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ABSTRACT

In this paper, we present novel methods for signal detection in
single carrier zero-padded spatial modulation under high mo-
bility conditions. By expressing the doubly selective channel
in terms of the basis expansion model (BEM), first a max-
imum likelihood (ML) method is presented as a processing
framework. To reduce the complexity of the exhaustive ML
search, two novel methods, respectively the BEM-based par-
tial interference cancellation (BPIC) and BPIC with succes-
sive interference cancellation (BPIC-SIC), are then proposed.
The complexity of the new methods are compared and their
performance is evaluated by simulations in terms of bit er-
ror rate. The results indicate that the new schemes can re-
markably improve the performance compared with the con-
ventional methods.

Index Terms— Spatial modulation, detection, high-
mobility, interference cancellation, single carrier

1. INTRODUCTION

Spatial modulation (SM) has recently attracted significant at-
tention from both academia and industry, as it can outper-
forms classical multiple-input multiple-output (MIMO) tech-
niques in terms of spectral efficiency and transceiver com-
plexity design [1,2]. SM is a special type of MIMO technique
in which only one antenna is active during signal transmis-
sion, and data bits are transmitted through both signal con-
stellation and the index of the active antenna. Thus, it allows
utilization of a single radio [requency (RF) chain at the trans-
mitter, and does not need antenna synchronization [3].

In the past few years, several new processing schemes
have been presented for improving the performance of SM.
In [4, 5], to increase the data rate, the authors proposed gen-
eralized SM where more than one antenna is active at each
time interval. Quadrature SM was introduced in [3] to im-
prove the spectral efficiency by in-phase and quadrature di-
mensions of the SM constellation. Moreover, line-of-sight
SM for millimeter-wave communication and distributed SM
for multirclay wireless networks were recently advanced in
[6] and [7], respectively.
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The signal processing methods related to SM has been
mostly developed for slow fading frequency flat channels. If
these schemes shall be employed in frequency selective chan-
nels, the use of orthogonal frequency division multiplexing
(OFDM), which can transform a frequency selective channel
to several frequency flat channels, is inevitable. However, em-
ployment of OFDM negates many advantages of SM [8, 9]
such as the possibility of using a single RF chain. Hence,
recently, there has been increasing interest in single carrier
spatial modulation (SC-SM) techniques.

Considering signal detection in zero-padded SC-SM sys-
tems, the authors in [10] have proposed partial interference
cancellation (PIC) and PIC with successive interference can-
cellation (PIC-SIC) schemes for slow fading frequency se-
lective channels. For a similar problem, reduced complex-
ity methods exploiting the structure of the channel have been
later presented in [11, 12]. Moreover, a tree search-based
method has been developed in [13] for single-carrier gener-
alized spatial modulation (SC-GSM) systems.

As mentioned above, slow fading frequency flat and fre-
quency selective channels have been considered in previous
works where it is assumed that the channel remains constant
within blocks of data. However, many wireless communica-
tion channels experience both time and frequency selectiv-
ity, and are time varying within a block of data. Underwater
acoustic communication, digital Video Broadcasting (DVB)
and next generation cellular systems are examples of systems
that should work in these doubly selective channels [14]. To
the best of our knowledge, none of the previous works have
addressed SC-SM signal detection in doubly selective chan-
nels.

In this paper, we propose new detection methods for SC-
SM signal detection in doubly selective channels. We apply
basis expansion model (BEM) [15] for representing the chan-
nel, and first present a maximum likelihood (ML) scheme.
The ML method requires an exhaustive search over all possi-
ble values of the signals, and consequently is of a very high
computational complexity. Aiming at reducing the complex-
ity, we then present BEM based PIC (BPIC), and BPIC with
successive interference cancellation (BPIC-SIC). We finally
obtain the computational complexity of the new methods and
assess the performance of the new schemes using simulations,
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demonstrating that the proposed schemes have significantly
improved performance in comparison with the conventional
methods.

2. SYSTEM MODEL

We consider a single carrier MIMO system with Ny transmit
and Npg receive antennas. Block-based transmission is as-
sumed where the number of consecutive SM symbols in each
block is K. Each SM symbol conveys B information bits,
log, N of which are transmitted using the active antenna in-
dex, and the remaining log,( bits are transmitted using a sym-
bol belonging to a signal constellation A, where ( is the size
of A. In view of this, the SM signal vector applied to the Nt
transmit antennas at the kth time interval can be expressed in
the following vector form,

Sk:[o""7075k:07"~,O]T6CN1'X1 0
~—— N
=1 Np—ny

where s € A is the signal transmitted using nxth antenna
while the remaining transmit antennas are inactive. A block
of information is then generated by assembling the SM signal
vectors into a matrix as follows

S = [so, 1.+ ,sx_1] € CN7XK, 2)

Subsequently, J zero vectors of size Ny x 1 are appended
in front of S, and the resulting block is transmitted through
a doubly selective channel. The kth received signal vector
y;. € CNrX1 after removing the first J zero vectors, can be
written as

L.—1
Ve= > Husi i +wi, k=0, N+L.—-2 (3
1=0

where w;, € CN#*! is a complex additive white Gaussian
noise vector with zero mean and covariance 21 Ny Where Iy
denotes an N x N identity matrix. Moreover, L. is the num-
ber of channel taps, and Hy ; € CN#*N7 represents the dou-
bly selective MIMO channel matrix corresponding to the [th
channel tap at the kth time interval.

2.1. BEM Representation of Channel

BEM provides the most accurate representation of a doubly
selective channel [16]. Using BEM, Hj, ; can be expressed as

and
1 1
clO’O ¢ ,0 ciNT ,0
0,1 1,1 Np—1,1
c c o e c
1 1 1
a=| " . e ChnaxM,
Nr—1 _1,Np—1 Np—1,Np—1
C?’ R ¢ R e 7—1,Ngr
6)
In the above equations, by = [bro,bk1, ,bko-1]7 €

C9*1 denotes the basis function vector at kth time interval,
and ¢;"" = [¢]§", ¢/ ,czlén_l]T € COx! s the basis
coefficient vector for the I[th MIMO channel tap.

Now, (4) enables us to express the kth received signal in

terms of BEM as

L.—1

Vi =Bi Y Cisp i+ Wi, (7
=0

which shows that, ignoring the noise, the received signal is the
product of By and the convolution Zf:o_ ! C;s_;. Finally,
the received vectors can be represented using BEM as

y=Gs+w (8)
wherey = [yd, -+ ¥k L, w=[wd, - wk, T, s =
st,sT -+ sk 7, and

[ BOCO ONRXNT ONRXNT i
B.:C, B.Cy ONpx Ny
Br.1Cr,—1 Br,_1Cr, > ONpx Ny
0Ny, x Ny B; Cr.—1 ONpx Ny

G pu—

0N, x Ny 0N, x Ny Br _1.-2Co

ON,x Ny 0N, x Ny B _2Cr_ 2

0N, x Ny 0N, Ny Br —1Cr.—1]

)]

Note that K/ = K + L. — 1, On,,xn, € CVRXNT s an all
zero matrix, and (-)” denotes the transpose operation.

3. PROPOSED METHOD

Here, we first present an ML detection method, and next
exploit the idea of PIC [10, 17] for development of new
reduced-complexity signal detection schemes in doubly se-

Hi, = B.C, @ Jective channels.
where
bf 01><TQ 010 010 3.1. ML Method
B, _ 01xg b 01xq 01x¢ CNRXNRQ Using (8), it is straightforward to show that the detected sig-
k= : : . : € > nals using the ML method can be represented as
0ixq O1xQ Oixq b . , 2
(5) s = argrgrggHy—GsH , (10)
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where § and § are, respectively, the detected signal vector
and the trial value of the signal vector corresponding to s.
Besides, S denotes the set of all valid transmit vectors with
(2'oe2V T+l°g2C)B elements. Since the ML method needs an
exhaustive search over all possible signal vectors, it has a very
high computational complexity, and is not practical. Hence,
in the next subsections, we will introduce novel schemes that
has significantly lower complexity.

3.2. BPIC Method

PIC which was presented in [17], and then used in [10] assum-
ing that the channel remains constant within a block of data,
can be tailored to cope with the time-variations of a doubly
selective channel during the transmission of a block of data
thanks to BEM. In this respect, in what follows, we propose
the BPIC method.

Considering (8), the received signal can be equivalently
expressed as

K—1
y= BCIkSIk + Wg, (11)
k=0
where
By 0N, xNRQ 0N, xNRQ
B OIVHXNHQ Bl ONHXNHQ
ONRXNRQ ONRXNRQ Bk’—l

€ CNr(E+Le—D)XNrQ(K+Le=1) = (1)

Cz, is a matrix composed of columns of C that are indexed
by the elements of Zj, and sz, is a vector containing the
elements of s which are indexed by the elements of Z.
Moreover, Z, = {Npk, Nyk+1,--- , Npk + Np — 1}, and
C € CNrQE+Le—1)xNr K g g block Toeplitz matrix whose

T
first column is given by [CE,CT,~-- ,Cfc_l,OT,-'- ,OT}

with 0 € CNr@xNz being an all zero matrix. Next, for
m = 0,1,--- JK — 1, we project y onto the orthogonal
complement space of

TIm = [ECI(N e 7]§Cl'm,1yl§cl'm+17 e 7]_3CIK71]7
(13)
using orthogonal projection
-1
Iy =1-T¢, (T T7,) TF | (14)

where (-) denotes the Hermitian operation. Thus, we have

k—1
u,, = H%‘my = H%‘m Z ECIk Sz, + H%‘m Wi
k=0
=Mz BCz, sm, +17 wi, (15)

Algorithm 1 BPIC Method
1: Inputs:y, B,Z,,,m =0,--- ,K —1,and C.
2: for m from 0 to K — 1 do
3: Generate the projection matrix for the mth signal
vectoras I+ =1-Tz, (T Tz,) _1T§Im where
Tz  is given in (13).

m

m

4 Project y onto the orthogonal complement space of
Tz, asu,, =II7 y.
5: Detect the mth transmitted signal vector as

_ 2
$m = argming, cs Hum - H%—MBszsmH :

6: end for

where the last equality results from IIz BCz, =0, k # m.
Therefor, the signal at the mth time interval can be de-
tected as
2
; (16)

$,, = arg_min Hum . I_BCIm's'm‘
$mESm "

where S, is the trial value of s, and S,,, denotes the set in-

cluding all valid transmit vectors whose number of elements

is p = 2'°82N7+102:¢  This method is summarized in Algo-

rithm 1.

3.3. BPIC-SIC Method

One way of improving the performance of the BPIC method is
exploiting the knowledge of the already detected signals in or-
der to remove the interference caused by them [10]. Inspired
by the work in [10], where the focus is on slowly fading chan-
nels, we introduce the BPIC-SIC method for doubly selective
channels.

We begin with the detection of the first received signal
vector using the BPIC scheme. Afterwards, for the detec-
tion of the remaining K — 1 signal vectors, we first remove
the interference terms resulting from the previously detected
signals, and next apply projection onto the orthogonal com-
plement space of the channel corresponding to the remaining
undetected signals. This scheme is described in Algorithm 2.

4. PERFORMANCE EVALUATION

The computational complexities of the proposed schemes are
summarized in Table 1 in terms of number of complex mul-
tiplications. In this table, we have provided a numerical ex-
ample based on parameter values given in the paragraph be-
low. According to this table, the proposed BPIC-SIC scheme
has the lowest complexity, and complexity of both proposed
BPIC and BPIC-SIC are significantly lower than that of the
ML method.

We have also assessed the performances of the proposed
methods using computer simulation. We consider a single
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Table 1. Computational Complexity of Detection Methods

Method Number of Multiplications Example

ML (KL.+ Lo(Le — 1)QNrNp+ p  Nr(K + L. — 1)K Ny 8 x 103!

BPIC (KL, + L(L. — 1))QNpNp + (NpK")? +K ((Ny (K — 1)) + 2NZNp K'(K — 1)? LA % 10°
+NrNEK"*(K — 1) + uNgrK'Nr) '

BPIC.SIC (KLc+ Lo(Le — 1)QNrNp+ Yor, (Nrk)? + 2N2Ng Kk + L6 % 10°

NTNECK/ZK + (NRK/)Z + ,LLNRK/NT)

Algorithm 2 BPIC-SIC Method
1: Inputs: y, B,Z;,i =0,--- , K —1,and C.
2: Detect the Oth transmit signal vector using the BPIC
method, and put y®*) =y.
3: for ¢ from O to K — 2 do

4: Remove the interfernce caused by the already
detected signals as y(t1) = y() — BCz;s7,.
5: Generate the projection matrix

1L H —lpH
oz ., 7IfTIL.+1(TL+1TL.+1) Tz, , where

Tz,,, = [BCz.,,,BCz, ., -~ ,BCz, ,].

6: Project y**1) onto the orthogonal complement space
— 1l i+1
of Tz,,, as w41 = l'IIiHy(“r ),
7: Detect the (i 4+ 1)th transmitted vector as $;+1; =

2
J_ = ~
W41 — HI,i+1BCIi+1Si+1 H .

argming, ., es ‘

8: end for

carrier SM MIMO system with Np = Np = 4, K = 64,
and J = 8. The carrier frequency is 2 GHz and the sam-
pling time is 1us. The doubly selective channel is a multipath
Rayleigh fading channel with Jake’s spectrum, and has 5 taps
(I = 0,---,4) each with the delay of 1us and exponential
power delay profile of exp(—ll—o). The normalized Doppler
frequency is fpTs = 0._}%2 corresponding to a vehicle speed
of 300 km/h, and generalized complex-exponential BEM [15]
is used with Q = 3. Moreover, quadratic-amplitude modula-
tion (QAM) with constellation sizes of 4 and 16 arc used for
SM signal generation. It is also assumed that the BEM coef-
ficients are already estimated and known at the receiver.
Figs. 1 and 2 depict the bit error rate (BER) of differ-
ent detection methods for 4-QAM and 16-QAM signal con-
stellations, respectively, where the performance of PIC and
PIC-SIC methods are shown with the assumption of having
slow fading channels. It is evident that the new schemes, due
to considering the time-variations of channel within a block
of data, have significantly lower BER. The proposed BPIC-
SIC method has also considerably lower BER than the pro-
posed BPIC, owing to performing interference cancellation.
Moreover, it is observed from comparing these two figures
that the BER naturally increases with the number of constel-
lation points. It is worth mentioning that we have not shown

-%--PIC N
103 }|¥—PIC-siC Ao}
— £ -Proposed BPIC
—B—Proposed BPIC-SIC
107
0 5 10 15 20

SNR (dB)

Fig. 1. Performance of different detection schemes for 4-
QAM signal constellation.

-%--PiC AN
—k—PIC-SIC AN

_3 ||~ B -Proposed BPIC |
10 F|—=—Proposed BPIC-SIC AN

0 5 10 15 20 25
SNR (dB)

Fig. 2. Performance of different detection schemes for 16-
QAM signal constellation.

the performance of the ML scheme, since as shown in Table
1, it is too complex for simulation and impractical.

5. CONCLUSION

This paper addressed zero-padded SC-SM signal detection
in time-varying frequency selective channels. BEM were
used for capturing time-variations of the channel, and an ML
scheme followed by reduced complexity BPIC and BPIC-SIC
methods were introduced. Simulation results show remark-
able performance improvement in comparison with previ-
ous methods. Future works might include comprehensive
performance investigation of the new schemes along with
presentation of further reduced complexity methods.
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