
1880

o.

-25

cn

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 36, NO. 12, DECEMBER 1988

TRL calibration
not valid over

I

Frequency (GHz)

Fig. 6. The return loss of a planar load (reference [8]) de-embedded in two ways is plotted as a function of frequency, The TRL

calibration is not valid over the frequencies indicated on the plot because the length of the through calibration standard approaches

a half wavelength there.
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Fig. 7. The inductance of a 50-ym-wide strip as a function of probe position.
The measurements were de-embedded with the least squares de-embedding

procedure.

V. CONCLUSION

An accurate method of de-embedding coplana probes requir-

ing only planar CPW standards was described. This de-embed-

ding method was shown to be suitable formakinga number of

microwave S parameter measurements. De-embedded measure-

ments of commercially supplied standards independently verified

their suitability for use as standards as well.
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with approximately half the hardware required by conventional six-port

analyzers. The phase shift is obtained using either a p-i-n diode reflection

phase shifter or a mechanically positioned sliding short. Reflection mea-

surements from two such waveguide analyzers will be presentem one

operates in the 27 to 40 GHz Ku-band, the other in the 75 to 110 GHz

IV-band. Waveguide-to-microstrip transitions have been developed for

these analyzers, to characterize millimeter-wave planar circuits. A back-

to-back Ku-band transition was built with a maximum KS lVR of 1.9. A

second back-to-back transition displayed a maximum VS WR of 1.45 over

the W-band.

I. INTRODUCTION

With a six-port network analyzer [1], phase and magnitude

information can be determined using four independent power

readings without the need for direct complex ratio measurements.

A computer can extract magnitude and phase data from the

power measurements using a set of bilinear transformations that

are determined by calibration. The proliferation of low-cost

persord computers makes the six-port an attractive alternative to

expensive mixer systems. The six-port concept has been realized

in several different configurations. In a typical six-port, four

detectors are used in combination with five hybrids to provide

the required independent power readings. By varying the internal

state of the six-port during the measurement, four measurements

can be made with a smaller number of detectors and less hard-

ware [2]–[4].

The generaf principle of the variable-state four-port analyzer in

waveguide is conceptualized in Fig. l(a). Readings are taken from

detectors PI and Pz with and without a phase shift present, giving

a total of four measurements. Operation of the analyzer, includ-

ing calibration, is then analogous to that of existing six-port

analyzers [2], [5]. This allows us to build on the considerable

research done in this area. The calibration is performed in three

stages. In the first step the power level is varied to map the RF

response of the HP 11517A detector diodes. Then a sliding short

and sliding load calibration is performed [2]. The calibration

procedure is automated by a Macintosh II via a seriaf

analog/digital and digital/analog convertor. A detailed descrip-

tion of the calibration procedure and accuracy is covered else-

where [2]. We have designed and built two reflectometers for the

Ku- and W-waveguide bands (Fig. l(b)) using this scheme. The

usefulness of these analyzers has been demonstrated in develop-

ing millimeter-wave components.

II. MILLIMETER-WAVE PLANAR COMPONENT

DEVELOPMENT

Most of the components in the RF section of the analyzer,

such as the directional coupler, magic tees, and detectors, are

off-the-shelf waveguide components. However, a suitable elec-

tronic phase shifter is not readily available. Also lacking are

waveguide-to-microstrip adapters, essential for testing semicon-

ductor devices.

A. Waveguide-to-Microstrip Adapter

There are severaf possible configurations for a waveguide-to-

microstrip transition. We will describe a finline transition that

gradually transforms the wavegnide electric field into a quasi-

TEM microstnp mode using a tapered antipodaf finline. At the

start of the transition, the metallization on opposite sides of the

substrate is spaced apart a distance b corresponding to the height

of the guide (Fig. 2). This allows for optimaf coupling to the TEIO

electric field. Along the transition the separation between the two

metal layers decreases until the metal layers overlap. This has the
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Fig, 1. (a) Conceptual d,agram of the varmble state four-port analyzer. (b)

Perspectm’e drawing of the variable state reflectometer for the 75 to 110

GHz band. Calibration and measurements are automated by a Macintosh II

personal computer. The directional coupler in the foreground samples the

reflected signal, and the coupler closest to the BWO samples the reference

ugnal

effect of gradually rotating the field from a verticaf to a horizon-

tal alignment. The bottom finline is now the ground plane and

the top metallization acts as the microstrip conductor. The ta-

pered transition also transforms the impedance down to the

desired value of 50 Q. The finline field transition discussed here

[6], [7] exhibits lower VSWR’s over a larger bandwidth than the

more standard probe-style transitions. Finline transitions also

allow easy introduction of a dc bias voltage for active devices.

Although designs for finline transitions are present in the

literature, the work is often based on empirical methods with

limited theoretical formulation present. In an attempt to reduce

the number of iterations, a method of synthesizing finline tapers,

based on nonuniform waveguide theory, was developed i~d
applied in the design of two different kinds of finline transition.

The technique outlined here draws from results distributed over a

wide range of publicatiorxs. The synthesis method begins with the

coupled wave equations for oppositely traveling TEM waves [8].

The coupling between the waves and other relevant finline ex-

pressions are substituted into a first-order solution of the coupled

wave equations. In the pi~st, inaccurate equations for the finline

cutoff ~C and impedance Z have been used [8]. Our approach

uses a transverse resonarlce method to determine the cutoff [9]

and spectral-domain results [10], [11] for the finline impedance.

To get the minimum reflection in the shortest possible length of

transition, without discontinuities in the finline, we use the

near-optimum coupling distribution [12].
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Fig. 2. Double sided circuit layout for two E-plane finline-to-microstrip

transitions. The circuits were fabricated on 0.125 mm RT-Duroid 5880

substrates with dielectric constant er = 2.22, (a) 27 to 40 GHz band transi-

tion incorporating a Chebyshev transformer to match to the 50 0 mi-

crostrip, (b) 75 to 110 GHz band transition that uses overlapped finline to

match to the microstrip.

The coupling of a dominant wave a traveling with wavenum-

ber ~(~, z) in the + z direction to a p&asitic reverse traveling

wave b is modeled by the coupled equations

da

dz
—=–j~a+ttb

db

— = Ku + j~b.
dz

(1)

The coupling coefficient K for a purely TEM wave is given by

where

(3)
\ ~1

and L is the length of the transition. The quantity – K/2~0 is

often defined as CK(.& ) [8] where C is a normalization constant

and /30 = ~ ( ~., .$) is the propagation constant at some midband

frequency ~o. In finline, the presence of a TEIO component is

described by an additional term in (2) [13] so that

This assumes that the TEIO mode propagates through a smoothly

varying slot contour where there exists negligible transverse cur-

rent density. Equation (4) can be rewritten as

(5)

Integrating (5) over & gives

Equation (6) gives the unknown finline parameters Z and ~, at

any point along the line in terms of the integral of the coupling

distribution up to that point of the taper.
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Fig. 3. (a) Circuit layout of the two-position reflection phase shifter. A

signal input from waveguide on the left is reflected either at the p-i-n diode or

at the short, depending on the diode bias. The substrate has a thickness of 0.25

mm and a dielectric constant c, = 2.22. (b) View into the waveguide, showing

the substrate mounted in an aluminum block. The finline is dc isolated from

the short circuit and housing using a thin dielectric sheet that acts as a

capacitor.

The reflection coefficient and the coupling distribution K(f)

can be shown to be a Fourier transform pair. This allows a

suitable K(&) to be selected given a maximum reflection condi-

tion above a specified cutoff frequency. The coupling distribution

K(t) selected here is called the near-optimum distribution [12],

and is the sum of two Dolph– Chebyshev functions in which the

delta functions cancel out. Once the particular coupling distribu-

tion function is selected to satisfy a prescribed reflection con-

straint, the transition length is determined.

The method applied to solve (6) is as follows:

1)

2)

3)

First the impedance as a function of normalized finline

variables is determined from spectral-domain results given

in [10] and [11]. The results are plotted and a polynomial

curve is least square fitted.

Likewise, the cutoff frequency of the finline ~ as a func-

tion of normalized finline variables is determined from

transverse resonance theory [9] and modeled as a polyno-

mial function.

The integraf of K(f) is tabulated in [12]. These values are

plotted as a function of normalized position and also fitted

to a curve. One then has a polynomial that is a function of

position on the left-hand side of (6) and the product of

two polynomials that are a function of the finline dimen-

sions on the right-hand side. A standard numericaf root-

finding program is used in solving these equations for the

finline dimensions along the transition.

Fig. 2 illustrates two different styles of finline transition that

were designed using the above synthesis procedure. The inflection

in the contours is characteristic of tapers designed with even

coupling distribution functions. This differs from designs that use

an even function directly for the contour, such as a cos ( z)

dependence, without first integrating according to (6).

In Fig. 2(a) a Ku-band transition is shown. The antipodal

finline taper transforms from waveguide to slightly overlapping

finline. The impedance of the finline at this point is about 160 L?,
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Fig. 4, (a) Equivalent circuit for the p-i-n phase shifter of Fig. 3. (b) Puff circuit used to model the reflection phase shifter. The

reflection coefflclent isgiven forthediode lntheoFF (open circuit) position. When thediode isoNel,:ment bischangedto4Q and the

phase shifts by 90° at midband.

so a microstrip transformer is employed at that point to trans-
form from 160ff to50fLThe microstrip transformer is designed
by integrating (2) since it is a quasi-TEM line.

In Fig. 2(b) the transition designed for the 75-110 GHz
wavegnide band is illustrated. The finline transforms from wave-
guide to antipodal finline that overlaps by approximately 20
percent of the waveguide height. At this point the impedance of
the overlapping finline is 50 Q, allowing 50 Q microstrip to be
connected directly to the firdine.

B. Reflection Phase Shifter

The mechanical phase shifter shown in Fig. 1 consists of a

noncontacting sliding short mounted on a magic tee. The oppo-

site port on the magic tee is terminated and the remaining two

ports serve as the input and output for the phase shifter. This

type of phase shifter has very broad band performance at the

expense of a 6 dB insertion loss due to the hybrid. To avoid the

problems of having to reproducibly position the sliding short,

and to speed up the measurement process, an electronically

switchable short was developed. A two-position short was made

using a p-i-n diode shunted across a tapered finline. When

integrated into the 27–40 GHz analyzer, the electronic phase

shifter considerably improved the performance.

The details of the E-plane circuitry employed in the phase

shifter are shown in Fig. c!. Two disccmtinuities in the form of a

beam lead diode and a capacitively coupled shorting septum are

evenly spaced across the 1ine to perform a high-speed switchable

two-position short.

The p-i-n diode is an Alpha DSG 6470 planar beam lead

device with ~ =35 fF, R, = 4.0 Q, and a 150 ns minority carrier

lifetime. In the OFF state the reverse-biased diode loads the line

with parasitic capacitance. In the ON state, the forward bias

resistance of the diode and the inductance of the beam lead limit

the magnitude of the reflected signal. Effects due to the varia-

tions in C, and R, were studied using a computer model (Fig. 4).

The particular p-i-n selected has comparatively low R, to mini-

mize return loss. The inherently greater C, associated with this

low, R, diode introduces additional phase shift that may be

compensated by decreasing the spacing between the diode and

short circuit [14]. A computer aided design program, Puff, co-
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Fig, 5, Measured standing wave ratio for the two experimental transitions

pxtured m Flg 2. (a) 27 to 40 GHz adapter results. (b) 75-110 adapter

results Both curves were measured using the computer-automated variable

state four-port network analyzer.

developed by one of the authors [15], was employed in the

preliminary design stages (Fig. 4). The equivalent circuit is gener-

ated in the top left screen corner from parts in the bottom left

corner. The brass short circuit is represented by a lumped RLC

circuit (element d) while the p-i-n diode is represented by three

lumped impedances (elements a, b, and c). The p-i-n and short

are separated by a length of transmission line (tline) with

impedance lZ = 180 Q and length 1.4 mm. The reflection coeffi-

cient for the phase shifter II is plotted on the magnitude plot

and Smith chart on the right side of the screen. Frequency-depen-

dent effects such as the excess electrical length of the shorting

septum and finline dispersion can be stored on disk and then

used by Puff to predict design trade-offs and the final perfor-

mance of the phase shifter (Fig. 4).

HI. MEASUREMENTS

were performed using two prototype variable-state reflectome-

ters. Based on prior investigations [2], we estimate the accuracy

of the measurements presented here to be better than 1 percent.

In the 75 to 110 GHz setup (Fig, 1), a mechanical short is used. A

p-i-n phase shifter was employed to vw the state in the 27 to 40
GHz analyzer.

The reflection coefficients of the Ka- and W-band waveguide-

to-microstrip adapters were measured using a matched load to

terminate one of the two waveguide ports. The results are sum-

marized in Fig. 5. The adapters consist of three sections, a

waveguide-to-microstrip transition, a length of microstrip line,

and a second transition back to waveguide. A semiconductor

device may be mounted on the microstrip section for testing. For

the Ku-band adapter, each finline transition has a theoretical

KS WR of 1.25:1, while the microstnp transformers were de-

signed with a 1.1:1 maximum ~~ WR. Likewise, the W-band

transition was designed to meet a total KS WR criterion of

1.15:1. Depending of the length of line between the two transi-

tions, the reflections can combine constructively at some frequen-

cies to give a totaf reflection equaf to approximately twice the

reflection from a single transition. The spacing between succes-

sive maxima in the V% WR plots of Fig. 5 are related to the length

of microstrip line between the two transitions. Based on the
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$ 75

~ 100

~ 125

g 150

9+175 . .

200 4 I
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Fig 6. Phase shift as a function of frequency for the reflection phase shifter.

The computed model takes into account dispersion and frequency-depen-

dent parasitic effects.

design criterion, an estimated maximum VS WR of 2:1 is possi-

ble for the Ku-band adapter and a 1.7:1 KS WR for the W-band

adapter. These estimates compare well with the measured data.

Fig 6 is a superposition of the measured and predicted perfor-

mances for the p-i-n phase shifter in the 27 to 40 GEE waveguide

band. The measurements were performed on the Ka-band ana-

lyzer by placing the p-i-n phase shifter at the test port. A

mechanical sliding short similar to the one in the W-band ana-

lyzer (Fig. l(b)) was used to provide the necessary phase shift for

operating the analyzer. The computed results shown in Fig. 6 are

based on the equivalent circuit of Fig. 4, Dispersion effects in the

finline are included in the modeling. Not plotted in the figure is

the return loss, which was better than 1.8 dB for either the ON or

OFF p-i-n diode state.

IV. CONCLUSIONS

Components for use in a new type of four-port analyzer that

accurately measures reflection coefficients by varying the internal

state of the instrument have been presented. The analyzer is a

simple, low-cost system for characterizing devices and compo-

nents in the millimeter-wave region. Future work will focus on

extending the analyzer to perform transmission measurements.
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A 13 GHz YIG Film Tuned Oscillator for

VSAT Applications

‘YASUYUKI MIZUNUMA, YOSHIKAZU MURAKAMI,

HIROYUKI NAKANO, TAKAHIRO OHGIHARA, AND

TSUTOMU OKAMOTO

Abstract —A 13 Gf-fz tunable oscillator using YIG film grown by LPE

has been developed. A very low phase noise of – 93 dBc/Hz at 10 kffi

from the carrier and an output power of 11 dBm have been achieved over

the entire tuning range of 500 MHz. With excellent linear taning charac-

teristics, this oscillator is ideaf for use as a freqnency-agile synthesized

locaf oscillator in a very small aperture terminal system.

I. INTRODUCTION

Today’s Ku-band very small aperture terminal (VSAT) will
make it possible for many more people to use commercial satel-
lite communication services. We have utilized YIG film grown by
LPE to develop a compact, low-cost, high-performance Ku-band
tunable oscillator for use in a VSAT system [1]-[3].

As is widely recognized, local oscillator phase noise is a critical
parameter in the bit error rate (BER) performance of a digital

earth terminal [4]. From the high unloaded Q of the uniform

precession mode of a YIG resonator, a very low phase noise of

– 93 dBc/Hz at 10 kllz from the carrier has been achieved over

the entire tuning range of 500 MHz.

A compact magnetic circuit has been constructed of a perma-

nent magnet supplying the dc magnetic field required to resonate

the YIG film at 13 GHz, and a small tuning coil covering the 500

MHz tuning range. By appropriate design of the gallium substitu-

tion in the YIG film, temperature compensation between the

permanent magnet and the YIG film has been achieved [1]. This

approach enabled us to realize a YIG-tuned oscillator (YTO) of

compact size, low power consumption for biasing field, and rapid

tuning response.

Because of its low phase noise, high output power, and linear

tuning characteristics, this oscillator is ideal for use as a fre-

quency-agile synthesized local oscillator in a VSAT system. As

the local oscillator selects the different channels in the up-conver-

sion and down-conversion RF sections, it makes the construction

of the earth terminal much simpler than that of a terminal using
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Fig. 1. Schematic structure of the complete YTO.

Fig. 2. Oscillator MIC.

a fixed-frequency dielectric resonator local oscillator (DRO) and

block conversion.

This paper will first describe the fabrication of the tunable

oscillator using YIG film. The design criteria of the YIG film

resonator and the output matching network to achieve low phase

noise and high output power will then be discussed. The relation

between phase noise, temperature, and biasing voltage VJ, will

then be described. Finally, the tuning characteristic and the drift

of the frequency and output power over the temperature range

from – 30”C -to + 60”C will be presented.

II. OSCILLATOR FABRICATION

The schematic structure of the complete YIG film tuned oscil-

lator and its circuit are illustrated in Figs. 1 and 2, respectively.

The GaAs FET is in the common-gate configuration with the

source connected to the YIG film resonator and the drain ccm-

nected to the output matching circuit [5].

Fig. 3 shows the trajectory of the inverse of the input small-sig-

naf reflection coefficient ri~ with frequency, and a typical reflec-

tion coefficient loop rYI~ resonating at 13 GHz. The condition

for the onset of oscillation is that I’i~ 1 be encircled by I’YI~, and

stable oscillation is realized when the condition ri~ I ( A ) = I&j

is satisfied with the increase of signal level A of the GaAs FET.
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