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Abstract—We address an extremely large (XL) simultane-
ously transmitting and reflecting intelligent reconfigurable sur-
face (STAR-RIS) to the uplink non-orthogonal multiple access
(NOMA) to improve the sum rate. We reformulate the sum
rate maximization problem to be solvable with a low-complexity
nonlinear optimization algorithm and investigate the near-field
effect of the STAR-RIS on the uplink NOMA according to the
STAR-RIS array configurations.

Index Terms—Near-field channels, non-orthogonal multiple
access, STAR-RIS, uplink

I. INTRODUCTION

For the sixth generation (6G) wireless networks operating at
a higher frequency, simultaneously transmitting and reflecting-
reconfigurable intelligent surface (STAR-RIS) have attracted
tremendous attention due to its capability of creating full-
duplex relay channels with full coverage [1]. In particular, the
STAR-RIS with the energy splitting over transmitting (T) and
reflecting (R) coefficients has shown to create the synergistic
effect with non-orthogonal multiple access (NOMA) [1], [2].
However, most studies have been limited to a moderate number
of STAR-RIS elements under the far-field channel models.

To overcome the multiplicative fading of the STAR-RIS
cascaded channels, the number of STAR-RIS elements should
be large and the channels near to the STAR-RIS tend to show
the near-field effects. Thus, the recent studies have investigated
the near-field effects of STAR-RISs with an extremely large
(XL) number of elements using a metasurface-based STAR-
RIS in the downlink spatial division multiple access (SDMA)
[3] and a patch-array based STAR-RIS in the downlink SDMA
[4] and in the uplink NOMA [5]. In [5], a computationally
efficient optimization algorithm was proposed to identify the
sum rate of the XL STAR-RIS assisted uplink NOMA with
the ES protocol under the quality-of-service (QoS) constraints.
This paper reformulates the sum rate optimization problem
in [5] without QoS constraints to be solvable with low-
complexity non-linear optimization methods. The near-field
effect on the uplink sum rate is also investigated according
to the STAR-RIS array configurations.

II. SYSTEM AND CHANNEL MODELS

We consider an XL-STAR-RIS assisted uplink, where a
base station (BS) communicates with K users through an
XL-STAR-RIS. The users in the T and R regions of the
STAR-RIS are grouped as X; and K,, respectively, with
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Fig. 1: System model of an XL-STAR-RIS assisted uplink.

K = |Ki + |K,|. The STAR-RIS consists of T coeffi-

cients 6, = [mej@,l, \/%ejﬁi)m’ . 7\/mej¢tN]T and R
coefficients 0, = [\/Br1e7%1,\/Brae?®®2, .- \/Brnel V]|
subject to By, € [0,1], Brn € [0,1], ¢4, € [0,27), and
¢ € [0,27) for n € N £ {1,2,---,N}. The coef-
ficients are subject to By, + B = 1 for n € N by
employing the ES protocol. The STAR-RIS is modeled by
N, x N, configurations with uniform element spacing d,
located in the yz-plane. The position of the STAR-RIS element
is denoted by uj™, = [0, (ny — %)d, (n. — &=)d] for
ny = 1,2,--- Ny, n, = 1,2,--- N, with U, .o At
the origin. The position of user k is given by

Uy, = [rg sin 9 cos @y, 1 sin Yy, sin @y, 71, cos V] €))

with distance r, azimuth angle ¢y, and depression angle V.

There exist no direct channels between the BS and users.
The cascaded channel from user k to the BS is denoted by
h;, = gdiag(vy), k € K, where g € CV*! denotes the
channel between the BS and STAR-RIS and v, € CNVx!
denotes the channel between the STAR-RIS and user k. With
the STAR-RIS closer to the users than to the BS, {vy}rex is
modelled by a line-of-sight (LOS) channel while g is modeled
by a non-LOS (NLoS) channel. The LOS channel is modeled
by the spherical wavefront near-field channel as [6]

_ =i lae—uin 2
[Viln, +(n.—1)N, = Vwre 7 >e v (2)
where wr = ( 47’>;k)2 represents the free space path-loss

with wavelength .. The NLOS model of g is based on the
geometric far-field channel with L scatters [5].

The STAR-RIS aided uplink NOMA with the ES protocol
allows all users to transmit their symbols x; at power py
at the same time. By applying the successive interference
cancellation (SIC) for the ES-NOMA signal, the signal-to-
interference-and-noise ratio (SINR) of user % is given by

e = prlhi 0,1 |? (3)
k 2on () > (k) pih{ 0.2 +027
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where s(k) =t if k € K, and s(k) = r if k € K, and 7 (k)
denotes the SIC order of k. With the rate Ry, = logy(1 + i)
of user k, the sum rate, Rqym = 2521 Ry, is given by

Ram = log, <1+ > M+ > th> @
ke ke,

III. Low-COMPLEXITY SUM RATE MAXIMIZATION

This paper aims to maximize the sum rate with respect to
STAR-RIS coefficients @ = [0;, 6,.] and power allocation (PA)

p = [p1,p2, - ,pk|" as
max

Rsum
OcCNX2 peRK

s.t. 6tn + BTTL = 17 6tn Z 07 ﬁrn 2 07 vn7(5b)
0 S ¢tn S 271—7 0 S (brn S 27r,Vn, (SC)
0 < pi, < P, Vk. (5d)

(5a)

This problem can be solved by applying the algorithm de-
veloped in [5] to handle an XL STAR-RIS. Although the
algorithm is more efficient than the conventional approach,
it still requires a length computational time for an XL number
N of STAR-RIS elements exhibiting the near-field effect. In
this paper, we further investigate the method reducing the
computational complexity at a trade-off in performance.

First, noting that the maximum rate is achieved with maxi-
mum PA, we write the equivalent objective function, the sum
SNR with maximum power, as

I(x)= >

ke
Here, the STAR-RIS coefficients 8, and 6,. are expressed with
real variables x = [37, d)t ,@T] for B = [B1, B2, -+, BN]T,

¢t - [¢t17¢t27' . ad)tN] 5 and d)r - [¢7‘1a¢7‘27"'~7¢rN]T

by replacu}g ﬁtn = Bn’ Brn =1- 6717 ¢tn = 27 ¢n, and
Grn = 2T Pry. Thus, instead of 4N real variables for ; and

0,., we optimize the sum SNR with 3N real variables as

Pmax|hT9t(x)‘ anxlhTe (x)|

+ 2 (6)

ke,

o?f%{l [(x). @)
This optimization can be solved with any nonlinear optimiza-
tion method yielding a suboptimal solution. With the optimal
value I'T of (7), the sum rate is given by R{ = = log,(1+I'T).

sum
IV. RESULTS AND DISCUSSIONS

We simulate the performance when the BS and STAR-
RIS are located at [40,30,0] and [0,0,0] in meters (m),
respectively. We set f. = ?’X)\ilog = 10 GHz and g is
constructed with four paths exhiif)iting Rayleigh fading. We
set P = 23 dBm and 0% = —100 dBm, with an error
tolerance of € = 1073, User location (1) is determined with
distance 7y by setting ¥y = 7 and @5 = 0 for R-users and
pr = m for T-users. The distance is randomly generated in
[5,10] m to observe the near-field effect of the STAR-RIS for
a large N.

Fig. 2(a) shows the sum rate as the number N of STAR-
RIS elements increases when K = 8 and N, = 1. The

performance of the algorithm presented in [S] is compared
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Fig. 2: Average sum rate as [N increases when K = 8.

with that of the nonlinear optimization method, highlighting
trade-offs between performance and complexity. The nonlinear
optimization method exhibits a performance degradation of
approximately up to 0.6 bps/Hz while reducing the computa-
tional time by 1.49 %, 5.48%, 14.06 %, 27.77 %, and 63.18
% for N = 32, 64, 128, 256, and 512, respectively. Therefore,
nonlinear optimization can be utilized to obtain a lower bound
solution for a delay-constrained system or to serve as a
benchmark. The effect of the STAR-RIS configuration is also
provided in Fig. 2(b) by varying N, (N, = N/N,) for a
fixed N. As N increases, the sum rate is improved but the
gain is slightly reduced when NV, is smaller. The reduced gain
with a smaller IV, is attributed to the near-field effect, which
causes different phase responses of hy, with the distance of the
users at the same azimuth angle. Note that the sum SNR (6)
is maximized when the phases of hy for k € IC; are aligned
for user k. Due to the spherical propagation of the near-field,
the single-antenna uplink NOMA favors a planar array over a
linear array for STAR-RIS configurations.
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