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AR S ) RS B[R A S () SR ZH Y A
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ITHRA S A S F (1 4 R AR s fis(v®) 2
RIST ARG RE, & N1E2 TN,
fus AR NMEEIEEMNL, BB H. R
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A4, BBIW = VEW / max{|W|, VB}, LA
WA ThZRZI N . RIS sl & FH T RISHE 3 R IR
WAL, R SRR RYS = [y*(1: M),
y (M +1: 2M)] e RM*2 . #5m AN RIS #% 3 i oK
B B g8 K N On =Yl +i[Y)m2)/
VI L+ (Y92, o0 JRIHTIE B AR,
3.4 FHIRSE

JE S g HAE A T8I LIWSENR,, =
minger, In(1 + SNRy ) o IS AL Beit [ &
I, RG] (6) Fe Ak A

Linear

Layer
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K 8 GNN2 RIS &1

1
max Z Z agnlgn
A N+ Nep gEG nEN

st.agn €{0,1},Vg € G,Vne N (11)
Zagm =1,VneN
9€g
FREACAL R (1), SR fBRKSEHEN, 1%
HEN SRR g Y, BOX TR — AN, Rz
BB XA B ESER KA, R KIE RESESE.
3.5 BHENIRKERH
NI B A BT BS 3 Bl i R R R AR BE W
RISHE 2 B 1n] 5 0 FH ¥ 2% 43 T 4 P ALK 5
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4 HBEHE

AR AR BE I REHEAT T VAN . &9,
H A BSHE #5235 5] 26 BF (Uniform Linear Array,
ULA), #BEAE(0 m, 0 m, 10 m); RISH AN
[HFE (Uniform Planar Array, UPA), #Z7E(30 m,
20 m, 5 m). F NI A 7ELA(100 m, 30 m, 2 m)
Al BAR20 mETE XA, B
G=2. BHAMPHIK, =2. HBEBFEEREAR
PL = PLo—10B1g (d/Dy), HrbdJyBEmEER, PL, =
30 dB, Dy =1 m. BS-RISHE K 117 i FE 45 5L
Ber = 2.2, RIS-F /85I 1 6 12 B ke 5 BBry =
2.4, BS-RISHIRIS-H 15 18 35 IR 3K i 32 7% -
BS-RISTEIE (3T kpr = 3 dB, RIS-HI/{E1E
HSERT A Frpy = 1 dB. HMWRGESHRERN: K
WIHE Py =10dBm, KBt REHN, =4, RISH
TUEM = 64, PAREEIN = 32, TEBEIN,, = 16;
GRS KEL, = 13, Ly = 4: HEHIH 2.5 GHz; B
PR FER-174 dBmy/Hz, BTGB 559200 kHz.
WIZRRT By Bi 1 000/ M4, JLillZR20%8, fibE K
/NS0, HESTERIN0.1. EIMPEMZE (GNN) 1) 2%
ZHNARL, BUERECK H Leaky-ReLU. JiEAL BT
PEEVERITERE, T LUR — R %

(1LAO: F:T-Hits B H e 2 B b miEl,
HBH T AR 5 78 A B G 1wt

Users

& 9 RISHIBIMISO-OFDMA % 1 £ G fi E AR &

(2)APG: SCHR[15] T HRIEIITT %, BRG Wit
W, 13 s E H% 1.

(3)APG-randAllocate: K BEHLF 2 7 Ac
T AR R S5 APGIRFF— 3.

(4)APG-randActive: RHBEHLAIIBS E 5K
R, HAhit 5APGERFF—EL.

(5)APG-randPassive: K FHBEHLFIRISH: )%
WL, HAh it 5SAPGIRFF—3.

IR E B IE T windows 113 1E RS
##Intel Core i7-12700 CPU @2.10 GHzffJ/M A\ H
i EPAT . Hordr, PR I B L TPy Torch
RIZ S SIHESESEI

FEE10H, BT GNNELVALE0~20 dBm )%
AN Th 2 E A LT A BEAL B 7 R (B
APG-randAllocate, APG-randActivef1APG-rand-
Passive). X —RZEMBRY, Prifiikezshs 1
WP 3 iR IR U R AL 5 T B
B E N R Sy, RIEAE R Dh 3R AL BN A
I, PhRECRFFASE HARBE RGiPERE. MM
KE, BEEBSKM RN, SMELN RS
BGRCR (SE) B 2R BT, KRBT HEE
RS ThAR RS RARTT L P U (E e b, AT
KAIEHZE . MHEEZ T, GNNBEEEAF DK
SR H & S A BS 3 3 R Y S5 RISHE 3 R
WRTE, I 78 70 Y2 RISH ORI SO G 25, R AR %
DNINR XA IR RFFG. JEAh, RIEAE R Zh &
Xk, GNNIH R FTAPGRILAO, #— Sl
TH RIS

HE 1 HARUSEEN

N BT FITEAMSE{Ry,n, Vg € G,Vn € N}
. P RCAERE A

Witk n=1, A=0

while n < N do

g = argmaxyeg{Ru,n}

agn =1

n=n-+1

end while

S Ut ol W N =

% 1 GNNME&#

fa 6Ny x 2M + 2M fu 2M N x 6N; + 6N,
fio 2M x 2N + 2N fw2 6N x 2N; + 2N

fis (2M 4+ 2N) x M + M fus 10N x 4N, + 4N,
fu M x M+ M fuea 4Ng x 4Ny + 4Ny

fts M x2N¢+ M fws 4N, x 2Ny + 2N,

e (M +2Ny) x 2M +2M
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WEFR, BEERISHEICHEMIE N, GNN
IVEE AR T APGHILAO B I H 2 2 1 Ak
P, BARIME, RGSERRIS H.I0H 3 N0 1247
BIF, XEHTHEZ RIS KA G he s HR AL =
PIRESIE 5, AT UGS S B8 %t Si6 k2
e R LUE H, GNNSLZIL 72.0665 bit/(s-Hz)
FIATE R, 7 I LAOMAPGHR T4 7.46% Al
3.79%. HULFIR, HFITHERE{Z0.0075 s,
ZINAPGIIA% . EIRGEREH], FrieGNNITEA
A RERE 78 70 B FH RIS HRABE Y Jie Bt iy R 1 M e 3 2
WERGVERE ST HE R E 2 WIS T R
17, FLASE S bR B T

El12@R T RAESESH A HE LR H& KA.
WEBSKEH REHN =16, H/ HEEN
K=16, HRZHEEBEFESHEE . NE

4.0
35 1
30|
25|
20 |
1.5 ¢
1.0 ¢
0.5 = —e

0

RGN0 (bit/(s-Hz))

0 2 4 6 8 10 12 14 16 18 20
KIFThE (dBm)

—— GNN APG-randAllocate
—— APG —e - APG-randActive
LAO  — - APG-randPassive

K 10 RGISESBSE AN Di% K R £ 8]

4.5
40}
S 35t
2
;\/ 3.0 r
3 25 ¢
%’Jﬁi 2.0
8 15t = — —
W lot=—=%*= =
0.5 1 1 1
64 81 100 121 144
RIS e

—— GNN —= - APG-randAllocate
—— APG APG-randActive
LAO  — - APG-randPassive

11 RGSESRISH L A LA

* 2 BEAELEITRE R MR

A7 B 7] (s) SE (bit/(s-Hz)) T fe
GNN 0.007 5 2.066 5 94.07
LAO 0.259 6 1.923 1 87.54
APG 0.204 6 1.991 1 90.64

HRTDUE S, TEARMAET, GNNEEHERT
LAOK . W4, BEARGNNIEAEIE(ILTAPGH
%, (EXERR2FLER, GNNEIENHHEN T
APGHEIEA% W4T 8], in] LSRG APGHIL
8% MITERE. SRR, GNNH LR LUHEKKE
FTRFIE], SRS IR RE, AT DL FARAR SZBR0 2  1
THE I

WEN3HTR, GNNTER:—[H @ R IREMFT
SRR, (HEE0~20 dBm) 5 K& 5 oh 2R E A
TR WTRUE B, I S 2 5 s 28 1) 2
LK LVFES, WU IHEGNNIT 0 R W (1) K& 5
FACFEA RPNz AR f1. ERAThRX AN, GNN
AR TLAOMAPGREME T X, #H—PRIE T A
THEEA R TR E S BERAE .
5 g

BT RISH B IMISO-OFDMA %48, & CH)
B PRI BSES R SRISH SR
IR B SRALARR, Dli KRILRASE. A,
AR R R IR S I GNN 7 3% . IR AT
LRI R, SRMERRIFRE T, 458

K PrIEGNNEIEERAMRE FRFEL TLAO
4.0
— 35 F
N
T 3.0 /
&/
= 25 ¢
£ T
5 20f —
8 15p 4o~
W& P
1.0+
05— :
2 4 8 16
HE
—— GNN APG-randAllocate
—+— APG — - APG-randActive
LAO — - APG-randPassive
Bl 12 RGSESH A HOC R 2
4.0
—~ 35 r
N
= 30 r
&
= 25
)
= 2.0
n
8] 15
Nk 1.0 f

05 . . !
0 5 10 15 20
FIEF AR IF (dBm)

—— GNN —— APG LAO
—«— GNN(trained at P,=10 dBm)
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GNN-driven Beamforming and Resource Allocation for RIS-assisted
MISO-OFDMA Multi-group Multicast System

MA Yu DING Chunxia JIN Weijie LI Xiao JIN Shi

(School of Information Science and Engineering, Southeast University, Nanjing 210096, China)

Abstract:

Objective Reconfigurable Intelligent Surfaces (RISs) have strong potential to improve coverage and Spectral
Efficiency (SE) in future wireless networks. However, when RISs are applied to wideband Multiple-Input Single-
Output Orthogonal Frequency Division Multiple Access (MISO-OFDMA) systems, their practical benefits are
limited by two key challenges. First, RIS reflection coefficients may not match the frequency-selective channel
conditions across all subcarriers. Second, subcarrier allocation, Base Station (BS) active beamforming, and RIS
passive beamforming are strongly coupled. These challenges become more serious in multi-group multicast
scenarios, where shared data streams increase inter-group interference. Therefore, this article proposes a Graph
Neural Network (GNN)-driven optimization framework to maximize the system SE through joint active
beamforming, passive beamforming, and subcarrier allocation.

Methods To address the optimization difficulty caused by the strong coupling among subcarrier allocation, BS
active beamforming, and RIS passive beamforming, this work develops a model-driven GNN optimization
framework. The objective is to maximize the system SE. First, a complete system model containing the BS,
RIS, and multi-group multicast users is established (Fig 1). The formulation includes practical constraints, such
as the BS transmit power limit, the unit-modulus constraint of RIS elements, and the binary constraint on
subcarrier allocation. To satisfy the multicast requirement, the SE of each group is defined as the minimum SE
among all users in that group. This definition further increases the non-convexity of the optimization
problem.The first component of the proposed network, GNN1 (Fig 3), contains an initialization layer and a
message-update layer. For each subcarrier n € N, every user is modeled as a node, and the input to GNN1 is
the set of channel matrices {Hg,n, k € K}. Because standard GNNs process real-valued features, each complex
channel vector is decomposed into its real and imaginary parts and used as the node feature representation.
Group-level aggregation (Fig. 4) and RIS-level aggregation (Fig. 5) are then performed. GNN2 (Fig 6) takes the
subcarrier-wise embeddings generated by GNN1 as input and constructs an expanded graph with group nodes
(Fig. 7) and an RIS node (Fig. 8). By aggregating messages among subcarrier nodes, group nodes, and the RIS
node, GNN2 fuses cross-subcarrier information and captures the global coupling among system components.
Based on the integrated representation, GNN2 outputs the BS active beamforming matrix and RIS passive
beamforming vector. Output-layer normalization is used to satisfy the physical constraints. Finally, given the
beamforming parameters, subcarrier allocation is performed using the maximum-SE criterion. The learning
objective is defined as maximizing the total SE.

Results and Discussions The proposed GNN algorithm consistently outperforms all random benchmark
schemes, including APG-randAllocate, APG-randActive, and APG-randPassive, across the full transmit power
range from 0 to 20 dBm. This advantage indicates that the proposed method can dynamically handle subcarrier
allocation and joint active and passive beamforming optimization. It also maintains stable and superior
performance under large transmit-power variations. Overall, the system SE of all schemes increases
monotonically with BS transmit power because higher transmit power improves the received signal-to-noise
ratio and increases the achievable rate. Compared with the benchmark methods, the GNN adaptively
coordinates BS active beamforming and RIS passive beamforming at different power levels and better uses the
reflection gain provided by the RIS. Therefore, the GNN maintains a consistent performance advantage across
the full power range. Even in the high-power region, it outperforms APG and LAQO, which further verifies its
robustness (Fig. 10).When the number of RIS elements varies, the GNN maintains a clear performance
advantage over both APG and LAO. In general, the system SE increases with the number of RIS elements

because a larger RIS provides higher array gain and improves the equivalent channel conditions. According to
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the numerical results, the proposed GNN achieves a spectral efficiency of 2.066 5 bit/(s-Hz), which is
approximately 7.46% and 3.79% higher than those of LAO and APG, respectively. Meanwhile, the average
computational time of the GNN is only about 0.007 5 s, which is approximately 4% of that required by the
benchmark methods. These results demonstrate that the proposed GNN effectively uses the performance gain
provided by RIS scaling and achieves a good balance between system performance and computational
complexity (Fig. 11 and Table 2).The relationship between system SE and the number of user groups is then
examined under fixed settings for the number of transmit antennas and users. The overall SE decreases as the
number of user groups increases. This decrease occurs because more multicast groups lead to stronger inter-
group interference and because limited subcarrier resources must be shared among more groups. In all
considered scenarios, the proposed GNN consistently outperforms LAO. Although its SE is slightly lower than
that of APG, the GNN still achieves about 98% of APG performance while requiring only about 4% of the
computational time. This result indicates that the proposed method can reduce computational overhead while
maintaining near-optimal system performance, which is useful for real-time or large-scale deployment
(Fig. 12).The generalization ability of the proposed GNN is further evaluated by training the model at a fixed
transmit power and testing it over a wide transmit power range from 0 to 20 dBm. The training and testing
curves almost overlap, indicating that the proposed GNN generalizes well to unseen transmit power levels.
Across the full power range, the GNN consistently outperforms the LAO and APG benchmarks, further
confirming its robustness and adaptability under different transmission conditions (Fig 13).

Conclusions For the RIS-assisted MISO-OFDMA system, this paper formulates a joint optimization problem
for subcarrier allocation, BS active beamforming, and RIS passive beamforming to maximize the system SE. A
model-driven GNN method is proposed to solve this problem. Comparative experiments with benchmark
algorithms are conducted to validate the proposed method. The results demonstrate that the proposed GNN
algorithm consistently outperforms LAO and APG in overall performance. It also exhibits strong robustness
under different numbers of user groups and transmit power settings, which supports its potential for practical
deployment in complex engineering scenarios.

Key words: Reconfigurable Intelligent Surface (RIS); Graph Neural Network (GNN); Orthogonal Frequency
Division Multiple Access (OFDMA); Resource allocation
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