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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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wireless communications
DOI：10. 3969/j. issn. 1003⁃7985. 2025. 02. 002 

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［1］. In response， the global industry has embarked on 
research and investigation of the 6th generation （6G） mo⁃

bile communication system. The expectations for 6G sys⁃
tems are high； the objective is to enable revolutionary ap⁃
plications， including multisensory extended reality 
（XR）， interconnected robotics and autonomous sys⁃
tems， blockchain and distributed ledger technologies， 
and wireless brain⁃computer interaction［2］. The millime⁃
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 ［3⁃4］. However， due to the propagation 
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 periodically［5］； 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 
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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 Ku 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 Kb RF chains， each connected to Nab antennas. The vertical 
and horizontal spacings of the Nb = Kb Nab BS antennas 
are assumed to be d = λ/2， where λ is the operating 
wavelength. RIS consists of Nr elements， which are di⁃
vided into Kr subarrays， each containing Nar 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 Nau an⁃
tennas， where the antenna spacings are d. Considering 
that each UE can only receive one data stream， in this pa⁃
per， we assume Kb = Kr = Ku.

The signal received by the k⁃th UE can be expressed as
yk = wHRF，k Hk FRF fBB，ksk + wHRF，k Hk∑

i ≠ k
FRF fBB，i si +

wHRF，knk （1）
where wRF，k ∈ CNau × 1 denotes the analog combiner at the 
k⁃th UE； Hk ∈ CNau × Nb is the cascade channel between BS 
and the k⁃th UE； FRF = diag{ fRF，1，fRF，2，⋯，fRF，Kb }  
∈ CNb × Kb and fBB，k ∈ CKb × 1 denote the BS analog and digi⁃
tal precoders， respectively； sk is the signal transmitted to 
the k⁃th UE； nk ∈ CNau × 1 denotes the additive Gaussian 
white noise.

Superimposing the signals received by all UEs， we ob⁃

tain
y = [ y1，y2，…，yKu ] T = W HRF HFRF FBB s + W HRFn     （2）

where WRF = diag { wRF，1，wRF，2，…，wRF，Ku } ∈ CNu × Ku and 
H = [ H1，H2，…，HKu ]T ∈ CNu × Nb； FBB = [ fBB，1，fBB，2，…， 
fBB，Kb

] ∈ CKb × Kb satisfies the power constraint  FRF FBB
2
F = 

Kb； s = [ s1，s2，…，sKb ]T ∈ CKb × 1 satisfies E [ ssH ] =
P t IKb /Kb， where P t is the power transmitted by BS； n =
[ nT1，nT2，…，nT

Ku ] T ∈ CNu × 1.
Considering that the direct channel is severely 

blocked， the cascaded channel Hk between BS and the 

Fig. 1　RIS⁃assisted massive MIMO wireless communication system
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k⁃th UE can be expressed as
Hk = QkΦG （3）

where Qk ∈ CNau × Nr and G ∈ CNr × Nb represent the seg⁃
mented channels from RIS to the k⁃th UE and to BS， re⁃
spectively； Φ = diag {Φ1，Φ2，…，ΦKr } ∈ CNr × Nr denotes 
the RIS reflection coefficient matrix， where Φk =
diag { ejϕk，1，ejϕk，2，…，ejϕk，Nar } ∈ CNar × Nar is the reflection coef⁃
ficient matrix of the k⁃th RIS subarray and ϕk，i ∈ [ 0，2π ) 
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

G = e-j 2π
λ D0 araHb （4）

where D0 is the distance between the BS and RIS array 
centers； ar = aNr(θr，φr ) ∈ CNr and ab = aNb(θb，φb ) ∈ CNb 
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 θ and φ， respec⁃
tively， the normalized array steering vector 
aN(θ，φ) ∈ CN can be expressed as

aN(θ，φ) = 1
N

[ ej 2π
λ ψ1，…，ej 2π

λ ψn，…，ej 2π
λ ψN ]T   （5）

where ψn = (nx - 1) d cos φ sin θ + (nz - 1) d cos θ repre⁃
sents the wave length difference； nx and nz 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 （2D2 /λ）， 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 ) ≥ Ku 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
GH =

é

ë

ê
êê
ê
ê
êλej 2π

λ Dg，1

4πDg，1
ab，1aHr，1，

λej 2π
λ Dg，2

4πDg，2
ab，2aHr，2，…，

ù

û

ú
úú
ú
ú
úλej 2π

λ Dg，Kr

4πDg，Kr
ab，Kr a

Hr，Kr （6）
where Dg，kr is the distance between BS and the kr⁃th RIS 
subarray in the LoS path， and subscript g indicates that 
this distance is associated with channel G； ar，kr =
aNr(θr，kr，φr，kr ) ∈ CNar and ab，kr = aNb(θb，kr，φb，kr ) ∈ CNb de⁃
note the normalized array steering vectors of the kr⁃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

Qk =
é

ë

ê
êê
ê
ê
êλe-j 2π

λ Dq，1，k

4πDq，1，k
au，k，1aHr，k，1，

λe-j 2π
λ Dq，2，k

4πDq，2，k
au，k，2aHr，k，2，…，

ù

û

ú
úú
ú
ú
úλe-j 2π

λ Dq，Kr，k

4πDq，Kr，k
au，k，Kr a

Hr，k，Kr （7）
where Dq，kr，k is the distance between the kr⁃th RIS subar⁃
ray and the k⁃th UE in the LoS path， and subscript q in⁃
dicates that this distance is associated with channel Q； 
au，k，kr = aNau (θu，k，kr，φu，k，kr ) ∈ CNau and ar，k，kr = aNar (θr，k，kr， 
φr，k，kr ) ∈ CNar denote the normalized array steering vectors 
at k⁃th UE and kr⁃th RIS subarray， respectively. Substitut⁃
ing Eqs.（6） and （7） into Eq.（3）， we obtain

Hk = ∑
i = 1

Kr
Vi，k au，k，ia

Hr，k，iΦ iar，ia
Hb，i （8）

where Vi，k = λ2e-j 2π
λ ( Dg，i + Dq，i，k )

／(16π2 Dg，i Dq，i，k ) denotes 
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 
cascaded channel between BS and the k⁃th UE increases 
from 1 to Kr. 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
é

ë

ê
êê
ê∑

k = 1

Ku
Ck

ù

û

ú
úú
ú = E

é

ë

ê
êê
ê∑

k = 1

Ku log2( )1 + Sk

ù

û

ú
úú
ú （9）

where Ck is the SE of the k⁃th UE； Sk is the signal⁃
to⁃interference ratio （SIR） of the k⁃th UE and can be ex⁃
pressed as
Sk =  wHRF，k Hk fBF，k

2

∑
i ≠ k

 wHRF，k Hk fBF，i

2 =
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

∑

j = 1

Kr
Vj，k (wHRF，kau，k，j ) (aHr，k，jΦ jar，j ) (aHb，j fBF，k )

2

∑
i ≠ k






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 
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

∑

j = 1

Kr
Vj，k (wHRF，kau，k，j ) (aHr，k，jΦ jar，j ) (aHb，j fBF，i )

2

（10）
where fBF，k = FRF fBB，k. 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 WRF， the reflec⁃
tion coefficient matrix Φ， and the precoder matrix FRFFBB.

In the following， to maximize Eq.（10）， WRF， FRF FBB， 
and Φ 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， it is necessary to design the 
RIS reflection coefficient matrix， the UE analog com⁃
biner， and the BS precoder. This design ensures that the 

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

wRF，k = au，k，k （11）
aHr，k，kΦkar，k = 1 （12）

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

ϕk，i = 2π
λ (ψ r，k，i，AOD - ψr，k，i，AOA ) （13）

Considering that the BS precoder matrix must satisfy
max{aHb，j fBF，i，i = j } （14）

Hence， when FBB = IKb， the expression for the 
one⁃column vector fRF，i in FBF can be obtained as

fRF，i = [ ab，i，x ] ⊗ [ ab，i，z ] （15）
where ⊗ represents the Kronecker product operation； 
ab，i，x = aNabx(θb，i，φb，i ) ∈ CNabx and ab，i，z = aNabz(θb，i，φb，i ) ∈ 
CNabz denote the array steering vectors in the x⁃ and z‑axis， 
respectively， formed by BS in the i⁃th RIS subarray； Nabx and Nabz denote the number of antennas in the x⁃ and 
z‑axis， respectively， within BS， satisfying Nab = NabxNabz.Furthermore， it can be derived that

aHb，i fBF，i = 1
Nb Nab

∑
nx = 1

Nabx ∑
nz = 1

Nabz e-jé
ë
êêêê ù

û
úúúú( )nx - 1 2π

λ d ( )cos φb，i sin θb，i - cos φb，i sin θb，i + ( )nz - 1 2π
λ d ( )cos θb，i - cos θb，i = Nab

Nb Nab
= 1

Kb
（16）

2. 2　RIS subarray position deployment scheme

To minimize interference， it is necessary to design the 
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：

aHb，j fBF，i = 1
Nb Nab

∑
nx = 1

Nabx e-j( )nx - 1 2π
λ d ( )cos φb，j sin θb，j - cos φb，i sin θb，i ∑

nz = 1

Nabz e-j( )nz - 1 2π
λ d ( )cos θb，j - cos θb，i = 0 （17）

Using ∑
n = 1

N ej( )n - 1 α = ejα ( )N - 1 /2 sin ( Nα/2) / sin ( )α/2 ， Eq.
（17） can be equivalently written as

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

Nabz2
2π
λ d ( )cos θb，j - cos θb，i = ±kπ        k ∈ N+

Nabx2
2π
λ d ( )cos φb，j sin θb，j - cos φb，i sin θb，i =

        ±kπ                                                            k ∈ N+

     （18）

Reorganizing the above equation and considering the 
case of Ku = 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

ì

í

î

ï

ï
ïïï
ï

ï

ï

ï

ï
ï
ïï
ï

ï

ï

cos θb，1 - cos θb，2 = ±i2λ
Nabzd

i2 = 1，2，…
cos θb，1 - cos θb，3 = ±i3λ

Nabzd
i3 = 1，2，…

cos θb，1 - cos θb，4 = ±i4λ
Nabzd

i4 = 1，2，…
（19）

ì

í

î

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

cos φb，2 sin θb，2 - cos φb，1 sin θb，1 = ±i2λ
Nabxd

                                 i2 = 1，2，…
cos φb，3 sin θb，3 - cos φb，1 sin θb，1 = ±i3λ

Nabxd
                                 i3 = 1，2，…
cos φb，4 sin θb，4 - cos φb，1 sin θb，1 = ±i4λ

Nabxd
                                 i4 = 1，2，…

   （20）

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

ì

í

î

ï
ïï
ï

ï
ïï
ï

xr，j = cotφb，j ( yr，j - yb ) + xb
yr，j = DBS⁃RIS

zr，j = zb + ( xr，j - xb )2 + ( yr，j - yb )2 cot θb，j

（21）

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 Eqs.（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 Kb = Kr =
Ku = 4， and the antenna spacing within each subarray is 
λ/2. BS has Nb = 100 antennas， and each RF chain con⁃
trols a 5 × 5 antenna array. RIS consists of Nr = 256 ele⁃
ments， where the subarray size is 8 × 8 and the subarray 
Rayleigh distance is 0. 69 m. Each UE receives signals 
via a 2 × 2 antenna array. There are Lu = 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 Pt = 
1 dBW， and the noise at each UE is thermal noise with a 
variance σ2N = 4 × 10-11.

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 φb = 0 
and cos θb，2 = 0； in the coplanar case， we set cos θb，2 =
cos φb，2 = 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）.

ì

í

î

ï

ï
ïïï

ï

ï

ï

ï

ï
ïïï
ï

ï

ï

cos θb，2 - cos θb，1 = λ
Nabxd

cos θb，3 - cos θb，2 = λ
Nabxd

cos θb，4 - cos θb，3 = λ
Nabxd

（22）

ì

í

î

ï

ï
ïïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

cos θb，1 = -λ
Nabzd

，   cos φb，1 = λ
Nabxd sin θb，1

cos θb，3 = λ
Nabzd

，   cos φb，3 = λ
Nabxd sin θb，3

cos θb，4 = 2λ
Nabzd

，   cos φb，4 = -λ
Nabxd sin θb，4

（23）

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 DBS⁃RIS = 5 m， and the dis⁃
tance between RIS and UE follows a uniform distribution 
DRIS⁃UE~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.

The values of | aHb，j fBF，i | ( 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， | aHb，j fBF，i | = 1/Kb =
0. 5. When i ≠ j， | aHb，j fBF，i | is significantly smaller than 

Fig. 2　 Deployment cases of the BS and RIS subarrays.（a） 
BS； （b） Colinear； （c） Coplanar
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0. 5 approaching 0. Furthermore， the effective rank［13］ of 
the BS⁃RIS channel in the colinear and coplanar deploy⁃

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.

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）.

Table 2　Simulated values of | aHb，j fBF，i | in the RIS subarray co⁃
planar deployment

j

1
2
3
4

i

1
0.5

1.4 × 10–17

2.4 × 10–17

7.8 × 10–17

2
1.4 × 10–17

0.5
6.9 × 10–18

5.5 × 10–18

3
3.1 × 10–17

7.8 × 10–18

0.5
1.4 × 10–17

4
1.1 × 10–17

1.7 × 10–18

6.7 × 10–17

0.5

Table 1　Simulated values of | aHb，j fBF，i | in the RIS subarray co⁃
linear deployment

j

1
2
3
4

i

1
0.5

1.6 × 10–16

8.3 × 10–17

1.1 × 10–16

2
1.3 × 10–16

0.5
1.3 × 10–16

4.3 × 10–17

3
8.3 × 10–17

1.6 × 10–16

0.5
7.7 × 10–17

4
7.8 × 10–17

4.2 × 10–17

7.6 × 10–17

0.5

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
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智能超表面子阵辅助的毫米波多用户传输方案
艾俊杰， 陈伟聪， 刘葭， 蔡雪峰， 唐万恺， 金石

（东南大学移动通信全国重点实验室， 南京  211189）
摘要： 部署智能超表面可增强毫米波通信覆盖能力，但基站与超表面间典型的强视距远场传播将降低信道

秩，影响多用户空间复用。针对以上挑战，提出了智能超表面子阵辅助的毫米波多用户传输方案。为了提

高信道秩，将智能超表面被划分成多个具有可调间距的子阵，并且采用混合球面波和平面波模型进行信道

建模。从最小化多用户间干扰的目标出发，将智能超表面子阵部署于基站的 DFT方向上。基于最大化有效

信号的准则，联合设计了基站的预编码、智能超表面的反射系数以及用户的合并矩阵。数值仿真验证了所

提智能超表面子阵部署策略的有效性以及无线传输方案的性能。在毫米波频段四用户的通信场景下，基站

与智能超表面间信道的有效秩在接近满秩的同时，各用户的频谱效率均获得至少3 bit/（s·Hz）的提升。

关键词：毫米波；智能超表面；DFT码本；无线通信

中图分类号：TN929. 5

Fig. 4　CDF of total SE of UEs in proposed RIS deployment.
（a） Colinear deployment； （b） Coplanar deployment
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