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Fig. 2: Overlay coding mechanism

SR bits are transmitted in one frame. Each group of 8 × 8
LEDs is used to convey a LR bit and thus 4 LR bits are
transmitted in one frame. It is assumed that the luminance
of each LED is 16384 cd/m2, the illuminance of background
light is 1000 lux, the ISO of the SR and LR camera are 200 and
100, respectively, the short and long exposure time are 1/4000
and 1/1000 second, the focal length of lens is 50 mm. The
frame rate is assumed at 1000 fps and thus the frame interval
is 1/1000 second. The simulated SR frame at the distance of
10 m and LR frame at the distance of 70m are shown in Fig. 3.
Note that because of the long distance, the image of LED array
in the LR frame is much smaller than that of the SR frame and
hence for the clear representation, the image of LED array in
the LR frame shown in Fig. 3(b) has been magnified for 700%.

Fig. 3: Received short and long frame

To evaluate the effectiveness of the proposed coding, the
pixel contrasts between the image of bit 0 and 1 of both LR and
SR signal are measured. The reason for choosing pixel contrast
as the indicator for effectiveness of the coding is because the
higher contrast between bit 0 and bit 1, the higher possibility
that the bit can be decoded correctly through image processing
and thus the low bit error rate (BER) of the signal. In the
simulation, the long exposure time is fixed at 1/1000 second.
The short exposure time varies from 1/32000 to 1/1000 second.
The simulation result is shown in Fig. 4.

It can be seen through Fig. 4 that the contrast of the LR
signal decreases as the short exposure time increases. On the

1/32000 1/16000 1/8000 1/4000 1/2000 1/1000

20

40

60

80

100

Short exposure time (second)

C
o
n
tr

a
s
t 
b
e
tw

e
e
n
 b

it
 0

 a
n
d
 1

 (
%

)

 

 

Short range signal

Long range signal

Fig. 4: Contrast between bit 0 and 1

other hand, the contrast of the SR signal increases as the short
exposure time increases from 1/32000 to 1/11000 second. Ho-
wever, after the short exposure time exceeds 1/11000 second,
the contrast of the SR signal decreases. Regardless of the level
of short exposure time, the pixel contrast of the SR signal
is always above 60%, which means the low BER of the SR
signal is always guaranteed. Up to the level of 1/2000 second
of the short exposure time, the pixel contrast of the LR signal
is always higher than 50%, which is certainly sufficient to
guarantee the distinguishability between bit 0 and bit 1 of the
LR signal and thus a low BER of the LR signal. Therefore,
it can be concluded that both the short and long range signal
can be transmitted and received successfully with the proposed
overlay coding.

IV. CONCLUSION

This paper proposes an overlay coding for transmitting
both short range and long range signal simultaneously in
vehicle visible light communication. The short range and long
range data are overlaid and transmitted simultaneously in
the same LED panel and then received by two camera with
different level of exposure time setting. The effectiveness of
the proposed coding is then verified through simulation and
the results show that the short and long range signal can be
transmitted and received with low bit error rate.
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Abstract—We consider a spatial modulation (SM)-based
physical-layer network coding (PNC) technique with convolu-
tional codes (CC) for a two-way relay network (TWRN) consisting
of two source nodes and a single relay node. We assume all
communicating nodes are equipped with multiple antennas. Two
source nodes simultaneously transmit packets by utilizing the
SM with CC to the relay node. The relay node detects signal
by utilizing a maximum-likelihood detection technique based on
a direct decoding or a separate decoding algorithm. Through
extensive simulations, it has been shown that the SM-based PNC
technique outperforms the conventional PNC technique. Note
that the direct decoding has low complexity, while achieving a
similar performance to the separate decoding in terms of bit
error rate (BER).

Keywords—Physical-layer network coding, spatial modulation,
convolutional codes, two-way relay networks, multiple antennas

I. INTRODUCTION

A practical physical-layer network coding (PNC) technique
has been received much interest by both academia and industry
because it can significantly reduces feedback overhead and
improve the spectral efficiency in the two-way relay network
(TWRN) where two source nodes exchange their packets with
each other via a relay node [1]. In the PNC in the TWRN,
two source nodes simultaneously transmit their packets to
the relay node while the relay node obtains the network-
coded packet via an exclusive-OR (XOR) operation of two
packets received from two source nodes. In particular, in [1],
a maximal-likelihood detection (MLD) based on log-likelihood
ratio (LLR) was adopted at the relay node for decoding the
superposed signals from two sources, and both the PNC and
channel coding were jointly considered. To et al. [2] proposed
a combined architecture of convolutional codes (CCs) and the
PNC and Yang et al. [3] investigated the decoding process of
convolutional-coded PNC utilizing a joint channel-decoding
algorithm. In [4], the bit error rate (BER) of the PNC with CCs
was mathematically analyzed over fading channels and the
optimal power allocation strategy was proposed to minimize
the BER under sum power constraint at the source nodes.

Recently, a spatial modulation (SM) has been considered as
a promising technique for next-generation mobile communica-
tion systems and SM technique has been applied to the TWRN
with PNC [5]–[7]. In [5], the denoise-and-forward technique
was adopted at the relay node, where the average symbol error
probability was also analyzed. However, in [5], two source
nodes with multiple antennas consider only the space shift

keying (SSK). The SSK modulation was also applied to the
two-way amplify-and-forward (AF) relay network in [6]. In
[7], a space-time coding technique was combined to the SM-
based PNC technique by utilizing antenna selection at the relay
node.

In this paper, we consider a SM-based PNC technique with
CC in the TWRN where two source nodes and one relay node
are equipped with multiple antennas. In the relay node, in par-
ticular, we consider two types of decoding methods: a separate
decoding and a direct decoding [1]. The separate decoding
individually decodes the packets from two source nodes, and
then it performs network coding via XOR operation of the
two decoded packets. In contrast, the direct decoding directly
decodes a network-coded packet. The separate decoding has
higher complexity than the direct decoding since two packets
are decoded individually. In this paper, we compare the BER
performance of the separate decoding and direct decoding in
the SM-based PNC with CC.

II. SYSTEM MODEL

We consider the TWRN consisting of two source nodes
with NS antennas and a single relay node with NR antennas.
The packet transmission consists of two phases: multiple
access (MA) and braodcast (BC) phases.

A. Multiple Access Phase

Fig. 1 shows the transmission procedure of two source
nodes and the reception procedure of a single relay node in
MA phase. Let b1 and b2 be the binary message sequences
generated by the first source node (S1) and the second source
node (S2), respectively. We assume that b1 and b2 have the
same length of L each other, i.e., b1 = {b1,1, b1,2, · · · , b1,L}
and b2 = {b2,1, b2,2, · · · , b2,L}. Let u and v be the coded
sequences which are encoded by a convolutional encoder, C,
with code rate r = 1/N at S1 and S2, respectively. In other
words, u = C(b1) and v = C(b2) are generated by C and
they have the length of LN , i.e., u = {u1, u2, · · · , uLN}
and v = {v1, v2, · · · , vLN}. Let c and d be the sequence of
modulated symbols at S1 and S2, then they are expressed by
c = {c1, · · · , cLN/Nb

} and d = {d1, · · · ,dLN/Nb
} where

Nb is the number of bits per channel (shown in (2) in detail).
The ith of element of c denotes the modulated symbol vector
transmitted by S1 at the ith symbol time and it is consisted of
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Fig. 1. System model of spatial modulation-based physical-layer network coding technique with separate decoding in multiple access phase

the number of Nb coded bits. Thus, ci = {ci,1 · · · ci,Nb
} and

di = {di,1 · · · di,Nb
} are obtained.

When a spatial modulator (SM), M, is performed at the
ith symbol time, we can obtain xi

1 and xi
2 as the modulated

symbol vectors by S1 and S2 at the ith symbol time. To
focus on a specific symbol time, we ignore the notation of
the symbol time i and let x1 and x2 be the the modulated
symbol vector instead of xi

1 and xi
2. Thus, x1 and x2 are

obtained from M(c1, · · · , cNb
) and M(d1, · · · , dNb

).
The SM is consisted of symbol modulator and antenna

mapper. A single antenna is activated among Ns antennas
by antenna mapper at each source node. Accordingly, the ith
antenna is mapped to the ith symbol out of log2 NS symbols
by antenna mapping procedure of the SM (1 ≤ i ≤ NS). For
example, if the number of antennas at each source node is
equal to 2, i.e., NS = 2, symbols using BPSK modulation
can be transmitted. The first antenna transmits the symbol of
‘+1’ while the second antenna transmits the symbol of ‘-1’.
xk, k ∈ {1, 2}, is given by

xk ∈
{[

+1
0

]
,

[−1
0

]
,

[
0
+1

]
,

[
0
−1

]}
. (1)

Thus, the number of bits per channel use, Nb, is expressed
as follows:

Nb = �log2
(
NS

1

)
�+ log2�|A|�, (2)

where A dentes the symbol modulation alphabet, i.e., A =
{−1,+1} for the BPSK modulation. The first term means the
number of bits to be transmitted by antenna mapper while the
second term means that of bits to be transmitted by symbol
modulator.

Each source node simultaneously transmits xk =
{xk,1, · · · , xk,b, · · ·xk,log2�|A|�}, x1 ∈ CNS×1 at S1 and
x2 ∈ CNS×1 at S2. Then, the received symbol vector at the
relay node, R, is expressed as follows:

yR = H1Rx1 +H2Rx2 + zR, (3)

where yR ∈ CNR×1, H1R ∈ CNR×NS , H2R ∈ CNR×NS ,
and zR ∈ CNR×1 denote the received symbol vector at R, the
wireless channel matrix from S1 to R, the wireless channel

matrix from S2 to R, and the additive Gaussian noise vector
at R, i.e., zR ∼ CN (0, N0I), respectively.

In the uncoded system, the relay node tries to detect
the symbol vectors xk (k = 1, 2) received from Sk. The
maximum-likelihood detector (MLD) is adopted at R. Let Ω
be the set of all possible symbol pairs of (x1,x2), then the
estimate on the transmit symbol vectors is given by

(x̂1, x̂2)ML = arg min
(x1,x2)∈Ω

‖yR −H1Rx1 −H2Rx2‖2. (4)

In the coded system, however, the detector tries to calculate
the log-likelihood ratio (LLR) of the coded bits, i.e., u, v.
There exist two types of decoding methods: a separate decod-
ing and a direct decoding [1]. In case of separate decoding,
the LLR for each coded bits from two sources is computed,
and then the channel decoder performs decoding by using
each LLR values for decoding the individual packet from the
sources. Thus, the decoder performs decoding procedure twice
and the network coding operation (XOR) is performed by
using the two decoded bits, i.e., b̂1, b̂2. Thus, the output of
the separate decoder is given by b̂XOR,sep = b̂1 ⊕ b̂2. On the
other hand, in case of direct decoding, the LLR for the network
coded version (XOR) of coded bits is directly computed at the
detector, and then the decoder performs decoding by using
the computed LLR values. Then, the output of the decoder
becomes the estimator of the network coded packet from two
source nodes and it is given by b̂XOR,dir = b̂1 ⊕ b2.

In summary, the separate decoding separately decodes the
individual bits, i.e., b1, b1, and then the network coding
operation (XOR) is performed for b̂1 and b̂2 . In contrast, the
direct decoding directly decodes the network coded packet,
b1 ⊕ b2, and thus it produces the network coded bits, i.e.,
̂b1 ⊕ b2.

B. Broadcast Phase

Let bXOR be the network-coded bits at R in the BC phase,
and it is sent to S1 and S2 in the BC phase. It is also modulated
with encoder and spatial modulator as the same function of
the MA phase.

Since the BER performance of the SM-based PNC tech-
nique depends on the BER performances in BC phases, we
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Fig. 1. System model of spatial modulation-based physical-layer network coding technique with separate decoding in multiple access phase

the number of Nb coded bits. Thus, ci = {ci,1 · · · ci,Nb
} and

di = {di,1 · · · di,Nb
} are obtained.

When a spatial modulator (SM), M, is performed at the
ith symbol time, we can obtain xi

1 and xi
2 as the modulated

symbol vectors by S1 and S2 at the ith symbol time. To
focus on a specific symbol time, we ignore the notation of
the symbol time i and let x1 and x2 be the the modulated
symbol vector instead of xi

1 and xi
2. Thus, x1 and x2 are

obtained from M(c1, · · · , cNb
) and M(d1, · · · , dNb

).
The SM is consisted of symbol modulator and antenna

mapper. A single antenna is activated among Ns antennas
by antenna mapper at each source node. Accordingly, the ith
antenna is mapped to the ith symbol out of log2 NS symbols
by antenna mapping procedure of the SM (1 ≤ i ≤ NS). For
example, if the number of antennas at each source node is
equal to 2, i.e., NS = 2, symbols using BPSK modulation
can be transmitted. The first antenna transmits the symbol of
‘+1’ while the second antenna transmits the symbol of ‘-1’.
xk, k ∈ {1, 2}, is given by

xk ∈
{[

+1
0

]
,

[−1
0

]
,

[
0
+1

]
,

[
0
−1

]}
. (1)

Thus, the number of bits per channel use, Nb, is expressed
as follows:

Nb = �log2
(
NS

1

)
�+ log2�|A|�, (2)

where A dentes the symbol modulation alphabet, i.e., A =
{−1,+1} for the BPSK modulation. The first term means the
number of bits to be transmitted by antenna mapper while the
second term means that of bits to be transmitted by symbol
modulator.

Each source node simultaneously transmits xk =
{xk,1, · · · , xk,b, · · ·xk,log2�|A|�}, x1 ∈ CNS×1 at S1 and
x2 ∈ CNS×1 at S2. Then, the received symbol vector at the
relay node, R, is expressed as follows:

yR = H1Rx1 +H2Rx2 + zR, (3)

where yR ∈ CNR×1, H1R ∈ CNR×NS , H2R ∈ CNR×NS ,
and zR ∈ CNR×1 denote the received symbol vector at R, the
wireless channel matrix from S1 to R, the wireless channel

matrix from S2 to R, and the additive Gaussian noise vector
at R, i.e., zR ∼ CN (0, N0I), respectively.

In the uncoded system, the relay node tries to detect
the symbol vectors xk (k = 1, 2) received from Sk. The
maximum-likelihood detector (MLD) is adopted at R. Let Ω
be the set of all possible symbol pairs of (x1,x2), then the
estimate on the transmit symbol vectors is given by

(x̂1, x̂2)ML = arg min
(x1,x2)∈Ω

‖yR −H1Rx1 −H2Rx2‖2. (4)

In the coded system, however, the detector tries to calculate
the log-likelihood ratio (LLR) of the coded bits, i.e., u, v.
There exist two types of decoding methods: a separate decod-
ing and a direct decoding [1]. In case of separate decoding,
the LLR for each coded bits from two sources is computed,
and then the channel decoder performs decoding by using
each LLR values for decoding the individual packet from the
sources. Thus, the decoder performs decoding procedure twice
and the network coding operation (XOR) is performed by
using the two decoded bits, i.e., b̂1, b̂2. Thus, the output of
the separate decoder is given by b̂XOR,sep = b̂1 ⊕ b̂2. On the
other hand, in case of direct decoding, the LLR for the network
coded version (XOR) of coded bits is directly computed at the
detector, and then the decoder performs decoding by using
the computed LLR values. Then, the output of the decoder
becomes the estimator of the network coded packet from two
source nodes and it is given by b̂XOR,dir = b̂1 ⊕ b2.

In summary, the separate decoding separately decodes the
individual bits, i.e., b1, b1, and then the network coding
operation (XOR) is performed for b̂1 and b̂2 . In contrast, the
direct decoding directly decodes the network coded packet,
b1 ⊕ b2, and thus it produces the network coded bits, i.e.,
̂b1 ⊕ b2.

B. Broadcast Phase

Let bXOR be the network-coded bits at R in the BC phase,
and it is sent to S1 and S2 in the BC phase. It is also modulated
with encoder and spatial modulator as the same function of
the MA phase.

Since the BER performance of the SM-based PNC tech-
nique depends on the BER performances in BC phases, we
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focus on the BER performance at S1 and S2 in the BC phase.
Let PBC

b,1 and PBC
b,2 denote the bit-error probability at S1 and S2

in the BC phase, respectively. They are expressed as follows:

PBC
b,1 = Pr{b̂XOR,1 �= bXOR}, (5)

PBC
b,2 = Pr{b̂XOR,2 �= bXOR}, (6)

where b̂XOR,1 and b̂XOR,2 denote the estimate on the network-
coded bits at S1 and S2, respectively. bXOR may be different
from b1 ⊕ b2 if there exists bit error in the MA phase.

Using the estimate on the network-coded bits, b̂XOR, S1

performs the network decoding with the bit-wise XOR
operation in order to obtain the information bits of S2. S1

obtains the information bits of S2 by performing the bit-wise
XOR operation between b̂XOR and b1, i.e., b̂2 = b̂XOR ⊕ b1.
Similarly, S2 obtains the information bits of S1 via the bit-wise
XOR operation between b̂XOR and b2, i.e., b̂1 = b̂XOR ⊕ b2.
Therefore, each source node exploits its own information bits,
which are sent in the MA phase, for obtaining the information
bits of the other source node from the network-coded bits.

III. SIMULATION RESULTS

For the CC, the constraint length is set to 7 and the code rate
is set to 1/2. As a decoding algorithm, Viterbi algorithm is
adopted. We compare the performance of the SM-based PNC
technique with that of the conventional PNC technique having
the same number of RF chains. For achieving that Nb = 5,
the conventional PNC technique adopts 32QAM modulation.
In contrast, in figure 2, the SM-based PNC technique allocates
2 bits in antenna domain with 4 transmit antennas and 3
bits in symbol constellation domain, i.e., 8PSK modulation,
respectively. In figure 3, for achieving that Nb = 5, the
proposed SM-based PNC technique allocates 3 bits in antenna
domain with the 8 transmit antennas and 2 bits in symbol
constellation domain, i.e., QPSK modulation, respectively.
From figures 2 and 3, the SM-based PNC technique results
in much better BER performance than the conventional PNC
technique. Note that, in figures 2 and 3, “D” and “S” stand
for “direct decoding” and “separate decoding”, respectively.
In SM-based PNC technique, the BER performances of the
separate decoding and the direct decoding are almost the same
although the separate decoding requires 2 times more decoding
complex than the direct decoding.

IV. CONCLUSIONS

In this paper, we considered a physical-layer network coding
technique for two-way relay network, which exploits the
spatial modulation at both source nodes and the relay node.
The relay node tries to decode the network-coded packet of
the received packets from two source nodes. In particular, we
also consider the convolutional code (CC) as a channel coding
technique, while many related studies did not consider the
channel coding techniques. We considered two difference de-
coding algorithms for the SM-based PNC technique: separate
decoding and direct decoding. Simulation results show that
the direct decoding yields low complexity than the separate
decoding, while achieving almost the same performance as
the separate decoding.
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