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Abstract—Vehicular hotspots for on-board Internet access
using Long Term Evolution (LTE) as the backhaul network
has recently gained popularity. Currently, Wi-Fi is the most
common technology to provide in-vehicle access, where data
has been relayed through on board LTE receiver. Despite its
wide acceptance, coexistence and contention based data rate
limitations with Wi-Fi necessitates alternatives for in-vehicle data
access schemes. This paper investigates the performance of hybrid
LTE and visible light communication (VLC) networks using
LTE as the backhaul and VLC as the on-board access network.
Under the consideration of vehicle interior unique channel characteristics and light emitting diode (LED) deployment flexibility,
best transmitter configuration using repetition coding (RC) and
spatial multiplexing (SM) multiple input multiple output (MIMO)
modes is determined. Proposed configurations based on direct
current biased optical orthogonal frequency-division multiplexing
(DCO-OFDM) are compared with respect to their bit-error-rate
(BER) performances. Furthermore, the performance of intravehicular VLC networks for single and multi-user scenarios is
investigated.
Index Terms—Vehicular VLC, optical MIMO, OFDM

I. I NTRODUCTION
Vehicles are the third most time spent places, following
homes and offices. Hence, in-car Internet access schemes, supporting information and entertainment services such as cloud
access, media streaming, content sharing, video conferencing,
web browsing are increasingly becoming common. On the
other hand, increasing number of connected devices inside
the vehicle with the ever increasing high speed connectivity
demand requires more bandwidth in addition to radio frequency (RF) coexistence management considerations. As high
speed Internet access is key for applications such as smooth
media streaming, office and home integration, various RF
based technologies have been investigated for intra-vehicular
device connectivity [1].
LTE is one of the promising technologies to fulfill qualityof-service (QoS) requirements for in-vehicle connectivity applications. Built-in LTE hot spots with multiple device accesses aim to provide convenience as vehicle on-board LTE
receiver is optimized for Doppler shifts and signal fluctuations
caused by moving vehicle, in addition to lower device energy
needs for connectivity [2]. LTE/Wi-Fi dual-hop architecture is
one of the strong candidates to support in-vehicle infotainment
applications. However, to take full advantage of LTE data

rates with this scheme, wide Wi-Fi channels, susceptible to
RF interference and congestion are utilized. Additionally,
LTE/Wi-Fi hot spots require additional energy, which may be
unfavorable for battery electric vehicles.
As a complementary technology to RF based solutions, VLC
is envisaged to be a promising candidate for interference free,
high speed intra-vehicular connectivity. Additionally, energy
efficiency characteristics of VLC, taking into account limited
battery capacity of the electric vehicles and health concerns
associated with RF based wireless communications paves a
new intra-vehicular wireless communications scheme using
intensity modulation and direct detection (IM/DD) of readily
available LEDs. It has already been shown that Gbit/s data
rates are possible using commercially available white phosphor
coated LEDs [3] for indoor VLC.
Optical MIMO techniques [4]–[7] and multicarrier modulation schemes such as OFDM have been studied to achieve
high data rates using white LEDs with limited modulation
bandwidths. Optical MIMO is also proposed to replace physical transmitter-receiver alignment requirements for line-ofsight (LoS) VLC by electronic alignment [8]. Additionally,
various OFDM based schemes are investigated in [9], to
inspect possibilities of VLC inside an aircraft cabin. Almost
all of the studies considered data communication as a subordinate task to illumination in VLC. However, none of the
above works consider MIMO OFDM-based VLC schemes for
intra vehicular communications where ambiance lighting with
dimmed LEDs in asymmetrical configuration, can be regarded
as secondary task to communication.
This paper investigates dual-hop vehicular network based
on the usage of LTE as the backhaul and VLC as the invehicle access network. LTE provides high speed connectivity
optimized at high vehicle mobilities while VLC alleviates invehicle wireless coexistence problem. We analyze multiple
asymmetrically deployed transmitter LEDs at the vehicle’s
headliner, serving either single or multiple users, with limited
artificial lighting inside the vehicle. The novel contributions
of this paper are threefold. First, we select the best LED pair
configuration for RC and SM MIMO schemes considering
the vehicle interior channel characteristics. Second, employing
best LED configuration, we compare the performances of RC
and SM modes with different modulation orders. Third, we

determine maximum number of users that can be supported
with space-division multiple access (SDMA), considering the
proposed LED and photodetector (PD) locations.
The rest of this paper is organized as follows. Section
II describes the considered intra-vehicular hybrid LTE/VLC
system setup, including DCO-OFDM with optical MIMO techniques. Section III presents utilized channel models. Section
IV evaluates the BER performance of the considered system
structure. Finally, we conclude the paper in Section V.
Notation: ∣∣.∣∣2 , (.)∗ and [.]T denote Euclidean distance,
complex conjugate and transpose, respectively. 𝑄(.) is the tail
probability of standard normal distribution.
II. S YSTEM M ODEL
Our system structure is depicted in Fig. 1. A vehicle with
one or more users driven in a macrocell is considered for
downlink transmission. The transmission is modelled as dualhop including a relay, LTE and VLC links. Relay terminal acts
as a backhaul access point for users inside the vehicle.

to users in each transmission time interval (TTI). With cyclic
prefix (CP) appending, linear convolution is turned to circular
convolution, where the symbols transmitted through different
subcarriers do not interfere with each other as long as the
length of CP is equal to or longer than delay spreads of
the channel. Furthermore, channel effects can be compensated
with simple one tap equalizer.
In OFDMA transmission, first the bit streams are mapped
with respect to deployed modulation schemes such as phaseshift keying (PSK) or quadrature amplitude modulation
(QAM), then the symbols (𝑋𝑆 ) are re-arranged according
to resource allocation mechanism and passed through the
inverse fast Fourier transform (IFFT). After CP appending,
parallel to serial conversion and pulse shaping processes,
orthogonal frequency-division multiplexing (OFDM) signals
are transmitted through the LTE channel. At the receiver side
of relay, assuming no interference from neighbor eNodeBs
exist, frequency-domain received signal can be written as,
√
(1)
𝑌𝐿𝑇 𝐸 [𝑘] = 𝑃𝐿𝑇 𝐸 𝑋𝑆 [𝑘]𝐻𝐿𝑇 𝐸 [𝑘] + 𝑉𝐿𝑇 𝐸 [𝑘]
where 𝑃𝐿𝑇 𝐸 is the transmit power level of eNodeB, 𝐻𝐿𝑇 𝐸 [𝑘]
is the LTE channel frequency response and 𝑉𝐿𝑇 𝐸 [𝑘] is the
noise term on 𝑘 𝑡ℎ subcarrier.
In DF relay terminal, the received signals can be optimally
decided by Maximum Likelihood (ML) decision rule which is
expressed by,
[
2 ]
√


ˆ
𝑋𝑆 [𝑘] = arg min 𝑌𝐿𝑇 𝐸 [𝑘] − 𝑃𝐿𝑇 𝐸 𝐻𝐿𝑇 𝐸 [𝑘]𝑋 
(2)
𝑋∈Ψ

Figure 1: Considered system structure.
Fig. 2 depicts the block diagram of the transmission.
The data is transmitted from evolved Node-B (eNodeB) to
LTE/VLC relay through the LTE link. Decode-and-forward
(DF) relaying procedures are performed such that the data
streams are forwarded to each user through VLC links following the decoding and switching processes in the terminal.
The uplink transmissions is outside the scope of this work.

where Ψ denotes the constellation points in LTE link.
B. VLC Transmission Model
The decided bits are re-modulated using DCO-OFDM [10]
in which Hermitian symmetry and DC bias addition are used
to drive the LEDs by real valued and non-negative signals
that are the main constraints of IM/DD. When the OFDM
frame size without CP is set to 𝑁 , decided symbols (𝑠), are
re-arranged with respect to Hermitian symmetry such as,
X𝑉 𝐿𝐶 = [0 𝑠1 𝑠2 𝑠3 ... 𝑠𝑁/2−1 0 𝑠∗𝑁/2−1 ... 𝑠∗2 𝑠∗1 ]T , (3)

Figure 2: Block diagram of system model.
A. LTE Transmission Model
Orthogonal frequency-division multiple access (OFDMA)
is integrated into the physical layer of LTE architecture. In
OFDMA, the users are served by using both frequency division
multiple access (FDMA) and time division multiple access
(TDMA) technologies in which resource blocks (RBs) are a set
of 12 subcarriers, each has 15 kHz bandwidth, and allocated

before IFFT process, hence, the output becomes real valued.
After CP appending with the length of 𝑁𝐶𝑃 , a DC bias
(𝑉𝑏𝑖𝑎𝑠 ) is added to shift the signal into the operation range of
the LEDs, limited by turn-on voltage (𝑉𝑡𝑜𝑣 ) and maximumallowed voltage (𝑉𝑚𝑎𝑥 ). Signals beyond this range will be
clipped, therefore, we set the signal power level considering
the operation range of LEDs.
We consider MIMO system with 𝑁𝑇 LEDs and 𝑁𝑅 PDs
for each user. The frequency-domain received signal on the
𝑛𝑡ℎ PD can be written as
𝑁𝑇 √
∑
𝑃𝑉 𝐿𝐶
𝑅𝑋𝑉 𝐿𝐶𝑚 [𝑘]𝐻𝑉 𝐿𝐶 𝑛𝑚 [𝑘]
𝑌𝑉 𝐿𝐶 𝑛 [𝑘] =
𝑁𝑇
𝑚=1
+𝐼𝑛 [𝑘] + 𝑉𝑉 𝐿𝐶𝑛 [𝑘]

(4)

where 𝑃𝑉 𝐿𝐶 is total electrical OFDM signal power, 𝑅 is
the optical-to-electrical conversion coefficient (A/W) of PD,

𝐻𝑉 𝐿𝐶𝑛𝑚 [𝑘] is the frequency response of visible light channel
between 𝑛𝑡ℎ PD and 𝑚𝑡ℎ LED, 𝑉𝑉 𝐿𝐶𝑛 [𝑘] is additive white
2
variance
Gaussian noise (AWGN) with zero mean and 𝜎𝑁
calculated by 𝑁0 𝑊 where 𝑁0 is power spectral density and
𝑊 is system bandwidth at 𝑛𝑡ℎ PD and 𝐼𝑛 [𝑘] is interference
from other LEDs on 𝑘 𝑡ℎ subcarrier, written as
𝑁𝑇𝑖 √
𝑇 ∑
∑
𝑃𝑉 𝐿𝐶 ˘ 𝑖
˘ 𝑉𝑖 𝐿𝐶 [𝑘]
𝑅𝑋𝑉 𝐿𝐶 𝑚 [𝑘]𝐻
(5)
𝐼𝑛 [𝑘] =
𝑛𝑚
𝑁
𝑇
𝑖
𝑖=1 𝑚=1
where 𝑇 is the number of active transmission except the
considered transmission, 𝑁𝑇𝑖 is the number of LEDs used in
˘ 𝑉 𝐿𝐶 [𝑘] is DCO-OFDM information signals
𝑖𝑡ℎ transmission, 𝑋
˘ 𝑉 𝐿𝐶 [𝑘] denotes the interference channel gain.
of users and 𝐻
In RC, each LED is driven by the same information, resulting intensities to constructively add up at the receiver. DCOOFDM achieves a spectral efficiency of (log2 𝑀 )/2 bit/s/Hz
(assume 𝑁 is large enough) where 𝑀 is the modulation order.
Without any interference, ML decision rule can be written as,
⎛
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𝑁
𝑁
𝑅
𝑇
∑
∑
√
 ⎠
𝑌
𝑛 [𝑘]
ˆ 𝑉 𝐿𝐶 [𝑘] = argmin ⎝
𝑋
−
𝑋
𝐻
[𝑘]
 𝑉𝑃𝐿𝐶

𝑉
𝐿𝐶
𝑛𝑚
𝑉 𝐿𝐶 𝑅

𝑋∈Ω
𝑛=1 
𝑚=1
𝑁𝑇

where 𝑑 is the distance between UE and eNodeB in km
and 𝜓 (in dB) is log-normal distributed shadowing effect.
Additionally, statistical complex-Gaussian multi-path channel
model is,
ℎ(𝑡) =

𝑀
𝑡 −1
∑

𝛼𝑖 (𝑡)𝑒−𝑗(2𝜋𝑓𝑐 𝜏𝑖 (𝑡)−𝜙𝐷 ) 𝛿(𝑡 − 𝜏𝑛 (𝑡))

(10)

𝑖=0

where 𝛼𝑖 (𝑡) is the amplitude over 𝑖𝑡ℎ path at time 𝑡, 𝜏𝑛 (𝑡)
is the delay of corresponding path, 𝜙𝐷 is denoted by Doppler
phase shift and 𝑀𝑡 is the total number of resolvable multi-path
in a given time interval.
B. VLC Channel Model
The location of LEDs and PDs are shown in Fig. 3. When
we consider the base midpoint of the roof as the center,
coordinates of the LEDs and PDs are presented in Table I.
LEDs are deployed asymmetrically to generate diverse LoS
links with different channel gains. Perfect synchronization
without time dispersion is assumed for all links with regards
to negligible path difference between different transmitterreceiver links.

(6)
where Ω is the set of constellation points of deployed modulation scheme in VLC link and signal-to-noise ratio (SNR)
per subcarrier is,

SNR𝑉 𝐿𝐶 [𝑘] =

𝑃𝑉 𝐿𝐶
𝑁𝑇

(
)2
 𝑁

𝑇
 ∑

𝑅
𝐻𝑉 𝐿𝐶𝑛𝑚 [𝑘] 


𝑛=1  𝑚=1
2

𝑁
𝑅
∑

2
𝜎𝑁

. (7)

Moreover, subcarrier-based BER can be calculated by (12)
(see the top of the next page) [11].
In SM, each LED is simultaneously driven by different
information. The enhanced spectral efficiency for SM with
DCO-OFDM is (min(𝑁𝑇 , 𝑁𝑅 ) log2 𝑀 )/2 bit/s/Hz. Without
any interference, ML decision rule is given by,
⎛
2 ⎞


 Y𝑉 𝐿𝐶 [𝑘]
 ⎠
X̂𝑉 𝐿𝐶 [𝑘] = argmin ⎝ √
−
H
[𝑘]X
(8)

𝑉 𝐿𝐶
 𝑃𝑉𝑁𝐿𝐶

𝑅
X∈Φ
𝑇
where Y[𝑘] is the received signal vector with the dimension of
𝑁𝑅 , H𝑉 𝐿𝐶 [𝑘] is 𝑁𝑅 x𝑁𝑇 channel matrix on the 𝑘 𝑡ℎ subcarrier
and Φ includes all possible combinations of transmitted signal
vectors. The upper bound of subcarrier based BER values
given by ML decision rule can be calculated by (13) (see
the top of the next page) where dH (bm1 , bm2 ) is Hamming
distance of two bit assignments, which are bm1 and bm2 , of
the signal vectors sm1 and sm2 [5].
III. C HANNEL M ODELS
A. LTE Channel Model
For urban and suburban areas in macrocell, with the carrier
frequency (𝑓𝑐 ) of 2 GHz, the channel gain between user
equipment (UE) and eNodeB depending on path loss and
shadowing effects can be calculated by
𝐻 = 128 + 37.6log(𝑑) + 𝜓

[dB],

(9)

Figure 3: Considered vehicle with LEDs and PDs.
The LoS characteristic of VLC channel is given by,
{
}
𝑢+1
𝑢
1
2𝜋𝑑2𝑥 cos (𝜙) cos (𝜓) 0 ≤ 𝜓 ≤ Ψ 2
ℎ𝑉 𝐿𝐶 =
0
𝜓 ≥ Ψ 12

(11)

where 𝜙 is the irradiance angle with respect to LED axis, 𝜓
is the angle of incidence with respect to PD
))
/ axis,
( 𝑑𝑥( is the
distance between LED and PD, 𝑢 = − ln (2) ln cos Φ 12
where the LED semiangle Φ 12 is set to 60∘ , the field-of-view
semiangle of the PD Ψ 12 is assumed to be 60∘ .
Table I: Coordinates of LEDs and PDs
LED
LED
LED
LED
LED
LED
LED
LED

1
2
3
4
5
6
7
8

(-0.35,-0.60,1.20)
(-0.70,-0.20,1.20)
(-0.70,+0.20,1.20)
(-0.35,+0.60,1.20)
(-0.19,-0.40,1.20)
(-0.19,+0.40,1.20)
(-0.50,-0.30,1.20)
(-0.50,+0.30,1.20)

PD
PD
PD
PD
PD
PD
PD
PD

1a
1b
2a
2b
3a
3b
4a
4b

(-0.45,-0.50,0.50)
(-0.45,-0.30,0.50)
(-0.45,+0.30,0.50)
(-0.45,+0.50,0.50)
(-0.30,-0.50,0.50)
(-0.30,-0.30,0.50)
(-0.30,+0.30,0.50)
(-0.30,+0.50,0.50)

(√

)
⎫

2SNR[𝑘]
,
2 − PSK


√

(√
)
⎬
2( 𝑀 −1)
3SNR[𝑘]
√
√
𝑄
,
square
−
𝑀
−
QAM
(12)
BERRC [𝑘] ≈
(𝑀
−1)
𝑀
log
𝑀
(√
(√ 2
[
)
)]






6SNR[𝑘]
6SNR[𝑘]
2
𝑈
−1
𝐽−1

⎭
⎩ log (𝑈 x𝐽) 𝑈 𝑄
+ 𝐽 𝑄
, rectangular − 𝑀 = 𝑈 x𝐽 − QAM 
𝑈 2 +𝐽 2 −2
𝑈 2 +𝐽 2 −2
2
⎛ 𝑁
)⎞
(√
𝑁
𝑀
2
∑𝑇 𝑀∑𝑇
𝑃
𝑅
1
𝑉
𝐿𝐶
2
⎝
⎠ (13)
BERSM [𝑘] ≤ 𝑁𝑇
dH (bm1 , bm2 ) 𝑄
2 𝑁 ∥H[𝑘] (sm1 − sm1 )∥
𝑀 log2 (𝑀 𝑁𝑇 ) 𝑚 =1 𝑚 =1
2𝜎𝑁
𝑇
⎧




⎨

𝑄

1

2

IV. N UMERICAL R ESULTS
In this section, we present numerical results to evaluate
the performance of intra-vehicular VLC network. Simulation
parameters are shown in Table II. In all simulations, we assume
that perfect channel state information (CSI) is available at the
source, relay and destination terminals. In a LTE/VLC dualhop system including DF relaying, subcarrier-based end-to-end
BER can be calculated by
BER[𝑘] = (1 − BER𝐿𝑇 𝐸 [𝑘]) BER𝑉 𝐿𝐶 [𝑘]
+BER𝐿𝑇 𝐸 [𝑘](1 − BER𝑉 𝐿𝐶 [𝑘]).

(14)

Relatively, end-to-end BER can be calculated as averaging
the subcarrier-based BER values. Even though 𝐵𝐸𝑅𝐿𝑇 𝐸 can
be calculated using (9) and (10), target packet error rate of
10−6 is considered as in Transmission Control Protocol (TCP)based applications [12] which can be satisfied using additional
techniques (i.e., adaptive modulation and coding (AMC) and
hybrid automatic repeat request (HARQ)).

of LED transmitter selection differs. This can be explained by
the term of ∣∣H[𝑘] (sm1 − sm1 )∣∣2 in (13).
In Fig. 5, we present the BER performance of RC and
SM with respect to different spectral efficiencies using best
two LEDs selection according first user’s PDs. For 1 bit/s/Hz
(RC 4-QAM/SM 2-PSK), RC outperforms SM with the gain
of 7.44 dB at the target of 10−3 BER. However, when we
increase the spectral efficiency respectively to 2, 3 and 4
bit/s/Hz, the gain decreases to 3.71 dB, 4.34 dB and 1.07
dB. On the other hand, comparing RC 1024-QAM with SM
32-QAM (5 bit/s/Hz), SM outperforms RC with the gain of
1.64 dB. This amount increases to 4.27 dB for the spectral
efficiency of 6 bit/s/Hz. These results reveal that RC is more
robust to channel correlation, however, it requires larger modulation order to achieve the same spectral efficiency as SM,
thereby, it performs worse at the higher modulation orders.
0

10

Table II: Simulation Parameters.
20 MHz
8.1x10−19 W/Hz
0.54 A/W
1.7 V
2.2 V
1.95 V
64
4

In Fig. 4, we present end-to-end BER performances of
RC and SM MIMO modes with respect to different LED
transmitter selections while first user’s PDs (PD 1a and PD
1b) are selected at the receiver side. Theoretical BER approximation of RC given by (12) and upper bound of SM
given by (13) are depicted as solid lines while Monte Carlo
simulation results are shown by markers. The results reveal
that selection of 1𝑠𝑡 and 2𝑛𝑑 LEDs (see Fig. 4 (a)) gives
the best performance in terms of BER for RC since they
are the closest points to selected PDs. On the other hand,
the lowest BER can be achieved by 1𝑠𝑡 and 3𝑟𝑑 LEDs (see
Fig. 4 (b)-(c)) for SM since the channel correlation is another
critical factor that affects the performance in addition to path
loss. When BER performances are compared with respect to
selected modulation order sizes (see Fig. 4 (b)-(c)), the orders

−1

10

BER

LED modulation bandwidth (𝑊 )
Power spectral density of VLC noise (𝑁0 )
Responsivity of PD (𝑅)
Turn-on voltage (𝑉𝑡𝑜𝑣 )
Maximum allowed voltage (𝑉𝑚𝑎𝑥 )
Bias voltage (𝑉𝑏𝑖𝑎𝑠 )
Number of subcarrier (𝑁 )
Length of cyclic prefix (𝑁𝐶𝑃 )

−2

10

RC 4−QAM
RC 16−QAM
RC 64−QAM
RC 256−QAM
RC 1024−QAM
RC 4096−QAM
SM 2−PSK
SM 4−QAM
SM 8−QAM
SM 16−QAM
SM 32−QAM
SM 64−QAM

−3

10

−4

10
−70

−60
−50
−40
−30
Electrical Avg. OFDM Signal Power [dBm]

−20

Figure 5: BER performances with different modulation orders.
In Fig. 6, we present the BER performance of single and
multi-user scenarios where 4-QAM is set as the modulation
order with both 1x1 and 2x2 RC MIMO configurations. The
results indicate that multiple users can be served by SDMA up
to three users with specific locations due to PD’s limited fieldof-view. However, when this limit is exceeded, orthogonal
multiple access mechanisms such as TDMA, FDMA etc. can
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Figure 4: BER performances with different LEDs when (a) RC 4-QAM, SM (b) 4-QAM and (c) 16-QAM are considered.
be employed because of the interference issues. Additionally,
transmit and receive diversity improves the performance with
the gain of 3.52 dB, 1.51 dB and 2.49 dB for the single, two
and three user cases, respectively.
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V. C ONCLUSION
In this paper, we addressed the optical transmitter selection
and evaluated different optical MIMO schemes with varying
modulation orders for LTE/VLC intra-vehicular network. We
have shown that under limited transmitter-receiver path length,
illumination and direct LoS channel conditions, LED transmitter selection is key to achieve low BER with regards to the
selected MIMO scheme. Our simulation results indicate that
nearby transmitters are favorable for RC due to high SNR
requirement, whereas SM additionally requires low channel
correlation. It has also been shown that SM outperforms RC at
high spectral efficiencies, as RC requires higher constellation
sizes. Finally, it has been demonstrated that proposed transmitter configuration can support up to three users by SDMA.
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