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Abstract—A five bit high-temperature superconductive digi-
tal instantaneous frequency measurement (DIFM) subsystem
has been constructed for the determination of the frequency of
unknown signals over a 500 MHz bandwidth, centered on 4
GHz, with a resolution of +7.8 MHz. The subsystem contains
a cryogenic section with five discriminator modules utilizing su-
perconductive delay lines, GaAs mixers, and power dividers.
The subsystem also has a room temperature GaAs limiting am-
plifier and a silicon postprocessor. With a single tone CW input
between —40 dBm and +10 dBm, the frequency quantization
boundaries of the subsystem are, on average, 3.1 MHz from
their design values. This system demonstrates the potential sys-
tem level application of high-temperature superconductive
electronics in instrumentation, communication, radar, and
electronic warfare.

I. INTRODUCTION

HE discovery of high-temperature superconductors

(HTS) has fundamentally changed the prospects of
superconductive electronics. The low surface resistance
of superconducting materials makes possible microwave
devices and circuits with very high Q, low insertion loss,
and low dispersion. Various devices, such as resonators,
delay lines, filters, couplers, and antennas, have been
demonstrated. In this paper, we report a digital IFM sub-
system, which is one of the first demonstrations of super-
conductive electronics at the subsystem level.

Instantancous frequency measurement (IFM) subsys-
tems are widely used in electronic warfare (EW) and elec-
tronic intelligence (ELINT) systems for the determination
of the frequency of unknown signals over a broad fre-
quency band [1]. They perform this function by the com-
parison of the phase of the unknown signal with the phase
of a time delayed replica of it. In order to perform this
function accurately, wideband long microwave delay lines
are important. The accuracy of the reported frequency in
DIFM systems is largely dependent on the length and fi-
delity (i.c., phase accuracy) of these delay lines.

For communication and surveillance applications,
scanning superheterodyne receivers have the advantage of
distinguishing simultaneous emitters and the capability to
extract data from a given carrier. However, scanning re-
ceivers have a small instantaneous bandwidth or, equiv-
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alently, a small probability of intercept (POI). An IFM,
on the other hand, is sensitive at all times to its entire
bandwidth, and can be used to cue the scanning receiver
to the frequency of a detected emitter.

Channelized receivers, consisting of a bank of narrow-
band filters with contiguous bands, have a higher proba-
bility of intercept than scanning receivers because of their
high degree of parallelism. This parallelism, however,
comes at the price of size, weight, and possibly power.
Practical considerations make it difficult to cover wide
bands with high POI. The use of an IFM to cue the filter
bank to bands with activity can significantly enhance the
system effectiveness.

In summary, IFM systems have moderately high sen-
sitivity, high dynamic range, excellent frequency accu-
racy, high POI, and broad instantaneous bandwidth [2]-
[3].

Conventional DIFM systems use delay lines made by
coiling coaxial cables or (for shorter delay) by patterning
meander lines of normal metal microstrip. However, the
loss and bulk of these approaches limit the amount of
available delay. In order to recover sufficient frequency
resolution with short delay lines, system designers are
forced to use more accurate phase detection schemes,
placing demands on the mixers, phase shifters, and base-
band circuitry used in the phase detectors [4]. Supercon-
ductive delay lines offer the highest bandwidth with low-
est loss and dispersion compared to currently available
technology. Long, low-loss, broadband superconductive
delay lines permit the use of simple binary phase detec-
tion for frequency determination.

One intrinsic limitation of IFM systems is that only one
tone can be measured at a given instant, and other spectral
components may degrade the measurement. We report
here the two tone performance of the HTS DIFM subsys-
em.

II. ARCHITECTURE OF THE DIFM SUBSYSTEM

The architecture of the present DIFM subsystem is
shown in Fig. 1(a). The incoming IF signal is split by a
5-way power divider to feed five phase discrimination
channels, each of which provides one bit of the frequency
word. In each channel, the power is further split into two
paths, one of which is applied directly to the LO port of
the correlation mixer while the other is routed through a
delay line, the output of which is fed to the mixer RF port.

0018-9480/93%03.00 © 1993 IEEE
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Fig. 1. (a) Schematic diagram of the DIFM subsystem. (b) Schematic dia-
gram of the DIFM phase discriminator. .

The phase correlation is obtained by lowpass filtering the
output of the mixer. This baseband output is then hard
limited to obtain the appropriate bit of the binary repre-
sentation of the input signal frequency.

The delay in successive channels of the DIFM is
stepped by factors of two, with the exception of the two
most significant bits (MSBs), which are the same length
but with a 90-degree phase difference. This configuration
produces a Gray code, which is then converted to natural
binary code, and then to decimal form. The processing
time needed to accomplish this measurement, and hence
the minimum length pulses which can be processed, is on
the order of the time delay of the least significant bit (LSB)
discriminator. The time delay associated with the LSB
discriminator of a DIFM that uses a set of basic cosine
binary correlators is given by t; = 1/4f,, where f, is the
desired frequency resolution.

The key elements in the subsystem are the delay lines
and the phase comparators. The resolution of the fre-
quency determination is dependent on the length of the
delay line; it is +(8 7pa) ' Where 7., is the length of
the longest delay. In our subsystem, the longest line is 16
ns, giving a resolution of +7.8 MHz. (Resolution may
also be enhanced by performing multibit phase measure-
ments on the output of the branch with the longest delay.)
It is very important that deviations from linear phase (con-
stant group delay) be minimized in these delay lines, as
such deviations result directly in errors in the frequencies
at which the output bits switch. It is also critical that the
line lengths be accurately controlled.

As shown in Fig. 1(a), a DIFM subsystem uses a bank
of frequency discriminators with the longest delay corre-
sponding to the desired frequency resolution, while the
shortest delay is determined by the bandwidth to be mea-
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Fig. 2. Ideal DIFM digital output waveform. 2 ns (in phase) 2 ns (quad-
rature), 4-ns, 8-ns, and 16-ns channels are arranged from top to bottom.

sured. The discriminator of the DIFM receiver shown in
Fig. 1(b) provides IF voltages equal to cos w,7,. Process-
ing cos w,7, through a binary comparator produces an out-
put with transitions at w, = (n + 1/2)7w /7, A set of m
correlators with binary outputs can divide the unambigu-
ous frequency range corresponding to the shortest delay
correlator into 2" frequency cells. In our design, we chose
the frequency range of 3.75-4.25 GHz. We use 5 delay
lines having delays of 16 ns, 8 ns, 4 ns, 2 ns, and 2 ns,
respectively. Fig. 2 shows the ideal output waveforms of
that system.

It is clear from Fig. 2 that the performance of the sys-
tem is fully characterized by the w, at which the transi-
tions between frequency bins occur. As stated above,
these transition frequencies should be at f, = (n +
1/2) /27, The deviations of the measured transition fre-
quencies from this design value are important perfor-
mance measures.

Fig. 3 shows the predicted standard deviation of the
transition frequency as a function of input frequency, if
there were such variations in delay line length. All five
delay lines have Gaussian distributed errors about their
nominal design values with standard deviations of 1, 5,
and 10 ps. In the simulation, the quantization error is not
included. As we can see, the deviations due to shorter
delay lines create larger deviations in transition frequen-
cies and the deviations of the transition frequencies due
to a particular delay line increase with the input fre-
quency. As expected larger errors in delay line lengths
cause larger errors in transition frequencies. The require-
ment on the precision of the delay line length will become
tighter if the quantization is made smaller (i.e., longer
delay lines are used).

An important issue associated with the phase discrirni-
nator is an accurate zero reference to ensure that switch-
ing occurs at designed frequency value. Otherwise, errors
in the reported frequency occur. This possible offset could
be caused by imbalance and phase errors in the RF cir-
cuitry and by lack of matching of diode characteristics. A
performance analysis has been done for variations in the
zero reference of the comparator. In the analysis, it is as-
sumed that a limiting amplifier is used in front of the
DIFM cryogenic section so that the input signal (and, in
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Fig. 3. Standard deviation of the transition frequency error versus design
frequency calculated from assumed delay-line length variations. Each de-
lay line is assumed to have an independent Gaussian distributed delay error
about its nominal delay value with a deviation of 1 ps (bottom curve), 5 ps
(middle curve), and 10 ps (top curve).

turn, the outputs of the mixer) are of constant magnitude.
If there is no error, the frequency readout error is no more
than quantization error. But if there is a Gaussian distrib-
uted zero reference error in the five channels with an rms
value of 10% of the mixer output magnitude, the fre-
quency readout error is just slightly more severe than the
quantization error. Finer quantization, of course, will
tighten this rather loose requirement.

III. IMPLEMENTATION OF THE DIFM

The system utilizes HTS material. The delay lines are
made from YBa,Cu;0,_; (YBCO) on 20-mil-thick
LaAlO; substrates in a stripline configuration. The other
circuits are made on M-plane sapphire in a microstrip
configuration. We have used modified Wilkinson power
dividers to split the incoming signal into five paths. The
phase detection mixers use GaAs diodes. To reduce the
operational power level and thermal load, we use low-
barrier-height Schottky diodes as mixing diodes at 77 K.
We utilized silicon comparators and encoders for postpro-
cessing. Key components are discussed further below.

A. Limiting Amplifier

The limiting amplifier, with a bandpass filter, is used
to increase the sensitivity and clean up the signal within
the band of interest. The limiting amplifier has the advan-
tage of reducing the discriminator output sensitivity to
variations in the signal level, thus improving frequency
accuracy. The limiting process also reduces the effects of
simultaneous input tones because of the well known small
signal suppression effect of limiters. The sensitivity of an
IFM receiver with a limiting amplifier is primarily deter-
mined by the noise figure of the limiting amplifier.
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We have used a five stage GaAsFET amplifier which
has an input power range from —40 dBm to +10 dBm
and output power of 16 dBm. With the output filter, the
suppression of adjacent harmonics is over 35 dB.

B. Delay Lines

The bandwidth, resolution, accuracy, and sensitivity of
the IFM subsystem are largely determined by the length
and quality of the delay lines. Common devices of this
type include normal metal electromagnetic delay lines,
surface acoustic wave (SAW) devices, and bulk ultrasonic
delay lines. Compared to these delay lines, superconduc-
tive delay lines offer the highest bandwidth with the low-
est loss and dispersion.

Several planar transmission line structures can be used
to make delay lines. Striplines are particularly suitable for
delay line applications at microwave frequencies, offering
nearly pure TEM propagation, a densely packaged struc-
ture, insignificant radiation loss, and minimized current
crowding at the edges of the line.

In this system, all the delay lines are made with YBCO
superconductor on 20-mil-thick LaAlQO; substrates in dual
spiral form [5]-[7]. The linewidth of all delay lines is 100
pm (with 45 Q characteristic impedance) with tapered line
transformers at both ends [8].

The key issues in delay line design include obtaining
the desired impedance, maximizing line-to-line isolation,
and making reflection free transitions from the stripline
contact pad to other microstrip circuits. A stripline re-
quires that the substrates be held in intimate contact with
each other as the device is repeatedly cycled between room
temperature and cryogenic temperatures. To insure phase
reproducibility in a delay line structure which stores many
wavelengths of analog signal, the residual air gap be-
tween the two substrates must be less than a fraction of a
micrometer; otherwise, the change of impedance will
cause severe reflection and generate microphonics due to
mechanical vibration.

We have used a bed of beryllium-copper (BeCu) springs
to press against the thin dielectric substrates and keep them
in intimate contact with each other [9]-[10].

C. Cryogenic Mixers

By operating the mixers within the cryogenic enclo-
sure, only one IF cable (with low thermal conductance)
per discriminator is required, while two microwave cables
(with higher thermal leakage) would be necessary if the
mixers were at room temperature. At low operating tem-
perature, the I-V curve of a Schottky diode is much
steeper. This steep I-V curve creates a large current swing
for a given voltage change. This increased nonlinearity
makes possible low-power operation with low noise and
low conversion loss. However, at low temperature the
barrier height is increased, in turn increasing the required
LO power for self biased operation. We use low-barrier
height diodes to reduce the operating power level. The
diode we used has a barrier height of 0.2 V. This type of



LIANG et al.: DIGITAL MEASUREMENT SUBSYSTEM

diode requires only 5-7 dBm LO power in a self-biased
single balanced configuration for good mixer performance
at low temperature. .

Fig. 4 shows the measured I-V curve of a low-barrier
diode at 77 K and 300 K, respectively. Fig. 5 is the layout
of the mixer which is made with silver on a 25-mil-thick
sapphire. As shown in Fig. 5, the LO signal is applied to
a microstrip launcher and the RF signal is coupled to the
diodes by two sections of quarter wave balun.

D. Power Divider

There are two types of power dividers used in this sys-

tem. One is a five-way power divider feeding the discrim-
inators and the others are the two-way power dividers
within each discriminator. Both of them are made with
silver on sapphire substrates. We utilize a standard Wilk-
inson power divider for two-way splitting. For the five-
way power divider, we have modified the conventional
power divider. The power dividers commonly used are
the Wilkinson, radial, and planar structure [11]-{15]. The
Wilkinson type has the advantage of low loss, moderate
bandwidth, and good amplitude and phase balance. How-

ever, its major disadvantage is its nonplanar crossover -

‘configuration. The radial line divider has low loss, inher-
ent phase symmetry, and good isolation, but it requires a
three-dimensional structure [13]. The planar N-way com-
biner [14] requires (N-1) X N quarter wave sections for
maximum isolation, and thus is very large in size. It also
suffers on isolation, return loss and output power varia-
‘tion.

In order to make a power divider which has low loss,
broad bandwidth, and good symmetry in a planar struc-
ture, we have modified a planar power divider structure.
It has the combined advantages of the planar N-way com-

biner and the radial structure. Fig. 6 shows the layout of
our power divider. We have added resistors R, and R,, for

more symmetry to increase the bandwidth and enhance
the isolation. The high-impedance stub lines between re-
sistors increase the isolation of the output channels. Cal-
culations predict that the return loss of the input and all
outputs are more than 20 dB, and the isolation is over 20
dB. The output power split is designed to be unequal to
compensate for the insertion-loss difference in the differ-
ent delay lines. At 4 GHz, the design output powers in
this divider are —6.5 dB (port 3), —7.0 dB (ports 2 and
4), and —9.5 dB (ports 1 and 5). ,

One of the MSB channels requires a quadrature phase
shift. We use a four-finger interdigital coupler (Lange
coupler with four 48 um wide fingers). In this structure
the crossovers are implemented by wire bonding.

E. Room Temperature Postprocessor

The postprocessor has a fast differential comparator
which can operate up to 30 MHz. The comparator output
is designed to be five bit gray code, representing the in-
stantaneous frequency of the input signal. The gray code
is converted to binary code and then to decimal and is
further displayed.
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Fig. 4. I-V curve of a low-barrier height diode pair at 77 K and 300 K.
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Fig. 6. Layout of a 5-way power divider.

F. Package

The overall package consists of six gold plated alumi-
num subpackages. Five of these are discriminator mod-
ules containing mixers and delay lines, which are a com-
bination of stripline and microstrip line configurations.
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Fig. 7. Cryogenic section of DIFM system. The vertical section (bottom
left) is the 5-way power divider. The five discriminator modules (top right)
are stacked.

Fig. 8. Discriminator module with 16-ns delay line. The components are:
bottom left—trimming delay line; bottom middle—a two-way power di-
vider; bottom right—a self-biased mixer; upper right—a spiral delay line
on LaAlO; substrate, with upper ground plane of the stripline removed to
reveal the pattern.

The sixth subpackage contains the five way power divider
in a microstrip configuration. These six subpackages are
electrically connected by five ‘‘snap on’> SMA connec-
tors. Fig. 7 is a photograph of the assembled cryogenic
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section of the DIFM system. Fig. 8 shows a 16 ns dis-
criminator module.

IV. FABRICATION

YBCO films were made by the off-axis sputtering tech-
nique [16]-[17]. Patterning of the film was done by argon
ion-beam etching, using standard positive photoresist. We
have used sputtered silver and gold for bonding pads. For
the normal metal circuits, we have used sputtered silver
or gold on 25-mil-thick M plane sapphire, with a molyb-
denum adhesive layer. The metal films are also patterned
by an ion-milling dry etch technique. Ground planes for
the delay lines consist of either silver (for 2-, 4-, and
8-ns delay lines) or YBCO film (for the 16-ns delay line).
The wire bonding is done with either an ultrasonic wire
bonder or a gap welder using 5-mil-wide and 20-mil-wide
ribbon.

V. EXPERIMENTAL RESULTS AND DISCUSSION

We have fabricated and tested each part of the subsys-
tem and evaluated the overall system performance. The
performance of the components, modules, and complete
IFM system is described below.

1) Delay Lines: Scattering parameters of these delay
lines have not been measured outside of the discriminator
modules. However, a comparable delay line, a 15.2 ns
delay line on LaAlO; made at Conductus, has less than 3
dB insertion loss at 77 K at 6 GHz.

2) Mixers: The conversion loss versus frequency is
shown in Fig. 9, At 4 GHz this was measured to be 7 dB
at 77 K and 10 dB at 300 K. The variation is +0.75 dB
within the 500 MHz bandwidth. In this measurement both
LO and RF had a power level of 7.5 dBm. The LO/RF
isolation is 18-22 dB, and the LO/IF isolation is over 40
dB.

3) Power dividers: The measured return loss for the
two-way power divider is 15 dB. The insertion loss to
both output ports is 3.1 + 0.1 dB across the band. The
five-way power divider shows a 16-dB return loss on the
input port, 23- to 28-dB return loss on the outputs, and a
20- to 25-dB isolation between the outputs. The output
power split at 300 K is —7.1 dB (port 3), —8.5 dB (ports
2 and 4), and —9.3 dB (ports 1 and 5).

4) One-Bit Discriminator Module: A delay trim net-
work is used in conjunction with the delay line. Alternate
paths through the Au /sapphire microstrip trim circuit are
selected by wire bonding, so that the zero crossings of
discriminator IF outputs occur at the design frequencies.
The delay can be trimmed in units of 36 ps, and fine trim-
ming can be made to 10 ps. Each comparator threshold
value is also independently adjusted. ‘

A superconductor has a penetration depth which is
analogous to skin depth in normal metal. This penetration
depth is not a function of frequency, but is temperature
dependent. When the temperature goes down, the pene-

_tration depth will be reduced, and this will reduce the ki-

netic inductance, and, in turn, the amount of delay cre-
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ated [18]. Fig. 10 shows the 16 ns discriminator IF output
versus frequency (on an expanded scale) with different
operating temperatures. As can be seen, the delay is sta-
bilized when the temperature is below 74 K. The mea-
surement is performed in liquid nitrogen. The lower tem-
perature is realized by pumping on liquid nitrogen.

5) Complete System Test: The complete system has
been tested in liquid nitrogen. Fig. 11 shows the output
of the postprocessor unit, with a single swept input tone,
as a function of the input frequency. The outputs of the
2-ns (in phase), 2-ns (quadrature), 4-, 8-, and 16-ns chan-
nels are arranged from top to bottom. Fig. 12 shows the
digital output of the room temperature postprocessor cor-
responding to Fig. 11. Fig. 13 shows the frequency re-
ported by the DIFM, under CW condition with a single
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Fig. 15. IF output of a 16-ns discriminator, when two sources are apptied
at the same time. One is with a constant power of 11.7 dBm, sweeping
over the band, while the other is tuned to 3.8 GHz and is of variable power.
No limiting amplifier is used in testing.

stepped input tone, where the x-axis is the input fre-
quency and the y-axis is the readout frequency indicated
by the decoded binary signals shown in Fig. 12. Fig. 14

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 12, DECEMBER 1993

shows the deviation of the transition frequencies (that is,
the frequencies at which the binary output changes) from
the design values. The average of the magnitude of the
error is 3.1 MHz. The input power dynamic range is be-
tween —40 dBm and +10 dBm.

We have also performed a dual-tone test without the
limiting amplifier using two CW sources within the DIFM
band. One source, with a constant power of 11.7 dBm, is
sweeping over the band, while the other, weaker tone is
tuned to 3.8 GHz. Fig. 15 shows the 16 ns discriminator
output when two signals are present. The DIFM accu-
rately reports the frequency of the stronger signal as long
as the second signal is 10 dB lower. By using the limiting
amplifier, the tolerable power difference can be 6 dB
smaller because of its small signal suppression effect.

VI. CoNCLUSION

We have reported a five bit superconductive digital in-
stantaneous frequency measurement (DIFM) subsystem.
The system has a center frequency of 4 GHz and a band-
width of 500 MHz. The subsystem contains a cryogenic
section with five discriminator modules utilizing super-
conductive delay lines, GaAs mixers, and power dividers.
The subsystem also has a room-temperature GaAs limit-
ing amplifier and a silicon postprocessor. With a single-
tone CW input power between —40 dBm and + 10 dBm,
the frequency quantization boundaries of the subsystem
are, on average, 3.1 MHz from their design values.
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