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A Fully Distributed Heterostructure-Barrier Varactor
Nonlinear Transmission-Line Freguency
Multiplier and Pulse Sharpener
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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 offully 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.

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 n stacked varactors, the output power capability
increases a%?, while the capacitance decreasesasSi-
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
CLASS of varactors with symmetrical'(v) and anti- that use an extended version of the HBT structure with the im-
symmetricali(v) characteristics was developed previproved features described above. To evaluate the performance,

ously [1]-[7]. These heterostructure-barrier varactors (HBV'sye obtain a differential equivalent circuit for the distributed
consist of a thin barrier made of large-bandgap materidévice, from which we derive a nonlinear wave equation.
sandwiched between thick layers of smaller bandgap materitlhe finite-difference time-domain (FDTD) method is then
Exploitation of the evei®’(v) symmetry yields high-power fre- applied to this wave equation, using appropriate initial and
guency multipliers [4], [8] whose microwave and millimeterboundary conditions. As a check, the NLTL is also modeled
wave output spectra contain only odd-order harmonics. Tdeectly using Librd and the transient solution obtained by
maximum reactive nonlinearity occurs at zero bias, obviatingtegration in the time domain. The time-domain waveforms
any need for bias circuits. and frequency-domain spectra obtained by the two methods

Efficient multipliers require HBV'’s with large capacitanceare in excellent agreement.

modulation ratiog”,,,., /Ciin @nd small leakage currents. Due The simulations demonstrate that such NLTL’s can provide
to excessive current leakage, early HBV’s fabricated on Gaafficient tripling over a wider range of input frequencies than
[1], [2] and InP [3] were found to have po@}. The resulting is possible with fixed-tuned triplers, and that they can also
triplers had low conversion efficiencyy & 5%) as well as act as frequency quintuplers. Furthermore, it is shown that the
low output power £,.,:~2 mW) and exhibited output power reactive nonlinearity of the distributed HBV is sufficient for
saturation at low input power levels. These shortcomings cdre NLTL to act as a useful pulse-sharpening device.

be overcome by using the improved high-stacked HBV

structure described in [4]. To achieve highHBV structures, Il
it is found that the design of the current-blocking barriers is

I. INTRODUCTION

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

(C/m) on the NLTL.G, 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
e varactors is usually denotefl,).

' Following [9], the quantities;. andv,, the voltage across

.S ‘ the “ideal” charge store in Fig. 2, are assumed to be related

by the empirical cubic expression

3
avy(z, 1) = g:(%.1) I /3<QZ(Z, t)) "

qz0 qz0

where «, 3, and q., are constants depending on the HBV
structure and material. Thigv) characteristic and the corre-
sponding small-signal voltage-dependeritv) 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
elementL .dz

oz t) di(z,t)
dv(z,t) = sz =-L, 5 dz 2
and Kirchhoff's current law leads to
. _Oi(zt) . 9g.(2,1)
di(z,t) = 5 dz = 5 dz. 3)

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

ot
T4.2 wm arners betweenv and g¢.
(b) v 0?%q. 4
Fig. 1. (a) Composition and geometry of pseudomorphic layers for a typical 822 7 o2 ( )
triple-stacked fully distributed heterostructure-barrier transmission line. (’t& . ,
The distributed HBV NLTL connected to source and load. Iso, using Ohm’s law on the shunt branch
1 di

. . v4+dv=v, — ——. 5

layers, about 1.2:m in the case of Fig. 1. The concept of T G.dx ©)

“characteristic impedance” is, of course, meaningless for S“Enminatingv between (4) and (5), and using (1) to eliminate

a transmission line, because of its highly nonlinear distribut%g’ there results a nonlinear wave equation for the normalized
capacitance.

charge/lengthz(z, t)

A. Modeling the NLTL O et el L& ©)

Fig. 2 sh ivalent circuit for an infinitesimal sec- 02 020tz O

g. 2 shows an equivalent circuit for an infinitesimal sec

tion of the NLTL. Herej(z, ) is the instantaneous total currentvhere z(z,¢t) = ¢.(z,t)/g.0,u = 1/y/(C.oL.) has the
entering a section of lengtf> at location~ and time instant dimensions of velocity (m/s)(C.q = «gq.o iS the capaci-
t, while v(z,t) is the corresponding instantaneous voltagance/length (F/m) at zero bias, a8@= «g.o/G. = C.o/G.
between the top and bottom highly doped regions of the HB(g) is a loss parameter. This wave equation, which incorpo-
structure, represented in the model as good conducigrss rates a cubic nonlinearity, forms the basis of the simulation
the inductance/length (H/m), angd(v) is the charge/length procedure.
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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 losslesscase(¢ = 0) the iteration

Normalized voltage avg

Tintl =2Tin — Tin-1

k 2
+ <_U,> (xi—l,n — 2.7}1‘7” + -Ti+1,n)(1 + 3/3.1’227”)

S

ON

<

o

8

E h

8 3/ ku 2 2

'g + 2 <7> Bxin(Titln — Tio1n) - (7)
S

3 In (7), the normalized charge(z,t) is discretized in space
"g and time as

> 0 S S S S Tin = z(ih, nk) (8)

whereh = Az andk = At are the space and time increments,
and: and n are integers.

() Fig. 4 shows a discretized NLTL equivalent circuit con-
Fig. 3. (a) The empirical charge/length versus voltage characteyistic,) ~ sisting of a finite numberl of separate subsections. Each
for the distributed HBV, as given _by the inverse of (1), for three Va'“?éubsection contains a Iumped inductarce (H) and a non-
of 3. (b) The corresponding capacitance/length versus voltage characteristic . .
C-(vq). inear discrete HBV storing a charggh (C). The boundary

conditions for the circuit are represented as

Normalized voltage avy

[ll. SIMULATION APPROACHES vin(0,n) =vy4(n) —ioR, 9)
Realistic simulations of the NLTL are carried out using Vout(M,n) =ip Rp. (10)
two different approaches: 1) a modified FDTD method and
2) numerical integration. The physical length of the NLTL i$ = Mh.

Application of Kirchhoff's current law and FDTD [12] to
Fig. 4 results in
A. The Modified FDTD Method

. . X — X _
The FDTD and transmission-line matrix (TLM) methods g =11 +qzoh%7
have previously been combined in order to simulate the time- o Tyl — T2 ne3
domain response of a nonlinear device [10] or a transmission 1 =12+ QZOhT

line [11]. The advantages of this approach are that the TLM
provides a physical basis for wave propagation, while the

FDTD offers computational efficiency. i =il + qzoth_l’n —IM-1n-2
The algorithm used here is similar to that in [10]. The 2k
difference is that instead of Maxwell’s curl equations, we use i1 =ino+ qzolﬁM*Z"*l —IM-2n-3
the nonlinear partial differential equation (6) to describe the 2k
wave propagation. Whereas general FDTD or TLM methods : (11)

require six field variables, three f@& and three forH, our

algorithm needs only one variable: the normalized chargg&mbining (9) and (10) with (1), the boundary and initial
z(z,t). Consequently, our algorithm is much less computegpnditions can be satisfied.

intensive than general FDTD or TLM methods. Furthermore,

use of an empirical charge-voltage relationship such as (1}in the full simulations, the loss parametgis included(G'. < co).
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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 200 |
The other approach to simulating the NLTL is by numerical
integration, as implemented in Libra 6:0The procedure % 150
adopted is as follows. =
L
1) Do curve fitting in order to represent tiigv) relation- E
ship implied in (1) by the polynomial %& 100 f
C(v) =co+c1+cov® + -+ cpv™. (12)
- 50 |
Note that C(v) = dg./dv and that the coefficients
o, €1, C2, "+, Cy depend on the constanish, andg..
The number of coefficients used here was~ 20. 0 | !
2) Use (12) as the nonlinear capacitor model in Libra, and 0 50 100 150 200 250
build the equivalent circuit of the NLTL. . -
3) Do time-domain simulations using the “Transient requency (GHz)
Bench” numerical integration procedure of Libra 6.0. (b)
Fig. 6. Tripler action when the NLTL length is= 1.35 mm (M = 50
IV. FREOUENCY-MULTIPLIER SIMULATION subsections), the input frequency fis, = 29 GHz, and the input power is
QUENC v SMU ONS P, = 4 dBm. (a) The output voltage waveform. (b) The output voltage
spectrum.

A. Comparison of Simulation Methods

Fig. 5 compares the NLTL output voltage waveforms as Modes of Multiplier Operation

predicted by the two methods when the input signal is a 30-_ . . o
GHz sinewave of amplitude 1.0 V. Het® = 25 sections To investigate the behavior of the distributed frequency

were used in the equivalent circuit of Fig. 4. Each subsectigiltiplier for different input frequenciegi,, we assumed a
is equivalent to a discrete HBV of area 2727 (um)? [5], 90-section NLTL (overall length = 1.35 mm) with the
so that the width of the simulated NLTL is 27m, and its following per-section parameters: = 1.0, § = 3.0, L.h =
overall length isl = 25 x 27 um = 0.67 mm. Utilizing the 0.05 nH, Ci.oh = 0.1 pF, andh/Gz = 0.59Q. Fig. 6(a)
data in [5], the parameters of each such subsection were taRBAWS the simulated output waveform whép = 29 GHz
tobea = 1.0, 8 = 3.0, L.h = 0.05 nH, C-oh = 0.1 pF, (fow = 87 GH2). Fig. 6(b) is the corresponding spectrum,
h/G. = 1.0Q. The generator and load resistay and R, showing good operation as a tripler, with a third-harmonic-to-
were each set to 5Q. Fig. 5 shows good agreement betweeftindamental power ratio 0£-0.28 dB. Under this condition
the FDTD and numerical-integration simulations. the conversion loss is 5.1 dB. Note that all even harmonic
The FDTD and numerical-integration methods are bo@eneration issuppressedby the symmetricalC(v) of the
CPU-time efficient compared with general FDTD or TLMHBV structure, contributing to the overall efficiency of the
The FDTD simulations run about twice as fast as the Libfsequency-conversion process.
simulations, but this advantage is more than offset by theFig. 7(a) depicts the output waveform whépn is reduced
detailed set-up files required for the FDTD runs. The remaindier 20 GHz (f,. = 60 GHz): higher-harmonic components are
of the results reported here were therefore obtained from Libmaw evident. The corresponding spectrum in Fig. 7(b) shows
simulations. that the amplitude of the fifth harmonic is now larger than
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subsections), the input frequency fis, = 20 GHz, and the input power is 20 24 28 32 36
P, = 4 dBm. (a) The output voltage waveform. (b) The output voltage
spectrum.
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. . " ig. 9. Ratio of the third-harmonic output powé? to the fundamental
the third, and that the NLTL is now operating as a frequemg\égwer P1 as a function of the input frequencg, whenl = 1.35 mm

quintupler. (M = 50 subsections).
C. Multiplier Optimization

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

1) Set fin = 30 GHz and vary the number of sectionsy comments
(in the equivalent circuit of Fig. 4) over the range

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

20 < M < 70. 1) In both Figs. 6(a) and 7(a) there is evidence of the
2) SetM = 50 sections and vary the input frequency over generation of solitons of4 ps width at half-height [13].
the range20 < fi, < 30 GHz. 2) In the frequency-multiplying mode, the absence of even-

Fig. 8 shows the result of experiment 1). It is seen that for harmonic generation

fin = 30 GHz, the optimumi{ is 50, yielding a power a) §implifies the output filterin_g;_ ,

ratio of —1.69 dB (compared with the 0.28 dB obtained for b) IMproves the conversion efﬂmen_cy, since less power
fin = 29 GHz). The power ratio remains better thai3.0 dB is going into unwanted harmonics.

over a range of NLTL lengths correspondingdio < M < 60

sections. V. PULSE-SHARPENING SIMULATIONS

Fig. 9 gives the result of varying,. Here it is found that  In addition to investigating the frequency-multiplying prop-
the effective 3-dB bandwidth corresponds to input frequenciegties of the HBV NLTL, Libra simulations were done to
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Fig. 10. Pulse responses of HBV NLTL’s of length27 < I < 1.35 mm  Fig. 11. Same as Fig. 10, but input pulsg(t) has amplitude 1.0 V.
(10 < M < 50 subsections) to a “slow” input pulse,(t) of risetime 50
ps and amplitude 0.75 V. ) )
2) In the pulse-sharpening mode, the high-frequency per-
o ) formance is not limited by the Bragg cutoff-frequency
determine its response to input pulses. The parameters as;u_med effect, as it is in conventional periodic NLTL structures
for the HBV structure were the same as those for the multiplier [13]

simulationsia = 1.0, § = 3.0, L:h = 0.1 nH, C;oh = 0.1 3) The full electrical symmetry of the HBV NLTL allows

PF, and//Gz = 0.59. both positive-going and negative-going pulse edges to
be sharpened. In contrast, with conventional asymmetric
A. Numerical Pulse-Sharpening Experiments Schottky-varactor NLTL's, only a single polarity of
Fig. 10 shows the result of applying a “slow” step input pulses can be sharpened because the other polarity would
pulse v,(t) of amplitude 0.75 V, and risetime. = 50 ps, drive the Schottky varactors into forward bias.

when the line lengtH is increased from zero to 1.35 mm (50 4) Again, there is evidence of the generation of solitons of
subsectionsy. It is seen that the rising pulse edge becomes  Width ~4 ps.

progressively steeper as the NLTL length is increased. When

the length reaches 1.08n (M = 40 subsections) the output VI. CONCLUSIONS

pulse vo.+(t) has been “sharpened” dramatically, so that its
10-90% risetime is reduced tol6 ps. Thereafter, “ringing”
sets in. It is found that the optimum NLTL length for goo
pulse sharpening (fast risetime without excessive ringing)

I ~ 1.22um (M = 45 subsections) for the chosen set o . . -
untunedwideband frequency multiplier for millimeter-wave
parameters. o
communications. The pulse-response analyses show that the

In Fig. 11, the step amplitude is increased to 1.0 V, whil . o ) .
the NLTL length is varied over the same range as befor@.BV NLTL is also very promising as a high-speed bilateral

The pulse response is now more oscillatory, and the risetir%tejllzse_Sharpening device.
is even further reduced te7.5 ps whenl ~ 1.22 zm. The urther work will be directed: 1) to optimizing the param-

. . . eters of the NLTL and its embedding circuits for efficient
change in the character of the response as the input amp“tlﬁa?monic generation for specified output power levels and
is increased is not unexpected in view of the strong reami\é%ndwidths and 2) to optimizing it as a high-speed pulse-
nonlinearity of the HBV NLTL. p 9 gh-sp P

enhancing device.

A fully distributed NLTL incorporating an extended HBV

Ostructure is reported. Nonlinear transient analysis is carried
out using both FDTD and numerical integration methods.
e results indicate that this new device is promising as an
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