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Abstract—A combination of spatial modulation and orthog-
onal frequency division multiplexing (SM-OFDM) has been
recently proposed for multicarrier systems while assuming the
perfect channel state information (P-CSI) available at the receiver.
But, in practical scenarios, the estimation of CSI is crucial in
order to detect the transmitted data coherently. In this work', a
new frame structure and pilot symbol aided channel estimation
(PSA-CE) technique with a piecewise linear interpolation is
proposed for the SM-OFDM systems operating in the presence of
frequency selective channel. Bit error rate (BER) performance of
the proposed channel estimation technique is then investigated
with different channel models such as Typical Urban (TU)
and Rural Urban (RU) for 4-quadrature amplitude modulation
(QAM). In particular, it is shown that the performance with
estimated channel came close to that with known channel within
2.3 dB in SNR for BER = 10~ for TU channels.

Keywords—multiple-input multiple-output (MIMO), orthogonal
frequency division multi- plexing (OFDM), spatial modulation
(SM), channel estimation, interpolation.

I. INTRODUCTION

Multiple-antenna techniques is important technology for
sending multiple data streams. However, in practices, multiple-
antenna techniques have some problems such as inter channel
interference (ICI) and inter antenna synchronization (IAS) [1],
[2]. Spatial modulation (SM) was proposed to overcome these
problems by Mesleh et al. [3]. In SM system, the data symbols
are transmitted by a randomly selected active antenna of a
MIMO transmitter through a wireless channel. The SM is to
use the indices of transmit antennas to convey information in
addition to the two-dimensional signal constellations. Conse-
quently, the SM has a very flexible mechanism that provides
high spectral efficiency with low complexity [4].

Orthogonal frequency division multiplexing (OFDM) tech-
nique has been widely accepted to meet the requirements of
high data rate, reliability, capacity and mobility in practical
wireless environments, due to its robustness to inter-symbol
interference (ISI). Using cyclic prefix can convert frequency
selective channel into multiple independent frequency flat
subchannels [5]. However, the low bit error rates (BER)
performances of OFDM must be improve by new techniques.

Recently, SM and OFDM have been combined to take
advantages to achieve reliable communication over wireless
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links [6]. It was shown that the SM scheme had significant
performance advantages over the V-BLAST systems [6]. It has
the advantages of both OFDM transmission and SM technique,
and hence it is a potential modulation technique to be used for
the next wireless communication systems.

In the literatre, the pioneering works on SM-OFDM works
have assumed the perfect channel state information (P-CSI),
available at the receiver. However, SM-OFDM communication
requires channel estimation. It is clear that the nonselective
assumption is not reasonable for frequency selective channels
for SM-OFDM systems. The pilot symbols based channel
estimators (PSA-CE) is one of the promising techniques
for frequency selective channels. PSA-CE with interpolation
techniques is widely used for new wireless systems, such
as IEEE 802.16m worldwide interoperability for microwave
access (WiMAX) [7], the third generation partnership project
(3GPP) and long-term evolution (LTE) Advanced [8]. PSA-CE
with several interpolation techniques based channel estimation
for OFDM systems were proposed in [9]. It was shown
that the piecewise linear interpolation is the frequently used
interpolation techniques mainly due to its easy implementation
and inherent simplicity.

In this work, pilot symbols are inserted systematically
in the frequency domain to track the frequency selectivity
of the channel. After that, a piecewise linear interpolation
technique is employed to determine the channel frequency
responses at data symbols. Note that, designing a PSA-CE
with interpolation is quite different and challenging than the
conventional PSA-CE techniques due to the special structure
of the SM-OFDM systems. Because, in SM system there is
only one active antenna during transmission so other channels
could not be known at that time.

The paper is organized as follows. In Section II we discuss
the SM-OFDM system model to introduce the notations. In
Section III we develop 4 x 4 SM-OFDM with PSA-CE.
Simulation results are presented in Section I'V. Finally section
V contains conclusions.

Notation: Throughout the paper, bold and capital letters
’A’ denote matrices and bold and small letters *a’ denote vec-
tors. The notations, (.)*, (.)T, (.)! and ||.||r denote conjugate,
transpose, Hermitian and Frobenius norm, of a matrix or a
vector respectively.
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Fig. 1: SM-OFDM mapping table structure

II. SPATIAL MODULATION-ORTHOGONAL FREQUENCY
D1VISION MULTIPLEXING (SM-OFDM) SYSTEMS

Let B(k) be an b x N binary matrix, where b is the total
number bits per symbol per subcarrier (bits/symbol/subcarrier)
and N is the total number of OFDM subcarriers. The data
to be transmitted in one subcarrier is shown by the column
vectors of B(k). By using the SM mapping table shown in
Fig. 1. SM maps B(k) data bits into matrix X (k) of size
N; x N, where NV, is the total number of transmit antennas. All
elements of X (k) is zero except at the position of the mapped
transmit antenna indices. Thus, it has a one nonzero value in
each column. Totally, three bits can be transmitted by BPSK
and four transmit antennas on each subcarrier. Alternatively,
quadrature phase shift keying modulation (QPSK) and two
transmit antennas can be used to transmit the same number
of information bits, as shown in Fig. 1. The number of bits
that can be transmitted on each OFDM subchannel can be
written as follows:

m = logy(Nt) + logy (M) 1

where M is modulation degree. Then, each row vector of
X(k) is processed by an N-sample Inverse Fast Fourier
Transform (IFFT) operation. The N output samples of the
IDFT is extended by a guard interval containing G sample
cyclic extension whose length is selected to be longer than
the expected channel delay spread to avoid the inter symbol
interference (ISI). The resulting signal is converted into an
analog signal by a digital-to-analog (D/A) converter. After
pulse shaping with a raised-cosine filter, it is transmitted with
the total symbol duration of T = PT, where T is the
sampling period and P = N + G. Finally, OFDM symbols
at each transmit antennas are simultaneously transmitted from
the N; transmit antennas over the MIMO channel. At the
receiver, after using the analog-to-digital converter (A/D) and
deleting the cyclic prefix (CP), a fast Fourier transform (FFT)
is applied each N, received antennas. The output the OFDM
demodulators can be written for kth subcarrier as follows:
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where h, ;(k) is the channel coefficient between jth transmitter
antenna and rth receiver antenna, z4(k) is the gth active

antenna symbol from the M-ary constellation diagram, w, (k)
is complex-valued, zero-mean white Gaussian noise (AWGN)
with variance o2,

The signal model (2) can be shown in matrix form as
follows:

y(k) = H(k)x;(k) +w(k), k=1,2,---,N. (3

where
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To detect the transmitted symbol and the transmit antenna
number for each OFDM subchannel the optimum receiver
which based on the maximum likelihood principle is used in
the frequency domain. Optimal detector based on the maxi-
mum likelihood (ML) principle for a single OFDM subchannel
given in as follows:

[Frez, @], = argmaxpy (v(k) | 2q(k),05(R))  (5)
Ja

where z4(k) is gth symbols from M-QAM constellation and
h;(k) is jth row of H(k) . The probability density function
(pdf) of y(k) conditioned on z4(k) and h;(k) can be written
as:
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Using (6), optimal detector given in (5) can be expressed as
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where g, (k) is:

If the receiver detects both EM L and @y correctly, they
can be easily de-mapped and combined to get back to the
transmitted bits. However, it is clear that the receiver needs to
know the full CSI.

III. CHANNEL ESTIMATION FOR THE OFDM-SM
SYSTEM

In practice, the SM-OFDM system, the channel state in-
formation (CSI) is needed to detect modulated symbols and
indices of active transmit antenna number. The proposed frame
structure of the 4 x 4 spatial modulated OFDM system is
illustrated in Fig. 2 where pilot symbols are active for different
OFDM symbol durations. Therefore, MIMO channel could be
estimated by active pilots for the corresponding durations. As
shown in Fig. 2, to track the frequency variation of the channel,
pilot symbols are inserted periodically over the subcarriers. As
seen in Fig. 2 each transmit antenna transmit pilot symbols
for the corresponding OFDM symbol number. For example,
third transmit antenna sends pilot symbols for third OFDM
symbol. PSA-CE with piecewise linear interpolation is a
very popular and and frequently used interpolation techniques
mainly due to its easy implementation and inherent simplicity
[10]. However, the channel estimation with piecewise linear
interpolation-based technique has not been investigated for the
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Fig. 2: SM-OFDM frame structure

SM-OFDM systems in the literature yet. In this work, the
channel frequency responses at pilots are estimated by the least
square (LS) then channel parameters at the positions of data
symbols are determined by the piecewise linear interpolation.

The linear piecewise interpoland can be simply expressed
forr=1,2,..,Nyand k, =1: PIR: N as follows:

hr (k) = ﬁr,j(kp)JF(ﬁ”j ()= ks ))XC;_IIE)@)

where kj, is subcarrier position which pilot symbols transmit-
ted, by j(kp) is estimated channel frequency responses at pilot
positions and k. ; (k) denotes the estimated channel frequency
responses at all data positions.

IV. SIMULATION RESULTS

In this section, we provide computer simulation results for
the 4 x 4 SM-OFDM systems to demonstrate the BER perfor-
mance of the proposed channel estimation with interpolation
under frequency selective channel where the total transmitted
power is normalized for the transmit antennas. The data sym-
bols are generated as uncorrelated symbols and the modulation
format chosen uncoded 4-QAM signal constellation. The signal
to noise ratio (SNR) is defined as Es/Ny where F; is energy
per symbol and Ny is noise power. The optimum receiver is
used for 4 x 4 SM-OFDM system.

OFDM signal is generated within the 1 MHz band with
N = 256 subcarriers. Each frame consists of 4 OFDM
symbols. At the receiver, it is assumed that channel frequency
response is estimated with all pilot based channel estimation
for a fixed pilot insertion rate (PIR) of one every 8 data
symbols. MIMO wireless channels between mobiles antennas
and the receiver antennas are modeled based on Typical Urban
(TU) and Rural Urban (RU) channel models proposed by the
COST-259 project where the channel has the channel length
L =6[11].

In Fig. 3, BER performance of the PSA-CE technique
is shown for the RA channel models. It is not surprising
to observe from our computer simulations results that in the
presence of frequency selective channels, PSA-CE exhibited a
2.2 dB performance degradation in comparison to perfect CSI,
due to the effect of CE errors for SM-OFDM systems.

The effect of channel estimation on BER performance of
the 4 x 4 SM-OFDM with TU channel models is presented in
Fig. 4. It is noted that the performance with estimated channel
came close to that with known channel within 2.3 dB in SNR
at BER= 10~%. Moreover, error floor in BER for high SNR
is not observed.

As a result, the performance of the a piecewise linear
interpolation, in case of frequency selective channel, indicates
that it is a good candidate for a SM-OFDM system and it can
be considered in the standards.

V. CONCLUSIONS

SM-OFDM is a recently developed transmission technique
that uses multiple antennas. Therefore, the channel estimation
plays a crucial role in the performance of SM-OFDM systems.
In this work we proposed a channel estimation method based
on interpolation in the presence of frequency selective channels
for SM-OFDM systems. The algorithm is capable of estimat-
ing MIMO channel and there is no ambiguity in either the
amplitude or the phase of the estimated channel. It has been
shown that the PSA-CE with a piecewise linear interpolation
technique is preferable estimation techniques because it allows
tracking the frequency selectivity of the channel very effi-
ciently. The complexity of the channel estimation is extremely
low. Therefore, it is concluded that the proposed technique is
a candidate for next-generation practical SM-OFDM wireless
standards.
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