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ABSTRACT. The multiple phase shift keying (MPSK)-based spatial modulation (SM) has
attracted widespread attention for its advantage of low dependence on linearity of power
amplifier. There have been some low complexity detection algorithms, of which the com-
putation complexity has not related to modulation order, but they often perform exhaustive
search over transmit-antenna so that they are not suited to be used in large-scale transmit-
antenna systems. A novel detection algorithm which combines low complezity algorithms
with adaptive signal vector detection theory is proposed. The analysis and simulation
results show it not only has a further significant reduction on computational complezity,
but also remains same closely performance towards Maximum Likelihood (ML) optimum
detection. So it offers a better trade-off between performance and complexity for MPSK-
based SM systems.

Keywords: Spatial modulation, MPSK modulation, Detection algorithm, Computa-
tional complexity

1. Introduction. Spatial modulation (SM) technology [1] can not only reduce the power
consumption, but also transmit information by “SM constellation diagram” and the tradi-
tional constellation symbols. SM belongs to the single-RF (Radio Frequency) large-scale
Multiple-Input Multiple-Output (MIMO) wireless systems family, which activates only
one antenna for data transmitting at any signal duration compared to state-of-the-art
high complexity and power-hungry classic MIMOs technology. These unique features of
SM not only allow the high-rate MIMO system to possess low complexity of signal process-
ing and circuitry complexity, but also allow SM to relax the inter-antenna synchronization
requirements and inter-channel interference. Due to these properties, the detection algo-
rithm of the SM receiver is more complicated than that of the conventional MIMO system.

At present, in addition to ML detector with exhaustive search [2], several low com-
plexity detectors such as sphere decoding (SD) [3], matched filtering (MF) [4], and signal
vector based detection (SVD) [5] had been proposed for SM detection. However, the
computational complexity of these detectors is relevant to the modulation constellation
size and becomes higher in case of high order modulation. Then a hard-limiting (HL) [6]
detector of which the computational complexity is independent of modulation order was
proposed, but it just applies to the systems with square or rectangle MQAM (multilevel
quadrature amplitude modulation) modulation symbols. These non-constant envelope
modulations which have strict linearity requirements of power amplifiers increase the dif-
ficulty of realizing and the power consumption of the system. In [7], a low complexity
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maximum likelihood detector (LC-ML) was proposed with MPSK modulation, and its
computational complexity is not only similar to that of the HL but also independent of
the constellation points. From the view of the power consumption and energy efficiency,
the performance of this kind of constant-envelope spatial modulation system is better than
that of the MQAM system. However, this detector is implemented by performing exhaus-
tive search which is related to the number of transmit antenna, and the computational
complexity in large scale MIMO system is dramatic high.

Different from previous work, we propose a low complexity adaptive signal vector based
detection (LC-ASVD) for MPSK-based SM system. It significantly reduces detection
complexity by dynamically adjusting the search space of candidate transmit antennas
with the demand for symbol error rate (SER) threshold, while the performance remains
almost the same as that of LC-ML.

The rest of the paper is organized as follows. In Section 2, we introduce the SM system
model and its ML-optimal detection criterion. In Section 3, we present the LC-ASVD
algorithm for SM systems under M PSK modulation. In Section 4, Some simulation results
and computational complexity are provided to compare the performance of the proposed
algorithm with other two kinds of algorithms. Finally, Section 5 ends up with conclusions.

2. System Model. Consider an SM system with /V; transmit antennas and NV, receiver
antennas. The system is communicating over a quasi-static, frequency-flat fading channel
yielding

y=Hzx+n (1)
where € C™ is the transmitted vector, in which only the ith element i € {1,2,..., N;}
is non-zero, which is denoted by s with a complex symbol from the signal constellation
set S (s € ). S has M kinds of value (M is the modulation order) if the modulation
mode is MPSK. y € C" is the received vector, H € CV*M is the channel matrix, and
n € O™ is the noise vector. The entries of channel matrix and noise vector are from
CN(0,1) and CN(0,0?) respectively. Assuming perfect channel state information (CST)
at the receiver, the channel model for the SM system can also be expressed as

y=hs+n (2)
where h; is the Ith column of H. The optimal ML detection can be written as follows

(Iur,smp) = argmin  |[jy — hlsH% (3)
le{1,...,N¢}, s€S
where /1, sy are the estimated activated antenna index and transmitted symbol re-
spectively. The ML detection performs an exhaustive searching over transmit antennas
and modulation symbols. Hence, the computational complexity is very high. There are
6N, N;M real-valued multiplications involved in it.

3. The Proposed LC-ASVD Algorithm. To reduce the computational complexity of
(3), we try to decrease the number of candidate antenna number and modulation symbols.
[7] presents an LC-ML detector under MPSK modulation without searching the signal
set. According to the range of the received signal, the modulation signal s; can be directly
computed by using (4). So the computational complexity is independent of modulation
order.

S| = G‘W (4)
where ¢ = mod(round(Qz), M) x (2r/M), round(-) and mod(-) are the integral and the

modulus operation respectively, and Qs = 6;/(27 /M), where 6, is the corresponding angel
H
of g, g1 = H]ZTTJQ In [7], (5) was used to search over all transmit antennas after the cor-

responding modulation signal was found. This approach contributes large computations



ICIC EXPRESS LETTERS, VOL.10, NO.1, 2016 125

which makes the complexity of LC-ML detector be still large, especially in the case of
large number of transmit antennas.

()., = avgmin ]} = (1 =2 x Re( x (s)") (5)

Based on LC-ML, we propose a lower complexity and adaptive signal vector [8] based
detection (LC-ASVD) for SM systems. The basic idea is as follows. First, search out the
corresponding candidate antenna number set Lgqpq (it is far less than N;) which satisfies
the threshold of error probability. Then, calculate the modulation symbols corresponding
to the candidate antenna by using (4). Finally, find out the minimum value according to
(5) while [ € Lasva, and this minimum value is the activated transmit antenna index. The

t2
whole process of the algorithm is explained in the following, where Q(x) = f;o \/LQ—ﬂe’Tdt.

Initial values: given N;, [ = 0, the threshold of error probability Py, ¢, = Q1 (Puy),
signal-to-noise ratio (SNR) p.
(1) For j = 1: ML

N ety
GU) = TP
End
asvd = ar ma G(j
Jasvd 8 max (4)

(2) For i = 1: ML

Using decision conditions ||h]|* < % or Nj,...(@) <0 ...+ Cth\/25i’j“8”d(1_6i’j“”d)

Jasvd pllhallP=2<5,

select out all match antenna indexes, [ =1+ 1, j(I) = ;

_ h’fthasvd‘2 -\ G(] d)
where 9, .., = Tl ol Naswall) = =G5 2 1
End

(3) Combine antenna index j with jss,q to form an array Lasvds Lasva = {jasvd.j}
(4) For m = 1: length(Lgsva)
Compute Yz, . om); 2compute ST 0apa(m) DY USING (4);
J(m) = ||hg [, = (1 =2 % Re (F1,0m) X (5Z000a0m) )
End _
Find out the minimum value of J and the corresponding index value m; thus, Lasyagn)

and sz ) are the estimate transmit antenna index and modulation symbol respectively.

as'ud(m)

4. Simulation Results Analysis. In this section, the performance of LC-ASVD algo-
rithm with different modulation order is presented and compared with LC-ML detector
correspondingly. Subsequently, we analyze the computational complexity of LC-ASVD
algorithm and compare it with other existing algorithms.

4.1. Simulation results. Consider an SM system having N, = 4 receive antennas and
N; = 4 transmit antennas, communicating over a quasi-static frequency-flat fading chan-
nel, employing 8PSK, 16PSK and 32PSK modulations as the signal sets, respectively.
Figure 1 shows both simulation results of LC-ASVD algorithm and LC-ML algorithm. It
can be readily observed that both algorithms have the similar performance under the dif-
ferent modulation order. The curves of both algorithms with the same modulation order
are almost overlapping especially in the case of low SNR region. The LC-ASVD algorithm
almost shows no performance loss compared with the optimum LC-ML algorithm.

4.2. Complexity analysis. Using the same complexity analysis in [6-8], we calculate
the total number of the real-valued multiplications (division is also considered as mul-
tiplication) involved to analyze the complexity of computation. Table 1 compares the
computational complexity of the three algorithms which almost approach the optimal
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FIGURE 1. Bit error ratio (BER) performance of SM versus antennas with
NT = 4, Nt == 4

TABLE 1. Complexity comparison among three algorithms

Detectors Computation complexity
ML [6] 6N, N M

LC-ML [7] (6N, +9)V,

LC-ASVD (6N, + 4)N; 4+ 9L gsna

performance under MPSK modulation. Here we present the complexity analysis of LC-
ASVD algorithm as follows only, for those of ML and LC-ML are given in [6] and [7]
respectively.

1) The computation of G(j) needs (6N, + 3)V; real-valued multiplications (RVM).

since: hlly takes AN, RVM; ||hyll5 = (R(hy))TR(h;) + (I(h;))T1(h;) takes 2N, RVM;
| - |? takes 2 RVM; the real division takes 1 RVM.

2) Aj,ooa(?) (i # Jasva) takes 1 RVM, which results in a total complexity of IV, operations.

3) Given the received signal y, getting ¢, while [ € Lyspa needs 2L45,6 RVM. Noting
hi'y and ||h;|3 have been computed in step (1), the computation of g takes only 2 RVM
(the imaginary part divided by the real part).

4) Getting the transmit symbol s according to (4) takes 3 RVM, which results in a total
complexity of 3Lgsg Operations.

5) Searching transmit antenna according to (5) takes 4L,s,¢ RVM, in which (6) needs

2 RVM and 2|3 (7 (s (@))) needs 2 RVM.

RE(E)) - r@REE) i)

Then, the total computational complexity of LC-ASVD is (6 N, +4)N;+9Lggq. The cor-
relation value ¢; ;.. , between different transmit antennas in the algorithm is not included
because it can be calculated in advance for preparation.

From Table 1, it is clear that only the computational complexity of ML algorithm
grows linearly with the modulation order M. The higher the M is, the far larger the
complexity of the ML is as compared with the other algorithms. It is also shown that
LC algorithm has relevantly small complexity, and the proposed LC-ASVD algorithm has
smaller complexity than LC-ML algorithm (when Lggg < gNt). Therefore, in the large
antenna scale of SM system, the computational complexity of LC-ASVD is totally smaller
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Ficure 2. Computation complexity comparison with M =4, N, =4

than that of LC-ML and the complexity gap between the two algorithms will be larger
with the increasing number of transmit antennas. The comparison among algorithms will
be shown in Figure 2.

5. Conclusions. A new detection scheme is proposed for the MPSK modulation SM
system. It does not need to perform signal symbol searching so the computational com-
plexity is uncorrelated with the modulation order. By using the theory of adaptive signal
vector detection, the algorithm narrows the search region of transmit antenna which can
further reduce the computational complexity compared with the similar detection algo-
rithm of LC-ML, especially with the increase of the transmit number. Compared with the
hard-limiting detector which can only be used in the SM system of square or rectangle
modulation, the proposed detector under MPSK modulation has lower requirement on
the linearity of the power amplifier and can improve the energy efficiency of the system. It
offers a best trade-off among the exciting schemes for SM systems, especially in the case of
large scale transmit antenna occasions. Our future work will apply the proposed schemes
into the differential spatial modulation [9] system, coherent and differential space-time
shift keying [10] system.
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