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RESEARCH PAPER

A Comprehensive Study of Cryogenic Cooled
Millimeter-wave Frequency Multipliers Based
on GaAs Schottky-Barrier Varactors

TOM K. JOHANSEN1 , OLEKSANDR RYBALKO1 , VITALIY ZHURBENKO1 , BERHANU BULCHA2 ,
AND JEFFREY HESLER3

The benefit of cryogenic cooling on the performance of millimeter-wave GaAs Schottky barrier varactor based frequency
multipliers has been studied. For this purpose, a dedicated compact model of a GaAs Schottky barrier varactor using a
triple anode diode stack has been developed for use with a commercial RF and microwave CAD tool. The model implements
critical physical phenomena such as thermionic-field emission current transport at cryogenic temperatures, temperature
dependent mobility, reverse breakdown, self-heating, and high-field velocity saturation effects. A parallel conduction model
is employed in order to include the effect of barrier inhomogeneities which is known to cause deviation from the expected I-
V characteristics at cryogenic temperatures. The developed model is shown to accurately fit the I-V-T dataset from 25 to 295
K measured on the varactor diode stack. Harmonic balance simulations using the model are used to predict the efficiency
of a millimeter-wave balanced doubler from room to cryogenic temperatures. The estimation is verified experimentally
using a 188 GHz balanced doubler cooled down to 77 K.

I. INTRODUCTION

Varactor frequency multipliers are often used as solid-
state sources in the millimeter and submillimeter range.
Frequency multipliers based on GaAs Schottky diode tech-
nology are commercially available up to several terahertz
[1]. The use of these devices has been proved in dif-
ferent fields such as spectroscopy, satellite applications,
communications, radio astronomy, etc. For several of these
applications high efficiency and large fixed-tuned band-
width are required. This in particular holds for dynamic
nuclear polarization systems [2]. The polarization process
relies on the power of electromagnetic radiation deliv-
ered to the sample. Traditionally, this power is delivered
from sources using long wave-guiding structures, which
loss and price scales with operating frequency. Alterna-
tively, the multiplier can be placed close to the sample
inside the polarization system, where the temperature of
the environment is in the range from 77 to 100 K. Unfor-
tunately, the power dissipation in the multiplier itself has
been found to heat up the sample under test. Commercially
available sources are typically not optimized for operation
at cryogenic temperatures. Therefore, it may still be possi-
ble to improve the performance of the multipliers by design
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optimization directly at cryogenic temperatures. This moti-
vates the development of a dedicated compact model of
GaAs Schottky barrier varactor diodes valid at cryogenic
temperatures.

Compact diode models are available in most RF and
microwave CAD software packages. Such diode models
are generic, representing mainly the physical behavior of
Silicon pn-junction diodes. Embedded with parasitic net-
works these diode models can be used to describe the
performance of room temperature GaAs Schottky-based
multipliers and mixers operating at frequencies up to sev-
eral hundreds of GHz [3]. The temperature dependence of a
Silicon pn-junction diode, however, is quite different from
that of a GaAs Schottky barrier diode due to the different
carrier transport mechanisms involved.

It is a well-established fact that the performance
of Schottky-based millimeter-wave multipliers improves
when cooled [4]. The main reason for the improvement is
an increase of the bulk mobility in GaAs. The increase in
bulk mobility translates directly into a decrease in series
resistance of the Schottky barrier varactor and hence higher
efficiency. For accurate prediction of multiplier perfor-
mance at cryogenic temperature it is thus mandatory to
include this temperature dependence of the bulk conductiv-
ity into the model formulation. The efficiency of Schottky-
based multipliers is fundamentally limited by either for-
ward conduction, including current saturation effects, or
reverse breakdown mechanisms [5]. These effects must be
properly accounted for in the compact model description.
Also, at cryogenic temperatures barrier inhomogeneities
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influences the forward current conduction and must be
accounted for as well.

In this paper, the performance of GaAs Schottky-based
multipliers at cryogenic temperatures are studied. The
paper expands on the authors previous study [6] on the effi-
ciency at cryogenic temperatures for a 78 GHz frequency
doubler reported in the literature [7]. The paper is struc-
tured as follows. In section II the static characterization in
the temperature range from 5 - 295 K of a GaAs Schottky-
barrier varactor using a triple anode diode stack mounted
in a multiplier block is described. Section III describes
the development of a dedicated compact model for the
triple anode stack varactor. The Schottky-barrier varactor
model is extended with a frequency dependent network to
capture the effect of carrier inertia and displacement cur-
rent in the epi-layer. Also, the skin effect in the substrate
layer is modeled. This should make the developed com-
pact model versatile enough to predict the performance
of frequency multipliers even in the submillimeter wave
frequency range. In section IV an experimental setup is
presented which serves to verify the developed compact
model against cryogenic measurements on a commercial
200 GHz frequency doubler from Virginia Diodes Inc. The
conclusions are given in section V.

II. SCHOTTKY-BARRIER VARACTOR
CHARACTERIZATION

A Schottky-barrier varactor diode mounted in a multiplier
block was I-V tested for a range of temperatures from 5 -
295 K. The diode, which consists of three anodes in series,
has a total zero-bias capacitance of 26 fF. A two stage
closed cycled cryogenic system is used to set the varactor
multiplier at different temperatures. By applying Apizon
N thermal grease between the varactor multiplier block
and the second stage cryogenic system, effective thermal
coupling was achieved. Furthermore, a temperature sensor
from Lake Shore was mounted on the varactor multiplier
block to monitor the temperature precisely. A sweepable
Keithley source unit was used to measure the I-V perfor-
mance. The measured I-V characteristics in the interval
from 5 K to 295 K are shown in Fig. 1. The measured for-
ward I-V-T dataset were compared to the standard diode
equation

I = Is

[
exp

(
q(V − IRs)

ηkT

)
− 1

]
(1)

where η is the ideality factor, Rs is the series resistance,
Is is the saturation current, q is the electron charge, and
k is Boltzmann constant. The standard diode I-V equation
in (1) should provide a good description of a Schottky-
barrier diode with a forward transport current dominated
by thermionic-emission [8], [9]. In this case the saturation
current can be described by

Is = AA∗∗T 2 exp

(−qΦb

kT

)
(2)

Fig. 1. Forward I-V-T characteristics.

where A is the diode area, A∗∗ is the modified Richardson
constant, and Φb is the barrier height. The I-V measure-
ments in Fig. 1, however, shows that when the multiplier
is cooled below roughly 155 K, abnormal current trans-
port mechanisms other than thermionic-emission becomes
important.

To investigate the current transport at cryogenic temper-
atures in more details, Fig. 2 shows the ideality factor

η =
q

kT

(
dV

d ln I

)
(3)

extracted from the slope of the I-V characteristics at dif-
ferent temperatures. It is found that the ideality factor
increases with decreasing temperatures. For a constant cur-
rent level of 1E − 6 A the ideality factor changes from a
value of ∼3.2 at 295 K to ∼20.3 at 25 K. The increase
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Fig. 2. Extracted ideality factor dependence on temperature in the range
25-295 K for a constant current of 1E − 6 A.

in ideality factor with decreasing temperature may be
explained in part by a tunneling component as described by
the thermionic-field-emission and field-emission transport
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theory of Padovani and Stratton [10]. It may also be a con-
sequence of inhomegeneities at the metal-semiconductor
interface [11]. A possible physical explanation for the elec-
tron transport in the presence of such interfacial inhome-
geneities has been proposed by Tung [12]. According to
Tung’s model, current transport across the Schottky bar-
rier is affected by parasitic patches with lower barrier
heights than the background. The effect of the parasitic
patches will be hardly noticeable at room temperature
but manifest themselves at lower temperatures [13]. The
Richardson’s plot is shown in Fig. 3. According to (2) a
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Fig. 3. Richardson’s plot in the temperature range of 25-295 K for a constant
current of 1E − 6 A.

plot of ln(Is/T
2) versus (kT )−1 should yield a straight

line with slope of −Φb and intersect of ln(AA∗∗). From
Fig. 3 it is clearly seen that the extracted saturation currents
do not follow the expected linear trend in the Richard-
son’s plot. This is a further confirmation that the current
transport can not be described by thermionic emission and
may be affected by parasitic patches with a lower bar-
rier heights than the background. Therefore, for improved
accuracy at cryogenic temperatures our compact modeling
approach implements a parallel conduction model descrip-
tion to account for the effect of parasitic patches on the
forward I-V characteristics.

III. SCHOTTKY-BARRIER VARACTOR
MODELING

The standard quasi-static lumped-element model of a
Schottky diode, consisting of the parallel dynamic junc-
tion conductance and capacitance followed by a fixed series
resistance, is known to be of limited validity at millimeter-
and submillimeter waves [14]. For this frequency range
the Schottky diode model must be extended to take into
account of the charge carrier inertia and displacement cur-
rent in the undepleted part of the device. The frequency
dependence of the spreading resistance in the n+-doped
GaAs substrate due to the skin effect must also be taken

into account [15]. At the plasma frequency, where the
inductive effect associated with the charge carrier iner-
tia resonate with the capacitive effect associated with the
displacement current, the losses in the device increase
sharply. At millimeter- and submillimeter-waves the charge
carrier inertia and displacement current in the substrate
can be neglected [16]. For the low to moderately doped
GaAs epilayer, however, the carrier inertia and displace-
ment current can have a strong effect on the performance
at submillimeter-waves [16], [17]. The extended model for
a homogeneous Schottky-barrier varactor is shown in Fig.
4a). The parallel conduction model in Fig. 4b) is proposed
here to account for the inhomegenities associated with the
Schottky-barrier varactor diode stack. The models shown in
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Fig. 4. a) Extended homogeneous Schottky-barrier varactor model valid far
below the plasma frequency of the substrate. b) Parallel conduction model for
inhomogeneous Schottky-barriers.

Fig. 4a) and Fig. 4b) are implemented as Symbolic Defined
Devices (SDDs) in Keysight ADS. For a consistent SDD
implementation the capacitive elements must be defined in
terms of voltage dependent charge functions. The induc-
tive elements must be defined in term of current dependent
fluxes. As the flux is dependent on the current flowing
through the inductive element it must be defined using an
implicit expression in our SDD implementation.

A) Forward I-V-T Characteristics

From the characterization of the Schottky barrier varactor
in the previous section it was found that the thermionic-
emission theory alone cannot describe the current transport
taking place in the Schottky barrier varactor. From the
increase in ideality factor with decreasing temperature it
is plausible that tunneling through the barrier contributes
to the current transport [8]. The expected importance of the
tunneling current at a given temperature can be assessed
by comparing the thermal energy, kT , to the characteris-
tic energy for tunneling, E00. At low temperatures where
kT << E00, tunneling through the barrier at an energy-
level corresponding to the Fermi-level is the dominating
transport mechanism. This current transport mechanism is
called field-emission. In the temperature range where kT ≈
E00, thermionic-field-emission dominates where thermally
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excited carriers tunnels through a narrower barrier than at
field-emission. Thermionic-emission is expected to be the
dominating current transport mechanism only for higher
temperatures where kT >> E00. Analytical expressions
for the current transport by field-emission and thermionic-
field-emission have been derived by Padovani and Stratton
[10]. These expressions, however, are generally too com-
plicated to form the basis for a compact modeling formu-
lation. Instead, a current transport model which combines
the main features of the field-emission, thermionic-field-
emission, and thermionic-emission transport mechanisms
has been proposed [4]. This transport model modifies the
forward transport current into

Ij = AA∗∗Θ(T )2 exp

( −qΦb

kΘ(T )

)[
exp

(
qVj

kΘ(T )

)
− 1

]
(4)

where the so-called slope-parameter Θ(T ) = ηT has been
introduced. The temperature dependence of the slope-
parameter is given as

Θ(T ) = Θf coth

(
Θf

T

)
(5)

with

Θf ≈ α
q�

k

√
Nd

4εsm∗ (6)

where � is the reduced Plank’s constant,Nd is the doping of
the epi-layer, εs is the semiconductor permittivity, and m∗

is the effective mass of electrons in the conduction band.
From above it is observed that the temperature dependence
of the I-V characteristic for a given metal-semiconductor
contact are determined alone by two unknown parame-
ters; the barrier height and the doping of the epilayer. A
scaling factor, α, is introduced in our modeling approach
for added flexibility. Equation (4) has the property of
reducing to the field-emission equation of Padovani and
Stratton in the limit of T → 0 K. In the high temperature
limit, Θ(T ) → T , and (4) becomes identical to the ideal
thermionic-emission expression corresponding to (1). It is
interesting to investigate the validity of (4) for the Schot-
tky barrier varactor triple-anode diode stack considered
in the previous section. To this end, the slope parameter
at each temperature is extracted from the I-V character-
istic at a constant low current level of 1E-6 A. Fig. 5
shows the extracted slope-parameters compared to a cal-
culated model response using (5) and (6) with α = 1.59,
Nd = 2E17 cm−3, εs = 12.9ε0, and m∗ = 0.068m0. To
model the effect of a triple-anode diode stack a leading
multiplication factor of 3 is included in the calculation of
the slope parameter. The slope-parameter can be seen as
an effective temperature of the Schottky barrier varactor.
Therefore, a plot proportional to 3T is also included as a
reference in Fig. 5. In the high temperature range this plot
approaches the extracted slope-parameter and thermionic-
emission will dominate the current transport. For a compact
model implementation the I-V characteristic in (4) can be
formulated in terms of an temperature dependent saturation
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Fig. 5. Extracted slope parameter versus temperature for a constant current of
1E − 6 A. The dashed line shows the calculated model response using (5) and
(6) with εs = 12.9ε0, Nd = 2E17 cm−3, m∗ = 0.068m0, and α = 1.59.

current Is(T ) and temperature dependent ideality factor
η(T ) as

Ij = Is(T )

(
exp

(
qVj

η(T )kT

)
− 1

)
(7)

similar to the standard diode equation in (1). The tem-
perature dependence of the saturation current, however, is
evaluated as

Is(T ) = Is(Tnom)

(
Θ(T )

Θ(Tnom)

)2

×

exp

(
qΦb

k

(
1

Θ(Tnom)
− 1

Θ(T )

))
(8)

where Is(Tnom) represents the saturation current extracted
at the model reference temperature Tnom. Similarly, the
temperature dependent ideality factor is evaluated as

η(T ) = η(Tnom)
Θ(T )

T

Tnom

Θ(Tnom)
(9)

where η(Tnom) is the ideality factor extracted at Tnom.
The expression for the forward I-V characteristic in (7)

remains valid for the triple-anode varactor diode stack only
up to the so-called flat-band condition [18]. The flat-band
condition is given as Vfb = Vbi − Vj = 3× kT/q where
the built-in potential has been introduced. The built-in
potential is determined in terms of the barrier height and
epi-layer doping as

Vbi = Φb − 3× kT

q
ln

(
Nc

Nd

)
(10)

with Nc representing the effective density of states in the
conduction band for GaAs. At voltages above flat-band the
device will act like a resistor. To model this resistive behav-
ior a linear extrapolation of the I-V characteristic in (4)
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above flatband is proposed

Ij = Is(T )

(
exp

(
qVfb

η(T )kT

)(
1 +

q(Vj − Vfb)

η(T )kT

)
− 1

)
(11)

Conduction above flat-band becomes important to accu-
rately model the current flow at cryogenic temperatures in
the presence of barrier inhomogeneities as discussed next.

Modeling barrier inhomogeneities
It was shown in section 2 that the Richardson’s plot could
not be described in terms of the thermionic emission theory
using a single constant barrier height. With the increased
insight following from the discussion in section 3.1 it can
be seen that one should actually plot ln(Is/Θ(T )2) versus
(kΘ(T ))−1 to extract the barrier height Φb from the slope.
It is found, however, that the slope is not constant over tem-
perature even with this improved extraction technique. As
shown in Fig. 6 the extracted effective barrier height for
a single anode shows a nearly linearly decreasing trend
with the inverse of the effective temperature Θ(T ). Such
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Φ
b [e

V
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Fig. 6. Extracted effective barrier height plotted versus 1000/Θ(T ) for a
constant current of 1E − 6 A. The dashed line shows the calculated model
response using (12) with Φ0

b = 1.16 eV and σ2
s = 0.075 eV 2.

an observation can be explained by the presence of barrier
inhomogeneities. Werner and Güttler [19] have shown that
a spatial fluctuating Schottky contact with Gaussian barrier
distribution can be described as

Φb = Φ0
b −

σ2
s

2kΘ(T )
(12)

where Φ0
b is the mean barrier height and σs is the standard

deviation. In (12) we have substituted the temperature as
given in [19] with the slope parameter Θ(T ) to account for
field-emission and thermionic-field-emission. As shown in
Fig. 6 the extracted effective barrier height can be rea-
sonably well represented by (12). It should be mentioned
that a refined model of barrier inhomogeneities has been
proposed by Tung [12] where a bias voltage dependence
is included for the effective barrier height. Based on the

experimental available data for the triple-anode varactor
stack there seems to be little evidence that the voltage
dependence is significant. The effect of barrier inhomo-
geneities on the forward I-V-T characteristics is subtle.
For a homogeneous Schottky contact it is well known
that the bias voltage necessary to reach a given current
level increases at lower temperatures due to the temper-
ature dependence of the slope parameter. In the presence
of barrier inhomogeneities, regions of the Schottky con-
tact will have a lower barrier than expected for the given
metal-semiconductor material system. As a consequence,
the flatband condition is reached earlier for the regions with
low barrier heights than for the higher barrier regions. Once
the flatband condition is reached, the low barrier regions
stops to contribute significantly to the overall current con-
duction and the higher barrier regions begins to dominate.
It is not sufficient to implement the effective barrier height
as given in (12) into our compact model formulation as the
current conduction caused by regions with different barrier
heights can not be predicted in this way. Instead a paral-
lel conductance model must be applied. As was shown by
Ohdomari and Tu [20] the effective barrier height of a par-
allel conductance model consisting of a high barrier region
of area Ahb and a low barrier region of area A lb can be
represented as

Φb = −kΘ(T )

q
ln

(
Xj exp

(−qΦhb

kΘ(T )

)
+

(1−Xj) exp

(−qΦlb

kΘ(T )

))
(13)

where Φhb and Φlb is the barrier height associated with
the high and low barrier region, respectively, and X j =
Ahb/(Ahb +Alb) is the fraction of the total Schottky con-
tact area allocated to the high barrier region. A similar
modeling approach is followed here. For added flexibility,
however, the slope factors for both contacts are allowed to
be different in our modeling approach. This is implemented
through different fitting factors, αhb and αlb, for the high
and low barriers, respectively. Fig. 7 shows the parallel con-
duction modeling compared to the measured forward I-V-T
characteristics discussed in section 2. For clear illustration
I-V characteristics for a temperature increment of 30 K is
shown. In general, the parallel conduction model is able
to accurately reproduce the measured I-V-T characteristics
the full range of temperatures from 25 K to 295 K. The
parallel conduction model requires a total of 8 parameters.
Their values corresponding to a triple anode varactor stack
are given in the caption of Fig. 7. The effect of barrier inho-
mogeneities can be deactivated from the model by setting
the area distribution factor to Xj = 1.0. It is interesting to
notice that even though only 2 % of the total area is allo-
cated to the low barrier region it has a strong effect on the
modeled I-V characteristics at cryogenic temperatures. The
modeling at the lowest temperatures of 25 K and 55 K can
be improved by implementing more junctions in parallel.
As the main interest for the present work is to demonstrate
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improved modeling of multiplier performance down to 77
K the extra model complexity is not worthwhile.

B) C-V characteristic

The junction capacitance of the Schottky barrier triple-
anode stacked varactor diode is modeled as

Cj =
Cjo√

1− Vj

Vbi−3kT
q

+ Ccorr (14)

where Cjo is the zero-biased junction capacitance and
Ccorr is a first order correction term for edge effects in
very small submillimeter-wave diodes. The singularity at
high forward bias in (14) is avoided by a linear extrapo-
lation of the junction capacitance above the voltage F cVj

where Fc is a factor between 0 and 1.

C) Series impedance

The series impedance of the Schottky varactor stack con-
tains three contributions; the impedance, Zepi(jω), due
to the undepleted part of the epi-layer, the spreading
resistance, Rsub, of the heavily doped substrate layer
including the frequency dependent skin-effect impedance
Zskin(jω), and the contact resistance. The contact resis-
tance is absorbed into the substrate resistance in our mod-
eling approach. Furthermore, it is assumed that only the
resistive part of the epi-layer impedance varies with tem-
perature. The temperature dependence is mainly due to the
bulk mobility, μn(T ), of moderate doped n-type GaAs. The
low-frequency series resistance of the Schottky varactor
stack can be partitioned into two parts using the parameter
Xr according to

Rs(T ) = XrRs(Tnom)

(
T

Tnom

)0.89

+

(1−Xr)Rs(Tnom) (15)

where the exponent of 0.89 is proposed to account for the
expected temperature dependence of the bulk mobility for
GaAs [21]. The first and second terms in (15) describes
the parts of the low-frequency series resistance allocated
to the epi-layer and substrate, respectively. For an accurate
prediction of multiplier efficiency it is necessary to include
the velocity saturation of the mobile carriers in the unde-
pleted part of the epi-layer which occurs at high current
levels [22]. This is implemented in the SDD model using
an empirical current dependent function

Repi(T, i(t)) = Repi0(T, i(t) ≈ 0)

(
1 +

(
i(t)

isat(T )

)6
)

(16)
where Repi0(T, i(t) ≈ 0) is the epi-layer resistance before
the onset of current saturation, i(t) is the current flowing
through the epi-layer and isat(T ) is a characteristic current
for the onset of velocity saturation effects. This approach
is similar to that of Kollberg et al. [22]. The temperature
dependence of the characteristic current is implemented as

isat(T ) = isat(Tnom)

(
T

Tnom

)−0.37

(17)

which corresponds to an expected increase of 65 % for the
saturated velocity of GaAs at 77 K [4]. The displacement
current in the epi-layer is modeled as a linear temperature
independent capacitance

Cepi =
1

Repi(Tnom)ωd
(18)

where ωd = qNdμn(Tnom)/εs is the dielectric relaxation
frequency [16]. As the temperature dependence of the epi-
layer resistance and the dielectric relaxation frequency both
depends on the bulk mobility but in an opposite manner
it is justified to assume a temperature independent epi-
layer capacitance. The carrier inertia is modeled as a linear
temperature independent inductance

Lepi = Repi(Tnom)/ωs (19)

where ωs = q/m∗μn(Tnom) is the scattering frequency
[16]. Again it is well justified to assume temperature
independence for the epi-layer inductance.

The impedance of the substrate layer must include the
increase with frequency due to the skin effect. In our mod-
eling approach the frequency dependence of the impedance
of the substrate layer is implemented as

Zsub(jω) = Rsub + Zskin(jω) =

Rsub

(
1 +

Rskin(jωskin)

Rsub

√(
2jω

ωskin

))
(20)

in terms of the skin effect resistance Rskin(jωskin)
at frequency ωskin. The frequency dependent substrate
impedance is implemented in the SDD by applying a fre-
quency dependent weighting function to the low frequency
resistive part of the substrate impedance, Rsub.
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D) Reverse breakdown

The reverse breakdown is the limiting mechanisms for
the Schottky barrier varactor at high reverse voltages. The
reverse breakdown is modeled using the standard ADS
implementation. The empirical formulation leads to an
exponentially increase in current conduction for reverse
voltages exceeding the breakdown voltage

Ibr = −Ibv exp

(
−q(Vj +BV )

kTNbv

)
+ Ibv exp

(
− qBV

kTNbv

)
(21)

where BV is the breakdown voltage, Ibv the breakdown
saturation current, and Nbv the breakdown ideality factor.

E) Self-heating

A first-order thermal network, similar to the one described
in [6], is included into our model formulation to simulate
self-heating effects.

IV. EFFICIENCY OF
MILLIMETER-WAVE FREQUENCY
MULTIPLIERS AT CRYOGENIC
TEMPERATURES

A) Cryogenic setup

A commercially available D200 frequency doubler from
VDI has been used to experimentally study the perfor-
mance at cryogenic temperatures and to validate the diode
model. The D200 frequency doubler was optimized for 188
GHz output frequency operation by controlling the bias
voltage. The input signal was generated by a narrow band
microwave source providing 207 mW of power at 94 GHz.
The generated power level was verified by a VDI Erick-
son power meter PM5. The experimental setup is shown
in Fig. 8. To reach the doubler temperature of 77 K the
Dewar flask (1) is filled with liquid nitrogen. The doubler
is placed directly into the Styrofoam container (2) mini-
mizing the thermal losses and providing thermal isolation
while maximizing cooling efficiency. To control the tem-
perature the calibrated temperature meter Omega HH804U
(3) was used. A platinum resistance temperature detec-
tor (RTD) head is placed directly on the surface of the
doubler block to maximize the temperature measurement
accuracy. The Schottky junction temperature is expected to
be somewhat higher due to power dissipation in the device.

To be able to control the temperature of the multiplier,
helium gas is applied from the balloon thought a pipe
directly to the input valve of the Dewar flask. Helium gas
flow can change the cooled evaporation rate of the liquid
nitrogen from the output valve. In this way, the tempera-
ture inside the Styrofoam container can be adjusted. The
performance of the doubler was measured with 10 K step
at temperatures from 77 K to 300 K. The output signal
was recorded by an Agilent Spectrum Analyzer with OML
mixers.

1

2

3

4

Power meter

MW source

He gas pipe

5

Fig. 8. Photograph of the experimental setup, complete view.

B) Millimeter-wave balanced doubler design

The frequency doubler is based on a varactors diode chip
with a total of 6 anodes in a anti-series balanced configura-
tion [7]. The principle schematic of the frequency doubler
as used for the harmonic balance simulation is shown in
Fig. 9. The advantage of the anti-series balanced config-

Zg

Vg

Cc1
T1

Cc1

Lc1

Vd

Lc1

ZL

−+

Fig. 9. Principle schematic of the circuit setup for harmonic balance simula-
tion of frequency doublers in an anti-series configuration of diode arrays.

uration is suppression of odd-order harmonics, while the
amplitude of the second harmonic is double as high as
for the case of an unbalanced single diode doubler. Three
diodes are connected in series in each branch in order to
enhance the power handling capability. The arrangement of
three series diodes is equivalent to a single Schottky diode
with three times the reverse breakdown voltage. In simula-
tions each triple diode series stack is represented with the
compact model developed in the previous section. In the
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anti-series configuration, diode arrays are fed out-of-phase
by an input signal source through a balancing transformer
T1. Turns ratio of the transformer is equal to 1. The diodes
are reverse biased with negative Vd, which is chosen to
maximize efficiency at a given input power. DC blocking
capacitors Ccl are placed at the output of the transformer to
prevent DC current flowing into the transformer. DC feed-
ing inductors Lcl are used to isolate the RF signal from DC
voltage source and provide DC ground. The generator and
load impedances (Zg and ZL respectively) are frequency
dependent and chosen to maximize doubler efficiency. Z g

is conjugate matched to the input impedance of the dou-
bler at the frequency of the input signal and represents a
short circuit at the 2nd harmonic. The load impedance ZL,
on the other hand, is conjugate matched at the 2nd har-
monic of the input signal, and represents a short circuit
at the frequency of the input signal. In this analysis, the
losses in the matching circuits are neglected. In order to
compare the efficiency as calculated by circuit simulation
using the schematic in Fig. 9 to the measured flange-to-
flange efficiency it is necessary to account for the input and
output coupling losses. As proposed in [14] the measured
and simulated flange-to-flange efficiency, ηmeas and ηsim,
respectively, can be related as

ηmeas = αβηsim (22)

where β ∼ 0.875 is the assumed coupling factor of the out-
put power and α ∼ 0.8 is the assumed coupling factor of
the input power. The coupling factor of α ∼ 0.8 for the
input power seems reasonable given the rather long waveg-
uide leading from the 94 GHz source to the multiplier
located inside the Dewar flask.

C) Varactor model verification

The harmonic-balance analysis is applied to the circuit
in Fig. 9 to theoretically estimate doubler efficiency at
a fixed input power of about 207 mW and frequency of
interest 188 GHz. Initially values for the zero bias capaci-
tance, breakdown voltage, series resistance, and embedded
impedances are taken from [23] for a similar 200 GHz
frequency doubler. These parameters are given in Table 1
together with the optimized parameters taking into account
the measured zero bias capacitance of 26 fF and break-
down voltage of 26 V for the triple anode stack varactors in
the present D200 frequency doubler. The series resistance,
Rs, and zero bias capacitance, Cjo, model parameters con-
trols the efficiency at room temperature together with the
embedded impedances and the bias voltage. The parti-
tioning factor, Xr, for the series resistance controls the
improvement of the efficiency with reduced temperature
and is initially set to 0.6. The graph in Fig. 10 shows esti-

Table 1. Initial and optimized parameters.

Cjo [fF] Rs [Ω] Xr BV [V] Zg [Ω] ZL [Ω]
Init. param. 18.7 12.0 0.6 28.5 12+j78 19.5+j39
Opt. param. 26.0 12.0 0.47 26.0 7.9+j57 16.4+j31

mated and measured efficiency versus temperature using
the initial parameters and the optimized parameters for the
present doubler. The measured efficiency of the doubler
improves from ∼21% at 300 K to ∼31.5% at 77 K and
confirms the expected improvement with cooling. The sim-

50 100 150 200 250 300
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40
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]
Fig. 10. Efficiency versus temperature. Solid line with crosses represents
measured efficiency. Dashed line represents initial simulated efficiency using
Cjo = 18.7 fF and VBV = 28.5 V while solid line represents the optimized
simulated efficiency using Cjo = 26 fF and VBV = 26 V.

ulated efficiency using the initial parameters overestimates
the measured efficiency of the doubler whereas the opti-
mized parameters shows good agreement. The deviation
observed around the temperature range from 150 to 200
K is believed to be mainly due to measurement inaccu-
racy. For the optimized case the series resistance remains
at a value of 12.0 Ω for a best estimate of the measured
efficiency at room temperature. The partitioning factor is
lowered to 0.47 to capture the slope of the efficiency versus
temperature curve. The complete list of model parame-
ters for the Schottky-barrier varactor using the triple anode
diode stack is summarized in Table 2. Not all model param-

Table 2. Model parameters for Schottky-barrier varactor.

Is [A] 1.48E-13 N 3.2 Rs [Ω] 12.0
Xr 0.47 Isat [A] 0.247 μn [cm2/V · s] 4600

Rskin [Ω] 0.1 fskin [GHz] 188 Cjo [fF] 26.0
Mj 0.5 Fc 0.9 Ccorr [fF] 0.0

BV [V] 26 Ibv [A] 50E-6 Nbv 1.0
Φhb [eV] 2.96 Nd [cm−3] 2E17 αhb 1.59

Xj 0.98 Φlb [eV] 2.12 αlb 0.71

eters are of equal importance for the prediction of the
measured efficiency of the 200 GHz doubler. In particular,
parameters describing current saturation, carrier inertia and
displacement current in the epi-layer, and the skin effect in
the substrate layer are superfluous for the considered 200
GHz doubler. These effects, however, will become limit-
ing factors for frequency multipliers at higher frequencies
and should be included for a versatile compact model for-
mulation. The barrier inhomogeneities was seen to have a
significant effect on the forward I-V curves at cryogenic
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temperatures. It is interesting to investigate the influence of
barrier inhomogeneities on the efficiency of the 200 GHz
doubler. The effect is expected to be strongest at lowest
temperatures. Therefore Fig. 11 shows the simulated effi-
ciency at 77 K for a high-barrier area to total barrier area
ratio ranging from 0.8 to 1.0. It is observed that the influ-
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T=77 K

Fig. 11. Simulated efficiency versus high-barrier to total barrier area at T=77
K.

ence on the simulated efficiency going from X j=0.98 to
Xj=1.0 is negligible. A possible explanation for this is that
the input source drive level at 94 GHz is not sufficient to
drive the varactor deep into its forward conduction region.
Also, the signal swing across each diode stack remains
negative for most part of the cycle. Multipliers which expe-
rience larger degree of forward conductance are expected
to show greater dependence on barrier inhomogeneities.

V. CONCLUSION

In this work the benefit of cryogenic cooling for millimeter-
wave frequency doublers based on GaAs Schottky-barrier
varactors has been studied. For this purpose a triple-anode
diode stack mounted in a multiplier block has been char-
acterized in the temperature range from 5 to 295 K. The
measurements of the varactor’s I-V-T characteristics reveal
abnormal current transport other than thermionic emis-
sion. It was shown that the abnormal current transport
can be explained in part by thermionic-field-emission and
field-emission current transport and in part by barrier inho-
mogeneities. A dedicated compact model of the GaAs
Schottky barrier varactor taking these effects into account
was described. It has been verified experimentally that the
efficiency of a commercially available 188 GHz doubler
improves up to 31.5 % when cooled to 77 K. The main rea-
son for the increasing efficiency with cooling is the drop in
series resistance which is well predicted by the developed
compact model.
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