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ABSTRACT With the emergence of the fifth generation and beyond mobile networks, both visible light
communications (VLC) and radio frequency (RF) or millimetre wave (mmW) systems are expected to
maintain the connectivity in various environments. In outdoor environments the link (VLC or RF) availability
is paramount, which is affected by channel conditions. In particular, in vehicular communications other vehi-
cles, harsh environment, and road geometry and structure will have the impact on the link connectivity and
availability. In such cases, a front-end antenna solution, which benefits both optical and RF communication
links, can be seen as an attractive option that can be fitted in future vehicles. In this paper, we present the
design and practical implementation of a planar hybrid VLC/mmW antenna operating at 20.8 GHz and show
measured results for characterization of RF and VLC links as well as communications performance.We have
used the widely adopted on-off keying and quadrature amplitudemodulation schemes with different orders to
demonstrate data rates of 5Mb/s and up to 100Mb/s for the VLC andmmW links, respectively. Bymeasuring
the bit error rate and the error vector magnitude for VLC and RF links, respectively for each modulation we
have shown that the proposed hybrid planar antenna is suitable for example in a typical vehicle-to-vehicle
communications.

INDEX TERMS VLC, mmW, hybrid VLC/mmW, hybrid VLC/RF, hybrid antenna.

I. INTRODUCTION
Hybrid optical-radio frequency wireless technologies are an
attractive solution for reliable outdoor communication links.
They ensure reliability in all weather conditions whilst simul-
taneously relieving the pressure on radio frequency (RF)
spectral usage at low cost and low complexity [1], [2]. As a
result, optical/RF hybrid systems have become the focus of
ever-increasing attention in recent years. A number of exper-
imental demonstrations have shown improved reliability and
reduced system outage [3], higher throughput [4] and lower
power consumption [3]. Improved technological integration
has also been demonstrated through advances in both soft [5],
hard [6] and neural [7], [8] based switching modes between
each transmission media [9].
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Hybrid systems can broadly be classified as optical or RF,
both of which have undergone substantial developments over
the previous decades. For optical links, either infrared or vis-
ible light bands may be used to offer free space optics (FSO)
and visible light communications (VLC), respectively. The
advantages of FSO include high bandwidths and low power
consumption [10], however, it is subject to eye safety con-
ditions, which impose an upper limit on the optical transmit
power. Therefore, VLC has become an attractive option in
hybrid systems as it offers high power and bandwidth but with
relaxed eye safety requirements. This comes at the cost of a
less focused beam, which restricts the transmission distances.
Note, using a laser with white light, the transmission distance
can be increased further. On the other hand, the RF compo-
nent has a high degree of customisability such as the power,
directionality, beamform and carrier frequency, amongst oth-
ers. In recent years, due to the overcrowding of the RF
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spectrum, research interests have shifted towards higher car-
rier frequencies with major focus on millimetre (mmW) tech-
nology for the fifth generation and beyond wireless networks.
Note that, all hybrid systems fall into three main fundamental
categories in terms of the link loads: (i) parallel transmission,
where both links are transmitting the same data at the same
rate; (ii) a dominant link transmission, where the faster and
slower links are selected as the default and backup, respec-
tively, and the communications system has to adopt the speed
based on the active link; and (iii) dual transmission links with
different data loads depending on the channel conditions [10].

There are several key applications where the motivation to
use a hybrid antenna for both indoor and outdoor applications
is clear. For indoor scenarios, femtocell wireless access is
attractive, while for outdoor applications front/backhauling
is also of an interest [11]. One outdoor application that takes
advantage of both VLC and mmW technologies is the vehic-
ular communications. In such networks, the VLC transmit-
ters (Txs) can easily be integrated into vehicle’s light-emitting
diodes (LEDs)-based head- and tail-lights [12] while the
highly directional and high frequency mmW link can result
in much reduced inter-channel interference.

To the best of authors’ knowledge, no feasible solution
has been proposed so far which integrates a hybrid front-end
antenna including VLC (with illumination) and mmW in
a single package. In addition, the antenna should comply
with the three possible hybrid transmission configurations
outlined above. Therefore, in this work, we design and experi-
mentally demonstrate a hybrid VLC/planarmmWantenna for
an application in vehicular communications networks. The
proposed antenna can be usedwithin vehicle’s head/tail-lights
to provide illumination and data communications simulta-
neously. The developed VLC transceiver consists of 6 high
power white LEDs and two photodiodes (PDs). The planar
mmWantenna operates at 20.8 GHz using linear polarisation.
Note that, the proposed design procedure is easily transfer-
able to mmW frequencies above 30 GHz so as general we
refer it as the mmW design, which can be used in future
mmW-based systems.We have adopted quadrature amplitude
modulation (QAM) and on-off keying (OOK) for the mmW
and VLC links, respectively. This results in less complex
modulation and coding schemes but on the other hand reduces
the overall system cost-effectiveness and power efficiency.
We demonstrate that, links up to 50 Mbaud and 5 Mbps can
be realized for the hybrid mmW and VLC links, respectively.

The rest of the paper is organized as follows; Section II
with subsections on mmW and VLC describe the structure of
the hybrid antenna. Section III discusses the hybrid antenna
fabrication, design and the system deployment alongside
experimental measurements and performance evaluation. The
conclusion is drawn in Section IV.

II. HYBRID ANTENNA STRUCTURE
A. THE mmW COMPONENT
The mmW antenna was designed using the CST Microwave
Studio [13]. It consists of a four-element microstrip array

FIGURE 1. (a) Patch antenna diagram showing the dimensions and
electric field polarisation. (b) 3D electromagnetic model of the antenna
embedded into the board represented by metal and its radiation pattern.

printed on a 0.5 mm thick Rogers RO4350B substrate with
a 25 × 27 mm2 antenna printed circuit board (PCB). Note,
there is no particular rule for the number of elements in the
array antenna. Here, we have adopted a four-element array
because of size consideration. The basic radiating element is
an inset-fed microstrip antenna with an input impedance of
100 �. Note, more on the design of inset-fed can be found
in [14], [15]. The two antennas are connected in parallel,
yielding 50 �, which is transformed via a λ/4 transformer
with an impedance Ztr =

√
100× 50 = 70.7� back to

100 �. The same is done for the second pair of antennas,
resulting in 2 × 100 � in parallel at the centre feeding
point, see Fig. 1(a). A detailed schematic of the coupling
network is presented in Appendix. Fig. 1(b) shows the 3D
electromagnetic model of the antenna embedded into the
board represented by the metal and its radiation pattern. This
figure gives the reader a better idea about how the radiation
pattern will look like in manufactured products. The operat-
ing frequency is 20.8 GHz with respect to the manufactur-
ing tolerances. A similar approach with different (smaller)
connectors and substrate could be adopted and optimised for
higher frequency bands if desirable.

B. THE VLC COMPONENT
The VLC Tx circuit is based on a transistor switch cir-
cuit with two pairs of three LEDs. A buffer is used to
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TABLE 1. Fabricated hybrid antenna parameters.

match the data source and the Tx’s input impedances. The
used white LEDs (Cree C503C-WAN-CCADB231) have a
bandwidth of 1.69 MHz. The measured voltage-current (VI)
and illuminance-current (LI) characteristics of the LEDs are
depicted in Fig. 2. The values of base and emitter resis-
tors are selected to ensure that the transistor is switched
between the off and saturated states based on the input sig-
nal. The saturation current of the LED is set to 70 mA.
Decoupling capacitors are used to isolate both the Tx and the
receiver (Rx) from the supply lines to reduces the crosstalk.
The optical Rx is composed of a standard PD (Centronics
OSD15-5T) and a transimpedance amplifier (TIA, Analog
Devices AD8015ARZ). The generated photocurrent is con-
verted into an amplified differential voltage signal prior to
low-pass filtering (∼10 MHz cut-off frequency) for limiting
the out-of-band noise. All VLC circuits were manufactured
on FR4. The circuit diagrams as well as details of used
components are presented in Appendix. More information
and design guidelines for VLC transceivers are available
in [16]–[20].

The key parameters for both the mmW and VLC compo-
nents are highlighted in Table 1. The VLC section was first
simulated using Analog Devices LTspice XVII [21] to verify
the circuit functionality and the PCBwas designed byKiCAD
EDA package version 5 [22]. A photograph of the integrated
hybrid antenna is shown in Fig. 3 with the key components
highlighted as well as antenna size.

III. RESULTS AND DISCUSSION
A. MEASUREMENT OF THE mmW ANTENNA
The normalised simulated and measured radiation patterns
and the matching of the mmW antenna are shown in Fig. 4,
where a very close agreement can be observed. Note that, the
side-lobes in the E-plane have a higher magnitude than those
in the H-plane, which is attributed to the surface waves in the
substrate. However, the side-lobes can be reduced by various
means, e.g., (i) decreasing the thickness of the substrate;
(ii) reducing the relative permittivity of the substrate; or
(iii) adding a metallic rim around the antenna [23], [24].

FIGURE 2. VI and LI plots of the used LED. The selected LED’s bias points
are marked on the plots.

However, the downside will be the mechanical stability, the
fabrication cost and complexity of the antenna. Note that, for
the main lobe the simulated and measured gains are 11.8 and
10.5 dBi, respectively at the 20.8 GHz operating frequency.
Note that, the simulated cross polarization result shows a low
level (i.e., < −40 dB) along broadside direction.

As shown in Fig. 4(b), the measured centre operating fre-
quency is 20.8 GHz with a relative −10 dB bandwidth of
3.3% (note, the simulated bandwidth is 3%). The marginal
differences are attributed to the manufacturing tolerances of
the components used and the fact that the catalogue value was
used for the substrate permittivity in simulations. Finally, the
simulation model depicted in Fig. 1(b) shows the embedded
microstrip antenna in a simplified model of the overall hybrid
board. Clearly, the metal surface of the VLC board has a
negligible impact on the antenna array and its performance.

To properly evaluate the fabricated hybrid antenna in a real
communications system, we carried out two sets of measure-
ments. The 1st and 2nd set of measurements were focused on
the performance (i.e., bandwidth and crosstalk) of the mmW
and VLC links in parallel, in a laboratory-controlled envi-
ronment mimicking an outdoor vehicle-to-vehicle communi-
cation, respectively. The 802.11p defined channel does not
apply here since the standard defines channels at 5.9 GHz due
to the short transmission link length of 2 m, which is a typical
distance between vehicles in urban areas. In such cases, the
line-of-sight is considered to be the dominant transmission
path for both VLC and mmW links.

B. VLC LINK
Here, we have used two hybrid antennas spaced apart
by 50 cm and measured the Q-factor of the received signal
at one antenna at a data rate of 10 Mbps under a dark envi-
ronment. The measuredQ-factor as a function of the data rate
for a single and multiple LEDs is depicted in Fig. 5(a) along
with the horizontal lines equivalent to the Q-factor for the
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FIGURE 3. Fabricated hybrid VLC/mmW antenna: (a) front side and
(b) back side. Circle and rectangle show LEDs and PDs, respectively.

BER values of 3.8 × 10−3 (i.e., the forward error correction
BER limit) and 10−6. Due to the short distance (i.e., 105 mm)
between the LEDs mounted on the PCB, the maximum phase
difference between the received signals from any LEDs at a
data rate of 10 Mbps is ∼ 1.3

◦

, which is small and thus can
be neglected. As shown in Fig. 5(a), the maximum relative
difference between the Q-factor of one LED and multiple
LEDs is 30%. In another test, we carried out an experiment
for the link where the VLC Tx of one antenna was fed by a
randomOOK signal while the Rx was receiving a signal from
a separate light source. We carried out the measurement with
and without the low pass filter (LPF) for the data rate in the
range of 1 to 10 Mbps, see Fig. 5(b). What we observed was
that, for the case with no LPF, the sudden switch toggle of the
Tx resulted in power line voltage drop. On the other hand, the
Rx circuit with a feedbacked amplifier stage (e.g., the TIA

FIGURE 4. Simulation and measurements for the mmW part (Section
III.A: Measurement of the mmW antenna): (a) the radiation pattern for E
and H planes. Cross polarization in the E-plane is < -80 dB and is not
visible in the graph; and (b) the matching (simulated and measured) for
the fabricated hybrid antenna.

section) is affected by this supply voltage drop, thus resulting
in a damped ringing signal with the frequency of 78.8 MHz
embedded in the output of TIA. This unwanted signal cou-
pling can be removed by fabricating the circuit on multilayers
PCBs with dedicated power planes, decoupling capacitors on
the power lines and power pins of the components. However,
since the ringing frequency is out of the VLC/mmW signal
frequency range, we simply used an LPF at the output of the
TIA. Note that, using the via stitching technique on the PCB
we have increased the isolation between the Tx and the Rx
sections.
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FIGURE 5. (a) The Q-factor as a function of the data rate for the hybrid antenna with a single LED and all LEDs (Section III.B: VLC test) and for the BER
values of 3.8 × 10−3 and 10−6. Also shown is the performance of VLC Tx over a 2 m link (Section III.C: hybrid VLC/MMW antenna implementation in a
real system). (b) Standard deviation versus the data rate for theRx output voltage before and after LPF (Section III.B: VLC test).

FIGURE 6. A block diagram of the experimental setup for the hybrid VLC/mmW antenna under the real system test environment.

C. HYBRID VLC/mmW ANTENNA IMPLEMENTATION IN A
REAL SYSTEM
Finally, we carried out measurements for both links being
active over a 2 m long transmission link using the block
diagram illustrated in Fig. 6. The VLC Tx was fed with a 105

bit long pseudorandom binary sequence (PRBS) signal using
a waveform generator (Teledyne T3AWG3252). In order to
properly quantify the Tx performance, the VLCRx included a
Fresnel lens (diameter and focal length of 63mm and 6.6mm,
respectively) and an optical Rx (Thorlabs APD430A2/M).
The electrical signal was captured using a real-time sam-
pling storage scope (LeCroy Waverunner 640Zi) for further

offline processing. Here, we also measured the Q-factor of
the received signal for a range of data rates, see the pur-
ple curve in Fig. 5(a). For the 2 m case, we notice an
unexpected peak in the plot, which is simply caused by
frequency response of the optical Rx. The optical Rx has
a low cut-off frequency acting as a high pass filter, thus
the increase of the Q-factor for frequencies below 4 MHz.
However, as frequency increases the LED frequency response
become the dominant factor, which leads to deterioration of
the circuit performance. The peak at around 3 to 4 MHz is
expected, which coincide with the frequency range of the
white LED.
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FIGURE 7. Measured EVM of mmW link over 2 m experimental setup for
different digital mmodulation schemes link (Section III.C: hybrid
VLC/mmW antenna implementation in a real system).

As for the mmW section, the antenna was fed by a
20.8 GHz RF signal. Here, binary phase shift keying (BPSK),
quadrature phase shift keying (QPSK), 16- and 64-QAM
at the symbol rates in the range of 1 to 100 Mbaud were
used. The signals were generated using a signal generator
(R&S SMW200A), and then up-converted to the desired fre-
quency using a mixer and carrier generator (R&S SMF100A)
followed by amplification using a low-noise RF amplifier
(Analog Devices HMC1131). Similar to the VLC section,
to appropriately qualify the antenna performance, a double
ridged horn antenna (DRH40 – RFspin, s.r.o.) with a gain
of 14 dBi at 20.8 GHz was used at the Rx. The evaluation of
the received signal in terms of the received electrical power
and the error vector magnitude (EVM) using a signal analyser
(R&S FSW) is illustrated in Fig. 7. As can be observed, with

FIGURE 8. Detailed diagram of the coupling network of RF antenna.

FIGURE 9. a) Tx switching circuit blockdiagram, and b) Rx
transimpedance amplifier (TIA) circuit blockdiagram.

no equalisation and using multi-level modulation techniques,
the hybrid antenna offers the minimum data rates of 5 Mbps
and 50 Mbaud for VLC and mmW, respectively, which is
sufficient for low-data rates applications such as vehicular
communications. Moreover, our investigation demonstrated
the operation of the proposed hybrid antenna for the following
cases: (i) parallel transmission of VLC and mmW at a data
rate of 5 Mbps; (ii) mmW and VLC serving as the default
and backup links with data rates of 50 Mbaud and 5 Mbps,
respectively; and (iii) mmW and VLC operating depending
on the channel conditions, where for a clear channel the data
rate could exceed 50 Mbaud.

IV. CONCLUSION
We proposed a hybrid VLC/mmW antenna featuring illu-
mination, and data transmission for use in vehicular com-
munications. The paper outlined the new design of mmW
antenna and the supporting Tx and Rx circuits for VLC. First,
we assessed the characteristics of VLC and mmW sections
individually and then evaluated the performance of the pro-
posed antenna in a mimicked real scenario by measuring the
Q-factor and the EVM for VLC andmmW links, respectively.
The results showed that, the minimum data rates of 5 Mbps
and 50 Mbaud for VLC and mmW, respectively are perfectly
achievable. Our measurement showed that, a BER of 10−6

and an acceptable EVM value for VLC and mmW links for
each modulation scheme, respectively. Therefore, we showed
that the proposed hybrid antenna can provide reliable VLC
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TABLE 2. Fabricated VLC transceiver parameters.

and mmW links (i.e., illumination and data transmission) in
future vehicular communications.

APPENDIX
RF ANTENNA
The detailed dimensions of the coupling network from
Fig. 1(a) is presented in Fig. 8.

VLC TRANSCEIVER
Fig. 9 shows the circuit diagram of the VLC Tx and Rx while
Table 2 summarises the used components values.
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