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Enhancing NOMA Networks via Reconfigurable
Multi-Functional Surface

Ailing Zheng, Wanli Ni, Wen Wang, and Hui Tian

Abstract—By flexibly manipulating the radio propagation en-
vironment, reconfigurable intelligent surface (RIS) is a promising
technique for future wireless communications. However, the
single-side coverage and double-fading attenuation faced by con-
ventional RISs largely restrict their applications. To address this
issue, we propose a novel concept of multi-functional RIS (MF-
RIS), which provides reflection, transmission, and amplification
simultaneously for the incident signal. With the aim of enhancing
the performance of a non-orthogonal multiple-access (NOMA)
downlink multiuser network, we deploy an MF-RIS to maximize
the sum rate by jointly optimizing the active beamforming and
MF-RIS coefficients. Then, an alternating optimization algorithm
is proposed to solve the formulated non-convex problem by
exploiting successive convex approximation and penalty-based
method. Numerical results show that the proposed MF-RIS
outperforms conventional RISs under different settings.

Index Terms—Multi-functional reconfigurable intelligent sur-
face, non-orthogonal multiple access, rate maximization.

I. INTRODUCTION

Compared to orthogonal multiple access (OMA), non-
orthogonal multiple access (NOMA) is capable of achieving
high spectrum efficiency and massive connectivity [1]. Prior
investigations have shown that the differences between users’
channel conditions can be exploited to enhance NOMA per-
formance [2]. However, users in large-scale networks may
have poor or similar channel conditions, which hinders the
application of successive interference cancellation (SIC) and
the effective implementation of NOMA. Therefore, adjusting
channel conditions and enhancing channel diversity are able
to release the potential of NOMA in practical networks.

Recently, with the ability to reshape the wireless propaga-
tion environment, reconfigurable intelligent surface (RIS) has
emerged as a key technique to improve the performance of
NOMA networks [3]. By properly designing the reflection
coefficients, RIS is able to smartly change the combined
channels to enhance the differences among users, thus boosting
the performance of NOMA in large-scale networks. Initial
investigations on RIS-aided NOMA networks in [3]-[7] had
verified the superiority of the integration of NOMA and RIS.
Specifically, the authors of [3] and [4] performed comprehen-
sive discussions of the main challenges and futuristic use cases
regarding RIS-aided NOMA networks. Moreover, the works in
[5]-[7] demonstrated the benefits brought by RISs to achieve
performance trade-off among multiple NOMA users through
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smartly adjusting the decoding order. However, the existing
literature on RIS-aided NOMA networks mostly uses single
functional RIS (SF-RIS) that only supports signal reflection
or transmission/refraction. This implies that only users located
in a single side can be served by the SF-RIS if no additional
operations are performed.

To overcome this limitation, the authors of [8] proposed the
concept of dual-functional RIS (DF-RIS). Unlike SF-RIS, DF-
RIS refers to the reconfigurable dual-functional surface that
can conduct signal reflection and transmission simultaneously,
such as simultaneous transmitting and reflecting RIS (STAR-
RIS) [9] and intelligent omni-surface (IOS) [10]. Specifically,
the coverage characterization of STAR-RIS-aided NOMA net-
works was investigated in [9] by studying a coverage range
maximization problem. The authors of [10] considered the
average rate maximization problem in an [0S-aided NOMA
networks with spatially correlated channels. Furthermore, the
effective capacity and secrecy outage probability of STAR-
RIS-aided NOMA networks were derived in [11] and [12],
respectively. However, although the effective coverage can
be enhanced by the existing DF-RIS, the signals relayed by
the DF-RIS still suffer from channel fading twice due to
the features of cascaded channels. This double-fading effect
inevitably deteriorates the achievable performance of passive
RIS-assisted wireless networks. Therefore, it is necessary to
design new RIS architectures to mitigate the double-fading
attenuation problem faced by the existing RISs.

In this letter, a novel multi-functional RIS (MF-RIS) is
proposed to address the issues aforementioned. Specifically,
the proposed MF-RIS can not only divide the incident signal
into transmission and reflection two parts based on the field
equivalence principle, but also amplify the outgoing signal
with the help of active loads. Thus, the MF-RIS is able
to facilitate a full-space coverage and overcome the double-
fading issue. Then, we investigate a sum rate maximization
problem in an MF-RIS-aided NOMA network. Compared to
the existing problems formulated in [8] and [9], the newly
introduced MF-RIS constraints and highly coupled variables
make the performance optimization more complicated. The
main contributions of this letter are summarized as follows:
1) We propose a new concept of MF-RIS by integrating the
surface electric and magnetic impedances, and power amplifier
into each element so that the incident signal can be reflected,
refracted, and amplified simultaneously. 2) We formulate a
non-convex optimization problem to maximize the throughout
of an MF-RIS-aided NOMA network, where the MF-RIS is
deployed to constructively enhance the channel condition by
flexibly adjusting the radio propagation environment. 3) To
solve the formulated non-convex problem, we propose an
efficient iterative algorithm by alternatively optimizing the
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Fig. 1. Conventional RIS vs. the proposed MF-RIS-aided NOMA networks.

active beamforming and MF-RIS coefficients based on the
penalty-based method and successive convex approximation
(SCA). 4) Simulation results show that the proposed MF-RIS-
aided NOMA network can provide up to about 59% sum rate
gain than the SF-RIS, and the MF-RIS prefers to be deployed
at the user side for better performance.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

We consider an MF-RIS-aided NOMA downlink network,
where an N-antenna BS communicates with K single-antenna
users with the aid of an MF-RIS comprising M elements, as
shown in the right of Fig. 1. The sets of elements and users
are denoted by M = {1,2,...,M} and K = {1,2,...,K},
respectively. The channels of BS-user, BS-RIS, and RIS-
user are denoted by h, € CNXI, H ¢ CM*VN, and
g, € CMx1 respectively. Furthermore, we define u,
[V/BYe%T, /BB ..., \/Bh et € CMX1 as the
transmission (p = t) or reflection (p = r) beamforming vector,
where p € {¢,r} denotes the transmission and reflection
spaces, 02, € [0, Bmax] and 02, € [0,27) represent the
amplitude and the phase shift response of the m-th element,
respectively, with the maximum amplification factor Sy.x > 1.
Due to the law of energy conservation, we have 3, + ﬂfn <
Bmax- If user k is located at the reflection space, the diagonal
matrix of the MF-RIS for user & is given by @, = diag(u,);
otherwise @, = diag(u;).

We assume that the perfect channel state information (CSI)
of all channels is available at the BS. Then the signal received
at user k is expressed as

ye = (b + g Oy H)x + g/ Okn, + ni, VE, (1
where x = Y & WS, denotes the transmit signal, wy, and s, €
CN(0,1) represent the transmit precoder and the information
symbol for user k, respectively. n, € CN(0,021,,) denotes
the dynamic noise at the MF-RIS with each element’s noise
power o2, and n, € CN(0,0%) denotes the additive white
Gaussian noise at user k with power o7.

By employing SIC, the strong user can mitigate the inter-
ference from weak users to improve the signal-to-interference-

plus-noise ratio. Similar to [4]-[6], with the assistance of RIS
to flexibly adjust channel conditions of multiple users, we
assume that users’ indexes are ranked in an increasing order
with respect to their channel gains, i.e.,

I |? < [[ho|* < - < |/hglf?, 2)

where ﬁk = hg—i-gE@ rH is the equivalent combined channel.

For the fixed decoding order, the corresponding achievable

sum rate of user k is given by Ry = logy(1 + i), where
can be obtained by

[hpwg|?

K o )
Yk (hewil?) + |} ©pn, > + of

Yo = Vk. 3)

B. Problem Formulation

In this letter, we aim to maximize the achievable sum rate
of all users by jointly optimizing the active beamforming at
the BS and the coefficients at the MF-RIS. Under the transmit
and amplification power constraints, and the quality-of-service
(QoS) requirement of users, the considered optimization prob-
lem can be formulated as

R 4
ng,lfl@xk k=1 k (42)
K 2
st > IWell? < P, (4b)
K 2 2 2
Zk:1(||@kHWk|| +OkInm|[po) <P,  (40)

B+ Brn < Bmax, 0< Bl < Brax, Ym, Yp, (4d)

Ry > Rp™, 6P € [0,27), (2), Vk, Vm, Vp, (de)
where P, .« and P, denote the maximum transmit and am-
plification power at the BS and MF-RIS, respectively. R»
represents the minimum rate requirement of user k. Specifi-
cally, the constraints for transmit power, amplification power,
the QoS requirements and the decoding order are given in
(4b)-(4e), respectively. It can be observed that the formulated
problem (4) is intractable due to the non-convex objective
function and constraints. Besides, the active beamforming and
ME-RIS coefficients are highly coupled, making it difficult
to be solved directly. Thus, we aim to transform problem
(4) into some tractable convex subproblems and solve them



separately and alternatively over iterations. In the next section,
we adopt alternating optimization method to obtain the active
beamforming and the MF-RIS coefficients efficiently.

ITI. PROPOSED SOLUTION
A. Active Beamforming Design

Given the MF-RIS coefficients, the active beamforming
optimization problem is still non-convex. To solve it, we first
introduce an auxiliary variable set { Ay, Bx|k € K}, where A,
and By, are defined as

At Q)

K
Be=)__  (hwil) +lgl®m.f* + of. (©)
Thus, the achievable data rate can be rewritten as R, —=
10g2 (1 + (AkBk)71>.
Then, the active beamforming optimization problem in (4)
can be equivalently expressed as

= [hywy/?,

K
wi Ap By Ry Zk:l Ry (7a)
s.t. 10g2 (1 + (AkBk)_l) > Ry, Vk, (7b)
Ak_lf |}A1ka|2, Vk (7C)

K
By> Y (lhywil”)+|gi ©ny[*+07, Vk(7d)
i=k+1
Ry > Rmln (4b), (4c), VEk. (7e)
We further define H],C = hk hk, Dy, = (HH@k)(HHGk)H
and W, = wk.wg, where W = 0, and rank(Wy) = 1.
Then, we have

lhwi|? = Tr(H W), [|©,Hwy|? = Tr(W,Dy).  (8)
Therefore, problem (7) can be reformulated as
R 9
W B, p D s B %)
st ATl < Tr(HRWy), VE, (9b)
K
B> Y Tr(HyW,)+|g! @4n, > +07, VEk(9c)
i=k+1
k—lT‘r(Wk) S PmaX7 (9d)
K 2 2
>, [T(WiDy) +|©kLy 03] < Po. - ()
rank(Wy) = 1, Vk, (9f)
W, =0, R, > R™" (7h), Vk. 9g)

In order to deal with the non-convex constraint (7b), we
adopt the first-order Taylor expansion, and then we obtain the
lower bound as follows:

1 1 log, e(AkaECTI))
logy(1+———) Zlogo(1+ ——~—5 ) p gy
A.B; Al(c I)Bl(c 1) AEC 1)(14_14](C I)BIE: 1))

logs e(B—B{™) A —

_ B’(Crl)(l_'_Al(cn)Bl(cn)) = ik,
where A™) and B{™ are feasible points of A; and By in
the 71-th iteration, respectively.

For the non-convex rank-one constraint in (9f), we assume
to transform it to a penalty term in the objective function,

(10)

which can be solved by SCA. Thus, we firstly introduce an
equivalent equality:

Wil = [[Whll2 =0, VE, (11
where |[Wy|l, = >, €i(Wy) and [Wy||2 = e1(W}) denote
the nuclear norm and the spectral norm of Wy, respectively.
£;(Wy) is the i-th largest singular value of matrix W . Thus,
when the matrix Wy, is rank-one, equality (11) holds.

Next, we employ the penalty method to solve problem
(9) by adding (11) to the objective function (9a). Since the
penalty term (11) makes the objective function not convex,
we apply the first-order Taylor expansion to obtain a convex
upper bound of (11) as follows:

Wil = Wiz < Wil — [Wk2, (12)

where [Will = [W™lls + Trfef™ (o)) (W —
W,(;l))], and e( ™) s the eigenvector corresponding to the
largest eigenvalue of W,in) in the 7;-th iteration.
By introducing (12) to the objective function (9a), we obtain

the following problem:
K 1

w8 o D Rem D (Wl Wille) - (132

st.  Rp >Ry, Wip>=0, R, > R™" Vk, (13b)

(9b) — (9e), (13¢c)

where 17 > 0 is the penalty factor penalizing (13a) if Wy is

not rank-one. It can be verified that, when  — 0, the solution
{W} of problem (13) always satisfies equality (11).

The reformulated problem (13) is a standard convex semi-
definite programming (SDP), which can be efficiently solved
via CVX. To obtain a high quality solution, we first initialize
a large 7 to find a feasible starting point, and then gradually
decrease 1 with n = un, u < 1 to a sufficiently small value to
obtain an overall suboptimal solution. The process terminates
when the penalty term satisfies the following criterion:

max{[|[Wg . — [Wgll2, Vk} < e, (14)
where €; denotes a predefined maximum violation of (11).
B. MF-RIS Coefficient Design
For the coefficient design at the MF-RIS, we define

vi = [u,;1] if user k is located at the space r; oth-
erwise v, = [u;1]. Then, we define Vi = vivi,
with Vi > 0 and rank(Vy) = 1. Let g =
[9k.1,9k.2, -, gk.m] and G = Hwy, then we have

Qr = diag([lgr1l? lgr2l? -, gr,m]?]) and G, =
diag([|Gr 1% |Gk 2l?, - ... |Grwm|?]) 4+ 021 Given

a-[¥ 0[S 0] o

we can obtain
1© Hwy|? + ||©11y]| %02 = Tr(V,Gy), (16)
gk ©l” = Tr(ViQy).- (17)

Thus, constraint (4c) can be replaced by (16).

In order to handle the non-convex constraints (2) and (5), we
define f, = diag(g}!)Gy. Ry = diag(gf)H, hy, = [|h}||?,
and dj = W?hk, then we have

ff0 fdl | 5
Fk |: dka |dk‘2 :| aRk = |:

R;R!
hiRY

R;hy

o (18)



According to the above transformation, we can obtain
lhywil? = [(b) + gl @ H)wy|? = Tr(ViFy),(19)
|hg|? = Tr(ViRy). (20)
Based on (20), the decoding order in (2) is rewritten as
Tr(ViR;) < Tr(VaRy) < -+ < Tr(VkRg). 21)

Then, given the active beamforming vector, the subproblem
of MF-RIS coefficient design can be given by

K
sz‘rlrx:%(k,Rka:l B (222)
st. Ay ' <Tr(ViFy), Vk, (22b)
K
By< Y Tr(ViF)+07Te(ViQp 407, Vk,(220)
1=k+1
K _
>, T(ViGy) < P, (22d)
Vi =0, Ry > R}™, Vk, (22¢)
[Vilmm = B, [Vilmsrmi1 =1, Yk, (220
rank(Vy) =1, Vk, (22¢)
0%, €10,2m), (4d), (7b), (21), Vm, Vp, (22h)

where F; denotes F;, when wy, is replaced by w;.
Similar to (12), we replace the rank-one constraint in (22g)
with the following form:
Vil = [[Vill2 < Vil = V]2, (23)

where | Vi||« and ||[Vg||2 denote the nuclear norm and the
spectral norm of matrix Vy, respectively.
IV l2 + e[z (20721 (Vi — V™)) and 2 is the
eigenvector corresponding to the largest eigenvalue of V,(fz)
in the 75-th iteration.

By introducing (10) into (7b), problem (22) can be refor-
mulated as

o Y R S (Vi Vi) @)
st. Ry >Ry, 0 €[0,27), Vk, Vm, Vp, (24b)
(4d), (21), (22b)—(22f), (24c)

where £ > 0 is the penalty factor to ensure V, is rank-one.

The problem (24) is a standard SDP problem. It can be
solved by CVX. The termination criterion is given by

max{||Vi|. = [[Vill2, Yk} < ez,

where €2 denotes a predefined maximum violation.

(25)

Based on the above derivation, we propose a penalty-
based iterative algorithm to solve problem (4) efficiently. The
details are given in Algorithm 1. Specifically, the initial points
{W,go)} and {V,go)} are obtained by selecting the feasible
ones from some random points. Since both the objectives of
problems (13) and (24) are non-decreasing over iterations and
the system throughout is upper-bounded by a finite value, the
proposed Algorithm 1 is guaranteed to converge. Moreover,
if the interior point method is employed, the complexity of
Algorithm 1 is O(Ioulin(KN35 + 2M3-%)), where K, M
and N are the numbers of users, BS antennas and MF-
RIS elements, respectively. The terms Ij, and I,,; denote
the number of the inner and outer iterations required for
convergence, respectively.

Algorithm 1 Penalty-Based Iterative Algorithm

1: Initialize {W,g,o)}, {V,(fo)}, the error tolerance A, the
maximum number of iteration Ty max, the penalty factors
n and &, and the predefined threshold e.

: repeat

Set the iteration index 79 = 0;

repeat

Given V( 7o) , update W(T°+ ) by solving (13);
Given W(TOH) update V(TO+ ) by solving (24);
Update 7'0 = To + 1;

_R |<A0r7—0>1—‘0max

(o — 1)
9. Update {W(E’r3 Oy with (W) vy,
10:  Update n = un, f uE;
11: until the constraints (14) and (25) satisfy ;
12: Output the converged solutions {W}} and {V}}.

A S

Y
until | e

TABLE I: Simulation Parameters

Parameter Value

Path loss exponents of BS-MF-RIS, 25.35.28
BS-users, MF-RIS-users links

Rician factors of all links 3 dB

Noise power at MF-RIS and users —80 dBm
Minimum required QoS for users 0.1 bit/s/Hz
Maximum amplification power [13] | P, = 10 dBm
Maximum amplification factor Bmax = 22 dB
Convergence tolerance A =106

IV. SIMULATION RESULTS

In this section, numerical results are provided to validate
the performance of an MF-RIS-aided NOMA network. The
BS and the MF-RIS are located at (0,0,0) and (0, 50,20),
respectively. Besides, the users are divided into two parts,
distributed on circles centered on (0,45,0) and (0,55,0)
with radius r = 3, respectively. We adopt Rician fading for
all channels, and set K = 6, N = 16, M = 100, and
Pax = 20 dBm. Other parameters are listed in Table 1. We
compare the proposed MF-RIS with three existing RISs:

o SF-RIS [7]: The SF-RIS only supports signal reflection
or transmission, i.e., Bmax = 1 and ©; or O,. = 07 as.

o Active RIS [13]: The active RIS simultaneously supports
signal reflection and amplification, i.e., @; = Opsxs-

o STAR-RIS [9]: The STAR-RIS provides full space cov-
erage by splitting signals to two sides, i.e., Bpmax = 1.

Fig. 2(a) depicts the sum rate versus the maximum transmit
power Prax. It can be observed that the sum rates of all
schemes increase with P .. Besides, the proposed MF-RIS
always yields a better performance than other benchmarks.
Specifically, when P.,x = 10 dBm, the MF-RIS enjoys
a 59% higher sum rate than the SF-RIS. This is because
the MF-RIS serves all users in full space through signal
reflection, transmission and amplification functions. Besides,
by providing additional energy to amplify the incident signal,
the MF-RIS is able to efficiently mitigate the double-fading at-
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Fig. 2. Simulation results for the sum rate versus different transmit power, number of elements and RIS locations.

tenuation, which helps to improve the channel gain of cascaded
links. Furthermore, due to the limitations faced by the active
RIS and STAR-RIS counterparts (i.e., half-space coverage
and double-fading attenuation), the MF-RIS improves the rate
performance by 16% and 44% when Pp.x = 10 dBm,
respectively. Additionally, it is evident that all RIS-aided
schemes achieve significant gains than the scheme without
RIS. This demonstrates the superiority of using RIS to improve
the performance of wireless networks.

Fig. 2(b) shows that the sum rate of all RIS-aided schemes
increase with M. This is because a larger M enables a higher
beamforming gain, thus improving the system performance. In
addition, with more degree of freedoms to manipulate signal
propagation, the STAR-RIS is capable of enjoying a 6% higher
sum rate than the SF-RIS. Moreover, although only the users
located in the reflection space are served by the active RIS,
it outperforms the STAR-RIS with a 12% higher sum rate.
This is because the performance gain obtained from the signal
amplification of active RIS is greater than that from full-
space coverage of STAR-RIS. This also implies that the signal
amplification function plays an important role in improving the
performance of RIS-aided networks.

Fig. 2(c) illustrates the sum rate versus the Y'-coordinate of
RIS (from 0 to 50), where the RIS moves from the BS side
to the user side. We can observe that the sum rates of the
STAR-RIS and the SF-RIS first decrease and then increase.
The reason behind this is that the channel gain decreases with
the link distance. Specifically, when the STAR-RIS and the SF-
RIS are located close to the middle point, the received signals
at users are attenuated the most, resulting in the lowest sum
rate. In contrast, owing to the signal amplification function,
the MF-RIS and the active RIS are less affected by the
double-fading attenuation, which achieve 39% and 28% gains
in the middle point compared to the SF-RIS. Moreover, the
corresponding sum rate maintains a continuous upward trend
even when the MF-RIS and active RIS are far away from the
BS. This is because as the RIS comes closer to the users, the
power of the incident signal at the RIS is weaker. Thus, under
a fixed amplification power budget, the MF-RIS can provide
more amplification gain when deployed closer to users. This
compensates for the attenuation caused by the double-fading
issue. This observation also reveals that the MF-RIS should
be deployed close to the users for better performance.

V. CONCLUSION

In this letter, we proposed a novel MF-RIS architecture to
alleviate the double-fading attenuation via transmitting and
reflecting the incident signal with power amplification. Then,
we investigated the resource allocation problem in a downlink
multiuser MF-RIS-aided NOMA network. Specifically, the
active beamforming and MF-RIS coefficients were jointly
optimized to maximize the achievable sum rate by leveraging
SCA and penalty-based method. Numerical results validated
the effectiveness of the proposed MF-RIS and the superiority
of MF-RIS over traditional RISs. In the future, we are inter-
ested in studying the coupled phase and hardware impairment
problems of the MF-RIS. In addition, the robust beamforming
under imperfect CSI cases deserves exploration as well.
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