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28-39 GHz Distributed Harmonic Generation
on a Soliton Nonlinear Transmission Line

Eric Carman, Kirk Giboney, Michael Case, Masayuki Kamegawa, Ruai Yu, Kathryn Abe,
) M. J. W. Rodwell, and Jeff Franklin

Abstract—A second-harmonic generation is reported in the 26-40
GHz band through soliton propagation on a GaAs monolithic nonlinear
transmission line. At 20 dBm input power, a 20-diode structure attained
< 12 dB conversion loss for input frequencies from 13.5-18 GHz, with
9.3 dB minimum conversion loss, while a 10-diode structure attained
< 12 dB loss, 14-19.5 GHz (7.3 dB minimum). With reduction of
conductor skin losses, broadband operation and peak conversion effi-
ciencies approaching —3 dB are attainable.

CHOTTKY diode frequency multipliers driven by phase-

locked microwave generators are low phase-noise millime-
ter-wave signal sources widely used in receivers and instrumen-
tation. Using Schottky diodes as nonlinear conductances, high
conversion efficiencies are not attainable, while lumped-element
Schottky varactor diode multipliers have reactive input and
output impedances which cannot be matched efficiently over a
broad bandwidth.

Harmonic generation can also be performed on periodic non-
linear transmission lines (NLTL’s) [1]-[5], structures having
periodically distributed nonlinear capacitance. Monolithic GaAs
NLTL’s have generated step-functions with ~ 1.3 ps falltimes
[6, 7] through shock generation [8], while chirped-periodic
GaAs NLTL’s [9] have generated 5.5 ps impulses through
soliton propagation [10]. Through soliton propagation on peri-
odic NLTL’s, harmonic generation with broad bandwidth and
high efficiency is feasible. Here we report millimeter-wave
frequency multiplication using soliton propagation on a periodic
monolithic NLTL. In contrast to the work of Marsland et al.
[1], we have attained higher conversion efficiency and broad
bandwidth.

A periodic NLTL is a ladder network of high impedance line
sections loaded at constant intervals with reverse-biased diodes
serving as voltage-variable capacitors (Fig. 1(a)). If the diodes
have capacitance C4(V"), the interconnecting high-impedance
line sections have characteristic impedance Z; and electrical
delay 7, and if CxV)> 7/Z;, then the structure can be
approximately modelled as an LC ladder network having L =
Z;7and C(V) = CAV) + 7/Z, (Fig. 1(b)). The diodes have
a parasitic series resistance r,.

The small-signal propagation constant on the periodic struc-
ture is B(w) = cos™!(1 — 2(w/wp)?), where w, =
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2/4/LC(Vy,s) is the Bragg frequency. The small-signal chat-
acteristic impedance is Zy(w) = V, (w)/I,(0) =

VL/C(Vye) V1= (@/w,)* + jwL/2; both the per-sec-
tion phase delay 7,(w) = 8/w and Z, show strong variation at
frequencies approaching w,,.

With a large signal input voltage V,,, the voitage variation of
the NLTL capacitance results in nonlinear wave propagation,
and harmonics of the input frequency w, are generated. In
NLTL’s here the Bragg frequency w, is much larger than w,,
shock waves with transition times of the order of 1/w,, [6]-[8]
are generated, and power is generated in many harmonics of w,.
Hence, efficient conversion of the input power to a single desired
harmonic is not attained.

Harmonics at frequencies higher than w; do not propagate; if
wp, < 3w,, generation of the third and higher order harmonics is
suppressed, and the conversion efficiency to the second har-
monic is enhanced, as shown by analyses by Jager [3]. The
resulting distributed second harmonic generation, governed by
both the nonlinear capacitance and periodic network dispersion,
can be described either in terms of the propagation of sets of
solitons [11], [12], or in terms of propagation of the fundamental
and second harmonic coupled by the diode voltage-variable
capacitance [2], [31, [5].

NLTL second-harmonic generation can be described in terms
of large-signal nonlinear propagation, and the resulting genera-
tion of sets of solitons [11], [12]. If C(V) = Co /(1 — V/ V)
(V negative), the LC ladder network supports the propagation of
solitons of the form [12]

V(1) = = Vigay 5ech®(1.212(2 = nTp)/ Tryrng)» (1)

where the propagation delay

Tp = V/LCoVy/ Vigas sinh ™ (/ V. [ V),

and the soliton pulse width

(2)

Trwane = 1.212\/LCy Vo | Voo

®3)
are functions of the soliton amplitude V. For given L, C,,
and ¥, the soliton amplitude ¥, has a unique corresponding
full-width at half maximum impulse width Tpyp5,, and per-sec-
tion propagation delay 7. For solitons with amplitude ¥, =
Vo, (3) is approximated by Ty pns ~ T/ wp.

Impulses of amplitude ¥, having duration Tpyp,, >
1.212\/LCyV}y [ Vipax correspond to a nonlinear superposition
of a set of solitons having differing amplitudes V. and differ-
ing propagation delays T); applied to the NLTL, such a pulse
will decompose into this set of two or more solitons during
propagation [12]. A sinusoidal input at frequency w, corre-
sponds to a repetitive train of negative-going input impulses of
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duration Tpppps = 7 /wy, each corresponding to a superposi-
tion of a set of solitons which subsequently separate during
propagation.

Experimentally, using direct electrooptic sampling [13], we
observe the decomposition of sinusoidal inputs into sets of
solitons (Fig. 2) on a 20-diode monolithic NLTL with w, =
27(44) GHz. Each negative cycle of a 15 GHz, 20 dBm input
decomposes into a pair of negative-going pulses which progres-
sively separate during propagation. The output shows two dis-
tinct pulses per cycle, and a strong second harmonic component.
With further propagation on a longer NLTL, the lower-ampli-
tude soliton of a given input cycle merges with the larger-ampli-
tude soliton of the subsequent input cycle, and the second-
harmonic power decreases. Pulses much longer than 27 /w),
separate into progressively larger numbers of solitons; a 10 GHz
input (Fig. 2) decomposes into sets of 3 solitons per cycle, and a
strong output third harmonic is generated. Efficient 2nd har-
monic generation occurs for w,, /3 < w; < wy /2.

Described instead in terms of coupled propagation of Fourier
components, harmonics of w, are generated by the voltage-vari-
able capacitance. Assume that C(V) = Cy + C(V — V. .) and
that the voltage V), at the nth diode has Fourier components at
the fundamental «, and the second harmonic w, = 2wy, V,(#)
= Vijas + Vi cos(w  + ¢y) + V,, cos(w,t + ¢,). The non-
linear capacitance term C,; generates currents at w, of I§L’ 2
= (Cy0 V5 /2) sin(wyt + 2¢y), at w; of IgL27¢l =
(Ci ViV /2D sin(w f + ¢, — ¢,), and at higher harmonics
of w,.

Neglecting higher harmonics (nonpropagating if above w,),
these currents will cause the fundamental to exchange power
with the second harmonic, which in the case of phase-matched
fundamental and second harmonic [3]-[5], will generate a sec-
ond harmonic wave whose amplitude grows with propagation
distance. Solution of the coupled propagation equations is be-
yond the scope of this letter (see [2]-[5]). The second harmonic
amplitude reaches a maximum after a distance of n,, =
7 [wy | Ty(wy) — Tp(w;)|. With further propagation, the phase
angle between the accumulated second harmonic wave amplitude
and the second harmonic conversion current I3'”“2 exceeds
7 /2, and the second harmonic amplitude decreases.

The coupled-harmonic model again predicts peak conversion
efficiency for w;, /3 < w; < w, /2. At higher input frequencies,

®)
(a) Nonlinear transmission line circuit diagram, and (b) L-C ladder
network equivalent circuit.
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Fig. 2. [Experimentally observed waveforms illustrating soliton decomposi-
tion in 20-diode NLLTL with 44 GHz Bragg frequency. Input is 20 dBm sine
wave with —2.6 V bias.

the second harmonic cannot propagate, while at lower input
frequencies, 3w; < w, the third harmonic can propagate, and
parasitic third harmonic generation occurs. To maximize conver-
sion efficiency, the number of NLTL sections is selected to be
approximately 7., in the center of this passband, approxi-
mately 20 diodes. Jiger [3] and Champlin [5] give solutions to
the coupled harmonic model given the cases where either the
phase mismatch | 7,(w,) — T,(w;)| is negligible, or the deple-
tion of the fundamental power with propagation is negligible.
Because neither assumption holds for our devices, we predict the
conversion loss (second harmonic output power divided by
fundamental input power) using standard circuit analysis simula-
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Simulated and measured conversion loss in second harmonic gener-
ation: 20-diode NLTL with 20 dBm input and —2.6 V bias.
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tion software (SPICE and a harmonic-balance circuit simulator
[14]).

10-diode and 20-diode NLTL distributed harmonic generators
were fabricated using processes similar to those of refs. [6], [7].
Schottky diodes are formed on a GaAs semiinsulating substrate
with a exponentially graded 425 nm thickness N~ active layer
whose doping variation with depth is N~ (d) = N, exp(—d /d,)
where d is the distance from the wafer surface, N, =2 X
10'7/cm?® and d, = 225 nm. A buried 1 pm thick N* layer
(6 X 10'® /cm® doping, 7 @ per square sheet resistivity) pro-
vides the diode cathode connections. Ohmic contacts to the Nt
layer (with 0.02 Q-mm resistivity) are formed by a 0.5 um
NH,OH/H,0, /H,0 recess etch, a self aligned AuGe-Ni-Au
liftoff, and a rapid thermal anneal. Proton implantation using
both 180 kev, 1.7 x 10 /cm? and 100 kev, 4 x 10'*/cm?,
provides > 50 MQ per square isolation, defining diode contact
areas and eliminating N¥ and N~ layer conductivitier near the
coplanar-waveguide sections, reducing dielectric losses. During
implantation, a 1.7 ym Au-10 um polyimide mask protects
ohmic contacts and diode gctive regigns. The transmission lines
are formed with a 800 A Ti-80 A Pt-11000 A Au liftoff;
Schottky contacts result where the Ti-Pt-Au liftoff intersects
the unimplanted N-layer. At 3 pm design rules, the diodes have
an ~ 800 GHz zero-bias cutoff frequency f; o = 1/27C,4(0)r,.

For the 20-diode NLTLs, Z; = 90 ©, 7 = 4 ps, and C,(V)
= Cjo /(1 — V/$)M, where C;, =247 fF, ¢ =1 Volt, and
M = 0.708. At Vs = —2.6 V, w, = 27(44) GHz, and Zy(w
= 0) = 50 @, while the parameters (least-square-error) fitted to
the Hirota [12] soliton model are L = 0.36 nH, C; = 274 {F,
and ¥ = 3.2 V. The 10-diode NLTL has 7 = 4.4 ps, C,q = 272
fF, Cy = 301 fF, and w, =27(40) GHz at V,,, = —2.4 V.
Neglecting skin-effect losses, circuit simulations predict 3 dB
conversion loss at peak efficiency, and < 6 dB loss 13.2-18.1
GHz for the 20 diode structures; 3.5 dB minimum conversion
loss is predicted for the 10-diode NLTLs.

Conversion efficiency for the monolithic devices was mea-
sured on-wafer using a synthesized microwave source and a
26-40 GHz spectrum analyzer, whose calibrations were verified
with a precision power meter, and DC-40 GHz bias tees and
wafer probes, whose losses were determined using a network
analyzer. Experimental results are compared with harmonic-bal-
ance circuit simulations [14]. With 20 dBm input power at —2.6
V bias, the 20-diode NLTL attains 9.3 dB insertion loss at peak
efficiency and 13.5-18 GHz bandwidth at < 12 dB loss (Fig.
3), while the 10-diode NLTL (—2.4 V bias) attains 7.35 dB
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Fig. 4. Simulated and measured conversion loss in second harmonic gener-
ation: 10-diode NLTL with 20 dBm input and —2.4 V bias.

minimum insertion loss and 14-19.5 GHz bandwidth at < 12
dB loss (Fig. 4). The lower-than-predicted conversion loss arises
from skin-effect losses on the 90 Q interconnecting line sections
(1.4 pm thick gold with 10 um line width, giving a calculated
attenuation of 47.4 x +/f/1 GHz dB/m), which have relatively
low Q. When these skin losses are modelled, measured conver-
sion loss is ~ 2 dB greater than simulation. The 10 diode lines
are shorter than n_, but attain higher efficiency through re-
duced skin losses. Circuit implementation with planar spiral
inductors or lower-impedance line sections will reduce metallic
losses, permitting conversion loss to approach the theoretical
-3dB.

In summary, we have demonstrated millimeter-wave dis-
tributed frequency multiplication on a monolithic GaAs device.
The circuits are directly scalable to millimeter-wave frequencies
beyond 100 GHz. With use of lower-loss inductive elements,
broad bandwidth, high efficiency millimeter-wave frequency
multiplication will be feasible.
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