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ABSTRACT In this paper, a new approach for multiple access in the fifth generation (5G) of cellular
networks called power domain sparse code multiple access (PSMA) is proposed. In PSMA, we adopt both the
power domain and the code domain to transmit multiple users’ signals over a subcarrier simultaneously. In
such a model, the same sparse code multiple-access (SCMA) codebook can be used by multiple users, where,
for these users, the power domain non-orthogonal multiple access (PD-NOMA) technique is used to send
signals non-orthogonally. Although the signal of different SCMA codebooks can be detected orthogonally,
the same codebook used by multiple users produces interference over these users. With PSMA, a codebook
can be reused in the coverage area of each base station more than one time, which can improve the spectral
efficiency. We investigate the signal model as well as the receiver and transmitter of the PSMA method. In the
receiver side, we propose a message passing algorithm-based successive interference cancellation detector
to detect the signal of each user. To evaluate the performance of PSMA, we consider a heterogeneous cellular
network. In this case, our design objective is to maximize the system sum rate of the network subject to some
system level and QoS constraints such as transmit power constraints. We formulate the proposed resource
allocation problem as an optimization problem and solve it by successive convex approximation techniques.
Moreover, we compare PSMA with SCMA and PD-NOMA from the performance and computational
complexity perspective. Finally, the effectiveness of the proposed approach is investigated using numerical
results. We show that by a reasonable increase in complexity, PSMA can improve the spectral efficiency
about 50% compared with SCMA and PD-NOMA.

INDEX TERMS Non-orthogonal multiple access (NOMA), sparse code multiple access SCMA, power
domain coded sparse code multiple access (PSMA), resource allocation, successive convex approximation.

I. INTRODUCTION
Multiple access (MA) techniques have an essential role on the
performance improvement of cellular networks. In the fourth
generation (4G) of cellular networks, orthogonal frequency
division multiple access (OFDMA) is proposed as an efficient
MA technique to address the upcoming challenges. As the
statistical data shows, mobile data traffic will grow several
folds in the next decade [1], [2]. Therefore, the next genera-
tions of cellular networks should be designed to address exist-
ing challenges like spectral efficiency and energy efficiency.
Due to the demand for high data rate services and the
limitations of the available bandwidth for cellular networks,
applying new techniques and methods to improve spectral
efficiency in fifth generation (5G) of cellular networks is very

important. For MA techniques in 5G, some non-orthogonal
techniques such as power domain non-orthogonal multiple
access (PD-NOMA) [3] and sparse code multiple access
(SCMA) [4] are proposed. By applying superimposed coding
on the transmitter side, PD-NOMA assigns a subcarrier to
multiple users simultaneously, while on the receiver side, by
using successive interference cancellation (SIC) method, the
signals of users are detected. SCMA is a codebook based MA
technique in which each subcarrier can be used in different
codebooks on the transmitter side, and on the receiver side,
users’ signals are detected by applying the message passing
algorithm (MPA).

Recently, PD-NOMA and SCMA have received signifi-
cant attention as appropriate candidates for MA technique
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for 5G [5]-[19]. Ding et al. [S5] study user pairing in
a PD-NOMA based system. They show that the system
throughput can be improved by pairing users enjoying good
channel situations with users suffering from poor channel
conditions. Hanif et al. [6] study the joint power alloca-
tion and precoding design in a multiuser multiple input
multiple output (MIMO) PD-NOMA based system in order
to maximize the system sum rate. In [12], by consider-
ing a minimum data rate requirement for the users with
bad channel situations, the authors propose a power allo-
cation problem. To solve the corresponding problem, they
apply two algorithms: an optimal algorithm using the bisec-
tion search method with high computational complexity and
a suboptimal one based on the SIC approach. Timotheou
and 1. Krikidis, Timotheou and I. Krikidis, Timotheou and
Krikidis [13] propose different resource allocation problems.
Based on the proposed method, they study the effect of
the fairness among users in a PD-NOMA based system.
Zhang et al. [14] propose a resource allocation method
which maximizes the energy efficiency in an SCMA-based
system. In [15], PD-NOMA and SCMA as the pioneer
candidates of MA in 5G are compared from performance
and receiver complexity points of view. Wei et al. [16],
by considering imperfect channel state information at trans-
mitter, investigate radio resource allocation in a multicarrier
PD-NOMA based system. They formulate an optimization
problem which minimizes the total transmit power with min-
imum rate requirement constraint. Sun et al. [17] study sum
rate maximization in a full-duplex PD-NOMA based system.
They solve the proposed optimization problem by exploiting
both the optimal solution with high complexity and the sub-
optimal solution with low complexity.

In the core of PD-NOMA lies the SIC technique which
makes it possible to allocate one subcarrier to more than
one user by removing the interference resulting from non-
exclusive utilization of subcarriers. On the other hand, SCMA
employs exclusive codebooks for each user where each code-
book is assigned non-exclusively to certain number of subcar-
riers. Instead of SIC, SCMA uses MPA to remove the result-
ing interference. The core idea of PSMA is to take advantage
of SCMA ability to remove the inference using MPA while
letting the users to utilize the codebooks non-exclusively, i.e.,
each codebook is assigned to more than one user. The SIC
method is then applied to remove the interference resulting
from non-exclusive use of the codebooks after applying the
MPA.

The main contributions of this paper can be summarized as
follows:

« We propose a multiple access method called PSMA at
which a codebook can be reused more than one time in
the coverage area of a BS. Reusing a codebook more
than one time can improve the system spectral efficiency.

o We also propose a MPA based SIC detector to detect
the signal of each user in the considered PSMA-based
system. Moreover, we investigate the SIC ordering in
this system.
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« We investigate the signal model and detection tech-
niques of PSMA together with PD-NOMA and SCMA
for comparison. Moreover, we compare the receiver
complexity for the three techniques.

o We propose a novel resource allocation problem for
PSMA-based heterogeneous networks (HetNets) in
which we maximize the sum rate with certain con-
straints. To solve the corresponding problem, we apply
advanced optimization techniques to address the non-
convexity of the problem.

o For practical scenarios, we consider similar resource
allocation problems for PD-NOMA and SCMA to com-
pare their performance and complexity with that of
PSMA.

The results indicate that by a reasonable increase in the
receiver complexity, PSMA can improve the spectral effi-
ciency as high as 50% compared to SCMA and PD-NOMA.

The remainder of this paper is organized as follows: sys-
tem model and signal model for transmitter and receiver of
PD-NOMA and SCMA are studied in Section II and
Section III, respectively. The PSMA technique and its sig-
naling on transmitter and receiver sides are investigated in
Section IV. The complexity of the receiver for different MA
techniques is studied in Section V. To evaluate the perfor-
mance of PSMA, resource allocation problems are proposed
in Section VI. In Section VII, the solution algorithms of the
proposed resource allocation problems are presented. Numer-
ical results are presented in Section VIIL. Finally, the paper is
concluded in Section IX.

Il. MULTIPLE ACCESS TECHNIQUE: PD-NOMA
In a PD-NOMA system, each subcarrier can be assigned

to multiple users simultaneously by applying superimposed
coding (SC), and each user removes the signals of other users
by exploiting SIC. Based on the PD-NOMA approach, each
user on the receiver side removes the signals of the users with
worse channel, and considers the signals of other users as
noise.

A. PD-NOMA SYSTEM MODEL

We consider a downlink PD-NOMA-based HetNet with F
BSs, M users, and N subcarriers. In this system model, F
indicates the set of BSs with f = 1 denoting the macro
base station (MBS). M, denotes the set of users of cell
f with Ufe]_- M; = M denoting the set of all users. N/
demonstrates the set of subcarriers. In addition, h}:n,n is the
channel coefficient between user m and BS f on subcarrier
n and pi,l,,, is the transmit power of BS f to user m over
subcarrier n. We define the subcarrier assignment indicator
/3{,[),1 with ,5{,1,1 = 1 if subcarrier n is assigned to user m over
BS f, and otherwise 6;,,,,1 =0.

B. PD-NOMA SIGNAL MODEL: RECEIVED SIGNAL
With parameter definitions in the previous subsection, the
received signal at user m in BS f over subcarrier n is given
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FIGURE 1. Block diagram of transmitter and receiver in a PD-NOMA-based system.
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where s¢ _indicates the message which BS i sends to user j on

j.n
subcarrier n and wf,,m shows the noise. The first term of (1)
indicates the signal of user m on subcarrier n over BS f, the
second term presents the NOMA interference term, and the
third term shows the inter-cell interference.

C. PD-NOMA SIGNAL MODEL: RECEIVER SIDE

In the PD-NOMA approach, on the receiver side for user

m, the signal of users with better channel situation are con-

sidered as noise and the signals of other users are detected

and removed. For example if we consider a worse user
', ie., |hf n| |h£1 , the signal to interference plus

noise ratio (SINR) of user m’ at user m, i.e., V;{w n(m), can
be obtained by equation (2) shown bottom of this page. An
important issue in this procedure is that we assume user m
is able to decode the message of user m’. This is possible
if the SINR of user m’ at user m is larger than that of
user m’ at its receiver, i.e., o () = m,nyfn,,n(m’). In
single cell PD-NOMA, the strategy is to sort users based
on their channel gains and let users with better channels
decode the signals of users with worse channels This strategy
ensures that the condition 1/ Lm) > ,Bm n)/,/;/ (m’) for single
cell PD-NOMA is always satlsfled However, for multicell

PD-NOMA. we must adopt appropriate policy to guarantee
this condition.

After decoding the signal of user m’, user m will decode it
and subtract it from the received signal. User m will apply this
SIC procedure for all users worse than itself to finally obtain
the following signal:

- hm n p{" nm,n
+ Z ﬁ]f,nhj:n,n p;‘ns}c,n

jeMy K| >\h£,n|2

Jan

+ Z Z .l p/l:,n‘?;',n"'w,r‘n,n’ (€)

ieF,i#f jeM;

which leads to SINR y,{l’n(m). This can be obtained from
(2) using the corresponding parameters. The transmitter and
receiver block diagram of a PD-NOMA-based system with
minimum mean square error (MMSE) detector is shown in
Fig. 1, in which Ly shows the number of users which are
superimposed in each subcarrier.

IIl. MULTIPLE ACCESS TECHNIQUE: SCMA

An SCMA encoder is a mapping from log,(J) bits to an
N-dimensional codebook of size J [4]. The N-dimensional
codewords of a codebook are sparse vectors with U
(U < N) non-zero entries that refer to U specific sub-
carriers. Based on the SCMA approach, codebooks that
are composed of subcarriers are the basic resource units
in networks [4], [19]. If each codebook consists of U
subcarriers, there are C(N, U) % codebooks
in the considered system. The transmitter and receiver
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FIGURE 2. Block diagram of transmitter and receiver in a SCMA-based system.

block diagrams of an SCMA-based system are shown
in Fig. 2.

A. SCMA SYSTEM MODEL
In SCMA, the BS sends the signals of all users simultane-
ously. Since users use different codes that occupy different
subcarriers, the received signal over each subcarrier has com-
ponents from signals of other users’ codes. Note that in the
considered HetNet model, users in each cell are assumed to
use different codes meaning that a code is reused in each
cell only once. We consider a downlink SCMA-based HetNet
with F BSs, M users, and C codebooks. In this system model,
C indicates the set of codebooks. In addition, p{n’c is the
transmit power of BS f to user m on codebook c, and qf,,,c
is the codebook assignment between user m and codebook
c in BS f with q);,l,c = 1 if codebook c is allocated to
user m in BS f and otherwise qf,,,c = 0, and p{l,q is the
mapping between subcarriers and codebooks with p{,,c =1
if codebook ¢ consists of subcarrier n in BS f and otherwise
ne = 0. We assume that p is a known parameter and py, .
is assigned to subcarrier 7 in codebook ¢ based on nﬁ,c with
0 < ;7’;,0 < 1. This is determined based on the codebook
design and satisfies ) v, car 77{“. = 1, Vc. Note that N
shows the subcarriers set of codebook c. Since we assume
that each codebook is used only once in each cell, we must

have Zme/\/tf qu,c =1, Ve f.

B. SCMA SIGNAL MODEL: RECEIVED SIGNAL

Considering the parameters that are defined in the system
model subsection, in an SCMA based HetNet system, the
received signal at user m in BS f over subcarrier n is

formulated as:

Yha =22 Sy abh M o[PSt W (4)

ieF jeM; ceC
where si, . is the message which BS f sends on subcarrier
n in codebook ¢ and w,fn,n indicates the noise that user m
experiences on subcarrier n.
We note that over each subcarrier, each user receives the

signals of all other users which use codebooks that contain
subcarrier n.

C. SCMA SIGNAL MODEL: RECEIVER SIDE
At the receiver side of user m that uses code ¢, the MPA is per-
formed. The algorithm naturally cancels the interference from
all other codes different from code c. Note that since code c is
reused, we have interference from code ¢ used in other cells
over the considered user m in cell f. With parameters defined
in the system model subsection, in an SCMA based HetNet
system, the SINR of user m on codebook ¢ over BS f is given
by equation (5), as shown at the bottom of this page, where
m,c 15 the noise that user m achieves from codebook c over
BS f and |E{o£u}|2 is the power of it.

IV. MULTIPLE ACCESS TECHNIQUE: PSMA

In the proposed PSMA system, we assume that each code-
book can be assigned to more than one user in a BS simul-
taneously as shown in Fig. 3. Based on this new approach,
each codebook is assigned to more than one user by apply-
ing the SC method. On the receiver side, the users’ signals
are detected by using MPA and SIC. Based on the PSMA
approach, each user can detect and remove the signals of users
with worse average channel gain by applying MPA and SIC
while considering the signals of the users with better average
channel gain as noise. The transmitter and receiver block

f qu,c m,c Zne/\f n,cpl,;,cmfm,nlz

&)

Vi, c
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FIGURE 3. Signal model of PSMA-based system. As can be seen, by applying superimposed
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the signals of UE2 and UE3 are transmitted on codebook 1.

Transmitter side

FIGURE 4. Block diagram of transmitter and receiver in a PSMA-based system.

diagrams of the proposed PSMA-based system are shown
in Fig. 4.

A. PSMA SYSTEM MODEL

1) PSMA-BASED SINGLE CELL SYSTEM MODEL

We consider a downlink PSMA-based system with one BS,
M users, N subcarriers, and C codebooks. In this system
model, £, , is the channel coefficient between user m and
BS on subcarrier n, p,, . is the transmit power of BS to
user m on codebook ¢, and ¢, . demonstrates the codebook
assignment between user m and codebook ¢ with g, = 1
if codebook c is allocated to user m and otherwise ¢, = 0.
In addition, p, . indicates the mapping between subcarriers
and codebooks with p, . = 1 if codebook c consists of
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subcarrier n, otherwise p, . = 0. We assume that p is a
known parameter. Also, we assume that p,, . is allocated to
subcarrier n in codebook ¢ based on 1,  where 0 < n, . <1
is determined based on the codebook design and satisfies
Y vnenr fine = 1 ¥e [41, [19].

Note that in contrast to the SCMA model, a code can be
reused by more than one user in the cell, i.e., for a code ¢, we

may have Zmer Gpc > 1.

2) PSMA-BASED HETNET SYSTEM MODEL

We consider a downlink PSMA-based HetNet with F' BSs,
M users, and C codebooks. Here, we again emphasize that in
contrast to the SCMA model, a code can be reused by more
than one user in each cell.
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B. PSMA SIGNAL MODEL: RECEIVED SIGNAL

In PSMA, a codebook can be reused more than once in each
cell. The received signal at user m over subcarrier # in cell f
(for a general case of multicell scenarios) is given by:

Y&,n = Z Z Zq/:,;,ch]:r;,npl}:cnz:c\/ p/:n’,csfr;/,n_’_wfn,n’

fleFm'eM;ceC
(6)

where an, « shows the message which is sent on subcarrier k
in codebook c.

In SCMA, we assume the other signals coming from the
different BSs as noise. In PSMA, however, in addition to
the different BSs signals, we accept some controllable inter-
ference to improve the system sum rate. In SCMA, there is
the constraint Zmer qu. < 1, Ve € C,f € F which
indicates that in each BS, a codebook can be assigned to at
most one user. However, in PSMA we have ) 4 " q/:,,)c <
Ly, VYc €C,f € F which shows that in each BS a codebook
can be assigned to Ly users simultaneously.

C. PSMA SIGNAL MODEL: RECEIVER SIDE

Since the PSMA takes advantage of both PD-NOMA and
SCMA techniques, the receiver performs the detection tech-
niques of these schemes in an appropriate way. In the PSMA
method, on the transmitter side, users are sorted based on
certain criteria (in our case, channel quality on the code-
books). On the receiver side, a user detects the signals of
all other users that are worse than itself according to this
criteria and removes them from the received signal using
SIC. This user treats the signal of all users better than itself
as noise. Note that in PSMA, to detect the signals of users,
the message passing algorithm is run. Therefore, users with
different codebooks do not interfere with each other and only
users with the same codebook produce interference over each
other. Therefore by sorting users, we mean sorting users that
are using the same codebook.

In a system with SIC based receivers, SIC ordering in each
receiver to determine the order of detection and to cancel the
signal of other users, has essential role in the performance of
the system. Finding, an optimal SIC ordering in a system such
as the considered PSMA based system is very complicated. In
PSMA based systems, signal of different users are transmitted
using the same codebook. As we know a codebook consists
of several subcarriers, therefore, proposing of a criterion for
SIC ordering in PSMA based systems to consider the effects
of all subcarriers is very challenging. Therefore, we may
consider a criterion based on which we sort the users and
better users are able to decode the signals of worse users.
The direct channel gain is used in single-carrier systems is
not suitable for the PSMA as it is a multicarrier system. We
must take into account all the subcarriers used by users for
the sorting purpose. Here, the proposed criterion for sorting
users is based on their average channel gains in a codebook
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and given by

N 2
A _ |h
hm,c _ Zn_l ,On,c| m,n| 7 (7)

N
anl Pn,c

where we note that for each code ¢, we have 21::1 Pne =
U. Also note that for two users m and m’ using the same
godeboqk ¢, we say user m is better than user m’ if we have
hm,c > hm’,c-

On the receiver side, user m, which is using codebook c,
tries to decode the signals of all users using the same code-
book ¢ with worse average channel gains. Assume we have
a single cell PSMA network and that user m is better than
user m’. Assuming that user m has decoded the signals of
all users worse than user m’ and subtracted them from the
received signal, the available signal is given by

Ym,c = Z hm,npn,cnn,cvpm’,csm,n

neN

+ Z Z Qj,chm,npn,cnn,c\/lzsj"n

JeEM Iy P=lhyy 2 1N
+ Om,c» 8)

and the SINR of user m’ at user m is given by (9), as shown
at the top of the next page. Note that the SINR of user m’
at its receiver is given by (10), as shown at the top of the
next page. We emphasize that for user m to correctly decode
the signal of user m’, we must have y,y .(m) > Y, ().
For various power allocation strategies for the codebooks,
ensuring fzm’c > lAemgc does not guarantee the requirement
Ym'.c(m) > Yyu..(m). Therefore, in some cases, we must
explicitly declare this condition as an optimization constraint.

Subtracting the detected signals of all users worse than user
m from the received signal, the corresponding SINR is given
by (11), as shown at the top of the next page.

For multicell scenario, the same procedure is applied.
However, the signals received from other cells are treated as
noise. After detecting the signals of all users worse than user
m, the available signal for user m is given by:

Ve = Z h}:n,kpﬁ,cﬂi,c\@jm)k
keN
LD DR DY WAV A R

JEMy I, 22| o2 kN

+ Z Z Zq.;,chin,kpll(,cnllc,c\/pjl',csin,k+0}]:l,c’

ieF ifjeMpkeN
(12)

where the first term of (12) represents the signal of user
m on codebook ¢ over BS f. The second term shows the
interference that comes from non-orthogonality in power
domain. The third term indicates inter-cell interference. The
corresponding SINR is given by

f q’;,c Zne]\/ p{l,cﬂfl,cﬁ,cm@,ﬂz

y: = _ - 3 5
"¢ B «(Intercell) + F, ((NOMA) + E{|o%,. |2}

13)
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dm,cPw c Zne/\/ N, Pn,e | Pmn |2

Vm’,c(m) = Z

ym’,c(m/) = Z

) )
ieM i o>h, . qi,cPi,c Zne/\/ nn,clon,c|hm,n|2 + E{|Gm,c|2}
qm'’ ,cPm’ ¢ Zne,/\/' Un,cpn,c|hm’,n|2 (10)
ieM by o>h,, , 9icPic Zne/\f nn,cpn,c|hm/,n|2 + E{|Um,c|2}
qm,cPm,c Zne./\f nn,cpn,c|hm,n|2 a1

Ym,c = .
ZieMvi’f,cZilm,c qi,cPi,c Zne/\/ nn,cpn,c|hm,n|2 + E{|Gm,c'|2}

where 151, » indicates the intercell interference which is given
by

B (ntercel) = > " Nl ph ol i el

f'eF /{f imeMpneN
(14)

and /(NOMA) shows the interference that comes from using
the PD-NOMA technique and is given by

B NoMA) = Y N L ol o I
iEij/:-.CzlAzf,.,,yc neN
(15)

Assuming that user m at BS f on codebook ¢ should detect
and remove the signal of L7 — 1 users and defining the average
channel gains set of superimposed users on codebook ¢ as 7—20,
the detection steps are explained in Algorithm (1).

Algorithm 1 PSMA Based Receiver

I: Set b = 1 as iteration number,

II: I:I{;,C = min ’;Qc

III: Apply MPAon Y,

Output: ) ;o ns 77’; , cs’:n /. (signal of user m’ on codebook c over

BSf)

V: Apply SIC:

Y=Y - Zke/\/%’,c"i,c‘s{n/,k’

VL Ifb=Lr

Apply MPA on Y as signal of user m,
else

set bA= b + 1,

set He = He — {ﬁ]ﬁ,gc},

go back to II.

V. RECEIVER COMPLEXITY

In this section, the complexity of PD-NOMA, SCMA, and
PSMA are investigated. The computational complexity of
PD-NOMA and SCMA receiver is investigated in [15]. If we
assume that in PSMA each codebook is assigned to L1 users
simultaneously, each user should be able to apply MPA Lt
times and SIC Ly — 1 times to detect and decode the trans-
mitted data (Fig. 4). Therefore, if G codebooks are assigned to

VOLUME 6, 2018

a user, the complexity order of PSMA is approximately given
by

O(Ir1x |1“(G)(Lr)), (16)

where 7 shows the codebook set size, Ir denotes the total
number of iterations, and d represents the non-zero elements
in each row of the matrix X where X = (X, ..., X;) is the
factor graph matrix.

The receiver complexity order for PD-NOMA, SCMA and
PSMA are summarized in Fig. 5. By setting the system
parameters as demonstrated in Fig. 6, we can see that the
PSMA complexity increases about an order of magnitude
with respect to SCMA. However, as will be shown in sim-
ulation results, this comes with significant improvement in
system throughput. In this table, Ly and G’ show the total
number of users that can be assigned to each user and the
total number of subcarriers assigned to each subcarrier in
PD-NOMA, respectively.

VI. RESOURCE ALLOCATION PROBLEMS FOR PSMA
BASED CELLULAR NETWORKS

In this section, we consider resource allocation problems for
the proposed PSMA framework to assess the performance
compared to SCMA and PD-NOMA. To get a better insight,
we first consider the simple case of a single cell system
with equal proportion of power for each subcarrier. Then
the unequal proportion of power is considered. Finally, a
comprehensive HetNet system is analyzed.

A. PSMA-BASED SINGLE CELL SYSTEM WITH EQUAL
PROPORTION OF POWER FOR EACH SUBCARRIER

Here, we assume that 7, . for each subcarrier in codebook ¢
has equal value. We use the following Remark:

Remark 1: The interference cancellation (IC) of a candi-
date user (worse user) at user m (better user) can be success-
fully performed if the (corresponding) SINR of the candidate
user with less average channel gain, which is measured at
user m, is more than its SINR on its receiver [17, Ch. 6].
For more clarification, suppose m and m' are two users with
fzm,c > ilm/’c. To achieve successful IC at user m, we should
have Yy (M) = Gm,cVuw (M) where Yy (m) is the SINR of
user m’ at user m on codebook ¢ and y,y (m) and v,y (m')
are, respectively, given by (9) and (10).
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NOMA-complexity order SCMA-complexity order | PSMA-complexity order
O((2L7,) + (2L7)(G")) (L — 1)) O(Uz (=) O(Uzr (=) (G)(L1))

FIGURE 5. Receiver complexity order for PD-NOMA, SCMA and PSMA.

N |d|U| Ly | G| Lr | G | NOMA-complexity | SCMA-complexity | PSMA-complexity
8 |3]2 3 4 3 14 360 1536 12 x 1536
10|43 4 5 4 |5 1920 40000 20 x 40000

FIGURE 6. Comparison between PD-NOMA, SCMA and PSMA receiver complexity ( N is the number of subcarriers, I is the
iteration number, d is the non-zero elements in each row of the matrix X, U is the number of subcarriers of each codebook, Ly is
the total number of users that can be assigned to each codebook in PSMA approach, G is the total number of codebook assigned
to each user in PSMA approach, Ly is the total number of users that can be assigned to each subcarrier in PD-NOMA approach,
G’ is the total number of subcarriers assigned to each user in PD-NOMA approach).

Lemma 1: With uniform power allocation, (n,. = Z Z Gm.cPnc <K, VneN, (20c)
1/U,¥n € N.), the SIC constraint of Remark 1 is always meM meC
satisfied.
N N gme <Lr, VceC, (20d)
Proof: For hyc > hy ., we can write y,y (m) and meZM e
Yur (') as (17) and (18) are shown at the bottom of this Pme>0, VYmeM, ceC (20e)
page, respectively. where |w;m.|2 and |W;,/1,c|2 are, respec- T
tively, given by gme €{0,1}, VmeM, neN, (200
Elo ,|2} where (20b) indicates the maximum available transmit power
|w;n’ c |2 = e PRk in BS, (20c) shows that each subcarrier can be reused at most
2one Prcl 2’””" K times, and (20d) demonstrates that each codebook can be
W PR = E{lom,c|7} assigned to Lt users simultaneously.
m,c -

Zne/\/ pn,c|hm/,n|2 .

As can be seen from (7) and fzmyc > fzm/,c, we can conclude

that Vm’,c(m) = Qm,cyrn’,c(m/)~ O
To formulate the optimization problem, we note that the

rate of user m on codebook c is given by

B. PSMA BASED SINGLE CELL SYSTEM WITH UNEQUAL
PROPORTION OF POWER FOR EACH SUBCARRIER

If we consider unequal power proportion for different sub-
carriers in a codebook, to achieve successful IC, we cannot
use the concept used in the previous system model. Based on
Fae(P', Q') = log(1 + Yim.c), 19) Remark 1, to achieve successful IC, in this system model, the

where y,, . indicates the SINR of user m on codebook ¢ which following constraint should be applied:

is given by (11), @' = [gm,c] Ym € M,c € Cand P' = Vie(m) = qum.cvic@) Yiome M, hie > hpe. (1)
[pm,c] Vme M,ceC.

The problem formulation of this system model is formu- The resource allocation problem is formulated as:

lated as follows: Ig’al} X/:Vl XC:’ Fm,e(P, Q)
VPN meM ce
max 2 2 me®.Q) (202) s.t.: (20b) — (206), (22a)
meM ceC N v M il iz
, > : ,meM, h .
SLE YD Gmeme < P (20b) Viclet) 2 dmctie) ¥ R
meM ceC ( )
Yt o) = qm,cPw’ ¢ Zne/\/' nn,cpn,c|hm,n|2
e ZiEMjl[.c>i1m/ . qi.cPi,c Zne./\f 77n,cpn,c|hm,n|2 + E{|O-m,c|2}
— gm,c1/Upn ¢ Zne_/\/' pn,c|hm,n|2 _ Gm.c1/Upw (17)
Zl‘GM,ili,zr>/:lm,c qi,cl/Upi’c ZHGN ’On'c“/lm*nlz + E{|O’mVC|2} ZiEM,ili,c>ilm.<r C]i,cl/UPi,c + |W;n’c|2 ’
Vi (m/) _ am' ,cPm’,c Zne./\f rln,cpn,c|hm/,n|2
e ZiEMsili.c>ilm/ . qi,cPi,c Zne./\f 77n,c)011,c|]’lm’,n|2 + E{lam,c|2}
— gm' .1/ Upw ZneN pn,c|hm’,n|2 i gm' .1/ Upm (18)

Zie./\/l,iti,c>ﬁm/ . qi.c1/Upi.c Zne/\/ ,On,c|hm’,n|2 + E{|(7m,c|2} Zie/\/l,fti,g>ﬁm/ . 1/Upi.cqi.c + |W;;,,c|2 ’
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C. PSMA-BASED HETNET SYSTEM MODEL
Considering Remark 1, to achieve successful IC, the follow-
ing constraint is applied:

VheO) = v m) i me My, feF, i, >0

e
(23)

where yi’j -(m) shows the SINR of user i at user m in codebook
cover BSf.
The rate of user m on codebook c over BS f is given by

rh, <P, Q) = log(1 + ¥}, ), (24)

where W;,C indicates the SINR of user m on codebook ¢ over
BS f which is given by (13), @ = [gh.c] ¥m € My.f €
F,ceCandP = [ph,.] ¥me M;.f € F,ceC.

The proposed optimization problem formulation of the
PSMA based HetNet system is written as:

max > 3 2 rhePQ (25a)
or feF meMy ceC

Z Z m,c 'm,c Sp{nax Vf e F, (25b)
meMy ceC

S S dhshe =K. VneN,feF, (25
meM; ceC

> dhes<Lr. VeeC. feF, (25d)
meM;y
Vm C(]) %‘Cym c(m)’ v]7 me Mf, f € .F, (256)
o> ..

p{,,czo Yme My, ceC, feF, (25f)
dhe€l0.1}, YmeMp, neN, feF, (259

where (25b) indicates the maximum available transmit
power in each BS, (25c) shows that each subcarrier can be
reused at most K times, and (25d) demonstrates that each
codebook can be assigned to L7 users simultaneously in
each BS.

Remark 2: Constraint (25¢€) is a linear constraint in terms
of power variables. To show the linearity of constraint (25e),
we obtain equation (26) shown at the bottom of this page and
after simplifying, the linear constraint is obtained by (27) also
shown at the bottom of this page.

It should be mentioned that the problem formulation and
solution methods of SCMA and PD-NOMA based systems
are investigated in [15].

VIi. SOLUTION ALGORITHM OF PROPOSED RESOURCE
ALLOCATION PROBLEMS

We propose the solution for the problem corresponding to
the PSMA-based HetNet which is the most general one. The
solution for the the first two problems can be considered as
special cases.

A. SOLUTION ALGORITHM

Problem (25) is non-convex and contains both integer and
continuous variables. Therefore, the available methods to
solve convex problems cannot be applied directly. To solve
the proposed problem, an iterative algorithm based on the
SCA method is applied and power and codebook are assigned
separately in each iteration. The power allocation problem is
non-convex, and the codebook allocation problem is integer
non-linear programing (INLP). To solve the power allocation
problem first, successive convex approximation with low
complexity (SCALE) [20] and difference of two concave
functions (DC) [22] is applied to approximate the problem
by a convex one, then the dual method is used. To solve
the codebook assignment problem, the mesh adaptive direct

Vh () = d) v o(m)

quc Zne/\f pn cMn, cljm C|h5n|2

Zf 'eF/{f} Zme./\/lf/ ne./\/’qfl cp};” Uo{l cnl’[l °|h;n| + ZIEMf hf >h’r

neN qilf,cp/l",cpz’cnﬁ’cmf'y”'z + E{|U]f’c|2}

q;Can,c nEN U)r‘l,cp/:n,cm{n,ﬂz

X

e D Mhe

neN freF/{f} me./\/lf/ neN

+E(lo] 2D+ (e Y ool

YO S S S AN A A A A s

% % 7 -/ -/ 2 ) ( 6)
Zf’e]—'/{f} Zme_/\/lf/ DoneN q):hCp/‘m,cp;,cn)r‘z,c|h}(m,n|2 + Zierj[ i D oneN qchchg,cné,cm/:n,np + E{|0"r]:z,c|2}

LS

> X dlFiePheh

ier,hg’C>hfm,C neN

O D S S A A A A

neN f'eF/{ft meMy neN

X XA

ie/\/lsz{(>i1/:,,vc neN
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search (MADS) [25] algorithm is exploited. An overview of
the iterative algorithm is shown in Algorithm 2.

Algorithm 2 Overview of the Solution Algorithm

I: Initialize Q(0), P(0) and set r = 0 (iteration number).
II: Repeat:

III: Set Q = Q(¢) and find a solution for problem (25) by
applying the SCA approach and assign it to P(t + 1),
IV: Find Q(¢ + 1) by solving (25) with P = P(¢ + 1),
V: When ||P(t) — P(t — 1)|| < Y stop.

Otherwise,

sett =t + 1 and go back to III

Output:

p(k) and P(k) are adopted for the considered system.

B. POWER ALLOCATION
The power allocation problem is written as:

m}a’lx Z Z Zrﬁl,c(P)

feF meM; ceC

t.: (25b), (25e). (28a)

In order to tackle the non-convexity issue of this problem,
the following inequality (known as SCALE inequality) is
applied [20]:

& log(X) + ¢ < log(1 + &), (29)
where

X
£ =

Xo+17

By exploiting this inequality, the objective function of
problem (28) is written by:

Z Z Z 5516 log(%];,c) + T'):n,c

feF meM; ceC

, ¥ =log(l + &p) — <1 log(Xp).

The objective function is still non-convex. By transforming
p':,, c = exp(p’,:, ¢), the convex form of the objective function
is achieved. However, using the mentioned transformation,
constraint (25e) becomes a non-convex constraint. To tackle
this issue, an approximation method such as DC [22] is
applied to approximate (25¢) by a convex function. Therefore,
based on DC, approximation of constraint (25¢) is written as
(30a) < 0.

Consequently, a convex optimization problem in standard
form with variables P is achieved as follows:

e Y Y Y

feF meM; ceC

33 dheexp@h) < P Vf € F
meMy neN
(30a). (31)

To show the concavity of the objective function, we rewrite it
as follows:

> Y e 0xdhe ¥ ol bl +

feF meMy ceC neN

Yo D dhe D PhctlheexpBy I,

— log <
JeF /Iy meMy neN

+ > > d. o exp@] )b ol Iy 2

ieMy, ‘h£[7‘2>|fl{n,c|2 neN
+E{|0£,CI2}>> + 9. (32)

Each term in (32) is concave, and therefore, the new objective
function is concave. We note that the log-sum-exp function is
convex [21].

To deploy the SCALE algorithm in Algorithm 2, we use an
iterative power allocation algorithm to find a power allocation
not worse than P! when Q = Q'. This procedure is presented
as in Algorithm 3 where z indicates the iteration number
and P"? shows the power allocation in iteration z. In each
iteration ¢, the power allocation problem is solved. Moreover,
£% and ¢° are updated as 7! and ¥*+!, respectively. The
algorithm is initialized by £° = 1 and ¥° = 0, and continued
until ||P5¢ — P2l < e

Algorithm 3 Algorithm to Improve the SIC Method
I: Set z = 0 and initialize £° = 1 and y° = 0,

II: Repeat:

III: Solve (31) then give the solution to P,
IV:Update £ and ¢! with P"-%,

V: When ||P"¢ — P31 < € stop.

otherwise,

set z = z 4+ 1 and go back to III.

O b, DY ST Y 4

neN freF/{ftm E./Vl_t/neN

(exp B "+ exp By — Bl

AR

2 2 dlepB T e B = P D) ehenh P Ello] P+ (Y ol e I, )

iEMy I 2>y c2 PN

(X 2 X et

[IeF/ifYm'e My neN

756

,On M, c|h{n n Z

ieMy i 2> i, o2 "N

neN

> dL b oh oy M P+ Edloh, 2.

(30a)
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L(p.s.B)

=3 3" S, dogrl, (exp@h, D)+ Vo + Y S (Phnax —

feF meMy ceC feF

,Bflscj( - (Z p{l,lcnlr‘t,lc|

2D SDID VDS

fle]-'serl CGCjer |]flf |2>|]f,f |2 neN

(exp "

s VAR A [ A G o [ A o RO S AT AN At O S S A

neN

+ Z Zc/:lcexpp’:cp“ nc

ieMy i, 2> i o2 neN

+exppft 1(pf pft ! ),Of Tlf:c|h£/,,|2+

> exp@e)

meM; neN'

HbdDC Y Y D dhe

FeF/{fymeMy neN

> Y dielewB T Fexppl
ieMy i 2> i o2 neN

exppf |hf, |2

freF/{ftm er/ neN

Wb+ Ellof D), (33)

To solve problem (32), we use the dual method. Therefore,
the corresponding Lagrangian function is given by (33), as
shown at the top of this page, where § and B are the Lagrange
multipliers. The dual objective function is given by

8() = mng(f), 8.B). (34)

To solve the dual problem, we should find the stationary point
of (33) with respect to p where & and B are fixed. Therefore,
we have:

d(L(P.d. B)

T

By simplifying (35), ﬂm is given by

p,:n!c[ Eh o+ Ghe T’

8 + Ahpe + By + Clhc
where [.]T = max(., 0) and

My
Moo= >, yfpip{‘)

i=m+1

Bue= 2 D &

l] k »k 1k 2,k 7
ke F/{f} ieMy Zne/\f pn,cni,nlhi,n| Di;

Je = Z Z Z ﬁflscj(z

—=0. (35)

(36)

neN p{l,cn]r(l,c“’l}r(n,n |2yil,€j

flE]:SEMfljer \ﬁf \ >|f7:z|2 neN
LRI ol ol i, Y 3
neN fleF se My
Z ,Bflscj(z Phic ,;}clhﬂf)
JEMy <l 2 neN
Z qu,cpﬁ,cnlr(w'hé,n'z)’
neN
Z Z Z ,Bflscj((z ,02 c
FIEFIf SEMy1 je My i, P12 neN
LD d (exp ") of ol M2
neN

VOLUME 6, 2018

+ Z Z Z ,Bflscj(z p{l,lcn};l,lc

flE]:/f.SGMfljerl V’lf \2<|h§l(\2 HGN
s‘n| )(qu eprf[ l)p£cnnc mn| )))
neN

To update the dual multipliers, the subgradiant method is
applied as follows:

5;+1 5f - VI(P/I‘nax

S Yt GD

meMy neN

and

Bit; = [Bfis — v2((30)1F, (38)
where u indicates the iteration number of updating dual mul-
tipliers, and v; and v are small updating step-size.

The final procedure in the power allocation sub-problem is
shown in Algorithm 4.

Algorithm 4 Algorithm to Find Stationary Point

I: Set u = 0 and initialize 8° and ﬁo,

II: Repeat:

III: Compute p by applying (36),

IV: Update § and B, by using (37) and (38), respectively,
V: When ||P* — P“~1|| < € stop.

otherwise,

setu = u + 1 and go back to III.

1) CONVERGENCE

The SCA method with the SCLAE approximation algorithm
generates a sequence of improved solution which converges
to a locally optimal solution. It can be shown that solution
of each iteration is a feasible solution for the next iteration
and value of objective function either improves or stays
unchanged as the previous iteration.
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FIGURE 7. System sum rate versus number of users.
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FIGURE 8. System sum rate versus total transmit power.

C. CODEBOOK ASSIGNMENT
The problem of codebook assignment is formulated as:

Y Y Y@

feF meM; ceC
s.t. : (25b) — (25e), (25g).
(39)

Problem (39) is an INLP which can be solved using MADS
algorithm. To apply MADS algorithm, available optimization
software such as NOMAD solver [25] can be used.

VIIl. SIMULATION RESULTS
In this section, the system sum rate for PSMA, SCMA, and
PD-NOMA is evaluated under different number of users and
small cells. In the numerical results, the system parameters
are set as follows: MBS radius is 1 Km, the SBSs radius
s20m, N = 8, nhe = 1/2Vf,eom, S = 2, K = 6,
h’:,,,n = x,fn,n(df;)“ where p indicates the path loss exponent
and p = -2, M:n » indicates the Rayleigh fading coefficient,
and d,’;, demonstrates the distance between user m and BS f.
Fig. 7 shows the system sum rate versus the total number of
users for PSMA, PD-NOMA, and SCMA where we assume
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FIGURE 9. System sum rate versus Ly (total number of users that can be
assign to a codebook.)

that PL = 30 Waits, Pjax = 2 Watts for f € {2,...,F},
and for PD-NOMA and PSMA, Ly = 3 users. As can be
seen, PSMA significantly improves the system performance
compared to the other NOMA approaches. For small number
of users, PSMA provides about 30% more throughput. This
increases by 50% for large number of users.

Fig. 8 shows the system sum rate versus the total transmit
power for PSMA, PD-NOMA, and SCMA where we consid-
ered that the total number of users is 12, and for PD-NOMA
and PSMA, we set Ly = 3 users. Again PSMA outperforms
SCMA and PD-NOMA by a great margin.

Finally in Fig. 9, we investigated the effect of L7, i.e., the
total number of users that can be assigned to a codebook
simultaneously, on PSMA performance. As can be seen,
PSMA with Ly = 1 exhibits a performance similar to SCMA.
As L7 increases, the performance improves and we have
roughly 25% improvement per each unit increase in Lr. We,
however, expect that this saturates at some point.

IX. CONCLUSION

In this paper, we proposed a new MA technique for 5G
which uses code and power domain to send multiple users’
signals in a subcarrier. We investigated the PSMA transmitter
and receiver and compared it to other NOMA approaches
from the aspect of receiver complexity and system perfor-
mance. To this end, we proposed a novel resource allocation
problem. To solve the proposed problem, we used an iter-
ative algorithm based on the SCA approach where in each
iteration, codebook assignment was solved by applying the
MADS algorithm and power allocation was solved based
on the SCALE and DC methods. Moreover, from simula-
tion results, we concluded that the PSMA technique signif-
icantly outperforms other NOMA techniques while imposing
a reasonable increase in complexity to the system. Future
works include improving the robustness of PSMA decoders
by taking into account factors such as CSI uncertainty, and
developing more robust SIC ordering techniques. As a future
work, we study the link level performance of PSMA based
systems and compare it to PD-NOMA and SCMA based
systems.
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