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Abstract: The deployment of reconfigurable intelligent sur-
faces (RISs) can enhance the coverage ability of millimeter
wave (mmWave) communication systems. However, the
typical strong line-of-sight (LoS) far-field propagation be-
tween a base station (BS) and an RIS reduces channel rank,
thus affecting multiuser spatial multiplexing. To address this
issue, we propose an RIS subarray-assisted mmWave mul-
tiuser transmission scheme. To increase channel rank, RIS
is divided into multiple subarrays with adjustable spacing,
and the channel is modeled using a hybrid spherical- and
planar-wave model. To minimize interuser interference, the
RIS subarrays are deployed in the discrete Fourier transform
(DFT) direction of the BS antenna array. To maximize sig-
nal efficiency, the BS precoder, the RIS reflection coeffi-
cients, and the user’ s combiner are jointly designed. Nu-
merical simulations were conducted to verify the effective-
ness of the proposed RIS subarray deployment strategy and
the performance of the wireless transmission scheme. In a
four-user equipment (UE) communication scenario in the
mmWave band, the effective rank of the BS-RIS channel
approaches full rank, and the spectral efficiency of each UE
is improved by at least 3 bit/(s+Hz).
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With the ongoing commercial rollout of the 5th gen-
eration (5G) mobile communication system, en-
suring secure and stable operation of the industrial Inter-
net in the physical world has become increasingly impor-
tant''). In response, the global industry has embarked on
research and investigation of the 6th generation (6G) mo-
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bile communication system. The expectations for 6G sys-
tems are high; the objective is to enable revolutionary ap-
plications, including multisensory reality
(XR) , interconnected robotics and autonomous sys-
tems, blockchain and distributed ledger technologies,
and wireless brain-computer interaction'>’. The millime-

extended

ter wave (mmWave) technology is a key technology for
6G systems. By exploiting the abundant frequency re-
sources provided by the mmWave band, the communica-
tion bandwidth is substantially expanded, leading to a
significant improvement in the peak data rate of commu-
nication systems >+
characteristics of mmWave communication systems,
such as high path loss, weak penetration, and scattering,
it is extremely challenging to achieve wide coverage and
high-reliability transmission simultaneously. Moreover,
the expensive system hardware and high energy consump-
tion impede mmWave practical applications. To achieve
the ambitious goals of 6G communication systems at a
low cost and low power consumption, it is crucial to in-
troduce transformative technologies.

A reconfigurable intelligent surface (RIS) is an electro-
magnetic (EM) surface structure consisting of many
low-cost units arranged periodicallym ; its main advan-
tage is its flexible and powerful EM-wave management
ability. RIS can be programmed using appropriate soft-
ware to achieve real-time control of the EM environment,
thus providing high capacity, coverage, and energy effi-
ciency in future wireless networks. Given that RIS is inex-
pensive, easy to fabricate, and can be conveniently inte-
grated and deployed in wireless communication systems,
it is considered a promising technology that enhances the
performance of mmWave 6G communication systems.

Extensive research on the performance of RIS-assisted
mmWave wireless communication networks in various
scenarios has been conducted. In Refs. [6-7], where RIS
was used for beamforming and broadcasting, large-scale
fading models were constructed, and measurement vali-
dation was conducted. To improve the spatial reuse of
line-of-sight (LoS) mmWave systems, multiple RISs
were introduced in Ref. [8] to customize the rank and
truncated condition numbers of wireless channels. In Ref.
[9], the coverage performance of mmWave systems was
analyzed using the Saleh-Valenzuela model. In Ref.
[10], RIS elements were activated during a pilot training

. However, due to the propagation
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process, and high-accuracy channel estimation was
achieved using deep-learning methods. A widely spaced
multisubarray deployment scheme for single-user equip-
ment (UE) was proposed in Ref. [ 11] to enhance the spa-
tial multiplexing gain of RIS-assisted multiple-input
multiple-output (MIMO) systems. Regarding distributed
MIMO wireless communication channels, an optimal fre-
quency guide format that satisfies time-frequency separa-
bility and optimizes the peak-to-average power of the
transmitted signal was proposed in Ref. [ 12].

In this work, we consider multiuser scenarios using
the RIS subarray architecture and study the performance
of subarray deployment strategies. Initially, we introduce
a multiuser channel model in RIS-assisted mmWave
MIMO systems. Based on this model, limited channel
rank is achieved using a compact RIS architecture. To im-
prove spatial multiplexing, we divide a compact RIS ar-
ray into multiple widely spaced RIS subarrays. This de-
sign converts the far-field channel between a base station
(BS) and RIS into a near-field channel. To minimize in-
teruser interference, we deploy RIS subarrays in the dis-
crete Fourier transform (DFT) direction of the BS an-
tenna array. Using the proposed RIS subarray deploy-
ment strategies, the BS precoding, RIS reflection coeffi-
cient matrices, and the UE analog combiner are jointly
designed to improve spectral efficiency (SE). Numerical

simulation results demonstrate that in the four-user case,
compared with the traditional compact RIS array, the
proposed RIS subarray architecture and deployment strat-
egy increase SEs of each UE and the total system by at
least 3 and 20 bit/(s-Hz), respectively.

1 System Model

In this paper, we consider an RIS-assisted multiuser
massive MIMO wireless communication system operat-
ing in the mmWave band. As shown in Fig. 1, the direct
link between BS and K, UEs is blocked by obstacles; an
RIS is deployed to create a virtual cascaded LoS link for
wireless transmission. BS is a hybrid precoding system
with a partially connected architecture; it consists of K
RF chains, each connected to N, antennas. The vertical
and horizontal spacings of the Ny, = K, N,, BS antennas
are assumed to be d = A/2, where A is the operating
wavelength. RIS consists of N, elements, which are di-
vided into K, subarrays, each containing N, elements.
The spacing between the antennas within each subarray is
d, and the distance between subarrays is adjustable. UEs
receive signals using an analog array consisting of N,, an-
tennas, where the antenna spacings are d. Considering
that each UE can only receive one data stream, in this pa-
per, we assume K, = K, = K.
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Fig.1 RIS-assisted massive MIMO wireless communication system

The signal received by the k-th UE can be expressed as
Y = WEF,kaFRFfBB.kSk + ng,ka ZFRFfBB,[Si +
ng, K (1)
where wy. , € C¥*' denotes the analog combiner at the
k-th UE; H, € C"~*" is the cascade channel between BS
and the k-th UE; Fye = diag{ fre 15 frr 2 ”"fRF,K‘,}
e C"* % and f,, , € C**' denote the BS analog and digi-
tal precoders, respectively; s, is the signal transmitted to
the k-th UE; n, € C"*' denotes the additive Gaussian
white noise.
Superimposing the signals received by all UEs, we ob-

tain

y=[veys oy ] = WiHF g Fogs + Wign - (2)
where Wy = diag { Wy s Wyg 5 s Wie ¢} € €75 and
H=[H H, ""H](“]T e Ch My Fy :[fBB.l’fBB,Z’ I
Sos.x, J€ C*7 % satisfies the power constraint | Fy Fpy ||i =
K,; E[ss"]=
P I IK,, where P is the power transmitted by BS; n =
[n],ny, -, n;“]T e CV

Considering that the direct channel is severely
blocked, the cascaded channel H, between BS and the

s=[s,8, 5] e CRh* 1 satisfies
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k-th UE can be expressed as

H, = 0,9G (3)
where @, € C"»*" and G € C"*" represent the seg-
mented channels from RIS to the k-th UE and to BS, re-
spectively; @ = diag{®,, ®@,, -, P }e CY* N denotes
the RIS reflection coefficient matrix,
diag { e/, &2, -, &?) e CY* Mo is the reflection coef-
ficient matrix of the k-th RIS subarray and ¢, , €[ 0, 2)
is the reflection phase of the i-th element in the k-th RIS
subarray.

When RIS subarrays are compactly deployed, i. e.,
the spacing d between subarrays is small, the size of the
entire RIS is relatively small and BS is located at the RIS
far field. In mmWave systems where the LoS path domi-
nates the channel, the BS-RIS channel can be modeled as

where @, =

2w
G=¢*"a.a" (4)
where D, is the distance between the BS and RIS array
centers; a, = ay(0,.¢,) € C* and a, = ay (6,,¢,) € C"
represent the normalized array steering vectors of the BS
and RIS array, respectively.

Without loss of generality, for an N-element planar ar-
ray with azimuth and elevation angles 6 and ¢, respec-
tively, the normalized array steering vector
a,(0,p) e C" can be expressed as

1 s Euy
aN(0’¢)= [e A I’ .."e A ’.‘.’

VN

where ¢, = (n, — 1)dcos¢esin@ + (n, — 1)dcos@ repre-

.2
&2 (5)

sents the wave length difference; n, and n, are the row
and column indices, respectively, of the n-th antenna of
a uniform planar array.

When the distance between RIS and UE is less than the
Rayleigh distance (2D?/A), BS will be in the RIS near
field; otherwise, it will be in the RIS far field; D is the
RIS maximum physical dimension. In scenarios where
multiple UEs share the same BS-RIS channel, a compact
RIS deployment may place BS in the far field, thus re-
ducing the BS-RIS channel rank. This also reduces the
overall cascaded channel rank, failing to meet the
r(H) > K, condition in multistream transmission. In-
creasing the spacing between RIS subarrays, thus ex-
panding the size of the entire RIS array, BS can be
placed in the near field of the array, potentially increas-
ing the BS-RIS channel rank.

To address the near- and far-field effects caused by the
size of the RIS array, we employ the hybrid spherical-
and planar-wave channel model proposed in Ref. [11].
This model consists of a planar-wave submodel within
the subarray and a spherical-wave submodel among sub-
arrays and is used for BS-RIS channel-G modeling

2m 2m
j5 D, 5D,
Ae A Ae A
Gh=|2"__ Hn A€ Ho
| 4D Ay 14, 1> 4wD Ay 225"
g1 82

2w
PR

4D

g K,

ab.l(,a:{](, (6)

where D, , is the distance between BS and the k-th RIS

subarray in the LoS path, and subscript g indicates that

this distance is associated with channel G a., =

ay(0,,.¢.,) e C™ and a,, =ay(0,,.¢,,) e C" de-
note the normalized array steering vectors of the k.-th
RIS subarray and BS, respectively.

When RIS subarrays are sparsely deployed, the chan-
nel between RIS and the k-th UE can be modeled as

0, = [)\e_jz"ﬂD”‘“ ° )te_joﬂD“'“ °
K= 4D, Ay 1@k 10 4mD_,, Ay 2@ k20 "
/\eiji‘lD“"K"‘ °
amD,,, MesAnks (7

where D, , is the distance between the k-th RIS subar-
ray and the k-th UE in the LoS path, and subscript g in-
dicates that this distance is associated with channel Q;
Ay, = an(gu. Kk §0u,k,k,> e C™ and Ak = aNdr(ar,k,kr’
o kr) e C"= denote the normalized array steering vectors

at k-th UE and k, -th RIS subarray, respectively. Substitut-
ing Egs. (6) and (7) into Eq. (3), we obtain

LI,

K.
H, = zvi,kaU,k,ia:,]k,i(p'a 'all;[,i (8)

i=1

2w
—_]T (DE_, +D

where V,, = Ae “"'*>/(16172DEV,D
the large-scale fading factor of the channel between BS
and the k-th UE via the i-th RIS subarray.

Eq. (8) shows that the channel rank upper limit of the

ix) denotes

cascaded channel between BS and the k-th UE increases
from 1 to K,. To support multistream transmission with
reduced inter-UE interference, we investigate the deploy-
ment strategy of RIS subarrays in the next section.

2 Multistream Transmission Scheme

In this section, we investigate a multistream transmis-
sion scheme to improve the average system SE. When the
noise energy is sufficiently small compared with the sig-
nal and interference energy, the average system SE C
can be defined as

E[C]= E[iq] = E[ilogz(l + Sk)} (9)

where C, is the SE of the k-th UE; S, is the signal-
to-interference ratio (SIR) of the k-th UE and can be ex-
pressed as

2
I ng,kafBF,k I

k= 2
2” ng,kafBF,i I

i#k
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K, 2

z Vi (wll;[F.kau.k.j><afk,j¢jar,j>(aﬁjfBF,k)

2

>

i#k

zvjk (wRFkau k/)(arkj¢j r/)(ab/fBFz)

j=

(10)

where fi. , = Fig fyp. Note that by increasing the quality
of the desired signal at a UE or suppressing the interference
signal received from other UEs, SIR can be enhanced, thus
improving SE. However, SIRs of different UEs are
coupled via the analog combining matrix Wy, the reflec-
tion coefficient matrix @, and the precoder matrix Fp.Fyg.

In the following, to maximize Eq. (10), Wyp, FypFgs,
and @ are jointly designed to maximize the numerator
term, i. e. , the desired signal power received by each UE.
The RIS subarray is deployed in the DFT location to im-
prove the orthogonality of the channel while minimizing
the denominator term, i. e. , the multiuser interference.

2.1 Beamforming and RIS reflection coefficient ma-
trix design

To align the beam emitted from the subarray via the
LoS path with the k-th UE,
RIS reflection coefficient matrix,

it is necessary to design the
the UE analog com-
biner, and the BS precoder. This design ensures that the

H
ab.ifBF.i -

2.2 RIS subarray position deployment scheme

To minimize interference, it is necessary to design the

N
1 N Ny fj[(n‘f l)zld(cosq:b,sin(imfcuswh,sinﬂh,)+(n,f l)zld(cosﬂh,fcosﬂb,)} N 1
e X i SO, S, S : ) ab

beam energy at the UE location is maximized, as indi-
cated in Eq. (10). Thus, the analog combining vector
W for the k-th UE and the phase matrix @, for the k-th
subarray of the RIS can be designed as

Wep p = @y (11)

Da, (12)

Substituting the expressions for the array steering vectors
into Eq. (12), we obtain

2
b= N (lpr,k,i,AOD - ‘pr.k.i.AOA)

Considering that the BS precoder matrix must satisfy

rkk

(13)

max{ag.jfBF.[’i:j} (14)

Hence, when Fy =1, the expression for the

one-column vector fg;. ; in Fy; can be obtained as

fRFz [abzx}®[ab.i.z}

where & represents the Kronecker product operation;
= aN‘,h\(eb.i’ @) € C" and ay ;.= aNm(eb,i’ ®y.:) €
C"+ denote the array steering vectors in the x- and z-axis,
respectively, formed by BS in the i-th RIS subarray; N
and N,  denote the number of antennas in the x- and

(15)

Ay, i x

abx

z-axis, respectively, within BS, satisfying N,, = N,
Furthermore, it can be derived that

abz*

——= | (16)

JNN, K
deployment locations of the BS arrays and RIS subarrays
in such a way that each subchannel is orthogonal to each
other, i. e. , the following must be satisfied:

1 None -j(n, - l)zi[l cos @, ;sinf, ; — cose, ;sinb, ; Naae =j(n. - 1) T4 cos b, ; = cosf,
all;l,/fBF‘i: zej 2 d(cosey,; v @b, ,)zel ( .):O (17)
NbNab n.=1 n =1
. N in-Da _ ja(N=1/2 . . . . _ hA
Using z e =e sin(Na/2)/sin(a/2), Eq. cos@, ,sinf, , — cose, sinf, | = N.d
n=1 abx
(17) can be equivalently written as i=1,2,-
Ny 27 . . . +i A
2" ) ——d(cosf,;—cosb, )=xkm keN Cos ¢, 5 8inf, 5 — cosg, , sinf, :T;-d (20)
Ny, 2w . 18 i =
2“'“ | d(cosg;sinf,; — cose, ;sinb, ) = (18) =12 i
. cos¢, ,sinf, , — cosg, ,sinf, , = ——
+kT ke N b4 b.4 b, 1 TN d
Reorganizing the above equation and considering the ip=1,2,-

case of K, = 4 as an example, which can be generalized
in multiuser scenarios with any number of UEs, the angu-
lar parameters between BS and the RIS subarrays at this
point satisfy

i A .

cosy , —cosb, , = N, d i=1,2,--
+iA

cos B, , - cosf, ;= ;] d iy=1,2,- (19)
i A .

cosfy, | —cosf, , = N,.d iy=1,2,--

It can be further deduced that the channels between BS
and the RIS subarrays are orthogonal to each other when

the deployment position of an RIS subarray satisfies

X = COthb,j(yr,j - )'b) + X,
Ve; = Dysris (21)
2=t J(x, = x,) + (y, = y,) coth,

The process of obtaining the deployment coordinates

of the RIS subarray is summarized as follows. Using the
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BS position and its communication distance to the RIS
array, the elevation and azimuth angles of the RIS sub-
array relative to BS can be calculated using Eqgs. (19)
and (20). Subsequently, this angular information is
substituted into Eq. (21) to derive the final coordinates.

3 Numerical Simulation

In this section, we evaluate the SE and effective rank
of the system based on the above RIS subarray deploy-
ment scheme. Additionally, we compare the advantages
of the proposed scheme over the traditional RIS subarray
compact deployment scheme.

In the simulation setup, we consider the case K, = K, =
K, =4, and the antenna spacing within each subarray is
A/2. BS has N, = 100 antennas, and each RF chain con-
trols a 5 X 5 antenna array. RIS consists of N, = 256 ele-
ments, where the subarray size is 8 X 8 and the subarray
Rayleigh distance is 0. 69 m. Each UE receives signals
via a 2 X 2 antenna array. There are L, = 2 randomly dis-
tributed scattering elements between RIS and UEs. The
system operates at a frequency f = 28 GHz with a band-
width W = 10 GHz. The total transmitted power is P, =
1 dBW, and the noise at each UE is thermal noise with a
variance oy = 4 x 107",

The effective rank of the BS-RIS channel matrix G' and
the SE are analyzed when the RIS subarrays are deployed
in a colinear and a coplanar configuration, respectively.
In the colinear case, for simplicity, we set cos¢, =0
and cosf,, = 0; in the coplanar case, we set cosf, , =
cos ¢, , = 0. Based on Eqs. (19) and (20), the elevation
and azimuth angles can be obtained to satisfy Eqs. (22)
and (23) for these two cases, respectively. Furthermore,
the central position of the RIS subarrays can be calcu-
lated using Eq. (21).

A
cosf, , —cosf |, = m
A
cos B, 5 — cosb, , “N,d (22)
A
cosfy, —cosf ;= m
cosf, , = . cos S
et Nubzd ’ ¢b, b Nabxd Sil’l Hb, 1
A A
O, , = ——, =
€08 >3 Nabzd €08 gob’ ’ Nabxd sin 0h,3 (23 )
cosf, , = A cos - A
ot Nabzd ’ ngY4 - Nabxd Sin ab‘4

The deployment of the BS and RIS subarrays is shown
in Fig.2; the red circles, green asterisks, and blue
cycles represent the BS antenna positions, the BS an-
tenna array central positions, and the RIS subarray cen-

tral positions, respectively. The Rayleigh distances be-
tween BS and the two RIS array deployment schemes are
15.1 and 31. 8 km, respectively. The distance between
the BS and RIS array is set to Dgg s = S m, and the dis-
tance between RIS and UE follows a uniform distribution
Dys.oe~U (5,100). The x and z coordinates of each UE
satisfy | x|, |z| ~ U (0, 10), i. e., UEs and BS are lo-
cated in the near field of the RIS array and the far field of
the RIS subarray.
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Fig. 2 Deployment cases of the BS and RIS subarrays. (a)
BS; (b) Colinear; (c) Coplanar

The values of |ay, fy | (i,j = 1,2,3,4) considering

colinear and coplanar deployment were obtained using
simulation and recorded in Table 1 and Table 2, respec-
tively. We observe that when i = j, \aﬁjfBF’l.| =/ VK, =

0.5. When i # j, |aﬁjfBF'[| is significantly smaller than
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0. 5 approaching 0. Furthermore, the effective rank''*! of
the BS-RIS channel in the colinear and coplanar deploy-

Table 1 Simulated values of |, fy ;| in the RIS subarray co-

linear deployment

! 1 2 3 4
1 0.5 1.3x 107" 8.3x 107" 7.8 x 107"
2 1.6x 107 0.5 1.6 x 107 42x 1077
3 83x 107" 1.3x1071° 0.5 7.6%x107"
4 1.1x10"° 43x 107" 7.7 %1077 0.5

Table 2 Simulated values of | &}, f5 ;| in the RIS subarray co-

planar deployment

/ 1 2 3 4
1 0.5 1.4x107" 3.1%x107"7 L.1x107"
2 1.4x10™" 0.5 7.8 x 107" 1.7x107"
3 2.4 %1077 6.9%x107" 0.5 6.7%x 107"
4 7.8%x 107" 55%x 107" 1.4x107" 0.5
1o — — —
oof [ (=
| =
07} ‘
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25
8 05f
0.4
0.3F ‘ ‘ |
02 | | |
o1f | | /
ot )
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ment can be obtained as rank (G) = 3. 93 and rank (G) =~
3. 85, respectively. These results confirm that the pro-
posed system configuration and RIS subarray deployment
scheme increase channel rank to support multistream
transmission.

Further, the SE of each UE and the system SE were
calculated using Eq. (9). By performing a Monte Carlo
simulation, we obtained the cumulative distribution func-
tion (CDF) of SE for each UE in different scenarios such
as RIS subarray colinear deployment, RIS subarray co-
planar deployment, and RIS compact deployment. The
SE results for individual UEs and the overall system are
shown in Figs. 3 and 4, respectively.

Figs. 3 and 4 show that, compared with the compact
RIS, by deploying an RIS subarray architecture accord-
ing to the DFT position scheme, the SE of a single UE
and the entire system SE exceed 3 and 20 bit/(s-Hz) ,
achieving a significant improvement in system perfor-
mance.
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SE/(bit - s + Hz™")
(d)

Fig. 3 CDF of SE for each UE in the proposed RIS deployment. (a) Colinear and compact deployment; (b) Coplanar and com-
pact deployment; (c¢) Colinear and subarray deployment; (d) Coplanar and subarray deployment

4 Conclusions

(1) By expanding a compact RIS array into a subarray
structure and deploying it at DFT positions, UE interfer-
ence can be minimized. Additionally, joint-beam align-
ment between BS, RIS, and UEs can maximize the sig-
nal energy received by each UE.

(2) The RIS subarray structure increases the effective
rank of the cascaded channel, approaching full rank,
thereby enhancing spatial multiplexing and multistream
transmission.

(3) The proposed wireless transmission scheme with the
RIS subarray structure increases the SE of a single UE by over
3 bit/(s-Hz) , boosting the total SE by over 20 bit/(s+-Hz).
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