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Abstract—The hybrid nonlinear transceiver optimization prob-
lem of reconfigurable intelligent surface (RIS)-aided multi-user
multiple-input multiple-output (MU-MIMO) downlink is inves-
tigated. Specifically, the Tomlinson-Harashima precoder (THP)
and the hybrid transmit precoder (TPC) of the base station are
jointly optimized with the linear digital receivers of mobile users.
The triangular feedback matrix of the THP is optimized and the
optimal solution is derived in closed form based on a matrix
inequality. Moreover, in order to tackle the nonconvexity of the
constant-modulus constraints imposed on the analog TPC, the
Majorization-Minimization (MM) based reconfigurable optimiza-
tion framework is proposed, which strikes a trade-off between
the implementation complexity and system performance in a
reconfigurable manner. Explicitly, our MM-based reconfigurable
optimization framework is capable of optimizing the analog
TPC in a dynamically reconfigurable manner on an element-by-
element, column-by-column, row-by-row or block-by-block basis.
Moreover, an MM-based reconfigurable algorithm is proposed
for the optimization of the phase shifting matrix at RIS, which
also suffers from constant-modulus constraints. In the proposed
MM-based reconfigurable algorithm, the RIS can be partitioned
into a series of subarrays for striking different performance vs.
complexity tradeoffs. Finally, our numerical results demonstrate
the performance advantages of the proposed nonlinear hybrid
transceiver optimization techniques.

Index Terms—Hybrid Transceiver, Nonlinear Transceiver, RIS,
Tomlinson-Harashima precoder, Optimization.

I. INTRODUCTION

LAWLESS wireless communications require increased

throughput and reliability. The ultimate capacity limit
of C = Blog(l + SNR) [1] may be increased either by
bandwidth expansion or by increasing the signal-to-noise
ratio (SNR). However, the linear capacity increased with
the bandwidth is more promising than the logarithmic SNR-
based improvement. Hence high frequency millimeter wave
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(mmWave) and terahertz (THz) communications has attracted
a lot of attention from both academia and industry [2], [3].
For high frequency communications, the critical challenges
arise from three perspectives. Firstly, the amplifiers have to be
operated at a substantial power back-off at high frequencies.
Secondly, the path loss exponent is high. Thirdly, obstacles
often block high carrier frequences. In order to overcome these
problems, multiple antenna based arrays may be harnessed.
To elaborate briefly, multiple antenna arrays have the poten-
tial of compensating for the undesired effects of both the power
back-off and path loss. At high frequencies the wavelength
is short, hence the antenna arrays may be constructed in a
compact format. For example, at 30 GHz current state-of-the-
art, the wavelength is only 1 cm, hence numerous \/2-spaced
antenna elements can be accommodated within a compact
physical space. However, large high-frequency arrays are very
costly. In order to strike a performance gain vs. hardware
cost trade-off, digital-analog hybrid antenna arrays have been
advocated [3], [4]. A typical hybrid antenna array consists
of an analog part and a digital part. In the analog part,
only the phases of antenna elements are adjustable, and the
dimensionality is typically higher than that of the digital part.
Hybrid multiple-input multiple-output (MIMO) systems have
been optimized in [3]-[16], [21]. In contrast to their fully-
digital counterparts, the constant-modulus constraints imposed
on the analog part are nonconvex, hence it is quite chal-
lenging to derive the optimal solutions in the closed form.
Researchers have proposed a variety of algorithms to deal
with the constant-modulus constraints imposed on the analog
transmit precoder (TPC). These algorithms can be roughly
classified into non-iterative and iterative algorithms. The non-
iterative algorithms such as the phase extraction [5] and
SVD-based methods [6], have low complexity but inevitably
exhibit limited performance. The iterative algorithms such
as stochastic successive convex approximation (SSCA) [7],
penalty-concave-convex procedure (CCCP) [8] and gradient
projection (GP) [9], invest computational complexity for seek-
ing improved performance. The authors of [10] successively
optimize the elements of the analog TPC successively while
keeping other elements fixed. Although the element-wise sub-
problem is easy to solve, the performance remains suboptimal
owing to relying on iterations among numerous variables. The
alternative direction method of multipliers (ADMM) [11]-[13]
and the majorization-minimization (MM) [14], [15] constitute
another pair of popular iterative algorithms used for optimizing
the TPC weights. The ADMM algorithm deals with the
constant-modulus constraint by introducing auxiliary variables
and it is best known for handling large-scale optimization
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TABLE I
BOLDLY CONTRASTING OUR CONTRIBUTIONS TO THE LITERATURE.
Keywords [7] [9] [10] [11] [14] [18] [24] [25] Proposed
Multiuser v v v v v v v v
Hybrid precoder v,SSCA | v,GP | V,element | v,ADMM | v,MM v
RIS v, GP v, element v/, element v
Reconfigurability v
THP design v ,PD v',ZF | v ,Cholesky v
Joint optimization v/, partial v/, fully

problems in a distributed manner. The step-size of the ADMM
algorithm also allows us to adjust the speed of convergence.
The MM algorithm usually utilizes the definition of a semi-
definite matrix and transforms the quadratic objective function
into linear objective functions. Although the MM algorithm
cannot solve the problem in a distributed way, it is guaranteed
to converge to a stationary point [17]. Given this benefit, we
employ a reconfigurable MM algorithm for optimizing the
TPC, which can strike a performance vs. complexity trade-off
by dynamically adjusting the optimized dimension of variables
in each iteration.

The above-mentioned contributions mainly focus on lin-
ear transceiver designs. The interference between users and
data streams can be further mitigated by employing a non-
linear transceiver. Nonlinear transceivers include Tomlinson-
Harashima precoders (THPs) [10], [18]-[24] at the trans-
mitters or decision feedback equalizers (DFEs) [20]-[24] at
the receivers. Most papers aim for optimizing the THPs and
DFEs using either zero-forcing (ZF) [18]-[20] or Cholesky
decomposition based methods [21]-[24]. However, the ZF
method achieves limited system performance owing to po-
tential noise-amplification, while the conventional Cholesky
decomposition-based method cannot be directly employed in
multiuser-MIMO (MU-MIMO) systems. The authors of [10]
addressed this problem by conceiving a partial derivative
(PD)-based method. To avoid the high complexity caused
by iterations between the receivers’ equalizers and the THP
feedback matrix, we conceive the Cholesky decomposition
based MU-MIMO solution, so that the receivers, as well as
the THP feedback matrix and the permutation matrix can be
jointly optimized.

For high frequency communications, propagation blockage
is a critical problem. As a remedy, reconfigurable intelligent
surfaces (RIS) can be harnessed to mitigate the line-of-sight
(LoS) blockage problem of high-frequency bands [29]. Hence
RIS-aided MIMO communications have been extensively stud-
ied in [9], [24]-[31]. Specifically, the transceiver designs of
RIS-aided single-user systems are investigated in [24], [29]-
[31], while their multi-user counterparts are researched in [9],
[24]-[29]. In RIS aided MIMO systems, the two-hop BS-
RIS-UE channels are cascaded [25], [26]. This fact makes
accurate channel estimation much more challenging than that
in traditional MIMO systems. The main challenge of the
transceiver optimization in RIS-aided communication systems
is reminiscent of hybrid analog-digital MIMO transceiver
optimization, because they are both subject to nonconvex
constant-modulus constraints [24].

In order to reap all the benefits of RISs, of hybrid beam-
forming, and of nonlinear THP, we investigate the nonlinear
hybrid transceiver optimization of the RIS-aided MU-MIMO
downlink. Explicitly, we jointly optimize the THP at the BS,
the analog TPC at the BS, the phase shifting matrix at the
RIS and the linear equalizers at the mobile users. Our novel
contributions are explicitly contrasted to the existing literature
in Table I, which are further detailed as follows:

e For the THP design at the BS, the lower triangular
feedback matrix is derived in closed form based on the
ubiquitous matrix inequality. This design is intrinsically
different from all existing solutions. Again, the triangular
matrix, the permutation matrix, the analog TPC, and the
digital TPC are jointly optimized. Moreover, we optimize
the THP feedback matrix of our MU-MIMO system using
the Cholesky decomposition. Although only a fully digital
architecture is considered at each mobile receiver, our
work can be readily extended to the scenario in which
both the transmitter and the receivers rely on hybrid
analog-digital structures. Moreover, the hybrid linear
transceiver optimization of MU-MIMO communications
can also be viewed as a special case of the optimization
problem.

e For the analog matrix optimization, a majorization-
minimization (MM) based reconfigurable optimization
framework is proposed, which can strike a compelling
performance vs. complexity trade-off. In contrast to the
existing MM-based algorithms, our reconfigurable opti-
mization framework is capable of optimizing the analog
TPC in a reconfigurable manner relying on an element-
by-element, column-by-column, row-by-row, or block-
by-block basis. This MM-based reconfigurable frame-
work is capable of avoiding any high-dimensional matrix
inversion operation at each iteration.

¢ An MM-based reconfigurable algorithm is proposed for
the optimization of the phase shifting matrix at the
RIS as well, which also suffers from constant-modulus
constraints. In the proposed MM-based reconfigurable al-
gorithm, the RIS can be divided into a series of subarrays
to realize specific performance vs. complexity tradeoffs
when performing the MM algorithm. Our simulations
show that the optimization of the phase shifting matrix
attains significant performance gains.

Notations: Consistent with our previous contributions, for
the basic matrix operations the symbols A*, AT, and A"
represent the conjugate, transpose, and Hermitian transpose of
matrix A, respectively. For the eigenvalue related operations,
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Fig. 1. The diagram of RIS aided MU-MIMO downlink communication systems with THP at BS.

Tr(A) and det(A) are the trace and the determinant of
the complex matrix A, respectively. Furthermore, 0;(A) and
Ai(A) denotes the i'" largest singular value and the i*" largest
eigenvalue of A, respectively. For the construction of the sub-
matrix of A, [A]. 1.a denotes the first M columns of A. The
sub-matrix [A]n.asr.n.ar is formed from the N*® row to the
M row and from the N column to the MM column of
A, while [A]; ; denotes the ith diagonal element of A. The
symbol E{-} denotes the statistcial expectation operator, while
Az is the Hermitian square root of the positive semi-definite
matrix A.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1 we consider the RIS-aided multiple-
user multiple-input multiple-output (MU-MIMO) downlink of
a base station (BS), a RIS and K mobile terminals (MTs).
The BS and MTs are all equipped with multiple antennas. At
the BS, a hybrid antenna array is deployed, which can strike a
balance between the hardware cost and system performance.
At each compact MT, a fully digital antenna array is used. In
order to further improve the performance, a THP is adopted
at the BS.

The BS is equipped with N; antennas and Nry RF chains
for transmiting a data vector d* = [d?, e d};] € CKNa,
where df is the signal destined for the k" NN,, -antenna user.
We denote the number of data streams sent to each user by Ng.
The data vector d is first processed by a THP, where the vector
passes through a successive interference pre-cancellation unit
composed of a modulo operator MOD || and a feedback
matrix Brgp € CKNeXKNa Using a modulo operator can
be seen as adding a perturbation vector q € ZKN¢ 4 j7ZKNa
to the data vector d to create an effective data vector [1] of

s=d+q. (1)

Furthermore, the effective data vector is first permuted by a
KNy x KN, permutation matrix L before passing through

the feedback matrix. Since L is determined by the precoding
order of data streams from different user, we can make the
following definition:

L=L®Iy, 2)

where the arbitrary K x K permutation matrix L denotes
the user permutation order. The feedback matrix Bryp is a
strictly lower triangular matrix. From the structure above, we
can deduce that the output of the THP structure is

u = CrppLs, (3)
where

Crup = Brup + Ik n,. €]

For an M-QAM constellation, the perturbation vector q is
composed of elements whose real and imaginary parts are
integer multiples of M, and the vector is specifically chosen
for ensuring that w lies within the boundaries of a square
whose side length is 2v/M. As a result of the modulo opera-
tion, the elements of u are almost uncorrelated and uniformly
distributed over the boundary region, see [20]. The covariance
matrix of w is E {uu” } = 62Ixy,, where 02 = 7. When
M is large, 02 can be approximated by 1.

The signal model of the RIS-aided MU-MIMO downlink is
given by

Yy =HpFaFpu + ny
=H, FAFpCrypLs +ny, (5)

where v, is the signal received by the k" MT. The matrix Hj,
denotes the channel between the BS and the &' MT which is
formulated as:

H, = Hp, + Hg ;©HY, (6)

where Hp j, Hg  and Hrlr{ represent the channels between
the BS and the k' MT, between the RIS and the k' MT as
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well as between the BS and RIS, respectively. The diagonal
matrix © is the phase adjusting matrix at the RIS [29], while
Fy € CVrexNt denotes the analog TPC at the BS. Further-
more, F, € CVrexENa jg the digital baseband TPC. Finally,
ny, € CN7x is the additive white Gaussian noise (AWGN) with
zero mean and covariance of Ry, = E {n;nf'} =02 Iy, ,

ie., we have n ~ CN <O,U%kINrk). The BS obeys the
maximum transmit power constraint of:

E{Tr(FAFouu FIF} = To(FAFp FEFY) < P (7)

At the k' MT, the digital reciver characterized by Gp, €
CNr*Na js adopted. As a consequence, the desired signal
recovered by the k' user is

rL = ngHkFAFDu + ngnk
=Gl H,FAFrCrlipLs + GE ny. (8)

The corresponding MSE matrix of the recovered signal equals

®yisg, = E {(T'k —sp) (re — Sk)H}
) { (ri— Ax LA Crupu) (r) fAkLHCTHpu)H}
=GP, HyFAFb F FYH[ Gp,
—2R{Gp, H .FAFpClyp LA} }
+02 Gp Gp, + A L"CrupClyp LA},  (9)

where the first equality is based on s; = A, LUCrppu,
with Ay being the data selection matrix obeying the following
mathematical formula

A =[O, x(b—1)Ns INyxNa ONyx (K—k)Ny] - (10)

In order to eliminate the explicit effect of the power con-
straint, the digital TPC Fp is transformed into the following
formula [10]

VP
\/ Tr (FAFDFEFE)

ey

Fp = Fp, (1)

(e

where « is a scaling factor. Based on the definition of « in
(11), the corresponding G'p, and H, satisty

1

lop e’

GDk = éDkaHkZ = O-nkﬁka

(12)

for which the power constraint in (7) is always satisfied. By
substituting (11) and (12) into the MSE matrix (9), the MSE
matrix is equivalent to the following form
—H — o — —H pga=H—
®yise, = Gp, H FAFpF FY'H,, Gp,
— o {Gp, H P\ FoCllyp LAl }
1 — _—H _H —
+ 5T (FAFDFDFE) Gh, Gp,

+ AkLHCTHPC’%HPLAIk{ (13)

In a nutshell, the nonlinear transceiver optimization problem
of weighted MSE minimization can be formulated as

K
Z TI‘ (qu)MSEk)

k=1

P1: min
F\,Fp,
{Gp, Vk},
Crup,©,L

St |[Falm| =1,

[@]l,l‘ = 1,Vn,m, l;

[Crup];; =1, [Crup],; = 0,1 <,
L is a perturbation matrix, [6]1717 =0,l# p,
(14)

where W, represents positive semidefinite weighting matrices.
It may be readily seen that the optimization variables in the
problem (14) are coupled in a complex nonlinear manner,
making the objective function non-convex. Moreover, both the
permutation matrix constraint imposed on L and the constant-
modulus constraint on F'5 are non-convex. These facts make
the problem P1 challenging to solve. In the following, we
propose an alternating optimization algorithm for solving the
nonlinear transceiver optimization problem P1.

Here, it is worth noting that although in this work we
focus on the hybrid nonlinear optimization, the proposed
algorithm can be directly extended to hybrid linear transceiver
optimization. Specifically, when the matrices Cryp and L are
set to identity matrices, upon adding some particular constant
terms, the optimization problem (14) can be transformed into
the following linear weighted MSE minimization:

K

P2: min Z [Tr (W, ®yisg, ) — log det (Wh,) — Ng]
Wi Fa,Fp, =

{Gp, Vk},©

s.t. ‘[FA]n,m‘ =1,Yn,m,

©l,|=1|@h,|=0t2p a3

In P2, when the positive semidefinite weighting matrices W
are also optimization variables, the optimization problem (15)
aims for maximizing the sum capacity of the MIMO downlink
[32]. On the other hand, when the weighting matrices W), are
identity matrices, the optimization problem (15) is equivalent
to a standard MSE minimization based linear transceiver
design. Again, although only fully digital receivers are used
at each MT, our solution can be readily extended to the case
in which each MT is equipped with an analog-digital hybrid
receiver.

III. OPTIMIZATION OF THE DIGITAL TPC Fp

In this section, we first focus on the optimization of the dig-
ital TPC F'p. Since no constraints in problem P1 are imposed
on Fp, the corresponding optimal solution in the alternating
optimization algorithm can be derived based on the complex-
valued matrix derivative. By keeping the other variables fixed
and ignoring the irrelevant terms in the objective function
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of problem (14), the subproblem with respect to Fp can be
formulated as

P1-D: min I&{Z WkGD H.F\FrFy FIH, Gp,
Fo k=1

1 — —H _H —
+ 5T (FAFDFDF}{I) Gp, G,

K

— 2R {Z WGy, H, FAFpCllyp Al } } ,
k=1

(16)

whose optimal solution can be derived in the following closed-
form:

K

—H— —H —
Z F\YH, Gp, WG H Fa
k=1

K -1
1 —H —
+ 5T (Z WkGDkGDk> F}\{FA]

Fp=

K
—H—
X (ZFEH;C GDICWkHAkCTHp> . (17)
k=1

In contrast to the classical WMMSE algorithm used for the
digital TPC optimization [32], there is no need to search for the
Lagrange multiplier, because the power constraint is implicitly
incorporated in the formulation.

IV. OPTIMIZATION OF FEEDBACK MATRIX Cryp,
PERMUTATION MATRIX L, AND DIGITAL RECEIVERS
{GDk }

In this section, we focus our attention on the optimization of
the lower triangular feedback matrix Cryp, the permutation
matrix L, and the digital receivers {Gp, }.

A. Optimization of Digital Receivers {éDk}

For given Cryp, Fa and Fp, the optimization of the digital
receive equalizer of the k' user is a convex unconstrained
optimization problem. The optimal solution can be derived
by taking the derivative of the cost function in problem (14)
with respect to G'p, and setting it to zero. Then, the optimal
solution of G p, may be derived in the following form:

Gp, = I, H,FAFpClyp LAY, VE, (18)

where the positive definite matrix Il is defined as follows:
-1
S —u 1 _
I, = (HkFAFDFEFEHS+PTr (FAFDFSFE)I>
19)

B. Optimization of the Lower Triangular Matrix Cryp

Given the digital TPC, we substitute the optimal solution
of the digital receiver in (18) into the MSE expression (13),
and reformulate the weighted MSE minimization problem P1
with respect to C’THP as

mln E

Crup

L. [CTHP]M =1,

P1-C: r (Wi Ak L" Crup M, Cyp LA}

[Crup]; ; =0, @<, (20)

where the positive definite matrix M}, is defined as
M, =F FVH, IV H, FAFpFy FIVH, 11, H, FAFp
— 2R {FEFEFEHHﬁkFAFD} )

+= Tr (FAFDFDFA ) FoFaH, I, H, FaFo.

2L
Based on the Cholesky decomposition, W}, can be written

in the following form:

W), = Ly, Lw,, (22)

where Ly, is a lower triangular matrix. Note that this
decomposition is different from the traditional Cholesky de-
composition in which Ly, is an upper triangular matrix. The
detailed derivation is given in Appendix A. For the objective
function of P1-C the following equalities hold:

Tr (W, Ay L Cryp M, Clyp LAY
=Tr (LA} W, A, L" Criup M Cyp)
=Tr (LA} LYy, Lw, ALY Crup My Clyp)
=Tr (LA} Ly, AxL" LA} Ly, A L" Crup M, Cyp) ,
(23)

where the final equality comes from the facts that LYL = T
and A, A}l = I. Based on (23) and defining the following

lower triangular matrix
Lp, = LAY Lw, Ay L", (24)

the optimization problem P1-C can be equivalently rewritten
as

min Tr (LDk CTHpMkCrII_\IHPL%k)
Crup k=
S.t. [CTHP]]-J =1, [CTHP]i,j =0, <] (25)
By taking the Cholesky decomposition of Mj,
My, = Ly, LYy, (26)

we obtain a lower triangular matrix Lps, having positive
diagonal elements. Since C'rgp is a lower triangular matrix,
Lp, CrupLpg, is also a lower triangular matrix. Thus we
have

Tr (LDk CTHPMkchPL%k) = ||LDk CTHPLMk H% .

27)
Based on the results in [33], we have the following inequalities

Ng
ILp, Crup L, |7 =Y 07 (Lp, Crup L,
i=1

Ng
> Z M (Lp,Crup L)
i=1

=Y Lo, L]}, (28)
1E€Sk
where the index set Sy in the final equality is defined as
Sy = {i| ILp,); # 0}. (29)
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The equality in the second line in (28) holds when
Lp, Crup Ly, is normal. We would like to point out that a
lower triangular matrix is normal if and only if it is diagonal
[23], [24], [34, pp 132]. Therefore, L p, CtupLag, equals

Lp, CrupLy, = Ay,

Thus we have
Lp,Crup = AxLyy, . (31)
By taking the sum on the both sides of (31), we have
K K
(Z LDk> Crup = <Z AkL]‘v}k> : (32)
k=1 k=1

Note that according to the definition of Lp,, Zszl Lp, is
of full rank. Therefore, the optimal solution of the feedback
matrix C'rgp can be derived in the following form:

K -1 /K
Crup = (Z LDk> (Z AkLI‘V}k> . (33
k=1

k=1

C. Optimization of the Permutation Matrix L

Based on the inequality (28), the minimum value of the
objective function in (20) equals

K
Tr (Wi @uisk,) = Z Z [LDkLMkﬁ,i-
k=14i€Sk

(34)

By exploiting the definition of L in (2), we optimize
the K x K user-level permutation matrix L instead of the
original L. We define the sequence of nonzero indices in
each column of L as si,...,Sg. According to the proper-
ties of the permutation matrix, si,...,Sk are chosen from
1,..., K without repetition. Moreover, based on the defini-
tion of Lp, = LANLw, ALY, Lp, is a block-diagonal
matrix with Ly, being its s,*" diagonal block. Therefore,
> ies, LD, LMk]'ii can be calculated as

2 2
Qk = [LWk]l,l [LMIJ(sk—l)Nd-',—l,(sk—l)Nd-',—l + trt

2 2
+ [LWA:]Nd,Nd [LMk]skNd7skNd : (35)
The problem becomes that of rearranging the sequence
1, ..., K for minimizing the value of Zle @}, and assign this
sequence to Sy, ..., Sk, which can be solved by employing a
greedy strategy.

V. OPTIMIZATION OF THE ANALOG TPC Fp

In this section, we focus our attention on the optimization
of the analog TPC F; under constant modulus constraints. It
is worth noting that since the constant modulus constraints are

nonconvex, the optimization of F5 is challenging. By defining
the function

]:(FA) =Tr

K
—H— —H — — —H
F! (Z H, GDkaGDka> F\FpFp
k=1

K
1 — _—H _H —
+> 5T (FAFoFpFY) Gp, Go,
k=

K
- 23%{FAFDC¥HPL (Z AI,jWngHk> H :

k=1
(35)

[

we can fix the other variables and rewrite the weighted MSE
minimization problem P1 w.r.t. Fp as

P1-A: min F (Fy)
Fu

s.t. ‘[FA]W‘ = 1,Yn,m. (36)
In this problem, the analog matrix Fy is optimized based
on the MM framework of [35]. However, the implementation
of the MM-based algorithms has high complexity of the
majorization operation. Hence, in order to reduce the com-
plexity, an MM-based reconfigurable optimization algorithm is
proposed, in which the analog matrix variables are partitioned
into a series of blocks. Moreover, the algorithm can adjust the
number of iterations for each block based on its performance
improvement in the previous iterations. For the analog matrix
Fs, the MM-based reconfigurable algorithms can be designed
according to its general blocks, e.g., its columns, its rows,
or even its elements. This block-oriented MM-based reconfig-
urable algorithm is more general in terms of its mathematical
description, but the column-oriented and row-oriented MM-
based reconfigurable algorithms have clearer physical inter-
pretation. Each column of the analog precoder matrix F
corresponds to phase shifters connected with a particular RF
chain, and each row of F)y corresponds to phase shifters
connected with a particular antenna. In the following, these
three specific cases are investigated one by one. Moreover, a
simplified block-oriented MM-based reconfigurable algorithm
is conceived, in which the elements of each block have the
same phase. As a result, the corresponding computational
complexity can be significantly further reduced, albeit at the
cost of some performance degradation.

A. Block-Oriented MM-Based Reconfigurable Algorithm

In order to strike a balance between the computational
complexity and system performance, we hereby discuss a
general case, when F)y is divided into arbitrary number of
blocks as:

Fp11 Fp1rc
FA = . ,

Fprn

(37

FA»LR7LC
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where F ; j is an Ny ; X N¢ ; block, while L and Ly denote
the number of partitions in the columns and rows, respectively.
By introducing

K
—H— —H —
Nr =Y H,Gp WGy, Hy,
k=1
— —H
Np=FpFp,

K
— —H —
Ny =FpClLipL (Z AEWkGDkH;@> . (38)

k=1
the objective function of P1-A can be constructed with respect
to the blocks of Fz as (39), as shown at the bottom of the
page, where Ny ; ; € CVNriXNri Ny, o e CNe.ixNea and
Ny, ;€ CNe.ixNr.i are defined as

Ngr,1,1 NRr.1,1c
Nr = : : ;
NRr 1c,1 NR,Lc,Lc |
[ Nrii ... Nraipng |
N = : : ;
| NT,1g,1 Nt rg,ir |
[ NL71,1 NL,l,LR
N, = : 40)
| NL,rc,1 Ny o,

For the block Fj ; j, when the other blocks of F are fixed as
constant terms, the optimization problem with respect to the
block Fj ; ; can be formulated as

Upon defining

j\\fR,i = )\max (NR,i,i) Ia

Nri = Amax (N7 T, (43)

with Amax (IVNRr,;,;) being the maximum eigenvalue of Ny ; ;,
we can conclude that (44) and (45) hold for arbitrary F/g)z 5
as shown at the top of the next page, where C; and Cs are
terms irrelevant to Fjp ; ;, which can be omitted from the
optimization problem. The derivation of (44) and (45) can
be found in Appendix B. The equalities hold if and only if
Nr.,ii=Nr,i, Nt =Nt ;.

Via exploiting the inequality (44), the framework of
majorization-minimization can be exploited for solving the
optimization problem (41). At the tth jteration, the problem
to be solved is shown as (46) at the top of the next page,
where Fjg irj Y is the optimal solution of the problem in the
(t—1)®" iteration, Flg 2 j 1s a chosen constant matrix. The term
Tr ((Nwi+ 245, 5T (Gp, G, ) T) FaiiNeFY, )
is a constant value due to the constant-modulus constraints
on F, Ai,j-

Upon defining

Us.,= (NR Z+Z—Tr(GDkGDk> >

k=1

t—1)
A(xz ,J (NTdv NT,J)
+ (NR,i,z‘ —NR,z) F) (NT,M _NTJ’) — Mg,
47

the optimization problem at the ¢*®

can be reformulated as

iteration in the MM process

min R {Tl" (Ullz.{,i,jFA,iyj) }

K
. 1 —H — H
PEQIHJTY (NR,i,iJr;PTT(GDkGDk)I) FuijN1jiFr; Fap.i
st ‘[FA,i,j}T,m —1, Vm,n. (48)
— 2R {MgijFA,i,j} . . . .
” In order to derive the optimal solutions, the elements in Fy ; ;
and Up; ; are rewritten in the following form:
.t ’[FA,i’j]mn =1, Vm,n, 41)
(Fai gl = €700,
where the matrix Mg ; ; is defined as Usisl = bijun| €F5mn N, n, (49)
Lz Lo
based on which, the optimization problem (48) becomes
Bi,j = YLj,i ;qzzl Ri,pL Ap,qt¥Tq,j R, i’ A, j VT 5,5 equivalent to
K 1 Lc Nr,iNc,;
—H — .
o Z FTr (GD’CGD’“) Z FA’i’qNT’q’j' (42) 9 mlnv ZZ |bi»jvma"|Cos(ﬂi,jﬂn,n_wi,jym,n)' (50)
k=1 g=1.4%] Wigmnymmn} S
Lr Lo Lr Lc Lr Lo
FEN=YS Tr(Nu;;F  NriiFa; +Z Tr(GDkGDk>ZZTr Ny FY Fai)) =204 Tr(VijiFai))
i=1j5=1 k=1 i=1j5=1 i=1j5=1
Lr Lc (Lr,Lc) Lr Lc Lc

33 S Tr (N FY  NripFap) +Z Tr(GDkGDJZZ > Te(Nrgy FY jFaig) +Coy.,

i=1j=1(p,q)=(1,1),
(P,@)#(3,5)

1=1j=1q=1,q#j

(39)



IEEE TRANSACTIONS ON COMMUNICATIONS

Tf(NR,i,iFA,i,jNT,j,jFﬁi,j) <Tr {NR,'L‘FAJ,J’NTJFEZ‘J +2%{(NR,1‘,1’ _NR,i) F,i?f,jJA\fT,jFEi,j

+ Ny (N =N )L+ (M= N ) FOL (N — N ) FEL 1] +0,

(44)
H N H (0) N H
Tr (Fa,i,jN1j FA ) <Tr {FA,MNT,J'FA,Z-,J- + 2R {FA,i,j (NT,j,j - NT,j) FA,i,jH + Oy, (45)
~ W —H = I~ N N
min Tr (NR,7i+Z =Tr (G, G, ) I> FriiNoFf +20 { (Nii— Nea ) B N Y )
k=1
~ G| —H = ~
+ 2%{ (NR,i +> P (GDkGDk) I) Fy7) (NT,M - NTJ) Ffu} — 2R {Mé{,i,jFA,i,j}]
k=1
s.t. ‘[FAaixj]'rn,n =1, Vm,n, (46)

The optimal solution of the optimization problem (50) is
(n)
e

It is worth noting that if we set Lc = Ngry and Ly = Ny,
the majorization step (44) can be neglected, since the quadratic
term in (41) is already a constant value due to the constant-
modulus constraints.

— ej(wi,j,'m,n"!‘ﬂ') , vm7 n.

(S

m,n

In the previous discussions, each element of the block Fy ; ;
has different phases. To further reduce the computational com-
plexity, the number of variables can be substantially reduced
by letting the elements in the same block share the same phase.
With this new constraint attached to problem (48), the cost
function can be recast as

Nr,iNc,;

> > ([UB,i,j]Em [FA,Z-,j],M)

m=1n=1

RATr (Ui jFai)} =R

Nwr,iNc,;

SN (Usalh )i

m=1n=1

|ui ;€763

(52)

where (; ; is the phase of the elements in F) ; ;. The problem
can thus be transformed into

Iélin lwi j| cos (Gij — ti) s (53)
whose optimal solution is of the following form
Gij = Lij + 7. (54)

In the following subsections, some special cases of the block-
oriented MM-based reconfigurable algorithm are investigated
in further depth with much clearer physical interpretations.

B. Column-Oriented MM-Based Reconfigurable Algorithm

In this subsection, each subbolck of Fs only consists of a
fraction of the columns in F)y. Specifically, the analog matrix
F is divided into the following submatrices:

FA: [FAC,lﬁ"'aFAc,LC]a (55)

where Fa; denotes the I*P submatrix consisting of Ng
columns of F, and there are a total of Lc submatrices.
Accordingly, Ny, defined in (38) is also partitioned as

T
Ny =[N ... .NL o] (56)

where Ny, ; is a Ng; x N; block in INy,. Based on the
discussions of our block-oriented MM-based reconfigurable
algorithm, similar to (41) when the submatrices Fa ; for [ # 4
are fixed, the optimization problem P1-A with respect to F, ;
can be reformulated as follows

min Tr (NT,i,iF}fC’Z-NRFAC,i — 2R {M{ Fa.i}

Fac,i

K
1 —H —
o3 (@) et e
k=1

s.t. ‘[FAC,i]mn —1, Vm,n, (57)
where the matrix M ; is defined as
Lc
Mc; =N{' ;— > Nrp;;NaFac,;
J=Lj#i
K H Nnr
-3 5T (GDkGDk) Y NrijFac;. (58)
-1 j=1,j#i
Upon defining
Nr = Amax (Nr) I, (59)

and denoting the optimal solution of Fj ; in the (¢ — 1)

iteration of the proposed MM algorithm by Flitc_il ), similar
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tth

to (48) the optimization problem at the iteration of the

proposed MM algorithm becomes:
min R {Tr (U, Faci)}

Fag,i

s.t. ‘[FAC,i]m,n

=1, Vm,n, (60)

where we have
— K ]_ (H — _ —
Uo,i= <NR > (G, Gn,) I> F{ D (N~ N

+ (NR - NR) FX;P (NT,i,z‘ - NT,i)

+ (Nw — Ni) F{ N — Mo (61)
By recasting Uc ; as
Uil = [Ciinnl €%mm ¥m,n, (62)

the optimal solution of the optimization problem (60) is

obtained as
(n)
[F Ac z} .

)

— ¢ Gimnt™) . (63)

C. Row-Oriented MM-Based Reconfigurable Algorithm

In order to reduce hardware cost and computational com-
plexity, in practical communication systems the number of
antennas is typically much larger than the number of RF
chains. Therefore, Fa is a tall and skinny matrix. If we divide
F, into rows, the computational complexity can be further
reduced compared to dividing Fs into columns. The matrix
F’5 can be partitioned as

T
FA = I:FER,l’ ttt FER,LR] ? (64)

where F ; consists of the Ng; rows in Fj. Accordingly,
Nt, in (38) is divided as

NL:[NLC,I"'7NLC,LR]7 (65)

where N, ; is an Nrp X Ng; block in INy,.

Setting the other submatrices F; for [ # 4 to constants,
the optimization problem P1-A with respect to F,, ; can be
rewritten as

K
. 1 —H —
min Tr <NRM+Z S (GDkGDk)I> Fap:NrFYL
AR,i =1
— 2R { M, Fa,.i}
s.t. ‘[FAR,i],,m —1, Vm,n, (66)
where
Lr
Mc,; =Ni. ,— Z NrijFag, j Nt
J=1,j7
K —H — el
- 5 (GDkGDk) Y FaoNr. (67)
k=1 j=1,j#i
Upon defining
Nt = Amax (N7) I, (68)

and after replacing the cost function in the original problem
(66) by its upper bound, similar to (48) at the ntM jteration in
the proposed MM algorithm, the optimization problem (66) is
reduced to the following optimization problem having a linear
objective function

min R {Tr (Ug,iFARJ) }

Fag,i

s.t. ’[FAR,i]m,n

=1, Vm,n, (69)

where the coefficient matrix Ug ; in (69) equals to

Un.i= (NR,i+§:;Tr (GERGD,C)I> D (No - Ny)
k=1

+ (NR,i,i — NR,i) FX;;I) (NT - NT)

+ (NR,i,i - NR,i) FX;;DNT — Mg,;. (70)
Upon defining the (m,n)*™ elements in Uy ; as
[URil,, 0 = Tismn] €0 ¥m,n, (71)

the optimal solution of the optimization problem (69) be-
comes:

|:FA(:]:),Z:| m,n = ej(Wi’m’"+ﬂ) ) vm? n. (72)

VI. OPTIMIZATION OF THE RIS PHASE SHIFTING
MATRIX ©

In this section, we investigate the optimization of the
phase shifting matrix @ of the RIS in our hybrid nonlinear
transceiver optimization. The MSE matrix of (13) can be
rewritten with respect to ® as

1 —n — —H —
sk, :J—QGDkHRk@H%FAFDFDFEHTQHH& Gb,
2 | H —= =H ~H rrH A
R ?%GDICHR,C@HTFAFDFDFA HIGp,
2
0-77.

—H —
GDkHRk@HgFAFDCEHPLAE} + Co.
(73)

By exploiting the structure of the diagonal matrix ®, we can
reconstruct Hg, @ HY as

Hg,©H{ = 0hg, kY,
l

(74)

where 6; denotes the I*" diagonal element of ©, hr, . and

hr,; denote the I*® column of the channel matrices H, R, and
H, respectively, i.e.,

0, =101, hr,;=[Hr,). i, hr;=[Hr].;. (75
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K

)

1 —H — —=H —
)= > T (WG, b, b FAFp P FY hr b, .G, )

" k=1

K
1 —H —
[wyls =~ > T (WkGDkth,lh¥,zFAFDC¥HPLAI§>
" k=1

1 K
=D IRt
k=1

—H — N
Wi.Gp, hy, bt FAFpFpFy | Hp,+ Z hr, nhr ,

H

Gb,

Ng
8D
n=1,n¢S,

By substituting (74) into (73), the MSE matrix of (73) can be
reexpressed as

Py\isE,
1 Ne N H H
:?22Zele;‘nGthRk,lh%lFAFDFDFEhT,thWGDk

N l=1m=1

N,

20, —n — _—H _

el 320G, anll AT T Y B G,
=1 "

N,

20, —n —

= UlGthRk,lh%lFAFDCgHPLAIg} + Co. (76)
=1 "

In order to simultaneously optimize the multiple diagonal
elements of ®, we introduce the following vector

0=1[0,....0n]" (77)

and reconstruct the cost function of the weighted MSE min-
imization problem as a standard quadratic function. This
new problem can be solved by relying on our MM-based
reconfigurable optimization framework, which we propose for
optimizing the analog TPC. It is worth noting that, a RIS can
be extremely large in practical settings. In order to reduce
the computational complexity in the procedure of finding the
largest eigenvalue of a square matrix, the vector @ is divided
into G subarrays as follows:
T
0=167,...05 . (78)
Without loss of generality, the length of 6,, the g*" subvector
of 8, is denoted as L,. The following set is defined as well

Sg={l|L1+...+Lyg1 <I<Li+...+Ly,l €Z}. (79)

Then, when the other partitions are fixed, the optimization
problem of the ¢'" partition can be written in the following
form:

: T * T
Ho}in Bg QQOQ — 21 {0g wg}

s.t. |[0g],] =1,V € S,, (80)

where we have (81) at the top of this page.
Upon defining the following upper bound matrix of €2,

Qg = Amax () T, (82)

and exploiting the inequality (44) again, an upper bound of
the cost function of (80) in the n*" iteration of the proposed
MM algorithm may be formulated as
TO po* T O n—1)* T

070,60, + 20 {67 (2, - ©,) 00V~ 0w, }, 3
where 05"_1) is the optimal solution of the problem in the (n—
1) iteration, and the initial vector 0_5,0) is a chosen constant
vector. Moreover, upon defining

Vg = (Qg - ﬁg) 0.‘(7"71)* — Wy, (84)
the problem (80) can be recast as
. H p*
win % {vy 6 }
st [0, =1, 1=1,..., L, (85)
where the vectors 8, and v, are defined as
0, = {ew“, ey } !
vy = [Jvga|el¥or, ..., ‘vg,Lg’engng]T (86)

Consequently, the optimization problem (83) becomes equiva-
lent to
Lq

Z |vg,1

=1

min
{9g,1,V1}

cos (Vi1 + i) - (87)
The optimal solution of the optimization problem (87) can be
readily given by

02”) = {ej(”_w“), o ,ej(ﬂfwg’%) (88)

Based on the update steps of the subproblems above, we can
summarize the overall RIS-aided hybrid nonlinear transceiver
optimization procedure in Algorithm 1.

VII. SIMULATIONS AND DISCUSSIONS

In this section, several numerical simulations are carried
out for quantifying the performance of the proposed nonlin-
ear transceiver designs for RIS aided MU-MIMO downlink
communications. In the simulations the BS is equipped with
Ngrr = 8 RF chains and N; = 32 antennas, and it transmits its
signals to K = 4 mobile terminals, each of which is equipped
with N,, = 2 antennas. Moreover, the BS transmits Ny, = 2
data streams to each MT. A RIS having N, = 32 elements is
deployed to facilitate the communications between the BS and
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Algorithm 1 Proposed algorithm for RIS-aided hybrid non-
linear transceiver design.

1: Objective: Minimize the weighted MSE in the objective
function of P1.

2: Initialize: Initial linear TPC F(O) and F"); ; MT receivers
{G( )} triangular feedback matrix CTHP, permutation
matrix L(®); RIS phase shifting matrix ®(°); weighting
matrices Wp,; convergence thredhold e.

3. Calculate the initial F](:? ) and {61(30:} according to defi-
nitions in (11) and (12). Calculate () according to (74)
and (77).

4: repeat
5. Calculate the linear digital TPC F](3 L) according to
7.

6:  Jointly calculate {G(n+1)} C&fﬁ;}) and L("1);
Calculate the MT receivers {Egjl)
(18).

Substitute {égl:l)
P1, and jointly calculate the triangular feedback

} according to

}into the objective function of

matrix Cr(;g;) and the permutation matrix L(™+1)
according to (33) and the greedy strategy illustrated

in section-IV-C.

7: According to the complexity requirements, partition
FXH_U in an element-by-element, column-by-column,
row-by-row or block-by-block form, and calculate
F("H) by an MM-based method following the steps
in section-V.

8 Rewrite the weighted MSE in P1 w.r.t. 8(**t1)_ Divide
0"+1) into G parts and calculate them according to
(88).

antil |52/ 1Tr(Wk i)~ i e (Wi, ) <e

0: Retrieve Fp and {Gp,} according to (11) and (12).
Retrieve © according to (74) and (77).

: Output: Fp, Fa, {Gp,}, Crup, L and ®.

._
o

—
—_

MTs. The relative positions of the BS, the MTs and the RIS
are represented via Cartesian coordinate system, while the BS
is located at the origin of (0,0,0)m. The MTs are randomly
distributed inside a circle with (30, 0, 0)m being the center and
r = bm being the radius. The RIS is located at (30,0, 2)m
The widely used Rician fast-fading channel is given by [24]

B R LoS ﬂ

HNLOS
e 1+ Kg

H, =

(89)

where z is selected from D,k, R,k or T, while Kpg is
the Rician K factor, 8 = [od~* is the pathloss coeffi-
cient. The reference pathloss at the unit distance is given by
Bo = —30dB. The parameter a, is defined as the pathloss
exponent, where ap, = 3.6, agx = 1.6 and ar = 1.9.
The matrices H2°S and HYN"°5 denote the line-of-sight and
the non-line-of-sight component of the corresponding channel
H,, respectively. Specifically, HL°S is usually described as
the product of two steering vectors, while the elements of
HT°S follow the Rayleigh distribution having zero mean and

w
N

The Proposed Method
= = = The Partial Derivative based Method

w
T T

el
©
T

> N

Wejghte
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Iterations
Fig. 2. The convergences of the proposed nonlinear transceiver design and

the benchmark algorithm in the case of signal power = 10dBm, noise power
=-60dBm, K = 4, Ny = 32, Ny, = 8, Ng, = 2, and without RIS.

unit variance. For simplicity, in the simulations the weighting
matrices Wy, in (14) are selected as identity matrices. In the
following figures, each curve is an average of 100 random
channel realizations.

Firstly, the optimization of the triangular matrix Ctyp and
the permutation matrix L investigated is significantly different
from the existing MU-MIMO downlink solutions of [10]. The
most straightforward strategy for optimizing Cryp is based
on partial matrix derivatives. The disadvantage of this strategy
is that it requires iterations between C'rygp and the MT re-
ceivers. Moreover, the permutation matrix is determined by the
channels characterized in [10], and its complex envelope does
not change during an iteration. However, in our algorithm,
Crup, L and the MT receivers are jointly optimized. In
order to clearly demonstrate the performance advantages of the
optimization of C'ryp, all the irrelevant terms are neglected.
Then, the fully digital settings are chosen in which both the
BS and MTs use fully digital transceivers. Additionally, the
RIS is not taken into account in this setting either. As shown
in Fig. 2, the proposed algorithm has significant performance
gains over the straightforward benchmark algorithm based on
the partial matrix derivatives. The performance gain comes
from the fact that in our algorithm the triangular matrix and
the receivers are jointly optimized instead of being optimized
in an alternating manner.

In Fig. 3, the performance gaps between the proposed
nonlinear hybrid transceiver and its nonlinear fully digital
counterpart are quantified. In the procedures of optimizing the
analog TPC Fy and the phase adjusting matrix ®, the MM-
based reconfigurable algorithms are implemented. Specifically,
in order to optimize the analog matrix, the proposed MM-
based reconfigurable algorithm is implemented on a matrix-
oriented manner. However, for the phase adjusting matrix
optimization, the RIS is divided into 4 subarrays and the MM-
based reconfigurable algorithm is implemented in a subarray-
by-subarray fashion. It can be observed that the performances
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.
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Fig. 3. The performance comparisons between the proposed hybrid nonlinear
transceiver optimization and the fully digital counterpart in the case of
K = 4,Ny, = 8,Ng, = 2, with 32-antenna RIS, which is divided into
4 subarrays uniformly.

of the proposed hybrid transceivers and those of their corre-
sponding fully digital counterparts are close. Moreover, when
the BS is equipped with fewer antennas with respect to RF
chains, the performance gap between the hybrid and fully digi-
tal schemes becomes much smaller. A fully digital TPC having
32 antennas can be well approximated by a hybrid TPC having
8 RF chains. The results demonstrate that the proposed hybrid
nonlinear transceiver designs strike an attractive performance
vs. complexity tradeoff, and satisfactory performances can be
achieved at the cost of negligible performance losses.

Fig. 4 shows the performance of the proposed algorithms
when computing the analog TPC via using the MM-based
reconfigurable optimization algorithm at different granularity.
When F is optimized on an element-by-element basis, we
keep all other elements fixed and follow the process of Section
V-A. Since the coefficients of quadratic terms are scalars, the
majorization step can be omitted without affecting the perfor-
mance. Observe that from a performance oriented perspective,
the matrix- and column-oriented MM-based reconfigurable al-
gorithms have much better performance than their element-by-
element oriented counterparts. Moreover, the column-oriented
reconfigurable algorithm has almost the same performance as
its matrix-oriented counterpart. It can be concluded that the
column-oriented reconfigurable algorithm strikes a convenient
performance vs. complexity tradeoff.

Our performance comparisons between the proposed hybrid
nonlinear transceiver designs operating with and without RIS
are demonstrated in Fig. 5. In this case, the MM-based
reconfigurable analog TPC optimization is also implemented
on a matrix-oriented manner, i.e., Fj is optimized as a
whole. Additionally, the MM-based reconfigurable algorithm
used for the phase shifting matrix optimization at the RIS
is implemented on a subarray-by-subarray basis. It can be
concluded that the optimization of the phase adjusting matrix
at the RIS attains significant bit error rate (BER) gains at

0.7 7

06 } = = =By Element 3

osd® | = By Column 1

I = By Matrix

0.4k ]

Weighted MSE
o

o
[N}
T

Iterations

Fig. 4. The convergence behaviors of the proposed reconfigurable MM-based
algorithms. K = 4, Ny = 32, Ngrp = 8, Nr, = 8, Ny, = 2, with 32-
antenna RIS, which is divided into 4 subarrays uniformly.

--@ - Proposed Phase Shifting, N=16
--A-No RIS, N;=16
- @ - Proposed Phase Shifting, N,=32
- A-NoRIS, N =32
—@— Proposed Phase Shifting, N=64
—A—No RIS, N;=64

Mean Bit Error Rate
5

10°F

10—6 1 1 1 1
-50 -55 -60 -65 -70 =75
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Fig. 5. The performance comparisons between the transceiver designs with
and without RIS.K' = 4, Ngp = 8, Ny, = 8, Ng, = 2, with 32-antenna
RIS, which is divided into 4 subarrays uniformly.

high SNRs compared to the system operating without RISs.
This conclusion demonstrates the performance advantage of
the RIS technology. Although the optimization under constant-
modulus constraints requires sophisticated optimization, it
attains substantial gains.

In terms of the complexity analysis, since the optimal Fa
and © emerge from two layers of iteration, the computational
cost of the whole algorithm is dominated by these two parts.
Let us assume that the numbers of inner iterations required
for optimizing F» and ® are given by I5 and Ig, respec-
tively. When F is computed as a whole, the complexity
is on the order of O (InNZNgp + IAN;NZy). When a re-
configurable optimization over rows (or columns) of Fj is
employed, the complexity can be reduced to O (I ANENRF)
(or O (I ANtNi?{F)). The minimum complexity of F is as low
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as O (InN¢Ngrr), when an element-wise approach is adopted.
Similarly, the complexity order of directly optimizing © is
given by O (IoNZ2). When the RIS is divided into G parts,
the complexity order degrades to O (I@GLg). The lowest
complexity order is O (IgNs) when the RIS is optimized
in an element-by-element manner. Therefore, each iteration
of the algorithm enjoys a flexible complexity order, with the
range spanning from O (IANENRF + IAN:NEp + I@NSQ) to
O (InN{Ngr + I N).

VIII. CONCLUSIONS

In a nutshell, we investigated the hybrid nonlinear
transceiver optimization of the RIS-aided MU-MIMO down-
link. Specifically, a RIS was deployed to facilitate communi-
cations between a BS and multiple MTs. A nonlinear TPC was
adopted at the BS, while the THP and the analog TPC of the
BS were jointly optimized both with the phase adjusting matrix
at the RIS and with the linear MT receivers. For the THP,
the triangular feedback matrix is designed beneficially, where
the corresponding optimal solution is derived in closed form.
Moreover, in order to tackle the nonconvexity of the constant-
modulus constraints imposed on the analog TPC, a MM-based
reconfigurable optimization framework was proposed, which
can strike an attractive balance between complexity and perfor-
mance. The MM-based reconfigurable optimization framework
is capable of optimizing the analog TPC on a block-by-block,
column-by-column, row-by-row or even element-by-element
basis. Moreover, an MM-based reconfigurable optimization
algorithm was also proposed for the optimization of the phase
adjusting matrix at the RIS, which also has to satisfy constant-
modulus constraints. We concluded by providing numerical
results for quantifying the performance advantages of the
proposed nonlinear hybrid transceiver optimizations over sev-
eral benchmark algorithms. The numerical results verified the
accuracy of the theoretical analysis.

APPENDIX A
CHOLESKY DECOMPOSITION IN AN UPPER-TRIANGULAR
VERSION

For a positive semi-definite matrix A, we can construct a
matrix B = PAPY where P is a permutation matrix defined
as

P = (90)

1

Based on the traditional definition of Cholesky decomposition

[34], we have
B=LL"=LPPULY, 91)

where L is a lower-triangular matrix, and the second equality

holds because PPH = I. From (91), we have
A=PiBpP=PlLPPULYP =UU", (92

where U = PHLP is an upper-triangular matrix.

APPENDIX B
THE DERIVATION OF (44) AND (45)

The inequality (44) is derived as follows:

H
Tr (Nr.i,iFai N1 FA )

1 H 1
:Z Tr ({FAJJ‘N%,LJ_ Nr,ii {FAJ‘»J‘N%J,J} )
el ,m L,m
(a)Nc’j 1 H 1
S Z Tr ({FAMNT?JJ} . Nr,i {FA,Z-,]-NT?M} .
— 5 ;

1 H — (O) 1
+2R [FA,i7jNT2,i,i} (NR,iyi_NRaD[FA,i,leg,i,i}_

Lm

L "~ :
[ () [ )
(93)

NE 0 ~N N3 g 18
+ NR,iFA,i,j ) NTJ _NTJJ NR,iFA,i,j )
NC»J' 1 H N 1
+§ ,<2§R{[FAZ]NT2‘11:| (NRJ‘,Z’*NRJ)[FE,)EJN%LJ }

m=1
_— 1
[ (B o) [N )
Lm o
—Tr [NR,iFA,i,jﬁT,szsi,j
+ 2R { (NR,i.,z‘ - NRJ) Ff(*?g,jNijijgm
I g
=Tr [NRJ‘FA}i,jNT,.jFEiJ
+ 2R { (NR,M - NRJ) FA:iyjNT’j FA’i’j
+ N Fy) (N r5— N ) Fiig

+ (NR,i,i*N/R,i)Fli?g’j (NT,j,j *NT,J)FE,Z-JH +Ch,
(94)

where the inequality (a) comes from the fact that
Nr,; — Nr,,; = 0. By exploiting the properties of positive
semi-definite matrices, we have ! (NR,,; — NRM) x>0
for an  arbitrary vector x. Upon  substituting
1 1
= (0) =
{FAJ,J‘NTQJJ} m |:FA7i,jN’I2‘7j’ji| :7m> by « and rearrang-

ing the inequality, (a) is obtained. If we recast the first term in

H — L
93), S T ([FA,Z-JN%M} Nri [FaiiNi

,m} o

Ngr.i —~1 —~1 H
o 3,5 Tr ([Nﬁ,iFA,i,j]n Nz, [Né,iFA,i,jL ) (b)
can be obtained for the same reason as (a) by exploiting the
positive semi-definite nature of Nt ; — N j ;.
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The inequality (45) is derived from
Tt (Fai Nt FA ;)

z

i

(©) . .
< ([FA,i,j]n,: Nr,j [Faijl,.

3
Il
—

e (v~ 50) 12

— H
o [m] | (Fe ) [P0

=Tr {FAJ,jJA\fT,jFEi,j +2§R{F1§?z?,j (NTJJ _NTJ) F/Ei,jH
+ Cy, 95)

where the inequality (¢) holds for the same reason as (b).
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