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Abstract—This work integrates rate-splitting multiple access
(RSMA) in a reconfigurable intelligent surface (RIS)-aided
holographic multi-input-multi-output (MIMO) downlink wireless
communication system under near-field coverage. To maximize
the sum rate of the system, we jointly optimize the transmit
beamforming at the Base station (BS) and passive beamforming
at the RIS. We suggest an iterative solution based on alternating
optimization (AO) that efficiently solves the joint optimization
problem utilizing analytical tools such as the successive con-
vex approximation. Finally, the numerical results are shown
to confirm the proposed algorithm’s convergence and efficacy.
Furthermore, We also highlight the impact of reflecting elements,
minimum rate constraint, maximum transmit power at the BS,
and number of downlink users. The dominance of RSMA over
conventional multiple-access technologies such as non-orthogonal
multiple access (NOMA) is also demonstrated.

Index Terms—Reconfigurable intelligent surface (RIS), holo-
graphic multi-input-multi-output (MIMO), sum-rate maximiza-
tion, rate-splitting multiple access (RSMA), near-field.

I. INTRODUCTION

EXT-generation wireless networks are envisioned to
Nprovide high-speed data transmission to cope with the
ever-increasing consumer demands. Consequently, the power
demand also increases, which has a detrimental effect on
the environment [1]. This has led to a dramatic shift from
prioritizing spectral efficiency towards energy efficiency [1],
[2]. Furthermore, with the recent advancement in technological
development, both energy and spectral efficiency are improving
[2]. Moreover, multifold improvements are enabled by the
introduction of holographic multi-input multi-output (MIMO)
technologies [3]. A holographic antenna is a two-dimensional
(2D) antenna composed of numerous micro-antennas fabricated
on a planar surface [3], [4]. These planar antennas also offer
significant beamforming gains [5], resulting from their widened
electromagnetic aperture with an almost infinite number of
antenna elements. They are also classified into active and
passive types, where one amplifies the incident signal while
the other does not. Advocating the immense advantages of
holographic surfaces, their impact on reconfigurable reflect-
ing surfaces (RIS) is an interesting area of research that is
still unexplored to a larger extent. The adaptation of RIS
as holographic MIMO in sixth-generation wireless networks
has led to a significant performance enhancement [3]. This

improvement was achieved by incorporating metamaterials and
subwavelength-sized antennas, which imitated a continuous
aperture [3]. The dense arrangement also enables the control
of the electromagnetic (EM) environment with deterministic
ability envisaged through channel hardening [6].

Note that the above-discussed articles presented their studies
under the consideration of far-field assumptions [7]. However,
RIS is a technological advancement that has a wide spread
of applications in wireless networks. For example, when RIS
is operated at millimeter (mm)-wave frequencies, they exhibit
a large aperture [8]. In the scenario of large aperture arrays,
the adaptation of near-field assumptions and the concept of
spherical waves is more suitable, which can reliably distinguish
users by considering both distance and angle [9]. Compared
to far-field communication, near-field communication provides
higher spectral efficiency and a higher spatial degree of free-
dom. Further, depending on the distance (Rayleigh distance),
deploying an RIS to provide wireless services within a nearby
region is likely to cause communication to occur in the
near field. A prominent characteristic of the near-field region
is the dominance of the distance-aware spherical wavefront,
which allows beamfocusing to deliver wireless energy to a
spatial location configured with three-dimensional spherical
polar co-ordinate [10]. For example, the feasibility of RIS-
aided near-field communication was verified in [11], where
closed-form expressions for near-field and far-field boundaries
were derived. In [12], a RIS-aided near-field communication
scenario was investigated, where the sum-rate maximization
problem was addressed using the alternating optimization (AO)
algorithm. The use of RIS-aided holographic MIMO modifies
the channel gain to boost coverage and improve system per-
formance, particularly in challenging channel conditions [13],
[14].

Notably, as compared to the non-orthogonal multiple access
(NOMA) scheme, the rate-splitting multiple access (RSMA)
technique has been acknowledged as a more efficient, reliable,
and strong multiple access technique for effective multi-user
communication [15], [16]. The adaptation of RSMA in near-
field-driven wireless systems is found to perform better than
conventional multiple-access schemes [17]. Nonetheless, the
continuous nature of holographic MIMO poses considerable



difficulties for array signal processing, rendering conventional
beamforming techniques designed for traditional MIMO inef-
ficient. Thus, there is a strong demand to address the unavoid-
able difficulties and challenges posed by holographic MIMO
in order to have efficient wireless communication. To the best
of our knowledge, this is the first study that investigates the
use case of RSMA for RIS-aided holographic MIMO downlink
wireless communication under the near-field framework.

In particular, this work investigates the integration of RSMA
in RIS-aided holographic MIMO under a near-field-driven
wireless communication system. A sum rate maximization
problem is formulated that jointly optimizes key system re-
sources, namely 1) the transmit beamforming vectors, 2) the
common rate allocation vector, and 3) the RIS phase matrix.
Due to the non-convex nature of the problem, it is divided
into two subproblems that are iteratively solved. In order
to tackle the non-convex nature of the formulated problem,
we propose an alternating optimization (AO)-based iterative
algorithm that effectively solves the joint optimization problem
using analytical tools like successive convex approximation
technique. Numerical analysis and simulations substantiate
the efficiency and convergence of the proposed algorithm. It
shows that the use of RSMA for RIS-aided holographic MIMO
under a downlink near-field system attains a higher sum rate
compared to the NOMA. Furthermore, we also demonstrate
the impact of key system parameters, such as RIS elements,
minimum quality of service (QOS) constraint corresponding
to each user, and maximum transmit power at the base station
(BS).

Notations: Re(-) represents the real component. || - ||, || - ||

Tr(-) ()T, (-)*, and (-)¥ represent the Euclidean norm, F-
norm, trace, transpose, conjugate, and Hermitian conjugate, re-
spectively, of the respective matrix/vector. A (-)andu, ()
denote the biggest eigenvalue and the associated eigenvector.
diag(-) represents the diagonal matrix of the respective vector.
(*)s,5) s the ith row and jth column of the respective matrix.

II. SYSTEM MODEL

We consider a holographic RIS-aided muti-user downlink
communication system consisting of a BS, a RIS and D
downlink users (DL,,DL,,--- ,DL_), as shown in Fig. 1. The
BS is equipped with M transmit antennas, while {DL,} is
equipped with a single receive antenna. Additionally, RIS has
K = A x C passive elements positioned on the Y-Z plane,
with its central point aligned at the origin of the coordinate
system. Further, it is assumed that the direct link between BS
and users is blocked due to unavoidable blockages/obstacles.
Note that as stated earlier in the previous section, due to the
smaller distance among the nodes, near-field driven channel
assumptions are considered for the analysis.

A. Channel Model

1) Channel between {DL,} and RIS: When all the users are
located in the near-field region, the transmitted signal should
be modeled as a spherical wave and cannot be approximated

k-th elements . .
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Fig. 1: System model.

as a plane wave for the RIS. For example, the channel between
{DL,} and the RIS is represented as [18]

L= ien (55 )a 0
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where
a, = exp { — sind, (Ad ,cosp, + Cosingp,)
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L, =1V,,0,,¢,]T denotes the location of DL, with V,, 8, ¢

being the range, elevation angle, and a21muth angle in the
spherical coordinate system, respectively. G accounts for the
radiation pattern and scale of RIS. The range of near field
region, represented by Fresnel approximation to Rayleigh
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distance 4 large; where ® , and © are the aperture

length along the Y-Z axis, 0, = ;= and 0, QC T represents
inter-element separation, whlle >\ 1s the mm- Wave operating
frequency [18], [19]. Similarly, the channel between BS - RIS
H, is also modeled.

B. System Model

In order to communicate with all D users, using the basic
principle of RSMA, the BS will split each user’s message
into a common part and a private part. The information bits
intended for the common and private sections of the d-th the
BS specifically encodes the user’s message into common and
private symbols, expressed as x, and x,,Vd € D, respectively.
Note that x, is obtained after combining the splitted common
part of each user, while x, corresponds to the splitted private
part of the respective user. The BS prepares the combined
symbol for transmission to each user, which is mathematically
written as

X = Wx +§d1dd’ 3)
—_—
Common signal Private signal
where w, € CM*1 and w, € CM*! are the linear beamform-

ing vectors for the common and private symbols, respectively,
and E{|z |?} = 1 and E{|z,|?} = 1. Further, we denote

h, = HYWf,(t,), VdeD. “4)



Here, in (4) the phase shift matrix at RIS is represented by
U 2 diag(p) € CKK, 9 = [exp(jit,), - ,exp(jid, )]
The phase shift of i*” RIS elements to the received signal is
denoted by ),. The signal received at DLy is given by

D
v, =h'wa +> h'wz, +n, VieD, (5
d=1
where n, is the additive white Gaussian noise (AWGN), which
is represented as a complex Gaussian random variable with a
variance of o2 and a mean of zero, i.e., n, ~ CN(0,02).
Additionally, each user interprets the private symbol as in-
terference while decoding the common symbol. As a result, the
signal-to-interference-plus-noise ratio (SINR) for the common
symbol at DLy can be written as
[hfw, |2
Ve = D )
Zl [hffw,[? + o7
i=

Vd € D. ©6)

Thereafter, the common message is removed from the received
signal using one-step SIC. Thereafter, each user decodes its
own private symbol, considering the private symbols of all
other users to be interference. Thus, the SINR for the private
signal symbol received by the d-th user can be expressed by

[hw,|?
You = —5 , VdeD. @)
>, |hlfw [?+ a7
i=1,i#d

The approximate achievable rate for both the common and
private signal symbols at the d-th user can be computed as f

Rc,d = 10g2(1 + 'yc,d)7 Vd € D7 (8)

R, ,=log,(1+7,,), VdeD. ©

Note that the achievable rate of the common signal must
not exceed the channel capacity corresponding to the com-
mon symbol. In particular, Zf 1 #%.. < R _,,Vd € D,
where s, is the the d-th user portion of the common rate.
Therefore the total achievable sum-rate of the considered
RSMA under a downlink near-field system can be written as

To\a] Zd 1(%c d + Rp d)

III. PROBLEM FORMULATION
A. Problem Formulation

The primary objective of this work is to maximize the sum
rate of the proposed RIS-aided holographic MIMO downlink
near-field RSMA system by jointly designing the beamforming
matrix W = [w_,w,,--- ,w,]| at the BS and phase-shift v at
the RIS of common and private messages. Consequently, the
optimization problem is formulated as

D
PO max Zdzl(%&d +R,,) (10a)
D
s.t. Zi:l »%,, <logy(1+7.,), YdeD,  (10b)
#,,+R,,>R"™, VdeD, (10c)

R, ,<log,(1+~,,), VdeD, (10d)
Tr (WHw) <P, (10e)
| =1, keK, (10f)
»,,>0, VdeD, (10g)

where s, = {» _,}, (10b) corresponds to the common rate
constraint, (10c) is QoS constraint which ensures the minimum
required rate, (10e) is the BS transmit power constraint, and
(10f) is the unit modulus constraint. Next, we discuss the AO-
based solution to tackle the coupling of variables and the non-
convex nature of the objective function.

B. Design Transmit Beamforming at BS

Note that using AO approach, the sub-optimal value of W
can be obtained under the fixed phase shift at the RIS, i.e.,
1 = 1. Consequently, the problem 70 can be reformulated

by incorporating the auxiliary variables Y, ﬁp, and x_
v T
P1 wo B Yo Gt T, (11a)
D
s.t. Zd:l L. <logy(1+x.,), VYdeD, (11b)
s, ,+Y, = RZ’“", Vd € D, (11¢c)
Tp,d S 10g2(1+6p,d)7 Vd€D7 (lld)
(6),(7), (10e), (10g),
where ¥, = [T ,,---, T, ], B, = [ﬁpl, Bl x, =
[Xei» " s Xen)- By is substituted as b, ‘1/) - Note that

the non-concave ob]ectlve function and the non-convexity of
constraint (6) and (7) prevent a closed-form solution for the
‘P1. Therefore, in order to iteratively approximate the problem
in P1 into a similar convex form, we use the SCA approach.
Furthermore, the terms in (6) and (7) can be simplified by
using the auxiliary variables kK, = [mcyl, e ,/@CVD], and (=

[Cp’l v G D} , respectively, as follows
H —H 2
oz Bl oy Bl )
K Kea ' Cp,d
where
D —H 2 2
Foa <Y 0w [ 07, (13a)
D —H |2 2
¢, < Ziﬂ#d h, w,|”+02 (13b)

The non-convex expressions in (12) can be further converted
into an equivalent affine form utilizing the SCA technique as

2R (wWHh hilw ) |hiw()?
< 4 c°r 4o > X.4, Vd €D, (14a)
) ()2 &
c,d c,d
2R (wWHh hilw)) B |hTw(m)2 S5 NdeD. (14b)
¢ ¢rr T ’

where w(”) w(") REZ), and C(" are the values acquired
at the nth SCA iteration. Ultlmately, design the transmit



beamforming in problem P1 using n'" SCA iteration can be

transformed as

9 (15a)

max

P T
», .+
W7%c7‘rp7 Zd:l( c,d :D-,d)
B, X KeC,

st (10e), (10g), (11b), (11c), (11d), (13a), (13b), (14a), (14b).

Due to its concave objective function and affine constraints,
the simplified problem P2 is converted into a standard convex
problem [20], due to all optimization factors. Therefore, as
shown in Algorithm 1, we provide an iterative approach for
transmit beamforming design given the information on the
convergence factor e.

Algorithm 1 Design transmit Beamforming at BS using SCA
Input: ¢, ¢, and WO

1: Initialize n = 0, RTonl =0
. while |[R™ — R("=1| < ¢ or n < Ni* do,

2

3: Calculate (™), ggf;), X\, 55@

4 n=n+1,

5: Solve P2 to obtain the beamforming matrix wn),
6: Calculate R(") = Z(?:l(%c_d +7,.),

7.

Total
end whlle

Output: Rr (n) and W = W),

tal Toml

C. Passive RIS Beamforming Optimization

Similarly, the optimal passive RIS beamformer ) is de-
signed for the obtained W = W. In such case, the optimiza-
tion problem can be expressed by introducing the auxiliary
variable Y ,,8 and x_. PO will be reformulated as

D ~
P3 11;122( Zd:l(%C‘d +7, ) (162)
TP7Bp’Xc
D
s.t. gy e S logy(1+x.,), VdeD, (16b)
., YM > R™" VYdeD, (16¢)
T , <log,(1+43,,), VdeD, (16d)
.20, VdeD, (16e)

(65, (7). (106),

where ¥, = [T, T,,]. B, = [, .8,
)NCC = [)26,17"' »XC,D} Cx, = [;fc,l’... 75{(:,(1] is common
rate allocation vector. The RIS beamformer design in P3 is
non-convex in nature. Therefore, we adopt the SCA method at

fixed W = W and reformulate P3 as

p.l’l.

D
P4 max Ge ,+7T ) (17a)
B, X, RS
D H . 2 2 ~
s.t. Zizl \wHH, diag(f, (t,))|” + 0> < k., (17b)

Algorithm 2 AO for Unified Solution.
Input: ¢, W, S and Inltalllze WY s=0,and R_! =0

Total
1: while |[R(?) ~re|?

2: Solve P4 to obtain ¢

3: To obtain WD | solve P2 using Algorithm 1 with
obtained ™Y in step 2.

4: Update s = s+ 1.

5: end while

<eors<S" do,
max
s+1)

Output: R, = jodl
D ~
Zi 1#d\wHH diag(f, (t,))9|* +02 <, (17c)
(( ¢<q>) )/Kw)
~ Bl @ f@, SR> %, VdeD, (17d)
(( 1/,(!1) 'd’)/C(Q)
- \Hm“” C,ul((9)’>3,,, VdeD, (17¢)
D
Z‘_l log,(1+X,,) > 5., VdeD, (17f)
logy(1+5,,)>7T,,, VdeD, (17g)
v, <1, kek,, (17h)
(16b), (16¢)(16d), (16e),
where &, = 7,0+, ] and {, =[G G are

the aux111ary variables and h = wl'H, diag(f,(t,)),Vd € D.
Here ¢’ /@(‘1) C(‘I) are the value of 9, k_,,(, , obtained at
g iteration, respectlvely Note that the constraints in P4 are
convex. Thus, it is solved by adopting CVX [20].

D. Combined Approach and Computational Complexity

Finally, we propose an AO-based algorithm for joint design,
as given in Algorithm 2. We use an iterative approach to
alternately address the subproblem of transmit beamforming
problem P2 at BS and passive RIS beamformer design problem
P4. The output of each optimization problem in the current
iteration is used as an input to the next iteration until a
convergence € is attained or up to iterations are concluded.
Assume that the RIS phase-shift design converges within a
maximum of Qi‘r SCA iteration, and the precoder design
solution in Algorlthm 1 convergence within N i jterations.
The phase-shift design in P4 has 8D + 1 constraints and

MD-+6D variables. Therefore, O Ni (8D+1)? (MD+6D))
and O(Q¥ (8D + K)*(K + 6D)
the algorithm’s worst case complexity, respectively. Assum-

ing that the suggested AO method converges with Sri“t:x, the
overall computational complexity in Algorithm 2 is given by

O( 81 (N (8D + 1)*(MD +6D) ) +(Q (8D + K)*(K +
6D)))

can be used to represent



2.5

——RSMA, K =16 x 32, NF
- - -RSMA, K = 16 x 24, NF
---------- RSMA, K = 16 x 16, NF
----- RSMA, K = 16 x 32, Hybrid||

RSMA, K =16 x 32, FF

1.5

055 1« 1

Average sum-rate (knat/s/Hz)

0 " | | | | | | | |
I 5 10 15 20 25 30 35 40 45 50
Number of iterations
Fig. 2: Average sum-rate versus number of iterations.
4 ‘ ‘ ‘
—s—RSMA K =16 x 24(A x C)
3.5 |——RSMA K =16 x 16(A x C)

—+—NOMA, K =16 x 24(A x C)
3 f|——NOMA, K =16 x 16(4 x O)

2.5

Average sum-rate (knat/s/Hz)

20 25 30 35 40 45
P, [dBm]

waz
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(D =3, M = 20).
IV. NUMERICAL RESULTS

In this section, several numerical examples have been carried
out to exhibit the efficacy and convergence of the proposed al-
gorithm through Monte Carlo simulations, averaging over 10°
independent realizations of randomly generated channels. The
BS is located at (16.453m, 116.2630°,72.0471°) along with
all users located at (4.1472m, 78.3022°,101.5349°), (8.6763m,
110.3402°,79.7452°), and (14.6328m, 101.1328°,119.5479°),
respectively. The RIS is located at the center of the coordinate
(0, 0°, 0°). Further, unless otherwise specified, af = —90dBm,
D = 3, and M = 20. Furthermore, the operating frequency
is considered to 24GHz with a HARIS aperture length of 1m.
Therefore, the Fresnel and Rayleigh distance works out to be
1.3m and 160.2m, respectively. Therefore, any radio receiver
lying within this range will experience the effect of near-field
[18], [19], [21]. Hence, all the users considered lie within the
near-field region of the RIS-aided holographic MIMO.

Fig. 2 illustrates the convergence characteristics of Algo-
rithm?2, which is obtained with P, =25 dBm, M = 20, and

x

—=—RSMA K = 16 x 24(A x C)
——RSMA K =16 x 16(A x )
—4—NOMA K =16 x 24(A x C)
1.5 [|—#—NOMA K = 16 x 16(4 x C)

0.5

Average sum-rate (knat/s/Hz)

15 18 21 24 27 30
M (BS antennas)

Fig. 4: Average sum-rate versus M (D = 3, P,

» T max

= 15dBm).

RIS elements K (A x C') = 256,384,512. It is evident that the
algorithm converges after a few iterations, demonstrating its
effectiveness. Furthermore, the average sum-rate improves as
K increases. This is because the transmitted signal is trans-
formed into the enhanced beam over the spatially continuous
aperture of the holographic MIMO. Moreover, we compared
the considered near-field assumptions with the far-field and
hybrid' channel assumptions. We observed that, compared to
the far-field and hybrid systems, the near-field assumptions are
more suitable for such scenarios due to the fact that all the
nodes lies within the Rayleigh distance w.r.t. RIS.

Fig. 3 depicts the average sum-rate (in knat/s/Hz) versus
the total transmit power P for different numbers of RIS
elements (/). It can be observed that the performance in-
creases with increasing P___. The main reason for this is the
increase in net SINR corresponding to BS at each user due to
the rise in the maximum available power for transmission at
BS. Furthermore, one can also observe that the use of RSMA
can significantly enhance the performance compared to the
NOMA. This is because the RSMA provides the ability to split
the rate in to common and private parts at the transmitter and
combining the same at the receiver. This splitting in RSMA,
when combined with optimum resource allocation, leads to
a higher achievable rate at each user compared to NOMA,
especially under high transmit power.

Fig. 4 shows the average sum-rate versus the number of the
BS antennas for different numbers of RIS elements. It can be
observed that the performance increases with the increase in
the number of BS antennas. The reason for this is that, by
increasing the number of antennas, the channel diversity gain
increases, thus improving the average sum-rate. Further, it can
also be seen that the RSMA scheme outperform the NOMA.

Fig. 5 illustrates the average sum-rate versus the number
of users (D) for different number of RIS elements with
M =20,P . = 30dBm. It can be observed that the average

x

'The hybrid-field assumptions are adopted according to the considered
system model following [22].
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sum-rate increases with increase in D. It can slo be seen that,
the RSMA system achieves better performance as compared
to the NOMA scheme. This is because the RSMA provides
the ability to split the rate in to common and private parts at
the transmitter and combining the same at the receiver. This
splitting in RSMA, when combined with optimum resource
allocation, leads to a higher achievable rate at each user
compared to NOMA, especially under high transmit power.
Hence, with increasing D, the difference between average sum
rate of RSMA and NOMA also increases significantly.

V. CONCLUSION

In this work, we proposed the use of RSMA in a RIS-
aided holographic MIMO-based wireless network under the
near-field framework. We discussed an analytical framework
wherein an AO-based algorithm hat effectively solves the joint
optimization problem using analytical tools like successive
convex approximation technique. Besides, several numerical
simulations were performed to validate the efficacy and su-
periority of the proposed algorithm. The fast convergence of
the algorithm, despite the variation in the number of elements,
ensures the efficacy of the proposed algorithm. Furthermore,
we also observed that increasing the number of passive ele-
ments or power at RIS results in better system performance.
Moreover, it was shown that, for the given set of parameters,
the RSMA-based system outperformed the NOMA system.
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