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ABSTRACT In this paper, we propose two new multiple-access schemes for downlink transmission based on
the combination of orthogonal frequency division multiplexing (OFDM) with index modulation (IM), namely
OFDM-IM. In the first proposed technique, namely, Index Modulation Multiple-Access (IMMA), the OFDM
subcarriers are divided into multiple sets, and each set is assigned to a specific user, and their data bits are
transmitted via the OFDM-IM technique. On the other hand, in the second proposed scheme, an extended
version of IMMA is introduced where the different users are arranged into different pairs, and each pair of
users shares a block of OFDM subcarriers. The two users of each pair are allocated into different domains:
the index domain and the constellation domain. The focus in this paper is on the 28 GHz transmission band as
it has been considered for an initial deployment of mm-waves wireless systems due to their relatively lower
location within the mm-waves range and are hence characterized by lower attenuation. The fluctuating two
ray model (FTR) was proposed as the propagation model for 28 GHz outdoor millimeter waves channels.
Simulation results demonstrate that both schemes achieve improved average bit error rate (ABER) than
classical OFDMA and NOMA-IM techniques.

INDEX TERMS 5 G, Index modulation, millimeter waves, multiple-access, NOMA.

I. INTRODUCTION
Novel transmission techniques are being developed to meet
the requirements of the fifth-generation (5 G) cellular net-
work as the number of wirelessly connected devices grows
in order to meet the vision of the Internet of Things (IoT)
and Machine to Machine (M2M) communications, which is
accompanied by spectrum scarcity and limited energy re-
sources. It is predicted that the number of linked devices
would rise 1000-fold [1]. Furthermore, improving spectral ef-
ficiency (SE) and energy efficiency (EE) are key goals for 5 G
networks [2].

Non-orthogonal multiple access (NOMA) is recommended
as the multiple-access approach for 5G [3], which seeks to
serve many users over the same time-frequency resources to
increase the number of connected users in order to satisfy
these criteria. There are primarily two forms of NOMA: the
first is power domain NOMA (PD-NOMA) [4], which assigns
various power levels to different users using superposition

coding (SC) at the transmitter and successive interference
cancellation (SIC) at the receiver. The second type is code do-
main NOMA, which assigns non-orthogonal spreading codes
to various users. Low-density spreading (LDS) [5] and sparse
code multiple access (SCMA) [6] are two examples of such
codes. However, these NOMA techniques require complex
detectors such as SIC and message passing algorithm (MPA)
as in LDS and SCMA. Furthermore, inter-user interference
(IUI) limits the performance of such NOMA schemes.

To avoid the restrictions of available bandwidth in the stan-
dard microwave band, new spectrum bands such as millimeter
waves (mm-waves) have been researched for 5 G networks.
The mm-waves band has traditionally covered a frequency
range of 30 GHz to 300 GHz. The 28 GHz spectrum has
attracted both research and academics for the early imple-
mentation of mm-wave communication systems. This is ow-
ing to the fact that they have a lower frequency in the mm-
waves region, which results in less attenuation [7]. Fluctuating
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two-ray (FTR) has recently been presented as a viable statis-
tical channel model for the 28 GHz band, with better captures
for the 28 GHz channel characteristics than traditional fading
models like Rayleigh or Ricean [8].

Spatial modulation (SM) has been regard as as an energy-
efficient method for multiple-input multiple-output (MIMO)
systems in recent years [9]. This is due to the fact that only one
antenna is active during transmission. In SM, the input bits are
divided into two groups, one of which is modulated using am-
plitude/phase modulation (APM), such as M-ary modulation.
The indices of the active antenna are used to map the other
group of bits [10].

Index modulation orthogonal frequency division multiplex-
ing (IM-OFDM), inspired by SM, has been proposed as a mul-
ticarrier technique for the frequency selective fading channel.
In this technique, a part of the information bits is conveyed by
the indices of the activated subcarriers [11], [12]. On the other
hand, the other part of the information bits is conveyed by
M-ary signal constellations similar to classical OFDM. This
scheme archives a better bit error rate (BER) than the classical
OFDM due to a higher degree of diversity realized by the
index domain bits transmitted through a frequency selective
fading channel [13]. Various schemes of IM techniques are
surveyed in [12], [14], [15].

Previously, IM-OFDM has been investigated as a multiple-
access technique for the uplink channel [16]–[20]. The rate of
the IM-OFDM has been studied in [21], and a low detection
method was proposed in [22]. Based on IM, a novel pilot
design technique was provided for THz communication sys-
tems in [23], and a dual-mode technique for IM-OFDM was
considered in [24]. A two-user cooperative scheme has been
suggested in [25], [26]. Recently, IM-OFDM has been sug-
gested as a multiple-access scheme for a downlink multiuser
channel [27] in order to increase both the spectral efficiency
(SE) and energy efficiency (EE) of the system. This is mainly
because more information bits can be conveyed by the indices,
where a limited number of subcarriers are activated during
transmission leading to a reduction in the peak to average
power ratio (PAPR). Also, it can avoid inter-user interference
since each user is assigned a specific block of subcarriers. In
index modulation multiple access (IMMA), as we consider in
the first part of this paper, the OFDM subcarriers are divided
into various sets, and each set is assigned to a specific user
where its bits are transmitted via index modulation technique.

Moreover, in the second part, we propose an extended
IMMA as a NOMA technique inspired by [28]. In this
scheme, the transmitter partitions the users into different pairs,
and each pair shares a block of OFDM subcarriers. The two
users of each pair are allocated into different domains: the
index domain and the constellation domain. The main advan-
tages of this scheme are:
� It can double the number of users served at the same

subcarrier block.
� While some papers have considered the combinations of

both NOMA and IM [29], [30], the task of the detection

at the receiver was performed using SIC. In this scheme,
we avoid the usage of such a complex receiver.

� In addition, the previous IM - NOMA schemes in [29],
[30] tend to multiplex users over different levels of trans-
mitted power. This causes interference between the users
and hence affects the system performance. The proposed
technique completely avoids such interference between
the pairs, thus improving the system performance.

The main contributions of this paper can be summarized as
follows:
� IMMA is considered a downlink multiple-access tech-

nique for the millimeter waves outdoor channel, and the
error performance is analyzed.

� Another novel downlink multiple-access technique
called extended IMMA is proposed based on the prin-
ciple of spatial multiple access.

� Simulation results validate the superior ABER perfor-
mance of both schemes over classical OFDMA and IM-
NOMA, respectively.

The remainder of this paper is arranged in the following
manner. The IMMA system model is illustrated in Section II.
In Section III, the extended IMMA system model is presented.
Section IV discusses the IMMA system’s performance. In
Section V, the simulation results are presented and discussed,
and in Section VI, the paper is concluded.

II. SYSTEM MODEL OF IMMA
A. TRANSMITTER
Let us first consider the transmitter of downlink IMMA sys-
tem as illustrated in Fig. 1. It consists of a single base station
serving G users. Each user is assigned a subblock of OFDM
subcarriers with length n, where n = N/G and N is the num-
ber of total OFDM subcarriers, i.e., the size of the fast Fourier
transform (FFT). For each user, only q out of n subcarriers
are activated during transmission. A total number of P bits
for each user enter the IMMA transmitter. Firstly, these bits
are split into two groups: The first P1 bits are responsible for
the selection of the active subcarrier indices. Their function
is to select which subcarrier index to be active during the
transmission, and their size is calculated as

P1 =
⌊

log2

(
n

q

)⌋
. (1)

The mapping process depends on a lookup table which is
explained in Section II-B.

The remaining P2 bits are modulated by M-ary modulation
and then transmitted via the activated OFDM indices, and
their size is calculated as

P2 = q log2 M. (2)

The total number of bits transmitted for each user can be
written as

P = P1 + P2

= �log2

(
n

q

)
� + q log2 M. (3)
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FIG. 1. IMMA transmitter block diagram.

The subblock output dg of each user g; 1 ≤ g ≤ G; can be
written as

dg =

⎡⎢⎣S1 0 · · · 0 S2 · · · Sq 0︸ ︷︷ ︸
q out of n non-zero values

⎤⎥⎦ , (4)

where Sq is the M-ary modulated symbols of P2 bits. The
location of the active q indices depends on the lookup table of
P1 bits. The vector Ig indicates the locations of active indices
according to the lookup table. It can be represented as

Ig =

⎡⎢⎣1 0 · · · 0 1 · · · 1 0︸ ︷︷ ︸
qout of n non-zero values

⎤⎥⎦ . (5)

Next, the OFDM block creator concatenates all users’ sub-
blocks to create a single vector which has the dimension of
N × 1, which can be written as

xF = [
d1 . . . dg

]T
. (6)

Similar to classical OFDM, the OFDM block is processed
by the inverse Fast Fourier Transform (IFFT) algorithm:

xT = N√
q × G

IFFT{xF}. (7)

After that, a cyclic prefix is then added to the block. The
length of the cyclic prefix L must be greater than the channel
impulse response ν.

The spectral efficiency η for each user in the IMMA system
can be written as

η =
�log2

(n
q

)� + q log2 M

n
. (8)

B. SUBCARRIER MAPPING
A look-up table is created at both the transmitter and receiver
to identify the corresponding indices for the upcoming P1 bits
for each user and performs the opposite function at the user’s

TABLE I Look up Table Example for n = 4 and q = 2

receiver. Table I shows an example of a look-up table for n =
4 and q = 2.

C. SUBCARRIER ASSIGNMENT
There are basically two methods for subcarrier assignments:
localized assignment or distributed one [31]. In the localized
assignment, contiguous subcarriers are assigned to each user.
On the other hand, subcarriers are assigned in a distributed
manner to each user in the distributed technique. Fig. 2 illus-
trates the difference between the two methods.

D. 28 GHZ CHANNEL MODEL
The fluctuating two-ray (FTR) fading model is the multipath
fading channel model for 28 GHz [8]. Two fluctuating com-
ponents, as well as random phase and diffuse components,
make up this channel model. It evolved from the two-wave
with diffuse power (TWDP) fading model introduced in [32].
The FTR fading distribution fits the 28 GHz field measure-
ments results in [8] considerably better than Rician fading.
The complex baseband received signal in the FTR model can
be expressed as

Vr =
√

ζV1exp( jφ1) +
√

ζV2exp( jφ2) + X + jY, (9)

where Vnexp( jφn) is the nth component with uniformly dis-
tributed phase φn and a constant amplitude Vn. The diffuse re-
ceived signal component is represented by X + jY , a complex
Gaussian random variable with a distribution N(0, σ 2).
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FIG. 2. Localized vs. Distributed Assignment.

TABLE II The Relation Between FTR Model Parameters and Classical
Fading Channels

The three parameters that characterize the FTR model are
as follows:

K = V1
2 + V2

2

2σ 2
, (10)

� = 2V1V2

V1
2 + V2

2 , (11)

ζ is a Gamma distributed random variable and has the follow-
ing PDF.

fζ (x) = mmx(m−1)

�(m)
e(−mx2 ). (12)

The ratio of the average power of the dominating compo-
nents to the power of the remaining diffuse multipath is de-
noted by K . The similarity between the received powers from
the dominating components is represented by �. The relation
between the FTR model and classical fading channel models
(Rayleigh, Rician, and Nakagami-m) [8] is summarised in
Table II.

E. IMMA RECEIVER
After the transmitter, the signal is transmitted through a
frequency-selective fading channel between the transmitter
and user g. The channel can be represented by the fol-
lowing channel impulse response (CIR) coefficients with

FIG. 3. Block diagram of IMMA receiver.

delay taps ν.

hTg = [
hTg(1) hTg(2) · · · hTg(ν)

]T
. (13)

After passing through the channel, the received signal at
each user in the frequency domain after removing the cyclic
prefix can be written as

yFg (α) = xF (α) hFg (α) + wFg (α) , 1 ≤ α ≤ N, (14)

where yFg, hFg, and wFg are the received signals, the channel
fading coefficients and the noise samples in the frequency do-
main at user g respectively. wFg has a distribution CN (0, NF ).

The structure of each user’s receiver is shown in Fig. 3.
Its tasks are first to remove the cyclic prefix and perform N-
point FFT. After that, it needs to extract its own subcarriers
data, which can be symbolized as yFg

g with the corresponding
subcarriers fading channel coefficients hFg

g in the frequency
domain. Thus, the received signal after subcarrier extraction
for each user can be written as

yFg
g (β ) = dg (β ) hFg

g (β ) + wFg
g (β ) , 1 ≤ β ≤ n. (15)

The maximum likelihood (ML) detector considers all possi-
ble IM-subblock realizations by searching for all the possible
combinations between the subcarrier indices and the signal
constellation points in order to make a joint decision to es-
timate both the transmitted constellation symbols Ŝg and the
active indices Îg by minimizing the following metric

[Îg, Ŝg] = arg minIg,Sg

n∑
β=1

∣∣yFg
g (β ) − hFg

g (β ) dg (β )
∣∣2. (16)

After estimating ŜG, it will be M-ary demodulated to get
P̂2 bits. The lookup table at the receiver will convert ÎG to the
estimated P̂1 bits.

III. SYSTEM MODEL OF EXTENDED IMMA
A. TRANSMITTER
In this scheme, we consider serving multiple pairs U of users.
Each pair is allocated a specific set of OFDM subcarriers,
and it consists of two users: the IM user and the APM one.
The bits of the IM user are responsible for the activation
of the subcarrier indices. This process can be done through
the lookup table as in IMMA. On the other hand, the bits
of the APM user are modulated by M-ary modulation then
transmitted via the activated OFDM indices assigned to its
own pair.
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FIG. 4. Extended IMMA transmitter block diagram.

The transmitter block diagram is as shown in Fig. 4. This
diagram consists of U pairs of users. The 1st user in each pair
is the IM user whose bits are processed by the index selector to
determine which indices to be active according to the lookup
table. The 2nd user in each pair is the APM one whose bits are
mapped by the M-ary modulator.

For each pair, The OFDM IM subblock creator emits the
M-ary constellation symbols through the activated indices to
produce the output vector Du similar to (4). After that, the
OFDM block creator concatenates all the outputs from differ-
ent pairs to form N × 1 OFDM block processed by N-point
IFFT. After that, A cyclic prefix is added, and the output block
is treated as classical OFDMA.

If each pair is assigned z subcarriers, the spectral efficiency
for the IM user and APM one; ηi and ηp respectively; in the
extended IMMA system can be written as

ηi =
�log2

(z
q

)�
z

. (17)

ηp = q log2 M

z
. (18)

After passing through the channel, the received signal in the
case of extended IMMA can be written as

yFu,i (α) = xF (α) hFu,i (α) + nFu,i (α) , 1 ≤ α ≤ N, (19)

where yFu,i , hFu,i and nFu,i are the received signals, the channel
fading coefficients, and the noise samples in the frequency
domain at user i;i ∈ [1, 2]; in the uth pair.

B. IM USER’S RECEIVER
The structure of the receiver is similar to the IMMA receiver
in Fig. 3. For this user’s receiver, its task is to extract its own
bits via detecting the indices of the active subcarriers. In order
to do that, the user’s receiver has to extract the received data
allocated on its pair’s subcarriers, which can be symbolized
as yFu,1

u with the corresponding subcarriers fading channel
coefficients hFu,1

u in the frequency domain. Thus, the re-
ceived signal after subcarrier extraction for the IM user can be

written as

yFu,1
u (γ ) = du (γ ) hFu,1

u (γ ) + nu
Fu,1

(γ ) , 1 ≤ γ ≤ z.

(20)

The ML detector considers all possible subblock realiza-
tions by searching for all possible subcarrier index combina-
tions and the signal constellation points in order to make a
decision to determine the active indices only.

Îu = arg minIu,Su

z∑
γ=1

∣∣yFu,1
u (γ ) − hFu,1

u (γ ) du (γ )
∣∣2. (21)

C. APM USER’S RECEIVER
The structure of the receiver is similar to the IMMA receiver
in Fig. 3. After the N-point FFT, the receiver extracts its
corresponding subcarriers. Then it performs a maximum ratio
combining (MRC) based detection, which consists of two
steps inspired by [33]. In the two-step method, the indices
of the activated indices are firstly decoded. Then, the M-ary
symbols on the activated resources are further decoded to get
the information bits for this user.

IV. PERFORMANCE ANALYSIS OF IMMA
The average BER can be expressed through the well-known
union bounding technique as

ABER ≤ 1

P × 2P

∑
dg

∑
d̂g �=dg

N
(
dg, d̂g

)× Pe
(
dg → d̂g

)
,

(22)
where N (dg, d̂g ) is the hamming distance between dg and d̂g.
Pe(dg → d̂g ) represents the pairwise error probability (PEP)
if d̂g is detected given that dg is transmitted. Using matrix
notation, (15) can be re-written as

y = Hdg + w, (23)

where y = [yFg
g(1) · · · yFg

g(n)]T , H is an n × n all-zero
matrix except for its main diagonal elements denoted by
hFg

g(1) · · · hFg
g(n). Let us define w = [wFg

g(1) · · · wFg
g(n)]T .
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Eq(16) can be re-written as

d̂g = arg mindg
‖y − Hdg‖2

F . (24)

The conditional PEP on H can be expressed with the aid of
the Q-function as

Pe
(
dg → d̂g

) = Q

(√
ξ

2 × NF

)
, (25)

where ξ = ‖H�‖2
F and � = (dg − d̂g). Thus ξ =∑n

λ=1 ‖h(λ)�(λ)‖2
F . The PDF of � = ‖h(λ)‖2

F can be
expressed as

f�(�) = 1

2r
fr (r2), (26)

where fr (r) is given in [8, (15)] with r2 replaced by �. The
moment generating function (MGF) [34] is expressed as

M�(s) =
∫ ∞

0
f�(�)es�d�. (27)

Since only q out of n subcarriers are active during transmis-
sion, the MGF of ξ can be expressed as follows

Mξ (s) =
q∏

i=1

M�i (s),

= (M�(s))q. (28)

Using the previous MGF, the PDF of ξ can be written as

fξ (ξ ) = 1

2π

∫ ∞

−∞

(∫ ∞

0
f�(�)es�d�

)q

e−s�ds. (29)

Now, the unconditional PEP can be computed by integrat-
ing (25) over fξ (ξ ) as

Pe
(
dg → d̂g

) =
∫ ∞

0
Q

(√
ξ

2 × NF

)
fξ (ξ ) dξ . (30)

V. NUMERAL RESULTS
For the upcoming results, the FTR millimeter waves channel
is used as the fading channel with 10 delay taps. The number
of OFDM subcarriers is N = 128, with a cyclic prefix is 16.
Matlab is used for the simulation with 107 channel realization.

In Fig. 5., we compare the performance of both OFDMA
and IMMA in the Rayleigh channel scenario and FTR
channel model with the following parameters � = 0, K =
100(→ ∞), and m = 1. In OFDMA, each user is assigned 4
subcarriers with BPSK as the modulation scheme. For IMMA,
each user is assigned n = 4 subcarriers with q = 2 and, BPSK
is used as the modulation scheme. The performance of the
OFDMA system is precisely the same in both Rayleigh and
FTR channels, which validates the approximation in table II.
This fact also exists for the IMMA system performance. At a
BER value of 10−5, the IMMA achieves approximately 7 dB
better BER performance than the OFDMA. This is due to the
higher diversity archived by the bits transmitted via the active
indices.

FIG. 5. ABER performance of OFDMA and IMMA in Rayleigh channel and
FTR approximation � = 0, K = 100(→ ∞), m = 1.

FIG. 6. ABER performance of IMMA for different techniques of subcarrier
assignment.

Fig. 6. shows the BER performance for different techniques
of subcarrier resource assignment in the IMMA system in
the millimeter waves channel with parameters (� = 0.2, K =
10, m = 2). In this simulation, 4 users are being served so
that each user is allocated only 32 subcarriers (n = 32, q = 1)
and using 4-QAM as the modulation scheme. It is clear that
the distributed technique has a slightly better performance
than the localized one. This is mainly because the distributed
one provides a higher degree of diversity over the channel
response, which leads to an improvement in BER evaluation.

Fig. 7. shows the average BER performance of the 32
users for different modulation order M vs. SNR in millimeter
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FIG. 7. ABER performance of IMMA for different modulation order M.

FIG. 8. Spectral efficiency of IMMA system.

waves channel with parameters (� = 0.3, K = 8, m = 3). In
this simulation, 32 users are being served so that each user is
allocated only 4 subcarriers (n = 4, q = 2) and using QAM
as the modulation scheme. It is clear that as the modulation
order increases, the ABER performance gets worsen due to
increasing the number of bits transmitted by each symbol of
the IMMA system.

Fig. 8. illustrates how the spectral efficiency per user of the
IMMA system changes as a function of the number of active
subcarriers q and modulation order M where n = 12. We can
notice that: As M increases, the SE also increases linearly.
However, a non-linear increase is archived as q increases.

The ABER performance of the extended IMMA is studied
in Fig. 9. in the millimeter waves channel with parameters

FIG. 9. ABER performance of extended IMMA and IM-NOMA.

(� = 0.1, K = 10, m = 5). In order to make a fair compari-
son between the performance of the APM user and the IM one,
the modulation order M = 4 is chosen to be equal to z with
q = 1. The IM user has archived a better ABER performance
than the APM one. This is mainly because transmission via
the IM is affected by a higher diversity of different subcarriers.
This concept was argued in [35], where space shift keying was
compared to the classical M-ary modulation. The extended
IMMA has archived an improved ABER performance than
the IM-NOMA presented in [29]. In order to make a fair
comparison, IM-NOMA parameters were selected to be the
same as the ones used for extended IMMA, i.e., number of
total subcarriers and cyclic prefix. The power allocation factor
is chosen to be 0.25.

VI. CONCLUSION
In this paper, index modulation multiple access is presented
as a multiple access technique for millimeter waves outdoor
channel. In our study, different subcarrier mapping techniques
are considered. The results reveal that IMMA archives bet-
ter performance in comparison with the classical OFDMA.
Moreover, extended IMMA is proposed as a NOMA system
to avoid the drawbacks of IM-NOMA techniques such as
inter-user interference and usage of complex receivers such
as successive interference cancellation (SIC). Both techniques
are shown to be energy efficient since limited numbers of sub-
carriers are active during transmission. The superior perfor-
mance compared with the previous IM-based NOMA scheme
is validated through numerical simulations.
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