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Abstract —A superconducting chirp filter having a dispersive

time delay of 26 ns and a 3.4 GHz bandwidth centered at 4.7

GHz has been fabricated using a niobium-on-silicon shielded
microstrip technology. Along a 2 X 1.6 m delay line, unequally

spaced microstrip directional couplers are employed as sam-
pling devices. To achieve an improvement in dispersion and

coupler directivity over conventional microstrip, the device uses
a superconductive shield mounted at a distance equal to the
height of the dielectric on top of the microstrip structure.

Structural support of the 70-pm-thin high-resistivity dielectric

is provided by a large-area bond to a glass substrate.

I. INTRODUCTION

T HE application of the delay properties of acoustic

and electrical transmission lines as the basic element

in the synthesis of transfer functions has been known for

quite some time [1]. Passive filters making use of such

delay, also known as transversal filters, have found appli-

cations as matched filters in signal processing devices.

The majority of such filters have been constructed using

surface-acoustic-wave (SAW) technology to obtain the

required delay properties [2]. However, because of the

small acoustic wavelengths involved, minimum line widths

required by technology as well as propagation losses im-

pose restrictions on the upper frequency limit. Electro-

magnetic transmission lines with much larger wavelengths

offer a way to obtain much higher upper frequency limits.

The most common type of transversal filter is the chirp

filter, whose pulse response is the time-reversed replica of

a chirp signal. Such a device is characterized by a band-

pass transfer function and a rising or falling group delay

characteristic over frequency, i.e., the complex conjugate

of the chirp’s spectrum.

The corresponding pulse response yields a signal whose

instantaneous frequency, ~1.,t, is a function of time. A

linear relationship between increasing or decreasing fre-

quency ~i~,t and time characterizes a linear UP- or down-

chirp, respectively. This corresponds to a linear group

delay characteristic over frequency within the passband.

Such a filter using transmission-line sections in the

form of coaxial cable and directional couplers as sampling
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taps was first described in [3]. For chirp filters with

time–bandwitlh products of around 100 and center fre-

quencies of a few GHz, the total delay time required is, in

the 10– 100 ns range. This requires transmission line

lengths of several meters. Size reduction to a small vol-

ume results in line widths below 100 pm. The use of

normal conductors such as copper at these line widths is

not feasible as they exhibit too high losses and are there-

fore limited in bandwidth [4],

The use of superconducting transmission line offers

extremely low loss and inherently wide bandwidth owing

to its almost purely inductive nature. We have con-

structed a linear delay versus frequency chirp filter with

superconducting niobium lines on high-resistivity silicon

with line widths of 45 pm, a total line length of 3.2 m, amd

a maximum clelay time of 26 ns on a substrate area of

about 47 mm by 47 mm. To overcome the limitations of

conventional microstrip directional couplers we used a

superconducting shield closely spaced at a distance equal

to the substrate height above the structure.

H. DESIGN THEORY

Applying the principle of stationary phase to chirp

signals to approximate the required transfer function [5],

[2] yields a group delay r(~) that may be taken directly

from ‘the relationship of instantaneous frequency, j’,n,t,

versus time if ~ is substituted for t. The basic block

diagram of a tapped-delay-line transversal filter is shclwn

in Fig. 1. The response is constructed by summing contri-

butions obtained through taps of alternating polarity

placed along a delay line. Taps are unequally spaced in

distance, but at the same phase intervals with respect to

the desired time response.

Within a time interval 0< t < T that defines the length

of the chirp, :3 linear chirp signal is given by

S(t) =scos o(t) (1)

with

where ~. is the center frequency. If we interpr:t the chirp

as having an instantaneous frequency ~i.~t = ~ 19(t ) that
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Fig. 1. Block diagram of a transversal filter.

Fig. 2. Two-branch delay line with couplers

is a linear function of time, then ~/2 T is the rate of

frequency change.

In order to realize a chirp pulse response utilizing a

tapped delay line, the total phase change over time is

divided into N intervals of equal size Al? and sampling

points are defined to be at the center of each interval, A

set of N samples defined by

Using the relationship between 8 functions,

d(t-tz)= :f(t) ~[f(t)l (6)

and applying it to f(t) = O(t) – IYi(Ti) = r9(t) – (i –

l/2) A&, we may express the pulse response as

[ ( J 1 ‘7)
h(t) = :&(t) ~(–1)’~ &(t)– i–~ AI?

~=1

Since there is only a limited number, 2n, of sampling

points, we may also limit the series by means of an

envelope function a(t) such that in the case of equally

weighted pulses

{

1 for O<t<T
a(t) = 0 elsewhere (8)

holds. Rewriting (7) using

,&@~[y(t)-kAy]

[

j2z-(2m+l)y(t)
—-~ ~_ exp Ay 1(9)

in— m

yields

h(t) =a(t) :O(t)

is obtained. This corresponds to unequally spaced inter-

vals in time. If these intervals are realized by tapping

along the line, the delay times, T,, are the solutions of

ti(~,) – @,(t-,) = O with appropriate choice of 80 such that

& >0. Then ~, becomes
I (j2m-(nz+l) ti(t)++AO

A: ~ exp._ )

A@

I

. (lo)
m— m

This is equivalent to a series of cosine waveforms:

(4)

If a pulse is applied to the input of the line, the response

at the summing node (Fig. 1), assuming no influence of

tapping on the forward-traveling pulse along the line,

becomes the sum of all individual tap responses. In prac-

tice, tapping is achieved by using a number, n, of direc-

tional couplers inserted into the delay line. With back-

ward-coupling transmission-line couplers, a design sym-

metric along its length axis with two lines running in

parallel is possible (see Fig. 2). Summing is easily achieved

through the second line. Each line branch then has to

provide half the required delay, T,.

The couplers show band-pass responses around odd

harmonics of frequencies fl . . . fn but may also be con-

sidered by their time response. Then, they may be re-

garded as consisting of two taps of opposite pokirity
separated by a phase difference A19. The total number of

taps then becomes N = 2n and the response at the output

node is obtained by

2n

h(t)= ~ (–1)’8(t–~z). (5)

If phase intervals are chosen to be spaced 180° apart, i.e.,

A19=T (12)

the response becomes

h(t) =a(t) ;O(t) : E cos[(2P+l)wt)l (13)
~=o

or

h(t)=a(t)b++:)l

‘IT

.2:ocos{(2p+l)[2T fo(t-;)

(14)

which, besides an amplitude factor, contains the funda-

mental chirp waveform (p = O) and its odd harmonics

(p> 1). Their harmonic spectra may be calculated by

applying the principle of stationary phase [5], and one

obtains passband responses centered on odd multiples of

f. with corresponding bandwidths of (2p + l)B. The prin-
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Fig. 3. Shielded microstrip structure onsilicon substrate.

ciple of stationary phase states that, in the case of large

time–bandwidth products TB, the primary contribution to

the spectrum of a chirp signal at any frequency point

within the passband occurs at and around a time when

the instantaneous frequency of the chirp wave passes just

that frequency point. This also applies to harmonic spec-

tra centered on odd multiples of ~O.

Still, overlapping of the fundamental with the third

harmonic may occur if the upper band limit ~0 + B/2 of

the fundamental falls into a range 3(~0 + B/2), i.e., the

spectrum of the third harmonic. The condition limiting

the possible bandwidth then roughly becomes

B<fo. (15)

Any higher harmonics may be suppressed by using a

low-pass filter connected at the output of the device. In

the above analysis, couplers were considered regarding

their time-domain response. This leads to the suppression

of even harmonics of the chirp, as would also be expected

when considering the band-pass response of couplers at

fo,3fo,5f~, “ “ “ in the frequency domain.

A deterioration of the desired response caused by can-

cellation effects may occur if the couplers show poor

directivities. Further, coupling strengths have to be suffi-

ciently low not to weaken the forward-traveling wave

along the line substantially. Under this condition ordinary

microstrip couplers show poor directivity [6]. Stripline

couplers show better performance and have thus been

used in superconducting chirp filters [7], [8]. Using line

widths measuring around 50 pm, the substrate thickness

has to be reduced to similar dimensions to obtain lines

with standard 50 f2 impedance. If a stripline geometry is

used, this imposes a high demand on surface flatness as

substrates have to be sandwiched together.

Our design uses a different approach, as shown in Fig.

3. By using a conductive shield spaced at a distance equal

to the substrate thickness above the strips, equalization of

even- and odd-mode propagation velocities in the cou-

plers is obtained [9], The effective dielectric constant of

the structure in Fig, 3 for even and odd modes is given

by [6]

Er+l
‘r, eff =

2’
(16)

Using the above ●,,.fi, couplers can then be designed

using standard stripline methods. For lines of 50 0 char-

acteristic impedance on a 70-~ m-thick high-resistivitys ili-

con substrate of ●, = 11.7, e,,eff = 6.35 follows, and line

widths of about 45 pm are required. Line spacing in the

couplers was chosen to be 100 pm, giving a coupling

strength of – 27 dB. To avoid unwanted coupling effects

in parallel line sections outside of the couplers, lines wme

spaced 350 pm apart. This yields coupling strengths of

>70 dB.

A straightfomvard synthesis of the lengths of coupled

and uncoupled sections w-as done on the basis of the

linear 7(f) dependence. Couplers were placed at every

2m phase interval of the pulse response. Design goals

were a maximum time–bandwidth product of 100 and a

delay time of about 27 ns with lower and upper chirp

frequencies of 3 and 6.6 GHz, respectively. A total of 1.33

couplers were used in the filter.

Superconductor surface loss resistance was calculated

using the Mat tis–Bardeen theory [101, [11]. With all con-

ductor layers consisting of 450-nm-thick niobium, the

calculated sur~face loss resistance rises from 3010-7 Q at

1 GHz to 2010-5 Q at 10 GHz and follows an j“ls

dependence. Maximum calculated line attenuation caused

by conductor losses at 6.6 GHz amounts to 1.2” lCI-2

dB/m. Since surface roughness effects will be present,

higher actual values of conductor attenuation have to be

taken ihto account. Assuming a dielectric loss factor

tan SC= 1” 10-s for high-resistivity silicon at 4.2 K [12],

the amount of dielectric loss is calculated to a frequency-

dependent value of 2”10-3 dB m-1 GHz-l. At the upper

frequency end of the chirp, this yields 1.4” 10-2 dB/nn.

111. CIRCUIT SIMULATION

Starting from initial design data, i.e., bandwidth, center

frequency, maximum time delay, and strengths of COU-

plers, line ancl coupler dimensions were synthesized and

used as input data for subsequent circuit analysis. The

analysis was carried out in the frequency domain and the

filter was divided into individual four-ports as shown in

Fig. 4, with each four-port consisting of a coupled-line

section. In this way, unwanted coupling effects in delay

sections were also taken into account. However, no de-

grading influence could be noticed when results were

compared with calculations with coupling effects in “ un-

coupled” sections set to zero.
Four-port analysis of coupling sections is possible by

dividing couplers along symmetry planes into four half-

sections and considering the even- and odd-mode reflec-

tion coefficients r.m, r.O, rOm,rOO for open and short-cir-

cuited sections [6]. The scattering matrix S, of the ith

coupling section is then given by

s*=

sill ‘i12 S113 S214

SZ12 Stll ‘i14 si13

.]’1

sill si~z
—

S113 si14 ‘ill si12 — si~~ st~~
(17)

‘i14 ‘i13 ’112 ‘ill
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Fig. 4. Division of filter into individual four-ports for simulation.

with

1
SZ14 = —(riem —rzeo—riom + rmo)

4

where

r,co =

rZOo——

Z.
I+j —cot; o,(o)

z odd

Z.
l–j—

z
cot :0,(0)

odd

(18)

(19)

Because of equal even- and odd-mode phase velocities,

the same electrical length (li[co) appears in even and odd

modes. After transforming individual four-port S parame-

ters into T-parameter representations,

T parameters for the complete circuit are obtained as the

product of all individual coupler parameters, T = H;= ~T,

and may then be retransformed into S parameters. As

propagation losses are very small, they may be taken into

account by considering a complex propagation constant

Y = a + j~ instead of a purely imagina~ propagation
constant. The term j tan f3Z(0)/2 = j tan ~1~/2 in (19) is

then replaced by the appropriate expression according to

/31, ylj
jtan~=tanhy. (21)

.
2 8

Freq;ency [G;z]

Fig. 5. Simulated transfer characteristic of the chirp filter.

Prior to fabrication, the performance of the filter was

simulated assuming 266 coupled sections. Fig. 5 shows the

calculated amplitude and delay properties of the filter

when operated between ports 1 and 3 with ports 2 and 4

terminated in their characteristic impedances.

IV. FABRICATION

To put the required total line length of two times 1.6 m

onto an available substrate area about 50 mm in diame-

ter, the double line was wound in a double spiral as

shown in Fig. 6. Lengths of individual sections were

calculated as if the lines were laid out along a straight

symmetry line. This symmetry line was then wound to

double-spiral shape and all coordinates were transformed

accordingly. Based on these coordinates, the mask layout

was generated. Since coupling between adjacent turns of

the spiral should not degrade performance, their spacing

was chosen to be 400 ~m, yielding a maximum coupling

strength of 86 dB.

Fig. 7 shows a simplified cross-section view of the

device. Fabrication starts with a 50.8-mm-diameter wafer

of high-resistivity ( >1000 Q. cm) p-silicon. This specific

resistance is large enough that charge carriers freeze out

sufficiently when the device is cooled to 4.2 K. A 450-

nm-thick superconductive layer of niobium was sputtered

onto the high-resistivity surface. This layer later became

the bottom ground layer. Using a high-temperature

( = 350° C), high-voltage (1 kV) electrostatic bonding tech-

nique [13], the whole structure was bonded upside down

cmto a 50 mm by 50 mm, 1.5-mm-thick carrier of polished

Pyrex glass. Because of the elevated temperature, there

are enough mobile ions in the glass that react at the

glass–niobium interface under the strong electric field

that is present there. Fig. 8 shows the two parts prior to

bonding. Pyrex was chosen because of its low thermal

expansion coefficient—similar to that of silicon, a fact

that prevents the bond from breaking when it is cooled to

4.2 K. The technique results in a strong bond, which

suffered no damage after many thermal cycles.

Subsequently, the silicon was thinned by polishing it to

a thickness of 70 ~m. To get easy access to the line

structure for making electrical connections and because
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Fig. 6. Conductor layout of the chirp filter.

Fig. 7. Simplified cross-sectional view of the device (not to scale)

p–Si,
Nb+,—,

Pyrex —~
Fig, 8. Pyrex carrier and sputtered silicon before bonding (not

scale).

to

of size limitations in the opening of the liquid helium

Dewar, the whole assembly was reduced to a size of

47 mm by 47 mm by grinding off the edges. By grinding at

an oblique angle, access to the ground electrode was

obtained.

Now, the Nb layer for the strips plus an additional layer

of gold was sputtered onto the top surface (Fig. 9). The

gold layer was structured with photoresist and chemical
etching, using the mask with the layout obtained as de-

/Nb+Au

Fig. 9. Cross section of substrate after sputtering (not to scale)

scribed above, The gold layer was used as an etch mask in

the following sputter etch process, which produced the

conducting strip. Fig. 6 shows the large-area ground that

was formed a~round the spiral as a contact area to the

shield. All golld was removed chemically, except from the

large ground area and the contact pads that were used for

bonding.

The top cover serves to provide the grounded electric

shield at the required distance of 70 pm above the

substrate. It consists of Pyrex glass into which a 70-p, m-

deep large-area round hole is etched chemically. On two

opposite sides, openings are provided where the conduct-

ing strip can be brought out. An etching rate of about
1 pm per minute was obtained using 26% hydrofluoric

acid. Gold was used as an etch mask. After removal of the

masking layer, niobium and gold were sputtered onto the

etched surface. Inside the 70-~m-deep hole, gold was

removed, so that only the surrounding area retained its

gold surface to be used for contacting the bottom ground.
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has been observed by others [14]. However, no further

designs that take care of these facts were made so far.

Fig. 10. Measured delay versus frequency characteristic, 2.2-6.8 GHz,
10 ns/div.

The glass-silicon substrate was assembled with the top

cover and glued into a brass fixture. The cover was

pressed onto the substrate with springs and secured with

conductive silver at the rim; this also provided an addi-

tional ground connection. Contact to the strip conductors

was made by bonding small gold ribbons of 15 pm thick-

ness directly onto the gold-plated center conductors of

semirigid cable. The ends of the semirigid cable were

located at the subtrate’s rim and secured in the fixture.

Where contacts are made, the top cover is recessed, so

that the strip, widened to 60 ~m to retain the characteris-

tic impedance, is exposed. Ground contact is made by

bonding a large number of gold ribbons from the ground

area surrounding the spiral to the fixture.

V. DEVICE PERFORMANCE

ACKNOWLEDGMENT

The authors are indebted to Mr. D.

AEG, Ulm, for polishing the substrate.

REFERENCES

Gruchmann of

[I] H. E. Kallman, “Transversal filters,” Proc. IRE, pp. 302-310, July

1940.
[2] D. P. Morgan, Surface-Wave Devices for Signal Processing.’ Ams-

terdam: Elsevier, 1985.

[3] F. J. Mueller and R. L. Goodwin, “A wide-band compressive
receiver,” in IRE Int. Corw. Rec., pt. 3, 1962, pp. 103–119.

[4] R. L. Kautz, “Minituarization of normal-state and superconducting

striplines,” J. Res. Nat. Bur. Stand., vol. 84, no. 3, pp. 247-259,

May-June 1979.
[5] C. E. Cook and M. Bernfeld, Radar Signals. New York: Academic

Press, 1967.
[6] R. K. Ho ffmann, Handbook of Microwave Integrated Circuits.

Norwood, MA Artech House, 1987, p. 253. (Translation of
Integrierte Mikrowellenschaltungen. Berlin: Springer-Verlag, 1983.)

[7] R. S. Withers, A. C. Anderson, P. V. Wright, and S. A. Reible,

“Superconductive tapped delay lines for microwave analog signal

processing, “ IEEE Trans. Magn., vol. MAG-19, May 1983.

[8] M. S. DiIorio, R. S. Withers, and A. C. Anderson, “Wide-band
superconductive chirp filters,” IEEE Trans. Microwave Theo~

Tech., vol. 37, Apr. 1989.

[9] R. Garg, “Stripline-like microstrip configuration,” Microwaue J.,
vol. 4, pp. 103–104, 116, 1979.

[10] D. C. Mattis and J. Bardeen, “Theory of the anomalous skineffect

in normal and superconducting metals,” Phys. Reu., vol. 111, no. 2,
pp. 412-417>1958.

[11] R. Popel, “Auswertung der Mattis-Bardeen-Theorie und Messun-
gen an supraleiten den Mikrostreifenleitungen,” thesis, Techn. Uni-
versitat Braunschweig, Germany, 1986.

[12] M. A. Delaney, “Superconductive delay line with integral MOSFET
taps,” IEEE Trans. Magn., vol. MAG-23, pp. 791-795, Mar. 1987.

[13] G. Wallis and D. I. Pomerantz, “Field-assisted glass-metal sealing,”

J. Appl. Phys., vol. 40, no. 10, pp. 3946-3949, Sept. 1969.

For device evaluation, connections to the finished de-
[14] R. S. Withers and R. W. Ralston, “Superconductive analog signal

processing devices,” Proc. IEEE, vol. 77, Aug. 1989.
vice submerged in liquid helium at 4.2 K with 50 Q

terminations applied at the upper frequency end were

made through aluminium semirigid cables because of

their low thermal conductivity.

Fig. 10 shows measured group delay versus frequency.

A maximum delay time of 26 ns was obtained. Measured

loss at the low-frequency end of the chirp was 3 dB

greater than calculated. At the upper end of the chirp,

measured loss amounted to around 15 dB. The band-pass

response of the filter was not as pronounced as expected;
however, a fast Fourier transform of the measured re-

sponse showed the chirp pulse response as predicted. An

upper chirp frequency of about 6.4 GHz was obtained,

which yields a time–bandwidth product of 88. The re-

versed delay versus frequency performance when using

the high-frequency end of the filter as input and output,

as predicted by theory, was also obtained.

Subsequent experiments showed that the performance

was influenced mainly by the way ground connections

were made, and it was noted that larger-area, less induc-

tive connections to the bottom ground can improve per-

formance. The resistivity of the lower ground plane may

have been somewhat degraded by the bonding process, as
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