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ABSTRACT In this article, we investigate the resource allocation problem for the multicarrier rate-splitting
multiple access (RSMA) systems. On each subcarrier, messages are non-orthogonal superimposed on the
power domain through the one-layer RSMA scheme. A novel three-step resource allocation algorithm is
proposed to deal with the non-convex problem of sum rate maximization. In step 1, assuming average power
allocation among subcarriers, we obtain the power distribution factors of the users in a single subcarrier by
converting this problem into a difference of convex program (DCP), and approximate it by its first-order
Taylor expansion. In step 2, we convert the user-subcarrier matching problem into an assignment problem
and use the Hungarian algorithm to solve it. In step 3, the optimized power allocation algorithm is used
to calculate the power allocation among the subcarriers, and then updates the power vector for each user.
Numerical results show that our proposed three-step resource allocation algorithm could achieve comparable
sum rate performance to the existing near-optimal solution with much lower computational complexity and
outperforms orthogonal multiple access (OMA) scheme.

INDEX TERMS Multicarrier rate-splitting multiple access, resource allocation, difference of convex

program, Hungarian algorithm, optimized power allocation algorithm.

I. INTRODUCTION

Multicarrier techniques have been widely adopted in
broadband wireless communications over the last decade, due
to their flexibility in resource allocation and multiuser diver-
sity[1]. In conventional multicarrier systems, orthogonal fre-
quency division multiple access (OFDMA) has been widely
adopted, in which the whole system bandwidth is divided
into multiple orthogonal subcarriers and each subcarrier is
allocated to at most one user in order to avoid multiuser
interference [2].

According to the statistics, the global mobile devices
and connections will grow to 13.1 billion by 2023 [3].
To meet the demand for the future data traffic, many research
works focus on non-orthogonal multicarrier systems, which
can provide a 30% capacity gain over orthogonal multi-
ple access (OMA) systems [4]. Considering the data rate
and the error rate constraints, authors in [5] designed user
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grouping, subcarrier allocation and bit allocation schemes of
multicarrier non-orthogonal multiple access (NOMA) sys-
tems to reduce the total transmit power. The authors of [6]
developed an dynamic programming (DP) recursion frame-
work to jointly optimize the subcarrier assignment, trans-
mission power allocation and transmission rate adaptation
of each user in the downlink multicarrier NOMA systems.
And they further proposed a low-complexity algorithm based
on the principles of block coordinate descent (BCD) and
concave-convex procedure (CCCP) in [7].

On a parallel avenue, rate-splitting multiple access (RSMA)
as amore general and efficacious transmission framework has
been attract considerable interests, since it can achieve higher
spectrum efficiency and energy efficiency than NOMA in any
user deployments [8]. It uses linearly precoded rate-splitting
(RS) at the transmitter to split the messages of users into
multiple common and private messages, and transmits them
simultaneously after superposition [9]. At the receiver, suc-
cessive interference cancellation (SIC) is utilized to decode
the common messages before decoding the private messages.
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In [10]-[15], the RS-assisted single cell multi-antenna broad-
cast channels (BC) were considered, while the multiple cell
interference (IC) were investigated in [16]-[21]. The recent
work [22] investigated RS-assisted multi-cell BC by intro-
ducing RS into cloud-radio access networks (C-RAN) with
partial cooperation among BSs. The work in [23] used RS
transmission scheme to deal with a resource allocation prob-
lem for the multigroup multicast scenario. The multi-layer
transmission structure of RSMA enables a superposition of
multiple type of services, as the common message could be
used to carry broadcast service, the sub-layer transmission
tageted to partial users could be used for the transmission of
multicast services, and the private lay is used to transmit uni-
cast services. This is the main advantage of RSMA compared
to other NOMA schemes, which could save the expenses
for wireless resources for the transmission of broadcast and
multicast services. NOMA and SDMA are just multiple
schemes suitable for unicast service transmission,which is
not suitable for broadcast and mulicast services. Therefore,
in the paper, we consider the exploitation of RSMA for joint
transmission of multi services.

Multicarrier transmission has become a primary scheme
for wireless broadband communication systems as 4G, 5G
and beyond. Multicarrier resources allocation is a key issue,
which is more complicated for multicarrier non-orthoganal
multiple access. However, the current research contributions
on multicarrier resource allocation only focus on NOMA.
To the best of our knowledge, a design of power alloca-
tion and user subcarrier matching for multicarrier RSMA
(MC-RSMA) systems is missing. To this end, we propose a
resource allocation algorithm to maximize the sum rate of the
RSMA-based system. The main contributions of this article
are summarized as follows:

« We propose a three-step low-complexity resource
allocation framework. One dimensional problem such
as power allocation on a single subcarrier, match-
ing between user and subcarrier and power allocation
among different subcarriers are solved in steps. Each
sub-problem is analyzed and solved by the optimal
algorithm.

e In step 1, assuming that the power of different
subcarriers is evenly distributed, the non-convex prob-
lem of power distribution of a single subcarrier is trans-
formed into a convex problem with the aid of difference
of convex program (DCP) and approximate it by its
first-order Taylor expansion around a feasible point.

« In step 2, we transform the user-subcarrier 0-1 match-
ing problem into an assignment problem. To solve
the assignment problem, an Hungarian algorithm based
user-subcarrier matching algorithm is proposed.

o In step 3, the power allocation problem between dif-
ferent subcarriers problem is proved to be a concave
function. We transform it into a Lagrange function and
solved it by an optimized power allocation algorithm,
which provide better sum-rate performance than equal
power allocation.
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o For transmit beamforming, multicarrer resource
allocation and power allocation, channel state infor-
mation (CSI) is required at the transmitter. Howerver
perfect CSI is impossible to be obtained due to channel
estimation error, channel quantization error and CSI
feedback delay. CSI errors bring distinct performance
degradation for beamformning, power and mulicarrier
resource allocation. To be more practical, we evaluate
the proposed sheme with imperfect CSI considerations.

In summary, we propose a power and muticarrier resource
allocation scheme for muli-user multi-carrier RSMA for joint
transmission of broadcast and unicast services, where random
beamforming and zero-forcing beamforming are used for
common and private messages considering complexity issue.
The joint optimization of beamforming vectors is also an
important and complicated problem, which is out of the scope
of this article. The rest of this article is organized as follows.
In Section II, the system model for the RSMA scheme and
the sum rate maximization problem mathematically are pre-
sented. Section III proposes the three-step resource allocation
framework. The power allocation algorithm for one subcar-
rier, the Hungarian algorithm for user-subcarrier matching
problem and the power allocation algorithm between subcar-
riers are analyzed in Section IV, Section V and Section VI
respectively. Simulation results are provided in Section VII,
and finally, conclusions are drawn in Section VIIIL.

Notation: Bold upper and lower letters denote matrices and
vectors respectively. A symbol not in bold font denotes a
scalar. (), ()T and (-)Lrespectively denote the Hermitian,
transpose and the null space of a matrix or vector. ||-|| refers
to the 2-norm of a vector. [E [-] refers to the expectation of a
random variable. (-)" denotes the value is non-negative.

Il. SYSTEM MODEL

We consider a downlink system, which comprises a base sta-
tion (BS) with NV, transmit antennas and K users each with a
single-antenna receiver, denoted by a set L = {1,2, ..., K}.
The overall system bandwidth W is divided into G orthogonal
subcarriers, indexed by G = {1, 2, ..., G}. Unlike OFDMA
system, a single subcarrier can be shared by multiple users.
According to the channel state information (CSI) feedback
from the users, the BS can obtain the channel of user k on the
subcarrier g, denoted as hy .

The generalized RS framework is very general and can
be used to identify the best possible performance, but its
implementation can be complex due to the large number of
SIC layers and common messages involved [8]. To overcome
this problem, we use one-layer RS in this work. Each message
is split into a common part and a private part. That is, a new
data stream is added to the original data streams on each
subcarrier. In each receiver, Each user firstly decodes the
common message and proceeds to decode its own private
message via SIC. The two-user RSMA transmission model
is shown in Fig. 1.

Denote the messages superimposed on subcarrier g is KCg,
|ICg| = K,. Let s, . represent the super common message
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FIGURE 1. Two-user RSMA transmission model.

that consists of common message split from K, pieces of
messages. For user k, the rest of the private part is denoted
by Sg . The power domain multiplexing technique is used to
encode the signals. And the signal sent on the subcarrier g can
be expressed as
Xg = Pg,cWg,cSg.c Z Pg ik Wg kS k (D
kelCq

The private message is trasmitted along a ZF-precoder
as Wor < span {lAlL } and w, . is a random
ok = P ( Kegl e, k) &

precoder. The received signal at user k is given by

H
Yo =h o | PocWe.cSg.c + Z PoiWekSgk | T (2)
kelCqy

We assume P, is the total transmitting power of BS, and
the allocated transmit power to subcarrier g is Pg, subject to

G

> Py < Py Pg o represents the allocated transmit power
g=1
to the common message of subcarrier g and Pg  represents
the allocated transmit power to user k£ on subcarrier g, with
Pg,c + Z Pg,kZPg.

kelCy
At the user k, the super common message is decoded first,

and the rest of the messages are taken as interference. Thus,
the SINR of the super common message is

2
Pg,C

H
hk,gwg’c

3

SINR; = 5
' H
> Pg,k’hk’gwg,k‘ + No
kelCy
The common part is subtracted from the received signal
after been decoded, and then the private messages received
by the user is decoded. The SINR of the private message of
the user k is
2
H
Pg,k‘hk’gwg,k‘

> Py r

kekCq k' #k

SINR x =

“

2
hf’gwg,k/‘ + No

where Nq denotes the power of noise. Based on the Shannon’s
law, the achievable rate of super common message on subcar-
rier g can be expressed as

Re.c = log, (1 + min {SINRZ;’,{}) kek,
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The achievable rate of the private message of the user k& on
subcarrier g is

Rgx = log, (14 SINRy ) 6)

A. OPTIMIZATION PROBLEM FORMULATION
For the wireless communication system, a higher transmission
rate over limited resources is an important criterion for mea-
suring the performance of system. So we aim at maximizing
the sum of data rates subject to power constraints in this work.
The user-subcarrier matching factor and power allocation
factor are taken as variables. Let P={Py, ..., Pg} denote
the power allocation factor set between different subcarriers.
We set p = [pk,g]Vkng’vgeG indicate the user-subcarrier
matching matrix. And we assume the set of power allo-
cation factor between messages on each subcarrier is
Py = [Pgc.Pgl1,....Pok].

The problem can be formulated mathematically as follows:

G

max R =

R, .+ R,
Jmax et D R

g=1 kelCy

G
s4.C1: Y Py <Py
g=1

C2:P,>0,Vg
C3:Pgct+ Y Poi=P,
kelCy
G
C4:) prg=1.Vk €K,
g=1
K
C5:) prg>1,¥g€G
k=1

Co6:prge{0,1},Vk e K, Vg€ G @)

where C1 indicates that the sum of power allocated on each
subcarrier is not greater than the maximum power that the
BS can transmit. C2 is the non-negative transmit power con-
straint on each subcarrier. C3 represents that the sum of the
power of each message on subcarrier g is equal to the power
allocated to subcarrier g by the BS. C4 stands for that each
message is superimposed on only one subcarrier. C5 specifies
that more than one data message can be superimposed on each
subcarrier. In constraint C6, px ¢ is a boolean variable indi-
cating the allocation of subcarriers. px ; = 1 means that user
k is assigned to subcarrier g for superimposed transmission.

Ill. THE THREE-STEP OPTIMIZATION FRAMEWORK FOR
MC-RSMA

The maximization problem (7) is a mixed non-linear pro-
gramming (MNLP) problem, which is in general difficult
to solve directly. In order to solve this problem, we pro-
pose a low-complexity three-step framework that reduces
the dimension of multidimensional variables. Specifically,
one-dimensional problems such as power allocation among
different users on a single subcarrier, matching between users
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FIGURE 2. Three-step optimization framework for MC-RSMA.

and subcarriers, and power allocation among different subcar-
riers are solved step by step. Each sub-problem is analyzed
and solved by the optimal algorithm.

The steps of the three-step resource allocation algorithm
can be given as follows, while the schetch diagram is shown
in Fig. 2.

step 1: We first assume that the transmit power of the
system is evenly distributed on different subcarriers
and determines the power assigned scheme to each
message on a single subcarrier.

step 2: We assign subcarriers to users based on the
power allocation solution obtained in Step 1. The
user-subcarrier matching problem can be trans-
formed into an assignment problem. To solve the
assignment problem, the Hungarian algorithm can
be used under a fixed power limit.

step 3: We calculate the power distribution coefficients
between different subcarriers to optimize the
sum-rate maximization problem. And then update
the final power allocation of each user.

In a word, we first determine which subcarriers the user is
assigned can maximize the rate, and then adjust the power
allocation coefficient between the subcarriers to maximize
the sum rate of the considered system. For RSMA we exploit
ZF precoding for private messages, therefore the channel
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state information from BS to users are needed at the tran-
sitter(CSIT). At the same time, CSIT are still necessary for
the proposed resource allocation. For FDD mode, CSI need
to be feedback to the BS transmitter. While in TDD mode,
CSIT could be get by channel reciprocity. This is signalling
overhead of our proposed algorithm.

IV. POWER ALLOCATION SCHEME IN ONE SUBCARRIER
We denote the user messages set superimposed on the
subcarrier g is Kq. According to (5) and (6), the sum rate

on the subcarrier g is R, = Rgc + Y. Ry . Based on the
kelCy
RSMA scheme, the common messages have the decoding pri-

ority. In order to ensure decode correctly, the received power
of the common messages must be no less than the private
messages. With the maximum sum-rate on the subcarrier as
the optimization objective, the optimization problem can be
expressed as follows:

max R, .+ R
P, 8.c Z gk

kelCq
H 2 H 2
5. CL: Pocfl wee| " > Pk nfl wi ]
C2:Pgct+ Y Poi=Py
kel
C3:Pgi >0
C4:Pue>0 ®)

where C'1 means the received power of the common messages
is no less than the private messages. C2 represents that the
sum of the power of each message on the subcarrier is equal
to the power allocated to the subcarrier by the BS. C3 and C4
indicate that the power allocated to the common and private
messages are non-negative.

The formula (8) can be rewritten as

H
Pgk ‘hk,gwqu‘

Hlllix Z log, | 1+ - 3 + Rg.c
kekq > Py hk,gwg,k/ + No
kekyg
K #k
Pg . hllzgwg,c
s.t.Rg e < ,Vk € Ky
> Pg,k‘hggwg,k‘ + No
kel
H 2 H 2
Poelbfl woe| > Poi|fl wes| vk € Ky
Pgc+ ZPg,k:Pg
kelCq
Py >0
Pge=0 ®

The problem (9) is a non-convex problem and is known
as NP-hard. We can transfer the original problem into
a DCP [24]. Note that the difference between concave
and convex functions is formally equivalent. Thus, we
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reformulate the problem as

min Zlogz Z Py i

ke, kekCq k' #k

2
+ No

H
hy  We i

2
= > t0m | 2 Pk bl wei| Mo | — R

kelCq kelCq
H 2 H 2
st Py 0 woi | = P/l we | <0, vk e K,
Pgc+ ZPg,k:Pg
kelCq
—Per <0
—Pe <0 (10)

Then we can approximate it by its first-order Taylor
expansion around a feasible point. First we let
f (Rg,Ca Pg,m Pg,l’ ceey Pg,Kg)

= Z log, Z Pg i

kekCq kelCq k' #k

2
+No | (1D

H
hy  We

and do first-order Taylor expansion of this function at differ-

entiable points (RO PO PO P° ) Then we have

g,C’ g701 g’]s sy gng
a
f =0 (12)
R ¢
0
I o (13)
0P ¢
H 2
¥ _ ¥ Po b we
ok k' elC,
2
k'#k In2 > Py hf, Ve +No
k" ek ’
8
k”#k/
(14)
2
0
f=Y log| Y P wer| +No
kekCq kelCq k' #k
2
50 H
N (Pg*" Pg»k’) ‘hk”gwé’*"‘
2
Keke 1n2 > Py w, | + Ny
K £k KK gk (M o We,
(15)

So, the optimization problem can be rewriten as

2
: H
min Z log, Z Pg’k,)hk’gwg,k/} + No
kelCy kelCq k' #k

2
0 H
(Pg*k ~ Pg’k’) ‘hk@gw&k‘

2
+ No

2
— Z log, Z Pg,k‘hﬁgwg,k‘ +No | —Rg,c
kelCq kelCq

+

K elCq
W2k In2

H
Pg,k” hk’,gwgﬂk”

(k”e’cg,k”;ﬁk/

(16)
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By extracting the constant term, the optimization problem
can be sorted out into (17).
2
+ No

2
= tom [ D2 Pes|nllwes |+ No
kel kelCq
— R ¢ + const

2
H
. Pgak‘hk”gwgak‘
min

k'ekC H
k’;ékg In2 ( Z Pg,k// hk’,gngk//

k”G’Cg,k”#k,

2
<0,Vk € Ky

H 2
s.t. Pg i ‘hk’gwg,k) — Py,

Pget Y Por =P,
kelCq
—Pgr <0

- Pg,c 5 O (17)

H
hk,gwg,c

We note that the optimization objective is convex, while
the constraint condition is non-convex. So it cannot be
directly solved, and further processing is needed. In this
section, the one-dimensional iterative search method is
adopted to solve the problem. First, we initialize R, . ran-
domly, and the problem can be transformed into a con-
vex problem by substituting R, . into (17). The convex
problem can be solved efficiently by standard convex pro-
gram solvers such as CVX [25]. Thus, the optimal solution
Pg o P;l, ces P;K corresponding to the current R, . can

.,P; k. into the
[ 4

8
be obtained. Then substitute P; o P;l, ..
(17) to get the optimal R; - Repeat the above process until

5k %k 3k . .
Py Py iy Py g converges. Finally, we can find the solu-
tion P} ., P% |, ..., P} . that maximizes the sum rate over a

8 8 8 Kg

single subcarrier.

V. USER-SUBCARRIER MATCHING SCHEME
Due to the channel response on each subcarrier is different,
the user-subcarrier matching scheme will affect the through-
put of the system. Therefore, reasonable and effective user
matching scheme plays an important role in system per-
formance gain. If the full search method is used, a large
number of redundant calculations will lead to low efficiency.
And if the fixed matching scheme is adopted, it cannot be
flexibly changed according to the current demand and chan-
nel state, resulting in bad performance. We find that this
user-subcarrier matching problem is similar to the assignment
problem where the number of users is less than the number
of tasks, so the deformed Hungarian algorithm can be used,
which can achieve the tradeoff between algorithm complexity
and performance.

In this section, the assignment problem and the Hungarian
algorithm are firstly described respectively, then the
user-subcarrier matching problem is discussed and solved.

A. ASSIGNMENT ISSUES

Suppose there are n tasks that need n people to complete, and
each person’s work efficiency is different. Each task can only
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be assigned to one person, and one person can only do one
task. The assignment problem is how to assign tasks that can
minimize the total working time.

Let C be the efficiency matrix, its element ¢;; > 0,1,
j=1,2,...nrepresents the time for the person i to complete
task j. The efficiency matrix is described in Table 1.

We denote the binary variable x;; represents whether to
assign the person i to complete task j, i.e.

1, the person i is assigned to task j
i = { 0, the person i is not assigned to task j (18)
,thep g J

The model of the assignment problem can be abstracted
into the following formula:

n o n
min 7 = E E Ci,jXij

i=1 j=1

n

s.t. in,jzl,jzl,Z,...,n
i=1
n
Y oxj=1li=12..n
=1

Xij € {O, 1} (19)

The first constraint restricts the task j can only be assigned
to one person, and the second constraint requires the person
i can only complete one task. The assignment problem is a
special case of 0-1 integer programming.

B. HUNGARIAN ALGORITHM

Hungarian algorithm is a combination optimization algorithm
for solving the task assignment problem in polynomial time.
The basic idea is to subtract a constant from the rows and
columns of the efficiency matrix, and turn it into zero ele-
ments in different rows and columns. Let the variables corre-
sponding to these zero elements become 1 and the remaining
variables become O to obtain the optimal solution of the
assignment problem.

Theorem 1: If the element with a value of 1 in the feasible
solution matrix x* = (xl-, j), which the corresponding element
in the efficiency matrix C= (c,-,j) is 0, the optimal solution
is x*.

Theorem 2: Given the assignment problem G with
efficiency matrix C= (c;;), the new matrix C’ obtained by
adding or subtracting the same number from the row or
column of C has the same efficiency with C.

Proof: for Vs € R,

¢ = Z chxw + Z Ckj £ 5) ¥,

i= ll,+_kj 1

= Z chxw + Z Ch ¥h.j + () Zx’w
i=1,i#k j=1

n

= ). Z%xlzf + Z kX + (5)
i=1,ik j=1 =1

= z+ (&) (20)
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TABLE 1. Efficiency matrix.

Worker
A1 Aoz e An
Task
B C1,1 1,2 Cl,n
Bn Cn,1 Cn,2 . Cn,n
TABLE 2. Rate matrix.
subcarrier
1 2 G
message
S1 T1,1 T1,g T,G
Sk Tk,1 Tk,g Tk,G
SK TK,1 TK,g TK,G

C. SOLUTIONS TO USER-SUBCARRIER MATCHING
PROBLEMS

The matching problem can be likened to the assignment prob-
lem, where the subcarrier is equivalent to the worker, the user
is equivalent to the task, and the user’s transmission rate on
the subcarrier is equivalent to the work efficiency. However,
this targeted problem is different from the traditional assign-
ment problem. In traditional assignment problem, users and
tasks have the same number, and the goal is to obtain the
minimum total value. While in this user-subcarrier matching
problem, the number of users is greater than the subcarriers,
and the target number is the maximum total value.

Since the current number of users is greater than the
number of subcarriers, the problem solved can be considered
as the case where the number of workers is less than the
number of tasks in the assignment problem.

Table 2 represents the rate matrix R between user messages
and subcarriers, and each element represents the rate of this
message transmitted on this subcarrier. rp o = [ hg ]’
That is because we assume that the power allocated to each

subcarrier is equal and Ry ; = log, (1 + Pg ||hk,g ||2 /N0>,

50 Ry, is only related to |hy g ||2

For the case where the number of subcarriers G is less than
the number of users K, we add K — G virtual subcarriers with
the rate of O to the rate matrix C. An assignment problem
with the number of subcarriers equals to the number of users
is defined as follows

max ZZ”‘ ¢Pk,g

k=1 g=1
G
s.t. Zpk,g =1,Vk e K,
g=1
K
> kg =1.Y4€G
k=1
Prg €10,1},Vk € Ko, Vg € G 21
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Algorithm 1 Hungarian Algorithm Based User-Subcarrier
Matching Algorithm
Input: channel matrix hyg, user messages sy, ..., sg
Output: user-subcarrier matching matrix p

1: initialize K’ < K, G <~ G, R = {rkvg“’k,g = ”hk’gnz}

2 Fyax < max {r q|Vk € K, g € G}

3 Fkg < Fmax — kg, Vk €K, g€ G

4: if K’ > G’ then

5: add K’ — G’ dummy columns with all values to 0 in
R

6: else if K’ < G’ then

7: add G’ — K’ dummy rows with all values to 0 in R

8: end if

9: N < max {K/, G’}

10: for k = 1to N do

11: r,g'f;" <—min{rk,g_|vge {1,....N}}
12: Tk,g < Tk,g — r;gilgn

13: end for

14: for g =1tondo

15: r,’:f;” <—min{rk,g|\7’k€ {1,...,N}}
16: Tk,g < Tk,g — r]:’f;,n

17: end for

18: Find the minimum number /,,,,,, of lines through the row
and columns to cover all zero elements.
19: if [, = N then

20: Select a set of 0 so that each row or column has only
one selected, i.e. Reemp = {Fk,g}

21: for 7 o € Riemp do

22: if k < K’ and g < G’ then

23: Pkg < 1

24: end if

25: K' <~ K' —{k}

26: end for

27: if K’ == & then

28: break

29: end if

30: go back to Step 4
31: elseif [,,,,,, < N then

32: Find the smallest entry r,,;,, not covered by any line.
33: Subtract r,,;, from each row that is not crossed out.
34: Add ry,;, to each column that is crossed out.

35: go back to Step 18

36: end if

The object of this problem is to find the best matching
matrix p, where the element o, indicates whether the
message k is allocated for superposition transmission on
the subcarrier g. We derive the user-subcarrier matching
algorithm based on the Hungarian algorithm as described in
Algorithm 1. In Algorithm 1, the operations from step 1 to
3 make a transformation of ry g, so that the maximization
problem could be transformed into a minization problem. The
rest steps carry a Hungarian task assignment algorithm to find
a minization taget value.
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VI. POWER ALLOCATION BETWEEN SUBCARRIERS

The previous section is based on the assumption that the
power allocated on each subcarrier is equal, but in practice,
due to the different messages superimposed on each subcar-
rier and the differences between channels, the power require-
ments of each subcarrier are different. Therefore, the purpose
of this section is to calculate the power distribution factors
among different subcarriers under the total power limit of BS
transmission, so as to make more reasonable use of power
resources and improve the performance of the system. The
optimal power allocation factors between subcarriers can be
obtained by solving the following optimization problem:

G
mle,lx R = Z Rgc + Z Rg i
g=1 kekCq

G
s.t. ZPg < PlOt
g=1
Py >0 (22)

where P, represents the power allocated on each subcarrier g.
Let t; . be the proportion of the power of common mes-
sages on the subcarrier, and #, ; be the proportion of private

messages sy, with £ . + > tex=1.
kel
According to the definition of Ry, we rewrite (22) as

follows:
R
H 2
G ’g-kPg|hkAgws~’<)

= Rgc+ > logy | 1+
g=1 kelCy

2
+No

H
> tg,k’Pg)hk,gwg,k’
kekg k! #k

(23)

It can be shown that the rate on each subcarrier depends on
the channel state of the subchannel and the power allocated to
this subcarrier. It remains to show that R is made up of a series
of log functions, i.e. R=log,m (Pg) +log,my (Pg) +...,and

2
tg,kPg‘thWg’k’
mi (Pg) =1+ . (24)
S tuPy| bl won| + N
kekK o k' 7k
2
Let a:tg,k‘th’gwg,k . B= X tewh wer|
keg k/#k
my. (Pg) can be rewriten as
aP
my (Pg) =1+ —2F5— 25
k ( g) ,BPg +NO ( )
Taking the second derivative of my (P,), then we have
%my (P 20BN,
k(zg):_ aBNo <0 26)
P, (BPg + No)

Since the second derivative is less than 0, we can infer that
my (Pg) is a concave function with respect to the variable Pg.
So the log,my (Pg) is a concave function of Pg, and we can
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Algorithm 2 Optimized Power Allocation Algorithm

Input: subcarrier set G={1, 2, ..., G}

Output: power allocation set P= [Py, P», ..., Pg]
1: forallg € G do

2: compute P, (1) by solving (29)
3: end fog

4: A < Z Py (M) = Py

g=1
: forallg e G do

5

6: update P, by (30) for a given A
7: if P, == 0 then
g
9

G« G—{g
: go back to step 1
10: end if
11: end for

conclude that R is the concave function of P,. We rewrite the
problem (22) in an equivalent convex optimization problem

as follows:
G

n}in— Z Ry + Z Rg 1
8 g=1 kelCy
G
st. ) Pg— Py <0
g=1
—P, <0 (27)

Note that the optimal power allocation problem between
subcarriers meets the KKT condition. It can be solved by
using the Lagrangian multiplier method. We construct the
Lagrange function first.

L (A, Pg)
G G
:—Z Rec+ ZRg’k + A ZPg_Ptot
g=1 kelCq g=1
G
= _Z Rg.c + Z log,
g=1 kEICg

2
H
fg,kpg‘hk,gwg,k‘

X 1 + 2
kelcgc’sﬁk ‘s Pe ’th’gwg’k/ o
G
+1 | D) Py~ Pi (28)
g=1

where A > 0 is the Lagrange multiplier. Let o=t «

2 2
‘th’gwg,k L Be= Yt th’gwg,kr , the optimal
kelCq k' #k
power allocation between subcarriers should satisfy:
oL 1 N
) e +1=0 (29)
P, 2 &< (o + i) Py +No
8
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FIGURE 3. Performance comparison of RSMA, NOMA and SDMA with
perfect CSI and imperfect CSl (62 = 0.5).

Solving the fractional equation, the optimal power
allocation can be obtained as

Pi=P,(\)" (30)

Formula (30) cannot be solved directly by numerical
methods. The proposed optimized power allocation algorithm
is summarized in Algorithm 2. Since the Algorithm 2 is
a dynamic process, whose complexity is related to Pg

G

condition. So the complexity is between O()_ K,N;) ~
g=1

G

O(G Y K Ny).

g=1
VIi. SIMULATION RESULT AND DISCUSSION
In this section, we evaluate the performance of the proposed
resource allocation scheme in MC-RSMA based system. We
consider a downlink MISO transmission scenario, where the
transmitter has 4 antennas and each user has one antenna.
We only consider small scale fading as Rayleigh fading in
the simulation. CSI is needed for SIC receiver and precoder
respectively, however it is hard to obtain perfect CSI. There-
fore in our simulation in section VII, schemes are evaluated in
the case of imperfect CSI. The imperfect channel is modeled
as h = h + e, where h is the estimated channel of h
and e denotes the CSI error, ¢ ~ CN (O, 0'2). Meanwhile,
we normalize the noise, i.e. the SNR is equal to the power
constraint P. The performance of the proposed scheme is
evaluated by Monte Carlo simulations and the number of
Monte Carlo cycles is set to 5000.

A. SIMULATION OF POWER ALLOCATION ON A SINGLE
SUBCARRIER

To begin with, we investigate the performance of RSMA,
NOMA and SDMA schemes with perfect CSI and imper-
fect CSI (62 = 0.5) in a downlink senario, which is shown
in the Fig. 3. It is assumed that only two user messages
are superimposed on this subcarrier, and an average power
distribution between messages is adopted for SDMA and
RSMA. For RSMA, half of the total power is used to transmit
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—A— optimization power allocation,u2 =0.2

— fixed power allocation,02=0.2
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14 optimization power allocation,02=0.8

fixed power allocation,02:0.8

sum rate(pps/Hz)
S
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SNR(dB)
FIGURE 4. The sum rate of MC-RSMA versus SNR for the optimized power

allocation scheme and the fixed power allocation scheme among
different message layers on each subcarrier under different CSI errors.

a common message to both users. Different from RSMA
and SDMA, we exploit a proportional power allocation for
NOMA. ZF precoding is used for RSMA, NOMA and SDMA
downlink multiuser beamforming. It can be seen that the
three schemes have same performance under perfect CSI.
This is because the ZF precoding algorithm can completely
eliminate the interference between users and achieve the
maximum system sum rate. NOMA performs better than
RSMA and SDMA under imperfect CSI. This is because
NOMA is assumed to be able to decode the interference
signal completely in SIC, while RSMA could not cancel
interference due to imperfect CSI, and SDMA is to treat the
interference as completely as noise. Due to the limitations of
the NOMA deployment scenario and the complexity of the
transmitter and receiver, it is not suitable for superimposing
more messages on the same subcarrier, so RSMA has more
advantages. On the other aspect, RSMA can jointly transmit
broadcast services and unicast services without additional
radio resources, which make RSMA to be a good structure
for multiple type services transmission with high spectrum
efficiency.

Fig. 4 simulates the system sum rate of the optimized
power allocation among different messages with different
CSI error levels (62 = 0.2, 02 = 0.5, 02 = 0.8). In this
step, equal power are assigned to each subcarriers while the
optimized power allocation are carried to find the power for
common and private messages. It can be seen from the fig-
ure that the optimized power allocation scheme algorithm can
effectively improve the performance of the system under dif-
ferent SNRs compared to the fixed power allocation scheme,
and can improve more performance under high SNR.

B. SIMULATION ANALYSIS OF USER AND SUBCARRIER
MATCHING

In this subsection, we evaluate the matching between user
and subcarrier with the aim of maximizing the system sum
rate. Suppose that there are 5 user messages to be allocated
to 3 subcarriers. The superimposed users on each subcarrier
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FIGURE 5. The sum rate of MC-RSMA versus SNR for the Hungarian
matching algorithm and the random matching scheme with imperfect CSI
(62 =0.5).

adopt the non-orthogonal transmission mode of one-layer
rate splitting, and the power allocated to each subcarrier are
same.

According to the suboptimal power distribution algorithm,
the power distribution factor of superimposed user messages
on the same subcarrier can be obtained. And the problem of
selecting user combinations in the rate matrix can be trans-
formed into an assignment problem and the Hungarian algo-
rithm based user-subcarrier matching algorithm can deal with
it. Compared with the performance of the random assignment
algorithm in this transmission scenario, the simulation results
can be obtained as shown in the Fig. 5.

In Fig. 5, we compare the system sum rate changes for
the Hungarian algorithm based user and multicarrier mapping
and the random subcarrier scheme under the condition of
CSI error 62 = 0.5. As SNR increases, the system sum
rate increases. Because the Hungarian algorithm is to find the
user and subcarrier matching that can achieve the maximum
rate among the existing users, it can be seen from the fig-
ure that the system performance of the Hungarian algorithm
based scheme is better than that of the random matching
scheme.

We compare the complexity of random matching scheme,
Hungarian matching algorithm and full search matching
scheme. K represents the total number of users and G rep-
resents the total number of subcarriers in Table 3. It can be
seen from the table that the optimal full-search matching
scheme is of high complexity and is not suitable for use
in practical projects. The Hungarian algorithm can reduce
the computational complexity and improve the performance
compared with the random matching scheme, thus achieving
a balance between complexity and performance.

C. SIMULATION ANALYSIS OF POWER ALLOCATION
BETWEEN DIFFERENT SUBCARRIERS

The previous user and subcarrier matching scheme is
based on equal power distribution among subcarriers.
However, users have different channel conditions on different
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TABLE 3. Comparison of computational complexity of different matching
schemes

random Hungarian full search
scheme . . .
matching matching matching
computation |y 0 (K2G) 0 (KS)
complexity
60 T T T T T
— —— -equal power o
—f— optimized power L
50 -
— 40
N
T
]
Q
Q
T 30
®
IS
=]
® 20
10
¥
0 ‘ ‘ : : ‘
0 5 10 15 20 25 30
SNR[dB]

FIGURE 6. The sum rate of MC-RSMA versus SNR for the optimized power
distribution algorithm and the equal power distribution scheme among
subcarriers with imperfect CSl (62 = 0.5).

subcarriers, and different users have different QoS require-
ments. Equal power distribution between subcarriers cannot
guarantee the optimal performance of the system. Based on
the above analysis, this section simulates and analyzes the
power allocation algorithm.

After determining the power matching factor between the
superimposed messages on the same subcarrier, the optimized
algorithm is used to allocation power among subcarriers.
Performance comparison with the equal power distribution
scheme is shown in Fig. 6. The sum rate of these two power
distribution schemes increases with the increase of SNR, and
the performance of the system using the optimized power
distribution algorithm is better than that of the equal power
distribution scheme.

VIIl. CONCLUSION

In this work, we investigate the MC-RSMA network resource
allocation scheme. To maximize the system sum rate,
a resource allocation model of joint power distribution
and user-subcarrier matching is formulated. To solve this
non-convex problem, we propose a three-step low complex-
ity algorithm to disassemble the original problem and solve
the variables in turn. Firstly, by converting this problem
into a DCP and approximating it by its first-order Taylor
expansion, the power distribution factor between the super-
posed messages on the same subcarrier can be solved. Then
the matching factor between the user and the subcarrier
is solved based on the Hungarian algorithm. Finally the
problem is transformed into the Lagrange function to solve
the power distribution factor between different subcarriers
through the optimized power distribution algorithm. The
simulation results prove the feasibility and superiority of
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the proposed scheme of resource allocation in the RSMA
network under imperfect CSI.

REFERENCES

[1] Y. Sun, D. W. K. Ng, Z. Ding, and R. Schober, “Optimal joint power

and subcarrier allocation for MC-NOMA systems,” in Proc. IEEE Global

Commun. Conf. (GLOBECOM), Washington, DC, USA, Dec. 2016,

pp. 1-6.

Y. Fu, L. Salaun, C. W. Sung, and C. S. Chen, “‘Subcarrier and power

allocation for the downlink of multicarrier NOMA systems,” IEEE Trans.

Veh. Technol., vol. 67, no. 12, pp. 11833-11847, Dec. 2018.

[3] Cisco, Cisco Annual Internet Report. Cisco Annual Inter-
net  Report (2018-2023) White  Paper. [Online]. Available:
https://www.cisco.com/c/en/us/solutions/collateral/executive-
perspectives/ annual-internet-report/white-paper-c11-741490.html

[4] C.-L. Wang, T.-Y. Chen, Y.-F. Chen, and D.-S. Wu, “Low-complexity
resource allocation for downlink multicarrier NOMA systems,” in Proc.
IEEE 29th Annu. Int. Symp. Pers., Indoor Mobile Radio Commun.
(PIMRC), Bologna, Italy, Sep. 2018, pp. 1-6.

[5] J.-H. Tseng, Y.-F. Chen, and C.-L. Wang, “User selection and resource

allocation algorithms for multicarrier NOMA systems on downlink beam-

forming,” IEEE Access, vol. 8, pp. 59211-59224, 2020.

J. Chen, L. Zhang, Y.-C. Liang, and S. Ma, “Effective-throughput max-

imization for multicarrier NOMA in short-packet communications,” in

Proc. IEEE Global Commun. Conf. (GLOBECOM), Waikoloa, HI, USA,

Dec. 2019, pp. 1-6.

J. Chen, L. Zhang, Y.-C. Liang, and S. Ma, “Optimal resource allocation

for multicarrier NOMA in short packet communications,” IEEE Trans.

Veh. Technol., vol. 69, no. 2, pp. 2141-2156, Feb. 2020.

[8] Y. Mao, B. Clerckx, and V. O. K. Li, “Rate-splitting multiple access
for downlink communication systems: Bridging, generalizing, and out-
performing SDMA and NOMA,” EURASIP J. Wireless Commun. Netw.,
vol. 2018, no. 1, p. 133, May 2018.

[9] Y. Mao, B. Clerckx, and V. O. K. Li, “Rate-splitting multiple access
for coordinated multi-point joint transmission,” in Proc. IEEE Int. Conf.
Commun. Workshops (ICC Workshops), May 2019, pp. 1-6.

[10] S. Yang, M. Kobayashi, D. Gesbert, and X. Yi, “Degrees of freedom of
time correlated MISO broadcast channel with delayed CSIT,” IEEE Trans.
Inf. Theory, vol. 59, no. 1, pp. 315-328, Jan. 2013.

[11] C. Hao, Y. Wu, and B. Clerckx, ‘“Rate analysis of two-receiver MISO
broadcast channel with finite rate feedback: A rate-splitting approach,”
IEEE Trans. Commun., vol. 63, no. 9, pp. 3232-3246, Sep. 2015.

[12] M. Dai, B. Clerckx, D. Gesbert, and G. Caire, “‘A rate splitting strategy for
massive MIMO with imperfect CSIT,” IEEE Trans. Wireless Commun.,
vol. 15, no. 7, pp. 4611-4624, Jul. 2016.

[13] H.Joudeh and B. Clerckx, “Sum-rate maximization for linearly precoded
downlink multiuser MISO systems with partial CSIT: A rate-splitting
approach,” IEEE Trans. Commun., vol. 64, no. 11, pp.4847-4861,
Nov. 2016.

[14] Y.Mao, B. Clerckx, and V. O. K. Li, ““Rate-splitting for multi-antenna non-
orthogonal unicast and multicast transmission,” in Proc. IEEE 19th Int.
Workshop Signal Process. Adv. Wireless Commun. (SPAWC), Jun. 2018,
pp. 1-5.

[15] Y. Mao, B. Clerckx, and V. O. K. Li, “Energy efficiency of rate-splitting
multiple access, and performance benefits over SDMA and NOMA,”
in Proc. 15th Int. Symp. Wireless Commun. Syst. (ISWCS), Aug. 2018,
pp. 1-5.

[16] T. Han and K. Kobayashi, “A new achievable rate region for the inter-
ference channel,” IEEE Trans. Inf. Theory, vol. 27, no. 1, pp. 49-60,
Jan. 1981.

[17] R. H. Etkin, D. N. C. Tse, and H. Wang, ““Gaussian interference channel
capacity to within one bit,” IEEE Trans. Inf. Theory, vol. 54, no. 12,
pp. 5534-5562, Dec. 2008.

[18] H.Dahrouj and W. Yu, ““Multicell interference mitigation with joint beam-
forming and common message decoding,” IEEE Trans. Commun., vol. 59,
no. 8, pp. 2264-2273, Aug. 2011.

[19] C. Hao and B. Clerckx, “MISO networks with imperfect CSIT: A topo-
logical rate-splitting approach,” IEEE Trans. Commun., vol. 65, no. 5,
pp. 2164-2179, May 2017.

[20] C. Hao, B. Rassouli, and B. Clerckx, ‘““‘Achievable DoF regions of MIMO
networks with imperfect CSIT,” IEEE Trans. Inf. Theory, vol. 63, no. 10,
pp. 6587-6606, Oct. 2017.

2

[6

—

[7

—

174231



IEEE Access

L. Li et al.: Resource Allocation for Multicarrier RSMA System

[21] X. Du, L. Li, Z. Li, and G. Lu, “Topological rate-splitting based power
allocation scheme in K-cell MISO interference channel with imperfect
CSIT,” in Proc. Int. Conf. Comput., Netw. Commun. (ICNC), Honolulu,
HI, USA, Feb. 2019, pp. 960-964.

[22] A. A. Ahmad, H. Dahrouj, A. Chaaban, A. Sezgin, and M.-S. Alouini,
“Interference mitigation via rate-splitting in cloud radio access networks,”
in Proc. IEEE 19th Int. Workshop Signal Process. Adv. Wireless Commun.
(SPAWC), Jun. 2018, pp. 1-5.

[23] H. Chen, D. Mi, B. Clerckx, Z. Chu, J. Shi, and P. Xiao, “Joint power and
subcarrier allocation optimization for multigroup multicast systems with
rate splitting,” IEEE Trans. Veh. Technol., vol. 69, no. 2, pp. 2306-2310,
Feb. 2020.

[24] Z. Li, L. Li, and X. Du, “Rate-splitting based transmission strategy
design in FDD-based system,” in Proc. IEEE/CIC Int. Conf. Commun.
China (ICCC), Aug. 2018, pp. 773-777.

[25] M. Grant and S. Boyd. (Jan. 2020). CVX: MATLAB Software for
Disciplined Convex Programming, Version 2.2. [Online]. Available:
http://cvxr.com/cvx

LIHUA LI (Member, IEEE) received the B.E.
and Ph.D. degrees from the Beijing University of
Posts and Telecommunications (BUPT), Beijing,
China, in 1999 and 2004, respectively. She had
been a Visiting Scholar with the University of
Oulu, Finland, in 2010, and Stanford University,
USA, in 2015. She is currently a Professor with
BUPT. Her research interests include MIMO and
massive MIMO, cooperative transmission tech-
nologies, link adaptation etc., relating to new gen-
eration mobile communication systems such as 5G and beyond. She has
published 95 articles and five books. She has applied 23 national inven-
tion patents and one international patent. She was selected and funded
as one of the New Century Excellent Talents by the Chinese Ministry of
Education, in 2008. She won the Second Prize of the State Technological
Invention Award (top-3 China national awards), in 2008, and the First Prize
of the China Institute of Communications Science and Technology Award,
in 2006, for research achievements of "Wideband Wireless Mobile TDD-
OFDM-MIMO Technologies."

174232

KEJIA CHAI received the B.E. degree in telecom-
munication engineering from the Beijing Univer-
sity of Posts and Telecommunications (BUPT),
China, in 2017, where she is currently pursuing
the ML.E. degree with the State Key Laboratory
of Networking and Switching Technology, School
of Information and Communication Engineering.
Her research interests include wireless commu-
nications and networks, coordinated multi-point
transmission, and rate-splitting technology.

JILONG LI received the B.S. degree in elec-
tronic engineering from the University of Elec-
tronic Science and Technology of China, Chengdu,
China, the M.S. degree in remote sensing from
the Chinese Academy of Sciences, Beijing, China,
in 2002, and the Ph.D. degree in electronic engi-
neering from the Beijing University of Posts and
Telecommunications, Beijing, in 2005. He is cur-
rently working with The Academy of Broadcasting

- Science as a Senior Engineer. His research inter-
ests include 5G broadcast, radio and wireless convergence networks, radio
digital broadcasting, channel coding, and modulation technology.

XINGWANG LI (Senior Member, IEEE) received
the B.Sc. degree from Henan Polytechnic Uni-
versity, in 2007, the M.Sc. degree from the Uni-
versity of Electronic Science and Technology of
China, in 2010, and the Ph.D. degree from the Bei-
jing University of Posts and Telecommunications,
in 2015.

From 2010 to 2012, he was working with
Comba Telecom Ltd., Guangzhou, China, as an
Engineer. He spent one year, from 2017 to 2018,
as a Visiting Scholar with Queen’s University Belfast, Belfast, U.K. He is
currently an Associate Professor with the School of Physics and Electronic
Information Engineering, Henan Polytechnic University, Jiaozuo, China. His
research interests include MIMO communication, cooperative communica-
tion, hardware constrained communication, non-orthogonal multiple access,
physical layer security, unmanned aerial vehicles, and the Internet of Things.
He has served as the TPC/Co-Chair, such as IEEE Globecom, IEEE/CIC
ICCC, IEEE WCNC, IEEE VTC, and IEEE/IET CSNDSP. He is currently
an Editor on the Editorial Board of IEEE Acckss, Computer Communica-
tions, Physical Communication, and the KSII Transactions on Internet and
Information Systems. He is also a Lead Guest Editor of the Special Issue on
"Recent Advances in Physical Layer Technologies for 5G-Enabled Internet
of Things" of Wireless Communications and Mobile Computing.

VOLUME 8, 2020



