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Abstract—In this letter, we investigate the uplink of a reconfig-
urable intelligent surface (RIS)-aided millimeter-wave (mmWave)
multi-user system. In the considered system, however, problems
with hardware cost and power consumption arise when massive
antenna arrays coupled with power-demanding analog-to-digital
converters (ADCs) are employed. To account for practical hard-
ware complexity, we consider that the access point (AP) is
equipped with resolution-adaptive analog-to-digital converters
(RADCs). We maximize the achievable rate under hardware con-
straints by jointly optimizing the ADC quantization bits, the
RIS phase shifts, and the beam selection matrix. The formu-
lated problem is non-convex. To efficiently tackle this problem,
a block coordinated descent (BCD)-based algorithm is proposed.
Simulations demonstrate that an RIS can mitigate the hardware
loss due to the use of RADCs, and that the proposed BCD-based
algorithm outperforms state-of-the-art algorithms.

Index Terms—Reconfigurable intelligent surface, millimeter-
wave communication, resolution-adaptive analog-to-digital con-
verter, block coordinated descent algorithm.

I. INTRODUCTION

ILLIMETER-WAVE (mmWave) communication
systems play an important role in fifth generation
(5G) wireless networks. MmWave communication systems
can offer a higher transmission capacity compared with
their microwave counterpart. However, they are impaired by
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blockages, which affect their reliability, especially in urban
environments characterized by the presence of large and
densely deployed buildings [1], [2].

To enhance the reliability of mmWave communication
systems, several solutions can be employed [2]. Recently,
the emerging technology of reconfigurable intelligent sur-
faces (RISs) has been proposed for enhancing the system
performance, especially at high frequency bands [1]. In par-
ticular, by appropriately co-phasing the incident signals, RISs
provide high beamforming gains that increase the coverage of
mmWave communication systems, without the need of using
power amplifiers and multiple radio frequency (RF) chains that
are, on the other hand, needed if relays are employed [3]-[5],
[18], [19]. Considering these advantages, RIS-aided communi-
cation systems have been investigated in several works. In [6],
the authors proposed a projected gradient method (PGM) for
maximizing the achievable rate of RIS-aided multiple-input
multiple-output (MIMO) systems. In [7], the authors analyzed
the outage probability of RIS-aided non-orthogonal multiple
access (NOMA) systems. In [8], the authors studied the phys-
ical layer security of RIS-aided systems, and a lowcomplexity
iterative algorithm was proposed. A beamforming design was
proposed for RIS-aided simultaneous wireless information and
power transfer (SWIPT) systems in [9].

In mmWave communication systems, the prohibitive cost
and power consumption of the hardware components at the
access points (APs) make the realization of fully-digital
solutions very difficult. For these reasons, hybrid analog-
digital processing schemes are usually employed to reduce
the number of RF chains [8]. In addition, low-resolution
analog-to-digital converters (ADCs) are often employed in
order to further reduce the hardware cost and power con-
sumption. In particular, a viable solution to find a good
trade-off between hardware complexity, power consumption,
cost, and performance is to use resolution adaptive ADCs
(RADC:s) [10]. However, no research work has yet investigated
the design and optimization of RIS-aided mmWave com-
munication systems with RADCs. Therefore, there is scope
for further research on sum-rate maximization for RIS-aided
mmWave systems with RADCs. This letter studies the sum
rate optimization problem of the uplink of RIS-aided mmWave
systems with RADCS.

To the best of our knowledge, no research work has
yet investigated the design and optimization of RIS-aided
mmWave communication systems with RADCs. Therefore, it
is meaningful to study the impact of using RADCs for appli-
cation to RIS-aided uplink mmWave communication systems.
Specifically, we consider the problem of maximizing the
achievable rate by jointly optimizing the beam selection matrix
at the AP, the RIS phase shifts, and the ADC quantization bits
at the AP. The resulting optimization problem is non-convex,
thus, it is difficult to solve. To circumvent this issue, we
propose a block coordinated descent (BCD)-based algorithm.
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Fig. 1. RIS-aided uplink mmWave communication system.

BCD-based algorithm

Fig. 2. Flow chart of proposed BCD-based algorithm.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a multi-user uplink mmWave communication
system, where K single-antenna users are served by an AP
equipped with M RF chains and N antennas. To assist the com-
munication between the AP and the users, an RIS equipped
with N, reflecting elements is assumed to be available, as illus-
trated in Fig. 1. We adopt a geometric model for the mmWave
channels [8]. In particular, b, € CN*1 denotes the chan-
nel from the kth user to the RIS, and H = [hy,...,hg] €
CNrXK i the channel matrix that accounts for the K users,
s =1[s1,..,5K]7 € CEX1 with s, ~ CN(0,1) denotes the
kth user’s data, ® = diag(f) € CNrxNr denotes the RIS
reflection matrix, where 0 = [669¢1,...,ﬂe]¢N7-} e C1xNr,
¢; € [0,2n], Vi=1,...,Np, and 8 = 1 denote the phase
shift and the amplitude reflection coefficient of the ith reflect-
ing element of the RIS, respectively. The line of sight link is
blocked by obstacles. The signal received by the AP through
the RIS can be expressed as

y=GOHs+n, (D)

where n ~ CN(0,0%Iy) is the additive white Gaussian
noise vector and I, denotes an N x N identity matrix,
and G € CNV*Nr js the channel matrix between the RIS
and the AP. The received signal y € (OAREISTS processed
by the AP by applying a hybrid combiner with RADCs. The
hybrid combiner is denoted by F = DW € CNV*M where
D e CNrrxS s a codebook matrix and Npp is the num-
ber of RF chains. W € CVrr*M denotes a selection matrix
with binary entries ws ., € {0,1}. After applying the hybrid
combiner, the signal is denoted as

y=FYGOHs + Flin. 2)

The M pairs RADCs are assumed to be connected to the
RF processor in order to make the control of the quanti-
zation bits more flexible and precise, thereby reducing the
quantization error. The quantization noise of the RADCs
for the real and imaginary parts of y and y is taken into
account by employing a linear additive quantization noise
model (AQNM) [14], [16], [17]. Thus, the quantized signal
can be formulated as

1609

where F(-) denotes the quantization operator and F, =
ol € CMXM " \where Iy, is an M x M identity matrix.

a = ”T\/gll_b denotes the normalized quantization error for
b quantization bits when b > 5 [14]. When b < 5, « can
be set as shown in [15, Table I]. Also, ng denotes the
quantized noise, whose mean and covariance matrix are 0
and A, = FoFdiag(FI GOHH" GO F+s2FIF),
Fy = (1 —a)Iy € CMXM_ According to this model, the
signal detected by the kth user is given by

5, = ukHFaFH GOHz + u,?FaFHn + uanq, 4

where u;, denotes the decoding vector of the kth user, and x is
the data stream. For convenience, we define w = vec(W) €
CNreMX1and w = [u],...,uk]T € CMEXL Then, the
achievable rate of the kth user is given in (5), shown at the
bottom of the page. To maximize the uplink achievable rate,
the problem can be formulated as

K
max Ry, (6a)
0,b,u,w el
S M
s.t. Z Wy m = 1, Z ws,m < 1,
s=1 m=1
ws,m € {0,1},V s, m, (6b)
16;] =1, (6¢)
B < b < V™3 b is an integer.  (6d)

ITI. PROPOSED BCD ALGORITHM

To solve the nonconvex problem in (6), we adopt the
BCD-based algorithm to transform problem (6) into three sub-
problems. The flow chart of our proposed approach is shown
in Fig. 2.

A. Optimization of b and w
For given u and O, the problem in (6) is rewritten as

K
ril’?vx ;Rk (7a)
s.t. (6b),(6d). (7b)

The problem in (7) is non-convex due to the nonconvex-
ity of (6b) and (6d). To handle the non-convex discrete
constraint (6d), we relax it into a continuous constraint, i.e.,

bmin < b < pmax (8)
According to [10], b is rounded as

I R A A )
b(0) = { [b*], otherwise, ®

where 0 < § < 1 is chosen based on [10]. In addition, in
order to address the difficulties caused by constraint (6b), an

Yy=F(y)=Fay+ng (3) appropriate transformation is required. In particular, (6b) can
ull Fo FH GORy |2
Rk = 10g 1+ H I7i I7i I7i I (5)
Sz luy FoF GOh|? + o2||uy! Fo F7 |2 + uy? Aquy,

Authorized licensed use limited to: ULAKBIM UASL - KOC UNIVERSITY. Downloaded on August 08,2021 at 06:50:54 UTC from IEEE Xplore. Restrictions apply.



1610

be transformed into the following equivalent form.

S
wlem = ism, Y wlen=1 (10)
s=1
wlem(l—ism) =0, (11)
ws =0, wlly <1, 0< dgm<1, (12)

where e, = I(:,;m) and 1)y = [1,...,1]7 € RM*L To
deal with the bilinear variables, wy e, (1 — @s,m) = 0 can
be transformed into the following constraints by the Schur
complement [13].

T
Ws €m — Tsm | g 13
Ts,m 1- 'ws,m:| - (13)
and
wlen(l—igm) <r2,, (14)

where 75 ., is an auxiliary variable. To deal with the bilinear
function on the left-hand side of (14), the successive convex
approximation (SCA) method based on the arithmetic geomet-
ric mean (AGM) inequality is adopted. Accordingly, (14) can
be rewritten as

" 1 1—w
'wsTem(l - U/s,m) < 2((’wsTem775,m)2 + (W)2>
Tls,m
< rim, (15)
where 75, is a feasible point. To tighten the upper bound,

7s,m is iteratively updated. In particular, at the n-th iteration,
Ns,m 1s expressed as

~(n—1 _
ah == ol ) (D) Dep).
However, the constraint in (15) is still non-convex. Then, we

use the SCA method to transform (15) into the following
convex constraint.

(16)

1—a
2 wf) - 7‘s,m(7’37m - ?'s,m) <0.
(17)

Next, by introducing the auxiliary variables w; and ( to
deal with the non-convex objective function in (7a), Ry is
rewritten as

1
= (('wsTemns,m)Q + (

Ns,m

Ry =10g(1+C|wAk|2/wk), (18)
where

wip =Y luf FaF" GOR|> + 0°||uf Fo FY|* + uff Aquy,

14k

(19)

A, = (D" Gony) " @ (uf Fa), (20)
logy((7v/3)/(2¢)) — b = 0. Q1)

To tackle the non-convex constraint in (21), we use the SCA
method to transform (21) in the following convex constraints
25 ™3 77\/3

bt A ey (C = 0) <0, logy(r) — b >0.22)

Due to the coupling between ¢ and w, the objective function
in (18) is still intractable. Then, we transform (18) to

Ry, = log(1 + p), (23)
where

pr < ClwA?/wy. (24)
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Algorithm 1: SCA-Based Algorithm for Problem (7)

Initialization: 7, &\"), 1%, v .

2 Repeat
3 Update {b(™), w(™), 2{M) 5 o™ c(m) 1My with fixed

HnD) 1) 5n=T)

-

by solving (30).

Update ng?m, a)](cn—’_l), f]gn_‘—l) based on (16) and (29).
Update n = n + 1.
Until Convergence.

Output: w*, b*.

A T NN

By using a similar line of thought, we have

[ti tﬂ =0, q=|wA, (25)
t Jwy, > p- (26)

Similarly, ¢ = |w Ay,|? is transformed as
g+ |wAg*> — 2Re(w A, AT w) <0, g—|wA,*> >0. (27)

Then, we use the SCA method based on the first-order Taylor
expansion to tackle (26). Specifically, the left-hand side of (26)
is non-convex with respect to #; and wj, and thus it can
be tightly bounded from below with its first-order Taylor
approximation. In particular, for any fixed points (i, @), we
have

2 2 9 2
k> ko TRy R >y (28)
Wi WE W wy,

By applying the SCA method in [5], we iteratively update 7,
and w;, at the nth iteration as

@I(cn) _ wl(cn—l)’
Therefore, the problem in (7) is transformed into the following
convex problem

7 = 4(n=), (29)

K
max logo (1 + (30a)
bvwvrs,myﬁls,mvpk7Qka<7tk k’gl g2( pk)
s.t. (10), (12), (13), (17), (22), (25),
(27), (28). (30b)

The SCA-based algorithm is given in Algorithm 1.

B. Optimization of u and ©
For given b, w, O, the problem in (6) is rewritten as

K
max (€29
ug

Ry.
k=1

Since the achievable rate of the kth user is only related to
the decoding vector of the kth user, maximizing Zle Ry,
is equivalent to maximizing R of each user by optimizing
the decoding vector uj, of each user. Therefore, the problem
in (31) can be recast as

ukH B kUL

vk, (32)

H'Llix ull Dyuy’
where B}, and Dy, are given in (32) and (33) at the bottom of
the next page. We use the MM algorithm to solve (32) [11].

Specifically, let y = uff Dyuy, h(ug) = "2 s jointly
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Algorithm 2: MM-Based Algorithm for (31)

Algorithm 3: BCD-Based Algorithm for Problem (6)

1 Initialization: ugco), t=0.

2 Repeat:

3 Update ugqu) based on (43).
4 Update t =t +1

5 Until: Convergence.

¢ Output: the solution u}

convex in uy and y because By is positive definite. Thanks
to the convexity, we have

ﬁngﬂk

(af! Dyuy)
where U is the initial variable value. Based on [11,
Lemma 1], a lower bound of ukauk is

h(ug)>2 sup Dyug+ ¢,(35)

ul Dypuy, < ull Mpaw (Dy)ug + 2Re(ul (Dy, — Anas (D) I @),
(36)

where Apmqqz(Dy) is the maximum eigenvalue of matrix Dy,.
Substituting (36) into (35), we have

H
Z%g’]zzl’: > gluylug) + b(ay) — gy, G7)
where
_H CHo -
uy, + 2Re(ul (D}, — Amaz D)) (38)
h(ug) = (uf Byug)/(af Dyay) (39)
Since h(uwy) — g(up|ug) is a constant, the decod-

ing vector optimization problem in each iteration of the
majorize-minimize(MM) algorithm is equivalent to solving the
following problem

max g(ug|uy) = Re[(v(t))Huk - ﬂ(t)ukHuk], (40)
U

where
) _ By @) Ba" Dy — Amaa (D)1
L N P O —NH . (D2
(u;” )" Dyu, [(m),” )" Dru;”’]
x ay), @1)
gl = (Amaz (D)l Bray)/(wh Dy ug)?. (42)

By checking the first-order optimality condition of (41), we
have

t+1
ulY = (1) 50, (43)
The MM-based algorithm is given in Algorithm 2.

We are then left with the optimization of ®. For given b,
uyg and W, (6) is rewritten as

K
R 44
max ; k (44a)

Initialization: 5(©), w(®), u(”), ().
Repeat

Update 5() and w(7) by using Algorithm 1.
Update w9 by using Algorithm 2.
Update ©7) by using the MO algorithm.
Update j = j + 1.

Until Convergence.

Output: b*, w™, uj, O*.

L I T N R S

s.t. (6¢). (44b)

The problem in (44) can be solved by using the mani-
fold optimization (MO) algorithm [12]. Finally, the BCD-
based algorithm for solving problem (6) is summarized in
Algorithm 3.

C. Complexity Analysis

In this section, we compare the computational complexity of
the proposed BCD-based algorithm with the following state-
of-the-art algorithms:

e Hybrid combining-based scheme with MO (SHC-MO):
This is a codebook-based hybrid combination scheme,
and the RIS phase shifts are obtained by using the MO
algorithm.

¢ Minimum mean-square error quantization bit allocations
with MO (MMSQE-BA-MO): It is a variant of the algo-
rithm in [10]. The MO algorithm is used to obtain the
RIS phase shifts.

The total computational complexity of each iteration of the
BCD-based algorithm is O(SM3® + K2 + KN; + N, Ny).
Algorithm 3 has lower computational complexity than the
SHC-MO algorithm, which amounts to O(M 6+ KNy +
Ny N¢), and the MMSQE-BA-MO algorithm, which amounts
to O(M% + M2N + KNp). Therefore, our proposed BCD-
based algorithm provides a better compromise between com-
putational complexity and performance as confirmed by the
numerical results illustrated in the next section.

I'V. NUMERICAL RESULTS

As shown in Fig. 1, we consider a single-cell system where
K = 10 users are uniformly distributed in the area (2, 30, 0) m
and (2, 90, 0) m. The simulation setup is Ny = 64, N, = 16,
S =12, Ngp = 8, b™ =1, p™a* = 5 52 = —110 dBm.
The location of the AP is (0, 0, 0) m and the location of the
RIS is (0, 40, 20) m. The mmWave channels from the AP to
the RIS, and from the RIS to the kth user are expressed as

Li-1
G =+/1/BL1 Y aarp(Ny.0)ah(Ny, ¢ 1), (45)
1=0
1
hi, = \/1/BeLy > drag(Ny, ), (46)
1=0

where (3 and /ék denote the large-scale fading coefficients.
[ and [, are generated according to a complex Gaussian

K

B, =Y F.F"GOnh{'0"G"FF] +*F . F'FF] + A,

=1

Dy =Y F,F"GOnh0"G"FF] +o*F . F'FF + A,

1k

(33)

(34)
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distribution [10], [20]
B = CN(0,10701%) (47)
B = CN(0,1070-1k) (48)

where kK = 72429.2log o d+¢ and k = 72+29.2logqy d +
(j. d denotes the propagation distance, { ~ CAN(0,1) and
¢ ~ CN(0,1) account for the log-normal shadowing [1],
« and @j, denote the small-scale fading coefficients whose
distribution is CA/(0, 1) [8]. In addition to the SCH-MO and
MMSQE-BA-MO schemes, we compare the following two
schemes with Algorithm 3:
o Power allocation and hybrid combining with MO (PHC-
MO): It is a variant of [21].
e NO-RIS: In this scheme, the RIS is not used. However,
the quantization bits and the beam selection are optimized
by using Algorithm 1 and Algorithm 2.

We investigate the convergence behavior of Algorithm 3
in Fig. 3. We observe that the algorithm converges quickly,
and, in general, only a few iterations are needed for ensur-
ing the convergence. This shows that the proposed algorithm
has low complexity. Fig. 3(b) exhibits the achievable sum rate
(ASR) as a function of the number of reflecting elements of the
RIS. We observe that the proposed algorithm achieves the best
ASR. When N, = 12, we observe that the proposed RIS-aided
schemes yields the same ASR as the NO-RIS scheme with the
high resolution of the ADC. This finding validates the feasi-
blity of using RISs to mitigate the impact of low-resolution
ADCs. Moreover, we consider the RIS-aided system without
considering the quantization noise of the LDACS. It is not dif-
ficult to find that the quantization noise degrades the sum rate
of the system, which demonstrates that it is advantageous to
consider the affect of the quantization noise for system design.

Fig. 4(a) shows the ASR as a function of the number of
RF chains. Compared with all the other baseline schemes, the
proposed BCD-based algorithm yields the best ASR. From
Fig. 4(a), we observe that the ASR increases with Npp. This
is because a large number of RF chains can yield a high sig-
nal gain and can mitigate the interference. In addition, when

IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 10, NO. 8, AUGUST 2021

Nrpr = 4 and Nrp = 6, we observe that the proposed
scheme and the conventional SHC-MO and MMSQE-BA-MO
schemes aided by the RIS outperform the NO-RIS scheme
with resolution of the ADCs.

V. CONCLUSION AND FUTURE WORKS

The uplink achievable rate optimization problem for RIS-
aided mmWave communications with hardware limitations at
the AP was investigated. Specifically, the RIS phase shifts,
the beam selection matrix, the decoding vector, and the quan-
tization bits are jointly optimized to maximize the sum rate.
To deal with the formulated non-convex problem, a BCD-
based algorithm is proposed. Simulation results showed that
the proposed algorithm outperforms conventional algorithms
in terms of ASR.
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