
1348 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-29, NO. 12, DECEMBER1981

[6] A. Beyer and I. Wolff, “The solution of the earthed fin line with Adalbert Beyer, photograph and biography not available at the time of
finrte metalization thickness,” in IEEE MTT-S Svmp. Dig., 1980, publication.
pp. 258-260.

[7] P. J. B. Clarricoats, Microwaoe Ferrites. London: Chapman &
Hafl, 1961.

[8] A. Beyer and I. Wolff, “Calculation of the transmission properties
of inhomogeneous fin lines,” m Proc. 10th Earopean Microwave *

Conf., 1980, pp. 322-326.
[9] L. Courtois and M. De Vecchis, “A new class of nonreciprocal

components using slot hne~’ IEEE Trans. Microwave Theory Tech,,

vol. MTT-23, pp. 51 I–516, June 1975.
[10] A. G. Gurevich, Ferrites a? Microwave Frequencies. New York: Klaus Solbach (M80), for a photograph and biography please see page 77

Consultants Bureau, 1963. of the January issue of this TRANSACTIONS.

Integrated Circuit Compatible Surface
Acoustic Wave Devices on Gallium Arsenide
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MEMBER, IEEE, AND JAMES F. BLACK, MEMBER, IEEE

A bsfract —Improvements in gallium arsenide materials technology have

led to tbe rapid development of GaAs MIC [1], CCD [2], and digital IC [3]

technologies in the last several years. In this paper we consider the

additional capabilities afforded by the inherent piezoelectric properties of

GaAs [4]. The primary emphasis of the work is on surface acoustic wave

(SAW) device configurations using MESFET and Schottky-barrier diode

fabrication techniques which are compatible with the eventual monolithic

integration of electronic devices on the same substrate. Tire GaAs SAW

technology described here provides a means for achieving electronically

variable delay, high- Q resonator structures for VHF/UHF oscillator

frequency control, and real-time signal processing operations such as

convolution and correlation. Prototype device designs and performance are

described, includlng two-port GaAs SAW resonators with Q’s as large as

13 000 at 118 MHz and a programmable GaAs SAW PSK correlator

capable of signal correlation at 1O-MHZ chip rates. Further GaAs SAW

device development required for increasing the operating frequency range

to 500 MHz and processing bandwidth to 100 MHz is indicated.

I. INTRODUCTION

T HE CAPABILITIES of GaAs technology for meeting

the advanced requirements of analog and digital sys-

tem designs are increasingly evident. These capabilities are

based for the most part on the superior semiconducting

properties of GaAs as compared to silicon. In particular,

the larger electron mobility and wider bandgap of GaAs

provide the means for achieving higher device operating
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frequency, speed, and temperature. In addition, the availa-

bility of semi-insulating GaAs substrate material makes the

extension of device operating frequency into the microwave

region possible and allows for great flexibility in the tech-

niques used for device interconnection.

In this paper we describe some of the fundamental

aspects of SAW device operation on GaAs as well as

several new and promising device developments. By using

an n-type semiconducting layer on a semi-insulating GaAs

substrate one may combine the piezoelectric and semicon-

ducting properties either indirectly or directly. For exam-

ple, these properties may be treated separately by fabricat-

ing SAW delay lines, resonators, or filters on the semi-

insulating substrate and combining these components with

electronic components fabricated on an adjacent epitaxial

or ion-implanted semiconducting layer using thin film in-

terconnects. Alternatively, the SAW/electronics coupling

may be performed directly through acoustoelectric interac-

tion of the SAW electric field with the charge carriers or

the potential distribution within a diode or FET. Either

approach leads to monolithic device designs which may

reduce circuit size, power consumption, and cost as com-

pared to hybrid approaches and also extends the capabili-

ties and design options available for GaAs IC develop-
ment.

The SAW device configurations described here typically

operate within the 100–200-MHz frequency range although

extension to 1 GHz is feasible, limited primarily by in-

creasing propagation loss [5]. The use of a nominal (001)

oriented substrate is consistent with that used for GaAs IC

0018-9480/81 /1200- 1348$00.75 01981 IEEE
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development. SAW propagation along a (110) or equiva-

lent direction is preferred because the piezoelectric cou-

pling to the surfaces waves is maximum for this substrate

orientation.

In several ways, the SAW properties of (001), (1 10)

oriented GaAs and those of a common SAW substrate,

ST-X quartz, are similar. The SAW velocities of 2868 m/s

for GaAs and 3157 m/s for ST-X quartz are quite close,

while the piezoelectric coupling strength, Av/v = 0.00036,

for GRAS is only 38 percent less than the value found for

ST-X quartz. The most pronounced difference between the

two piezoelectric materials is that the linear temperature

coefficient of phase delay, TCD, is approximately +52

ppm/°C for GRAs, and zero for ST-X quartz at 25”C.

However, a temperature compensation technique has been

demonstrated showing that a zero linear TCD on GaAs

can be achieved by using thin film overlays which are

deposited onto the substrate [6], [7]. Alternatively, depend-

ing upon the application, other techniques (e.g., temper-

ature compensation of an oscillator using electronic tech-

niques) may be used to achieve temperature compensated

device operation.

After first briefly summarizing methods used to excite

surface waves for narrow-bandwidth and broad-bandwidth

applications, the remainder of the paper concentrates on

device structures for frequency control and signal

processing applications. These structures include voltage

tunable SAW phase shifters, high-Q fixed and tunable

SAW resonators, tunable GaAs SAW oscillators, mono-

lithic SAW convolves, and asynchronous SAW correla-

tor/programmable matched filters.

II. TRANSDUCTION TECHNIQUES

Interdigital transducers fabricated on semi-insulating

GaAs make use of the available piezoelectric coupling and

can be designed using standard methods by treating the

substrate as an insulator [8], [9]. Typically, one-port trans-

ducer conversion losses of 22 dB untuned and 11 dB tuned,

and fractional transducer bandwidths of 5– 10 percent are

readily achieved. However, when using semiconducting

material, the effect of the mobile charge carriers is to short

out the piezoelectric fields of the wave and also the exciting

fields of the transducer. In order to overcome these prob-

lems, the transducer electrodes are fabricated as Schottky

barriers. The basic transducer design is shown schemati-

cally in Fig. 1(a). When a negative dc bias voltage

is applied as shown, the mobile charge carriers beneath the

transducers are depleted and the transducer operates as if

it were on the equivalent insulating GRAS substrate. Fig.

1(b) and (c) illustrate the effect of reverse dc bias voltage

on transducer impedance and delay line (two-port) inser-

tion loss, respectively. For these measurements, 35 wave-
length long transducers fabricated on a 1.75-pm thick

epitaxial layer with a doping concentration of n = 9 X

10’s\cm3 were used. The transducer aperture was 1.0 mm.

It is evident that a 35-dB decrease in delay line insertion

loss is achieved with the application of a dc bias voltage of

– 20 V, as compared to the insertion loss with no reverse

v~ = Ov

z
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Fig. 1. Schottky-barrier interdigital electrode transducer design and per-
formance on epitaxial GaAs. (a) Transducer structure with R =10 kfl,
C = 1.0 pF, and Ls 195 nH. Transducer synchronous frequency is

approximately 180 MHz. (b) Swept transducer input impedance for
V~ = O V and – 20 V. (c) Swept two-port delay line insertion loss for
V~=OV and –20V.

bias voltage applied. This bias voltage is exactly that

required to completely deplete the epitaxial layer beneath

the transducer electrodes of all mobile charge carriers.

Proportionately larger or smaller reverse dc bias voltages

would be required on other epitaxkd layers, depending

upon their doping and thickness. Transducers fabricated

directly on either semi-insulating or epitaxial GaAs sub-

strates are suitable for narrow-bandwidth (<10 percent)

applications such as SAW resonators for oscillator

frequency control or moderate processing rate convolves

and correlators. The parasitic series resistance of about 5 Q

shown in Fig. 1(b) is attributable to conductor losses in the

aluminum transducer metallization. Typically, parasitic

series resistance values in the range of 2–6 O have been

measured. Using a simple equivalent circuit model for the

transducer it is readily shown that this parasitic resistance

only contributes 1–3 dB of excess conversion loss [8], [9],

which is not a serious problem in most applications.

When fractional bandwidths exceeding about 10 percent

with moderate conversion loss are required (e.g., large

processing rate convolves), transducers fabricated on ZnO

overlay films may be used, as previously reported for other

substrates [10], [11 ]. The greater piezoelectric coupling

strength provided by the ZnO film allows for the design of

broader bandwidth transducers for the same level of con-

version loss. If even greater fractional bandwidths are

required (> 30 percent), alternate design techniques are

available although tith a sacrifice in ease of fabrication.

One such technique, the use of edge-bonded transducers

[12] -[14] holds the promise of achieving octave or greater

bandwidths with low conversion losses.

III. FREQUENCY CONTROL DEVICES

A. GUAS SAW Phase Shifters

The use of a Schottky-barrier contact to deplete an

epitaxial layer of mobile charge carriers was described

previously as a means for eliminating the electric field

shorting effect of the carriers beneath the transducer. The
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shorting effect within the active layer can also be used to

advantage in controlling the SAW velocity between two

transducers. As shown schematically in Fig. 2, the degree

of shorting may be controlled by varying the depletion

depth beneath a Schottky-barrier phase shifting electrode.

As the depletion depth is increased with increasing reverse

bias, the SAW electric fields within the bulk are gradually

restored until an effective insulating condition is reached.

The relative velocity change, Ao/w, available by control-

ling the free carriers within the bulk of the material is

significantly higher than that available when a massless

shorting metallic film is placed at the surface alone. For

the surface short, Av/v = 0.00036, whereas a value of

Av/o = 0.00093 is computed for the effective bulk shorting

condition relative to the electrode-free insulating crystal

[15]. An effective short is produced when the conduction

frequency of the material is much greater than the SAW

frequency, a condition which is readily achieved in prac-

tice.

The change in SAW velocity versus reverse bias voltage

produced with an experimental SAW phase shifter is shown

in Fig. 3. The epitaxial layer thickness and carrier con-

centration were 4 pm and n = 1015/cm3, respectively. The

phase shifting electrode path length was 1 cm., The maxi-

mum velocity change observed, approximately 575 ppm,

corresponds to an electronically adjustable phase shift of

85 degrees at 118 MHz. For operation at 200 MHz, a
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Fig. 4. Top and cross-sectionaf views showing basic SAW resonator
structure and design for the case of metallic reflectors.

90-degree phase shift control range could be achieved for a

0.65- cm long electrode propagation path length.

Throughout the voltage tuning range, the variation in SAW

propagation loss was less than 0.5 dB for a 1-cm long

electrode at a frequency of 118 MHz. The dc power drain

of the phase shifter is extremely low because the Schottky

barrier electrode is reverse biased.

B. Two-Port GaAs SAW Resonators

The ability to fabricate high-Q SAW resonators on GaAs

has potential impact on the construction, in a monolithic

form, of stable VHF/UHF oscillators with good short-term

stability and low near carrier phase noise. Loaded Q values

achieved in air, as measured in a 50-fl system, for GaAs

SAW resonators are 11500 at 179 MHz and 13000 at 118

MHz. These Q values are comparable to those achieved for

quartz SAW resonator devices, and when coupled with

temperature compensation techniques, such as thin film

overlays [6], [7], will allow the fabrication of stable funda-

mental frequency VHF/UHF sources operating in the

100-500-MHz frequency range.

Two-port SAW resonators have been fabricated, initially

on semi-insulating GaAs, using both ion-milled groove

reflectors and metallic strip reflectors. The metallic strip

reflectors, when fabricated as Schottky-barrier contacts,

are also of interest for the construction of voltage tunable

SAW resonators on epitaxial GaAs substrates. Our initial

experiments have been directed at determining the design

parameters which affect the resonator response, as has

been previously done for quartz [16], [17]. The effects of

several of these parameters are described here. While the

optimum design iterations have not as yet been experimen-

tally implemented, the results achieved thus far indicate
that the material is capable of supporting high Q ‘s, ap-

proaching those of quartz at its comparable state of devel-

opment. When considered for its potential for integrated

circuit implementation, the Q‘s achieved greatly exceed

those available using conventional thin film IC techniques

[18].

The SAW resonator design used is shown schematically

in Fig. 4(a) and (b) for the case of metallic strip reflectors.

The transducers are 29 wavelength long, quarter-wavelength

electrode designs with 1.O-mm aperture and cosine anodi-

zation. The transducer-to-grating separation, 1, of 1.75A
has been found to be optimum for metallic strip reflectors
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Fig. 5. Typicaf frequency response (insertion loss) characteristic for a
GaAs SAW resonator fabricated on semi-insulating GaAs substrate.
The resonant frequency was approximately 179 MHz and the loaded Q
was about 9300. The gratings were metallic strip reflectors.

while a value of 2.00A is optimum for grooved reflectors.

These values are in agreement with designs fabricated on

quartz [19]. Fig. 5 shows the measured untuned insertion

loss characteristic for a metallic strip reflector device

fabricated on semi-insulating GaAs. The resonator was

designed with 1000 reflector elements per grating. The

overall device size could be reduced considerably if fewer

reflector elements were included in the gratings. For the

designs used, 600 reflector elements per grating would only

reduce the value of Q by 5 percent. This means that the

size of a 300-MHz resonator would only be approximately

0.040 in wide by 0.250 in long. These dimensions are

completely compatible with present processing technology

and electronic device sizes. A chrome/aluminum metalliza-

tion was used for transducer and metallic strip reflector

~fabrication, with a 1OO-A thick chrome layer beneath a

700-~ thick aluminum metal layer. The untuned insertion

loss and Q for the device were about 12 dB and 9300,

respectively, comparable to the performance of identically

designed devices fabricated on quartz. The reflector step

height was approximately h =0.01 A. Further design refine-

ments taking into account the effects of grating depth and

metallization thickness on SAW velocity, similar to those

done for quartz [16], [17], are necessary in order to achieve

optimum GaAs SAW resonator performance.

C. Voltage Tunable GaAs SAW Resonator Oscillator

As indicated previously, the resonator reflector gratings

may be designed with metallic strip reflectors fabricated

using Schottky barrier electrodes on an epitaxial GaAs

substrate. This allows for oscillator frequency control when

the SAW resonator is incorporated in a feedback oscillator

design. The preliminary results described here offer the

possibility for developing stable, high-Q SAW controlled

VHF/UHF oscillators fabricated on a monolithic GaAs

substrate. The use of a GaAs SAW resonator oscillator as a
local oscillator is apparent.

A voltage tunable two-port GaAs SAW resonator fabri-

cated on an epitaxial GaAs substrate was used as the

frequency controlling element in a feedback oscillator des-

ign. The general design of the GaAs SAW resonator fol-

lowed standard SAW resonator design procedures and is

F
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Fig. 6. Frequency tuning characteristics for an oscillator fabricated
using a two-port GRAS SAW resonator. The resonator was fabricated
on an epitaxiaf GRAS substrate with Schottky-barrier metallic strip
reflectors. Nominal oscillator frequency was approximately 179 MHz
and the resonator loaded Q was about 8000.

similar to that illustrated in Fig. 4. However, a Schottky-

barrier metallization was used to form the resonator metallic

strip reflectors and all reflector elements in each grating

were connected by a common buss electrode so that a

reverse dc bias voltage could be uniformly applied to each

grating. Varying the reverse dc bias voltage applied to the

reflector gratings changes the effective SAW velocity within

the gratings thus allowing electronic oscillator frequency

control by varying the transmission phase of the resonator.

Because the resonant frequency and transmission phase

characteristics track as the grating reverse bias voltage is

varied, oscillator frequency (after initial external frequency

trimming) is maintained at the resonant frequency of the

GaAs SAW resonator.

The frequency tuning range, frequency temperature

sensitivity, and short-term stability (Allan variance) for a

one second gating time were evaluated for the tunable

GaAs SAW resonator oscillator. The oscillator frequency

change (ppm) versus dc reverse bias voltage applied to

both resonator gratings is shown in Fig. 6. The general

behavior of the oscillator tuning characteristic is similar to

those found for the delay line phase shifters (Fig. 3)

described previously. The maximum total frequency tuning ~

range for the oscillator was approximately 80 ppm, for a

total grating bias voltage change from O to – 18 V. Most of

the frequency tuning occurred for charge carrier depletion

beneatlh the grating electrodes with grating bias voltages

between – 2 to – 6 V. The remaining small degree of

frequency tuning for grating bias voltages more negative

than – 7 V is attributable to residual charge carrier deple-

tion between grating lines.

The oscillator temperature sensitivity was measured for

several dc reverse bias grating voltages between O and – 15

V. The measurements were made for temperatures from 10

to 50°C. Within the accuracy of the measurement, the

linear TCD was found to be +52.8 ppm/°C, essentially

independent of grating bias voltage. This value for the

linear T-CD is in very reasonable agreement with the value

of +52 ppm\°C measured for delay line devices.

The oscillator short-term stability (Allan variance) for a
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one second gating time was also

were made for several values of

measured. Measurements

grating reverse bias volt-

age. For the measurements 240 consecutive frequency read-

ings were taken and the Allan variance and standard

deviation calculated. Because the GaAs SAW substrate is

not a temperature compensated material, there was

frequency drift during the time interval (4 rein) required

for data taking. The sensitivity of the oscillator to tempera-

ture drifting was estimated to set a lower limit of about

4–8 X 10-9 on the measurement of Allan variance. Mea-

sured values of about 1 X 10 – 8 were obtained for the Allan

variance, essentially independent of grating bias voltage.

The measured values for Allan variance were typically an

order of magnitude better than the values found for the

standard deviation. This indicates that the measured values

of Allan variance were influenced by temperature drift

during the measurement. This limitation on achievable

short-term stability may be overcome using temperature

compensation techniques such as those previously de-

scribed and presented elsewhere [6], [7].

While the frequency tuning range of the oscillator was

relatively modest (80 ppm), a tuning range of up to ap-

proximately 400 ppm should be possible with further de-

velopment of the epitaxial GRAS SAW resonator configura-

tion. The ability to fabricate the external electronic compo-

nents on the same monolithic GaAs substrate using present

GaAs FET and MIC technologies indicates that a totally

monolithic, stable VHF/UHF oscillator may be fabricated

for application to radar and communication systems.

IV. SIGNAL PROCESSING

SAW devices have advantages for high speed, wide-

bandwidth real-time signal processing applications, includ-

ing: convolution, correlation, Fourier transformation, and

both frequency and transversal filtering. The tapped delay

line interaction region design used for the monolithic GRAS

SAW signal processors described here is readily adapted to

transversal filtering, programmable asynchronous correla-

tion, and matched filtering. Time–bandwidth products of

1000 or greater are achievable using a 1O-PS long interac-

tion region, which is equivalent to 108 complex multiplica-

tions/s. It is important to realize that the devices are

electronically tap programmable and thus suited for a wide

variety of signal processing applications.

The development of a nondegenerate convolver and an

asynchronous matched filter or correlator which uses an

FET interaction region design are described. The nonlinear

mixing process obtained by operating the FET’s below

pinch off is shown to be more efficient than that found for

Schottky-barrier plate convolver designs described previ-

ously in the literature [20], [21]. The nondegenerate opera-

tion of the convolver uses the natural periodicity of the

FET electrodes to detect the generated sum or difference

frequency product signal. By segmenting the FET elec-

trodes, a programmable tapped transferal filter, or

asynchronous correlator, has also been developed. Unlike

previous hybrid tapped delay line processors [22], [23], the

acoustic waves propagate within the FET mixers them-
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/
P, (u,). / . P~ (O*)

1

n EPITAXIAL

ELECTRONICALLY PROGRAMMABLE
AMPLITUDE AND (+ I –) PHASE

TAP CONTROL

Fig. 7. Basic design of a GSAS SAW convolver or correlator.
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Fig. 8. FET interaction region design for the monolithic GaAs SAW
convolver.

selves thus interacting directly with the FET potential

fields. Direct control of the amplitude as well as phase

(+/ –) of the mixer output is achieved by electronic

control of the magnitude and polarity of the FET dc bias.

The milliwatt level power dissipation per tap, high input

dynamic range, large tap amplitude control range and low

spurious signal levels achieved represent state-of-the-art

performance for tap-programmable correlators. The mono-

lithic configurations described, using n/semi-insulating

GaAs, are also compatible with further integration of

peripheral electronics including CCD devices as reported

previously [24].

A. Convolution Operation

The basic device structure, shown in Fig. 7, may be

operated either as a convolver or correlator. For convolver

operation, the input and reference coded signals are coun-

ter-propagating waves. For this mode of operation, two

broad-band input transducers are required at fl and f2,
respectively. It is not necessary to segment the interaction

region into individual taps, and a uniform bias is applied

to the entire interaction region. Fig. 8 shows a schematic

representation of the convolver interaction region. Also

summarized in Fig. 8 are the equations describing opera-

tion with counter-propagating input waves at u, and U2,

respectively. The basic periodicity of the interaction region

is AL and the wavevectors ( ki = 2 n/ A i ) of the input waves

are k, and k~, respectively. Operation with either sum

frequency or difference frequency output is indicated along

with the appropriate wavevector phase matching condition.

Fig. 9(a) shows the nonlinear triangular convolution output
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(a) (b)

Fig. 9. Convolver output for 3.2-ps long rectangular input pulses at
tl = 106.5 MHz and ~z= 130.8 MHz. The difference frequency output
occurred at ~~= 24.3 MHz. (a) Convolution output, 500 ns/cm. (b)
50-dB double exposure showing post output spurious, 2 ps/cm.

for 3.2-ps long rectangular input signals at ~1= 106.5 MHz

and f2= 130.8 MHz. The difference frequency output oc-

curred at f3= 24.3 MHz. Fig. 9(b) shows a 50-dB double

exposure of the device output in order to estimate the

spurious signal level. The spurious signal immediately fol-

lowing the convolution output signal is approximately 50

dB below the peak convolution output signal level.

B. Correlation Operation

The overall configuration of the GaAs monolithic corre-

lator was shown in Fig. 7. For correlation operation, a PSK

coded input signal at carrier frequency f2 is launched at one

end of the delay line and interacts with a CW local

oscillator wave at frequency fl within the central FET-

tapped interaction region. Correlation is achieved between

the input signal code and the spatial tap code, as electroni-

cally programmed through the applied dc bias at each tap.

The tap spacing is designed to be equal to the desired input

signal chip rate. Because the reference code is electronically

programmable at the taps, the device performs as an

asynchronous matched filter, with the correlation output at

A achieved independent of signal timing and with its time

scale unaltered. The input wave at f, thus serves only to

provide a local oscillator for the mixing process and can be

launched by a narrow-bandwidth transducer. The ad-

vantages of using a mixing process, rather than a single

frequency tapped delay line structure, include the large tap

amplitude control range and biphase tap output control

provided directly within the FET SAW mixer, and the

compensation for acoustic propagation loss through the

use of counter-propagating input and local oscillator waves.

With the correlation output obtained at a frequency other

than the input frequencies or their harmonics, bandpass

filtering at the output port eliminates spurious contri-

butions due to direct electromagnetic feedthrough or sec-

ond harmonic generation.

The FET tap configuration, shown in Fig. 10, consists of

segmented Schottky-barrier gate and ohmic contact drain

electrodes. The periodicity of the common FET source
electrode is chosen to detect the generated sum or dif-

ference frequency wavevector produced by the mixing pro-

cess rather than the waves themselves. The FET periodicit~

is also consistent with the desired code chip rate which

equals the tap sampling frequency, ~. The experimental

correlator had 32 taps with equal linewidths and spacings

VDP VDP + 1

SUM FREQUENCY 1 ~ DIFFERENCE FREQUENCY
OUTPUT OUTPUT

cd3=u~+6J, ti3=cd~-fJJ,
k3=k~–k, k3=k2+k1

AL=MA3
❑ SOURCE

k3=~ L! DRAIN

k, = 27r/~1 k2 = 27r/i2
13 GATE

Fig. 10. FET tapped interaction region design for the monolithic, tap
programmable GaAs SAW correlator.

I
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ID, DRAIN CURRENT (mA) PER TAP

Fig. 11. Nonlinear difference frequency output of tapped FET interac-
tion region as a function of tap dc bias current. ~1= 110.56 MHz,
fz = 127.08 MHz, P, = +22 dBm, P2 = +24 dBm.

for the source, gate and drain electrodes and an intertap

spacing, r, of 286.7 pm corresponding to a 1O-MHZ code

chip rate. The epitaxial layer had a carrier concentration of

n = 1 X 1016/crn3 and a layer thickness of 1.3 pm. Both

transducers were of the reverse biased Schottky-barrier

type, with 12.5 and 25 wavelengths for the transducers at f2
and f,, respectively. The transducers had quarter -

wavelength electrodes and 1-mm aperture.

Nominal signal input and local oscillator frequencies of

both 130 and 110 MHz were used, and both sum and

difference frequency operation were achieved with com-

parable efficiency. Difference frequency operation was

selected because it was found to have better tap weighting

properties. Fig. 11 shows the dependence of the difference

frequency output on the FET drain current per tap, for

equal bias applied to all taps. An amplitude control range

of 55 dB is observed, with the same dependence for both
positive and negative polarity of the tap bias current.

Maximum efficiency is achieved near the FET pinchoff

condition and corresponds to a source–drain voltage near

1.5 V. The average power dissipation per tap is 4.5 mW,

and ranges from 0.5 to 6 mW over the 32 taps. By reversing

the polarity of the drain bias, the phase of the difference
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PZ (dBm)

Fig. 12. Nonlinear difference frequency output of tapped FET in
tion region as a function of input signal power, for several
reference power levels. ~1= 110.56 MHz, fz = 127.08 MHz.

terac-
fixed

(a) (b)

Fig. 13. Correlation of a 13-chip Barker code with a 5-MHz chip rate.
(a) Tap code readout, 500 ns/cm. (b) Difference frequency correlation
output at fq = 17.52 MHz, 1 ps/cm. fl = 110.06 MHz, fz = 127.58 MHz,
P,= +22 dBm, P2=+12 dBm.

frequency tap output is also reversed, permitting biphase

code processing. Tap switching speed, measured by revers-

ing the drain current polarity, was near 200 ns, limited by

the external circuit capacitance.

The output power versus signal input power is plotted in

Fig. 12 for several local oscillator power levels. The P3

versus Pz dependence is linear, without evidence of satura-

tion. The external figure of merit, F&= P3/PlP2 = – 70

dBm and an input dynamic range exceeding 65 dB were

achieved in spite of the approximately 34-dB total insertion

loss for the two SAW transducers. Suppression of all

spurious signals by 50 dB was also achieved. Measurement

of the combined transducer and propagation losses using

identical sets of transducers at each end of the correlator

resulted in a value for the internal efficiency of Fi~t = —36.5

dBm. With further optimization, F,.t and Fint can be im-

proved considerably.

Fig. 13(a) shows the equalized tap code readout (using

external adjustment of individual bias currents), while Fig.

13(b) shows the correlation output waveform for a 13-chip

biphase Barker code input sequence, matching the equal

amplitude, biphase tap weights. Twenty six taps were bi-

ased “on” with two taps per code chip corresponding to a

5-MHz chip rate. The correlation response has near ideal

sidelobe response, and a peak to maximum sidelobe ratio

of 21 dB.

Fig. 14(a) shows the equalized tap code readout (using

external adjustment of individual tap bias currents), while

Fig. 14(b) shows the correlation output waveform for a

3 l-chip pseudorandom M sequence at 1O-MHZ chip rate.

(a) (b)

Fig. 14. Correlation of a 3 l-chip M sequence code with IO-MHZ chip
rate. (a) Tap code readout, 500 ns/cm. (b) Difference frequency
correlation output at/3 = 15.69 MHz, 1 ps/cm. fl = 110.96 MHz, f2 =
126.65 MHz, PI= +22 dBm, P2 = + 14 dBm.

The sidelobe distribution is close to the theoretical re-

sponse for this sequence with a 14-dB sidelobe level com-

pared to the ideal 15.8-dB level [25]. The measured 9.5-MHz

bandwidth of the input transducer produced some distor-

tion in the output waveform which could be eliminated by

improving the input transducer design or increasing its

center frequency.

Epitaxial layer nonuniformity will also contribute to less

than ideal correlator performance. These limitations are

not fundamental, and further improvements in GaAs epi-

taxial growth technology will reduce this source of error.

Also, in applications such as adaptive filtering, tap uni-

formity is not a problem because individual tap weighting

is performed in an iterative manner.

V. CONCLUSIONS

The results demonstrated for monolithic GaAs SAW

devices are quite encouraging and show considerable prom-

ise for improvement. Device configurations have been

pursued which use the same type of fabrication processes

and material as are currently being developed for GaAs IC

electronics. When moderate bandwidths are needed, only

two photomask steps are required for device fabrication

and the need for special transducer techniques is eliminated,

thus easing fabrication complexity and improving yield. If

required, broader bandwidth transducer methods are possi-

ble using ZnO or edge-bonded structures.

Several extensions of this monolithic GRAS technology

have been shown to be feasible, including charge storage

[26], optical imaging [27], and acoustooptic interactions

[28]. As the material quality and availability continues to

improve, the device performance and application areas
have greater potential for further development.
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A High-Power Dual Six-Port Automatic
Network Analyzer Used in Determining
Biological Effects of RF and Microwave

Radiation

CLETUS A. HOER, MEMBER, IEEE

Abstract —The design, calibration, and performance of a high-power

(1-1000 W) automatic network analyzer based on the six-port concept are

described for the 10- 100-MHl range. Calibration is performed with a

length of transmission line as the only impedence standard needed. A

10-mW thermistor mount is the standard of power. Imprecision in measnr-

ing reflection coefficient r is 0.0001 in magnitude and 0.005/] r I degrees

in phase. Corresponding estimated systematic errors are 0.001 and 0.1/1 r I

degrees. Imprecision in measuring power is 0.01 percent of range (20 W,

200 W, or 1000 W) with an estimated systematic error of 1.25 percent of

readkrg.

1. INTRODUCTION

I IN SPITE OF the existence of so-called “safe tolerance

limits” to microwave radiation, there is a continuing

interest in obtaining a more complete understanding of this

subject. At the National Institute for Occupational Safety

and Health (NIOSH), a program exists for evaluating the
response of selected biological specimens to carefully mea-

sured and controlled electromagnetic fields with the objec-

tive of determining safe levels of RF and microwave radia-

tion. The associated test chamber is designed in such a way

as to provide fields which are predominantly either electric,
magnetic, or selected combinations of both. This test

Manuscript received Aptil 13, 1981; revised August 5, 1981. This work

was supported in part by the Nationaf Institute for Occupational Safety

and Heafth.
The author is with the Electromagnetic Technology Division, Nationaf

Bureau of Standards, Boulder, CO 80303.

chamber, shown schematically in Fig. 1, is a near-field

synthesizer [1] consisting of a balanced, pari+lel-plate strip

line to generate the electric field, and a rotatable single-turn

inductor placed parallel to and midway between the plates

to generate the magnetic field.

The purpose of this paper is to describe the design,

calibration, and performance of a high-power automatic

network analyzer (ANA) designed for NIOSH by NBS to

measure the power and reflection coefficient at the E- and

H-field input ports of this test chamber at power levels of

1– 1000 W and frequencies of 10– 100 MHz. Measurements

at the inputs to the near-field synthesizer are made with

two six-port reflectometers as shown in Fig. 1. The design

of the reflectometers is based on the new six-port concept

of measurement [2], [3]. Basically, for one six-port the

concept states that the power and reflection coefficient at

one-port of any linear network having six ports can be

obtained from measurements of the power at four other

ports when a signal is applied to the remaining port.

Six-port reflectometers were chosen as the measuring
instruments in this application because of the following

significant features which are not found in other auto-

mated measurement systems: 1) simplicity of the construc-

tion, operation, and calibration; 2) superior accuracy and

precision; 3) no lossy standards required in the calibration;

4) stability of the calibration with time.

These features are elaborated on below.
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