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Abstract—The discrete symmetric heterostructure-barrier var-
actor (HBV) was previously developed as an unbiased frequency-
tripling device that needed no second-harmonic idler circuit.
Other work investigated nonlinear transmission lines (NLTL’s)
employing discrete varactors attached to linear guiding struc-
tures. Fully distributed Schottky-varactor NLTL’s were exces-
sively lossy. This paper explores NLTL’s based onfully distributed
HBV structures. Using both a modified finite-difference time-
domain method and numerical integration, it is shown that
such NLTL’s can provide efficient tripling over a wider input
bandwidth than is possible with fixed-tuned triplers. It is also
demonstrated that the nonlinearity is strong enough for the NLTL
to act as a pulse-sharpening device.

Index Terms—Frequency multiplier, nonlinear transmission
line, pulse sharpener, heterostructure barrier varactor.

I. INTRODUCTION

A CLASS of varactors with symmetrical and anti-
symmetrical characteristics was developed previ-

ously [1]–[7]. These heterostructure-barrier varactors (HBV’s)
consist of a thin barrier made of large-bandgap material
sandwiched between thick layers of smaller bandgap material.
Exploitation of the even symmetry yields high-power fre-
quency multipliers [4], [8] whose microwave and millimeter-
wave output spectra contain only odd-order harmonics. The
maximum reactive nonlinearity occurs at zero bias, obviating
any need for bias circuits.

Efficient multipliers require HBV’s with large capacitance
modulation ratios and small leakage currents. Due
to excessive current leakage, early HBV’s fabricated on GaAs
[1], [2] and InP [3] were found to have poor The resulting
triplers had low conversion efficiency ( ) as well as
low output power ( mW) and exhibited output power
saturation at low input power levels. These shortcomings can
be overcome by using the improved high-stacked HBV
structure described in [4]. To achieve high-HBV structures,
it is found that the design of the current-blocking barriers is
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critical. The InGaAs/InAlAs system provides effective current
blocking as well as low-resistance contacts [5].

The power-handling capability of a varactor multiplier can
be improved by adopting the stacked-varactor technique [5],
[6]. With stacked varactors, the output power capability
increases as , while the capacitance decreases asSi-
multaneously, power limitations due to RF current saturation
are diminished [4]. A tuned (nondistributed) three-stack HBV
tripler had a measured efficiency of 20% for an output of 100
mW at 39 GHz [4].

Other work investigated nonlinear transmission lines
(NLTL’s) consisting of conventional transmission lines
periodically loaded with discrete varactors [7]. NLTL’s
consisting of fully distributed Schottky-barrier varactor
structures were too lossy [7].

Here we explore the feasibility of fully distributed NLTL’s
that use an extended version of the HBT structure with the im-
proved features described above. To evaluate the performance,
we obtain a differential equivalent circuit for the distributed
device, from which we derive a nonlinear wave equation.
The finite-difference time-domain (FDTD) method is then
applied to this wave equation, using appropriate initial and
boundary conditions. As a check, the NLTL is also modeled
directly using Libra1 and the transient solution obtained by
integration in the time domain. The time-domain waveforms
and frequency-domain spectra obtained by the two methods
are in excellent agreement.

The simulations demonstrate that such NLTL’s can provide
efficient tripling over a wider range of input frequencies than
is possible with fixed-tuned triplers, and that they can also
act as frequency quintuplers. Furthermore, it is shown that the
reactive nonlinearity of the distributed HBV is sufficient for
the NLTL to act as a useful pulse-sharpening device.

II. DEVICE MODEL AND WAVE EQUATION

The composition and geometry of the pseudomorphic MBE
layers for the typical triple-stacked HBV shown in Fig. 1(a)
are similar to those in [5]. The idea is to extend the HBV
device in one of its “horizontal” dimensions to form a fully
distributed NLTL, see Fig. 1(b). At the high frequencies for
which it is well suited, such an NLTL would be of the order of

1 mm long and a few tens of micrometers wide. The effective
height of the line is the distance between the highly doped

1Libra 6.0, Hewlett-Packard Company, Santa Rosa, CA, 1995.
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(a)

(b)

Fig. 1. (a) Composition and geometry of pseudomorphic layers for a typical
triple-stacked fully distributed heterostructure-barrier transmission line. (b)
The distributed HBV NLTL connected to source and load.

layers, about 1.2 m in the case of Fig. 1. The concept of
“characteristic impedance” is, of course, meaningless for such
a transmission line, because of its highly nonlinear distributed
capacitance.

A. Modeling the NLTL

Fig. 2 shows an equivalent circuit for an infinitesimal sec-
tion of the NLTL. Here, is the instantaneous total current
entering a section of length at location and time instant
, while is the corresponding instantaneous voltage

between the top and bottom highly doped regions of the HBV
structure, represented in the model as good conductors.is
the inductance/length (H/m), and is the charge/length

Fig. 2. Equivalent circuit of an infinitesimal section of lengthdz of the
distributed nonlinear transmission line.

(C/m) on the NLTL. is a conductance/length (S/m) that
models the resistance of the undepleted part of the bulk
HBV material. (The corresponding series resistance in discrete
varactors is usually denoted ).

Following [9], the quantities and , the voltage across
the “ideal” charge store in Fig. 2, are assumed to be related
by the empirical cubic expression

(1)

where and are constants depending on the HBV
structure and material. This characteristic and the corre-
sponding small-signal voltage-dependent characteristic
are depicted in Fig. 3.

B. Nonlinear Wave Equation

Application of Kirchhoff’s voltage law to the infinitesimal
section of Fig. 2 yields the voltage drop across the inductive
element

(2)

and Kirchhoff’s current law leads to

(3)

Eliminating and between (2) and (3), there results a relation
between and

(4)

Also, using Ohm’s law on the shunt branch

(5)

Eliminating between (4) and (5), and using (1) to eliminate
, there results a nonlinear wave equation for the normalized

charge/length

(6)

where has the
dimensions of velocity (m/s), is the capaci-
tance/length (F/m) at zero bias, and
(s) is a loss parameter. This wave equation, which incorpo-
rates a cubic nonlinearity, forms the basis of the simulation
procedure.
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(a)

(b)

Fig. 3. (a) The empirical charge/length versus voltage characteristicqz(vq)
for the distributed HBV, as given by the inverse of (1), for three values
of �: (b) The corresponding capacitance/length versus voltage characteristic
Cz(vq):

III. SIMULATION APPROACHES

Realistic simulations of the NLTL are carried out using
two different approaches: 1) a modified FDTD method and
2) numerical integration.

A. The Modified FDTD Method

The FDTD and transmission-line matrix (TLM) methods
have previously been combined in order to simulate the time-
domain response of a nonlinear device [10] or a transmission
line [11]. The advantages of this approach are that the TLM
provides a physical basis for wave propagation, while the
FDTD offers computational efficiency.

The algorithm used here is similar to that in [10]. The
difference is that instead of Maxwell’s curl equations, we use
the nonlinear partial differential equation (6) to describe the
wave propagation. Whereas general FDTD or TLM methods
require six field variables, three for and three for , our
algorithm needs only one variable: the normalized charge

Consequently, our algorithm is much less computer-
intensive than general FDTD or TLM methods. Furthermore,
use of an empirical charge-voltage relationship such as (1)

Fig. 4. The discretized equivalent circuit of the NLTL.

makes it easy to incorporate additional linear or nonlinear
elements into the equivalent circuit for the NLTL, as required.

Applying FDTD [12] to the wave equation (6), we obtain
in the lossless2 case the iteration

(7)

In (7), the normalized charge is discretized in space
and time as

(8)

where and are the space and time increments,
and and are integers.

Fig. 4 shows a discretized NLTL equivalent circuit con-
sisting of a finite number of separate subsections. Each
subsection contains a lumped inductance (H) and a non-
linear discrete HBV storing a charge (C). The boundary
conditions for the circuit are represented as

(9)

(10)

The physical length of the NLTL is
Application of Kirchhoff’s current law and FDTD [12] to

Fig. 4 results in

...

... (11)

Combining (9) and (10) with (1), the boundary and initial
conditions can be satisfied.

2In the full simulations, the loss parameter� is included(Gz <1):
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Fig. 5. Comparison of the output waveforms predicted by the two simulation
methods. —— Numerical integration; - - - FDTD method.

B. Numerical Integration Approach

The other approach to simulating the NLTL is by numerical
integration, as implemented in Libra 6.0.1 The procedure
adopted is as follows.

1) Do curve fitting in order to represent the relation-
ship implied in (1) by the polynomial

(12)

Note that and that the coefficients
depend on the constants and

The number of coefficients used here was
2) Use (12) as the nonlinear capacitor model in Libra, and

build the equivalent circuit of the NLTL.
3) Do time-domain simulations using the “Transient

Bench” numerical integration procedure of Libra 6.0.

IV. FREQUENCY-MULTIPLIER SIMULATIONS

A. Comparison of Simulation Methods

Fig. 5 compares the NLTL output voltage waveforms as
predicted by the two methods when the input signal is a 30-
GHz sinewave of amplitude 1.0 V. Here sections
were used in the equivalent circuit of Fig. 4. Each subsection
is equivalent to a discrete HBV of area 27 27 ( m) [5],
so that the width of the simulated NLTL is 27m, and its
overall length is m 0.67 mm. Utilizing the
data in [5], the parameters of each such subsection were taken
to be nH, pF,

The generator and load resistors and
were each set to 50 Fig. 5 shows good agreement between
the FDTD and numerical-integration simulations.

The FDTD and numerical-integration methods are both
CPU-time efficient compared with general FDTD or TLM.
The FDTD simulations run about twice as fast as the Libra
simulations, but this advantage is more than offset by the
detailed set-up files required for the FDTD runs. The remainder
of the results reported here were therefore obtained from Libra
simulations.

(a)

(b)

Fig. 6. Tripler action when the NLTL length isl = 1:35 mm (M = 50

subsections), the input frequency isfin = 29 GHz, and the input power is
Pin = 4 dBm. (a) The output voltage waveform. (b) The output voltage
spectrum.

B. Modes of Multiplier Operation

To investigate the behavior of the distributed frequency
multiplier for different input frequencies , we assumed a
50-section NLTL (overall length mm) with the
following per-section parameters:

nH, pF, and Fig. 6(a)
shows the simulated output waveform when GHz
( GHz). Fig. 6(b) is the corresponding spectrum,
showing good operation as a tripler, with a third-harmonic-to-
fundamental power ratio of 0.28 dB. Under this condition
the conversion loss is 5.1 dB. Note that all even harmonic
generation issuppressedby the symmetrical of the
HBV structure, contributing to the overall efficiency of the
frequency-conversion process.

Fig. 7(a) depicts the output waveform when is reduced
to 20 GHz ( GHz): higher-harmonic components are
now evident. The corresponding spectrum in Fig. 7(b) shows
that the amplitude of the fifth harmonic is now larger than
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(a)

(b)

Fig. 7. Quintupler action when the NLTL length isl = 1:35 mm (M = 50

subsections), the input frequency isfin = 20 GHz, and the input power is
Pin = 4 dBm. (a) The output voltage waveform. (b) The output voltage
spectrum.

the third, and that the NLTL is now operating as a frequency
quintupler.

C. Multiplier Optimization

As a preliminary optimization of the NLTL tripler, the
following procedure was adopted.

1) Set GHz and vary the number of sections
(in the equivalent circuit of Fig. 4) over the range

.
2) Set sections and vary the input frequency over

the range GHz.

Fig. 8 shows the result of experiment 1). It is seen that for
GHz, the optimum is 50, yielding a power

ratio of 1.69 dB (compared with the 0.28 dB obtained for
GHz). The power ratio remains better than3.0 dB

over a range of NLTL lengths corresponding to
sections.

Fig. 9 gives the result of varying Here it is found that
the effective 3-dB bandwidth corresponds to input frequencies

Fig. 8. Ratio of the third-harmonic output powerP3 to the fundamental
powerP1 as a function of the NLTL lengthl: The input frequency is fixed
at fin = 30 GHz.

Fig. 9. Ratio of the third-harmonic output powerP3 to the fundamental
power P1 as a function of the input frequencyfin when l = 1:35 mm
(M = 50 subsections).

in the range 25–35 GHz, with output frequencies covering the
75–105 GHz band.

D. Comments

1) In both Figs. 6(a) and 7(a) there is evidence of the
generation of solitons of 4 ps width at half-height [13].

2) In the frequency-multiplying mode, the absence of even-
harmonic generation

a) simplifies the output filtering;
b) improves the conversion efficiency, since less power

is going into unwanted harmonics.

V. PULSE-SHARPENING SIMULATIONS

In addition to investigating the frequency-multiplying prop-
erties of the HBV NLTL, Libra simulations were done to



2300 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 12, DECEMBER 1998

Fig. 10. Pulse responses of HBV NLTL’s of lengths0:27 � l � 1:35 mm
(10 � M � 50 subsections) to a “slow” input pulsevg(t) of risetime 50
ps and amplitude 0.75 V.

determine its response to input pulses. The parameters assumed
for the HBV structure were the same as those for the multiplier
simulations: nH,
pF, and

A. Numerical Pulse-Sharpening Experiments

Fig. 10 shows the result of applying a “slow” step input
pulse of amplitude 0.75 V, and risetime ps,
when the line length is increased from zero to 1.35 mm (50
subsections).3 It is seen that the rising pulse edge becomes
progressively steeper as the NLTL length is increased. When
the length reaches 1.08m ( subsections) the output
pulse has been “sharpened” dramatically, so that its
10–90% risetime is reduced to16 ps. Thereafter, “ringing”
sets in. It is found that the optimum NLTL length for good
pulse sharpening (fast risetime without excessive ringing) is

m ( subsections) for the chosen set of
parameters.

In Fig. 11, the step amplitude is increased to 1.0 V, while
the NLTL length is varied over the same range as before.
The pulse response is now more oscillatory, and the risetime
is even further reduced to 7.5 ps when m. The
change in the character of the response as the input amplitude
is increased is not unexpected in view of the strong reactive
nonlinearity of the HBV NLTL.

B. Comments

1) The pulse-sharpening effect is due to the fact that the
voltage-dependent (small-signal) propagation velocity
on the NLTL is

Since decreases with , see Fig. 3(b), the small-
amplitude part of the pulse propagates faster than the
large-amplitude part.

3The output pulse height is�0.375 V because of the 50-
 terminations.

Fig. 11. Same as Fig. 10, but input pulsevg(t) has amplitude 1.0 V.

2) In the pulse-sharpening mode, the high-frequency per-
formance is not limited by the Bragg cutoff-frequency
effect, as it is in conventional periodic NLTL structures
[13].

3) The full electrical symmetry of the HBV NLTL allows
both positive-going and negative-going pulse edges to
be sharpened. In contrast, with conventional asymmetric
Schottky-varactor NLTL’s, only a single polarity of
pulses can be sharpened because the other polarity would
drive the Schottky varactors into forward bias.

4) Again, there is evidence of the generation of solitons of
width 4 ps.

VI. CONCLUSIONS

A fully distributed NLTL incorporating an extended HBV
structure is reported. Nonlinear transient analysis is carried
out using both FDTD and numerical integration methods.
The results indicate that this new device is promising as an
untunedwideband frequency multiplier for millimeter-wave
communications. The pulse-response analyses show that the
HBV NLTL is also very promising as a high-speed bilateral
pulse-sharpening device.

Further work will be directed: 1) to optimizing the param-
eters of the NLTL and its embedding circuits for efficient
harmonic generation for specified output power levels and
bandwidths and 2) to optimizing it as a high-speed pulse-
enhancing device.
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