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Minimum noise fiwel’mjn of the GaAs FET as a function of
the frequency. 0: measured; A: computed.

Optimum source s,dmittance Y.~of the GaAs FET with respect
noise versus frequency. 0: meaznred; A: computed.
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Fig. 6. Noise resistance R. of the GaAs FET as a function of the
frequency. O: measured; A: computed.

been demonstrated that the compound noise parameters of the
GaAs FET, based on the noise model of vander Ziel, are in good
accordance with the measured resultsup to 4 GHz.
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Automatic System for Simultaneous Measurement of

Amplitude and Phase of Millimeter-Wave Fields

NEVILLE A. MATHEWS AND HENRYK STACHERA

Afmfracf—A measuring system for the simultaneous determina-

tion of amplitude and phase distributions of EM fields is described.

The system employs the vibrating-dipole technique, which is based

on the principle of modulated scattering. The phase-modulated wave

scattered by the vibrating dipole contains information about the

amplitude and phase of the EM field at the midpoint of the dipole’s

vibration.

The system has been made automatic by the inclusion of a servo

loop. The measured free-space distributions compare well with those

calculated from theory.
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I. GLOSSARY OF SYMBOLS DEFINED IN [9]

Amplitude (real) of the reference wave in the waveguide.

Amplitude (real) of the back-scattered wave in the wave-
guide.
Dimensionless complex vector function of position.

Amplitude (real) of the z component of F.

Constant of amplification and rectification.
Bessel function of the first kind and order n.

Constant of proportionality of the detector.
Free-space wavelength.
= 2rrd/h, where d is amplitude of vibration of the dipole.
Phase lag introduced by the phase shifter.
Phase of the z component of F.
Angular frequency of vibration of the dipole.

II. INTRODUCTION

The knowledge of EM field distributions is essential in many
problems, particularly in diffraction studies of apertures and ob-

stacles. In some cases the amount of required experimental informa-
tion is so vast that an automatic measuring system becomes indis-

pensable.
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Microwave-field measuring techniques usually employ modulated

scatterers [1 ~[8]. The scattered field is dhectly related to the

electric and/or magnetic field at the location of the scatterer. Being
modulated in a characteristic manner, the scattered field can be

distinguished from the unmodulated background. In all the tech-

niques reported in the literature, the amplitude and phase of the

EM field are measured separately, and each determination requires

readjustment of the measuring system [8]. Also, owing to the
difficulty of scaling down the size of the scatterer, none of these

techniques is suitable for millbneter-wave field measurements.
The vibrating-dipole technique [9] is free from this latter restric-

tion. Further, it lends itself more readily than the other techniques
to the simultaneous measurement of amplitude and phase because

the wave scattered by the vibrating dipole is phase modulated. In
thw paper, we describe a modified vibrating-dipole system for the

automatic and simultaneous measurement of amplitude and phase
d~tributions of millimeter-wave IEM fields. The system was first

established by measurements in the far field of a pyramidal horn.
A comparison with the calculated dwtributions of amplitude and
phase shows that the system is accurate and capable of Klgh reso-

lution.

111. PRINCIPLE OF SIMULTANEOUS MEASUREMENT OF AMPLITUDE

AND PHASE

The principle of the vibrating-dipole technique has been recently

described in detail. In the present paper we are particularly con-

cerned with the simultaneous measurement of amplitude and phase;
therefore, extensive references are made to the original paper [9].

In this way, both the underlying principle and the modified meaeur-

ing system will be explained with little repetition of the fundamen-
tals.

We have shown [9, fig. 1 and eq. (6)] that the detected current

contains a component at the dipole’s vibration frequency

‘i (am) = 4KEOE,J1 (2@~) sin [2(& — @P)] sin w~t. (1)

The rectified output from the selective amplifier [9, fig. 3] tuned

to th~ frequency [9, eq. (7)] is

~(o.)m) = 4KG-fi’@sJI (%#Im)I Sin 2 (t% – d,) I (2)

which, in view of [9, eq. (5)] can be written

V1 = V(GJ = AIJ, (20JF=’ I sin 2 (~z – @p) I (3)

where the constant A 1 in eludes the relevant parameters of the
detector, amplifier, waveguide, and scatterer.

A simiiar expression can be readily deduced for the detected,

amplified, and rectified second-harmonic component (20JJ:

V, = V(2@~) = A,J, (2&n) F.’ I COS2 (@z – @.) 1. (4)

Equations (3) and (4) show that when the phase shifter is ad-
justed so that 2 (4. – @p) = nr, with n = 0,1,2,..., a null in V, is

observed, while V2 is at a maximum. Thus observations of amplitude

and phase can be made simultaneously. The output V2 is a measure
of the amplitude while the phase-shifter setting measures the phase
of the EM field at the midpoint of the dipole’s vibration.

In the above analysis it has been aesumed that the phase shifter
and the antenna are matched to the wavegnide. A mismatch results
in a reflected unmodulated wave which gives rise to errors of meas-
urement. This problem has been fully dkcussed in [9, sec. V], and

we have shown that the mismatch effect can be virtually eliminated

by adopting a coherent detection system, as in [9, fig. 3].
This is in essence also the measuring system of Fig. 1, except that

now two selective amplifiers are employed. Their rectified outputs

yield the fundamental and second-harmonic components, the form

of which is given by (3) and (4).

IV. AUTOMATIC OPERATION

f%nultaneoue measurements of amplitude and phase can be per-
formed automatically, by means of a servo system incorporating
the phase shifter. The rectified fundamental-frequency output pro-

vides the error signal for the servo system, which positions the
phase shtiter at a null in the rectified fundamental output. In thk

way the driven phase shifter tracks the phase of the EM field
incident on the dipole.
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I?ig. 1. System for the simultaneous measurement of amplitude and
phase.

The above method, though simple and valid in principle, is not
practicable for two reasons. First, the error signal which actuates

the servo system is unidirectional. It is of the form F.z I sin&$ I where

&# is the difference in phase from the true null condition. Therefore,

there is an ambiguity in the operation of the servo motor. Second,
the error signal ie proportional to the square of the amplitude of the
EM field at the location of the dipole. Thus the effective gain of the

servo eystem varies with the field strength and instability may
result.

The first difficulty can be overcome with the help of a phase-

sensitive detector (PSD ). The fundamental component of the de-
tected, but not rectified, signal in the form F=z sin IS@sin ti~t is fed

dhectly to the PSD. A square-wave reference signal from the

generator which vibrates the dipole is fed to the PSD’S reference
port. The PSD produces a dc error output, the polarity of which

depends on the sign of $+.

The other difficulty is removed by liiting the level of the funda-
mental component before it reaches the PSD. The limiter prevents
instability of the servo system when the scattered signal is large.

This might happen, for example, when the dipole is very close to a
transmitting antenna.

V. APPARATUS

Fig. 1 shows the experimental arrangement for automatic and

simultaneous measurement of EM fields. The source is a reflex
klystron with an output of 200 mW over the 62.3+12 .8-GHz fre-

quency range and the waveguide components are standard RG98/U

(WG 25).
Fig. 1 should be compared with [9, fig. 3]; comments can there-

fore be restricted to the additional features in Fig. 1. The detected

output from the differential amplifier feeds two selective amplifiers,

one tuned to fm, the frequency of the dipole’s vibration, and the
other to 2f~. The second-harmonic output, measured by a moving-
coil meter, represents the square of the amplitude of the electric

field. The output from the selective amplifier tuned to fm is con-
nected to a switch. In position 1, the operation of the system is
automatic. The amplified output from the PSD actuates the servo

motor, which positions the dielectric vane of the calibrated phase
shifter. With the switch in position 2 the output of the selective

amplifier is d~played on the moving-coil meter and field measure-

ments are taken by manually adjusting the phase shifter.

For details of the mechanism for supporting and vibrating the

dipole and positioning it in the EM field, reference should be made

to the original paper [9].

VI. FAR-FIELD MEASUREMENTS

In order to verify the system’s performance, we explored the
far-field region of a linearly polarized pyramidal horn. The simple
theoretical formulas for the amplitude and phase variations with
dwtance from a point source provide a convenient check. In all the

measurements here reported, x = 4.8 mm and the dipole was a
straight piece of SWG45 copper wire 2.1 mm long.
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Fig. 3. Far-field amplitude and phase of a pyramidal horn.

A. Dependence of the Fundamental and Second-Harmonic Com-

ponents of the Detected Signal on the Phase- flhiftcr Setting

Before measuring the field, a preliminary experiment was per-

formed to verify that the reotified outputs of the two selective

amplifiers depend on thephase-shlfter setting according to (3) and
(4). Theeeequations form the basis of thesimultaneou sdetermina-
tionof amplitude andphaee. In this test, thesystem wae operated
manually and the dipole was located in the far field of the horn.

The observations are presented in Fig. 2. It is particularly im-
portant to note that the maxima of each component are equal,
because this is an indication that: 1) the differential amplifier wa.
properly adjusted, and2) theantenna wascorrectly matched to the
phase shifter. Subsequent field measurements were therefore free
from errors due lmtheback-scattered unmodulated sigual [9].

B. Measurements of Amplitude and Phase

The far field of the horn was explored by measuring both the
amplitude and phase of the z component of the electric field. The

measurements were made at discreto points along the z axis, using
the automatic system. The results of the measurements are shown
in Fig. 3. The theoretical curves are those for a distant point-source
locatedin the throat of the horn.

VII. CONCLUSIONS

An automatic system which simultaneously measures amplitude

and phase distributions of millimeter-wave fields has been described.

The principle of the system is that of the vibrating-dipole technique.
The high accuracy of the system has been demonstrated by measure-
ments in a far field of known configuration.

The simultaneous measurement of amplitude and ~hase in a

homodyne detection system whkh uses only one hybrid junction is
possible becauee the wave reradiated by the vibrating dipole is phase

modulated. Theampfitudesof the fundamental and second-harmonic
components of the detected signal vary as the sine and cosine, re-

spectively, of the same phase angle. All the other modulated-
scattering techniques employ double-eideband amplitude modulation

with carrier (DSBWC) of the scattered wave [8]. The simultaneous

measurement of amplitude and phase in a homodyne system with

DSBWC is possible [10], but requires two hybrid junctions and

also a3-dB coupler.

To take full advantage of the automatic system the phase shifter

employed should have a sufficiently large differential phase-shift.

Our phase shifter was of the dielectric-vane type, with maximum
differential phase-shift of only 180°. Therefore automatic field

measurements were restricted to such regions in space in which
phase changes were within 180 °. Tocontinue measurements beyond
this region it was necessary to switch off the servo system and to

manually adjust the phase shifter to a new convenient setting.
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High-Frequency Gunn Oscillators

THOMASG.RUTTAN

Ab.sfract-Recent work to achieve high output power of “funda-

mental mode!> Gunn-effect oscillators at frequencies ranging from

25 to 71 GHz is described. Ambient powers of 37o mW at 6.7-percent

efficiency at 25 GHz, 260 mW at 4.5-percent efficiency at 38 GHz

150mWat 4-percent efEciencyat54GHz, and30mWat l-percent

efficiency at 71 GHz were obtained from single-diode structures.

Combining two diodes in a push-pull circuit yielded 400 mW at

3.5-percent efficiency at 32 GHz and 260 mW at 4. O-percent effi-

ciency at 42 GHz. This represents some of thehlghest powers and

efficiencies reported to date from millimeter-wave Guun-effect

oscillators.

I. INTRODUCTION

Millimeter-wave Gunn-effect oscillators have been in existence

since the early days of Gnnn-effect work [1>[5], but have only

been capable of lowoutput power forsome local oscillator applica-
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