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Abstract—This paper presents new results on integrated devices
for radio and free-space optical dual-mode communication. Two
novel hybrid packaging schemes using two different microwave
printed antenna designs are presented for the integration of
radio-optical front-end circuits on a planar compact printed
circuit board with shared electrical and structural components.
Full-wave electromagnetic (EM) simulations are presented for
antenna optimization to minimize EM interference between the
radio and optical circuits. A hybrid radio-optical package design
is developed, prototyped, and experimentally studied using a
modified quasi-Yagi antenna with split directors to form pads for
opto-electronic device integration. Dual-mode link connectivity
is investigated in simulations and experiments. A data rate of
2.5 Gb/s is demonstrated for the optical channel despite 15–20-dB
signal coupling between the optical and microwave circuits.

Index Terms—Antenna, dual-mode wireless communication, in-
tegration, optical receiver, optical transmitter, packaging designs.

I. INTRODUCTION

T HERE IS an increasing interest in hybrid communica-
tion systems to combine the advantages of radio and

optical free-space signaling for future communication and
network technologies with increased bandwidth, reduced
power consumption and cost, high adaptability to dynamic
operational environment, and other promising features [1]–[3].
Dual-modality imaging incorporating microwave and optical
sensors also represents a practical interest for biomedical
studies including early breast cancer detection [4]. To reach
such goals, new integration and packaging techniques must
be advanced to account for several orders of dimensional
discrepancy between antenna geometries, measured typically
in millimeters at microwaves, and characteristic sub-millimeter
dimensions of the active optical components. Several hybrid
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Fig. 1. Two printed antennas used for hybrid radio-optical packaging studies.
(a) Quasi-Yagi. (b) Microstrip patch. All dimensions are in millimeters.

integration approaches were demonstrated to solve this chal-
lenging problem by employing single-module and single-chip
designs [5]–[7].

Here we report results of ongoing multiuniversity research
efforts in the design, development, and testing of miniaturized
radio-optical transceiver modules for combined radio-optical
wireless communications. The research outcome will accelerate
deployment of sensor networks by providing agile and reliable
connectivity with long standby time and low manufacturing
cost. Two hybrid radio-optical packaging schemes are con-
sidered, which are based on two versions of the microwave
antennas: quasi-Yagi antenna [1], [8], [10] and microstrip patch
antenna [9], as shown with their major dimensions in Fig. 1.
These designs are tuned to operate around 11 GHz for a narrow-
band radio link and several gigabit per second data rates for an
optical link. Both designs are developed by taking advantage of
the dimensional difference between the microwave antenna and
optical front-end elements. Specifically, the optical elements
share some physical space with microwave circuits to minimize
the overall packaging area/volume and align directions of
optical and microwave radiation. Both designs with quasi-Yagi
antenna [see Fig. 1(a)], and microstrip patch antenna [see
Fig. 1(b)], are first analyzed in numerical simulations and then
designed, prototyped, and experimentally tested.

Coupling from the microwave circuits to the optical trans-
mitter and receiver front-ends is important in the view of
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signal transmission integrity issues due to shared on-board
space. Unlike optical modulators that are controlled by electric
signals such as Mach–Zehnder modulators [14], the research
described here is aiming to create a module to support two
separate wireless channels: radio and optical free-space links.
It is predictable that the electric signal/power is coupled into
the optical subsystem because of packaging in a very tight
space with shared structural components. This phenomenon is
observed through numerical simulation, namely, commercial
full-wave solvers including Ansoft High Frequency Structure
Simulator (HFSS) and CST Microwave Studio. By careful
design, as shown in this paper, the mutual coupling between
the microwave and optical front-end circuits is minimized. It is
especially lowered in the case of the microstrip patch assembly.
The predicted impact of mutual coupling and link performance
degradation are in a good agreement with measured results.
The tested radio-optical modules demonstrate a data rate of
2.5 Gb/s in the duplex dual-channel communication config-
uration regardless of noticeable 15–20-dB coupling between
radio and optical channels in the case of the quasi-Yagi antenna
assembly.

The assembly and testing of optical elements with both the
antennas are experimentally demonstrated. The discussion and
comparative analysis of optical elements co-integrated with a
microstrip patch antenna is built upon previous work presented
in [1] and a comparison will be presented in this paper.

II. RADIO-OPTICAL HYBRID MODULES

WITH QUASI-YAGI ANTENNA

A quasi-Yagi antenna [see Fig. 1(a)] is first considered in
this study for the hybrid radio-optical packaging because of the
convenience in integration of two separate microwave and op-
tical boards at the initial experimental phase [9]. The quasi-Yagi
antenna board is printed on an RT/Duriod 6010 substrate with
a thickness of 0.635 mm and relative permittivity of 10.2. This
antenna is inherently reasonably broadband and exhibits high
front-to-end ratio radiation along the antenna axis [7]. For the
purpose of this study, the quasi-Yagi antenna design is modified
by using split directors to provide options for packaging with
both optical photodetectors (optical receiver) and laser diodes
(optical transmitter). In addition, the antenna direction of the
maximum radiation is altered from the original direction along
the antenna axis to the direction that is normal to the antenna
board to align the signal propagation directions of optical
and microwave radiation. This beam alteration is achieved by
backing the antenna board by a metal reflector (ground) at
the bottom. This type of design adjustment exhibits a certain
degradation of radiation performance [11], which is not critical
for the proof-of-concept initial studies, while enabling faster
prototyping and testing. In particular, the realized antenna gain
of the modified quasi-Yagi is just 0.5 dBi against 4–5 dBi for
the same antenna with regular radiation direction, as predicted
in HFSS simulations.

The HFSS model of the antenna used for this study is shown
in Fig. 2. In the model of this package, several optical ports
are assigned between external tips of the split directors and
the system ground at the board bottom [see Fig. 2(a)] of the

Fig. 2. HFSS computational model of the quasi-Yagi antenna with split direc-
tors used concurrently as pads to mount optical diodes. (a) Model overview.
(b) Magnified portion highlighting connections to optical circuitry through four
assigned optical ports to model mutual coupling between the antenna and op-
tical ports (from [1]).

quasi-Yagi antenna. Bondwires are used for the optical compo-
nents placed on the pads (directors) to simulate signal return
path with optical components added [see Fig. 2(b)]. Full-wave
electromagnetic (EM) simulations using either HFSS or CST
enables evaluation of the major electrical characteristics of this
package, as illustrated in Fig. 3, for some representative com-
ponent of the 5 5 terminal scattering matrix. The modified
quasi-Yagi antenna demonstrates good matching to the feed line
according to Fig. 3. This is achieved due to 50- loads applied at
the optical ports that, as expected, contribute to the lowering of
antenna radiation efficiency from one side, but supports antenna
matching on the opposite side at an acceptable level by compen-
sating the effect of the bottom ground plane. This ground plane
is used to alter the beam direction as above mentioned. Ap-
parently, EM coupling appears in this layout because the same
structural elements are shared as the antenna directors and op-
tical circuit pads. The magnitude of computed coupling between
the antenna port (#1) and, e.g., optical ports #2–3 is shown in
Fig. 2(b) with respect to the 50- reference impedance. Specifi-
cally, the coupling approaches 15–20 dB around the antenna res-
onance frequency around 11 GHz for the layouts in Fig. 2. This
coupling seems negligible in the case of optical transmitters due
to the large drive currents measured typically about 100 mA, but
might exhibit a perceptible effect in the optical receiver, where
weak photocurrent signals of a few A are amplified, as further
revealed.
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Fig. 3. HFSS predicted component of the 5� 5 scattering matrix in decibels
including return loss for the antenna port (���) and coupling between the an-
tenna port and two optical ports (��� and���) with slight asymmetry appearing
due to difference in shape and position of the bondwires [see Fig. 2(b)]. Optical
ports are terminated to 50 �.

Fig. 4. Measured �- and �-plane antenna radiation patterns (90� reference
direction corresponds to the �-axis in Fig. 2).

The - and -plane sections of the antenna radiation pattern
measured using the 1.5 1.5 m near-field NSI scanner are il-
lustrated in Fig. 4, showing good antenna directivity.

III. RADIO-OPTICAL HYBRID MODULES WITH

MICROSTRIP PATCH ANTENNA

The microstrip patch antenna [see Fig. 1(b)] is analyzed in
full-wave CST simulations [see Fig. 5(a)] as an alternative de-
sign solution with respect to the quasi-Yagi antenna to improve
the electrical performance of the latter. In particular, the com-
plete radio-optical design requires a single dielectric substrate
and two layers of conductors on both faces of the substrate.
Furthermore, this antenna structure conserves surface area for
placement of all conductor traces and circuits for radio and op-
tical transmission. In addition, a quasi-Yagi antenna is end-fire,
while the laser diodes are surface emitters, thus there is an angle
between the maximum radiation directions and the optical axes
of the optical elements. The beam direction alteration leads to
the antenna efficiency loss as demonstrated and it is avoided in
the microstrip design. As a result of numerical studies, the op-
timized microstrip patch antenna structure [see Fig. 5(a)] occu-
pies a small surface area of 2.54 2.54 cm . The optical cir-
cuits are represented by signal traces with dummy resistors to

Fig. 5. CST models of the radio-optical assembly based on microstrip patch
antenna. (a) 2.54 � 2.54 cm substrate (Duroid: � � ��� mm, � � ���).
(b) Magnified portion highlighting pads for optical component and return signal
path formed through vias. The antenna is fed through the antenna radio port
and two optical ports #1 and #2 provide connections to optical transmit/receive
front-ends.

model the equivalent impedance of the optical components. To
conserve area, the optical component pads are located in rect-
angular notches on opposite sides of the patch conductor. The
mutual coupling is expected to be low because the lowest TEM
resonance patch mode has a zero field in the area where the op-
tical components will be placed [8]. The two optical ports, one
for the transmitter and the other for the receiver, include two mi-
crostrip conductor sections. The optical return signal path is sup-
ported by the same bottom ground as for the microwave antenna
by using the through vias [see Fig. 5(b)]. Using the same ground
in a single layer for both radio and optical circuits enables less
noise and interference. In a practical design, the dummy com-
ponent of the optical circuits will be replaced by corresponding
optical chips, as further shown in Section IV.

The scattering matrix of the radio-optical circuit layout in
Fig. 5(b) is numerically predicted in CST simulations and il-
lustrated in Fig. 6. The antenna can be matched to the required
operational frequency, e.g., 11 GHz, with very low return loss
while providing high realized gain in the range 6–7 dBi shown
in the CST simulations. Mutual coupling is nearly 10 dB lower
at the antenna resonance frequency compared to this feature of
the quasi-Yagi antenna (Fig. 3) that eventually improves signal
integrity for this design.

The simulated antenna radiation pattern at 11 GHz is shown
in Fig. 7 and exhibits high realized gain and radiation efficiency.
In particular, the predicted realized gain is about 6.5 dBi com-
pared to just 0.5 dBi simulated for the quasi-Yagi antenna design
(Fig. 2) with optical ports loaded in both cases with equivalent
resistive loads to model the presence of optical components.
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Fig. 6. CST predicted component of the 3� 3 scattering matrix in decibels
illustrated for return loss at the antenna port (���) and coupling between the
antenna port and an optical port (��� and the same for ��� due to structural
symmetry. Dummy 50-� resistors are used to mimic the effect of the optical
components.

Fig. 7. CST predicted 3-D antenna radiation pattern of the patch antenna at
11 GHz normalized in terms of realized gain with total radiation efficiency of
95% using dummy 50-� resistors to simulate the presence of the optical com-
ponents on pads in shared physical space.

IV. PROTOTYPES OF RADIO-OPTICAL HYBRID

TRANSMIT/RECEIVE MODULES

Both the design concepts are prototyped for experimental
studies including the transmitter and receiver modules for the
quasi-Yagi antenna [see Fig. 1(a)] and the receiver module for
the microstrip patch antennas [see Fig. 1(b)]. A rationale to
consider only the receiver in the second antenna case relies on
the fact that the mutual coupling between the optical and radio
front-ends affects the hybrid receivers without a notable impact
on the hybrid transmitters, as demonstrated in Section VI.

A. Transmitter and Receiver Hybrid Modules
With Quasi-Yagi Antenna

The radio-optical dual mode transmitter and receiver mod-
ules with the quasi-Yagi antenna are built on a four-layer FR4
printed circuit board (PCB) and shown in Fig. 8. For free-space
optical processing, the use of vertical-cavity surface-emitting

Fig. 8. Photographs of fabricated radio-optical modules packaged with the
quasi-Yagi antenna. (a) Transmitter. (b) Receiver (from [1]).

Fig. 9. Photographs of details to mount the optical die components on the pads
shared with the quasi-Yagi antenna. (a) VCSEL on the antenna pad to construct
a transmitting radio-optical. (b) p-i-n on the antenna pad to construct the receiver
board on PCB (from [1]).

laser (VCSEL) and p-i-n diode devices is attractive for future
low-cost hybrid/flip-chip packaging with active silicon com-
plementary metal–oxide semiconductor (CMOS) electronic cir-
cuits [12], [13]. CMOS technology enables high levels of inte-
gration combining sensitive front-end circuits with digital pro-
cessing circuits on the same die. For this preliminary study, hy-
brid integration is achieved by wirebonding bare die opto-elec-
tronic devices to commercial optical transmitter and receiver cir-
cuits. On the transmitter board, a commercial high-speed current
switch laser diode driver (Micrel SY88922V) is employed to
drive a bare die VCSEL (Optowell SM85-2N001). The VCSEL
is attached to the director of the transmitting quasi-Yagi an-
tenna. On the receiver board, a high-speed transimpedance am-
plifier chip (MAX3864) is mounted to amplify the single-ended
photocurrent signal from a p-i-n diode (Optowell SP85-3N001).
The p-i-n is assembled to the director of the receiving quasi-Yagi
antenna.

The VCSEL on the transmitter board is fabricated on a gal-
lium–arsenide (GaAs) substrate with a peak emission of 2.5 mW
at nm. The die size of the VCSEL is 300 300 m .
The GaAs p-i-n on the receiver board has a responsivity of
0.6 A/W. The die size of the p-i-n is 250 250 m . The N
contacts of both the VCSEL and the p-i-n are attached to an-
tenna director pads by conductive epoxy adhesives (Resinlab
SEC 1233). The P contacts of the VCSEL and p-i-n are wire-
bonded to the remaining antenna director using gold wires with
a diameter of 25 m. The antenna director pads are electrically
connected to the PCB bonding pads with silver-coated copper
wires. The length of the bonding wires are minimized to reduce
ringing and peaking induced by the parasitic capacitance and
inductance. Details of the optical devices packaged on the an-
tenna director pads are shown in Fig. 9.
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Fig. 10. Photographs of fabricated radio-optical receiver module packaged
with the microstrip patch antenna [see Fig. 1(b)].

B. Receiver Module With Microstrip Patch Antenna

The radio-optical dual mode receiver prototype with the mi-
crostrip patch antenna is shown in Fig. 10. The assembly con-
sists of the two superimposed boards for quick prototyping sim-
ilarly to the approach implemented in Fig. 8. Specifically, the
optical circuit board is very similar to the board used with the
quasi-Yagi antenna [see Fig. 8(b)]. This optical board is also
built on a four-layer FR4 PCB using essentially the same elec-
tronic components, as indicated above. Both of the boards also
have comparable outer dimensions. The microstrip patch an-
tenna board [see Fig. 1(b)] is printed on the RT/Duroid 5880
substrate of dialectical permittivity 2.2 and thickness of 0.8 mm.
It is observed that some area conservation is achieved in the re-
ceiver design in Fig. 10 compared to the receiver in Fig. 8(b)
because of the compact geometry of the microstrip patch an-
tenna.

Note that the actual optical front-end in the receiver prototype
shown in Fig. 10 is based on a differential network unlike the
simplified unbalanced network used in the simulated design in
Fig. 5. This fact does not change mutual coupling between the
optical and microwave front-end circuits, but enables integration
with the differential inputs of the MAX3864 transimpedance
amplifier chip. In the case of the board in Fig. 10, the same p-i-n
chips and its assembling technology is employed as described
above for the board in Fig. 8(b).

V. ANALYSIS OF LINK PERFORMANCE UNDER IMPACT OF

COUPLING BETWEEN MICROWAVE AND OPTICAL CIRCUITS

The bit error rate (BER) performance of the optical link is
directly determined by the noise performance of the optical re-
ceiver circuit, according to the following expression:

(1)

Fig. 11. MATLAB model simulation for weak coupling between the microwave
and optical front-ends. (a) Portion of the transmitted 2 � 1 test PRBS mixed
with random phase 10-GHz time–harmonic signal. (b) Computed eye diagram.

Fig. 12. MATLAB model simulation for strong coupling between the microwave
and optical front-ends. (a) Portion of the transmitted 2 � 1 test PRBS mixed
with random phase 10-GHz time–harmonic signal. (b) Computed eye diagram.

where is the BER factor, is the average received optical
power, and is the function and can be approximated with
high accuracy by

(2)

and is the detector responsivity in A/W. The square root of
the input-referred noise-current spectral density integrated over
the receiver’s noise equivalent bandwidth ( ) yields the total
mean-square input-referred noise current

(3)

Thus, mutual coupling between the microwave and opto-elec-
tronic front-end circuits will affect the optical link by noise
coupling at opto-to-electronic interface. The BER performance
will be adversely affected by two noise mechanisms, which are:
1) laser driver current noise corrupting and 2) input current
noise at the optical receiver front-end increasing .

The eye pattern can be predicted based on the simulated data
in Figs. 3 and 6, respectively, for the quasi-Yagi antenna and
the microstrip patch antenna using a simple MATLAB model. In
this model, reception of the 2 1 pseudorandom bit sequence
(PRBS) optical signal transmitted at a 2.5-Gb/s rate is consid-
ered. Additionally, a time–harmonic signal at 11 GHz is mixed
with the PRBS signal as a noise component with magnitude
corresponding to the predicted magnitudes of the inter-channel
coupling and random phase because the optical and radio sig-
nals are not locked in phase. For illustrations, two channel con-
ditions are treated for low 25 dB and high 15 dB cou-
pling between the optical and microwave front-end circuits. Re-
spective portions of the transmitted 2 1 PRBS are plotted
in Figs. 11(a) and 12(a), while the respective eye diagrams are
shown in Figs. 11(b) and 12(b). Note that the simulated data
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Fig. 13. Measured 2.5-Gb/s eye pattern for receiver prototype board with the
quasi-Yagi antenna [see Fig. 8(b)] for the microwave antenna port fed with dif-
ferent power levels. (a) No microwave signal. (b) 0 dBm. (c) 7 dBm. (d) 14 dBm.
The time scale is 100 ps/div and magnitude scale is 9.6 mV/div.

Fig. 14. Measured 2.5-Gb/s eye pattern for the receiver prototype board with
the microstrip patch antenna [see Fig. 10] for the microwave antenna port fed
with different power levels. (a) No microwave signal. (b) 0 dBm. (c) 7 dBm.
(d) 14 dBm. The time scale is 100 ps/div and magnitude scale is 20 mV/div.

eye diagram is in a good agreement with measured results under
identical conditions and bit rate for the radio-optical receiver, as
further shown in Figs. 13 and 14.

VI. EXPERIMENTAL STUDIES OF HYBRID RECEIVER

AND TRANSMITTER PROTOTYPES

A set of tests are carried out to assess the impact of the mutual
radio-optical coupling in the prototyped hybrid boards in Figs. 8
and 10 by measuring the eye pattern of the optical receiver as
the microwave antennas are fed for different input power levels.
In particular, the tests are performed for: 1) the hybrid receiver
board with the quasi-Yagi antenna [see Fig. 8(b)]; 2) the hy-
brid receiver board with the microstrip antenna (see Fig. 10);
and 3) hybrid transmitter board with the quasi-Yagi antenna
[see Fig. 8(a)]. In the receiver cases, the data pattern input to
the optical laser driver circuit is 2.5-Gb/s PRBS, similar to the
MATLAB link model in Section V.

A. Hybrid Receiver Prototype With Quasi-Yagi Antenna

In this prototype board [see Fig. 8(b)], the antenna induced
current is coupled into the optical channel through the bond-
wire connecting the optical photodetector to the front-end tran-
simpedance amplifier circuit. As the antenna input power in-
creases, the EM induced current is higher and more noise is
coupled into the optical channel, which dramatically degrades
the signal-to-noise ratio. The corresponding measured eye dia-
grams are shown in Fig. 13. As shown in Fig. 13(d), the eye is
almost closed when the antenna is fed with 14-dBm power. In
general, the measured diagrams are qualitatively similar to the
corresponding predicted patterns in the MATLAB model. Specif-
ically, this similarity is respectively observed between the sim-
ulated data in Figs. 11(b) and 12(b) from one side, and the mea-
sured data in Figs. 13(a) and 13(d) from the other side.

However, it is worth noting that for indoor wireless commu-
nication, the power fed into the transmission antenna is much
lower than 14 dBm. Furthermore, in the presented study, the
microwave antenna integrated with a p-i-n diode operates in
the receiving mode, which will minimize the microwave noise
coupling to the photoreceiver. The phenomenon appearing in
Fig. 13(d) accounts for the worst case in terms of radio-optical
coupling. For real applications, Fig. 13(a) and (b) is sufficient
to study the coupling between the two links.

B. Hybrid Receiver Prototype With Microstrip Patch Antenna

The board with the microstrip patch antenna (Fig. 10) is
similarly tested as the above case with the Yagi antenna by
varying the input microwave power at the antenna port at the
same gradual levels. The measured eye diagrams are shown
in Fig. 14. Unlike the case in Fig. 13, the derived results
for this prototype board do not exhibit a notable impact of
the microwave signals on the optical channel. Essentially,
the experimental eye diagrams for this case are somewhat
analogous to the simulated case in MATLAB for low mutual
coupling between the microwave and optical front-ends shown
in Fig. 11(b). Thus, the derived results confirm the theoretical
prediction that follows from comparison of the simulated
dependencies in Figs. 3 and 6. In fact, the receiver board with
the microstrip antenna looks much robust with respect to the
mutual coupling effects compared to the board based on the
quasi-Yagi antenna.

C. Hybrid Transmitter Prototype With Quasi-Yagi Antenna

To evaluate the feasibility of high data-rate optical commu-
nication under the impact of inter-channel mutual coupling, the
eye diagram of an optical link is tested. The link consists of the
radio-optical transmitter [see Fig. 8(a)], receiver [see Fig. 8(b)],
and lens alignment system. The data pattern input to the optical
laser driver remains as a 2.5 Gb/s, 2 1 PRBS. In this setup,
the microwave signal is fed into the antenna on the transmitter
board, while the antenna on the receiver board is connected to
a spectrum analyzer to measure the received microwave power.
When the transmission antenna is fed with a 14-dBm radio
signal at 10 GHz, the received microwave power is 14 dBm.
The measured optical link eye pattern under the condition
of a nonradiating antenna is shown in Fig. 15(a). Fig. 15(b)
displays the eye pattern when the microwave power is delivered
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Fig. 15. Measured eye pattern for optical link when the quasi-Yagi antenna is:
(a) turned off and (b) turned on.

to the antenna. As previously discussed, the antenna power
leakage in the optical front-end circuits has little effect on the
transmitter side and can be neglected on the receiver side if the
radio receiving power is low. Therefore, the coupling from the
radio channel to optical channel is negligible in this setup and
no noticeable change in the eye diagram is observed when the
antenna is on or off, validating the theoretical prediction.

VII. CONCLUSION

Two novel hybrid radio-optical transceiver configurations
with different microwave antenna structures are first studied
numerically in full-wave HFSS and CST simulations. A set of
transmitter and receiver modules for two different microwave
printed antennas is developed and implemented in several
packaged modules prototyped for an experimental dual-mode
radio-optical communication system. Being tested, the new
packaging approach reveals that it is feasible to design radio
and optical circuits with shared structural components and
physical space to tackle dimensional discrepancies between
radio and optical devices.

In our studies of the packaging design with the quasi-Yagi
antenna (Fig. 8), the metal director pads of a planar antenna are
used as the mounting pads for optical semiconductor elements,
resulting in an ultra-compact hybrid radio-optical package de-
sign through the shared areas of the radio and optical transmitter
and receivers. Shared electrical interconnections between radio
and optical circuit components introduce additional interfer-
ence signals due to EM coupling. Our analysis also shows that
the microwave induced noise is negligible for the transmitter,
but might degrade the signal integrity and BER performance of
the optical receiver. Experimentally, a dual-mode radio-optical
transmitter and receiver pair was demonstrated with an optical
transmission rate of 2.5 Gb/s.

In our studies of the packaged receiver prototype with the mi-
crostrip patch antenna, a different robust scheme is implemented
and successfully tested. In particular, the packaged prototype
(Fig. 10) occupies less physical space compared to the proto-
type in Fig. 8(b). It also exhibits notably lower signal integrity

degradation because of lower coupling between the microwave
and optical front-ends.

Our ongoing studies are focused on several other perspective
integrated radio-optical packaging designs to minimize signal
integrity degradation, approach to single-chip solutions, and
exploit other types of EM radiators. Our future developments
will be focused on providing the same or comparable data
throughput for both radio and optical link modalities by ex-
ploiting a suitable UWB antenna and signaling scheme.
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