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Fig. 1. Split guide mount featuring cold finger.
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Fig. 2. Variation of RF output power with bias current
for both cooled and uncooled operation.
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Fig. 3. Oscillator efficiency as a function of reverse-
bias current for cooled and uncooled operation.

of cooling resulted in a 14 dB increase in gain
at this point. The bandwidth was measured at
the 0 dBm input level and was found to be
69 MHz.

Reflection amplifier noise figure measure-
ments were also made under high-gain condi-
tions (10 to 30 dB). Fig. 5 shows the depen-
dence of the noise figure on avalanche current
as measured in identical circuits for a Si and
GaAs varactor diode having identical ava-
lanche frequencies and the same magnitude
of negative conductance. The GaAs reverse
current was varied from 6 to 14 mA, and the
corresponding noise figure varied from 32 to
25.5 dB. The Si amplifier had a 61 dB noise
figure at 10 mA and 38 dB at 30 mA. Between
10 and 12.5 mA of reverse current, the Si
device was near the threshold of amplifica-
tion, giving an excessively high-noise figure.
In general, the GaAs device is 13.0 dB less
noisy than the equivalent Si device.

Significant improvement in the operation
of avalanche transit time amplifiers and oscil-
lators is obtainable by cooling.lfl At room
temperature the effects of excessive junction
heating limits the performance of these de-
vices. Cooling has the effect of extending the
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Fig. 4. Gain as a function of input power
for GaAs avalanche amplifier.
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operating range of these devices which re-

sulted in improved oscillator output efficien-

cies, and improved amplifier gain and noise

figure. The need for good thermal heat sink-

ing and good thermal resistance of junctions

seems to be apparent. Then, with these im-

provemerts, optimum operation comparable

to the cooled results should be derived from
uncooled devices.
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Broadband Fixed-Tuned
Acoustic Delay Lines

This correspondence is concerned with the
design of broadband fixed-tuned delay lines
to operate at L- and S-band frequencies.
These delay lines utilize layer transducers in-
corporating CdS thin films of the type used
by deKlerk,[!! sapphire delay media, and
suitable electrical matching networks in either
coaxial or in strip transmission line.

The impedance seen by an electrical net-
work terminated in the transducer shown in
Fig. 1(a) has been obtained in the past!?-i¢ by
solving the piezoelectric equations subject to
the indicated boundary conditions. The im-
pedance in Evans’ notation neglecting dielec-
tric losses in the transducer is

P
wAe  wlde
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1 —l~jétan BL
&

which may be written, by breaking into real
and imaginary parts, as

Z = R(w) — jX: — jX ()

where the real part of the impedance R(w)
may be termed the acoustic radiation resis-
tance, X, is the normal capacitive reactance,
and X(w) is a small additional reactance. For
many transducer configurations using CdS in
the gigahertz range, R(w) may be as small as
0.01 ohm making possible only loose coupling
from electromagnetic to acoustic energy. Cor-
respondingly large mismatches are obtained.
This situation may be altered by adjusting the
ratio £,/&. Since & is the acoustic impedance
seen looking into the right electrode of Fig.
1(a), suitable metallic layers may be used to
adjust the value of &. Fig. 1(b) is a plot of
values of R(w) and X(w) versus normalized fre-
quency for several values of &/z. Here a nor-
malizing factor (=/4k*)(f/foX.) has been used
to allow for general transducer materials. The
relationships of Fig. 1(b) are useful in band-
width considerations indicating that a device
having a large R(w) yields a narrowband
device. For cases in which &; is obtained from
multilayer electrode arrangements, the ratio
£a/%, will exhibit a frequency dependence and
the relationships will be modified.

In order to design broadband delay devices
at L- and S-band frequencies, a computer pro-
gram was prepared in which either a two- or
three-step Chebyshev electrical transformer is
terminated by the acoustic transducer of Fig.
1(a). A VSWR ripple of 1.70 to 1 was selected
when the network is terminated by the real
part of the impedance R(w), and provision
was made in programming where the im-
pedance f would represent a general im-
pedance formed by the acoustic delay media
and suitable metallic or dielectric layers.

Multilayer electrode configurations have

Manuscript received June 17, 1967; revised August
8, 1967. The work reported here was supported in part
by the Harry Diamond Labs., Washington, D. C.
under Contract DAA 39-67-C-2042.
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Fig. 1. Transducer configuration and calculated response for various acoustic loads.
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Fig. 2. Theoretical transducer designs and frequency responses.
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Fig. 3. Transducer implementation and coaxial matching transformers. (a) Transducer design. (b) Coaxial delay device.
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Fig. 4. Experimental delay line data.
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been investigated as shown in Fig. 2. In cal-
culating these curves, a 50 ohm source im-
pedance has been assumed while an addi-
tional series contact resistance of value 1 ohm
has been included. This contact resistance has
been measured in physical configurations
where springlike contacts are used in connect-
ing the RF circuit to the acoustic transducer
clectrode. In these characteristics, metallic
acoustic transformers have been used which
present n\/4 (n=1, 3, 5, 7, - - - ) matching
conditions as the frequency is swept over the
band of interest. For example, in Design A
of Fig. 2 a thickness of magnesium is used
which results in 3x/4 and 5)\/4, matching at
frequencies above and below the center fre-
quency.

The original thought in using the #\/4
metallic transformers was that frequency
stagger tuning between input and output
transducer might be used to advantage. After
evaluating the various transducer configura-
tions, Design D was chosen as representing
the best electrical characteristics while offer-
ing ease of implementation. For example,
Designs A and B exhibit steep attenuation
skirts at the band edges, largely negating the
advantages of stagger tuning. Moreover,
should stagger tuning be used here, stringent
tolerances on CdS thicknesses would be
required.

In the design of 1.8 GHz delay devices, a
physical transducer patterned after Design D
of Fig. 2 has been used. This design is shown
in Fig. 3(a). Thin combined layers of chro-
mium and gold are used as electrodes while a
200 A layer of SiO is included to insure isola-
tion between the electrodes should pin holes
be present in the CdS films. The CdS thick-
ness is reduced from 12 400 to 9000 A to com-
pensate for resonator loading by the addi-
tional films. The attenuation characteristics
for the overall transducers have been calcu-
lated and are virtually the same as in the origi-
nal design. The diameters of the transducers

are 0.030 inch to provide for the largest pos-
sible R(w) without adding significant diffrac-
tion losses when used in delay devices.

Two classes of 1.9 us delay lines have been
designed and fabricated using the transducers
of Fig. 3(a). In the first type, the coaxial
matching structure of Fig. 3(b) has been used.
Here, a two-section Chebyshev transformer
having impedances of 15.4 and 2.7 ohms is
used for matching. The 2.7 ohm section is
partially in coax and partially in a radial
transmission line which, in turn, is terminated
by the -acoustic transducers. The experi-
mental attenuation and VSWR data for this
device are given in Fig. 4(a). The theoretical
loss for the two transducers also is included,
and it is seen that the difference between the
two curves can be accounted for by loss in the
delay media, mismatch loss at the band edges
by diffraction loss in the media, and in pos-
sible misalignment of the two transducers. By
slightly redesigning the coaxial transformers
and incorporating a small absorber in the
coaxial section of the device, the VSWR has
been reduced to below 2 to 1 over the fre-
quency band from 1.35 to 2.3 GHz.

The second type has been designed in strip
transmission line to utilize the same acoustic
transformers. In this configuration, a three-
section Chebyshev matching transformer is
utilized exhibiting impedances of approxi-
mately 24, 7, and 2 ohms. In these matching
sections, 0.030 and 0.010 inch ground plane
spacings are used. The attenuation data for
this device are approximately the same as for
coaxial design while an improvement in
VSWR is obtained (VSWR is less than 2 to 1
across a 50 percent band).

Another delay line has been designed to
operate at a center frequency of 2.5 GHz. In
this design, strip transmission-line matching
has been used, and the individual acoustic
transducers have been stagger tuned to cen-
ter frequencies of 2.4 and 2.6 GHz, respec-
tively. Experimental data for this device are
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given in Fig. 4(b). It is seen that a 53 dB inser-
tion loss +1 dB is obtained from 2 to 3 GHz
with a 60 dB bandwidth ranging from 1.8 to
3.2 GHz.

Other broadband and narrowband fixed
tuned delay devices have been designed to
operate at center frequencies as low as 450
MHz through UHF and L bands. In all cases,
theory and experiment are in good agreement.
Overall insertion losses as low as 11 dB have
been obtained for 4 us delay in the 450 MHz
unit, The L- and S-band delay devices de-
scribed in this correspondence have operated
for several months without failure and have
been subjected to 1 watt peak power levels.
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