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Modeling and Design Aspects of Millimeter-Wave
Schottky Varactor Frequency Multipliers

Jedis Grajal de la Fuente, Viktor Kroze¥jember, IEEE,and Francisco Maldonado Martos

Abstract—Design and optimization of frequency multipliers complexity of Schottky diode model but can have a simple
for millimeter and submilimeter wavelengths have been pre- explanation due to multiplier circuit operation. At low input
viously performed using harmonic-balance techniques together ,q\ver |evels the performance of the multiplier is mainly
W|th'equwalent circuit _models. Using this app_roach it is difficult det ined by the dc bi int and the load i d t
to simultaneously design and optimize the diode device and the etermined by the dc bias poin an. € load impe _ances a
multiplier circuit. This work demonstrates results from numerical ~ the fundamental and output frequencies, whereas at high power
semiconductor simulation coupled with the harmonic-balance levels the operation is affected by the breakdown properties
technique. The good agreement between the calculated and pub-of the employed device and its series resistance. The highest
lished experimental data for the output power and efficiency cqnyersion efficiency of frequency multipliers is obtained in
is essentla_llly due to the incorporation _of impact ionization in the t it ion bet low- and hiah- . d
the numerical model. Details on the device behavior and circuit 1€ ransition region beétween low- and high-power regime an
operation at different power levels are provided. can be only obtained for inductive loads at higher harmonics.

. . o The discussion presented below is based on experimental and

Index Terms—Frequency multipliers, nonlinear circuit analy- . . .
sis, numerical modeling, Schottky diode modeling, semiconductor Ca'C‘_J'a_ted ,reSl,JltS for.d|ffere.nt varactor diodes and d|ﬁgrent
simulation, submillimeter-wave multipliers. multiplier circuits published in [2], [3], and [8] together with
original calculations utilizing our model presented here.

The diode structure has been discretized with a nonuniform
mesh utilizing the structure data given in the publications.

ARACTOR frequency multipliers play a vital role in The simulation domain includes the epitaxial and substrate
developing all-solid-state power sources at terahertz fiayers. The total current waveform at the terminals of the
guencies. The modeling and design of Schottky varactdevice, consisting of a sum of the conduction and the dis-
frequency multipliers have received considerable attentiptacement currents, is used in the harmonic-balance program.
due to the progress in device and circuit performance. Thée harmonic-balance program solves the circuit equations by
key points in this progress have been the enhanced physgplimization techniques [6].
understanding of Schottky diode varactor operation [1] and
the improvement in analysis methods [2], [3], Schottky diod&. Low-Input Power Levels

models [3]-[5], as well as numerical physical device models ¢ oy power levels the amplitude of the voltage waveform

[2], [6], [7]. In the present work we focus on frequency multiis smaler than the absolute value of the bias voltage and

plier analysis based on coupling the circuit-oriented harmonigqron saturation effects are not significant. Therefore, it is
balance analysis with drift-diffusion numerical semiconduct ossible to maximize the output power and the efficiency of

device simulation. Such an approach enables to concurre Hg frequency multiplier by choosing an appropriate bias point

I. INTRODUCTION

together with achievable output power,

and th_e required loads at the specific harmo_r_lics. Our S_"IBYN power levels. This can be inferred from Fig. 1, where
ulator incorporates accurate. b°9”daf3{ cqndmon; fgr U'QHe output power and the efficiency have been plotted versus
forward as well as reverse bias, including impact-ionizatiog, o input power for a frequency doubler utilizing an UVA
series resistance effects, and self-consistent implementatior69f4 Schottky varactor. The results have been taken from [2]
image-force lowering and tunneling effects [6]-[8]. with additional simulations from our model. All simulators

overestimate the output power [Fig. 1(a)] and the efficiency
[l. DETERMINING FACTORS FORMULITPLIER PERFORMANCE  [Fig. 1(b)] of the doubler at power leveld, < 10 dBm. None

Many of the previously observed discrepancies betwe&h the simulators in [2] [indicated as Monte Carlo coupled
measured and calculated results are not directly related to Y& harmonic-balance (MCHB), drift-diffusion with field-
dependent mobility (DDHB-fdm), and drift-diffusion with
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Fig. 1. Calculated and measured (a) output power and (b) conversion effi-
ciency as a function of the input power for a UVA 6P4 frequency doubler. THég. 2. Calculated and measured [3] (solid line) (a) output power and (b)
fundamental frequency igo = 100 GHz. The solid line with symbols+”  conversion efficiency as a function of the input power for a frequency doubler.
illustrates the results from our model, the solid line shows the experimen@dlculated results are illustrated as symbad$ for f, = 80 GHz and as
results from [2], and the dashed lines represent calculated results from [2Fircles “+” for fo = 160 GHz, respectively.

z{)tgreement between our results and measurements could be still

—10 V and the loads at harmonic frequencies were set
improved by taking the effective diode area in the simulations.

Z(nfo) = (0 4+ 70) Q for n > 2. The load impedance
at the outputZ(2f,) was optimized for maximum output
power for each input power [approximateB(2 ;) = (70 +
j200) Q at P,, = 14 dBm], while the diode was matched Based on the results in [1] many publications have dealt
at the fundamental frequency. The matching of the diode with current saturation mechanism in frequency multipliers,
each power level at the fundamental and output frequencydisregarding the effect of impact ionization. Our simula-
responsible for the unrealistic results from the simulation8pns include impact ionization effects and demonstrate that a
because the diode matching is generally optimized for higlubstantial dc current flows at increased power levels. For fre-
power levels in experimental systems. Matching of the diodpiency multipliers at fundamental frequencigs~ 100 GHz
at low input powers is sensitive to changes with poweelectron scattering effects can be neglected and the important
frequency, and bias voltage due to the high quality factparameters affecting multiplier performance are the current de-
Q = H{Z(fo)}/R{Z(fo)} = 10---20. Hence, we believe pendent series resistance and impact ionization. The efficiency
that any simulation program capable of accurately simulatimg Fig. 1 decreases with the onset of increased current flow
the device junction capacitance and series resistance coulddbe to impact ionization, although the output power is still
used for this operating regime. increasing. The effect of the variation of the load impedances
The situation is emphasized in Fig. 1(b) which shows th&t weak (2 =~ 4) because the voltage excursion is over
the results from the Monte Carlo code predict an efficiendhe full reverse characteristic of the diode. Our simulations
close to the theoretical limit at low input power levels, whereadso show a strong increase 8 Z( f,)} in accordance with
the measured efficiency is low and increases with increasifig and [3]. We have also compared our simulations with
drive level. In our simulations we have used the geometriclle measured data for a frequency multiplier using a similar
area of the device and it is outlined in Section II-C that theiode at fo = 80 GHz [3] illustrated in Fig. 2. At the

B. High Input Power Levels
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5 40 . : , : input power when the diode area is decreased. This is because
9; 35| : : 5 : | impact ionization is also a function of the current density in
Q 0l | the device. The important result here is that the demand for
2 maximum conversion efficiency at a prescribed input or output
= 25t _ A 1 power uniquely determines the diode area.

20t

15F A ]
: I1l. CONCLUSIONS

We have demonstrated that at low input power levels the
operation of the multiplier is mainly determined by the embed-
Of- or =154 um 1 ding circuit and the diode dc operating point. The discrepancies

output power (dBm)
[63]

] et 2 . between the measured and the calculated results observed in
_10 : : ; ; many simulations could be explained by mismatching effects
=5 0 5 10 15 20 25 in the circuit, while effects due to device physics seem to be

input power (dBm) insignificant. In contrast at high power levels the contribution

Fig. 3. Calculated output poweP,y; and conversion efficiency) as a of the embedding circuit to the overall performance of the
function of the input power for two Schottky varactor diodes D734 fro”i"nulti lier is marginal and impact ionization in the device
the TU Darmstadt. The fundamental frequencyfis= 50 GHz. . P . 9 P . .
is responsible for output power saturation and conversion
efficiency decrease. We have obtained good agreement be-

output the balanced diode configuration has been simulaigfle, pyblished experimental results and our calculations for

as a direct parallel connection of two identical diodes. Thf?equencies up to 200 GHz with our enhanced drift-diffusion
agreement with measured data is very good. Simulations Qf 4q| coupled to a harmonic-balance simulator.

the same arrangement g = 160 GHz also agree well

at high input power levels, while we cannot reproduce the

measured efficiency at low and intermediate power levels. ACKNOWLEDGMENT
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device performance is more important than the embedding
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