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Abstract—Due to the simultaneous downlink and uplink trans-
missions in reconfigurable intelligent surface (RIS)-empowered
frequency division duplexing (FDD) communication systems, it
is necessary to design the RIS phase shifts to balance the perfor-
mance of both directions at the same time. Focusing on a single-
user multiple-input multiple-output system, we aim to maximize
a weighted sum-rate for the downlink and uplink. To address
the resulting non-convex optimization problem, we employ an
alternating optimization (AQO) algorithm, which includes two
techniques for optimizing the phase shifts at the RIS. A manifold
optimization-based algorithm is applied for the first technique,
and a lower-complexity AO approach is developed for the second.
Our numerical results demonstrate that the proposed algorithms
lead to substantial enhancement of the entire system compared
to existing baseline schemes.

I. INTRODUCTION

In recent years, reconfigurable intelligent surfaces (RISs)
have drawn great interest for future wireless communication
systems. An RIS can intelligently manipulate the characteris-
tics of incoming signals, such as amplitude and phase, thereby
leading to desired signal propagation [1]-[4].

Most of previous works related to RIS-empowered com-
munication systems have assumed time division duplexing
to take advantage of the reciprocal relationship between the
downlink and uplink channels [5]-[9]. However, it is important
to note that sub-6 GHz bands will still be frequently employed
in future wireless communication systems due to their wide
coverage and reliability [10], implying that the deployment of
RISs in frequency division duplexing (FDD) systems would
be inevitable.

In RIS-empowered FDD systems, an important character-
istic is that the downlink and uplink signals are transmitted
at the same time in separate frequency bands. Since the
RIS lacks the capability for baseband processing, it affects
signal reflection irrespective of the frequency band [11]. This
implies that, as long as the difference between the downlink
and uplink frequency bands is not extremely large, the same
phase shifts are applied at the RIS for both the downlink
and uplink transmissions. Consequently, in order to enhance
the performance of both the downlink and uplink systems
simultaneously, the optimization of RIS phase shifts should
consider both directions, and some recent works have at-
tempted to address this problem [12]-[14]. For single-user
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Fig. 1: An illustration of an RIS-empowered FDD SU-MIMO
communication system. The BS and UE are equipped with
N antennas and K antennas, and the RIS is composed of L
passive elements.

multiple-input single-output (SU-MISO) systems, two-way
designs were developed in [12]. Furthermore, a practical RIS
model was considered in [13] for SU-MISO systems. In [14],
joint optimization strategies for multi-user MISO systems were
developed. However, to the best of our knowledge, no prior
work has addressed the two-way design for cases involving
multi-antenna user equipment (UE) in FDD systems.

In this paper, we aim to solve the weighted sum-rate maxi-
mization problem for the downlink and uplink in FDD single-
user multiple-input multiple-output (SU-MIMO) systems. To
tackle the problem, we develop two techniques to optimize the
RIS reflection coefficients based on an alternating optimiza-
tion (AO) approach. The first technique utilizes a manifold
optimization-based algorithm, while for the second technique a
lower complexity AO algorithm is developed. From the numer-
ical results, we verify that the overall system performance can
be substantially enhanced by the proposed joint optimization
frameworks compared to existing baseline schemes.

II. SYSTEM MODEL

We investigate an RIS-empowered FDD SU-MIMO system
such as that illustrated in Fig. 1, where the base station (BS)
with N antennas communicates with a single UE equipped
with K antennas. A single RIS composed of L passive
elements is also present, allowing the BS to achieve favorable
signal propagation through a controller connected to the BS.
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We assume that the channels between the BS and UE are
entirely blocked, as in [7], [12].

In the downlink, the signal sent from the BS is expressed
as sp € CN X1 with E [spsp] = Iyp, where NP <
min(N, K) denotes the number of data streams from the BS.
Then, the downlink received signal at the UE is represented by

yp = HROGpFpsp + np, (1)

where Fp € CN xN2 s the downlink precoder at the BS
satisfying tr(FDFg) < Ppmax With Pp max representing
maximum downlink transmit power at the BS, Hg € CKxL
is the downlink channel between the RIS and the UE, Gp €
CL*N is the downlink channel between the BS and the RIS,
and an additive white Gaussian noise (AWGN) vector at the
UE is denoted by np ~ CN (0, 0']231 k) with noise variance
o%. The matrix consisting of the reflection coefficients at the
RIS is modeled as © = diag ([61,---,6.]") with [0, = 1,
£=1,--- L.

In the uplink, the signal transmitted from the UE is ex-
pressed as sy € CNe*! with E [sys{]] = Iyv, where
NV < min(N, K) is the number of data streams from the
UE. Note that the RIS is not able to execute local signal
processing, and since the difference between the downlink and
uplink carrier frequencies is assumed to not be too great [11],
[12], the reflection coefficient matrix © in (1) is also applied
to the uplink transmission. The uplink received signal at the
BS is therefore given by

yu = Gy®HyFysy + ny, ()

where Fy ¢ CK XN s the uplink precoder at the UE

satisfying tr(FUFg) < Py.max With Py max representing
maximum uplink transmit power at the UE, G} € CN*L s
the uplink channel between the RIS and the BS, Hy € CE*K
is the uplink channel between the UE and the RIS, and an
AWGN vector at the BS is denoted by ny ~ CN (0, O’%I N)
with noise variance 0.

The downlink and uplink achievable rates Rp and Ry can

be represented by

1
Rp = log, det (IK + O_QHeH,DFDFgHEH,D>
D

1

Ry = log, det (IN + UQHeff,UFUFEH?mU> . ()
U

where Hegp = HEOGp and Hegy = GEGHU respec-

tively denote the effective downlink and uplink channels.

III. PROBLEM SETTING AND ALGORITHM DEVELOPMENT

A. Problem formulation

Due to the simultaneous downlink and uplink transmissions
in FDD, we aim to maximize the weighted sum-rate for the
downlink and uplink as [12], [14]

(P1) : pnax Rwsr =nRp + (1 — )Ry 4
S.t. tr(FDFg) < PD,max; (5)
tr(FuFY) < Py max (6)

© = diag ([01, -+ ,0.]"), (7)

0] =1, £=1,---,L, ®)

where 7 € [0, 1] denotes a weight coefficient that allows for
the adjustment of the relative importance of the downlink and
uplink rates. To tackle this non-convex problem, we employ
an AO-based approach. Specifically, we first decompose (P1)
into distinct downlink and uplink sub-problems for a fixed ©,
and the optimal downlink and uplink precoders can be derived
using eigenmode transmissions [15]. For fixed Fp and Fy, we
propose two techniques for optimizing ©.

B. Precoder designs for given RIS phase shifts

For a given ©, (P1) boils down to solving the downlink and
uplink sub-problems separately. The downlink sub-problem for
(P1) is

I%an Rp
S.t. tI‘(FDFg) < PD,max- 9)

LetHegp = fJDf)D Vg represent the truncated singular value
decomposition (SVD) of Heg p where Vp € CV xN. Then,
the optimal Fp for this problem can be obtained by

5 = VpP3, (10)

T
where Pp = diag ([pfm, e ,pB_ND] > is the power allo-

cation matrix. The optimal power level assigned to the ¢-th data
stream, py, ;, is the result of the water-filling power allocation

P = max(1/ppo — of/[Epli;,0) for i = 1, NP,
D

where pp ¢ is set such that Zf\il Pb.i = Pb,max- The uplink

sub-problem for (P1) can be similarly defined, and the optimal

Fy can be obtained by following the same procedure as
in (10).

C. RIS phase shifts design for given precoders

For given Fp and Fy, the optimization problem of (P1)
with respect to © is given by

P2) : max Rwsr (11)
st. © =diag ([01,- - ,HL]T), (12)
0 =1, £=1,--- L. (13)

Due to the unit-modulus constraints (13), which make the
problem highly non-convex, obtaining the optimal solution
for (P2) is not straightforward. In the following section, we
develop two optimization techniques to handle this issue.

IV. PROPOSED RIS PHASE SHIFTS DESIGNS

In this section, we develop two optimization techniques to
obtain a practical solution for (P2). The first is a manifold
optimization-based algorithm, while the second employs a
lower-complexity AO technique obtained by deriving a prac-
tical closed-form expression for each RIS phase shift.
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A. Manifold optimization

To solve (P2), the main challenge is to tackle the unit-
modulus constraints (13). Fortunately, using the fact that the
constraints (13) form a complex circle manifold M = {6 €

L |6y =---=10L] = 1} [16], we can obtain a practical
solution for (P2) by employing the Riemannian conjugate
gradient (RCG) algorithm, which is the generalized conjugate
gradient method adapted to the Riemannian manifold space
and guarantees to convergence to a stationary point [16].

To implement the RCG-based algorithm, the Euclidean gra-
dient of objective function Rwsg = nVeRp + (1 —n)VeRy
is derived to obtain the Riemannian gradient of Rwsgr.
From here on, we focus on the computation of VgoRp =

ORp |
90,

ORp
T
way. Applying tle chain rule in [17], the derivative of Rp in
terms of 6, can be expressed as
8H£{ﬁ',D
08

ORp
H aHeff,D)

T
, and Vg Ry can be computed in the same

=tr <VHQ”$DRD .

00y
14
20 (14)
From the complex differentials, it is possible to treat 6, and
67 as independent variables [18], implying that 8?;5 D =0,
and the second term in (14) becomes zero. In the followmg
proposition, we first derive Vy,, , ip.

tr ((VHcff,D RD)

Proposition 1. The Euclidean gradient Vy_, , Rp is

VHcff,DRD =
1
In2- O’D

—1
H
FL.

5)

Proof. The proof is based on the arguments in [[17], Theorem
1 and Lemma 3]. O

5 Heg pFp (IND + FHHeff pHer,pFp

Next, the derivative of H?H’D in terms of 6} is given by

OHGk b
00;

= (hp, © Gp(¢,:)", (16)
where hpy ¢ is the (-th column of Hg, Gp(¢,:) represents
the ¢-th row of Gp, and ® denotes the Kronecker product.
Defining the ¢-th column of GU as gUA ¢» the derivative of Ry
in terms of 6, can be computed by following (15) and (16).

The details of the RCG-based algorithm can be found in [7],
[12], [16], and we describe the entire algorithm for obtaining
the solution to (P1) in Algorithm 1. If the objective function
(4) does not increase beyond the designed threshold e, the
algorithm terminates.

B. Low-Complexity AO

In this subsection, we develop a low-complexity AO tech-
nique to obtain a practical solution for (P2). Specifically, the
sub-problem of (P2) with respect to each reflection coeffi-
cient is formulated, and a closed-form expression is derived
for each sub-problem. By iteratively updating the reflection
coefficients, (P2) can be effectively solved.

Algorithm 1 Proposed Algorithm for (P1) Based on Manifold
Optimization

1: Input: Gp,Hp, Gy, Hy, op, ou.

2: Initialization: Set ¢ = 0, generate the initial 0(0), and
compute FgJ ) and F%O ) according to (10)

3: repeat

4: With fixed F](Dt) and Fg), compute 6y using the
RCG-based algorithm

5: With fixed 8, compute Fgﬂ) and FSH) accord-
ing to (10)
tt+1

7. until |RyEE

g Output: " = 0,

t
— R\yspll2 < e

Fp=FY Fy = F

Following [6], the achievable rates Rp and Ry in (3) can
be reformulated with respect to 6. For example, Rp can be
rewritten by

Rp = log, det (IK +60,A5 Bp + H;fAI;}éBga
+ log, det(Ap )
£ gp,¢(6¢) + log, det(Ap r), (17

where Ap, € CE*E and Bp, € CKX*X can be found in
(18) and (19) at the top of the next page with given G, =
GpFp = [gh .- 8p " € CL*N2  Similarly, Ry can be
rewritten as Ry = gu ¢(0¢) + log, det(Avy ), where Ay, €
CN*N and By, € CN*Y can be defined as in (18) and (19)
with given Hy; = HyFy = [h{; ,,--- ,h{; % € CEN,

By removing the irrelevant terms with respect to 6, the
sub-problem of (P2) can be formulated as

(P3): + (1 —n)gu.e(fe) (20)

max ge(0e) = ngp e (6r)
14

st [0 =1. @21)

To derive the solution to (P3), we analyze properties related to
the matrices AD EBD ¢and Ay zBU ¢ on which the objective
function (20) depends From (18) and (19), it is obvious that
the rank of both AD,eBD,Z and AU,ZBUI cannot exceed one
since Bp ¢ and By are rank-one. If the rank of AB,IEBDJ
or AG}eBU,E is zero, the corresponding components of (20)
become independent of #,. In the following, we analyze the
scenarios where both matrices are rank-one, and the solution
depends on whether these matrices are diagonalizable or not.
Note that identifying that A5 Bp , and AI_J,leBUl are diag-

onalizable is equivalent to showing that tr (AB}EBD/> #0
and tr (A(feBUQ £0 [6].

1) Diagonalizable case: In this case, an eigenvalue decom-
position can be applied to both matrices:

—1 —1
Ap B =Up Ap,Up,

Ay Bu, = UuAuUgl, (22)
where Ap, = diag(Ape,0,---,0) and Ay, =
diag(Ayu e, 0,---,0), with sole non-zero eigenvalues

Ap,c and Ay, respectively. By defining the first rows
of CD/ = Ug)gAD,EUD,Z and CU7g = UE’zAU,EUU,E as
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L
1
Ape=1Ix+ — > 6ihp ()"
D \i=1,i#¢

1
Bp, = poy B,e(gﬁ,e)H Z 0;8p.i(
D i=1,i#£L

L
Z 0:hp; ;(gh.)" Tz I
i=1,i#L

H
1

Dx(gf),e)Hgf),e( b,z)H7 (18)

19)

(cp )" and (cf; )" and the first columns of Cy f and Cy;
as cp and cy g, respectively, gp ¢(6¢) and gu, 5(9;) can be
reformulated as [6]

gp,¢(0¢) =10gs (1 + |Ap (1 — ¢p g1ep.e1) + 2Re(BeAp ¢))
(23)

9u,e(8e) =1ogy (1 + [Aue*(1 = ¢y 1 cu,i) + 2Re(BeAu,e)),
(24)

where ¢f, 4, and cp 41 represent the first entries of (cp, ;)T and
cp ¢, and c{J,“ and cy 1 represent the first entries of (C{M)T
and cy ¢, respectively.
For further investigation of (23) and (24), let p; (M) >
- > pp(M) be the ordered singular values of an arbitrary
n xn complex matrix M. The following lemma gives an upper
bound for |Ap ¢|.

Lemma 1. An upper bound for |\p |
P1 (A]S,ll) p1 (Bp o).

Proof. Because A]S,IEBDI is rank-one, an upper bound for
|AD.¢| can be represented by

is given by

(a) K

[AD,e| = |tr (AB}ZBD.[) < Zpk (A5}4> pr (Bp.e)
k=1

(®)

= (AB}K) p1 (Bp,),

where (a) can be derived by Von Neumann’s trace inequality
[19], and (b) follows from Bp , being rank-one. O]

(25)

From (18), it is observed that Ap ¢ is a symmetric matrix,
implying that p; (AB}Z) is equivalent to px (Ap ¢). By using
the following lemma, we can further simplify the upper bound
of (25).

Lemma 2. When NP < K — 1, px (Apy) = 1.

Proof. Denote X’ = XXM and Y/ = YY! where X =
S0t e Oy s(gh )" and Y = b, ((gh, )", which form
Ap  in (18). To derive the tightest bound for NP, we assume
X’ and Y’ have maximum rank, i.e., rank (X’) = NP and
rank (Y') = 1.

Let A;(M) > --- > A, (M) be the ordered eigenvalues of
an arbitrary n X n Hermitian matrix M. By Weyl’s inequality
[20], an upper bound for Ax (X' 4+ Y”’) can be represented by

A (X +Y) <X (XD + Ak (YY), i=1,- K.
(26)

By taking i = NP + 1, the right-hand side of (26) becomes
zero, implying A (X' 4+Y’) = 0 since X' + Y’ is positive

semi-definite. Hence, from (18) it is obvious that Ax (Ap ¢)
is only affected by Ik, ie., Ax (Ape) = 1, resulting in
pk (Ap¢) =1, which finishes the proof. O

Based on Lemma 2, the upper bound for |Ap (| can be
reduced to p; (Bp ), and since Bp , is rank-one, it can be
shown that py (Bp¢) = |Bp,|p. Similarly, when N <
N — 1, the upper bound for Ay | i

Following (19), it is obvious that the gains of the RIS-
related channels heavily affect the quantities ||Bp ||, and
|Bu,¢|lp- Note that the RIS deployment typically aims to
expand signal coverage and provide support to users located
at longer distances or with weaker signal strengths. Conse-
quently, it is reasonable to assume that both [Ap ¢| and |Ay ¢
are sufficiently small, and we employ the following first-order
Taylor approximation at (23) and (24); log(1 + x) &~ x around
x = 0. After applying the approximation and removing the
irrelevant terms with respect to 6, the following approximate
version of (P3) results:

(P4) : max he(0¢) = nRe(8sApe) + (1 —
4

n)Re((gg)\U’e)

st |0 =1. 27)

Finally, a closed-form solution to (P4) is obtained via the
following proposition.

Proposition 2. The closed-form solution to (P4) is given by

07 = exp(—jarg(¢e)), (28)
where ¢y can be found in (31) at the top of the next page.

Proof. Using Euler’s formula, k() in (P4) can be reformu-
lated as

he(0e) = n|Ap,e| cos(arg(0e) + arg(Ap.e))
+ (1 = n)|Au,¢| cos(arg(fe) + arg(Au,e))
= Acos(arg(fe) + ¢¢).

An expression for tan(¢,) can be derived using the trigono-
metric identity cos(a+b) = cosa cosb—sinasinb in (29) and
(30), and it is straightforward to show that ¢, is equivalent to
(31). Therefore, (30) is maximized when 6, is given as (28),
which finishes the proof. O

(29)
(30)

2) Non-diagonalizable cases: According to [6], it can
be shown that non-diagonalizable AD gBD ¢ or AU ZBU )
makes gp ¢(0¢) or gu¢(6,) irrelevant to ¢,. Hence, the so-
lution in this case can be simply derived by maximizing
the diagonalizable part, i.e., the solution is given by 6] =
exp(—jarg(Au,e)) or exp(—j arg(Ap,¢)). When both matrices
are non-diagonalizable, there are infinitely many solutions, and
we can set 0 = 1 for simplicity.
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b0 = tan—! (7})\D?4| sin(arg(Ap.¢)) + (1 — n)|Au.e| sin(arg(Au ¢)) )
cos(arg(Ap,¢)) + (1 —n)|Au ¢| cos(arg(Au.e)) )’

n|Ap,e

3) Summary: Throughout this subsection, the closed-form
expression for each sub-problem of (P2) is derived depending
on the properties of AB}ZBDJ and Aa}éBU,g. The entire
low-complexity AO-based algorithm can be implemented by
replacing the RCG-based algorithm in Algorithm 1 with the
derived closed-form expressions, from which the reflection co-
efficients are updated sequentially. We omit a formal algorithm
description due to the space limitations.

C. Complexity analysis

For the comparison of complexity between the two pro-
posed algorithms, we assume (NP NV) <« (N,K) < L.
First, the complexity of the manifold optimization-based
algorithm is dominated by computation of the Euclidean
gradient Vg Rwsg, and the overall complexity is given by
O(Iout 1 Iin(N*KL + NK?L)), where I,y 1 and I, are the
number of outer and inner iterations for implementing the
RCG-based algorithm, respectively. For the low-complexity
AO-based algorithm, the complexity level can be demonstrated
to be O(Iou2(3(N? + K3) + 2NK(N + K))L) assum-
ing Iou,2 outer iterations. When N = K, the complex-
ity of the two algorithms reduces to O(Iout,1lin IV 3L) and
O(Iout2N3L), respectively. This implies that the manifold
optimization-based algorithm has higher complexity than the
low-complexity AO approach due to the extra [, term.

V. NUMERICAL RESULTS

In this section, we evaluate the performance of the proposed
algorithms. For the simulations, the carrier frequencies for
the downlink and uplink transmissions are set to be fp =
2.135 GHz and fy = 1.945 GHz. Both the BS and UE are
assumed to have a uniform linear array equipped with N = 14
and K = 6 antennas, respectively. The RIS consists of a
uniform planar array with Lj, horizontal elements and L.
vertical elements. We set the locations of the BS, RIS, and UE
as (0 m, 0 m), (800 m, 5 m), and (850 m, O m), respectively.
The noise variance is of = of = -104 dBm with noise
spectral density -174 dBm/Hz and bandwidth 10 MHz. The
weight coefficient is set to be n = 0.5, and the number of
data streams is NP = NY = 5. The threshold to determine
convergence of the proposed algorithms is set to be ¢ = 107°.

We adopt the distance and frequency dependent path-loss
model from 3GPP [14], [21] given by

PL (d, f) [dB] = 28 + 221log;, (d> + 201logyg (f> ,
do fo
(32)
where d denotes the link distance, f represent the carrier
frequency, and the reference distance and frequency are given
by dy = 1 m and f, = 1 GHz, respectively.
The one-way AO algorithm from [6] and the truncated-
SVD-based-beamforming (T-SVD-BF) approach of [7] are
used as baselines for performance comparison. The one-way

€1y
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Fig. 2: Comparison of weighted sum-rate according to the
number of RIS elements.

AO approach corresponds to the case of n = 1 or0 in
the low-complexity AO algorithm discussed in Section I'V-B.
Therefore, in this scheme the reflection coefficients at the RIS
are optimized only for the downlink or uplink. In T-SVD-
BF, the singular values of the downlink and uplink effective
channels, Heg p and Heg y, are approximated with respect
to the reflection coefficients, and the manifold optimization is
employed to optimize the reflection coefficients. Note that in
this scheme the reflection coefficients are optimized consider-
ing both the downlink and uplink. For all baseline schemes, the
precoders at the BS and UE are updated based on eigenmode
transmissions as discussed in Section III-B.

In Fig. 2, we investigate the weighted sum-rate according
to the number of RIS elements L where L;, = L, assuming
Pp max = 28 dBm and Py max = 23 dBm. Regardless of
the value of L, the two proposed algorithms lead to the
highest weighted sum-rates, which demonstrates the impor-
tance of two-way design in FDD systems. Note that jointly
optimized reflection coefficients in the manifold optimization-
based algorithm result in a superior performance than the low-
complexity AO-based algorithm. Nevertheless, for small L,
the approximation applied in the low-complexity AO case is
more accurate due the reduced channel gains, and thus its
performance of relative to the manifold optimization-based
algorithm is similar. It is observed that when L is small, T-
SVD-BF shows lower weighted sum-rate than the one-way
AO with n = 1. This is because the approximation for the
singular values used in T-SVD-BF does not work well for
small L. However, as L increases, T-SVD-BF shows superior
performance than the one-way AO, which in turn enhances
the efficiency of the joint optimization for the downlink
and uplink.

In Fig. 3, we compare the weighted sum-rate according to
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Fig. 3: Comparison of weighted sum-rate according to the
downlink transmit power.

Pp max for Py max =23 dBm and L = 100 with L, = L, =
10. Similar to the previous results, the proposed algorithms
achieve the highest weighted sum-rates irrespective of the
specific value of Pp ,ax, Which verifies their adaptability and
effectiveness. The small performance gap between the one-
way AO with n = 0 and the proposed algorithms when
Pp max 18 small reveals that it would be better to optimize the
reflection coefficients only for the uplink when the downlink
transmit power is limited. Likewise, the weighted sum-rate
for the one-way AO with = 1 improves dramatically with
increasing Pp max. Still, the proposed algorithms outperform
other baseline schemes for all practical ranges of Pp max.

VI. CONCLUSION

We proposed a joint optimization framework in RIS-
empowered FDD SU-MIMO systems to maximize the down-
link and uplink rates at the same time. To address the non-
convex weighted sum-rate optimization problem, we first sepa-
rated the precoder design from the reflection coefficient design,
and the precoders are updated based on eigenmode transmis-
sion. For optimizing the reflection coefficients, a manifold
optimization-based technique and a lower-complexity AO ap-
proach are developed. Our numerical results demonstrate that
the proposed algorithms outperform existing baseline schemes.
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