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Abstract 

Quadrature spatial modulation (QSM) is a new digital multiple-input multiple-output 

(MIMO) transmission technique to further increase the spectral efficiency of spatial 

modulation (SM). Although the maximum likelihood (ML) detection algorithm is capable 

of achieving the optimal performance, it necessitates exhaustive search with excessive 

computational complexity. In this paper, we show that the SD is applicable to QSM. 

Therefore, an improved SD algorithm for QSM, termed based sorting sphere decoding 

(BS-SD), is proposed. On one hand, an ordering algorithm is applied to sort the possible 

transmit antenna combinations (TACs). On the other hand, the possible symbol vectors 

for each TAC are detected in sequence by using sphere decoding detector algorithm. 

Simulation results show that SD aided by ordering schemes provides a substantial 

reduction in the computational complexity while maintaining the optimum bit-error-ratio 

(BER) performance. 

 

Keywords: quadrature spatial modulation (QSM), multiple input multiple output 

(MIMO), sphere decoding (SD), sorting based sphere decoding (BS-SD) 

 

1. Introduction 

Multiple-input multiple-output (MIMO) systems stand as an effective way to increase 

the data rates of today’s wireless networks, which offer higher spectral efficiency and 

reliability by means of diversity and spatial multiplexing gains. Recently proposed 

schemes reveal that further capacity gains could be achieved by introducing the spatial 

dimension, coordinated by antenna indices [1]. Spatial modulation (SM) is example of 

schemes that follow this strategy.SM is a spatial multiplexing MIMO technique that was 

proposed in [2] to increase the spectral efficiency and overcome inter–channel 

interference (ICI) [3], which employs only one active transmit antenna in each time slot. 

Moreover, SM needs only one RF chain, which significantly reduces the hardware 

complexity of the system [4]. Accordingly, SM appears to be an excellent candidate for 

massive MIMO [5]–[8]. However, a major criticism of SM is that the data rate 

enhancement requires a large number of transmit antennas and is proportional to the base–

two logarithm of the number of transmit antennas. Accordingly, enhancing the spectral 

efficiency of SM techniques has gained significant interest in literature. 

Quadrature spatial modulation (QSM) is a method for processing the signal before 

transmission, in which the spatial constellation symbols are expanded to in-phase and 

quadrature components[9]. The first dimension transmits the real part of a signal 

constellation symbol on the cosine carrier and the other one transmits the imaginary part 

of the constellation symbol on the sine carrier. Hence, an additional bits of base-two 

logarithm of the number of transmit antennas can be transmitted in QSM, as compared 

with the conventional SM system. Moreover, QSM system overcomes conventional 

MIMO drawbacks including inter-channel interference (ICI) since the two transmitted 
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data are orthogonal and modulated on the real part and the imaginary part of the carrier 

signal.  

As detection schemes for QSM, a maximum likelihood (ML) detection algorithm was 

considered in [9] to estimate the active transmit antenna combinations (TACs) and the 

modulated symbols simultaneously. Although the ML detection algorithm is capable of 

achieving the optimal system performance, it necessitates exhaustive search with 

excessive computational complexity. Therefore, it remains an open question to design 

low-complexity signal detection algorithms for QSM. The sphere decoding (SD) 

algorithm can avoid an exhaustive search by detecting only those points that lie inside a 

sphere with radius C [10]. Inspired by scheme of SD algorithm, this paper focuses on 

developing low-complexity detection algorithm for QSM. Firstly, we show that the SD is 

able to apply to QSM. We refer to this detection algorithm as QSM-SD. It maintains an 

almost optimum performance but low complexity. Secondly, to find a lower 

computational complexity but remain near optimum performance. We propose a novel 

based sorting sphere decoding (BS-SD) detection algorithm for QSM systems, which is 

referred as QSM-BS-SD. Firstly, an ordering algorithm is developed to sort the transmit 

antenna combinations. After that, based on SD method, the possible symbol vectors for 

each TAC are detected in sequence. Unlike the main idea of QSM-SD, the proposed 

QSM-BS-SD provides a more efficient computation of the searching points which lie 

inside a sphere. Numerical results show that the proposed QSM-BS-SD obtains optimal 

performance, while the required complexity is much lower than those of ML detection 

algorithm and QSM-SD with large number of transmit antennas and high order 

modulation. 

The remaining parts of this letter are organized as follows. Section II presents QSM 

system model and the optimal detection technique. In Section III, the QSM-SD and 

proposed QSM-BS-SD are described, and a theoretical analysis of their computational 

complexities is performed. Section IV presents the simulation of BER performance 

comparison and complexity comparison between the proposed QSM-BS-SD detector, 

QSM-SD and ML detection algorithm. Finally, Section V concludes the letter. 

 

2. System Model 
 

2.1. QSM Modulator 

QSM works as follows [9].The bitstream emitted by a binary source is divided into 

blocks containing 
2

2log ( )tm N M 
bits each at one particular time instant, where M 

denotes the modulation order of arbitrary M-quadrature amplitude modulation (M-

QAM)/phase shift keying or other constellation diagrams. The incoming data bits are 

processed and partitioned into three groups. A signal constellation symbol is modulated 

by 2log ( )M
bits. In addition, two spatial constellation symbols are modulated each by 

2log (N )t bits. The signal constellation symbol x is further decomposed to its real
( )x and 

imaginary
( )x parts and processed by a single IQ RF chain to yield  

2[ ] ( ) (2  )  2  j fcts Re xe x cos fct x sin fct  

   
                                                     (1) 

Hence, 
x is transmitted over the cosine carrier, whereas 

x is transmitted over the sine 

carrier. The QSM system model is depicted in Figure 1 and an example is shown for one 

time instance using QPSK and four transmit antennas. The incoming data 

sequence 110100b  .The first 2log ( )M
 bits [1 1] modulate a QPSK symbol 1x i   . 

The second 2log ( )tN
 bits [0 1] modulate the active antenna index 

2l 
 to 
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transmit
x of x , and the last 2log ( )tN

bits [0 0] modulate the active antenna index 
1l   

to transmit
x of x .Then, the transmitted vector is able to be expressed as 

[ 1 0 0]TS i    
, where

[ ]T

denotes transpose operation. Hence, an overall increase in 

spectral efficiency by 2log ( )tN
 as compared to SM system is achieved. The mapping 

table with 2 transmit antennas and QPSK modulation is depicted in Table 1. 
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Figure 1. Quadrature Spatial Modulation System Model 

Table 1. The Mapping Table of Quadrature Spatial Modulation 

Transmit  

bitstream 
Space bit 

 Real 

antenna 

index 

Imag 
antenna 

index 

Modulation bit 
 

Modulation  

symbols 

Output  

vectors 

0000 00  1 1 00  -1-j [-1-j  0] 

0001 00  1 1 01  -1+j [-1+j  0] 

0010 00  1 1 10  +1-j [+1-j  0] 

0011 00  1 1 11  +1+j [+1+j  0] 

0100 01  1 2 00  -1-j [-1  -j] 

0101 01  1 2 01  -1+j [-1  +j] 

0110 01  1 2 10  +1-j [+1  -j] 

0111 01  1 2 11  +1+j [+1  +j] 

1000 10  2 1 00  -1-j [-j  -1] 

1001 10  2 1 01  -1+j [+j  -1] 

1010 10  2 1 10  +1-j [-j  +1] 

1011 10  2 1 11  +1+j [+j  +1] 

1100 11  2 2 00  -1-j [0  -1-j ] 

1101 11  2 2 01  -1+j [0  -1+j ] 

1110 11  2 2 10  +1-j [0  +1-j ] 

1111 11 
 

2 2 11 
 

+1+j [0  +1+j ] 
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2.2. Channel Model  

A generic r tN N
MIMO configuration is considered with tN

and rN
being the number 

of transmit and receive antennas, respectively. The modulated vector s  is transmitted 

through a frequency–flat Rayleigh fading channel with transfer function H. Thus, the 

entries of H are modeled as complex independent and identically distributed (i.i.d.) 

Gaussian random variables with zero mean and unit variance. Moreover, a perfect channel 

state information (CSI) at the receiver is assumed, but with no CSI at the transmitter. Thus, 

the 
1rN 

  received vector can be written as follows:  

,, , 1,2,..., ,l l t

y HS n

h x jh x n l l N
    

 

    
                                                                       (2) 

where n  is the rN
 dimensional Additive White Gaussian Noise (AWGN) with zero mean 

and variance
2 per dimension at the receiver input, lh

 and lh
 are the 

l th   and 

l th  column of H, respectively. 

 

2.3. ML Detection Algorithm  

In QSM system, assuming perfect channel state information (CSI) at the receiver, the 

optimum ML detection algorithm is given by  

2

, , ,

ˆ ˆ ˆ ˆ[ , , , ] arg min
l l x x

l l x x y HS
  

     
                                                                        (3) 

According to (2), (3) can be simplified as follows: 

                                                                                                                       
2

, , ,

, ,
, ,

1
,

2

ˆ ˆ ˆ ˆ[ , , , ] arg min (

arg mi

)

( )n ,
r

l l x
l l

N

r l r

x

l x x
l r

r
l

h x jh x

y h

l l x x y

x jh x

 
 

 
 

 

 

     

 



 





 
    






                                         (4) 

where 
^

 identifies the estimated antenna labels and constellation symbols, 
.

denotes the 

norm. The detected antenna indexes l̂  and l̂  along with the detected data 

symbols
x̂ and

x̂ are used to retrieve the original information bits, where ry
, 

,l rh
 and ,l rh

 are the r th  entries of y , lh
 and lh

 , respectively. 

 

3. New Low-complexity Sphere Decoders for QSM 

In this section, we introduce two SDs modified algorithm for QSM. The first one 

(QSM-SD) aims at reducing the number of summations over receive antennas in (4). The 

second one (QSM-BS-SD) combines an ordering algorithm and SD decoders in order to 

provide a more efficient computation of the searching points which lie inside a sphere. 

 

3.1. QSM-SD Detection Algorithm 

The QSM-SD detection algorithm considered in this paper is a modified version of the 

SD algorithm presented in [11], by adopting the tree search structure, as shown in Figure 

2.The QSM-SD performs a ML search only on paths that lead to points
ˆ ˆ ˆ ˆ( , , , )l l x x     with 
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an error and are less than or equal to the sphere radius C. In this paper, the initial radius of 

the QSM-SD detection algorithm is adjusted according to the noise level assuming that 

the knowledge of the SNR at the receiver side is known from previous received data. 

Then the radius is adapted when a point is found inside the sphere by the Euclidean 

distance of that point. The initial sphere radius considered in QSM-SD is a function of the 

noise variance as given in [12] 

 

root

c

i=1

i=2

i=3

i=4

, , ,l l x x   

, , ,l l x x   

, , ,l l x x   

, , ,l l x x   

 

Figure 2. The Tree Structure and Sphere Constraint for the Sphere Decoder 

2 22 ,r nC N 
                                                                                                        (5) 

where
2

n
 is the noise variance and is a constant chosen to maximize the probability of 

having the transmitted point inside the sphere. Depending on the SNR value, a major 

reduction in the number of calculated paths can be achieved. The detector can formally be 

written as follows: 

( )
2

, ,

1

, , ,

, , ,

ˆ ˆ ˆ ˆ[ , , , ] arg ( )i ,m n
rN

r l r

l l

l

x x

l l x
r

x
r

l l x x y h x jh x
 













     



  
    
  

 
                               (6) 

where  

2

2

, ,
{1,2, N } 1

( , , , ) argmax{ | ( ) }
r

n

r r l r l r
n r

N l l x x n y h x jh x C
      

  

   
                                     (7) 

QSM-SD detection algorithm searches the paths leading to each point 
( ),l x

as long as it 

is still inside the sphere as depicted in Figure 2. Whenever a point is found to be inside the 

sphere, the radius C is updated with the Euclidean distance of that point. The path with 

the minimum Euclidean distance is considered to be the solution. QSM-SD detection 

algorithm selects the path with the minimum Euclidean distance even if all the points 

were outside the sphere. We regard the point with the minimum Euclidean distance and 

( , , , )r rN N      as the optimal solution. 

Let S be a set containing all possible transmit antennas and spatial symbol points, 

, 1,{( ,) : [ { }},]tS l x l N x M  
,   be the Euclidean distance error, and  be the depth 
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of the search on each path ( ),l x .Then, the key procedure for QSM-SD can be explained as 

Table 2. 

Table 2. The Key Procedure for QSM-SD  

Input: Channel matrix H , receive vector y , initial sphere radius C , 

transmitting antenna sets l  and constellation symbol sets x .  

Output: Estimated antenna vector
ˆ ˆ,l l  and constellation symbol

ˆ ˆ,x x 
. 

(1) For: 
, ;  ,l l l x x x    

; ( , )l x S  

(a) For: 
1: ri N

  

(i) 
 

2

,i ,i, , , y ( )i l ll l x x h x jh x
         

  

(ii) if   2, , ,l l x x C     
，then go to 1 

(iii)  , , , 1l l x x      
 

(b)  2 ,C l x
 

(2) 
      

,, ,

, , , arg , , , max
l xl l xx

S l l x x l l x x  
 

       
 

 

 

(3)    
  

, , , , , ,

argmiˆ ˆ ˆ ˆ[ , , ,, ] n , ,
l l x x S l l x x

l xx xl x ll



       

       


 

 

 

3.2. Proposed QSM-BS-SD Detection Algorithm  

In the proposed QSM-BS-SD detection algorithm, the first stage we sort the possible 

TACs[13] by an ordering algorithm. Further to say, we compute the pseudo-inverse of 

each channel column to preprocess the received vector y, which is as follows  

†( ) ,i ip h y
                                                                                                                   (8) 

where

†( )
H

i
i H

i i

h
h

h h


and
{1,2 }ti   

. 

   After obtained 1 2[p , , , ]
T

T

NP p p 
, to examine the dependability of each TAC, a 

weighting coefficient kw
is introduced to as 

2 2 ,
l lk k kp p
 

  
                                                                                                          (9) 

where
{1,2 },,k N   2

t

t

N
N N

 
   

  , and
, {1,2, }Tl l N  

.  

After obtaining 1 2[ ,w , ]T

NW w w  
, we then sort the weighting coefficient values and 

obtain the ordered TACs as                 

1 2[ , , ] arg (W),Nk k k sort   
                                                                                     (10) 
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where ()sort defines an ordering function for reordering the elements of the input vector in 

descending order, and 1, Nk k
are the indices of the maximum and minimum value in W, 

respectively. In this case, we obtain the ordered TACs with the weighting 

indices 1 2[ , , ]Nk k k  
. Then, for the obtained ordered TACs, the possible TAC vector is 

detected by SD processing method sequentially [14]. In particular, for each possible TAC, 

SD is used to detect symbol 
ˆ ˆ[ , ]j jx x

  and antenna 
ˆ ˆ[ , ]j jl l
   from the j-th TAC, which can 

be written as follows: 

( )

( ) 2

, ,

1

, , , 2

,

1

, , ,

( ) , j {1, , }

ˆ ˆ ˆ ˆ[ , , , ] arg min

arg min

r

r

jl

j

jl

l l x x

j j r k r
j

N

j j

N

r k r k r

x x

r

r

l l

j

l l x x

y h x jh

y h x

x N

 

 

 

 

 

 

 
 





 


  
        
 





 



      (11) 

where  
2

2

, ,
{1,2, N } 1

( , , , ) arg max{ | ( ) }
j jl l

r

n

r r k r k r
n r

N l l x x n y h x jh x C
 

     
  

   
                             (12) 

Like QSM-SD, we also regard the point with the minimum Euclidean distance and 

( , , , )r rN N      as the optimal solution. Then, the key procedure for QSM-SD can be 

explained as Table 3. 

 

3.3. Analysis of Computational Complexity 

In this subsection, we analyze the complexities of the proposed detectors, which are 

defined as the total number of real multiplication and division operations needed by each 

algorithm. In addition, we give the computational complexities of ML detection algorithm, 

QSM-SD, and the proposed QSM-BS-SD as follows. 

1) The computational complexity of ML detection algorithm 

According to Section IV in [9], the computational complexity of ML is 

 
8 2m

ML rC N
                                                                                                         (13) 

Note that 8 real multiplications are required to evaluate the Euclidean distance 
2

)( l lh x xy jh
  

.It needs to be computed 
2m

rN
times, which is equivalent to the 

complexity of SM [2]. 

2) The computational complexity of QSM-SD  

The computational complexity of the QSM-SD receiver is given by [10]: 

11 1 1

8 ( , , , )
t tN N M M

SD r

l l x x

C N l l x x
 

   

  

 
                                                                   (14) 

Therefore, SDC
 lies in the interval

8 2 8 2m m

SD rC N   
, where the lower and upper 

bound are achieved when ( , , , ) 1rN l l x x     and ( , , , ) Nr rN l l x x     , respectively. 

3) The computational complexities of the proposed QSM-BS-SD   

The proposed QSM-BS-SD can be described in Table 3. The following factors are 

taken into account to evaluate the computational complexities of the proposed QSM-BS-

SD. 
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Table 3. The Key Procedure for QSM-BS-SD  

Input: Channel matrix H , receive vector
y

, initial sphere radius C , transmitting antenna 

sets l , constellation symbol sets x and transmitting antenna t
.   

Output: Estimated antenna vector
ˆ ˆ,l l  and data symbol

ˆ ˆ,x x 
. 

1) 1 2[p , , , ]
T

T

NP p p 
,

†( )i ip h y
,

†( )
H

i
i H

i i

h
h

h h


,
{1,2 }ti    

; 

2) 1 2[ ,w , ]T

NW w w  
,

2 2

l lk k kp p
 

  
,

{1,2, }k N 
, 1 2[ , , ] arg (W)Nk k k sort   

; 

3)For: 
, ;  ,l l l x x x    

;
( ,x)l S

 

Initial: j = 1; 

while
j N

do 

(a) For: 
1: ri N

  

(iv) 
 

2

,i ,i, , , ( )
j jl l

i k kl l x x y h x jh x
 

        
  

(v) if
  2, , ,l l x x C     

，then go to 3 

(vi) 
 , , , 1l l x x      

 

(b) 
 2 ,C l x

 

j=j+1; 

end while 

(4) 

      
,, ,

, , , arg , , , max
l xl L Xx

S l l x x l l x x  
 

       
 

 

 

(5)    
  

, , , , , ,

argmiˆ ˆ ˆ ˆ[ , , ,, ] n , ,
l l x x S l l x x

l xx xl x ll



       

       


 

 

a) The computation of 
†( )i ip h y

 needs
4 2 4r r rN N N 

real multiplications, 

where
{1,2 }ti    

. 

b) Calculating

2 2

l lk k kp p
 

  
,where  

{1,2, }k N 
 and 

, {1,2, }Tl l N  
.Evaluating

2

lkp
 and

2

lkp
 has same computational complexities, 

which need 4 real multiplications. 

c) The complexity of SD, which is the same as QSM-SD.  

 The computational complexity of QSM-BS-SD detector is counted as  

 

(4 2 4 ) 4

10 4N

BS SD r r r t t SD

r t t SD

C N N N N N C

N N C

     

  
                                                         (15) 

where SDC
indicates the computational complexity of SD processing method, which is 

similar to QSM-SD. 
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4. Simulation Results and Analysis 

In this section, Monte Carlo simulation results for Rayleigh fading channel [15]at least 
610  channel realisations are considered to compare the performance of the proposed 

QSM-BS-SD and QSM-SD with the ML. Moreover, the computational complexities of 

the proposed QSM-BS-SD detector and the QSM-SD are also presented to compare with 

that of the ML. 

 

4.1. Performance Comparing in SM and QSM 

The BER performance versus signal to noise ratio (SNR) for
4tN 

,
4rN 

 and 6m   

is depicted in Figure 3, where QSM and SM are modulated using QPSK and 16QAM 

modulation, respectively. From Figure 3, it can be obviously observed that both SD and 

BS-SD in SM and QSM offer a near optimum performance and the results overlap with 

ML detection algorithm, respectively. Furthermore, obtained results also demonstrate the 

significant enhancements of the QSM system over SM system, where a gain of about 3–4 

dB can be achieved. It is important to note that these enhancements are achieved at almost 

no cost. From (13), the receiver complexity of the QSM scheme and that of SM are 

equivalent and depend on the considered spectral efficiency.  
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Figure 3. BER Performance Versus SNR for Nr=4,Nt=4 and m=6 

4.2. Performance Analysis 

The BER results versus SNR for the two different modulations (QPSK and 16QAM) 

for 
4rN 

 and
4tN 

are depicted in Figure 4. An important observation is that both 

modulation methods by using QSM-SD and QSM-BS-SD have the same BER 

performance as ML detection algorithm. Furthermore, we notice that by using QPSK 

modulation a better BER performance is achieved compared to the case using 16QAM 

modulation. As expected, the performance of QSM improves when the modulation order 

decreases. The BER results versus SNR for the two different transmit antennas 

(
2tN 

and
8tN 

) for
4rN 

and 8QAM modulation are depicted in Figure 5. It is 

noticed that for a certain number of transmit antennas the methods using QSM-SD and 

QSM-BS-SD also have the same performance as ML detection algorithm. Figure 5 shows 

that when 
2tN 

, the BER performance is better than that with 
8tN 

. As expected, the 

performance of QSM improves when transmit antenna decreases. 
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Figure 4. BER Performance Versus SNR for Nr=4 and Nt=4 
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Figure 5. BER Performance Versus SNR for Nr=4 

4.3. Complexity Analysis 

Figures 6 and 7 show the computational complexities of QSM-BS-SD are compared 

with the computational complexities of QSM-SD. In particular, the figures show relevant 

complexity reduction of the SD with respect 

to the ML optimum detector, i.e., 
C (%) 100 ( ) / c [14].re ML SD MLc c  

  

In Figures 6 and 7, under different modulation order and transmit antenna, we can see 

that the proposed QSM-BS-SD schemes and QSM-SD can significantly reduce the 

computational complexity with respect to the ML detector for QSM, especially in the case 

of greater SNR. As shown, QSM-BS-SD offers the lowest relative computation 

complexity, even more than near 56% reduction for QPSK and 68% reduction for 

16QAM in Figure 6 and near 65% reduction for t 4N 
and 70% reduction for t 8N 

in 

8QAM in Figure 7. The larger the constellation size and transmit antenna, the higher 

reduction in complexity QSM -BS-SD provides than QSM-SD. which is mainly due to 

complex precomputation including sorting. It is feasible to increase the spectral efficiency 
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by enlarge tN
instead of M for a better BER performance. In general, the proposed 

QSMBS-SD algorithm is more suitable for high spectral efficiency for QSM with large 

tN
and M .Since the proposed detection algorithm is most closely related to conventional 

SD for MIMO systems, a main contribution of this paper is that it is required to reduce 

both, the receive search space to arrive at a significant reduction in receiver complexity 

while maintaining superior bit-error performance. 

 

 

Figure 6. Computational Complexity versus SNR for Nr=4 and Nt=4 
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Figure 7. Computational Complexity Versus SNR for Nr=4 

5. Conclusions 

In this paper, we have introduced and analyzed the performance and complexities of 

proposed QSM-BS-SD and QSM-SD. Simulation results suggest that the proposed QSM-

BS-SD and QSM-SD have the same performance as the ML detection algorithm. 
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Moreover, the proposed QSM-BS-SD and QSM-SD can significantly reduce the 

computational complexity with respect to the ML detection algorithm, especially the 

QSM-BS-SD performs closely to its ML detection algorithm counterpart but with a 

reduction of 70% in complexity. The BER of BS-SD and SD when used in SM is also 

compared with the case in QSM. The obtained results demonstrate the significant 

enhancements of the QSM system over SM system with same spectral efficiency. In 

general, the proposed QSM-BS-SD is the better solution for high spectral efficiency than 

QSM-SD and can make an excellent trade-off between performance and complexity by 

changing the value of modulation order and transmit antenna. 
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