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Abstract—To achieve high spectrum efficiency, the utilization of
reconfigurable intelligent surface (RIS) may extend the range of
near-field region beyond Rayleigh distance. However, an accurate
channel model is essential to realize the radiation pattern of
near-field communication. This paper studies the performance
of an active simultaneous refracting/transmitting and reflecting
(STAR)-RIS-aided near-field communication system over Rician
fading channels. The transmitter sends information to multiple
Internet-of-Things devices (IoDs) through STAR-RIS by applying
the non-orthogonal multiple access (NOMA) principle. To better
characterize the effect of channel correlation on the performance
of the system, a more practical spatial channel correlation
model is adapted. In order to show the system performance,
the expressions of the outage probability, and the ergodic sum
rate of the proposed system are derived and the impacts of the
channel estimation errors and imperfect interference cancellation
on those performance metrics are depicted through the results.
The results reveal the performance degradation through the
correlated channel with respect to uncorrelated channels.

Index Terms—Near-field communication, simultaneous refract-
ing/transmitting and reflecting reconfigurable intelligent surface,
non-orthogonal multiple access.

I. INTRODUCTION

To achieve the goal of higher signal coverage with spectrally
and energy efficient communications for the next-generation
wireless networks, reconfigurable intelligent surface (RIS) has
been recognized as a promising technique to improve the sys-
tem coverage [1]. The signal reflection from RIS is controlled
through the intelligent adaptation of the amplitude responses
and phase shifts of a large number of active/passive scattering
elements. To address the limit of the maximum 180° space cov-
erage of conventional RIS, simultaneous refracting/transmitting
and reflecting (STAR)-RIS has been developed to increase the
degrees-of-freedom (DoF) [2]. STAR-RIS operates by applying
the energy splitting (ES), mode switching (MS), or, time
switching (TS) protocols [3]. In addition to that, the limitation
of double fading attenuation of passive RIS can be eliminated
by using active RIS architecture. As an incident signal is
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amplified using active RIS, the strength of received signal is
increased directly. The performance improvement using active
RIS over passive RIS was reported in [4]. Moreover, various
system performance metrics were analysed by adapting differ-
ent channel models in various existing contributions [5], [6],
where some of them also considered more practical channel
correlation models in STAR-RIS to realize the impact of them
on the system performance [7]-[9].

Since non-orthogonal multiple access (NOMA) [10] is ben-
eficial for ultra-reliability and low-latency communications,
several investigations were done to analyse the system perfor-
mance applying NOMA in STAR-RIS-aided wireless networks
to enhance the spectral efficiency [11]. The study of the
ergodic capacity, outage probability analysis of STAR-RIS was
done in [6] over Rician fading channels. To achieve further
enhancement of the spectral efficiency by serving multiple
users/devices, the utilization of an extremely large antenna
array (ELAA) was proposed in upcoming 6G communication
[12]. Due to the sharp enhancement of the antenna aperture in
ELAA or the usage of RIS, range of near-field region can be
significantly expanded. Recall that boundary limit between the
near-field and far-field regions is defined by Rayleigh distance
(%, D is array aperture and ) is the wavelength of the carrier
signals). As the properties of the far-field channel model are
not the same as near-field channels, the concept of the far-field
model leads to a mismatch in the practical near-field channel,
which potentially results in performance losses in near-field
communication. To realize the radiation pattern of both near-
field and far-field channels and to distinguish the channel
model in form of their properties, different mathematical
modeling for two different channels were proposed in [13],
[14].

The previous works on RIS-aided networks considered cor-
related channels and channel hardening issues [7]-[9], [15].
The effect of the expansion of the near-field region was not
under their consideration. On the other hand, the existing
works [13], [14] on the modelling of near-field communication
did not consider the multiple access techniques to support
multiple users to enhance spectrum efficiency. Motivated by
all these issues, we study the system performance of a power-
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Fig. 1: Active STAR-RIS-aided near-field communication system.

domain NOMA-based communication between a transmitter
and multiple Internet-of-Things devices (IoDs) via an STAR-
RIS to support specific Internet-of-Things (IoT) services, such
as virtual reality, remote control of autonomous vehicles, etc.
to achieve higher reliability [16]. The application of the model
is considered for the transmission in a conference room,
where STAR-RIS is placed in the middle of the room. The
contributions of the paper are listed below:

« We adopt a spatial correlation model for the transmission
through RIS and use the near-field and far-field chan-
nel models to derive the expressions of the signal-to-
interference plus noise ratio (SINR), outage probability
(OP) and ergodic sum rate. To tackle the double fading
attenuation issue, an active STAR-RIS configuration is
explored.

o The performance of the considered scheme is analysed
for a more realistic imperfect channel state informa-
tion (ICSI)-imperfect successive interference cancellation
(ISIC) environment. The performance comparison be-
tween the near-field and far-field channels is also shown.

e Furthermore, Monte-Carlo simulation is executed to ver-
ify the accuracy of all the developed analytical expres-
sions, and the impacts of near-field and far-field commu-
nication on the system performances are highlighted.

II. SYSTEM ARCHITECTURE AND SIGNAL MODELLING

Description of System Model: As illustrated in Fig. 1,
the system model consists of a transmitter, an active STAR-
RIS, Ny reflecting IoDs (R-Devices (RDs), ¢ € 1,2,..., Ng
and denoted as Dg;) and Np transmitting/refracting IoDs
(T-Devices (TDs), ¢ € 1,2,...,Np and denoted as Dr;).
The transmitter communicates with Dpg; over the direct
path and through the support of the STAR-RIS. Besides,
RIS is equipped with L, = L., X L,, elements, where
Ly, and L,, indicate the numbers of configuring ele-
ments in horizontal direction and vertical direction, respec-
tively. We assume that transmitter and IoDs are associated
with a single antenna. For energy efficient operation, the
whole operations are performed in the energy splitting (ES)
mode [5]. Reflecting and transmitting matrices are defined

as p=diag (\/mi(Te’*t, /5 GGei%, .. /g Cf e?%he)
and Pr=diag (\/77§Cfej¢i7 \/n§§56j¢37 R /nfoL’aethar ),
respectively [17], where ¢f, ¢ and ¢, ! are the phase shifts
and amplitude coefficients of the i-th element reflecting and

transmitting responses, respectively, and specifically, @7, ¢}
€ [0, 27). Moreover, 1 < 1!, nf < Nmaz Mmae 15 the maximum
value) are the i-th element reflecting and refracting mode
amplification factors [18]. In addition to that, due to the law of
energy conservation, we have (I +¢! =1 (Vi € Ng, Nr) [19].

The channel gains between different links transmitter — [-
th element of STAR-RIS, transmitter — Dpg;, [-th element of
STAR-RIS — Dg; and [-th element of STAR-RIS — Drp;
are hp;, hpri, hir; and h;p;, respectively. All the channels
between transmitter—RDs, STAR-RIS-IoDs and transmitter—
STAR-RIS follow the independent identically distributed

(IID) Rician distribution as follows: h, = (\/NIHhLLOS +

%thv LoS ) where x indicates Rician factor. Transmitter

to STAR-RIS channel vector for RDs and TDs are defined
as hp, = (hp1,hpa,...,hpr,)", W3S ~ CN(0,Rp,)
(rel,2,...,L,) and specifically hgﬁfs ~ CN(0,1) for scat-
tered signals. h,.x; = (hlm,hgm‘, ey hLaNi)T WX € R, T).
A is wavelength, d, is antenna spacing and 6, indicates the
angle of arrival. R, is the covariance term. The proposed
system is considered under the conditions of imperfect channel
estimation and ISIC. v is used to define the propagation path
loss constant.

Near-field communication: The transmitter applies power-
domain NOMA to send the following information to IoDs.
The received signal at Dg; is written as

Sr hpiy/af hupie? i + e
Yri = 3 +
Ri

iLBRi + €Rr;
VBa

NR NT
< VPs(Y_vaiXe+ Y VhiXe) +nw, (1)
i=1 i=1

where of = 77 x ¢/, ¢P! and @/ are the phase angle of
channel gain between transmitter and [-th RIS element and the
phase angle of channel gain between [-th RIS element and Dg;,
respectively and ¢; r; = lB Ly o; + qﬁéRi. h B1 1s the estimated
channel gain between transmitter and [-th element of RIS
and le Rri 1s the estimated channel gain between [-th element
of RIS and i-th RD. ng; and ep; ~ CN(0,0%) indicate
noise and channel estimation error at Dpg;, respectively. P,
is the transmission power of transmitter. Without loss of
generality, the distances are considered to be ordered as follows
digi < diga < --- < dign,, Vg € R,T) and thus, the power
coefficients are allocated as follows 0 < A;Pg < AyPp <

- < ANUPB < 1. A; € a;,b; are the power coefficients
to transmit the messages for RDs and TDs, respectively and
valeai + ZZI\ZZ)Z = 1. X,; and Xy; are the signals for Dg;
and Dp;. Similar to (1), the received signal at Dp; is expressed
as

Lo 7 7 1 B
Vo (Zl_l hpi/af e ®uTi + €Ti>
Ti —

BT
X\/]?B(Zijii\/(Tini + ZZV:;\/EXM) +nri. (2)



Here, of = n! x (}, ¢! is the phase angle of chan-

nel gain between [-th RIS element and Dp; and ¢; 7 =
Bl ¢t + ¢l hyp; is the estimated channel gain be-
tween [-th element of RIS and i-th TD. np; and ep; ~
CN(0,02) indicate noise and channel estimation error at
Dy, respectlvely The g)ath loss component of the direct

link is Bq = Gdm_d End-to-end channel path

NGrGrGd,d, V21"
: A (4m)° (dprdigs)”
loss via I-th element is Sy = -7, G4 0, 2 [ The

diension of each unit RIS cell is defined by the width d,

and the length d,. The joint normalized power radiation pat-
G -

tern Fgombive £ (cos@’g’f)T_lcos(dgl)co(s(e%l)(cos@”)*_1,

dlgi v dl

br _ dprt(de)”—d] iz _ dgit b _
cosf)gl = ol cosf ol = Sy cosﬁgl =
Zbdblzo, cos@l = Zﬁl—zo [13]. dp; is the distance between

transmitter and [-th eIlement of the RIS, djy; is the distance
between [-th element of the RIS and Dy;. 9”}" and /7 are the
elevation angles from transmitter antenna and i- th g-device
antenna to [-th reflecting element of RIS, respectively.

While, Ggl and @, are the elevation angles from the I-
th reflecting element of RIS to transmitter antenna and :-th
g-device antenna, respectively. dpr, dg;, d; and d; indicate
the distances between the transmitter and the center of RIS,
distance between Dy; and the center of RIS, distance between
Dy; and transmitter and distance between {-th element of RIS
and the center of RIS. | 72 | and | 2 | are the ratios of
the output signal to the incident signal, ey; ~ CN'(0,07) and
ng; are channel estimation errors due to ICSI at Dgz and
additive white Gaussian noise (AWGN) at D;, respectively.
Centralized deployment is considered for all the nodes present
in the system and centralized location of transmitter, STAR-
RIS and Dy; are (xy,ys, 26), (To,Y0,20) and (Tgi, Ygis 2gi)s
respectively.

Far-field communication: The path loss model of (1)
and (2) can be simplified further for far-field communication
fOl]OWil‘lg di << dy = dpgr and d; << dlgz ~ dgi.
Consequently, cos@”}" and cosH“l” are approximated as 1.

far field & (47)°* (dpRrdgi)”
gt N2 GrGRGdyd, | 72 | cos(6%))cos(07,)

Following correlation model in [15], each element of R, must
satisfy

(€)

sin (2 || am — an
[Rz,]m,n = 2<7.‘.A || H >, m,n € {1, ...,NL}. (4)
Sl am —an ||
T
where a,, = [O,mod(m —1,N,p)dn, {%E}de}

SNR Characteristics: As RDs and the transmitter are located
at the same side, successive interference cancellation (SIC) is
applied to first detect and then remove the signals of TDs
signals. Consequently, RDs are able to decode their own
signals. Therefore, the SINR for RDs to decode the signals
of TDs can be written as

N,
A2 21:T1 bi Pp
o2

&)

TRi—»Ti =
2 > % aiPs 1
A =T +0R(l3m+l3d) +1

where o2 is used to define AWGN noise variance. After

applying SIC, the SINR output at Dg; is expressed as

A2 a;
pl o2
TRZ': N ) (6)
A2 SR a A 1%
pl ts=1,ts#i ts+ L+ + 4+ L
o? ﬂRle 5d02 PB

where s;(€ [0,1]) is the SIC imperfection error due to the
reason of ISIC of TDs at Dg;. The SINR output at Dp; to
decode its own signal by treating the signal of RDs as the
interference can be written as

A2i

253
Yri= Peo (7
N/ N )
Agz Eth:1,tu,¢ai by + Aiz Zi:Rl ai + T 1
o2 o2 pBrioc? ' Pgp
N TPl Ri P s
hBRi| Lo V™ e’ |hihigil
where A, = ( ezl and A, =
pl ( /B +> T P2

L, \/af€j¢l*Ti|iLBliHT7‘,|
=1 VBT T
Channel Model: As the various channels hgr, hgrpi, hri

and hp; follow Rician distribution, the probability density
function (PDF) of those channels can be expressed as

—u?(k+1)
fo(u) = 22t De Io(2uy/m(k + 1)), u> 0, (8)

e(“)

where Ij(.) indicates modified Bessel function of first kind
with 0-th order. ) //;(,) is Marcum Q-function with or-
der .. Rician factor k = 3% 62, where A2 and 262 define
the line of sight (LoS) and non-LoS (NLoS) power com-
ponents, respectively. As th and hl ri are independent of
each other, the PDF of | hg Il hipi | is described as
\ hRDil |. The mean of these variables can be defined

8 [y = M)y = /75 Ls(—#), and Laguerre
polynomial Ly/5(z) = e*/[(1 — a)Io( _2’) —ah( - %))

Then pij, ) hmy = (\/ 4(&115%(—&)) :
It is considered that ZlLal{| hpi || g |} =] hg,i | and it
is possible to approximate | h X | by using the central limit

theorem. hg,; ~ CN (i, “ohR ,) and Var[hg,)] = E[(hg, —

4

. Lo (17 2 w(2y(m)
E[hRilDf] = Zm:O ano ([RRil]m,n) - 16(2-{-1)2 Z’
where R,z = E[| h, || h, |TL =E[ g || 9. [*] [9]. For,

S RRtlm,n|"—1

m 7é n, [RRil]m,n = l Rll]gy |7 K( | [RRil]m77l |2 ) +E( |
[Re,)mn |? ) For, m = n, [Rp,)mn = 1. K(.) and E(.)
are used to define the complete elliptic integrals of first and
second kinds, respectively and mean Pipy ) = La“{\fzm\\fnml}‘
Since ? increases, the Rician distribution becomes more
symmetric with the Gaussian distribution [20], therefore, hpg;
can be approximated as the Gaussian form. Finally, ‘h’%//%l +
Lq a"‘ejd)lxRiHAL h il
lel \/7 BIIR

Bri

) is approximated in form of the
of PUR By By s
\thI o e |hBihiri|
+ X

Bri ’
Unpi ~ CN (a0, ) and A2, = U} . The PDF of A

is approximated by appfylng the Gamma distribution.

Gaussian as Up,, =




Similarly, we can also approximate
La atel T"‘il h i|
Voge b vBrhiTi -
l:§ ) N as  Up,, and Uy,
2 . — m _
CN (pru, . Tainp, ). where mean pi ;v =\ [qery L (—5),

2
LL%(75)> . Moreover,

gl i} - (W :
I hr [} =

it is considered that >,/ {| hm

hra | and Varlhry) = El(hry — Elhr])’] =
2

Skt St (Foralnn)” — ik L For.m £ n,

[RTil]m,n = ‘[RTil]g’nlz_lK(J [RTil]m,n |2 )+E(

[Rra)mm |? ). For, m = n, [Rplm,n = 1. The PDF of

A%, = U can be approximated as same way like A;.

III. PERFORMANCE ANALYSIS

Outage Probability Analysis: The end-to-end OPs at both
Dg; and Dp; are described as the complement of the successful
communication over all the different links. OPs at both Dg;
and Dp; are expressed as

Pout.ri=1= (P (Trivari 2TH) x P(Tri 2TH)), )
Poutri =1—=2(Tri = TT), (10)

respectively, where T%l and T}h are the target signal-to-noise
ratio (SNR). The term & (Y g1 > T%) is defined as [21]

P(Trimri > Ti) = P(Ap > gp2) = Faz (gp2), (1)
where F(.) is the cumulative distribution function (CDF),

th 2 1 1) PB
TRl <1+UR(/5RI+ﬁd) (7_2> ,u2
Yhs —
) AR = # - 19 QR -

Np N&
=1 %P8 ~ytn Xi=1 %P8 Ups
> R p)

gp2 =

o
2

g . . . .
%’ I'(.,.) indicates upper incomplete gamma function and
Uhs

I'(.) indicates gamma function. Now, Z(Y, > T%") =
P (A2, > gpy). (Vgi € Ri,Ti) is expressed as

P(Ygi 2 T")=Faz (90y), (12)

th 2 1) P
i (1o () 28

(a2237T%1 KiriBJF t,szl,tfr;;z s :|)
3 P
p (11 () 2 :
(o
ng = N QT == —ht
9 9
b Pp Tt;b[zi\gaﬁ}a Eth:1,tw;£1‘,btwa:| Haupy
2 T o2 + -2
2
Hay
Ar = St — 1. Based on (11)-(12), the closed form

expressionsu%tf (9) and (10) can be determined.
Ergodic Sum Rate Analysis: The instantaneous data rate of
decoding the message at Dgy; (¢ € R,T') can be expressed as

Rgi = 10g2(1 + Tgi), g < R,T. (13)
On the basis of (13), the ergodic sum rate at Dg; is
ggi = E[Ryil. (14)

TABLE I: Parameter settings.

[ Parameter[ Value [ Parameter[ Value

v 2 dpr 15m[8] | o2
K 0.8dB | X 0.1m[8] | T

[ Parameter | Value

-70 dBm
—10 dB

Applying the principle of NOMA, the sum rate for RDs/TDs

is expressed as
ESg = E iENggi.

The ergodic sum rate for the information transfer at Dg; is

s)

1 1 - J—"'r (ZZ(691))
i =ERg| = — = d
g9 = ElRyi 1n2/0 1+e ‘
eG
o0 ] _ k A
:L T(Ar+1) de — 22??:0 Epfzo
In2 J/, 1+e (In2)pg!

(=1)% (Gpg)tu_ts_l(Cpgl)ts+lr(pa +2ts — 2ty +2)

t+2 1,42 o
tu=0 (t&ti_ )(Cpg2)t”(ﬂk)2t“ 22t

)

(16)

where G = 1+U%<i+i>%, Gor = 1+g%(ﬁ) Py

N

_ a; P _ 2P to=1,ts#i at, Pp _
CpRl - szs, Cp52 = GQBZ‘]\F] o2 B C1;0T1 =
) N a, P _ bty PB
blB | Cury = Z‘j,z 2 Stw=liugl . The system
ergodic sum rate is written as
€5 = ESR +EsT. 17

One can derive the expression of (17) on the basis of (16).

Remark 1: i) Both the outage and sum rate performances at
loDs are highly affected by P, and L,; ii) with an increasing
SNR, both the metrics are saturated; iii) Due to channel
correlation, the system performances also drop.

I'V. NUMERICAL RESULTS

This section validate the analyses presented in the previous
section through the Monte-Carlo simulations. The parameter
settings are given in Table I. The average channel estimation
errors and SIC imperfection factors are considered for the
simulation as 0.05. dg;=dr;={3,6,10,12,14,16} m, (i €
1,2,...,6). The power allocation factors for NOMA are con-
sidered as a; = 0.51, as = 0.295 and b; = 0.1, by = 0.095.
The amplification factoris o3 =z =+ =ar, =a =3 dB
and Y = T The vales of d,, = d, = \/3, G = G = 20
dB and G = 1 dB and the centralized location of transmitter,
RIS are (—50,0, 10) and (49, 0, —5), respectively. The dimen-
sion of RIS is considered as with d,;,=7.5 cm, d,,=10 cm.

Fig. 2 shows the variation of the system outage performances
of both RDs and TDs for both the near-field and far-field
communication models with respect to Pg for Ny = Np = 2
under the consideration of ICSI-ISIC for L, = 40. Analytical
results are well matched with the simulation results. As SINRs
at IoDs grows with an increase of the transmission power of
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transmitter, consequently, OP of all the devices decrease at
higher Pgp. Due to channel correlation, the relative value of
success probability of (Y grir; > T’}?) is lower at the
given parameter settings and effectively, the OP of RDs are
observed as poor compared to TDs.

The outage performance of the near-field adapted model
is better than the far-field adapted model and the channel
correlation leads to performance degradation as compared to
uncorrelated channel model. Fig. 3 illustrates the performance
improvement using active RIS over passive RIS. Fig. 4 presents
the ergodic sum rate performance comparison between the
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Fig. 4: Ergodic sum rate vs Pg comparisons between near-field and
far-field at L, = 40.

near-field and far-field models for both PSIC-PCSI and ISIC-
ICSI conditions. Initially, at low power, the performance of
near-field communication is much better than far-field cases
and thereafter the performances of both cases are almost the
same at higher transmit power (10 dBm). Due to imperfections
in SIC and channel estimation, the system performances are
deteriorated. The results are compared with the performances
of a similar system with the same parameter settings using
passive STAR-RIS and the orthogonal multiple acces (OMA)-
based active STAR-RIS for ISIC-ICSI condition. It is found
that NOMA-based active and passive STAR-RIS performances
for both near-field and far-field communication model are far
better than OMA-based active STAR-RIS and we also observe
that better performance is achieved through active STAR-RIS
compared than passive STAR-RIS.

Fig. 5a and 5b depict the outage and ergodic sum rate
variations at different distances between transmitter and center
of RIS for ICSI-ISIC case at 30 dB SNR. As the centralized
deployment is considered, therefore, RIS can move horizon-
tally from the transmitter to IoDs. When RIS is closer to
either transmitter or IoDs, the performance of the consid-
ered scheme is improved. The joint power radiation pattern
(Fgcg’mbi“e, Vg € R,T) is non-linear in nature in case of near-
field communication and it directly depends on the distance
between dgpr. Therefore, as F' S?mbi“e changes, the outage and
ergodic sum rate are also varying accordingly. If RIS is closer
to either transmitter or IoDs, Fg;’mbme changes in a such a
way that both the performances are improved drastically. As
all the components present within F;‘Z?mbi“e are related to the
cosine function, therefore, the outage and ergodic sum rates
saturate after reaching a maximum value. However, in the case
of far-field communication, the variation of Fcombme is linear
in nature with the change of dpgr. Both outage and ergodic
performances are found as poor for near-field communication
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Fig. 5: (a) Correlated system OP vs dgr plot for L, = 40 and 64;
(b) Ergodic sum rate vs dgr plot at L, = 40.

at intermediate distances between 10 — 20 m. The outage
performance is improved with the increasing value of L,.
The ergodic performance is observed as poor for far-field
communication as compared to near-field communication.

V. CONCLUSIONS

This paper considered the effect of spatial channel correla-
tion on the OP and ergodic sum rate performances of active
STAR-RIS assisted near-field communication applying NOMA
principle. Based on the different distances, the performance
results were also shown through the perspective of both near-
field and far-field communication. It was observed that the

radiation pattern of near-field communication changes dras-
tically with the variation of the distance between transmitter
and active STAR-RIS. The consideration of multiple antennas
at transmitter to analyze the performance of similar model is
the future research direction. Through the results, it is shown
that the performances of the system are degraded with ISIC
and imperfect channel estimation.
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