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In this paper, a novel trellis-coded spatial modulation 
(TCSM) design method is presented and analyzed. 
Inspired by the key idea of trellis-coded modulation 
(TCM), the detailed analysis is firstly provided on the 
unequal error protection performance of spatial 
modulation constellation. Subsequently, the Ungerboeck 
set partitioning rule is proposed and applied to develop a 
general method to design the novel TCSM schemes. 
Different from the conventional TCSM approaches, the 
novel one based on the Ungerboeck set partitioning rule 
has similar properties as the classic TCM, which has 
simple but effective code design criteria. Moreover, the 
novel designed schemes are robust and adaptive to the 
generalized Rician fading channels, which outperform the 
traditional TCSM ones. For examples, the novel 4-, 8-, and 
16-state TCSM schemes are constructed by employing 
different transmit antennas and different modulation 
schemes in different channel conditions. Simulation results 
clearly demonstrate the advantages of the novel TCSM 
schemes over the conventional ones. 
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I. Introduction 

As a novel as well as a simple multiple-input multiple-output 
(MIMO) transmission technique, spatial modulation (SM) was 
recently introduced in [1]-[4] as being able to increase data 
rates by utilizing the indices of multiple transmit antennas to 
convey information bits in addition to utilizing the modulation 
constellation. Unlike the conventional MIMO schemes, such 
as [5], [6], in SM, only one transmit antenna is activated during 
each symbol timeslot, and the intercarrier interference and 
synchronization between transmit antennas are thereby 
eliminated, which results in a less complex transceiver 
implementation. SM can provide the increased data rate by a 
factor equal to the logarithm of the number of transmit 
antennas compared to a single-antenna system. Recent results 
have demonstrated its advantages over the other state-of-the-art 
MIMO transmission technologies [7]-[12]. From this point of 
view, SM has been considered an appealing MIMO 
transmission technology in favor of exploiting the massive 
MIMO or large-scale antenna systems for future wireless 
communication [13], [14]. 

In addition to spectrum efficiency, energy efficiency is 
another important issue for wireless communication, especially 
for the newly developed green communication [15]. As a well-
known scheme, trellis-coded modulation (TCM) has been used 
as an effective method to reduce power requirements without 
increasing bandwidth [16]. The key idea is to jointly design the 
channel coding and modulation based on the mapping rule by 
set partitioning an expanded signal constellation. Particularly, 
TCM successively partitions a constellation set into subsets 
such that the minimum Euclidean distance between two 
adjacent points within a partitioned subset is maximized. By 
this way, the optimized trellis of TCM with larger free 
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Euclidean distance can be designed by trying to group the 
transitions originating from or jointing in the same state into 
one partitioned subset. 

Since SM is a novel multidimensional (spatial plus 
traditional two-dimensional modulation) digital modulation 
scheme, the key idea of TCM can also be applied to SM to 
improve its energy efficiency. Until now, two main trellis-
coded SM (TCSM) schemes have been presented. One was 
proposed in [10], [11], in which the key idea of TCM is applied 
to the antenna domain of SM to improve its error performance 
in correlated fading channels. Unfortunately, this specified 
design has no error performance advantage over uncoded SM 
in uncorrelated fading channels, as shown by [9], [12], in 
which the set partitioning of the transmit antenna sets did not 
provide any performance improvement in the uncorrelated 
channel conditions. To tackle this problem, SM with trellis 
coding (SM-TC) was proposed [12]. SM-TC directly 
combines trellis coding with SM. With the help of the derived 
upper bound of pairwise error probability (PEP) in 
uncorrelated quasi-static Rayleigh fading channels, the SM-TC 
code design criteria are given and several new SM-TC 
schemes with 2-bps/Hz, 3-bps/Hz, and 4-bps/Hz spectral 
efficiencies are constructed. The results have shown that they 
can achieve significant performance improvement over the 
classic space-time trellis codes and V-BLAST (Vertical-Bell 
Laboratories Layered Space-Time) systems. Moreover, the 
new SM-TC scheme provides better performance than that of 
TCSM in [11], and it can benefit from the advantages of TCM 
in both uncorrelated and correlated channels. However, the 
newly constructed SM-TC codes in [12] are only optimized 
with respect to the uncorrelated quasi-static Rayleigh fading 
channels. Although they have exhibited improved performance 
over correlated channels, it does not mean that they have been 
optimized in the correlated channel conditions. 

In this paper, inspired by the key idea of TCM, a novel 
TCSM (NTCSM) design method is presented based on the 
analysis of the bit’s unequal error protection (UEP) performance 
in SM. It’s well known that the bit’s UEP performance of the 
traditional TCM is only reflected as the Euclidean distance in 
the modulation constellation. However, we recognize that the 
bit’s UEP performance of SM is determined not only by the 
Euclidean distance of the modulation constellation but also by 
the channel conditions and antenna correlation properties. 
Therefore, in this paper, we firstly give a detailed analysis on 
the UEP performance of SM over generalized fading channels, 
after which the new set partitioning rule of SM and the new 
TCSM design criteria are provided. Several NTCSM codes are 
also constructed. Simulation results clearly show that the 
NTCSM schemes achieve better robust performance than the 
conventional schemes provided in [10]-[12] achieve. 

Notation. Throughout this paper, matrices and vectors are 
denoted by bold uppercase and lowercase letters, respectively. 
The superscripts *( ) ,⋅  ( ) ,T⋅  and ( )H⋅  account for complex 
conjugate, transpose, and conjugate transpose, respectively. 
The complex modulation signal space with the cardinality 
equal to M is represented by .M  The real part of the 
expression is acquired by ( )ℜ ⋅ . The Euclidean norm is 
accounted for by || ||⋅ . 

II. System Model 

1. TCSM System Model 

As shown in Fig. 1, we consider a TCSM system with Nt  
transmit and Nr receive antennas. Suppose that an M-ary 
modulation scheme is employed and define n=log2Nt and 
m=log2M. The transmitter of TCSM includes one binary trellis 
encoder followed by an SM mapper. The input bits are first 
encoded by the trellis encoder and then mapped to the antenna 
indices and modulation symbols by the SM mapper. The goal 
of TCSM is to jointly design the trellis encoder and the SM 
mapper to achieve better error correcting performance rather 
than directly connecting them with one another. In other words, 
the trellis of TCSM should be closely related to the SM, just 
like the TCM scheme. Correspondingly, regarding the receiver, 
the soft Viterbi algorithm is adopted to jointly detect the 
antenna indices and the modulation symbols together. 

As presented above, the coding rate of the trellis encoder is 
assumed to be R=k/(n+m). The input and output of the trellis 
encoder at each SM symbol timeslot are represented by 

1: 1 2[ , ,..., ]k ks s s=s and 1: 1 2 1[ , ,..., , ,..., ],b n m n n n mb b b b b+ + +=  
respectively. Then, 1:n m+b is separated into two parts: one is 
the first n bits denoted as 1: 1[ ,..., ]n nb b=b , which is used to 
select the transmit antenna, and the other is the remaining m 
bits denoted as 1: 1[ ,..., ],n n m n n mb bb + + + +=  which is 
modulated to the transmit symbol. Without loss of generality, 
the Ungerboeck’s mapping rule is adopted [16], and the 
transmit antenna index u and the modulation symbol index v 
can be defined as 

11 2 ,n n lllu b −
=

= +∑                  (1) 

1 2n m n m lll nv b+ + −
= +

=∑ .               (2) 

If the u-th transmit antenna and the modulation signal point of 
v Mx ∈  are selected for transmission, then the output of the 

SM mapper can be defined as 
0 0 0 0

-th position

v
uv
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Fig. 1. TCSM system model. 
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2. Channel Model 

In this paper, the general MIMO flat fading channels are 
considered as follows [11]: 

1
1 1

K
K K+ +

= +H H H .             (4) 

Here, ,H  ,H  and H  are all Nr×Nt matrices. Each element 
of H  is equal to one to represent the fixed line-of-sight 
components, and H  denotes the variable fading components 
caused by the non-line-of-sight scatter signals. The Rician 
factor is K, which reflects the power ratio of the fixed and 
variable parts. In the correlated channel conditions, the scatter 
component matrix H  is modeled by using the Kronecker 
model [18], that is 

r t ,R RH H=                  (5) 

where H  is an Nr×Nt matrix whose entries are independently 
distributed according to the complex Gaussian distribution with 
zero mean and unit variance. The correlation matrices at the 
transmitter and receiver are denoted by Rt and Rr, respectively. 
The -thi row and -thj column element of Rt, denoted as 

t t, , {1,2,..., },ij i j Nϕ ∈ represents the cross correlation 
coefficient between the two transmit antennas indexed by i and 
j. Correspondingly, the cross correlation coefficient of the two 
receive antennas indexed by i and j is denoted as 

r r, , {1,2,..., },ij i j Nϕ ∈ which is the i-th row and j-th column 
element of Rr. The correlation coefficients are frequently 
calculated according to two common approaches [19], [20]. In 
this paper, the simple exponential correlation is adopted, and 
the correlation matrix entries are formed as 

| |t tt , , {1, 2,..., },i j
ij i j Nϕ ρ −= ∈            (6) 

| |r rr , , {1, 2,..., },i j
ij i j Nϕ ρ −= ∈            (7) 

in which ρt denotes the correlation coefficient between two 
adjacent transmit antennas and ρr denotes the correlation 
coefficient between two adjacent receive antennas. 

3. Soft Viterbi Decoding 

At the receiver, the received signals are given by 

sy Hx nE uv= + .                (8) 

Here, Es denotes the transmit power and uvx  and H  are the 
transmit SM symbol and the MIMO channel matrix, 
respectively, as shown in (3) and (4). Vector n  is the additive 
white Gaussian noise (AWGN) vector, with each element 
having the power of 22 .σ  

Similar to the process in TCM, in TCSM, the decoding is 
done by a soft-decision Viterbi algorithm and the Euclidean 
distance is used as a branch metric [12], [16]. Particularly, for 
the branch with the input SM symbol denoted by ˆ ˆ ,uvx  the soft 
metric is 

22 ˆ ˆ s( , )y x y HxEuv uvd = − .           (9) 

With the Viterbi algorithm, the maximum likelihood path with 
the smallest cumulative Euclidean distance survives, which is 
the final decoding signal sequence. 

III. UEP Performance Analysis of SM 

1. Error Performance of SM 

By using the well-known union upper bounding technique 
[21], the average bit error probability (ABEP) of SM can be 
derived as ((3) of [9]) 

t t

b b s
1 ' 1 1 ' 1

1 ( , ; ', ') ( , ; ', ')
N N M M

u u v v
P N u v u v P u v u v

c = = = =
≤ ∑∑∑∑    (10) 

with 

r 2s ( , ') ' '1( , ; ', ') | | ,N
u u ui v u i viP u v u v Q h x h xh γ

=

⎧ ⎫⎛ ⎞⎪ ⎪⎪ ⎪⎟⎜= Ε − ⎟⎨ ⎬⎜ ⎟⎟⎜⎪ ⎪⎝ ⎠⎪ ⎪⎩ ⎭
∑  

(11) 
in which t 2 tlog ( )c N M N M=  and 2s / (4 ).Eγ σ=  The  

Q-function is 2( /2)1( ) .
2

t
x

Q x e dt
π

∞
−= ∫  Two distinct SM  

symbols are denoted by xuv and xu'v'. The Hamming distance 
between the two source bit sequences corresponding to uvx  
and xu'v' is accounted for by b ( , ; ', ').N u v u v  The average 
symbol error probability (ASEP) of xuv and xu'v' is 

s ( , ; ', '),P u v u v  which is computed as the expectation of the 
Q-function over the fading channels of the u-th and u'-th 
transmit antennas and all receive antennas, denoted as 

( , ').u uh The channel coefficients from the u-th and u'-th 
transmit antennas to the i-th receive antenna are represented by 

uih  and ' ,u ih  respectively. 
 According to (6) and (7) of [9], bP  can be further split into 
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three nonoverlapping parts expressed as 
t t

b1

t

b b s
1 ' 1, ' ' 1

b s
' 1 1 ' 1, '

1 ( , ; ', ') ( , ; ', ')

1 ( , ; ', ') ( , ; ', ')

N N M

u u u u v v P
N M M

u u v v v v

P N u v u v P u v u v
c

N u v u v P u v u v
c

= = ≠ = =

= = = = ≠

≤

+

∑ ∑ ∑

∑ ∑ ∑
b2

t t

b3

b s
1 ' 1, ' 1 ' 1, '

1 ( , ; ', ') ( , ; ', '),

P
N N M M

u u u u v v v v P

N u v u v P u v u v
c = = ≠ = = ≠

+ ∑ ∑ ∑ ∑

 (12) 
in which Pb1 accounts for the estimation of two different 
transmit antennas with the same modulation signal and Pb2 
denotes the estimation of two different modulation signals at 
the same transmit antenna. In other words, Pb1 is an equivalent 
space shift keying modulation [4], and Pb2 corresponds to a 
single-antenna transmission. The interaction of signal and 
spatial constellation diagrams are shown by Pb3.  

Applying the splitting method of (12), Renzo and Haas [9] 
studied the ABEP performance of SM over generic fading 
channels in detail. Unfortunately, the different error 
performance among the different SM bits is not clearly 
illustrated from their derived results, whereas achieving clarity 
in this regard is the main focus in the NTCSM design; this is 
just like the minimum Euclidean distance properties implied in 
the Ungerboeck set partitioning for TCM. In this paper, we will 
analyze the UEP performance of SM. Thereafter, the NTCSM 
design approach, which is similar to the conventional TCM, 
can be straightforwardly presented. 

According to (11),  the total error performance of SM is 
determined by all receive antennas. However, in terms of UEP 
performance, the focus is mainly on how to recognize different 
SM bits rather than on the specified value of their performance 
difference. Since increasing the number of receive antennas 
does not affect the recognition of different SM bits, the UEP 
analysis with one single-receive antenna is enough. Given the 
i-th receive antenna, the ASEP of xuv and xu'v' is given by 

( ){ }'
2s ( , ) ' '( , ; ', ') | |ui u ii h h ui v u i vP u v u v Q h x h xγ=Ε − .  (13) 

According to (4), ' 'ui v u i vh x h x−  is Gaussian distributed 
because uih  and 'u ih  are complex Gaussian variables. The 
mean (denoted by a) and variance (denoted by b) are given by 

 { }( , ) 1
( )ui u i

K
h h ui v vu i v vK

a h x h x x x′ ′ ′ ′
+

= Ε − = − ,  (14) 

( )'

2
( , ) ' ' '1

1 2 2 t *' ' '1

( )

2 { }

ui u i
K

h h ui v u i v v vK

v v vuu vK

b h x h x x x

x x x xϕ

+

+

⎧ ⎫⎪ ⎪⎪ ⎪⎪ ⎪=Ε − − −⎨ ⎬⎪ ⎪⎪ ⎪⎪ ⎪⎩ ⎭
⎡ ⎤= + − ℜ⎢ ⎥⎣ ⎦

.  (15) 

Based on the moment generating function of (5.11) and (5.12) 
of [22] for the Rician distribution, (13) can be derived as 

2 s
2 2s s

s
/21 (1 ')sin ' /2exp

(1 ') sin /2 (1 ')sin /20

( , ; ', ')i
K K d

K K

P u v u v
π θ γ

θ
π θ γ θ γ

+ −
+ + + +

⎛ ⎞⎟⎜= ⎟⎜ ⎟⎜⎝ ⎠∫ ,  (16) 

where 2' / .K a b=  Here, 2s ( )a bγ γ= +  is the equivalent 
average signal-to-noise ratio (SNR) at each receive antenna 
corresponding to the two modulation symbols vx  and 'vx , 
which is calculated as 

( ){ }t *2 1 ''2s ' 1
| |

x xv vuu
v v K

x x
ϕ

γ γ
ℜ −

+

⎛ ⎞⎟⎜ ⎟⎜ ⎟= − +⎜ ⎟⎜ ⎟⎜ ⎟⎜⎝ ⎠
.      (17) 

In the high SNR regime, (16) can be further approximated as 

' 2

2 s

/2(1 ') sin
s (1 ')sin /20

( , ; ', ')
KK e

di K
P u v u v

π θ
θ

π θ γ

−+
+ +

≤ ∫ .  (18) 

Hence, the error performance of SM is mainly determined by 
the equivalent average SNR, that is s.γ  

2. UEP Performance Analysis of SM 

Further define the equivalent average SNRs at each receive 
antenna for Pb1, Pb2, and Pb3 as s1,γ s2,γ and s3,γ  
respectively. According to (17) and (12), we have 

( ){ }2ts1 '2 1 ( 1)vuu x Kγ γ ϕ= ℜ − + ,               (19) 

2
s2 'v vx xγ γ= − ,                               (20) 

( ){ }2 *s3 ' '2 1 ( 1)tv v v vuux x x x Kγ γ ϕ ′
⎡ ⎤= − + ℜ − +⎢ ⎥⎣ ⎦

.  (21) 

Apparently, the total error performance of SM is mainly 
determined by the worst among s1γ , s2,γ  and s3.γ  By 
comparing them, the SM bits can be re-sorted in terms of their 
different error performance. 

A. Comparison of s1,γ  s2,γ  and s3γ  

According to (19), the minimum value of 1sγ  is 

( ){ }2
s1,min ',max min2 1 ( 1)t vuu x Kγ γ ϕ= ℜ − + ,  (22) 

in which minvx denotes the minimum value in all modulation 
signals and t

',maxuuϕ  is the maximum correlated coefficient 
between two distinct transmit antennas. 

Based on (20), the minimum value of 2sγ  is 
2

s2,min ' minv vx xγ γ= − .           (23) 

Here, 2
' minv vx x−  is the minimum square Euclidean 

distance between a pair of modulation signals, which is 
actually the basis for the conventional TCM design. 

By adopting the exponential correlation model of (6), (21) 
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can be further rewritten as 

{ }( )*' ' '
2 2 1 ( 1)s3 tv v v v uux x x x Kγ γ ϕ⎡ ⎤= − + ℜ − +⎢ ⎥⎢ ⎥⎣ ⎦

.  (24) 

Suppose that ' '{ , }m m m mu u v v≠ ≠  allows s3γ  to achieve 
the minimum value, which is denoted as s3,min.γ  Based on 
the fact that the set partitioning should maximize the minimum 
value of s1γ , s2,γ  and s3,γ  that is to say, the minimum 
value of s1,minγ , s2,minγ , and s3,minγ , we have 

1) If M=2, s2,min s3,min s1,min .γ γ γ≥ ≥   

For M=2, it means that BPSK modulation is selected; thus, 

'
*{ } 0.m mv vx xℜ <  According to (20) and (21), it is clear that 

s2γ  is always larger than s3γ  with *'{ } 0;v vx xℜ <  thereby, 
s2,min s3,minγ γ≥  is achieved. Moreover, according to (20) 

and (21), the following inequality could be established. 

( )( ){ }2 2t1 ''2 2
s3 ' s1,min1

x xv vuu
v v K

x x
ϕ

γ γ γ γ
ℜ − +

+
⎡ ⎤≥ + ≥ ≥⎢ ⎥⎣ ⎦

. 

    (25) 
Consequently, we have s2,min s3,min s1,minγ γ γ≥ ≥ . 

2) If M>2, s2,min s3,minγ γ≤  and s1,min s3,min.γ γ≤   

Firstly, according to (20) and (21), s2,minγ  and s3,minγ  
only occur on the condition that *'{ } 0v vx xℜ ≥  because, for 
any given modulation constellation, the partitioned subset with 
two signals with '

*{ } 0m m
v vx xℜ ≥  will have less values for 

s3,minγ  and s2,minγ  than the partitioned subset with 

'
*{ } 0m m

v vx xℜ <  will have. With *'{ } 0v vx xℜ ≥ , we have 
2

s3 ' s2,minv vx xγ γ γ≥ − ≥ .          (26) 

Thus, s2,min s3,min.γ γ≤   
Secondly, with *'{ } 0v vx xℜ ≥ , 

( )
[ ]

2 2 * *s3 ' ' '
2
min

2 { } 2 { }

2 (1 cos ) cos ,

v v v vv v

v

x x x x w x x

x w

γ γ

γ θ θ

= + − ℜ + ℜ

≥ − +
  

(27)
 

in which ( ) ( )t
',max1 1 .uuw Kϕ= − + The angle of the 

complex value *'v vx x  is .θ  From (27) and (22), we have 

[ ]

2
s3 s1,min s3 min

2
min

2
2 (1 cos )(1 ) 0.

v

v

w x
x w

γ γ γ γ

γ θ

− = −

≥ − − ≥
    

(28)
 

So, s1,min s3,minγ γ≤  is achieved for the case of M>2. 
It is impossible to further compare s1,minγ  and s2,minγ  

according to (19) and (20), which will depend on the actual 
channel conditions and the specified modulation schemes. 

By now, the above comparison can be summarized as 

s2,min s3,min s1,min
s3,min s2,min s3,min s1,min

, 2,
; , 2.

M
M

γ γ γ
γ γ γ γ

≥ ≥ =
≥ ≥ >       (29) 

According to (12), the ABEP of the spatial domain is 
determined by Pb1 and Pb3, and the ABEP of the signal domain 
is determined by Pb2 and Pb3. Via jointly considering (29), it 
can be concluded that the different UEP performance of SM 
bits can be derived based on the comparison of s1,minγ (Pb1) 
and s2,minγ (Pb2) only. There is no need to consider s3,minγ  
(Pb3) since s3,minγ  has the largest value at M>2. While for 
the case of M=2, the UEP results based on 

s1,min ,γ s2,min ,γ and s3,minγ  are actually the same as those 
obtained from only considering s1,minγ  and s2,min .γ  

The ultimate goal of UEP analysis is to rearrange the SM bits 
of 1:n m+b  into a new form, denoted by 

1: 1 2[ , ,..., ]n m n mb b b+ +=b ,             (30) 

in which the error performance of the left bit is worse than that 
of the right bit. Thereby, the Ungerboeck set partitioning can be 
achieved corresponding to the re-sorted 1: ,n mb + based on 
which TCSM codes can easily be designed by using the 
traditional TCM design criteria. 

B. Bits Rearrangement 

Firstly, if the bits-to-modulated-signal mapping of (2) is 
applied, according to (29) and Pb2 in (12), 

1: 1[ ,..., ]n n m n n mb b+ + + +=b  will have demonstrated the 
sorted error performance with the left bit having the better error 
performance compared to the right one. Thus, 1:n n m+ +b  can 
be re-sorted as 1: 1 1[ , ,..., ].n n m n m n m nb b bb + + + + − +=  

Secondly, the correlated coefficient between two antennas is 
inversely proportional to the distance in between. The larger the 
distance, the lower the correlated coefficient; thereby, the larger 

s1,minγ  and better error performance of Pb1 in (12). Hence, the 
antenna bits 1: 1 2[ , ,..., ]n nb b b=b  will also demonstrate the 
sorted error performance with the left bit having a better error 
performance than the right bit. Therefore, the re-sorted antenna 
bits become 1: 1 1[ , ,..., ].n n nb b bb −=  

The next problem is to sort the total SM bits. According to 
(29), Pb1 and Pb2 in (12), the re-sorting of 1:nb  and 

1:n n m+ +b  to 1:n m+b , should be based on the comparison of 
s1,minγ  and s2,minγ  related with the partitioned subsets 

indicated by the corresponding bit.  
Particularly, for each antenna bit bi, i=1, 2,…, n, the 

minimum average SNR is written as 

( ){ }'
2

s1,min, min,max2 1 ( 1) ,
i i

ti vu u x Kγ γ ϕ= ℜ − +   (31) 

in which iu  and 'iu  denote the two distinct antenna indices 
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in the i-th partitioned subsets. Additionally, the first partitioned 
subset is the unpartitioned antenna constellation. 

Similarly, for the modulation bit bn+i, i=1, 2,…, m, the 
minimum average SNR is written as 

'
2

s2,min, min ,i ii v vx xγ γ= −            (32)           

in which iv  and 'iv  denote the two distinct modulation 
signals in the i-th partitioned subsets. Additionally, the first 
partitioned subset is the unpartitioned modulation signal 
constellation.  

Consequently, for the given modulation scheme and the 
MIMO channel conditions of K and Rt, the total SM bits can 
easily be re-sorted by comparing (31) and (32). For instance, if 
we suppose that four transmit antennas and QPSK are 
employed, then from (31) and (32), we have 

{ }3
t2 1 ( 1) ,s1,min, 1,2,i Ki iργ γ −ℜ − += =          (33) 

( )(3 ) ,s2,min, 2
2 2cos 1, 2i

i iπγ γ −⎡ ⎤= − =⎢ ⎥⎣ ⎦
.        (34) 

The result is s1,min,2 s1,min,1 s2,min,2 s2,min,1γ γ γ γ≤ ≤ ≤ , and 
the total SM bits are re-sorted as 1:4 2 1 4 3[ , , , ].b b b bb =  

IV. Proposed Trellis-Coded Spatial Modulation 

1. NTCSM Design Criteria 

Similar to the Ungerboeck set partitioning of TCM, the set 
partitioning of SM constellations can be derived based on the 
above re-sorted bit sequence, as shown in Fig. 2. Here, to make it 
clear, only some of the representative partitioning branches are 
drawn out. For example, at the 2nd partitioning step, the subset 
denoted by 2[1, ,..., ]n mb b +  will be partitioned into two sub-
subsets denoted by 3[1,0, ,..., ]n mb b +  and 3[1,1, ,..., ].n mb b +  
This step is uniquely indicated by the bit 2b .  

Notice that if we do not care about the shape of the 
constellation diagram, the set partitioning process of the SM 
constellation with Nt transmit antennas and the M-ary 
modulation scheme is really the same as that of the 
conventional Nt M-ary modulation scheme. Thus, the structure 
of the NTCSM encoder should be similar to the structure of the 
conventional TCM scheme, as shown in Fig. 3. Here, the trellis 
coding is designed on the basis of TCM design rules, which 
outputs the coded bit sequence 1:n m+b  with the error 
performance of the left bits being worse than that of the right 
bits. Next, 1:n m+b  is generated by the bits’ rearrangement 
according to (30) and then separated into two groups to be 
mapped to the antenna index and modulation symbol, 
respectively. 

Via the SM bit re-sorting and Ungerboeck set partitioning, 

 

Fig. 2. Ungerboeck set partitioning of SM constellation. 
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Fig. 3. NTCSM coding structure. 
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the SM constellation can be successively partitioned such that 
the average SNR between two adjacent points within a 
partitioned subset is maximized. Therefore, the conventional 
TCM design approach can be straightforwardly applied to the 
TCSM. The desirable TCSM design criteria are further 
summarized as follows: 

• The signal points should appear with equal frequency; 
• The transitions originating from or merging in the same 

state should be assigned to the partitioned subset with 
better error performance, that is, the average SNR is 
improved as much as possible; 

• According to (19), (21), (29), the antenna subsets with 
larger correlated coefficients should be assigned to the 
modulation symbol subsets with larger phase difference, 
and vice versa. 

Here, the third design criterion of TCSM is much different 
from the conventional TCM design approach, owing to SM 
being a novel multidimensional modulation scheme, which is 
the Kronecker product of modulation space and antenna space. 

By using the proposed design criteria, the heuristic 
construction of simple but very effective TCSM codes can 
easily be accomplished manually, especially for the codes with 
up to 16 states. Moreover, over a wide range of channel 
variation, the same order of the re-sorted SM bits may be held, 
and the same TCSM coding structure can thereby be achieved.  
From this point of view, the designed TCSM schemes can 
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provide robust performance against the channel variation. 

2. Design Examples 

By taking 2-bps/Hz transmission with four transmit 
antennas and QPSK, for example, several trellis diagrams are 
designed manually, as shown in Fig. 4. The antenna indices 
and modulation symbols are indicated by the column labels 
“Antenna” and “Symbol” with the definition of (1) and (2), 
respectively. The four sequential elements are mapped to the 
four different transitions originating from the same state. 
Since bits 1:4 1 2 3 4[ , , , ]b b b b=b  are re-sorted as 

1:4 2 1 4 3[ , , , ]b b b b=b , according to the set partitioning process 
in Fig. 2, the four trellis branches originating from or merging 
into the same state should be selected from the subsets denoted 
by {b2, b1} and recognized via {b4, b3}, that is, they should 
have the same {b2, b1} and different {b4, b3}. This phenomenon 
is particularly true for the 16-state trellis of Fig. 4(c). However, 
in the case that the trellis has less than 16 states, we can only 
ensure that the branches originating from the same state are 
selected from one of the subsets denoted by {b2, b1}, whereas 
the branches merging into the same state are from several 
different subsets. Moreover, according to the third design 
criterion of TCSM, in the 4-state trellis diagram of Fig. 4(a), we 
try to assign the four branches merging into the first state as 
{1324} for antenna indices and {0123} for the modulation 
symbols. In other words, the adjacent modulation symbols with 
less phase difference are assigned to the larger spaced antennas. 
The same criterion is true for the other two trellises. 

Additional TCSM codes are summarized in Table 1, and 
 

 

Fig. 4. Novel trellis diagrams of TCSM with R=2/4 trellis
encoder, four transmit antennas, and QPSK symbols. 
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their coding generator matrices are presented with each 
element expressed in octal [17].  

In Table 1, η denotes the spectrum efficiency, Ns is the 
number of trellis states, and M=4 and M=8 stand for QPSK and 
8PSK, respectively. Notice that for the first case with η=2, Nt=4, 
and M=4, the same re-sorted bits 1:4 2 1 4 3[ , , , ]b b b b=b  are 
achieved, and the same generator matrices are thereby 
produced for any values of K and Rt. However, for the second 
and third cases with Nt=8 and M=8, the bit rearrangement is 

1:6 1 2 3 4 5 6
6 3 2 1 5 4 t

23 6 2 1 5 4 t t
323 2 6 1 5 4 t t

33 2 1 6 5 4 t

[ , , , , , ]
[ , , , , , ], (1 )
[ , , , , , ], (1 ) (1 )
[ , , , , , ], (1 ) (1 )
[ , , , , , ], (1 ) ,

b b b b b b b
b b b b b b C
b b b b b b C
b b b b b b C
b b b b b b C

κ ρ
κ ρ κ ρ
κ ρ κ ρ
κ ρ

=
⎧ ≤ −⎪⎪⎪⎪ − < ≤ −⎪=⎨ − < ≤ −⎪⎪⎪⎪ − <⎪⎩ (35)

 

with 2 2C = −  denoting the minimum square distance 
between 8PSK signal points, which determines the error 
performance of b6. Additionally, 2 ( 1) ,Kκ= +  as shown in 
(22). Correspondingly, two TCSM codes are generated for 
each case of η=3 and η=4, as shown in Table 1. More 
specifically, in the case of η=3, one TCSM code is for 4 1,b b=  
which means that the bit b1 in 1:n m+b  will be re-sorted to the 
fourth bit denoted by 4b  in 1: .n mb +  Obviously, 4 1b b=  
includes three bit sequences denoted by 6 3 2 1 5 4[ , , , , , ],b b b b b b  

3 6 2 1 5 4[ , , , , , ],b b b b b b  and 3 2 6 1 5 4[ , , , , , ].b b b b b b  The other 
TCSM code is for 4 6b b= , which corresponds to the re-
sorted bits 3 2 1 6 5 4[ , , , , , ]b b b b b b . Similarly, for the third case 
with η=4, 3 4 2 1b b b b=  represents two re-sorted bit sequences 
denoted by 6 3 2 1 5 4[ , , , , , ]b b b b b b  and 3 6 2 1 5 4[ , , , , , ],b b b b b b  
and 1 2 3 4b b b b=  stands for the other two bit sequences.  
Table 1 provides different codes than those related to the SM-
TC schemes shown in Table III of [12]. 

Table 1. Octal generator matrices of NTCSM. As shown in Figs. 
1 and 3, the i-th row and j-th column of the generator
matrix correspond to the input is  and the re-sorted 
output bj, respectively. 
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3. Comparisons and Practical Applications 

A. Comparisons with Previous Works 

Although the main ideas of the SM-TC [12] and the 
NTCSM are based on the upper-bounded PEP, they do 
illustrate the different code design approaches. The SM-TC 
mainly focuses on its proposed diversity gain and coding gain 
criteria. The diversity gain criterion involves the degree-of-
freedom analysis on the transmit symbol matrix ((7) of [12]), 
and the coding gain criterion needs to optimize the distance 
spectrum of the transmit symbol matrix. However, the 
NTCSM design criteria are based on the UEP performance of 
SM bits and the corresponding set partitioning rules. 
Furthermore, the UEP analysis is only based on the two 
average SNRs of the spatial domain and the signal domain and 
would not be affected by the interaction between them. Thus, 
the NTCSM scheme is simpler and easier to design, which is 
much different from SM-TC. On the other hand, [12] only 
provides the results in the uncorrelated quasi-static Rayleigh 
fading channels, while the new works have extended to the 
general Rician fading channels. Moreover, over a wide range 
of channel conditions, the same re-sorted SM bit sequences can 
be achieved; thereby, the same TCSM code is formed. 
Consequently, the novel TCSM shows robustness to the 
channel variation. 

Similar to SM-TC [12], the NTCSM considers the 
optimization of all input bits, while the traditional TCSM only 
operates in the antenna domain. The result is that the traditional 
TCSM [11] performs worse than both SM-TC and the 
NTCSM perform. 

B. Comments on Practical Applications 

It should be noted that the NTCSM codes are only 
determined by the statistical properties of the generalized 
MIMO fading channels. More specifically, according to (22) 
through (24), the channel parameters related to the NTCSM 
design are the transmit correlation matrix Rt and the K. They 
are statistical parameters with slow variation. Thus, in the 
practical applications, Rt and K can easily be estimated and 
tracked at the receiver. As discussed in [23], by exploiting the 
channels’ statistical information, the adaptive scheme can be 
achieved. What’s more, from the UEP analysis and the 
following simulation results, we can see that over a wide 
range of the K and the transmit correlation coefficients, the 
optimized TCSM codes have the same structure. These 
properties can facilitate its practical feedback implementation. 
The feedback overhead can be further reduced by 
determining the TCSM code at the receiver, only feeding 
back the code index. 

V. Simulation Results 

In this section, by using Monte Carlo simulation, the bit error 
rate (BER) performance is evaluated by comparing the 
NTCSM with the conventional SM-TC over different channel 

 

 

Fig. 5. BER performance for 4 states at 2 bps/Hz . 
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Fig. 6. BER performance for 8 states at 2 bps/Hz. 
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Fig. 7. BER performance for 16 states at 2 bps/Hz. 
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Fig. 8. BER performance for 8 states at 3 bps/Hz. 
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Fig. 9. BER performance for 8 states at 3 bps/Hz. 
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conditions. NTCSMs are selected from Table 1, and SM-TCs 
come from Table 3 in [12]. The frame length is specified as 100 
SM symbols and the trellis decoding depth is set to be six times 
the number of states. The number of receive antennas is 
represented by Nr. The Rician factor is K. The correlation 
coefficient between two adjacent transmit or receive antennas 
is accounted for by ρ. 

Figures 5 through 7 present the BER performance with four  
transmit antennas and QPSK employed. These figures show 
that NTCSM achieves almost the same performance as SM-
TC achieves over independent fading channels. Furthermore, 
for the special case of 16 states, as shown in Fig. 7, NTCSM 
slightly outperforms the conventional SM-TC. 

On the other hand, in the Rician or correlated fading 
channels, NTCSM schemes always outperform SM-TC 
schemes, especially in the cases with a large K. For example, 
about a 5-dB gain is achieved for the configuration of Nr=1 and 
K=5 in Figs. 5 and 6. However, this coding gain lessens as the 
number of receive antennas increases. Another point worth 
noting is that the channel correlation has a negative impact on 

 

Fig. 10. BER performance for 8 states at 3 bps/Hz. 
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Fig. 11. BER performance for 8 states at 3 bps/Hz. 
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the error performance, whereas the effect of the K is positive. 
That is to say, the system performance will be improved with 
the decreasing of the correlation coefficients or the increasing 
of the K. The reason is because a larger K means that the 
channel is closer to being an AWGN channel and less likely to 
experience a fading effect, while a larger correlation means that 
it is more difficult to recognize different transmit antennas. 

Figures 8 through 11 provide the BER performance with 
eight transmit antennas and 8PSK employed for 3-bps/Hz 
transmission. NTCSM-1 and NTCSM-2 denote the two 
TCSM schemes respectively indicated by s 4 18; =N b b=  and 

s 4 68; =N b b=  in Table 1. The two schemes should perform 
differently in different channel conditions. According to (35), 
we can approximately determine that if C is less than 

3
t(1 ),κ ρ− NTCSM-1 will perform better; otherwise, 

NTCSM-2 will perform better. 
Firstly, in independent fading channels with K=0, ρt=0, and 

3
t(1 ) 2 ,Cκ ρ− = > NTCSM-1 should perform better than 

NTCSM-2. This fact can be recognized from Figs. 8 through 
11. Moreover, the same performance is achieved for NTCSM-
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1 and SM-TC. By jointly considering Figs. 5 through 7, we can 
conclude that the NTCSM based on Ungerboeck set 
partitioning criteria can also obtain the same optimum 
performance with the SM-TC over independent fading 
channels, although with a different coding structure. From 
another point of view, the robust performance can be achieved 
over a wide range of channel conditions because of the novel 
different coding structure, as shown in Figs. 8 through 11. 

Secondly, by comparing Fig. 8 with Fig. 9, we can see that 
NTCSM-1 performs better than NTCSM-2 performs with K≤2. 
Additionally, with the increasing of K, NTCSM-2 will 
eventually perform better than NTCSM-1. This is consistent 
with the former analysis. However, it should be noted that the 
switching threshold in terms of average SNR is quite different 
from (35). This is because (35) only considers the minimum 
distance between the SM signals, while the whole performance 
of SM is determined by the total distance properties. However, 
the results still strongly show that the novel schemes do 
provide a robust performance over the Rician or correlated 
fading channels. Significant performance gain can be achieved 
over the conventional SM-TC in Figs. 8 and 9. Additionally, as 
the K increases, the improvement becomes larger. For example, 
there is about a 3-dB gain and a 5-dB gain for K=2 in Fig. 8 
and K=5 in Fig. 9, respectively. Of course, if C is clearly less 
than 3(1 ),tκ ρ−  NTCSM-1 will perform better; otherwise, 
NTCSM-2 will be better. 

Thirdly, by comparing Fig. 10 with Fig. 11, we get similar 
results to those shown in Figs. 8 and 9. The difference is that 
the performance of each scheme will be weakened with the 
increasing of the correlation coefficients, while in Figs. 8 and 9,  
the novel schemes become better with the increasing of the K. 
The results are the same as those shown in Figs. 5 through 7. 
Notice that in any channel condition, the novel proposed 
schemes achieve robust and adaptive performance. 

VI. Conclusion 

In this paper, the unequal error protection performance of 
different bits in spatial modulation (SM) over generalized 
Rician fading channels was analyzed in detail, and we applied 
this analysis to designing the Ungerboeck set partitioning rule 
on the SM constellation and providing desirable coding design 
criteria for trellis-coded SM (TCSM). Additionally, based on 
the coding design criteria, several novel TCSM schemes were 
successfully developed. Simulation results clearly showed that 
the novel proposed schemes achieve robust performance over 
generalized fading channel conditions. Particularly, in the 
Rician and correlated fading channels, the novel schemes 
outperformed the SM-TC ones. Additionally, over independent 

fading channels, they provide the same desirable performance. 
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