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Abstract— We have designed a frequency multiplier based on
Heterostructure Barrier Varactors (HBVs) at 202 GHz. The
InGaAs/InAlAs/InP HBV diodes were flip-chip mounted onto
an aluminium-nitride (AIN) substrate with the microstrip
pattern. The AIN-circuit was then mounted in an ultra compact
30x9 mm waveguide block. A quintupler (x5) operating at 202
GHz produced an output power of 23 mW.

I. INTRODUCTION

The mm-wave and THz frequency spectra is rich on
possible applications. But the difficulty to supply room-
temperature, compact, high power sources at these
frequencies has hampered an otherwise booming technology
development. As an example, imaging applications such as a
heterodyne receiver array requires local oscillator power of
several tens of mW'’s.

The THz spectral window (~ 0.1-3 THz) , also nicknamed
‘THz-gap’, is difficult to reach from the electrical side. This
is exemplified by the sharp decline of efficiency at higher
frequencies for fundamental sources such as IMPATT and
Gunn oscillators [1]. Other methods to produce THz output
power such as the quantum cascade laser (QCL) is promising
but is yet to operate at frequencies well below < 1.4 THz [2].

Because of the inherent difficulty to generate power at
these frequencies, the output power from a lower frequency
source can be multiplied [3-5] to higher frequencies using a
nonlinear device such as the Heterostructure Barrier Varactor
(HBV) diode [6]. The HBV has a symmetric capacitance-
voltage (C-V) characteristic, operates unbiased and only
generates odd harmonics of the pump signal. These specific
properties simplify the design of high order multipliers (X3,
x5, X7, etc.) [7-8]. Moreover, since cascading the epitaxial
growth scales the voltage handling capability of the HBV,
this device is well suited for high power generation [9-10].

The progress on HBV multiplier includes multi diode
quasi-optical circuits [11-12], NLTLs [13] and highly
efficient single diode waveguide circuits [14]. For instance,
an HBV quintupler (x5) with a state-of-the-art conversion
efficiency of 11% has been demonstrated at 100 GHz [15-
16], HBV triplers (x3) have been shown to provide 0.2 W at
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Fig. 1 Graph showing the I-V and C-V curves measured on a 12-barrier 700
pum® HBV. The inset shows the circuit symbol of the HBV as two anti-
serially connected diodes.

113 GHz [9], 10 mW and at least 10% efficiency has been
demonstrated at short millimeter wavelengths [17-19], and 1
mW has been reported for a HBV tripler up to 450 GHz [20].
In terms of output power, the best results have been achieved
using a filter circuit on AIN instead of quartz due to a better
heat sink for the flip-chip mounted diode.

In this paper we present the design, fabrication and
measurement results of state-of-the-art G-band (140-220
GHz) HBV quintuplers. Initially, a brief description of the
underlying HBV multiplier technology is presented together
with an account of the design and fabrication process. The
measurement setup and the results at 202 GHz follow with
concluding remarks.

II. HBV MULTIPLICATION

The physical property for achieving unbiased
multiplication (i.e creation of higher harmonics) in this work
is the nonlinearity provided by the HBV diode. This type of
diode is realized by epitaxially growing a heterostructure
sequence of low-high-low bandgap material. When a voltage
is applied across such a semiconductor material, the high
bandgap material acts as a barrier for the carriers causing
accumulation and depletion of carriers in the respective low
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bandgap layers. This has the effect of changing the
capacitance as a function of the applied voltage C = C(V ) as
shown in figure 1.

The HBV heterostructure epi-material within this work
consists of periodically stacked InAlAs/InGaAs/InP
layers[21] repeated three times, in order to withstand high
voltages and therefore operate at high power. For this
structure, the modulation layer is 250 nm with a doping

concentration of 1%x10'” cm and a 13-nm barrier thickness.

The epitaxial material was grown by molecular beam epitaxy
(EPI930) at the Chalmers Nanofabrication Laboratory.

We chose the symmetric planar topology [9] for the HBV
diode. This discrete device is shown in figure 2. It actually
consists of four mesas of the aforementioned epi-material
that are series connected. This amounts to a total of 12
barriers in series. As shown in figure 1 by the I-V curve, this
type of 12 barrier device can operate at voltage amplitudes in
excess of 50 V.

Soldering

pad

Buffer layer

Fig. 2 SEM micrograph of a 500 pum” HBV. This 4-mesa device has a total
of 12-barriers.

Standard III-V processing techniques were used to
fabricate the HBV devices. These techniques include
photolithography, e-beam contact evaporation, plasma-
enhanced chemical vapor deposition (PECVD), inductively
coupled plasma (ICP) dry etching.

III. QUINTUPLER CIRCUIT DESIGN

In order to facilitate efficient multiplication the HBV has
to be properly matched at the input frequency and higher
harmonics. This was realized using a microstrip circuit
incorporating filters and impedance matching elements
embedding the diode. The microstrip circuit was fabricated
on an AIN substrate (thermal conductivity ~ 170 W/mK) to
improve the power handling capability. No DC connection
between the waveguide block and the circuit was used since
simplicity was one of the design objectives. This also means
that open waveguide probes were used both at the input and
at the output side. Figure 3 shows the CAD layout for the 3-
D electromagnetic solver used to design the quintupler
microstrip circuit and waveguide. We can see that the
input/output waveguides are connected by probes at each end
of the circuit .

The optimum embedding impedances were extracted from
harmonic balance simulations using the Chalmers HBV
device model [22]. This model self-consistently calculates
the interdependent electrical and thermal properties of the
device. Three-dimensional FEM modeling was applied to

series

electrical

calculate the thermal resistance and
resistance used in the model.

Fig. 3 CAD layout of the quintupler microstrip circuit and waveguide
attachments for a G-band quintupler. A 3-D electromagnetic solver was used
for the detailed design.

The diced HBV devices from figure 2 were flip-chip
soldered onto the microstrip. This hybrid circuit was then
mounted in the waveguide block with a WR22/WRS input
and output, respectively. The two-piece compact waveguide
block, with dimensions @ 30 mm X 9 mm, was milled out of
brass and gold electroplated. Figure 4 shows a photograph of
the two waveguide block halves with the AIN microstrip

circuit mounted in the left. The waveguide block has no
movable tuners.

Fig. 4 Two-piece waveguide block halves for the 202 GHz quintupler. The
AIN microstrip circuit is mounted in the waveguide channel of the block half
on the left. A 50€ cent is included for size comparison.
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IV.RESULTS

The input signal to the multiplier was provided by a
HP83650B frequency synthesizer followed by a Spacek
power amplifier. A waveguide isolator was used between the
power amplifier and the HBV multiplier (DUT). The output
power was measured using an Erickson PM2 power meter. In
figure 5 the output power is plotted as a function of input
power showing a maximum output power of more than 20
mW for the 202 GHz quintupler. This result was achieved
with a 500 um* HBV diode from the same batch as used for
the high power W-band tripler in [9]. The test was limited by
available input (pump) power at 40 GHz and even higher
efficiency and output is expected at higher input power
levels.
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Fig. 5 Graph showing the quintupler output power and efficiency at 202
GHz versus the input power

Figure 6 shows a frequency sweep at a constant input power
of 560 mW into the quintupler.
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Fig. 6 Graph showing the quintupler output power versus frequency at a
fixed input power of 560 mW.

The output spectrum was measured with a Fourier
Transform Spectrometer (FTS), which confirmed that the
output signal only contains the fifth harmonic.
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Fig. 7 FTS spectra confirming that the output power measured is all
contained in the fifth harmonic at 202 GHz.

CONCLUSIONS

World-record output power performance of more than 20
mW at 202 GHz for an HBV quintupler has been
demonstrated. The output power was limited by the available
input power so additional improvements of output power and
efficiency is expected with increased pump power.

A new and novel design of the waveguide block has been
presented that makes the machining of the block simple and
repeatable.
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Today, the output power for HBV multipliers are
comparable to state-of-the-art Schottky doublers at short
millimeter wave frequencies. Finally, the HBV multiplier
performance can be further enhanced by optimizing circuits,
devices and using monolithic integration techniques
(MMICs).

ACKNOWLEDGMENT

The authors would like to thank Carl-Magnus Kihlman,
Chalmers, for fabricating the waveguide blocks and Mahdad
Sadeghi, Nanofabrication laboratory, Chalmers, for the
growth of epi-material.

This work was supported in part by the European Space
Agency, in part by the Swedish Foundation for Strategic
Research (SSF), in part by the Swedish National Space
Board, and in part by the Swedish Defence Material
Administration  (FMV), the Swedish  Emergency
Management Agency (KBM) and the Swedish Agency for
Innovation Systems (VINNOVA) through the FOI projects
NanoComp and Radar eyes.

REFERENCES

[1] G. 1. Haddad, J. R. East, H. Eisele, "Two-terminal active devices for
terahertz sources," International Journal of high Speed Electronics and
Systems, vol. 13, pp. 395-427, June 2003.

[2] M. Tonouchi, "Cutting-edge THz technology," Nature Photonics, vol.
1, pp. 97-105, Feb 2007.

[3] P. Penfield and R. P. Rafuse, Varactor applications. Cambridge: The
MIT Press, 1962.

[4] A. Réisdnen, "Frequency multipliers for millimeter and submillimeter
wavelengths," Proc. IEEE, vol. 80, pp. 1842-1852, Apr 26 1992.

[5] G. Chattopadhyay, E. Schlecht, J. Ward, J. Gill, H. Javadi, F. Maiwald,
and I. Mehdi, "An All-Solid-State Broad-band Frequency Multiplier
Chain at 1500 GHz," IEEE Transactions on Microwave Theory and
Techniques, vol. 52, pp. 1538-1547, 2004.

[6] E. L. Kollberg and A. Rydberg, "Quantum-barrier-varactor diode for
high-efficiency millimetre-wave multipliers," Electronics Letters, vol.
25, pp. 1696-1698, 1989.

[7] L. Dillner, J. Stake, and E. L. Kollberg, "Analysis of symmetric
varactor frequency multipliers," Microwave and Optical Technology
Letters, vol. 15, pp. 26-29, May 1997.

[8] J. Stake, S. H. Jones, L. Dillner, S. Hollung, and E. L. Kollberg,
"Heterostructure-barrier-varactor design," I[EEE Transactions on
Microwave Theory and Techniques, vol. 48, pp. 677-682, 2000.

511

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

J. Vukusic, T. Bryllert, T. A. Emadi, M. Sadeghi, and J. Stake, "A 0.2-
W heterostructure barrier varactor frequency tripler at 113 GHz," IEEE
Electron Device Letters, vol. 28, pp. 340-342, May 2007.

A. Rahal, R. G. Bosisio, C. Rogers, J. Ovey, M. Sawan, and M.
Missous, "A W-Band Medium Power Multi-Stack Quantum Barrier
Varactor Frequency Tripler," I[EEE Microwave Guided Wave Lett., vol.
S, pp. 368-370, 1995.

J. B. Hacker et al.. “A high-power W-band quasi-optical frequency
tripler,” in IEEE International Microwave Symposium, vol. 3 pp. 1859-
1862, 2003.

S. Hollung, J. Stake, L. Dillner, and E. L. Kollberg, "A 141-GHz
Integrated Quasi-Optical Slot Antenna Tripler," in [EEE AP-S
International Symposium and USNC/URSI National Radio Science
Meeting, Orlando, FL, USA, 1999, pp. 2394-2397.

S. Hollung, J. Stake, L. Dillner, M. Ingvarson, and E. L. Kollberg, "A
Distributed Heterostructure Barrier Varactor Frequency Tripler," /EEE
Microwave and Guided Wave Letters, vol. 10, pp. 24-26, 2000.

J. Vukusic, B. Alderman, T. A. Emadi, M. Sadeghi, A. @. Olsen, T.
Bryllert, and J. Stake, "HBV tripler with 21% efficiency at 102 GHz "
Electronics Letters, vol. 42, pp. 355-356, 2006.

T. Bryllert, A. @. Olsen, J. Vukusic, T. A. Emadi, M. Ingvarson, J.
Stake, and D. Lippens, "l11% efficiency 100 GHz InP-based
heterostructure barrier varactor quintupler," Electronics Letters, vol.
41, p. 30, 2005.

A. @. Olsen, M. Ingvarson, B. Alderman, and J. Stake, "A 100-GHz
HBV Frequency Quintupler Using Microstrip Elements," [EEE
Microwave and Wireless Components Letters, vol. 14, pp. 493-495,
2004.

T. David, S. Arscott, J.-M. Munier, T. Akalin, P. Mounaix, G. Beaudin,
and D. Lippens, "Monolithic integrated circuits incorporating InP-
based heterostructure barrier varactors," IEEE Microwave and Wireless
Components Letters, vol. 12, pp. 281-283, 2002.

Q. Xiao, J. L. Hesler, T. W. Crowe, 1. Robert M. Weikle, and Y. Duan,
"High Efficiency Heterostructure-Barrier-Varactor Frequency Triplers
Using AIN Substrates," in IMS 2005, Long Beach, CA, 2005.

R. Meola, J. Freyer, and M. Claassen, "Improved frequency tripler with
integrated single-barrier varactor," Electronics Letters, vol. 36, pp.
803-804, 2000.

M. Saglam, B. Schumann, K. Duwe, C. Domoto, A. Megej, M.
Rodriguez-Gironés, J. Miiller, R. Judaschke, and H. L. Hartnagel,
"High-performance 450-GHz GaAs-based heterostructure barrier
varactor tripler," IEEE Electron Device Letters, vol. 24, pp. 138- 140,
2003.

L. Dillner, W. Strupinski, S. Hollung, C. Mann, J. Stake, M. Beardsley,
and E. L. Kollberg, "Frequency Multiplier Measurements on
Heterostructure Barrier Varactors on a Copper Substrate," IEEE
Electron Device Letters, vol. 21, pp. 206-208, 2000.

M. Ingvarson, J. Vukusic, A. @. Olsen, T. A. Emadi, and J. Stake, "An
electro-thermal HBV model," in IMS 2005, Long Beach, CA, 2005, pp.
1151-1153.





