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Abstract—In this letter, we conduct a thorough analytical
assessment of a simultaneously transmitting and reflecting
reconfigurable intelligent surface (STAR-RIS) assisted non-
orthogonal multiple access (NOMA) enhanced coordinated
multipoint (CoMP) multi-cell network under Nakagami-m
fading. Using the central limit theorem (CLT) and moment-
matching based Gamma approximation method, we derive
the distributions of effective and cascaded channel gains.
Subsequently, leveraging these results, we formulate tractable
equations for ergodic rates and outage probabilities across all
users in the network. Our analytical results correlate with
the simulation results, affirming the efficacy of analytical
methodology. Furthermore, the results demonstrate a signifi-
cant performance improvement of STAR-RIS assisted CoMP-
NOMA networks compared to conventional systems.

Index Terms—STAR-RIS, CoMP, NOMA, Nakagami-m fad-
ing, ergodic rate, outage probability, Gamma approximation.

I. INTRODUCTION

OR Beyond 5G (B5G) and sixth generation (6G) wireless
Fnetworks, reconfigurable intelligent surface (RIS) has
garnered substantial attention as a prominent solution for en-
hancing both coverage area and network capacity. Comprised
of an array of passive elements, these metasurfaces reflect
and transmit incident waves, enhancing the efficiency of
wireless signal propagation over an expanded network range.
Nonetheless, an inherent limitation of RIS lies in the half-
space problem, which results in inadequate signal coverage
and degraded performance. Simultaneously transmitting and
reflecting (STAR) reconfigurable intelligent surfaces (RIS) can
extend the coverage of impinging signals by providing a
virtual line-of-sight (vVLOS) path to both sides of the meta-
surface, effectively resolving the half-space problem [[1]].

Recent studies have shown a growing interest in com-
bining RIS with non-orthogonal multiple access (NOMA).
NOMA allows multiple users to operate on shared time-
frequeny resources, enhancing spectral efficiency and mini-
mizing network latency [?2]]. Intending to enhance the perfor-
mance of multi-cell networks, the integration of coordinated
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multipoint (CoMP) and NOMA received significant atten-
tion [3]. The potential benefits of integrating NOMA, CoMP,
and RIS were initially explored in [4]. Another study [5] in-
vestigated power allocation and user clustering optimization
for CoMP-NOMA networks with RIS, while a group-level
successive interference cancellation (SIC) scheme for uplink
RIS-assisted CoOMP-NOMA networks was proposed in [6]].
Most of the previous works suffer from the half-space
problem, which limits the coverage area of the RIS and thus
rely on optimal placement strategies. The authors in [7]
explored the incorporation of STAR-RIS in CoMP-NOMA
networks and proposed a joint signal enhancement and inter-
ference cancellation scheme. However, the separability of the
STAR-RIS elements to serve users belonging to different cells
was not considered. Furthermore, an analytical framework
to quantify STAR-RIS aided networks is still lacking. To
tackle this issue, this letter proposes a tractable analytical
framework to evaluate the performance of STAR-RIS assisted
CoMP-NOMA networks. First, we use method of moments
(MoM) to approximate the effective and cascaded channel
gains as Gamma random variables (RVs). Then, tractable
expressions for ergodic rate and outage probability are de-
rived for each user. Finally, numerical results are presented
to validate the analytical framework and demonstrate the
performance gains of STAR-RIS assisted CoMP-NOMA.

II. SYSTEM MODEL

As shown in Fig. [1} we consider a multi-cell STAR-RIS
assisted CoMP-NOMA network, in which each base station
(BS) serves a NOMA pair consisting of its corresponding
center and edge users. Consequently, the edge user is part of
two NOMA pairs, each served by a different BS. We define the
following index sets: 7 = {1, 2} for the BSs, C'={1,2,...,C;}
for the cell-center users of BS;, and F = {1,2,..., F} for the
cell-edge users. Furthermore, let U = ;c; C' U F denote the
set of all system users. For ease of exposition, we assume
C;=1Vie I, and F =1, implying a single cell-center user
U, per BS; and a single cell-edge user Uy.

STAR-RIS R comprises K elements and the vector K} rep-
resents the elements assigned to BS;. In the proposed system
model, Vi € 7, and Yu € U, we assume a line-of-sight (LOS)
path for links BS; — R, R — U, and non-line-of-sight (nLOS)
path for link BS;—U,,. Furthermore, all LOS links are captured
by Nakagami-m fadin ie., hir ~ Nakagami(m;g, Qir),
and hr, ~ Nakagami(mg,, Qry). Due to the double fading
channel, we neglect the impact of the reflected interference

! Adopting Nakagami distributions with varying m parameters enables
versatile representation of fading channels. For instance, setting m = 1
corresponds to modeling Rayleigh fading channels, enhancing the practical
applicability of the network.
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Fig. 1: An illustration of STAR-RIS-aided coordinated NOMA cluster.

link on the performance of cell-center users. The nLOS links
are captured by Rayleigh fading, expressed as a special case
of Nakagami-m distribution; h;,, ~ Nakagami(1, Q;,,).

The signal received at Uy, Yu € U, can be expressed as

Yu = Hi,uxi + Hi’,uxi/ + No, (1)

where i’ € I\ {i}, N, is additive white Gaussian noise
(AWGN), ie., N, ~ CN(0,0°), x; = \/{icPixic + /G fPixr
is the superimposed signal broadcasted by BS;, ;. and ¢ ¢
are the power allocation (PA) factors assigned by BS; to
users U, and Uy, respectively, and P; is the total transmit
power of each BS. Moreover, H;,, = h;, + hg,uthi,R denotes
the effective channel from BS; to U,, where n = t if
u € Cand n = r if u € F, representing the transmis-
sion and reflection regions of the STAR-RIS. Futhermore,
the transmission and reflection coefficient matrices of R
are expressed as &, = \/ﬁdiag(efjgﬁ{,efﬁ,,..,ej¢f<) and
o, = \/Ediag(ej‘ﬁlr,ej‘ﬁzr,...,ej¢1r<), respectively, where f,
B € [0, 1] are the amplitude adjustments, satisfying p*+ " =
1, and ¢, ¢ € [0,27), Vk € K £ {1,2,...,K}. With the as-
sumption that the perfect CSI is available, the optimal phase
shifts can be calculated as ¢; = mod[arg(h;,) — arg(hir -
hry), 2], which allows us to rewrite the magnitude of the
effective channel as |H;,| = (Jhiy| + \/ﬁjZle |hr.u||hirl)-

Following the principle of NOMA, the strong user, U,,, first
decodes Uy’s signal and then decodes its own using SIC. The
signal-to-interference-plus-noise ratio (SINR) at U, for these
two processes can be expressed as

Gipp|Hiel”
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where p = P;/c? is the transmit SNR of each BS. Unlike
Ue;» Ur decodes its own signal directly, and considering non-
coherent JT-CoMP, the SINR at Uy can be expressed as [38]
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III. END-TO-END SINR STATISTICS
A. Effective Channel Characterization

Let Ziy = [Hiul* = (Ihiul + /Bn >key Ihrullhig])? be the

effective channel gain from BS; to U,. The following lemma

4)

characterizes the distribution of Z; .

Lemma 1. Assuming K, the number of elements in STAR-RIS,
is large enoughE] and by applying MoM, the distribution of Z;
is approximated as a Gamma distribution, Z;,, ~ F(kz,-,,,, 921.’“),
with the following probability density function (PDF).
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as the first and second moment of Z;,, respectively, and
T (a b C) _ T(miyy+a)T(mir +b)T (mgy, +¢)
mAS RS T (M, )T (mr)T (mRw) :

Proof. For brevity, let the combined channel be G;, =
VPn S ke; lhrullhig|. By applying CLT, and noting that

it is a scaled double-Nakagami RV, the distribution
of Gj, can be approximated as a Gamma distribu-
’uz #(2) _ ﬂz
. Gj G Gj
tion, Giy, ~ TI'| m—%5—, ——"* ), where pg,, and
’ - HG; iu
HGi,u IlGi,u b

P(Gz,-)u are the first and second moments of Gj,, re-

spectively, with the p-th moment of G;, given by [9]
() (KBn)? (QurQru )P/ T(mRu+§>F<miR+§
Giu = CTRINTIE , and as |hiy| ~
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Nakagami(m;,, Q;,), the p-th moments are known to be

. () D(mact§)0ul”
given by Fihil = “Flmmymb Since |h;y,| and G;, are

independent, the p-th moment of |H;,| can be obtained via
the moments of its summands, i.e., |h;,| and G;,, by applying
the binomial theorem. Hence, the p-th moment of |H;,| is

given by
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Knowing that only the first two moments of Z;,, uz,, =
| and ,u(ZZIl = Hg,,|> are necessary to approximate its
distribution as a Gamma distribution, the first two moments
of Z;, are, therefore, given by
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The final expression of moments can thus be obtained
through the means of substitution in (7) and (). |

Note that even in the absence of a direct link, i.e., |h;,| = 0,
the effective channel Z;,, is still Gamma distributed, and the
rest of the analysis remains valid.

2CLT and MoM become particularly applicable and yield near accurate
results when the number of elements is substantially large (K >> 1). This
allows for a reliable approximation of the distribution of the variable in
question, enhancing the robustness of the statistical analysis.



We proceed to derive the distribution of the sum of a
Gamma RV and the square of a Nakagami-m RV each with
different shape and scale parameters, further weighted by
different constant terms, i.e., path loss and power allocation
factors. The details of the derivation are presented in the
following lemma.

Lemma 2. Let B(a’b) = aZ;y + blhy,|%, where a,b € R*,
i’ € I\ {i}, then the distribution of B(a b is approximated
as a Gamma distribution, Bl—(’zb) ~ I“(k,Bga,b),@B@,b)), with the
following PDF: . "

X
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Hgan = ajiz,, + bQ iu and p v = a‘pz,, + 2abpiz, Qi +

b*QZ, (1 + m—w) as the first and second moments of Bi(’lal’b),
respectively.

Proof. As |hyu| ~ Nakagami(myy, Qi y), the square of
|hir | is known to be Gamma distributed, ie., |hy,[|*
T (kiu. 0ru), where kiy = my, and 0y, = m,/u are

the shape and scale parameters of the Gamma distribution,
respectively. Further, by using the scaling property of Gamma
distribution, ie., X ~ T (k,0) = aX ~ T (k,af), the first
and second moments of aZ;, are given by p.z,, = auz,,
= q? ,u<Z) respectively. Finally, the first and second
moments of B (25)" can be obtained by applying the binomial
theorem in @) and substituting the respective moments. ®

and y(z)

B. Probability Density Functions of SINRs

Lemma 3. The PDF of the SINR at U, to decode the signal of
Uy, i.e, Yicoyf, is given by
Vie—f
+ 1>

dic
9 xG«Wi’c,f xerwivcvf
Wier \ o7 10z; . PSif0z; .

pé/i,fgzi,cB(kZi,c’ k(u/ch)

f)‘/i,c—ef(x) = . (10)

for x > 0, where Aie = kZi,c -1 Viesf = (kZI,C + kwi,c,f):
; . ,u,w of
B(-,-) is the Euler Beta function, kay,,, = ——=——, and
W, _llw.
icf icf
ey @
H’W,Cf ﬂ'w,'cf » with HW,.r /1807(1‘ o+l and/l

(2)
'IJB;lc’gi,CvP) + zyBii’C’QVi,c:I’) +1

Proof. The expression in (2) can be rewritten as y;..r =
p,g’wf }‘ where W, r = B(p"p)+l with Z; . and B(pg"p)
both being Gamma RVs based on the statistics derived
in Lemmas [1) and [2] respectively. Then, the distribution of
Wi.r can also be approximated by an equivalent Gamma
RV, ie, Wicr ~ r(kwi,af,emc’f). As Zj. and W s are

two independent Gamma RVs, the ratio of two Gamma RVs
plifZic -

is known to follow a Beta prime distribution, i.e., Wyes
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Fig. 2: The PDFs and CDFs of the SINRs at the center and edge user, with
K = 34 elements, mj, = my,, = 1, and mjgr = mpy, =2, Vi € I,i’ €
I\ {i},YueU.

B (kZi,c’ kw1, pGif07. /0w, f), corresponding to the PDF
in (11). [

Corollary 1. As y;..r and y;. are closely related, differing
only by weighting constants, the PDF of y;. is given by

0 xewl_’c Fic xGrWi’c 1 Vie
£ Wie PSicOz; . PGic0z; . + (1)
(X)) = , x>0, (11
v pgi,cezi,cB(kZi,c’ k(ch)
iy,
where v, = —(kz,, + kw,.), kw,, = m—5—, and Oy, =
' Y ' Wic_ Wic '
Ky =1y ‘ (2) (2
’;Wi,c e, with pay,, = Hgon) +1 and pqy = Ky, 0. +
B(O ) +1,

2f gop) +1 as the first and second moment of"VVi c
respectively.

Lemma 4. The PDF of the SINR at Uy, ie., yy, is given by

Xarw af Xerw i
f f
O, ( v ) o, 1

fyp(x) = , x>0 (12)
g Oy, B(k,. kaw,)
where B (-,-) is the Euler Beta function, vy = —(k(vf + kwf)
1y, ) ~Hy, oy,
k(vf = ,ui(z) " O(Vf = 7!"\7 5 ka = 7[1(2) u and
Vf ’Vf J 'Wf Wf
@)
llrwf I’wf

9’Wf = W with oy, = p(gi,f”Zi,f + évi',f/lzi/,f); ,U(V; =
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AR+ 20 o iz bz 488 i) ), iwy = p(Gichiz,y +
Grchizy )+ 1, and i) = 241z, (P*Cicli.chiz o+ Pl + PGic) +
P ek, + PP ek, + 1

Vr
Wy
where Vi = plirZiy + plysZvy and Wy = plicZ;r +
plicZy g + 1, with Z;y and Zy y both being Gamma RVs.
The rest of the proof is similar to that of Lemma [

Proof. The expression in can be rewritten as yy =

In Fig. [2l we compare the analytical and simulated PDFs
and CDFs of SINRs of network users. The close alignment
between the analytical approximations and Monte Carlo
(MC) simulations affirms the accuracy of the derived expres-
sions. Additionally, we conduct the Kolmogorov-Smirnov (KS)
goodness-of-fit test, however, the details are omitted due to
space constraints.



IV. PERFORMANCE ANALYSIS
A. Ergodic Rate (ER)
The ER of the edge user is defined as

Ry :/0 log2(1+x)fyf(x)dx,

where f;,(x) is the PDF of yy in (12). Noting that the PDF
of yr is a Beta prime distribution, the ER of the edge user is
derived in the following theorem.

(13)

Theorem 1. In the proposed system model, the ER of the edge
user is given by
) a9

) is the Meijer G-function, Ap =

0,1-— krwf, 1
0,0, k(vf

1 32 (0w,
Ry = 1n(z)AfG33(9(Vf

(,l],...,ap

by,...,bq
B(k(yf, kfwf) F(Kf) and Kf = kq/f + k’Wf-
Proof. Substituting the PDF of yf in into , we obtain

m,n
where Gpyq (z

Ow,

oo x6 o
W
R =—f/ log, (1 +x) 1
! Oy, B(ky,, kaw,) Jo & Oy,

Oy, \
X1+ Xy dx.
O,

From [[10, Eq. (11)] and [10, Eq. (10)], the logarithmic and
power functions can be expressed in terms of a Meijer

G;”g (z ! (1) )/ln(z) and

) / I'(v), respectively. Furthermore,

(15)

G-function, ie., log,(1 +z) =

(1+z>v:c;;}(z\ t-v

using the analytical continuation of the Meijer G-function,
the integral in can be rewritten as

Ow ® 1,1
77 In(2) 0, Bk, k)T (xp) Jo 27 1,0
x0 -k
x G}j( Wy | TRy )dx. (16)
Qq/f k(vf -1

Finally, using the integral representation of the Meijer G-
function, we obtain (14). ]

To gain further insight, we express the high-SNR approx-
imation for the ER of the edge user as

0,1 -k

(Vf’l )

0,0, krvf (17)

1
Roo GSZ
% n(2)A; 33( f‘
Wheree A]; = B(kq/f,kq;f) r(Kf), Kj
=
Hf =,
Qq;f, can be computed using the first and second moment,

that is, py, = p(ichtz,y +Lretiz, ) and u) = pP(GEopis) +
208 ez, pHzy ; + GF ,c/‘Zi/,,v)’ respectively.

= kq/f + kq)f, and

The approximate parameters, denoted as k({,f and

Likewise, the ER of the center users is defined as

Ric = /°° log,(1+x) fy,. (x)dx, (18)
0

where f,, (x) is the PDF of y;. in (11). The ER of the center
users can then be derived as follows.

Theorem 2. The ER for the center users is given by
O,

1 1
R, = G32 , 19
YT In(2) A <P§i,092i,c > "

where A = B(kz, .k, ) T(kic) and kic = kz,, + kay,_.

1- k(u/i,c’
0,0, kZi,c

Proof. The proof closely follows that of Theorem [ ]

Similar insights can be derived for the ER of the center
users as of the edge user, however, the details are omitted
due to space constraints.

B. Outage Probability (OP)

The OP for the edge user is defined as the probability that
the instantaneous SINR at the edge user to decode its own
message is below a certain threshold, and can be expressed
as Pr = Pr(ys < ym,), where yp, =2 Rty _ 1 is the target
SINR with R;p, being the target rate for edge users. As
vr~p (krvf,k(wf, 1, Grvf/O«Wf), and the CDF of a Beta prime
distribution is known to be an incomplete Beta function, the
OP for the edge user can be expressed as

r(kq/f + ka)

= ko Ty e F k)0

Aen O
Y
Ovthan O, and B,(-,

function. As the thresﬂold (Ath ) tends towards infinity, the
incomplete Beta function in (20) converges to the Euler Beta
function, i.e., Bwf(k(vf, krwf) — B(k(vf, k'Wf)-

Similarly, with regards to center users, the OP is defined
as the probability that the instantaneous SINR for decoding
the user’s own message or the message of the edge user falls
below a certain threshold. Mathematically, it can be expressed
as Pi. ~ Pr (}/i,c—>f < }’thf) +Pr (Yi,c—>f > YthgsYe < Ythc)a
where y;p, = 2Rt — 1 is the target SINR with R, being
the target rate for center users, and the approximate symbol
is due to the fact that the detection sequence is not of fully
independent events. The ﬁrst term in the sum expression,
denoted here onwards as ch , takes on the same form as
that of OP for the edge user in , except for parameters,
e, ky, = kz,, kw, = kw, ;. 0v, = plif0z, , and Oy, —
Ger Furthermore, let SD( ) = Pr (y,,cﬁf > Yehps Ve < Yen.)
then, the second term in the sum expression becomes

Pl = Loy ke kz) I (kz Row,),

o0 Aate Oy
where V;cr = M% Vie = pgvlcgzt:cwt—;vmcgwm
and L(-,-) is the regularized 1ncomp1ete Beta function. The
OP for the center user is then given by P; . = P,fi) P,(j). Fur-
ther improvement in approximation can be made by making
use of the fact that outage performance cannot be better than

where 1y = -) is the incomplete Beta

(1)
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Fig. 3: Outage probability of network users versus P; for equal amplitude
coefficients (Bf = B7), and element assignments (K}Q = Kfe), when K > 0.

that of the interference-free noise-only case. Therefore, the
final expression of the OP can be expressed as the maximum
of the two cases, i.e., Pic * max{Pic, Pr(yc <y, )}

V. NUMERICAL RESULTS

In this section, we present numerical results to validate
the accuracy of the derived expressions and gain insight
into the performance of the proposed system model. The
simulation parameters are as follows: the network operates
with a bandwidth of B = 1 MHz; AWGN power is configured
as 0% = —174 + 10log,,(B) (dBm) with a noise figure Ny of
12 dB; the power allocation factors for NOMA users, U, and
Uy, are set to {j. = 0.3 and {r = 0.7, respectively; Nakagami-
m fading parameters are set to m;,, =1 and m;g = mg, = 2
for LOS and nLOS links, respectively.

In Fig.|3] we assess the OP for all users under various trans-
mit power levels (P;) and system configurations, with fixed
thresholds A, ;= Ath, = 0 dB. The STAR-RIS assisted CoMP-
NOMA network demonstrates significant OP enhancements
for Uy, attributed to the formation of vLOS paths. U, and
U, show marginal improvements due to their predominant
reliance on direct links from their corresponding BS. Notably,
in the absence of CoMP, U¢ contends with elevated ICI and
consistently high outage probabilities across all power levels.

The impact of the number of RIS elements on the ergodic
rate of the network is shown in Fig. [4f We observe that the
ergodic rate increases with the number of RIS elements as the
RIS elements amplify the channel links. Again, the STAR-RIS
assisted CoMP-NOMA network outperforms other networks,
due to substantial diversity gains at Uy.

Finally, in Fig. 5| we demonstrate the effect of varying
the RIS element assignments (K}, K%) to BS; and BS,,
respectively, and the amplitude adjustments (f;, §,) in an
exhaustive fashion. Notably, the ergodic rate peaks when
B: > P, as a result of close proximity of the STAR-RIS
to Uy, located within the transmission region of the RIS,
thereby defining the optimal configuration for the network.
Investigating optimization techniques for STAR-RIS resources
can provide further insights to enhance spectral efficiency.

VI. CONCLUSION

In this letter, we proposed a practical analytical frame-
work designed for STAR-RIS assisted CoMP-NOMA under
Nakagami-m fading. By using a moment-matching based

{ = 120 Elements
[ K = 40 Elements
[ Without RIS

[ Non-CoMP, without RIS

Ergodic rate

-25 -20 -15 -10 -5
Transmit power per BS, P, (dBm)

Fig. 4: Ergodic rate comparison of the STAR-RIS assisted CoMP-NOMA
system for different system configurations.
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Fig. 5: Ergodic rate for varying RIS element assignments (Kb, K%) and
amplitude adjustments (f;, fr), with P, = —10 dBm.

Gamma approximation, we systematically derived expres-
sions for ergodic rate and outage probability for all the
users. To gain deeper insights into network optimization, an
exhaustive iterative analysis was performed to maximize data
rates.
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