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Resonant-Tunneling-Diode Terahertz Oscillator
Using Patch Antenna Integrated on Slot Resonator

for Power Radiation
Kengo Okada, Kouhei Kasagi, Naoto Oshima, Safumi Suzuki, and Masahiro Asada, Fellow, IEEE

Abstract—In this paper, we proposed and fabricated reso-
nant-tunneling-diode (RTD) terahertz oscillators integrated with
slot-fed patch antennas to extract output power without using
typical Si lenses. A square patch antenna with a 170 m-long side
was fabricated on a 7 m-thick benzocyclobutene (BCB) layer
stacked on an RTD with a slot resonator. The RTD oscillated at
510 GHz, and an output power of 40 W radiated in the up-

ward direction without the Si lens. An equivalent circuit model was
proposed to estimate the output power, and the circuit parameters
were derived from the calculated admittance by electromagnetic
simulation. The dependence of the output power on the side length
of the patch antenna agreed with the theoretical calculation.
Higher output power was expected with the optimization of BCB
thickness and RTD with a high current density. The radiation
pattern was measured, and a directivity of 7 dBi was obtained.

Index Terms—Patch antennas, resonant tunneling devices, sub-
millimeter-wave integrated circuits.

I. INTRODUCTION

R ECENTLY, the terahertz (THz) range has received con-
siderable attention because various applications are ex-

pected at this frequency [1]. In particular, high-capacity short-
distance wireless communication using the wide band in the
THz range is an important application. Demonstrations of THz
communication have been intensively carried out [2]–[6]. To
popularize such THz communications in the future, compact,
coherent, and high-power solid-state sources, which can be in-
stalled in mobile devices, are considered to be key components.
Resonant tunneling diode (RTD) is a good candidate for such
sources [7]–[11] and can oscillate in the THz range with a DC
bias at room temperature. We have recently achieved RTDs with
a fundamental oscillation of up to 1.55 THz [11] and high output
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power of 610 W at 620 GHz [12]. Demonstrations of THz
communications using RTDs have been reported [5], [6].
In these oscillators, a millimeter-scale hemispherical Si lens

must be placed beneath the RTD oscillator to extract output
power because most of the output power is radiated into the sub-
strate side owing to the high dielectric constant of the semicon-
ductor substrate. Furthermore, the Si lens is bulky, and careful
positioning of the RTD oscillator on the lens surface is neces-
sary. If constructing an oscillator structure without a Si lens is
possible, the RTD oscillator size can be considerably reduced.
Although some structures without a Si lens have been reported
for this purpose [8], [9], [13], a relatively complicated fabrica-
tion process or a precise design was required. Additionally, an
impedance-matching method between the RTD and the antenna
for high output power was not presented.
In the present work, we report a novel RTD oscillator to ex-

tract output power by integrating a slot-coupled patch antenna
without a Si lens. The oscillation mechanism and output power
extraction are explained using an equivalent circuit model. This
structure can be fabricated as an extension of the previous struc-
ture that required a Si lens without a complicated process, can
achieve impedance matching between the RTD and the antenna
by optimizing the benzocyclobutene (BCB) thickness, and can
be easily extended to a patch array for high directivity.

II. DEVICE STRUCTURE AND FABRICATION PROCESS

Fig. 1(a) shows the structure of the proposed RTD oscillator.
A planar RTD oscillator with a slot resonator is fabricated on
an InP substrate, and a square patch antenna is formed on a
low-dielectric constant BCB layer stacked on the oscillator. The
slot resonator is positioned directly underneath the center of the
patch antenna. The slot and patch antennas are inductively cou-
pled [14], and output power is obtained in the upward direction
from the patch antenna. In addition, the side of the patch an-
tenna perpendicular to the slot is designed to be approximately

long to achieve resonance with the oscillation fre-
quency, where is the wavelength of the oscillation frequency
in free space and is the refractive index of the BCB layer.
Various antenna lengths of 135–203 m were fabricated for ob-
servation of output power dependence on antenna length. The
magnetic field parallel to the slot is generated by slot resonator
and coupled with the patch antenna. Because the direction of the
electric field in the patch antenna is perpendicular to the slot, the
electric field in the patch antenna parallel to the slot is constant
and resonance in this direction does not occur. The BCB layer

2156-342X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



614 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 5, NO. 4, JULY 2015

Fig. 1. Schematic structure of the RTD oscillator integrated with a patch an-
tenna. (a) Entire structure including the RTD, slot resonator, and patch antenna
on the BCB layer. (b) RTD and slot resonator on an InP substrate and their ex-
pansion. (c) Photomicrograph of the fabricated device. Although the RTD mesa
and slot resonator are located at the center of the patch antenna, these structures
are hidden under the patch electrode. The chip size is 1 1 mm .

thickness is designed to be much thinner than the oscillation
wavelength (7 m, as shown in Fig. 1).
A part of the slot resonator and RTD shown in Fig. 1(a) is

magnified and shown in Fig. 1(b). An AlAs/InGaAs double-bar-
rier RTD is located at the center of the slot resonator. The RTD
has a negative differential conductance (NDC), which is utilized
for THz oscillation. The peak current density is 13 mA m ,
and the peak-to-valley current ratio is . The peak and valley
voltages of the RTD are 0.35 and 0.55 V, respectively. The cur-
rent density and voltage width of the NDC region ( and

) are 6.5 mA m and 0.2 V, respectively. We apply a bias
voltage around the center of the NDC region ( 0.45 V). The
area-normalized capacitance of the RTD is 14 fF m . The
RTD area is 2.4 m , and the slot-resonator length is 15 m.
The lower electrode of the RTD is connected to the slot edge,
and the upper electrode is connected to a metal layer separated
by a SiO layer from the slot. Beneath this metal layer, a sheet
resistor consisting of n -doped InGaAs is connected in parallel
with the RTD to suppress parasitic oscillation due to the external

circuits that include the bias line. The external circuits that in-
cludes the bias line and the n -InGaAs sheet resistor can be
neglected because the metal-insulator–metal (MIM) capacitor
is shortened to operate in the THz range. The oscillator struc-
ture shown in Fig. 1(b) is, in principle, the same as the previous
structure [15] except that the direct modulation frequency limit
is much higher for this structure 30 GHz ; its details will be
reported [16].
The fabrication process is briefly described as follows.

First, an RTD mesa is formed by depositing Ti/Pd/Au and wet
chemical etching H SO H O H O . A bottom electrode
(Ti/Pd/Au) is then formed. These electrodes are covered with a
SiO film as an etching mask, and formation of the slot antenna
and the device isolation are completed by reactive ion etching
CH H ) and wet chemical etching H SO H O H O
using the SiO mask. Contact holes are opened, and the upper
metals of the MIM capacitors are formed by the deposition of
Cr/Au. The bridges between the upper electrodes of the mesas
and the MIM capacitors are formed by deposition of Cr/Au.
From these processes, the RTD and slot resonator structure
shown in Fig. 1(b) are completed. The oscillation frequencies
of the fabricated devices without a patch antenna are measured
at this stage. After the oscillation frequency measurement,
the photo BCB dielectric layer is stacked on the device by
spin coating and baking at 250 C. Finally, the patch antenna
electrode is formed by depositing Cr/Au. The side length of
the patch antenna is designed using the measured oscillation
frequency. Fig. 1(c) shows a photomicrograph of the fabricated
device.

III. EQUIVALENT CIRCUIT MODEL AND DERIVATION OF
CIRCUIT PARAMETERS

The equivalent circuit models shown in Fig. 2 are used to
explain the operation of the oscillator shown in Fig. 1(a). The
RTD and slot resonator are connected in parallel, as shown in
the left-hand side of Fig. 2(a). The patch antenna is inductively
coupled with the slot resonator [14]. The coupling strength de-
pends on the magnetic field that surrounds the patch antenna.
The magnetic field increases with the aperture width of the slot
antenna and the distance between the slot and patch antenna.
Because a separation of the coupling part admittance is diffi-
cult, we estimate the patch antenna admittance including cou-
pling part, as shown in the right-hand side of Fig. 2(a). The
detailed equivalent circuit is shown in Fig. 2(b). The parasitic
elements of the RTD are neglected for simplification. The ad-
mittance viewed from A-A', which is composed of the slot res-
onator and patch antenna, is expressed as . The patch an-
tenna admittance (right-hand side from B-B') is expressed as

.
The oscillation circuit is constructed using the RTD and slot

resonator, and the patch antenna extracts the output power from
this oscillation circuit. Because the LC components of the patch
antenna are much smaller than those of the slot resonator and
RTD, the oscillation frequency is mostly determined by the res-
onance frequency of the LC circuit of the RTD and the slot res-
onator, consisting of the capacitance of the RTD and
the inductance and capacitance of the slot ( and ), which
can be changed by the antenna length. indicates the power
leakage from the slot resonator radiated to the substrate side due
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Fig. 2. Equivalent circuit of the RTD oscillator with the slot resonator and patch
antenna. The left-hand side of (a) shows themodel of the inductive-coupling part
between the slot resonator and patch antenna, and the right-hand side shows its
simplified model. (b) Detailed equivalent circuit. The parasitic elements of RTD
are neglected.

to the high refractive index of the InP substrate. The conduction
loss of the slot resonator is expressed as . Oscillations take
place if the NDC of the RTD compensates for the sum
of the losses of the slot resonator and the patch an-
tenna (real part of ).
The patch antenna can be considered as a microstrip line with

both ends opened. Therefore, the inductance and capacitance
components alternately appear with the increase in frequency in
the admittance of a fixed-size patch antenna. The cycle of alter-
nating changes corresponds to a quarter-wavelength of an elec-
tromagnetic wave. The series-connected and are the first
and second components with increasing frequency, respectively,
and their series resonance is expressed as half-wavelength res-
onance of the patch antenna. Electromagnetic radiation in the
patch antenna occurs at half-wavelength resonance, and the ra-
diation conductance is thus connected in series with
and . is the inductance of the coupling part. The actual
circuit includes the conduction loss due to electrode and
the BCB dielectric loss . is connected in series with

, and is connected in parallel with . Although the
conduction loss is also connected in series with , we found
that the loss is negligible through the derivation process of cir-
cuit parameter. The real part of the whole admittance of the
patch antenna has a peak at the series resonance because the
impedance of the series-connected and becomes zero in
a lossless circuit case, i.e., without and .
We can calculate the whole admittance by 3D electro-

magnetic simulation (ANSYS HFSS). However, to estimate the
output power through the patch antenna, the circuit parameters
should be separated from . Fig. 3 shows a sketch of the ad-
mittance curve of the patch antenna. The circuit parameters can
be derived by parameter fitting using the characteristics of the
patch antenna resonance and the low-frequency characteristics,
as shown in Fig. 3.
The detailed method to derive the parameters of the equiv-

alent circuit is described as follows. In this derivation process,

Fig. 3. Sketch of the admittance curve of the equivalent circuit model of the
patch antenna as shown in Fig. 2(b). The real part of has a peak at
half-wave resonance of the patch antenna . The
peak height is . The full width at half
maximum of the resonance is determined by the Q-factor of . The lower
frequency characteristics are determined by and for the real part of

and for the imaginary part of . From these characteristics,
the circuit parameters can be derived.

a device with 170 m-long patch antenna and 15 m-long slot
resonator is used for an example. First, the parameters of the
slot antenna are estimated. The slot-antenna loss, which is com-
posed of the sum of radiation conductance and conduction
loss , and the LC components of the slot antenna ( and

) are estimated using the calculated admittance of the struc-
ture without a patch antenna. The assumed dielectric constants
for InP and BCB are 12.1 and 2.6, respectively. The of the
photo BCB with 250 C curing in the THz range is 0.0107 [17].
The conductance of the Au electrode is 4.1 10 S/m. The di-
electric loss of InP is small and neglected. can be obtained
from the model by changing the electrode material to a perfect
conductor from Au. This method is the same as that in the pre-
vious RTD oscillator without a patch antenna and is described
in [15]. The derived and are 3.3 pH and 2.4 fF, respec-
tively. Although and are frequency dependent, there is
less than 10% variation in the 450–550-GHz range. and
values at 510 GHz are 0.26 and 16 mS.
The admittance of a structure with a perfect conductor elec-

trode and BCB with zero is simulated to derive a lossless
circuit (without , , and ). The calculated admit-
tance is shown by the solid line in Fig. 4(a).

is estimated using the low-frequency characteristics of the
imaginary part of the admittance. The resonant frequency is the
LC resonance of and , and the full width at half max-
imum of the resonance is determined by the Q-factor of series
connected , , and . is de-
termined using the peak amplitude of the real part of the ad-
mittance. and are estimated by fitting with the imagi-
nary part of at around the patch resonance. The derived
values of , , , and are 17 mS, 1.2 nH, 0.078 fF,
and 0.11 nH, respectively. The admittance using the equivalent
circuit with the derived parameters is also shown by the dashed
line in Fig. 4(a). The equivalent circuit model perfectly fits the
calculated admittance using HFSS.
The next processes are the derivation of and . The

calculated admittance of the structure with conduction loss and
BCB dielectric loss is indicated by the solid line in Fig. 4(b).
Because the resonance frequency is slightly shifted due to the
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Fig. 4. Comparison between the (solid line) HFSS-calculated admittance and
(dashed line) regenerated admittance using the equivalent circuit for (a) a loss-
less model (without and ) and (b) a model that includes losses. The
side length of patch antenna and slot resonator length are 170 and 15 m. The
derived parameters are shown in the inset. The equivalent circuit model well fits
the curves of the HFSS simulation.

parallel conductance (inset in Fig. 3), can be es-
timated using the shift. is obtained by fitting the low-fre-
quency characteristics of the real part of . The derived

and values are 350mS and , respectively. The
regenerated admittance using the equivalent circuit model with
the derived parameters is shown by the dashed line in Fig. 4(b).
The equivalent circuit model fits well with the calculated admit-
tance using HFSS.
The output power extracted from the patch antenna corre-

sponds to the power consumed by in the equivalent circuit,
which is expressed as , where is the
admittance composed of , , , and and is the
oscillation voltage across the RTD. The net radiation conduc-
tance can be defined as . In actual operation,
an electromagnetic wave is generated by the oscillator part (the
RTD and slot resonator), stored in the cavity created by the patch
antenna and BCB layer, and radiated from the patch antenna into
the air. However, output power is also radiated from the slot into
the substrate side, which corresponds to . The comparison
between upward and substrate-side is shown in Fig. 5.
At the peak, is more than tenfold than by the resonance
of the patch antenna; higher output power radiation to the up-
ward side is expected around the resonance.

Fig. 5. Comparison between the radiation conductance values in the upward
direction and substrate-side direction .

Fig. 6. Measured radiation patterns in the E- and H-planes. The patterns cal-
culated with the electromagnetic simulator are also shown.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The measured and simulated radiation patterns in the E- and
H-planes are shown in Fig. 6 for a device with a patch an-
tenna with a 170 m-long side. The device was mounted on a
glass slide and wire bonded [Fig. 1(c)], and the radiation pattern
was measured by rotating the device. In the measurements, a
liquid-He-cooled Si-composite bolometer, which was calibrated
by Ericson power meter (PM3), was used as the detector. Al-
though the device can be oscillated in a continuous-wave mode,
the measurements were performed in the pulsed mode using
a lock-in technique to eliminate surrounding noise. The dis-
tance between the device and the bolometer was set to 20 cm.
An iris diaphragm with a narrow aperture was inserted in front
of the bolometer window to provide a high angular resolution
of 2 . In this measurement, electromagnetic wave absorbers
were not employed. The multiple reflection between the iris di-
aphragm and the device was probably weak, because the mea-
surement distance was long. Therefore, the improvement in ra-
diation pattern measurement by the absorber attached to the iris
diaphragm is considered to be small. The transmission loss due
to absorption in the atmosphere is negligible because the os-
cillation frequency of 500 GHz is in the low-loss range. The
output power was normalized using the peak power. The noise
level was below 20 dB. We repeatedly measured the radiation
pattern. The fluctuation between measurements was small at
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Fig. 7. Dependence of the output power on the side length of the patch an-
tenna. To estimate the theoretical output power under various antenna lengths,
the circuit parameters for each antenna length are estimated using the derivation
method described in Section III.

2%–3%. The pattern in the H-plane had a single peak, whereas
that in the E-plane had a double peak because the slot antenna
is not an ideal point source for the patch antenna. The measured
pattern in the H-plane agreed well with the calculated pattern,
whereas that in the E-plane did not agree, probably because of
the surface roughness and steps on the BCB layer and patch an-
tenna, although the reason for this discrepancy is not yet clear at
the moment. The antenna directivity was 7 dBi in the upward
direction and can be increased by extending the patch antenna
to its array on the surface of the BCB layer.
Fig. 7 shows the experimental output power radiated upward

as a function of the side length of the patch antenna. Because
the radiation pattern was fitted with the calculation, we roughly
estimated the output power by integration of the calculated radi-
ation pattern with a normalization using the experimental power
density at and . The maximum output power ob-
tained in the experiment was 40 W at side lengths of 160 and
170 m. The theoretical output power was calculated using the
derived parameters with the method in [15] and is also shown
in Fig. 7. The calculated output power was maximum at a side
length of 175 m, exhibiting the resonance of the patch antenna.
The theoretical output power was consistent with the experi-
ments. The theoretical peak was slightly shifted from the experi-
mental peak, probably because the used BCB dielectric constant
in the calculation was different to the actual dielectric constant.
The output power radiated into the substrate side was mea-

sured by mounting the device on a Si hemispherical lens. The
output power through the lens was collected by a large parabolic
mirror (diameter of 10 cm). However all of the output power
cannot be collected, therefore, we thus estimated the output
power by assuming a radiation pattern of ideal slot antenna. The
percentage of collected power with parabolic mirror was 20%.
Around 10 Wwas obtained, which was independent of the size
of the patch antenna. This is because was independent on the
side length of the patch antenna and the electric field of the sub-
strate side is unchanged by the integration of the patch antenna.
We also measured the output power of the device before inte-
gration of BCB layer and patch antenna with same method as
shown above. The output power was unchanged by patch an-
tenna integration. The ratio of the power in the substrate direc-
tion to that in the upward direction was 1:4 for the patch antenna

Fig. 8. Theoretical output power as a function of the BCB thickness for various
RTDs. The output power is roughly maximized at around a BCB thickness of
5 6 m. A high output power 300 W is expected with an RTD with a
large NDC region.

with a 170 m-long side. Relatively high output power was ex-
tracted in the upward direction without a Si lens.
The oscillation spectra were measured by a Fourier-trans-

form infrared spectrometer. Although oscillators with various
patch antenna lengths were fabricated, oscillation frequencies
for these oscillators were almost same around 510GHz. The dis-
tribution of oscillation frequency was 2%–3%. The frequency
change after the integration of the patch antenna was within
2%, and the oscillation frequency was almost independent of

the side length of the patch antenna.
High output power can be obtained using a large-area RTD

and by impedance matching between the RTD and the load con-
ductance [15], i.e., the output power can be maximized if the
matching condition is satisfied, as shown
in Fig. 2, which is possible by adjusting the BCB thickness. This
method corresponds to that of the offset-fed slot antenna [12].
Fig. 8 shows the theoretical output power as a function of the
BCB thickness for RTDs with various and . Because
the oscillation and resonance frequencies of the patch antenna
are slightly shifted when the BCB thickness is varied, the side
length of the patch antenna and mesa area are adjusted in this
calculation to maintain the oscillation and resonance frequen-
cies at 500 GHz. Fig. 8 shows that the output power is maxi-
mized at an optimum thickness of 5–6 m, which corresponds
to the impedance-matching point. With this adjustment, high
output power and its high ratio with respect to that in the sub-
strate side can be obtained.
A high antenna gain can be achieved using a collimation-

type Si lens. However, the experimentally obtained antenna gain
of the single patch antenna configuration is not very high at
7 dBi. The patch antenna array is effective for high antenna

gain. In this case, the patch antenna elements are connected to
one another by a microstrip line. Owing to the transmission loss
of the microstrip line, the increment in the antenna gain due
to the array configuration gradually decreases with increasing
array elements. Because the transmission loss of the thin-film
microstrip line with BCB is 1 dB/mm, the transmitted power
becomes half by 3 mm transmission and the limit of the area
of the antenna array will be 10 mm . Although the patch
antenna array is not effective compared to the large size Si lens

10 mm , this is probably enough for installing in mobile
devices.
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V. CONCLUSION

In conclusion, we have proposed and fabricated RTD THz os-
cillators integrated with slot-fed patch antennas to extract output
power without using typical Si lenses. A square patch antenna
with a 170 m-long side was fabricated on a 7 m-thick BCB
layer stacked on an RTD with a slot resonator. The RTD os-
cillated at 510 GHz, and output power of 40 W radiated in
the upward direction without the Si lens. The equivalent circuit
model was proposed to estimate the output power, and the cir-
cuit parameters were derived using the calculated admittance
by electromagnetic simulation. The dependence of the output
power on the side length of the patch antenna agreed with that
derived from the theoretical calculation. The radiation pattern
was measured, and a directivity of 7 dBi was obtained. Fur-
ther, a higher output power can be expected by optimizing the
BCB thickness and the RTDwith high current density. With this
structure, a compact oscillator without a Si lens can be possibly
fabricated using RTDs.
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