected in series to a voltage source and
a source impedance (or source admittance), yielding a source impedance matrix Zp € CN*¥
(or equivalently a source admittance matrix Y = Z3' € CV*N). Accordingly, the reflection

coefficient matrix at the transmitter is
I't = (ZT + ZoIN)il(ZT - ZOIN) = (YE)IN + YT)71<YE)IN - YT) (26)
The three parameters relate by and ar, or vy and it, by [77]

ar = byt +I'vby, vr =ver — Z7ir, it =igr — YoV, (2.7)
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where byt € CV* v € CN*1 and isr € CV*!| respectively, denote the source wave vector,

the source voltage vector, and the source current vector at the transmitter.

Receiver: Each receive antenna is connected to the ground through a load impedance (or
admittance), yielding a load impedance matrix Zg € CE*¥ (or equivalently a load admittance

matrix Yg = Zg' € CE*K). Accordingly, the reflection coefficient matrix at the receiver is
Tr = (Zr + Zolg) ' (Zr — Zolk) = (Yolx + Yr) ' (Yolx — Yr). (2.8)
The three parameters relate bg and ag, or vg and ig, by [77]

aRr — FRbR7 VR — —ZRiR, iR = —YRVR. (29)

Reconfigurable Intelligent Surface: The M antennas at the RIS are connected to an M-
port reconfigurable impedance/admittance network [55], yielding a reconfigurable impedance
matrix Z; € CM*M (or equivalently a reconfigurable admittance matrix Yy = Z; ' € CM*M),
Accordingly, the scattering matrix of the reconfigurable impedance/admittance network at the
RIS is

® = (Z; + Zoly) N2y — Zoly) = (YoIns + Y1) H(Yoln — o). (2.10)

Specifically when the reconfigurable impedance/admittance network is lossless, the correspond-
ing impedance matrix or admittance matrix are purely imaginary, which makes the scattering

matrix unitary, i.e., ®7® = I,;. The three parameters relate by and ay, or v and iy, by [77]

ar = ‘I)bI, Vi = —ZIiI, iI = —YIVI. (211)

According to the circuit topology of the reconfigurable impedance/admittance network, the

RIS can be generally classified as follows.

1) Conventional Diagonal RIS: When each port of the reconfigurable impedance/admittance
network is connected to a reconfigurable impedance/admittance component to ground with-
out interconnecting to other ports, the resulting reconfigurable impedance/admittance net-
work has a single-connected architecture. This corresponds to the conventional diagonal
RIS [3,7], which mathematically has diagonal impedance/admittance/scattering matrices,

i.e., Z1, Y1, and ® are diagonal matrices.

2) BD-RIS: When part of/all the ports are connected to each other via additional reconfigurable
impedance/admittance components, the resulting network can have group/fully-connected
architectures as introduced in [55], can have forest/tree-connected architectures as intro-
duced in [57], or can support hybrid transmitting and reflecting mode and the multi-sector

mode which will be soon explained in Chapters 3 and 4. This corresponds to the BD-RIS,
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which mathematically has impedance/admittance/scattering matrices not limited to being

diagonal, i.e., Z, Y1, and ® can have nonzero off-diagonal entries.

2.1.2 Modeling the RIS Aided Communication System

The wireless channel from the transmitter and the receiver for the RIS aided communication

(CKXN

system, denoted by H,; € , essentially relates the voltage vector v at the transmitter

and the voltage vector vg at the receiver by
vr = Hayvr, (2.12)

such that H,j; can be equivalently described as a function of scattering, impedance, and admit-

tance parameters, i.e.,
H. = Fs(S, T, ITr, ®), Hay = Fy(Z,Zv,2Zg,Z:), Hay = Fy(Y, Y1, Yg, Y1), (2.13a)

More detailed derivations and comparisons can be found in [69].

In this thesis, the wireless channel models used in Chapters 3-6, and Chapter 8 are derived

based on the following three assumptions.

Assumption 2.1. The source impedances at the transmitter and the load impedances at the
receiver are equal to the reference impedance Zy, i.e., L = Zoly and Zr = Zolk, such that
I't = O0xxny and I'r = Og . This corresponds to the best power matching at the transmitter
and recewwer, respectively, such that the signals will be transmitted with the mazimum power

without reflections.

Assumption 2.2. The distances between the transmitter and receiver, transmitter and BD-RIS,
and BD-RIS and receiver are sufficiently large such that the links from the receiving devices
to the transmitting devices are negligible, i.e., Zr1 = Onxar, Zrr = Onxk, Zir = Opxi-
This corresponds to the unilateral approximation [81],saying that when there are large distances
between the transmitter, receiver, and RIS, yielding large signal attenuation between devices, the
electrical properties at the transmitter are approximately independent of those at the receiver.
The unilateral approximation holds true when the minimum distance between devices, which is

a function of the number of antennas, antenna spacing, and radiation pattern, is guaranteed.

Assumption 2.3. The antennas at the transmatter, RIS, and the receiver are perfectly matched
with no mutual coupling, such that Zot = Zoly, Zn = Zoly, and Zgr = Zolix. This can be
practically realized by individually matching each antenna to the reference impedance Zy and

keeping the antenna spacing larger than half-wavelength.

Result 2.1. By Assumptions 2.1-2.3, the scattering, impedance, and admittance parameters
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based expressions of the wireless channel Hay are given by [55, 69]

H.n = Sgr + Sri®SiT, (2.14a)
1

Hay = Q_ZO(ZRT — Zyi(Zy + ZoLy) ™ Ziy), (2.14b)
1

H. = Q_Yb(_YRT + Yre(Yr + YoIn) ' Yor), (2.14c)

The expressions in (2.14a) and (2.14¢c) are equivalent to each other with the mappings [69]

ZRI ZIT 1 ZRIZIT
27, " T oz, TR 220( ™97, )

YRI = _QYE)SRI, YIT = —QYE)SIT, YRT = _2}/0(SRT - SRISIT)' (215b)

Sri

(2.15a)

Since the impedance parameters Zgr, Zgi, and Zjr capture the open-circuit radiation patterns
between transmitting and reflecting antennas [77], they essentially characterize the channels
between devices in the wireless communication systems. Therefore, we introduce the following

fresh notations
Zyr . VA Zit

H = — = — = —
17 97, 27’ 27,

(2.16)

where Hy € CE*¥ denotes the direct channel from the transmitter to the receiver, H € CK*M
denotes the channel from the RIS to receiver, and G € CM*¥ denotes the channel from the

transmitter to RIS. Then, (2.14a) can be rewritten as
H,, = Hy + H(® — I,/)G, (2.17)

In existing RIS literature [7,9,11, 12, 14, 15], the following channel model has been widely
adopted:
H., = H; + H®G. (2.18)

Comparing (2.17) and (2.18), the physical meaning of the additional term, i.e., —HG, corre-
sponds to the structural scattering [69], which refers to the “virtual” direct link constructed by
RIS when the RIS is turned OFF, i.e., ® = 0,;4as. The structural scattering exists since the
OFF state of RIS is achieved when Z; = ZyI,;. This means there is current flowing within the

RIS circuit, which scatters electromagnetic waves, even when the RIS is stated OFF.

Based on the analysis in [69], the impact of the structural scattering can be negligible with
sufficiently large numbers of RIS elements. Therefore, in this thesis, we apply the expression
in (2.18) throughout Chapters 3-6 to ease the modeling and signal processing of BD-RIS with
hybrid transmitting and reflecting mode and multi-sector mode, while the expression in (2.14c¢)
will be used in Chapter 8 to facilitate the modeling of hardware impairments at BD-RIS. In
addition, in Chapter 7, by relaxing Assumption 2.3, the impedance parameter based channel

expression of the wireless channel in (2.14b) will be modified to explicitly capture the impact
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of mutual coupling at BD-RIS.

2.2 Optimization Techniques

To solve the mathematical problems formulated in this thesis, various optimization techniques
are utilized, with the aim to transform the original unconvex problems into a series of con-
vex ones, to find the global optimum of convex problems, and to efficiently deal with the
unique constraints induced by BD-RIS architectures. This section briefly describes three key
optimization techniques, namely, fractional programming (FP) [82-84], Karush-Kuhn-Tucker
(KKT) conditions [85,86], and Manifold based methods [87-89], which are utilized in this thesis.

2.2.1 Fractional Programming

FP refers to a family of optimization problems involving ratio terms. The main idea to solve
this kind of problems is to transform the ratio terms into more tractable integral expressions
capturing the subtraction between the numerator and the denominator of each ratio term. In
the following, we review the solutions for three kinds of FP problems, namely, single-ratio FP,

multi-ratio FP, and sum-of-function-of-ratio FP.
Single-Ratio FP: A simple single-ratio FP problem can be formulated as

Fu(x)
max
xex Fy (X)

(2.19)

where F,(x) € R is a non-negative scalar function, Fy(x) € R is a positive scalar function,
and X C R**! denotes a non-empty constraint set. This problem has been first solved by the
Dinkelbach’s Transform [82] by reformulating (2.19) as

max  Fy(x) — 7Fy(x) (2.20)

xeX,TeR

where 7 € R is an auxiliary variable, which is iteratively updated by 70! = ?(:E’;Zg in the o-th
iteration. Iteratively updating x by solving (2.20) and updating 7 until convergence leads to a
locally optimal solution. Specifically, when F}(x) is concave and Fy(x) is convex, the iteration

leads to a global optimum.

Dinkelbach’s transform works well for single-ratio FP problems, but it might not be feasible for
multi-ratio FP problems since the transformed problem in this case and the original problem
do not necessarily share the same optimal value. This motivates the Quadratic Transform [83]

to deal with multi-ratio FP problems, as detailed below.
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Multi-Ratio FP: A multi-ratio FP problem can be formulated as

<

max S Fna(%) (2.21)
xeX = Fde (X)

where F), j(x) € R, Vj € J ={1,..., J} are non-negative scalar functions, Fy ;(x) € R,Vj € J

are positive scalar functions. The quadratic transform says the following [83].

Theorem 2.1. Problem (2.21) can be equivalently transformed to the following problem:

J
max D @/ Fag(x) — 77 Faj(x)) (2.22)

xeX,T;eERNVjET

where 7; € R, Vj € J are auziliary variables.
Proof. Please refer to [83,84]. O

Theorem 2.1 tells that iteratively updating x by solving (2.22) and updating 7;, Vj € J

F,j(x°)
Fq,j(x°)
Specifically, when F), ;(x), Vj € J are concave and Fy ;(x), Vj € J are convex, the iteration

by 77 = in the o-th iteration until convergence leads to a locally optimal solution.

leads to a global optimum. Then we have the following two important corollaries.

Corollary 2.1. Giwen a multi-ratio complex FP formulated as

J
| (%)
max — = (2.23)
xeX jz_; Fdj(X)

where F, j(x) € C, Vj € J are complex scalar functions, Fy;(x) € R, Vj € J are positive

scalar functions, and X C CX*! denotes a non-empty constraint set, it is equivalent to

J

* 2
x5, DR Py} = 7oy ) (2.24)

where ; € C, Vj € J are auxiliary variables. Iteratively solving problem (2.24) and updating
70 = F“vf(xo), Vj € J in the o-th iteration leads to a local optimum. Specifically, when |F, ;(x)|?,

J o Fa,;(x9)
Vj e J are concave and Fy ;(x), Vj € J are convex, the iteration leads to a global mazimum.

Corollary 2.2. Given a sequence of nondecreasing functions F;(-) € R and a sequence of ratios

% with F, ;(x) € C and Fy ;(x) > 0, Vj € J, the sum-of-function-of-ratio problem can be
formulated as
J
[Fay (%)
Fy(FAE) 2.25
I)?Ea}? J Fd’j(X) ( )
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which, by the quadratic transform, is equivalent to

J
* 2
e B ey 2RI B0} I Fao) (2.26)

where the optimal 7; € C in the o-th iteration is given by 77 = .
3

(x2) :
Fq,5(x°)’ Vj €J.

The expression in (2.25) aligns well with the rate expression for multiuser scenarios in wireless
communications, such that the transform from (2.25) to (2.26) is very useful to solve the sum-

rate maximization problem, which will be formulated and solved in Chapters 3-6.

2.2.2 Karush-Kuhn-Tucker Conditions

Consider a general optimization problem in the following standard form:

Xen]%ixnXl Fy(x) (2.27a)
s.t. RJ(X) < O,VZ S jl = {]., ce ey Jl}, (227b)
Foj(x)=0,Vje ={1,...,Jo}, (2.27¢)

with J; inequality constraints and .J, equality constraints and all the functions in (2.27) differ-
entiable. Let p* denote the global minimum value of the primal optimization problem (2.27).
Define the Lagrangian of (2.27) as

J1 Jo
FuGo A i) = By + 3 AFa00) + 3 ey, (2.28)
i=1 j=1
where A = [\, ..., A\ ]T € R and p = [ug, ..., pp)T € R72%1 are dual variables (also called

Lagrange multipliers). Then the dual function Fp (A, p) of (2.27) is given by
Fp(X, p) = min Fp(x, A\, p) (2.29)

which is always concave. Thus, with A\; > 0, Vi € J; and Fp (A, p) finite:

1) The weak duality says that for any feasible x and (X, p), there holds Fy(x) > Fp(A, p),
which indicates p* > Fp (A, pt). Accordingly, the largest lower bound of p* can be found by

solving the dual problem
max Fo(A ) (2.30)

A >0,Vi€ J1 ,u€RI2 X1

which is always a convex problem leading to the maximum value d* < p*.

2) The strong duality says d* = p*, which holds true for most convex optimization problems.
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The KKT conditions then give the necessary conditions for x* to be a local optimal solution of
(2.27), that is, there exists some (A*, u*) such that [36]

Fi(x*) <0,Vie T, (2.31a)
Foj(x*) =0,Vj € P, (2.31b)
A >0,Vi € 7, (2.31c)
A F(x) = 0,Vi € 7, (2.31d)
Vi FL(X", AT, p") = 0, (2.31¢)

where the first two conditions guarantee the feasibility of x*, the third guarantees the feasibility
of dual variables, the fourth signifies the complementary slackness of the primary and dual

inequality constraints, i.e., F};(x) < 0 and \; > 0, and the last refers to the first-order condition.

In general, the KKT condition is necessary yet not sufficient for optimality, while it is also
sufficient for convex optimization problems. A well-known application of the KKT condition in
wirelss communications is the water-filling algorithm for power allocation. It will also be used

to optimize the transmit precoder in multiuser communication systems in Chapters 3-6.

2.2.3 Manifold

Constrained optimization has been well studied, with various solutions working in the Euclidean
space, such as convexifying the nonconvex contraints and solving the problem by convex opti-
mization methods, and penalizing the original constraints and decoupling the original problem
into several convex sub-problems [85]. Among all constrained optimization problems, a special
class of constraints is called geometric constraints, which can be solved on a manifold [87]. The
main idea of the manifold based algorithm is to construct all available solutions of a certain
constrained problem as a manifold, such that it becomes unconstrained in a constrained search
space. In the following, we first review the definition of the manifold [87], and introduce mainly

used manifolds in wireless communications.

Definition 2.1. A manifold is a topological space which “locally” resembles the Euclidean space.

In wireless communications, the following manifolds have been commonly used in existing
literature [90-92].

1) Complex circle: M. = {x € C**': |[x];| = --- = |[x]x| = 1};
2) Complex sphere: My, = {X € C¥**2 | X||p = 1};

3) Complex oblique manifold: M, = {X € C¥*¥2: ||[X].1]2 = - - = |[X]. x,l2 = 1};
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4) Complex Stiefel manifold: Mg = {X € C¥1*X2 : XHX =Ty, }*5;

5) Unitary matrices: My, = {X € CX¥>X1 . XHX = I }X2.

Specifically, the complex circle M. can be mapped to the constraint set of conventional di-
agonal RIS [92], or that of analog precoder in hybrid beamforming architectures [90], or the
constant envolope constraint in symbol-level precoding [91]; the complex sphere M. can be
mapped to the constraint set of the precoder matrix at the transmitter, which has a total power
constraint; the complex oblique manifold M, can be mapped to the constraint set of the pre-
coder matrix at the transmitter, which allocates equal power to each stream/user. Moreover,
the complex sphere M, the complex Stiefel manifold M, and the unitary matrices M,
can be mapped to the constraint sets of the scattering matrix at BD-RIS, which will be used

in Chapters 3, 5, and 6 to solve various optimization problems.

Line-search methods well establied on the Euclidean space, e.g., Trust-Region, Conjugate-
Gradient, and Broyden-Fletcher-Goldfarb-Shanno methods [88], can be easily extended to the
manifold space with some necessary projections. Before explaining the principle of line-search

methods on manifold, we give the following definitions.

Definition 2.2. The moving direction of a point on the manifold is referred to as a tangent
vector. All these tangent vectors at this point, which include all possible directions this point

can move to, form the tangent space.

Definition 2.3. Fach tangent space can be regarded as a Euclidean space which has one tan-
gent vector, namely, Riemannian gradient, pointing to the direction that the objective function

decreases fastest.

Line-search methods are based on the updated formula
Xt =x° +6°n°, (2.32)

where 1)° refers to the search direction, which, on the manifold, could be the Riemannian
gradient at point x°, and ¢° denotes the step size at the o-th iteration. To guarantee that the
movement of the search direction always stay on the manifold during iterations of the line-search
methods, a retraction is needed to project the updated point back to the manifold. Readers

are referred to [87] for various retractions corresponding to different manifolds.
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Chapter 3

BD-RIS with Hybrid Transmitting and
Reflecting Mode

In conventional diagonal RIS, the wave manipulation flexibility is limited and only half-space
coverage is supported due to the simple architecture without inter-element connections and the
uniform antenna arrangement. To address the first limitation, BD-RIS [55] has been primarily
proposed by introducing inter-element connections, which mathematically generates beyond
diagonal scattering matrices to provide additional flexibility for wave manipulation. To address
the second limitation, STAR-RIS [72-76] has been proposed to achieve full-space coverage.
However, it remains unknown if BD-RIS can also enable full-space coverage and go beyond
STAR-RIS to further enhance the channel gain. In addition, it remains unknown how exactly
the antenna array should be arranged and the circuits should be designed to simultaneously
achieve such goal. This chapter thus address this research problem by proposing a new branch
of BD-RIS tree in Fig. 1.1, namely, BD-RIS under hybrid mode which provides a full-space cov-
erage, and provides a thorough analysis from modeling, architecture design and mode analysis,

to beamforming design. This leads to the following layouts and contributions.

In Section 3.1, a general BD-RIS-aided communication model using microwave network theory
has been proposed and analyzed. The proposed model is derived by characterizing an RIS as
multiple antennas connected to a group-connected multi-port reconfigurable impedance net-
work. Benefiting from the multi-port network analysis, the hybrid mode of BD-RIS has been

proposed by establishing connections among different ports.

In Section 3.2, three modes (reflective, transmissive, and hybrid) and four architectures (cell-
wise single-, group-, fully-connected, and dynamically group-connected) have been proposed
and summarized, together with implementations and discussions. Specifically, STAR-RIS has
been proven to be a special case of BD-RIS with cell-wise single-connected architectures, where
every two antennas are back to back placed and connected to each other by a reconfigurable

impedance component.

23
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In Section 3.3, with the proposed model, the joint transmit precoder and BD-RIS matrix design
to maximize the sum-rate for an RIS-aided multiuser multiple input single output (MU-MISO)
system has been illustrated. A general solution suitable for different modes/architectures has
been proposed. Then for STAR-RIS case, an efficient solution, which has similar performance,
but lower computational complexity compared to the general one has been proposed. In ad-
dition, a heuristic solution suitable for cell-wise dynamically group-connected case has been
proposed. The initialization and complexity analysis of the proposed designs have been dis-

cussed and compared.

In Section 3.4, simulation results have been provided to evaluate the performance of the pro-
posed design. We compare the sum-rate performance when the BD-RIS is under different modes
and architectures. Simulation results with specific parameter settings show that under Rayleigh
fading conditions, cell-wise fully- and group-connected hybrid BD-RISs can achieve 75% and
37% higher sum-rate than STAR-RIS. In the meanwhile, the sum-rate achieved by cell-wise
fully-connected hybrid BD-RISs over that by cell-wise fully-connected reflective/transmissive

ones can be around 20% for Rician fading channels.

3.1 Hybrid BD-RIS Model

Y ( RIS R

U N1 ( A
Userl [:Y™ [, .
- DAn—tzma ! Cell 1 A"'e""a(l,_q”’” v

) 2M-Port
User K. EN’G Reconfigurable
! . Impedance Network y
| S

i NAntepna M-1 e Antennal2M-14 }
—\ Y |IB5 . mJi| Mo | user Kot

. i NAntepna M Antenna2M
Transmitter | : N Lo cell M Y
'Y C )

—_ - J

Figure 3.1: Diagram of an M-cell RIS-aided communication system.

Consider an RIS-aided wireless communication system, where an N-antenna transmitter in-
dexed by N = {1,..., N} serves K multi-antenna users with the assistance of an RIS. Each
user has N, antennas, Vk € K = {1,..., K}. In general, we consider an M-cell' RIS indexed
by M ={1,..., M} where the mth cell consists of antenna m and antenna m + M. Therefore,
in this M-cell RIS, there are 2M antennas connected to a 2M-port reconfigurable impedance

network, as shown in Fig. 3.1. According to [55] and Result 2.1, assuming that the multiple

'Here we use “cell” instead of “element” since in existing works each RIS element contains one antenna,
while in this work each cell has two antennas. The “cell” is illustrated in Fig. 3.1.
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antennas at the transmitter/receiver /RIS are perfectly matched with no mutual coupling, the
overall channel matrix between the transmitter and each user, Hyy € CM*V k€ K, can be
expressed as

H.ix = Hay + Hi®G,VEk € K, (3.1)

where Hy € CVNV H, € CV2M vk ¢ K, and G € C*™*¥ denote channel matrices
from the transmitter to user k, from the RIS to user k, and from the transmitter to the
RIS, respectively. ® € C?**2M denotes the scattering matrix of the 2M-port reconfigurable
impedance network [55]. According to microwave network theory [55, 77|, ® should satisfy
®7® < 1,,,. Particularly, when the 20/ -port reconfigurable impedance network is lossless, we
have ®7® = I,,,2. It is worth noting that the structure of the matrix ® is determined by the
circuit topology of the 2M-port reconfigurable impedance network. Therefore, different from

traditional RIS model with a diagonal matrix, the matrix ® is not restricted to be diagonal,
which is referred to as BD-RIS.

To show that existing RIS-aided communication model [72-74] is a special case of our proposed

model, we first make the following assumptions:
Assumption 3.1. Fach antenna has a uni-directional radiation pattern®.

Assumption 3.2. In each cell, the two antennas are back to back placed so that each antenna

covers half space as shown in Fig. 3.2.

With these assumptions, we can divide the M-cell BD-RIS into 2 sectors, where the first sector
consists of antennas 1-M and the other sector consists of antennas M+1-2M, and thus the
M-cell RIS partitions the whole space into two sides, which are respectively covered by the two

sectors. Accordingly, we partition the overall channel matrix (3.1) as

®,, P, G,
Dy Pyy Go

=Ha; + Hp 111Gy + Hi 202 1Gy + Hy 1@12Go + Hy 0P 2Go, VE € K,

H.;r, =Hq + [I:Im I:Im]

(3.2)

where Hy; = [I:Ik]:,(iq)MH:z’M € CVoM Vi € K, and G; = [G](iq)MH:iM,; e CMN v €
{1,2} are channels between sector i of the RIS and user k, and between the transmitter and
sector i of the RIS, respectively. ®;; = [®];_1)m41:i0,G-1)M+1:M € CM>M g 5 e {1,2}.

Without loss of generality, we assume that the transmitter and K; users, indexed by K; =
{1,..., K1}, 0 < K; < K, are located at one side of the RIS (covered by sector 1), and

2Here we should explain that matrix ® is a scattering matrix, which provides an integrated description of a
network as seen at its 2M ports. The scattering matrix associates the voltage of incident waves with reflected
waves from the ports. When the multi-port network is lossless, no power can be delivered to the network so
that the incident and reflected power are equal to each other. In this case, it can be derived that the scattering
matrix satisfies a unitary constraint [77].

3In practice the uni-directional radiation pattern can be achieved by using microstrip patch antennas or by
adding a reflecting ground plane.
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Figure 3.2: An M-cell BD-RIS with 2M back to back placed uni-directional antennas.

K, = K — K, users, indexed by Ky = {K;+1,..., K}, are located at the other side of the RIS
(covered by sector 2). To facilitate understanding, we illustrate the locations of the transmitter,
RIS, and users from a top view as shown in Fig. 3.3. Following Assumptions 3.1 and 3.2, we

can deduce the following two results:

Result 3.1. The channel from the transmitter to sector 2 of the BD-RIS is zero, that is,
Gy = 0w, as the transmitter is not covered by the uni-directional radiation pattern of sector

2 of the BD-RIS.

Result 3.2. The channel from sector i of the BD-RIS to the user belonging to K; is zero
Vi # j, that is Hy; = On,xar, Vk € Kj, Vi # j, as the user belonging to K; is not covered by

the uni-directional radiation pattern of sector i.

Leveraging Results 3.1 and 3.2, we can simplify the channel matrix (3.2) as

H H,19,,G,, k€K
Hall,k:{ ak +Hp1 P16y, R E K, (3.3)

Hay + Hio®21G1, k€ K.

We denote users within the coverage of sector 1 of the BD-RIS as reflective users, indexed by
K, =Ky, K, = K;. Similarly, we denote users within the coverage of sector 2 as transmissive
users, indexed by Ky = Ky, Ki = Ky = K — K. Then, using auxiliary notations, Hy = I_{k,i,
Vk € K, Vi€ {1,2}, ®, = ®,,, ®, = 5, and G = G4, we can rewrite (3.3) as
Hank = { Hap+ Hi2:G, k€ Ko (3.4)

Hyr + H,®.G, k ek,
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Figure 3.3: Top view for the locations of the M-cell BD-RIS partitioning the whole space into
two sides, the transmitter, and multiple users.

Given that ®7® = I,,,, ®; and ®, should satisfy the following constraint:

U, + P, =1, (3.5)

Based on the above analysis, we have verified that the communication model utilized in STAR-
RIS [72-74] is a special instance of our models (3.4) and (3.5). In the following section, we will
go beyond STAR-RIS and investigate different cases of constraint (3.5).

3.2 Architecture/Mode Analysis and Design

3.2.1 Architecture Analysis and Design

In [55], various RIS architectures which have different RIS element circuit topologies have been
proposed. In this subsection, we generalize this concept by analyzing and designing the M-cell

BD-RIS architecture! with different cell circuit topologies as detailed below.

Cell-Wise Single-Connected (CW-SC) Architecture: In this architecture, cells of the
BD-RIS are not connected to each other. Fig. 3.4(a) provides a simple example of CW-SC
BD-RIS with 2 cells. Thus, matrices ®,, ®; are all diagonal, which are given by

¢r - diag(¢r,17 s 7¢F,M)7 (ﬁt = diag(¢t,1a s 7¢t,M>7 (36)

4The following single/fully/group-connected architectures refer to the inter-cell circuit topologies. The 2
antennas within the same cell are connected to a 2-port fully-connected reconfigurable impedance network.
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Figure 3.4: Examples of (a) CW-SC BD-RIS, (b) CW-FC BD-RIS, and (¢) CW-GC BD-RIS.

where the entries ¢, ., Vm € M, satisfy the constraints
|¢r,m|2 + |¢t,m|2 - 1,Vm S M (37)
The BD-RIS with a CW-SC architecture is essentially the STAR-RIS [72-74].

Cell-Wise Fully-Connected (CW-FC) Architecture: We propose and design a gener-
alized RIS architecture referred to as CW-FC architecture where all cells of the BD-RIS are
connected to each other through reconfigurable impedance components. In Fig. 3.4(b), we give
an example of CW-FC BD-RIS with 2 cells. Thus, ®,, ®; are all full matrices satisfying the
constraint

7P, + oD =1, (3.8)

CW-FC architecture can achieve the best performance due to the most general constraint (3.8).

Cell-Wise Group-Connected (CW-GC) Architecture: It is obvious that when the num-
ber of cells M gets larger, the circuit topology of the CW-FC BD-RIS will become extremely
complicated. To achieve a good trade-off between the RIS performance and circuit complexity,

we propose and design a generalized BD-RIS architecture referred to as CW-GC architecture.
In the CW-GC BD-RIS, the M cells are divided into G groups indexed by G = {1, ..., G} with
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each group of cells utilizing the CW-FC architecture. For simplicity, here we assume that all
groups have the same size M = M /G, and we define G, = {(g — 1)M + 1,...,gM} as the set
of cell indexes for group ¢g. An example of a 4-cell BD-RIS with CW-GC architecture having 2
groups is illustrated in Fig. 3.4(c). Thus, ®,, ®; are block diagonal matrices:

®, = blkdiag(®,1,...,P.q), P, = blkdiag(®;1,...,Piq), (3.9)
where @/, , € CMxM ,Vg € G satisfies the constraint

el D, + 0 B, =1y VgeG. (3.10)

Cell-Wise Dynamically Group-Connected (CW-DGC) Architecture: We also propose
a CW-DGC architecture of BD-RIS by adapting the grouping strategy to channel environments.
Different from the CW-GC architecture, where M cells are uniformly divided into G subsets
and every adjacent M cells are connected to each other, CW-DGC is based on a dynamic
grouping strategy, which is embodied in two aspects: 1) The number of cells in each group can
be different; 2) the positions/indexes of cells in the same group are not restricted to adjacent

ones. To model this dynamic grouping strategy, we first present the following definition.

Definition 3.1. Define G subsets Dy, ..., Dg which store indexes of RIS cells for each group.

These subsets satisfy the following constraints:

D, # @,Yg €@, (3.11a)
mepq:®7vp7éqapaqegy (311b)
Uy Dy = M, (3.11c)

which indicate that each group contains at lease one cell; that each BD-RIS cell can only be

mapped into one group; and that there is no overlap among different groups’.

Based on Definition 3.1, we have the following result.

Result 3.3. The CW-DGC' architecture provides additional flexibility by controlling the con-
nections via switches. This mathematically leads to BD-RIS matrices, ®,. and Py, satisfying

the following constraints

[q)t]m,n = Ovvm € Dpavn € anvp # q,p,d € g7 (312&)
(@] =0,Vm € D,,Vn € D, Vp # q,p,q € G, (3.12b)
(nggq)tvpg + (PI{,{ng)rvpg = I"Dg|7vg S g) (312C)

SHerein we provide a simple example to explain Definition 1. For a 4-cell BD-RIS with 2 groups, 2 possible
grouping results could be D; = {1,3}, Dy = {2,4} or D; = {2}, Dy = {1, 3,4}.
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Figure 3.5: Example of a 3-cell BD-RIS with hybrid mode and CW-DGC architecture realized
by an impedance-switch network.

where @y p, is a sub-matriz of Py which selects rows and columns of ® . according to indexes
in the set Dy,Vg € G.

Constraint (3.12) indicates that ®, and ®; of the CW-DGC BD-RIS are essentially permuted
block-diagonal matrices. Specifically, when the BD-RIS has a CW-GC architecture, the M cells
within a fixed group G,, Vg € G are connected to each other. In this case, we have [®,],,, # 0,
[®]mn # 0, Vm,n € G,, and ®, and P, are both block diagonal matrices.

Implementation and Discussion: To show the feasibility of the proposed architectures, we
employ an impedance-switch network, which enables a joint control of impedance components
and the ON/OFF states of switches. Specifically, impedance components can be realized by
using inductance and tunable capacitance, such as using varactors. Fig. 3.5 provides an
example of the realization of CW-DGC BD-RIS with M = 3. Specifically, ports m and M +m
are connected to each other by an impedance to support the hybrid mode (as shown in the
left-hand side of Fig. 3.5), while ports m and m’, m’ # M + m, are connected by the series of
one impedance and one switch to support the dynamic grouping (as shown in the right-hand
side of Fig. 3.5). Therefore, to realize an M-cell BD-RIS with hybrid mode and the CW-
DGC architecture, M (2M + 1) impedance components and 2M (M — 1) switches are required.
To realize the dynamic grouping, when cells m and n, m < n, are in the same group, the
(m, n)-th, (m, M + n)-th, (n, M + m)-th, and (M + m, M + n)-th switches are turned ON and

the corresponding activated impedance components are tuned by the controller based on CSI,
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Table 3.1: Twelve Cases of Beyond Diagonal RIS

Modes . . -
Architectures Reflective ‘ Transmissive ‘ Hybrid

CW-SC l¢r.m| =1,Ym € M [f¢.m| =1,Ym € M [6r.m|* + [$t,m]” =1,Vm € M
CW-GC eF @, =1y, Vg€ el @0y =1y,V9€0 eF @, + @ By =1y, V9€G
CW-FC eHe, =1y e, =1y e, t e =1y

H H H H
CW-DGC *p, Pr0, =Lp, | V9 €9 | ®fp ®ep, =1p,,V9€G [ ®lp & p, + p P, =Ijp, V9 €G

which is obtained based on the channel estimation.

We should highlight that, although the number of connected links, referring to the number of
connections between every two ports, of the impedance-switch network as illustrated in Fig. 3.5
scales with M?, the activated links, referring to the connections where the switches are turned
ON with given CSI and G, of the CW-DGC architecture could be much smaller than the total
number of connected links. Based on the above implementation, with a given number of groups
G, the number of activated links for CW-DGC BD-RIS is Zngl |D,|(2|Dy|+1). Meanwhile, the
impedance-switch network is a general framework, which enables CW-FC/GC/SC architectures.
Specifically, the CW-FC architecture is realized when all switches are turned ON, while the
CW-SC architecture is realized when all switches are turned OFF. This finding indicates that
different architectures of BD-RIS could share the same realization, which is preferable for the

implementation of BD-RIS in practice.

3.2.2 Mode Analysis

According to the proportion of energy split for reflection and transmission, the BD-RIS is able

to realize the following three different modes [72]:

Reflective Mode: The BD-RIS only reflects signals towards the same side as the transmitter,
i.e., @t = 0M><Ma (I)flq)r = IM

Transmissive Mode: Incident signals penetrate the BD-RIS, i.e., ®, = 0y ps, ®E P, = 1.

Hybrid Reflective and Transmissive Mode: Incident signals can both reflect from and

transmit through the BD-RIS, which leads to a dual function of reflection and transmission®,

ie., @, # Onxnr, Py # Onrenr, PP @+ @D =1

3.2.3 Unified Architecture and Mode

Combining four different BD-RIS architectures and three modes, there are in total twelve cases.

For clarity, the BD-RIS models for the twelve cases are summarized in Table 3.1. In [55], an

6Note that reflective/transmissive mode only is the special case of the hybrid transmissive and reflective
mode, and the hybrid mode can efficiently utilize the resources.
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Figure 3.6: (a) 2-cell CW-SC BD-RIS and (b) 4-element group-connected RIS.

M-element RIS is modeled as M antennas connected to an M-port reconfigurable impedance
network. In this work, we further generalize the RIS model by modeling an M-cell RIS as
2M antennas connected to a 2M-port network. Namely, each RIS “element” in [55] contains
a single antenna, while each RIS “cell” in this work contains two back to back placed uni-
directional antennas, which can support reflective and transmissive modes. Particularly, when
the RIS works in the reflective mode, our proposed model boils down to the model in [55], as
shown in the first row (starting from “Reflective”) of Table 3.1. In this sense, prior works on
conventional RIS [8-21] is a subset of group/fully-connected RIS [55] and also a special case
of our model as summarized in Table 3.1. Meanwhile, STAR-RIS/IOS, which is essentially the
CW-SC hybrid BD-RIS as shown in Table 3.1, is a particular instance of the proposed model
when there are no inter-cell connections. More importantly, we go beyond the architecture of
STAR-RIS/IOS and propose more general and flexible CW-GC/DGC/FC architectures. The
proposed architectures are built on the multi-port reconfigurable impedance network [55], which
cannot be derived based on the modeling of STAR-RIS/IOS [72-74] due to the lack of a rigorous

analysis using network theory.

Given that the RIS can be generally modeled as multiple antennas connected to a multi-port
reconfigurable impedance network, the circuit topology of the reconfigurable impedance network
in STAR-RIS is essentially the same as that in the group-connected RIS with group size 2 [55].
To facilitate understanding, we provide a simple example in Fig. 3.6 to show the equivalence in
terms of circuit topologies between the CW-SC 2-cell BD-RIS and group-connected 4-elements
BD-RIS with group size 2. The difference is that all the antennas of the group-connected
BD-RIS with group size 2 are placed in the same direction, while antennas of the CW-SC
BD-RIS are divided into two sectors and back to back placed. Therefore, intra-cell connection
together with the antenna arrangements supports “modes” while inter-cell connection refers to

the “architectures” among different cells.

In the following section, we will focus on the beamforming design for an BD-RIS-aided wireless
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communication system to investigate and compare the twelve cases of BD-RIS.

3.3 Beamforming Design

3.3.1 Problem Formulation

We consider an RIS-aided MU-MISO system with an N-antenna base station (BS), an M-cell
BD-RIS, and K single-antenna users (including K, reflective users and K transmissive ones)
based on Section 3.1. In this section, we have the following assumptions: 1) We assume direct
links between the BS and users are blocked so that there are only BS-RIS-user links”. 2) We
assume exact and instantaneous channel state information (CSI) is available at the BS, and our
proposed design provides an upper bound on the performance of practical systems. Note that
here we assume each user has one antenna to simplify the receiver design, while the following

model can be readily generalized to scenarios where users have multiple antennas.

Let s 2 [s1,...,5k]7 € CK*! be the transmit symbol vector, E{ss”} = Ix. Transmit symbols
are first precoded at the BS by a precoder matrix W £ [wy, ..., wg] € CV*E where w), € CV*!
is the precoding vector for user k, Vk € K. Then they are up-converted to the radio frequency
(RF) domain via N RF chains. After propagating through the RIS-aided channels, signals are

corrupted by additive Gaussian white noise (AGWN). The received signal for each user is

Yk =h,®,Gw;s, + h,P,G Z W,Sp, + nk,Vi c {t, I“},V/{Z c ICZ', (313)
pel,p#k

where hy € C*M denotes the channel vector between the RIS and user k, and ny, ~ CA(0, o3)
denotes the AGWN, Vk € K.

Define hy £ h,®;G, Vi € {t,r}, Vk € K;. Then the signal-to-interference-plus-noise ratio
(SINR) for each user can be calculated as
by wy |2

Ve = — Vi€ {t,r},Vk € K. (3.14)
Zpelc,p;ék; [hyw,|* + o7

Our goal is to jointly design the transmit precoder and BD-RIS matrix to maximize the sum-

rate for the MU-MISO system, subject to power constraint and the BD-RIS constraint shown

"Herein we ignore direct links for simplicity. However, our proposed algorithms still work if the direct link
exists.
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in Table 3.1. Therefore, the problem is formulated as

W F,(W, &, ®,) = > log,(1+ 1) (3.15a)
kel

s.t.  ®; and ®, satisfy Table 3.1, (3.15Db)

W% <P, (3.15¢)

where P is the total transmit power at the BS. Problem (3.15) is difficult to solve due to the
complex form of the objective and the non-convex constraints of the BD-RIS. To tackle this
difficulty, in the following subsections, we attempt to first transform problem (3.15) into a more
tractable multi-variable/block optimization based on fractional programming theory reviewed
in Section 2.2.1 and then iteratively cope with each block.

3.3.2 Joint Design Framework

We start by taking v, Vk € K out of the log(:) function in F,(W,®;, ®,). Based on the
Lagrangian Dual Transform [83], [84], F,(W, ®, ®,) can be equivalently transformed into:

F(W,®,, ®,,¢) :Z <log2(1 + 1) — e + (3.16)

(1 + Lk)|flka|2 )
ke

> pexc w2 + o

T € REX! is an auxiliary vector. It can be seen from (3.16) that we

where ¢ 2 [11,..., k]
remove the original fractional terms in the log(-) function of F,(W, ®;, ®,), but introduce a
summation of new fractional terms. The main difference is that these new fractional terms
are independent of the log(-) function and thus more tractable. Then we can apply Corollary
2.2 to transform these fractional parts into integral expressions and reformulate the objective

function F,(W, ®, P, ¢) as:

F.(W,®,, ®,,1,7) = Z (log2(1 + 1) =t + 20T+ uR{7 hpwy )}
kek

i (3.17)
— |7 ? <Z [hyw, | + Ul%) )7

pEK

A .
where 7 = [1y,...,7k]T € CE*! denotes another auxiliary vector.

Now with newly introduced two auxiliary vectors ¢ and 7 to tackle with the original frac-

tional terms, the original problem (3.15) can be transformed into the following typical multi-
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Algorithm 1 Joint Transmit Precoder and BD-RIS Design
Require: h;;, Vi € {t,r}, Vk € K;, G, P.
Ensure: ®;, &7, W*.
. Initialize ®¢, ®,, W, Dy,...,Dg.
while no convergence of objective (3.15a) do
Update ¢* by (3.19).
Update 7* by (3.20).
Update W* by (3.22).
Update @7, by solving problem (3.23).
end while

: Return @} /oo

R AN ol v

W=

variable/block problem:

wpax F.(W,®,, ®,,¢,7) (3.18a)
st (3.15b), (3.15¢). (3.18b)

A well-known direction to solve problem (3.18) is to apply the block coordinate descent (BCD)
iterative algorithms [93]. Given appropriate initial values of W and ®y /., we iteratively update
the above blocks until convergence. The proposed joint design framework is summarized in
Algorithm 1. We will next decompose problem (3.18) into several sub-problems in an iterative
manner and discuss the solution for each block in detail. Specifically, solutions to two auxiliary
vectors, i.e., blocks ¢ and 7, will be presented in (3.19) and (3.20). Then, the solution to the
transmit precoder, i.e., block W, will be provided in (3.22). Finally, three solutions to the
BD-RIS beamformer, i.e., block {®, ®,}, will be proposed.

Solution to Auxiliary Vectors: Blocks ¢ and 7. When W, &, ®, and 7 (or ¢) are

fixed, the sub-problem with respect to ¢ (or 7) is an unconstrained convex optimization, whose

8F7—(W7{>t,':1>r,b77') — 0 (OI‘ aFT(W7¢t7¢r7L7T) — O) Then we
oL orT ’

can obtain the following optimal solutions for each auxiliary variables ¢y and 7 as:

solution can be easily derived by setting

=, Vk € K, (3.19)
V1+:h
= TUMWE e i (3.20)

> pexc w2 + o7

Solution to the Transmit Precoder: Block W. With given ®;, ®,., 7, and ¢, the sub-
problem with respect to W is given by:

max Z (2\/@8‘3{hkwk} —wy ( Z flfflp> Wk> (3.21a)

ke peK
st. |[W3% < P, (3.21b)
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where h;, £ T,jflk,Vk: € K. Since both the objective function and the constraint of problem
(3.21) are convex, we can check the KKT conditions as illustrated in Section 2.2.2 to find its
optimal solution. To do so, we adopt the Lagrange multiplier method and introduce a multiplier
A > 0 for the power constraint (3.21b). Then by checking the first-order optimum condition,

we can obtain the optimal solution of precoder W:

—1
wh = (Z h'h, + A*IN> x T+ uhff V€ K, (3.22)

peK

where A\* can be obtained by a simple bisection search.

Solution to BD-RIS Matrix: Block {®;, ®,}. When W, 7, and ¢ are determined, the

sub-problem with respect to ®; and ®, is written as

— . — 2 . 2
max Y Y- (2%{Tkhk¢lgk} 7] Z]hk@gp\) (3.23a)

ie{t,r} kek; pek

s.t. ®; and P, satisfy Table 3.1, (3.23b)

where 7, = /1 + 1,7, Sk £ Gwy,Vk € K. It can be easily observed from Table 3.1 that both
CW-SC and CW-FC architectures are special cases of the CW-GC architecture. Therefore, we
will first provide a general solution for the CW-GC case, which can easily boil down to other
two cases, and then propose an efficient algorithm for the CW-SC case to further reduce the

complexity. Finally, we will propose a heuristic solution for the CW-DGC case.

1) A General Solution for CW-GC BD-RIS: Problem (3.23) can be written as

max <2§R{Tr(‘I>Z~XZ-)} ~ Tr(®,Y®! zi)> (3.24a)

ty®Fr ie{t7r}
s.t. B B, + D] ., =1y,VgeQG, (3.24D)
D, = blkdlag(q)ul, RN (I)i,G’)a Vi € {t, I'}, (324C)

where X; € CM>*M Y € CM*M and Z; € CM*M are respectively defined as X; £ 3, . 7rgrhy,
Y £ > ek &gy, and Z; = > ke, |TelPhifhy, Vi € {t,r}. It is worth noting that there are
quadratic terms in problem (3.24), which makes different groups of ®y, , mingle with each
other. To efficiently solve this problem, we attempt to split out one pair ® , and ®, , for group

g from the objective function (3.24a) with fixed other pairs. This leads to

3 <2§R{Tr(<I>iXZ-)} ~ Tr(®,Y®! zi)>

ie{t,r}

G G G
_ Z (2 Z R{Tr(®,;,X,,)} — Tr (Z ®,, Z Y,,,q@fqzi,q,p> ) ,
p=1 q=1

e{t,r} g=1

(3.25)
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where Xi,q = [Xi](q—l)M+1:qM,(q—1)M+1:qM € CiMxin Yp,q = [Y](p—l)M—l—l:pM,(q—l)M—f—l:qM € CMXM?
and Ziqp = [Zi] (q—1)M+1:q00,(p—1) W14 1:p07 € CM>*M \Yp q € G. Then, when we focus on one pair

®, , and @, , with fixed other pairs, the corresponding sub-objective function is:

Fy(@ig®ry) = Y (Tr(@i,ng,g@fgzi,g,g) =T (@1, (Xiy = 30 Y, @070y ) ) }) .

ic{t,r} p#g |
X,
(3.26)
Define &, £ [@f @[] € CMM X, £ X, X,,] € CM, Z, £ blkdiag(Zig,g, Zig,0) €
C2M>2M Then the sub-problem with respect to ®, is:
min Fo(®y) = Tr(®, Y, , @1 Z, — 2R{®,X,}) (3.27a)
s.t. @D, =15,Vgeq. (3.27b)

The main challenge of solving problem (3.27) is the unitary constraint (3.27b). One possible
solution is to do some relaxations and solve the relaxed problem. However, it is inevitable that
there will be performance loss since the result is not based on the original problem. Moreover,
when the value of ®, is not that “good”, the convergence of the overall BCD procedure might
not be guaranteed. In order to get a “good” solution of problem (3.27), we adopt a manifold
algorithm [87] as reviewed in Section 2.2.3. In the following we will introduce the procedure of

the manifold algorithm by applying the Conjugate-Gradient method.

Manifold Construction: Constraint (3.27b) forms a 2M2-dimensional complex Stiefel manifold

[88], as explained in Definition 2.1, i.e.,
Mesig = {®, € CMM . 311® =1,},Vg € G, (3.28)
and then problem (3.27) becomes an unconstrained optimization on the Stiefel manifold, i.e.,

P’ = arg o 0 Fy(®,),Yg€G. (3.29)
The tangent space of the manifold (3.28) at point ®,, as explained in Definition 2.2, is thus

given as

T, Mty = {Ty € CM RIBIT )} = 04,51}, Vg € G. (3.30)

Riemannian Gradient: In the Conjugate-Gradient method, the Euclidean gradient is required
to calculate the Riemannian gradient as explained in Definition 2.3. Therefore, we first calculate
the Euclidean gradient of F,(®,) as

VEy(®,) =2Z,2,Y, —2X/ Vg € G. (3.31)
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Then the Riemannian gradient can be calculated by projecting the Euclidean gradient onto the

tangent space [87]:

chst,gﬁg((I)g> = Prg, (VFy(®,)) = VFQ(CI)9> - (I)gChdiag((I';IVF’g(q)g))»vQ €g, (3.32)

where Prg () denotes the projection function, and chdiag(-) chooses all diagonal elements of a
matrix to construct a diagonal matrix. Now we can apply the Conjugate-Gradient method. At

the o-th iteration of the Conjugate-Gradient method, we successively do the following steps:

Step 1: Find the descent direction:

e _chst,gFg((I)Z) + ILLZPI’@Z(Eofl)’vg c g, (333)

g

=;
where g denotes the Conjugate-Gradient update parameter. There are many choices
for updating this parameter, e.g., Fletcher-Reeves formula, Polak-Ribiere formula, and
Hestenes-Stiefel formula [89]. Here we adopt a Riemannian version of the Polak-Ribiere
formula, which is given by

YT (19t P (@ [Tt Fo(®5) = Prag (Yt Py (@57))] ) }

o

Mg = - - Vg eq.
T (9 My Fo( @GV e, Py (@571))
(3.34)
Step 2: Perform a retraction [87]:
®UH = Retrgy (0057) = (@ + 0920 Ly + (09)*(E)"ES) /2 Vg € G, (3.35)

where J; is the step size and can be searched by backtracking algorithms [87]. In
addition, Retrgo(-) denotes the retraction function which maps a point in the tangent

space into the manifold.

Now with proper initial values, the (at least local) optimal @, Vg can be obtained by iteratively
updating 590_1, ®7, 19, and EJ until convergence. After solving problem (3.27) for all groups,

the optimal reflective and transmissive matrices for each group can be split from @7, i.e.,
ét,g = [(ﬁ;]l:]\z,n ¢:,g = [(pZ]M—}—l:ZM,:a\V/g € g (336)

The procedure of the above BD-RIS matrix design is summarized in Algorithm 2. This design
is also suitable for BD-RIS with CW-FC and CW-SC architectures.

Case 1: For the CW-FC case (G = 1), problem (3.23) can be rewritten as the following form:

min Tr(®@Y®7Z) — 2R{Tr(®X)} s.t. ®7® =1y, (3.37)
L]
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Algorithm 2 General Solution for CW-GC BD-RIS
Require: h;;, Vi € {t,r},Vk € K;, G, ¢, 7, W, &, &, G.
Ensure: ®}, ®.

1: Calculate Xy, Y, Zy),.

2: Initialize ®° = [®F &I

3: Initialize B = —V uy, fy(PY), Vg € G.

4: while no convergence of ®;, ®, do

5 forg=1:G do

6 Set v = 0.

7 while no convergence of HVMgfg((I’Z)HF do

8 v=1uv+1.

9: Calculate 6;~' by backtracking algorithms [87].
10: Update @} by (3.35).

11: Update p, by (3.34).

12: Update E} by (3.33).

13: end while

14: Obtain <I>; = <I>Z+1 and @f/r,g by (3.36).
15:  end for

16: end while

17: Return @7, by (3.9).

with @ £ [®@F @M ¢ C?M*M X £ [X,X,] € CM*2M 7 £ blkdiag(Z,Z,) €

C2M>2M which can be solved by steps 6-15 in Algorithm 2.

Case 2: CW-SC BD-RIS matrix can be directly determined by Algorithm 2 with G = M. How-
ever, CW-SC RIS has a friendly characteristic, i.e., ®/, are diagonal matrices, which

can facilitate the design and thus motivates us to develop a more efficient algorithm.

2) An Efficient Solution for CW-SC BD-RIS: In this case, each non-zero element of ®;,. can
be modeled as ¢ /rm = | /@t/nmejet/r}m, Ocjem € 10,27), Qg + 0 = 1, Ym € M [73]. Define
o £ [P, dim]T, and vy, = (hydiag(g,))?, Vp € K, Vk € K;, Vi € {t,r}. Problem (3.23)

can be rewritten as

max (23%{0{1 b} — ¢ffvi¢i) St [Geml® + [brml? = 1,Vm € M, (3.38)

with V; £ > wer, [Te* 2 ek VipVips and ¥; = > kei, V1 + Vi, Vi € {t,r}. We split the
objective and focus on the design for one pair, i.e., @, ¢rm, While fixing the others. Therefore,

the sub-objective for ¢y ,,, and ¢, ,, is given by

Z ([VZ],,“n|gzﬁzm|2 + 2?)?{ ( Z [Vilimn®in — [‘Mm) Qfm}) : (3.39)

e{t,r} n#m

[\

-~

=Xi,m
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Recall ¢;,,, = (/0 me’’m Vi € {t,1}, Ym € M, the sub-problem for ¢y ,,, and ¢, ,, is

min Z ([Vi]mmai’m + 2| Xim| /i cOS(LXim — Hlm)) (3.40a)

at,m,Orm
Ht,mﬂr,m ie{t,r}

st am+ar, =1, (3.40b)
O € 10,27), 0,0 € [0, 27). (3.40c)

Phase Shift: From problem (3.40) we can observe that the phase shifts 6y, and amplitudes
i /rm can be separately determined. Therefore, we first directly let the term cos(Zx;m —0;m) =

—1 to minimize the objective function. Then we can determine the optimal phase shifts:

Aim—i_ﬂ', llme 0,7‘(, .
Orm = X Xim € 10.7) Vi € {t,r},Vm € M. (3.41)

ZXi,m -, AXz,m € [7T7 27T)7

Amplitude: With optimal phase shifts, objective (3.40a) becomes a real-value optimization and

problem (3.40) can be formulated as a function of a

glin UmQtm — 2|Xtm|v0tm — 2| Xem| V1 — em 8.6 apm € (0,1), (3.42)

where vy, = [Vilmm — [Vi)mm, Ym € M.

Proposition 3.1. The objective function in (3.42) is a convex function within o, € (0,1).

Proof. Please refer to Appendix A. n

Proposition 3.1 indicates that the minimum of (3.42) is achieved at the minimum point, which

can be efficiently found by one-dimensional search methods, e.g., golden-section search.

After solving problem (3.42) and getting the optimal amplitude of,,, we can obtain Dt jem BS:

Ot = A€l ¢t = /1= af,,e%m ¥m e M. (3.43)

The details of the single-connected RIS beamforming design are summarized in Algorithm 3.

3) A Heuristic Solution for CW-DGC BD-RIS: In this case, the objective function with respect
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Algorithm 3 Efficient Solution for CW-SC BD-RIS
Require: h;;, Vi € {t,r},Vk € K;, G, ¢, 7, W, &, ®,.
Ensure: ®}, ®.

1: Calculate Vi, and vy,.

2: while no convergence of ®;, ®, do

33 form=1:M do

4: Update 67, ,, by (3.41).

5: Update «f,,, by golden-section search.
6: Calculate o7, ,, by (3.43).

7. end for

8: end while

9: Return ®F, = diag(¢}, /- - - :/r’M).

to @, and P, is

3 (Tr(@Y(I)f{ZZ-) - 2%{Tr(<1>iXi)}> (3.44a)

ef{t,r}

®) S (Tr(@-,pg > Yop,0,2% Zip,p,) 2%{Tr(q>i,pgxwg)}) (3.44D)
ie{t,r} g€g pEG

b

593 (Tr(cIn,DgYDg,pg@ngzi,Dg,Dg) - 23‘%{Tr('1>i7ngi,Dg)}) (3.44c)
9€G ie{t,r}

=Y Fy(®ip,, ®:p,); (3.444)
geg

where (a) holds by defining matrices X;p,, Yp,p, and Z;p, p,, Vg € G, Vi € {t,r}, which
are sub-matrices selecting rows and columns according to D, from X;, and selecting rows
according to D, and columns according to D, from Y and Z;, Vi € {t,r}, respectively;
(b) holds by the finding (based on large amount of simulations) that the value of the term
Zp £ ngpp(I)poZi’Dp,Dg is negligible compared to X;p, due to the severe double fading of
the cascaded BS-RIS-user channels. This approximation generally holds true for Rician fading
channels with around 10% difference between the original objective (3.44a) and the approxi-
mated objective (3.44d). Based on the above derivations, the sub-problem with respect to ®;
and P, is

min Y Fy(®up,, ®ip,) st. (3.11), (3.12). (3.45)

DganEg
& p,, P 1, Vgeg 9€Y

Problem (3.45) is still difficult to solve due to the coupling of grouping D;, . .., Dg and non-zero
parts of the BD-RIS matrices ®/p,, Vg € G. To further simplify the design, we propose to
iteratively® update D,, Vg € G and ¥, /r.D,» Vg € G, until the convergence is achieved.

8Note that the initialization of the dynamic grouping subsets, the BD-RIS matrices and the transmit precoder
is required. For simplicity, we initialize dynamic grouping sets as D, = G4, Vg € G, the BD-RIS matrices as
diagonal ones with non-zero entries having constant magnitude % and random phase, and the transmit precoder
as zero-forcing precoder.
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Specifically, when BD-RIS matrices are fixed, the grouping problem is

min Y Fy(®up,, ®ip,) st. (3.11). (3.46)
geg

Dy VgeG

We propose a simple yet practical iterative algorithm to solve the grouping problem. Given a
proper initialization of Dy, ..., Dg, we aim to successively determine which group each RIS cell

should belong to based on the following steps.

Step 1: For cell m, Vm € M, we first check which group this cell belongs to and tag the exact
position as giae. To guarantee each group contains at least one BD-RIS cell, we check

the size of Dy,,,. When |D,,, | > 1, the following Steps 2-4 are executed.

Jtag *

Step 2: We calculate the value of objective (3.46), which is marked as F,, ,, when cell m is
either in group Giag, i.€., § = Grag Or moved to other G — 1 groups, i.e., § # Grag:
according to (3.47):

Zpeg Fp((I)mDp, @Y,Dp)7 g = Gtag,
ﬁm’g - thag(q)t’ﬁg:ag’ (I)r’f)g:ag) + Fg(é[)t’ﬁf;n’ q)r,ﬁ’g”) (347>
+ D _peg e F’p(‘I)t,Dw (I)r,Dp)> 9 F Gtag

PFJtag
where Dyt = D,,,, \ {m}, Dyt =Dy U {m}.

Step 3: Among all f_m,g7 Vg € G, we find the index with the minimum value, i.e.,

g = arg min I?’m’g. (3.48)
g

Step 4: When g, # gtag, We update the corresponding dynamic subsets as
Dg:n = Dg;(n U {m}’ Dgtag = Dgtag \ {m} (349)

Successively updating positions of all M RIS cells gives dynamic grouping subsets Dy, ..., Dg.

With fixed grouping subsets, the BD-RIS matrix design problem for each group is separated,
which is given by

min Tr(®p,Yp,p,®n Zp,) — 2R{Tr(®p, Xp,)} (3.50a)
Dg
s.t. ®p &p, =Ipp,, (3.50D)

where the fresh notations are respectively defined as ®p, = [@fpg, @fpg]H € CPolxIPsl Xpp £
X0, Xip,] € CIPoP2Pol "and Zp, £ blkdiag(Zp, p,, Z:p,p,) € CHPe**Psl. Problem (3.50)
has the same form as (3.37), which can be solved by steps 6-15 in Algorithm 2.
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Algorithm 4 Heuristic Solution for CW-DGC BD-RIS
Require: h,, Vk e K, G, ¢, 7, W, &, &, Dy,...,Dg.
Ensure: ®;, ®;.

1: Calculate Xy, Y, Z),.

2: while no convergence of objective (3.44d) do

33 form=1:M do

4: Find m € D, and set giag = 9.

5: if |D,| > 1 then

6: Calculate f,, ,, Vg by (3.47).

7: Find g;, by solving g;;, = arg min, fmg.

8: if g7, # Grag then

9: Update Dy, = Dg. U{m} and D,,,, = D,,,, \ {m}.
10: end if

11: end if

12:  end for

13:  Set &, =0, &, = 0.

14: forg=1:G do

15: Split Xp,, Yp, p,, Zp, and solve problem (3.50) by Algorithm 2.
16: Obtain ®fp and @75 by (3.51), and restore ®f and @7 by (3.52).
17:  end for

18: end while

19: Return @7, ®7.

After solving (3.50), BD-RIS matrices for each group are given by
@ p, = (@D, 1p;: V9 €G, Bip = [®D |ipsi+1:21Ds),, Vg € G (3.51)

With ®} 5, and ®7p , Vg € G, we need to perform a restoring operation to get the original @
and ®7. To this end, we introduce G vectors d, € RPsl Vg € G, which list the indexes in D,

in ascending order. Then we have

[®F]lar.ar = ®ip,, [®flarar = ®ip,, V9 €G. (3.52)

After iteratively updating grouping subsets and BD-RIS matrices until some convergence thresh-
olds are achieved, we can get Dy, ..., D and corresponding BD-RIS matrices. For clarity, the
CW-DGC BD-RIS design is summarized in Algorithm 4.

3.3.3 Analysis

Initialization: Choosing an appropriate initialization of BD-RIS coefficients ®;, ®, and trans-
mit beamformer W is important for the proposed algorithm. Unfortunately, it is not that easy
to quickly find different and good initial values of ®, ®, satisfying different modes/connections.

Therefore, we simply adopt CW-SC cases and assume initial ®;, ®, are all diagonal matrices,
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1

ie., ® ), = diag(¢yr1,- .-, Gymm). Bach non-zero element has constant amplitude and

Sl

random phase shift within the range [0, 27).

Then with the above initial BD-RIS coefficients, we use a typical minimum mean square error
(MMSE) precoder to initialize W, which is given by

W = (GHTHIH®G + ¢°1y) GO HY (3.53)

where ® = [®, ®]7 H = blkdiag(H;, H,) with H, = hijrss . shiek,, ], ok = o,

Vi € {t,r}, Vk € K;. Finally, an additional normalization is performed to satisfy the power

W = YPW

constraint, i.e., Wi
F

Complexity Analysis: We provide a broad complexity analysis for algorithms proposed in
the previous section. Four blocks are iteratively updated to find a convergent solution. In
each iteration, updating blocks ¢ and 7 require O{K?M?} operations; updating block W has
a complexity of approximately O{K(M? + I 4N3)}, where I; is the number of iterations for
bisection search. The complexity of the proposed two algorithms for designing block ®;, ®,

will be discussed as follows.

1) The General Solution for CW-GC BD-RIS: As summarized in Algorithm 2, the optimization
of CW-GC BD-RIS is based on an iterative design. In each iteration, the objective is divided
into G sub-problems, each of which is solved by a manifold version of the CG method (steps 7-13
in Algorithm 2) with complexity O{I.oM?3}, where I, denotes the number of iterations for the
conjugate-gradient method. Therefore, calculating CW-GC BD-RIS requires O{l,I.,GM?}
operations, where I . denotes the number of iterations for Algorithm 2. The overall complexity
is O{I(K?M?+ Ly K N® + I, I.,GM?)}, where I denotes the number of iterations in Algorithm
1. Since CW-FC and CW-SC BD-RIS are special cases of CW-GC ones, we can easily derive

the corresponding complexity as follows:

Case 1: For the CW-FC case, i.e., G = 1, there is no need to do iterations for BD-RIS design
so that the complexity of updating BD-RIS beamformer is O{I,M?}. The overall
complexity is thus O{I(K?*M? + LK N3 + I, M?3)}.

Case 2: For the CW-SC case, i.e., G = M, optimizing BD-RIS requires O{l,.I.;M}. And the
overall complexity is O{I(K?M? + LK N3 + I, I.;M)}.

2) The Efficient Solution for CW-SC BD-RIS: Updating {®, ®,} by Algorithm 3 requires
O{ I, M} operations, where I, denotes the number of iterations. Thus, the overall complexity
is O{I(K*M? + L,KN?3 + I, M)}.

3) The Heuristic Solution for CW-DGC BD-RIS: The computational complexity of the pro-
posed dynamic grouping optimization mainly comes from the matrix multiplication, which
requires around O(Zngl |D,|*37), yielding a worst-case total complexity O(M 25:1 |Dy|%37).
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Table 3.2: The Circuit Topology Complexity and Overall Optimization Complexity for BD-RIS
with Different Architectures

) No. of - No. of Non- Circuit Topol o -
’ Architecture Grc;u(;)s Group Size Zerc; Iglemc:;;ts lrézlmplzii;gy ‘ Optimization Complexity ‘
2 2 3
CW.SC o 1 oM 21 O{I(KZM? + Ips KN +dIgCICg]W)} by by Alg. 2
O{I(K?M? + I,,KN° + I..M)} by Alg. 3
CW-GC G M 2GM? M(2M + 1) O{I(K2M? + I, KNS5 4 Igc I, GMP)}
CW-FC 1 M 2M2 M(2M + 1) O{I(K?M? + I, , KN® 4+ I., M>)}
CW-DGC G IDgl,va€G | 255 | IDg17 | 250, [Dg|Q2IDgl +1) | O{I(KZM? + Ing KN + Iqge 3G leg,g|Dgl*)}
Q
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Figure 3.7: An illustration of the relative position among the BS, RIS, and users.

Meanwhile, the BD-RIS matrix optimization has a complexity (’)(25:1 Iee 4| Dy|?) by Algorithm
2. Thus, the overall complexity is O{I(K*M? + I KN® 4 Lige S5 | Iy 4|Dy[?)}, Where Iy

denotes the number of iterations of Algorithm 4.

To summarize, the group size of the cell-wise group M, the number of cells M, the number
of iterations, and the numbers of transmit antennas and users jointly determine the compu-
tational complexity of the proposed algorithms. Specifically, the complexity of designing the
CW-SC architecture is dominated by the number of iterations; the complexity of designing
the CW-FC architecture is dominated by the number of cells M; the complexity of design-
ing group-connected architectures depends on the group size. To provide a clear comparison,
we summarize the circuit topology complexity and optimization complexity for different archi-
tectures in Table 3.2, showing that the performance improvement (as illustrated in the next
section) of cell-wise group/fully-connected BD-RIS is at the expense of higher circuit topology

complexity and optimization complexity.

3.4 Performance Evaluation

In this section, we present simulation results to demonstrate the performance of the BD-RIS-
aided MU-MISO system when the BD-RIS has different modes/architectures. We model the
channels from the BS to the RIS and from the RIS to users as a combination of small-scale
and large-scale fading in accordance with existing RIS works [9]. Specifically, the distance-
dependent pathloss model PL; = (o(d;/dy) "%, Vi € {BIL, IU} accounts for the large-scale fading
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Figure 3.8: Sum-rate versus transmit power P (N = K =4, Ky = K, =2, M =32, G =8).

with (y referring to the signal attenuation at a reference distance dy, dg; and dyy referring to
the distance between the BS and the RIS, and between the RIS and users, and ¢;, Vi € {BI,1U}
referring to the path loss exponent. Regarding the small-scale fading, we use both Rayleigh
fading and Rician fading models with x;, Vi € {BI,IU} referring to the Rician factor. In the
following simulations, we fix the Rician factor for Rician fading channels to kg = kiy = 5 dB
for BS-RIS and RIS-user links. The signal attenuation is set as (;, = —30 dB at a reference
distance dg = 1 m for all channels. The path loss exponent of BS-RIS and RIS-user channels
are all set as eg; = eyy = 2.2. The noise power at each user is set as o7 = —80 dBm, Vi € {t,r},
Vk € IC;. These parameter settings are typically adopted in sub-6GHz wireless communications.
The relative position among the BS, BD-RIS, and users is shown in Fig. 3.7. In Figs. 3.8 and
3.9, the distance between the BS and the RIS is set as dg; = 50 m, and K users are randomly
located close to the RIS with the same distance dyy = 2.5 m, while in Figs. 3.10 and 3.11, we
set dgr = 100 m and diy = 10 m. Here we assume the users to be located close to the RIS
based on the results in [7].

Now we examine the sum-rate performance of the BD-RIS-aided MU-MISO system when BD-
RIS has different modes® and architectures!’. Fig. 3.8 shows the sum-rate performance versus
the transmit power. From Fig. 3.8 we can obtain the following conclusions: First, with the
same architecture, the “hybrid” scheme can outperform other modes. For example, for Rician
fading channels, the “hybrid, CW-FC” scheme can achieve around 20% higher sum-rate than
“Transmissive/Reflective, CW-FC” schemes. This is because the hybrid BD-RIS can serve
all the users and flexibly control the signal power split to different users, while part of users
are blocked under other modes. Therefore, the “hybrid” scheme can realize a full-dimensional

service coverage, which indicates that the scope of application for hybrid RISs can be much

9We can easily obtain the RIS beamformer under the reflective (transmissive) mode based on the proposed
algorithms by removing transmissive (reflective) users and forcing ®; (®,) to zero.
10Tn the following simulations, CW-SC BD-RIS beamformer is designed by the efficient solution.
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Figure 3.9: Sum-rate versus the number of RIS cells M (N = K =6, K, = K, =3, G = 8§,
P =5 dBm).

more flexible than “transmissive/reflective” ones. Second, under the same mode, the “full”
scheme always achieves the best sum-rate performance. For example, for Rayleigh fading
channels, the sum-rate of “hybrid, CW-FC” and “hybrid, CW-GC” schemes is around 75%
and 37% higher than that of the “hybrid, CW-SC” scheme. Third, when the transmit power is
relatively small (the sum-rate performance is more related to the BD-RIS matrix than to the
BS precoder), with the same inter-cell architecture, the performance gap between the hybrid
RIS and transmissive/reflective RIS for Rician fading channels is larger than that for Rayleigh
fading channels. It is because in Rician fading channels with strong LoS components, two
separate beams of the hybrid BD-RIS can be “sharper” to finely direct to users from different
sides. Therefore, hybrid RISs are more suitable in Rician fading environments. Fourth, when
RISs are under the same mode (in low transmit power case), the performance gap between
CW-FC/GC RISs and CW-SC ones for Rayleigh fading channels is larger than that for Rician
fading channels. This fact shows that the advantage of CW-FC/GC RIS is more prominent in
Rayleigh fading propagations, therefore confirming results in [55].

Then in Fig. 3.9, we plot sum-rate as a function of the number of cells M. It can be observed
from Fig. 3.9 that the sum-rate for all schemes grows with the increase of M. More importantly,
the slope of the sum-rate-versus-M curve for CW-FC/GC BD-RIS is larger than that for CW-
SC BD-RIS. This phenomenon can be explained by Table 3.2, which demonstrates that the
number of non-zero elements grows in a quadratic manner with increasing M for CW-FC/GC
BD-RIS, but grows linearly for CW-SC case: The more the number of non-zero elements, the

higher the beam control flexibility.

Fig. 3.10 shows a simulation result when BD-RIS has 36 cells (6 x 6 square). Three fixed
grouping strategies, namely “Horizontal”, “Vertical”, and “Interlaced”, are used in the simu-
lation as illustrated in 3.10(a), where cells with the same color belong to the same group. For

comparison, we also add the performance of CW-FC and CW-SC architectures as upper- and



48 Chapter 3. BD-RIS with Hybrid Transmitting and Reflecting Mode

G=18 G=12
[T EEEEEE EE EE EEE EEEEEE EEEEE
EEEE EEEEEE EECEE EEEEEE EEEEEE EEEEE
m EEE EECE EEE EEEEER EEEER
EEEE EEE EECEE EEEEEE EEE EEEER
| J | [ ] [ } | EEE | B EEEER
mm EECE EEE EEN EEEEN
Horizontal Vertical Interlaced Horizontal Vertical Interlaced

(a) Three fixed grouping strategies with G = 18 and G = 12

25 T 25 T
—O— CW-FC ) —O— CW-FC
—8— CW-DGC —H8— CW-DGC
CW-GC, Horizontal CW-GC, Horizontal
20 f|= = =CW-GC, Vertical [f...... 20 F|= = =—CW-GC, Vertical pf......,
< ||=-—- CW-GC, Interlaced i | e CW-GC, Interlaced
T —A— CW-SC I —A— CW-SC
(2] N w N
=} ' ) '
D A5 frrrrrr QA5 e Sl
o o
£ £
> >
%) 1)
0] S - 15 fF ORI 10| /e P A

30 35 40 30 35 40
P(dBm) P(dBm)

(b) Sum-rate versus transmit power P. Left: G = 18; right: G = 12.

Figure 3.10: Comparison among different grouping strategies (M = 36, N = K = 6, K; =
K, =3).

lower-bounds, respectively. We plot sum-rate performance achieved by different architectures
of BD-RIS in Fig. 3.10(b). It can be shown that our proposed dynamic grouping strategy out-
performs three CW-GC cases. In addition, there are no obvious performance gaps among three
CW-GC architectures. These two observations can be explained as follows. 1) With Rayleigh
fading channels between the RIS and users and fixed group size, the positional information for
users is not a decisive factor. 2) The change of group size, however, boosts the performance
by adapting to the strength of different channel coefficients. Therefore, we can deduce from
Fig. 3.10 that the performance of CW-GC BD-RIS in this case depends more on the change of

group size than on locations of cells.

Finally, in Fig. 3.11'', we show the sum-rate performance as a function of the number of
groups GG. With increasing number of groups, equivalently the decrease of the number of non-
zero elements of the BD-RIS matrix, the performance gap between CW-DGC and CW-GC
architectures becomes larger. For example, the performance achieved by a 36-cell CW-DGC
architecture improves by 12% when G = 12 while by 15% with G = 16; the performance of a
64-cell CW-DGC architecture improves by 13% when G = 16 and by 21% when G = 32. This
fact demonstrates that the benefit of dynamic grouping is much more obvious when the size of

each group is relatively small.

1 Given that three fixed grouping strategies have similar performance, in Fig. 3.11 we only plot the horizontal
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3.5 Summary

This chapter analyzes and proposes a general BD-RIS-aided communication model unifying
three modes, namely, reflective, transmissive, and hybrid, and three architectures, namely,
CW-SC, CW-GC, and CW-FC architectures, totally twelve cases. Particularly, we first prove
that the STAR-RIS (hybrid CW-SC RIS) is a special case of our proposed model. Then we go
beyond STAR-RIS and propose more flexible CW-GC/FC/DGC architectures.

With the proposed model, we consider the joint transmit precoder and BD-RIS matrix design
to maximize the sum-rate for an RIS-aided MU-MISO system. We first transform the original
problem into a multi-block optimization based on fractional programming theory. For the design
of BD-RIS block, we propose a general algorithm, which is suitable for different architectures,
an efficient algorithm specifically for CW-SC BD-RIS, and a heuristic solution suitable for
CW-DGC BD-RIS.

Finally, we provide a comprehensive comparison for BD-RIS with different modes/architectures.
Simulation results show that under specific parameter settings and channel conditions, CW-FC
and CW-GC hybrid BD-RISs can achieve around 75% and 37% higher sum-rate performance
than CW-SC hybrid BD-RISs. Meanwhile, using CW-FC hybrid BD-RISs can improve the sum-
rate performance by around 20% compared with using CW-FC transmissive/reflective ones. In
addition, with Rayleigh fading channels between the RIS and users, the change of group size

has a greater impact than that of cell locations on the achievable performance.

case, which is marked as “CW-GC”.
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Chapter 4

BD-RIS with Multi-Sector Mode

While the proposed BD-RIS with hybrid mode and different architectures in Chapter 3 achieves
significant performance improvement, it is achieved at the expense of heavily increasing circuit
complexity. This motivates the exploration of different architectures of BD-RIS with different
antenna array arrangements to achieve full-space coverage, enhance performance, and simplify
the circuit design. This chapter thus proposes a new branch of BD-RIS tree in Fig. 1.1,
namely, BD-RIS under multi-sector mode, and provides a thorough analysis from the modeling,
architecture design and mode analysis, to the scaling law and beamforming design. This leads

to the folowing layouts and contributions.

In Section 4.1, a multi-sector BD-RIS has been proposed, which is modeled as a polygon as
shown in Fig. 4.1(a). With full-space coverage, highly directional beams, and adaptive struc-
tures (based on different numbers of sectors), multi-sector BD-RIS can be flexibly deployed
into various situations and is particularly favorable to millimeter wave/Terahertz scenarios and
cell-free networks. The constraints of multi-sector BD-RIS have been derived when its recon-
figurable elements have either continuous amplitudes/phase shifts or discrete values selected
from finite codebooks. The corresponding channel model has also been derived by taking into

account the impact of beamwidth and antenna gain.

In Section 4.2, the scaling law of the received signal power as a function of the number of sectors
for a multi-sector BD-RIS-assisted single user (SU) SISO system has been derived to show the
benefits of using multi-sector BD-RIS.

In Section 4.3, the proposed multi-sector BD-RIS has been applied in MU-MISO systems.
Specifically, efficient algorithms have been proposed to maximize the sum-rate performance of
the multi-sector BD-RIS-assisted MU-MISO system. The closed-form solution of the multi-
sector BD-RIS has been first proposed when its scattering matrix has continuous values. Then,

an efficient algorithm has been proposed to obtain the discrete solution.

In Section 4.4, the sum-rate performance of the multi-sector BD-RIS-aided MU-MISO sys-

51
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tem has been evaluated. Numerical results show that with the same sum-rate performance
requirement, the number of antennas for the whole multi-sector BD-RIS can be reduced by
increasing the number of sectors. In addition, the resolution of the finite codebooks for the
multi-sector BD-RIS with discrete values can be reduced with increasing number of sectors,

which is beneficial for controlling cost for practical RIS realizations.

4.1 Multi-Sector BD-RIS Model

In this section, we propose the multi-sector BD-RIS-assisted communication model based on

[55], [94], and specify the channel model based on antenna theory [77].

We consider a general wireless communication system consisting of an N-antenna transmit-
ter, K multi-antenna users, each of which has N, antennas, and an M-cell RIS. Denote
N={1,....N}, K={1,....,K}, and M = {1,..., M} as the set of indices of transmitting
antennas, users, and cells, respectively. Each cell in this RIS consists of L antennas, L > 2.
Particularly, cell m contains antennas belonging to the set £,,, = {m, M+m, ..., (L—1)M+m},
Vm € M. Therefore, the M-cell RIS is modeled as LM antennas connected to an M L-port
passive reconfigurable impedance network! [55]. By Result 2.1, the channel between the trans-

mitter and user k& without mismatching and mutual coupling among antennas is [55]
Hall,k = Hd,k + I:Ik(I’G,\V/kZ e, (41)

where Hyp € CV**V is the channel matrix for the transmitter-user link, H, € CNe*IM vk €
and G € CEM*N are channel matrices for the transmitter-RIS-user link. ® € CEM*LM g the

scattering matrix of the LM-port reconfigurable impedance network satisfying [77]
1P =1, (4.2)

when the LM-port reconfigurable impedance network is lossless. The scattering matrix ® is
solely used to characterize the reconfigurable impedance network, which is independent of the
characteristics of the antenna array. More details regarding the impact of mutual coupling from

the antenna array can be found in [55], [77].

The channel model (4.1) and the constraint for an M-cell RIS (4.2) are general expressions
regardless of architectures of RIS, spatial arrangements and radiation pattern of RIS antenna
elements. In the following, we will propose a novel multi-sector BD-RIS model and derive corre-
sponding multi-sector BD-RIS-assisted channel model by specifying the spatial arrangement of
RIS antenna elements and the architecture of the RIS. To this end, we first make the following

two assumptions.

IThe proposed RIS model in this work is purely passive without power consumption since the reconfigurable
impedance network of the RIS consists of passive circuit components.
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Figure 4.1: (a) A multi-sector BD-RIS with LM uni-directional antennas modeled as an L-
sector polygon. (b) Illustration of cells 1 and 2 taking the first row of the multi-sector BD-RIS
(stretched in a straight line) as an example.

Assumption 4.1. Fach antenna of the RIS has a uni-directional radiation pattern with the

same beamwidth 27” .

Assumption 4.2. The L antennas in each cell are respectively placed at the side of the polygon

such that each antenna covers % space, as illustrated in Fig. 4.1 (a).

Based on Assumptions 4.1 and 4.2, we divide the M-cell RIS into L sectors. Specifically, sector [
covers 1/L space containing M antennas, each of which belongs to M; = {(I-1)M+1,...,IM},
Vie £ ={1,...,L}. The M-cell RIS is thus modeled as a polygon with L-sectors, which is
For clarity, in Fig. 4.1(b), we
also illustrate the “cell” of the multi-sector BD-RIS, where every L antennas in the set L,,

referred to as multi-sector BD-RIS as shown in Fig. 4.1(a).

are connected to an L-port fully-connected reconfigurable impedance network to support the

multi-sector mode.

In this work, we focus on a 2D polygon for illustration and tractability. In Fig. 4.2(a), we
provide a simple example when the multi-sector BD-RIS is modeled as a 2D polygon with 6
sectors. In this case, we assume the multi-sector BD-RIS has a 2D horizontal coverage at the
azimuth plane. However, the concept is also applicable to 3D polygon where antennas are

placed on a “sphere”. For ease of understanding, we provide an example when the multi-sector
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Figure 4.2: Multi-sector BD-RIS modeled as (a) a 2D polygon with 6 sectors and (b) a 3D
polygon with 12 sectors.

BD-RIS is modeled as a 3D polygon with 12 sectors in Fig. 4.2(b). In this case, the multi-sector
BD-RIS enables a 3D full-space coverage.

With Assumptions 4.1 and 4.2, we can partition channel (4.1) as

D, P - Py G,
_ _ Dy Py - By G.
Ha, =Hay + [Hes Hio .. Hy g o ,
. . . . B (4.3>
D, Prp - Py G
:HdJ€ + Z Z I:IkJ(I’l,l/Gl/,\V/k? € K:,

leL Vel

where I:IkJ = [Hk]:,(l—l)M+1:lM S (CN’“XM, and Gl = [G](l—l)M—i—l:lM,: S (CMXN, Vk € K,V € L are
channels between sector [ of the multi-sector BD-RIS and user k£, and between the transmitter
and sector [, respectively. @,y = [®]_1)ar1000,0 -1y € CMM VLI € L. To derive the

multi-sector BD-RIS-assisted channel model, we further make the following assumption.

Assumption 4.3. The transmitter and K; users with K; = {1,...,K;}, 0 < K; < K
are located within the coverage of sector 1 of the multi-sector BD-RIS; K| users with K, =

77777777

of the multi-sector BD-RIS, ¥Vl € L,1 # 1, as illustrated in Fig. 4.3.

Based on Assumptions 4.1-4.3, we can deduce two results.

Result 4.1. The transmitter is out of the coverage of the uni-directional radiation pattern of
sector | of the multi-sector BD-RIS, V1 € L,1 # 1, that is G; = Oyun, VI € L1 # 1.

Result 4.2. The users in K; are out of the coverage of the uni-directional radiation pattern of
sector | of the multi-sector BD-RIS, Y1 # I, that is Hyy = O, xar, Yk € Ky, VI £ UV € L.
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Figure 4.3: Top view for the locations of the M-cell multi-sector BD-RIS partitioning the whole
space into L sectors, the transmitter, and multiple users.

With Results 4.1 and 4.2, we can simplify (4.3) as
Hall,k = Hd,k + I:IkJ@l’lGl,Vk € lCl,Vl cLl. (44)

For simplicity, we use auxiliary notations Hy = Hy,;, ®, = ®;;, G = Gy, Vk € K}, VI € L. We
also ignore the channel from the transmitter to the receiver (Hqx = Oy, xn, Yk € K). Then we

can rewrite the simplified channel (4.4) as
Hall,k =H,®,G,Vk € K,V € L. (45)

According to the general constraint (4.2), the constraint of matrices ®;, VI € L of the multi-
sector BD-RIS becomes

> o'® =1y (4.6)
viel

Now we establish the multi-sector BD-RIS-assisted communication model (4.6) and (4.5). In
the following subsections, we will show the specific descriptions of matrices ®;, VI € £ when

the cell-wise single-connected architecture is applied and channels H,y , Vk € K including the



56 Chapter 4. BD-RIS with Multi-Sector Mode

Table 4.1: Three Architectures of Multi-Sector BD-RIS

| (Cell-Wise) Architectures | Constraint |
&, = diag(Pu—1)m+1, - - - Pinr)
Zieﬁm |¢z|2 =1,VmeM
B, = blkdiag(®y1, ..., 1)
ZWGL (I’ﬁqq’l,g =I;Vgeg
Fully-Connected Yovier @U@ =1y
T G is the number of groups. G = {1,...,G}, M = M/G.

Single-Connected

Group-Connected!

impact of antenna gain.

4.1.1 Cell-Wise Single-Connected Multi-Sector BD-RIS

In this work, we assume the multi-sector BD-RIS has a cell-wise single-connected architecture,
that is, different RIS cells are not connected to each other. Similar to the BD-RIS with hybrid
mode in Chapter 3, with different inter-cell circuit topologies, the multi-sector BD-RIS can
also have different architectures, namely, cell-wise single/group/fully-connected architectures,
which are summarized in Table 4.1. The cell-wise group/fully-connected architectures can
provide higher performance gains thanks to the more general constrains as shown in Table 4.1,
but at the expense of higher circuit topology complexity. Here we focus only on cell-wise single-
connected multi-sector BD-RIS and investigating cell-wise group/fully-connected architectures
is left for future work. In the cell-wise single-connected case, ®;, VI € L can be modeled as

diagonal matrices:

b, = diag(¢(l_1)M+1, .. ,¢1M),VZ € ﬁ, (47)
and constraint (4.6) becomes
> giP =1,Yyme M. (4.8)
1€LMm

We should clarify here that the proposed cell-wise single-connected multi-sector BD-RIS is an
application of group-connected reconfigurable impedance network with group size equal to L.
When antennas with different spatial arrangements are connected to the same reconfigurable
impedance network, we have RIS models with different modes and architectures. In Fig. 4.4 we
provide a simple example to facilitate understanding. We can observe from Fig. 4.4 that the
circuit topology of the impedance network for a 2-cell 4-sector BD-RIS with cell-wise single-
connected architecture is exactly the same as that for an 8-element group-connected RIS with
group size equal to 4 [55]. The difference is that antennas within each cell of the multi-sector
BD-RIS are placed at the side of the polygon, while antennas of the RIS in [55] are placed
towards one direction. Therefore, the freedom induced by the group-connected reconfigurable
impedance network is utilized to support the multi-sector mode of the multi-sector BD-RIS, but

to realize more flexible signal reflection for the group-connected RIS [55]. In addition, as per
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(" 2-Cell 4-Sector BD-RISwith Cell- ) [  8-Element RIS with Group- )
Wise Single-Connected Architecture Connected Architecture
(Cell Size: 4) (Group Size: 4)
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Figure 4.4: Examples of (a) cell-wise single-connected multi-sector BD-RIS and (b) group-
connected RIS.

the circuit topology in Fig. 4.4(a), to realize an M-cell L-sector BD-RIS with cell-wise single-
connected architecture, M L antennas and M fully-connected L-port reconfigurable impedance
networks, each of which consists of @ impedance components, are required. Therefore, the
increasing performance with increasing L is achieved at the expense of higher circuit complexity

and cost.

We model ¢; as ¢; = /Biei, Vi € L,,, Vm € M, where 0 < /B < 1and 0 < ¥; < 27
denote the amplitude and phase shift of ¢;, respectively. Next, we will consider two cases of
the multi-sector BD-RIS: 1) continuous case, that is both the amplitude and the phase shift
have continuous values?; 2) discrete case, that is both the amplitude and the phase shift are

chosen from finite codebooks?®.

2To implement continuously controllable multi-sector BD-RIS, varactors could be used to realize the recon-
figurable impedance network.

3To implement discrete-value BD-RIS, PIN diodes can be used to realize the reconfigurable impedance
network.



58 Chapter 4. BD-RIS with Multi-Sector Mode
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Figure 4.5: Relative locations among the multi-sector BD-RIS, the transmitter, and users.

Continuous Case: In this case, constraint (4.8) is transformed into

( 6y = \/Bie?? Vi € L,,,Ym € M,

0<B; <1Vi€L,, VmeM,

(18) 5 PSS " (4.9)
Zieﬁmﬂizl,VmeM,

L 0< 191 < 27T,Vi € ﬁm,Vm e M.

Discrete Case: We propose a simple quantization strategy when ¢, has discrete values. Specif-
ically, the amplitude square (; is uniformly spaced within the range [0,1], ie., 5; € A =
{z75la=0,1,... ,24 — 1} controlled by A bits. The phase shift 1J; is uniformly spaced around
the unit circle, ie., ¥9; € B = {22—’;1’|b =0,1,...,28 — 1} controlled by B bits. In this case,

constraint (4.8) is transformed into

(¢ = /B Vi € L,,,¥m € M,
(48) = 6; € AVie L,,,Ym e M, (4.10)
' e Bi=1,Yme M, '

| Vi € B,Vi € L,,,Ym e M.

Herein we assume the amplitude and phase shift of each ¢; are independent of each other
to simplify the design and to provide a theoretical performance upper-bound. In practice, the

amplitude and phase shift of each ¢; might couple with each other due to specific circuit designs.

4.1.2 Channel Model

We start by analyzing the path loss of the multi-sector BD-RIS-assisted communication system,
which will be used to model the multi-sector BD-RIS-assisted channel (4.5).
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The relative locations among the transmitter, the multi-sector BD-RIS, and users are illustrated
in Fig. 4.5. The power captured by each antenna in sector 1 of the multi-sector BD-RIS from

the transmitting antenna is [94]*

AN,
P = Py (E) dit"" Gr(Or, o1)Gi(0rr, prr), (4.11)

which is a generalization of the well-known free-space Friis transmission equation, where the
power is allowed to decrease at a rate of d£'" [95] with distance dir between the transmitter
and multi-sector BD-RIS and the path loss exponent erp. Specifically, in free-space propaga-
tions, the path loss exponent is 2, while in complicated propagations with obstacles, the path
loss component is usually larger than 2. In (4.11), Py is the power radiated from the transmit-
ting antenna®. Gr(0r, o) (Gi(fit, prr)) is the gain of each transmitting antenna (each RIS
antenna)®, where 61 (6rr) and @t (pr1) are elevation and azimuth angles from the transmitter
to sector 1 of the multi-sector BD-RIS (from sector 1 of the multi-sector BD-RIS to the trans-
mitter), respectively. Then the power scattered from RIS antenna m, Ym € M, in sector [,

VI € L can be represented as

PI,m :PIT’(bm’Q :PITBm,VmE M[,Vl € ﬁ (412)
Similarly, the power received by user k, Vk € K; from RIS antenna m, Vm € M, in sector [,
Vi € L is given by

A\ .
Py = Pim (E) dyry " G1(Oure, uie) Gu(Ou ks puk), Ym € My, Vk € K, Vi € L, (4.13)

where Oy (fu k) and purk (pu k) are elevation and azimuth angles from RIS antenna m to user
k (from user k to RIS antenna m), respectively. dyry is the distance between the multi-sector
BD-RIS and user k, and eyry is the path loss exponent. Combining equations (4.11)-(4.13), we

can obtain

_ A\ .
Py =PrfBm (E) A" diy G (O, 91)Gu(u g, Pu k)

X G1(Orr, prr)Gr(Qure, uik), Ym € My, Yk € IC, VIl € L.

(4.14)

To separate factors related to the transmitter /users and to the multi-sector BD-RIS, and focus
only on the impact from the multi-sector BD-RIS, we assume antennas at the transmitter /users
exhibit constant gain, that is Gr(6r, 1) = G and Gu(Quk, pur) = Gu, Vk € K, VI € L.

“In this paper, we consider a far-field case, that is the distance between the transmitter/users and the multi-
sector BD-RIS is much larger than the size of the transmitter/RIS/users. In this case, we ignore the antenna
spacing at the transmitter /RIS /users and the distance among different sectors of the multi-sector BD-RIS.

SWe assume each transmitting antenna radiates the same power.

6We assume antennas at the same device (transmitter/RIS/user) have the same normalized power radiation
pattern.
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Then with equation (4.14), we define the cascaded path loss of the multi-sector BD-RIS-assisted

communication system as

(4t " dif dy
MGGy GI(QIT, wlT)GI(QULk, <PUI,k)

J/

Gk Ve K,V e L.

(4.15)

~
Vary with RIS antenna gain

It can be observed from equation (4.15) that the path loss is highly associated with the gain of
RIS antennas. In the following we will introduce two expressions of the gain of RIS antennas

which are suitable for the multi-sector BD-RIS-assisted communication system.

Idealized Radiation Pattern: We first consider an idealized radiation pattern function for

each antenna of the L-sector BD-RIS, which is given by

i 17 O§01§£70§@I§27(7
FIIdeahzed(QI, QOI) — L (416)
0, T<h<m0<pr<27

According to antenna theory [94], by assuming 100% radiation efficiency, we can calculate the

corresponding antenna gain as

2 s
i —cos & 0 S 91 S T
G%deallzed(el’ SOI) _ 1 L L (417)
0, % <O <m.

With 0 <6 < 7, and 0 < Oy < 7, Vk € Ky, VI € L, the corresponding path loss is given by

3,4 jeir J€ULE m)2
(dealized _ Eridyy dyyy (1 — cos T)

= k l . 4.18
p XTeMen VkeK,VleL (4.18)

Practical Radiation Pattern: We then choose a proper and popular radiation pattern func-
tion for each antenna of the L-sector BD-RIS, which is given by [94]

, <
FIPractlcal(el’ ()01) — (419)

where ay, > 0. Then we can obtain the half-power beamwidth (HPBW) of an L-sector BD-RIS
by setting Fy(6r, 1) = 0.5, which yields”

. 2
HPBW; ™l = 2 arccos *4/0.5 = %, (4.20)

"Here we set the HPBW of each BD-RIS antenna as 27” to guarantee the full-space coverage. In this case,
adjacent sectors are slightly overlapped with each other.
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where oy, can be determined by solving the equation function °¢/0.5 = cos %8. The antenna

gain with n =1 is

2(ap +1)cos®t 0, 0< 6 <7,

Gf’ractical(el’ (;OI) — (421)
0, % <O <.
With 0 <6 < 7, and 0 < Oy, < 7, Vk € Ky, VI € L, the path loss is given by
. A3 A LT gt
Practical ULk Wk € Ky, V€ L. (4.22)

B )\4GTGU(CYL + ]_)2 COS*L 01T CcOos“L HUI,k

With the path loss model (4.18) or (4.22), we can model the multi-sector BD-RIS-assisted

channel Hy, (4.5) as a combination of large-scale and small-scale fading, i.e.,
Han, = Cglﬁk@zéﬁk e KVl e L, (4.23)

where (., Vk € K}, VI € L denote path loss components accounting for the large-scale fading.

ﬁk and G denote the small-scale fading, such as Rician fading, i.e.,

~ ~ 1  ~
H, — /K *:’“_ CHS /H—HHEL‘)S, Vk e KVl e L,
k k
G — P oGles 4| 1 GNLoS
k+1 K+1

where k; and k denote the Rician factor, channels with superscript “LoS” and “NLoS” refer

(4.24)

to line-of-sight (LoS) component modeled based on the steering vector and non-line-of-sight
(NLoS) component modeled as i.i.d. Rayleigh fading, respectively. Specifically, the transmitter
and receiver k are modeled as an N-antenna uniform linear array (ULA) and an Nj-antenna

ULA with half-wavelength antenna spacing, yielding the steering vectors

aT(HT) = [1’ ejﬂsinGT7 o ’ejﬂ(Nfl) sinHT]T7

4.2
ay k(eU k) _ [1’ 6j7rsin9U’k’ o ’ejﬂ'(Nk—l) sineU,k]T. ( 5)

Each sector of the multi-sector BD-RIS is modeled as an M-antenna uniform planar array
(UPA) with M, antennas in the x-direction and M, antennas in the y-direction, yielding the

log(0.5)

8For positive cos T, the parameter o, can also be calculated analytically as oy, = Tog(cos %)
L
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steering vector

aI(GITa SOIT) _ [1’ €j7rsin o1t cosgoIT’ o 76]'7T(Mx71) sin 011 cos gpIT]T
® [1’ ejwsinGIT sianIT7 o ’ejﬂ'(My—l) sin Oy singpIT]T’
aI(QUI,k; @UI,k) — [17 eJmsinburk COSPULE 7€j7r(Mx_1)Sin9UI,k cos @UI,k]T (4'26)
® [1’ ejﬂ'sinOULk sintpULk’ e ejfr(Myfl) sin Oyt sin(pUI,k]T

Y

Therefore, the LoS components for the transmitter-RIS channel and for the RIS-user channels

are respectively given by

G = ay(Oir, prr)ar(0r)", HES = ay (ur)a(Bue, euie) ™, Vk € K. (4.27)

Note that there are twofold differences between STAR-RIS/IOS [73,74] and the proposed multi-
sector BD-RIS.

1) STAR-RIS/IOS is a special instance of our proposed multi-sector BD-RIS with L = 2.

2) Our model includes the effect of antenna beamwidth (and gain). Since the coverage of each
sector of the multi-sector BD-RIS decreases with the growth of the number of sectors L, the
antennas utilized to realize the multi-sector BD-RIS have narrower beamwidth, and thus
higher gains. The antenna gain has a significant influence on the fading channels and thus

on the system performance as illustrated in the following sections.

Now with the channel model (4.23), together with the path loss model (4.18) or (4.22) and the
small-scale fading model (4.24)-(4.27), and the cell-wise single-connected multi-sector BD-RIS
model with continuous values (4.9) or discrete values (4.10), we finally establish the multi-sector
BD-RIS-assisted communication model. In the following, we will first discuss the potential
applications of the multi-sector BD-RIS and then use this model to evaluate the performance

of multi-sector BD-RIS-assisted communication systems.

4.2 Scaling Law

In this section, we analyze how the received power of the multi-sector BD-RIS-assisted system
scales as a function of the number of sectors L to show the benefit of the proposed multi-sector
BD-RIS. Different from the scaling law in [13], where the impact of the number of RIS elements
to the received power is investigated, here we focus on the impact of the number of sectors L,

which is a novel factor based on the proposed multi-sector BD-RIS model.

We consider a multi-sector BD-RIS-assisted SU-SISO system (N = K = N, = 1) for simplicity.

The single-antenna transmitter is allocated within the coverage of sector 1 of the multi-sector
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BD-RIS with 61 = 0. The single-antenna user is randomly allocated around the multi-sector
BD-RIS, e.g., within the coverage of sector I, VI’ € L. The transmitting symbol is s € C with
E{|s|?} = 1. According to equation (4.23), the received signal is expressed as

y = /Prh®,gs +n = /Pr(Th®,gs + n, (4.28)

ClxM (CM><1

where Pr denotes the transmitting power, h € and g € denote channels from
sector [” of the multi-sector BD-RIS to the user and from the transmitter to sector 1 of the
multi-sector BD-RIS with small-scale fading components h and g, respectively. ¢ is the path

loss and n is the noise. The received signal power at the user side is given by

Py = |V/PriThavg

To achieve maximum received signal power, we assume that when the user is within the coverage

2 ~
= Pr¢ ' hepgl?. (4.29)

of sector I', V' € L, the corresponding sector is activated. In this case, we have

diag(Gu-narsis--- s bne)s =1,
g, — | SeEL 0w ) vle L, (4.30)

0, 14T,

with |¢;] = 1,Vj € M. Then, the received power is maximized to

Py = Pr( < >, I[fl]m[é]ml) : (4.31)

VmeM
We assume h and g are LoS channels for simplicity, i.e., h = [e?vit . e?vim] and g =
[ et while the following scaling laws can be easily generalized to different small-

scale fading conditions. Then with @y _1)ar4m = e /VULmT¥mm) Ym € M, we have
P37 = Pp¢ M2, (4.32)

It can be observed from equation (4.32) that with fixed Pr, the maximum received power is
determined by the number of cells M and the path loss, both of which are highly associated
with the number of sectors L. In the following, we will derive the relationship between the

maximum received power and L by considering both idealized and practical radiation patterns.

Idealized Radiation Pattern: In this case, the path loss is independent of the location of

the user. Therefore, the maximum received signal power is given by

. PrM2\* GG
Pldeahzed —_ T TVU 4.33
N Bridirdy (1 — cos T)? (4:33)

where dyy denotes the distance between the multi-sector BD-RIS and the user and the path

loss components are set as e;p = ey; = 2 for LoS propagations. From (4.33) we can deduce
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Figure 4.6: Average received power versus the number of sectors L for the multi-sector BD-RIS.
(GT:GU:L PT:10W, dIT:10 m, dUI:Qm, )\:C/fWIthf:24 GHZ)

that the maximum received power is proportional to the number of sectors L(L > 2) when
other terms in equation (4.33) are fixed. However, when the number of antennas for the whole
multi-sector BD-RIS, i.e., ML, is fixed, the number of antennas for each sector M is inversely
proportional to the number of sectors L. There might be a trade-off between M and L, which

will be discussed in the following simulations.

Practical Radiation Pattern: The maximum received signal power with f;r = 0 in this case

L b
Is given by PPN GG

342 72
Aridipdiy

Given that the user is randomly allocated around the multi-sector BD-RIS, we have Oy; ~

P[l;’ractical _ (aL + 1)2 cos?L Orv. (434)

U(0, ), where U(0, 7) denotes the continuous uniform distribution with boundaries 0 and T.

Therefore, the average of Piractical ig given by

p[f;ractical —F { P[l}’ractical}
 PrM2XG1Gy
a Brtdidi,
(@) PrM2AAN GGy ) (4.35)
< 1 “LE{0
S “hedd, (ap + 1)% cos™ E{Our }
 PrM2XG1Gy
N PBrtdipdd,

(ap, + 1)2E{cosaL Our }

(OéL + 1)2 cosOL % — pll?ractical7

where (a) holds following the Jensen’s inequality. From the relationship “4/0.5 = cos T we can

obtain that the number of sectors L is proportional to ay. In addition, with the growth of L,

cos®t 7% is always within the range 0.5 < cos®F 57 < 1, while a grows significantly, such that
pEractical js proportional to the number of sectors L (with fixed M). Similarly, when we fix

the number of antennas M L for the whole multi-sector BD-RIS, the relationship between the

maximum received power and the number of sectors L might not be that straightforward.

To clarify the relationship between the received power and the number of sectors L, in Fig.

4.6(a) we first plot the received power Pldealized yging an idealized radiation pattern, Phractical
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Ppractical yersus the number of sectors

with a practical radiation pattern, and its upper bound
L when the number of antennas for each sector is fixed to M = 32. It can be observed from
Fig. 4.6 that the received power increase with the growth of L, and that PFrctical can finely
approach its upper bound PPretical Then in Fig. 4.6(b), we plot the received power versus the
number of sectors when the number of antennas for the whole multi-sector BD-RIS is fixed as
ML = 180. In this case, the dimension of each sector of the multi-sector BD-RIS decreases
with the growth of the number of sectors L. The received power still increases significantly,
which indicates the impact of the antenna gain is more dominant than that of the dimension of
RIS sectors. Based on the above analysis, the proposed multi-sector BD-RIS-assisted system is
expected to achieve better performance when the number of sectors gets larger. To verify this
conjecture, in the following section we will focus on the beamforming design to maximize the

sum-rate performance for the multi-sector BD-RIS-assisted system.

4.3 Beamforming Design

In this section, we apply the multi-sector BD-RIS in MU-MISO communication systems and
propose algorithms to design the multi-sector BD-RIS when its scattering matrices have con-

tinuous and discrete values.

4.3.1 Problem Formulation and Optimization Framework

We consider a multi-sector BD-RIS-assisted MU-MISO system (N, = 1, Vk € K). The trans-
mitting symbol vector is defined as s £ [sy,. .., sk]T € CE*! with E{ss®} = I. The transmit-
ting symbols are precoded by a precoder matrix W £ [wy, ..., wg] € CV*K with w;, € CV*!
for user k, Vk € K. With equations (4.5) and (4.7), the received signal y; for user k is thus

expressed as follows

Y = h,®,GWs + n;, = V,quﬁlsk + ngpqﬁlsp + nk,Vk‘ € lCl,VZ € ;C,

peK
p#k

(4.36)

where vy, = (hydiag(Gw,))?, Vp,k € K, ¢ = [pu—1)ym+1,---.dua)*, VI € L, hy, € CHM
Vk € K is the channel vector between the multi-sector BD-RIS and user k, and ny, ~ CN(0, 07)

is the noise. The sum-rate maximization problem can be formulated as

Vil
max Z Z logy [ 1+ SV 1o (4.37a)
{d1}vier €L keK, ?3’2 Vi p®Pl o
s.t. (4.9) or (4.10), (4.37b)

IW|% < Pr. (4.37¢)
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Problem (4.37) is a typical sum-of-functions-of-ratio optimization, which can be solved by the
general algorithm proposed in Chapter 3. However, phase shifts and amplitudes of non-zero
multi-sector BD-RIS elements are partitioned based on the illustration in the previous section,
which will facilitate the multi-sector BD-RIS design. Therefore, in this work we follow the
framework in Chapter 3, whose main idea is to first transform the original problem into a multi-
block optimization and then iteratively design each block until convergence, but reconsider the
design of the multi-sector BD-RIS block. Specifically, we first apply 2K auxiliary variables,; ¢
and 7, Yk € K, and transform (4.37) based on the fractional programming theory [83] reviewed

in Section 2.2.1 into the following four-block optimization:

max Yy (logz(l +u) = i+ 2VT+ uR{mviio — P (O vl + g,g))

W {tk}vrek
{midvkerc {divies €L REK =

st (4.37b), (4.37¢). .
4.38

Solutions to blocks {tx twker, {7k fvrex, and W are similar to that in Chapter 3 with simple
scaling of matrix dimensions, which are thus omitted. In the following subsection, we will

propose efficient algorithms to determine block {¢; }vies for both continuous and discrete cases.

4.3.2 Solution to Multi-Sector BD-RIS

When blocks {tx bvkerc, {7k fvrer, and W are given, we can remove the constant terms in problem
(4.38) and formulate the sub-problem with respect to {¢;}viec as

IWR{vE P} — PV t. (4.37b),
(nax H( Vi) — ¢ l¢'l) s.b. ( ) (4.39)

where v = (30, cx, VI + urivil)™, and Vi = 370, o [Tl 30 o Vip Vi, VI € L. We succes-
sively design each cell of the multi-sector BD-RIS with fixed other cells until the convergence is
guaranteed. Specifically, the sub-problem for the design of cell m, i.e., ¢;, Vi € L,, while fixing
the rest of M — 1 cells is given by

min viloil? + 2R{ o x; s.t. (4.37b), 4.40a,
(:){ﬁf}llfgm Z (Vzﬂi—i-?b(i] &COS(Z)@—&)) s.t. (4.37b), (4.40Db)

{9iYvicry, (EEm

where X-1)m4m = Dz Vilmn@a-1)04n — [Vilms and vg-1)arem = [Vilmm, VI € £, ¥Ym € M.
In the following we will consider the phase shift and amplitude design for both continuous and

discrete cases.

Continuous Case with Constraint (4.9): In this case, phase shifts 9;, Vi € L, can be
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easily obtained by setting cos(Zx; — ¢;) = —1, Vi € L,,, which yields
0F = Lx; £ 7,Yi € Lo, (4.41)

Substituting 67, Vi € L,, into objective (4.40b), we can obtain a real-value problem with respect
to B;, Vi € L,, as

min Z <Vlﬁl — 2])(1\\/@) (4.42a)

Bibnecn S
st 0< B <1VieLl,, (4.42b)
BB, =1, (4.42c)
& rgjnn ﬁgxpmﬁmv— 2X,Bm st (4.42b), (4.42¢), (4.42d)
=F(Bm)
where 8,, = [v/Bm, \/m, o \/m]T e RN W, = diag(Vim, Vnism, - - - » V(L—1)M+m) €
REEand X = [|Xom|s [X0rmls - -5 [X(-1)m4m|]T € RE¥L Since |x;| > 0, Vi € L,,,, constraint

(4.42b) can always be satisfied when problem (4.42) achieve its minimum. This observation

motivates us to ignore constraint (4.42b), which yields

B, = arg ﬁ,?f%i?:l F(Bn). (4.43)

The optimal solution to problem (4.43) can be determined by the following lemma [96].

Lemma 4.1. 3,, is the optimal solution to problem (4.43) if and only if there exists p € R
such that (O, + p11)Bm = Xm, Ym + ul positive semi-definite, and BL3,, = 1.

Proof. Please refer to Appendix B.1. O]

According to Lemma 4.1, 3,, has a closed-form solution as a function of y constrained by

F'(p) = ByIB = xi (W + p1IL) X

= Tr{( U + pI1) > XX}

(@ -
Y T { (U T UL + 1) 2xmx 2} (4.44)

= Tr{(Zm + pI1) 2UL XX E U}

(b) Z >~<3n,z —1
e =1,
lec (Emg + 1)

where (a) holds by performing the eigenvalue decomposition ¥,, = U,, X, UL with X, =
diag(em 1, - 6mr)s Em1 < €ma < ... <é&mr, and Uy, = [Wp1, ..., Uy z]; (b) holds by defining
Xmi = XUy, VI € L. Recall that |x|; > 0, v; > 0, Vi € L,,. We have X,,; # 0 and thus
€ma+ 1t # 0. In addition, according to Lemma 4.1, ¥,, + pI;, is positive semi-definite such that
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Em, + > 0. Therefore, the optimal value of p should be chosen such that €,,,; +p > 0, Vi € £
and g(p) = 1. In the following lemma, we derive the upper bound and lower bound of y [96].

Lemma 4.2. Define £ = {lles; = em1, VIl € L}. The optimal solution of p is chosen within
the range \/ > viee 5(31,1 —m1 < 1< [ Xmll2 — €m1-

Proof. Please refer to Appendix B.2. O

After determining the upper and lower bounds of y according to Lemma 4.2, we can use efficient
methods, such as bisection search, to find the optimal p* such that F'(x*) = 1. The optimal
solution of problem (4.43) is given by

B = (¥ + 1TL) " X (4.45)

Combining (4.41) and (4.45), we finally obtain ¢ = \/Bfe!”i, Vi € L,,.

Discrete Case with Constraint (4.10): In this case, we first find the solution of phase shifts
v, Vi € L, for continuous case by (4.41). Then we apply a simple quantization operation to

obtain the discrete phase shifts as

9t = {ZBJ % ApYi € Lo, (4.46)

where Apg = g—g denotes the resolution of phase shift and [-] denotes the rounding operation.
Then we substitute (4.46) to problem (4.40), which yields

ﬁ .

‘= ar min E Fi(B;),

K S V= (5 (4.47)
BieA 1€ m

where F;(5;) = Bivi + 2|x:i|/Bicos(Lxi — 195), Vi € L,,. Ignoring the discrete constraint and
following the procedure for the design of continuous case, we can obtain the continuous solution
* Vi € L,,, which is further quantized by

Bl = {E—AJ X Aa,Vi € Lo, (4.48)

where Ay = 2A—1_1 denotes the resolution of amplitude square. It is worth noting that there is

no guarantee of » ;. 53 = 1. More specifically, we have . 5? =1+c¢A4, ¢ € Z due to
the rounding operation. In the following, we will propose a simple yet efficient algorithm to
adjust the quantization result (4.48) so that the constraint is satisfied. The proposed algorithm
is described in Phases 1-3.

-3 £
Phase 1: Let ¢ = IE\Z%B'. If ¢ = 0, the procedure stops; if ¢ > 0, go to Phase 2; if ¢ < 0,

go to Phase 3.
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Phase 2: Set ¢’ = 1. In the ¢’-th loop, do the following procedures until ¢’ > ¢: For Vi € £,,, if
Bf < 1, calculate
0i = Fi(Bf + M) — Fi(B5). (4.49)

Otherwise, set d; to a sufficient large number, e.g., co. Then find ¢’ such that

dy = min d;, (4.50)

Vi€Lm
and replace ﬁf, with Bf, + A4. Update ¢ =¢" + 1.

Phase 3: Set ¢’ = 1. In the ¢’-th loop, do the following procedures until ¢’ > —¢: For Vi € L,,,
if Bf > 0, calculate
0i = Fy(Bf — D) — Fi(BY). (4.51)

Otherwise, set d; to co. Then find i’ satisfying

Sy = min 0, (4.52)
VieLm

and replace 63, with Bf, — Ay4. Update ¢ =¢" + 1.

After processing Phases 1-3, we can obtain the modified Bf, Vi € L,, satisfying the constraint
> vier, Bf = 1, and the solution of problem (4.40) as qbf = \/ﬂfe]ﬁg, Vie L,

4.4 Performance Evaluation

In this section, we evaluate the performance of the multi-sector BD-RIS-assisted MU-MISO
system. Antenna gains for transmitter antennas and user antennas are fixed to Gt = Gy = 1.
The frequency of the transmit signal is set as f = 2.4 GHz. Distances between the transmitter
and the multi-sector BD-RIS and between the multi-sector BD-RIS and users are dipr = 100
m and dyr, = 10 m, Vk € K, respectively. The path loss exponents are set as 2.5 when the
Rician factors are set as k1 = -+ = kg = k = 0 dB, and 2 when the Rician factors are
set as Ky = -+ = Kg = Kk = 10 dB, given that the richer scattering environment leads to
a higher path loss exponent. The noise power is 07 = —80 dBm, Vk € K. In the following
simulations, we assume K users are uniformly divided into L groups, each of which contains
K /L users randomly located within the coverage of one sector. We also fix the total number of
multi-sector BD-RIS antennas M L for fair comparison, i.e., the antenna gain of each antenna

increases with increasing L, while the dimension of each sector M decreases with L.

Fig. 4.7 shows the sum-rate performance versus the total number of antennas of multi-sector
BD-RIS. We consider different numbers of sectors and different Rician factors. We have the

following observations from Fig. 4.7. 1) Even with a reduced dimension for each sector, the
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M, = 4).

aH=B—L=2 e e e —B— [ -2 STAR
—p— -2 2.5 L =2, CW-GC

§ L=2 § L=2,CW-FC
% 3 L =3, Proposed [ ' A i s % 2 L =3, Proposed
8 L=6 -} L = 6, Proposed
i3] : g O 15 S
o2 ; © :
£ 4 € R SR
3 3
@ @

60 80 100 120 140 160 60 80 100 120 140 160

Total Number of Antennas LM of Multi-Sector BD-RIS Total Number of Antennas LM of Multi-Sector BD-RIS
(a) Idealized pattern (b) Practical pattern
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M, =4, k=0 dB, Pr =30 dBm).

sum-rate performance achieved by the multi-sector BD-RIS with an increasing number of sectors
L still enhances, which is in accordance with the conclusion in Fig. 4.6(b). This observation
indicates that the higher antenna gain due to narrower beamwidth compensates for the reduced
dimension of each sector, the reduced power split to each sector, and boosts the performance. 2)
Given the same fading conditions, the multi-sector BD-RIS with a smaller number of antennas
but a larger number of sectors can achieve similar performance to that with a larger number of
antennas but a smaller number of sectors. For example, when the practical radiation pattern is
adopted, the sum-rate performance with M L = 120 and L = 3 is similar to that with M L = 96
and L = 6 as shown in Fig. 4.7(a). This phenomenon implies the number of antennas for
the whole multi-sector BD-RIS can be reduced by increasing the number of sectors, which is
meaningful for practical realizations of the multi-sector BD-RIS. 3) With the fixed number of
sectors, the sum-rate performance based on the idealized radiation pattern is always better

than that based on the practical radiation pattern, which, again, matches with the result in
Fig. 4.6(b).

In Fig. 4.8, we compare the sum-rate performance with existing RIS architectures. Specifically,
STAR-RIS is essentially a special case of L = 2 of our proposed model. We also add the perfor-
mance of BD-RIS with L = 2 and cell-wise group/fully-connected (CW-GC/FC) architectures
proposed in Chapter 3, where the group size of CW-GC is fixed as 6, indicating that the CW-
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Figure 4.9: Sum-rate versus total number of antennas of multi-sector BD-RIS with different
resolutions for amplitudes and phase shifts, different numbers of sectors, and different Rician
fading factors (N = K =6, M, = 4).

GC scheme and the proposed model with I = 6 have the same circuit complexity. From Fig.
4.8 we observe that when the idealized radiation pattern is adopted, the proposed multi-sector
BD-RIS outperforms both STAR and CW-GC/FC schemes; when the practical radiation pat-
tern is adopted, the proposed multi-sector BD-RIS outperforms STAR and CW-GC schemes,
and achieves almost the same performance as the CW-FC scheme. More importantly, with
the same circuit complexity of the M L-port reconfigurable impedance network, the proposed
model (with L = 6) can achieve much better sum-rate than the CW-GC scheme (with L = 2).
This observation highlights the benefit of antenna arrangements in boosting performance.

In Fig. 4.9 we plot the sum-rate performance as a function of the total number of antennas
of multi-sector BD-RIS when each nonzero element of the multi-sector BD-RIS has discrete
amplitudes and phase shifts controlled by different resolutions. Similar conclusions as Fig. 4.7

can be obtained from Fig. 4.9. Moreover, we have the following additional observations. 1)
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The sum-rate performance achieved by multi-sector BD-RIS with discrete values increases with
the growth of resolutions. Specifically, when the idealized radiation pattern is applied for the
modeling of fading channels, the sum-rate with A = 3 and B = 3 is close to that for the
continuous case; when the practical radiation pattern is applied for the channel model, the
sum-rate with A = 2 and B = 2 is sufficient to achieve satisfactory performance. 2) When
the total number of antennas of multi-sector BD-RIS is fixed, the performance gap between
multi-sector BD-RIS with different resolutions become smaller with the growth of the number
of sectors L. Recalling that the sum-rate performance increases with L, we can deploy the
multi-sector BD-RIS with a larger number of sectors and lower resolutions to achieve the same
performance as that with a smaller number of sectors and higher resolution. For example, the
sum-rate performance with L =3, A = B =2, and M = 40 in Fig. 4.9(b) is almost the same
as that with L =6, A = B =1, and M = 20 in Fig. 4.9(f). Such reduction of resolutions is

beneficial for reducing the cost of multi-sector BD-RIS realizations.

4.5 Summary

This chapter proposes a novel multi-sector BD-RIS model. Particularly, we derive the con-
straints of the cell-wise single-connected multi-sector BD-RIS for both continuous and discrete
cases. We also derive the multi-sector BD-RIS-aided channel model including the impact of
antenna gain. The existing STAR-RIS/IOS is a special instance of our proposed multi-sector
BD-RIS model.

With the proposed model, we derive the scaling law of the received power as a function of the
number of sectors for the multi-sector BD-RIS-aided SU-SISO system. We show that there is

a positive correlation between the maximum received power and the number of sectors.

We then apply the multi-sector BD-RIS in the MU-MISO system and propose simple yet
efficient algorithms to maximize the sum-rate of the multi-sector BD-RIS-aided MU-MISO
system when amplitudes/phase shifts of the RIS have either continuous values or discrete
values selected from finite codebooks. Simulation results show that given the same sum-rate
requirement, the number of antennas for the whole multi-sector BD-RIS can be reduced by
increasing the number of sectors, and that the codebook resolutions can also be reduced by

increasing the number of sectors.
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Chapter 5

Synergizing BD-RIS and Rate-Splitting
Multiple Access with Imperfect CSI

In the previous chapters, the benefits of BD-RIS in enhancing the channel strength and en-
larging the coverage has been theoretically and numerically analyzed, based on perfect channel
conditions and simple transmitter designs, i.e., SDMA. An important and unexplored direc-
tion is if synergizing advanced transmitter designs and BD-RIS could be a win-win solution
in further enhancing the wireless service while easing the requirement of perfect CSI. Due to
the potential advantages of RSMA in achieving higher degree of freedom [97], spectral and
energy efficiency [98] than SDMA, and being robust to CSI uncertainty [97] and mobility [99],
the synergy among RSMA and BD-RIS has recently gained much attention. On one hand,
to realize full-space coverage in wireless networks, there are a few results on STAR-RIS aided
RSMA considering spatially correlated channels [100], hardware impairments [101], PHY layer
security [102], and the coupling of transmission and reflection phases [103]. On the other hand,
to enhance the spectrum efficiency of wireless communications, there is only one work [104] con-
sidering the employment of BD-RIS with fully-connected architecture and reflective mode in
RSMA transmission network, where the sum-rate enhancement compared to SDMA schemes is
highlighted. Nevertheless, none of the existing work investigates the integration of BD-RIS and
RSMA to simultaneously enlarge the coverage, boost the rate performance [104], and reduce the
required number of transmitter /RIS antennas to improve energy efficiency. More importantly,
the effect of imperfect CSI at the transmitter has not been captured. This chapter thus focuses
on synergizing BD-RIS and RSMA under imperfect CSI conditions to simultaneously achieve

the above goals. This leads to the following layouts and contributions.

In Section 5.1, the multi-sector BD-RIS and 1-layer RSMA at the transmitter have been adopted
in a multiuser system to provide high performance gains, achieve additional degrees of freedom
over conventional multiuser linear precoding and enable better inter-user interference manage-

ment, and potentially save on the number of both active and passive antennas.

75
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In Section 5.2, a beamforming design algorithm has been proposed to maximize the average
sum-rate for multi-sector BD-RIS aided RSMA under imperfect CSI conditions. To solve the
stochastic problem, we first approximate it as a deterministic optimization by sample average
approximation (SAA) methods [105], and then transform the deterministic problem into a
more tractable three-block optimization based on the weighted minimum mean square error
(WMMSE)-rate relationship [106]. Initialization, complexity analysis, and convergence analysis

of the proposed design are also provided.

In Section 5.3, simulation results have been provided to evaluate the ergodic sum-rate perfor-
mance of the multi-sector BD-RIS aided RSMA compared to the SDMA scheme. Simulation
results show that multi-sector BD-RIS aided RSMA always outperforms multi-sector BD-RIS
aided SDMA. More importantly, with the same ergodic sum-rate requirement and quality of
service (QoS) thresholds, we show the required numbers of transmitting and BD-RIS anten-
nas can be reduced compared to the SDMA scheme by synergizing BD-RIS with RSMA. Such

reduction of antenna numbers leads to a potential energy efficiency gain.

5.1 Multi-Sector BD-RIS Aided RSMA

In this section, we describe the multi-sector BD-RIS aided MU-MISO system, explain the
architecture of 1-layer RSMA, and illustrate the modeling of CSI uncertainty.

5.1.1 Multi-Sector BD-RIS Aided MU-MISO

Consider a MU-MISO system operating in the downlink as illustrated in Chapter 4, where
the transmitter equipped with N antennas communicates to a set of single-antenna users K =
{1,..., K} with the aid of an M-cell multi-sector BD-RIS'. We assume the transmitter is
within the coverage of sector 1 of the multi-sector BD-RIS and K users in K; = {Zi: K; +
1, Ei: K, +2,..., Zli=1 K;} are located within the coverage of sector [, VI € £ of the multi-
sector BD-RIS?, UK, = K, as illustrated in Fig. 4.3. For the multi-sector BD-RIS aided
downlink MU-MISO, the signal received by user k, Vk € K; covered by sector [, VI € L is

Y = hkélGX—Fnk, (51)

'In this work, we ignore the direct links between the transmitter and users for simplicity, while the proposed
design in the following section is still feasible when direct links exist.

2In this work, we consider the scenario that the relative location between each user and each sector of BD-RIS
is fixed for simplicity such that there is no user selection issue. We also assume the sidelobe of each BD-RIS
antenna is negligible compared to the mainlobe such that both transmitter and each user are covered by only
one sector of the BD-RIS.
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where h;, € C*M and G € CM*¥ | respectively, are the channel between the multi-sector BD-
RIS and user k, Yk € K, and the channel between the transmitter and the BD-RIS, x € CNV*!
is the transmit signal vector, and ny ~ CA(0,0%), Vk € K is the noise. The transmit signal
vector x is subject to the power constraint E{xx} < P, where P is the maximum transmit
power. As explained in Chapter 4, the multi-sector BD-RIS is characterized by L matrices,
& ¢ CM*M vyl ¢ £ = {1,...,L}, corresponding to L sectors, which are sub-matrices of
the scattering matrix ® € CM*IM for the LM-port reconfigurable impedance network, i.e.,

®; = [®]_1)m+100,1:m- They satisfy a combined unitary constraint given by

> @f® =1y (5.2)

As discussed in previous chapters, reconfigurable impedance networks with different circuit
topologies have scattering matrices with different mathematical characteristics. In this work,
we focus on a cell-wise single-connected architecture of the multi-sector BD-RIS, where the
inner-cell antennas are connected to each other by reconfigurable impedance components while
the inter-cell antennas are not connected to each other. This architecture of the multi-sector
BD-RIS results in diagonal matrices of ®;, VI € L, each of which can be described as ®; =
diag(¢r1,..., o) with ¢ € C, VI € L, Ym € M. Therefore, the constraint (5.2) can be

re-written as
> |biml* =1, vm, (5.3)

which indicates that the transmit wave impinging on one sector of BD-RIS is flexibly split and
reflected by other sectors, where the proportion of energy split to different sectors is determined

by constraint (5.3). With ®; = diag(¢.1, ..., ¢im), we can rewrite equation (5.1) as

Y = &} Q' x + ny, (5.4)

where Qi = Gfdiag(h’) € CN*M Vk € K denotes the cascaded channel between the trans-
mitter and user k, ¢ = [d11, ..., o]t € CMXL VI € L.

5.1.2 Rate-Splitting

In this work, we adopt an 1-layer RSMA architecture at the transmitter. Fig. 5.1 illustrates
the transceiver architectures with 1-layer RSMA, where the splitting, combining, encoding, and
precoding of transmit signals at the transmitter and the decoding, splitting, and combining of

received signal at the user side will be described in detail.

Transmitter: The message W, intended to user k, Vk € K is split into a common part
W, and a private part W, ;. As shown in Fig. 5.1(a), the common parts W, from all K
users are merged into a common message W, and further encoded into the common stream

sc, which will be decoded by all users, by a common codebook. K private parts are encoded



78  Chapter 5. Synergizing BD-RIS and Rate-Splitting Multiple Access with Imperfect CSI

( )
SR = - I
2 a Wc.l > — X,/]
a2l = Ze 1 Message | s |8 ~N
o = . Combiner - "1 o Ll=A
W o c.K > Q 9 \l
M 1l N e d,_J
2 Q W _ 8 S | Qe
S| | @ . 12 s
O n 22 TR EEER 8
21,019 : 5 e
(® ] —= E VVp.K _ Spk :l x.v/]
n > " N
— — Transmitter — ()
\_ ' J
(, )
N : i
R '
: o |
: < |
'y Step 3 2 |7
: g
: o |
) Ol
v : =
' WM _ E
= ;J',:
_ (b)

Figure 5.1: (a) Transmitter and (b) receiver architectures with 1-layer RSMA.

into private streams s, 1,...,sp x and individually decoded by different users. The common
stream and K private streams, s = [s¢, Sp1,-- -, Spx]] € CET! are linearly precoded by P =
[Pe; Ppis-- s Ppi) € CN*(E+D “where p, € CV is the common precoder and ppir € CV is the

private precoder for user k. The resulting transmit signal is

x = Ps = p¢se + Zk Pp,kSp k- (5.5)

Assuming E{ss”} = Iy, the transmit power constraint becomes E{xx} = Tr(PP#) =
Pl < P.

Receiver: Substituting (5.5) into (5.4), we obtain the received signal at user k covered by
sector [, Vk € K}Vl € L as

yr = & Qi pese + @] Q) o Pk Sp kT (5.6)

Therefore, the average received power of user k covered by sector [ for given CSI is given by

=lp,k

6/ Qi'pow >+ (5.7)

e = E{lul’} = 197 QLpl” + 167 Ql'pos + 3,

=Tp,k=lc,k

-~
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At the user side, the signal process, taking user k£ covered by sector [, Vk € K}, VI € L as an

example, is summarized as following three steps and also illustrated in Fig. 5.1(b).

Step 1: User k covered by sector [ decodes the equalized common stream S, = gcxyr with
equalizer g.p € C into W, by regarding the interference induced by all K private
streams as noise, i.e., T,j Or tey in (5.7). After performing SIC, qu is subtracted

from the received signal.

Step 2: User k decodes the equalized private stream s, = g, 1Yk With equalizer ¢, € C into

W,k by regarding the interference induced by remaining K —1 private streams as noise,

ie., tpr in (5.7).

Step 3: User k splits its contribution to the common message, Wak, from the decoded Wy,

and combines W, ; with W, ;. to reconstruct Wj.

Based on the above signal process, the instantaneous SINRs of the common stream and private

streams at user k covered by sector [, Vk € K, VI € L are given by

Yoo = 10] QEPel*tels Yo = 10 Qi Pol*ts ) (5.8)

Assuming Gaussian inputs, the instantaneous common rates and private rates for user k are

Ry = 1032(1 + 'Yc,k:)v Ry = log,(1 + ’VpJﬂ)' (5'9)

To guarantee the common message W, is successfully decoded by all K users, the common
rate should not exceed miny; R.x. Given the architecture of RSMA as illustrated above, the
common rate minyy, R,y is split into K parts, yielding miny, R.; = >, Ck. Each part Cj € RT
corresponds to the common part of the achievable rate for user k. Finally, the total rate for

user k is a summation of common part and private part, i.e., R = Cy + Ry, Vk € K.

5.1.3 Channel State Information

Perfect CSI acquisition in RIS aided systems is challenging due to the passive property of
RIS. Therefore, in this work, we assume the transmitter has an imperfect instantaneous CSI
Q = [Ql, ce QK] € CN*MK — To model the CSI uncertainty, the perfect cascaded channel

matrix Q = [Qy,...,Qg] € CN*MK ig expressed as a summation of the channel estimate
and channel estimation errors, that is Q = Q + Q, where the estimation error matrix is
defined as Q = [Q1,..., Q] € CV*MK  The channel estimation error could come from the

noise and limited uplink training in TDD settings based on the typical MMSE criterion [37]3.

3The existing popular and effective channel estimation strategy, where the cascaded channel is estimated by
pre-defining the RIS pattern during the uplink training process to minimize MSE, can be easily extended to the
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In this case, the channel estimation error generally follows the CSCG distribution, that is
vec(Qy) ~ CN(0,6:1yy), VEk € K, where §7 measures the estimation inaccuracy of the cascaded

channel between the transmitter and user k.

5.2 Beamforming with Sample Average Approximation

In this section, we formulate the sum-rate maximization problem for BD-RIS aided RSMA
based on imperfect CSI conditions and propose efficient algorithms to jointly design the transmit
precoder and BD-RIS.

5.2.1 Problem Formulation

Beamforming design for RIS aided systems highly relies on the CSI among the transmitter,
RIS, and users. When perfect CSI is available at the transmitter, beamforming design can
be developed according to perfect channels such that the instantaneous sum-rate, ), Ry, is
maximized, and thus the long-term ergodic sum-rate given by Eq{)_, Rir}. However, when
the transmitter has only partial instantaneous CSI as illustrated in Section 5.1.3, beamforming
design that maximizes instantaneous sum-rate as in perfect CSI case is not possible, which
makes it difficult to measure the long-term ergodic sum-rate. One robust approach to tackle
this issue is to perform the beamforming design based on the fact that the transmitter has
access to the average rate, which captures the statistical property of the channel estimation

error with a given estimate. The average rate is defined as follows.

Definition 5.1. The average rate is a measure of the expected performance over a distribu-
tion of the channel estimation error, e.q., the distribution of Q, with determined estimate
Q [97].  Mathematically, the average common and private rates for user k, Vk € K, de-
pend on the channel estimate (AQ, and are, respectively, defined as R.j = EQ@{RC,HQ} and
Ry = Eqg{RoklQ}, where Rey and Ry are instantaneous rates determined by the perfect
channel Q as illustrated in (5.9).

With Definition 5.1, we can connect the ergodic rates Eq{ R}, EQ{ R, s} with average rates
ng, Rp’k as

Eq{Ret} = Eq{Eqo{Rer|Q}} = Eq{Res}. (5.10a)
Eq{Ros} = Eq{Eqa{RpilQ}} = Eq{Roi}. (5.10b)

multi-sector BD-RIS case with cell-wise single-connected architecture. The key and main difference compared
with conventional RIS case is the RIS pattern design due to the new constraint of multi-sector BD-RIS. A
simple choice is to set identical amplitude for non-zero elements of the BD-RIS matrix, i.e., |¢;m| = ﬁ Then

orthogonal matrices, such as DFT matrix and Hadamard matrix, can be adopted to construct the RIS pattern.
The detailed channel estimation scheme will be discussed in Chapter 6.
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which indicate that ergodic rates can be characterized by the expectation of average rates
over varied channel estimate Q. Accordingly, maximizing the ergodic sum-rate Eq{>_, Rk}
with partial CSI is transformed into maximizing the average sum-rate for each Q, given by
Yok C, + >k RM, where C), € Rt, Vk € K referring to the common part of the average rate
should satisfy ), C}, = miny Rc,k. Therefore, the average sum-rate maximization problem can

be formulated as

{P,érﬁ?;s(l,vz} Zk Cr+ Zk Ry (5.11a)
st D16l = 1,vm, (5.11b)
[Pl < P )

> Cw < Rep, Vk, (5.11d)

¢+ 0, (5.11e)

Ri > R, W, (5.11f)

where ¢ = [d11,...,0m]T € CM VI € £, ¢ = [Ch,...,Ck]T € RE, and Ry € RT is
the threshold rate for user k, Vk € K, to guarantee the QoS. Problem (5.11) is a challenging
stochastic optimization different from existing optimization problems due to the new constraint
(5.11b), the constraint of common rates (5.11d), and the QoS constraint (5.11e), where the BD-
RIS matrix and the precoder are always coupled. One reliable solution is to transform problem
(5.11) into a deterministic one based on SAA [105], and to deal with the deterministic problem
by well-known WMMSE-rate relationship [106]. Details of the two-step transformation will be
illustrated in Section 5.2.2.

5.2.2 Two-Step Transformation

Sample Average Approximation: To facilitate SAA, we give the following definition.

Definition 5.2. Given an estimate Qk of user k, a sample of i.i.d. channel realizations is
constructed based on Q) = {Qf = Qk + Qﬂ@k,‘v’a € A, ={1,..., A}}, where Qi follows the
CSCG distribution, i.e., vec(ég) ~ CN(0,021yn), Va € As. The SAA of average common and

private rates are, respectively, defined as ﬁc,k = Ais > . Ry and EM = Ais > Rey, VE € KL

The SAA of average rate in Definition 5.2 is a tight approximation of the average rate with

~ — ~ —

sufficient large number of samples®; i.e., ima, y00 Regx = Reg, lima, oo Rpx = Bpi, Yk € K,

4In the following illustrations, notations with superscript “(-)*” have the same expressions as that without

“(1)*”, except that the term Qy is replaced by Qf, Vk € K, VI € L, Va € As.
°In this paper, we fix A; = 50 to save on the computational time without sacrificing performance based on
simulations using the proposed algorithm and the results in [97].
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which motivates us to approximate the stochastic problem (5.11) into a deterministic problem

p ~
1.2} (.1} 2, Ot 2, Fos
st (5.11b), (5.11¢), (5.11e),
Zk, C < Rey, Wk,
Cr + -ﬁtp,k > Ripg, Vk.

(5.12)

Problem (5.12) can be further transformed into a more tractable form as detailed below.

WMMSE-Rate Relationship: Let 57, = g¢,yp: be the estimate of s, with equalizer g¢, from
user k covered by sector [, Vk € K, VI € L, Va € As. The estimate of s, ;, with equalizer g7 ,
after removing the common stream is given by 5% , = g%, (y¢ — &/ (Qf)"pesc), Vk € Ky, Vi € L,
Va € As. Define MSE functions regarding the common and private streams for user k covered
by sector [ at channel sample a as €2, = B{[5% . —s¢[*} = |92, [* 78, —2R{ g% d] (Qf)"pc}+1 and

= E{[5% ), — spil*} = g8 ilPm8y — 2R{g% 1] (Qf)"Ppi} + 1. Then optimal unconstrained

equahzers for the common stream and private streams which achieve minimum MSEs are

pIQior . . Pkakdh
7(gp,k>

Tc,k 7—p k

(9er)" = (5.13)

and the corresponding minimum MSEs are (e ,)* = minge €, = (75;,) "5, = (1 + Yo
Vo € {c,p}, Vk € K, Va € A,. Introducing weights A7, € R™ and A\l € R™ associating
common and private MSEs for user k, we can establish the WMMSE-rate relationship Rf, =
maxye logy A — Ag(€5,)" + 1, Vo € {c,p}, Vk € K, Va € A, where the maximum of the

right-hand problem is achleved when weights A, and A, satisfy

A =149, (AR =14+ (5.14)

Based on the above derivations, we reformulate problem (5.12) as a three-block optimization

{)\gfg%%}vo} Z (Ck: +— Z (loga AG 1 — Ay k%,k))

{P’é}f{(bl»Vl}
st. (5.11b), (5.11c), (5.11e),
1
A Za<1og2 Mg — Aegbor T 1 ) > Z Cy,Vk, (5.15a)
S 1 a a _a
C + Al Za(logQ Aok — Ao + 1) = Rk, VE, (5.15b)

where A% = [A¢ ..., A8 |T and g2 = [g% ..., 90 k], Yo € {c,p}, Va € As. Although problem
(5.15) is not convex in a joint design manner, the sub-problem regarding one block with fixing
other blocks is either convex or more tractable than directly dealing with the original objective.

Specifically, the unconstrained solution to block {A%, g%, Vo, Va} have been given in (5.13) and
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(5.14). Solutions to {P, ¢} and {¢;, VI} will be respectively given in Sections 5.2.3 and 5.2.4.

5.2.3 Solution to Block {P,c}

With fixed equalizers, weights, and BD-RIS matrix, the sub-problem regarding block {P, ¢} is

1

min sz Z \C €l — Zk Cy st. (5.11c), (5.11e), (5.15a), (5.15h). (5.16)

With the following definitions

Yo = Ar(9ek) Qedrs Vi = AL k(9p0) Qi (5.17a)

B P L VT b

c,k — )\a ) p,k )\a 9 (5].7 )
C7k p»k

5g,k = log, )‘g,k - Ag,k|gg,k|2‘713 - Ag,k +1, fg,k = log, /\ﬁ,k - Aﬁ,klgg,k\zai - Aﬁ,k +1, (5.17c)

and their averages over Ay samples, i.e., Yer = 52, Yip Yok = 7 2o Whp Per =
ALS Za \I’g,lw ‘Ilp,k = ALS Za \Ilg,kﬂ §C7k - ALS Za gg,lw §p7k = ALS Za gp,kﬂ VEk € K, problem (5'16> is

rewritten as

*c,pc,I{rrl’iI}e,Vk} Zk <Ok + Zk’ Ppi UpkPp = 2%{¢gkpp’k}> (5.18a)

st e+ Iposl3 < P (5.18)

P/ ip. + Zk, ng/‘l'c,kpp,k’ - 2§R{¢£Ikpc} < Zk, Ci + Ee, VK, (5.18c)

¢ =0, (5.18d)

Zk, pgk/‘l’p,kpp,k' - 28%{¢£{kpp,k} + Oy < &k — Run, Yk, (5.18e)

where ¢ = [C’l,...,C'K]T = —C. Problem (5.18) is a convex second-order cone program

(SOCP) and can be solved by interior-point methods with computational complexity bounded
by O((NK + N + K)35) [85].

5.2.4 Solution to Block {¢;,Vi}

Recall that (5.15b) in problem (5.15) is the QoS constraint, which can be guaranteed in the
design of block {P, c}. To simplify the design of block { ¢y, VI}, we temporarily ignore constraint
(5.15b). Then, without the QoS constraint (5.15b), we can remove the term ¢ by putting
constraint (5.15a) into the objective. In this case, the original problem (5.15) can be simplified
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as the following form

3 1 a a 1 a a a
{Aani ax vay {mmwC 1 z:a(log2 Mg — Aexber + 1) } + o Zk z:a(log2 Aok = Ap k€ k)
P{¢,Vi}

st. (5.11b), (5.11c), (5.11e).
(5.19)

With given equalizers, weights, and the transmit precoder, the sub-problem regarding the
multi-sector BD-RIS is

1 1
i —§ Ao k€or — logg Agp — 1 —g Apk€p
{gll}\_%} {maXVk A a( ckek — 1082 Ack )}+ Ay ~a £~k PkCpik

(5.20)
> uml* =1, vm.
With the following definitions
Va :(Qa)T * Va — (Qa)T * (5 21&)
c,k k) Pcs Vpkk k) Ppks .
Xok =N k|gck| ver(ve ) +>‘ak|gck| Z Vo ke ( p,k,k’)Ha (5.21b)
Xo =Apklgp il Z Vi (V pk:,k:’)Ha (5.21c)
Xer =Aew(9er) Vers Xpk = Api(9pr) Vi bk (5.21d)
and their averages over Ay samples, ie., Xcp = 4 -S> Xep Xpk = 7 -S> X Xk =

Ais D oa X g Xpk = Als > aXp ks Yk € KC, problem (5.20) can be rearranged as

min  {maxv (¢ Xerdr — 2R{d xcx} — &) } + Z (" Xp 0 — 2R{P] %p1})
{171} : (5.22)

Zl |¢l,m|2 = 1,Vm,

where X, ; = > wek, Xpa and Xpp = > Xprr, VI € L. We observe from problem (5.22)
that the objective regarding each cell of the multi-sector BD-RIS is coupled with each other,
while the constraints for different cells are independent of each other. This fact motivates us
to successively design each cell while fixing the rest cells. Therefore, we introduce the following

fresh notations

Vekom = [Xc,k]m,rm Upilm = [Xp,l]m,ma (5.23&)
Xe,kom = [Xc,k]m - Znim[Xc,k]m,n¢l,m (523b)
Xp,l,m = [ip,l]m - Znim[xp,l]m,nﬁbl,m (523C)

= ek — Zn;ﬁm 2. oz ikl @l Pl + 2R {Zn;ﬁm <z6;'jn[xc,k]n} : (5.23d)

O = [Prims - - s Prm), VM € M, Vk € K}, VI € L, (5.23e)
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and formulate the sub-problem regarding cell m, Vm € M, with fixed other cells as

min ¢ Maxvk Ve km|Giml> — 2R{0] X kam } — Ekm ¢ + Zz Vp,l,m

; stl,m|2 - 2§R{¢7,mXp,l,m}

=F i (b1,m) =Fp1(b1,m)
st ||omls = 1.
(5.24)
Problem (5.24) is a non-smooth optimization with a non-convex constraint. To solve this
problem, we introduce the well-known LogSumExp (LSE) function to transform the non-smooth
part of the objective function into a smooth form, and adopt the manifold theory reviewed in
Section 2.2.3 to transform the constrained problem on the Euclidean space into an unconstrained

optimization on the manifold space. Each of the two steps is described as follows.

LogSumExp Approximation: To facilitate the LSE approximation, we give the following

definition.

Definition 5.3. Given a set F = {F.x € R|Vk € K}, an LSE function is defined as the
logarithm of the sum of the exponentials of F.y, Vk, i.e., log >, exp(Fex), which is a smooth
approximation of the maximum maxyy Frj, with a lower bound maxyy, Iy, and an upper bound
maxyy, Fo i +1og|K|, i.e., maxyy, Fop <log ), exp(Feor) < maxy Fop + log |K|.

Proof. Let F = maxy; Fcp. Then we have exp(F™) < Y exp(Foi) < |K|exp(F).
Performing the logarithm to the inequality gives the result maxy; For < log) , exp(Fer) <
maxyy, Fe i + log |K|. O

With Definition 5.3, we have the following result to obtain an approximation to maxvy Fe x(é1m)
in problem (5.24).

Result 5.1. maxyy F. x(¢1.m) has the following bounds

(a) Fer(Prm)\ @
maxyy, Fer(d,m) < €log Zk exXp ( 7k(jl’ >> < maxy; Fo(¢rm) + elog K], (5.25)

g

:F(qgm)

with € > 0, where (a) achieves its equality when |K| = 1 and (b) achieves its equality when
Fc,l(¢l,m) = .= Fc,K(¢l,m)~

Fc,k:
15

Fc,k <

Proof. Based on Definition 5.3, by replacing each F, j; with , Vk € K, we have maxyy

£ —

log >, exp(%) < maxyg % + log |KC|. Multiplying by e gives the inequality (5.25). O

In Result 5.1, F(¢) refers to the LSE function of maxyy, Fi (¢1,,) with € a scalar to make the
bounds tighter. In addition, we can easily deduce that the smaller the ¢, the tighter the LSE
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Figure 5.2: The impact of € to the tightness of LSE approximation.

approximation. To get some insights of how the ¢ influences the tightness of the bounds, we
compare the values of F™* = maxyy, Fr1(¢1m), its LSE approximation F(¢,,), and the upper
bound F,+¢log|K| with different ¢ in Fig. 5.2, which verifies that a smaller ¢ leads to a smaller

gap between F"** and the corresponding LSE function.

With Result 5.1, problem (5.24) can be approximated as

&', = arg Hémﬁgl_l Zl Eoi(dim) + F(bm) - (5.26)
—F(ém)

Now problem (5.26) has a smooth objective function F(¢,,) and only one constraint, which

can be solved by the manifold method as explained below.

Manifold Construction: We construct the feasible region of problem (5.26), i.e., ||| = 1,
as a complex sphere manifold M., as reviewed in Section 2.2.3. More specifically, we say @,
is a point on the complex sphere manifold M., yielding problem (5.26) an unconstrained opti-

mization on M, which can be solved by many classic algorithms with necessary projections.

The algorithm we use here to solve problem (5.26) is the Riemannian Conjugate-Gradient
algorithm similar to Algorithm 2 in Chapter 3, where the key is to determine the descent
direction of the objective function. Specifically, the Riemannian gradient, which can be obtained

from the Euclidean gradient, is required to calculate the descent direction. Therefore, we first
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Algorithm 5 Riemannian Conjugate Gradient
Reqlﬂre: _Vc,k,m7 Vploms Xc,kyms Xp,l,ms 5C,k,m7 fp,l,ma Vk, \V/l, ¢m7 g, m, C7 Omax-
Ensure: ¢},.

1: Initialize @°, = @y, B° = =V f(DL,), 0= 0.

2: repeat

3:  Update o =0+ 1.

4:  Calculate stepsize ¢"~! by Armijo backtracking [87].

)

10 - To . @ot4somigo—l
Set ¢ by retraction: ¢, = T = ) ] -
X Rikhis o __ m{Tr([chaF((b’?n)] [chbF(d)?n)iPrd;?n (chsF((i)?n_ ))])}
6:  Update Polak-Ribiere formula p° = - T F @ T e P T) .
7. Update search direction 8° = =V F(¢2,) + p°Prg (8°71).

8: until ||VMCSF(QB};1)||2 < { or 0> Omax

Algorithm 6 Multi-Sector BD-RIS: Manifold Based Solution
Require: Xc,ka XPJ’ Xeks Xp,h gc,kn Vk, ¢l, Vl, g, C, Omax-
Ensure: ¢7, Vi.

1: Initialize @) = ¢, VI € L, 0 = 0.

2: repeat

3:  Update o =0+ 1.

4:  for m € M do

5 Update X2} s Xpim> and & Vk € K by (5.23).
6: Update @2, by Algorithm 5.
7
8:

end for
until 3, ¢ — 67 |3 < € or 0> o

calculate the Euclidean gradient of the objective function F(¢,,), which is given by

. OF (G OF (¢,
VE(¢n) = [ (%Ef)m) aqb(f_m)} B
= [VFp,1(<b1,m) + %ﬁ:), s VEL(drm) + %ﬁ’:) : (5.27a)
VEpi(G1m) = 20p1mPrm — 2Xp,tm; (5.27b)
OF ()  Dker, OXP (M) Ve (P1m) (5,279
VE i (Bim) = 2WehmBrm — 2Xehm- (5.27d)

Then, we obtain the Riemannian gradient, which projects the Euclidean gradient onto the
tangent space, i.e., V., F(¢n) = Prg, (VF(¢y,)). The Riemannian version of the Conjugate-
Gradient method to solve problem (5.26) is summarized in Algorithm 5.

Summary: With solutions to each cell of the multi-sector BD-RIS, the procedure of the suc-
cessive design is straightforward and summarized in Algorithm 6. The complexity of Algorithm
6 is given by O(I;L'?), where I is the number of iterations of Algorithm 6.
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Algorithm 7 Joint Design: Block Coordinate Descent
Require: Qi, 0y, Rk, Yk, VI, P, ¢, Umax.
Ensure: ¢7, Vi, P*.
1: Initialize @Y, p; = 0, VI, P°, v = 0.
2: repeat
3:  Update v =v+1.
4:  Set weights {A% Vo,Va}""! by (5.14).
5. Set equalizers {g%, Vo, Va}"~! by (5.13).
6:  Update BD-RIS matrix {¢},VI} by Algorithm 6.
7.
8:

Update precoder P? by solving SOCP (5.18).

. ﬁv_ﬁvfl
until |§v—71| < ( Or v > Upmax

5.2.5 Algorithm and Analysis

Framework of the Algorithm: The above three blocks are updated in an iterative manner

until convergence as summarized in Algorithm 7, where R” = miny B¢, + >, Rp ).

Initialization: In Algorithm 7, ¢;, VI € L are initialized as ¢} = \/Lz[e“”lvl,...,e“”lvM]T,
where ¢, is randomly selected within the range [0,27], VI € £, Vm € M. The transmit

power allocated to the common streams is initialized as P, = 0.7P, and thus that allocated

to the private streams is P, = 0.3P. Accordingly, the common precoder is initialized as

Pe =, 0. Qig;, followed by a normalization p? = @”";. The private precoder is initialized
a o P, ,

as pp,k = Za Qk¢l7 followed by pg,k — ?p HI:I:;:HQ, Vk - ’C

Complexity Analysis: The complexity of Algorithm 7 mainly comes from the update of three
blocks (steps 4-7). Specifically, updating block {2, g%, Vo, Va} requires complexity O(MNKLA).
Updating block {P, ¢} by solving SOCP has complexity O((NK + N + K)>?), while updating
block {¢;,Vi} by Algorithm 6 requires O(I;L'?). The overall complexity of Algorithm 7 is
thus O(I(NK + N + K)3%), where I is the number of iterations of Algorithm 7 to achieve the
convergence threshold. The overall complexity of the proposed algorithm does not scale with
the increasing dimension of BD-RIS, i.e., M and L. Hence, the proposed algorithm has benefits

in readily being applied in scenarios where the BD-RIS has numerous elements.

5.3 Performance Evaluation

In this section, we evaluate the performance of the proposed robust beamforming design for
multi-sector BD-RIS aided RSMA under different CSI conditions. The perfect channels are
generated as a combination of small-scale fading and large-scale fading as given in (4.23)-(4.27).
Sectors of the multi-sector BD-RIS are modeled as My x My, = M uniform planar arrays and the

transmitter is modeled as a uniform linear array with half-wavelength inter-antenna spacing.
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Table 5.1: Simulation Settings

Parameters ‘ Value ‘
Rician Factor k=K =...= kg =0dB
Transmit/Receive Antenna Gain Gr=Gy=1
Transmit Signal Frequency f =24 GHz
Transmitter-RIS Distance dir = 100 m
RIS-User Distance durg = ... =dug =10 m
Path Loss Exponent €T = €ur = 2
Transmitter-RIS Angle Orr € [0, 7]
RIS-User Angle Ouk € [0, 7], VE € K
Noise Power o0?=...=o0% =—-90 dBm
Estimation Uncertainty 5 € {0,0.15}
No. of Samples A =050
No. of Sectors L=3
No. of Users per Sector Ki=...=K;, =2
No. of BD-RIS antennas per Sector | M = My x My =5 x 4 =20
No. of transmit antennas N =14
QoS Threshold per User Rini=...= Runrx = R

The channel estimation error for each channel realization Qy is generalized such that vec(Qy,) ~

CN (0,821, x), where the channel estimation uncertainty &2 is set as 67 = ¢, 162, Vk € K with
a scalar § € [0,1). Specifically, the value 0 = 0 refers to the perfect CSI case. For each channel
estimate Qk =Qr— Qk, the a-th sample in the set (available at the transmitter) Qy is given by
Qp = Qi+ Qk, where Qk follows the same error distribution, that is vec(Qk) ~ CN (0,0 Tyn),
Vk € I, Va € A. For each channel realization, the precoder and BD-RIS are designed based
on sets Qy, Vk € K and the maximization of the average sum-rate as summarized in Algorithm
7, while the sum-rate is calculated based on the perfect instantaneous channel Q. The ergodic
sum-rate is plotted as an average of sum-rates for 50 perfect channel realizations. The simulation

settings, unless otherwise stated, are summarized in Table 5.1.

5.3.1 Convergence of the Algorithm

The convergence of Algorithm 7 cannot be theoretically proved since the design of BD-RIS
matrix block does not lead to a global optimal solution. Instead, we provide numerical results
to show the proposed algorithm can converge within limited iterations. Fig. 5.3 plots the
sum-rate versus the number of iterations of Algorithm 7 for different CSI conditions and pa-
rameter settings. We can observe from Fig. 5.3 that the proposed algorithm always converges
within finite iterations regardless of simulation settings, such as channel conditions (perfect and

imperfect CSI), the number of transmit antennas, and QoS requirements.
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Figure 5.4: Impact of QoS threshold with idealized radiation pattern and different CSI condi-
tions (P = 35 dBm).

5.3.2 Impact of QoS Threshold

Then, in Fig. 5.4, we show the impact of the QoS requirement for each user to the achievable
ergodic sum-rate under different CSI conditions when each multi-sector BD-RIS antenna has
an idealized radiation pattern. From Fig. 5.4 we have the following observations. 1) The
multi-sector BD-RIS aided RSMA always outperforms the SDMA scheme with various QoS
thresholds and different CSI conditions. 2) The achievable ergodic sum-rate for both schemes
decreases with the growth of the QoS requirement, which can be explained as follows. Since we
focus on the sum-rate maximization problem, when the number of transmit antennas is smaller
than the number of users (4 = N < K = 6), the weakest NV — K users tend to be turned off. In
this case, increasing the QoS requirement for all users violates the aim of maximizing sum-rate.

3) The performance gap between the RSMA scheme and the SDMA scheme becomes larger
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Figure 5.5: Ergodic sum-rate versus the total number of antennas of BD-RIS with idealized
radiation pattern (P = 35 dBm, Ry, = 0.2).

with increasing QoS threshold for each user, and thus the RSMA scheme is able to achieve
both higher sum-rate and better QoS than the SDMA case, e.g., the comparison between
RSMA scheme with Ry, = 0.5 and SDMA scheme with Ry, = 0.1. This is because in RSMA
scheme, the power allocated to the common precoders increases with the QoS requirement.
This phenomenon demonstrates that the common precoders play an increasingly important

role to guarantee the fairness while achieving better sum-rate performance.

5.3.3 Impact of Numbers of Transmitter and BD-RIS Antennas

In Fig. 5.5, we plot the ergodic sum-rate versus the total number of antennas of the multi-sector
BD-RIS under different CSI conditions. We observe from Fig. 5.5 that the ergodic sum-rate
of both RSMA and SDMA schemes grows with increasing number of BD-RIS antennas, and
that the RSMA scheme always achieves better performance than the SDMA scheme. More
importantly, to achieve the same sum-rate, the required number of BD-RIS antennas can be
reduced compared to the SDMA scheme by adopting RSMA at the transmitter. For example,
in perfect CSI case, to achieve an ergodic sum-rate of 15 b/s/Hz, the required number of
antennas can be reduced by 16%; in imperfect CSI case, to achieve an ergodic sum-rate of 13
b/s/Hz, the required number can be reduced by 14%. This observation highlights the benefit
of synergizing BD-RIS and RSMA in saving on BD-RIS antennas, which is friendly to the

hardware implementation of multi-sector BD-RIS.

Finally, in Fig. 5.6, we plot the ergodic sum-rate versus the number of transmit antennas under
different CSI conditions. Similar conclusions that the RSMA scheme always outperforms the
SDMA scheme can be obtained from Fig. 5.6. More importantly, to achieve the same sum-rate,
the required number of active antennas at the transmitter can also be reduced compared to the
SDMA scheme when RSMA is adopted at the transmitter. For example, an 1-antenna RSMA-
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Figure 5.6: Ergodic sum-rate versus the number of transmit antennas when BD-RIS antennas
have idealized radiation pattern (P = 35 dBm, Ry, = 0.15).

enabled transmitter supports the same sum-rate performance as an 2-antenna SDMA-enabled
transmitter. Such reduction of the number of transmit antennas demonstrates the benefit of
synergizing BD-RIS and RSMA in reducing power consumption and cost, which leads to an

energy efficiency gain.

5.4 Summary

This chapter considers the integration of multi-sector BD-RIS and RSMA in a MU-MISO com-
munication system. Specifically, we assume a multi-sector BD-RIS and an RSMA-enabled
transmitter. Given that the channel estimation for RIS and BD-RIS aided scenarios is chal-
lenging, we model the channel estimation error when only partial /imperfect CSI is available at
the transmitter.

With the multi-sector BD-RIS aided RSMA model and CSI uncertainty model, we propose a
robust design to jointly optimize the transmit precoder and multi-sector BD-RIS for a MU-
MISO system. Specifically, SAA and WMMSE-rate relationship are adopted to transform
the stochastic problem into a more tractable deterministic multi-block problem. Regarding
the design of the BD-RIS matrix block, we adopt the RCG algorithm after transforming the

corresponding problem into a smooth optimization.

Finally, we present simulation results, which demonstrate the performance enhancement of
multi-sector BD-RIS aided RSMA compared to SDMA schemes with different radiation pattern
of BD-RIS antennas and various parameter settings, such as CSI conditions and QoS threshold
for users. More importantly, with given sum-rate requirement, the numbers of transmitter and
BD-RIS antennas can be effectively reduced by synergizing RSMA with multi-sector BD-RIS.

Such reduction of the number of antennas is beneficial for practical implementations.



Chapter 6

Channel Estimation and Beamforming
for BD-RIS

The enhanced performance achieved by BD-RIS with different modes and architectures highly
depends on accurate CSI, while none of the existing works study the channel estimation of BD-
RIS. This chapter thus focuses on the channel estimation and beamforming design for BD-RIS

aided wireless communication systems. This leads to the folowing layouts and contributions.

In Section 6.1, the uplink-downlink reciprocity of BD-RIS aided channels have been reviewed,

which lays the foundation for the uplink channel estimation and downlink data transmission.

In Section 6.2, a novel channel estimation scheme for a reflective BD-RIS aided MIMO system
has been proposed, where the joint design of pilot sequence and BD-RIS matrix during the
training process has been investigated. The proposed pilot sequence and BD-RIS design differs
from that for conventional RIS cases due to the new structure of the cascaded channel and
new constraints originating from the unique BD-RIS architectures. The proposed design is
applicable for general time-invariant channel models, such as commonly used i.i.d Rayleigh
fading and Rician fading channels. Specifically, a closed-form pilot sequence and BD-RIS design
which theoretically guarantees to achieve the MSE of the least square (LS) estimator has been
proposed. A comprehensive analysis of the training overhead of the proposed channel estimation
scheme has also been provided. In addition, the proposed scheme is readily generalized to
multiuser scenarios and to BD-RIS with hybrid transmitting and reflecting mode and multi-

sector mode by assuming each sector of the hybrid/multi-sector BD-RIS works in turns.

In Section 6.3, the beamforming designs for a reflective BD-RIS aided point-to-point MIMO
system and for a hybrid/multi-sector BD-RIS aided MU-MISO system have been proposed

based on the cascaded channel estimates.

In Section 6.4, simulation results have been provided to verify the effectiveness and accuracy of

the proposed channel estimation scheme and evaluate the performance of the proposed beam-
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forming design algorithms. Simulation results verify that the proposed channel estimation
scheme achieves the theoretical minimum MSE. Simulation results also show that with the esti-
mated channel obtained by the proposed channel estimation scheme, the proposed beamforming
design algorithms can achieve satisfactory performance close to the perfect CSI cases. More im-
portantly, there exists a practical trade-off between the channel estimation performance and the
rate performance, indicating that the improved beamforming flexibility of BD-RIS architectures

is achieved at the cost of increasing the training overhead.

6.1 Channel Model and Transmission Protocol

In this section, we illustrate the uplink and downlink channel models of general BD-RIS assisted

MIMO systems, and introduce the transmission protocol of the whole system.

6.1.1 Channel Model

We consider a narrowband system which consists of an N-antenna BS, an M-antenna BD-RIS
with reflective mode, and a K-antenna user, as illustrated in Fig. 6.1. The M antennas of the
BD-RIS are connected to an M-port group-connected reconfigurable impedance network [55],
where the M ports are uniformly divided into G groups with each containing M = GM1 ports
connected to each other'. Mathematically, the BD-RIS with group-connected architecture has
a block-diagonal scattering matrix? @ € CM*M with each block ®, € CM*M Vg ¢ G, =
{1,..., G4}, being unitary [55], i.e.,

& = blkdiag(®, ..., ®¢,), 8P, = 1;7,Vg € Gi. (6.1)

In practice, the unitary matrix ®, might involve further constraints determined by the circuit
topology of the reconfigurable impedance network, such that its entries are jointly controlled
by specific numbers of the reconfigurable impedance components. More details about different

circuit designs and corresponding mathematical constraints can be found in [55,57].

In this work, we assume the direct user-BS channel is blocked and focus purely on the estimation
of the cascaded user-RIS-BS channel®. In the uplink scenario, we denote G € CN*M and
H € CM*K 35 the channel from the BD-RIS to BS, and from the user to BD-RIS, respectively.

'In practice, the uniform linear or planar array can be utilized for antenna deployment. Besides, varactors
or PIN diodes can be used to implement the reconfigurable impedance network.

2The group-connected architecture is a general case including both single- and fully-connected architectures
as special cases. Specifically, G; = M boils down to single-connected architecture with diagonal scattering
matrices; G; = 1 represents fully-connected architecture with full scattering matrices.

3When the direct BS-user channel exists, the direct channel can be effectively obtained by turning off the
BD-RIS and using conventional channel estimation strategies.
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Figure 6.1: A paradigm of a BD-RIS assisted MIMO system.

By Result 2.1, the uplink user-RIS-BS channel H,, € CV*¥ is

H,, = GBH = >~ G, ®,H, —unvec( Y. HJ 0 G, vec(®,)),
g€ 9€G1 v

:Qge(cNKxI\?[Q

(6.2)

where G, = [G];,(g—1)M+1;gM e CN*M and H, = [H](g—l)M+1:gM,: e CM*K Vg e G. Al
ternatively, in the downlink scenario, we denote G = [G{,...,GE ]" € CM*N and H =
Hy,...,Hg,] € CE*M respectively, as the channels from BS to BD-RIS, and from BD-RIS to

the user. The downlink BS-RIS-user channel Hyown € CE*V is

Hiown @ HoG = Z H,0,G, © unvecT< Z(Hg ® Gg)vec(@§)>7 (6.3)
9€G1 9€G1

where (a) holds by defining the BD-RIS matrix for downlink data transmission as © =
blkdiag(®1, ..., O¢,); (b) holds by the property of vectorization.

When the communication occurs with TDD and the reciprocity between the uplink and down-
link user-RIS and RIS-BS channels exists, i.e., H=H” and G = G”, we have

Hown = unvecT< Z ngec((:);)), (6.4)

9€G1

which indicates that the channel estimate Q = [Qy,...,Qqg,] € CNEXM?G1 ghtained by the

uplink training can be used for downlink data transmission®. This motivates us to estimate Q

4We should clarify here that © # ®7 since the BD-RIS matrices are designed focusing on different metrics,
i.e., minimizing the channel estimation error and maximizing the data transmission rate.
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Figure 6.2: Illustration of BD-RIS antenna ports, groups, and tiles. Left: BD-RIS with M = 36,
G, = 18 and G5 = 9; right: BD-RIS with M = 36, G; = 12 and G5 = 4. For example, the
left figure says BD-RIS antenna ports with indices {1,2} and {3,4} form two different groups,
each of which consists of antenna ports connected to each other by reconfigurable impedance

components. These two groups further form one tile, within which the groups share the same
BD-RIS pattern.

instead of separate channels H and G, and design the BD-RIS beamforming with the knowledge

of Q for data transmission.

From (6.2) and (6.3) we observe that the BD-RIS aided cascaded channel for both uplink and
downlink, i.e., Q, is constructed relying on the non-zero parts of the scattering matrix at BD-
RIS, i.e., ® or ®, which characterizes inter-element connections in BD-RIS architectures. That
is, the channel to be estimated depends on the BD-RIS architectures. In addition, estimating
Q relies on the variation of ® during the uplink training, with new constraints (6.1) instead
of being diagonal as in conventional RIS. As a result, the passive channel estimation schemes
for conventional RIS [38-40] do not work for BD-RIS aided scenarios. Therefore, new passive

channel estimation methods adaptive to BD-RIS architectures and Q are needed.

6.1.2 Tile-Based Channel Construction

Estimating Q requires extremely high complexity and training overhead due to the large number
of channel coefficients growing linearly with G| and quadratically with M. To effectively reduce
the channel estimation complexity and training overhead, we generalize the methods used in
conventional RIS channel estimation works [38,107,108] by introducing the concept of tile,
which consists of adjacent groups, each having M ports connected to each other. The groups in
the same tile share the same BD-RIS pattern during the training. To ease understanding, we

provide two examples in Fig. 6.2 to illustrate antenna ports, groups, and tiles. Here, we define
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G5 as the number of tiles and G = % as the tile size. We further define the shared pattern
®; € CM*M for tile 7 with ®7®; = Iy, Vi € Go = {1,...,G,} and rewrite the BD-RIS matrix
® as

& = blkdiag(Is ® ®1,...,1I5 @ ®¢,). (6.5)

The user-RIS-BS channel (6.2) can thus be re-written as

G
Hp = unvec( D37 Qi vee(®) ). (6.6)

i€G2

=Qi€(CNKXM2

As such, we estimate the combined cascaded channel of each tile, referred to as the tile-based
channel. Specifically, a larger tile size leads to the reduction of training overhead since the chan-
nel parameters to be estimated reduces from Q to Q = [Qy,...,Qqg,] € CNExM?G2  However,
this is achieved at the expense of obtaining reduced CSI, which will limit the beamforming flex-
ibility of BD-RIS and further degrades the performance for data transmission. In other words,
although we focus on different objective functions for uplink channel estimation and downlink
data transmission, the two designs are tightly related to each other due to the tile-based channel
construction. The impact of estimating the tile-based channel instead of the original cascaded
channel on the beamforming flexibility of BD-RIS is mathematically reflected in the downlink

channel Hygoy,, which is re-written as

Hown = unvec’ < Z inec(®f)>, (6.7)

1€G2

with a reformulation of the BD-RIS matrix as

© = blkdiag(Iz ® ©1, ...,15 ® Og,). (6.8)

This indicates that with the knowledge of Q, we should design ©;, i € G5, which provides less
beam manipulation flexibility compared with designing ©,, Vg € G; as in perfect CSI cases,

resulting in performance loss for downlink data transmission.

Note that the trade-off between the training overhead for channel estimation and the perfor-
mance for data transmission comes from twofold perspectives. On the one hand, due to the
tile-based channel construction, the larger G reduces the dimension of channels to be estimated,
i.e., from Q to Q, which further reduces the overhead. Meanwhile, the larger G reduces the
dimension of BD-RIS matrices to be designed, i.e., from ©,, Vg € G; to ©;, Vi € Gy. On the
other hand, due to the BD-RIS architectures, the larger M increase the dimension of channels
to be estimated and further the overhead. Meanwhile, the larger M provides more flexibility to
BD-RIS design, which further enhances the performance. This overhead-performance trade-off

will be qualitatively and quantitatively studied in the following sections.
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Figure 6.3: One transmission frame consisting of three phases with T' = T7 4+ T5 + T3 symbol
durations.

6.1.3 Transmission Protocol

With the tile-based channel construction, we instead estimate the reduced dimensional cascaded
channel Q and design the beamforming with the estimate of Q for data transmission. This re-
sults in the following protocol [37,38,40] with each transmission frame divided into three phases
as illustrated in Fig. 6.3, based on the assumption that user-RIS and RIS-BS channels remain
approximately constant within one transmission frame. In this protocol, we propose channel es-
timation and beamforming designs which are feasible for general time-invariant channel models,
while the performance of the proposed designs are evaluated based on commonly-used Rician

fading models in Section 6.4.

Phase 1: The BS estimates Q by uplink training, where the pilots are consecutively transmitted
from the user and reflected by the BD-RIS with varied ®;, Vi € G, within T} symbol
durations. In this phase, the difference compared to conventional RIS comes from the
design of the varied BD-RIS pattern due to the different constraint of the scattering

matrix, whose details will be given in Section 6.2.

Phase 2: The BS optimizes the beamformers and ©;, Vi € G, based on the estimated channel Q,
and feeds back the optimized ©;, Vi € G, to BD-RIS requiring 75 symbol durations.
This phase is also different from conventional RIS cases due to the more general

unitary constraint of the BD-RIS, whose details will be given in Section 6.3.

Phase 3: The BS performs the downlink data transmission for 75 symbol durations based on

the optimized beamformers and ©;, Vi € G5 in Phase 2.

6.2 Channel Estimation for BD-RIS

In this section, we describe the proposed channel estimation strategy based on the LS method,
formulate the BD-RIS design problem to minimize the MSE of the LS estimator, and provide

the closed-form solution.
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6.2.1 LS Based Channel Estimation

Assuming the user sends pilot symbol vector X; € C**! with |[x,]x| = 1, Vk e K ={1,..., K},
at time slot ¢, Vt € T = {1,...,T1}, the signal received at the BS is

v =/ PupG®HR, + 1, = /Py (x] @ Iy) > Quvec(®,,;) +ny

1€Ga
_ _ 6.9
=/ Pup(X) ©1In)Qe; + 1y = y/ Pup£¢tT R X ® Iy)vec(Q) +ny, Vi €T, (6.9)
:(f,te(chNKMQGQ
where P,, denotes the transmit power at each user antenna, <i>t = blkdiag(Is ® ®¢1,...,. I ®

®,,) with &, € CMxM denoting the i-th tile of the BD-RIS matrix at time slot ¢, and
n, € CV*! with n, ~ CN(Onx1,0%Iy), Vt € T denotes the noise. The vector ¢, is defined
as ¢y = [vecT (@, 1),...,vecT (@, ,)]T € CM*C>X1 Wt € T. To uniquely estimate the cascaded
channel Q in (6.9), T} > K M*G, pilot symbols should be transmitted from the user. Combining

the data from such pilots together, we have

y: [y,{7’y%1]T: Pup [@?,’(I)%l],r q_i_[n?’,n%l]T, (6 10)
— —_——— )
—PcCNT xNKNM2Gy —neCNTyx1

c (CNKMZGQ x1

where q = vec(Q) . The simplest way to estimate q is to use the LS method,

yielding the LS estimator of q as the following form
Q= (VRy) By = (VPy) (B78) @y =qt (VPy) [(B718) 1.

:qee(cNKMQGQ x1

It is worth noting that the LS estimator treats each channel element as an independent unknown
parameter, regardless of the strength of each channel coefficients and the correlations between
coefficients. Thus, the channel estimation error does not depend on channel models, but only
on the transmit power P,,, the concatenated pilot matrix </I\>, and the noise. The MSE of the

LS estimator is
o2

P,

up

Tr((®7®) ™), (6.12)

eg = E{[ld — a2} = E{llac]z} =

which implies that the MSE of channel estimation depends on the values of X, and ¢y, ¥t € T,
such that a proper design of them is required. As such, we formulate the following MSE

minimization problem

min  Tr((®7®) ) (6.13a)

{Xt,Pt}ve
st ®L®y; =1y, Vt € T, Vi€ G, (6.13b)
|[Xe)x| = 1,Vt € T,Vk € K, (6.13c)

rank(®) = NK M>G,, (6.13d)
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Figure 6.4: Training breaking the training time into 7 blocks of length K.

where we set Ty = K M?G5 to minimize the overhead without introducing estimation ambigu-
ities, which yields ® a full-rank square matrix. Problem (6.13) is difficult to solve due to the
inverse operation in the objective and the non-convex constraints of group-connected BD-RIS.
In the following subsection, we will first simplify the objective function and then propose an

efficient approach for optimal X, and ¢, Vt € T.

6.2.2 Solution

We start by simplifying the inverse operation in objective (6.13a). To this end, we derive the

minimum of the objective (6.13a) based on the following lemma.

Lemma 6.1. The objective function in (6.13a) achieves its minimum, i.e., min Tr((®7®)~1) =
NM, with the condition PHP = dDH = KMGQINKM2G2.

Proof. Please refer to Appendix C.1. m

With Lemma 6.1, we deduce that achieving the minimum MSE in problem (6.13) is equivalent
to finding a scaled unitary matrix '/i\', ie., PHP = dPH = KMGslygiea,. Problem (6.13) is

thus transformed into a feasibility-check problem

find ® € CNEM*C2xNKM?Gy (6.14a)

st. D7D = KMGyly e, (6.13b), (6.13c). (6.14b)

Given the large dimension and complicated structure of matrix '/i\', which is constructed by a
coupling of ¢, and x;, Vt € T, it is difficult to directly find such a matrix to simultaneously
satisfy the three constraints in problem (6.14). To decouple the design of ¢, and %,, Vt € T, we
apply the most common training approach [109], which breaks the training time into Ty = % =
M?2G, blocks of length K, as illustrated in Fig. 6.4. Specifically, the same BD-RIS pattern,
¢s, is repeated K times within each block s € & = {1,..., T}, while it varies from block to
block. Meanwhile, the pilots X = [xi,...,xx|’ are chosen as an orthogonal sequence, i.e.,

XHAX = Klg, and are repeated over the T, blocks. In other words, we establish the BD-RIS
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pattern set ¢, Vs € S, and the pilot sequence set x;, Vk € IC, for periodicity. Specifically, we

have the mappings between ¢, and ¢,, and between X, and x;, respectively, as
(ﬁ(s—l)K—&-k G5, X(s—1) K+t = X, VE € K, Vs € S. (6.15)

This allows us to rewrite ®#® in the following form

1P = Z (Pro)) @ (%)) @ Iy
=1 (6.16)

- (Z¢ e (ZXkXO oLy 2 K(@'8) 0 Lux

where (a) holds due to the mappings in (6.15); (b) holds with X#X = KTy, and by defining
b = [¢y,...,¢p]" € CM*G2xM°G2 Based on (6.16), we transform designing ¢, and %, in (6.14)
into designing matrices ® and X. Specifically, the feasible solution of X can be easily obtained,
such as using DFT or Hadamard matrices, such that the x; is given by (6.15). The design of

&, meanwhile, can be formulated as the following feasibility-check problem

find & e CM G2x MGz (6.17a)
s.t. @D = MGolyg,, (6.13D). (6.17b)

Problem (6.17) is a generalization of that for conventional RIS when M = 1, in which case the
solution can be directly obtained by DFT or Hadamard matrices. However, problem (6.17) is
also a new formulation different from conventional RIS case and difficult to solve due to the
constraint from BD-RIS architectures, resulting in the complicated construction of ® involving

both inter- and intra-row orthogonality and having a large dimension.

To simplify the design of the large-dimensional matrix @&, we propose to decouple problem
(6.17) into two reduced-dimensional sub-problems with simpler constraints. This leads to the

following lemma.

Lemma 6.2. The feasible matriz ® from problem (6.17) can be constructed as d=A® <i>,
where A € C%2%G2 s obtained by solving the following problem.:

find A € C¢*¢2 (6.18a)
st. ATA = Gylg,, (6.18b)
[A];] = 1,Vi,i" € Ga. (6.18c)
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& c CM**M* s obtained by solving the following problem:

find & e CM*° (6.19a)
s.t. 7D = @D = M0, (6.19h)
®Up,, =1, Yme M, (6.19¢)

where ®,,, = unvec([®7].,,,) and M = {1,..., M?}.

Proof. Please refer to Appendix C.2. n

With Lemma 6.2, we decouple problem (6.17) into two reduced-dimensional problems (6.18)
and (6.19). The feasible solution to problem (6.18) can be easily obtained by using a Ga x Gy
DFT matrix Fg, or a Hadamard matrix Dg,, i.e., APYT = F, or Alladamard =y However,
the solution to problem (6.19) is not a straightforward extension from conventional RIS since
we need to find a matrix @ such that each row constructs a unitary matrix, i.e., constraint
(6.19¢), and that different rows are orthogonal to each other, i.e., constraint (6.19b). In other
words, the matrix ® should include two-dimensional (intra- and inter-row) orthogonality, which
motivates us to construct ® with two orthogonal bases, Z; € CM*M and Z, € CM*M_ The
former guarantees the orthogonality within each row of <f’; Z, and the circular shift of Z,

guarantee that ® has orthogonal rows. This brings the following theorem.

Theorem 6.1. The matriz & satisfying (6.19b) and (6.19¢) can be constructed such that each
row, i.e., [é](m_l)MJrn’: = qﬁmm Vm,n € M =1{1,..., M}, has the following structure:

G = circshift(vec! (Zy), (n — 1)M) @ ([Zg)m. @ 1%), (6.20)
where Zy, € CM*M gnd Zo, € CMXM gre referred to as base matrices satisfying the following
constraints:

1) Zy is a scaled unitary matriz, i.e., ZUZ, = 7,77 = o 1; with a € R, ay # 0 a scalar;

2) Zy is a scaled unitary matriz whose entries have identical modulus, i.e., Z¥Zy = ZoZi =
aolyy with ay € R, ap # 0 a scalar, |[Zo]mn| = /5, Vm,n € M;

3) The product of two scalars is a constant, i.e., ayay = M.
Proof. Please refer to Appendix C.3. O

Based on Theorem 6.1, we transform problem (6.19) into finding two base matrices Z; and
Z, satisfying the above three constraints in Theorem 6.1, which can be easily satisfied using

DFT/Hadamard matrices. More specifically, we can simply set ZPFT = F; or Zladamard — o
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Algorithm 8 Channel Estimation for BD-RIS
Require: N, M, M, G, K.

Ensure: q.

Generate pilot sequence X such that X#X = K.
Generate A by APFT = Fg, or Afadamard —
Set Z; by ZP¥T = Fj; or Ziladamard — 1 -

Set Zy by ZD¥T = \/;FM or Ziladamard \/LDM.

Construct ® by (6.20) from Theorem 5.1.
Construct ® by @ =A® & from Lemma 5.2.
Map X and @ to x; and ¢, V& € T by (6.15).
Construct ® by (6.9) with ¢, and x,, V¢ € T.
Obtain q by (6.11).

Table 6.1: Training Overhead, Estimation MSE, and Circuit Complexity of BD-RIS with
Group-Connected Architectures

Metrics Value Property
Training Overhead | Ty = KMMG™" | 1 with M; | with G

Estimation MSE eQm = ﬁp]\f M 1 with M

Circuit Complexity | C' = (M + 1)% [55] + with M

and ZPFT = \/LF yy or Zbladamard — LD i1 to construct &, and further construct ® = A @ &
with ADFT or AHadamard_

ﬁ

With solutions to construct pilot sequence X and matrix <i>, the procedure of the proposed

channel estimation scheme is straightforward, which is summarized in Algorithm 8.

Note that either using DFT matrices or Hadamard matrices to generate &, we achieve the

min

minimum MSE of the LS estimation, i.e., 2™ = No®P, M, and avoid the time-consuming
inversion by ® = (K MG,) '®H. Nevertheless, the two ways have pros and cons from different
aspects. On one hand, the matrix ® constructed by Hadamard bases has the additional advan-
tage of requiring only two states of each entry, which indicates that practical group-connected
BD-RIS with discrete values can be effectively tuned to perform accurate channel estimation.
However, the values of Gy and M should be chosen from the set {1,2,4n,n € N} to guar-
antee the existance of Hadamard matrix. On the other hand, ® constructed by DFT bases
requires more states of each entry of group-connected BD-RIS, which complicates the practical

implementation of BD-RIS, while there is no such limitation of the values of G5 and M.

6.2.3 Overhead, MSE, and Circuit Complexity

The training overhead T to estimate q, the estimation error emm, and the circuit complexity

C' of the group-connected BD-RIS indicated by the number of impedances to realize the circuit
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topology, are summarized in Table 6.1. We can observe that with fixed number of RIS antennas
M and other parameters, the training overhead, estimation MSE, and circuit complexity all
increase with the group size M of the group-connected architecture. Interestingly, the training
overhead can be effectively reduced by introducing tiles (increasing tile size (), although the
larger M decreases the number of possible G. More importantly, the larger M provides more
beam manipulation flexibility to BD-RIS to enhance the transmission performance, while the
larger G leads to reduced CSI and further limits the transmission performance. This phe-
nomenon will be numerically studied in Section 6.4. Therefore, it is important to properly
choose the values of M and G to achieve satisfactory channel estimation performance and data

transmission performance with affordable training overhead and circuit complexity.

6.2.4 Multi-User Scenarios

The proposed channel estimation scheme can be easily generalized to multi-user cases by as-
suming all users transmit orthogonal pilot sequences such that channels from all users can
be simultaneously estimated by the BS. This can be simply done by setting K as the total
number of antennas at all users. Alternatively, cascaded channels from different users can be
successively estimated by assuming users transmitting pilots in a TDD manner. In this case,
each user can transmit the same pilots and adopt the proposed channel estimation scheme to

estimate the cascaded channel.

6.2.5 BD-RIS with Hybrid/Multi-Sector Modes

While the proposed channel estimation is based on BD-RIS with reflective mode, that is the user
is located at the same side as BS, it is also readily generalized to BD-RIS with hybrid /multi-
sector modes. Assume that an L-sector BD-RIS with M antennas in each sector, L € £ =
{1,...,L},L > 2, is adopted in a downlink MU-MISO system with an N-antenna BS and K
single-antenna users. Each sector covers K; users indexed by K; = {32 Ki+1,---, 300 K.},
Y e Ki = K. In addition, the L-sector BD-RIS with group-connected architecture is, math-
ematically, characterized by matrices @, = blkdiag(élvl,...,@l,gl) € CM*M Y| ¢ L with
i)l,g € CMxM g c G, satisfying the following constraint

Z 1P, =1;,Yg € Gi. (6.21)
leL

Let G = [Gy,...,Gg,] € CYM and hy, = [b],... b, |" € CM*! denote the channel from
BD-RIS to BS, and from user k, Vk € K, to BD-RIS, respectively. Then the user-RIS-BS uplink
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channel can be expressed as

hyr = Y hi, ® G, vec(®,,),Vk € K,V € L. (6.22)

9€G1

:Qk,gECNXMz

There are two strategies to estimate the above cascaded channels for users covered by different
sectors. The first strategy is to successively estimate the channels for users covered by each
sector. In this sense, the estimation process for each sector boils down to the case for reflective
BD-RIS such that the proposed method can be directly adopted. The second strategy is to
simultaneously estimate the channels from users covered by different sectors, while a new BD-
RIS pattern design should be considered to adapt to the constraint (6.21). Therefore, in this
work, we focus on the first strategy and leave the second one as an interesting future work.
Applying the tile-based channel construction® proposed in Section 6.1, we instead estimate the
channels
G
Qri =Y Qui-na+j Vi € Go,Vk € K1, VL € L. (6.23)
j=1

This can be done according to the following steps.

Step 1: In every T7; = K;M?G, time durations, the K; cascaded channels Qr.i, Vi € Go,Vk €

IC;, can be simultaneously estimated assuming

a) that ®y = 0p,ar, VI # I, within the T}, durations,
b) that ®, and the pilots transmitted by K; users are designed using the proposed
scheme in Algorithm 8.

This yields the channel estimates Qk,i, Vi € Gy, Vk € K.

Step 2: Repeat Step 1 for all L sectors.

To facilitate understanding, we provide a simple example for how to estimate the cascaded
channels for BD-RIS with hybrid mode (L = 2) as illustrated in Fig. 6.5. Based on the above
strategy, we can obtain the cascaded channels for BD-RIS with hybrid /multi-sector modes with
a total training overhead 71 = 3, ., T = > .., K, M?*Gy = KM?*Gy = KMMG™.

6.3 Beamforming Design for BD-RIS

In this section, we formulate two beamforming design problems for BD-RIS with reflective and
hybrid /multi-sector modes and different scenarios, and propose efficient beamforming design

methods relying on the cascaded channel estimates. The considered problems are different from

SFor BD-RIS with hybrid /multi-sector mode, the group is formed by the antenna ports from the same sector
which are connected to each other. The tile is formed by groups from the same sector.
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Figure 6.5: Hlustration of channel estimation for BD-RIS with hybrid mode.

that in previous chapters since, in this work, only cascaded channel estimate is available, while

the proposed algorithms in Chapters 3 and 4 rely on separated BS-RIS and RIS-user channels.

6.3.1 Reflective BD-RIS Aided Point-to-Point MIMO

We first consider a point-to-point MIMO system aided by a BD-RIS with reflective mode.
Assume the N-antenna BS transmits the symbol vector s € CN*! to the K-antenna user,
E{ss”} = Iy, where N; denotes the number of data streams, Ny < min{N, K}. Based on
(6.7) and (6.8), the processed signal at the user is given by

5= WHiH ,,nPs + Win/, (6.24)

where W € CE*¥s and P € CV*¥ denote the combiner at the user and the precoder at the

BS, respectively, and n’ € CX*! with n’ ~ CN (0g 1, 0"*I) denotes the noise.

Problem Formulation: Based on the channel estimate q = vec(@), Q = [Ql, e QGQ] with
Qi being the estimate of Q;, the joint transceiver and BD-RIS design problem to maximize the
spectral efficiency is given by®

T+ T _ _
max (1 il 2) 108, ([T, + (0P WHW) W, PPURE, W|)  (6.25)
st. ©f@, =1y, Vic G, (6.25b)
HP”%‘ S Pdowna (6250)

where Py, denotes the transmit power at the BS and ﬁdown = unvecT(QH) with the fresh

SHere, and in the following subsection, we involve the term 1 — Tl;TQ to account for both channel estimation

efficiency and data transmission accuracy, while we ignore the effect of channel estimation error for simplicity and
directly solve the optimization problem based on channel estimates. However, the effect of channel estimation
error will be taken into account in the performance evaluations.
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notation given by 0 = [vec’(07), ..., vec' (O )]". Problem (6.25) is not easy to solve due to
the non-convex constraint (6.25b) and the coupling of the BD-RIS constraint, the precoder, and
the combiner. To simplify the joint design, the objective function is decoupled into two separate
optimizations. Specifically, we first design the BD-RIS to maximize the channel strength. Then,
having the effective channel, we determine the precoder and the combiner to further maximize

the spectral efficiency.

Solution to Problem (6.25): With determined 6, it is well-known that the optimal uncon-
strained precoder and combiner for point-to-point MIMO are obtained from the unitary right
and left singular vectors of the effective channel ﬁdown. Specifically, for the case of N = K = Nj
and equal power allocation for all streams at the BS, we have PP¥ o Iy and WW o Ig.
This motivates us to have the approximations W(WH#W)'W# ~ I and PP¥ ~ (?Iy, where
¢? denotes the normalization factor. Based on the above discussions, the objective function in

(6.25a) has an upper bound as

s

> ® log, <H(1 + )\n))

10g2 (‘INS + U/_chﬁdownﬁg)wn

. . , = (6.26)
S g1+ A) € LS N = S (A
—Z 0gy(1+ ) < EZ " n 2072 F(Haown Hijoum),

n=1 n=1

where (a) holds by defining Ay, ..., Ay, as the eigenvalues of the matrix o'~2¢ 2I/—\Idownﬁg)wn, (b)

holds since A, > 0, Vn. In addition, the objective function in (6.25a) has a lower bound as

Ns Ng Ns  Ng
log, (H(1+)\n)) — log, (1+Z)\n+22)\n)\n/ +)
n=1 n=1 n=1n'=1 (627)

Ns 2
> 10g2 (1 + Z )\n> = 10g2 (1 + %Tr(HdownH(Ii{own)> .
n=1

The above derivations indicate that maximizing the sum of eigenvalues helps in increasing both
the lower and upper bounds of the rate. This motivates us to develop a two-stage design,
where we first design the BD-RIS to maximize the channel strength, i.e., sum of eigenvalues,
and then design the precoder and combiner to manage the inter-stream interference once 6 is

determined. As such, we formulate the following BD-RIS design problem

6* = arg max Tr(HgownHZ )@ arg max Z ZG?VM/O;, (6.28)

d
OHe,=I,;,Vi o OHE,=I;Vi ;
»©i=ly, i Di=AN > i'€Gs i€Go

where (a) follows with 6; = vec(®!) and V,; = [QTQ*]%L,, Z, = (i — 1)M?* + 1 : iM?,
Vi,7' € L. Note that 6; and 0, Vi # 7', 1,7 € Gy, have separate constraints, while they are

coupled in the objective function (6.28), which makes it difficult to determine 6;, Vi € Go. To
simplify the design, we split the objective with respect to each 8; out from (6.28) with fixed
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others. This results in the sub-problem for 6; as

max 07'V,.0; + 2R{0 .} (6.29a)

s.t. unvec*(@;)unvec’ (6;) = I, (6.29b)

where x; = > . 2 Vi € CM*x1 v € G,. Constraint (6.29b) constructs a M>2-dimensional
complex Stiefel manifold such that problem (6.29) can be formulated as an unconstrained
optimization on the Stiefel manifold. Then, the problem can be effectively solved by the
conjugate-gradient methods on the manifold space [87].

After the BD-RIS has been designed, we obtain the effective channel as H}_,, = unvecT(QO*).
To obtain the precoder and combiner, we adopt the singular value decomposition (SVD) of the
as H% = U, XUY where U; € CE*X and U, € CN*V are unitary

down
*

down

3 *
effective channel H}

matrices, and ¥ € CE*V is a rectangular diagonal matrix containing eigenvalues of H on

the diagonal. Accordingly, we have the precoder and combiner as

U,l.1.
el LE S SR DR (6.30)
”[-[J'l]:,l:NS F

6.3.2 Hybrid/Multi-Sector BD-RIS Aided MU-MISO

In this subsection, we consider a MU-MISO system aided by a BD-RIS with hybrid/multi-
sector mode, as illustrated in Section 6.2. Assume the N-antenna BS transmits the symbols
s =[s1,...,8x] € CEX! to K single-antenna users, E{ss”} = I. Based on (6.22) and (6.23),

the received signal at each user covered by sector [, VI € L, is given by

Yp = Z vec” (©])QLprsi + Z Z vec” (©])QL P s + i, Yk € K, (6.31)
1€G2 k'#k i€Ga

where ©;; € CM*M V| ¢ L, satisfies D e OO0 = 1y, Vi € Gy, pr, € CV*! denotes the

precoder for user k, and n; € C with nj, ~ CN(0,0"?) denotes the noise.

Problem Formulation: Based on the channel estimates kai, Vk € K, Vi € G,, the joint

transmitter and BD-RIS design problem to maximize the spectral efficiency is

max (1 _ht T2> Z Z log, (1 + %) (6.32a)

01.9.p. vk T leL kek;
st Y Ofi0,; =1y,Vic G, (6.32b)
lel
> Ipkll3 < Paown, (6.32¢)

ke
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|9~1~TQ~EPM2
Sk 107 QL Py >+’
the fresh notations 8, = [vec”(@}),... ,vec" (0/,)]" and Qi = [Qk,1, ..., Qra,l, Yk € Ky,

Vi € L. Although problem (6.32) is a challenging optimization with complicated ratio terms in

where v, = denotes the signal-to-interference-plus-noise ratio (SINR) with

the log(+) function and non-convex constraints of BD-RIS, we show that the algorithm proposed

in Chapter 3 can be easily adapted to solving (6.32) with slight modifications.

Solution to Problem (6.32): By introducing auxiliary variables ¢ and 7, Vk € K, VI € L
to each ratio term in (6.32a) based on the fractional programming [83] reviewed in Section
2.2.1, we can transform (6.32a) into a four-block optimization with the objective function
F{Oihu, (P dves Lt ATkdve) = 2ier 2oper, (1082 (1 + 1) — 1 + 2T+ uR{m67 Qlp1} —
k2 (e 167 QP> + 0)). The four blocks are iteratively updated in sequential until
convergence. Under the iterative design framework, the solutions to the blocks {¢j }vx and {74 vk
can be easily obtained by checking the first-order conditions of f ({él}vz, {Pk pvrs Ltk bors {70 bvr)-
Meanwhile, the solution to block {pg}vr can be obtained based on the KKT conditions. The

detailed derivations can be done following Section 2.2.2.

When blocks {tx bk, {7k bk, and {px }vx are determined, the sub-problem for designing {él}w
can be formulated as

{6;}v = arg max Z (2§R{ONZTV1} — élTVlél*>

> @ﬁ@lyi:IM,Vi el
leL

~ arg max Y. (2 S RO -3 Y e,ﬂvwezi,),

H _ _ .
l;ﬁ O5OLi=I Vi cr © icgs i€G2 i'€Go

(6.33)

where vi = Y7, 0 VI+ i Qlpy, Vi = D ke, 7|2 QT Y wex peplQ;, VI € L, 6,; =
vec(@fi), Vi = [Vilz,, and Vi = [Vi]z, 7, Vi,i" € G5. Analogous to the derivation in previous
subsection, we propose to split the objective with respect to each {6,;}v from the objective in
(6.33) with fixed others. Defining x; = [XlTﬂ», . ,xgi}T with x;; = vi; — Zi,# V507, and

V,; = blkdiag(V1,,..., Vi), we construct the sub-problem for 0, = vec([@{i, e @%1]) as
max 2R{6 X} — 6] V,6; (6.342)
0;

s.t. unvec*(6;)unvec’ (6;) = I, (6.34Db)

where constraint (6.34b) constructs a M?2L-dimensional complex Stiefel manifold. Therefore,
problem (6.34) can be solved by the manifold based methods [87].

6.4 Performance Evaluation

In this section, we perform simulation results to verify the effectiveness of the proposed channel

estimation scheme and evaluate the performance of the proposed beamforming design.
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Figure 6.6: Normalized MSE versus SNR (M =32, G =4, N = K = 2).

The simulation setup is illustrated as follows. Both BS-RIS and RIS-user channels are assumed
to have Rician fading with Rician factor x = 0 dB accounting for the small-scale fading and
distance-dependent path loss model in Chapter 4 accounting for the large-scale fading. Specif-
ically, we assume each BD-RIS antenna has an idealized radiation pattern, such that the path
loss model is expressed as” & = o(1 — cos T)?, where ¢ = 437%d{'dZ A\~ G G is calculated
by the BS-RIS distance d; = 30 m and RIS-user distance ds = 10 m, path loss exponents
€, = 2.5 and €5 = 2.5, wavelength A = % with f = 2.4 GHz, antenna gains at the BS side
G = 1 and the user side GG, = 1. The noise powers for uplink channel estimation and downlink
transmission are set as 02 = ¢’> = —100 dBm. In the following simulations, we set the group
size M of the group-connected architecture for BD-RIS as M € {1,2,4} with an affordable
circuit complexity. More comprehensive studies of different BD-RIS architectures and their

circuit complexities can be found in [57].

6.4.1 Performance for Channel Estimation

We evaluate the channel estimation performance by plotting the normalized MSE versus signal-
to-noise ratio (SNR) with different group size of group-connected BD-RIS and different numbers

of BS/user antennas®. Specifically, the normalized MSE is calculated by eg = E{ ”?;Fz”%}. For
2

“For the case of BD-RIS with reflective mode, we calculate the path loss by setting the number of sectors as
L = 2, which indicates that BD-RIS with reflective mode covers half of the space.

8Here we only plot the case of BD-RIS with reflective mode since, as explained in Section 6.2, the same
scheme can be used in BD-RIS with hybrid/multi-sector modes with the same closed-form MSE performance.
The effect of channel estimation error will be studied in the performance evaluation of beamforming design.
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Figure 6.7: Rate versus the number of BD-RIS elements M (N = K = Ny = 2, P, = 250 mW,
Pdown = Kpup)-

fair comparison, the SNR is defined as the ratio between the total power received at each antenna

from each transmit antenna through each RIS element for the whole uplink training and the
PupTl
€02

matrix ® with DFT base or Hadamard base to generate Z1, Z», and X achieves exactly the same

noise power, i.e., y = From Fig. 6.6, we have the following observations®. First, the
performance, which verifies Theorem 6.1. Second, the matrix @ with DFT/Hadamard bases
achieves exactly the same performance as the theoretical minimum, which verifies Lemma 6.2.
Third, the normalized MSE performance increases with the group size M of group-connected
BD-RIS, which verifies Lemma 6.1. This indicates that, with the same power budget, BD-
RIS leads to higher channel estimation error than conventional RIS. The intuition behind is
that the same amount of power is split to estimate more channel coefficients, which leads to
increasing channel estimation error. Fourth, the normalized MSE decreases with SNR, which
indicates that larger received SNR leads to smaller channel estimation error. Fifth, the matrix
o designed by the proposed scheme achieves better MSE performance than that constructed
by random unitary matrices, which demonstrates the effectiveness of the proposed design for
channel estimation.

9In Fig. 6.6, the benchmark scheme, referred to as “Random Pattern”, is generated by replacing
Steps 2-6 of the proposed channel estimation method with ®,,,9. Specifically, ®rang is constructed with
[(I)rand]i,(l—l)M2+1:l]\7I2 = vecT (U, ), where U;; € CM*M i | are randomly generated unitary matrices.
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Figure 6.8: Sum-rate versus the total number of BD-RIS elements ML (N = K =4, Py, = 250
MW, Piown = K Pyp).

6.4.2 Performance for Beamforming Design

Reflective BD-RIS Aided Point-to-Point MIMO: We start by evaluating the performance
of the proposed beamforming design algorithm from Section 6.3 in Fig. 6.7. For comparison,
we simulate the performance achieved by perfect CSI Q as an upper bound. We also ignore the
term 1 — % in the objective function (6.25a), that is, to evaluate the rate performance for
the ease of analyzing the effect of beamforming design. From Fig. 6.7, we have the following
observations. First, the rate performance achieved based on both the perfect CSI and the
estimated CSI increases with increasing group size M of the group-connected architecture, that
is, BD-RIS outperforms conventional RIS, which aligns with the results in previous chapters.
Second, with the fixed group size M, increasing the tile size G during the channel estimation
induces the rate performance degradation due to the reduction of CSI, which further limits
the BD-RIS design. Third, the rate performance gap between the perfect CSI case and the
estimated CSI case increases with increasing number of BD-RIS elements. This comes from
the fact that more BD-RIS elements provide more flexibility in beamforming design, while the

rate performance is more sensitive to CSI conditions.

Hybrid /Multi-Sector BD-RIS Aided MU-MISO: We next evaluate the sum-rate perfor-

% in the objective function

mance of the proposed algorithm in Fig. 6.8, where the term 1 —
(6.32a) is also ignored to obtain the sum-rate. In addition, in the following simulations, we fix
the total number of elements M L for BD-RIS with hybrid mode (L = 2) and multi-sector mode
(L = 4). For BD-RIS with hybrid and multi-sector modes, every K /L users are located within

the coverage of each sector. From Fig. 6.8, we have the following observations. First, for both
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Figure 6.9: Spectral efficiency versus tile size G (M = 64, N = K = N, = 2, P,, = 250 mW,
Pdown = Kpup)'

perfect and estimated CSI cases, BD-RIS with multi-sector mode outperforms BD-RIS with
hybrid mode thanks to the use of antennas with narrower beamwidth in the multi-sector mode,
which aligns with the results in Chapter 4. Second, the sum-rate performance achieved by BD-
RIS with hybrid /multi-sector modes increases with M due to the increasing beam manipulation

flexibility, which aligns with the results in previous chapters.

6.4.3 Overhead and Transmission Performance Trade-Off

To get more insights on the trade-off between the training overhead for channel estimation and
the performance for data transmission, we take into account the term 1 — % in the following
simulations to evaluate the spectral efficiency. For simplicity, we ignore the symbol duration
for processing and feedback, i.e., T, = 0, since the channel estimation overhead 7T} and the
symbol duration for data transmission T3 are generally much larger than 75. In addition, we
set the symbol duration for one transmission frame 7" as T' € {600, 1000,2000}. In practice,
the value of T' depends on multiple factors, such as the carrier frequency of transmit signals,

phase differences in the multipath propagation, and mobility [110].

Reflective BD-RIS Aided Point-to-Point MIMO: We first plot the spectral efficiency
defined in (6.25a) versus the tile size G' for BD-RIS with different architectures in Fig. 6.9,

from which we have the following observations'®. First, for a relatively small symbol duration,

10Tn Fig. 6.9, the benchmark scheme, referred to as “Random BD-RIS”, is realized by estimating the channel
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Figure 6.10: Spectral efficiency versus tile size G (ML = 128, N = K = 4, P,, = 250 mW,
Pdown = KPup)~

e.g., T € {600,1000}, the spectral efficiency achieved by the proposed design in general first
increases and then decreases with the increasing tile size G. This is because a larger tile
size leads to a smaller training overhead T} but a reduced beam manipulation flexibility of
BD-RIS. For example, when 7" = 600, the best spectral efficiency is achieved at G = 2 for
group-connected BD-RIS with M = 2, and at G = 8 with M = 4. In this case, the rate
performance improvement by more flexible BD-RIS design is overwhelmed by the large training
overhead. Second, for a relatively large symbol duration, e.g. T = 2000, the spectral efficiency
achieved by the proposed design decreases with the increasing tile size. This is because the
large T weakens the impact of the long training overhead at the small tile size during channel
estimation, while the rate performance keeps decreasing with increasing tile size. Third, with
fixed BD-RIS architectures and training overhead, a larger symbol duration leads to better
spectral efficiency performance. These observations highlight the importance of adjusting the
time slot allocation for uplink and downlink to ensure satisfactory overall performance. Fourth,
for a relatively small tile size, e.g. G € {1,2}, the spectral efficiency achieved by BD-RIS
with a larger group size performs worse due to the significant training overhead consumption
in channel estimation, which overwhelms the rate performance enhancement provided by more
flexible BD-RIS architectures. Fifth, for a relatively large tile size, e.g. G € {8,16}, the spectral
efficiency achieved by BD-RIS outperforms the conventional RIS thanks to the additional beam
manipulation flexibility supported by the group-connected architecture. Therefore, the tile size
G and M should be carefully chosen to balance the training overhead for channel estimation,

the rate performance, and the circuit complexity for BD-RIS implementation.

Hybrid/Multi-Sector BD-RIS Aided MU-MISO: In Fig. 6.10, we plot the spectral
efficiency defined in (6.32a) as a function of G for BD-RIS with hybrid/multi-sector modes.
From Fig. 6.10 we observe that, in addition to the findings obtained from Fig. 6.9, BD-RIS
with multi-sector mode is more robust to the symbol durations 7" and the tile size. This is
because the significant channel gain enhancement provided by high-gain antennas compensates

for the effects of the training overhead and the beamforming flexibility.

based on the proposed method, randomly generating a block-diagonal unitary matrix @, and performing the
SVD based on the effective channel for downlink transmission.
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6.5 Summary

This chapter proposes a novel channel estimation scheme for BD-RIS aided multi-antenna
systems. Specifically, the BD-RIS has different (single/group/fully-connected) architectures
and (reflective/hybrid /multi-sector) modes, which, mathematically, generate unique constraints
and complicate the channel estimation. To tackle this difficulty, we propose an efficient pilot
sequence and BD-RIS design to estimate the cascaded BD-RIS channel, which achieves the
minimum MSE of the LS estimator. The analysis and extensions of the proposed channel

estimation scheme are also illustrated.

With the cascaded channel estimates, we consider two BD-RIS scenarios, that is reflective
BD-RIS aided point-to-point MIMO, and hybrid /multi-sector BD-RIS aided MU-MISO, and
propose efficient algorithms to design the transceiver and BD-RIS with different architectures

and modes.

Simulation results demonstrate the advantages of the proposed design. Specifically, the effec-
tiveness of the proposed channel estimation scheme and beamforming algorithms are verified
by comparing with the design for perfect CSI cases. In addition, the trade-off between the
training overhead for channel estimation and the performance for data transmission is analyzed

with different parameter settings.
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Hardware Impairments of BD-RIS
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Chapter 7

BD-RIS with Mutual Coupling

In Chapters 3-6, modeling and signal processing of BD-RIS with idealized hardware have been
studied, while, in practice, the hardware impairments, such as mutual coupling, of BD-RIS
cannot be simply ignored and will have non-negligible impact on the system performance. The
impact of mutual coupling at conventional diagonal RIS has been analyzed in [50-52], which
highlighted the importance of accurately capturing the mutual coupling at RIS for optimiza-
tion. Its impact at BD-RID, however, remains unexplored. This chapter thus focuses on the
modeling and beamforming of BD-RIS with the mutual coupling effect, and provides a thor-
ough analysis from mathematical modeling to optimization. This leads to the following layouts

and contributions.

In Section 7.1, the BD-RIS aided wireless communication model has been derived, which cap-
tures the mutual coupling among the RIS elements. This is done by leveraging the equivalence

between the scattering and impedance parameters.

In Section 7.2, with the derived model, a general and efficient optimization algorithm has been
proposed to maximize the channel gain for a BD-RIS aided SISO system, which can be applied
to BD-RIS with single-, group-, and fully-connected architectures.

In Section 7.3, simulation results have been provided to verify the effectiveness of the proposed
algorithm and show the performance enhancement of BD-RIS with group/fully-connected ar-

chitectures when taking into account the mutual coupling at the optimization stage.

7.1 Communication Model

In this section, we review the general RIS aided communication model derived in [55] and

simplify it while still modeling the mutual coupling among the RIS elements.

119
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Figure 7.1: Schematic circuit topologies for a 4-element BD-RIS with (a) single-connected, (b)
group-connected, and (c) fully-connected architectures.

)

7.1.1 General RIS Aided Communication Model

Consider a BD-RIS aided multi-antenna system with an N-antenna transmitter, an M-element
BD-RIS, and a K-antenna receiver. The whole system is modeled as an N, = N+ M + K-port
network characterized by its scattering, impedance, and admittance parameters as illustrated

in Section 2.1.

Specifically, the M scattering elements at the BD-RIS are connected to an M-port group-
connected reconfigurable impedance network [55], where the M ports are uniformly divided
into G groups, each containing M = % ports connected to each other. Mathematically, BD-
RIS with a group-connected architecture is characterized by a block-diagonal impedance matrix
Z; € CMXM e

ZI = bIkdiag(ZLl, cey ZLg), (71)

where each block Zy, € CM*M g e G ={1,...,G}, is symmetric and purely imaginary for

reciprocal and lossless reconfigurable impedance networks [55], i.e.,
Ziy = Ziy W{Ziy} = 01, V9 € G. (7.2)

Specifically, the cases with G = 1 and G = M refer to the fully- and single-connected architec-
tures of BD-RIS [55], where the corresponding impedance matrices become full matrices and
diagonal matrices, respectively. To facilitate understanding, we provide the schematic circuit
topologies of BD-RIS with single-, group-, and fully-connected architectures in Fig. 7.1. The

impedance matrix in (7.2) results in a symmetric and unitary matrix ® € CM**M,

Using the definitions given in Section 2.1 and the multiport network theory based on the

(CK><N

scattering parameters, the general RIS aided channel, H,; € , which relates the voltages
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at the receiver ports with those at transmitter ports, is given by [55]
H.y = (Tg + Ix)Trr(Iy + DpTpp + Top) ), (7.3)

where Trr € CM*Y and Ty € CE*Y are sub-matrices of T = S(I, — I'S)~! € CI*L with
I' = blkdiag(I'r, ®,I'r). Specifically, Trr = [T]1.y 1.8 and Trr = [T|ni+am+41:.0.1:8. The channel
model in (7.3) is general enough to include the impact of antenna mismatching and mutual
coupling at the transmitter, BD-RIS, and receiver. However, it is too complicated to get

insights on the role of BD-RIS, which motivates us to apply further simplifications.

7.1.2 Mutual Coupling Aware RIS Aided Communication Model

To simplify the general communication model (7.3), we explore the relationship between the
impedance parameter analysis and the scattering parameter analysis. Then, we keep Assump-
tions 2.1 and 2.2, and relax Assumption 2.3 as follows.

Assumption 7.1. The antennas at the transmitter and receiver are perfectly matched with no
mutual coupling, such that Zrr = Zoly and Zrr = Zolk.
Based on Assumptions 2.2 and 7.1, and the relationship (2.3), we obtain the following result.

Result 7.1. The transmission scattering matrices from the receiver to the transmitter are zero,
1.€., ST1 = Onwnr, STR = Onxk, SirR = Oywi. The scattering matrices at the antenna arrays

of the transmitter and receiver are zero, i.e., Str = Onxn, SRR = Ok xK -

Applying Assumption 2.1 and Result 7.1, the expression in (7.3) can be simplified as follows:
H,i = Skr + Sri(In — ®Si1) ' ®Sir. (7.4)

However, (7.4) is still too complex, since the matrix ® of reflection coefficients appears inside
and outside the inverse. To further simplify the expression in (7.4), so as to facilitate the
optimization of BD-RIS in the presence of mutual coupling, we leverage Assumptions 2.1, 2.2,

and 7.1, and the relationship between S and Z, and obtain the following result.

Result 7.2. The nonzero sub-matrices of S and those of Z are related to one another as

Z
Ski = 2—;(11\4 — (2 + ZoXyr) ' (Zn — Zolwy)), (7.5a)
0
Su = (Zu + Zoly) ™' (Zn — Zolw), (7.5b)
St = (Zu + Zoly) ™' i, (7.5¢)
Z Z
Swr = 5 — > (Zu + Zoly) " Zr. (7.5d)

27, 27,
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Plugging (7.5) and (2.10) into (7.4), we obtain a more tractable and convenient expression

equivalent to (7.4) as

1
H., = ﬁ(ZRT — Zri(Zy; + ZI)_IZIT)- (7.6)
0

Equation (7.6) is in accordance with the model in [50], which was derived using the impedance
parameter analysis!. In (7.6), the role of the beyond-diagonal network of tunable impedances in
BD-RIS and the impact of mutual coupling and mismatching at the RIS elements are explicitly

visible. The physical meaning of each term in (7.6) is explained as follows.

1) Zgr, Zgi, and Zir refer to the channels from the transmitter to the receiver, from the
BD-RIS to the receiver, and from the transmitter to the BD-RIS, respectively.

2) Zy characterizes the mismatching and mutual coupling at the RIS elements. Specifically,
the diagonal entries of Zj; refer to the self impedance; the off-diagonal entries of Zj; account
for the mutual coupling, which depends on the inter-element distance. Generally, the larger

the inter-element distance, the smaller the mutual coupling.

With the communication model in (7.6) at hand, which explicitly accounts for the mutual
coupling at the BD-RIS, in the following section, we aim to design the beyond-diagonal matrix

Z; of tunable impedances to maximize the system performance.

We clarify that we start from the general channel model derived in [55], but go beyond that
by deriving the new expression in (7.4), which captures explicitly the mutual coupling among
the RIS elements. For the first time, more importantly, we show the equivalence between the
scattering parameter based channel in (7.4) and the impedance parameter based channel in
(7.6) derived in [50]. In addition, only the conventional RIS with single-connected architecture
is considered in [50], i.e., Z; is diagonal, while in this work we consider BD-RIS with Z; not

limited to being diagonal.

7.2 Mutual Coupling Aware Optimization

For simplicity, we consider a SISO system and focus on the optimization of Zj, which is not
limited to being diagonal in BD-RIS. The analysis of the multiple-antenna case is postponed to
a future work due to the complexity of considering a joint optimization including the precoder at

the transmitter, the beyond-diagonal matrix Z; at the BD-RIS, and the combiner at the receiver.

!The end-to-end model derived in [50] relates the voltage at the receiver ports and the source voltage, which
can be easily transformed into (7.6) using the relationship between the source voltage and the voltage at the
transmitter.
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The corresponding optimization problem to maximize the channel gain can be formulated as?
HlZaX |ZRT — ZRI(ZII + ZI)_1ZIT|2 S.t. (71), (72), (77)
I

C1><M (CM><1

where zgt € C, zg1 € , and zr € . The main difficulties when solving the problem

in (7.7) are the following:

1) The matrix Z; appears in the inversion (Zy + Z;)~'.

2) The matrix Z; needs to fulfill the constraints (7.1) and (7.2), instead of being diagonal as

in conventional RISs.

The first difficulty has been tackled in [51] for diagonal RISs. However, the optimization with
mutual coupling among the RIS elements and the unique constraints of BD-RIS have never
been investigated. To effectively solve problem (7.7), we apply the idea introduced in [51] and
propose to iteratively optimize Z; subject to the constraints (7.1) and (7.2) until convergence.

This results in the following optimization framework.

7.2.1 Optimization Framework

The main idea of the iterative design in [51] is to slightly modify the value of Z; in each iteration,
in order to increase the channel gain. Inspired by this approach, we first introduce an auxiliary
variable Q € CM*M a5 a small increment to Z; in each iteration. To facilitate the iterative

design, we construct {2 based on the following two properties.

Property 1: €2is chosen in compliance with the mathematical structure of the impedance matrix
Z;, such that the updated impedance matrix always satisfies the optimization

constraints in each iteration. Specifically, we have

Q = blkdiag(Qy,...,Qq), Q, =Q,Vg. (7.8)

Property 2: Each nonzero entry of €2 is chosen sufficiently small, such that the convergence of
the optimization framework is guaranteed [51]. For ease of optimization, we assume

that each nonzero entry of €2 has the same amplitude but a different phase, i.e.,
|[Qg]m,n| 25,V9,Vm,n€M:{1,...,M}, (79)

where ¢ controls the increment of Z; in each iteration, which will be soon explained.

2Here, we assume that channel state information (CSI) is perfectly known at the transmitter to better focus
on and highlight the impact of mutual coupling.
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Based on these two properties for €2, the proposed iterative design is summarized by the fol-

lowing steps.

Step 1: At the [-th iteration, we optimize €2°, while keeping Z¢ fixed, by solving the following

problem:
max \zrr — Zri(Zn + Z§ + Q) 'zp)? st (7.8), (7.9). (7.10)

Step 2: Given €Q° as the optimal solution to the problem in (7.10), the impedance matrix at
the (04 1)-th iteration, i.e., Z¢™', is updated using the following rule:

Zp = 24 + )3, (7.11)

where we only use the imaginary part of 2° to guarantee that the impedance matrix

is purely imaginary.

Then, Z; is optimized by iteratively solving the problem in (7.10) and updating (7.11) until

convergence. The solution of the problem in (7.10) is detailed next.

7.2.2 Solution to Problem (7.10)

In (7.10), instead of optimizing Z; as in (7.7), we optimize the small increment €2, such that Q
can be removed from the matrix inversion in the objective function. Specifically, we apply the

Neumann series approximation [51] to the matrix inversion, i.e.,
(Zy+Z8+ Q) '~ (Zy +Z9) ' — (Zy + Z9) ' Q(Zyy + Z9) 7, (7.12)

which achieves a tight approximation provided that the condition § < is fulfilled

1
M||(Zu+ZP) e
in each iteration®. Accordingly, we have

lzrr — zri(Zn + Z7 + Q) "z & o + b0’ = [a” + ) edvec(,)]%, (7.13)

geg
where a° = ZRT — ZRI(ZII =+ Z?)_IZIT, b° = ZRI(ZII + Z?)_l, c’ = (ZH + Z?)_lle, bg =
[b%)(g—1yir+1:987> €5 = [ (g—1) i1+ 1957 and € = (c))T @b?, Vg € G. As a result, the problem in

(7.10) becomes
2
a’ + Z e;vec(2,)

s.t. Q, =QF (7.9). (7.14)

The solution to the problem in (7.14) is not straightforward due to the symmetric and constant

modulus constraints of €2, Vg. Fortunately, the symmetric constraint of each €2, implies that

3For simplicity, in this work, we fix the value of § as § < 1 to achieve a tight Neumann series approximation.
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we do not need to optimize the whole matrices €24, Vg. In other words, instead of optimizing

the symmetric matrices €2y, Vg with M? variables, we can optimize M diagonal variables and
w lower-triangular (or upper-triangular) variables of Q,, and reconstruct them to obtain

Q,,Vg. Mathematically, this transformation can be done by introducing the following notations:

IVI(M+1)

1) A vector w, € C™ = *! which contains the diagonal and lower-triangular entries of €2,.

2) A binary matrix R € {0, 1}7°* #5  which maps w, into vec(£2y,), Vg.
Specifically, there is only one nonzero entry in each row of the binary matrix R defined as

1, k’—mml)—i-nand1<n<m
[R]51(m-1)+nk = § 1, k‘—”nl)+mandm<n<M (7.15)

0, otherwise,

where Vm,n € M. Accordingly, we obtain the relationship vec(£2,) = Rw,, Vg, and the
problem in (7.14) becomes

max
wg 7Vg

a® + Z e;ng ’

geg

s.t. |[w,li| = 6,¥g,Vi € M, (7.16)

where M € {1, .. M(MH }. Applying the triangle inequality to the objective function in

(7.16), we have
ja° + ) efRuw,| < [a’[+5) ) [[esR];], (7.17)
9€g 9€G ieM
where the equality is achieved by rotating each [eJR]; such that the resulting [eJR];[w,];, Vi,
are collinear to a® on the complex plane. Therefore, the optimal solution of w,, Vg in the [-th
iteration can be determined element-by-element as

o, = Sell4a7=21egRl) vy (7.18)

[wg

With the solution (7.18), we can reconstruct €2, in the [-th iteration by Qf = unvec(Rwy),
Vg. We should highlight that the proposed approach is different from that in [51] since we
introduce the auxiliary variable €2 to simplify the design of BD-RIS matrix and the binary
matrix R to deal with the unique constraint in (7.8) based on BD-RIS architectures, instead

of being diagonal as in conventional RISs.

7.2.3 Algorithm and Analysis

Algorithm: The complete algorithm for solving the problem in (7.7) is summarized in Algo-
rithm 9.
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Algorithm 9 Mutual Coupling Aware BD-RIS Design
Require: zg;, Zi, zir, R, M, M, 0pmax, C.
Ensure: Zj.
1: Initialize Z? by solving the problem in (7.7) considering the conventional diagonal RIS with
no mutual coupling, Q° = 0, and o = 0. Calculate a°, b°, and c°.
2: repeat
3 Update 0o = o0+ 1.
4:  Update Z¢ using (7.11), a°, b°, and c°.
5. Update wy, Vg using (7.18), and €27 = unvec(Rwy), Vg.
6
7

Calculate C° = |a® + b S{Q°}c?|%.

. o_w—1
. until |CCO—(31| < or o> 0max

Complexity: The complexity of the proposed algorithm mainly comes from the matrix in-
version operation for updating a°, b°, and ¢, which requires O(M?) complex multiplications.
Therefore, the total complexity is O(IM?), where I denotes the number of iterations to ensure

convergermnce.

Convergence: The convergence of Algorithm 9 is proven in the following proposition.

Proposition 7.1. The convergence of the proposed algorithm is theoretically guaranteed by

appropriately setting the value of 6.

Proof. Please refer to Appendix D. O

7.3 Performance Evaluation

In this section, we perform simulation results to evaluate the performance of the proposed
algorithm. The simulation parameters are the same as in [51] and are summarized as follows.
Free-space propagation is assumed. The transmitter and receiver are located at (5,-5,3) and

(5,5,1), respectively. BD-RIS is located on the y-z plane and is centered at (0,0,0). All the

A
500

32, where A = c denotes the wavelength with frequency f = 28 GHz. Thus, the

mutual impedance between any two dipoles a and b with center-point coordinates (ay, a,, a,)

radiating elements are thin wire dipoles that are parallel to the z-axis and have radius r =

and length « =

and (by, by, b,) (and the self impedance at any dipole if a = b) is computed as [50]

. _/“z* /bz > gmo [ (dl —52)2(i+]3f<~'0_Rg)_9“0+d;zl;+KQ
T S Joo Amrg 2, N2, day dap 0

2 ) . , (7.19)
P moday) sino(s — W, = boD) sinfrols — [l — acl))
dap sin® (ko) =
where 19 = 377 ) denotes the free-space impedance, kg = QT” is the wavenumber, and d,

denotes the distance between the dipoles a and b, ie., d,, = \/(dzg)Q + (al, = b))2, d)Y =
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Figure 7.2: Channel gain versus the number of iterations (M = 16).

V(az — by)? + (ay — by)? for a # b and dyy = r for a = b. The elements of zg;, Zy;, and z are
computed using (7.19), and we set zgr = 0 to focus on the role of BD-RIS.

Fig. 7.2 evaluates the convergence of the proposed algorithm for different values of the inter-
element distance d and for different BD-RIS architectures. In addition, we observe that, when
the number of RIS elements is fixed, the end-to-end channel gain decreases when decreasing the
inter-element distance due to the increased mutual coupling. When the aperture (size) of the
RIS is kept fixed, on the other hand, a smaller inter-element distance enables the deployment
of more RIS elements within the surface, which results in better beamforming gains provided
that the mutual coupling is considered in the RIS design [51].

Fig. 7.3 illustrates the channel gain of BD-RIS with different architectures and different inter-
element distances. The schemes marked as “FC/GC/SC” refer to the performance achieved
by BD-RIS with fully/group/single-connected architectures. We set M = 4 for the group-
connected case. The value of § is set to 6 x 10™* to ensure convergence. We observe that
the proposed algorithm converges, which verifies our theoretical derivation. In Fig. 7.3, the
schemes marked as “w/ MC” are obtained by computing Z; with Zj; using (7.19); the schemes
marked as “w/o MC” are obtained by setting the off-diagonal entries of Zy to zero. In both
cases, the channel gain is |zgi(Zy + ZI)_1Z1T]2. We have the following observations. First,
ignoring the mutual coupling when designing Z;, BD-RIS with single/group/fully-connected
architectures achieves exactly the same performance, which is consistent with the conclusion
in [55]. Second, by taking into account the mutual coupling when designing Z;, BD-RIS with
different architectures achieves better performance than the “w/o MC” schemes. Third, the

performance gap between fully /group-connected BD-RIS and conventional RIS increases when
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Figure 7.3: Channel gain versus the number of BD-RIS elements.

decreasing the inter-element distance. This can be attributed to the impact of mutual coupling,
which becomes more prominent when decreasing the inter-element distance. This, in fact,
results in larger values for the off-diagonal entries of Zj;, which is better exploited by BD-RIS

architectures for performance improvement.

7.4 Summary

This chapter studies the modeling and optimization of BD-RIS aided wireless communication
systems in the presence of mutual coupling among the RIS elements. Specifically, we first derive
a mutual coupling aware BD-RIS aided wireless communication model based on the scattering
and impedance parameters, proving their equivalence. We then propose a general algorithm to
maximize the channel gain of BD-RIS for SISO systems.

We finally illustrate simulation results to analyze the effectiveness of the proposed design and
the impact of mutual coupling on BD-RIS architectures. The numerical results show that the

larger the mutual coupling the larger the gain offered by BD-RIS.
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Wideband Effect of BD-RIS

Since a RIS can be realized using lumped elements, such as inductor, capacitors, and resis-
tors, its scattering matrix is naturally influenced by the signal frequency. This is an intrinsic
phenomenon that cannot be simply ignored. The frequency dependence of diagonal RIS in
wideband systems has been accurately modeled and analyzed in [45-47]. However, the pro-
posed methods by individually modeling the response of each RIS element [45-47| cannot be
generalized to BD-RIS architectures with interconnections and thus coupled response among
RIS elements. Therefore, this chapter focuses on the modeling and beamforming of BD-RIS
with the wideband effect. This leads to the following layouts and contributions.

In Section 8.1, the signal model for BD-RIS aided SISO orthogonal frequency division multi-
plexing (OFDM) systems has been first derived. Specifically, we start from the time-domain
channels between the transmitter to the receiver, and then bridge them to the frequency-domain

forms to gain a comprehensive understanding of the behavior of BD-RIS in both domains.

In Section 8.2, a novel wideband model of BD-RIS based on lumped circuit models has next
been proposed. The proposed model has simple linear expressions while capturing accurately
the frequency dependence of the BD-RIS admittance matrix within practical frequency ranges.
The proposed model is also sufficiently general to adapt to any BD-RIS architecture, such as

group- and forest-connected architectures.

In Section 8.3, based on the proposed wideband BD-RIS model, the admittance matrix of BD-
RIS with group- and forest-connected architectures has been optimized to maximize the average
rate for BD-RIS-aided SISO-OFDM when each tunable admittance has either continuous or

discrete values.

In Section 8.4, results show that BD-RIS always outperforms conventional RIS whether the
wideband modeling of RIS is taken into account in the optimization process or not. In addition,
BD-RIS with the proposed wideband modeling and optimization outperforms that with the
frequency-independent model [66]. Furthermore, the impact of accurately modeling BD-RIS

129
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Figure 8.1: Diagram for the BD-RIS-aided SISO-OFDM system.

in wideband scenarios becomes more significant for BD-RIS with more tunable admittance
components in the architecture. That is, when using conventional RIS and simple BD-RIS
architectures such as group/forest-connected with group size no more than 3, it is reasonable
to directly adopt the frequency-independent BD-RIS model; for more advanced architectures

such as group-connected with group size 6, proper wideband modeling is advised.

8.1 System Model for BD-RIS Aided SISO-OFDM

We consider an M-element BD-RIS-aided wideband SISO-OFDM system with N, subcarriers!.
The signal model for the BD-RIS-aided SISO-OFDM system is explained below and illustrated
in Fig. 8.1.

At the transmitter, we denote s, € C the transmit symbol associated with subcarrier n,
E{|s.]*} = 1, Vn € N. = {1,...,N.}. The transmitter allocates power p, > 0 to symbol
sn, and has a total power budget P such that ) _ A, Pn < P. This leads to the discrete-time-
domain signal § € CNe*! as

s =FJ s, (8.1)

where s = [\/p151, ..., /Dn.SN. )T € CN*1 is the frequency-domain transmit symbol vector.
After adding the cyclic prefix (CP), the time-domain signal is up-converted to the RF domain by

the RF chain and radiated to the wireless environment through the transmit antenna [111,112].

In the BD-RIS-aided SISO-OFDM system, we define the channel from the transmit antenna to
the receive antenna as a Dgr-tap finite-duration impulse response sequence {i_zd,l- eC|Vi=
0,...,Dgrr — 1}. In addition, the channel from the transmit antenna to BD-RIS is modeled

as a Drp-tap impulse response sequence {g; € CM*! | Vi = 0,..., Dir — 1}. The channel

In this work, we focus on BD-RIS-aided SISO-OFDM systems for the ease of illustration, while the signal
modeling in this work can be readily extended to multiple input multiple output (MIMO) OFDM systems.
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from the BD-RIS to the receive antenna is modeled as a Dgi-tap impulse response sequence
{h; € C™M | Vi = 0,...,Dg; — 1}. The response of BD-RIS can be regarded as the channel
between the BD-RIS elements and themselves, which is manipulated by the BD-RIS tunable
circuit. In contrast to conventional RIS where each element is not connected with each other,
in BD-RIS, different elements are connected to each other by additional tunable impedance
components [55] such that multiple paths between elements exist. More details about the
circuit model of BD-RIS can be found in [55,57], and will be briefly explained later. The
fact that those connections generate multiple paths between BD-RIS elements motivates us to
describe BD-RIS as a Di-tap impulse response sequence {®; € CM*M | v; = 0,... D — 1}
with ®; not being limited to be diagonal thanks to the inter-element connections. As such,
the time-domain channel from the transmitter through BD-RIS to the receiver is the series

convolution between h;, ®;, and g;.

At the receiver, the discrete-time-domain received signal after down-converting to the baseband
and removing the CP is the convolution of the time-domain channels and the time-domain
symbols [111,112]. Since the circular convolution of discrete sequences can be expressed as
a matrix multiplication by introducing (block) circulant matrices, we write the discrete-time-

domain received signal y € C¥<*! in the following compact form
y = (Hq + H®G)s + 7, (8.2)

where Z ~ CN'(On,x1,02Iy.) is the noise. Hy € CNexNe H € CNexNeM  § ¢ CNM*NM - and
G € CNeMxNe are (block) circulant matrices constructed as in (1.2), based on respectively the

following sequence entries/blocks:

Hd = blkCirC(}_Zd,Oy--'aBd,DRT—h 0,...,0 ),

N¢— DRyt copies

I:I = blkCirC(BO, e 7BDR,I—1’91><M7 e ,lej\/[),

-~

Nc—DRy copies

_ _ _ (8.3)
P = bIkCiI’C((I)(), ey QDI*D 0M><M7 . 70M><M)7
NC—DTcopies
G = b”(CirC(g()7 . 7gDIT_179M><1’ . 70M><£)'
NC—D;Tr copies
After operating DFT, the received signal y € CV*! in the frequency-domain is given by
Yy = FNCS’ = FNC(I:Id + I:I(i)G)FﬁC S+ FNCZ s (84)

~~
:Hane(CNcXNc =zcCNecx1

with the frequency-domain SISO-OFDM channel H,j; and the noise z ~ CN (Ox,x1,0°Iy,). In
the following proposition, we show that the frequency-domain channel H,j; can be equivalently

described by the frequency-domain channels from the transmitter to the receiver, from the
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transmitter to the BD-RIS, and from the BD-RIS to the receiver, as well as the frequency-
dependent scattering matrix of BD-RIS.

Proposition 8.1. The frequency-domain BD-RIS-aided SISO-OFDM channel Hyy is a diag-
onal matriz, i.e., Hay = diag(hani, ..., hann.). Specifically, each diagonal entry han, € C
denotes the BD-RIS-aided channel at subcarrier n, Vn € N, and is given by

hall,n = hd,n + hn(I)ngna VTL, (85)

where hq, € C, h, € C*M and g, € CM*1 respectively, are the frequency-domain channels
from the transmitter to the receiver, from the BD-RIS to the receiver, and from the transmitter
to the BD-RIS, and ®, € CM*M s the scattering matriz of BD-RIS at subcarrier n. These

frequency-domain channels are obtained from the time-domain ones based on the mappings:

h’d,n = [FNCI:IdF%C]nJU [hn]z = [FNCI:IiF%C]n,naVZ. € Mavnv

_ _ o (8.6)
8] = [FNCGjF%C]n,nu [®,];; = [FNC‘I’i,jF%C]n,mV%] € M,Vn,

where M = {1,...,M}. H; € CNV, G; € CV*N | and ®;; € CN*N are circulant matrices

extracted respectively from H, G, and ®, with [H;]., = [I_ﬂzy(p_l)MH, [C_}j]q,: = [G](q—l)M+j,:;

[@iuj]P:q = [@](p—l)M+i,(q—1)M+j7 Vl,j € M,Vp, q S -/\/:':
Proof. Please refer to Appendix E. ]
From Proposition 8.1, we observe that

1) the obtained BD-RIS-aided wideband channel aligns with the intuition in conventional
OFDM systems, i.e., the wideband channels in OFDM systems can be described as par-

allel narrowband channels at different subcarriers;

2) the obtained channel has the same expression as the conventional RIS-aided wideband chan-

nel [46], except that the BD-RIS response is not limited to being diagonal;

3) the scattering matrix of BD-RIS is frequency-dependent, i.e., in general ®, # &, for

different subcarriers n # m.

It is worth noting that in conventional RIS with diagonal phase shift matrix ®,,, it is possible
to individually model the phase and amplitude response of each diagonal entry of ®, [46].
However, this method does not work for BD-RIS with scattering matrices ®,,, Vn € N, not
limited to being diagonal, since their entries are highly coupled with each other due to the
inter-element connections. To address this challenge, we instead model the frequency-dependent
admittance matrix of BD-RIS [69], where each entry of the admittance matrix can be expressed

as the linear combination of tunable admittance components with each being independently
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controlled by circuit models. As such, the modeling of the scattering matrix with coupled
entries boils down to that of each tunable admittance component. To that end, we map the
scattering matrix ®,, to the admittance matrix Yy, € CM*M " which directly characterizes the
circuit model of BD-RIS, by the relationship in (2.10):

®, = (Yolpr + Yi.) (Yolar — Yi,), Vn, (8.7)

where Y, refers to the characteristic admittance, e.g. Yy = % siemens (S). The modelling of

Y1, Vn € N, will be elaborated based on the circuit model of BD-RIS as follows.

8.2 Circuit-Based Wideband Modeling of BD-RIS

In this section, we first introduce the BD-RIS modeling using admittance parameter analysis,
and then establish the wideband BD-RIS model by characterizing its frequency dependence

based on the circuit model.

8.2.1 Admittance Matrix of BD-RIS

Consider an M-element BD-RIS modeled as M antennas connected to an M-port reconfig-
urable admittance network [55]. There are various architectures of the reconfigurable admit-
tance network determined by the circuit topology design. We focus on the wideband modeling
and optimization of two representative architectures, namely group-connected [55] and forest-
connected [57], which, respectively, include the fully- and tree-connected architectures as special

cases. The mathematical descriptions are explained below.

Group-Connected Reconfigurable Admittance Network: For a general group-connected
reconfigurable admittance network with G uniform groups, the M = % ports in each group are
all connected to each other by tunable admittance components, while ports in different groups
are not connected to each other [55]. To facilitate understanding, an illustrative example of a
6-element BD-RIS with the group-connected architecture (of group size 3) is illustrated in Fig.
8.2(a). According to the circuit topology of the group-connected reconfigurable admittance

network, the corresponding admittance matrix Y; € CM*M has a block-diagonal structure as
Y; = blkdiag(Y14, ..., Yig), (8.8)

where Y1, € CMXM g e G = {1,...,G} is symmetric and purely imaginary for reciprocal

and lossless reconfigurable admittance networks, that is

YLQ - qu:gv %{YLQ} = 0741, V9. (8.9)



134 Chapter 8. Wideband Effect of BD-RIS

)
a . . L H R
(@ BD-RIS with Group-Connected Architecture ) /] Circuit Model for
/ Each Admittance
Antehna 6 Ant¥la5 Antepna 4 Antehna 3 Anting Antehna1 }
,/ Ly
; &
c
<2
(\ = = = JL = = = J) ..... - -
b . . A )
(b BD-RIS with Forest-Connected Architecture ) /] Circuit Model for
/ Each Admittance
Antehna 6 Ant¥\as Antepna 4 Antehna 3 Anting Antehna1 }
l" L,
: L
c
<2
J \ = = = )) """"" L\—J)

Figure 8.2: Examples of a 6-element BD-RIS with (a) group-connected and (b) forest-connected
reconfigurable admittance network of group size 3, and the equivalent circuit for each admit-
tance.

In group g of the group-connected reconfigurable admittance network, each port m, = (g —
1)M +m is connected to port m, = (g— 1)M +m’, with a tunable admittance? Yingmy, Vm,m' €
M ={1,..., M}, which satisfies Yongmy, = Yy m, for m” > m. Accordingly, Y1,, Vg € G writes
as [77]

[Yi1glmm = (8.10)

~Yongm my # m’g
gM _ '

Zk:(g—l)M-I—I Ying ey Mg = mlg

Forest-Connected Reconfigurable Admittance Network: The circuit complexity of

group-connected architecture, that is the number of tunable admittance components, is M(A;Hl) G,

which grows quadratically with the group size M. This makes it difficult to implement group-
connected architecture with larger group size, e.g., M > 4. To simplify the circuit design and
reduce the circuit complexity while maintaining the beam manipulation flexibility, the forest-
connected architecture of BD-RIS is proposed in [57]. Different from the group-connected
architecture where every two ports in the same group are interconnected via an admittance,
the forest-connected architecture is constructed such that in each group, every port is only
connected to one other port within the same group, thereby reducing the required number
of admittance components. For a forest-connected reconfigurable admittance network with G
uniform groups, every two adjacent ports of the M ports in each group are connected via one

tunable admittance component, referred to as tree-connected, while ports from different groups

2me’mg refers to the admittance which connects port my to ground.
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are disconnected [57]. As such, the circuit complexity reduces to (2M — 1)G. To facilitate
understanding, an example of a 6-element BD-RIS with the forest-connected architecture is
illustrated in Fig. 8.2(b). In this case, the admittance matrix Y7 still satisfies (8.8)-(8.10).
The difference compared to the group-connected architecture is that in each group g, ports my
and m;, are not connected if |my —my| > 1, Ym,m’ € M, Vg € G. This leads to the following
additional constraint:

Yingmy = 0,¥mg,my, [my —my| > 1. (8.11)

g

Based on the above illustrations, we observe that group-connected BD-RIS includes conven-
tional RIS (single-connected with M = 1) and fully-connected BD-RIS (M = M) as two
special cases. Meanwhile, forest-connected BD-RIS includes conventional RIS (M = 1) and
tree-connected BD-RIS (M = M) as two special cases. Group- and forest-connected BD-RISs
with M = 2 share the same circuit topology.

In equations (8.8)-(8.11), we have general expressions of the admittance matrix for BD-RIS
without specifying its frequency dependence, which will be identified in the following subsection

based on the circuit model of each tunable admittance.

8.2.2 Wideband Modeling of Tunable Admittance

In this work, we model each tunable admittance component as a lumped circuit consisting of
two inductors L; and Lo, and one tunable capacitor C' [113], as illustrated in Fig. 8.2°. The
admittance of the circuit is thus a function of the value of the capacitor and the frequency f

for the incident signals, which is given by*

_r 1
_]OJLl ijQ‘i‘Jw%

'mg,qu

,Ymg, m, (8.12)

mg,m/, ¢
where w = 27 f denotes the angular frequency. This yields the corresponding susceptance as
Bygmy, = %{Ymg,m;,}, Vm,m' € M, ¥g € G. From (8.12) we can observe that the tunable
admittance values at different frequencies are coupled to each other, that is for a certain value
of capacitor C', the admittance will have different values at different frequencies. More impor-
tantly, this is an intrinsic phenomenon coming from the hardware implementation of BD-RIS
elements, which cannot be simply ignored in BD-RIS-aided wideband communication systems.
This phenomenon is also numerically illustrated in Fig. 8.3(a), where we consider a wideband
system with center frequency f. = 2.4 GHz and adopt a practical varactor diode according to
the data sheet for the diode SMV1231-079. Interestingly, the susceptance can be regarded as

a linear function with respect to frequency for different values of Ci, ny within some practical

3Here we remove the equivalent resistance in the circuit to make the admittance network lossless.
4In this model, we set fixed and same values of inductors L; and Lo for each admittance component, while
making the value of the capacitor tunable and different, i.e., mem/q , for different admittance components.
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Figure 8.3: The susceptance as a function of (a) frequency and (b) the value of susceptance at
the center frequency f. = 2.4 GHz with L; = 2.5 nH, Ly = 0.7 nH, and C € [0.2,3] pF for a
practical varactor diode.

bandwidth for wideband communication systems, such as the range from 2.25 GHz to 2.55 GHz
as highlighted in Fig. 8.3(a).

To obtain more insights of how the value of susceptance varies in wideband systems, we define

Bemym, as the susceptance at the center frequency fc. According to (8.12), we have the

following relationship

-1
w
Cm m! = U.)CZLQ + < 1 > (813)
g:Mg ( Bc,mg,m’g + ol

where w. = 27 fc. Plugging (8.13) into (8.12), we can rewrite By, m;, Ym,m' € M,Vgeqg,as
a function of Bng,m/g and w, that is

(@2 = &)Ly + w?L0) (Bemym, + 757 ) — we

wely

wlLy (wc — (w? —w2)Ly (Bc,mg,m/g + 1L ))

wel

Bmg,mg7 (Bc,mg,m; ) w) =

(8.14)

It is difficult to characterize the relationship between Bmg,qu and Bc,mg’mfg due to the compli-
cated expression of (8.14). Fortunately, when focusing on the linear range highlighted in Fig.
8.3(a), we observe that B, g;my, Cal be regarded as a linear function of Bc,mgvmé, as illustrated in
Fig. 8.3(b). Additionally, its slope and intercept can both be regarded as linear functions of w,
which are shown in Figs. 8.4(a) and 8.4(b). The above observations motivate us to model the

frequency dependence of each admittance component for BD-RIS in wideband communication
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Figure 8.4: (a) The slope and (b) the intercept of equation (8.14) as a function of w; (c) the
fitted result based on equation (8.15). The parameters «;, §;, Vj € {1,2} in the linear model
(8.15) are set as a; = 2.0046 x 10719 ay = —1.9968, B, = 6.2775 x 10712, B, = —0.0942.

systems as a simplified linear function, which is given by:

Bmg,m’g (Bc,mg,m’ga w) = Fl(w)Bc,mg,m’g + F2(w>7vmg7 m;7 (8 15)
Fi(w) = aqw + B1, Fy(w) = agw + B, '

where parameters «;, §;, Vj € {1,2} are determined by L;, Lo, and w.”. For the highlighted
curves in Fig. 8.3(a), the theoretical results given by (8.14) and fitted results using the linear
model (8.15) are shown in Fig. 8.4. The results in Fig. 8.4(c) guarantee a 0.27% normal-
ized mean square error between the fitted values and theoretical ones, which demonstrate the

accuracy of the proposed linear model.

We should highlight that the linear model (8.15) is a generalization of the narrowband model
utilized in existing BD-RIS literature [55,57]. Specifically, the narrowband scenario refers to
the case that w =~ w,, yielding Fj(w) =~ 1 and F,(w) = 0, such that the susceptance of each

tunable admittance component is approximately frequency-independent.
8.2.3 BD-RIS with Frequency-Dependent Admittance Matrices

In the BD-RIS-aided SISO-OFDM system, each sub-band n has a carrier frequency f,, within
which we assume the admittance matrix of BD-RIS is constant in frequency, and only dependent
on the carrier frequency f,. Therefore, we characterize BD-RIS in the OFDM system by N,

frequency-dependent admittance matrices Yy, Vn € N, each of which refers to the admittance

°In this work, we obtain the values of o, 3;, Vj € {1,2} by fitting the slope and intercept of (8.14) as linear
functions of w such that each of them can be characterized based on arbitrary two points on the lines.
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matrix of BD-RIS at subcarrier n. In addition, each Yy, is constructed based on equations
(8.8)-(8.11) and the linear model (8.15) of each tunable admittance component. In the following,

we will summarize the constraint of Yy, for BD-RIS with different architectures.

Group-Connected BD-RIS: Given the carrier frequency f,, for subcarrier n, Y, is

Y1, = blkdiag(Yr,1, -, Yia), V0, 160

Yign = iBon: Byn =By, Vg, (8.16b)
—Bo it s e

Borlmmw =4 sgm " 7 ) (8.16¢)
Zk:(g_l)M+1 Bmg,k‘7n, mg = mg

Bmg,mlgm = Fl (wn)BC,mgamlg + F2<Wn)7 Vmg, mlg7 TL, (816d)

Bc,mg,mg7 S [Bminp Bmax] 5 vmgy m, (8166)

g’

where w,, = 27 f,, Bunn and Bp.c are determined by the practical range of capacitor values.

More specifically, we consider the following two cases.

Case 1: When the capacitor has continuously tunable values, each BQmme is arbitrarily se-
lected within [Buin, Bmax);

Case 2: When the capacitor has finite tunable values, each BQmme is selected from the set

Bmax - Bmin

c — Bmin
B { + 26 —1

ﬂx:QLUWT—I} (8.17)

where b denotes the number of resolution bits.

Forest-Connected BD-RIS: Given the carrier frequency f,, for subcarrier n, Yy, is con-
structed based on (8.16a)-(8.16¢) and the following constraints:

0, if|m,—m!|>1,
Bmg,m;,n = | I gl (818&)
Fl(wn)chmgym; + Fy(wy), otherwise,

Bengn, € [Buins Buax] O Beny oy € Be. (8.18h)

From (8.16) and (8.18) we observe that Yy, for all carrier frequencies are dependent to each
other and jointly tuned by Bem,m;. In [65,66], however, the frequency-independent BD-RIS
model is adopted in wideband systems. That is, the constraint (8.16d) has always F(w,) =1
and Fy(w,) = 0, such that Yy, = Yy, Vo € M. This simplified model facilitates the BD-RIS
design but will cause performance loss due to the ignorance of frequency dependence of BD-RIS

admittance matrices. The performance comparison will be given later.
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8.3 Optimization for BD-RIS Aided SISO-OFDM

In this section, we apply the proposed wideband BD-RIS model in a SISO-OFDM system to
formulate the rate maximization problem and develop corresponding algorithms to optimize
BD-RIS admittance matrices.

8.3.1 Problem Formulation

According to [69] and Section 2.1, by modeling the transmitter, BD-RIS, and receiver as a multi-
port network, the wireless channel can be characterized by its admittance matrix, where the
admittance matrix of BD-RIS, Y1, Vn € N, is visible in the BD-RIS-aided wireless channel.
Specifically, by Result 2.1, the BD-RIS-aided wireless channel h, in (8.5) can be re-written

as [69]
1

hy, = Q—YO(—yRT,n + yria(Yi, + Yolur) “'yrra), Vo, (8.19)
where yrr, € C, yrin € CPM and yrp,, € CM*!, respectively, refer to the channels from
transmitter to receiver, from BD-RIS to receiver, and from transmitter to BD-RIS based on
the admittance parameters [69]. According to the discussions in [69], these channels are a
characterization of the wireless channels equivalent to the widely used models based on the
scattering parameters [7]. The detailed mapping between the channels based on the scattering
parameters and those based on the admittance parameters can be found in [69], and is given

based on (2.15b) as follows
Yrin = —2Yoh,, yYirn = —2Y08n, Yrrn = —2Y0(ha, — hagy), V0. (8.20)
We aim to jointly design the power allocation at the transmitter and the susceptances B, m;

at the center frequency to maximize the average rate for the SISO-OFDM system. This yields
the following problem:

1 Pnlha]
B s s D Nmg it = ) (1 )
{ c,mg,mg>pn}\7 9 are (8.16) or (8.%12)1—}((8.16@,(8.18), N, v o2 \ 1 o? (8:21)
ZnPnSP " ¢

where the constraints in (8.16) are considered for group-connected architectures while the con-
straints in (8.16a)-(8.16c) and (8.18) for forest-connected architectures. Problem (8.21) is a
challenging joint optimization mainly due to the coupling constraints of BD-RIS in wideband
systems. To simplify the design, we decouple problem (8.21) into two sub-problems and solve

each of them individually.
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8.3.2 Two-Stage Optimization

Since the wideband modeling of BD-RIS couples the admittances for different subcarriers,
which are embedded in the log(:) function, it is difficult to directly design the BD-RIS with
the original objective function in problem (8.21). In addition, the power allocation and the
admittance matrices of BD-RIS are coupled, which further complicates the optimization. To
simplify the problem, we decouple the design of BD-RIS and power allocation. This leads to

the following two-stage optimization framework:

Stage 1: We first simplify the objective function in (8 21) by using Jensen’s inequality, which
yields 3 37, cxz logs (1 + p"lh" ) <logo(1+ 5 X nens p”‘h" ). In addition, we remove
the impact of power allocatmn when d681gn1ng BD RIS by setting p; = - - - = pn,, while
the power allocation will be designed after the admittance matrices of BD-RIS have
been determined. Therefore, we solve the following sum channel gain maximization

problem:
{BC Mg, m! }Vmg,qu = arg max Z ‘ — YRTn

8.16b)-(8.16¢€) or
(8(16b) ()8(16c) ()8 18) MENe

+ Z YRI,g,n(ng,n + YE)IM)_I}’IT,g,n

geg

, (8.22)

9

where Yrign = [YRUn(g—1)1711:9857> A0 Y1790 = [YIT0) (9-1) 87 11:907> V9 € G, V0 € NL.

Stage 2: When B, ) Vm,m' € M, Vg € G, are determined, the BD-RIS-aided wideband

channels, hr, Vn can be obtained by (8.16), (8.18), and (8.19). Then, problem (8.21)

boils down to the following conventional power allocation problem:
. pn h* 2
{piton = arg_max Z log ( ’ o ) (8.23)

which can be solved by the well-known water-filling method.

In the following, we will elaborate on solving problem (8.22) for both group- and forest-
connected BD-RISs when each Bgmg,qu has either continuous values or discrete values controlled
by the set B..

8.3.3 Solution to Problem (8.22): Continuous-Value Admittance

We propose to rewrite (8.22) into an unconstrained optimization and solve it using the quasi-
Newton method. The detailed mathematical transformations for group- and forest-connected

architectures are explained below.
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Group-Connected BD-RIS: We start by re-describing (8.16¢) as a function which maps
the matrix Bg’n € CM*XM with entries [Bgm]m’m/ = Bin,myn to the matrix By, i.e, By, =
F3(By,.,.), where F3(+) is given such that

[Bg n]m m/

, m # m/
ZkeM[Bg n]m Ky m=m

[By,nlmm = (8.24)

In addition, the symmetric constraint of each B, in (8.16b) and the linear mapping (8.16c¢)
imply that each B,, should be symmetric, i.e., B,, = B;n. In other words, each B, is

essentially determined by its M diagonal and % lower-triangular (or upper-triangular)

. . . . — = M(M+1)
entries. This motivates us to rewrite B, as By, = unvec(Rbg,), where b,, € R

}M2 ]W(M+1)

contains the diagonal and lower-triangular entries of B,,. R € {0,1 is the binary

matrix mapping b,, into vec(B,,), Vg € G defined in 7.15, where Vi,i’ € M. According
M(M+1)

o (8.16d), these vectors by, for all subcarriers are jointly controlled by b., € R™ 2
constructed with the entries B, m: for m’ > m.

Based on the above illustration, we can reformulate problem (8.22) as the following form:

2

rflga?g Z ’ — YrTn + Zg YRign ]FB(unveC(Rbg n)) + }/OIM) Yir,gn (8253)
g€
:FT(I’C)
s.t. by, = Fi(wy)beg + Fo(wy,), Vn, g, (8.25Db)
[begli € [Bmin, Bmax], V9,1 € Ma (8.25¢)
where b, = [bl,,...,bl,]" € CMIGT and M = {1,..., %} The linear constraint

8.25¢) of each entry of b., can be further removed by one-to-one mapping variables with
7g

arbitrary real values into the range [Bin, Bmax]- This can be done by introducing a tractable
M(M+1)

mapping function [be 4] = Fi([x,):), X, € R™ = ' VI € M, with the following properties.

Property 1: Fy([x,];) is continuous, differentiable, and monotonously increasing in the full range
(X,4]i € (—00, +00);

Property 2: limy j, 5400 F4([Xgli) = Bmax;

Property 3: lim,}, oo Fu([Xg)1) = Bumin-

An example of such a mapping function is given by:

[be gl = Fi([xg):) = [Xol: + B, Vg,l, (8.26)
[x,]?B=% + 1
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where B_ = % and B, = %. By this mapping function, we can transform

problem (8.25) into the following unconstrained optimization:

{xgtvy =arg 5l o F (be), (8.27)

which can be directly solved by the quasi-Newton method.

Forest-Connected BD-RIS: The proposed optimization method for group-connected BD-
RIS with continuous-value admittance components can be easily adapted to forest-connected
BD-RIS. This can be easily done by modifying the mapping B,,, = unvec(Pb,,,) for group-
connected architecture based on (8.16b), (8.16¢), and (8.18a) to align with the forest-connected

architecture. More details are explained below.

For forest-connected BD-RIS, (8.16b), (8.16¢), and (8.18a) imply that each matrix B,,, with
entries [Bgm]m’m/ = Bmg,qu,n is tridiagonal and symmetric. That is, Bg,n is determined by its
M diagonal and M — 1 non-zero lower/upper diagonal entries. This motivates us to extract

2M—1)x1

these 2M — 1 entries from each B, to construct the vector Bg,n € R For ease of

illustration, we define the mapping B,,, = F5(b,.,), where Fj(-) is given such that

(

C

[ gm]mv m = m/
[

T«

wlitem, m =m+1
[Bgm]mmz’ = vg’ ]MJF (828)

_ — / ’
g7n]M+m/, m—m +1

[
L0, otherwise

According to (8.18a), these vectors lv)gm for all subcarriers are jointly controlled by lu),:,g €

REM-1)x1 congtructed with the entries Bemgm, a0d Bem,mi1,, Ym € M. Thus, we can

transform problem (8.22) into the following form:

Jhax Z ‘ ~ YrTn + Z YRI,g,n(]F?)(FS(Bg,n)) +Yoly) 'Virgn i (8.29a)
be.g,¥9g neNe 9eg .
_F(be)
s.t. byp = Fi(wn)beg + Fo(wn), V0, g, (8.29b)
[Beg)i € [Buins Bmas), V9,1 € L, (8.29¢)

where b, = [BZI, . ,BZG]T € CMIGx1 and M = {1,...,2M — 1}. The constraint (8.29¢) can
be further eliminated by the mapping [Bc,g]l = Fy([%,];) with %, € R®M-Dx1 v ¢ M, such

that problem (8.29) can be transformed into an unconstrained optimization

{i;}vg = arg  max F(BC), (8.30)
(8.29b),[be,gli=Fa([Xgq]1)

and solved by the quasi-Newton method.
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8.3.4 Solution to Problem (8.22): Discrete-Value Admittance

We propose to iteratively optimize the discrete-value tunable admittance components of BD-RIS
using the greedy algorithm. The detailed solutions for group- and forest-connected architectures

are explained below.

Group-Connected BD-RIS: In this case, the sum channel gain maximization problem (8.25)
writes as

bl = arg max F(b.). (8.31)
(8.25b), [be,qliEB

To efficiently solve the problem, we propose to uniformly block the variable vector b, into U

sub-vectors, i.e. b, = [bf,...,bf]", where b, = [b]u, 1711u0 € CUxl U = %, Yu €
U=1{1,...,U}. Accordingly, we construct the codebook for each sub-vector b, based on the

original constraint [b. 4|, € B, as
B={xeC'"'|[x;eB.,Vi=1,...,U}, (8.32)
with |B] = 2%V,

Then, the greedy algorithm is explained as follows. We first define the initialization b? =
(BT, ..., (bY)T]T, where each sub-vector bY is randomly chosen from the codebook B. In
the successive optimization of b, Vu € U, where the superscript denotes the o-th iteration, we
aim to maximize the objective function F([(b$)T,..., (b2_1)T, bl (b2 )T, ..., (b% HT]T) with
b, being the only variable vector to be optimized and other entries fixed. Then we have the

following sub-problem:

bz = arg Inax F([(b(l))Tv BRI (bzfl)Ta bgv (ijrll)Tv BRI (b?Fl)T]T)a (833)

(8.25b), byeB

which can be efficiently solved by the exhaustive search over the set B with proper options of
U and b. By iteratively solving problem (8.33) until the convergence of the objective function

is achieved, we finally obtain the solution b} to problem (8.31).

Forest-Connected BD-RIS: The proposed optimization for group-connected BD-RIS with
discrete-value admittance components is also readily extended to forest-connected BD-RIS. In

this case, the sum channel gain maximization problem (8.29) writes as

bf = arg max F(b.), (8.34)
(8.29b), [be,4]€B
where each b, = [BC](U_DU Ll U= W#, Yu € U is iteratively optimized by the exhaustive

search over B given by

B={xeC'|[x];€B,Vi=1,... U} (8.35)
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such that the f)z is obtained by the greedy algorithm.

8.4 Performance Evaluation

In this section, we evaluate the performance of the BD-RIS-aided SISO-OFDM system to show
the impact of the wideband modeling for BD-RIS with different architectures.

In the considered SISO-OFDM system, we assume the center frequency as f. = 2.4 GHz, the
bandwidth as B = 300 MHz, and the number of subcarriers as N, = 64. Therefore, the carrier
frequencies are given by f, = f. + (n — %)Nﬁc, Vn € N.. The OFDM channels from the
transmitter to the receiver, from the transmitter to BD-RIS, and from BD-RIS to the receiver,
are modeled with the maximum delay spread of Drr = Dg; = Dyr = 16 taps using CSCG
random variables. The length of the CP is set to be 16. The distance-dependent channel
pathloss is modeled as (; = (od;**, Vs € {RT,RI,IT}, where (;, = —30 dB refers to the
signal attenuation at reference distance 1 m, d; denotes the distance between transmitter/BD-
RIS /receiver, and €4 denotes the pathloss exponent. In the following simulations, we set dg =
33 m, dg1 = 5 m, dir = 30 m, egr = 3.8, err = 2.2, and e = 2.5. The noise power is set as
0? = —80 dBm.

Benchmark Scheme 1: Frequency-Independent BD-RIS. To show how the wideband
modeling of BD-RIS impacts the system performance, we include the case where the BD-RIS
admittance matrices are designed such that they remain the same for all subcarriers. That is,
we assume Y1, = Y1, Vn € N, as in [65,66] where the narrowband BD-RIS model is adopted
in wideband scenarios. In other words, we have

W 1

n = W(—ym,n + }’RI,n(YI + %IM)_lyIT,n)a vn. (8-36)
0

Then the proposed algorithms for either continuous or discrete-value admittance components

can also be adopted to solve the following problem:

1 Pnlhn?
YTEL m! S¥mm/,g; p?w vnf — arg ax N log <1+ )’
{{Y o, ms Yom.mt g, {05 b } I R NCnXEN: 2 o2 (8.37)
%{Ymg7qu}€[Bmin’BmaX] ‘

where constraints (8.8)-(8.10) refer to the group-connected architecture and (8.8)-(8.11) refer

to the forest-connected architecture. The obtained solutions Yﬁg Vm,m' € M, Vg € G are

/
m 7mg7

further plugged into (8.16d) or (8.18a), such that we can obtain

1) the admittance matrices Yﬁn, Vn € N. by (8.8)-(8.11);

2) the channels hf, Vn € N, by (8.19),
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Figure 8.5: Average rate versus transmit power P with BD-RIS having different architectures
(M € {36,48}, M € {1,3,6}). The legend “WM” is short for wideband modeling; “GC”
is short for group-connected; “FC” is short for forest-connected. For both “GC” and “FC”
architectures, the case of M = 1 refers to the conventional RIS.

together with p?, ¥n € AN, to be plugged into the original objective function (8.21) for fair
performance comparisons.

Benchmark Scheme 2: Conventional RIS. To show how the performance of BD-RIS
compares to that of conventional RIS in the presence or absence of wideband modeling, we
include the case where the BD-RIS has diagonal admittance matrices. In other words, the
conventional RIS is a special case of the group or forest-connected BD-RIS with M = 1 such

that the proposed methods can be directly implemented.

8.4.1 Continuous-Value Admittance

We evaluate the performance of the proposed wideband modeling and algorithm design by plot-
ting the average rate of the BD-RIS-aided SISO-OFDM system versus the transmit power P in
Fig. 8.5, from which we have the following observations. First, when taking into account the
wideband modeling, BD-RIS with larger group size of the group-connected architecture achieves
better performance within all the considered range of transmit power. This is attributed to
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Figure 8.6: Average rate versus transmit power P with BD-RIS having different architectures
and discrete-value admittance components (M € {36,48}, M € {1,3}, b € {1,2}. U = 4 for

=1; U =3 for b =2). The legend “WM” is short for wideband modeling; “GC” is short for
group-connected; “FC” is short for forest-connected. For both “GC” and “FC” architectures,
the case of M = 1 refers to the conventional RIS.

the increasing wave manipulation capabilities offered by more complex circuit topologies of
BD-RIS. When ignoring the wideband effect for designing group-connected BD-RIS, BD-RIS
architectures with larger group size cannot always provide better performance. For example,
BD-RIS with group size M = 3 outperforms that with M = 6 when M = 36. This is because
the variation for BD-RIS matrices between different subcarriers becomes more significant with
increasing number of admittances, such that directly designing BD-RIS ignoring this variation
will lead to increasing performance loss. Second, for the cases of both with or without wide-
band modeling, BD-RIS with larger group size of the forest-connected architecture achieves
better performance within all the considered range of transmit power, while the performance
enhancement is not as significant as the group-connected architecture due to the reduced num-
ber of tunable admittance components. This also demonstrates that the impact of wideband
modeling for BD-RIS to the system performance is proportional to the circuit complexity of
BD-RIS architectures: The higher the circuit complexity of BD-RIS architectures, the larger
the performance gap between schemes with and without including wideband modeling of BD-
RIS. Third, when taking into consideration the wideband modeling of BD-RIS, BD-RIS having

group-connected architectures outperform that having forest-connected architectures with the



8.5. Summary 147

same group size. While group- and forest-connected architectures achieve the same perfor-
mance in narrowband point-to-point systems [57], wideband OFDM systems benefit from more

tunable admittance components in BD-RIS to deal with the frequency selectivity.

8.4.2 Discrete-Value Admittance

In Fig. 8.6, we plot the average rate of the BD-RIS-aided SISO-OFDM system versus the
transmit power when the BD-RIS has discrete-value admittance components controlled by b
bits. From Fig. 8.6, we have the following observations. First, when taking into account the
wideband modeling, for both group-connected and forest-connected BD-RIS, increasing the
number of resolution bits for each discrete-value admittance leads to better performance. In
addition, BD-RIS with 2-bit resolution for each discrete-value admittance can achieve satisfac-
tory performance close to that with continuous-value admittance components. Second, similar
to the continuous-value admittance cases, in discrete-value cases, there also exists performance
gap between including or ignoring the wideband modeling of BD-RIS in the optimization stage.
More importantly, with relatively small numbers of resolution bits b and small group size M
of BD-RIS architectures, the performance loss coming from ignoring the wideband modeling
is negligible. This observation indicates that it is efficient to directly adopt the narrowband
BD-RIS model in wideband scenarios when using simple BD-RIS architectures with limited

freedom in tuning admittance components.

8.5 Summary

This work studies the wideband modeling and optimization of BD-RIS in a SISO-OFDM sys-
tem. Particularly, we first derive the system and signal model for BD-RIS-aided OFDM systems,
which bridges the time and frequency-domain channels and shows explicitly the frequency de-
pendency of the scattering matrix for BD-RIS. We next characterize this frequency dependency
by modeling each tunable admittance of BD-RIS based on lumped circuits. Taking into account

the practical frequency bands, we propose a simple linear model with respect to frequency.

With the proposed BD-RIS model and BD-RIS-aided signal model, we consider the optimization
of a BD-RIS-aided SISO-OFDM system with the aim of maximizing the average rate. For
BD-RIS with continuous-value admittance components, we propose to transform the original
problem into an unconstrained optimization problem to be solved by the well-known quasi-
Newton method. For BD-RIS with discrete-value admittance components, we adopt the idea

of the greedy algorithm to successively design each tunable admittance.

Finally, we provide simulation results to evaluate the effectiveness of the proposed algorithms

and the impact of the wideband modeling. Results show that BD-RIS always outperforms
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conventional RIS whether the wideband modeling is taken into account during the optimization
process or not. In addition, the higher the circuit complexity of BD-RIS, the larger the impact
of the wideband modeling on the system performance. This demonstrates the importance of
accurately capturing the frequency-dependent response of BD-RIS with complex architectures

in wideband communication systems.
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Conclusion

This chapter summarizes the main achievements of this thesis, and sheds light on various future

directions based on the current results.

9.1 Summary of Thesis Achievements

This thesis solved three key open problems of BD-RIS, that is, novel architecture design and
mode analysis of BD-RIS to achieve enhanced channel gain and enlarged coverage; signal pro-
cessing techniques of BD-RIS considering different CSI conditions; and the modeling and anal-

ysis of BD-RIS hardware impairments.

Part I focused on the architecture design and mode analysis of BD-RIS by proposing two
novel modes, namely hybrid mode, and multi-sector mode. Specifically, Chapter 3 started
by presenting a general BD-RIS aided communication model unifying reflective, transmissive,
and hybrid modes, and single/group/fully/dynamically group-connected architectures, which
include conventional diagonal RIS and STAR-RIS as special cases. To evaluate the performance
of the proposed model, the joint precoder and BD-RIS design algorithm has been developed.
Simulation results showed the significant sum-rate gains achieved by the proposed BD-RIS
with hybrid mode and group/fully/dynamically group-connected architectures compared to
conventional diagonal RIS and STAR-RIS. Then, Chapter 4 went beyond BD-RIS with hybrid
mode and proposed a novel multi-sector mode by fully exploiting the flexibility of antenna
arrangements and circuit topology designs. It has been proven that BD-RIS with hybrid mode
was essentially a special case of BD-RIS with multi-sector mode, while the latter generally
outperforms the former, benefiting from antennas with higher gains. Theoretical analysis of the
power scaling law was provided and beamforming design algorithms for sum-rate maximization

were developed. Simulation results verified the theoretical derivations and, more importantly,

149
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highlighted the benefit of multi-sector BD-RIS in enhancing channel gains and reducing the

circuit complexity.

Part II focused on the beamforming and channel estimation techniques for BD-RIS. Specifically,
Chapter 5 studied the synergy between multi-sector BD-RIS and RSMA under imperfect CSI
conditions. A stochastic problem was first formulated, which was transformed to a determin-
istic problem and solved by iterative solutions. Simulation results showed the benefits of this
synergy in saving on the required number of transmitter and BD-RIS antennas. Furthermore,
Chapter 6 proposed a novel cascaded channel estimation scheme for BD-RIS and corresponding
beamforming design algorithms based on cascaded channel estimates. The proposed channel es-
timation scheme was developed based on a closed-form solution, which theoretically guaranteed
to achieve the MSE lower-bound of the LS estimation. With the cascaded channel estimate,
the corresponding beamforming design algorithms were proposed considering different BD-RIS
architectures and modes. Simulation results highlighted the performance trade-off between

channel estimation and data transmission within one transmission frame.

Part 111 focused on the modeling and analysis of the hardware impairments of BD-RIS by focus-
ing on the impact of mutual coupling and that of frequency dependence at BD-RIS. Specifically,
Chapter 7 modeled the mutual coupling at BD-RIS based on the dipole antennas, followed by
the efficient beamforming design. Simulation results demonstrated the importance of taking
into account the mutual coupling at BD-RIS in the optimization. Chapter 8 modeled the fre-
quency dependence at BD-RIS based on the lumped circuit model of each tunable admittance.
The beamforming design for BD-RIS aided OFDM systems was then developed. Simulation
results, again, emphasized the importance of accurately capturing the frequency dependence of
BD-RIS architectures.

9.2 Future Work

In conclusion of this thesis, some future research directions are proposed.

Dimensioning of BD-RIS Modes and Architectures: The size, the number of antenna
elements, and the number of sectors of BD-RIS with hybrid /multi-sector modes are jointly
determined by the operating frequency of incident waves, the performance requirement, the
circuit complexity /cost. Therefore, one meaningful future direction is to carefully determine the
dimension of BD-RIS to balance performance in different scenarios, the hardware complexity,
and the cost.

Hardware Implementation of BD-RIS: The hardware implementation of BD-RIS is a fun-
damental issue. Currently, only RIS with STAR-RIS/IOS [76] has been implemented, which
indicates the physical availability of modeling RIS as antenna arrays connected to reconfig-

urable impedance network, while the comprehensive hardware implementation of BD-RIS with
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different architectures is still on its way. As shown in previous chapters, the reconfigurable
impedance network is the key to implement the BD-RIS with different modes and architec-
tures. We can utilize tunable inductance and capacitance, e.g. varactors, to construct the
reconfigurable impedance network, so that the continuous value BD-RIS can be implemented.
Alternatively, we can use PIN diodes as switches to reconfigure the impedance network to im-
plement discrete value BD-RIS. However, as the group size increases, the circuit complexity and
cost also increase, which is unique in BD-RIS due to the inter-element connections that conven-
tional diagonal RIS does not have. Hence, it is challenging but worthwhile to implement and
prototype different BD-RIS architectures, taking into account practical hardware impairments,

to find the best performance-complexity trade-off.

BD-RIS Based Beam Training: Recall that the performance benefits of BD-RIS heavily
depend on accurate CSI, which requires appropriate and effective channel estimation strategies.
In this thesis, we have developed a novel channel estimation scheme adapting to BD-RIS ar-
chitectures, which could obtain the cascaded channel for further beamforming design. Instead
of acquiring the CSI and designing the beamforming, another direction is to perform BD-RIS
based beam training, i.e, to “train” the beam formed by BD-RIS to align with the unknown
wireless channel. As such, by letting the transmitter consecutively transmit pilot signals with
pre-defined codebooks at BD-RIS, the receiver could obtain the best codeword at BD-RIS which
leads to the highest received power without knowing the CSI. Therefore, the requirement of
accurate CSI is eased. To facilitate the BD-RIS based beam training, the key open problem is
to properly design the codebook for BD-RIS architectures, consisting of codewords which could

effectively cover the whole beam space.

Applications of BD-RIS: One promising application of BD-RIS is to deploy it in the power
grid to relay wireless power. With proper power levels, suitable deployments and locations of
BD-RIS, the BD-RIS could effectively aid the wireless power transfer, guaranteeing that the
power can be transferred to all receivers. In this case, the transmit waveform and the BD-RIS
should be carefully designed. Another interesting application of BD-RIS is to enable flexible
and scalable integrated access and backhaul (IAB) [114]. Specifically, the wireless backhauling
usually have complicated propagation environments and various obstacles, e.g. trees and high
buildings. BD-RIS with full space coverage and high gain performance can be easily incorpo-
rated into real environments to bypass the obstacles and assist/enhance the wireless backhaul.
Meanwhile, wireless access, especially in millimeter wave or Terahertz wireless frequencies, usu-
ally has sparse and highly-directional channels, suffers from high path loss, and is vulnerable
to blockages. In this case, BD-RIS is more appealing in providing highly-directional beams to

align with low-rank channels, compensate for the severe path loss, and enlarge coverage.
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Appendix A

Proofs for Chapter 3

This chapter gives the proof for Proposition 3.1. To do so, we first abstract objective in (3.42)

as a real-value function

F(z) = az® + bx + V1 — 22, (A1)

with one-to-one correlations, ie., v = /., € (0,1), a = v, € R, b = —2|xtm| < 0,
¢ = —2|Xr.m| < 0. Then the proof is given as follows:

Proof. Calculate first- and second-order derivatives of F(x) as

VF(z) =2ax+b— it (A.2a)
2F(z) = 2a — ¢ = A.2b
T =2 (.20

Then we discuss VF'(x) under the following two conditions:

Case 1: When a > 0, it is obvious that V2F(z) > 0 so that VF(x) is a monotonically increasing

function with = € (0,1). Based on the above discussion, we have

lim VF(z) =b <0, lim VEF(x) = 400 > 0, (A.3)
T—

z—0

which indicate that F(z) is first monotonically decreasing and then monotonically

increasing for z € (0, 1).

Case 2: When a < 0, calculate the third-order derivative of F(z) as

ot

ViF(z) = —3cx(1 — 2*)"2, (A.4)
which is always larger than zero when x € (0,1). Thus, V2F(z) is monotonically
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increasing with x € (0,1). Then we calculate

lim V2F(z) = 2a — c, (A.5)

r—0

whose value has the following two cases:
Case 2.1: When 2a — ¢ > 0, V2F(z) > 0 for x € (0,1). Thus, VF(z) is monotonically
increasing for x € (0,1) and the same conclusion as Case 1 can be obtained.

Case 2.2: When 2a — ¢ < 0, examine

lirri V2F(x) = 400 > 0, (A.6)
r—r

which proves that VF(x) is first monotonically decreasing and then increas-
ing for x € (0,1). Therefore, we can derive that F'(z) has the same trend as
VF(x) for x € (0,1).

To summarize, F(z) is a convex function with only one minimum point for z € (0,1), which

completes the proof. O



Appendix B

Proofs for Chapter 4

B.1 Proof of Lemma 4.1

Proof. By applying the Lagrange method, we can easily obtain (¥, + ulI;)B3, = Xm with

BrB,, = 1, where u € R is the Lagrange multiplier. Now it remains to show ¥, + uly is

positive semi-definite. Suppose 3/, is a feasible solution of problem (4.43) with 8273/ = 1.
Then we have F(3!,) > F(3%,). Given that (¥,, + ul;)3% = Xm, we have

BIw,.B8, —28:T(w,, +ul)3, > B:Tw,.65 — 281 (®,, + 1),

Rearranging (B.1), we have

(B = B ) (¥ + pLL) (B, = Br,) = 1B By, — Byl Br) =0,

which completes the proof.

B.2 Proof of Lemma 4.2

Proof. With e,,; + pt > €11 + 1 > 0, we have

2¢m|13

Xow Xowl
1= Flp) =Y —m < ml__
@ Z (Emg+p)? — Z (Ema + p)?

lel lel

which yields p < ||[xml|l2 — €m1. Meanwhile, we have

Y

(Ema + p)?

. > viee ﬁz,z

o2
Xml Xml
]_ = F/ = RS A > 2

and thus p > /> ce Xoyy — Em1-
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Appendix C

Proofs for Chapter 6

C.1 Proof of Lemma 6.1

Proof. The objective (6.13a) has the following lower bound

o NKM?Go o

Tr(@7®) )= > [(@"®)); (C.1a)

=1
(a) NKM=Go L
> ) [efe)]) (C.1Db)
=1

(b) N2K2G2M4 N2K2G2M4

> —e = e (C.1c)
SINKMECpHP),,  Tr(@HD)

271722 A 14

_ e N2K?G2M (C.1d)
Tr( (d)t QX; ® IN)(¢t ®X] ®Iy))

¢ N2K2G3M*

© KM = G (C.1le)
Tr( (¢t ¢t ) ® (tht ) @ 1y)

2 4
@ NKG MY @y (C.1f)

SN Tr ()

where the equality of (a) can be attained when ®® is a diagonal matrix [115]; (b) holds due
to the relationship between the harmonic mean and the arithmetic mean with equality achieved
when ®#® has identical diagonal entries; (c¢) holds by the property of the Kronecker product;
(d) holds due to the property of the trace operation and the assumption that |[x;]x| = 1, Vk,
yielding Tr(x!xT) = K, Vt; (e) holds due to the constraint (6.13b) which yields Tr(¢;dl) =
G, M, Vt. Based on the above derivations, we have that min Tr((®7®)~!) = NM with the
condition ®H® = dPH = KMGslygira,, which completes the proof. O
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C.2 Proof of Lemma 6.2

Proof. With A satisfying (6.18b), (6.18¢) and & satisfying (6.19b), (6.19¢), we have & = A@®

such that N . o .
7P = (A" 2 2")(A®®) = (ATA)® (®7P)

3 - (C.2)
== (GQIGQ) ® (MIM2) == GQMIGQMQ,

which aligns with (6.14b).

In addition, we define the i-th sub-block rows of the s-th row of & by ¢si, Vs € S, Vi € Gy,
that is

¢s,i = [(.Is]s,(i—l)MQ:iMQ = [¢Z](i—1)M2:iM2- (C-S)

Meanwhile, from (6.15) we have

Psi = [@T} (i—1)M2:i02 = VeCT(‘I’t,i)a (C.4)

where t = (s — 1)K + k, Vk € K. Furthermore, from Lemma 2 we have ¢; = [Aly[®]m.,
where s = (' — 1)M? + m, ¥Ym € M. Hence, (6.13b) is satisfied, i.e.,

1D, = |[Aly 2@l ®,, =1y, (C.5)

where &,, = unvec([®7].,,). The proof is completed. O

B

C.3 Proof of Theorem 6.1

Proof. We start by proving J)m,n, Vm,n € M satisfies (6.19¢c). To this end, we define (ﬂmm =
[qﬁm,n](ifl)MJrl:iMa Vi € M. We have

d)m,n,i = [ZQ]m,i[Zf]mod(ifn,M)Jrl,:' (06)
Then we calculate
¢:’L,n,i %m,i’ :lzfl]mod(i—n,]\z)—&-l,:[Zl]:,mod(i’—n,]\_J)—&—lj\[ZQ]:jn,i[Z2]m,iia (C 7)
=Z1,i.i')n =Z2.i,i' ,;m

yielding the following two conditions:

.y _ _ o« e iT 1.
1) when i =4', we have 2y, = oy and 29, = %2 such that qu’n’iq’)m,n,i, =1;

2) when i # ¢/, we have z; 7., = 0 such that ¢*  .¢T . =0.

m,n,t Y m,n,i’

Therefore, (6.19¢) is guaranteed.
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We next prove @ constructed by J)m,n satisfies (6.19b). To this end, we calculate

é;kn nég/,n’ = Z (ﬁ;kn,n,i ?n’,n’,i = Z [Z{{]mod(i—n,M)+1,:[Zl]:,mod(i—n’,M)+1 \[Z2]:n,7j[z2]m/,i> (C 8)

b
ieEM iEM ~ e

=21 nnl i =22 m,m/! i

yielding the following three conditions:

1) when m =m’ and n =7/, we have 21/ n; = 1 and 2y = 5 such that D %n = M,
2) when n # n/, we have zy/,,,,; = 0 such that ¢7, ,¢L, , = 0;

nrm! n’

3) when m # m' and n = n/, we have 21/, ,; = oy such that $;7n($fn,7n, =00 D e B2 maml i =
a1 [Z5] o[ 23] e = 0.

Therefore, (6.19b) is guaranteed. The proof is completed. O
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Appendix D

Proofs for Chapter 7

This chapter gives the proof for Proposition 7.1.

Proof. To check the convergence of the proposed algortithm, we have the following relationship

of the objective function in (7.16) between iterations:

C° = |a® + b%S{Q°} (D.1a)
=la® 47 eIRS{w,}|? (D.1b)
geg

© |70 Z Z |[eZR]Z~| sin(Za® — Z[egR]i) cos(ZLa’ — Z[egR]i)
q 7

+1a’l + 6> > |[e9R];| sin*(Za® — Z[eR],)|? (D.1c)
g i
> |a°f? (D.1d)
= |zrr — Zr1(Zn + Z9) 217 |? (D.1e)
= |zrr — zri(Zp + Z971 + 5S{Q0 ) g (D.1f)
b
(%) ’CLO_I + bo—ljg{go—l}co—lp — CO_I, (Dlg)

where (a) follows by plugging (7.18) into C; (b) follows from the Neumann series approxima-
tion. We have C° > |a°|* ~ C°~!, which proves that the objective function C° is monotoni-
cally non-decreasing after each iteration. Therefore, we conclude that the proposed algorithm
converges since the value of the objective function C° is bounded from above. The proof is
completed. O
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Appendix E

Proofs for Chapter 8

This chapter gives the proof for Proposition 8.1.

Proof. We first rewrite the frequency-domain channel H,j by re-arranging the block-circulant
matrices. This yields
H,; = Fy.(Hq + H®G)F},
@ = - - - o (E.1)
= Fy,(Hg + HIT"®I'T"G)F} |
where (a) holds by introducing the permutation matrix T' € {0, 1}NeM*NeM with TTT = Iy,
which transforms a block-circulant matrix into a row-wise concatenation of circulant matrices

[116]. Specifically, we have

1, i=(n—=1)M+m,j=(m—1)N.+n
[Ty = _ : (E.2)
0, otherwise

with Vn € N, and Vm € M, such that

HT = [H,,... Hy], T"G=[G{,...,G}]", T7@ér=| : -~ |,  (E3)

Dy 0 Py

where H; € CNe*Ne H; € CNexNe and ®,; € CN-*Ne Vi j € M, respectively, are circulant

matrices with entries

[I:Ii]:,p = [I:I] (p—l)M+i7Vi7vp € Mu

)

[Gj]q,: = [G](Q*l)M+j,:>vj7vq S Afcy (E4)

[‘ii,j]l%q = [(p](p—l)M-‘ri,(q—l)]\/[—i-j)Vi7j7p7Q'
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Then, we can rewrite Hy as

H, =FyH.FY +Fuy, Z Z H;®, ;G,;FY.
ieM jeM
T (E.5)

b) = _ _ g - =y = R
OFyHFL + Y Y FyHFLFy &, FlLFy GFY,

ieM jeM
where (b) holds due to the property of the normalized DFT, ic., F¥ Fy, = Iy.. Since a
circulant matrix can be diagonalized by DFT [117], we have that

FNCI:IdF%C = diag(hdvl, RN 7hd,NC)7 FNCI:IZ‘F%C = diag(hivl, e hi,NC)7

_ . _ . (E.6)
Fy.G;FY =diag(gj1, ..., 95n.),  Fn®i;Fy =diag(diji, ..., i)

where hq, € C, h;, € C, and g;,, € C, respectively, denote frequency-domain channels from
the transmitter to receiver, from the i-th element of BD-RIS to the receiver, and from the
transmitter to the j-th element of BD-RIS at subcarrier n, Vi,j € M, Vn € N.. ¢, € C
denotes the scattering parameter from the j-th element to the i-th element of BD-RIS at
subcarrier n. By introducing the frequency-domain channels h,, € C'*™ g € CM*! and the

scattering matrix of BD-RIS @, € CM*M at subcarrier n with entries

[hn]z — hi,n» [gn]j = Gjn, [q)n]i,j = ¢i,j,nv W,j,n, (E7)

we finally have
H.y = diag(hg1 +hi®1g1, ..., han, +hy Py hy,). (E.8)

The proof is completed. O
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