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Jun Liao, Member, IEEE, Juan Zeng, Member, IEEE, Shengling Deng, Member, IEEE, Anatoliy O. Boryssenko,
Valencia M. Joyner, Member, IEEE, and Zhaoran Rena Huang, Member, IEEE

Abstract—This paper reports the design, fabrication, and
testing of a compact radio-frequency (RF)/ free space optical
(FSO) dual mode wireless communication system. A modified
split dual-director quasi-Yagi antenna is integrated with optical
transmitter and receiver by sharing layout structural components.
Bare die vertical-cavity surface-emitting laser (VCSEL) and P-i-N
photodiode (PIN) are placed on antenna director pads and wire
bonded to printed circuit board (PCB)-mounted laser driver and
transimpedance amplifier (TTIA) circuits. Detailed analysis of cou-
pling between RF channel and associated electrical connections
for the FSO channel is presented using commercial simulation
tools to predict its impact on link degradation. Although crosstalk
appears between RF and optical channels, the prototyped system
demonstrated dual-mode high-rate communication capability
with measured 2.5 Gb/s data rate in FSO link. Variations in RF
subsystem features due to coupling from the FSO subsystem is
estimated through radiation pattern measurement using near-field
scanner.

Index Terms—Dual mode communication, free space optics, hy-
brid packaging, quasi-Yagi antenna, signal integrity.

I. INTRODUCTION

YBRID wireless communication systems, combining
free space optical (FSO) and radio-frequency (RF) trans-
mission, will play a key role in providing future-generation
networks with increased data capacity, agility, and reduced
power consumption, size, and cost. In the past few years, ex-
tensive work has been done to exploit the network connectivity,
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routing, and coding of communication channels [1]-[5] for
hybrid RF-FSO networks. However, the hardware development
of a fully integrated communication module that supports dual
RF and FSO communication channels is still at its infancy.
This paper presents the first attempt, to our knowledge, within
the realm of packaging research to explore shared functional
on-PCB components by both optical and RF elements.

Assembly of discrete components, monolithic integration,
and hybrid packaging are the major packaging approaches
at present. The assembly approach involves placement of the
optical components and circuits in front of the RF antenna. The
RF and free space optics share the same lens system for beam
focusing [6]. Since the wavelength of the electromagnetic (EM)
carrier for RF channel is much larger than the dimension of the
optical elements, the blocking by the optical elements to the
EM wave for the RF channel is negligible. The drawback of this
approach is that the RF/optical (RF/opto) module is bulky in
size, and typically not suitable for planar antenna system. There
are a few variations of this packaging scheme. For example,
the optical component and the RF antenna can also be placed at
different locations on a printed circuit board (PCB) without a
shared lens system [7]. In recent years, monolithic integration
using a CMOS-compatible process has become an attractive
alternative packaging approach to realize RF functions on the
same chip with FSO devices [8]-[12]. Single-chip radio solu-
tions featuring on-chip integrated zigzag dipole and resonant
cavity antennas have been demonstrated [13]. However, there
are two fundamental technical challenges intrinsic to this ap-
proach. First, large surface real estate is required for integrated
on-chip antennas because the dimension of an antenna is on
the same order as its free-space radiated wavelength, i.e., from
a few centimeters at X-band to several millimeters at Ka-band
and so on. Second, the antenna radiation efficiency is low due
to the high loss tangent of the silicon substrate material as well
as excitation of dissipative substrate modes.

Hybrid packaging is an alternative packaging scheme which
utilizes a low loss tangent insulating substrate for the fabrica-
tion of antenna structures while the remaining circuit and op-
tical elements are fabricated on a semiconductor substrate. In
this paper, a new hybrid packaging approach is explored where
the optical elements and RF microstrip antenna share common
metal pads. A modified quasi-Yagi antenna with split director on
Duroid board is adopted as the baseline antenna structure. The
optical elements, namely photodetectors and laser diodes, are
bonded to the antenna director pads. Hence, the metal pads play
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dual-roles in this packaging approach: supplying dc power and
high-speed data signals to the optical devices, and directing the
radiation of the EM wave for the RF communication channel.
This novel approach gives rise to a new concept in packaging re-
search towards miniaturization of electronic systems. One chal-
lenge of the RF/opto module using the new packaging approach
in this paper is EM coupling between the metal structures asso-
ciated with RF components and the optical elements. This effect
and its system impact are explored in detail in this paper.

The proposed packaging scheme is used to prototype a com-
pact hybrid RF/opto dual mode transceiver on Duroid (RT 6010)
substrate commonly used for RF PCB designs. The RF/opto
transceiver module is designed to achieve simultaneous opera-
tion of both RF and FSO communications with minimum inter-
ference between data transmitted on the RF and FSO channels.
A datarate of up to 2.5 Gb/s for the FSO channel is demonstrated
by the RF/opto module. This paper is organized as follows.
Section II reports the fabrication and assembly of the RF/opto
module. Section III presents and analyzes the performance of
the RF channel of the RF/opto module. Section IV analyzes the
signal degradation of the optical channel due to RF power cou-
pling caused by sharing structural components. Section V re-
ports the demonstration of an end-to-end dual-channel wireless
RF and FSO links established between two packaged RF/opto
modules.

II. RF/FSO DUAL MODE TRANSCEIVER PACKAGING

A. Design of Split Dual-Director Quasi-Yagi Antenna

For the convenience of optical device integration, an antenna
fabricated on a high permittivity substrate is preferred for
the RF/opto transceiver module. A quasi-Yagi antenna was
chosen for this work. The original quasi-Yagi antenna, shown
in Fig. 1(a), is a broadband, high front-to-end ratio antenna
that has maximum gain in the forward direction along the
substrate plane [14]. The quasi-Yagi antenna consists of a
transmission line feed, a balun, a coplanar strip line, a dipole
drive, a director, and a ground plane reflector at the backside
of Duroid substrate. The RF signal is fed through the SMA
connector at the end of the antenna board. A power splitter
follows the transmission line and divides the RF power into two
parts to form a balun, which converts the unbalanced (common
mode) microwave signal from transmission line into balanced
(differential mode) feed mode. The RF signal passing through
the coplanar strip line arrives at the dipole delta-gap feed
point and radiates through the current-fed half-wave dipole.
To get high radiation efficiency, the half-wave dipole should
be fed with a balanced line to match the 73 {2 impedance of
the antenna obtained theoretically. If a balanced antenna is fed
with an unbalanced feeder, the common mode currents can
cause the coplanar strip line to radiate in addition to the dipole
element; thus the radiation pattern will be distorted. For the
quasi-Yagi antenna of this work, as the transmission line carries
unbalanced signal from the signal generator, the coplanar strip
line and the dipole will receive unbalanced current if no balun
is presented. Therefore, the balun is designed to introduce a
180° phase shift between the two arms of coplanar strip line.
Balanced current signal is created and fed into dipole radiation
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Fig. 1. (a) Photo of conventional quasi-Yagi antenna with partial ground con-
ductor at the bottom. (b) Modified split dual-director quasi-Yagi antenna with
partial ground conductor at the bottom.

element. The balun also provides an impedance match between
the transmission line and coplanar strip line. The width of the
balun line is optimized by full wave simulation. The director
serves as the second passive radiation element. In order to
package both photodetectors and optical emitters (i.e., laser
diodes or light emitting diodes) on the antenna director pads,
in this research, a modified quasi-Yagi antenna with splitting
directors is explored. As shown in Fig. 1(b), the new design of
the quasi-Yagi antenna has two rows of split-directors, which
are served for dual functions: metal pads for the attachment
and wire bonding of the photodetectors and laser diodes, and
resonant structures for EM wave radiation of the RF channel.
The photodetectors and laser diodes are attached to the split-di-
rectors. The detailed analysis of the split-director antenna will
be discussed in the next section.

Other novelty introduced in the design is alteration of the
antenna direction of maximum radiation which is normally
pointed along the antenna axis from the feed towards the aper-
ture. In this design, the antenna provides unilateral radiation
normal to its board surface because the antenna board is stacked
above the major system PCB with the bottom ground conductor
that alters the antenna beam. This allows integrating the RF
and FSO front-ends and aligning the directions of optical and
microwaving radiation. However, certain degradation of the
antenna electrical features takes place [19] that is acceptable
for the purpose of this study as further shown.

The split dual-director quasi-Yagi antenna is fabricated on
a Duroid (RT 6010) board, which is constituted primarily of
Polytetrafluoroethylene (PTFE) ceramic covered with rolled
copper of 17 pum thickness. The Duroid substrate has a high
dielectric constant (¢,, = 10.2) and low loss tangent (0.0023 at
10 GHz). The thickness of the Duroid board is 0.635 mm. We
first patterned the front side of the quasi-Yagi antenna using
photolithography process. Kapton tape is used as an etching
protection mask to cover the back side of the Duroid board
corresponding to the ground plane. Next, the copper on the
Duroid board is etched using Ferric Chloride PCB etchant. Fi-
nally, an end-launch SMA connector is soldered to the antenna
transmission line feed. More details about the fabrication have
been reported in an earlier publication [15].

B. Assembly of Optical Components Onto Antenna Board

For the FSO link, a vertical-cavity surface-emitting laser
(VCSEL) and a P-i-N photodiode (PIN) pairs are chosen to
construct the end-to-end FSO transmitter and receiver due to
their potential to expand to large arrays. In our design, we use a
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Fig. 2. Photo of the RF/FSO transceivers: (a) Packaging of VCSEL to trans-
mitter board. (b) Bonding wire on VCSEL. (c) Packaging of PIN to transmitter
board. (d) Bonding wire on PIN. (e) RF/opto transmitter board and (f) RF/opto
receiver board.

bare die GaAs VCSEL (Optowell SM85-2N001) with emission
at A = 850 nm, and a PIN (Optowell SP85-3N001) to establish
a high data rate optical link. Both VCSEL and PIN are 200
pm in height and have p-contact on the top surface and N
contact at the bottom of the die. The die size is 300 x 300 pm?
for the VCSEL and 250 x 250 pum? for the PIN, respectively.
The VCSEL and PIN are attached to the antenna director
pads by conductive epoxy adhesive (Resinlab SEC 1233). The
epoxy is silver filled with two component curing, providing
exceptionally high conductivity (0.0003 €2-cm). The two com-
ponents, base resin and catalyst, are mixed with 1:1 ratio in
room temperature. A small droplet, ~ 200 pm in diameter,
is placed on the antenna director pad for the attachment of
optical elements. First the VCSEL and PIN are placed on the
epoxy drop, and then are cured in an oven at 60 °C for 1 h. The
VCSEL is placed at the upper-left director and its p-contact is
connected to the lower-left director by 1-mil gold wire bonding,
shown in Fig. 2(a) and (b). PIN is placed at lower-left director
and its p-contact is wire bonded to the upper-right director in
Fig. 2(c) and (d).

C. Integrated RF/FSO Module

The antenna on Duroid board with the assembled laser diode
and the photodetector is attached to a multi-layer FR4 PCB
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using epoxy adhesive (Loctite Hysol 608), on which the laser
driver and transimpedance circuits are assembled. We prepared
two packaged Duroid/PCB boards. One is the antenna board
attached with laser diode and mounted on a PCB containing
laser driver circuits, referred to as RF/opto transmitter board
thereafter and shown in Fig. 2(e). The other one is the antenna
board with photodetector packaged on the PCB with the tran-
simpedance amplifier circuits, which is referred to as RF/opto
receiver board thereafter and shown in Fig. 2(f). It is noted that
the antenna is a RF component which can be used to broad-
cast EM wave and receive EM wave for the RF communication
channel using standard RF measurement devices connected to
the SMA antenna ports. The RF transceiver design itself is not
included in this study.

Silver coated copper wires (UBA 3219) are used to electri-
cally connect the antenna director pads to the optical circuit
components as pictured in Fig. 2(a) and (b). The diameter of
the wire is 0.25 mm and linear resistance is 0.5 £2/m. The lateral
distance from antenna director pads to the PCB bonding pads is
1 mm. As there is 0.635 mm height difference introduced by the
Duroid board, the total wire length is estimated to be 1.2 mm.
The inductance of the wire-pair is calculated using a twin lead
transmission line model [16]

oo o
Lwire—pair ~
™

14
2a

cosh™

ey

where d is the distance between the two wires, a is the wire
radius, pg is the absolute permeability and p,. is the relative
permeability. For our case where d = 1 mm, ¢ = 0.125 mm
and p,- = 1, the calculated inductance is 1 nH. This inductance
defined by (1) and capacitances associated with electrical leads
and metal pads are shown to cause the degradation of optical
signal integrity, which will be analyzed in detail in Section V.

On the RF/opto transmitter board, the high-speed current
switch laser diode driver (Micrel SY88922V) is used to drive
the laser diode. Utilizing the high-performance bipolar tech-
nology, the laser diode driver can operate up to 2.5 Gb/s with
only 74 ps rise time and fall time. The modulation current is
controlled by the bias current through the external resistor with
a capability of driving a peak current of 30 mA. By tuning
the external resistor for the modulation control, the output
modulation current is varied linearly, which enables the best
performance of the laser diode. With the supply voltage of 3.3
V, the differential output of the laser diode driver is modulated
by the differential input pseudo-random bit sequence (PRBS)
data with the desired current amplitude. The photograph of a
packaged RF/FSO transmitter is shown in Fig. 2(e).

On the RF/opto receiver board, a transimpedance amplifier
(TTIA) MAX3864 is mounted to amplify the single-end pho-
tocurrent signal from the photodetector to a differential output
voltage for measurement. With a single 3.0 V supply voltage
and 0.85 pF source capacitance, the TIA achieves 2.0 GHz band-
width, dynamic range of —24 dBm to 0 dBm and input-referred
RMS noise as low as 490 nA. Therefore, it provides good per-
formance when operating at bit rates up to 2.5 Gb/s. The photo-
graph of the packaged RF/opto receiver is shown in Fig. 2(f).
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Fig. 3. CST model of split dual-director quasi-Yagi antenna.

III. RF WIRELESS CHANNEL DESIGN, MEASUREMENT,
AND ANALYSIS

A. Modified Split Dual-Director Quasi-Yagi Antenna

The modified split dual-director quasi-Yagi antenna, which
evolves from the log period dipole antenna (LPDA), is devel-
oped to meet the multi-functional requirements of our system.
LPDA is inherently a broadband, multi-element, unidirectional
antenna that can retain its electrical characteristics relatively
constant over a wide range. For the antenna used in a hybrid
RF/FSO system, it should not only exhibit broadband high
gain radiation characteristics but also have a structure that is
suitable for optical element assembly. Normally, LPDA con-
sists of several dipole elements which are of different lengths
and spacing to provide a 180° phase shift between alternating
elements. However, for the convenience of optical element
assembly, the directors in the modified antenna presented in
this work have the same length and only the antenna driver
is fed with differential signals. As the dipole driver radiates,
the current will be induced in split dual-director. The con-
ductor-split structure might support additional resonance and
therefore broaden the overall bandwidth. These resonances
are determined to the director dimensions, spacing between
directors, and the nearby optical circuits. As we will discuss
later in Sections IV and V, when optical device is assembled on
one of the directors, and wire bonded to the other director, there
is a current flowing through the bonding wires. This antenna
induced current presents as a noise source to the optical signal.
The amplitude of the current noise is studied using full wave
simulation and verified by experimental measurement.

CST microwave studio is used to optimize the dimensions
of the split dual-director pads. The simulation model used for
the RF/FSO packaging is shown in Fig. 3. In the designed an-
tenna version, the primary microstrip transmission line has an
impedance of 50 €2 to be used with a standard SMA connector.
This impedance is provided due to microstrip conductor dimen-
sions of 0.6 mm in width and other parameters of the selected
Duroid substrate discussed above. The split dual director and
ground plane reflector at the bottom are designed to guide the
antenna radiation. The modified antenna possesses the favor-
able property of the original one, such as high gain and broad
bandwidth, but the radiation perpendicular to the antenna board
plane is enhanced. This is done to match alignment of RF and
FSO channels since vertical emitting laser diodes are used for
the FSO channels.
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Fig. 4. Return loss of modified split dual-director quasi-Yagi antenna.
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Fig. 5. Radiation pattern test setup in anechoic chamber.

By adjusting the parameters L.; ~ L, the return loss is mini-
mized in a wide band around 10 GHz with moderate broadband
gain. The final design parameters (Fig. 3) are L; = 1.7 mm,
Ly =0.5mm, Ly = 2.4mm, Ly, = 0.6 mm, and L5 = 0.5 mm.
The remaining parameters for the antenna balun and primary
dipole radiator are the same as reported in [14].

The modified split dual-director is fabricated according to the
process described in Section II. Both the return loss and radi-
ation pattern are measured before the assembly of the optical
components.

Return loss of the antenna is measured by a network analyzer
(Agilent 8510 C). As shown in Fig. 4, the modified antenna
demonstrates low return loss at 10 GHz and has wide bandwidth
in the X band. In addition, a good agreement between measured
and predicted return loss is demonstrated in Fig. 4 to validate
the employed design approach.

The radiation pattern of the antenna is measured by using a
planar near-field scanner from Near Field System, Inc. (NSI) to
sample the complex EM field which will be later converted to
the far-field antenna radiation using the Fourier transform tech-
nique. The test setup is shown in Fig. 5. The split dual-director
antenna under test is mounted on the top of the vertical arm of
a wooden fixture. An open-waveguide probe antenna is placed
6 in apart in front of the test antenna aperture. The open-wave-
guide probe scans mechanically in a 22 in x 22 in area witha 0.5
in sampling step to record the amplitude and phase information
of the EM fields at each sampling point. The open-waveguide
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Fig. 7. Far field radiation pattern when VCSEL is (a) on and (b) off.

probes measure co-polarization first and then rotates to 90° to
measure cross-polarization at each sampling point. The whole
scan area and both measured orthogonal field components fol-
lowed by a probe compensation procedure enable deriving the
antenna far-field pattern in a wide spatial cone [17], [18].

Having the measured near-filed and using the Fourier trans-
form enable computation of the E- and H-plane sections of the
far-field radiation patterns as plotted in Fig. 6. For the modi-
fied split dual-director quasi-Yagi antenna, the measured elec-
tric field amplitude of the co-polarized principal component is at
least 10 dB larger than that of cross-polarized field component.
This level of polarization purity is sufficient for the purposes of
this study.

B. Testing Antenna on Transmitter Board

To evaluate how the coupling between RF and optical cir-
cuits that share the same on-PCB space and components affect
antenna performance, we measure the radiation pattern of the
antenna on the RF/FSO transmitter board. There is no notice-
able change in radiation pattern when optical transmitter is on
or off (Fig. 7). However, it is observed that the E-plane far field
pattern of the antenna on the transmitter board degrades con-
siderably (Fig. 7) compared with a single antenna without the
optical transmitter (Fig. 6). The degradation is mainly due to
the difference in electromagnetic environment for the single an-
tenna and the same antenna integrated to the transmitter board
[Fig. 2(c)]. In particular, there are several wiring terminals in
close proximity to the antenna radiating structure that have con-
nected wires laying parallel to the antenna principal E-plane po-
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Fig. 8. Far field pattern of antenna on receiver board when PIN is (a) on and
(b) off.

Optical Ports

> Bonding Wires

Optical Ports )

Fig. 9. Ansoft HFSS simulation model of the split dual-director quasi-Yagi
antenna to predict coupling between the antenna driving port and four assigned
optical ports. The coupling is modeled by the 5 X 5 complex scattering matrix.

larization. As a result, the antenna electrical field becomes dis-
torted being coupled to the nearby wires and so on. This un-
wanted effect will be tolerated in future studies by employing
better on-board layout to minimize the pattern distortions.

C. Testing of Antenna on Receiver Board

For the antenna on the receiver board, the degradation in ra-
diation pattern, as shown in Fig. 8, is not as prominent as that
on the transmitter board. The antenna electromagnetic environ-
ment of this board is less affected by the nearby components
of the optical circuits compared to the transmitter board. Also,
there is no noticeable change of radiation pattern when PIN is
turned on or off.

IV. SIMULATION OF COUPLING FROM RF TO OPTICAL LINK

As the optical front-end transceivers are placed in the vicinity
of the antenna printed conductors and share common structural
components with the antenna, there is a leakage of RF energy
into FSO link and vice versa. This phenomenon might lead to
operational complications and needs to be explored in details.
For this, we use the Ansoft HFSS modeling tools to analyze
coupling between the antenna feed port and optical ports as-
signed on the split directors of the quasi-Yagi antenna (Fig. 9).
The optical ports provide electrical connection between the ex-
ternal edges of the pads (antenna directors) and nearby bottom
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Fig. 10. Ansoft HFSS predicted coupling in decibels between the antenna port
and four optical ports which are formed for the split antenna directors used also
as the optical component pads. Different plot colors are used for different port
combinations for all four optical ports.

(system) ground. Bonding wires are also added to the computer
model to support electrical connection required for optical ac-
tive components placed on the pads. Collectively, such ports and
wires form the closed ac and dc signal paths. This level of de-
tails is sufficient to predict the EM coupling effects.

In this model, the simulated return loss is very similar to that
in Fig. 4 computed with the CST Microwave Studio software
and is not shown here. Electromagnetic coupling appears be-
tween the RF and optical ports in the structure shown as in
Fig. 9 because of the shared onboard structural elements used
simultaneously as the antenna directors and optical circuit pads.
The computed magnitude of EM coupling, which is observed
between the antenna port and four optical ports, is plotted in
Fig. 10 with respect to the 50 €2 reference impedance. Specifi-
cally, the coupling approaches the magnitude of 15-20 dB in the
antenna operational band around 10 GHz for the simulated lay-
outs pictured in Fig. 9. This estimated coupling level might ap-
pear as negligible in the case of optical transmitters but it might
exhibit a perceptible effect in the optical receiver as studied in
Section V. In particular, the estimated coupling in Fig. 10 al-
lows evaluation of signal distortions in dual mode RF-optical
links when a week optical received signal is parasitically cou-
pled to a much stronger RF transmit signal and vise versa.

V. MEASUREMENT OF FSO LINK

A. Optical Transmitter on Antenna Board

To investigate experimentally the electromagnetic coupling
between the RF and optical circuits, the optical transmitter is
tested first. The setup for transmitter measurement is shown
schematically in Fig. 11. A pulse pattern generator (PPG,
Anritsu MP1800A) is connected to the RF/opto transmitter
board by SMA cables. A 2.5 Gb/s 27 — 1 PRBS signal is fed
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into the laser driver circuit to modulate the VCSEL. VCSEL
optical emission is collimated by a lens with 5 mm focal length.
Through an objective lens, the beam is then coupled into a mul-
timode fiber on a precision fiber launch system. A high-speed
commercial receiver (F425S17485 Small Form Factor Plug-
gable transceiver module) is connected to the multimode fiber
to detect the received optical signal. The differential receiver
output signal is viewed on a digital sampling oscilloscope
(Agilent DCA-J 86100C).

The antenna EM time-varying fields induce unavoidably cer-
tain current in the optical circuits because of the sharing of struc-
tural components as revealed in Section IV. Furthermore, the
simulation from CST microwave studio shows that the ampli-
tude of the induced current is ~ 2.5 A when the antenna fed
power is 30 dBm. For the optical transmitter in our system, the
VCSEL modulation current is set to 6 mA by the laser driver
circuit. Typically, the antenna fed in power is much less than 30
dBm for a line-of-sight (LOS) operation. Therefore, the simu-
lation results suggest that the antenna radiation will not affect
the transmitter performance even though the VCSEL is placed
in the near field of the antenna and the sharing of the antenna di-
rector pads. To verify the simulation, we test the eye diagram of
the FSO link when the antenna is turned off, and turned on with
a feed power of 14 dBm for CW signals. As shown in Fig. 12,
no noticeable change in eye diagram is observed between the
two scenarios, thus validating the simulation results.

However, parasitic inductances and capacitances associated
with electrical leads, packaging, and laser diode cause degrada-
tion in the high frequency characteristics of the optical trans-
mitter waveform. Such parasitics imposes constraints on the
maximum achievable data transmission rate. To evaluate the ob-
served ringing behavior in the laser driver output waveform,
a simplified second-order response output circuit is shown in
Fig. 13. The capacitance C,; includes the capacitance associ-
ated with the laser driver circuit output pin, Lypnq is the bond
wire inductance connecting the Duroid board to the PCB, and
the laser diode is approximated by a parallel Rp, Cp equiv-
alent circuit. The simulation by Ansoft Maxwell 2-D reveals
that the capacitance between two antenna director pads is about
18.61 pF and the capacitance between bonding wires is about
7.67 pF. These two component value are included in Cp. The
capacitance of bonding pads on PCB is 9.18 pF, which is in-
cluded in C, ;. As the LD modulation current switches, a slowly
decaying ringing response is present in the drive current wave-
form. The resonance frequency of the series LC circuitin Fig. 13
is given by

1
fo=—F——=— @

LionaCouiCp
2y HENEE
Based on reported component values from device datasheets
and simulations, the resonance frequency is approximately
1.75 GHz and decreases as the bond wire inductance increases.
The measured transient output waveform of optical transmitter

at 1 Gb/s is shown in Fig. 14. The ringing effect appears as
predicted by theoretical calculation. To minimize the signal
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Fig. 11. Block diagram of optical transmitter test setup.
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Fig. 12. Measured eye diagram at 2.5 Gb/s when antenna is (a) turned off and
(b) fed with 14 dBm CW signal.
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Fig. 14. Transient waveform of optical transmitter at 1 Gb/s.

distortion, capacitive structure such as metal pads and long
bonding wire pairs need to be revised in future design.

B. Optical Receiver on Antenna Board

For the optical receiver testing, the setup is shown in Fig. 15.
A commercial optical transmitter (F425S17485 Small Form
Factor Pluggable transceiver module) is used to generate the
optical transmitter signal, which is driven by a 2.5 Gb/s 27 — 1
PRBS signal from the PPG. The laser beam is coupled into
a multimode fiber and routed to the PIN photodiode through
a fiber probe. The RF/opto receiver board detects the optical
signal and converts it into a differential voltage signal that is
finally displayed on the oscilloscope.

As the antenna induced current flows along the same path as
the photocurrent does, the noise current will be amplified by the
TIA. From the datasheet, we know that the transimpedance of

TIA is 2.75 k€2 in linear region and the responsivity of the PIN
is 0.6 A/W. If all the power from VCSEL (1.5 mW) is collected
by the PIN diode as for ideal case, the photocurrent at the PD
is 0.9 mA. In this case, the noise current is much smaller than
the photocurrent. However, when the optical link is not perfectly
aligned, the collected power is smaller than the ideal case; there-
fore the noise can be comparable to the signal. For example,
if the noise current is 2.5 pA at TIA input, the noise voltage
at TIA output will be 6.875 mV. This noise is not negligible
when the light collected by PIN diode is small. To experimen-
tally demonstrate the effect of antenna induced current noise,
we tested the receiver board when the optical power collected
by PIN is ~ 50 s W. From the transient output waveform shown
in Fig. 16(d), it is observed that noise voltage is comparable to
signal.

We use a simple link model [Fig. 17(a)] programmed by
Matlab to quantify the mutual coupling phenomenology in
the case of receivers. The Matlab model composes of several
computational modules. First, two signal sources are calculated
including PRBS [Fig. 17(b)] and a random-phase continues
wave (CW) signal. Then, both signals are summed with a
weight (W) that depends on the level of inter-channel coupling.
Finally, the eye diagram of the resulted signal is computed. The
Matlab model employs the level of electromagnetic coupling
computed through full wave EM simulations in Section IV. We
utilize the 27 — 1 PRBS optical signal transmitted at 2.5 Gb/s
rate which is the same as used for measurements with the op-
tical transmit and receiver boards. Further, a RF time harmonic
signal at 10 GHz is added to the PRBS test sequence as a
noisy signal component. The magnitude of the additive noise
signal corresponds to the predicted value of the inter-channel
coupling that is the weight W in Fig. 17(a) accordingly to the
Fig. 10, while its phase is set to random because the optical
and RF signals are presumably phase unlocked. A portion of
the transmitted 27 — 1 PRBS under such channel conditions is
plotted in Fig. 17(b). The eye diagram for the channel signal as
in Fig. 17(b) is depicted in Fig. 17(c) and indicates degradation
of the received signal.

The simulated data eye diagram [Fig. 17(c)] is in good agree-
ment with measured results for the same signal and bit rate in
the RF/opto receiver (Fig. 18). Besides, it is important to note
that the results in Fig. 16(d) and Fig. 18(d) are demonstrated for
the worst case regarding EM coupling to optical receiver. For
general applications, the antenna on the receiver board operates
in receiving mode and the RF power absorbed by the antenna
is much lower than 14 dBm; therefore the EM induced noise
should be minimal.

Degradation in the received signal waveform is also observed
due to the parasitic inductance and capacitances associated with
the equivalent circuit at the Duroid-PCB interface, connecting
the photodetector to the front-end TIA circuit. A similar circuit
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Fig. 15. Block diagram of optical receiver test setup.
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Fig. 16. Transient output waveform when antenna is (a) turned off and fed by
(b) 0 dBm, (c) 7 dBm, (d) 14 dBm CW signal.
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Fig. 17. (a) Schematic structure of Matlab lab for eye diagram modeling. (b)
A portion of the test 27 — 1 PRBS mixed with random phase time-harmonic
signals at the frequency around 10 GHz. (c) Computed eye diagram for (b).

to Fig. 13 is used to analyze the high-frequency behavior of the
optical receiver output. The observed ringing in the transient
response is at 1.2 GHz (Fig. 19).

C. FSO Link at 2.5 Gb/s

To demonstrate the feasibility of FSO communication under
antenna near field radiation, a RF/FSO dual mode transmitter-
receiver link is implemented. The transmitter and receiver are
both mounted on XY7Z translation stages for the purpose of
beam alignment. Two lenses with 25 mm focal length are used
to collimate and focus the laser beam. The separation between
the transmitter and the receiver board is 25 cm. For beam align-
ment, we first adjust the position of Lens 1 placed in front of the

(©) (d)

Fig. 18. Measured eye diagram for optical receiver at 2.5 Gb/s 27 — 1 PRBS

when antenna is (a) turned off or fed by (b) 0 dBm, (c¢) 7 dBm, (d) 14 dBm CW
signal.
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Fig. 20. Block diagram of FSO link test setup.

RF/FSO transmitter until the output beam is collimated. Next,
we adjust Lens 2 in front of the RF/FSO receiver to focus the
optical beam on the PIN. Finally, the position of the PIN is tuned
for maximum photocurrent signal. The block diagram of the test
setup is shown in Fig. 20.

In this setup, the RF signal is fed into the antenna on the
transmitter board while the antenna on the receiver board is con-
nected to a spectrum analyzer to measure the received RF power.
When the transmitting antenna is fed with 14 dBm CW signal
at 10 GHz, the received RF power is —14 dBm. As previously
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(a) (b)

Fig. 21. Measured eye diagram for FSO link at 2.5 Gb/s 27 — 1 PRBS when
antenna on transmitter board is (a) turned off and (b) fed by 14 dBm signal.

discussed, the antenna near field radiation has little effect on the
transmitter side and can be neglected on the receiver side if the
RF receiving power is small. Therefore, the coupling from RF
channel to FSO channel is negligible in this setup. The measured
eye diagrams when the antenna is turned off or on are shown in
Fig. 21. No noticeable change in the eye diagram is observed
when the antenna is on or off, validating the theoretical predic-
tion.

VI. CONCLUSION

An ultra compact RF/opto transceiver modular design is
developed for RF/FSO dual mode wireless communication rep-
resented by optical transmitter and receiver boards integrated
with PCB antenna. In this modular design, optical transceiver
front-end (VCSEL/PIN) is packaged with RF front-end antenna
with shared structural components. The split director of the
modified Yagi antenna serves as an electrical contact for the
VCSEL and PIN devices and as resonant structures for EM
radiation through the RF channel. Measurement of the antenna
radiation pattern reveals that the RF channel performance is
not degraded by the optical signal. Simulation and experi-
mental results suggest that the antenna near field radiation
has negligible effect on the optical channel performance. FSO
link transmission at 2.5 Gb/s in a 10 GHz RF environment is
achieved. However, the coupling from the RF signal to electrical
interconnections at the optical receiver is not negligible when
the received optical power is low. The parasitic inductance
and capacitances introduced by electrical connections at the
interface between the VCSEL/PIN devices and packaged laser
driver/TIA circuits introduce ringing in the transient signal. The
future study of this topic will focus on a fully integrated RF/opto
transceiver using bare die laser driver/TIA circuits flip-chip
bonded to the optoelectronic devices to minimize packaging
and electrical interconnection parasitics. In addition, compact
antenna structures, including microstrip patch antennas, will be
investigated for dual-mode transceiver integration.
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