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FOREWORD

This report presents matching and modeling techniques for use

in the evaluation of microwave transistors. It is a final report

of the AFAL in-house effort, "FET Techniques," to characterize

gallium arsenide field effect transistors and to develop novel circuit

applications.

This technical report was prepared by Mr. M. C. Calcatera of

the Microwave Technology Branch, Electronic Technology Division,

Air Force Avionics Laboratory, Wright-Patterson APB, Ohio, under

Project 2002, Task 0344. The work period for this effort extended

from April 1978 to December 1979.
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I. ADJUSTABLE MICROS TRIP MATCHING STRUCTURES

A. Introduction

A simple method of adjusting the impedance that is presented

to a microwave device would be useful to obtain a low noise figure,

high gain, or high output power from the device. The method(s) inves-

tigated should be simple in the sense that the circuit designer should

be able to make adjustments with impedance matching elements that are

easy to adjust and simple to fabricate.

The specific goal of this effort was to develop procedures

that can be easily used by microwave circuit engineers to obtain a

good noise figure impedance transformation for a microwave transistor

amplifier stage in a microstrip circuit. The procedures developed were

for gallium arsenide metal/semiconductor field effect transistors

(MESME) operating in the 8 to 12 GHz frequency range. These same

procedures can also be applied to impedance matching for other micro-

wave semiconductor devices.

B. Discussion of Candidate Approaches

There are obviously many possible distributed circuit techni-

ques to obtain an impedance transformation in a microstrip circuit.

These methods may include open or short-circuited stubs, high or low

impedance line transformers, tapered lines, coupled lines, or dielectric

loading. To select a candidate approach, the following criteria were

used:

1. Good electrical performance

a. low loss

b. moderately wide bandwidth



2. Reproducible

3. Easily adjustable

4. Simple to fabricate

5. Amenable to analysis

C. Gold Ribbon Open Circuit Stub

A scheme that was initially investigated is depicted in Fig. 1.

A microstrip transmission line was fabricated with a checkerboard

pattern of metal squares and spaces along the center conductor strips.

By connecting the center conductor to various sets of metal squares,

the effective source impedance that the MESFET sees can be adjusted.

This is accomplished using a metal strip of gold foil as shown in Fig.

1. The configuration can be modeled as an open-circuited stub

attached to the 50 ohm microstrip line as shown by the equivalent cir-

cuit of Fig. 1. Using the well-known transmission line matching tech-

niques for a single-stub tuner, the appropriate lengths tI and ts can

be easily found with the aid of a Smith Chart. In theory, any device

impedance can be transformed to 50 ohms at a single frequency if the

impedance has a positive resistance.

The stubs are fabricated by cutting an appropriate length of

gold ribbon with scissors and positioning it on the circuit with

tweezers. A few of these stubs were successfully thermocompression

bonded by placing a piece of 25 mil alumina on the ribbon and heating

the alumina with the tip of a small soldering iron for about 10

seconds.

The electrical performance of the gold ribbon stubs were very

erratic. When a stub was repositioned along the length of a terminated
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50 ohm line, the resulting reflection coefficient would typically

change by up to 50%. Close inspection revealed that a small air gap of

a few mils existed between portions of the ribbon and the alumina sub-

strate. The effect of this air gap was analyzed to determine its

significance. Ignoring fringing effects, the air gap reduces the

effective capacitance per unit length of the stub line by:

C 1 A{.l +1
C0 C0 C0 Ca

(C /Ca + 1)-

- (erda/d ° + 1)
-  ()

where: C - capacitance of line with no air gap0

C = capacitance of the air gapa

C - total capacitance (Ca and C in series)

E - relative dielectric constant of the aluminar

d - air gap thicknessa

d - substrate thickness
0

The effect is illustrated in Fig. 2. The graph shows the reduction in

characteristic admittance of the stub line due to the air gap, where

Y c/Yco - (C/C ) . The shunt susceptance of the stub is given by:

Ys W JBS W JYc tan kL (2)

and is therefore porportional to the stub characteristic admittance Y .c

This shows that an air gap as small as 2 mils reduces the stub shunt

susceptance by 25%, and explains the poor reproducibility of this

matching method.

4
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D. Metallized Ceramic Chip (METCHIP) Technique

Analysis of the problems with the gold ribbon tuning showed

that an adjustable metallic tuning element must be capable of main-

taining intimate contact with the alumina substrate in order to be

reproducible. In fact a line impedance variation of under 10% requires

a maximum air gap of less than 0.5 mill

Since microwave alumina substrates are manufactured to very

small flatness tolerances, a small chip cut from a metallized substrate

should exhibit only a very small air gap when placed on another sub-

strate. To test this concept, a number of small squares were fabricated

using a programmable laser cutting tool. The squares ranged in size

from 50 to 120 mils on a side in 10 mil increments. When centered on

the microstrip conductor with the metallized side facing the microstrip

center conductor as in Fig. 3, the METCHIP can be modeled as a short

length of low impedance microstrip line. The line transforms a load

impedance Ze to the impedance Zi given by the familiar transmission

line equation:

Z cos kL + JZc sin kL
Zt - Zc Zc cos kL + JZt sin kL

where Z - characteristic impedance of the line sectionc

L - length of the line section
k 2!f r-'

k =-r- - transmission coefficient of the line section

' = effective dielectric constant of the microstrip line
r

Here Z and cA are properties of the microstrip line that must be cal-
r

culated separately. Sobol 1gives expressions for these as follows:

6
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-- E /(l + 0.63 (E - 1)(W/H)0 .1255  (4)r r r

Z - 376.8 H1.c 3 c .3 (5)VE r-W(I + 1.735 c -. 72 (W/H)-.B6

where W = width of the microstrip line

H - thickness of the dielectric substrate

E - relative dielectric constant of the substrate

These expressions were evaluated for characteristic microstrip imped-

ances from 10 to 50 ohms, where the substrate thickness is 25 mils and

the substrate material is alumina (Er - 10). The results are shown in

Table 1. Using this data, Eqn. (3) can now be evaluated to determine

the METCHIP impedances. A computer program was written in BASIC to

solve Eqn. (2) for various size METCHIPs, where Z is a 50 S1 terminated

line. The resulting impedances were transformed to reflection coeffi-

cients on a 50 2 line, where:

50 - Z'

- ( (6)
t 50 + Z

The output is plotted in polar form in Fig. 4 and as functions of fre-

quency in Figs. 5 and 6, for frequencies ranging from 2 to 12 Gz. The

program listing is given in Table 2. Fig. 5 shows that METCHIPs

ranging in size from 40 to 120 mils can be used to synthesize reflection

coefficients in the range of 0.16 to 0.74, at any frequency in the 7 to

11 GHz range.

E. METCHIP Measurements

To check the validity of the METCHIP model as a section of low

8



ze

Z~rOHM$9 DTH

( IlL$) DIELECTRIc
(EFF310

11 247.691 85490712 221.566 84576313 199.786 8.45763

14 181.396 8.283718
i5 165.683 8.20771
16 152.104 8.13168
17 140.26, 8.0586
Is 129,943 a.985
19 2 .1 7.92193
20 

112.379 
7.8574621 104.992 7.79544

22 
98.3287 

7-7357323 
92.2908 

7.678224 86.7972 .6277

2S 81.7758 7 5693

26 77.1793 7.569
2? 72.9353 7.46769
28 69.82 4 ?.469 12
29 65.4064 ?.333
3e 62-847S 73?338
31 5e-9233 7.2854
32 16,80 i. 72432433 53-288 724324

34 5 ,39 202.1638
35 483484 7.12574
36 46.1916 7-1

43.97 7.89163798 
7.053ej

38 
41.9934 

7.01965
39 40.1114 6.98664
40 38.3321 6-95476
41 36.6476 6 954742 35.e5a8 6-9239742 ~ 

6.89424
43 33.5357 6-86555
44 32.1262 6.8524

45 38.7799 6-824?
46 29.4985 6.78944
47 28.278 6.84

48 27.114? 6.73203

49 26.885 6.7352
50 24946 6.6795323.9346 

6.65492

Table 1. Width (W) and Effective DielectricContant (Er eff) of icrostrip Lineson Autna(p ( 25mils, Cr 10)
Substrates
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DATA .7 6 06. 9 9 , .667,7.15, .594,7.3, .563,7.43, .488,7.55

DATA .448,7.66, .414,7.75, .386,7.84, .362,7.91
COM R12B],C[120]
LET Ml-I
FOR L-4 TO 12
DSPLAY "FOR W .", 1*L,"MILSZ(8),K(REL) i"

RERD G,K
LET B1=.988532*SQR(K)
LET 31=10*L*B1
FOR H= TO 20 STEP 2
LET S=N*B1
LET B=TAN(B)
CPAK (G ,G*G*B ,P)
CPKC(,B,Q)
CDIV(P,Q,R)
CPAK (1-REA(R) ,-IMGC(R) ,P)
CPAK (1+REA(R ,IMC(R ,Q)
CDIV (P,QR)
LET A[M)=MAG(R)
LET CEM]=ANG(R)
LET M=M+1
NEXT N
NEXT L
CLEAR ClJ
LET T=O
BUF (201
SCALE(2,12,8,1)
SAXES (1, .1)
FOR L=O TO 88 STEP 11
FOR M=I TO 11
LET N=L+M
I " 4>1 GOTO 290
PLOT (M+1 ,AN) ,0)
GOTO 295
PLOT (M+l,RCN],3)
NEXT Ml
NEXT L
STOP
FOR N-i to 11#4
FOR L.0 to ee tTP 11
LEt 4-m+L
IF L>@ COTO 350
PLOT(PCN2 ,CCNJ ,8)
GOTO 355
PLOT (A[N3 ,CEN3 ,2)
NEXT L
NEXT M

Table 2. Program to Calculate METCHIP Reflection Coefficient

(H-P BASIC)
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impedance transmission line, several METCHIPs were measured using an

Automatic Network Analyzer (ANA). 3 The ANA System measures the 2-port

scattering parameters of a microwave device. It automatically corrects

for internal system errors using stored data from measured calibration

standards. The METCHIPs were placed on a 500 microstrip line fabri-

cated on a 25 mil alumina substrate, and measured at 9.35 GHz. The

calculated and measured reflection coefficients are plotted on a portion

of a Smith Chart in Fig. 7 for comparison. The measured values deviate

from those calculated by -0.5 to -5.5Z in magnitude. All the measured

angles are rotated toward the generator (smaller reflection coefficient

angle) by about 0.01 - 0.02 wavelengths. The reduction in magnitude

may be caused by the small air gap between the METCHIP and the ceramic

substrate. The angular rotation is due to fringing effects3 at the

interface of the METCHIP and the 50 ohm microstrip line. This effect

can be accounted for by modifying the simple model to include short

lengths of transmission line to shift the reference planes as shown in

Fig. 8. The magnitude of this reference plane shift was empirically

determined to be a linear function METCHIP width, i.e. Ax - k(W - W0).

A best fit approximation to the measured values give k & 0.123 and

W & 24 mils, where Ax, Wm and W are the physical lengths in mile, as

indicated in Fig. 8. The results of this empirical correction to the

transmission line model are shown by the dashed curve in Fig. 7. These

results show that the modified transmission line model can be used to

closely approximate the METCHIP performance. The reproducibility can

be seen from the measured data in Fig. 7 for several devices which were

remeasured after removal and replacement on the 50 ohm line.

13
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II. APPLICATION TO MESFET MATCHING

A. The GaAs MESFET

The gallium arsenide metal epitaxial semiconductor field effect

transistor, first proposed by Meaa18 in 1967, is establishing its perfor-

mance superiority in most low noise microwave receiver designs. The

GaAs FET is a unique device with numerous applications, for example:

amplifiers, oscillators, mixers, modulators, parametric amplifier

replacements, and RF switches. Demonstrated performance to date

includes amplification at frequencies up to the millimeter-wave region

(10 dB gain at 30 GHz), low noise amplification (less than 2 dB noise

figure at 8 GHz), and more than 2 Watts power output at 10 GHz. This

performance has opened the door to applications ranging from active-

element phased array radars, to low-cost portable satellite receivers.

(1) Device Topology

Fig. 9 shows a plan and cross-sectional view of a typical

GaAs MESFET. Alloyed metal ohmic contacts form the source and drain,

and a metal-semiconductor (Schottky-barrier) junction forms the gate.

High frequency performance is enhanced by the planar geometry, which

minimizes stray capacitances, and by the high electron mobility of the

gallium arsenide material, which is in the range of 3000 to 8000 cm /

volt-sec at 300°C, about five times higher than silicon. The very

short gate length, Lg, (0.2-2.0 microns) is a critical parameter, since

it determines the electron transit time in the gate region, and there-

fore the maximum operating frequency. The saturated current Idos' is

proportional to the gate width, Wg, (approximately 300 microns in a low

17
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noise device) and the active layer height, a, (0.1-1.0 microns), which

therefore strongly influence the maximum power capability of the device.

(2) Equivalent Circuit

Fig. 10 shows the small signal lumped equivalent circuit

elements of the GaAs MESFET in relation to the device geometry. The

element values given are published results 4 based on device modelling of

the type NEC244 transistor used in this investigation. Comparison of

measured scattering parameters with those predicted by this model pro-

vide a useful check for the validity of the model.

B. Device Characterization Techniques

The noise figure and gain of a MESFET amplifier stage are

functions of the source and load impedances, the device bias, the

operating frequency, and the ambient temperature, humidity, and light

level. Fortunately, the last three parameters have been seen to have

only a small effect on most devices at room temperature, and under

normal laboratory conditions. Measuring the effects of thea first four

parameters, however, still presents a formidable task, and requires a

systematic approach to the device characterization.

(1) Measurement Setup

The setup diagrammed in Fig. 11 was designed to provide

highly accurate gain and noise figure measurements for MESFET devices

over the 8 to 10 GHz band. Frequeucy, bias, and tuning co-nditions can

be changed and their effects measured without changing the setup con-

figuration. Gain or noise figure measurements are selected by simul-

taneously energizing the two SPDT adlenoid operated coaxial switches.

Device tuning is accomplished directly on the FIT test fixture using

19
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METCHIPs, or with external coaxial tuners. The bias supplies incor-

porate series resistors of 100 ohms in the drain and 1000 ohms in the

gate circuit provides "soft" bias to the device to avoid burnout due to

bias supply transients. Independent monitoring of source and gate

voltage and current is provided.

(2) Microstrip Test Fixture

The microstrip test fixture, sketched in Fig. 12, was

designed specifically for MESFET microwave characterization, and is

quite suitable for METCHIP tuning. As shown in Fig. 3, the FET die is

mounted to a metal rib on the microstrip carrier using heat-setting

epoxy adhesive. Thermocompression stitch-bonded 0.7 mil gold wires

provide the device electrical connections. The device carrier is

clamped into the test fixture assembly by tightening four screws which

are tapped into the center block. This block is machined 5 mils shorter

than the carrier to ensure good ground continuity. The center conduc-

tors of two miniature 50 ohm coaxial lines protrude from the end blocks

to provide pressure contact to the microstrip lines. The coaxial

sections then transition to precision, sexless 7 mm (type APC-7) con-

nectors, which provide highly repeatable connections, and a precisely

located reference plane.

(3) Gain/Noise Figure Measurement Procedure

To provide accurate measurements, the test setup of Fig.

11 must, be calibrated at each measurement frequency, due to variations

in loss, coupling, sweeper power output, and noise figure of system

components over frequency. The calibration consists of the following

steps:

22
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1. Connect the microwave noise source to the drain bias

tee. Measure and record the noise figure, NFa, at each test frequency.

2. Replace the microstrip FET carrier with an equal length

microstrip through line, connect the noise source to the test fixture,

and measure the noise figure NFb at each frequency.

3. Connect the setup in the standard configuration, and

adjust variable attenuator, Al, for a standard reading on the microwave

power meter at each frequency. (To ensure that gain measurements are

made in the linear region of the FET device, the reference power level

should be a minimum of 10 dB below the 1 dB device output gain compres-

sion level. For the NEC244 device, a reference level of 0.1 mW was

used). Record the attenuator setting used at each frequency.

4. Measure and record the noise figure, NFc, at each fre-

quency.

After the setup has been calibrated, the microstrip FET

carrier can be replaced into the test fixture and measurements taken

without further calibration. It was found that the setup calibration

would hold without significant drift for at least eight hours, however

it should be recalibrated if measurements are made on a subsequent day.

Measurement of device gain is straight-forward. Since all

signal losses are accounted for in the setup calibration, the device

gain is simply Gd - Pmeasured/Pref.

Finding the device noise figure, NFd, from the measured

noise figure, NFm, requires a knowledge of the loss between the noise

source and the device, L1 , and the noise figure of the system following

the device, NF2. Recalling that the noise figure of a linear, passive

24



element at room temperature is equal to its insertion loss, the loss of

the microstrip test fixture is simply: Lf -NF b - NFa, where quantities

are expressed in dB. Since the fixture is symmetrical, it can be

assumed that this loss is split between the input and output ports of

the fixture. The required quantities L1 and NF2 can now be determined

where NF - 10 log F as:

L I =NFc - NF b + (NF b - NF a)/2 (7)

and NF2  NF a + (NFb - NFa)/2, (8)

where all quantities are expressed in dB. Now, using the Friis equition

for cascaded noisy 2-ports:

F TO F'~+ (Fr- 1)/Gj+ (F;- 1)/GjG'+ **'(9)

where all quantities are expressed as ratios, the measured noise figure

can be related to the device noise figure by:

Fm L1 + (Fd - 1)L1 + (F2 - 1)LI/Gd

- L1 (Fd + (F2 - 1)/Gd). (10)

As this equation clearly shows, the measured noise figure value is a

function of both the device gain and noise figure. In order to con-

verge on a bias or tuning condition that results in a minimum device

noise figure, the actual value of NFd must be determined for each

subsequent adjustment. This can be done with either a programmable

calculator, or by using a family of curves such as those plotted in

Fig. 12a. This plot was used to quickly estimate the device noise

figure from the measured data, for a system calibration at 9.35 GHz,
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From Measurements Descrited in Eqns. 7 and 8.
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where L= 0.9 dB and NF2 - 8.8 dB.

C. MESFET Characterization

The type NEC 244 MESFET was selected for this investigation,

since it is well known and widely used in the microwave industry. It

is a one-micron gate length, 300 micron gate width device designed for

low noise applications at frequencies up to 12 GHz.

(1) Effect of Device Bias

Selecting a suitable bias point for a low noise amplifier

stage requires a knowledge of the tuned minimum noise figure and

associated device gain over a wide range of bias conditions. The

initial measurements showed that while drain voltage variation showed a

small effect, the drain current level was by far the determining para-

meter for the device noise figure and gain. The drain voltage was there-

fore fixed at 3 V to remain in the saturated drain current region of the

device, and below the nominal 6 V gate-to-drain breakdown voltage for

the range of applied gate bias. The drain current was adjusted to

values from 2.5 to 35 mA by controlling the gate voltage. At each

value of drain current, the HESFET was tuned for the minimum device

noise figure using a coaxial tuner at the input, and METCHIP tuning at

the output of the device. The measured results, shown in Fig. 13,

indicate that the optimum bias levels for low noise figure and high

gain show conflicting trends. To determine a suitable bias level for

low noise operation, a quality factor called noise measure, M, can be

defined as the noise figure of an infinite cascade of identical ampli-

fier stages. Solving the Fis equation for this condition gives:
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Fi F-i
Mw F+ +- + "'"

G G2

=(FG-I) G(-1) (11)

where quantities are expressed as ratios. From Fig. 13, the optimum

noise measure of 3.34 dB occurs at a drain bias level of about 10 me.

The bias was fixed at this point (VD- 3 V, ID - 10 mA) for the subse-

quent measurements.

(2) Noise Figure Variation with Tuning

To understand the noise figure behavior of a GaAs FET

stage due to tuning variations, it is fruitful to refer to the analysis
5

of Haus and Adler, in which the transistor is treated as a noisy

linear two-port network. The analysis shows that the noise figure can

be expressed as a function of the source admittance by the relation:

F - Fin R/G[(Gs - G on ) 2 + (B - B On) ], (12)

Fmin = minimum device noise figure

R - equivalent noise resistance of devicen

Gon + JBon - optimum source admittance for Fmin

Gs + jBs  actual source admittance

In terms of the source reflection coefficient, this can be expressed as:

F-F +4Rs - on2

-mm + (1 jrs6- 2)I rj 2 (13)min n(1 _ ja121 + r on 1

The parameter R is found to be:n

Rn - (Fo - Fmin)(11 + ron12J/4jron2) (14)

where F - noise figure where re 0.
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For a given frequency, bias, and output tuning, a unique

set of parameters Fmin, Fo and ron can be obtained using the measure-

ment setup. It was found that the output tuning produced a negligible

effect on these noise parameters as long as it was adjusted near the

optimum gain point. This is expected due to the high reverse isolation

(small value of S1 2) of the GaAs FET device. The following procedure

was used to measure the noise parameters:

1. Adjust the device bias point near the optimum

noise measure condition. (For the NEC 244 GaAs FET, VD - 3 V, I1 =

10 mA).

2. With the input unmatched, (r. - 0), adjust the

output tuning using an appropriate HETCHIP to obtain maximum gain.

3. Measure the resulting gain and noise figure and

calculate the device noise figure, NF0, using the Friisequation, or

the family of noise curves.

4. Adjust the input tuning using an appropriate

METCHIP to obtain a minimum device noise figure, NFmin*

5. Measure the length of transmission line, x,

between the input tuning METCHIP and the MESFET using a low power

microscope with a calibrated reticle, and calculate ron using the

relation:

- rei 2 k, where k - 2wfy '_/c, (15)

C effective dielectric constant of the 50 ohm microstrip line.
r

Performing the above procedure for the NEC 244 MESFET at

9.35 GHz produced measured values of NFo - 3.50 dB, NF n - 2.81 dB
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using an 80 mil METCHIP with x - 67 mils. From Fig. 7 it is seen that

the measured reflection coefficient of the 80 ail METCHIP is 0.54/1960.

Transforming through the distance x to the MESFET input terminals pro-

duce a phase shift of 4 - -2kx radians

- -2(360) fxvr/c deg

- -61.9 s f(GHz) x(cm) deg

- -98 deg for x 67 mils, f - 9.35 GHz

Then r o 0.54 1196-98 - 0.54LW .
on

The device noise figure for any input tuning condition, re, can now be

found from these noise parameters and Eqn's 13 and 14. This can be

shown graphically by constructing a family of "noise figure circles" on

the Smith Chart of the r' plane. The circles have centers and radiis

calculated by Haus and Adler to be:

center: Ci,- ron/(I + Ni) (16)

radius: RW. + (l - r I M)/(I + N) (17)
i i on

where Ni W (Fi - Fmin)1l + ro1 2/4Rn  (18)

Fi is the noise figure that results from any source reflection coeffi-

cient on the locus of the circle. Ci and Ri were calculated for values

of NFi - NFmi n + 0-10, 0.25, 0.5 and 1.0 dB. The results are plotted in

Fig. 14.

(3) Device Scattering Parameters/Gain versus Tuning

The scattering parameters of the NEC 244 FET were measured

with the device mounted in the 50 11 microstrip test fixture previously
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1i IPEDANCE OR ADMITTANCE COORDINATES

NF min 2.81dB

Fig. 14. Noise Figure Versus Input Tuning NEC 244, VD -3 V,
I =10 mA f - 9.35 GHz
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described. The device was biased at ID  10 mA, V D  3 V, and the

S-parameters measured over the 8 to 10 GHz range using an Automatic

Network Analyser. The results are given in Table 3.

6
Using the two-port power flow analyzer of Bodway, the

small signal gain, stability, and input and output reflection coeffi-

cients of a FET amplifier stage can be predicted from the measured S-

parameters, for any assumed source and load impedance condition. From

Bodway's analysis, the maximum available power gain of the device is

given by:

G IS2 1 /S 1 2 
21K ± VVI2T (19)

1 + 11 2 - ISllI 2 - IS2 21
2  (20)

where: K 21S 21 1HS12 1

and: A = SIIS22 - S12 S21 (21)

This gain is achieved for simultaneous conjugate matching of the device.

The source and load reflection coefficients required for conjugate match

are given by:

r c - BC 1 2 JC [2  (22)

B ± B) - 41c 21

r 2 - 2  21C2 12  (23)

B1  1 + is - 1S221
2 

- A2 (24)

B2  1 1 + 1s22 12 - 1S1112 - IA12  (25)
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C1 11 - 122 (26)

C2 = S22 - AS1 . (27)

(The plus sign of Eqns 19, 22 and 23 is used If K, BI < 0, and

minus if K, Bi > 0.)

The device is unconditionally stable for all tuning condi-

tions of ir ), JrLl < 1, if K > I and B., B2 > 0.

If port 1 is not conjugately matched, the available gain

G can be expressed as a function of the source reflection coefficienta

rs by: 1 1 4 eg - rms (28)

a(1 - re1 2)11 +

Using this relation, a family of constant gain circles

can be plotted on a Smith Chart in the source reflection coefficient

plane. These circles will have centers CGI and radii RGi given by:

Cot -r m/(1 + G al) (29)

RGi (1/( + Gai))'o ai2 + Gai (l - Irml (30)

1 1 ll+ r 2  (31)
a= G G 4 R

a &ax e

Re g - Re (72 2)/ly 21 1
2  (32)

(1 + S11 )(1 - S2 2) + $21S12

Y22 "(i + S l + S2 2) - S2 1 S1 2  (33)
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-2S21

Y21 - (1 + Sll )(l + $22 - 21s12

Similar relations for the available gain, due to varia-

tions in the load reflection coefficient rL, can be obtained by

exchanging S11 with $22 and S12 with S21 in the above relations.

To determine the effect of input and output tuning on the

gain of the FET amplifier stage, a program was written in BASIC to per-

form the complex arithmetic to evaluate equations 19 to 34, and to plot

families of gain circles in the source and load reflection coefficient

planes. The program is listed in Table 4. A sample execution is shown

in Figs. 15 and 16 for the NEC 244 FET at 9.35 GHz. Outputs for S-para-

meters in the 8 to 10 GHz range are listed in Table 5.

The gain circles clearly illustrate the sensitivity of

the gain to the source and load reflection coefficient values. It can

be seen from Figs. 15 and 16 that the coefficients must be controlled

to within approximately ±25Z in amplitude and 200 in phase to obtain a

value of gain within 2 dB of the maximum available.

D. Low Noise MESFET Amplifier

Using the procedures outlined in Sections lIB and C, the NEC

244 FET was tuned using METCHIP matching for optimum noise figure at

9.35 GHz. The physical layout and electrical equivalent circuits for

the amplifier stage are shown in Fig. 17. The measured METCHIP posi-

tions are x1 - 54 mils and x2 - 98 mile. The equivalent free space

electrical line lengths t to t4 for the circuit model are:
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S11 (PIRC,PNC) w .656083 -113.999
S12 (MAG,RNG) - 6.9996SE-92 47.9939
S21 (MAG,R#4G) = 1.58211 82.9977
.S,2 (MAGPHS). a "?S999 -19.9949
K a 1.39243
RHOCMS) CPAG,ANG) a .729167 127.572
RHO(lL (MAG,ANG) a .772028 30.1651
R(EG) 2.89708E-02
G(MAX) u9.07234 ds

Fig. 15. Constant Gain Circles in the Input Reflection
Coefficient, r8,Plane
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Program to colculat* the optimulb source impedance
and load impedance ,RN4(MS) & RHO(ML), and plot gain
circles whom the device S-parameters or@ given.

5 DATA .551,-132
6 DATA .126,34
7 DATA 1.568,65
8 DATA .636,-37
10 DIM SE123
15 CLEAR ( 1
20 LET N=08
30 FOR Lal TO 2
40 FOR Mini TO 2
60 LET N.H4I
65 DSPLAY "S"-L;Mp1; MG,RNG7
70 INPUT A,P
75 LET PBB57.296
88 CPrn((A*COQ4 (D),R.SIN(B,,SCN3)
98 NEXT M
188 NEXT L
104 CLEAR(1)
185 DSPLAY "S11 (M'1G,ANG3 = ";AG(S113);RNG(srI3)
106 DSPLAY "S12 (MAG,ANG) m "IMAG(SE23'3,A1G(SE2])
187 DSPLAY "S2l (MAG,RNG) = "jMAGCSC33)jQNG(SE3)
108 DSPLPY '$22 CPIAG,QNG) a ";I1G(SC43);RNG(SE43)
118 CMPYtSE1) ,SEA2 ,SI)
120 CMPY(SE23,Sr33,S2)
130 CSUB(Sl,SZ,D)
140 LET K=14-MRG(D)tZ-MAG(SC1 l)t2-HiRG(3C4])t2
150 LET K-K/(2*MAGEr33j*.p1G(SE23))
155 DSPLAY "K =";
156 IF K>1 GOTO 168
157 DSPLAY "CONITIONALLY STABLE S-PARAPIETERSO
158 STOP
160 LET P=MPG(SE133t2-P1AG(S[43t2
170 LET B1=1+B-MPG(D~t2
180 LET B2=1-B-M'IG(D)1-2
190 CPRK(REA(SE43),-IMG(sr43),S3)
200 CMPY(S3,D,S4)
210 CSUB(SE13 ,S4,CI)
228 CPRK(RER(S1l3,-IMG(SC12),35)
230 CMPY(S5,D,S67
24e CSUB(Sr43,S6,C2)
250 LET RI .D 1-SQR (B1t2-4*HAG (C1)t12)
260 LET RI=Rl/12*PIRGCC)tZ)
276 CPRK(RE -!C1),-tlG(C1),C3)
280 CPAK(R1,O,Rl)
298 CMPY(R1,C3,R1)
293 DSPLRY "RI40(MS) (I'AG,ANG) a "IAGCRI)IRNG(RI)
330 LET R2=B2-SQRCB2t2-4*PG(C2)t23

Table 4. GAIN CIRCLES -Program Listing
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310 LET MRZ/(2eN6CC(C2)12)
328 CPAICCREA(C2),-!r-wtC2),c4)
338 CPRK(RZ,8,R2)
348 CMPY(R2,C4,R2)
345 DSPLPY "RNO(ML) (MAG,QNG) -";MAG(R2);ANC(R2)

358 CPAK(1,8,U)
368 CADD (U ,SC 1)35)
378 CADD(U,SE4J ,S6)
388 CSUB(U,SE4] ,S7)
398 CMPY(S5,S6,38)
408 CSUB(S8,S2,S8)
418 CMPY(S5,S7,59)
429 CADD(59,S2,59)
438 CDIVCS9,S8,S9)
448 LET RsREA(59)
458 CPAK(-2*REA(SE32),-2*!MC 53l,S5)
468 CDIV(S5,58 ,55)
470 LET R-R'(MAG(S5)t2)
488 DSPLAY "R(EG) m-O
588 LET GIC-SQR(Kt2-1)
510 LET GwG*MAG(33)'MAG(5C21)
515 LET G4a4.3429*L0G(G)
516 DSPLAY "G(NAXJ = l';G4;"dB's
517 PAUSE
518 CLEAR(I)
528 CRDDCU,R1,G1)
538 LET G1=MRG(G1)t2z(4*R*G)
548 BUF(75)
555 SAE- 1,i4
556 PLOT(REA(R1),IPIG(RI),3)
557 LABEL "X"
568 FOR N=I TO 5 STEP 2
565 IF N>3 LET Na6
578- LET G2-GI*(1.2599tN-1)
588 LET R3-SQR(G2t2+2*(I-ACRI)t2))C14.G2)
598 LET X=REA(RI)/C1*C2)
688 LET YuIMG(R1)t(1*G2)
685 LET 0-0
618 FOR M=-8 TO 24
615 IF P1>8 LET 0=3
628 LET Si3.14159*M/12
638 PLOT(X+R3*COS(S),Y+R3*SIN(S),0)
648 NEXT M
645 LABEL "-"N
658 NEXT N
668 SP1ITH(1,1)

Table 4. (Continued)
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80 rail 100 Mil

Zm1 t PET 5W M2 50
e0R , 3 40

Fig. 17. PET Amplifier Stage

(a) Physical Layout (5 X scale)
(b) Electrical Equivalent Circuit
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Z=L (35)

1 1 r
l 1-L1 rc__ (36)

£2 " L2 Er2  (36)

£3 - (L3 + Ax)r o  (37)

t4 - (L4 + Ax2) (38)
4 A2 'rro

where rl' E r2' and Ero are the effective relative dielectric constants

of the 80, 100, and 24 mil width microstrip lines, and Ax1, Ax2 are the

lengths given by the modified METCHIP model of Chapter I. Zml and Zm2

are obtained from Table I as 24.4 and 20.8 ohms, respectively.

Fig. 18 shows the amplifier performance measured on the gain/

noise figure test setups over the 8 to 10 Glz range. The plotted values

represent the overall amplifier stage performance, and are not corrected

for circuit losses. These measurements show that one can obtain a good

noise figure and gain match over a moderate bandwidth at X-band using

the METCHIP matching technique.

III. COMPARISON TO CIRCUIT MODEL

In this chapter, the NEC 244 MESFET is modeled as a small signal

lumped-element equivalent circuit. The PET model is inserted into the

FET amplifier circuit model of Fig. 17, and the predicted performance

is compared with the actual measured results.

A. GaAs MESFET Model and Analysis

An equivalent circuit model which has been shown to be useful
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in predicting small-signal MESFET behavior4 is shown in Fig. 18. In

order to predict the S-parameters in a 5M system, source and load

generators E1, R- and E2, R2 were added to the FET model. A program

was written in BASIC to analyze this circuit, given the lumped element

values and the frequency, and to output the S-parameters of the model.

The program solves three simultaneous equations to determine

the loop currents IV 12, and 13 for the two conditions E I 1, E2 - 0

and E1 -I 0, E2 . 1. The scattering parameters are determined from the

currents I and 12 as follows:

By definition, the incident waves al, a2 and the reflected waves

bi, b2 are related by the scattering parameters as:

b I  S11aI + Sl2a2  (39)

b2  S 21aI + S22a2  (40)

where, a =(V //Z+ /z-- r ) (41)n n ee cn  n

b = h(V//Zv -"Zn In) (42)n 12 cm cm U

Now, letting Z cn 50 Q, and recalling that the incident waves a1 and

a2 mist be zero if their respective sources E1 and E2 are zero, solving

the above equations for the S-parameters gives:

for E 1  1, E2 n 0, $11 - 1 10011 (43)

S21 " -1001 2 (44)

for E O, 2 a 1, S22 ' 1 - 10012  (45)

S12 ' -10011 (46)
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Using published values of the model elements as listed in Fig.

10, the scattering parameters over the 2 to 12 GHz range were calcu-

lated and plotted as shown in Fig. 19. The element values were then

modified to provide a closer fit to scattering parameters of the NEC 244

FET as measured on the network analyzer. These new element values are

listed, and the resulting S-parameters are plotted along with the

measured S-parameters in Fig. 20.

B. Analysis of Circuit Model

The transmission line model of the FET amplifier circuit shown

in Fig. 17 can be analyzed using the theory of two-port networks. The

following procedure can be used to calculate the overall scattering

parameters of the amplifier:

(1) Calculate the S-parameters of the FET due to shift in

reference planes away from the device. The input and output reference

planes are shifted through the electrical distances t3 and Z 4 respec-

tivelyto obtain matrix IS'].

(2) Calculate the transmission parameters of the shifted

S-parameter matrix, [S'], to obtain matrix IT'].

(3) Calculate the transmission parameters of the low impedance

transmission line sections t1 and t2 to obtain matrices IT1] and IT2].

(4) Multiply: [T1] [T][ T2] - [T), the transmission matrix of

the overall amplifier circuit.

(5) Calculate the overall scattering parameters from the

matrix [TI.

A program was written in BASTC to perform these calculations,

given the device S-parameters, frequency, lengths tI to t , Zml and Zm2'
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Program to calculate the S-parometers

of a microwave GaRs FET given the lumped
equivalent circuit eleent values.
The equivalent circuit is based on a theoretical
device model given by Pucel (IEEE Trans ED).
The element values ore entered into data
lines 10 thru 24 as follows:
Ls,LgLd,Rg ,Rd,Rc ,lto, f,rCdg,Cgc ,Co,gmo

10 DATR 8E-11
11 DATA 2E-10
12 DATA 3E-10 X - measured (9 0Hz)
13 DATA 8
14 DATA 2.9 -
14 DATA .9 calculated (9 GHz)
15 DATA .9

16 DATA 300
17 DATA 1 .33
18 DATA IE+10
19 DATA 4.2E-12 ._+3 •)
20 DATA 5E-15
21 DATA 3.SE-13 -
22 DATA 1E-13 / . ,. ,
24 DATA . .

o.° x to

.'-- . "," , "

',,,... .. .... .. ... i . , "-.. :. .. .. .. -,

Fig 20..'. Revise Model Elmn:ale n catrnPrmtr
k .- , t.',.., : ." .9



The program was used to calculate the overall scattering parameters of

the circuit model of Fig. 17 using both measured device S-parameters,

and those predicted by the modified equivalent circuit model. The

results of the modeling are plotted in Figs. 21 thru 24, along with the

measured amplifier performance for comparison.

IV. CONCLUSIONS

An adjustable microstrip matching technique has been developed using

metallized ceramic squares (METCHIPs). This structure has demonstrated

reproducible performance due to the high degree of flatness of the cera-

mic material, and due to the uniformity in size afforded by the laser

cutting tool. A good impedance transformation over a moderate band-

width has been demonstrated using METCHIP matching of a low noise GaAs

FET amplifier stage at X-band. An empirical model was developed for

the METCHIP structure by modifying the transmission line model to

account for fringing effects. This modified model was used to construct

an overall circuit model for a GaAs FET amplifier stage. An analysis of

the overall circuit model showed a close correspondence with the actual

measured amplifier chazacteristics.
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Fig. 21. PET Amplifier Gain

51

I I i



GRAS FET AIP TEST

NEC 944 016
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Fig. 22. FET Amplifier Input Reflection Coefficient
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GAAS FET AMP T98T

NEC 244 016

3V,IOMA, REVERSED

I I. I I tI I
I tI iI £ I j I

_I uI I tI I I

I I ! I

I iI i i I

I I I I I I i
I I Ii I I I

iI I l l t I
I I I l i I

- II I I I I
Im I I 4 I I g 4

- 1----------------------------------------------I- 4-

I I•12 1I I I I I j I

" Ii I I I I j I

_ ,I\ . . .. ,, . ..I .. . . , ,.. I,. _.I . . _ .,'
I I W I I )' i

FiS. 2 F. Ai O R c Coefficien

I ! i i
I I I I % i I '

4' -f l

oI'' I j

I iI

I I I I I I

I I t I I I I
0I i I . . i I I I

8 F (Gaz) 9 10

Fig. 23. FET Amplifier Output Reflection Coefficient
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