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In this letter, a novel multiple-input multiple-output transceiver tech-
nique, named space–time line coded spatial modulation (STLC-SM) is
proposed, where two modulation symbols are transmitted through one
of the multiple transmit antennas determined by the incoming informa-
tion bits after constellation-rotated STLC encoding. The receiver de-
codes the transmitted modulation symbols and the activated antenna in-
dex through an optimal joint maximum-likelihood detector. As a main
result, the closed-form upper-bound of bit-error-rate of the proposed
STLC-SM system in general antenna configurations is mathematically
analysed. Finally, it is validated that the STLC-SM significantly outper-
forms the conventional STLC in terms of the bit-error-rate.

Introduction: Spatial modulation (SM) [1] is recently being re-emerged
as one of the promising techniques for next-generation multiple-input
multiple-output (MIMO) Internet of things (IoT) networks [2]. The basic
idea of the SM is to extend two-dimension signals (amplitude and phase
modulation: APM) into the three-dimensional signal space by exploiting
the spatial (the index of active transmit antenna) domain. By activating
a single transmit antenna to convey information bit sequence at each
time-slot, the inter-antenna synchronisation requirement is relaxed and
inter-channel interference (ICI) is completely eliminated. On the other
hand, the data rate of the single-antenna selecting SM can be increased
logarithmically with the total number of transmit antennas. Furthermore,
it can be designed with a single radio frequency (RF) chain at the trans-
mitter (TX) by using the antenna-switching mechanism.

On the other hand, space–time line code (STLC) has recently been
proposed as a symmetric technique of the space–time block code
(STBC) [3]. The STLC is implemented through the simple linear encod-
ing and decoding procedure, enabling low-complexity implementation.
Thanks to these advantages, STLC-based communication techniques are
being actively studied [4]. In this letter, we investigate a space–time
line coded spatial modulation (STLC-SM) as the counterpart technique
of the space–time block coded spatial modulation (STBC-SM) [5] for
MIMO IoT networks. To the best of our knowledge, this study is the
first attempt to amalgamate the SM technique with STLC to exploit the
benefits of them.

System model: We consider an N × 2 MIMO communication system,
where a TX is equipped with N antennas and a receiver (RX) is equipped
with dual antennas as illustrated in Figure 1. We assume that N = 2c

Fig. 1 System model of the STLC-SM in an N × 2MIMO system

(c ∈ N) and the TX has a single RF chain for low-complexity and cost-
effectiveness of IoT devices. The results obtained from this study can be
readily extended to the STLC-SM systems with multiple RX antennas
more than two by exploiting the low-rate STLC schemes in ref. [3]. Full
channel state information (CSI) between the TX and the RX is known at
the TX (i.e. CSIT), whereas only partial CSI is known at the RX.

The TX modulates bit sequence into two M-quadrature amplitude
modulation (QAM) symbols and selects a transmit antenna according
to the additional bits to convey through antenna index. Then, M-QAM
symbols are encoded into two constellation-rotated STLC (CR-STLC)
signals by using the CSI between the selected transmit antenna and two
receive antennas. The basic concept of the CR-STLC is to rotate the con-
stellation of the M-QAM symbols to a certain angle before STLC encod-
ing. Therefore, CR-STLC signals transmitted at the time-slot t(∈ {1, 2}),
denoted by st , can be represented as follows:

s1 =
√

P
h∗

n,1x1e jθn + h∗
n,2x∗

2e− jθn√|hn,1|2 + |hn,2|2
, for t = 1,

s2 =
√

P
h∗

n,2x∗
1e− jθn − h∗

n,1x2e jθn√|hn,1|2 + |hn,2|2
, for t = 2,

(1)

where xt denotes the normalised M-QAM symbol corresponding to the
time-slot t, i.e. E[|xt |2] = 1, and hn,m denotes the wireless channel co-
efficient between n(∈ N = {1, . . . , N})th antenna of the TX and m(∈
{1, 2})th antenna of the RX. Here, without loss of generality (w.l.o.g.),
the nth transmit antenna is assumed to be selected. In this letter, all chan-
nels are assumed to conform to independently and identically distributed
(i.i.d.) complex Gaussian distribution with a zero mean and a unit vari-
ance, i.e. hn,m ∼ CN (0, 1), ∀n, m. Also, θn[◦] and P represent the con-
stellation rotation angle of the nth transmit antenna and the average
transmit power of two STLC signals, respectively, such that E[‖s‖2] =
2P, where s = [s1 s2]T. Herein, since two STLC signals are transmitted
through the same transmit antenna, the spectral efficiency of the STLC-
SM system can be calculated as R = 1

2 log2 N + log2 M [bps/Hz].
Two STLC signals, s1 and s2, are consequently transmitted to the RX.

During each transmission, the wireless channels are assumed to be static.
The received signals at receive antennas can then be expressed as a ma-
trix form as follows:

[
y1,1 y1,2

y2,1 y2,2

]
=

√
δ−α

[
hn,1

hn,2

] [
s1 s2

] +
[

w1,1 w1,2

w2,1 w2,2

]
, (2)

where ym,t and wm,t denote the received signal and thermal noise at the
mth receive antenna at the time-slot t of the RX, respectively; and wm,t ∼
CN (0, N0), ∀m, t. Also, δ and α denote the distance between TX and
RX, and the path-loss exponent, respectively.

The RX then performs STLC decoding with the simple linear combi-
nation of the received signals in Equation (2) as follows:

y1 = y1,1 + y∗
2,2 =

√
Pδ−α‖hn‖x1e jθn + w1,1 + w∗

2,2,

y2 = y∗
2,1 − y1,2 =

√
Pδ−α‖hn‖x2e jθn + w∗

2,1 − w1,2,

(3)

where yt represents the tth STLC decoding signal. We can easily ob-
serve that each yt has the M-QAM signal corresponding to the time-slot
t without phase distortion by the wireless channel and that thermal noise
variance is doubled to 2N0. Note that θn is the intentional rotation angle
from the TX and is predetermined by the transmit antenna index n.

From Equation (3), the RX detects the transmitted M-QAM sym-
bols and the activated antenna index of the TX by employing a joint
maximum-likelihood (JML) detector considering rotation angle θn. Let
γn denote the effective channel gain of the nth antenna of the TX defined
as γn � ‖gn‖2, where gn �

√
δ−αhn, i.e. gn ∼ CN (0, δ−α · I2). Here, we

assume that the RX has the partial CSI, which is the effective channel
gain of each transmit antenna γn, by using the machine learning-based
blind energy detection method [6]. Also, θns are pre-designed according
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to the number of transmit antennas and are known at the RX. The JML
detection can then be performed as follows:

[̂x1, x̂2, n̂] = arg min
x1, x2 ∈ X ,

n ∈ N

∥∥∥∥∥
[

y1

y2

]
−

√
P
√

γne jθn

[
x1

x2

]∥∥∥∥∥
2

, (4)

where x̂t and n̂ represent the detected M-QAM symbols and transmit
antenna index, respectively, and X is a set of constellation points of the
normalised M-QAM symbols.

Performance analysis: In this section, we analyse the bit-error-rate
(BER) performance of the STLC-SM system that employs the 4-
QAM modulator for energy-efficiency and low-complexity of IoT
devices, i.e. M = 4. That is, we define that X � {c1, c2, c3, c4} =
{−1+ j√

2
,

−1− j√
2

,
1+ j√

2
,

1− j√
2
}, and each 4-QAM symbol sequentially repre-

sents bits 00, 01, 10, and 11 according to the grey mapping rule. Other
cases, when M 	= 4, can also be analysed through the same procedure as
that for M = 4.

Based on the improved BER upper bound of SM-MIMO systems [7],
the BER performance of the STLC-SM system, denoted by Pb, can be
upper bounded as follows:

Pb ≤ BERsignal + BERspatial + BERjoint, (5)

where BERsignal, BERspatial, and BERjoint are defined in Equation (6) at
the top of this page.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

BERsignal = 1

2

1

N

log2M2

log2(NM2)

N∑
n=1

1

M2

1

log2M2

M∑
ĩ=1

M∑
j̃=1

M∑
i=1

M∑
j=1

⎡⎣δH(cĩ, c j̃ →ci, c j )Eγn

⎡⎣Q

⎛⎝√‖di, j,n,n‖2

4N0

⎞⎠⎤⎦⎤⎦

BERspatial = 1

M2

log2N

log2(NM2)

M∑
ĩ=1

M∑
j̃=1

1

N

1

log2N

N∑
k=1

N∑
l=1

⎡⎣δH(nk →nl )Eγk ,γl

⎡⎣Q

⎛⎝√‖di, j,k,l‖2

4N0

⎞⎠⎤⎦⎤⎦

BERjoint = 1

NM2

1

log2(NM2)

N∑
k=1

M∑
ĩ=1

M∑
j̃=1

N∑
l=1
l 	=k

M∑
i=1
i 	=ĩ

M∑
j=1
j 	= j̃

⎡⎣δH(cĩ, c j̃, nk →ci, c j, nl )Eγk ,γl

⎡⎣Q

⎛⎝√‖di, j,k,l‖2

4N0

⎞⎠⎤⎦⎤⎦
(6)
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BERsignal = 1
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1

log2(NM2)

M∑
i=1

M∑
j=1

⎡⎣{δH(c1 →ci)+δH(c1 →c j )
}

Eγ1

⎡⎣Q

⎛⎝√‖di, j,1,1‖2

4N0

⎞⎠⎤⎦⎤⎦

BERspatial = 1

log2(NM2)
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N
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k=1
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l=1

⎡⎣δH(nk →nl )Eγk ,γl

⎡⎣Q
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BERjoint = 1

N

1

log2(NM2)

N∑
k=1

N∑
l=1
l 	=k

M∑
i=2

M∑
j=2

⎡⎣{δH(nk →nl )+δH(c1 →ci)+δH(c1 →c j )
}

Eγk ,γl

⎡⎣Q

⎛⎝√‖di, j,k,l‖2

4N0

⎞⎠⎤⎦⎤⎦
(7)

Here, assuming that all bit sequences transmitted through an STLC-
SM packet have the equal probability, Equation (6) can be simplified to
Equation (7) by considering the symmetry of the 4-QAM symbols. In
other words, w.l.o.g., we consider error cases only when the APM bits
are zeros.

In Equation (7), δH(c1 →cp) and δH(nk →nl ) denote the Hamming
distance of the bits transmitted through the APM and SM, respectively;
p ∈ {1, 2, 3, 4} and k, l ∈ N . From the aforementioned 4-QAM map-
ping rule, δH(c1 →cp) can be defined as δH(c1 →cp) = 0 when p = 1;
δH(c1 →cp) = 1 when p = 2 or 3; δH(c1 →cp) = 2 when p = 4. And
δH(nk →nl ) = δH((k − 1)(2), (l − 1)(2) ).

Also, we can calculate the Euclidean distance between the
constellation [c1 nk] and [cp nl ] regardless of N as dp,k,l =√

P
√

γk + γl + 2
√

γkγl �p(θl − θk ), where �p(·) = − cos(·), sin(·),
− sin(·), and cos(·), when p = 1, 2, 3, and 4, respectively. The general

Frobenius norm of di, j,k,l = [di,k,l d j,k,l ]T in Equation (7) can then derive
as ‖di, j,k,l‖ = √

2
√

P
√

γk + γl + ξi, j,k,l
√

γkγl , where ξi, j,k,l = �i(θl −
θk ) + � j (θl − θk ).

The expectation terms in Equation (7) can be derived through the
following process. We first define a random variable as Z := √

γk ; and
σ � δ−α for simplicity. Since the probability density function (PDF) of
Z is given by fZ (z) = 2(z3/σ 2) exp(−z2/σ ), if k = l, its expectation is
derived as follows:

EZ

⎡⎣Q

⎛⎝√‖di, j,k,l‖2

4N0

⎞⎠⎤⎦=
∫ ∞

0
Q

⎛⎝√‖di, j,k,k‖2

4N0

⎞⎠fZ (z)dz (8)

=
∫ ∞

0
Q

(√
P

N0

2 + ξi, j,k,k

2
z

)
2

z3

σ 2
exp

(
− z2

σ

)
dz

= 1

2

[
1 −

(
2 + ξi, j,k,k + 6/(ρσ )

)√
2 + ξi, j,k,k(

2 + ξi, j,k,k + 4/(ρσ )
)3/2

]
,

where ρ = P/N0 represents the transmit SNR of the TX.
Next, if k 	= l, it is intractable to derive the expectation terms. Thus,

we use an upper bound of Q-function in ref. [8], i.e. the exponential
bound defined as

Q

⎛⎝√‖di, j,k,l‖2

4N0

⎞⎠ ≤ 1

2

V∑
v=1

av exp

(
−bv

‖di, j,k,l‖2

8N0

)
, (9)

where av = 2(λv − λv−1)/π ; bv = 1/ sin2 λv; λv = vπ/2V for v =
1, 2, . . . ,V ; and λ0 = 0. As V increases, the tighter exponential bound
in Equation (9) is obtained.

Finally, we define two random variables as X := γk and Y := γl . The
PDFs of X and Y are then given by fX (x) = (x/σ 2) exp(−x/σ ) and
fY (y) = (y/σ 2) exp(−y/σ ), respectively. From these PDFs, the expec-
tation terms in Equation (7) are derived as follows:

EX ,Y

[
exp

(
−bv

‖di, j,k,l‖2

8N0

)]
(10)

=
∫ ∞

0

∫ ∞

0
exp

(
−bv

‖di, j,k,l‖2

8N0

)
fX (x) fY (y)dxdy

=
∫ ∞

0

∫ ∞

0
exp

(
−bvρ

x+y+ξi, j,k,l
√

xy

4

)
x

σ 2
e
−

x

σ
y

σ 2
e
−

y

σ dxdy
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Fig. 2 BER performance of the proposed STLC-SM system when the TX is
equipped with two or four antennas (N = 2 or N = 4)

= 1

σ 4

[
1

A4
+ ρ2

25

b2
vξ

2
i, j,k,l

A6
+ 15ρ2

22

b2
vξ

2
i, j,k,l

B3

+ 3ρ4

26

b4
vξ

4
i, j,k,l

A2B3
− 5ρ6

212

b6
vξ

6
i, j,k,l

A4B3
+ ρ8

217

b8
vξ

8
i, j,k,l

A6B3

−
[

9ρ
bvξi, j,k,l

B5/2
+ 15ρ3

24

b3
vξ

3
i, j,k,l

B7/2

]
�
(
bv, ξi, j,k,l , B

)]
,

where

�
(
bv, ξi, j,k,l , B

)=
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

tan−1

(
4
√

B

ρbvξi, j,k,l

)
, if ξi, j,k,l ≥0,

π−tan−1

(
4
√

B

ρbvξi, j,k,l

)
, otherwise,

and A = ρbv

4 + 1
σ
, B = 4−ξ 2

i, j,k,l

16 ρ2b2
v + 2 ρbv

σ
+ 4

σ 2 .
By substituting Equations (8), (10), and (7) into Equation (5), the

closed-form of the BER upper bound of the STLC-SM system is ob-
tained.

On the other hand, the BER upper bound (5) can be approximated as
Pb ≈ 103/(8σ 2ρ2 log2(NM2)) by using the Taylor series expansion in
the high SNR regime, i.e. ρ → ∞. Then, we observe that the asymp-
totic BER is independent of ξi, j,k,l . Note that the BER performance of
the STLC-SM system in the high SNR regime is independent of the con-
stellation rotation angles unless θ = 0. Furthermore, the spatial diversity
order of the STLC-SM is given by

η � − lim
ρ→∞

log Pb

log ρ
≈ − lim

ρ→∞

log
(

103
8σ 2 log2 (NM2 ) ρ

−2
)

log ρ
= 2. (11)

This implies that the proposed STLC-SM achieves the optimal spatial
diversity order of two.

Simulation results: The BER performance of the proposed STLC-SM
system and its mathematical analysis are validated through computer
simulations. Figure 2 shows the BER for varying the transmit SNR when
the TX is equipped with 4-QAM modulators, a single RF chain, and 2-
or 4-transmit antennas, i.e. N ∈ {2, 4}1. Furthermore, σ = 1 and we set
V in Equation (9) to 50. Note that the mathematical analysis results of
the BER performance of the STLC-SM are matched well with simu-
lations. We compared the proposed STLC-SM system with the conven-
tional single-input multiple-output (SIMO) STLC with a single RF chain
at the TX under the same transmission rate [3]. For example, the SIMO
STLC needs higher order modulator than the STLC-SM for satisfying
the same average transmission rate as the STLC-SM (namely, 2.5 and
3 bps for N = 2 and 4, respectively). Furthermore, we compared the

1From the analytical result of this letter, we observe that a near-
optimal BER performance can be achieved by adjusting the rotation
angle as θn = 90(n − 1)/N when M = 4, and thus we set the rotation
angles accordingly for all simulations.

Fig. 3 BER performance of the STLC-SM in the fast fading channels

STLC-SM with the conventional STBC-SM where the CSI is assumed
to be known at the RX (CSIR) [5]. For fair comparison in terms of the
hardware complexity, we assume two RF chains at the TX and a single
RF chain at the RX in the STBC-SM since there exist a single RF chain
at the TX and two RF chains at the RX in the STLC-SM. Simulation re-
sults show that the STLC-SM without constellation rotation (θn = 0, ∀n)
is much worse than the constellation rotated STLC-SM. The STLC-SM
with constellation rotation (θk 	= θl , ∀k, l) significantly outperforms the
conventional SIMO STLC and STBC-SM in terms of BER performance
under the same transmission rate.

Finally, we show the BER performance of the STLC-SM in the fast-
fading channels in Figure 3. The effect of fast-fading is equivalently
modeled as h̃n,m � hn,m + εn,m, where h̃n,m and hn,m denote the current
(actual) CSI and the outdated (estimated) CSI, respectively, and εn,m in-
dicates the estimation error [3]. The estimation error of wireless chan-
nels is assumed to follow i.i.d. complex Gaussian distribution with a zero
mean and variance of σ 2

ε , i.e. εn,m ∼ CN (0, σ 2
ε ), ∀n, m as in the litera-

ture. It is observed that the BER performance of the STLC-SM become
gradually deteriorated as the CSI uncertainty σ 2

ε increases, but it seems
to be tolerant until σ 2

ε = 10−3.

Conclusion: The STLC-SM scheme has been proposed, and its BER
performance has been evaluated. In particular, we mathematically anal-
ysed the upper bound of the BER performance of the proposed STLC-
SM system and verified it through computer simulations. It is also ver-
ified that the STLC-SM system outperforms conventional SIMO STLC
system without SM in terms of the BER. It is expected that the proposed
STLC-SM would be useful for low-complexity MIMO IoT networks.
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