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Abstract— In this paper, we propose index modulated orthogo-
nal frequency division multiplexing spread spectrum (IM-OFDM-
SS) scheme, which combines the techniques of SS and IM under
the framework of OFDM. In this scheme, the information bits
are jointly conveyed by the indices of spreading codes and
the conventional )/ -ary modulated symbols. A low-complexity
maximum ratio combining (MRC) detector is designed, in which
the receiver first detects the selected spreading codes and then
the corresponding data symbols are de-spread and demodulated.
The bit error probability (BEP) upper bound and the achievable
diversity order are analyzed according to the union bounding
technique. Simulation results verify the analyses and show that
the proposed IM-OFDM-SS outperforms the existing OFDM-IM
and OFDM-SS schemes significantly.

I. INTRODUCTION

The concept of IM, which utilizes the index(es) of some
transmission entities to carry extra information bits, has been
proposed as a competitive alternative digital modulation tech-
nique for the future wireless communications [1]-[3], and it
has attracted significant attention in recent times.

Inspired by the spatial modulation (SM), which considers
an M-ary modulated symbol and the index of an active
antenna as the information-bearing units [4], a number of
researchers also applied the IM principle to OFDM subcarriers.
In subcarrier-index modulation OFDM (SIM-OFDM) scheme
[5], one index bit is offered to each subcarrier and the
subcarriers with the majority bit-value are activated to transmit
symbols. The number of active subcarriers in each OFDM
block is variable and a perfect feedforward link is needed
to signify the majority bit-value to the receiver, which make
this scheme less practical. Enhanced (E-)SIM-OFDM avoids
these drawbacks by employing one index bit to control the
states of two consecutive subcarriers [6]. However, the spectral
efficiency (SE) of ESIM-OFDM systems is far behind that
of OFDM systems if the same constellation size is adopted.
A more flexible and efficient IM scheme for OFDM named
OFDM with IM (OFDM-IM) is proposed in [7], in which the
total subcarriers are divided into several blocks and a subset
of subcarriers within each block are activated according to the
index bits to transmit M-ary modulated symbols.

The achievable performance of OFDM-IM in terms of
bit error rate (BER) [7], minimum Euclidean distance [8],
achievable rate [9], and inter-carrier interference [10] is ana-
lyzed, revealing the superiority of OFDM-IM over its OFDM
counterpart. Due to the advantages of OFDM-IM, plenty of

research studies on OFDM-IM and its variants have emerged.
Apart from the maximum-likelihood (ML) detector, some low-
complexity detectors, such as log-likelihood ratio detector [7],
low-complexity ML detector [11] and greedy detector [12], are
proposed to ease the computational burden on the receiver.

Based on the framework of OFDM-IM, some efforts to
increase its SE and diversity order have been made in the
literature. On the issue of SE, in multiple-input multiple-output
(MIMO-)OFDM-IM scheme [13], [14], each transmit antenna
is equipped with an OFDM-IM transmitter such that the SE
increases with the number of transmit antennas. A generic
IM scheme for MIMO-OFDM systems, called generalized
space and frequency index modulation (GSFIM) is proposed
in [15], performing IM in both space and frequency domains.
In [16], the “inactive” subcarriers in conventional OFDM-IM
are re-activated intentionally to transmit symbols drawn from
a constellation different from that employed by the “active”
subcarriers. This scheme, called dual-mode IM aided OFDM
(DM-OFDM), increases the number of ordinary modulation
bits, while keeping the number of index bits unchanged. More
recently, the number of modes is relaxed by the scheme of
multiple-mode (MM-)OFDM-IM [17], and the full permuta-
tion of modes are used to convey a higher number of index
bits.

On the other hand, there already exist some enhanced
schemes improving the asymptotic BER performance of
OFDM-IM and related systems. In [18], the subcarrier-level
interleaving is introduced into OFDM-IM to obtain frequency
diversity. In coordinate interleaved OFDM-IM (CI-OFDM-IM)
[19], the real and imaginary parts of each complex data symbol
are transmitted on two different active subcarriers using the CI
orthogonal design, which increases the transmit diversity order
of ordinary modulation bits from unity to two. To increase the
transmit diversity order of index bits solely, the same index
bits are fed into two or more blocks in [20]. In [21], the linear
constellation precoded OFDM-IQ-IM (LP-OFDM-IQ-IM) is
designed, in which an additional diversity gain is harvested
through linear constellation precoding. Space-frequency code
is constructed in [22] to improve the transmit diversity of
MIMO-OFDM-IM.

Spread spectrum (SS) signals are widely used for the trans-
mission of digital information over some radio channels, to
offer code division multiple access (CDMA), message privacy,
and the capability of combating the determined interference.



The combination of OFDM and SS, termed OFDM-SS in
single-user communications and multi-carrier (MC-)CDMA
in multi-user communications, is the attempt to exploit the
advantages of both OFDM and SS [23].

Against the background, this paper proposes a novel IM
scheme, termed IM-OFDM-SS, aiming at improving the di-
versity order of OFDM-IM and the SE of OFDM-SS. In IM-
OFDM-SS, a data symbol is spread across several subcarriers
to harvest additional diversity gain by the spreading code that
is selected from a predefined set according to the index bits.
The contributions of this paper are summarized as follows:

o The techniques of IM and SS are combined under the
framework of OFDM in the IM-OFDM-SS scheme. To
the best of our knowledge, IM for OFDM-SS has not
been studied yet in the literature and the code IM is
only proposed previously in the time-domain for direct
sequence SS communications [24], [25].

o Taking into account the channel estimation errors, the ML
and low-complexity near-optimum MRC detectors are
proposed for IM-OFDM-SS. We derive an upper bound
on the BEP of IM-OFDM-SS assuming ML detection,
from which the diversity order is obtained.

o Extensive computer simulations are performed, whose
results show that IM-OFDM-SS outperforms the existing
OFDM, OFDM-IM, and OFDM-SS schemes significant-
ly.

Notation: Column vectors and matrices are denoted by low-
ercase and capital bold letters, respectively. Superscripts *, 7,
and ¥ stand for conjugate, transpose, and Hermitian transpose,
respectively. C denotes the ring of complex numbers. det(-)
and rank(-) return the determinant and rank of a matrix, re-
spectively. diag(-) transforms a vector into a diagonal matrix.
CN(0,0?%) represents the complex Gaussian distribution with
zero mean and variance 2. The probability of an event and
the probability density function (PDF) are denoted by Pr(-)
and f(-), respectively. Q(+) is the Gaussian Q-function. I, is
the n x n identity matrix. C'(+,-) and ||-|| denote the binomial
coefficient and the Frobenius norm, respectively. We define
[T1,..., xn}T ® Y1, 7yn]T = [z1y1,- - 7xnyn]T'

II. SYSTEM MODEL

In this section, we present the transmitter and receiver
structures of IM-OFDM-SS.

A. Transmitter

The transmitter structure of IM-OFDM-SS based on the
framework of OFDM with N subcarriers is depicted in Fig. 1.
To perform IM efficiently, m information bits to be sent
for each OFDM frame duration are equally separated into g
blocks and IM is performed within n = N/g subcarriers in
a block-wise manner. Since the processes in all blocks are
the same and independent of each other, let us take the (-
th block as an example, where § € {1,...,g}. In the §-
th block, the available p = m/g bits are further divided
into two parts. The first part consisting of p; index bits
are used to select the spreading code c;s) € C™*! from a
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Fig. 1. Transmitter structure of IM-OFDM-SS.

predefined set C = {ci,...,c,}, where i¥¥) € {1,...,n}
is the index of the spreading code for the [-th block. The
second part with py = log, (M) symbol bits are mapped into
a symbol 5(%) € X', where X is an M-ary phase shift keying
(PSK)/quadrature amplitude modulation (QAM) constellation
having unit average power.

To enable low-complexity detection at the receiver, the
spreading codes in C should be mutually orthogonal. In this
paper, Zadoff-Chu and Walsh codes are considered [26]. Due
to the length constraint of Walsh codes, n is assumed to be
an integer power of 2. Therefore, we set p; = log,(n) and
the mapping and de-mapping between p; bits and i(®) can be
easily implemented by the natural binary code [27].

Then, the symbol (%) is spread across n subcarriers by the
selected spreading code c;(s), yielding

T
x® — Mﬁ))m,x(a)} —s®

n Ci(/:*)
T
= [S(B)Ci<ﬂ>,17~--,S(ﬂ)ciw),n} ; (1
where c;s) i, k € {1,...,n} is the k-th element of ¢,s). After

obtaining and concatenating x(#) for all 3, we obtain the N x 1
main OFDM block as follows:

= [on. .. an]” = [(X(l))T7_,_’ (x<g))T]T

T
- [1’51),,,,,xgll)’x?)w“’x(2)’.“7xgg)““’xglg)] .

2

To harvest the frequency diversity, an interleaver is adopted,
which makes the symbols in the x(#) spaced equally by g
subcarriers, obtaining

T

Xp = [21,..., 2]

(1) (9)

T
= [:Ugl),...,xgg),% e Xy ,...,x;1)7...,x£lg)} .

3)

Afterwards, the remaining procedures are the same as those
of classical OFDM, which are omitted in Fig. 1. First, X}



is processed by the inverse fast Fourier transform (IFFT),
yielding the time-domain OFDM block

1

] = Nidal e @)
where Wy is the NV x N discrete Fourier transform (DFT)
matrix with WEWy = NIy. An L-length cyclic prefix
(CP) [XN_141,---,Xn]|T is added to the beginning of x7.
After the parallel-to-serial and digital-to-analog conversions,
the data is transmitted over the frequency-selective Rayleigh
fading channel, whose impulse response is given by hp =
[hT,l,...,hTyv]T, where each entry of hp is a circularly
symmetric complex Gaussian random variable following the
distribution CN'(0,1/v). Note that L is chosen to be larger
than v to combat the intersymbol interference.

At the receiver, N-point FFT and de-interleaving are carried
out in sequence after discarding the CP of the received signal.
Hence, the input-output relationship in the frequency-domain
for the S-th block is given by

v® = XOK®) 1 w(®), )

XTZ[Xl,...

where X(#) = diag(x(®)), h(® is the n x 1 frequency-
domain channel vector, and w(®) € C**! is the noise vector
in the frequency-domain with the distribution CA'(0, NoL,),
With de-interleaving, the elements of h(®) can be viewed as
independent and identically distributed (i.i.d.), which means
h® ~ CN(0,1,). We rewrite (5) in a scalar form as

u = sOr P e o+ w0l k=1,...0n, (6

where y,(f), h,(f), and w,(f) are the samples of y(), h(®) and

w (P respectively, at the k-th subcarrier. We define the average
SNR per subcarrier as v = 1/Ny. The SE of IM-OFDM-SS
scheme regardless of the CP overhead is given by (bps/Hz)

Emi—orpMm-ss = (p1 + p2)/n =loga (Mn) /n,  (7)

while the SE of OFDM-SS is Eorpm-—ss = logs (M) /n, from
which we observe that IM-OFDM-SS achieves a higher SE
than OFDM-SS.

B. Receiver

In this subsection, we address the detection problem of
IM-OFDM-SS by taking into account the effects of channel
estimation errors. Two different types of detectors are provided
for the IM-OFDM-SS scheme, including the ML detector and
the MRC detector. Since the encoding processes for all blocks
are identical and independent, the detection can be performed
block by block, and for brevity, in the sequel we only focus
on one block and omit the superscript (53).

In practical systems, the channel vector h is estimated at
the receiver as [28], [29]

h=h+h,, ®)

where h, € C"*! represents the vector of channel estimation
errors with the distribution CN'(0,071,), and is independent

of h. Hence, h, whose elements are hy,k = 1,...,n, follows
the distribution CN(0, (1 + 02)L,).
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Fig. 2. MRC detector for IM-OFDM-SS.

1) ML detector: From (5), the mismatched ML detector
makes a joint decision on the index of spreading code and the
constellation symbol by searching all possible combinations
of them, namely

(%7§) :argminHy—Xl_lHQ. 9)

Then, the corresponding p information bits can be readily
recovered from i and 3. Obviously, the computational com-
plexity of the optimal ML detector in (9) in terms of complex
multiplications is of order ~ O(Mn) per block.

2) MRC detector: In this detector, the detection process is
divided into two steps, as described in Fig. 2. The first step is
to estimate the selected spreading code, and the second step is
to detect the information symbol based on the spreading code
estimated in the first step.

At the first stage, y is fed into n one-tap equalizers in
parallel, each of which is simply realized by one complex-
valued multiplication per subcarrier. According to MRC, the
[-th equalizer for the k-th subcarrier is given by z; ;, = EZC; >
and combining n subcarriers, yields

A=Y zpye, 1=1,....n (10)
k=1
Then, the squared values of the outputs of n branches are
compared to determine the index of the selected spreading
code via

Y

i = arg max |A%.

After obtaining ¢, at the second stage, the information symbol
s can be estimated readily via

2
n n
. . = 2
§ = argmin Zz;,kyk752|hk| . (12)
k=1 k=1
From the description above, the computational complexity
is of order ~ O(n + M), which is much lower than that of
ML detector.

III. BEP UPPER BOUND AND DIVERSITY ORDER
ANALYSES

In this section, we derive an upper bound on the BEP of IM-
OFDM-SS assuming ML detection in the presence of channel



estimation errors. Then, the diversity order achieved by IM-
OFDM-SS is analyzed.

In the presence of channel estimation errors, the conditional
pairwise error probability (PEP) can be calculated as [7]

Pr(X—X|h)

|Cx- ) ,
\/QJEHXH (X - X) BH2 - QNOH (X : X) BH2(13)

where X is the estimate of X. Since |¢; x|> = 1 for any i, k €
{1,...,n}, we have

szk-ik)ka

L2
HXH(X - X)hH =Y lsein
k=1

1 5 o =2
= x| x - %8| a4
Hence, (13) can be expressed as
N 112
: |(x-%) 5|
Pr (X%X|h) 9 ] (15)
2Ny + 202||x||"/n

By following the method presented in [7], we obtain an
approximate unconditional PEP

1/12
det (In + qll_(nA)

1/4
det (In + qQI_(nA) ’
(16)
where ¢1 = n/(4nNo+4(x|*0?2), g2 = n/(3nNo+3||x[*a2),
and A = (X — X)# (X — X). Then, According to the union
bounding technique, a BEP upper bound can be given by
1 - .
P, < MZZPr (x = X) N (X,x), (17)
X

X

Pr(X—)X)%

where N (X,A X) is the number of erroneous bits when X is
detected as X.
At high SNR, (17) approximates to

}2z#;§:<£lkwﬁmﬂ>d

X, X
(907 1) ¥ (X.%).
12¢f  dgg
where d = rank(K,A) = rank(A) and \,(K,A),w =
1,...,d, are the nonzero eigenvalues of K,A.

Remark: The diversity order achieved by IM-OFDM-SS
is given by dpin = min rank (A). Recalling that A =
X - X)H(X - X), it can be found that dpi, = n/2,n > 2,
when the transmitted spreading code is detected erroneously
by the receiver. It is worth noting that we have d = n when
the receiver correctly detects the spreading code index and
makes a decision error for the M-ary symbol. Compared with

(18)
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Fig. 3. Performance comparison between Zadoff-Chu and Walsh codes of
IM-OFDM-SS with ML detectors (n=4, BPSK, o2 = 0/0.01/0.05).

classical OFDM and OFDM-IM, a higher diversity order is
obtained by IM-OFDM-SS when n > 4. Additionally, IM-
OFDM-SS provides a flexible trade-off between the SE and
the diversity order by adjusting n.

IV. SIMULATION RESULTS AND COMPARISONS

In this section, the uncoded BER performance of IM-
OFDM-SS over Rayleigh fading channels is evaluated through
Monte Carlo simulations. To show the superiority of the
proposed IM-OFDM-SS scheme, it is compared with classical
OFDM, OFDM-IM [7], DM-OFDM [16], MM-OFDM-IM
[17], CI-OFDM-IM [19], and OFDM-SS [23]. It is worth
noting that the primary and the secondary constellations used
by DM-OFDM are designed through constellation rotation. For
simplicity, we will refer to “(CI-)OFDM-IM (n, k) as the (CI-
)JOFDM-IM scheme in which k out of n subcarriers are active,
and “DM-OFDM (n, k)” as the DM-OFDM scheme in which
k out of n subcarriers are modulated by the primary constel-
lation while the remaining subcarriers employ the secondary
constellation.

To see the effects of different spreading codes, in Fig. 3,
we present the BER curves of IM-OFDM-SS schemes with
Zadoff-Chu and Walsh codes, where ML detectors, n = 4, and
BPSK are employed with 02 = 0/0.01/0.05. As seen from
Fig. 3, the IM-OFDM-SS schemes with Zadoff-Chu codes
outperform those with Walsh codes for o2 = 0/0.01/0.05
throughout the considered SNR region, which can be ex-
plained by the fact that IM-OFDM-SS schemes with Zadoft-
Chu codes have larger minimum Euclidean distances between
transmission vectors. In particular, we observe that without
channel estimation errors, about 3dB SNR gain at a BER
value of 1075 can be achieved by the scheme with Zadoff-Chu
codes compared with the scheme using Walsh codes; however,
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Fig. 4. Performance comparison between ML and MRC detectors of IM-
OFDM-SS (n = 4, 16-QAM, o2 = 0/0.01).

both of them have the same diversity order of two. The
channel estimation errors deteriorate the performance greatly
and error floors are observed in the high SNR region due to
the mismatched ML detectors. However, the error floors with
Zadoff-Chu codes are lower than those with Walsh codes. In
addition, Zadoff-Chu codes result in the lower peak-to-average
power ratio [23]. Due to these advantages, Zadoff-Chu codes
are adopted in the rest of computer simulations.

Fig. 4 presents the performance comparisons between ML
and MRC detectors of IM-OFDM-SS, where n = 4 and 16-
QAM are employed with o2 = 0/0.01. To verify the analysis
given in Section III, in the figures, we also plot the BEP upper
bounds (17) for ML detectors. It can be observed from Fig. 4
that MRC detectors exhibit near-ML performance with/without
channel estimation errors. For Ug = 0, both detectors achieve
the same diversity order and less than 1dB SNR loss is
incurred by the MRC detector compared with the ML detector.
Besides, the BEP upper bounds become tight in the high SNR
region, no matter whether there exist channel estimation errors
or not.

In Figs. 5-6, the BER performance of ML detection of IM-
OFDM-SS without channel estimation errors is evaluated at
different SEs. In Fig. 5, we compare the BER performance
of IM-OFDM-SS with n = 4 (8) and 4-QAM (32-QAM),
classical OFDM with BPSK, OFDM-IM with (n, k) = (4,2)
and BPSK, CI-OFDM-IM with (n, k) = (4, 2) and BPSK, and
OFDM-SS with n = 4 and 16-QAM at an SE of 1 bps/Hz.
All schemes employ ML detectors. From Fig. 5, we observe
that IM-OFDM-SS with n = 8 and 32-QAM, OFDM-SS, IM-
OFDM-SS with n = 4 and 4-QAM, CI-OFDM-IM, OFDM-
IM, and classical OFDM achieve diversity orders of 4, 4, 2, 2,
1, and 1, respectively. Both IM-OFDM-SS schemes perform
better than classical OFDM, OFDM-IM, and CI-OFDM-IM
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Fig. 5. Performance comparison among IM-OFDM-SS, classical OFDM,
OFDM-IM, CI-OFDM-IM, and OFDM-SS at an SE of 1 bps/Hz. ML detectors
are used for all schemes.

for all SNR values. More specifically, in spite of the same
diversity order, IM-OFDM-SS with n = 4 and 4-QAM obtains
approximately 3dB SNR gain at a BER value of 1075 over
CI-OFDM-IM. Furthermore, IM-OFDM-SS with n = 8 and
32-QAM outperforms OFDM-SS throughout the considered
SNR region and performs better than that with n = 4 and 4-
QAM at high SNR due to its higher diversity order. Contrarily,
because of the larger constellation size, IM-OFDM-SS with
n = 8 and 32-QAM exhibits a worse BER than that with
n = 4 and 4-QAM in the low SNR region.

The BER performance of IM-OFDM-SS with n = 4 and
64-QAM, classical OFDM with 4-QAM, OFDM-IM with
(n,k) = (4,3) and 4-QAM, DM-OFDM with (n, k) = (4,2)
and BPSK, MM-OFDM-IM with n = 4 and BPSK, CI-
OFDM-IM with (n,k) = (8,6) and 4-QAM, and OFDM-SS
with n = 4 and 256-QAM at an SE level of 1.5-2 bps/Hz
is compared in Fig. 6. ML detectors are used for all schemes
and an SE of 2 bps/Hz is achieved except DM-OFDM, which
has an SE of 1.5 bps/Hz. Similar to the observations in
Fig. 5, IM-OFDM-SS and CI-OFDM-IM achieve a higher
diversity order than classical OFDM, OFDM-IM, DM-OFDM,
and MM-OFDM-IM. Approximately 3dB SNR gain can be
obtained at a BER value of 10~° by IM-OFDM-SS compared
with CI-OFDM-IM. Furthermore, in spite of a lower diversity
order, IM-OFDM-SS performs better than OFDM-SS in the
considered SNR region.

V. CONCLUSION

In this paper, we have proposed IM-OFDM-SS, in which
the techniques of SS and IM are combined based on the
framework of OFDM to improve the performance of existing
OFDM, OFDM-IM, and OFDM-SS schemes. IM-OFDM-SS
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Fig. 6.  Performance comparison among IM-OFDM-SS, classical OFDM,
OFDM-IM, DM-OFDM, MM-OFDM-IM, CI-OFDM-IM, and OFDM-SS at
an SE level of 1.5-2 bps/Hz. ML detectors are used for all schemes.

spreads an M-ary modulated symbol over several subcarriers
by a spreading code and utilizes the index of the selected
spreading code to convey additional bits. A low-complexity
MRC-based detector has been designed for IM-OFDM-SS. An
upper bound on the BEP has been derived, taking into account
the channel estimation errors. Finally, the BER performance of
IM-OFDM-SS has been simulated extensively, whose results
show that IM-OFDM-SS significantly outperforms classical
OFDM as well as the existing OFDM-IM and OFDM-SS
schemes.
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