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Abstract—Spatial modulation (SM), which is a novel trans-
mission scheme, is developed by using active transmit antenna
indexes and modulated signals to convey the information. In
this paper, a low complexity detection is proposed for SM
aided single-carrier (SM-SC) systems with dispersive channels.
In the proposed detection, we estimate the K frame transmitted
signal vectors in sequence by separating the channel matrix
into K rows which can avoid the exhaustive search of all
possible transmitted signal vectors. Compared to the conventional
detection schemes, which are partial interference cancellation
receiver with successive interference cancellation (PIC-R-SIC)
detection and the optimal maximum likelihood (ML) detection,
our proposed scheme achieves a lower computational complexity.
Simulation results show that the proposed detection degrades the
bit error rate (BER) performance compared to the PIC-R-SIC
detection and the ML detection, while the complexity is greatly
reduced.

Index Terms—spatial modulation (SM), low complexity, max-
imum likelihood (ML)

I. INTRODUCTION

Spatial modulation (SM) [1]-[3] is an attractive and special
transmission scheme in multi-input multi-output (MIMO) sys-
tems which employs the active transmit antenna and transmit-
ted signals to convey the information. In SM, the information
bits are divided into blocks and each block has logy(N:M)
bits, , where N; and M are the transmit antenna number and
the constellation order, respectively. In each block, logy(N¢)
bits are used to select an antenna from NV; transmit antennas
for data transmission and log,(M) bits are used to select
a symbol from the M-ary constellation set. Since only one
transmit antenna is active during each time slot in SM, the
inter-channel interference (ICT) can be perfectly avoided at
the receiver.

The detection algorithm was original introduced in [4]
which has a suboptimal performance. In order to enhance the
performance, the optimal maximum likelihood (ML) detection
in SM systems was proposed in [5], while the complexity is
increased with N; and M. Recently, lots of low complexity
detection methods were proposed in SM systems. In [6],
signal vector based (SVD) method was proposed to achieve
a low complexity while the performance extremely degrades
compared with ML detection. In order to solve this problem,
adaptive SVD (ASVD) method was proposed to achieve ML
detection with a slight performance loss [7]. Recently, a SM

aided single carrier (SM-SC) system with zero-padded (ZP)
cyclic prefix (CP) was proposed in [8], [9]. In [9], partial
interference cancellation receiver with successive interference
cancellation (PIC-R-SIC) was proposed to reduce the com-
plexity of ML detection. Note that computing the projection
matrices in PIC-R-SIC still leads a high complexity, especially
with a large P, N; and K, where P and K are the number
of multi-path links and the number of data frame in the
transmitted vector, respectively.

In this paper, we propose a low complexity detection for
SM-SC systems. In the proposed detection, the transmitted
signal vectors were detected separately without calculating the
projection matrices. Note that we only need a submatrix, which
is composed of K rows of the channel matrix, to estimate
the transmitted signal vectors. Since the transmitted vectors in
one data frame are estimated one by one and the projection
matrices are not considered, the computational complexity is
significantly reduced. In simulation results, it can be seen
that the performance of our proposed detection provides an
acceptable loss compared with that of PIC-R-SIC detection.

The rest of the letter is organized as follows. In section
II, we introduce the system model for the SM-SC system.
The proposed detection algorithm is presented in section IIL
Section IV presents simulation results and complexity analysis.
Finally, the paper is concluded in Section V.

II. SYSTEM MODEL

A. SM-SC System Model

We consider a MIMO system with NN; transmit and N,
receive antennas over a disperse channel having P multi-path
links between each transmit and receive antenna pairs. The
received signal vector during the i-th channel use is given by

P-1
yi= Y Hjxi_j+m, @
=0

where x; € CN+*! and yj € CN~*! denote the transmitted
symbol and received signal vectors in the k-th channel use,
H € CN-*Nt denotes the channel matrix at the j-th path
with entries which are assumed to be independent identically
distributed (i.i.d.) complex Gaussian random variables with
zero mean and unit variance and ny € CN-*1 is an additive
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H of size (K+P—1)N, x KN,

white Gaussian noise vector with zero mean and covariance
matrix o2Iy, .

Assuming that the data frame is K and the received data
frame is given by (2), where 0 € CN~*¥¢ denotes the zero
matrix. In the SM system, the transmitted symbol vector can
be written as
s 3)
where s, is a symbol from the M-ary constellation set S with
1<k<K.

For a given perfect channel state information (CSI) at the
receiver, the ML detection in the SM-SC system is expressed
as

Xk:[oa'"'78k705"'

xu1 = argmin || — H||%, “
xeX

where X is the set of all possible transmitted symbol vectors

with size of (IN;M)X. Due to the exhaustive search of all

vectors, the complexity of the ML detection is exponentially

increased with Ny, M and K.

B. PIC-R-SIC Detection
The PIC-R-SIC detection was introduced in [9] which is to
reduce the complexity of the ML dection. The equation (2)
can be rewritten as
K
¥=) Grxi+n, ®)
i=1
where Z; = {N;(t — 1)+ 1, Ne(i — 1)+ 2,..., N;i} and Gg,
is the submatrix of H with the column indices Z;.
In the PIC-R-SIC detection, the data frame
XK,XK-1,...,X; are detected in sequence. Firstly, let
us define

G%, =[Gz,,Gg,, ..., Gz, ] (6)

The projection matrix of the space of GZ, can be expressed
as

Qz, = G5 ((G5,)7GL) (G5 . ©]

Hence, the projection matrix that projects a vector onto the
orthogonal complementary space of GZ, is given by []

®)

Pz, =Lxip_1n, — Qz,-

Thus, we have Pz, Gz, = 0,1 < i < K and i # k. We define
t
7@ = S Ggx;+ 0 for 1 <t < K. Then, Let t = K and

=1
calculate

T
ZI,: = PItS’(t) — PI: Z GL-Xi ok PLﬁ
=1

= Pl} GI{ Xt + PIz n. (9)

The data x; is estimated as

(X¢)Prc—Rr-sic = arg_min |Zz, — P7,Gz,x||%, (10)
x¢EXs M

where Xgsps is the set of all possible transmitted symbol
vectors with size of N;M in the SM system. We update
t = t— 1(¢t > 1) while continue the next estimation by
equations (9) and (10). When ¢ = 1, PIC-R-SIC detection
is not suitable to be used because of the nonexistence of the
Pz,. In this case, x; is estimated by ML detection

€3]

(X1)mL = argxllél(,i‘}slM I¥® — Gz, x1 (3.

III. THE PROPOSED LOW DETECTION ALGORITHM

In this section, we propose a low detection algorithm for
the SM-SC system, which can approach the performance of
the optimal ML detector.

In the proposed detection algorithm, the data frame
X1,X2,...,Xg are detected in sequence. Since only one
transmit antenna is active during each time slot, H can be
expressed as

( ho(l1) 0 0 0 y
hi(l1) ho(l2) 0 0
= hp_1(l1) hp_2(l2) ho(l(x-1)) 0
0 hp_1(l2) hi(lx-1)) ho(lk) |’
0 0 hp_1(lx—1)) hp-2(lx)
L 0 0 0 hp_1(lx)d
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where [; is the active antenna index in the ¢-th time slot for
1 <4 < K and h;(l;) denotes the [;-th column of H; for
0 < j < P — 1. According to equation (2), the first K terms



of y is given as

yx = Hgs + ik, (13)
where S’K = [Y1T7Yg~ » i »NYIJ;']Ta s = [81~,525 Pl :SK]7 I:IK
denotes the KN, rows of H and fix = [n?,n?,... nk]T

In the first step, we consider y; to estimate the first data
x;. Based on equation (13), y1 can be written as

v1 = Hox; + ny =ho(ly)s1 + n1. (14)

The candidate vector £ of the index I; can be estimated from
the angles between y; and hg(l1) by list signal vector based
detection (LSVD) []

Ly =gy pad. A@Un]) 1)
where 6(l1) = arccos“—ﬁ%%—”- arzd asd{-} denotes the
ascending function of an vector. Let £, = [g}.,92,...,9L]

denote a vector which has the smallest L values of £;, for
1 < L < Ny. Then, the estimation of /; and s; are obtained
as

min |y1 —ho(l)s1l%.  (16)

[[1, §1] = arg
€Ly, ,51€S

In the second step, we consider y» to estimate the second
data x5. yo can be written as

Yo = hl(ll)sl o ho(lz)Sg + no. a7

Since I; and s; were already detected in the previous step, the
received vector without the interference can be obtained as

¥2 = y2 — hy(11)31 = ho(l2)s2 + na. (18)

We use LSVD again to obtain £, = 91,95 - -»91;) and the
estimation of Iy and sy are obtained as

[l2,8:) =arg min  ||F2 —ho(l2)s2]|%. (19

lz€512,52€5
The above-mentioned detection process will be termi-
nated after K steps and yield the estimated data frame
[X1, %2, ..., XK]-
The proposed detection algorithm for SM-SC systems is
summarized in Algorithm 1.

IV. SIMULATION RESULTS AND COMPLEXITY ANALYSIS

In this section, we first show simulation results to illustrate
the performance of the proposed detection and compare them
with the performances of the PIC-R-SIC detection and ML
detection in SM-SC systems. In our simulations, we consider
the flat Rayleigh fading channels in SM-SC systems. Then,
the complexity of the proposed detection is analyzed and
compared with the complexity of the PIC-R-SIC detection and
the ML detection in SM-SC systems.

A. Simulation Results

In this subsection, the Monte Carlo simulations are per-
formed such that at least 10° symbols have been transmitted
for each signal-to-noise ratio (SNR), where the SNR is denoted

e ML
] —+—PIC-R~8IC]
-~ Proposed | |

10~

e ,, , ,, ‘..l ..... M

6 8
SNR(dB)

Fig. 1. BER performance comparison with Ny = Ny = 2and K'= P =3,
using QPSK for SMSC systems.

as E,/Ny. Firstly, we set K = P = 3 for 2x2 SM-SC system.
Fig.1 shows the BER performances of the proposed detection,
the PIC-R-SIC detection and the ML detection with QPSK
modulation under the spectral efficiency m = log,(MN;) =
3 bits/s/H,. It can be seen that the proposed detection has a
performance loss compared with other two detections in the
SM-SC system. At the BER = 1075, the proposed detection
has about 0.5dB performance loss compared with the ML
detection and about 2dB performance loss compared with the
ML detection in the SM system.

Note that in the proposed detection algorithm, the estimation
of each current transmitted signal is based on the previous
estimation in one data frame, which means the error detection
happens if any signal is wrongly detected. Hence, the perfor-
mance of our proposed detection is the worse than that of two
detections which was already proved in Fig.1. Similar results

Algorithm 1: The Proposed Detection Algorithm

Input: Ny, Ny, K, P, ¥, Hg
Calculate [; and §; by (16).
Fort=2: K
1: The received signal without interference is
t—1 .
yi =y — 2 hei(li)3;
i=1
and h;_;(l;) is set as a zero vector if t —¢ > P — 1.
2: Calculate £;, by (15) and get
R Elr:[glltzglzt7,g£]
3: l; and §; are obtained as

l:,5)] = arg min
Zf eﬁlt ,Sters

[§7¢ — ho(le)se|| %

End for
9. Output [lhlg,. ..,ZK} and [§17§23--‘7§K]-
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Fig. 2. BER performance comparison with N; = r = 2,K = 4 and

P = 3, using BPSK for SMSC systems.

can be seen as well in Fig.2. We consider the different values
of K and P as 4 and 3 in 2 x 2 SM-SC system with BPSK
modulation and the spectral efficiency m = 2 bits /s/H,. The
proposed detection still degrades the performance compared
to the PIC-R-SIC detection and ML detection. There is an
acceptable performance loss of 0.5dB at the BER = 105,

B. Complexity Analysis

In this subsection, we compare the complexity of our
proposed detection with that of PIC-R-SIC detection and the
ML detection in SM systems by using the computational
complexity, where the computational complexity is defined as
the number of real-valued multiplications [10] in all schemes.

Firstly, we calculate the complexity of PIC-R-SIC detection
(ignore the complexity of matrix inversion and 7@ s already
given before). For the given ¢ (1 < ¢ < K), we define C =
(K+P—1)and D, = (t—1)N;. Calculating Pz, or Qz, (using
GZ,) needs 8C(D;)? + 4C?D; real-valued multiplications.
Calculating Zz, needs 4C? real-valued multiplications. For
computing the complexity of ||Zz, — Pz, Gz,x:||%, Pz, Gz,
is firstly considered. Calculating Pz, Gz, needs 4C2N; real-
valued multiplications. Calculating Pz, Gz,x; and || - || need
4CN; and 2C real-valued multiplications, respectively. Since
[Xsa| = NyM, the computational complexity of ML detec-
tion for this step is 4C?+4C2 N, + (4C N, +2C) N+ M. When
t = 1, the computational complexity is (4CN; + 2C) Ny M.
The overall computational complexity of PIC-R-SIC detection
is

»
Cricrsic = Y 8C(Dy)? +4C*D, + (4CN, + 2C)N.MK
=2

+ (4C? + 4C%N)(K —1).

Then, the computational complexity of ML detection is

given by
Cur = (4CK Ny + 2CN,. ) (N M)

The order of ML detection is (N;M)%. HX needs 4CK Ny
real-valued multiplications. || - [|% needs 2CN, real-valued
multiplications.

Finally, the complexity of the proposed detection is calcu-
lated as follows. At each step, LSVD needs (6N;+4)N,+2N,
real-valued multiplications. ML detection needs 6N, ML real-
valued multiplications. If K > P, all Y+ 2 <t < K) needs
2P(P—1)N,+4(K—P)(P—1)N, real-valued multiplications.
IfK <P,ally; (2 <t < K)needs 2K (K —1)N, real-valued
multiplications. Then the overall computational complexity of
the proposed detection is

Cp =((6N; + 4)N; + 2N, + 6N, ML)K
+ (4K — 2P)(P - 1)N,, (K > P),

Cp =((6N; +4)N; + 2N, + 6N, ML)K
+2K(K —1)N,, (K < P).

The complexity of the proposed detection, the PIC-R-SIC
detection and the ML detection is presented in Table I. It is
shown that the complexity of our proposed detection is sig-
nificantly reduced compared to PIC-R-SIC and ML detection.
In 2 x 2 SM-SC system, the proposed detection almost reach
the 62% complexity reduction compared to the PIC-R-SIC
detection and 98% complexity reduction compared to the ML
detection with X' = P = 3 and M = 4. The similar case
of complexity reduction is presented in 2 x 2 SM-SC system
with K =4, P=3 and M = 4.

TABLE I
COMPLEXITY COMPARISONS OF DIFFERENT DETECTIONS

Ny=2,N,=2,P=3 M=4
ML PIC-R-SIC | proposed
K =3| 71680 3200 1260
K =4 884736 7632 1704

V. CONCLUSION

In this paper, we presented a low complexity detection
for SM-SC systems. In the proposed detection, we separately
detect each transmitted signal vector in every data frame. The
estimation of every signal vector is affected by the previous
estimation of signal vectors. In the simulation results, the
proposed detection provides an acceptable performance loss
compared to the PIC-R-SIC detection and the ML detection.
Complexity analysis shows that our proposed detection achieve
the significant computational complexity reduction compared
to that of the PIC-R-SIC detection and the ML detection.
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