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Fig. 13, Calculated gm versus VG~ in the saturation region. *: d~k, *: li@t

power = 0.3 mW. N~~ =1.3x1017 cm-3, VL~ = O V, N~L =1 5X1017 cm-3,

VLL = 0.35 v.
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Fig. 14. *: (A g- ).x = ( gmL – gmD ).xpcrim,.,d versus VGS in the samratron
r@o~ *: (A gm ) * = ( gm = — g~ ~ ) ~=,=UCd versus P&. in the saturation region.

when the transistor is illuminated, can be obtained by substitut-

ing in (4)–(10) subscript D by subscript L taking into account

the increase of the carrier density and the voltage VLL (Fig. 13).

The free-carrier density in the light N~z is experimentally

obtained by measuring the slope of the dc characteristic ID

versus VD~ of a device without the gate biased in the ohmic

region.

The comparison between experimental and theoretical values

of the change in g~ due to illumination (Fig. 14), i.e.,

( Ag~),X = ,g~ (under illumination, experimental)

– g~ (dark, experimental)

( Ag~),h = g~ (under illumination, theoretical)

– g~ (dark, theoretical)

confirms the validity of our model.

V. CONCLUSION

The change in the transconductance g~ and the S-parameters

of commercially GaAs MESFET’S illuminated by the light of

photon energy greater than the gap bandwidth is shown. We

believe that this change in the dc and ac characteristics is

explained by the photoconductive and photovoltaic phenomena.

These effects can be applied to the design of amplifiers and

oscillators driven by light and ultra-fast photodetectors.
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Complex Persuittivity Instrumentation for High-Loss
Liquids at Microwave Frequencies

H. A. BUCKMASTER, SENIOR MEMBER, IEEE,

C. H. HANSEN, ASSOCIATEMEMBER, IEEE, AND H. ZAGHLOUL

Abstract —This note draws attention to the fact that the instrumentation

system for the measurement of the complex pernrittivity of high-loss liquids

proposed by Zanforfin [1] can be improved so as to i) increase the

sensitivity and stability of the demodulation process, ii) make the demod-

ulation accurately linear ratfter than approximately square law, and iii)

improve the degree of bridge balance and stability.

Recently, Zanforlin [1] described a method for determining the

complex permittivit y of high-loss liquids at millimeter wave-

lengths which uses a matched hybrid-tee in a balanced bridge

configuration. This configuration is a slight modification of an

earlier balanced bridge due to Hallenga [2] which was developed

to determine the complex permittivity of both high- and low-loss

liquids by measuring the change in the Q factor and the shift in

the resonant frequency of a resonant cavity. The object of this

note is to draw attention to several shortcomings in this instru-

mentation system as well as to provide methods for their resolu-

tion. It also discusses the method of analyzing the experimental

data obtained using the Zanforlin [1] cell which is an extension of

that due to Van Loon and Finsy [3] and the references therein.
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It is useful to recall that balanced bridges have been used for

over twenty years to measure the complex permeability of para-

magnetic samples using the technique of electron paramagnetic

resonance (EPR). Strandberg [4] was probably the first worker to

recognize that the microwave demodulation figure of merit could

be improved significantly by incorporating a synchrodyne (homo-

dyne) [5] microwave demodulator. In EPR, the sample irradiation

cell is a resonant microwave cavity (rectangular TEIOI or TE102,

cylindnc~ TEIII or TEOII ) and the sample is located where the

microwave magnetic field is a maximum and is immersed in a

variable external magnetic field.

The phase of the synchrodyne reference arm power determines

whether the imaginary (absorption) or the real (dispersion) com-

ponent of the complex permeability is demodulated. Buckmaster

and Dering [6]–[10] and Denng [11], [12] explored many aspects

of how to optimize EPR spectrometer stability and sensitivity

using synchrodyne modulation. Many of the fundamental signal-

processing concepts that they introduced into EPR spectroscopy

are also applicable to complex permittivity microwave measure-

ment instrumentation systems. Strandberg [13] has provided a

comprehensive study of the effect of microwave oscillator A.M.

and F.M. noise on the sensitivity of both resonant and nonreso-

nant instrumentation systems.

Zanforlin [1] and Hallenga [2] both used a square-law detector

which was followed in the former configuration by a SWR meter,

and the microwave power incident on the bridge is amplitude

modulated at 1 kHz using a ferrite modulator. This configuration

suffers from the following weaknesses: i) low sensitivity, ii)

assumes that the detector accurately satisfies a square-law char-

acteristic, iii) low bridge balance, iv) poor bridge balance stabil-

ity, and v) amplitude modulator introduces nonlinearity and

phase variation. The availability of low l/f noise Schottky-barner

diodes [14] intended for use in zero IF Doppler radar determines

that the synchrodyne configuration is the optimum demodulator.

This configuration will provide the highest sensitivity, and the

demodulation is linear within 0.001 dB provided that the signal

power is more than 30 dB below that of the reference power

[5], [15], making it unnecessary to know the exact square-law

characteristic of the demodulator as a function of the operating

point, thereby eliminating a major source of error.

The matched hybrid-tee approach used by Zanforlin [1] is very

difficult to reproduce but no statistical information is given on

this procedure. It is estimated that the reproducible error is not

better than a few percent. It has been demonstrated experimen-

tally [8], [12] that bridge balances of 130 dB can be achieved and

maintained for hours in a nonresorxmt bridge if a rotary vane

attenuator and phase shifter are used as the bridge balancing

elements and the spectral purity and stability of the microwave

power source is 1: 10s. Experience in our laboratory has led us to

conclude that ferrite amplitude modulators introduce consider-

able amplitude and phase fluctuations which will also be an error

source. The use of p-i-n diode modulation is preferable at those

frequencies where they are available since they are characterized

by fast rise-times, low incidental FM, and nearly constant input

and output impedance match.

Fig.. 1 shows a version of the microwave instrumentation

configuration used by both Zanforlin [1] and by Hallenga [2] that

minimizes the abovementioned weaknesses. It has been found

possible to measure the power reflected from the sample cells

down to – 128 dBm in good agreement with [8]. This means that

the reflected power for a water sample can be measured over a

sample cell length which is a factor of six greater than that

Fig. 1. Block diagram for arr instrumentation system to measure the complex

permittivity of high-loss fiquids at microwave frequencies featuring lri@

bridge bafance and stabihty and high sensitivity and stability.

TABLE I

COMPARISONOFTHEVALUESOFPERNWTTIVITYC’ AND Loss C“
FORWATER DETERMINEDAT 9.3558 GHz USING DIFFERENT

INSTRUMENTATION SYSTSMS.

‘1 20” C I 25°C

possible using the Zanforlin [1] configuration if account is taken

of the loss for water at 9 and 70 GHz.

The complex permittivity of pure water at 20 and 25°C has

been determined using the microwave instrumentation configura-

tion shown in Fig. 1. The sample cell length was adjusted in

O.001-in increments from 0.075 to 0.275 in. Two measurements

sequences were necessary so that two orthogonal components

could be determined. The sample bridge was balanced when the

cell length was 0.075 in by adjusting the bridge rotary vane
attenuator and phase shifter until the output signal was zero. This

balance was tested by determining that it was independent of the

synchrodyne reference arm power phase. The choice of the phase

settings used for the two measurement sequences was arbitrasy

since it is only necessary to’ ensure that they are in quadrature.

The reference arm phase shifter had been calibrated by McAvoy

and Buckmaster [18, fig. 5] so this difference was 90.00 (25). The

201 data point pairs were fitted to the five-parameter expression

for the reflection coefficient given by Van Loon and Finsy [2],

which can be shown to be equivalent to the expression given b,y

Zanforlin [1]. It is noted that Zanforlin [1] used only 18 data

points to characterize this five-parameter expression and did not

give the standard deviation for his fit. Table I compares the

values of d and d’ obtained in this work at 9.3558 GHz for

water at 20 and 25 ‘C with those reported by McAvoy and

Buckmaster [16] and those made more recently in this laboratory

by Zaghloul and Buckmaster [19] using an improved version of

the instrument system described by McAvoy and Buckmaster [18]

and used to obtain the values reported in [16]. The measurements

are in agreement within experimental error. It is our assessment

that the values of d and c“ reported by Zanforlin [1] have errors
associated with them of 2–5 percent due to the fact that only 18

data points were measured and the low signal-to-noise of these
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points due to the inherent sensitivity limitations of his instrument

system.

Recently, MCAVOY and Buckmaster [15]–[18] have developed a

new 9-GHz instrumentation system to measure the complex

permittivity of high-loss liquids which introduces refinements

that permit d and d’ to be determined to -0.05 percent and

-0.5 percent, respectively. This is a significant advance in preci-

sion since it represents an improvement by factors of sixteen and

seven, respectively [15], [16]. It is unfortunate that Zanforlin [1]

failed to provide an experimental evaluation of the errors in his

instrumentation system since it is a useful contribution to the

methodology of complex permittivity measurements. It is con-

cluded that the multimode nonresonant reflection cell is a useful

approach, particularly at millimeter wavelengths, where the

single-mode nonresonant transmission cell is difficult to realize.

However, the measurement accuracy is limited to -1 percent

due
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to limitations in the data fitting procedure
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1.5-GHz GaAs Surface Acoustic Wave Delay Lines

R. T. WEBSTER, MEMBER, IEEE

Abstract — Surface acoustic wave (SAW) delay Iiues fabricated on com-

mercially available (100) cut GaAs have been used to control oscillators at

fr.eqnencies as high as 1.5 GHz. These high frequencies were obtained by

operating at the second overtone of transducers with three electrodes per

wavelength. A theoretical and experimental stndy of the temperature

coefficient of frequency of SAW oscillators on GSAS was performed.

Tables display the GaAs elastic constants and their temperature coeffi-

cients, as well as the experimental and theoretical surface acoustic wave

propagation characteristics of selected GSAS orientations.

I. INTRODUCTION

Surface acoustic wave (SAW) delay lines fabricated on gallium

arsenide have been used to control oscillators at frequencies up to

1.5 GHz. The oscillators we being developed to meet the need for

stable sources on gallium arsenide monolithic microwave in-

tegrated circuits. If an oscillator is to be included on a monolithic

chip, it must meet several requirements. It must be physically

small; it must be compatible with the fabrication process used for

the electronic circuit; its output frequency must be high to

minimize the need for power-hungry multiplier chains with their

associated high noise floor; it must have a useful degree of

stability. These 1.5-GHz devices, the highest frequency GaAs

SAW-controlled oscillators reported to date, suggest that surface

acoustic wave devices can meet the requirements of MMIC

applications.

II. FABRICATION

Since gallium arsenide is piezoelectric as well as semiconduct-

ing, fabrication of gallium arsenide SAW devices is straightfor-

ward. Our 1.5-GHz delay lines were fabricated from commer-

cially available polished GaAs wafers. These (100) cut wafers

were semi-insulating with no intentional doping. This is the type

of wafer which would typically be used for ion-implanted GaAs

electronics. On the (100) GaAs surface, the surface acoustic

waves propagate along the [110] direction with a velocity of 2860

M/s, an electromechanical coupling (2 Av/v) of 6.4 x 10-4, and

a zero power flow angle.

Rectangular substrates are easily cleaved from the (100) cut

wafers rdong perpendicular {110} planes. The cleavage planes

provide an excellent reference for SAW transducer alignment.

“Three-Halves” (3/2) electrode interdigital transducers [1] oper-

ating at the second overtone were selected for the delay lines. The

3/2 electrode transducer employs three interdigital electrodes per

wavelength at the fundamental frequency. Each electrode is 1/6

of a wavelength wide with a 1/6 wavelength space. Like the

double electrode (four electrodes per wavelength, each 1/8 of a

wavelength wide), it overcomes the problem of mechanical reflec-

tions in the transducer passband. At the fundamental frequency,

the wider 3/2 electrodes ease the fabrication tolerances relative

to the double electrode. Each transducer consists of 173 elec-

trodes with 0.62-pm lines and spaces and an acoustic aperture of

350 pm. The transducers were photolithographically defined using

the lift-off technique and a 10X direct step on the wafer ex-

posure system [2]. Center-to-center transducer separation was 3
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