
Sixth International Symposium on Space Terahertz Technology Page 199

TERAHERTZ GRID FREQUENCY DOUBLERS
N11111111.111111111, 4111111111111111 01110111,211.0,	

Jung-Chih Chiao Andrea Markelz 2 , Yongjun Li 3 , Jonathan Hacker 4,

Thomas Crowe 3 , James Allen 2 , and David Rutledge
3-Department of Electrical Engineering, California Institute of Technology, Pasadena, CA 91125

2Department of Physics, University of California at Santa Barbara, Santa Barbara, CA 93106
3Department of Electrical Engineering, University of Virginia, Charlottesville, VA 22903

4Bellcore Communications Research, Red Bank, NJ 07701

Abstract — A terahertz quasi-optical grid frequency
doubler has been developed. This frequency dou-
bler is a planar bow-tie grid structure periodically
loaded with planar Schottky diodes. This is the
first experimental result with quasi-optical grid
frequency multipliers in the terahertz frequency
range. A peak output power of 330 FW was mea-
sured at 1 THz for 2.42 ps 500-GHz input pulses
with a peak power of 3.3 W.

INTRODUCTION

T
he demand for solid-state local oscillators in the THz
frequency range has been steadily increasing for ap-

plications in radio astronomy and remote sensing of the at-
mosphere [1,2]. The interest for THz applications has fos-
tered a strong need for submillimeter-wave receivers, mix-
ers and sources, especially tunable high-power sources used
as the local oscillators for heterodyne submillimeter-wave
receivers. For example, the local-oscillator output-power
requirement at 1 THz for NASA's SMMM (Submillimeter
Moderate Mission) is at least 50 pW [3]. Traditional high-
power sources in the THz region such as gas lasers and
vacuum-tube oscillators are not suitable for this purpose
due to their large size, high-voltage supplies, short lifetime

and small tuning ranges. However, frequency multipliers
and upconverters like Schottky diode multipliers can be
used to generate the required terahertz frequencies from
lower-frequency solid-state tunable signal sources such as
Gunn-diode oscillators.

APPROACH

Current diode multipliers have mostly been single-diode
structures typically consisting of a Schottky varactor diode
placed in a waveguide with a whisker contact. Rydberg,
Lyons and Lidholm have demonstrated a Schottky varac-
tor diode frequency tripler with a measured output power
more than 120 pW at 803 GHz [4]. Erickson and Tuovi-
nen presented a waveguide tripler with an output power
of 110 /AV at 800 GHz [5]. Zimmermann, Rose and Crowe
have demonstrated an output power of 60 pW at 1 THz
by using a cascade of two whisker contacted Schottky var-
actor frequency triplers [6]. One approach to overcome
the low power of solid-state devices in the submillimeter-
wave band is to combine a large number of devices to-
gether [7,8]. A grid of planar diodes quasi-optically coupled
in free space does not require the construction of single-
mode waveguides and can potentially overcome the power
limits of conventional single-diode multipliers [9]. Using
this approach, H.-X. Liu has demonstrated a frequency

Fig. 1. The grid-multiplier concept [8]. The fundamental wave
enters on the left as a beam, passes through a filter, and is
incident on the diode grid. The grid acts as a nonlinear surface
and produces a beam at the harmonic frequencies, which passes
through filters on the right.

Fig. 2. The grid frequency doubler. (a): the unit cell, (b):
the entire 6 x6 array. The diode symbols indicate the polarity.
Three diodes are in series from the top or bottom bias line to
the center bias line. The bow-ties in two adjacent columns are
not connected except the ones in the center row for biasing.
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tripler consisting of 3,100 Schottky-quantum-barrier var-
actor diodes to produce 5 W pulsed output power at
99 GHz [10].

The multiplier concept is shown in Fig. 1. The input
beam at the fundamental frequency enters from the left.
The first element is a pair of dielectric tuning slabs that
act to transform the impedance of the input wave to one
appropriate for the multiplier grid. Typically inductive re-
actance is needed to cancel capacitance of the diodes in the
grid. In addition, the free-space wave impedance, 377 0,
is inconveniently high and needs to be reduced. Next
the beam passes through a low-pass filter that passes the
fundamental frequency, but reflects harmonics. Then the
beam hits the grid. The grid acts as a nonlinear surface
which results from the nonlinearity of I-V or C-V char-
acteristics of diodes and generates harmonics. This har-
monic beam radiates both forward and backward, but the

(a) SEM picture

(c) Cross Section

Fig. 3. (a) The SEM picture, (b) the top view and dimensions,
and (c) the cross section of the Schottky diode.

backward beam reflects off the low-pass filter. The for-
ward beam passes through the high-pass filter, and then
through another pair of tuning slabs. One important fea-
ture is that the tuning slabs are outside the filters, so that
the input and output can be tuned independently. The
entire structure is quite compact, only a few wavelengths
thick. The design is also suitable for cascading, so that
even higher harmonics could be produced. The multipli-
cation process preserves the beam shape. Therefore, a fo-
cused beam could be used so that different sizes of multi-
plier grids could be cascaded.

In this paper, the tuning slabs were not used for exper-
imental simplicity.

PLANAR SCHOTTKY DIODE GRID

These grid multipliers were fabricated by monolithic
technology on a 30-prn thick fused-quartz substrate at the
University of Virginia [11]. Figure 2(a) shows the bow-tie-
shaped metal pattern used for the unit cell. The Schottky
diode junction is located at the center of the unit cell.
The size of a unit cell is 70 pm x 70 pm. Figure 2(b) shows
the entire 6x 6 array. The active area is 420 pm x 420 pm.
Three diodes are in series from the top or bottom bias line
to the center bias line. The adjacent bow-ties are not con-
nected except the center row. The diodes in the top and
bottom halves of the grid have opposite polarity. This is
because the grid was originally designed as a sideband gen-
erator[7]. When the grid is used as a frequency multiplier,
the polarity change causes an undesired null in the middle
of the beam.

Figure 3(a) shows an SEM picture of the planar Schot-
tky diode located between the metal fingers of the bow-tie
structure. Figure 3 (b) and 3 (c) show the top view and
the cross section of the planar Schottky diode. The anode
has a diameter of 0.5 pm. The n-GaAs layer has a thick-
ness of 0.1 pm and a doping concentration of 4 x 1017cm-3.
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Fig. 4. Typical measured DC I-V curve.
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The n+-GaAs layer has a thickness of 3pm and a doping
concentration of 5 x 1018cm- 3 . The AlGaAs layer has a
thickness of 1.5 pm. A surface channel was etched away
underneath the anode contact finger to reduce the shunt,
capacitance. The diodes have a measured DC series re-
sistance of 14 c and an estimated junction capacitance of
0.6 if at zero bias. Figure 4 shows a typical I-V curve mea-
sured on one of the diodes.

MEASUREMENT ARRANGEMENT

The measurements use the free-electron laser (FEL) as
the input source in the Quantum Institute at the Univer-
sity of California, Santa Barbara. The free-electron laser
generates kilowatts of polarized radiation tunable from
120 GHz to 4.8 THz [12). The pulse width is 2.42 ps with a
period of 1.3 s. The measurement setup is shown in Fig. 5.
All the optical components were aligned using a He-Ne
laser. Half of the input power at the fundamental fre-
quency in the incident beam was split off into a reference
detector. We used a pyroelectric detector as the reference
detector. The radiation from the FEL was then focused
by a parabolic mirror with an f-number of 1.6 and a focal
length of 15 cm. We varied the input power by inserting
plexiglass attenuators in front of the beam splitter.

The harmonic radiation from the grid was collimated
by an f/1 parabolic mirror with a focal length of 11 cm. A
metallic-mesh Fabry-Perot interferometer in the collimated
beam was used to measure the frequency content. The di-
ameter of the interferometer is 15 cm so that it covers the

Fig. 5. Experimental arrangement.

entire collimated beam. Then the collimated beam was
refocused onto a liquid-helium-cooled Germanium bolome-
ter by another f/1 parabolic mirror with a focal length of
12.8 cm.

An 8-layer metal-mesh filter was used as a low-pass fil-
ter on the input side. It has an attenuation more than
60 dB at 1 THz. A circular-waveguide array filter was used
as a high-pass filter on the output side of the grid. The
waveguide array filter was attached to the window of the
bolometer. The circular waveguides have a diameter of
200.7 pm and a length of 1.02 mm. The diameter of the ar-
ray is 5.1rnm. Figure 6 shows the measured transmittance
of the high-pass filter from 300 GHz to 1.5 THz. The trans-
mittance at 1 THz is 0.76 and the attenuation is more than
60 dB at 500 GHz.

MEASUREMENT

Several different diode grids have been tested. These
diode grids are glued on the edges of microscope glass slides
and suspended in air. Bonding wires connect the bias lines
on the substrate to the contact pads on the slides for DC
biasing.

Figure 7 shows time responses of the bolometer voltage
as a function of input power level. Each curve is an av-
erage of 4 pulses. The solid lines show the outputs with
the multiplier grid in the path and with four different in-
put power levels which have 0 dB, 3.8 dB, 5.8 dB and 7 dB
attenuations. The dashed line was measured without the
multiplier in the path and 0 dB input power attenuation.
This measurement shows the harmonics are radiated from
the multiplier grid instead of harmonic contamination from
the free-electron laser. The 0 dB attenuation reference was
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Fig. 6. Measured transmittance of the high-pass waveguide
cutoff filter as a function of frequency.
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actually set with enough sheets of plexiglass in front of
the beam splitter so that there was no output signal de-
tected by the bolometer without the multiplier in the op-
tical path. Then extra attenuation was added to measure
the time responses for different input signal levels.

Another way to show that the THz radiation comes
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Fig. 7. Normalized time responses of bolometer voltage as a
function of input power level. The dashed line was measured.
with 0 dB attenuation of the input power but without the mul-
tiplier in the path. The solid lines were measured with the
multiplier in the path and with different attenuation of the in-
put power.
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Fig. 8. Normalized time responses of bolometer voltage with
different grid orientations. The solid line indicates the electric
field parallel to the the diode and the dashed line indicates that
the electric field perpendicular to the diode.

from the grid rather than the laser is to rotate the grid
by 90

0
 and measure the cross-polarized signal. Figure 8

shows the time responses. The solid line was measured
with the electric field parallel to the diodes and the dashed
line was measured with the electric field perpendicular to
the diodes. This result shows that: (1) The bow-tie metal
structures on the grid work as linearly-polarized antennas
and couple the signal into the diodes. The harmonic signal
is not generated by just pumping high energy on GaAs in
the device. (2) The harmonic signal does not come from
the free-electron laser.
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(b)
Fig. 9 Normalized output power as a function of the metal-
mesh spacing in the Fabry-Perot interferometer. (a) Measure-
ment of 500-GHz input signal and (b) measurement of 1.00 THz
output signal.
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A Fabry-Perot interferometer was used to measure the
signal frequencies. The metal-mesh plates could be posi-
tioned in 0.7 pm increments. Figure 9 shows (a) the funda-
mental frequency from the free-electron laser after passing
the low-pass filter but without the high-pass filter, and (b)
the output frequency from the grid after passing the high-
pass filter. Figure 9 (a) and 9 (b) only show parts of the
measured curves. The average distance between two peaks
in the output-frequency measurement is 301 pm over 14
peaks. This indicates the output frequency is 1.00 THz.
No higher harmonics have been detected. The average
distance between two peaks in the input-frequency mea-
surement is 603 pm over 9 peaks. This indicates the input
frequency is 500 GHz.

POWER

Figure 10 shows the power dependence of the first multi-
plier with normal incidence. This grid has diodes with an
anode diameter of 0.56 pm and 100% yield. The dashed
line indicates a square-power relationship. A peak out-
put power of 330 pW at 1 THz was achieved when the
diode grid was pumped by a peak input power of 3.3 W
at 500 GHz. With low input power, the data do not follow
the square-power relationship, possibly due to measure-
ment noise. It should be noticed that these diodes have
not yet saturated. We tried to increase the input power
in order to investigate the saturation conditions. However,
some of the diodes were damaged when the input power
reached 13 W. These damaged diodes are open-circuited,
verified by a curve tracer.

We improved the data acquisition method to investigate
the power dependence with low input power. Each pulse
was integrated to reduce noise effect. Because some of the
diodes got damaged in the first grid, we used a new device.
Figure 11 shows the power dependence of the second multi-
plier with normal incidence in a linear scale. This grid has
diodes with an anode diameter of 0.5 pm and 100% yield.
The solid line indicates a square-power relationship. With
an input power of 800 mW, this multiplier generated a peak
output power of 45 pW . These diodes have not saturated
yet and some of the diodes were damaged when the in-
put power was increased to 4 W. It should be noticed that
the data with low input power follows the square-power
relationship after reducing the noise effect.

PATTERN

The diodes in the top and bottom halves of the grid
have opposite polarities because the grid was designed for
a sideband generator. When the grid is used as a frequency
doubler, this causes an undesired null in the middle of the
beam. The output pattern was measured to verify the
existence of the null. The measurements were done by
rotating the grid itself. In Figure 12, the solid curve shows
the measured output pattern with a peak input power of
300 mW. Peaks appear at 42° and 26° from the center with
a power of 3_2 times and 2.3 times bigger than the power in
the null, respectively. The accuracy of this measurement
is limited by the uncertainty in the position of the rotating
axis. The asymmetry of the output pattern may be caused
by the off-axis rotating effect or by the fact that the diodes
in one array are not completely identical. The bolometer

0.1

	

	 1
	

a
Peak input power at 500GHz, W

Fig. 10. Measured peak power dependence of the first multi-
plier grid. The dashed line indicates a square-power relation-
ship. The diodes were not biased.
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Fig. 11. Measured peak power dependence of the second mul-
tiplier grid. The solid line indicates a square-power relationship.
The diodes were not biased.
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BIASING

Traditionally, Schottky diode multipliers are reverse-
biased to increase the frequency multiplying efficiency
since the diodes are designed as varactors. However, these
diodes were originally planned for use as sideband gener-
ators and were designed to be used under forward bias.
Thus, these diodes have very thin epitaxial layers and
the capacitance does not change significantly with reverse
bias. Therefore, the frequency multiplication in these grids
probably results from varistor multiplication, that is to
say, from the nonlinear I-V relationship. C-V curves with
1 MHz RF frequency were measured by probing each diode
in an array when other diodes were still connected to the
one probed. The capacitance of the diodes on the edge
of the array stayed the same (about 10 if) when the bias
changed from 0.4 V to —6 V. The capacitance of the diodes
in the center of the array varied from 19.2 fF to 18.4 fr as
the bias changed from 0.4 V to —6 V. These capacitances
are much bigger than the estimated junction capacitance
which is 0.6 if at zero bias. The discrepancy is due to the
fact that these diodes are still connected and therefore the
measured capacitance is a result of all shunt capacitance
in the array and the junction capacitance is not significant
enough to change it when the bias changes.

Power dependence was measured under different biasing
conditions. The grid was rotated to the angle where the
maximum output power appeared. The maximum point
of the output pattern should be more sensitive to the bias
than the null in the center (with normal incidence) due to
that the null is caused by a cancellation of electric fields
from the two halves of the diodes. Figure 13 shows the

0 200 400 600 800 1000
Peak input power at 500GHz, mW

Fig. 13. Measured power dependence with bias 0 V and 0.5V.
The grid was rotated by 30° for the bolometer to receive signal
from the peak angle of the output pattern.
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has a limited acceptance angle (±14°) and only 10% of the
total radiated power is accepted at normal incidence. The
dashed curve in Fig. 12 shows a calculated one-dimensional
output pattern. Three infinitesimal current elements on
the left are assumed to have an opposite phase from the
other three elements on the right of a linear array and the
spacing between elements is 70 pm. The normalized array
factor is determined by [13]

sin( 3k
2
 d sin 0)1 2 [, no d } 2

A(0) = [ k • sin( — sin 0) (1)
2sin(-1-4 sin 0)

where 0 is the angle, d is the spacing and the propagation
constant lc, = 2r / )t

 Ao is the wavelength, 300 pm.
The receiving horn in the bolometer has an acceptance
angle of ±14°. Therefore, taking both the antenna array
factor and the finite acceptance-angle effect into account,
the output pattern is calculated by

0+14°
NO) = 1 A(0)d0. (2)

4?-14°

—60 —30 0 30 60 90
Angle. degrees

Fig. 12. Output pattern. The measurements were done by
rotating the grid from —90

0
 to +90

0
 with the electric field par-

allel to the diodes. The solid line is a calculated output pattern
considering the antenna array factor and the acceptance angle
of the receiving horn. The null was caused by the opposite
polarities of the diodes in two halves of the grid.
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measured power dependence with bias 0 V and 0.5 V. Each
data point is an average of 60 pulses. The frequency dou-
bling efficiency with a 14 pW output power was increased
from 1.5 x 10-5 with zero bias to 3.9 X 10- 5 with 0.5 V bias.
It should be noticed that these diodes become saturated
with high input power when the diodes are biased at 0 V.
This measurement verifies that the frequency multiplica-
tion results from varistors.

Peak output power was measured as a function of bias
with a peak input power of 400 mW (Fig. 14). The maxi-
mum peak output power is 17 pW with a bias of 0.375 V.
Comparing with a peak output power of 13 pW which was
measured with the open-circuited bias line, it seems bias-
ing only makes a small improvement in the output power.
One possible reason is that these diodes are self-biased
when the bias lines are open-circuited.

CONCLUSION

Terahertz quasi-optical grid frequency doublers have
been investigated by using Schottky diode-grids which are
originally designed as sideband generators. A peak out-
put power of 330 pW was measured at 1 THz without any
impedance tuning for 2.42 ps 500-GHz input pulses with a
peak power of 3.3 W. The relationship between the input
power at 500 GHz and the output power at 1 THz follows
a square-power law. The polarity of the diodes designed
for sideband-generator application results in a null in the
center of the output beam for multiplier application. Mea-
surements shows that only 10% of the total radiated power
is received by the detector due to the null in the output
beam. A grid with diode-orientation appropriate for a mul-
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Bias, V

Fig. 14. Measured peak output power as a function of bias.
The peak input power is 400mW. The dashed line was mea-
sured with open-circuited bias lines.

tiplier application should improve the output pattern and
increase the output power. Biasing tests verify that the fre-
quency multiplication results from varistors. It should be
possible to increase the output power and the conversion
efficiency since these diodes are not saturated yet when no
bias is applied.
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