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Abstract—In this paper a novel transmission scheme that com-
bines non-orthogonal multiple access (NOMA) and multi-carrier
index keying (MCIK) is proposed. This scheme is proposed
as a mechanism to enable multiple access for dense wireless
device-to-device (D2D) systems that require high energy efficiency
and effective interference management. The performance of the
proposed scheme is analyzed in terms of the pairwise error
probability (PEP) of user m. Novel closed-form expressions
for the instantaneous and average pairwise error probability
(PEP) over Rayleigh fading are derived. These expressions are
used to investigate the detection performance of the proposed
scheme over different configurations. Furthermore, a closed-form
expression that approximates the overall average PEP is derived.
This expression enables the performance analysis of NOMA-
MCIK within acceptable accuracy levels. The performance of the
proposed scheme is assessed through numerical and simulation
results.

Index Terms—Device-to-device (D2D), multi-carrier index key-
ing (MCIK), non-orthogonal multiple access (NOMA), orthogonal
frequency division multiplexing (OFDM), pairwise error proba-
bility (PEP).

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) has been recently
proposed as a multiple access technique to enhance the spec-
trum efficiency of future radio access networks [1]. Different
from previous generations of wireless systems such as 3GPP
LTE, which were based on the time, frequency, and code
domain, NOMA uses the power domain to allow multiple
access. Therefore, in NOMA schemes, multiple users can share
both time and frequency resources, while multiple access is
possible by properly adjusting the power allocation. The key
idea behind NOMA is to superimpose messages for multiple
users in the power domain and then use successive interference
cancellation (SIC) for efficient detection. In particular, users
with better channel conditions remove the signals indented for
other users by applying SIC and decode their own signals.
NOMA has also been considered to improve the cell-edge
throughput and achieve low latency. As a result, NOMA is
envisioned as potential candidate for efficient wireless con-
nectivity of billions of devices, as a practical realisation of
the Internet of Things (IoT) concept.

An uplink NOMA scheme, which enables more than one
user to share the same sub-carrier without any coding or
spreading redundancy, has been proposed in [2]. The perfor-
mance of NOMA with randomly deployed users was consid-
ered in [3], whereas NOMA was introduced in a cognitive
radio network in [4]. Furthermore, a multiple-input multiple-
output (MIMO) NOMA system was proposed in [5].

Multi-carrier index keying (MCIK) is a new multi-carrier
technique, which has been recently proposed as a means of
extending the conventional two dimensional M-ary signal con-
stellations to a third dimension, which is the sub-carrier index
[6]. In every MCIK-OFDM transmission only a subset of sub-
carriers is activated, according to the incoming data, to convey
constellation symbols. The use of the sub-carrier indices as an
additional degree of freedom enables the transmission of extra
information bits without any additional bandwidth and power
requirements.

As a result, MCIK-OFDM constitutes a promising modula-
tion technique for providing high data-rate services especially
for low-cost, energy constrained wireless systems such as
device-to-device (D2D) communications. MCIK-OFDM has
attracted significant attention as it can provide a balanced
trade-off between error performance and spectral efficiency
[7]. To this end, different MCIK-OFDM transceiver architec-
tures have been proposed and analyzed over different fading
conditions including [8], [9].

In this paper a multi-carrier NOMA scheme termed as
NOMA-MCIK is proposed. This scheme combines NOMA
with MCIK to superimpose MCIK blocks of multiple users
in the power domain. This approach can benefit from the
advantages of both NOMA and MCIK. By activating different
sub-carriers for each user NOMA-MCIK can be used as a
means of limiting interference in dense D2D deployments.
Furthermore, by using multiple sub-carriers to transmit the
same signal for users with limited channel conditions can
increase the diversity gain of the systems and improve the
performance at the cell edge. As a result, NOMA-MCIK
can be used to provide reliable multiple access for wireless
D2D systems. To this end, novel closed-form expressions for
the instantaneous and average PEP are derived. Using the
moment generating function (MGF) approach, a generalized



framework for the error performance of NOMA-MCIK users
is introduced, which facilitates the performance analysis of the
proposed scheme for various fading distributions. Furthermore,
the derived expressions account for any number of active sub-
carriers, which in turn, enables the performance analysis of
different NOMA-MCIK concepts by investigating the effects
of interference and power allocation ratios to the PEP perfor-
mance.

The remainder of the paper is organised as follows. The
system model of the proposed hybrid NOMA-MCIK scheme
is introduced in Section II. In Section III novel closed-form
expressions for the exact instantaneous and average overall
PEP for NOMA-MCIK with maximum likelihood detection
are derived. A tight approximation for the average PEP over
Rayleigh fading is also derived. In Section IV numerical
and simulation results are presented. Section V draws the
conclusion of this work.

II. NOMA-MCIK SYSTEM MODEL

Consider a downlink (DL) NOMA system with a single
transmitter (TX) and M users uniformly distributed. Without
loss of generality, a single antenna scenario is considered
with h,, denoting the channel between TX and the user
m. In classical NOMA, at each transmission, TX transmits
27]\7{:1 vV Psy,, where s, is the signal of user m, P is
the transmission power and a, is the corresponding power
allocation coefficient with ay > ... > ajs and Zf\il oy, = 1.
Throughout this paper a scenario with only two users is
considered, as shown in Fig. 1.

The received signal at user m is given as

Ym = hms +npm, m = 1,2, ey

where s = (v/a1 Ps; + VasPsy) and n, denotes the back-
ground noise at user m modelled as additive white Gaussian
noise (AWGN) i.e., n,, ~ CN(0, No).

Different from classical NOMA systems, in NOMA-MCIK
each user employs MCIK to create its signal block, s, using
L,, orthogonal sub-carriers with ki,...,kr, denoting the
index of each sub-carrier, which are grouped into (3, blocks
of z,, sub-carriers such that 3,, = L,,/%m. The number of
active sub-blocks of user m is denoted by N,,. Each MCIK
block is superimposed in the power domain by scaling the total
transmit power by an appropriate power allocation coefficient
for each user, as shown in Fig. 2.

At each NOMA-MCIK transmission K,, = N, X 2z,
out of L,, sub-carriers are activated to convey K, copies
of data symbol s. For each user, the number and the index
of the active-sub-carriers may vary. More specifically, for
given N,, active sub-blocks let I,,, = {iy,...,ix,, }, Where
i € [1,...,Ly,] for k = 1,...K,,, denote the indices of the
active sub-carriers of user m. The corresponding signal of user
m is denoted by sy, = [s(1), ..., 5(L)]T, where s(I) = s for
I €1, and s(j) =0 for j ¢ L.

One of the main aspects of NOMA-MCIK is the transmis-
sion of the same signal through multiple sub-carriers, which
can increase the diversity gain of the system. More specifically,
it is proposed that by increasing the number of active sub-
carriers based on the distance between TX and user m, the
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Fig. 1. NOMA scheme with two users.
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Fig. 2. NOMA-MCIK block for two users with L1 = L9 = L total sub-
carriers, N1 = No = 1 active sub-blocks and different block sizes z1 = 1,
zo = 2.

performance at the cell edge will be improved. Indicatively,
the further the user from TX the more sub-carriers are activated
to increase its diversity order as means of improving its
vulnerability to interference. In addition, the activation of
different number of sub-carriers for each user is expected to
limit the interference by reducing the likelihood of the active
sub-carriers of different users to interfere with each other.
Therefore, NOMA-MCIK constitutes a promising solution that
enables reliable transmission for user m.

Using MCIK-based NOMA across the L,,, sub-carriers in
the frequency domain, let the channel matrix from TX to users
1 and 2 be denoted by H; and H,, respectively. The received
signals at users 1 and 2 are obtained as

yvi =Hi(va1Psy + azaPsy) +ny 2
v2 = Ha(v/ a1 Ps1 + /aaPsy) + ng, 3

where s; and s, denote the MCIK signal block of users 1
and 2 respectively, Hy = diag(hi(1),...,h1(L1)), Hy =
diag(he(1), ..., ha(Lz2)) where h,,(I) represents the channel
fading coefficient of sub-carrier [ at user m, and n;, no are
AWGN vectors, i.e., n,,, ~ CN(0, NoI), for m € {1,2}.

Let user 1 be placed closer to TX than user 2. As a result,
the channel gain of user 1 is higher than user 2. By using
SIC user 1 can detect s; by detecting and removing sy from
its observation, while user 2 detects sy treating s; as noise.
Therefore, after SIC (2) can be rewritten as

y1=H;vai1Ps; +n;. 4

Accordingly, for NOMA-MCIK, the receiver has to detect
the indices of the active sub-carriers (or, equivalently, the index



of active sub-block). Therefore, by applying the well known
maximum likelihood (ML) detector to estimate the indices of
the active sub-carriers, the detection process for s; and sy can
be mathematically described as

§; = argmin||y;
S1

—Hy\/a; Psy||? 5)

85 = arg min||ys — ng/a1P52||2. (6)

S2

Note that for s; the detection process is similar to classical
MCIK because s, can be effectively detected and removed by
SIC. On the other hand, it is clear that the detection of ss is
affected by the signal of user 1.

III. PERFORMANCE ANALYSIS

In order to gain an insight into the performance of the
proposed scheme, the detection error of the active sub-carriers
within the NOMA-MCIK sub-blocks is considered. In this
context, consider the pairwise error event (PEE) that an active
sub-block index x is incorrectly detected as the index of an
inactive sub-block & for x, & € {1, ..., B} and k # K. Then
the PEP can be defined as the probability of the PEE to occur,
i.e., P(k — k). To this end, the performance of NOMA-MCIK
is analyzed in terms of both the instantaneous and average PEP.

A. Instantaneous PEP

1) User I: By applying ML detection to y;, as described
in (5), the conditional PEP of user 1 is obtained as [10]

Pl(k — &) = QG\/%PIhl(?VO— hl(f%)|2>7 -

where h; (k) and h; (%) denote channel vectors of active sub-
block and inactive sub-block, respectively, with ||h;(k)||o =
K1, hi() denoting a zero vector except non-zero elements at
sub-carriers of sub-block x and &, respectively, and Q(z) =
1/V2rn fg:oo e~¥*/2dt is the error function.

Using the law of the total probability and the union bound,
the upper bound on the overall PEP is derived as,

Li/K; L/K;—N; N
1 o1 Pl[hy (k) — by (R)[[?
eSS o [ ),
k=1 rR#K=1
)]
N;

where p = £ TR
2) User 2: Slmllarly, by applying ML detection at user 2
as described in (6) the instantaneous PEP can be obtained as

2 - _ o L [a2Plha(r) —ho(R)[[?
P (H%K) _Q<2\/ L1N0+041PLE21 >’ (9)

where hy(x) and hy(k) denote the channel vectors of
active sub-block and inactive sub-block, respectively, with
Ilha(k)|lo = K2, ||ha(R)||o = K2, and z9; denotes the power
of sub-channel whose index relies on s;. From (9) it can be
seen that the PEP of user 2 is now based on the signal to
interference plus noise ratio (SINR). More specifically, L1 Ny
and a1 Pxo1 correspond to the power of the noise of L sub-
carriers and interference due to the signal of user 1.

By following the same approach an upper bound on the
overall PEP for user 2 is obtained as

Ly/Ko Lo/ K ~
ey S oL exblitat) —m@IRY
LiNo + oy Pz 7

r=1 R#Kk=1
(10)

where p = %

B. Average PEP over Rayleigh fading

1) User 1: At user 1 the average PEP over Rayleigh is the
same as in MCIK-OFDM, which has been derived in [11].
Hence, the overall average PEP for user 1 is obtained as

Li1/Ky1 L1/K1—N;q o —2K;
ney Y (1)

k=1 rR#£K=1
—2K,
Li/Ky — N 9!
WP (1 o)

where 7 denotes the average signal-to-noise ratio (SNR).

2) User 2: By using the improved Chernoff bound for the
Q-function, i.e., Q(z) = 0.5exp(—22/2) and some mathe-
matical manipulation (10) can be rewritten as

N

(1)

Lo/Ky Lo/Ko—N:

EED VDY

r=1 R#K=1

1 s Pxo p
exp| — = ———F—— | =
8 L1 Ny + a1 Pxoy
(12)
where 221 ~ X3, and xa ~ X3, are chi-squared distributed
random variables.
The average PEP can be obtained by first taking the expec-
tation of (12) as

Ly/K3 La/K2—N2

— 1 OlQPJZQ
2 < E E E. . _Z
e = “’“‘21{6’@( 8L1N0+a1Px21>}

k=1 R#AKk=1
Ly/Ky Ly/Ko—N.
O[QP{L'Q

’ 1
E..<E,. - =

r=1 R#£K=1

Z
13)

Assuming that x5; and x5 are independent and using
Jensens’ inequality, i.e., E{f(.)} < f(E(.)), term Z of (13)
can be rewritten as

Ongl'Q

1
Z <E, _—
= Z{QXP ( 8LNo + alPExm) }
1 CtgPLL’Q
=E, ——— 14
2{eXP< 8L1NO+Q1P02>} (14
=M,,{ — 1 aPo? ’
8 L1 NO =+ o PO’2
where M, (¢) represents the MGF of random variable z and
o2 denotes the variance of the sub-carrier channel.
Assuming that x5 is modelled as a chi-squared distribution
with 4K degrees of freedom its corresponding MGF is given
as

M = (1 —t)~2K2, (15)



Hence, by suzbstituting (15) into  (13) for
t = —é#ﬂ"lpaz, and after some mathematical
manipulations, an upper bound on the overall average
PEP of NOMA-MCIK over Rayleigh fading is derived as

L2/K2 La/K2—N2 ( _
1 agy

PZ< Y Y 1+

—2K
_ 2y P
vl 8 Ly + a1y 2

_ —2K>
Ly/Ky — Ny 1 ay
=No—F— |1+ 7+ ;
2 8 L1+ ¥

where 4 denotes the average SNR of the system.

From (16) it can be seen that the average PEP can be
improved by increasing the diversity order of the system.
This can be achieved by increasing the number of active sub-
carriers whose indices convey the information.

k=1

(16)

C. Improved Approximation of Average PEP

From (11) and (16) it can be seen that the average PEP
of users 1 and 2 is obtained as an upper bound. A tight
approximation for the average PEP can be obtained by using
the approximation Q(z) ~ %e’:’ﬂm + %672902/3 which has
been found to approximate the Q-function more accurately
than the improved Chernoff bound [12].

Therefore, by following the same approach as in the pre-
vious subsection an approximation for the average PEP over
Rayleigh fading for user 1 is derived as

L 1 2\
JZ2NESD oY [t N S ) i 0
€approw 1 <K1 1) [12 < + 8
a7

Similarly, a tight approximation for the average PEP over
Rayleigh fading for user 2 can be obtained as

L 1 1 S\
P2 ~N B N e 2
Cappros — 12 (K2 2) [12 ( 8L ton

(18)

IV. NUMERICAL RESULTS AND DISCUSSION

In this section numerical and simulation results are pre-
sented for a NOMA-MCIK scheme with two users over
Rayleigh fading. For simplicity on the analysis it is assumed
that L1 = Ly = L and z; = 1,z = 2. Therefore, the
transmission for user 1 is configured with L = 8, K; =1
and N1 = 1 whereas for user 2 two different configurations
are considered: 1) L = 8, Ky = 2 and Ny = 1 and 2)
L =8, Ky =4 and N, = 1. For each scenario three different
power allocation schemes are taken into account: 1) a; = 0.4
ag =0.6;2) a3 = 0.2 ag = 0.8 and 3) a3 = 0.01 as = 0.99.

Fig. 3 depicts the average PEP performance for users 1 and
2 with the first configuration and different power allocation
coefficients. It is shown that the detection performance is

significantly affected by the power allocation coefficient and
the SNR. More specifically, it can be observed that user 2
achieves better error performance than user 1 at low SNR
regions. This can also be verified from (17) which results in
diversity order d = 4 for Ko = 2. Interestingly, an error floor
at user 2 has been observed at high SNR regions. As the SNR
of both users increases, the effect of interference from user
1 becomes dominant, which in turn results to an error floor
at approximately E;/Ny = 25 dB for the two first power
allocation schemes. On the other hand, the error performance
of user 2 can significantly be improved with negligible error
floor when higher power is allocated to user 2 compared to
user 1. Furthermore, the closeness between the simulation and
numerical results from (17) and (18) validates the derivation
and reveals the tightness of the derived expressions for the
average PEP of users 1 and 2 especially for high SNR regions.

Fig. 4 compares the performance of user 2 in terms of the
average PEP for different configurations and power allocation
strategies. It is shown that the error performance of user 2
can be improved by increasing the number of active sub-
carriers per sub-block especially for the cases when oy = 0.6
and as = 0.8. Therefore, for the case of high interference
from user 1, the performance of user 2 can be improved by
increasing the number of active sub-carriers within a given
sub-block.

In all previous cases, it is assumed that user 1 and user 2
have the same SNR statistics. However, it is worth investigat-
ing the case when the SNR of user 1 increases at different
rates over the SNR of user 2. In this context, let ¥ denote
the SNR of user 2, whereas the SNR of user 1 is given as
AT, with 7 > 1, where 7 expresses the rate of change in the
SNR. In this context, Fig. 5 depicts the average PEP of users
1 and 2 for the case when the SNR of user 1 increases at
different rate, 7 = {3,5,10} dB over the SNR of user 2 for a
power allocation with {a1,as} = {0.01,0.99}. It is observed
that the average PEP performance of user 2 degrades when
the SNR of user 1 increases resulting on higher error floor.
On the other hand, the performance of user 1 improves with
a 7 dB power gain as 7 increases from 3 dB to 10 dB for an
average PEP of 1074.

V. CONCLUSION

In this paper novel NOMA scheme with index modulation
has been proposed. Novel closed-form expressions for the
instantaneous and average overall PEP for NOMA-MCIK with
ML detection are derived. These expression are used to ana-
lyze the performance of user m for a NOMA-MCIK scheme
in the presence of interference. Furthermore, a closed-form
expression that approximated the overall average PEP has been
derived. The approximate expression achieves acceptable accu-
racy levels of less than 1 dB, at high SNR regions. The derived
expressions enable the performance analysis for various con-
cepts of NOMA-MCIK. Particularly, combining MCIK with
NOMA allows both power and sub-carrier index dimensions
to be properly used and decrease the error performance faster
with high diversity order obtained. Interestingly, the error floor
at user 2 was observed to depend on the interference of user 1,



Average PEP
=
®

— — Usert, a,=04
User2, 0,=0.6
— o~ Usert a,=02
—0— User2, a,=0.8
— A~ User1,a,=0.01
—A— User2, 0,099
4 Simulation

.
0 5 10 15 20 25 30 35 40 45 50
Es/No (dB)

Fig. 3. Average PEP performance comparison between user 1 and user 2 for
L =8 with {K1, N1} = {1,1} and {K>2, N2} = {2, 1} and three different

power allocation strategies.

O
9o
©080600060060600060000806000

Average PEP

User2, a,=06, (L, K, N,}=(8.2,1}
— — User2, a,=06,{L, K, N,}={8,4,1}
—@— User2, a,=08, {L, K, N,}=(8,2,1}
— 0 User2 a,=08, {L, K, N,}=(8.4,1}
— A~ User2, a,=0.99, {L, K, N,}=(8.4,1}
—A— User 2, ,=0.99, {L, K, N,}=(8,2,1}

. .
0 5 10 15 20 25 30 35 40 45 50
EsNo (dB)

Fig. 4. Average PEP performance for user 2 with different configuration and
power allocation strategies.

which can be significantly reduced by the use of joint power
allocation and sub-carrier index activation. Future work will
focus on applying different detection techniques, extending the
analysis to account for outage probability and optimise the
NOMA-MCIK to improve the overall performance in terms
of spectral efficiency.
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