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Abstract—With the increasing demand of high data rate and
massive access in both ultra-dense and industrial Internet-of-
things networks, spectral efficiency (SE) and energy efficiency
(EE) are regarded as two important and inter-related perfor-
mance metrics for future networks. In this paper, we investigate
a novel integration of rate-splitting multiple access (RSMA) and
reconfigurable intelligent surface (RIS) into cellular systems to
achieve a desirable tradeoff between SE and EE. Different from
the commonly used passive RIS, we adopt reflection elements with
active load to improve a newly defined metric, called resource
efficiency (RE), which is capable of striking a balance between
SE and EE. This paper focuses on the RE optimization by jointly
designing the base station (BS) transmit precoding and RIS beam-
forming (BF) while guaranteeing the transmit and forward power
budgets of the BS and RIS, respectively. To efficiently tackle the
challenges for solving the RE maximization problem due to its
fractional objective function, coupled optimization variables, and
discrete coefficient constraint, the formulated nonconvex problem
is solved by proposing a two-stage optimization framework. For
the outer stage problem, a quadratic transformation is used
to recast the fractional objective into a linear form, and a
closed-form solution is obtained by using auxiliary variables. For
the inner stage problem, the system sum rate is approximated
into a linear function. Then, an alternating optimization (AQO)
algorithm is proposed to optimize the BS precoding and RIS BF
iteratively, by utilizing the penalty dual decomposition (PDD)
method. Simulation results demonstrate the superiority of the
proposed design compared to other benchmarks.
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I. INTRODUCTION

Rate-splitting multiple access (RSMA) technique has been
considered as a powerful multiple access strategy and inter-
ference management technique for the sixth generation (6G)
wireless networks [1]. Particularly, the RSMA technique was
firstly introduced in [2], which creatively separates the user
messages into common and private parts, and encodes the
former into common stream while encoding the latter into
separate streams. Then, in [3] and [4], the authors utilized
the RSMA in multiuser multiple-input single-output (MISO)
networks and massive multiple-input multiple-output (MIMO)
channels, respectively. The results of the above works con-
firmed that RSMA is a promising technique to reduce the
inter-user interference and enhance the transmission robustness
especially when channel state information (CSI) can not be
fully attained at the transmitter in practice.

With these advantages, RSMA was systematically presented
in [5], which is a more general case of the space-division
multiple access (SDMA) or non-orthogonal multiple access
(NOMA) scheme [6]. To be specific, RSMA utilizes linearly
precoded rate-splitting (RS) at the transmitter and successive
interference cancellation (SIC) at the receiver, which decodes
part of the interference and treats the others as noise [7].
Existing works have revealed that RSMA outperforms the
orthogonal multiple access (OMA), linear SDMA, and power-
domain NOMA, in the aspects of the spectral efficiency (SE)
[8]-[11], max-min fairness [12], [13], and energy efficiency
(EE) [14], [15].

Meanwhile, following the breakthroughs on the fabrication
of programmable metamaterials, reconfigurable intelligent sur-
face (RIS) has emerged as an effective technique to enhance
the SE, EE and network coverage, etc, [16]. RIS is a planar
array with a large number of low-cost reflective elements,
which reflect the incident signal to a desired direction via
controlling the phase shifters [17]. Considering that RIS only
reflects the received signal without decoding and regenerating
signals process, the power consumption and hardware cost
of RIS are much lower than those of the conventional radio
frequency relay [18]. In addition, RIS can be easily deployed
on the facades of buildings, ceilings of factories and indoor
spaces [19]. Due to the above advantages, RIS has attracted a
great deal of research attention.

For example, L. Wei et al. in [20] proposed a factor
decomposition-aided channel estimation technique for RIS-
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assisted wireless networks. Then, the authors further devel-
oped a message passing algorithm to achieve joint channel
estimation and signal recovery for RIS-aided networks in
[21]. The authors in [22] studied the sum rate and fair-
ness optimization in RIS-aided systems. Besides, [23] studied
the fairness design in RIS-assisted multi-group multi-cast
transmission, where a majorization-maximization (MM)-based
method was developed. Then, the work [24] proposed a two-
timescale beamforming (BF) scheme for an RIS-enhanced
wireless network, where the passive BF was designed with the
statistical CSI assumption, while the active BF was designed
using the instantaneous CSI. Recently, [25] studied the sum
rate maximization design for multiuser MISO networks using
deep reinforcement learning, and the work has been extended
in [26] when considering multiple cascaded RISs. Moreover,
[27] investigated the new fully-connected and group-connected
RIS architectures based on reconfigurable impedance networks
that can alter both the magnitudes and phases of the incident
signals. At present, RIS-aided transmission design has been
widely studied in various aspect, such as RSMA networks
[28], NOMA networks [29], symbiotic radio networks [30],
the full-duplex communication scenario [31], the physical-
layer security scenario [32], the millimeter-wave networks
[33], hybrid terrestrial-aerial networks [34], and unmanned
aerial vehicle networks [35], etc.

Typically, for passive or nearly-passive RIS, the reflected
signals have to go through a cascaded channel composed of
the transmitter-RIS and RIS-receiver links, leading to serious
degradation of the system performance caused by the double
fading attenuation. To overcome this shortcoming, the authors
in [36] proposed an active RIS architecture in which active
load impedance is used by each reflection element. By con-
verting direct current bias power into radio frequency power,
the active element can directly amplify the incident signal [37].
Then, in [38], the authors considered the effect of active RIS
in improving the achievable secrecy rate of cognitive satellite-
terrestrial network. In [39], the authors studied the active RIS-
enabled energy-constrained wireless network and showed the
superiorities of the active RIS in supporting multiple energy-
limited devices. In [40], the authors demonstrated that active
RIS achieves better EE performance than passive RIS. Re-
cently, the work in [41] suggested that active RIS outperforms
passive RIS in terms of the weighted sum secrecy rate. The
authors in [42] compared whether active RIS is superior to
passive RIS or not under the same power budget, and revealed
that active RIS is superior if the RIS power budget exceeds
certain value.

Among the above works, the SE is a commonly used
performance metric and usually formulated as the objective
of optimization problems [24], [31]. On the other hand, the
EE, which is defined as the ratio of the signal data rate
to the total power consumption, is one of the key perfor-
mance metrics in green communication oriented networks
[18], [43]. Specifically, [44] investigated the EE optimization
in satellite-terrestrial networks with RSMA, where a penalty-
based method was proposed. In [45], the authors investigated
the EE maximization in RIS-assisted downlink transmission,
where a multi-objective optimization (MOO) framework was
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proposed. Then, [46] studied the EE optimization in RIS-
assisted uplink network. It is noted that the above works
mainly focused on the SE or EE optimization. However,
SE would still increase while EE remains stable with the
increasing power in a high power region. Therefore, the SE
and EE are not linearly correlated and can not simultaneously
increase or decrease with the changing transmit power [47].
Thus, a fundamental tradeoff between the above two metrics
needs to be investigated for meeting various communication
requirements in future networks.

To be specific, [48] studied the SE-EE tradeoff optimization
in a downlink RSMA network. Recently, [49] studied the
MOO for the SE-EE tradeoff in the RIS-assisted cognitive
radio network. The authors in [50] proposed a new metric
called resource efficiency (RE) in RIS-enabled networks to
obtain the tradeoff between EE and SE, where an MM-based
approach was developed. In addition, [51] investigated the
fully-connected RIS-aided RSMA scheme, where the authors
proposed a weighted minimum mean square error (WMMSE)-
based method to optimize the transmit beamformer and the
scattering matrix of the RIS. Then, the authors of [52]
proposed the group-connected RIS-based RSMA design to
achieve the tradeoff between the beam controlling accuracy
and hardware complexity of fully connected RIS. However,
the RE optimization in RIS-assisted RSMA networks has not
been studied, and it is worth investigating whether active RIS
outperforms passive RIS in terms of the RE.

Motivated by the above facts, we focus on the RE opti-
mization in the RIS-assisted RSMA network in this paper.
To the best of the authors’ knowledge, it is the first work
to investigate the active RIS-enabled transmission design in
RSMA system from the perspective of SE and EE tradeoff.
Our main contributions are summarized as follows:

« We investigate a novel integration of RSMA and RIS into
cellular systems in this paper, where the RIS with active
reflection elements is deployed to mitigate the double
fading effect and one-layer RSMA is adopted at the
base station (BS) to suppress the inter-user interference.
To achieve the SE-EE tradeoff, we optimize the RE
metric by jointly designing the transmit precoding and
reflecting BF, while guaranteeing transmit and forward
power constraints of the BS and RIS, as well as the
common message rate constraint.

o To efficiently tackle the non-convex problems due to its
fractional objective, coupled optimization variables, and
discrete coefficient constraint, we propose a two-stage
approach for the one-layer RSMA transceiver structure.
For the outer stage optimization, a quadratic transfor-
mation is used to recast the fractional objective into a
linear form and obtain a closed-form solution. While
for the inner stage problem, we tackle the non-concave
common and private signal rate by the first-order Taylor
expansion method, which approximates the logarithmic
objective into a quadratic function. Then, an alternating
optimization (AO) algorithm is developed to obtain the
BS precoding and reflective BF iteratively, by resorting
to the penalty dual decomposition (PDD) method.

o The proposed algorithm can be extended to the two-layer
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RSMA scenario, which is rarely investigated in open
literature, and can also handle the common message rate
constraint and effectively solve quadratically constrained
quadratic program (QCQP) problems with fast conver-
gence. Besides, the proposed algorithm is also applicable
to passive-RIS design, by setting the zero noise power at
the RIS and normalizing the amplitude of each reflection
element. Thus, the proposed scheme is actually an unified
optimization framework, which is suitable for various
RIS-assisted RSMA networks.

o Simulation results verified the effectiveness of the pro-
posed scheme and provide some insightful analysis: 1)
RE is an effective metric to tradeoff the SE and EE per-
formance by adjusting the weight; 2) RSMA outperforms
other multiple access techniques such as SDMA; 3) active
RIS obtain better RE performance than passive RIS, and
the discrete coefficient is a better choice compared the
continuous coefficient in terms of RE due to the lower
power consumption of former.

The rest of this paper is organized as follows. Section II
presents the system model and problem. Section III investi-
gates the joint BF and reflecting coefficient design. Section
IV extends the proposed design. Section V illustrates the
simulations and section VI is the conclusion.

Notations: Throughout the paper, the upper case boldface
letters and lower case boldface letters are used to represent
matrices and vectors, respectively. Tr (%), X, 27, and
3* denote the trace, the Hermitian transpose, the transpose,
and the conjugate of matrix X, respectively. The diagonal
matrix with diagonal elements oy,...,0y is denoted by
Diag (o1,...,0n). diag (X) denotes the main diagonal el-
ement of matrix X. R {-}, |-|, and Z(-) denote the real part,
the modulus, and the angle of a complex number, respectively.
x ~ CN (o,X) denotes a circularly symmetric complex
Gaussian (CSCG) random vector with mean o and covariance
matrix X. In addition, [|-|| and ||-||» represent the Euclidean
norm and the Frobenius norm, respectively. Besides, o denotes
the element-wise product.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We present the system model of the RSMA network and
formulate the optimization problem.

A. Active RIS Model

The reflecting coefficient matrix of the active RIS is given
by ® = Diag(¢1,...,¢n,) € CN"*Nr where the reflect-
ing coefficient of the n-th element is denoted by ¢, =
ane?® n =1,...,N,, with o, and 6,, being the amplitude
and the phase within the intervals a,, € [0,y max], and
6, € [0,2m), respectively. Here, o, max denotes the prede-
termined maximum amplitude of the active load for the n-
th element. Different from the commonly used passive RIS,
Oy, max 18 not less than 1 for active RIS. Besides, active RIS
only utilizes power amplifiers and phase-shift circuits that
control and reflect the signals. No dedicated digital-to-analog
converters (DACs), analog-to-digital converters (ADCs) and
mixers are required. In contrast, relays are usually equipped
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with these mentioned electronic components for transmission,
and low-noise amplifiers for reception, which leads to higher
hardware cost and power consumption than active RIS.

Due to the practical hardware conditions, «,, and 6,, can
only take discrete values. Let (), and )y denote the quanti-
zation bits for «v, and 6,,, respectively. Then we have

¢n € Xy é {¢n |¢n = anejenaan € Saaan € 80 } > (D

A ) 2R _3) .
=2 O Xn,max ( ) n,max ; O[n7maxj| de-

where S,

) 2Qa —29 " 2Qa —2

notes the amplitude set, i.e., uniformly values 2Qa points in
A o 2 (296 -1)

[0, &ty max), and Sp = 40, 5050 +» —aa5— ¢ denotes the

phase set, i.e., 6,, are equally valued in [0, 27).

B. Signal Model

RIS Controller

. N
, Active element N

Incident signal 4/‘/1,4
YW

Amplifier circuit

Phase- p .
M shift =P
circuit upPLy

Fig. 1: System model.

AN

Reflected signal

As depicted in Fig. 1, we consider a multiuser MISO
network which consists of a BS and L users, denoted as
L2 {1,...,L}. The BS and RIS are equipped with Nj
antennas and N, elements, respectively, while the users are
single antenna node. The channel from BS to RIS, from RIS
to the [-th user and from BS to the [-th user are denoted by
F € CN-xNs, hfl € C1*Nr and ng € CY*Ns | respectively.
The instantaneous CSI for these links are available at the
BS and RIS. For more details about the channel estimation
technique for RIS-assisted networks, readers can refer to [20],
[21]. In addition, there exists a RIS controller to adjust the
amplitudes and phases of the reflection elements [17].

Inspired by [7], one-layer RSMA is an alternative and
effective multiple access technique to manage the inter-user
interference among these users with relatively low imple-
mentation complexity. Hence, we adopt the one-layer RSMA
at the BS, where the transceiver architecture is shown in
Fig. 2. Particularly, the BS adopts the message combiner
and linear precoding to split the message M; into two sec-
tions, namely, a common part M. ; and a private part M, ;.
Mc1,..., M., are combined into a common message M. and
encoded into a common signal s. using a codebook shared
by all users. On the contrary, My 1,..., M, 1 are separately
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Fig. 2: Transceiver architecture of one-layer RSMA.

encoded into the private signals si,...,sr, which are only
decoded by the specified user. Therefore, the whole signal
s = [sc,sh...,sL]T e CUADXL g generated for RSMA
transmission. Then, s is linear;y precoded via a precoding
matrix W = [we, wi,...,wp] € CNex(HD) with w,. and
w; € CN*1 vl € L being the corresponding precoding
vector for s. and s;, respectively. Thus, the transmitted signal
is given as

L
X = W.S. + Z WS]. 2)
=1

Then, the received signal at the [-th user, [ € L is given by

v = (g’ + hf'®F) x + hff &n, +n,, 3)

where n, ~ CN (O,UfI) and n; ~ CN (0,012) denote the

effective noise including the self-interference and the additive

white Gaussian noise (AWGN) at the RIS and the AWGN at
the [-th user, respectively.

The [-th user first decodes s, into MC by treating s;,VI € L
as noise. Therefore, the signal-to-interference-plus-noise ratio
(SINR) to decode s, at the [-th user is
it

Loy = ; “4)

L e |2 Ha 12 .2 2
Z;‘hl wi|” + || ®| 02 + o]

where h; = (ng + h# 'IJF)H is the equivalent channel from
BS to the [-th user.

After decoding and subtracting s. from y;, the I-th user
decodes s; by regarding other private signals s;,j # [,Vj € £
as the interference. Thus, the SINR to decode s; at the [-th
user is expressed as
'

Tpi=— )
> |bfwil” + [nf @] *02 + o7
2

i=1,i
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C. System SE and EE

The corresponding achievable rates of s. and s; at the [-th
user are R.; = log, (1+T.;) and R,; = logy (1 +T,,),
respectively. To guarantee that all users can successfully
decode s., R. must satisfy R, = min{R¢1,..., R}

According to [7], the overall achievable rate of the network
is the sum of R. and R, ;, and is given by

L
nse (W,®) =R.+ > Ry (bits/s/Hz).  (6)
=1
Besides, the total power consumption is given by

Prot (W, ®) = 2, [W[}. e, (IPFWI + 02 |[@]3) + P,
(N
where €, and ¢, are the inverses of the power amplification
coefficients at the BS and RIS, respectively, and P. denotes
the total static power consumption which is independent of
{W,®} and given by
Pc:NsPa+Ps+Nr'(Pr'+PDC)7 (8)
where P, denotes the power dissipation per antenna at the
BS, P; is the static circuit power consumption at the BS,
P, incorporates the power consumption of the circuit at each
reflection element [50]. According to [18], P, are 1.5, 4.5,
6.0, and 7.8 mW for 3-, 4-, 5-, and 6-bit quantization of
each element, respectively. Besides, Pp¢ is the direct current
biasing power consumption of a single reflection element [36].
Therefore, the EE is given lEyVV ®)
NsE )
77EE (W7 (P) - BPtot (W, @)
where B is the system bandwidth.

(bits/Joule) , 9)

D. Problem Formulation

Rather than considering SE or EE as the objective, we aim
to obtain the SE-EE tradeoff by using a weighted sum repre-
sentation, i.e., maximizing (1 — ) ngg + dnsp, 0 < 0 < 1.
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Nevertheless, it is improper to directly combine ngr and nsg
because they have different units. Instead, we study a system
indicator called RE, which is given in [47], [50]:

where 3 > 0 is the weight used to denote the priorities of EE
and SE. The denominator P, in the second term is fixed
and given by
Psum = EsPs,max + 5TPT,max + Pc~ (11)

P,y denotes the whole power budget of the considered
network. By multiplying ngg and ngg with 1/B and 1/ Py,
the units of the two terms in (10) are both normalized
into bits/Joule/Hz. Moreover, letting B% 25 /(1 =) and
substituting it into (10), the maximization of nrg is equivalent
to that of (1 —0)ngp + onse,0 < J < 1.

Mathematically, the RE optimization is formulated as:

max nrp (W, @) (12a)
st. W% < Pomax: (12b)
|BFW |3 + 02 |®]|7 < Prmax, (12¢)

[®],,] < anmax, P € Xa,Vn, (12d)

Rc Z Rc,mina (126)

where Ps nax and Py .« are the transmit and forward power
budgets at the BS and RIS, respectively. Besides, [®], denotes
the n-th element of ®. It is known that [®], = ¢,,. In addition,
R min is the pre-determined minimum common message rate.
In fact, different SE-EE tradeoff designs can be realized by
changing S. For example, nrg relaxes to ngg when 5 — oo
and relaxes to ngp when 8 = 0 with bandwidth normalization.

Unfortunately, problem (12) is challenging to solve where
the major difficulties can be summarized as follows: 1) It
is complicated to tackle the coupled variables W and ®
jointly, especially for the case of large N, or N,.; 2) ngg is a
transformation from 7g g, which means that the optimization
of the former is much more complex than the latter; 3) The
optimization of ® with a discrete coefficient constraint is a
mixed integer program, and is also non-convex.

In the next section, we aim to develop an efficient approach
to handle (12).

III. JOINT BS PRECODING AND RIS BF DESIGN

We first linearize the RE objective by the quadratic trans-
formation method proposed in [54]. Next, an AO algorithm is
proposed to do the optimization iteratively.

A. Quadratic Transformation to Fractional Programming

To be specifical, by introducing a slack variable < € R, we
equivalently recast (12) into a non-fractional formulation as:

wnax. f (W, ® k) =2ky/nsg (W, ®)

Bnse (Wa ‘I’)
Psum

(13a)
— k2P (W, ®) +

s.t. (12b) — (12e), (13b)
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To solve (13), we optimize the prime variables {W, ®} and
the slack variable « in an iterative manner. According to [54],
given {W, ®}, the optimal ~ can be directly obtained as

p= V52 (W, 2) (14)
Prot (W, @)

In the following part, we deal with the optimization of

{W,®} with a given k.

B. SE Approximation

In the previous subsection, we have transformed the frac-
tional programming to a relatively simple formulation. How-
ever, given k, (13) is still unsolvable since ngg is non-
concave with respect to (w.r.t.) W and ®. Besides, the discrete
coefficient constraint is also non-convex. To overcome this, in
the following, we design a lower bound of ngg. Specifically,
at the ¢-th iteration, around the given point {W® &® 1}, the
following lemma is useful to approximate R.; and R, ;.

Lemma 1 [56]: For any § and -y, we have

log 1—}—ﬁ > log 1+@ - |5‘2
2 ~y = o2 ol A1In2

_ 7|2 2 (15)
G (v+108)
T2y (54 (0") me’
where {5 ,*‘y} are fixed points.
Based on Lemma 1, I.; can be lower bounded as
‘ ]2 ‘ Olk
a a
Rep>logy | 1+ -
? b b In2
(16)

* 2
2R { (al(t)> al} ‘al(t)’ (bl + |al|2)

+ - )

b n2 (") <b§t) + |af! D In2
where a,@ = (ng + hfI<I>(t)F) wﬁ“, aj= (ng + hZH<I>F) W,

2 2

b =1, | (e +hf @ OF) wi” | +[nf @) *s20?, and

b=>"" | |(gf'+h{' ®F) wi|2+||h{{<1>||20,2_+012, respectively.

Similarly, I?,,; can be lower bounded as

H | hWAPF) w,|*
Rp,l:10g2 1+ ’(gl I L = )Wl| 2)
b — | (gf" +h{'®F) w|
2
o [ ’cl(t) i P
I W TR P

2
(bl(” SEd ) m2 (7
2
o

" o | .® & (0 | @ ’
(bl — e ’)mz b (bl — e ‘)ln2

where cl(t) = (ng + hf{‘ﬁ(t)F) wl(t), and ¢ =
(g +hf®F) w,, respectively.

Based on the above reformulation, an approximated version
of ngg (W, ®), which is denoted as 7js (W, @), is achieved

2 {(47) o)
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by solving the following problem
L | 2n{(d") (ef +nf'®F)w}

2
we S (bgw_\cgw\ >1n2

Ol

log, | 1+ )Cl <1+"l2
0go9 2 |~ D) @
bt — cl(t)‘ (bl(t)— cl(t)’ >ln2 b

®1? L H H 2 Hall2 .2
‘Cz _;‘(gz +h{®F) w;| + ||h/ @[ o7
2
bl(t) <bl(t) ‘cl(t)‘ ) In2
(18a)
2R { (al(t)) ' (ng—l-hf{@F) Wc}
st. R.< o) +
b, " In2
2 2
logy | 1+ G i T
og —
2 bl(t) bl(t) In?2 bl(t)+ ‘(ll(t) 2
o H H 2 Hall2 -2
WO (It + 1t 9F) W]+ [t o)
- 2 ) 9
b (b}”+ af?| )1112
(18b)
(12b) — (12e). (18¢c)

In fact, an effective way to handle the SE optimization of
the RSMA network is by solving (18). Next, we will tackle the
RE optimization with the assistance of 75 (W, ®). However,
(18) is not jointly convex w.r.t. W and ®. Fortunately, (18)
can be decoupled into two subproblems. Then, the solution to
(18) can be obtained in an alternating method. Next, we will
focus on the formulation and solution of the subproblems.

C. Precoding Optimization

Here, we optimize W with fixed ®. According to (18) and
after some mathematical operations, the subproblem w.r.t. W
is given as

L
mvf%x 2K Rc—l—Z{Q%{lewl} —WlHPWl—i-pl}
=1

— K%Pioy (W, ®)

L
B (Rc + > (2% {p/'wi} — w/'Pw, +Pz}>
=1
Psum
s.t. Re < —Tr (QWWH) + 2R {qf'w.} + ¢, VI, (19b)
(12b), (12¢), (12e), (19¢)
where {P,p;,pi, Q,q;, ¢} are respectively, given by (20) in

the next page.
Note that with fixed ®, P, (W, ®) is convex w.r.t. W,

L
and R.+ Y 2R{p/’w; }—w{"Pw+p, } is a concave function

(19a)

+

w.r.t. W, so that the square-root is also concave. Thus, with
fixed x and ®, (19) is convex w.r.t. W, which can be solved
by the optimization toolbox CVX [55].
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D. Reflecting Coefficient Optimization

Now, we handle the optimization of ®. By expending the
relevant terms in (18) w.r.t. ® and omitting the irrelevant

terms, we have the following problem w.r.t. ®
max R+ 2R{Tr (T®)} +u

L (21a)
—Tr <U<I> <F > wiw/F 031> <I>H>
i=1
s.t. R <2R{Tr(D;®)} + d;
—Tr (V,@ (FWWHFY 4+ ¢21) &) v, (1b)
Tr (2 (FWWHYFY 4+ 021) @) < P jnax,  (210)
(12d), (12e), (21d)

where {T,u, U, Dy, d;, V;} are respectively, given by (22) in
the next page.
Next, we utilize the following lemma to handle (21).

Lemma 2 [50]: Let U; € C™*™, Uy € C™*™, Assuming
that ¥ = Diag (01,...,0,) € C™*™, o = diag (X), and
uy = diag (Usg), then we have

Tr (27U,2U,) =0 (U;0U7) o,
Tr (2U3) = o' u,.

Then, by defining ¢ = [¢1, ...

the following problem

mdz}x 2/9\/RC +u+2R {¢Tdiag (T)} — U

(23)

,én,]", we turn (21) into

— k2P, (W, ®) (24a)
Pﬁ - <Rc +ou+ 2R {¢Tdiag (T)} - ¢H1‘J¢)

s.t. Ro < dj + 2R {¢Tdiag (Dl)} — 1V, VI, (24b)

_|_

o (1 o (FWWHFH 4 aEI)T) ® < Prinax, (240)
@] < nmax, G € Xa, Vn, (24d)
(12e), (24e)

L T
where U = U o (F S w,wHFH 4 afI) and V; = V0

i=1
(FWWHFH 4 afI)T, respectively.

In fact, when the RIS has continuous coefficients, i.e.,
the constraint ¢, € X, is absent, (24) is simplified to
a convex problem and can be efficiently solved. However,
when considering discrete coefficients, (24) can not be solved
directly. Next, we propose a PDD-based algorithm to address
this challenge. Specifically, we introduce the slack variable
w=[wi,...,wn,]” € CN"*! a5 a copy of the prime variable
¢@. Then, we reformulate (24) as

ma 25\/Rc Fut 2R {¢Tdiag (T)} —¢"Te

— K2 Pyt (W, ®) (252)

+ Pﬂ (Rc +u+ 2R {¢" diag (T)} — quI_J(;S)
st |¢,] < Qin, max, (24b), (24¢), (24e), (25b)
¢ =Ww,wn € Xdavn- (25C)

By penalizing the equality constraint ¢p = w, the following
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(060 =]t
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\“) (Inf@®| o2 + o?)
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(") (&t + n @)
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-
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bl(t) In2

augmented Lagrange (AL) of (25) can be obtained
—25\/Rc+u+2§R {¢Tdiag (T)}—¢>HU¢

min
b,w,p,A

1
+ k2P (W, ®) + %qu —w+ A|?

Pﬁ (Rc Fu+ 2R {¢Tdiag (T)} . ¢H1‘J¢)

s.t. (25b),w,, € Xy, Vn, (26b)
where ¢ > 0 is the penalty factor and A € CM*! is a dual
variable associated with ¢ = w, respectively. Actually, when
p < m (26) is guaranteed to converge [32].

(26a)

The PDD procedure is composed of two stages. In the
outer stage, we optimize  and A, while in the inner stage,
we decouple (26) into two problems and obtain ¢ and w
alternately. First, we optimize ¢, given w. The problem is
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given as

min —2/@\/ R +u+2R {qSTdiag (T)} _ "0

1
+ k2P (W, ®) + %\|¢—w+¢>\||2 (27a)

Pﬁ (RC Fu+ 2R {¢Tdiag (T)} - ¢Hﬁ¢)
s.t.  (25b), (27b)
which can be solved by CVX. Then, given ¢, we optimize w.
The problem is written as

min ¢ — w + X[ (28a)
s.t. Wy € Xy, Vn. (28b)
Since w, are decoupled from each other in
(28), the optimal solution is w}; = = anel<in,
where 6, = argmin |0, — Z (¢, + pA,)| and
B 0,€Sy
a, = argmin |a, e/ — ¢, — v\, |, respectively.

Lan€Sy

The inner stage alternatively updates ¢ and w until the
stopping criterion is met. Then, for the outer stage iteration,
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A and ¢ are iterated by

1
A=A+ —(¢p—w), and ¢ < pyp, (29)

where p < 1 is a factor which scale ¢ at each iteration.

The PDD process is given in Algorithm 1, where €; denotes
the stopping threshold. According to [53], Algorithm 1 is
guaranteed to converge whether in the continuous or discrete
coefficients case. Readers can refer to [53] for more details.
Algorithm 1 The PDD Algorithm.

1: Initialize ¢°, w©@, A ©© and set k = 1;
2: repeat

3: Set pF 10 = (=1 (p(k=1.0) — (y(k=1) and ¢ = 0;

4 repeat

5: Obtain QS(’“*MH) via solving problem (27);

6: Obtain w*~1+1 via solving problem (28);

7: (+—L+1;

8: until Convergence.

9: ¢(k) . d,(kfll), wk) =10,

0 A o A g (¢<k> _ w<k>), o)
pptk=1;

11: k< k+1;
12: until Hd)“) —w(Z)H < ¢€; or the maximum number of

iteration is met.
13: Output ¢*.

E. Overall Algorithm and Analysis

Combining the proposed steps above, we obtain the in-
tegrated RE maximization approach in Algorithm 2, where
€z denotes the stopping threshold and the initial point
{W(O),tI)(O)} is set as the optimal solution of (32). In
addition, we have the following Theorem.

Theorem 1: Algorithm 2 generates a convergent sequence
of the objective values of (12).

Proof: Please refer to Appendix A. [
Algorithm 2 Quadratic transformation algorithm for solving
problem (12).

1: Solve (32) and obtain W(®), &) initialize x(*) and set
k=1,

2: repeat

3: Set Wk—1t) — Wk-1) k-1t — k-1 apd
t=20;

4 repeat

s Obtain W (=11 via solving problem (19);
6: Obtain ®F~1t+1) via solving problem (24);
7 t+—t+1;

8 until Convergence

9 W(k) s W(k—l,t)’ (I)(k) — (I)(k—l,t);

10: Update « by (14);

11: k+k+1,;

12: until k*) — g(FE-1 < €9 or the maximum number of
iteration is reached.

13: Output W*, &*, and «*.

Actually, by setting 5 = 0, Algorithm 2 can be directly
simplified to the EE maximization design with normalized
bandwidth. On the other hand, by setting £, = 0 and ¢, = 0,
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Algorithm 2 can tackle the SE optimization problem which is
relaxed from RE optimization problem.

Next, we calculate the computational complexity of Algo-
rithm 2. Since the complexities of (28) and (29) can be omitted
when compared with those of (19) and (27), the complexity of
Algorithm 2 is mainly determined by (19) and (27). According
to [57], the complexity for solving a QCQP problem is
given by O (v/m (mn? + n?) In (22)), where m denotes the
number of variables and n denoted the number of constraints,
and e is the solution accuracy. Specifically, (19) has (3L + 2)
quadratic constraints and the dimension of the variable is
N, while (27) has (N, + L + 1) constraints and the dimen-
sion of the variable is N,. Thus, the complexities of (19)
and (27) are given by O (v/N; (9N,L? +27L3)In (%))
and O (\/ﬁ (NT(NT + L)+ (N, + L)S) In (QTM)), re-
spectively. Therefore, the overall computational complexity of
Algorithm 2 is given by

cC=0 (TH max{\/Ns (9L* (N, +3L)) In (2]5) :
2N,
€

(30)

VN, ((er + L) (N, + L)Q) In (
where T, denotes the search times for the updating of x in
the outer layer.

Thus, Algorithm 2 has polynomial time complexity, which
is suitable for implementation.

E. Feasibility of (12)

Note that problem (12) with the common message rate
constraint (12e) might be infeasible. It is necessary to study the
feasibility of solving (12). Therefore, we solve the following
problem to check the feasibility of (12):

max minR.; (31a)
W, 1
s.t. (12b) — (12d). (31b)

If the obtained optimal value of (31) is larger than or equal
to R min, then (12) is feasible to solve. Otherwise, (12) is
infeasible. In fact, the previously proposed AO algorithm can
be utilized to solve (31). Proceedings in a similar way as we
obtained the lower bound of R, ;, an approximated version of
(31) is obtained as follows

Vglg};r (32a)
2% { (al(t)) (ng + hfI@F) WC}
st. < ©
b, " In2
o] , o]
o
- 1+ L +log, [ 1+
(t) 2 2 (t)
b’ In2 bl(t) + ‘al(t) b,
OIE H H 2 H@ll2 12
o[ (1t + mpom) W+ e er)
- ) ) )
(") (bl“) +|af?| )ln2
(32b)
(12b) — (12d). (32¢)

Then, an AO procedure is used to solve (32), which is
similar to that in Algorithm 2. Thus, the feasibility of (12)
can be checked.
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Fig. 3: Transceiver architecture of two-layer RSMA.

IV. EXTENSION TO TWO-LAYER RSMA

Here, we extend the proposed design to the two-layer
RSMA scenario, which is commonly used in the multi-group
multi-cast communication scenario.

In a two-layer RSMA network, the L users are separated
into I individual groups denoted as Z = {1,...,I} and
group-i contains £; users with (J;c, £; = L. User-l splits
its message M; into three sections, namely, an inter-group
component M, an inner-group component M/, and a pri-
vate component M. Then, {Mf |l € L} are wrapped into
a common message M., which is encoded into a common
signal s, using a codebook shared by all users and is de-
coded by all users. Then, {Mf |l e Ci} are merged into a
common message M. ;. M., is encoded into an inner-group
common signal s.; using a codebook shared by the users in
group- and is decoded by these users. Finally, {M/ |l € L}
are independently encoded into L signals s;,1,...,Sp 1,
which are decoded by the specified users. The overall en-
coded streams s = [Sc,Sc1,--.,8¢,1:8p1,---, spyL}T €
CUAHI+DXT are linearly precoded with the precoding matrix
W = [w,, We1, .. .,wp,L]T € CNox(L+I+1),
Hence, the signal sent from the BS is given as

S We Iy, Wp1,..

X = W¢Se + Z We iSei + Z Wy, 15p,i- (33)
ieT leL
Then, the received signal at user-/,] € L, is given as
v = (g + h'®F)x + hf’®n, + n;. (34)

User-l (I € L;) employs two layers of SIC to sequentially
decode s, s.;, and sp,; with s. being decoded first, s.;
second, and followed by s, ;. Then, the signal rates for
decoding s, sc;, and s,; at the [-th user are, respectively,
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given as
h w,|?
Ri=log, | 1+ — ’2 L C‘_H 7,
> |hl Ww” +> ’hz Wp,j’ 0]
i€T JEL
‘ B w,,|?
R =log, | 1+ — | L c’1| — 5
> |thw“/ +> |hflwm| +o7
iE€T,i'#i J
hfw 2
Rp’l:10g2 1+ — | 1 P,l| - T
> ’hz Weir| + D0 ‘hl Wp’j| 10y
i ET i'#i jeL,j#l
(35)
where 67 = ||th<I>H20,2_ + of.
Then, the message rates of s, and s.; are given by
R.=min{Rj|l € L},
(36)

Re;=min{R'l e £i} vieT
Thus, the total achievable rate of the two-layer RSMA network
I L
is Re+ > Rei+ > Ry (7]
i=1 =1

A two-layer RSMA transceiver architecture with 4 users
is plot in Fig. 3, where user-1/2 is in group-1, user-3/4 is
in group-2, respectively. s. is an inter-group common signal,
while s 1,9 is the inner-group common signals for the users
in group-1/2 only [7].

The RE optimization in two-layer RSMA is more compli-
cated to handle than the counterpart in the one-layer RSMA.
Fortunately, the proposed method can be used here with modi-
fications. Firstly, we use the quadratic transformation to recast
the fractional programming into a linear programming. Then,

/pul
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in the outer stage optimization, we update x by using (14).
While in the inner stage optimization, by utilizing Lemma
1 and introducing several slack variables, 7jsg (W, ®) can
be obtained by solving problem (37), with the relevant con-
stants given in (38). Then, we further decouple (37) into two
subproblems and obtain W and @ using the corresponding
methods. The whole procedure is similar to Algorithm 2. We
omit the details due to space limitation.

V. SIMULATION RESULTS

Here, we provide representative simulation results to verify
the proposed design. As plot in Fig. 4, we assume one BS,
one RIS, and 4 users, i.e., L = 4, without loss of generality.
The BS and RIS are deployed at (10 m,0m,10 m) and
(0 m,50 m, 10 m), while all users are randomly located in
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a circle with radius 5 m and centered at (10 m, 50 m, 1.5 m),
respectively.

The following settings are adopted unless specified other-
wise: Ny = 8, N, = 40, and the maximum amplitude of
the active RIS is ayp max = 10,Vn, [36]. The common rate
constraint is 2 bits/s/Hz [8]. Besides, the bandwidth is set
as B = 10 MHz [47]. As for the power consumption model,
we set P, = 30 dBm, P, = 40 dBm, ¢, = 1/0.9 for the
BS [47], and P, = —10 dBm, Ppc = —5 dBm, &, = 1/0.8
for the active RIS [36], respectively. Besides, the noise power
is 07 = —80 dBm,Vl, and 02 = —80 dBm [40]. The path
loss is PL = PLy — 10vlog,, (%), where d indicates the
link distance, and v means the path loss exponent. Here, we
set PLp = —30 dB and dy = 1 m. The exponents of the
BS-users links and the RIS-related links are set as 4 and 2.2

[32]. Besides, F =, /25 FLoS 4 /- FNLOS, with 7 being
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Fig. 4: Simulation scenario.

the Rician factor. Here, F°S denotes the line-of-sight (LoS)
component and is given by F¥°5 = a alf. When a uniform
planar arrai/ is utilized, a; is given as

a, = [17 o 6j27'r<(m, sin(zs;) sin(z/;é)-&-n cos(d;;))’

. (39)
. 7ej27rg((M—1)sin(éfl) sin (%) +(N—1) cos(f))
where m and n are the element indices in horizontal and
vertical directions, ¢ is the normalized distance between ad-
jacent elements, and ¢; and 6}1 represent the azimuth and
elevation angles, respectively. a, can be obtained similarly.
FNLoS denotes the non-LoS component and is modeled as
the Rayleigh variable. Besides, the solution accuracy is set as
€1 = €5 = 1073 and the scaling factor is set as p = 0.85 [24].
Here, we compare the proposed design with several bench-
marks: 1) the active RIS with continuous coefficient; 2)
conventional single-connected passive RIS; 3) the active RIS-
assisted SDMA scheme; 4) the fully-connected RIS [51]; 5)
the group-connected RIS [52]. These schemes are labelled as
“Proposed scheme, 3 bit”, “Proposed scheme, 4 bit”, “Con-
tinuous scheme”, ‘“Passive RIS”, “SDMA scheme”, “Fully-
connected RIS”, and “Group-connected RIS”, respectively,
where 3 bit means Q.9 = 3 and 4 bit means Q,/y = 4,
respectively.

A. Convergence Behaviour

Firstly, the convergence of Algorithm 1 for different values
of Ny, N;, and (¢ is examined in Fig. 5. From this figure,
it can be seen that the RE always increases with the number
of iterations, and gradually converges within 20 iterations for
various parameters, which demonstrates the efficiency of the
PDD method.

Then, we study the convergence of Algorithm 2 for different
values of Ny, N,., and Qa/g. From Fig. 6, it can be seen that
no matter what values of these parameters are selected, the
RE increases with the number of iterations, and gradually
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Fig. 5: Convergence of Algorithm 1.

converges almost within 20 iterations, which verifies the
convergence behaviour of Algorithm 2.
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Fig. 6: Convergence of Algorithm 2.

It can be further seen from Figs. 5 and 6 that in the same
channel realizations, using more bits to quantize «,, and 6,, is
not beneficial to improve the RE, since a larger Q. /¢ will
indeed improve the SE, but the power consumption at the
RIS will also increase, and thus the RE may be reduced.
This observation will be further confirmed by the following
simulation results.

B. Performance Evaluation

Now, we evaluate the performances of difference schemes.
Here, we set the sum of Ps ax and P .y, Which is denoted
by Psum., as a constant equals 10dBW for active RIS, unless
specified otherwise. In addition, since the passive RIS has
no transmit power consumption and no direct current biasing
power consumption, we add the term N, Ppc + Py max/€r t0
the transmit power budget at the BS when using the passive
RIS for fair comparison. Thus, we can ensure that Pj,,, is the
same value regardless of the active RIS or passive RIS.

The SE performance achieved by Algorithm 2 is shown in
Fig. 7, where we set § = 1. As expected, from Fig. 7, it can be
seen that the SE performance always increases with Ps pax,

Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Journal on Selected Areas in Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JSAC.2023.3240718

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. XX, NO. XX, XX 2023 12

—3¥— Continuous Scheme
Proposed scheme, 4 bit

55 |—©— Proposed scheme, 3 bit

—%— SDMA scheme

—&— Fully-connected RIS

=~ Group-connected RIS

+ Passive RIS

v
IS

w w B P
S < S @

Spectral efficiency (bits/s/Hz)

[
3
&%

-20 -15 -10 -5 0 5 10
Transmit power (A(BW)

Fig. 7: SE versus Ps max-

and the active RIS with continuous coefficients attains the best
performance. However, using the discrete coefficients with 3
or 4 bit resolutions performs very closely to the continuous
coefficient case. In addition, it is seen that the active RIS
significantly outperforms the other RIS-aided schemes due to
its great capability of signal amplification. This observation
indicates that active RIS design is effective to reduce the neg-
ative impact of the double fading, thus obtaining a higher SE.
Besides, the RSMA scheme outperforms the SDMA scheme,
since the RSMA technique splits the transmitted message in
both the power domain and the spatial domain, and adjusts the
split coefficient and power allocation to efficiently suppress the
multiuser interference, and thus achieves better performance
than the SDMA scheme.
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Next, we show the corresponding EE performance achieved
by Algorithm 2 in Fig. 8, by setting 5 = 0 and keeping
the other parameters the same as those in Fig. 7. From Fig.
8, it can be seen that EE increases with Ps ., only when
Ps max 1s smaller than a threshold and then tends to be stable
when P; ..« exceeds the threshold. Besides, it is worth noting
that EE does not increase with @), /9. Although employing
the RIS with more quantization bits could achieve higher SE
performance, as shown in Fig. 7, it also leads to a higher
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power consumption thus degrading the EE. Hence, using a
RIS with discrete coefficients is more energy efficient than
the counterpart with continuous coefficients.
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Fig. 9: Weight versus the corresponding EE and SE.

Moreover, Fig. 9 demonstrates the impact of the weight
B on the corresponding system EE and SE, with P ax =
Py max = 0 dBW. It can be seen that increasing S improves
system SE but reduces system EE. This is because that a larger
[ puts a higher priority on SE and thus allocates more power to
maximize SE. On the other hand, when reducing 3, we obtain
an improved EE but a reduced SE. Fig. 9 shows the ability
of the proposed approach to balance the tradeoff between EE
and SE by setting a proper .
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Besides, we show the RE performances of these schemes
versus N, in Fig. 10, where we set 3/ Pgy, = 1 and P yax =
P max = 0 dBW. From this figure, it can be seen that the RE
first increases with IV, then decreases, which is quite different
from the results in most related works where larger N, leads
to higher SE performance. This is because a larger N, may
lead to more power consumption at the RIS. Thus there exists
a tradeoff in the RE performance w.r.t. N,.

Next, Fig. 11 plots the obtained RE versus BS-RIS dis-
tances, where we assume that the RIS moves along the y-axis
from the BS to the users area. In this figure, it is seen that
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the active RIS scheme always outperforms the passive RIS
scheme in the considered region. Moveover, for active RIS, the
RE increases when RIS moves from the BS to the user area,
while for passive RIS, the RE first decreases to a low point and
then increases. Then, weather for active RIS or passive RIS,
when RIS moves away from the user area, the RE decreases.
Thus, deploying the active RIS near the users is beneficial to
improve the RE.
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Finally, we compare the RE performance of two-layer
RSMA with the one-layer RSMA and SDMA schemes, where
the 4 users are divided into 2 groups. The results are shown in
Fig. 12, with 8/Psy., = 1 and the other parameters are same
as those in Figs. 7 and 8. From this figure, it can be seen
that the two-layer RSMA outperforms the other benchmarks
in terms of the RE.

VI. CONCLUSION

In this paper, we proposed a novel infrastructure of active
RIS-assisted downlink RSMA network. By adopting the RE
as the performance metric to achieve a tradeoff between the
SE and EE performances, we formulated the RE optimization
problem. By applying a two-stage optimization scheme and
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proposing an AO algorithm, the non-convex RE maximiza-
tion problem was decomposed into a two-stage optimization
problem, and solved to obtain the BS precoding and reflective
BF alternatively by using the PDD method. Simulation results
demonstrated that through reconfiguring the wireless commu-
nication environment, the active RIS can achieve adjustable
tradeoff between the SE and EE, and the proposed active RIS-
assisted RSMA scheme outperforms the benchmark schemes.

APPENDIX A
PROOF OF THEOREM 1

Firstly, for the convergence of the quadratic transformation,
[54, Theorem 3] has proved that if problem (13) is nondecreas-
ing and concave, then the original problem (12) is guaranteed
to converge. Thus, we mainly focus on the convergence of
(13). Specifically, we denote the corresponding objective value
of ngg (W, ®) in (13) and the objective of (18) as u (W, @)
and p® (W, @), respectively, where ¢ denotes the number of
iterations. Then, for any W and ®, we have

p(W, @) > 1 (W, @),

y (Wm’ q)(t)) — u® (W@), q;.(t)) ,
when {W,®} « {W® &®}. Based on this observation

and the convexity of (19) and (24), we have
i <W<t+1>)¢.<t+1>) > ;0 (W<t+1>’¢,<t+1>)

> (WO 1) = (WO 1))
where the second inequality holds true since both
(WD D1 and {W® &®} are the optimal
solutions and feasible points of (13). (41) suggests that
(W DY s better to (13) than {W® &}
Moreover, the sequence {W®) ®®)} is bounded by the
constraints (12b)-(12d). Then, according to [56, Proposition
2], there exists a convergent subsequence {W““,’I’“W)}
with a limit point {W*, ®*}, i.e.,

lim [u (WW, @W) — u(w*,é*)] —0. (42

Fo;y any t, there exists a v such that ¢, < ¢ < t,41, then

we have
0= lim

Y—+00o

< lim
t——+oo

< lim
Y—+o0

(40)

(41)

[M (W(t'y)7 @(tw)) — (W, @*)}
[u (W(t), <I’(t)) — (W™, (I’*)}

{N (W(twl)’ @(twﬂ)) — (W™, q)*)} =0,

(43)
which means that ligl (WO &0 = 1, (W*, &*). Thus,
S+oo

the convergence of 7ngr (W, ®) has been proved. Besides,
since Py,; (W, ®) is bounded due to (12b)-(12d), (13) is
guaranteed to converge, which completes the proof.
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