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Design and Characterization of a 120-GHz
Millimeter-Wave Antenna for Integrated

Photonic Transmitters
Akihiko Hirata, Hiromu Ishii, and Tadao Nagatsuma, Member, IEEE

Abstract—We developed a planar slot antenna on an Si sub-
strate for a photonic 100-GHz millimeter-wave (MMW) trans-
mitter. We designed the antenna by using three-dimensional elec-
tromagnetic-field simulators and characterized its performance by
using an optoelectronic network analyzer. The transmitter uses a
very fast photodiode with high output power. Using these photonic
techniques, we succeeded in building this compact photonic trans-
mitter that emits MMWs with a power of 0.2 mW at a frequency
of 120 GHz.

Index Terms—Antenna, millimeter wave, photonic transmitter.

I. INTRODUCTION

M ILLIMETER-WAVE (MMW) radio has been attracting
a great deal of attention as a way of meeting an in-

creasing demand for broad-band wireless communication. For
example, intensive research has been done to develop a wire-
less link using the 60-GHz band, which, by virtue of high at-
mospheric absorption, allows the formation of picocells with
radii of the order of 100 m [1], [2]. However, the frequency
region of above 100 GHz has not yet been exploited because
generation and long-haul transmission of MMWs by an all-elec-
tronic system are rather difficult. Radio-on-fiber is expected to
be the most promising system to enable overcoming these prob-
lems because it is much easier to generate high-frequency sig-
nals optically than electronically, and fiber-based systems use
optical-fiber amplifiers and have a low transmission loss and
a wide bandwidth [3], [4]. Since photonic transmitters are key
components in these systems, many studies have reported on
the development of such transmitters [5]–[7]. However, a pho-
tonic transmitter operating at a frequency of100 GHz has not
yet been developed because of the limitations in performance
characterization method and design techniques. The bandwidth
of commercially available full-band vector-network analyzers is
only 110 GHz, and their extended versions operate within lim-
ited bands, such as 110–170 or 70–230 GHz [8]. A complex
method is needed to characterize antenna performance at very
high frequencies. As for the design, MMW antennas are com-
monly designed by using three-dimensional (3-D) electromag-
netic-field simulators, the accuracy of which at a frequency of

100 GHz has not yet been clearly determined because of the
above problems with characterization.
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Fig. 1. Conceptual diagram of a proposed MMW photonic transmitter.

In this paper, we describe the design and characterize the per-
formance of an 10-GHz MMW antenna for photonic trans-
mitters. We designed the MMW antenna by using 3-D electro-
magnetic-field simulators and characterized its performance by
using our 300-GHz-bandwidth optoelectronic network ana-
lyzer (ONA), which is based on an electrooptic sampling (EOS)
technique [9]. We compared our measured results with the sim-
ulated ones to verify the accuracy of the simulators at a fre-
quency of 100 GHz. We then fabricated a photonic transmitter
by integrating a photodetector, a planar antenna, a hemispher-
ical Si lens, and an optical fiber. For the MMW photodetector,
we used a unitraveling-carrier photodiode (UTC–PD) [10]. This
UTC–PD is a very fast photodiode (PD), capable of generating
a high output power at frequencies within the MMW region
[11]. The hemispherical Si lens collimates the MMWs from
the antenna improving its gain and directivity. By using these
techniques, we succeeded in detecting0.2-mW output power
emitted from the photonic transmitter.

II. A NTENNA DESIGN

Fig. 1 shows the diagram of the designed photonic MMW
transmitter. The transmitter consists of a planar antenna chip,
a UTC–PD chip, a hemispherical Si lens, and an optical fiber
with a collimating lens. We used a coplanar-waveguide-fed
(CPW-fed) slot antenna for the planar antenna chip because
it has an antenna pattern perpendicular to the substrate and
is suitable for the connection of planar-active devices [12].
The slot antenna and CPW were formed on an Si substrate

, which was 0.4-mm thick. To decrease the
dispersion and radiation loss due to the substrate, we used
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Fig. 2. Antenna-impedance simulation results as a function of slot length(L).
Slot width(W ) was kept at 95�m. This simulation used the FDTD method.

high-resistivity Si and thick gold. The resistivity of the Si was
1 k cm, and the thickness of the gold was 10m. The signal
linewidth of the CPW was 20m, the signal–ground space was
24 m, and the impedance of the CPW was 50.

The fabrication process of this antenna was based on the
Si-micromachining technology [13]. We formed a cavity on
the Si antenna chip by anisotropic wet etching using a KOH
solution. After the cavity formation, polyimide was spin coated
to fill the cavity. We then removed the polyimide outside
the cavity by chemical mechanical planarization (CMP) to
planarize the surface of the substrate. Gold patterns were then
formed by electroplating. Finally, the polyimide in the cavity
was removed by dry etching.

The UTC–PD chip was flip-chip bonded over the cavity to
avoid the effects of the Si substrate on the impedance of the
transmission line in the UTC–PD chip. The depth of the cavity
was 20 m, and the height of the CPW pads in the antenna chip
was 10 m. Thus, the distance between the antenna–chip surface
and the UTC–PD–chip surface was 30m. Optical signals were
injected into the UTC–PD. The resulting electrical signals trav-
eled along the CPW to the slot antenna. This produced MMW
signals, which were collimated by the Si lens and radiated into
free space.

For the antenna design, we used two different 3-D elec-
tromagnetic simulators. One was based on the finite-element
method (FEM), and the other was based on the finite-dif-
ference time-domain (FDTD) method. First, we simulated
the impedance of the slot antenna to determine the antenna
geometry by using the FDTD method. The impedance of
the CPW was assumed to be 50, and the target frequency
was 120 GHz. Thus, the resistance should be 50, and the
reactance should be 0 at the frequency of 120 GHz. The
simulation results for the antenna impedance are presented
in Fig. 2 for different slot lengths and slot widths .
This simulation was done by using the FDTD method. When

was 774 m and was 95 m, the reactance became
zero, and the resistance was 50at 120 GHz. When was
674 m and was 95 m, the antenna resonated at 166 GHz,
and the impedance became 66. In contrast, when was

Fig. 3. Simulation and measurement results for input return lossS11.

reduced to 75 m and was kept at 774 m, the impedance
decreased to 38 at a resonant frequency of 125 GHz. Thus,
the resonant frequency mainly depended on the slot length,
while the impedance depended on the slot width. Based on
these simulation results, we determined the dimensions of the
50- slot antenna where was 774 m, and was 95 m.

The accuracy of the simulation was verified by comparing
our measured results with the simulated ones. We measured
the input return loss of the antenna by using an ONA. We
also did a number of simulations using the FEM. The measure-
ment and simulation results are shown in Fig. 3. The FEM and
FDTD simulators predicted the resonant frequency to be 120
and 124 GHz, respectively. The measured resonant frequency
was 117 GHz, with a return loss of29.9 dB. This is fairly
close to the simulation results, which confirms the accuracy of
the simulations at frequencies of above 100 GHz. The measured
bandwidth for a 10-dB return loss was 49 GHz (41%), while the
bandwidth obtained by the simulations was 46 GHz (39%) for
the FEM simulator and 53 GHz (43%) for the FDTD simulator.
Thus, we were able to design a broad-band antenna that can be
used for broad-band wireless communication.

Next, we investigated the effects of the Si lens. The Si
lens synthesizes an infinite Si substrate, thus eliminating sub-
strate-mode excitation and the associated power loss in these
modes [14]. The slot antenna placed on the infinite Si substrate
radiates preferentially into the substrate with a ratio of
over the power radiated into the air side [7]. The hemispherical
lens collimates the MMWs radiated from the slot antenna [15].
The extension length of the hemispherical lens was determined
in the FEM simulation to ensure the maximum directivity of
the transmitter. We determined that the extension length of the
hemispherical Si lens was 1.9 mm, and the diameter of the lens
was 10 mm.

Fig. 4 shows radiation patterns of the antenna calculated by
the FEM. In this simulation, the Si lens was modeled by a full
space. Without the Si lens, the power radiated into both the air
and substrate sides. When the Si lens was used, most of the
power radiated into the substrate side, and the beam was col-
limated toward the axis perpendicular to the substrate.

Table I shows the simulated antenna parameters with and
without the Si lens. The Si lens significantly improved both the



HIRATA et al.: DESIGN AND CHARACTERIZATION OF 120-GHz MMW ANTENNA 2159

(a)

(b)

Fig. 4. Radiation patterns of slot antenna with and without the Si lens
calculated by the FEM: (a) in theE-plane and (b) in theH-plane. The solid
lines show the radiation pattern of the antenna with the Si lens, and the dotted
lines show that without the Si lens.

TABLE I
GAIN AND DIRECTIVITY OF THE MMW A NTENNA WITH AND WITHOUT

SI LENS

gain and directivity of the antenna. With the lens, gain and direc-
tivity of the antenna were 13.5 and 16.9 dB, respectively. Thus,
by using an Si lens, we can detect much higher power along the
axis perpendicular to the substrate, which is useful for directive
wireless communication. There was approximately 3-dB differ-
ence between the directivity and gain of the antenna. The differ-
ence comes from the transmission loss at the CPW, the dielectric
loss in the Si lens, and the reflection loss at the Si lens–air in-
terface. We measured the transmission loss of the CPW, which
was about 0.6 dB. Therefore, we suppose that the major loss was
caused by the dielectric loss in the Si lens and the reflection loss
at the Si lens–air interface.

Fig. 5. Optical 120-GHz MMW source.

Fig. 6. Dependence of detected 120-GHz output power of the UTC–PD on
photocurrent as a function of dc-bias voltage.

III. EXPERIMENTAL RESULTS

A. UTC–PD Output Power

We measured the output power of the UTC–PD on a wafer
at a frequency of 120 GHz. Optical signals with a frequency of
120 GHz (1.55 m) were generated by an optical MMW source
and were delivered with optical fiber. They were focused onto
the UTC–PD made on an InP wafer from the backside of the
wafer. The output power of the UTC–PD was transmitted to the
waveguide detector by a MMW probe. The waveguide detector
used a calibrated Schottky barrier diode.

A schematic diagram of the 120-GHz MMW optical source
used in this experiment is shown in Fig. 5. The optical signals
were generated by a mode-locked laser diode (ML–LD) inte-
grated with an electro-absorption modulator [16]. The ML–LD
was driven at 30 GHz, and second harmonic 60-GHz repeti-
tive-frequency pulse trains were generated. The optical signals
were frequency doubled to 120 GHz using an optical multi-
plexer and then boosted with an optical fiber amplifier.

Fig. 6 shows the dependence of the detected UTC–PD output
power on the photocurrent . The diameter of the UTC–PD
was 8 m and the 3-dB bandwidth of this UTC–PD measured by
the time-domain pulse response was 95–100 GHz. The detected
power first increased with an increase in , and then saturated.
The saturation began at lower , as the dc-bias voltage
became lower. This mainly comes from the nonlinear satura-
tion of the UTC–PD at frequencies beyond its 3-dB bandwidth.
The maximum output power of this UTC–PD exceeds 1.0 mW
( mA, V).

B. Photonic-Transmitter Characteristics

Fig. 7(a) and (b) shows photographs of the photonic trans-
mitter before integration of an optical fiber. In Fig. 7(a), the
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(a)

(b)

Fig. 7. (a) Fabricated photonic transmitter before integration of optical fiber
and package. (b) SEM micrograph of cavity formed on the planar antenna chip.
This micrograph shows the area inside the black circle in Fig. 7(a).

UTC–PD chip was flip-chip bonded on the CPW pad of the
antenna chip. The size of the antenna chip and that of the
UTC–PD chip was 2 4 mm and 0.6 0.8 mm, respectively.
The planar slot antenna was centered on the Si lens. DC pads
and leads were installed for bias-voltage application. Fig. 7(b)
shows a secondary electron microscopy (SEM) micrograph
of the cavity formed on the Si antenna chip. A 20-m-deep
cavity was formed on the Si substrate. The UTC–PD chip
was flip-chip bonded over the cavity, and there was an air gap
between the UTC–PD and antenna chips. Fig. 8 shows the
transmitter after the integration of the optical fiber and after it
was packaged in a metal package. The components, except for
the Si lens and the optical fiber, are in the metal package. The
diameter and height of the module are 20 mm.

First, the radiation pattern of the photonic transmitter was
measured. The measurement and FEM-simulation results are
shown in Fig. 9. The radiated power was collimated very well
along the axis almost perpendicular to the substrate. The 3-dB
beamwidths of the transmitter for the- and -planes were
13 and 8, respectively, and the sidelobe levels remains below

10 dB. These results indicate that the Si lens worked very well.
These measured results also corresponded to the simulated ones
at a frequency of over 100 GHz.

Next, we measured the output power of the photonic trans-
mitter. The setup for measuring the output power of the photonic

Fig. 8. Fabricated photonic transmitter after integration of optical fiber and
package.

(a)

(b)

Fig. 9. Radiation patterns of the photonic transmitter for the: (a)E- and
(b) H-planes. The solid lines show the measurement results and the dotted
lines show simulation results.

transmitter is shown in Fig. 10. Optical MMW signals were de-
livered to the photonic transmitter with an optical fiber cable.
The radiated power from the transmitter was collimated and fo-
cused on the horn antenna by two Teflon lenses. The received
MMW power was measured by the same waveguide detector
used for the UTC–PD output-power measurement.

Fig. 11 shows the dependence of the detected power on.
The detected power increased and then leveled off asin-
creased. Saturation of the output power began at loweras

became lower. This is similar to the characteristics of the
UTC–PD output power. Small differences in the two data sets
seem to be due to the fact that the relationship between the
output power and slightly depends on the focusing condi-
tions of the laser beam on the PD. Optimum focus conditions
could not be achieved in the assembly. The maximum detected
power of the transmitter was about 0.25 mW when was
21 mA and was 3 V. Not all of the radiated power could
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Fig. 10. Experimental setup for the output-power measurement of the photonic
transmitter.

Fig. 11. Dependence of detected MMW output power of the photonic
transmitter on photocurrent as a function of dc-bias voltage.

be detected by the setup shown in Fig. 10. For example, the
loss at the two Teflon lenses is estimated to be about 3.6 dB,
which indicates that the actual radiated power was at least over
0.57 mW. Moreover, this transmitter emitted MMWs with a
power of 30 W without applying dc-bias voltage. To our
knowledge, this is the first time that the MMW power emitted
into free space from a PD-integrated antenna was detected at a
frequency of over 100 GHz.

IV. CONCLUSION

We developed 100-GHz planar slot antenna for photonic
transmitters. We designed the antenna by using 3-D electro-
magnetic-field simulators and characterized its performance by
using an ONA. The measured results corresponded to the sim-
ulated ones, confirming the accuracy of our simulation at a fre-
quency of over 100 GHz. The MMW antenna was integrated
with a UTC–PD, a hemispherical Si lens, and an optical fiber to
form a photonic MMW transmitter. We found that the UTC–PD
can produce so much power that electrical amplifiers become
unnecessary, which makes the transmitter module very com-
pact. The maximum detected output power of the transmitter
was 0.25 mW. To our knowledge, this is the first time that the
output power of a photonic antenna driven by a PD has been de-
tected at a frequency of over 100 GHz. Our results demonstrate
that this transmitter can be effectively used for broad-band wire-
less communications.
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