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Abstract— Large intelligent surface (LIS) has recently emerged
as a potential low-cost solution to reshape the wireless propaga-
tion environment for improving the spectral efficiency. In this
article, we consider a downlink millimeter-wave (mmWave)
multiple-input-multiple-output (MIMQO) system, where an LIS
is deployed to assist the downlink data transmission from a base
station (BS) to a user equipment (UE). Both the BS and the UE
are equipped with a large number of antennas, and a hybrid
analog/digital precoding/combining structure is used to reduce
the hardware cost and energy consumption. We aim to maximize
the spectral efficiency by jointly optimizing the LIS’s reflection
coefficients and the hybrid precoder (combiner) at the BS (UE).
To tackle this non-convex problem, we reformulate the complex
optimization problem into a much more friendly optimization
problem by exploiting the inherent structure of the effective (cas-
cade) mmWave channel. A manifold optimization (MO)-based
algorithm is then developed. Simulation results show that by
carefully devising LIS’s reflection coefficients, our proposed
method can help realize a favorable propagation environment
with a small channel matrix condition number. Besides, it can
achieve a performance comparable to those of state-of-the-art
algorithms, while at a much lower computational complexity.

Index Terms— mmWave communications, large intelligent sur-
face (LIS), joint transceiver-LIS design.

I. INTRODUCTION

ILLIMETER-WAVE (mmWave) communication is
regarded as a promising technology for future cellular
networks due to its large available bandwidth and the potential
to offer gigabits-per-second communication data rates [1]-[4].
Utilizing large antenna arrays is essential for mmWave systems
as mmWave signals incur a much higher free-space path
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loss compared to microwave signals below 6 GHz [5], [6].
Large antenna arrays can help form directional beams to
compensate for severe path loss incurred by mmWave signals.
On the other hand, high directivity makes mmWave communi-
cations vulnerable to blockage events, which can be frequent in
indoor and dense urban environments. For instance, due to the
narrow beamwidth of mmWave signals, a very small obstacle,
such as a person’s arm, can effectively block the link [7], [8].

To address this blockage issue, large intelligent surface has
been recently introduced to improve the spectral efficiency
and coverage of mmWave systems [9]-[12]. Large intelligent
surface (LIS), also referred to intelligent reflecting surface
(IRS), has emerged as a promising technology to realize
a smart and programmable wireless propagation environ-
ment via software-controlled reflection [13]-[18]. Specifically,
LIS is a two-dimensional artificial structure, consisting of a
large number of low-cost, passive, reconfigurable reflecting
elements. With the help of a smart controller, the inci-
dent signal can be reflected with reconfigurable phase shifts
and amplitudes. By properly adjusting the phase shifts, the
LIS-assisted communications system can achieve desired prop-
erties, such as extending signal coverage [19], improving
energy efficiency [20], mitigating interference [21], [22],
enhancing system security [23], and so on.

A key problem of interest in LIS-assisted communication
systems is to jointly devise the reflection coefficients at the
LIS and the active precoding matrix at the BS to optimize
the system performance. A plethora of studies have been
conducted to investigate the problem under different system
setups and assumptions, e.g. [9], [11], [19]-[28]. Among
them, most focused on single-input-single-output (SISO) or
multiple-input-single-output (MISO) systems [9], [19]-[23].
For the MIMO scenario where both the BS and the UE are
equipped with multiple antennas, [24] proposed to optimize
the spectral efficiency via maximizing the Frobenius-norm of
the effective channel from the BS to the UE. Nevertheless,
maximizing the Frobenius-norm of the effective channel usu-
ally results in a large condition number, and as a result, its
performance improvement is limited. In [25], an alternating
optimization (AO)-based method was developed to maximize
the capacity of LIS-aided point-to-point MIMO systems via
jointly optimizing LIS’s reflection coefficients and the MIMO
transmit covariance matrix. Specifically, the AO-based method
sequentially and iteratively optimizes one reflection coefficient
at a time by fixing the other reflection coefficients. Although
achieving superior performance, this sequential optimization
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Fig. 1. LIS-assisted mmWave hybrid downlink system.

incurs an excessively high computational complexity for
practical systems. In [11], two optimization schemes were
proposed to enhance the channel capacity for LIS-assisted
mmWave MIMO systems. Nevertheless, this work is confined
to the scenario where only a single data stream is transmitted
from the BS to the UE. To improve the bit error rate (BER)
performance, [26] proposed a geometric mean decomposition
(GMD)-based beamforming scheme for LIS-assisted mmWave
MIMO systems. To simplify the problem, only the angle of
arrival (AoA) of the line-of-sight (LOS) BS-LIS link and the
angle of departure (AoD) of the LOS LIS-UE path were uti-
lized to design the reflection coefficients. This simplification,
however, comes at the cost of sacrificing the spectral efficiency.
Besides the above works, other studies [27], [28] considered
multiple-user (MU)-MIMO scenarios. For example, [27] con-
sidered using the LIS at the cell boundary to assist downlink
transmission to cell-edge users.

In this article, we consider a point-to-point LIS-assisted
mmWave systems with large-scale antenna arrays at the trans-
mitter and receiver, where an LIS is deployed to assist the
downlink transmission from the transmitter (i.e. BS) to the
receiver (i.e. UE). Our objective is to maximize the spectral
efficiency of the LIS-assisted mmWave system by jointly
optimizing the LIS reflection coefficients and the hybrid pre-
coding/combining matrices associated with the BS and the UE.
To address this non-convex optimization problem, we first
decouple the LIS design from hybrid precoder/combiner
design. We then focus on the reflection coefficient optimization
problem. By exploiting the inherent structure of the effec-
tive mmWave channel, it is shown that this complex LIS
optimization problem can be reformulated into an amiable
problem that maximizes the spectral efficiency with respect
to the passive beamforming gains (which have an explicit
expression of the reflection coefficients) associated with the
BS-LIS-UE composite paths. A manifold-based optimization
method is then developed to solve the LIS (also referred to
as passive beamforming) design problem. Simulation results
show that our proposed method can help create a favorable
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propagation environment with a small channel matrix con-
dition number. Also, the proposed method exhibits a sig-
nificant performance improvement over the sum-path-gain
maximization method [24] and achieves a performance similar
to that of the AO-based method [25], while at a much lower
computational complexity.

The rest of the paper is organized as follows. In Section II,
the system model and the joint active and passive beamforming
problem are discussed. The passive beamforming problem is
studied in Section III, where a manifold-based optimization
method is developed. The hybrid precoding/combining design
problem is considered in Section IV. The comparison with the
state-of-art algorithms is discussed in Section V. Simulation
results are provided in Section VI, followed by concluding
remarks in Section VIIL.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

We consider a point-to-point mmWave MIMO system as
illustrated in Fig. 1, where the BS and the UE are equipped
with a large number of antennas, and the LIS is deployed to
assist the downlink data transmission from the BS to the UE.
For simplicity, we assume that the direct link between the BS
and the UE is blocked due to unfavorable propagation con-
ditions. Nevertheless, our proposed scheme can be extended
to the scenario in which a direct link between the BS and
the UE is available. The BS is equipped with N; antennas
and R, radio frequency (RF) chains, and the UE is equipped
with N, antennas and R, RF chains, where R; < N; and
R, < N,. To exploit the channel diversity, multiple, say N,
data streams are simultaneously sent from the BS to the UE,
where Ny, < min{R;, R,}. At the BS, a digital baseband
precoder Fgg € CF+*Ns s first applied to the transmitted
signal s € C™¢, then followed by an analog RF beamformer
Fgp € CNeXP: | The transmitted signal can be written as

x = FrpFpps, (1)
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where s is assumed to satisfy E[ssf] = I. Also, a transmit
power constraint is placed on the hybrid precoding matrix
FrpFgg, ie. |FreFggpl|% < p, p is the transmit power.

The transmitted signal arrives at the UE via propagating
through the BS-LIS-UE channel, where the LIS comprises M
passive reflecting elements and each element behaves like a
single physical point which combines all the received signals
and then re-scatters the combined signal with an adjustable
phase shift [21]. Let G € CM*Nt denote the channel from the
BS to the LIS, and R € CN*M denote the LIS-UE channel.
Also, let ¢, € [0,27] denote the phase shift introduced by
the mth element of the LIS, and

® £ diag(e!?, -+ /M) e CMM, 2)
The signal received by the UE can thus be given as
y=WEHWH g FreFpps + WigWiin,  (3)

where Wy € CV-xFRr and Wg € CRr>*Ns represent the
analog combiner and the digital baseband combiner, respec-
tively, Hop £ R®G stands for the effective (i.e. cascade)
channel from the BS to the UE, and n € CN» ~ CN(0,021I)
denotes the additive white Gaussian noise.

In this article, we assume that perfect channel state infor-
mation (CSI) is known for joint transceiver and LIS design.
Channel estimation for LIS-assisted systems is an important
and challenging issue that has been studied in a variety of
works, e.g. [29]-[32]. In particular, [30]-[32] discussed how
to estimate the channel for LIS-assisted mmWave systems.
Suppose that the transmitted signal follows a Gaussian dis-
tribution. The achievable spectral efficiency can be expressed
as [33]

1
R = log, det (I + ;(WRFWBB)THeHFRFFBB
xFlngFggHgf(WRFWBB)) )

where AT denotes the Moore-Penrose pseudo inverse of the
matrix A. It should be noted that since the analog precoder and
combiner are implemented by analog phase shifters, entries of
Frr and Wgr have constant modulus.

B. Channel Model

Due to the small wavelength, mmWave has limited
ability to diffract around obstacles. As a result, mmWave
channels exhibit a sparse multipath structure and are usually
characterized by the Saleh-Valenzuela (SV) channel
model [26], [34]-[37]. Suppose uniform linear arrays (ULAs)
are employed at the BS and the UE, and the LIS is a
uniform planar array (UPA) consisting of a large number of
reconfigurable passive elements. The BS-LIS channel G and
the LIS-UE channel R can be given as

P
N M A o
G:\/?Zaiaﬁems(@i,ni)aqfst(yf), (5)
=1
MN. <. -
R= ﬁ > Biancs (et (0500, (©)
=1
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where P (L) is the total number of signal paths between the
BS and the LIS (the LIS and the UE), 67 (0!) and n! (n})
denote the azimuth and elevation angles of arrival (departure)
associated with the LIS, 7 (/) represents the angle of
arrival (departure) associated with the UE (BS), &; (Bz) is
the complex channel gain, ag;,j € {LIS, UE} and ar,,i €
{BS, LIS} denote the normalized array response vectors asso-
ciated with the receiver and the transmitter, respectively.
Specifically, for ULA with N antennas, the normalized array
response vector is given by

1
a() =7l

s 27d

IR (= D)sin(y) L od FEN D) sin(n)]T

@)

where d and A are the antenna spacing and the signal wave-
length. For UPA with M = M, x M elements, the normalized
array response vector can be written as

1 ord . .
a(e, ,'7) _ = [1 . €j¥((m’l_1) cos(n) sin(0)+(ma2—1) sin(n))

. 6j¥ ((My—1) cos(n) sin(8)+(M.—1) sin(n))]T. 8)

C. Problem Formulation

Our objective is to jointly devise the hybrid precod-
ing/combining matrices and the passive beamforming matrix
® to maximize the spectral efficiency (4):

1
log, det (I + — (W geWgp) H
{FRF7FBBI7’I‘}3RXF7WB37¢'} 082 <€ ( * 02( ke BB) of

x FreFpp Fry FreH iy (WrpWg))
st || FreFsl|7 < p,

|Fre(i, j)| = [Wre(i,j)| =1, Vi, J,

H.; = R®G

& = diag(e/?, -, ed?M). ©)

Such an optimization problem is challenging due to the non-
convexity of the objective function and the per-element unit-
modulus constraint placed on analog precoding and combining
matrices.

To simplify the problem, we first ignore the constraint
introduced by the hybrid analog/digital structure and consider
a fully digital precoder/combiner. Let F' € CN+*Ns be a fully
digital precoder which has the same size as the hybrid pre-
coding matrix FrpFgg, and W € CN"*Ns be a fully digital
combiner which has the same size as the hybrid combining
matrix WrepWg. The problem (9) can be simplified as

1
log, det (I + — (W) Heg FF" HEW)
(o

max
(F.W,®)
st |F%<p
H.z = R®G

P = diag(ejd’l, _ ,ejm’).

(10)
Once an optimal fully digital precoder/combiner is obtained,
we can employ the manifold optimization-based method [38]
to search for a hybrid precoding/combining matrix to approx-
imate the optimal fully digital precoder/combiner. Such a
strategy can be well justified because it has been shown
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in many previous studies [33], [35], [36], [38] that, due to
the sparse scattering nature of mmWave channels, hybrid
beamforming/combining with a small number of RF chains
can asymptotically approach the performance of fully digital
beamforming/combining for a sufficiently large number of
antennas at the transceiver.

Given a fixed ® (i.e. H.g), the optimal F' and W can be
obtained via the singular value decomposition (SVD) of H ..
Define the effective channel’s ordered SVD as

H
Hyg-USVE —[U, U, ﬁl 2(1)2} [“;ﬂ . an
where U is an N, X @ unitary matrix, X is a @) x Q) diagonal
matrix of singular values, V' is an N; X () unitary matrix,
in which Q £ rank(H g). The matrix 3, is of dimension
Ng x Ng and V1 is of dimension N; X N,. Then with a
fixed ®, the optimal solution to (10) is given as

Fop = ViAY? W, =U,, (12)

where A = diag(p1,...,pn.), pi = max(l/A —
0?/%3(i,4),0),5 = 1,...,N, denotes the optimal amount
of power allocated to the ith data stream, 1/)\ is the water
level satisfying Ef\; p; = p. Thanks to the massive array
gain provided by the LIS and large number of antennas at the
BS, the effective signal-to-noise ratio (SNR) is large, in which
case an equal power allocation scheme is near-optimal [35].
Therefore we can approximate Foy as:
Nisvl.
Substituting the optimal fully digital precoder and combiner
into (10), we arrive at a problem which concerns only the
optimization of the passive beamforming matrix ®:

Fop = 13)

P 2
max log, det (I + — Noo ~ 5 )

ej(bj\l).

st. ® = diag(eml, ceey (14)

The above objective function can be bounded by

P
10g2 det (I + WZ%)

p

(a)
< Nglogy(l+ ——
21T N2

(1))

(b)

< N,logy(1 + tr(HegHL)), (15)

P
N2o?2
where (a) is due to Jensen’s inequality and (b) becomes
equality when Ny = Q. Therefore, alternatively, [24] proposed

to maximize the bound of the spectral efficiency:
max tr(Hog H)

s.t. @ = diag(e??r, - ed?M), (16)

Nevertheless, the objective of (16) does not consider the fair-
ness among different singular values and thus results in a large
condition number of H g. A large condition number indicates
an unfavorable propagation condition since we prefer the
power of the channel to be uniformly distributed over singular
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values to support multi-stream transmission [39]. To address
this issue, we will develop a new approach to solve (14). Our
proposed method obtains more balanced singular values of 3,
which can help substantially improve the spectral efficiency,
as suggested by our empirical results.

III. PROPOSED PASSIVE BEAMFORMING DESIGN METHOD

Optimizing (14) is much more challenging than directly
optimizing the Frobenius-norm of H g, as the singular value
can not be expressed by H.g in an explicit way. To address
this difficulty, we exploit the structure of mmWave chan-
nels to gain insight into the SVD of the effective channel.

Recall (5)-(6) and assume |B1| > |B2| > ... > |BL| and
lai| > Jao| > -+ > |ap|, where a; £ (/%M G,, and

Bi & /M5, We will justify the order of {43} and {a;,}

later. The effective channel H .5 = R®G can be written as

R<I>G

( Z ﬁ’baRUE Yi )aTLIS (eta 771)>

x ( Z QA Ry g (Q;a 77;)‘1%35 (7;))
j=1
L P
:ZZBiajaRUE ('yg)a’ZIZILIS (0;‘7 n;)q’aRLIs (Q;a 77;)“%47;)

i=1j=1

dij

L P
= > Biaydijany (3])at,, (7))

i=1 j=1

= Ap,, DAL . (17)

where D is an L x P matrix with its (¢, j)th entry given by
D(i,j) = Biajdij, and d;; is defined as
di] é a‘TLIs (et nf)q’a‘RLIS (957 77;)
H(G’TLIS (927 77;) O ARys (9;7 77;))
Hpm (18)

v

with o stands for the Hadamard (elementwise) product,
v 2 diag(®"), and p 2 (ag, (0.1)) © an.(6.75)).
Here d;; is referred to as the passive beamforming gain
associated with the (j,7)th BS-LIS-UE composite path which
is composed of the jth path from the BS to the LIS and the
ith path from the LIS to the UE.

Also, Ap,, and A7y, in (17) are respectively defined as

ARUE £ [aRUE ('Y{) * QRyg (72)]7
ATBS £ [aTBS (’VD ccr ATpg (753)] (19)
For ULA with N antennas, it can be easily verified that
la” (vi)a(y;)| = 0, N — oo (20)

for any sin(vy;) — sin(vy;) # 0. This asymptotic orthogonality
also holds valid for other array geometries such as UPA [40].
Therefore when V; and N, are sufficiently large, Ap,, and
Ar,. can be considered as orthonormal matrices in which
the columns vectors form an orthonormal set (each column
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vector has unit norm and is orthogonal to all the other column
vectors). If the phase shift vector v is properly devised such
that the off-diagonal elements of D are small relative to entries
on the main diagonal, then H.g = ARUEDA%BS can be
treated as an approximation of the truncated SVD of H g,
in which case the optimization problem (14) turns into

N
max Zlogg (1 + ﬁ|D(Z,Z>|2>

1=1
s.t. D(Z ’L) = aiﬁidii; Vi € {1, s ,NS},

di; = v p",
|dij| = wp7| < T,

v = [ejd)l

Vi 7 J,
. ejdm]H (21)
where 7 is a small positive value and the constraint |d;;| < T
is to make sure that D is approximately a non-square diagonal
matrix such that Heg = A };{UEDA%'Bs approximates a trun-
cated SVD of H .g. One could question that such a constraint
(i.e. |dij| < 7,¥i # j) not only complicates the problem, but
also confines the solution space of v, and thus may prevent
from achieving a higher spectral efficiency. We will show that
this constraint can be ignored and this omission does not affect
the validity of our proposed solution. Specifically, we focus on

solving
N,
max ;10g2 (1 Np (z,z)|2>
s.t. D(i,i) = a;fBidi;, Vi€ {l,--- Ny},
dy; = 'UHp“a
v = [6]¢1 . ejth]H (22)

and we will show that for a sufficiently large M, the solution
to (22) automatically ensures that off-diagonal entries of D are
small relative to entries on its main diagonal. Thus it is
expected that solving (22) leads to an effective solution
of (14).

A. Manifold-Based Method for Passive Beamforming Design

In this subsection, we develop a manifold-based method to
solve (22). Note that other methods such as the semidefinite
relaxation (SDR) method, the block coordinate descent (BCD)
method [41] and the penalty dual decomposition (PDD)
method [42] can also be employed to address (22). The reason
we choose to use the manifold optimization technique is
that it achieves a good balance between the computational
complexity and the performance. Recalling that D(i,i) =
a; 3w p”, the optimization (22) can be rewritten as

N
max Z log, (1 4 a; v P"v)
i=1
st v = [ejdn . ejth]H (23)
where P" £ p'(p™)", and a; £ Fz|a;f;]* The main

difficulty involved in solving (23) is the non-convex unit
modulus constraint. We employ the manifold optimization

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 20, NO. 2, FEBRUARY 2021

technique to address this difficulty. The search space of (23)
can be regarded as the product of M complex circles, i.e.,

Sx8---xS8, (24)
————

M times

where S = {u € C : uu = 1} is one complex circle [43].
The product of such M circles is a submanifold of C™, known
as the complex circle manifold (CCM) [44], which is defined
as

M=SME2yecCM: |u|=1,i=1,2,---,M}. (25)

More background on optimization on manifolds can be found
in [44].

For a smooth real-valued objective function on some mani-
fold, many classical line-search algorithms such as the gradient
descent method can be applied with certain modifications [45].
We start with some basic definitions. The tangent space 7, M
is the set consisting of all tangent vectors to M at the point v*
[44]. Here, the tangent space of the complex circle manifold
admits a closed-form expression, i.e.,

T M= {zecCM:R{z0(v")*} =0}, (26)
where o denotes the Hadamard product. Since the descent is
performed on the manifold, we need to find the direction of
the greatest decrease from the tangent space, which is known
as the negative Riemannian gradient. For the complex circle
manifold, the Riemannian gradient of the objective function
flv) & -3 1og(1 + a; v P"v) at the point v* is a
tangent vector V o f(v¥) given by [44]

Vamf@F) = PTOJTka(Vf(’Uk))
= Vf(") = R{Vf (") o (v*

where Proj(-) is the orthogonal projection operator and the
Euclidean gradient V f(v¥) is given as

)*}ovk, (27)

(28)

Z QGzP“ k
P 1n21+a (vk)H Pk’

After we obtain the Riemannian gradient, we can transplant
many line-search algorithms, such as the gradient descent
method, from the Euclidean spaces to the Riemannian mani-
folds [45]. Specifically, we update v* with a step "

" =" — TV f (V") (29)
where " is chosen as the Armijo step size [44]. In general, T
does not lie in the complex circle manifold, thus the retraction
is needed to map the updated point ©* on the tangent space
T,-M onto the complex circle manifold M with a local
rigidity condition preserving the gradients at v*. In this case,
the retraction operator is defined as [44]

v =R(TF) 2 5o

(30)

The algorithm above is summarized in Algorithm 1, which is
guaranteed to converge to a critical point of (23) [44].
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Algorithm 1 Proposed Algorithm for Solving (23)

1: Initialize v° € M and give a pre-defined threshold &.

2: repeat

3. Compute the Euclidean gradient V f(v*) usmg (28);

4 Compute the Riemannian gradient V o f(v*) with (27);

5. Choose an Armijo step size w” ( [44], see section 4.2.2);

6: Update 9% = v* — @*V o f(vF);

7. Update v**! = R(o*) using (30);

8: until the gap of the objective function values between two
iterations is smaller than € .

9: Obtain the optimal solution v*.

B. Discussions

Next, we discuss for a sufficiently large M, why the
constraint |d; ;| < 7,Vi # j in (21) can be ignored and the
solution to (22) yields small values of {d;;,Vi # j}.

Define k £ 254, £(0,m) £ cos(n)sin(), g(n) = sin(n),
and p*/ £ /M p” We have

P £ VM (ag,, (0,71;) © arys (05,1]))

C L e eme @ s)ma 1) (Ag)
VM
) ejk((My—l)(Afij)-i-(Mz—U(Agij)]T, (31)
where Afi; £ f(07,n7)— f(6f, 1) and Agi; £ g(n})—g(nt).

Therefore, we can calculate |(ﬁij )H P as

|(B7) " p™"|

M, M.
T ekemona

777,1:1 777,2:1

1 |sin (2kMyAF; ) sin ($kM.AGijmn) (32)
M | sin (lkAFijmn) sin (lkAGijmn) ’

Fijmn)+(m2—1)(AGijmn)

where AFijn - Afmn Afz] and AGz]mn - Agmn Agzg
Due to the random distribution of AoA and AoD parameters,
we have AF} i, 7# 0 0or AGijmn # 0 forany {m,n} # {4, j}
with probability one. Thus we have

lim | ()Hp™™ |=0, Ym#i| n#j,

Jm (33)

where || denotes the OR logic operation which means either
m # i or m # j is true. Also, it is easy to verify that
(p7)Hp =1.

Define A £ {p" : i = 1,...,N,} and B £ {p™" :
{m,n} € £}, where £ £ U — Z, in which

U=s{{mmn}:me{l,....L},ne{l,....,P}} (34)

T2 {{i,i}:ie{l,...,NJ}} (35)

Let C £ {c,} " denote an orthonormal set whose vectors
are orthogonal to those vectors in A U B. Clearly, the set of
vectors in D £ AU BUC form an orthonormal basis of CM.
Hence, any vector in CM can be expressed as a sum of the
basis vectors scaled

M-LP

v = Z kD" 4 Y kmnD™+ Y kucu. (36)
u=1

{m,nn}e€
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It should be noted that

N, M—-LP
MZUHU:Z|k¢i|2+ Z |kmn|2+ Z |ku|2
i=1 {m,n}e& u=1

(37)

Substituting (36) into the objective function of (23), we have

N
> logy(1+ a; v p”[?)

i=1
- Z 1Og2 (1 + Q; (Z kmp“ + Z kmnp
{m,nn}e€

(38)

Therefore (23) can be re-expressed as

Ns
Zlog2(1 +
b

N,
S.t. Z |k37;¢|2 <M,
1=1

v = [ej¢1

max
{kiiskmn ku

Gy 12
L fkal?)

. ej¢M]H
M—-LP

v= Z kup” + Z kmn p" + Z kucu (39)

{m,nn}e€ =

If no unit modulus constraint is placed on the phase shift vector
v, then it is clear that the objective function value of (39) is
maximized when Zi\il |kii|? = M, which means that k,,,, =
0,v{m,n} € £ and k, = 0. As a result, we have

dmn _ ( H mn <Z k”ﬁ“>

H
=0 Y{m,n} €é&

(40)

Hence the solution to (39) or (23), v*, yields exactly zero
off-diagonal entries of D. Wlth the unit modulus constraint
v=[ed0 ... | H SN 12 il not be exactly equal
to M but the solution will force Z |2 to be close to M
as much as possible in order to obtaln a maximum objective
function value. As a result, the values of {|kn|}, V{m,n} €
& are small relative to {|k;|,i = 1,..., Ns}. Note that we
have

dpq = ('U*)prq

Ng M—-LP H
= Z kmp“ + Z kmnp + Z kucu pm
{m,n}eé&
kpq
q#p
_ )M (41)

|

o
5
S

=
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Therefore the optimal solution to (23) yields an approximately
diagonal matrix D whose off-diagonal entries {d;;,7 # j} are
small relative to its diagonal entries {d;;, 7 = 1,..., Ng}.

C. Ordering of {B;} and {«a;}

Note that we assumed a decreasing order of the path gains
{Bi} and {o;} earlier in this article, i.e. |B1| > |B2]| > ... >
|Or] and |aq| > |aa| > -+ > |ap]|. Nevertheless, from (22),
we can see that different orders of {;} and {a;} may lead
to different solutions and thus different performance, and it
is unclear whether arranging the path gains {3;} and {«;}
in a decreasing order is a good choice. To gain an insight
into this problem, let us examine the optimization (39) which
is a variant of (22). As discussed above, if we ignore the
unit-modulus constraint placed on v, (39) can be simplified as
a conventional power allocation problem:

N

max ZlogQ(l + a;lki|?)
{kis} 3
NS
stoY kil <1, (42)
i=1
where k;; 2 jﬁ Recall that a; = N:’02|ai5i|2, where
o = %di, and 3; = N;;M B) Thanks to the large

dimensions of Ny, N,, and M, it can be expected that the
effective signal-to-noise ratios (SNRs) {a;} have large values
even the nominal SNR % is small. It is well-known that in
the high SNR regime, it is approximately optimal to equally
allocate power to different data streams. Therefore the question
is how to arrange the orders of {3;} and {a;} such that
Zf\il log, (1 + a;/Ns) can be maximized.

Let {7}/, be a permutation of the set {1,...,L} and

{mp})—, a permutation of the set {1,..., P}. We can write

N, N,
S = ZlOgQ(l + ai/NS) = ZIOgQ(l + e|a7"k|2|ﬁ7—k|2)
i=1 k=1

Ng N 1
=3 tomallan )+ Y- logs (s + el ?)
k=1 k=1 Tk

£ S+ Ss. (43)

where e £ 5£=. We see that S) is a constant once .
is determined. Hence, we focus on the value of Ss. Note that

N
. 1
252 = H (W + 6|ﬁ7’k|2> . (44)
k=1 T
Without loss of generality, we assume
1 1
DR (i — 45
P = JonP = S o P )

Clearly, according to the dual rearrangement inequality [46],
Sy attains its maximum if and only if

181,12 > [Br)? = -+ > |Bry, -

This means that similar to {ca, }2°,, {|3-.|}~°, should also
be arranged in a decreasing order. This explains why we
arrange the path gains of {3;} and {«;} in a descending order.

(46)
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Algorithm 2 Proposed Algorithm for Joint Transceiver and
LIS Design

Input: R, G, N,, R, R, p, 0%;
First step

1: Optimizing ®* by Algorithm 1 developed in Subsec-
tion III-A;

Second step

2: Compute the optimal precoding and combining matrices,
ie. Fop, and W, using (12)

3: Obtain hybrid precoding and combining matrices, i.e. F'gg,
Frr Wgp and Wgp, via the manifold-based method
discussed in Section IV;

Output: (ﬁ*, FBB, FRF’ WBB, and WRF-

IV. HYBRID PRECODING/COMBINING DESIGN

After obtaining the passive beamforming matrix &7,
we conduct the SVD of H*, ie. H* = R® G =
U*S*(V*)? and the optimal precoder/combiner can be
obtained via (12). As discussed earlier in this article, we search
for an analog precoding (combining) matrix Frp (Wgr) and
a baseband precoding (combining) matrix Fgg (Wpp) to
approximate the optimal precoder (combiner) Foy (Wop).
In the following, we focus our discussion on the hybrid
precoding design as the extension to the hybrid combining
design is similar. Such a problem can be formulated as [38]

min || Fopt — FreFpal/%,

47
wEMoz,Fpp “7

where w £ vec(Frr) and the search space is a complex circle
manifold defined as Mo = SNt Specifically, we adopt the
fast manifold-based optimization method in [38] to solve (47),
where we optimize F'rr and F'gp in an alternating manner. The
detailed procedure can be found in [38] and thus omitted here.
It should be noted that the method is guaranteed to converge to
a critical point [38], [44] and has a computational complexity
at the order of O(N.R;N,Ly), where Ly is the number of
iterations required to converge.

V. SUMMARY AND DISCUSSIONS

First of all, we would like to clarify that different from
other state-of-the-art methods [24], [25], our proposed method
is designed specifically for mmWave systems. It relies on
the sparse scattering structure of mmWave channels to obtain
a good approximation of the SVD of the effective channel.
On the other hand, as will be shown in the subsequent
analysis and simulation results, utilizing the inherent sparse
structure of mmWave channels enables us to achieve a better
tradeoff between the spectral efficiency performance and the
computational complexity.

A. Computational Complexity Analysis

For clarity, the proposed algorithm is summarized
in Algorithm 2. Specifically, our proposed algorithm consists
of two steps. The first step aims to obtain LIS’s reflection
coefficients via solving the passive beamforming optimization
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Fig. 2. Simulation setup.

problem (23). A manifold-based method, i.e. Algorithm 1,
is developed. The dominant operation for Algorithm 1 at each
iteration is to calculate the Euclidean gradient (28), which has
a computational complexity at the order of O(M). Note that
P" = p'(p")H, and thus calculating (p*)” v is enough to
obtain (28). Therefore the first step involves a computational
complexity of O(M Ly ), where L; denotes the number of iter-
ations required to converge. The second step solves a hybrid
beamforming problem which involves calculating the optimal
precoder/combiner and searching for an analog precoding
(combining) matrix and a baseband precoding (combining)
matrix to approximate the optimal precoder (combiner). The
optimal precoder/combiner can be obtained by performing the
SVD of the effective channel, whose complexity is at the order
of O(N, Ny min(N,., N;)). The proposed manifold-based algo-
rithm for finding the analog/diginal precoding (combining)
matrices, as discussed in the previous section, has a complexity
of O(N,. R, NyLo+N.R;NyLs), where Lo denotes the number
of iterations required to converge. Thus, the overall computa-
tional complexity of our proposed algorithm is at the order of
O(MLy + N.N;min(N,., N;) + N, R.NsLo + N;R; N Ls).

Note that there is no alternating process between these
two steps. We only need to execute each step once for our
proposed algorithm. Since each step of our proposed algorithm
is ensured to converge, the convergence of our proposed
algorithm is guaranteed.

B. Computational Complexity Comparison

In this subsection, we compare our proposed method with
some state-of-the-art methods developed for spectral efficiency
optimization for IRS-aided MIMO systems. Note that these
methods are not specially designed to mmWave systems
with hybrid precoding/combining structures. To apply them
to our problem, a similar two-step procedure is required.
Let us first consider the alternating optimization (AO)-based
algorithm [25]. In the first step, the AO-based algorithm [25]
is used to optimize the LIS’s reflection coefficients ®
and the transmit covariance matrix . The first step
involves a computational complexity at the order of
O(N,N¢(M +min(N,, N¢)) L+ ((3N2 +2N2N; + N2)M +
N, Ny min(N,., Ny))I), where L is the number of realizations
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TABLE I
COMPUTATIONAL COMPLEXITY COMPARISON

Algorithm
T-SVD-BF (proposed)

Dominant computational complexity
O(ML;y + N2Ny).

AO-based algorithm in [25] O(2N2ZNM]I)
WMMSE-based algorithm in [27] O((M? +TM?)I2)
SPGM-based algorithm in [24] O(M?3L3)

for initialization and I denotes the number of outer iter-
ations [25]. Note that the first step requires to calculate
the SVD of the effective channel. Hence the optimal pre-
coder/combiner can be directly obtained without involving
additional computational complexity. In the second step,
similar to our work, we resort to the manifold-based algo-
rithm to find the hybrid precoder and combiner to approxi-
mate the optimal precoder/combiner, which involves a same
computational complexity at the order of O(N,R,.NsLs +
N{R;NgL). Therefore the overall computational complex-
ity of the AO-based algorithm [25] is at the order of
O(N, N¢(M +min(Ny, Nt))L+ ((3N2 +2N2N; + N})M +
NNy min(N,, N¢))I + N, R.NyLo + N; RN, Ls). Note that
although both the AO-based algorithm [25] and our proposed
algorithm have a computational complexity scaling linearly
with M, our proposed algorithm achieves a substantial com-
plexity reduction as compared with [25]. To see this, suppose
Ny > N, and N, > min{R,, R;} > N, which is a reason-
able setup for practical systems. In this case, the complexity of
our proposed method is dominated by O(M L1 + N2N). As a
comparison, the computational complexity of the AO-based
algorithm [25] is dominated by O(2N2N,;M1I). Considering
the fact that L;' is much smaller than 2N2N, I, our proposed
method has a much lower computational complexity than the
AO-based method [25].

The complexity of other existing methods can be similarly
analyzed. Specifically, the overall computational complexity of
the WMMSE-based method in [27] is at the order of O((N?+
N3 + max(N2, N?N,) + (M3 + TM?))I + N, R, NsLs +
N¢R;N,Ls), where I (T') denotes the outer (inner) iterations.
On the other hand, the overall computational complexity of the
sum-path-gain maximization (SPGM)-based method in [24] is
at the order of O(M?3 L3+ N, N; min(N,, N¢)+ N, RN, Lo+
N¢R;NsLs), where L3 denotes the number of iterations.
Assuming M > N; > N, > N,, the dominant compu-
tational complexity of respective algorithms is summarized
in Table I. We see that the computational complexity of
both [27] and [24] scales cubically with the number of
reflecting elements M.

VI. SIMULATION RESULTS

In this section, we evaluate the performance of our pro-
posed joint transceiver and LIS design method. The proposed
method is based on the approximation of the truncated SVD
of the effective (cascade) channel, and thus is referred to
as Truncated-SVD-based beamforming (T-SVD-BF).? In our

I'Simulation results show that our proposed manifold-based algorithm con-
verges within only a few, say, ten iterations.
2Codes are available at http://www.junfang-uestc.net/codes/T-SVD-BF.rar
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simulations, we adopt a three-dimensional setup as shown
in Fig. 2. The coordinates of the BS, the LIS and the UE
are respectively given as (zgs,0, zBs), (0,yLs, zL1s), and
(zugk,Yur, zUE), Where we set xps = 2m, zgs = 10m,
yris = 148m, 2y = 10m, xyg = dm, yyg = 150m, and
zuyg = 1.8m. The distance between the BS (LIS) and the
LIS (UE) can be easily calculated and given as 148m (9.8m).

Slightly different from our previous definition, the effective
channel is modeled as follows by considering the transmitter

and receiver antenna gains [47]
H.¢ = GG RPG (48)

where G; and G, represent the transmitter and receiver
antenna gains, respectively. The BS-LIS channel G' and the
LIS-UE channel R are modeled as follows

N:M

G = <d1aRLIS (971Aa ﬂ{)a%gs (’Y{)

P
+3 Giany (67,00 all (vf)>, (49)

i=2
MN,

R = 25 (rar (el 800

L
3 Gan Gl 001D). 50

=2

where a; (31) ~ CA(0,10791%) denotes the complex gain of
the LOS path, « is the path loss given by [37]

Kk =a+ 10blogo(d) + ¢ (51)

in which d denotes the distance between the transmitter and
the receiver, and & ~ N (0,0?). The values of a, b o¢
are set to be a = 61.4, b = 2, and o¢ = 5.8dB as
suggested by LOS real-world channel measurements [37],
&;(B;) ~ CN(0,1070-1(s+1)) stands for the complex gain of
the associated NLOS path, and p is the Rician factor [26], [48].
Unless specified otherwise, we assume that the LIS employs
a UPA with M = M, x M, = 16 x 16, the BS and the
UE adopt ULAs with N; = N, = 64. Other parameters
are set as follows: Ry = R, = 6, Ny =4, L = P =7,
w =10, Gy = 24.5dBi, G, = 0dBi. The carrier frequency is
set to 28GHz, the bandwidth is set to 251.1886MHz and thus
the noise power is 02 = —174 + 10log;, B = —90dBm.

We compare our proposed method with the following
three state-of-the-art algorithms, namely, the sum-path-gain
maximization (SPGM) method which aims to maximize
the Frobenius-norm of the effective channel H.; [24], the
AO-based algorithm [25], and the WMMSE-based algo-
rithm [27]. Note that the WMMSE-based method is designed
for multicell-multiuser scenarios. But it can easily adapted to
the point-to-point scenario considered in this article.

A. Perfect Channel State Information

In this section, we assume perfect channel state information
(CSD) is available at the BS. In Fig. 3, we plot the spectral
efficiency of respective algorithms versus the transmit power p,
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Fig. 4. Convergence behavior of the proposed algorithm for solving (23).

where “digital” and “hybrid” respectively represent the spec-
tral efficiency achieved by fully digital precoding/combining
matrices and hybrid precoding/combining matrices. Here
hybrid precoding/combining matrices are obtained via the
manifold optimization-based method developed in Section IV.
We observe that for all four algorithms, the performance of
hybrid precoding/combining is very close to that of fully
digital precoding/combining, which corroborates the claim that
hybrid beamforming/combining with a small number of RF
chains can asymptotically approach the performance of fully
digital beamforming/combining for a sufficiently large number
of transceiver antennas. In addition, we see that our proposed
method T-SVD-BF presents a clear performance advantage
over the SPGM method and the WMMSE-based method.
Particularly, the substantial improvement over the SPGM can
be attributed to the fact that our proposed method yields
a well-conditioned effective channel matrix with a smaller
condition number, thus creating a more amiable propagation
environment for data transmission. We also note that our
proposed method achieves performance close to the AO-based
method. The convergence behavior of our proposed manifold-
based algorithm used to solve the passive beamforming design
problem (23) is depicted in Fig. 4, where we set p = 30dBm.
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Fig. 5.

It can be seen that the proposed manifold-based algorithm has
a relatively fast convergence rate and attains the maximum
objective function value within only ten iterations.

Fig. 5 depicts the spectral efficiency and average run time
of respective algorithms versus the number of LIS elements,
where the transmit power p is set to 50dBm, and to vary
M, we fix M, = 16 and increase M,. All algorithms are
executed on a 2.90GHz Intel Core i7 PC with 64GB RAM.
We see that for all four algorithms, the spectral efficiency
increases as the number of passive elements increases. For
this setup, the SPGM and the WMMSE methods achieve
similar performance. Our proposed method outperforms the
SPGM and the WMMSE by a big margin, and the performance
gap becomes more pronounced as M increases. It is also
observed that the spectral efficiency of our proposed method is
slightly lower (by about 4% spectral efficiency loss) than that
of the AO-based method. Nevertheless, our proposed method
is much more computationally efficient than the AO-based
method, as reported in Fig. 5 (b). For instance, the average
run time required by our proposed method T-SVD-BF is
0.1988 second when M = 192, while it takes the AO-based
method about 26.7357 seconds to yield a satisfactory solution.
Such a substantial complexity reduction makes our proposed
method a more practical choice for LIS-assisted mmWave
communications where a large number of antennas as well as a
large number of reflecting elements are likely to be employed
to compensate the severe path loss. In addition, it is observed
that our proposed method outperforms the WMMSE-based
method in terms of both spectral efficiency and computational
complexity.

In Fig. 6, we plot the spectral efficiency versus the number
of data streams, where the transmit power p is set to 30dBm
and the number of passive elements is set to M = 256.
It is observed that the spectral efficiency of T-SVD-BF,
AO and WMMSE improves rapidly as N, increases, while
the performance improvement of SPGM is quite limited.
Again, we observe that T-SVD-BF achieves a substantial
computational complexity reduction, at the expense of mild
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performance degradation compared to the AO-based method.
The average run time of our proposed method is 0.5637 second
when N, = 3, while it takes the AO-based method about
35 seconds.

To gain an insight into how the LIS helps realize a favor-
able propagation environment, we use the truncated condition
number as a metric to evaluate the capability of respective
algorithms in reconfiguring the wireless channel. As is well
known, the channel matrix condition number is regarded as
an auxiliary metric for measuring how favorable thezghannel
where X (7,7) denotes the ith largest singular value of the
effective channel H .. Fig. 7 shows the truncated condition
number versus the number of passive reflection elements.
We observe that the truncated condition number of SPGM
grows as M increases, whereas the truncated condition num-
bers of the proposed method and the AO-based method
are small and remain almost unchanged with an increasing
M. This result indicates that our proposed method and the
AO-based method are superior to SPGM in building a more

is. The truncated condition number is defined as
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favorable wireless channel. It also explains why SPGM does
not gain much with the increase of the number of passive ele-
ments. An interesting observation is that the WMMSE-based
method performs worse than our proposed method, despite
of the fact that it has a smaller truncated condition number.
The reason lies in that although the WMMSE-based method
obtains more balanced singular values, the singular values are
generally smaller (in terms of magnitude) than those singular
values obtained by our proposed method, which prevents the
WMMSE method from achieving a higher spectral efficiency.

B. Imperfect Channel State Information

In practice, due to channel estimation errors, perfect knowl-
edge of channel state information (CSI) is usually unavail-
able. It is therefore important to evaluate the performance
of respective algorithms with inaccurate knowledge of AoAs
and AoDs. To this end, let § £ 6 — 6 denote the estimation
error of the AoA/AOD parameter, where 6 denotes the true
AoA (AoD) and 0 is the estimated AoA (AoD). Note that
our channel model consists of a set of AoA/AoD parameters,
and we assume that the estimation errors for these AoA/AoD
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parameter are modeled as independent and identically
distributed (i.i.d.) random variables following a same uniform
distribution [49]:

35 if —B<6<p
0, otherwise

f(8) = (52)
In our simulations, we set Ny = N, = 64, M = M, x M, =
16 x 16 = 256, L = P =7, and p = 50dBm. Fig. 8 depicts
the spectral efficiency versus the estimation error (3, where
0 varies from 0 to 2°, as suggested in [49]. We see that our
proposed method behaves similarly as the AO-based method:
both methods suffer nearly a same amount of performance loss
as the estimation error increases. This result indicates that our
proposed method does not exhibit higher sensitivity to inac-
curate CSI than other methods. Moreover, it can be observed
that our proposed method still presents a clear performance
advantage over the SPGM and the WMMSE-based methods
in the presence of channel estimation errors.

VII. CONCLUSION

In this article, we considered an LIS-assisted downlink
mmWave MIMO system with hybrid precoding/combining.
The objective is to maximize the spectral efficiency by jointly
optimizing the passive beamforming matrix at the LIS and
the hybrid precoder (combiner) at the BS (UE). To tackle this
non-convex problem, we developed a manifold optimization
(MO)-based algorithm by exploiting the inherent structure of
the effective (cascade) mmWave channel. Simulation results
showed that by carefully designing phase shift parameters at
the LIS, our proposed method can help create a favorable prop-
agation environment with a small channel matrix condition
number. Besides, it can achieve a performance comparable to
those of state-of-the-art algorithms, while at a much lower
computational complexity.
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