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Abstract—This paper introduces novel potential device appli-
cations based on the nonlinear phase shifting properties of high-
temperature superconductor (HTS) transmission lines. It demon-
strates how the nonlinear characteristics of HTS materials can be
used to build devices that improve the risetime of pulses as well
as exhibit power-dependent phase shifting properties. The non-
linear transmission-line circuit layouts consist of a linear transmis-
sion-line periodically loaded with HTS stubs operating in the non-  gig. 1. A conventional nonlinear transmission line.
linear region. Theoretical results are presented using a lumped-el-
ement SPICE model to verify the pulse-shaping concept presented
in this paper. The power-dependent phase shifting properties are and oscilloscopes [2]. With the use of a monolithic microwave
demonstrated with the measurements of two prototype circuits.  jntegrated circuit NLTL, researchers at Hewlett-Packard have

Index Terms—High-temperature superconductor (HTS), non- constructed a commercially viable sampler with a 55-GHz

linear transmission line (NLTL), , pulse sharpening, risetime useable bandwidth as well as greater conversion efficiency over
improvement, power-dependent phase shifter, shockline. conventional samplers [2].

The performance of a nonlinear transmission line is limited
|. INTRODUCTION by several factors, including the diode cutoff frequency. Other

disadvantages include high values of insertion loss as well as

T HE need for generating pulses with faster risetime valuggificant power dissipation due to the required biasing of the
increases as frequency levels used in microwave and M3 merous diodes that form the NLTL.

limeter-wave applications increase. Such high-frequency appli—ln this paper, we demonstrate that one can build an NLTL by

cations require the availability of circuits that are capable @fjqgically loading a transmission line with high-termperature

generating pulses having 0.1-5 ps risetimes. The relatively faghe conductor (HTS) stubs that exhibit nonlinear performance.
pulse risetime values impose limits on the sampling and det&ge st ps are chosen to be thin enough to allow operation within
tion of high-frequency signals. A nonlinear transmission liNg o nonlinear region. The HTS NLTL pulse-shaping effects are
(NLTL) can be used to decrease the risetime of a propagatiggmonstrated using a SPICE model combined with an HTS non-
pulse by forming a shock wave [1]-[3]. Shock waves arise |} qar analysis that is validated with published data. First, a con-
nonlinear media when the propagation velocity has an amRlisntiona) varactor diode NLTL is simulated using SPICE. The
tude dependence that causes the leading edge of a pulse 1Q gt oy giodes are then replaced with a SPICE model of the
steeper. An analysis of shock-wave generation in a transmissjoi) inear HTS stubs to form the lumped-element HTS NLTL
line loaded with Josephson junctions is given in [4]. model.

Conventional NLTLs have been realized using linear |, ,4qition to shaping pulses, the HTS NLTL circuits ex-
transmission lines that are periodically loaded with varactpfii hower-dependent phase-shifting properties that can be con-
diodes [1]. A varactor diode exhibits a voltage-dependegiaq through the choice of circuit geometry. We also presentin
capacitance when reverse biased. This voltage dependence gy ner experimental and theoretical results for the power-de-

t?e us_ed to realize an NLTL circuit capable of decreasing tr}3%ndentphase-shifting performance of two different HTS NLTL
rise time of a pulse. Recent work has demonstrated eﬁeCtWPototype cireuits.

NLTL applications in measurement instruments that require
sampling down converters. Such applications include phase
locked synthesizers, frequency counters, network analyzers,
Fig. lillustrates the conventional NLTL. It consists of a linear
, _ _ transmission line periodically loaded with varactor diodes that
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The total NLTL segment capacitance is the sum of the linear .
and nonlinear capacitor values, given by .
OT(V) = CrL + ONL(V)- 1) Fig. 5. Nonlinear capacitor SPICE model.

The propagation delay along each transmission-line segmerﬁijaﬂon (4) can be expressed in terms of the capaCjipwith

given by an effective applied voltage levél
(V) =/ Lrr.Cr(V). 2 it) = Cjo%- (5)
dt

The voltage-dependent capacitors that periodically load tkl‘ﬂe effective applied voltage level is
transmission line can lead to shock-wave formation with

electrical pulses. As can be seen in (2), the time delay along the v
—2¢4 /1 — e (6)

transmission line becomes greater with increasing capacitance. Ve =
The total delay along the transmission line is the delay along

each segment times the number of segments. If the capacitapge SPICE model applies the voltage sighalto the capac-
increases with VOItage, the time d8|ay of the hlgher VOIta%r CJO TheV. Signa| can be imp|emented using a Vo|tage_de_
portion of a signal increases. For a ramped pulse, an increag@ﬁdem voltage source with a dependency given by (6) With
delay for higher voltages results in a steeper edge, as showg{al to the voltage across the nonlinear capacitor. Fig. 5 shows
Fig. 4. the SPICE model implementation of the nonlinear capacitor.

A lumped-element equivalent circuit model of a transmission a current-dependent current source at the output samples the
line periodically loaded with varactor diodes can be Simulat%rrent ﬂ0W|ng through the Capacitdfjo and Outputs that exact
using SPICE. The analysis uses the varactor NLTL modeliggrrent value. The SPICE model of the entire NLTL is a series
technique outlined in [1]. The uniformly doped Schottky diodgf the cascaded transmission-line segments shown in Fig. 5.
has a capacitance given by Fig. 6 shows the SPICE simulation results of a 100-element

. NLTL periodically loaded with varactor diodes havidg, =
0 (3) 0.1 pFand¢ = 0.8. The center transmission line has a®0-

— % characteristic impedance. The falltime improvement trend using
this type of diode is consistent with results achieved in [1]. For
where¢ is the barrier potential, which is approximately 0.8 \a 10-V input pulse, the 10-90% falltime of the input pulse is 80
for a uniformly doped diode. The nonlinear diode capacitangs, and the output falltime is 24.6 ps.
can be represented in SPICE using a voltage-dependent current
source and a fixed capacitor. The SPICE model can be derivetl. L UMPED-ELEMENT MODELING OFHTS NLTL CIRCUITS

by rearrang?ng t_he diode model equat?onS, expressing th_e CaPaGrhe varactor diode exhibits a voltage-dependent capacitance
|tor currenti(£) in terms of th? capacitor voltag_e (see Fig. .z)rhat can shape a pulse as it propagates down the transmission
Using (3), the current emerging from the nonlinear capacnqirne. A similar effect may be achieved using narrow stubs of

expressed in terms of the capacitance and voltage, is aPP'YM'S material that are designed to operate in the nonlinear re-
mated by gion

dv Co dV The stubs are chosen such that the nonlinear effect due to the
i(t) ~ C(V)E = —JL PR (4) HTS material results in a variation in the equivalent capacitance
1-3 of the open-circuit stubs. A nonlinear transmission line can thus

Cu(V) =
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are to be evaluated by fitting the TOI curves generated from the
0 : } t Time (ps) proposed model to measured data.
-2 § 200 800 1000 For thekth subsection at a given instant in time, the voltage
S 44 can be written as
> 6.
§ 8l Vi = Vi1 cos(wt — BrAx)e” 2" 9)
10+ wheref;, andoy, are given by
12 L
-14 L ay —ap_1 Az |2
B = o [1 +— |Vk_1 cos(wt — Br_1Az)e” 1 | }
w
Fig. 6. Falltime improvement: input pulse, pulse after 20, 40, 60, 80, and 100 (20)
diodes. as A2
. = g |:1 + - |Vk_1 COS(wt - ﬁk_lAJ})C_ak_l ac| :| .
w
(11)
cee cee The signal components at the fundamental frequency and har-

monics are calculated at the output of each subsection by taking

a complex fast Fourier transform of the time-domain waveform

of (9). This signal is then applied to the next nonlinear subsec-
Fig. 7. HTS NLTL layout. tion, leading to the generation of a new set of harmonics. The

level of the harmonics then builds progressively through each

cascaded subsection until reaching the end of the transmission

| 1 | 5 | lee e Ik:| v IZI:Nl line. Fig. 9 illustrates the concept of the nonlinear model.
The nonlinear model was validated using data published by

Fig. 8. Division of the HTS planar transmission line iftosubsections. Wilker et al.[8]. The measured data are for single-tone TOI of

a series of 542 Tl;Ba;CaCyOg (TBCCO) coplanar transmis-

be fabricated using an HTS microstrip structure consisting 8ion lines of varying widths and lengths. The substrate used is
a wide center transmission line periodically loaded with narrol@AlOs with avalues,. = 24 andtan 6 = 107°. A stimulus fre-
open-circuited stubs, as shown in Fig. 7. The center transmissf#ency of 1.5 GHz was used in simulating the transmission line.
line is assumed to be wide such that it operates in the linedt€e input power was stepped from 0 to 40 dBm. The constants
region. The stubs, which are narrow relative to the center lirfes, @nda were set to the values corresponding to the temper-
are designed to operate in the nonlinear region. ature, and the length of the line was varied in accordance with
The nonlinear effects on the HTS stubs are modeled usititf measured results. The constantanday are only valid for
the method discussed in [5]. Consider the HTS transmission lidéingle temperature since the nonlinear effects increase as the
shown in Fig. 8. The line is divided intt¥ cascaded subsectionst€mperature approaches the critical value. The optimized values
each of lengthAz. The propagation and attenuation constant8r these constants at 90 and 100 K are given in Table I. As ex-
vary with the instantaneous level of voltage along the transmRected, the nonlinear effects are more pronounced at 100 K, as
sion line. We assume that the phase shift and attenuation alorigdicated by the higher constant values.

single subsection are constant valgesz andaAz foragiven ~ According to Megaheet al. [6], the nonlinear effect of the
instant in time. attenuation constant is greater than for the phase velocity (and

In [6], a nonlinear full-wave solution based onthusp). This difference arises since the ohmic attenuation effect
Ginzburg-Landau (GL) theory is developed using the fis greater than the change in stored kinetic energy that causes the
nite-difference time-domain technique. The theoretical resufigift in phase velocity [6]. The optimized constants are consis-
given in [6] show that the propagation constghtind atten- tent with the results of Megahegt al. As seen in Table |, the
uation constantx of HTS transmission lines vary linearly attenuation model constaat is higher than that of the phase
with applied power at the levels that are typically used fgpodel constani; .
third-order intercept (TOl) measurements. The propagationTab|e Il illustrates the third-order intercept values for dif-

and attenuation constants along each subsection can thugesent line widths. The calculated values of the TOI points cor-
approximated by related very well with the published results from Wilketral.

[8]. As shown in Tables Il and Ill, the model accurately predicts

B8 =75 (1 + ﬂ|v|2) (7) the variations of the third-order intercept with respect to both
152 line width and length. The results achieved are consistent with

a = (1 + —22|V|2) (8) expectations since the current density is lower for a wider line.
w

The current density is thus farther from the critical level and the
wherejsy and g are, respectively, the low power propagatiomonlinear effect decreases. Table lll indicates that an increase in
and attenuation constants of the HTS transmission line. The length yields a lower third-order intercept point. This was
valuew is the transmission-line width in micrometers. The coraelso expected since the signal propagates along a greater dis-
stantsz; andas are functions of the material characteristics antnce through the HTS line, augmenting the nonlinear effect.
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Fig. 9. The third harmonic level increases as the signal propagates through each segment of the HTS planar transmission line.

i %

TABLE |
OPTIMIZED VALUES OF THE NONLINEAR
PROPAGATION MODEL CONSTANTS @1 AND @5

The voltage-dependent capacitance arises from the change in
the electrical length of an open-circuited HTS stub as the power
level increases. The capacitance of the stub is calculated using

T(K) Optimized a,  Optimized a, (7), wherefy = w./ue. If the stub length is small relative to
90 0.0148 0.7 the wavelength{tan 8! =~ gl), the voltage dependent capaci-
100 0.58 1285 tanceC can be approximated as
a 2
TABLE I (V) Y L+ VP! (12)

COMPARISON OFMEASURED [8] VERSUS CALCULATED TOI (dB) FOR 20
VARYING LINE WIDTHS ) S
where Z, is the characteristic impedance of the trans-

T Width Measured Calculated % icecion-li i i
® m TOI@B) TOI(@B)  Deviation mission line stub. I_n view of (12), it can be seen _that the
from capacitance value increases as the voltage level rises. As a
xeasureﬂ result, the nonlinear HTS stubs will contribute to a decrease
5036 T15500 703 1;"'/:' in the rise time of a pulse as it propagates down the periodic
90 28 64.510.6 64.1 0.62% transmission line. It should be mentioned that the nonlinear
90 7 51.340.7 520 1.4% capacitor model given in (12) is only valid up to the frequency
100 56 554103 544 13‘{‘; range where the stub lengthis still considered smaller than
100 28 485404 484 0.21% the wavelength.
100 7 373404 374 0.27% . . . .
The nonlinear capacitor model can be incorporated into a
lumped-element SPICE model representation of the NLTL
TABLE Il

using the technique outlined for the varactor NLTL. In view of

COMPARISON OFMEASURED [8] VERSUS CALCULATED TOI (dB) FOR . . . .
(6] (dB) the analysis given in Section Il, the SPICE modlelcan be

VARYING LINE LENGTHS

written as
T Length Measured Calculated % a
(K) (mm) TOI(B) TOI(dB) Deviation _ 1 3

Devi Vo=V o5V (13)

Measured . .

Mean The lumped inductor and capacitor models used to represent a
gg ;4 gg-zf‘l’f 2‘9‘-(1) ggg://" transmission-line segment are calculated in terms of the dis-
90 1 75047 781 40 ° tributed transmission-line parametg¥sand Z;. The electro-

100 14 485404 48.4 021% magnet.ic simulator Sonnet-EM was .us.ed to obtain the effective
100 5 52.840.9 52.9 0.19% dielectric constant and characteristic impedance of the center
100 1 604424 599 0.83% transmission line as well as the stub line.

Fig. 10 shows the falltime improvement for a 20-V pulse

ong an HTS NLTL with a 532 center line and stubs of length

. . |
The data point for a 1-mm line at 90 K has an unknown meg- "= ) . - )
surement tolerance level [8]. The calculated value differed fro%? mll and W'd.th 1 mil Thg stub spacing is 10 mil. Th_e 10._90%

Iltlme of the input pulse is 80 ps, and the output falltime is 21.3

&

the measured mean by 4%, which may be the result of grea
measurement error. The other values corresponded well to Bve
measured results, differing between 0.19% and 1.8% from the
measured mean TOI level.

The validated nonlinear HTS model is used to characterizeln addition to sharpening pulses, the HTS NLTL circuits with
the stubs in the proposed NLTL topology of Fig. 7. The SPIC®pologies similar to that of Fig. 7 exhibit useful power-de-
model developed in Section Il yielded results consistent wiffendent phase-shifting properties. Such properties have been
[1] for a transmission line periodically loaded with diodes. Thdemonstrated with two HTS NLTL prototype circuits.
next step is to modify the voltage-dependent capacitor modelEach NLTL is constructed using a TBCCO film on a 20-mil-
such that it characterizes the nonlinear properties of the HTt8ck LaAlO3 substrate. Fig. 11 shows the topology of the peri-
materials. odically loaded HTS microstrip NLTL.

The first step in modeling the HTS nonlinear transmission Fig. 12 illustrates the layout of the two prototype circuits,
line is to develop a lumped voltage-dependent capacitor moaéiile Table 1V lists the parameters of the two prototype NLTL
of the open-circuited stub, based on the above HTS model. Thiscuits TL1 and TL2.
provides an initial approximation of the HTS NLTL propagation The measurement technique used to observe the power-de-
characteristics. pendent phase-shifting properties of the prototype circuits uses

IV. POWER-DEPENDENTPHASE SHIFTER APPLICATION
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Fig. 11. Periodically loaded HTS microstrip NLTL.
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Fig. 12. NLTL prototype layout. TL1: left. TL2: right.

TABLE IV
PROTOTYPENLTL PHYSICAL PARAMETERS
Parameter | TL1 TL2
N 100 209
Stub 708 Q |708 Q
Impedance
L 50 mil 50 mil
W 1 mil 1 mil
D 10 mil 10 mil
wy, 6.9mil [ 6.9 mil
Centre Line | 50 QO 50 O
Impedance

phase jump at the critical temperature requires a more detailed
investigation of the HTS NLTL performance.

The center transmission line is 6.9 times wider than the open-
circuited stubs. As a result, the stub current density is consid-
erably higher than for the center line. The stubs will thus be-
come nonsuperconductive before the center line reaches its crit-
ical level. This is a likely explanation of the sudden increase in
the NLTL phase. To illustrate this theory, a set of Sonnet-EM
simulations was carried out at 4-GHz using a straight, periodi-
cally loaded transmission line (see Fig. 16).

The S-parameters were simulated while increasing the met-
allization resistivity in increments of 02/square, representing
anincrease in the HTS surface resistance with increasing power.
The next step was to remove stubs from the circuit, mimicking
the effect of stubs becoming normally conducting.

As seen in Fig. 17, thé5; phase increases slightly with in-
creasing resistivity and a constant number of stubs. The phase
then increases in large increments as stubs are removed. The
observed TL1 phase characteristics can thus be explained by a
large number of stubs suddenly becoming nonsuperconductive
at a given power level. Further work is required to incorporate
the effect of stubs reaching the critical level into the HTS NLTL
model.

Figs. 18 and 19 show the measured attenuation and phase of
the TL2 prototype. The TL2 circuit exhibits an unusual phase
response as the power level increases, as can be seen in Fig. 19.
The electrical length of the circuit actually decreases up to a
certain power level, and then the total phase shift along the line
begins to increase. The sudden increase in the electrical length
is accompanied by a sudden increase in attenuation.

As for the TL1 case, the phase shift properties can be ex-
plained using examples simulated with Sonnet-EM. Consider
the lossless, curved periodically loaded structure of Fig. 20(a).
A series of simulations were carried out at 4 GHz while in-
creasing the resistivity in increments of @2Isquare to mimic
the nonlinear increase in attenuation of the HTS material with

a continuous-wave signal generator and sampling oscilloscdpereasing power. As seen in Fig. 21, thg, phase actually
to directly measure the attenuation and phase. The test seldsreases by 7-&vhen the resistivity changes from 0 to 0.4

shown in Fig. 13.

Q/square.

Figs. 14 and 15 show the results of the NLTL attenuation andAs the input power rises, an increasing number of stubs
phase measurements, respectively. As can be seen in Fig.wlii,become nonsuperconductive before the center line reaches
there is a small increase in the relative phase below the cits critical level. This effect was simulated by progressively
ical level. The measured phase then jumps sharply at the critioainoving stubs from the circuit models. As can be seen in
level. The nonlinear transmission line model can be used to pFag. 20(b)—(d), circuits were simulated with four, eight, and 12
dict the phase shifter performance below the critical level. Theissing stubs, respectively (while continuing to increase the
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Fig. 13. High-power test set.
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Fig. 16. (a) Straight line test circuit with (b) four, (c) eight, and (d) 12 stub,

®

@

missing to simulate the effect of losses and removing stubs.

to the attenuation along the HTS line, the power level is highef Fig. 19.

Input Power (dBm)

Fig. 18. TL2 amplitude measurement at 3.7 GHz.

toward the input side of the HTS circuits. The critical current
levels of the stubs vary due to manufacturing tolerances. As it
is difficult to predict the exact order in which stubs will become
nonsuperconductive, the stubs were removed randomly, closer
to the input side of the circuit (see Fig. 20).

As can be seen in Fig. 21, th&; phase begins to increase

Bramatically with the removal of stubs. As shown using

Sonnet-EM, the phase continues to increase, as more stubs
become nonsuperconductive. The phase response trend of the
resistivity by 0.12/square for each successive simulation). Dusurved test circuit follows the measured TL2 phase response
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TL2 Phase Shift vs. Power exhibit pulse-sharpening effects. The falltime improvements for
the proposed circuit are in the range of 10-50 ps. The avail-

2 able test equipment was capable of generating a minimum rise-

20 - . . .

15 time/falltime value of 40 ns. As a result, any falltime improve-

10 ments due to the HTS NLTL circuit were a very small per-
centage of the input fall time. Such subtle improvements are

2z
0 s 10 1 %0 j‘/ 15 beyond the detection limit of the equipment currently available
\/ 45 to us. Future measurements are planned using a source capable
N, -20

Relative Phase (Degrees)

o of generating input risetime in the 100-ps range and a sampling
10 oscilloscope with a small time scale limit.

Two HTS NLTL prototype circuits were shown to exhibit
power-dependent phase-shifting properties. This effect was
augmented by the tendency of the small stubs to become
nonsuperconductive as the applied power increases, while the
relatively wide center conductor remains superconductive. The
Hi L1 I phase characteristics may vary greatly depending on the HTS
1]} i 1yl | 1
T T T T

input Power (dBm)

Fig. 19. TL2 relative phase measurement at 3.7 GHz.
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