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Abstract—This is the first investigation focused on deliver-
ing multi-stream information to multiple multi-antenna users
employing an active reconfigurable intelligent surface (aRIS)-
assisted system. We conceive the joint design of the transmit
precoders and of the aRIS’s power-amplified reconfigurable
elements (APRES) to enhance the log-det rate objective functions
for all users, which poses large-scale mixed discrete continuous
problems. We develop a max-min log-det solver, which iterates
quadratic-solvers of cubic complexity to maximize the nonsmooth
function representing the minimum of the users’ log-det rate
functions. To mitigate the computational burden associated
with cubically escalating complexity in large-scale scenarios, we
introduce a pair of alternative problems aimed at maximizing
the smooth functions representing the sum of the users’ log-det
rate function (sum log-det) and the soft minimum of the users’
log-det rate function (soft min log-det). We develop sum log-
det and soft max-min solvers, leveraging closed-form expressions
of scalable (linear) complexity for efficient computation. This
approach ensures practicality in addressing large-scale scenarios.
Furthermore, the soft min log-det enables us to enhance the log-
det rates for all users and their sum, ultimately improving the
quality of delivering multi-user multi-stream information.

Index Terms—Active reconfigurable intelligent surface (aRIS),
multi-user precoding, active power control, log-det matrix func-
tion optimization, large-scale computation, mixed discrete con-
tinuous optimization, log-det enhancement,

I. INTRODUCTION

At the time of this writing, there is intense interest in uti-
lizing metasurfaces as massive antenna arrays, owing to their
promising potential in next-generation networks and beyond
[1]-[10]. Nonetheless, the majority of existing research has
been predominantly focused on simple scenarios, considering
either a single multi-antenna user or multiple single-antenna
users. Unfortunately, these scenarios still fall short of capturing
the intricacies inherent in real-world communication networks,
where multiple data streams are transmitted to numerous users,
each with multiple antennas is commonplace. Interference
is absent in a single multi-antenna user scenario, which
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significantly simplifies the information theoretic analysis of
the single-user rate function. For scenarios of multiple single-
antenna users, optimizing the users’ rate functions can be
equivalently translated into optimizing the users’ signal-to-
interference-plus-noise ratios (SINRs) for fractional program-
ming. For multiple multi-antenna users, the individual rate
function is defined as the log determinant (log-det) of a
nonlinear matrix expression composed of the covariance ma-
trices of the signal and interference. Optimizing these log-det
rate functions poses significant computational challenges, even
for moderate-dimensional conventional multiple user systems
dispensing with metasurfaces, where fractional programming
or semi-definite relaxation is entirely ineffective [11]-[13]. It
is unsurprising that optimizing the users’ rate functions in
large-scale supporting multiple single-antenna users has been
extensively studied [14]-[21] but its extension to scenarios of
multiple multi-antenna users has remained largely unexplored.

The primary objective of multi-user (MU) networks is to en-
sure a high quality of information delivery (QoD) for all users
(MU QoD) in terms of their individual rates. Metasurfaces
are distinguished by their programable reconfigurable elements
(PRESs), which are subject to discrete constraints due to their
low resolution in practical implementations. Consequently, op-
timizing the users’ log-det rate functions in metasurface-aided
MU networks involves tackling large-scale mixed discrete-
continuous problems, which further exacerbates the compu-
tational challenges. The sum rate (SR) maximization problem
proves inadequate since it often prioritizes enhancing rates the
specific users that have the best channel, leaving others with
nearly zero rates. Attempting to overcome this limitation of
SR maximization by imposing constraints on the log-det rate
functions to ensure MU QoD should be avoided since it result-
s in computationally challenging mixed discrete-continuous
constraints that remain unsolved. The most straightforward
approach of enhancing MU QoD without constraining it is
to maximize the minimum of the log-det rate functions,
which, nevertheless, constitutes a nonsmooth mixed discrete-
continuous problem.

Active reconfigurable intelligent surfaces (aRIS) have been
introduced recently [5], [6]. They enable power amplification
to the PREs of a metasurface, compensating for the double
path-loss caused by dual-hop signal propagation from the
source to the destination assisted by the metasurface. In
particular, the authors of [6], [22], [23] have used fractional
programming to demonstrate the enhancement of SR in aRIS-
assisted networks supporting multiple singer-antenna users.



Again, solely enhancing the SR may not always lead to
equitable MU QoD. This paper presents the first advancement
to ensure high MU QoD in aRIS-assisted multi-antenna multi-
user systems by the joint design of matrices for precoding
information streams (transmit precoders), low-resolution phas-
es, and the power allocation for the vector of aRIS-powered
amplified PREs (APREs). More explicitly, the paper offers
the following contributions to push forward the field of MU
services:

o Large-scale Max-Min Log-Det Optimization: This is
the first attempt to address the challenge of maximizing
the minimum of the users log-det rate functions, leading
to max-min log det optimization. It poses a nonsmooth,
large-scale, mixed-discrete problem due to the significant
dimensions of both the individual transmit precoders (T-
PCs) and of the APREs’ vector, along with their discrete-
valued phases. To tackle this, we introduce a novel uni-
versal penalized optimization framework, which allows
us to utilize cubic complexity (CC) quadratic solvers
(QSs) in the alternating optimization of the TPCs or the
APRESs’ vector, while employing closed-form expressions
in alternating optimization either for the APREs’ power
or for their discrete-valued phases;

o Large-scale Sum-Log-Det Maximization: Embedded
within our universal penalized optimization framework,
it takes advantage of the smoothness of the GM-log-
det function to leverage closed-form expressions having
scalable (linear) complexity in alternating optimization
for the TPCs, the APREs’ vector, as well as for the
APRESs’ power or their discrete-valued phases;

o Large-scale Soft Max-Min Log-Det Optimization: This
is the first endeavor to enhance the MU QoD. We
introduce a new optimization objective, referred as soft
minimum of log-det rate functions. Maximizing this
function (soft max-min log-det optimization) not only
helps to ensure high MU QoD but also achieves high sum
log-det rates. Its smoothness allows us to utilize scalable-
complexity closed-form expressions in the alternating op-
timization of each of the aforementioned TPCs, APREs’
vector, APREs’ power, and discrete-valued phases with
the aid of the universal penalized optimization framework
mentioned above.

The paper is structured as follows. Sections II, III, and IV
are dedicated to developing algorithms for the optimization
of max-min log-det, sum-log-det, and soft max-min log-
det. Simulations are presented in Section V, and Section VI
concludes the paper. The Appendix provides the mathematical
ingredients for the algorithmic derivations.

Notation.Only decision variables are printed in boldface;'
For a vector a, diag|a] is the diagonal matrix with the entries
of @ in its diagonal; (X) represents the trace of matrix X,
and || X||? is the squared Frobenius norm; [X]? meansX X,

'We would like to emphasize the intentional use of boldface font in our
paper, exclusively employed to highlight decision variables. This deliberate
choice serves to explicitly distinguish between feasible points and variables,
ensuring the prominence of decision variables and thus helping to recognize
the specific structures such as quadratic forms of the functions concerned.
These variables may take the form of scalars, vectors, or matrices.

so [X]2 = XHX and ||X]|2 = ([X]?) = ([X"]%): X = 0
(X > 0, resp.) means X is positive semi-definite (positive
definite, resp.); For X > 0, VX indicates a positive semi-
definite matrix (VX > 0) so that [\/)?]2 = X; Naturally,
X =Y suggests X —Y > 0. The reader is referred to [24]
for matrix optimization.

The distribution of a circular Gaussian random variable with

zero means and variance o is denoted by C(0,c). Table I
presents a summary of the notations used.

TABLE I: Basic notations

Notation Description
NN # of BS’s transmit antennas/index set {1,..., N}
KIR # of users/index set {1,..., K}
NN, # of user’s antenna/index set {1,..., N,-}
MM total # of APREs/index set {1,..., M}
b number bit resolution

penalty parameters

c
W), € CNXNr user k’s precoder

z2 (z1,...,20)7 design vector of APREs
0= 01,...,00)T design vector of APREs’ phases
p2(p1,...,p0m)7 design vector of APREs’ power amplification
W,iy"), z("), 9(“), p("‘) generated values of Wy, z, 6, p at x-th iteration
W/ (%) [W1 W)/ [w w]
re(W, z) achievable rate for user k&

II. MASTERING ITERATIVE CC LARGE SCALE QUADRATIC

SOLVERS FOR MAX-MIN LOG-DET OPTIMIZATION

We consider the wireless network of Figure 1, consisting of

an aRIS assisting an N-antenna base station (BS) in serving K
N,.-antenna users, which are indexed by k € & = {1,...,K}.
The aRIS is equipped with M power-amplified programable
reconfigurable elements (APRESs) z,,, m € 9 = {1,..., M}.
For the practical implementation of the aRIS, we make the
assumption that the APREs have phases of low-bit resolu-
tion, resulting in the following mixed discrete continuous
constraints

Zy, = Pme’®™,m € M, (1)

with p,,, € R representing the power amplification coefficients,
and

2
GmEBA{B;br,B0,1,...,2b1},m€9ﬁ, )

representing the APREs’ phases of b-bit resolution.> We thus
define the vector of APREs by

22 (z1,...,20)" €CM, 3)
Let
Ny x M Hrka 1xM
CHrxM BHRJC: .. ,HRyk,nre(nynre‘ﬁr (4)
Hp N,
GB,Rr1
& Gpr= € CM*N

GB.r,M

2In practice, p,, may be subject to quantization. However, for the sake of

focus in this paper, we defer consideration of quantization to future work,
assuming that the resolution of p,, is sufficiently high to treat it as analog.
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Fig. 1: aRIS-assisted system model

represent the channel spanning from the aRIS to user k €
R, and that from the BS to the aRIS. Gp g and Hp ) are
expressed by 4 /63736371{ and /ﬂR,kHR,k, where Bp g and
Br, i represent the path-loss and large-scale fading of the link
spanning from the BS to the aRIS and that from the aRIS
to user k. Explicitly, G g is the line-of-sight (LoS) channel
matrix between the BS and aRIS, while Hpg, ;, is modelled by
Rician fading between the aRIS and the user k [25], [26]. For
Rp i as the spatial correlation matrix of the aRIS elements
with respect to user k, the channel from the aRISs to user &
is represented by

Hp 1 Hp i1/ RRk

] A

HR,k: ~ :HR,k\/RR,k: .
Hp kN, Hpg kN / RR K

Let Hj, € CN"*N be the direct channel impinging from the
BS to user k. H, = \/BpHj) with the path-loss and large-
scale fading \/fx at the distance dy from the BS to user k.
The small-scale fading channel gain Hj of the BS to user
k obeys the Rayleigh distribution [27]. Then the composite
two-hop channel from the BS to user k is given by

Hi(z) 2 Hy, + Hy(z), (5)

where . (z) is the composite channel spanning from the BS
to user k via the aRIS defined by

CNM 39 (z) £ Hpdiaglz]Gp g ©)

ZTdiag[ﬁg,k,l]

= Gpr (1)
z"diag[Hf ;, v, ]
= Ex(z)GB,r )]
for
CM 5Dy, = diag[HE 4 | (kiny) € XN, (9)
and
ZTDk’l
CNM 52, (z) £ (10)
ZTD;%NT

Let s, € CNr obeying E([sx]?) = Iy, represent the N,
number of information streams intended for user k£, which is
precoded by the TPC of

W = [Wi Wi n, ] € VXN (1)

prior to its transmission from the BS. The signal received at
user k£ can be written as

CcN- DYk = 7:Lk(z) Z Wyisk + Ek(Z)I/ + ng,
keR

12)

where v € C(0,0,1)) is the dynamic noise induced by the
aRIS, ny € C(0,01y,) is the additive white Gaussian noise
(AWGN), which encompasses both the background noise and
the channel impairments caused by imperfect channel state
information (CSI).

For W £ [W; W |, the rate in nats for user k is
expressed as the following log-det function

r(W.2) = In| Iy, + [Hu(2) W20 (2, W)|, (13)

with [H},(z)W}]? representing the covariance of the signal of
interest, and

®,(W,z) £ Z [Hi(2)W;)? + 0, [Ex(2)]? + oy, (14)
Jef\{k}

representing the covariance of the interference plus noise. We

also use (8) to represent

Hi(z) W HyW; +=5(2)G rW,

= Hij +Ak(Wj7Z), (15)
with
CNNe 5 AR (W5, 2)

rLoT T
z" Dy 1G,rRWj1 z" Dy 1GB,rRWj N,

1>

12" Dy N, G, rW i1 2z Dy N, G RW N,
[ Ag1,1(Wy)z Aga,N, (W;)z

.. PPN e B

ArN, 1 (W))z AN~ (W;)z

(16)

where

CIxXM 5 Ak,e,é’(wj) S WIZ,GE’R'D]C,@, (K,ﬂ/) €N, x N,.

a7
The TPC power given the budget P is constrained by
> lIWi[P <P, (18)
kER

which is a convex quadratic constraint, while the reflected
power of the aRISs given the budget P4 is constrained by

> ||diag(zm]memG . Wil[* + ou|2l[* < P4 (19)

keR
&Y (Q1(2)[Wi]?) < Pi(2) (20)
kER
ez Qy(W)z < Py, (21)
where
Q1(z) £ (Gp,r)" diag(|zm|*lmemGn,r
Pi(z) £ Pa — 0, |lz]]?,
QW) 2> > diag|Gorm Wi, lmem (22
keER n,.eN,.
+UVIIM-

By (20) we represent the biconvex constraint (19) as a convex
quadratic constraint in W with z held fixed, while by (21)
we express the biconvex constraint (19) as a convex quadratic
constraint in z with W held fixed. To address the MU QoD



offered by aRIS-assisted MU communications, we consider
the following problem of max-min log-det optimization:

gnax f(W.2) £ minr(W.2) st (1).(2), (18), (19),
(23)

which is a large-scale problem due to the massive number of
its decision variables. For example, under a typical scenarios
of (N, N,, K, M) = (16,2,10,100) it is KN, N+3M = 620.
This maximization problem is very computationally challeng-
ing, because its objective function (OF) f(W,z) is not only
nonconcave and nonconvex but also nonsmooth, representing
the pointwise minimum of the log-det functions. Furthermore,
the nonlinear equality constraint (1) and the difficult discrete
constraint (2) prohibit exact alternating optimization in either
z, § or p. To tackle (23), we adopt the popular penalized
optimization framework [28], [29] and integrate the nonlinear
equality constraint (1) into the optimization OF, leading to the
following penalized optimization problem:

szax fo(W,z,p.0) 2 [f(W,z)

-p Z |2 —

meM

S.t

Pme®|?

s.t 24

(2), (18), (19),

where p > 0 is the penalty parameter. Note that any feasible
point for (24) is not feasible for (23), unless we have z,, =
pmeﬂ"m, m € M.

This section introduces an alternating ascent algorith-
m based on cubic-complexity QSs to solve (24). Starting
from an initial point (W 20 p©® 9©O) for (24), let
(W) 25 p(r) g(x)) be a feasible point for (24) that is
found from the (k — 1)-st iteration. We now describe an

alternating ascent in each of W, z, p and 0 to generate
(W(NH)’ 2D plrtl) 9(ﬁ+1)).

A. Cubic-complexity TPC ascent
To seek W(*+1) such satisfying

fo(W (k+1) z(“),p(”),ﬂ(”)) > fp(W("),z(“),p("),G(”))
& fVED L) > W) 00), (25)
we consider the following problem?
(k) o e (K)
max 17 (W) £ min (W) st (18), (262)
S wi) < P, (26b)
keR
with (") £ 9, (2()) and P & Py(2(*)) according to (20)

and (22), while according to (13) and (14) we have:

rU (W) 2 (W, 20)
= In|Iy, + [HW 2@ (W) 1] ,@7)
for H{Y 2 Fu(z¥), ofUW) 2 @,(W,29) =
2 jes\n H 1(13W] + Qﬁ”ﬁ and 95”13 2 0, [Zk () +
OIN,.

3Subscript 1 in (26) and subsequent equations in Subsection ILA, IILA,
and IV.A designates functions associated with TPC ascent.

By applying the inequality (77) in Appendix I
for (V.Y) = (H")W;,@")(W)) and (V,Y)
Vi vy 2 @ w, el (W), the following
tight concave quadratic minorant of 7”5512 (W) at W) is
obtained:

AL (W) 2 al) 2R (V)T (V) T H W)
— (LN ES W) (28)
JER
= al") +2R{(BRIW)) — (%), S W)
JER
= a{) + 2R{(BIIWL)} = ST [/l WP
jER
(29)
with 0 < W) 2 (V)1 — (V) + 1)L el 2
P W) — (VRRE ) — el o), B 2
(V(”))H(Y(K)) lHl(Kk)’ C;"@k) ﬁ (H(”))H\P(“)H(”k)_

It is plau31ble that f(ﬁ)( W) £ mmkeqrg ,z(W) is a tight

minorant of f1 (W) at W) and moreover it is concave
as the pointwise minimum of the concave functions fﬁg (W)
[30]. We thus generate W (*+1) verifying (25) by solving
the following large-scale convex quadratic problem (CQP)
with CC order of O(K*N3N?) [31, p.4] for tight minorant

maximization:*

max FRE W) st (18), (26b). (30)
B. Cubic-complexity aRIS ascent
To seek z("t1) such that
fp(W(H+1),Z(”+1),p(”),9(“)) >
fp({/[/('ﬁ-l)7 z(”),p(”)7 g(ﬁ))’ (31)

we consider the following problem:’

max f(n) £ [f;) —p Z |, —p(“)ej‘gm |2] (32a)

meM
21 QY2 < Pa, (32b)

with fQ(H)(z) £ minkeﬁrgfg(z), and Qé’i) £ Qz(W(”‘H))
according to (21) and (22), while according to (15)-(17):

s (z) 2

S.t.

S Tk(W(K+1), Z)
=1In |Iy, +[A)) + AL (2)]2(@57)(2)) 7Y, (33)

with AI(:J) 2 HkW;K+1), (k( {) e( )ﬁ x R, <1>§'f,3(z) £
Bp(WHD, 2) = Yo oy AL+ AL (2)]2 + 0, [Bk (2))2 +

4The problem (30) is formulated as the standard convex quadratically
constrained problem max t st f&“,g (W) >tk € 8 (18), (26b).

SSubscript 2 in (32) and subsequent equations in Subsections IL.B, IILB,
and IV.B designates functions related to aRIS ascent.



Ag(WD 2)
A1, N, )z

AN, N, )z

and CUM 5 AP (0, 0) 2 (WT)TGE oDy, (4,0) €

N, X N,
Applying the inequality (77) in Appendix I for (V,Y) £
A

(Al(:ll + Aﬁfzi(z) @éﬁg(z)) and (V,Y) ({/2(2)7}/2(;))
{7)(2(")), the following tight concave

(A% + AL), @
quadratic minorant of ré )( ) is obtained at z(®):
() £ a5+ 2RV,

NHYS) U AR + AL (2)

—<@§'§2, [A,S?}+A£?}<z>]2+ay[sk<z>12> (34)
jER
= al) + Y W ESAL ) @)12 — 0yl O Ek(2)|?
JER
+23 RUBY) AN (2))}
jeﬁ

=all+2> N R{BYL(OALN, 0)z)

JER (£,0)EN, XN,

T T (3 een;

JER (L,L")EMN . XN, t=1
—a, > 2" )] ‘Péf,i(é,ﬁ’)Dk,eflﬁ (35)
Eem K/E‘Yt
= af) + 2R{0{7z) — (), [2]), (36)
with 0 < O 2 (VD)L — (%) + (VPR el A
r§) (=) — <[V§,*2?P<Y;?>-l> —o(WY), and aly) £ a7 +
GR{((VA ) (V) ALY — (wl, zjeﬁ\{k}m('f}m,

—(A,(c'j;)H\Ifg’f,Z for j=k

- (Az(:j) ) Ay (zn;z otherwise
and bgjlz S Z Z Bgnlzj(g f’) ).(6/76)’
JER (L, L)EM, XN,
CYE DD lz\/@zmgﬁjtm n
JER (£,0)EN,. xN
2

[ S e, ok, ] :
ven,

It is plausible that f(n)( ) & mlnkeﬁfgf,z(z) is a tight
minorant of fz(”) (z) at 2(*) and moreover it is concave as the
pointwise minimum of the concave functions F;Kk)( ) [30]. We

thus generate z("t1) verifying (31) by solving the following
large-scale CQP with CC order of O(M?3K) [31, p.4] for tight

minorant maximization at z(*):6

—p > 17w —

meM

i) 0502

max
z

st (320). (37)

C. Amplifier and PRE ascent
We generate p(*t1) and #(5+1) by

pletd = argmln |2{e+D) jz)T,LeJ‘m)\2
= |z,(,';”+1)| cos(£z"FD —9)) ' e M (38)
and’
9(n+1) = arg mlen IZ(K+1) (n—i—l)ejem |2 LAZ(K,—‘,-l)"b’
(39)
which yield
fp(W(HJrl)’Z(HJrl),p(ﬁH)’9(N+1)) >
fp(W(““), (1) p(tD) glr)y - >
fp(W(m—l) (K+1 p) 00, (40)

D. Algorithm and its convergence

Algorithm 1 provides the pseudo code for solving the
problem (24). It follows from (25), (31) and (40) that

Fp (WD D) pet1) glet)y 5 p () o 00) (0 gy,
(41)
#

sequence

as  far as  f,(WOHD HsFD) plstl) glst1))
£, (W) 209 pls] (s, o the

{(W ) 2(5) p(e) 9(=))} of improved feasible points
for (24) converges to (W,Z,p,0). Furthermore, by
choosing a sufﬁ01ently large p > 0, we can ensure that
Max,em \zy(n (“)eegn 2 5 0 as kK — oo, which means
that (z, p, é) satisfies the nonlinear constraint (1). Therefore,
(W, z,p,0) is feasible for (23), which turns out to be at least
a local solution [28].

Algorithm 1 CC QS-based algorithm for the large-scale max-
min log-det optimization (24)

1: Initialization: Randomly generate (TW(%9), 2(0) p(0) 9(0))
feasible for (24). Set x = 0.

2: Repeat until convergence: Generate W (1) by solving
the large-scale CQP (30) of the CC O(K*N32N3), and
2541 by solving the large-scale CQP (37) of the CC
O(M?K). Generate (p(*+1), 2(v+1)) by (38)-(39). Reset
K+ K+ 1.

3. Output (W), 2(%) p)
R.

2 and 7, (W 2(9) |k €

%The problem (37) is formulated as the standard convex quadratically

()
@) —p D lam —pin e P 2

constrained problem max t s.t. 5, o (
z,t
meM

t k € 8 (32b).
717y is the b-bit rounding operation



III. LARGE-SCALE SUM-LOG-DET MAXIMIZATION

The computational complexities O(K2N3N?) and O(M?)
of the large-scale CQPs (30) and (37), invoked in Algorithm
1 are massive because both KN and M typically exceed
100. Consequently, the computational time required is quite
substantial. In this section, we aim for addressing this com-
putational challenge by considering the following large-scale
Sum-Log-Det maximization:

23 (W, 2)

W
e fsr(W,z) 2

st (1),(2), (18), (19).

Similar to (23), we tackle (42) by formulating the following
penalized optimization problem:

£ [fsr(W,z2)

P Z |Zm, *pm€j0m|2
meM
Initialized by a feasible point (W (?), 2(9) 5(©) 9(0)) for (43),
let (W), 2(%) p(=) (%)) represent a feasible point for (43)
obtained from the (x — 1)-st iteration.

(42)

max W,z,p,0
W,z,p,@fmSR( yZ,P, )

(2), (18), (19).  (43)

A. Scalable-complexity bisection for TPC ascent
To seek W(++1) 5o that

fp,SR(W(“H), z(“)) > fp,SR(W(K), z(“))

& for(WETD 20) > fop(W) 29) (44
we consider the following problem:
max f{7 (W) £ 3" r{)(W) st (18),(26D), (45)

ker

(N)(

with ;7 W) defined in (27). By utilizing (29), we can derive

the following concave quadratic minorant of the OF f é’g 1 (W)
in (45) at W)

i (W)

(1>

S [al") + 2R{(BI W)}
ker
—(C ST IW )]

jeﬁ
= Y a{+2 ) RUBEIWLY
ker ker

e ST W)

keR

with 0 < ¥ 2 Y kes C(H) We thus generate W (1)
verifying (44) by solving the following CQP of tight minorant
maximization at T/ ()

o (W) st (18

This matrix optimization problem, which is solvable by a
convex solver with CC order of O(K3N2N3), also falls
under the category defined by (78). Therefore, it is solvable
by the bisection method of scalable complexity order of
O(KN,N log, N) described in Appendix II, bypassing a
convex solver of CC order of O((KN,N)?).

(46)

), (26b). (47)

max
W

B. Scalable-complex closed-form for aRIS alternating ascent

To seek z("t1) 5o that
Fosp(WETD Z(HDy > ¢ g p (WD 2 (0) (48)
we consider the following problem:

max f;:{S)'R,Q( ) £ [ §22( )

‘1’§:|Ln_p

meM

4 r{")(z) with ") (z) defined from
kes 2,k 2,k

gr’j)eﬁf:) |21 st (320), (49)

where fé’gg(z)
(33).

By utilizing (36), we can derive the following concave
quadratic minorant of fé';% ,(2) in (49) at z(7):

(ha@) 2 Y [afid + 2006002} - (cf), 121%)]
keER
= o +2m{b<“>z}+zﬂc(”>z (50)
for a2 Zkeﬁa2 k> b(ﬁ 2 Yiea b2 x> and Cén) =

Zkeﬁ 2,k-
We thus generate z(**t1) verifying (48) by solving the
following convex problem of tight minorant maximization:

P 2{: |Zm —

max [3;3)2 6J95: |21 s.t. (32b),

meM
(51

which admits the closed form solution of

(€S + pIny) 1)

k+1 . K K — K

S = 8t |1yl el + plar) W2 < Py

€S + pIn + aQ(K))’lf(“) otherwise,
where £(%) £ (bgﬁ)) + p(py (") 3 ,...,pg\z)eﬂeﬁ\;))T and

a > 0 is found by bisection so that ||4/ gﬁ) (Cé’i) + ply +
an{))*lf("‘) ||> = Pa. The computational complexity of (52)
is O(M logy, M).

C. Algorithm and its convergence

Algorithm 2 presents the pseudo code for solving the
problem (43) by iteratively evaluating the closed forms (47),
(52), (38), and (39). The algorithm’s convergence follows from
the fact that

(WD (D) p(et]) g(rtD)y
Fosar (W 2(0) (=) g(e)y, (52)

as  far as f, gar(WEFD et 1) pletd) gleti)y +
fp,gM(W(”), 28 p(r) 9(=)) ie. Algorithm 2 generates
a sequence {W) 2(®) 5(%) 9(=)1 of infeasible points for
(42), which converges to its local solution [28].

Remark. While this large-scale mixed discrete continuous
problem (43) can be solved efficiently, it often exhibits zero or
negligible log-det rates for certain users. In essence, optimiz-
ing the sum log-det rate without taking into account realistic
MU QoD constraints is not meaningful.

fp,SM



Algorithm 2 Scalable-complex SR algorithm for the large-
scale Sum-Log-Det maximization (43)

1: Initialization: = Randomly  generate a  feasible
(WO 20 5 9O for (43). Set k = 0.

2: Repeat until convergence of the objective func-
tion in (43): Generate W1 by solving (47) of
the CC O(KN,Nlog, N), z(5t1) by (52) of the CC
O(M logy M). Generate (p*+1 0¢+1) by (38)-(39).
Reset kK <k + 1.

3. Output (W) 2% p(r) 9(K)) and ry, (W), 2(9)), k €
R

IV. UNLEASHING SCALABLE-COMPLEX ITERATIONS FOR
SOFT MAX-MIN LOG-DET OPTIMIZATION AND ELEVATING
MU QoD

One can see that one of the main reasons for solving
the max-min log-det problem (23) by iterative CC
QSs instead of scalable-complexity closed forms is
the non-smooth nature of its minimum log-det rate OF

f(W,z) £ mingeg r, (W, z), for which there is no tight and
smooth minorant. Now, we embark on exploiting the following
scalable version: f,(W,z) £ mingegr,x(W,z) =
mingesIn| Iy, + L[ (2) Wi 70, (2, W[ (2) Wi |

for small p > 0. Observe that, f,(W,z) >
filW,z) = f(W,z) for 4 < 1. Moreover,
maxw , f(W,z) < maxw, f,(W,z) for N, = 1,

and maximizing f,(W,z) enhances f(W,z) for N, > 1.
Furthermore, we can readily show the validity of the following
two-sided inequality

fu(W,2z) > —fsu(W,z) > f,(W,z) —In K, (53)
where we have
fsu(W,2z) £ In| > TI(W, 2)] (54)
keR
with I, (W, z) ) = (In, +
SHE@ WO (2, W)H(2) W)™ = Iy, -
(M1 (2) W] ([Hi(2)Wi]? + p®@i(z, W)~ [Hi(2) Wy

With g small, the term In K in (53) is small compared
to other terms. Therefore, the function —jfsp(W,2z) can
regarded as a soft-min function [32], since it is smooth and
approximates the nonsmooth minimum function f,(W,z).
Rather than maximizing the nonsmooth minimum function
fu(W,z) we aim for maximizing its soft-minimum counter-
part — fspr (W, z), or for minimizing fgns (W, z). This leads
us to the following soft max-min log-det problem:

(1), (2), (18), (19).

Similarly to (23), the penalized optimization formulation for
(55) is

min  fepr(W,2z) st

2P,

(55)
I‘f’(\l]llzl fp,SM(W7 Zap79) £ [fS]\/I(W7 Z)

+p Z |zm *pm€j0m|2
meM

(2), (18),(19), (56)

Initialized by a feasible point (W), z(0) p(©) (O for
(56), let (W) 25 p(x) g(x)) be a feasible point for (56)
that is found from the (x — 1)-st iteration. We now provide an
alternating descent in each W and z, since it is plausible that
alternating descent in (p, ) is still based on the closed forms
(38)-(39).

A. Scalable-complexity bisection for TPC descent

To seek W (1) so that f, gp (WEHD 2(9) p(e) glx)y <
Fosar (W) 2 p(e) glr)y e,

Fsna (WD 200y < fopy (W), 2(9), (57)
we consider the following problem:
min Fia (W) st (18),(26b), (58)

where in accordance to (27), fg;\z“(W) 2 fou (W, z2(0) &
W |m”(W)|  for TP(W) &2 Y, (In,
(I WH (W2 + ) (W)~ (TW)

Using the inequality (76) in Appendix I for (Vi,Yy) =
() Wi, [HY ) W[ 4+ u) (W), | € & and (Vi Yi) =
V) & W HEWEOR + el
yields the following tight majorant of fg; (W, 2(*)) at W (%);

W) 2l 23 RUBEWL + Y (e
keER keR
HIYW2 0 Y [HEW) (59)
JER\{k}
= a{” =2 RUBEIWL}
kerR
+3 (e W), (60)

keR

where we have

A £ V0 4 3 [ W O ()
(Y, K)) IV(N ) +N2keﬁ<c§’€k’9§2>a

B 2 [P (v s v ) ),

el 2 i) VI W ) )

and  CfY) . (H5)ICE
12 ey (H (H))HC(N)Hl g ke

We thus solve the following convex problem of majorant
minimization of (58) to generate W (**1) verifying (57):

min FU0 (W) st (18), (26D). 61)

This matrix optimization problem still belongs to the class
of problems defined by (78), so it can be computed by
the bisection procedure of scalable complexity order of
O(K N, N log, N) described in Appendix II, avoiding using
a convex solver of CC order of O((KN,.N)3).



B. Scalable-complexity closed form for aRIS descent
To seek (1) so that
f[),SM(W(KJrl)a Z(/{+1)’p(n)’ a(n))
< fp,SM(W(H-Q-l)’Z(/-i)7p(rc)’9(n))7

(62)

we consider the following problem:

z)+p Z |Zm,

meM

fSM2

k) 9605 |2
HHH fosms = — p{etn| ]

st (32b), (63)

where in accordance to (33), fé';”\zl o(z) =

In [TI”)(2)|, with

A fSM(W(H+1)7Z) —

17 () £ > (I, = (A7 + AL (A0 + A0 @)
kER
+ u®{)(2)) AL + AL (2). (64)
Using the inequality (76) in Appendix I for
(Vi Yi) = (AT A (2), [A7) + AL @) + p) (2)),
and (Vi ¥eo) = (V)2 Al +
AL (=), [ALS) + yields

AL + ().
the following tight majorant of fs M.2(2) at 2(8):

A2 26y — 23 RUBENAL) + AL (2)))}
ker
(W), [AY) + AL
+Z o [Arn + A7) + Z
keRr JER\{k}
(A1) + AL @) + 0, [En(@)]2)) (65)
=ay” 23 STRUBY) AT @)+ Y
keERJER kER
[RVA 292N S IO R S (VA 2!
jeR\{k}
AL @2 + po ||/ 2)E <z>|2) (66)
=a¥? =23 RV + > (€S 2P (67
ker ker
= ay? — 2Rz} + (S, [2]?), (68)
where
a2 LG ) 4+ Dl () (V3)
o@(;)rlvzﬁ';b 10 Y e (),
B2 IS (200 L (V) H (v,
W) 2 () VI IS () T V) E (v
in (65), and

ol AT NG RIBRARY
+ 2 ken(Wap [A7)7 + NZjeﬁ\{k}[Ak’ij%

BY) = (BY) — (ArDHwY) for j=k
o _M(AI(:])' )H\I’é“,ﬂ otherwise

(44

in (66, and 657 23" N By

JER (£,7)ENM, XN,
e
(z mgf,zw,m;f,za,m)
t=1
- N
(Z \/\Ifét‘zw,t)Ai?;(t,e'))
t=1

JER\{k} (£,£)EMN, XN, |

AP 0),
H2

(€,6/)EN, XN,
H72

o
+/l0'V demT [(Z@/Emr \/ \I/gj; (67 gl)D£Z/>

in (67), and by” £ 37, 087, €57 £ 37, o8 in (68).
We thus solve the following convex problem of majorant
minimization of (63) to generate 2 (1) verifying (62):

)0 D lzm _pg;pemz] st (320),

i [f;:zM(z

meM
(69)

which admits the closed-form solution of

(C(’f) +pIM)71£(’<)

k+1 . K

=it |/ el (e >+pr> 15 2 < Pa

s + pIM +aQl" ) 152 otherwise,
where & 2 GINH 4 p(p{Pes (N)eﬁ(n))T, and

a > 0 is found by bisection so that |4/ éﬁ) (C('{) + ply +
anH))*lféﬁ) || = P4. The computational complexity of (70)
is O(M logy, M).

C. Convergence and computational efficiency

Algorithm 3 provides the pseudo code for solving the soft
max-min log-det problem (56). It follows from (57), (62) and
(40) that

WO (D) b)) gty
fp,SM(W(H)aZ(H)up(m)79(ﬁ))7 (70)

as far as fp,SM(W(R—H), Z(n+1)7p(fc+1), 9(/-@4-1)) ?é
fp,SM(W(”), 2(8) p(e) gr)), SO the sequence
{(W) k) (=) 9l)}  of  improved feasible points
for (56) converges to (w, %, p, ), which is a feasible point
for (55).

Given the cubic-time computational complexity of each
iteration in the quadratic-solver-based Algorithm 1, it’s note-
worthy that each iteration in both Algorithm 2 and Algorithm
3 exhibits scalable complexities, rendering them computation-
ally efficient.

fp,SM(

V. SIMULATIONS

The various components and parameters in (4) are set
following [25]-[27]. The large scale fading coefficients, 85 r
and Bp g in (4), Bi in (5), are modeled as [26], [27]

Bp.r = Gps + Grrs — 35.9 — 221og,o(dB.r),
BR,k = GRIS’ —33.05 — 30 loglo(dRﬁk),

(71)
(72)



Algorithm 3 Scalable-complex soft max-min log-det algorith-
m
1: Initialization: = Randomly  generate a
(WO 20 5©) 9O for (56). Set k = 0.
2: Repeat until convergence: Generate 1V (*+1) by solving
(61) of the CC O(K N, N log, N), and z(*+1) by (70) of
the CC O(M log, M). Generate (p(<+1), §(++1)) by (38)-
(39). Reset Kk + Kk + 1.
3. Output (W) 29 p() gy and v, (W 2(0) | €
R

feasible

ﬂk = GBS —33.05 — 36.710g10(dk), (73)
where the antenna gains are Grrs = Gps = 5
dBi.  Furthermore, Gpgr with Gpggr(m,n) =
e]fr((ml —1) sin Gy, 8in Y +(n—1) sin e?9™ sin wm) represents
the small-scale Rician fading, where 0, = m— 6,

and ¢, = 7 + ¢, with e and ), following a
uniform distribution within (0,7) and (0,27) Lastly,
I?R,k = ,/L#rlﬁéf’,f + ,/ﬁﬁgﬁos, where I:I}%Oks and
H 11:\[, I,;"S are the LoS and non-LoS (NLoS) components, while
L = 4.7 dB is the Rician factor.

3-D coordinates of the BS and aRIS in Fig. 1 are set to
(0,0,25) m and (50,80,40) m, respectively. A total of K =
10 users are distributed randomly in a (200m 100m) area right
of the BS and aRIS.

Recalling that N is the number of BS antennas, N, is the
number of each user’s antennas, P is the transmit power,
and M is the number of APREs, we set (N, N,,M,P) =
(16,2,100,20dBm) unless specified otherwise. Furthermore,
the power split between the BS and aRIS is 0.99P and 0.01P.

The following legends are used to describe the proposed
implementations: (¢) Min-LD denotes the performance of the
CC QS-based Algorithm 1, designed to solve the max-min log-
det problem (24); (i¢) Sum-LD (Sum-LD w/o, resp.) represent
the performance of the scalable-complexity closed form-based
Algorithm 2, designed to solve the Sum-Log-Det problem (43)
(without aRIS, resp.); (ii¢) soft Min-LD (soft Min-LD w/o,
resp.) indicates the performance of the scalable-complexity
closed form-based Algorithm 3, designed for solving the soft
max-min log-det problem (55) (without aRIS, resp.).

A. Algorithmic convergence and efficiency

To guarantee the convergence of the proposed algorithms
and usher the penalty terms in (24), (43), and (56) towards
zero, the penalty parameter p starts at p = 10~% and it is
incrementally increased by a factor of 1.2 in each iteration.
Fig. 2 plots the typical convergence of the OFs and penalty
terms. To illustrate the convergence behaviors of the proposed
algorithms, we utilize the mean log-det rate value within
the objective function for the sum log-det rate problem, as
depicted in Fig. 2(a). According to Fig. 2(a), the OFs of the
Min-LD and Sum-LD (soft Min-LD, resp.) increase (decrease,
resp.) rapidly within 35-45 iterations, confirming (41) and
(52) ((70), resp.), and then gradually converge. Furthermore,
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Fig. 2: The convergence of the proposed algorithms

Fig. 2(b) clearly shows that the penalty terms practically
converge to zero within 30-45 iterations.

Table II presents the average computational time of the
proposed algorithms, measured using a CPU with a 3.7 GHz
Intel Core 19 and 32 GB RAM. Alg. 2 and Alg. 3, which are
based on our scalable-complexity iterations, run more than 20
times faster than Alg. 1, which is based on cubic-complexity
iterations, confirming the superiority of scalable-complexity
iterations.

Selecting a smaller value of p in the soft max-min log-det
problem (56) does not always result in improved minimum
log-det performance, as demonstrated by the data seen in Table
III, which provides the achieved minimum log-det values for
various € {1,0.5,0.1}. For N = 8, soft max-min log-
det optimization with g = 1 yields the lowest minimum
rate. The performance of soft max-min log-det problem with
p = 0.5 is better than that with ¢ = 0.1. In the case of
N € {16,24,32,40}, soft max-min log-det problem with
p = 1 demonstrates the minimum rate is quite similar to
that with ¢ = 0.5. It is evident that ¢ = 0.5 consistently
delivers better performance and it is therefore our choice for
subsequent simulations.



TABLE II: The average computational time of the proposed algorithms.

N=8 N=16 N =24 N =32 N =40
Algorithm 1 | 11.41 min. | 1546 min. | 17.37 min. | 22.63 min. | 31.37min.
Algorithm 2 0.47 min. 0.74 min. 1.03 min. 1.45 min. 1.79 min.
Algorithm 3 0.35 min. 0.56 min. 0.69 min. 1.10 min. 1.42 min.

TABLE III: The minimum log-det versus p for different numbers of BS antennas /N achieved by soft max-min log-det

optimization.
N=8 | N=16 | N=24 N =32 N =40
pn=0.1 1| 14398 | 6.3335 11.7243 | 12.5828 | 13.1305
pn=05 | 19508 | 7.6659 12.3407 | 14.3264 | 15.7510
pn=1 1.0443 | 7.3683 11.7848 | 14.4856 | 15.9516

We compare the performance of our Sum-LD algorithm
and [6, Algorithm 1], referred to as Zhang et al., which is
designed to solve the sum-rate problem (43) with N, = 1 and
unquantized PREs. Fig. 3 plots the sum rate versus transmit
power budget P, with (N, M) = (8,100) (8 BS antennas and
100 aRIS elements). It can be observed from Fig. 3 that the
performance of Sum-LD is better than that of Zhang et al.

Sum-LD
—<— Zhang et al.

70

Achieved sum rate (bps/Hz)

14 1‘6 1‘8 2‘0 22
transmit power, P

Fig. 3: The sum rate versus the transmit power P under the

power split of 0.99P and 0.01P between the BS and aRIS.

B. MU QoD performance

Fig. 4(a) and Fig. 4(b) plot the minimum rate and sum
rate achieved versus the number of BS antennas N, respec-
tively. Fig. 4 clearly illustrates the performance advantage of
the proposed algorithms attained by more BS antennas. As
depicted in Fig. 4(a), illustrating the minimum rate perfor-
mances, Min-LD exhibits the best performance, while Sum-
LD surpasses its Sum-LD w/o counterpart. Soft Min-LD and
Min-LD outperform Sum-LD, with Sum-LD w/o showing the
poorest performance. Furthermore, both soft Min-LD and Min-
LD benefit more substantially from increasing the number of
BS antennas compared to their soft Min-LD w/o and Min-
LD w/o counterparts. Regarding the sum rate performance
shown in Fig. 4(b), Sum-LD is the top performer, but for
N > 16, soft Min-LD catches up. For N € {32, 40}, soft min-
LD w/o provides the lowest sum-rate. Additionally, Fig. 4(b)

highlights the significant performance enhancement achieved
by soft Min-LD compared to its soft Min-LD w/o counterparts.
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Fig. 4: The min-rate and sum rate achieved versus the
number of BS antennas N.

Figures 5(a) and 5(b) illustrate the log-det rate distributions
produced by the proposed algorithms. Notably, the log-det
rates generated by the soft Min-LD and Min-LD exhibit a
commendable uniformity across all users, highlighting their



ability to ensure equitable performance. By contrast, both
Sum-LD and Sum-LD w/o allocate zero rates to specific users
(UE 10 and UE 7, respectively), underscoring their limitations
in achieving fair MU QoD.
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user index

(b)

Fig. 5: Rate distribution versus user index.

Fig. 6(a) and Fig. 6(b) show the minimum rate and sum
rate achieved upon varying the transmit power budget P,
respectively. In terms of the minimum rate attained, Fig. 6(a)
indicates that Min-LD is the best performer, followed by soft
Min-LD, while Min-LD w/o performs better than soft Min-LD
w/o. Sum-LD w/o exhibits the worst performance. In terms of
the sum rate achieved, Fig. 6(b) shows that both soft Min-LD
and Sum-LD perform similarly. The sum-rate of soft Min-LD
and Sum-LD is better than that of soft Min-LD w/o and Sum-
LD w/o. Min-LD w/o exhibits the lowest sum rate.

Furthermore, Fig.7 shows that the minimum rate achieved of
soft Min-LD, Sum-LD and Min-LD improves with an increase
in the number of APREs. As expected, Min-LD achieves the
best minimum rate. The performance of soft Min-LLD and Min-
LD is better than that of soft Min-LD w/o and Min-LD w/o.

Fig. 8 demonstrates that soft Min-LD, Sum-LD and Min-
LD achieve the highest minimum log det rate, when the power
split Pp is set to 0.99P. It can be observed from Fig. 8§ that

8.5
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Achieved sum rate (bps/Hz)

14 16 18 20 22
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Fig. 6: The min-rate and sum rate achieved versus the
transmit power P.

the minimum log det rate of soft Min-LD w/o, Sum-LD w/o
and Min-LD w/o remains constant.

Lastly, Fig. 9(a) and Fig. 9(b) illustrate the advantage of
increasing the resolution b. In Fig. 9, it is evident that with the
increase in b, there is a slightly rise in both the minimum rate
and the sum-rate. However, when the phase of aRIS achieves
infinite resolution, a substantial performance improvement is
observed.

VI. CONCLUSIONS

The paper has considered the join design of the TPCs
and of the aRIS’s power-amplified reconfigurable elements
(APRES) for enhancing the quality of delivering multi-stream
information to multiple multi-antenna users. Users’ rates
have been characterized in terms of their complex log-det
functions, leading to challenging large-scale mixed discrete-
continuous optimization problems. We have initially shown
that the maximization of the minimum of the users’ log-det
rate functions can be solved based on quadratic problems
of cubically increasing complexity. To circumvent this com-
plexity escalation, which is certainly excessive in large-scale
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scenarios, we have developed a pair of alternative algorithms,
which rely on closed-form expressions of scalable (linear)
complexity in maximizing the sum of the users’ log-det rate
functions (sum log-det) and of the soft minimum of the users’
log-det rate functions (soft min log-det). These algorithms
mitigate the computational burden typically associated with
large-scale computations. Furthermore, the soft min log-det
optimization not only ensures fair and effective log-det rate
enhancements for all users but also achieves a high sum log-
det, hence improving the delivery quality of multi-user multi-
stream information.

APPENDIX I: FUNDAMENTAL TIGHT MINORANTS AND
MAJORANTS OF LOG-DET RATE FUNCTIONS

Recall from [30, p. 366] that a function f is considered a
tight minorant of a function f at Z over the domain dom( f) if
f(z) > f(z) V = € dom(f) and f(z) = f(Z). Then it can be
readily shown that f(Zmax) > f(Z) as far as f(Zmax) # f(Z)
for Tmax = argmax, qom f(x), i.e. maximizing a tight
minorant at the point Z helps to obtain a better point.
Analogously, a function f is considered a tight majorant

of a function f at T over the domain dom(f) if f(x) <
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Fig. 9: The minimum rate and sum rate achieved versus the
resolution b.

f(z) ¥V z € dom(f) and f(Z) = f(Z). Then it can be
readily shown that f(Zuyin) < f() as far as f(Zmin) # f(Z)
for Ty, = arg minzedom(f) f(x), i.e. minimizing a tight
majorant at the point Z helps to obtain a better point.

For the matrix variables V. = (Vy,...,Vg) and Y =
(Yi,...,Yg) with Vi, € CV*M _and 0 < Y € CVXV,

k € K, consider the following matrix-valued mapping:

CMMSTI(V,Y) £ > (In = VY 'V), (74
ker
in the domain
domp = {(V,Y): [V,]? <Y, ke K}. (75)

By using the Shur’s complement [24], we can show that
0 (Vi, Yi) £ I —VEY, 'V = 0,k € K, 50 II(V,Y) =
0, and moreover it satisfies the following concavity matrix
inequality [33, Appendix A]: TI(A(V,Y) + (1 = \)(V,Y)) =
MI(V,Y) + (1 — MIKV,Y)), (V,Y) € domp, (V,Y) €
domyy, A € [0, 1], making the composite function In [TI(V,Y)
concave. Consequently, the following inequality holds for al




(V,Y) € domyy and (V,Y) € domp:

In ‘H(V,Y)‘ < ’H(V,Y)‘ +y

ker
-2 R{(I

YW VEY VL)Y
keRr

+> (%

ker

In fact, the right-hand-side (RHS) of (76) represents the

linearized function of the concave function In ‘H A% Y)’ on

the left-hand-side (LHS), so the former serves a tight majorant
of the latter at (V,Y) € domy; [30].

The following inequality has been established in [11], [13]

for all matrices V and V of size n x m and matrices Y > 0

and Y > 0 of size N x N:

N AR | A7 ) Uk T

In|Iy + [VPY7Y > In|Iy + [VPY 7Y — (VY1) +
R{VHAY V) — (Y = (V +
VI LIV +Y), 77

i.e. the function on the RHS, which is a concave quadratic
function because (Y)™' — (Y + [V]?)7! = 0, serves as a
tight minorant of the log-det function on the LHS at the point

(V,Y).
APPENDIX II: BISECTION OF SCALABLE COMPLEXITY FOR

QUADRATIC CONSTRAINED MATRIX OPTIMIZATION

We consider the following quadratic constrained problem of
multi-variable matrix optimization:

i -2 R{UBEVL} + V|2
L % {(BEVi)} %II\/QM il
st Y |Vl < P, Y 11V Q2 s Vil? < Pa, (78)
keER keER

with given CV*N 5 Q; ;= 0 and CV*N 5 Qy ), = 0 and
B, € CNXM I ¢ & and P, > 0 and P, > 0.

Using the matrix least squares approach, the solution
of the unconstrained problem -2, . R{(BFV;)} +

> kes V91 Vil|? = min is given by
VP = Q1 By, k € & (79)

which is still the solution of (78), provided that it satisfies
both constraints in (78), i.e.

> IIQiLBIP < Py (80)
kER
and
> 11V @2k Qi 1 Bkll* < Py 81)
kER

When (81) is not met, we use bisection to find ;\2 > 0, so that

D IVQek(Quk +2Q0 ) ' BilP =P (82)
kER
The solution of (78) is
VP = (Q1k + X2Q2k) ' Bi, k € &, (83)

V.YV

1y,). (76)

whenever

D Qi + A2 Q2 k) ' Bl < Pu. (84)

kER

If (80) is not met, we use bisection to find A1 > 0 so that

S 1(Quk + MIn) ' ByP = P (85)
kER
The solution of (78) is
VP = (Qip + MIn) "By, k€ 8 (86)
whenever
> IV Qok(Qui+MIN) "Bl < P (87)
keR

In the remaining case, the optimal solution is represent-
ed as VP = (Qux + MIn + XQox) 'Bi, k € R
where \; > 0 and Mo > 0 are Lagrangian multipliers so

that > ) o [[(Quk + )‘7-[N + %\2Q2,k) I'B||> = Py, and
> res 1V 92,k (Q1k + AN +A2Qak) "t Bi||?> = P2, which

constitute nonlinear equations in two unknown and thus are
computationally intractable. We now avoid solving them by
employing the partial Lagrangian multiplier method, which
finds Ao > such that the solution V;”** of the following

problem satisfies ), >, o H\/@V,:ptﬂz =P
mln -9 Z R{BIV)} + Z 11\/Qra Vil

ker ke
2 <Z I/ Qax Vil|? — P2>
ker

D Vi[> < Pr.(88)

keR
For a fixed Ag, the solution of (88) is given by

(Quk+X2Q2k) ' B
it > eq (Qur +A2Qok) ' Bil|* < Py
Yohes(Qik +A2Qop + A1 In) "By otherwise,

where )\; is found by bisection such that Dones 1(Qur +
MQak + MIN)"IBi|? = Pp. It follows from (87) that
> wes 1V Q2kVi(0)|[? > P», while for Xy sufficient large
we have >, ¢ |/ Q2,6 Vi(X2)]|> < P,. We thus start from
Ar = 0and A, is chosen to satisfy Y, o [[\/Q2.x V()| <
P; and do the following bisection.

Bisection procedure. Set A\ = (A, + \)/2 and
compute Vi(Ay) using (88). Terminate the procedure if

Vie(A2) =

Q21 Vi(A2)||? &~ P,. Otherwise, update \; <«
Ao if Zkeﬁ'lW/QQ,ka()‘Q)'P > Py or A\, < A if
Q21 Vi(M2)|? < Pa.
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