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Abstract—1In this paper, we propose an index modulated
orthogonal 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 M-ary modulated symbols.
A low-complexity maximal ratio combining (MRC) detector is
designed, in which the receiver first detects the spreading codes
and then de-spreads and demodulates the symbols. The bit
error rate (BER) performance of IM-OFDM-SS systems in the
presence of channel estimation errors is analyzed. An upper
bound and approximate average bit error probability associated
with maximum-likelihood and MRC detection, respectively, are
derived. Subsequently, we extend the idea of IM-OFDM-SS
to multi-code and multi-user scenarios, proposing generalized
(G-)IM-OFDM-SS and IM-based multi-carrier code divi-
sion multiple access (IM-MC-CDMA), respectively. Simulation
results verify the analyses and show that the proposed IM/
GIM-OFDM-SS outperforms the existing OFDM-IM and OFDM-
SS schemes significantly. In addition, the IM-MC-CDMA exhibits
a lower BER than MC-CDMA at the same SEs for either
multi-user or single-user detection.

Index Terms—OFDM, index modulation, spread spectrum,
channel estimation errors, multi-user communications.

I. INTRODUCTION

ITH the increasing demand for high data rate commu-
Wnications, multi-carrier transmission has received wide
interest. The first orthogonal frequency division multiplex-
ing (OFDM) scheme was proposed in 1966 [1], which presents
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the principle of orthogonal multiplexing for transmitting a
number of information bits simultaneously without interchan-
nel and intersymbol interferences. In [2], discrete Fourier
transform (DFT) is used for baseband processing rather than
a bank of oscillators, such that the implementation com-
plexity of OFDM systems is greatly reduced. Furthermore,
OFDM achieves a high spectral efficiency (SE) due to the
densely spaced subcarriers with overlapping spectrum and
the avoidance of guard bands. Hence, OFDM is adopted
in many telecommunication standards such as digital video
broadcasting standard for terrestrial broadcasting [3], Long
Term Evolution (LTE) and IEEE 802.11x [4].

Recently, the concept of index modulation (IM), which
utilizes the index(es) of some transmission entities to carry
extra information bits, has been proposed as a competitive
alternative digital modulation technique for the future wireless
communications [5]. 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 [6],
a number of researchers also applied the IM principle to
OFDM systems. In subcarrier-index modulation (SIM-)OFDM
scheme [7], 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 [8]. However, the 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 [9], in which the total subcar-
riers 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 performance of OFDM-IM in terms of bit error
rate (BER) [9], minimum Euclidean distance [10], achievable
rate [11], and inter-carrier interference [12] is analyzed, reveal-
ing the superiority of OFDM-IM over its OFDM counterpart.
Due to the advantages of OFDM-IM, plenty of research
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 [9] and greedy
detector [13], are proposed to ease the computational burden
on the receiver. An upper bound and an approximate expres-
sion for the bit error probability (BEP) of OFDM-IM are
derived in [14] and [15] assuming ML and energy detection,
respectively.
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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, two generalizations
of OFDM-IM, termed OFDM with generalized index
modulation 1 (OFDM-GIM1) and OFDM-GIM?2, are proposed
in [16]. In OFDM-GIMI1, the number of active subcarriers
in each block is changeable per transmission according
to the index bits. In OFDM-GIM2, the IM technique is
performed independently on the in-phase (I-) and quadrature
(Q-) dimensions, which doubles the amount of index bits
of OFDM-IM. Compressed sensing (CS) assisted OFDM-
IM [17] improves the SE of OFDM-IM by implementing
the conventional IM in a high-dimensional virtual domain,
and then compressing the resulting IM symbols into the
low-dimensional subcarriers in the frequency domain with the
help of the CS technique. In multiple-input multiple-output
(MIMO-)OFDM-IM scheme [18], each transmit antenna is
equipped with an OFDM-IM transmitter such that the SE
increases with the number of transmit antennas. A low-
complexity yet near-optimal detector for MIMO-OFDM-IM is
designed in [19] based on the sequential Monte Carlo theory.
A generic IM scheme for MIMO-OFDM systems, called
generalized space and frequency index modulation (GSFIM) is
proposed in [20], performing IM in both spatial and frequency
domains, and its low-complexity detector is provided in [21]
using the multi-stage message passing approach. In dual-mode
IM-aided OFDM (DM-OFDM) [22], 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.

On the other hand, there already exist some enhanced
schemes improving the asymptotic BER performance of
OFDM-IM and related systems. In [23], the subcarrier-
level interleaving is introduced into OFDM-IM to obtain
frequency diversity. In coordinate interleaved (CI-)OFDM-
IM [24], 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 [25].
Space-frequency code is constructed in [26] to improve the
transmit diversity of MIMO-OFDM-IM. Finally, the symbol
error probability of OFDM-IM with diversity reception is
analyzed in [27], in which greedy detection is employed for
index bits and ML detection for ordinary modulation bits.

Spread spectrum (SS) signals are widely used for
the transmission of digital information over some radio
channels to offer message privacy, the capability of
combating the determined interference, and code division
multiple access (CDMA). The combination of multi-carrier
modulation and SS, termed multi-carrier (MC-)SS, is an
attempt to take advantage of attributes of both techniques [28].
This combination has prompted a number of new multiple
access schemes, such as MC-CDMA and MC direct sequence
CDMA (MC-DS-CDMA) [29], [30]. In MC-CDMA, the chips
of a spread data symbol are mapped in the frequency scale
over several parallel subcarriers. By contrast, MC-DS-CDMA
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converts the high-rate data stream into parallel low-rate
sub-streams, and then the DS spreading is performed on each
sub-channel in the time scale with a user-specific spreading
code. As a special form of MC-DS-CDMA, single-carrier
frequency division multiple access (SC-FDMA) has been
adopted in LTE-Advanced for the uplink transmission [31].
In SC-FDMA, the time-domain data symbols are transformed
to the frequency domain by a DFT precoder before carrying
out the MC modulation. In the above-mentioned MC-CDMA
and MC-DS-CDMA, the spreading codes are used to spread
symbols and they do not carry any information.

The idea of code IM (CIM), which utilizes the indices
of spreading codes to convey additional information bits,
is first proposed by the authors of [32]. In their proposed
scheme, one additional bit on the I- (Q-) branch is used
to select one of two spreading codes, by which the I- (Q-)
component of a quadrature phase shift keying (QPSK) symbol
is spread. Later, the authors from the same research group
generalize CIM in [33] by employing M-PSK/quadrature
amplitude modulation (QAM) and allowing the number of
available spreading codes to be an arbitrary integral power
of two. Furthermore, [34] validates the superiority of CIM
over SM in terms of energy efficiency, system complexity, and
BER performance, while [35] introduces the CIM technique
into differential chaos shift keying scheme to obtain the better
BER performance. However, in the existing CIM schemes, DS
spreading is performed in the time scale for single-carrier and
single-user communications.

Different from the previous CIM schemes, a novel CIM
scheme based on OFDM systems, termed index modu-
lated OFDM-SS (IM-OFDM-SS), is proposed in this paper,
to improve the diversity order of OFDM-IM and the SE of
OFDM-SS. Moreover, a framework of CIM-based multi-user
communications is provided. The contributions of this paper
are summarized as follows:

o The techniques of IM and SS are combined under the
framework of OFDM for the first time. 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 idea of IM-OFDM-SS is extended
to the multi-code and multi-user scenarios, resulting in
the generalized (G-)IM-OFDM-SS and IM-MC-CDMA
schemes, respectively.

e We propose a low-complexity maximal ratio
combining (MRC) detector for IM-OFDM-SS, which
exhibits near-ML error performance. Taking into account
the channel estimation errors, an upper bound and an
approximate mathematical expression for the BEP of
IM-OFDM-SS are derived, assuming ML and MRC
detection, respectively.

« Extensive computer simulations are performed, whose
results show that IM/GIM-OFDM-SS outperforms
the existing OFDM, OFDM-IM, and OFDM-SS
schemes significantly. In multi-user communications,
IM-MC-CDMA also performs better than the
conventional MC-CDMA at the same SEs for either
multi-user or single-user detection.
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Fig. 1. Transmitter structure of IM-OFDM-SS.

The rest of this paper is organized as follows. Section II
gives the system model of IM-OFDM-SS, including the trans-
mitter and receiver structures. The performance in terms of
upper bound and mathematical expression for BEP is analyzed
in Section III. The idea of IM-OFDM-SS is extended to multi-
code and multi-user scenarios in Section I'V. Section V presents
the computer simulation results and detection complexity
comparisons, followed by the conclusion in Section VI.

Notation: Column vectors and matrices are denoted by low-
ercase and capital bold letters, respectively. Superscripts *, 7,
and 7 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,
respectively. diag(-) transforms a vector into a diagonal matrix.
CN (0, o?) represents the complex Gaussian distribution with
zero mean and variance o2. The probability of an event
and the probability density function (PDF) are denoted by
Pr(-) and f(-), respectively. E{-} denotes the expectation oper-
ation. Q(-), Q1(-,-), and Iy(-) are the Gaussian Q-function,
the first-order Marcum Q-function, and the zero-order modi-
fied Bessel function of first kind, respectively. I,, is the n x n
identity matrix. |-], C(-,-), and ||-|| denote the floor function,
the binomial coefficient, and the Frobenius norm, respectively.
We define [xq, ... ,x,,]T®[y1, R y,,]T =[x1y1,... ,xnyn]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 process in all blocks are the same and
independent of each other, let us take the f-th block as an
example, where 8 € {1, ..., g}. In the S-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 ¢;;p € C™! from a predefined set C = {ci, ..., ¢y},
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where i) € {1,..., n} is the index of the spreading code for
the f-th block. The second part with py = log, (M) symbol
bits are mapped into a symbol s#) € X', where X is an M-ary
pulse amplitude modulation (PAM)/QAM constellation having
unit average power.

To enable low-complexity detection at the receiver,
the spreading codes in C should be mutually orthogonal,
which limits the maximum size of C to be n. In this
paper, Zadoff-Chu and Walsh orthogonal codes are con-
sidered. For Walsh codes, we have C = {C.i,...,C.,},
where C.x, k € {1,...,n}, represents the k-th column
of the n x n Hadamard matrix. For Zadoff-Chu codes,
C is derived by cyclically shifting a basic Zadoff-Chu
sequence by 0,...,n — 1 positions [36]. For n being
an even number, we employ the Zadoff—2Chu sequence,
{1, exp(j Z5), exp(j‘“‘;l’”), o exp(jw”(#l))}, where @ is
an integer relatively prime to n. 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 pp bits and i) can be easily implemented
by the natural binary code [37].

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

T
xP) = [xfﬁ), .. .,x,ﬁﬂ)] = s(ﬁ)ci(/:)
®) ®) ’
= [S Citp) 15> S Ci(/f),,,] , (1)
where Cih) k> k e {l,...,n} is the k-th element of ¢;) . After

obtaining x'#) for all 8, the OFDM block creator concatenates
them, yielding the N x 1 main OFDM block as follows:

T
, XN]

= [x{l), o ,x,gl),xfz), R

Xr = [x1,...

¥ r(lz), . (&)

T
(&)
XXy .

)

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

Xp = [xi,...,x;V]T

_ [xlm, o x® D (&)

T
1 (8)
53Xy sy Xy ,...,x,g),...,xn .

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
Xyl = ﬁwx’x;, “)
where Wy is the N x N DFT matrix with WIWy = NIy.
A length-L cyclic prefix (CP) [Xy_r11,..., Xn]T is added to
the beginning of xr. 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 hr = [hT,l, R hT,U]T, where v is the number of
channel taps and each entry of hr is a circularly symmetric

xr = [Xq,...
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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 f-th block is given by

yB = XBORB 4 wB), 5)

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,,).
Note that the frequency-domain channel vector is given by
hr = WNh(%, where h(} is the length-N zero-padded version
of the vector h7, namely h(} =[hsT,0,...,0]7. Hence, with
de-interleaving, h® = (hrp. hF gig,---, hpjﬂJr(n,])g]T
and the elements of h¥) can be viewed as independent and
identically distributed (i.i.d.), which means h®) ~ CN(0, 1L,,).
We rewrite (5) in a scalar form as

bl

W =sPrPe  + 0P, k=1,...,n,  (©)
where y(ﬁ), h,({ﬁ), and w,(f) are the samples of y(ﬁ), h(ﬂ),

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

EM—orpM-ss = (p1 + p2)/n = logy (Mn) /n, @)

while the SE of OFDM-SS is Eorpm-ss = loga (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-OFDMS-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, whose theoretical error performance will
be analyzed in Section III. Since the encoding processes for
all blocks are identical and independent, the detection can be
performed block by block. To simplify notations, in the sequel
we focus only on one block and omit the superscript (5).

In practical systems, the channel vector h is estimated at
the receiver as [38]

h=h+h,, ®)

where h, € C"*! represents the vector of channel estimation
errors with the distribution CA/ (0, 0621,,), and it is independent
of h. Hence, h, whose elements are i,k = 1, ..., n, follows
the distribution CA (0, (1 —1—062)1,,). According to the first-order

autoregressive model and (8), h can be given by [39]
h = ph +u, )

where p = 1/(1 + aez) is the correlation coefficient between
the elements of h and h, and u = [uy,...,u,]’ = (1 -
p)h — ph,, which is independent of h with the distribution
CN(0, (1 — p)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

(i,8) = argmin |ly — Xh|”. (10)
i,s
Then, the corresponding p information bits can be readily
recovered from i and §. Obviously, the ML detector should
search all Mn possible X to find out the one that minimizes
the ML metric, which results in the computational complexity
in terms of complex multiplications of order ~ O(Mn) per
block. Although the complexity of ML detector is acceptable
for moderate values of n and M, it still poses intolerable com-
putational burden in the case of multi-user communications,
as we will see in Section IV. Therefore, the design of a detector
with complexity lower than that of ML detector is demanding.

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;x = EZCZ*’ o
and combining n subcarriers, yields

n
Ar=>zawe 1=1,....n. (11)
k=1
Then, the squared values of the outputs of n branches are
compared to determine the index of the selected spreading
code via

i :argmlaxlAllz. (12)
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After obtaining i, at the second stage, the information symbol s
can be estimated readily via

n n 2
N . i 2
s_argmsm E zi’kyk—s E ‘ k’ .
k=1 k=1

From the description above, complex multiplications of
order ~ O(n) and O(M) are involved at the first and sec-
ond stages, respectively. Considering the two-stage detection
process is performed successively, we conclude that the overall
computational complexity of the MRC detector is of order
~ O(n + M), which is very beneficial in multi-user commu-
nications. In addition, since MRC is able to obtain a large
minimum distance among |A1|2,l = 1[,...,n, the spreading
code index detection of the MRC detector has a comparable
reliability to that of the ML detector. Once the spreading
code index is detected correctly, the second step of the MRC
detector becomes the ML detection. Therefore, the MRC
detector has the ability to achieve the near-ML performance,
which will be validated in Section V.

Remark 1: Channel estimation errors can be regarded
as interference, which lowers the signal-to-interference-plus-
noise ratio (SINR). Moreover, with increasing SNR, the SINR
converges towards a constant. Therefore, for the ML detection,
channel estimation errors deteriorate seriously the performance
of the joint detection of the spreading code index and the
M-ary symbol. Particularly, an error floor is observed in the
high SNR region. For the MRC detection, channel estimation
errors narrow the minimum distance among |A;|% at the first
stage, which results in a higher error probability of detecting
the spreading code index. The second stage detection also
becomes worse as a result of a lower SINR. Similar to the
ML detector, the MRC detector creates an error floor at
high SNR. In the presence of channel estimation errors, since
the spreading code index is estimated first by comparing n
possible energy-like metrics, i.e., |A;|%, the MRC detector
is less susceptible to the channel estimation errors, than the
ML detector. Additionally, the MRC detector exhibits near-
ML performance at much lower complexity. We conclude that
the MRC detector is more suitable for systems with channel
estimation errors.

13)

III. PERFORMANCE ANALYSES

In this section, we derive an upper bound and an analytical
expression for the BEP of IM-OFDM-SS in the presence of
channel estimation errors, assuming ML and MRC detection,
respectively.

A. BEP Upper Bound for the ML Detector

In the presence of channel estimation errors, the conditional
pairwise error probability (PEP) can be calculated as [9]

Pr (X - X |f1)
x5 |
oz (<) | 2m| (x %)

(14)
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where X is the estimate of X. Since |ci,k|2 = 1 for any i,
k e{l,...,n}, we have

Jox = 306" = 3 beue s~ )

1 2 ~ -2
= x| x = SR (1)
Hence, (14) can be expressed as
AN — |12
- |(x - %)
Pr(x—X[h)=0 ! (16)
2No + 202 |1x]|*/n

By following the method presented in [9], we obtain an
approximate unconditional PEP

1/12
det (I, + q1K,A)

1/4
det (I, + ¢2K,A)’

Pr(X—> x) ~ (17)
where g1 = n/(4nNo +4IIx|*a7), g2 = n/(3nNo + 3IIx]|*57),
and A = (X — X)(X — X). Then, according to the union
bounding technique, a BEP upper bound can be given by

Pufﬁ;%Pr(Xeﬁ)N(X,f(), (18)

where N (X,f() is the number of erroneous bits when X is
detected as X.
At high SNR, (18) approximates to

1 d _
P, ~ 2 2 ( Jo (K,,A))
X, X w=1
1 1 .
x (@ + @)N (Xx) . (19)

where d = rank(K,A) = rank(A) and Z,(K,A),
w=1,...,d, are the nonzero eigenvalues of K,A.

Remark 2: The diversity order achieved by IM-
OFDM-SS without channel estimation errors is given by
dmin = min rank (A). Recalling that A = (X —X)? (X —X) =
diag(|sc; — §cl¢|2), when the receiver correctly detects the
spreading code index and makes a decision error for the
M-ary symbol, we have A = diag(|sc; — §¢;|?) that has no
zero diagonal element, by which we are led to dpj, = n. When
the transmitted spreading code is detected erroneously, for
Zadoff-Chu codes with n > 2 or Walsh codes, dyiy is achieved
in the case of the correct estimation of the M-ary symbol.
For this type of error event, we have A = |s|2diag(|ci —¢ |2).
Hence, dpip is the minimum Hamming distance between any
two different orthogonal codes drawn from C, which can be
shown to be n/2. On the other hand, for Zadoff-Chu codes
with n = 2, the Hamming distance between two codes is 2.
Hence, for M-PAM, we have dp, = 2, while for M-QAM,
since there exist combinations of s and § that generate d = 1,
we have dpin, = 1. To sum up, the achievable diversity order

-1
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of IM-OFDMS-SS is given by

2, for n =2, M-PAM, and Zadoff-Chu codes,
dmin = n/2

otherwise.
(20)

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

B. BEP Analysis for the MRC Detector

Motivated by the two-stage nature of the MRC detector,
we observe that the bit errors of IM-OFDM-SS result from
two error cases:

(i) an incorrect index estimation of the spreading code;
(ii) a correct index estimation of the spreading code.

In case (i), due to the incorrect detection of the transmitted
spreading code, bit errors occur in both p; index and p;
ordinary modulation bits. In case (ii), although the index of the
transmitted spreading code is correctly detected, there is still
a probability of error in py ordinary modulation bits. Since
cases (i) and (ii) are complementary, the overall BEP can be
evaluated as

Py = PeqPpi + (1 — Peq) Ppii, 21

where P,; and Pp; are the BEPs for cases (i) and (ii),
respectively, and P4 is the erroneous spreading code detection
probability.

In case (i), the index of the spreading code may be detected
incorrectly as one of the remaining n — 1 indices with equal
probability P.y/(n—1). A different incorrect index may result
in a different number of erroneous bits, and it can be readily
figured out that there are in total C(pi,t) error events that
correspond to ¢ erroneous index bits, where t € {1,..., p1}.
On the other hand, consider that at high SNR, demodulating an
M-PAM/QAM Gray encoded symbol based on an incorrectly
detected spreading code mostly yields one erroneous bit [8].
Therefore, we have

1 |2
Ppi~———=> iC(pi,n+1). (22)
p\n—1 p
In case (ii), Pp;i can be easily formulated as
2
Ppii = %Psb, (23)

where Py, is the BEP of M-ary PAM/QAM demodulation over
n ii.d. Rayleigh fading channels.

From (21)-(23), the overall BEP for the MRC detector
of IM-OFDM-SS can be derived once the P.; and Py
are obtained. Next, we will deal with the calculation of
P.; and Pyp.

1) Erroneous Spreading Code Detection Probability (P.q):
At the first stage, the receiver selects the index with the max-
imum value of |A 1|2 as the index of the transmitted spreading
code. Since each spreading code is selected equiprobably at
the transmitter, without loss of generality, we assume ¢; is
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transmitted. Then, the error Probability conditioned on the
symbol s and channel vector h is given by

Paoin = 1= P (I8 > 102, A > (A 2)

%

n
1-[]P@i>o0
=1
1#i

n
1-[J0-rwa <0y,
%

where Dj; = |A;|*> — |A;%. With (9), the received signal yg
in (6) can be rewritten as

(24)

Vi = pshicix +scixup +wi, k=1,...,n, (25

which leads to
n 5 n n
Ai=ps D ||+ R+ D hiciwe (26)
k=1 k=1 k=1
and
n 5 n n
A; = ps Z |hk| i iCik +8 Zhch*’kc,-,kuk + Zhch*’kwk,
k=1 k=1 k=1
(27)

for i # [. It is easy to observe that A; and A; are two complex
Gaussian random variables with mean values

n n
= 2 =2
pi=ps D |h|” and g = ps D || cfrein,  (28)
k=1 k=1
respectively. The variances of the real and imaginary compo-
nents of A; and A; are the same, given by

1 ",
of =oi =5 (P A=p)+N) D |l" @9
k=1
The cross-covariance between A; and A; is defined as

1
o = 5 E{(Ai = i) (Ar = )’

1 "
5 (52 = p)+ M) 3 eerciy. GO)
k=1

Recall that the decision metric D;; in (24) is a special
quadratic form of complex Gaussian random variables.
According to [40, Eq. (9A.10)], we have

)
P (Di < 0) = 0, (a,b)—%eXp(—a o )Io<ab), G31)
where
L ‘v(@v—@)}”z, b:[v«:wm)}”z, 32
2 2
with
1
V= 2 2 212\’
\ 4(01'1"711_ ’Uil )

*
& =2 (Iuilzaﬁ +lwilPol — wimod — wint (05) ) :

& = il — > (33)
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Fig. 3. 8-PAM constellation.

After obtaining P(D;; <0) for all [ =1,
Cd|s h can be calculated by (24). Averagmg

,nand ] #1i,
cd|s.h OVer s

and h, the unconditional erroneous spreading code detection
probability can be expressed as

} = %Z/h Pl f (h)dh. (34)

Unfortunately, due to the complexity of P cd|s.h> @ closed-form
expression for P.; is not available. However, the calculation
of P,y can be easily performed in computationally efficient
softwares such as MATLAB using numerical evaluation.

2) BEP of M-ary PAM/QAM Demodulation (Psp): Here,
we derive closed-form BEP expressions for M-PAM and
M-QAM over n ii.d. Rayleigh fading channels when the
n-branch MRC receiver is used. With error-free detection of
the spreading code, (25) can rewritten as

PCd = Es,ﬁ {Pcd}s,l_l

yk:psﬁk—}— sup+wy , k=1,...,n, (35)
[ —

Equivalent noise

which shows that the equivalent noise depends on the trans-
mitted symbol.

Let us first consider the M-PAM constellation and assume
that M-PAM symbols are transmitted over the I- channel.
Fig. 3 illustrates the §-PAM constellatlon with the distance

vector d/ = [d!,d!, .. d’,]T 2Pl 2m=2 nral,,
2
where p2 =3andd’!,=I. Let us label the constellation points

from the left to right zvvith integers counting from 0 to M — 1,
such that the Gray code (f{;, f) - f’, ,) for the j-th

(j=0,.. — 1) point in the constellatlon is given by

flj_blja

£l =0l +bt j mod2, t=2,....p5  (36)

where (b1 n bb FTRRRS ; .) is the binary representation of ;.
Some other parameters, such as the average symbol energy,

the positions of the symbols in the constellation, and the
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decision boundaries for each bit, can also be obtained from
the constellation [41]:
o The average symbol energy is given by Es = (dl )T d’.
o The positions of M symbols in the constellation form the
vector d’ = [dsl,/o, . .,d’M 17, where

I

P
dSI:j:Z(szI,j—l)d,I, j=0,....M

t=1

-1, @37

and the constellation with unit average power can be

obtained by d! = [d],,....d!,, 1" =d!'/VE;.
o The [-th decision boundary of the 7-th bit is defined
as
d’' ,, +d! |
Bl — s5,21—1)2727" s,21—1)2P27" 41
t,l 2 2
I=1,..,27" (38)

For the first bit of j-th symbol, i.e., fll’j, considering (35)
and the decision boundary for f1[, joat the y-axis, an error
will take place if the equivalent noise exceeds the absolute
value of pdsl’ j when fll’ j is 0. Therefore, the error probability,

Py ( fl{ ;), for bit fl{ ; is of the form

Po (#) = F (=i ;).
where F(x) is given by (40), shown at the bottom of this page,
with

(39)

fe (x) = 7 =1/p (0= p@l )*+ No) |
(4D
The proof of (39) is provided in Appendix. When fl{ j is 1,

the error probability Py ( f11 j) becomes

Psp (fl{j) =F (pds',,-) =1-F (_pdsl,j)'
Putting (39) and (42) together, we obtain a generic expression
for Psb(fllj), namely

(42)

1
Py, (f11,j) = fll,j + (_1)fl’jF (Bll,l - pds[,j) .

The analysis given above for fllj j can be easily generalized
to that for fz . (t =2,..., pz) by taking into account the
effects of multlple decision boundaries where the sign of F(-)
should be changed one time whenever a new boundary is
detected, resulting in

(43)

21—1
1
Psb(ft{j) =1+ (_1)ﬁ,_/Z(_1)l+1F(Bt{l_

=1

pdl ;). @4

Fx) =

1= e (@))" 1+ e )\
(f) ;C(n—lek,k)(i),

= e\ 4 e @)
1_(f) k;)C(n—l—l—k,k)(f), x <0

x>0
2

(40)
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By averaging (44) over those symbols in the left of the
plane, we obtain the average error probability for the ¢-th bit

(t:l,...,pé) as
5 M/2-1
Po ()= > [f,,+< s
j=0
2[71

> (_1)1+1F(3,{1 - pdsl’j)i|. (45)
=1

Finally, because of the equal transmit probability for each
bit, a closed-form BEP expression for M-PAM over n i.i.d.
Rayleigh fading channels can be derived as

ot—1

[f, P xZ( 1!

F(B;l pd;,j)] (46)

Next, we consider the case for M-QAM constellation with

logy(M)M/2—1

2 2

2

P
"™ Miog, (M)

M = 2p£+p2Q , Where pé and pg' bits are transmitted over the
I- and Q- channels, respectively. Since the M-QAM constella-
tion can be regarded as two PAM constellations in quadrature
with one being 2P2-PAM in the I- channel and the other being
21’2Q -PAM in the Q- channel, the BEP analyses for M-QAM
are similar to those for the M-PAM addressed above.

Before the presentation of the BEP expression for M-QAM,
we redefine some parameters for the Q- channel including
the Gray code, distance vector, position vector, and decision
boundaries, in a similar fashion. Note that for M-QAM the
average symbol energy becomes

Es = (d’)T a (dQ)T a2, (47)

and the y in (41) should be revised as y = 1/p[(1 —
p)((dslj j)z + 1/2) + Npl, where for the instantaneous power
of the symbol over Q- channel, we used the average power
value, i.e., 1/2 for simplicity.

Therefore, the BEP for M-QAM over n i.i.d. Rayleigh
fading channels is derived as (48) [42], shown at the bottom
of this page.

After obtaining P.s and Py, the overall BEP for the MRC
detector of IM-OFDM-SS can be derived by substituting (22)
and (23) into (21).

IV. EXTENSION TO MULTI-CODE AND
MULTI-USER SCENARIOS

In this section, we extend the idea of IM-OFDM-SS to
multi-code and multi-user scenarios.
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Bora)
Fig. 4. The IM operation of the GIM-OFDM-SS transmitter for the
f-th block.

A. Extension to Multi-Code Scenario

Aiming at increasing the SE of IM-OFDM-SS, in this
subsection, we propose the GIM-OFDM-SS scheme, in which
multiple spreading codes are activated for one user. The
transmitter structure of GIM-OFDM-SS is the same as that
of IM-OFDM-SS except that the IM process is replaced by
the multi-code version. We highlight the IM operation for the
f-th block in Fig. 4.

In GIM-OFDM-SS, for the f-th block, n, spreading
codes, {€¢;4.1),...,C;pna}, are activated according to the

Llogz(C (n,na))J index bits via the combinatorial
method [9], while p» = nylog, (M) symbol bits determine
ng M-ary PAM/QAM symbols, {s#-D . . . s} Then,
sB0) g spread by ¢;.,7 = 1,...,n,. The summation of
the spread symbols is given by x¥) = ZZ“ZI s(ﬁ”)ci(p,r).
Afterwards, the remaining procedures are the same as that
of IM-OFDM-SS. Obviously, the SE of GIM-OFDM-SS
increases to (bps/Hz)

|_10g2 (C (n, na))J + nglog, (M) .
n

EGIM—OFDM-8S = (49)

At the receiver, both the indices of n, spreading codes and
n, symbols should be estimated for each block. Likewise,
the ML and MRC detectors can be derived accordingly by
modifying (10)-(13).

B. Extension to Multi-User Scenario

In this subsection, the idea of IM-OFDM-SS is extended
to multi-user communications, giving rise to the scheme of
IM-MC-CDMA. Fig. 5 shows the block diagram of IM-MC-
CDMA, where T users and the base station are all equipped
with the transceivers of IM-OFDM-SS. To distinguish each
user and enable IM at the same time, the spreading code set
C is partitioned into 7 subsets each of which contains n/T
elements, and each user selects the spreading code from the
corresponding subset according to its index bits. Therefore,

2P£ 1_ 21—1

N
i M;&
I

1
Py, = [
" log, (M) i

p 2”2 -1

21 pgz Z |:ftj+( 1)]‘;,2( 1)l+1 (th

t=1

[f,{ j+ DY ) (B
=1

- pdsl,j)i|
2t 1

- pdSQ,j):“. (48)

j=0
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Block diagram of IM-MC-CDMA for (a) downlink and (b) uplink.

Base JmmML User 1,..., User T'
Stauon De(ecﬁor

Fig. 5.

the overall SE of IM-MC-CDMA is given by (bps/Hz)

T
EIM—MC—CDMA = ;logz (Mn/T). (50

In the downlink, without loss of generality, we focus on the
detection problem at the first user, whose received signal is
T

yk—ths()C(t)k—i-w(), k=1,...

t=1

(51

, 1,

where s( ). ¢ {0 ks and w( ) are the transmitted symbol, selected
spreading code and noise, respectively, on the k-th subcarrier.
From (51), both the optimal ML detection and single-user
detection can be employed to detect the data.

The ML detector estimates the data of all T users jointly
via

[, ..,

§M gm}

n T 2
= arg min Z Vi — i_lk ZS(I)CZ‘([),]{ (52)
{sW,i) s M) = p—
The computational complexity of (52) is of order

~O((Mn/T)T) per block in terms of complex multiplications,
which grows exponentially with 7.

To achieve low complexity detection, we propose a single-
user detector based on the MRC. For this detector, the [-th
equalizer of the first user for the k-th subcarrier is given by

hkcl(l) X

x| (T = 1) + No
for/ =1,2,...,n/T. Similar to (11) and (12), the estimate

of the index of the spreading code for the first user can be
obtained through

Zjy = (53)

iD= argm(la)x ’Alu) 2, (54)
1

n
where Ay = 250 g Vk- Correspondingly, we have
k=1
-2 2
||
yhk} (T —1)+ No

(55)

§= argmln ZZA WYk —sz
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As seen from (54) and (55), the computational complexity per
user is of order O(M +n/T).

In the uplink, we assume perfect synchronization or quasi-
synchronization, in which the timing offsets between users are
much smaller than the symbol duration. In such a scenario,
the CP inserted for intersymbol interference prevention can
also be used to contain timing offsets [30]. Moreover, the tim-
ing offset in the time domain is naturally transformed to the
phase offset in the frequency domain at the receiver, which
can be incorporated into the subcarrier channel estimation.
Therefore, with perfect channel estimation the received signal
at the base station is given by

T
Yk = zhl,ks(t)ci(’),k +wy, k=1,...,n, (56)

t=1

where h; ; is the coefficient of the subchannel assigned to
user t. Similar to the downlink of IM-MC-CDMA, both
the single-user and multi-user detectors can be employed at
the base station accordingly, which is omitted due to page
limitations.

V. SIMULATION RESULTS AND COMPARISONS

In this section, the uncoded BER performance of IM/GIM-
OFDM-SS and IM-MC-CDMA over Rayleigh fading
channels is evaluated through Monte Carlo simulations.
The BEP upper bounds and analytical BEP expressions are
also examined. To show the superiority of the proposed
IM-OFDMS-SS scheme, it is compared with classical OFDM,
OFDM-IM [9], DM-OFDM [22], CI-OFDM-IM [24], and
OFDM-SS [28], while for multi-user systems, the proposed
IM-MC-CDMA scheme is compared with the conventional
MC-CDMA [28]. 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,n’)” as the (CI-)OFDM-IM scheme
in which n’ out of n subcarriers are active, and “DM-OFDM
(n,n")” as the DM-OFDM scheme in which n’ out of n
subcarriers are modulated by the primary constellation while
the remaining subcarriers employ the secondary constellation.

A. IM-OFDM-SS Performance

In this subsection, the error performance of the
IM-OFDM-SS scheme is assessed. To see the effects of
different spreading codes, in Fig. 6, we present the BER
curves of IM-OFDM-SS schemes with Zadoff-Chu and Walsh
codes, where ML detectors, n = 4, and binary PSK (BPSK)
are employed with 062 = 0/0.01/0.05. As seen from Fig. 6,
the IM-OFDM-SS schemes with Zadoff-Chu codes outperform
those with Walsh codes for 062 = 0/0.01/0.05 throughout
the considered SNR region, which can be explained by the
fact that IM-OFDM-SS schemes with Zadoff-Chu codes have
larger minimum Euclidean distances between transmission
vectors. In particular, we observe that without channel
estimation errors, about 3 dB SNR gain at a BER value of
107> can be achieved by the scheme with Zadoff-Chu codes
compared with the scheme using Walsh codes; however, both
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Fig. 6. Performance comparison between Zadoff-Chu and Walsh codes of
IM-OFDM-SS with ML detectors (n=4, BPSK, 062 =0/0.01/0.05).
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Fig. 7. Performance comparison between ML and MRC detectors of
IM-OFDM-SS (n = 4, 4/16-QAM, aez =0/0.01).

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 [28]. Due to these advantages, Zadoff-Chu
codes are adopted in the rest of computer simulations.

Fig. 7 presents the performance comparisons between ML
and MRC detectors of IM-OFDM-SS, where n = 4 and
4/16-QAM are employed with aez = 0/0.01. To verify the
analyses given in Section III, in the figure, we also plot the
BEP upper bounds (18) and the theoretical BEP curves (21)
for ML and MRC detectors, respectively. For the clarity of
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Fig. 8.  Performance comparison among IM-OFDM-SS, GIM-OFDM-SS,

classical OFDM, OFDM-IM, CI-OFDM-IM, and OFDM-SS at an SE
of 1 bps/Hz, where ML detectors are used for all schemes.
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Fig. 9. Performance comparison among IM-OFDM-SS, classical OFDM,
OFDM-IM, DM-OFDM, CI-OFDM-IM, and OFDM-SS at an SE level
of 1.5 bps/Hz, where ML detectors are used for all schemes.

presentation, the BEP upper bounds without channel estima-
tion errors are provided in Figs. 8 and 9. It can be observed
from Fig. 7 that MRC detectors exhibit near-ML performance
with/without channel estimation errors. For ¢2 = 0, both
detectors achieve the same diversity order and less than 1 dB
SNR loss is incurred by the MRC detectors compared with
the ML detectors. Besides, the BEP upper bounds become
tight in the high SNR region and the approximate theoretical
BEP curves agree with their simulation counterparts very well,
no matter whether there exist channel estimation errors or not.

In Figs. 8-10, the BER performance of ML detection of
IM-OFDM-SS without channel estimation errors is evaluated
at various SEs. In Fig. 8, we compare the BER performance of
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Fig. 10. Performance comparison among IM-OFDM-SS, classical OFDM,
OFDM-IM, DM-OFDM, CI-OFDM-IM, OFDM-SS, and SM at an SE level
of 1.5-2 bps/Hz, where ML detectors are used for all schemes.

IM-OFDM-SS with n = 4 (8) and 4-QAM (32-QAM), GIM-
OFDM-SS with n = 16, n, = 5, and BPSK, classical OFDM
with BPSK, OFDM-IM with (n,n’) = (4, 2) and BPSK, CI-
OFDM-IM with (n,n’) = (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. 8, we observe that the the-
oretical BEP upper bounds of IM-OFDM-SS agree with their
computer simulation counterparts very well in the high SNR
region. GIM-OFDM-SS, IM-OFDM-SS with n = 8, OFDM-
SS, IM-OFDM-SS with n = 4, CI-OFDM-IM, OFDM-IM,
and classical OFDM achieve diversity orders of 8, 4, 4, 2, 2,
1, and 1, respectively. The diversity order of IM/GIM-OFDM-
SS increases with n and therefore, GIM-OFDM-SS with the
highest diversity order performs the best in the SNR region
of interest. Both IM-OFDM-SS schemes perform better than
classical OFDM, OFDM-IM, and CI-OFDM-IM for all SNR
values. More specifically, in spite of the same diversity order,
IM-OFDM-SS with n = 4 and 4-QAM obtains approximately
3 dB SNR gain at a BER value of 107> over CI-OFDM-IM.
Furthermore, IM-OFDM-SS with n = 8 and 32-QAM outper-
forms OFDM-SS throughout the considered SNR region and
performs better than IM-OFDM-SS with n = 4 and 4-QAM at
high SNR. 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.
Fig. 9 depicts the comparison results between IM-
OFDM-SS with n = 4 and 16-QAM, classical OFDM with
BPSK/4-QAM, OFDM-IM with (n,n’) = (4, 2) and 4-QAM,
DM-OFDM with (n,n") = (4,2) and BPSK, CI-OFDM-IM
with (n,n’) = (4,2) and 4-QAM, and OFDM-SS with n = 4
and 64-QAM at an SE level of 1.5 bps/Hz. In DM-OFDM,
two out of four subcarriers are modulated by the conventional
BPSK, while the others employ z/2-rotated BPSK. ML
detectors are used for all schemes and an SE of 1.5 bps/Hz is
achieved except classical OFDM with BPSK (4-QAM) that
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Fig. 11. Performance comparison between IM-MC-CDMA and conventional
MC-CDMA in the downlink, where ML and MRC detectors are used.

has an SE of 1 bps/Hz (2 bps/Hz). Although it is not provided
in the figure, the curve for classical OFDM with an SE
of 1.5 bps/Hz can be predicted to be lying between those at
1 bps/Hz and 2 bps/Hz. As seen from the figure, IM-OFDM-
SS performs the best among all schemes in the SNR region of
interest. Although achieving a higher diversity order, OFDM-
SS merely exhibits its superiority at high SNR due to its larger
constellation size. DM-OFDM and OFDM-IM achieve a small
SNR gain over classical OFDM; however all of them have
the same diversity order of unity. DM-OFDM and OFDM-IM
almost exhibit the same BER performance, which can be
understood by the fact that the power saving with a factor
of 50% stemming from the inactive subcarriers, corresponding
to 10log;p(2) ~ 3 dB SNR gain provided by OFDM-IM,
is counterbalanced by the modulation loss from BPSK to
4-QAM. On the other hand, IM-OFDM-SS achieves about
3 dB SNR gain over CI-OFDM-IM at a BER value of 107.

The BER performance of IM-OFDM-SS with n = 4 and
64-QAM, classical OFDM with 4-QAM, OFDM-IM with
(n,n") = (4, 3) and 4-QAM, DM-OFDM with (n,n’) = (4,2)
and BPSK, CI-OFDM-IM with (n,n’) = (8, 6) and 4-QAM,
OFDM-SS with n = 4 and 256-QAM, and plain SM
with 2 transmit and 1 receive antennas at an SE level
of 1.5-2 bps/Hz is compared in Fig. 10. 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 Figs. 8 and 9, IM-OFDM-SS and
CI-OFDM-IM achieve a higher diversity order than classical
OFDM, OFDM-IM, DM-OFDM, and SM. Approximately
3 dB SNR gain can be obtained at a BER value of 107 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.

B. IM-MC-CDMA Performance

Fig. 11 shows the performance comparison between
IM-MC-CDMA and conventional MC-CDMA in the downlink
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TABLE I
COMPARISON OF DETECTION COMPLEXITY AMONG IM-OFDM-SS, CLASSICAL OFDM, OFDM-IM, AND OFDM-SS

IM-OFDM-SS Classical OFDM | OFDM-IM [ OFDM-SS
ML [ MRC ML
1
_ _ 2 2 4 4
1 bps/Hz (”_4’3§4_4) (M =2) (n=4,n' =2,M=2) | (n=4,M =16)
(n=8M=32) | °
16 16 16
15bps/Hz | g a = 16) 3 NA. (n=4,n'=2,M=4) | (n=4,M = 64)
o4 7 64 64
2bpsHz g =) |17 (M = 4) (n=4,n' =3,M=4) | (n=4,M = 256)
TABLE II

COMPARISON OF DETECTION COMPLEXITY BETWEEN IM-MC-CDMA AND MC-CDMA

IM-MC-CDMA MC-CDMA
ML [ MRC ML [ MRC
32 2
Lops/Hz |\ g pf 24 7= 9) 2 (n=2,M=2T=2) 2
]192 8192
2bpsiHz | (g g T = 4 5 (n=8M=16,T = 4) 8
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Fig. 12. Performance comparison between IM-MC-CDMA and conventional
MC-CDMA in the uplink, where ML detectors are used.

at the overall SEs of 1 and 2 bps/Hz, where ML and MRC
detectors are used for each scheme. For a fair comparison,
the system parameters of IM-MC-CDMA and conventional
MC-CDMA are set to achieve the same SE with the same
number of users. It can be seen from Fig. 11 that for both
IM-MC-CDMA and conventional MC-CDMA, the MRC
detectors suffer from performance loss compared with ML
detectors due to the multiple access interference. On the
other hand, at both SEs, IM-MC-CDMA performs better than
that of MC-CDMA in the SNR region of interest either for
ML or MRC detection.

Fig. 12 gives the BER versus SNR curves for
IM-MC-CDMA and conventional MC-CDMA in the uplink
with ML detector at the base station. The system parameters

are the same as those in Fig. 11. From Fig. 12, we observe
that with the ML detector, IM-MC-CDMA outperforms
conventional MC-CDMA at the SEs of 1 and 2 bps/Hz.

C. Complexity Comparison

In this subsection, the detection complexities of
IM-OFDM-SS and IM-MC-CDMA are compared with those
of other competitive schemes. For the single-user scenario,
Table I lists the average number of metric calculations
per subcarrier resulting by the ML and MRC detectors of
IM-OFDM-SS, and ML detectors of classical OFDM, OFDM-
IM, and OFDM-SS, which are calculated as M, 1 +M/n, M,
M7 2lloga(C(nn')) ] /n, and M/n, respectively. For the down-
link/uplink multi-user communications, Table II presents the
average number of metric calculations per subcarrier resulting
by ML and MRC detectors of IM-MC-CDMA and those detec-
tors of MC-CDMA, which are calculated as (Mn/T)T /n,
1+ TM/n, MT/n, and TM/n, respectively. For a fair
comparison, we select appropriate parameters for each scheme
to obtain the same SEs. As shown in Tables I and II, our
proposed IM-OFDM-SS and IM-MC-CDMA schemes achieve
comparable detection complexities to other competitors.

VI. 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
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 and an approximate mathematical expression
for the BEP have been derived, taking into account the channel
estimation errors. Subsequently, two extensions of IM-OFDM-
SS have been proposed, including GIM-OFDM-SS in which
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multiple spreading codes are activated for one user to improve
the SE, and IM-MC-CDMA in which each user/base station is
equipped with the IM-OFDM-SS transceiver. Finally, the BER
performance of IM/GIM-OFDM-SS and IM-MC-CDMA has
been simulated extensively, whose results show that IM/GIM-
OFDM-SS significantly outperforms classical OFDM as
well as the existing OFDM-IM and OFDM-SS schemes,
and IM-MC-CDMA performs better than conventional
MC-CDMA at the same SEs for either multi-user or
single-user detection.

We remark that in the presence of asynchronous users,
the performance of IM-MC-CDMA would be deterio-
rated as in the conventional MC-CDMA. The performance
analysis for this case will be considered as our future
work.

APPENDIX
PROOF OF (39)
The conditional error probability for bit fll I
Psh(fll,ij }221), is given by
P (1 10011) = © (Varorat (—0dl)) . 67

where Viorq1 = 22:1 yx 1is the total instantaneous conditional

SNR with
2
—
(=p)(dl,) +No

Ve = (58)

To obtain the average error probability, Pp( fll’ j), (57) has
to be statistically averaged over the joint PDF of {y;};_,. Since
random variables {yi};_, are assumed to be independent,
we have

Pgp (fllj) Z/() /0 Psh(f1{j|{yk}z=1)
n—fold
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where f,, (yx) = exp(—yx/7)/7 is the PDF of y; with y =
1/[p((1 = p)(d] )* + No)l.

It —pds” IE= 0, by using the alternative representation of
Gaussian Q-function
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Substituting (61) into (59) results in
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Interchanging the order of integration and grouping the terms
of index k, we can formulate (62) as (63), shown at the top
7(—pd! )’
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of the last equality, we have c0n51dered [40, eq. (5A.4b)].
If —pdsljj < 0, using the equation Q(x) = 1 — Q(—x),

we obtain
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Therefore, putting (63) and (64) together yields (39),
completing the proof.
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