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Abstract—This paper proposes an enhanced sub-optimal de-
tector for the High Rate-Spatial Modulation (HR-SM) systems
presented in [1] by incorporating the ISQRD detector previously
proposed in [2] with a new search space. The proposed decoder,
called Enhanced ISQRD, achieves not only significant improve-
ment in the bit error rate (BER) performance but also complexity
reduction as compared to the ISQRD detector. In addition, we
propose a new bit mapping approach that allows the HR-SM
system to improve its BER performance. Simulation results and
complexity analysis are presented to verify the effectiveness of
the proposed approaches in terms of performance improvement
and detection complexity reduction when they are applied to the
HR-SM systems.

Index Terms—MIMO Detector, High Rate-Spatial Modulation,
HR-SM detector, ISQRD detector, EISQRD detection algorithm.

I. INTRODUCTION

Multiple-Input Multiple-Output (MIMO) wireless commu-
nication systems that use multiple transmit and receive anten-
nas were theoretically shown to have higher spectral efficiency
than the conventional single antenna systems in [3], [4].
MIMO has been used in many wireless standards such as
IEEE 802.11n (Wi-Fi), IEEE 802.11ac (Wi-Fi), HSPA+ (3G),
Mobile WiMAX (4G), LTE (4G) and shown to be a potential
candidate for future wireless technologies.

Spatial Modulation (SM) MIMO system, which was in-
vented by Mesleh et al. in [5], [6], has recently drawn
significant research interest by numerous researchers. In the
SM, the transmitter activates only one antenna element at each
symbol period, thereby completely eliminating inter-channel
interference (ICI). Information bits are conveyed by both
QAM/PSK-modulated symbols and the indices of transmit
antennas. Currently, various SM-based MIMO schemes have
been developed [1], [7]- [15], among which the High Rate-
Spatial Modulation, proposed by Phuong Nguyen at al. [1],
provides a considerable increase of spectrum efficiency as
compared to the SM in [5], the GSM in [10]- [11], and the
STBC-SM in [13]. This scheme utilized the concept of Spatial
Constellation (SC) codewords introduced in [14] to generate
transmit signal vectors (i.e., HR-SM codewords) by multiply-
ing the SC codewords with QAM/PSK symbols. Consequently,
the data bits are carried by both the SC codewords and the
modulated symbols.

In order to detect HR-SM codewords, a ML detector was
presented in [1]. The ML detector enables the HR-SM schemes
to achieve optimal BER performance. However, it requires
excessive computational complexity. In [2], Dong Nguyen et
al. proposed two low-complexity detectors called MSQRD
and MBLAST which are based on modifying MMSE-SQRD
[16] and MMSE-BLAST [17] algorithms respectively. These
detectors achieve dramatically complexity reduction, yet at
cost of considerable performance degradation as compared
to their ML counterpart. The MBLAST provides higher BER
performance than the MSQRD because it detects the signals
in the optimal order from the strongest one to the weakest
one. Another detector that was also proposed in [2] is the so-
called ISQRD. The ISQRD is actually the MSQRD algorithm
implemented by making a full search for the first signal layer.
It achieves higher performance compared to the MSQRD
and MBLAST detectors for the same level of complexity
as sufficiently-low modulation order was used. Nevertheless,
the BER performance of ISQRD is still significantly lower
than that of the ML one. Besides, the ISQRD becomes more
complex than the MSQRD and MBLAST detectors as the
modulation order increases.

In this paper, we first show that the ISQRD does not fully
utilize special property of signal encoding for signal recovery
at the receiver. We then construct a new signal search space
and apply it to the ISQRD to create an enhanced detector,
called Enhanced ISQRD (EISQRD). The proposed decoder is
shown to be capable of improving system performance as well
as offering low decoding complexity compared to the ISQRD.
Besides, we propose a new approach of mapping information
bits into SC codewords in order to reduce BER based on the
conventional Gray mapping method. Numerical analysis and
simulation results are provided to verify the performance and
complexity of the EISQRD in comparison with the ISQRD
as well as the performance improvement of the new mapping
technique.

The rest of the paper is organized as follows. In Section II,
the system model and notation is introduced. Section III recalls
the ISQRD detector and presents the new detection algorithm
as well as the proposed mapping technique. Complexity of
the EISQRD algorithm is investigated in Section IV. The
simulation results and performance comparison are given in
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section V. The last section concludes the paper.

II. SYSTEM MODEL

We consider a specific HR-SM system with 𝑛𝑇 transmit and
𝑛𝑅 receive antennas (𝑛𝑅 > 𝑛𝑇 ) in a quasi-static Rayleigh
fading MIMO channel, as illustrated in Fig. 1. In the HR-SM
system, 𝑙+𝑚 data bits are fed into the transmitter. There are
𝑙 = 2 × (𝑛𝑇 − 1) bits mapped into a 𝑛𝑇 × 1 SC codeword
vector, s ∈ Ω𝑠, where Ω𝑠 is the spatial constellation, which
has 𝐾 elements. The remaining 𝑚 bits are modulated by
using an M-QAM or M-PSK modulator to achieve signal
𝑥 in signal constellation Ω𝑥. As proposed in [1], the SC
codeword is a 𝑛𝑇 × 1 vector designed by fixing the first
element with 1 and assigning the remaining elements with
values selected from the set {±1;±j} according to the bits
mapped onto, s = [1, 𝑠1, ..., 𝑠𝑛𝑇−1]

𝑇 ,1 where 𝑠𝑖 ∈ {±1,±𝑗},
𝑖 = (1÷𝑛𝑇 −1), 𝑗2 = −1. Therefore, in this system, there are
a total of 𝐾 = 4𝑛𝑇−1 SC codewords belonging to the spatial
constellation Ω𝑠. The transmit codeword (or HR-SM code-
word), c, is created by multiplying s by 𝑥, such as c = s× 𝑥,
so that c = [𝑥, 𝑥 × 𝑠1, ..., 𝑥 × 𝑠𝑛𝑇−1]

𝑇 = [𝑐1, 𝑐2, ..., 𝑐𝑛𝑇
]𝑇

(the elements in codeword c are called layers). The process
of forming c makes it belong to the signal constellation Ω𝑥

2.
These 𝑛𝑇 codeword layers are transmitted respectively via 𝑛𝑇

transmit antennas within a symbol period.

Fig. 1. Model of a HR-SM system with 𝑛𝑇 transmit and 𝑛𝑅 receive antennas

At the receiver, the receive signal matrix, Y, is given as:

Y =

√
𝛾

𝑛𝑇𝐸𝑠
H.c + N (1)

or
Y = �̄�.s.𝑥+ N (2)

where H is the 𝑛𝑅 ×𝑛𝑇 channel matrix; N is 𝑛𝑅 × 1 noise
vector; �̄� =

√
𝛾

𝑛𝑇𝐸𝑠
H is the equivalent channel matrix; 𝛾 is

the average SNR at each receive antenna; and 𝐸𝑠 is the average
symbol energy of 𝑥. The entries of H and N are assumed
to be independent and identically distributed (i.i.d) complex
Gaussian random variables with zero mean and unit variance.

The HR-SM codeword c will be detected at the receiver
by using a detector. After that, we will receive again the
modulated signal �̂�, and the SC codeword 𝒔, and from that
we can decode to data bits.

1In this paper, (.)𝑇 , (.)𝐻 denote matrix transport and Hermitian transpose,
respectively.

2This statement is true if the M-QAM constellations are square, i.e., 𝑀 =
22𝑛 for some natural numbers n.

III. THE ENHANCED ISQRD DETECTOR

A. The ISQRD detection algorithm

The ISQRD detection algorithm is one of three detectors
proposed in [2]. Each of these three detectors achieve lower
complexity in comparison with the ML detector, while the
ISQRD detector obtains the highest BER performance. In this
system, the channel matrix H is assumed to be known; for
example, it can be estimated from the training sequence bits.
The idea of the ISQRD algorithm is as follows:

From equation (2) we get:

t = Y − H1 × 𝑥 = H𝑡 × 𝒄+ N (3)

where H1 and H𝑡 is deployed from �̄� as �̄� =
[H1,H2, ...,H𝑛𝑇

]; H1 is the first column of �̄�; H𝑡 =
[H2, ...,H𝑛𝑇

] is the remaining columns of �̄�; and 𝒄 =
[𝑐2, ..., 𝑐𝑛𝑇

]𝑇 . From (3), one can observe that the MSQRD
algorithm can be applied to detect vector 𝒄 (see more in
[2] and [16]). However, 𝑥 in equation (3) is unknown at the
receiver, and the solution is to perform a full search for 𝑥.
With each 𝑥 ∈ Ω𝑥, we get a vector 𝒄, then we compute the
Euclidean distance of detection vector c = [𝑥; 𝒄] using the
function 𝑑 = ∣∣Y − �̄� × c∣∣2 = ∣∣t − H𝑡 × 𝒄∣∣2. Finally, we
compare these distances to decide the final recovered vector
c, which has the minimum Euclidean distance. The ISQRD
algorithm is summarized in Tab. I.

TABLE I
ISQRD DETECTION ALGORITHM

Input: y, �̄�
Output: �̂�, 𝒔

1. Decompose D𝑡 =

[
H𝑡

1√
𝐸𝑠

I𝑛𝑇 −1

]
using MMSE-SQRD

algorithm to get Q, R, and the permutation vector p.
2. Detection and Cancellation:

for m = 1 : M

compute t𝑚 = y − H1 × 𝑥𝑚 and v = Q𝐻

[
t𝑚
0

]

for 𝑘 = 𝑛𝑇 − 1 : −1 : 1
if (𝑘 == 𝑛𝑇 − 1)

𝑐𝑚,𝑘 = argmin𝑐∈Ω𝑥 ∣∣𝑣𝑘 − 𝑐× 𝑟𝑘,𝑘∣∣2
else

for 𝑙 = 𝑘 + 1 : 𝑛𝑇 − 1
𝑣𝑘 = 𝑣𝑘 − 𝑟𝑙,𝑘 × 𝑐𝑚,𝑙

end
end

end
Compute 𝑑𝑚 = ∣∣t𝑚 − H𝑡 × 𝒄𝑚,p∣∣2

end
3. Find �̂� : �̂� = argmin𝑚 𝑑𝑚
4. Obtain the recovered modulated signal �̂� = 𝑥�̂� and the

recovered SC codeword, 𝒔, from 𝒄�̂�,p

B. The Enhanced ISQRD detection algorithm

The ISQRD algorithm has not yet fully exploited the rule
of generating the transmit codeword c to detect transmitted
signals. Concretely, if the first signal layer is 𝑥, the the
remaining signal layers, which are the entries of 𝑐, should



belong to the set Ψ𝑠 = {𝑥 × 𝑠, 𝑠 ∈ {±1;±𝑗}}. Therefore,
when applying the MSQRD algorithm to detect the vector
𝒄 = [𝑐2, ..., 𝑐𝑛𝑇

]𝑇 , instead of searching the elements of 𝒄 in the
transmitted signal constellation Ω𝑥, we just search its elements
in the set Ψ𝑠, which is a subset of Ω𝑥. This provides us with
two benefits. First, the complexity of the detection algorithm
is reduced. Second, the performance is improved because the
search space contains more probable symbols. In other words,
Ψ𝑠 is the right set to search for the elements of vector 𝒄. If 𝑥
is the transmitted symbol, then the elements of 𝒄, found in the
set Ψ𝑠, tend to be the corrected ones. The proposed EISQRD
detection algorithm is summarized in Tab. II.

TABLE II
EISQRD DETECTION ALGORITHM

Input: y, �̄�
Output: �̂�, 𝒔

1. Decompose D𝑡 =

[
H𝑡

1√
𝐸𝑠

I𝑛𝑇−1

]
using MMSE-SQRD

algorithm to get Q, R, and the permutation vector p.
2. Detection and Cancellation:

for m = 1 : M

compute t𝑚 = y − H1 × 𝑥𝑚 and v = Q𝐻

[
t𝑚
0

]

for 𝑘 = 𝑛𝑇 − 1 : −1 : 1
if (𝑘 == 𝑛𝑇 − 1)

𝑐𝑚,𝑘 = argmin𝑐∈Ψ𝑠 ∣∣𝑣𝑘 − 𝑐× 𝑟𝑘,𝑘∣∣2
else

for 𝑙 = 𝑘 + 1 : 𝑛𝑇 − 1
𝑣𝑘 = 𝑣𝑘 − 𝑟𝑙,𝑘 × 𝑐𝑚,𝑙

end
end

end
Compute 𝑑𝑚 = ∣∣t𝑚 − H𝑡 × 𝒄𝑚,p∣∣2

end
3. Find �̂� : �̂� = argmin𝑚 𝑑𝑚
4. Obtain the recovered modulated signal �̂� = 𝑥�̂� and the

recovered SC codeword from 𝒄�̂�,p, 𝒔 = 1
𝑥�̂�

{𝑥, 𝒄�̂�,p}

C. Proposed approach of mapping information bits into SC
codewords

In HR-SM system, the transmit codeword is generated as
c = s × 𝑥, where 𝑥 is a modulated symbol drawn from a 𝑀 -
QAM or 𝑀 -PSK signal constellation Ω𝑥; s is SC codeword
vector, s = [1, 𝑠1, ..., 𝑠𝑛𝑇−1], 𝑠𝑖 ∈ {±1,±𝑗}, 𝑖 = (1 ÷ 𝑛𝑇 −
1), and 𝑗2 = −1. For example, in a 4× 4 HR-SM system, we
can have a codeword c = [𝑥,−𝑥, 𝑗𝑥,−𝑗𝑥]𝑇 , whose elements
are presented in Fig. 2a. Let us consider three elements 𝑐1 =
𝑠1𝑥; 𝑐2 = 𝑠2𝑥 & 𝑐3 = 𝑠3𝑥 of transmitted codeword c. It is
clear that:

If 𝑑(𝑐1, 𝑐2) > 𝑑(𝑐1, 𝑐3)

then 𝑃 (𝑐1 → 𝑐2∣𝑐1) < 𝑃 (𝑐1 → 𝑐3∣𝑐1)
where 𝑑(𝑐𝑖, 𝑐𝑗) = (𝑐𝑖 − 𝑐𝑗)

2, (𝑖, 𝑗 = 1 ÷ 3), is the Euclidean
distance of between the two signal points 𝑐𝑖 and 𝑐𝑗 ; 𝑃 (𝑐𝑖 →
𝑐𝑗 ∣𝑐𝑖) denotes the probability that the detected signal is 𝑐𝑗
while the actual transmitted signal is 𝑐𝑖.

For a given 𝑥, we have 𝑑(𝑐𝑖, 𝑐𝑗) = (𝑐𝑖−𝑐𝑗)
2 = (𝑠𝑖−𝑠𝑗)

2𝑥2.
Therefore, the above proposition is equivalent to:

If 𝑑(𝑠1, 𝑠2) > 𝑑(𝑠1, 𝑠3)

then 𝑃 (𝑐1 → 𝑐2∣𝑐1) < 𝑃 (𝑐1 → 𝑐3∣𝑐1) (4)

The proposition in (4) implies that Gray mapping technique
could be use to map information bits into the elements of an
SC codeword as demonstrated in Fig. 2b.

Fig. 2. The proposed bit mapping approach to generate SC codewords

IV. COMPLEXITY ANALYSIS

In this section, we investigate the complexity of EISQRD
detection algorithm in comparison with ML detection (pre-
sented in [1]) and ISQRD algorithms. The complexity of
the algorithms is estimated into flops unit. We assume that
a real addition, a real multiplication, a real division, a real
square root are considered as one flops, 2 flops, 3 flops and
4 flops, respectively. A complex addition is equal to two real
additions, a complex multiplication is composed of four real
multiplications and two real additions, a module calculation
of a complex number is composed of two real multiplications
and one real addition. A division of a complex number to a
real number is equal two real divisions. The complexity of
ML detector is equal to:

𝑓𝑀𝐿 = 𝑀𝐾(24𝑛𝑅 + 6) + 𝑛𝑅𝐾(12𝑛𝑇 − 2) (5)

where 𝐾 = 4𝑛𝑇−1. The complexities of ISQRD and EISQRD
detectors are given by:

𝑓𝐼𝑆𝑄𝑅𝐷 = 𝑓𝑀𝑀𝑆𝐸−𝑆𝑄𝑅𝐷 + 𝑓𝑚𝑎𝑖𝑛−𝐼𝑆𝑄𝑅𝐷 (6)

𝑓𝐸𝐼𝑆𝑄𝑅𝐷 = 𝑓𝑀𝑀𝑆𝐸−𝑆𝑄𝑅𝐷 + 𝑓𝑚𝑎𝑖𝑛−𝐸𝐼𝑆𝑄𝑅𝐷 (7)

where 𝑓𝑀𝑀𝑆𝐸−𝑆𝑄𝑅𝐷 is complexity of the MMSE-SQRD
algorithm; 𝑓𝑚𝑎𝑖𝑛−𝐼𝑆𝑄𝑅𝐷 is the complexity of the main part
(from step 2 to step 4 in Table I) of ISQRD detector;
𝑓𝑚𝑎𝑖𝑛−𝐸𝐼𝑆𝑄𝑅𝐷 is the complexity of the main part (from step
2 to step 4 in Table II) of EISQRD detector. These component
complexities are given by:

𝑓𝑀𝑀𝑆𝐸−𝑆𝑄𝑅𝐷 = 12𝑛3
𝑇 + 12𝑛2

𝑇𝑛𝑅 − 40𝑛2
𝑇

− 18𝑛𝑅𝑛𝑇 + 6𝑛𝑅 + 46𝑛𝑇 − 18 (8)

𝑓𝑚𝑎𝑖𝑛−𝐼𝑆𝑄𝑅𝐷 = 𝑀(17𝑀(𝑛𝑇 − 1) + 6𝑛2
𝑇

+ 24𝑛𝑅𝑛𝑇 − 5𝑛𝑅 − 20𝑛𝑇 + 12) (9)



𝑓𝑚𝑎𝑖𝑛−𝐸𝐼𝑆𝑄𝑅𝐷 = 𝑀(68(𝑛𝑇 − 1) + 6𝑛2
𝑇

+ 24𝑛𝑅𝑛𝑇 − 5𝑛𝑅 − 20𝑛𝑇 + 12) (10)
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Fig. 3. Complexities of ML, ISQRD and EISQRD detectors for HR-SM
systems

Fig. 3 shows the complexities of the ML, ISQRD and
EISQRD detectors for HR-SM systems with 𝑛𝑇 = 𝑛𝑅. The
figure on the left is for 8-PSK modulation and the one on the
right is for 16-QAM modulation. As we can see from Fig. 3,
both the ISQRD and EISQRD detectors significantly reduces
detection complexities in comparison with the ML one. In
addition, the EISQRD has low complexities than the ISQRD
one in both cases. For the same antenna configuration, the
higher modulation order is, the lower complexity the EISQRD
can offer.

V. PERFORMANCE COMPARISON

In this section, we investigate the performance of the
EISQRD detector, in terms of BER, when it is applied to HR-
SM schemes and make a comparison those of the ISQRD,
MSQRD, and the ML ones. Fig. 4 shows the BER curves of
the ISQRD, the EISQRD, the MSQRD and the ML detectors
for a HR-SM scheme with 𝑛𝑅 = 𝑛𝑇 = 4 using 16-QAM
modulation. The EISQRD has two BER curves corresponding
to the cases of using and not using the proposed mapping
approach. As we can see from Fig. 4, utilizing the proposed
mapping approach allows the HR-SM to improve its perfor-
mance. Moreover, the EISQRD detector significantly improves
the BER performance of the HR-SM as compared to those of
the ISQRD and the MSQRD. For instance, at 𝐵𝐸𝑅 = 10−2

dB, the EISQRD obtains about 3 dB and 6 dB of SNR gain
as compared to the ISQRD and the MSQRD respectively. The
BER curve of EISQRD is relatively closed to that of the ML
decoder when SNR is low. The gap between these two curves
becomes more significant as SNR>18 dB.
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Fig. 4. BERs of different detectors for HR-SM scheme when nR=nT=4 and
using 16-QAM modulation
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Fig. 5. BERs of ISQRD and EISQRD detectors for different HR-SM schemes

Fig. 5 further compares the performance of the EISQRD
detector with that of the ISQRD detector when they are applied
to HR-SM schemes with different antenna configurations and
modulation schemes. The first one is a HR-SM scheme with
𝑛𝑅 = 𝑛𝑇 = 4, using 8-PSK modulation and the other is a HR-
SM scheme with 𝑛𝑅 = 𝑛𝑇 = 8, using 16-QAM modulation. It
can be observed from the figure that the EISQRD remarkably
outperforms the ISQRD.

From the analytical and simulation results in Fig. 3, Fig. 4,
and Fig. 5, it can be concluded that the EISQRD noticeably
outperforms the ISQRD with respect to both performance and
complexity. The higher modulation order the system uses,
the more efficiency of the EISQRD when comparing to the
ISQRD.



VI. CONCLUSION

In this paper, we present the enhanced version of ISQRD de-
tector for signal detection in HR-SM schemes, called EISQRD
detector. We also propose a more efficient bit mapping method
when mapping information bits into SC codewords. The ana-
lytical and simulation results show that the EISQRD detector
provides remarkable reduction of the detection complexity and
considerable increase in the BER performance compared to
the ISQRD detector. The proposed detector and bit mapping
method make HR-SM schemes more practical and potential
for future wireless communication systems.
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