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Abstract—A new modulation scheme called OFDM with
index modulation (OFDM-IM) is introduced recently. This
scheme allows to transmit additional bits by mapping
a part of incoming bit stream to the indices of the
subcarriers. In this work, performance of OFDM-IM in
multi-user networks for uplink and downlink scenario is
studied. For both scenarios, novel base station designs are
introduced in order to overcome the inter-user-interference
(IUI). Simulation results show that OFDM-IM outperforms
the classical OFDM in multi-user networks and IUI is
eliminated successfully even in large networks.

I. INTRODUCTION

One of the key requirements of future networks is
the high spectral efficiency. To be able to satisfy this
requirement IM application is introduced for OFDM
in [1] which allows to transmit additional bits with
subcarrier indices. In this scheme, the number of active
OFDM subcarriers varies according to incoming bit
stream and the data is transmitted only on the selected
subcarriers. An enhanced subcarrier index modulation
OFDM (ESIM-OFDM) scheme has been proposed in [2]
which can operate without requiring excess subcarriers.
However, this scheme requires higher order modulations
to reach the same spectral efficiency as that of the
classical OFDM.

A more flexible structure which is called OFDM-IM
is introduced in [3], [4]. In this scheme, the number
of active subcarriers are predefined and the indices of
subcarriers are chosen according to incoming bits. The
extension of OFDM-IM to MIMO systems is studied in
[5] and different detection schemes are introduced. In
[6], IM is developed as a new way of vector modula-
tion for interleaved frequency division multiple access
(IFDMA) systems. It is shown that the combination of
subcarrier index modulation (SIM) and IFDMA can have
the advantage of both low peak-to-average power ratio
(PAPR) and better system performance. A new subcarrier
grouping method for OFDM-IM is proposed in [7] and
shown that OFDM-IM with interleaved grouping can
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achieve SNR gain over classical OFDM under a low-
order alphabet input. A tight upper bound on bit error
rate (BER) of OFDM-IM is given in [8]. Complementary
cumulative distribution function (CCDF) for PAPR is
studied and shown that OFDM-IM has significantly
better performance than classical OFDM. Further im-
provement is achieved by applying interleaving method
to OFDM-IM [9]. A generalized space-frequency index
modulation (GSFIM), which is a promising modulation
scheme that uses both spatial domain and frequency
domain to encode bits through indexing is introduced
in [10], [11] and low complexity encoding and detec-
tion schemes are proposed. Another generalization for
OFDM-IM are proposed in [12], [13].

Additional to these extensive works, in [14], [15]
performance of SIM-OFDM is studied for multi-user
networks. In these works, the number of active subcar-
riers are related to the modulation order which limits
the number of bits that can be transmitted at a channel
use and the resulting system design strongly depends
on the modulation order. In [14], an iterative algorithm
is introduced to detect incoming bits at the receiver
side and in [15], previous work is extended for massive
MIMO systems with imperfect channel state information
(CSI).

In this work, uplink and downlink error performance
of OFDM-IM scheme in multi-user networks are studied.
The number of active subcarriers are predefined at the
system and OFDM-IM block is generated accordingly.
Since the number of active subcarriers are indepen-
dent from the modulation order, OFDM-IM provides a
flexible design in contrast to SIM-OFDM. While it is
necessary to increase the modulation order to achieve
higher spectrum efficiency (SE) in SIM-OFDM, better
SE can be achieved with lower modulation order with
different number of active subcarriers with OFDM-IM.
Furthermore, simulation results show that the OFDM-IM
scheme has better performance than both the classical
OFDM and SIM-OFDM.

The rest of the paper is organized as follows. In
Sec. II, system models of OFDM-IM in multi-user
network are introduced for both uplink and downlink
scenario. In the same section, the SE and PAPR are cal-978-1-5386-3531-5/17/$31.00 c© 2017 IEEE



culated and compared to the state-of-the-art schemes. In
Sec. III, error performance of the system is investigated
and finally in Sec. IV the paper is concluded.

II. SYSTEM MODEL

In classical OFDM scheme, there are Ntot available
subcarriers and all the subcarriers are used in order
to transmit Ntot log2M bits at a channel use, where
M is the modulation order. Unlike the conventional
one, in OFDM-IM scheme, Ktot out of Ntot available
subcarriers are chosen to be active according to the in-
coming bit stream at each channel use. M -ary modulated
symbols are transmitted on these Ktot subcarriers while
Ntot − Ktot subcarriers remain idle and the location
of the active subcarriers convey additional information.
These subcarriers are divided into G groups in order
to have a feasible receiver structure which is explained
in Sec. II-A and Sec. II-B for uplink and downlink
transmission, respectively. Resulting number of available
and active subcarriers in each group is N = Ntot/G and
K = Ktot/G. With this scheme, b = b1 + b2 bits are
transmitted at a channel use where b1 = Gblog2

(
N
K

)
c

by IM part and b2 = GK log2M as M -ary modulated
symbols.

In the following subsections, the system model of
OFDM-IM for both uplink and downlink transmission
in multi-user networks are introduced. The base station
(BS) design to deal with the (IUI) for these systems are
explained in detail.

A. Uplink Transmission
The transceiver block diagram for uplink transmission

is shown in Fig. 1. At this structure, there are U users
with NT transmit antennas who communicate with the
BS with NR receive antennas where NR ≥ UNT . It
is assumed that BS has CSI and users are not aware
of the channel statistics. At each user, b bits enter to
each transmit antenna chain and these bits are divided
into G = Ntot/N groups such that b = Gp. Fur-
thermore, p bits are divided into two parts according
to the modulation order M and the number of active
subcarriers K. According to p1 bits, the combination of
K subcarriers is selected from the look-up table, igtu =
[igtu(1) igtu(2) . . . igtu(K)]T where t = 1, . . . , NT ,
u = 1, . . . , U and g = 1, . . . , G. Here, igtu(k) =
1, . . . , N is the selected subcarrier index of g-th group
at u-th user to transmit from t-th transmit antenna. Note
that, when p1 bits are not the order of 2, look-up table
will be truncated and the decoding of the active subcar-
rier indices must be adapted accordingly. Furthermore,
the remaining p2 bits are used to generate M -ary mod-
ulated data, sgtu = [sgtu(1) sgtu(2) . . . sgtu(K)]T

to transmit on selected subcarriers. The resulting sub-
carrier indices and the modulated symbols for all
groups are itu = [(igtu)T (igtu)T . . . (igtu)T ]T and
stu = [(sgtu)T (sgtu)T . . . (sgtu)T ]T , respectively,
where itu and stu are ∈ CKtot×1.

After the selection procedure is completed, modulated
data are assigned to the active subcarriers. Firstly, the

frequency domain OFDM-IM symbol of g−th group
xg
tu = [xgtu(1) xgtu(2) . . . xgtu(N)]T is generated.

Then, in order to be sure that the symbols at each
subcarrier are transmitted through uncorrelated chan-
nels, interleaved grouping is employed to generate fi-
nal OFDM-IM block xtu, where xtu[1, . . . , g, . . . , g +
G, . . . , g + (N − 1)G, . . . , Ntot]

T = xg
tu[1, 2, . . . , N ]T

for t = 1, . . . , NT , u = 1, . . . , U and g = 1, . . . , G.
Note that, G(N−K) elements that are the indices of the
subcarriers were not selected as active are zero in xtu.
After reorganizing the frequency domain symbol xtu,
Ntot-point IFFT operation is employed. By adding NCP

length cyclic prefix, Ntot+NCP length OFDM-IM block
is transmitted from each transmit antenna over an L-tap
frequency-selective Rayleigh fading channel from each
user. Input-output relationship of the system at frequency
domain for each subcarrier is as follows

yn =
U∑

u=1

Hnuxnu + wn, n = 1 . . . N, (1)

where xnu ∈ CNT×1 is the transmitted OFDM-IM
symbol from u-th user, Hnu ∈ CNR×NT is the effective
channel matrix for u-th user with CN (0, 1) distribution
and wn ∈ CNR×1 is the AWGN with CN (0, σ2)
distribution, respectively.

At the base station, cyclic prefix is removed and
Ntot-point FFT is employed. Following regrouping of
the frequency domain signal, minimum mean square
error (MMSE) filtering is applied to eliminate the IUI
and successfully reconstruct the transmitted symbol. The
filtered signal at each group is as follows

ỹg
n = Wg

nyg
n = Wg

nHg
nxg

n + Wg
nwg

n, (2)

where Wg
n = ((Hg

n)HHg
n +IUNT

/ρ)−1(Hg
n)H is the

MMSE filter of g-th group and n-th subcarrier such that
Hg

n = [Hg
n1 Hg

n2 . . . Hg
nU ] ∈ CNR×UNT , ρ =

Ups/σ
2 is the SNR of the system and ps is the transmit

power of an OFDM-IM block. The input signal xg
n =

[(xg
n1)T (xg

n2)T . . . (xg
nU )T ]T is UNT × 1 vector

that contains the data from all the users.
After applying MMSE filtering to each subcarrier, the

resulting ỹg
n ∈ CUNT×1 symbols are rearranged such

that X̃g = [X̃g
1 X̃g

2 . . . X̃g
U ] where X̃g

u is CN×NT

for u = 1, . . . , U . Once we have the filtered matrix X̃g , it
is easy to detect the active indices. Assume Φ ∈ Z2p1×K

is the matrix that contains all the possible index combi-
nations of truncated look-up table. An example of Φ is
given for N = 4 and K = 2

Φ =

[
1 1 1 2
2 3 4 3

]T
. (3)

By using such a look-up table, the decision metric is
calculated for each combination

d(l) =
K∑

k=1

|x̃g
tu(Φ(l, k))|, (4)
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Fig. 1. Block diagram of OFDM-IM uplink scenario in multi-user networks

where l = 1, . . . , 2p1 , t = 1, . . . , NT , u = 1, . . . , U
and g = 1, . . . , G. Once we have the decision metric
d, the maximum entry of this metric that also in-
dicates the active subcarrier combination is found as
l̂ = arg max

l
d(l). Finally, l̂ is mapped to Φ and the

active subcarriers are detected as follows

îgtu = Φ(l̂, :). (5)

After detection of the active subcarrier indices, the
symbols on these subcarriers are collected as x̂g

tu =
x̃g
tu(̂igtu). Here, îgtu and x̂g

tu are CK×1 vectors that
contain indices of K active subcarriers and M -ary mod-
ulated data transmitted from t-th transmit antenna of u-th
user, respectively. From this point on, ŝgtu can be found
by M -ary demodulation of x̂g

tu vector. The resulting
detected indices and M -ary modulated data of all groups
from all the users are [Î1, . . . , ÎU ] and [Ŝ1, . . . , ŜU ],
respectively, where Îu and Ŝu are ∈ CKtot×NT for
u = 1, . . . , U .

B. Downlink Transmission
The transceiver block diagram for the downlink trans-

mission is shown in Fig. 2. In this system, BS transmits
information to U users. BS has NT transmit antennas
such that NT ≥ UNR and users have NR receive
antennas. The procedure to generate OFDM-IM symbols
xg
ru for each group is same as the uplink model that is

explained in detail in Sec. II-A, where r = 1, . . . , NR,
u = 1, . . . , U and g = 1, . . . , G. OFDM-IM symbols are
merged into xru ∈ CNtot×1 by interleaved grouping to
build the OFDM-IM block up.

The difference from the uplink transmission, at down-
link case CSIT is available at the BS and users have only
partial information on channel statistics. By taking ad-
vantage of the CSIT, MMSE-based precoder is employed
in order to eliminate the IUI. The precoded frequency
domain OFDM-IM symbol is

x̄n = γn

U∑
u=1

Pnuxnu, n = 1 . . . N, (6)

where xnu ∈ CNR×1 is the signal on n-th subcarrier
to be transmitted to the u-th user. Pnu ∈ CNT×NR is
the precoding matrix designed to mitigate IUI such that

Pn =

(
HH

n Hn +
IUNT

ρ

)−1

HH
n . (7)

Here, Pn = [Pn1 Pn2 . . . PnU ] is the pre-
coding matrix for all users where u = 1, . . . , U and
γn =

√
U

trace{PnPH
n }

is the normalization coefficient.
After this point, same procedure is applied as in the
uplink transmission.

The received signal at u-th user after removing the
cyclic prefix and interleaved regrouping is

ỹg
nu = Hg

nux̄g
n + wg

nu, (8)

where x̄g
n ∈ CNT×1 is the transmitted symbol,

Hg
nu ∈ CNR×NT is the Rayleigh fading channel matrix

between u-th user and the BS with CN (0, 1) distribution
and wg

nu ∈ CNR×1 is the AWGN with CN (0, σ2)
distribution, respectively.

Since the precoding is applied in order to eliminate
IUI, the user only needs to calculate x̃g

nu = ỹg
nu/γn

and then proceeds to decode the received OFDM-IM
symbol. Note that, with this design, user only needs
to know γn values, instead of whole channel matrix
Hn ∈ CNT×NR where n = 1, . . . , Ntot. Furthermore,
the active subcarrier indices îgru and the M -ary symbols
ŝgru on these subcarriers are detected as described in
Sec. II-A, where r = 1, . . . , NR, u = 1, . . . , U and
g = 1, . . . , G.

C. Performance Analysis

The upper bound of the SE for OFDM-IM scheme can
be calculated as follows

SEOFDM−IM =
G(blog2

(
N
K

)
c+K log2M)

Ntot +NCP
. (9)

On the other hand, the upper bound of the SE for
classical OFDM and SIM-OFDM are given below

SEOFDM =
Ntot log2M

Ntot +NCP
, (10)
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Fig. 2. Block diagram of OFDM-IM downlink scenario in multi-user networks

SESIM−OFDM =
G(log2M +K log2M)

Ntot +NCP

=
Ntot log2M

Ntot +NCP
.

(11)

Since K = M − 1 for the SIM-OFDM scheme where
M is the modulation order, it is seen from Eq. (11)
that the SE of the SIM-OFDM is equal to SE of the
classical OFDM, SESIM−OFDM = SEOFDM . On
the contrary, the parameters N and K can be defined
independently from the modulation order for the OFDM-
IM scheme, with certain parameters, it is possible to
achieve better SE than both OFDM and SIM-OFDM
schemes. As an example: a SIM-OFDM system with
Ntot = 128, NCP = 8, M = 4 the SE of SIM-OFDM is
SESIM−OFDM = 1.88; on the other hand an OFDM-
IM system with Ntot = 128, NCP = 8, N = 16,
K = 12, M = 4 the SE is SEOFDM−IM = 2.

Another performance metric in that the OFDM-IM is
advantageous is PAPR. The PAPR values for all three
schemes can be found as follows

PAPROFDM−IM = 10 log10GK, (12)

PAPRSIM−OFDM = 10 log10GK, (13)

PAPROFDM = 10 log10Ntot. (14)

It is clearly seen from above equations that
PAPROFDM−IM ≤ PAPRSIM−OFDM <
PAPROFDM .

III. NUMERICAL RESULTS

In this section we have shown the performance of
OFDM-IM for both uplink and downlink transmission.
We considered the BER as performance metric. In all
simulations, we assume that the total number of subcarri-
ers is Ntot = 128, NCP = 16 and 4-QAM is considered
to modulate the bits. Furthermore, L = 8 tap frequency
selective Rayleigh fading channel is considered between
each user and the BS.

In Fig. 3, the uplink BER performance of the system is
shown. We compared the OFDM-IM scheme with clas-
sical OFDM and SIM-OFDM that is studied for multi-
user scenario in [14]. In Fig. 3, we consider the uplink
scenario with 2 and 32 users. Each user is equipped
with a single transmit antenna and the BS has NR = 2
and NR = 32 receive antennas, respectively. Since the
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Fig. 3. BER comparison of uplink transmission for OFDM, SIM-
OFDM and OFDM-IM in 2- and 32-single antenna user networks with
NR = 2 and NR = 32, respectively.

number of active subcarriers are determined by the mod-
ulation order in the SIM-OFDM scheme, it is assumed
that N = 4, K = 3. On the other hand, the number of
total and active subcarriers in a group are determined
as N = 8 and K = 6 for the OFDM-IM scheme,
respectively. It is seen in Fig. 3 that the OFDM-IM
scheme achieves better performance than both classical
OFDM and SIM-OFDM in both cases. Since only GK
subcarriers carry information on the spectrum, the aver-
age distance between M -ary symbols on the spectrum
is larger than in the other two schemes. Furthermore,
the interleaved grouping provides additional protection
to modulated symbols against correlated channels. Note
also that the selection of the available subcarriers and
the active subcarriers in a group is independent from the
modulation order. In contrary, in SIM-OFDM scheme,
the number of subcarriers at a group is defined as M that
is also the modulation order and only one subcarrier is
selected inactive at a channel use. This property of the
scheme limits the system design while in OFDM-IM,
N and K can be chosen freely according to the system
requirements. This feature provides a flexible design and
allows trade of between SE and PAPR.

In Fig. 4, we consider the downlink scenario with
2 and 32 users. Each user is equipped with a single
transmit antenna and the BS has NT = 2 and NT = 32
transmit antennas, respectively. The number of total and
active subcarriers in a group are determined as N = 8
and K = 6 for OFDM-IM scheme, respectively. It is
seen in Fig. 4 that the downlink performance of OFDM-
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Fig. 4. BER comparison of downlink transmission for OFDM and
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IM scheme is similar to the uplink scenario. The MMSE-
precoder successfully mitigates the IUI and OFDM-IM
outperforms the classical OFDM for high SNR values.

The poor performance of OFDM-IM in low SNR
regime for both uplink and downlink cases can be
explained with the higher erroneous detection of sub-
carrier indices. When the active subcarrier indices are
not detected correctly at the receiver side, decoding of
the modulated symbols on these detected subcarriers will
also be erroneous. Another disadvantageous brought by
the IM part of the scheme is the additional complexity at
detection. There are intermediate steps between filtering
and M -ary demodulation in order to detect the active
subcarrier indices. Despite the additional complexity,
OFDM-IM have a better error performance than classical
OFDM and SIM-OFDM schemes. Furthermore, OFDM-
IM provides a flexible system model that allows us to
design the system according to requirements such as high
SE, low PAPR and low BER.

IV. CONCLUSION

In this work, the OFDM-IM scheme has been stud-
ied for multi-user networks. System models for down-
link and uplink scenarios have been introduced. Novel
transceiver designs in order to eliminate IUI have been
explained in detail for both of the scenarios. It has
been shown that the OFDM-IM outperforms the classical
OFDM in also multi-user networks. As future work, we
believe that investigating the energy efficiency of the
system is an interesting and timely research.
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