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ABSTRACT 

This thesis describes a technique for the design 

of a microstrip IMPATT diode oscillator. The design tech

nique is applicable to any circuit configuration that can 

be modeled by lumped elements. 

A brief description developing the theory of a 

microstrip line is given to demonstrate how the physical 

dimensions of a microstrip line affect impedance, effective 

dielectric constant, and phase velocity. 

A lumped element model was developed to accurately 

determine the packaged diode impedance and mount parasitics. 

A test circuit was designed and tested on the automatic 

network analyzer using the above model to determine this 

impedance. 

Using the impedance determined from the test cir

cuit, an oscillator was designed and fabricated. A coupled 

line technique was used after determining that an elliptical 

transformer design was impractical. The microstrip oscilla

tor was tested for operation in X-band to demonstrate the 

accuracy of the lumped element model developed in this 

thesis. 

viii 



CHAPTER 1 

INTRODUCTION 

IMPATT diodes have been used for generating micro

wave power for more than twenty-five years. Microstrip cir

cuits have been in existence for an equally long time. To 

date, more research and design of microstrip IMPATT circuits 

has been with silicon IMPATT diodes. In the last five to 

seven years, Gallium Arsenide IMPATTs have become the primary 

source of low and medium power transmitters at X and KU 

band frequencies. For the most part, these designs have 

been limited to amplifiers using silicon IMPATTs. The 

substrate material has been limited to low dielectric con

stant material or alumina for these designs. Another limit

ing factor has been the exclusive use of diode chips rather 

than a packaged device. The objective of this thesis is to 

present a design using a packaged Gallium Arsenide IMPATT 

diode in a microstrip circuit with a unique diode mount. A 

high dielectric constant material is used as the substrate 

material. Several advantages of using a packaged diode 

should lead to improved performance over past oscillator 

designs. Some of these advantages are: 

1. Easier handling compared to chip devices. 

1 
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2. Environmental protection due to hermetically sealed 

packages. 

3. Increased output power due to better heat sinking 

properties of a packaged device. 

The development of this microstrip oscillator will 

be achieved in several steps. Prior to staring the design, 

a brief description of the important microstrip parameters 

will be discussed in Chapter 2. The complex impedance that 

the IMPATT diode and its mount present to the microstrip 

oscillator will be discussed in Chapter 3. Using the infor

mation obtained in Chapter 3, a microstrip oscillator will 

be designed in Chapter 4. In Chapter 5, this new oscillator 

will be tested and any circuit modifications required to 

improve performance will be discussed. Concluding remarks 

will be addressed in the final chapter. Recommendations to 

enhance the performance or ease the fabrication of a micro-

strip oscillator will be discussed in the appropriate chap

ters as they are discovered in the development of this micro-

strip oscillator. 

In order to accomplish this task, an extensive effort 

to accurately model the packaged diode and mount parasitics 

will be undertaken. In the past, this was usually accom

plished through various curve fitting techniques or a 

tedious, and sometimes not too accurate, impedance bridge 

method. In this thesis, an accurate model will be 
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established from which the packaged diode impedance will 

be determined using an automatic network analyzer and asso

ciated de-embedding program. 

A special test circuit will be designed using a 

unique mounting technique for a packaged diode. This 

unique circuit will be modeled in order to determine the 

mount parasitics of the circuit. Again, the automatic net

work a~alyzer with the de-embedding program will be used 

to determine the final packaged diode impedance and mount 

parasitics. Two different mounting techniques will be 

investigated to ensure the accuracy of this modeling tech

nique. 

In order to demonstrate the validity of the model, 

a microstrip IMPATT diode oscillator will be designed for 

X-band operation. A coupled line approach will be used to 

achieve the extremely low impedance required in an IMPATT 

oscillator. A computer program will be written to help 

optimize the physical dimensions required to make an X

band oscillator. The maximum output power will be deter

mined and injection locked bandwidth studied to verify 

the oscillator design. Finally, the performance of the 

microstrip oscillator will be compared to that of the 

waveguide oscillator. 



CHAPTER 2 

THE MICROSTRIP LINE 

The purpose of this chapter is to show some of the 

advantages of microstrip circuits and to acquaint the reader 

with the important parameters that affect microstrip 

oscillator performance. This will be accomplished with a 

short description of microstrip line operation using Maxwell's 

equations, followed by a short analysis of the frequency 

dependent parameters of a microstrip line. 

There are several advantages to using microstrip 

lines as the transmission medium. Several of these useful 

characteristics include the following: 

1. D.C. and A.C. signals may be transmitted. 

2. Active devices may be readily incorporated because 

of the open surface. 

3. In-circuit characterization of devices is straight

forward to implement. 

4. Line wavelength is reduced considerably from its 

free space value because of the high relative 

dielectric constant. Hence, distributed component 

dimensions are relatively small. 

5. The structure is quite rugged and can withstand 

moderately high voltages and power levels. 

4 
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6. Inexpensive to fabricate. 

7. Easy to reproduce in large quantities. 

A microstrip line consists of a strip conductor and 

a ground plane separated by a dielectric medium. The di

electric material acts as a structural substrate upon which 

the conductor is deposited. The conductor is usually 

copper or gold [1]. The dominant mode in a line consisting 

of two-wires in air or in any single dielectric is the trans

verse electromagnetic (TEM) mode. For TEM mode, both the 

electric field and the magnetic field lines lie in a plane 

transverse to the direction of propagation. For this mode, 

the field distribution may be obtained by a solution for 

static fields in the transverse plane.' 

There are two different media in microstrip line, 

namely the dielectric substrate and air. This quasi-static 

field distribution is illustrated in Figure 1. Based on 

this known quasi-static field distribution and Maxwell's 

equations, Gupta (1979) shows that microstrip structure 

cannot support a pure TEM wave [2]. Continuity of the tan

gential component of the electric field along a dielectric-

air interface yields 

E |j = E i (1) 
x |d x |a 

where subscript d and a refer to the dielectric and the air, 

respectively. From Maxwell's equation 
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h 

T 

Figure 1. Microstrip Configuration 
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( 2 )  

Using the continuity of the normal component of 

magnetic flux, 

e 8H /3 r z z y a (3) 

In equation (3) ^ 0 and is not unity. This implies 

that the left-hand side of equation (3) is not zero, which 

can only be true if Hz is not zero. If Maxwell's equation is 

to hold for the configuration of Figure 1, H should exist. 

also a non-zero quantity. It should be mentioned here that 

only the fringing components E and H at the air-dielectric 
X X 

interface lead to the quasi-TEM mode of the microstrip. 

These fringing field components are much smaller than the 

main field; therefore, departure from the TEM mode will be 

small. -

analyzing microstrip lines: 

1. Method of conformal transformation [25,26]. 

2. Numerical analysis using relaxation technique [6]. 

3. Hybrid mode analysis [2,5], 

The first two methods assume the mode of propagation to be 

a pure TEM mode. The third method is more rigorous because 

it considers non-TEM modes. The hybrid mode analysis is 

Similar arguments can be used to show that Ez is 

There are three methods that are commonly used for 



8 

necessary to study high frequency performance of microstrip 

lines. At 10 GHz, there is only a 3 percent error between 

the hybrid mode analysis and the conformal transformation 

method. This error increases to 10 percent at 20 GHz and 

to 23 percent at 30 GHz [5]. Therefore, using a pure TEM 

mode for analysis is reasonably accurate below 10 GHz. 

The method of conformal transformation introduced 

by H. A. Wheeler (1965) is the most widely used technique 

for microstrip analysis. In this method, the characteris

tic impedance ZQ is evaluated by using the relationship 

Z0 = 1/Vpc (4) 

Where is the phase velocity for the wave and C is the 

capacitance per unit length of the line. Calculation of 

capacitance is simplified by using a set of conformal trans

formations. These transformations convert the microstrip 

geometry into a parallel plate geometry for -which the 

capacitance may be calculated by using the formula for a 

parallel plate capacitor. 

The calculation of capacitance is based on the fact 

that real and imaginary parts of an analytic function of a 

complex variable satisfy the LaPlace's equation. Also, the 

real and imaginary parts of an analytic function are re

lated to Cauchy-Reiman relations. It can be shown that 

transformation of an analytic function, from one complex 
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plane to another keeps the capacitance invariant. For a 

complete description of this method, the reader should 

consult Wheeler's papers. 

The characteristic parameters of microstrip line 

depend on strip width w, thickness h of the substrate, and 

the dielectric constant e of the substrate material. For r 

a given thickness and dielectric constant, the impedance of 

a line can be controlled by varying the width of the micro-

strip line. The thickness t of the metallic top conducting 

strip has not been mentioned as a parameter because it is 

of much less importance and is often neglected. 

At low frequencies the change in phase velocity is 

very small; however, above a few gigahertz this parameter 

changes rapidly, causing the effective dielectric constant 

and line impedance to change. T. C. Edwards (1981) shows how 

this occurs in detail [3]. Only the relationship of micro-

strip line impedance and effective dielectric constant to 

phase velocity is shown here. The device parasitics also 

become important as the frequency of operation is increased 

above a few gigahertz. These effects will be covered in 

the next chapter. 

When the frequency of a signal exiting a microstip 

line is doubled, the phase constant 3 is not exactly doubled. 

This is called dispersion [3]. As the frequency increases, 

the phase velocity decreases and the fields become more 
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concentrated in the region beneath the strip. Due to this 

effect, the frequency dependent effective microstrip per

mittivity eeff(f) can be shown as 

eff (f) V p(f) 
(5) 

The dispersion problem becomes one of solving the 

microstrip fields for The limits of are 

easily established. The lower limit reduces to the static 

TEM value while the upper limit increases with frequency 

and approaches the substrate permittivity itself. This is 

summarized as follows: 

eff(f) 

e - as f + 0 
eff 

as f + 

( 6 )  

The upper and lower bounds of e
eff can be found in 

the static low frequency limit by considering the effects 

of very wide and very narrow lines. For very wide lines, 

nearly all of the electric field is confined to the di

electric; therefore, the structure resembles a parallel 

plate capacitor. For this extreme, 

Eef f 
(7) 

In the case of very narrow lines, the field is almost 

equally split between air and dielectric. For this extreme, 
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Eeff 2 * er + 1) 

The range of eef£ is therefore 

i( e + l ) < e _ - < e  ( 9 )  2 r — eff — r v ' 

The graph in Figure 2 displays the effects of dis

persion on three different impedance microstrip lines with 

an e of 10.2 and a substrate height h of 25 mils. 

The characteristic impedance of the microstrip line 

will also be affected by dispersion. This means that 

can be replaced with zg(f) an<^ equation (4) can be defined 

as 

Z0(f) • 1/Vp(f) c <10> 

It is known that the phase velocity progressively slows 

down with an increase in frequency; therefore, zg(f) will 

clearly increase with frequency. Figure 3 illustrates this 

for three different microstrip impedances. Again, this 

graph is based on an er of 10.2 and h of 25 mils. From 

this graph it is noted that the effects of dispersion be

come prominent above a few gigahertz. 

Equations (4) - (10) are presented here only to 

show one the effects of phase velocity, effective dielectric 

constant, and impedance in a microstrip line as the oper

ating frequency is increased. These basic equations will 

be expanded in detail in the following chapters to calculate 
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the required line widths and lengths of the microstrip 

oscillator. 



CHAPTER 3 

IMPATT DIODE IMPEDANCE 

The single most important criterion in the design 

of an IMPATT diode oscillator is that the impedance of the 

diode package and mount must be the complex conjugate of 

the impedance of the microwave circuit. The character

istic impedance of microstrip circuits is usually 50 ohms; 

however, the impedance of an IMPATT diode is approximately 

one ohm or less. This requires a large impedance transfor

mation to obtain the required match. The quality of the 

microstrip oscillator will greatly depend on how well this 

match is achieved. The impedance of the packaged diode 

and mount is the topic of this chapter. 

The mounting parasitics of a packaged diode and 

mount are usually negligible at L-band and lower frequencies. 

However, at X-band, these parasitics become more important 

and are usually dominant in their effect on circuit per

formance. The mount parasitics considered here are defined 

as the associated fringing capacitance and stray inductance 

located in the close proximity of the diode. 

There are two unknowns that must be solved in order 

to determine the IMPATT diode impedance at the reference 

plane where the diode is connected to the microstrip 

15 
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circuit. The two unknowns of interest are the packaged 

diode impedance and the mount parasitics. This problem 

will be solved in three steps. 

The first step will be to determine the mount para

sitics of a diode mounted in a quarter-height waveguide 

test circuit (see Figure 4). This circuit will be used 

because an analytical model is available which will yield 

a simple solution for the mount parasitics. The second step 

will be to determine the packaged diode impedance. The 

quarter-height waveguide test circuit will be used again 

to accomplish this. A network analyzer and associated de-

embedding program will be used to make the final measure

ments required to determine the packaged diode impedance 

[35]. The third step will be to determine the mount 

parasitics of the microstrip circuit. A special micro-

strip test circuit will be designed to aid in the accom

plishment of this task. The mounting parasitics of the 

device in the microstrip circuit will be found using 

open and shorted diode packages. Two different mounting 

configurations will be used to determine the effects of the 

ribbon bonds connecting the diode to the microstrip cir

cuit. The purpose of two different mounting techniques is 

to prove the validity of the model used in calculating the 

diode package and mount impedance. Once the diode impe

dance and the microstrip mount parasitics are known, the 
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final complex impedance will be determined by superposi

tion of the two values. The model used to determine this 

impedance will now be discussed in detail. 

Mount Parasitics of the Waveguide Circuit 

There are several papers written on modeling diode 

packages and the associated mounting parasitics, [15], [19] 

[20] and [33]. The model presented by W. J. Getsinger (1966), 

will be used here [29]. Before a model could be established, 

Getsinger applied certain assumptions that are applicable 

to a series mounted diode in a coaxial line. A cross-

section of a typical diode package is shown in Figure 5. 

The internal details are shown to help give an intuitive 

understanding of the packaged diode. Since the packaged 

diode is not part of the Getsinger model, the lumped ele

ment equivalent is not shown in detail. 

Conditions imposed by Getsinger that apply to 

this model are that the diode package is small in terms of 

wavelengths, that it is circularly cylindrical, that it is 

mounted between plane and parallel conducting surfaces 

flush with the ends of the dielectric cylinder, and that 

any other conducting surfaces of the mount are well re

moved from the vicinity of the diode. The parallel con

ducting surfaces must act as conductors of a radial line 

external to the package. The packaged diode must couple 
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to the radial line and the radial line must couple to the 

terminal surface of the mount. 

The requirement of plane parallel conductors exists 

for a diode mounted in series with a coaxial line if the 

center conductor is a larger diameter than the diode. An 

equivalent circuit of the diode mounted in series with a 

coaxial line is shown in Figure 6a. The Pi-network in the 

center of Figure 6a represents the radial line extending 

from the diode to the inside diameter Di of the center 

conductor. is the fringing capacitance between the 

corners of the two center conductors. is the fringing 

capacitance from the corner of each center conductor to 

the outer conductor. Lc is the inductance caused by mag

netic fields in the volume bounded by the outer conductor, 

terminal plane T^ and T^» and the inner conductor diameter 

Di. These lumped element approximations are indicated in 

Figure 6b. 

The equivalent circuit described in Figure 6a is 

somewhat complicated and it is not a simple matter deter

mining the element values. However, there are several 

assumptions suggested by Getsinger to simplify the model. 

If two adjacent network elements, a series inductance and 

shunt capacitance have small immittance, they may be 

interchanged safely for frequencies satisfying the con

dition 
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2 w2 LC << 1.0 . (11) 

This allows them to be combined with other elements of the 

same type. This equation will be revisited later to deter

mine if this assumption is valid. This criterion is help

ful in determining the conditions under which it is feasible 

to replace the radial line Pi-section with an L-section 

whose element values are much more easily found. The follow

ing simple equation can be used to find the capacitance of 

ail L-section radial line 

Cr = 178 (Dl 4~hd } {12) 

v/here 

Di = inner conductor diameter 

d = diode diameter 

h = diode height. 

For this particular situation, Di is 90 mils, d is 50 mils, 

and h is 18 mils. Substituting these values into equa

tion (12) yields a Cr of .055 pf. The radial line inductance 

can be calculated from 

Lr " £ LN r Z TT 
Di (13) 

A.ffcer substituting the appropriate values, is .054 yh, 

Two more points must be verified in order to use this 



simplification. It is reasonable to assume the shunt ele

ments are capacitances and the series element is an induc

tance. This assumption is exact at the frequency of cal

culation and useful over a reasonable frequency range pro

vided the radial line' length is not too close to a quarter-

wavelength. Also, if the diameter of the inner conductor 

is small in terms of wavelengths, the radial line parameters 

may be found using simplified methods. In the worst case, 

Getsinger states that half of Cr can be represented as 

and half as Cr2* (Actually, Cr2 is greater than C^.) 

This is valid if 

u)2 L C << 1.0 (14) 
r r 

This is, indeed, the case at an operating frequency of 9.0 

GHz; thus, radial line evaluation using a Pi-section is not 

required and equations 12 and 13 are valid. 

Calculating the coaxial inductance and fringing 

capacitance is accomplished using the same simplifications 

as used in the radial line. The coaxial inductance can be 

found using an equation much like the one used in calcula

ting the radial line inductance. Lc can be calculated 

from 



where 

Do = outer conductor diameter 

Di = inner conductor diameter 

h = diode height 

After substitution of the values shown in Figure 6b, Lc 

is • 030 Jlh. 

and 

The fringing capacitance can be obtained from 

( c:e) Cfl = 7f EDO "' 

( f).,..C cf2 = 21rc:Di c.. 
Di-d) 

4h ) 

where Cf~/E and f).C/e are obtained from Figure 3 of W. J. 

Getsinger (1962) [28]. Substituting these values into 

24 

(16) 

(17) 

equations (16) and (17) yields a Cfl of .062 pf and cf2 of 

.060 pf. 

Looking back at equation 11 and substituting the 

values calculated from equations 15-17, it is noted that the 

condition of equation 11 is, indeed, met. This completes the 

calculations for the mounting parasitics in the quarter-

height waveguide circuit. In summary, three assumptions 

have been made in determining the simplified model. The 

assumptions used are: 
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1. 2u2LC << 1.0 

2. The radial line is less than a quarter-wavelength. 

3. The inner and outer diameters are much less than a 

wavelength. 

R. L. Eisenhart (1974) states that this model is 

accurate up to 18 GHz [33] . Above this frequency, higher 

order modes begin to cause a problem. Figure 7 illustrates 

the simplified equivalent circuit that will be used when 

the packaged diode impedance is de-embedded using the net

work analyzer. 

Packaged Diode Impedance 

The single most difficult task in designing an IMPATT 

oscillator is achieving the low impedance required to make 

a match to the IMPATT diode. The condition for oscilla

tion for a negative resistance device is 

(18) 

where 

Z^ = impedance of the diode 

Zc = impedance of the circuit. 

The impedances Z^ and Zc are presented as 

Zd ~ Rd +^Xd 

Zc = Rc + ^Xc • 

(19) 
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The network analyzer can only accept low level RF 

input signals. An IMPATT diode is a high power device and, 

therefore, cannot be directly measured on the network analyz-

er. However, with the de-embedding program, the diode 

packaged impedance can be determined once the proper 

mounting parasitics have been determined. The de-embedding 

program takes the measured values determined by the network 

analyz~r and removes the mount parasitics to yield a 

packaged diode impedance. The impedance of an IMPATT diode 

changes drastically as the current drive level is increased. 

This requires operation of the diode in the test circuit 

at one fixed drive level when determining the optimum cir-
I 

cuit design. The optimum circuit was achieved by testing 

four Gallium Arsenide IMPATT diodes at one fixed current 

level, namely 600 rna. Maximum power and efficiency in the 

waveguide circuit was achieved using a 12.4 ohm transformer 

section 350 mils long. Figure Sa shows the internal 

parts of the waveguide circuit. Once the optimized cir-

cuit was determined, all the critical parts were physically 

measured in order to calculate the mounting parasitics 

of the test circuit. 

Before the network analyzer could be used to de-

embed the packaged diode impedance, a special probe had to 

be designed to interface the network analyzer to the wave-

guide circuit (see figure 8b). To maintain the same fields 
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within the waveguide as when the diode was there, special 

modifications had to be made to the transformer. The probe 

section was designed to be a 50 ohm coaxial line from the 

transformer to the APC-7 connector, which is attached to 

the waveguide body and then connected to the network 

analyzer. The transformer spacer was removed and the 50 

ohm probe was connected to the end of the transformer. 

When comparing this with the circuit with the diode in

stalled, it is noted that circuit integrity is maintained if 

the mount parasitics and probe characteristics are included 

in the model used to de-embed the diode. The circuit in 

Figure 8b no longer supports radial line-fields. The 50 ohm 

transmission line that the probe forms now supports co

axial line fields. This would create a discontinuity 

capacitance due to the step in width from the probe to the 

transformer. This capacitance can be calculated using a 

graph presented by T. Moreno (1948) [34], and solving the 

following two equations, first, 

«  =  < 2 0 >  

where b is the outer diameter of the coaxial line, c is the 

transformer inner diameter and a is the probe diameter. 

The second equation is, 
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Using the graph from T. Moreno and the values found from 

equations 20 and 21, the capacitance due to the step 

discontinuity is .022 pf. This value is extremely small and 

also three times smaller than the associated radial line 

capacitance. It was decided that this value was small 

enough to be neglected in the final model used to de-

embed the packaged diode impedance. 

The probe impedance is found using the standard 

coaxial impedance formula 

z = 60 LN (22) 

' The inner diameter Di is 54 mils and the outer diameter 

Do is 125 mils. This gives an impedance of 50.3 ohms when 

inserted into equation (22). The probe length was physical-

ly measured to be 1695 mils long. The capacitance of the 

APC-7 connector given by the manufacturer is .014 pf. The 

impedance of the transformer was found using Equation (22) 

and the length was physically measured. Figure 9 shows the 

final model used to de-embed the packaged diode impedance. 

Looking at Figures 7 and 9, it becomes necessary 

to define the various lengths associated with the three 

impedance sections representing the probe section, the 

transformer section, and the diode mount. £1 is the length 

of the probe from the connector to the transformer. £2 is 
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100 mils long and represents the length of transformer sec

tion that extends past the waveguide cavity. 5,3 is 220 

mils long and is the length of the original transformer 

section extending past the waveguide cavity. Again, look

ing at Figure 9, it is noted that sections 13 plus the diode 

mounting parasitics are of the opposite polarity of the re

maining elements in the model. This is necessary because the 

diode mount and the transformer spacer are removed from the 

circuit that is measured on the network analyzer. Using 

the model in Figure 9, the circuit was measured on the net

work analyzer from 8.6 GHz to 9.4 GHz. The results are 

tabulated in Table 1. This data is shown in tabular form 

because when plotted on the Smith chart, the data points 

lie on the outer perimeter of the chart, making it hard to 

read. Looking at Table 1, it is noted that the real part 

changes very slowly; however, the imaginary part changes 

quite rapidly, changing from inductive at the lower fre

quencies to capacitive at the higher frequencies. Now that 

the packaged diode impedance is known, it is necessary to 

determine the mount parasitics of the diode in the micro-

strip circuit. 

Mount Parasitics of the Microstrip Circuit 

Finding the appropriate mounting parasitics in the 

microstrip circuit is the final step in calculating the 

impedance at the reference plane, defined as the place where 



33 

Table 1. Packaged Diode Impedance 
At X-Band 

FREQUENCY 
GHZ 

PACKAGED DIODE IMPEDANCE 
FREQUENCY 

GHZ 
REAL (n) IMAGINARY (ft) 

8.6 -0.68 +j 1.17 

r- • 

00 

-0.70 +j 0.56 

00 • 

00 

-0.70 +j 0.12 

8.9 -0.71 -j 0.21 

9.0 -0.71 -j 0.42 

9.1 -0.72 -j 0.73 

9.2 -0.73 -j 1.14 

9.3 -0.73 -j 1.52 

9.4 -0.73 -j 1.95 
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the ribbon bonds attached to the diode meet the micro-

strip transformer. Several points must now be addressed 

in order to accomplish this goal. First, a test circuit 

must be designed to characterize the mount. This circuit 

should present a low impedance to the diode. Two different 

mounting configurations are used to verify the integrity 

of the model. Computer programs written by this author are 

used to develop a preliminary test circuit and optimized 

using a microwave computer aided design program, SUPER 

COMPACT [30]. Finally, the circuits will be tested on the 

network analyzer to determine the final impedance. 

The characteristic impedance normally used in micro-

strip circuits is 50 ohms. A 10 ohm impedance was chosen 

to interface with the diode mount. This is the lowest 

possible impedance obtainable without the width becoming 

wider than one-quarter wavelength. The quarter-wavelength 

limitation will be discussed in Chapter 4. 

A simple quarter-wave transformer will be designed 

to meet the 10 ohm load requirement. The transformer im

pedance required is found by using the standard quarter-

wave transformer equation 

Z0T = <Z0 RL,1/2 (23) 

Since is 50 ohms, Z^T is 22.4 ohms. 



35 

As mentioned earlier in Chapter 2, the impedance in 

microstrip is controlled by varying the line width, di

electric constant, or dielectric height. A dielectric 

height of 25 mils is maintained throughout this design. 

Two manufacturers supplied a soft, high dielectric material 

with an er of 10.2. Data regarding this material can be 

found in the references [21,22]. Due to the effects of 

dispersion discussed in Chapter 2, it is known that er 

and Zg are frequency dependent parameters. This effect, 

plus the effect of varying line widths and open end effects, 

must be accounted for in the final line width and length 

determination.• The equations used here have been deter

mined through extensive curve-fitting techniques [1-4, 23], 

yielding typical accuracies of better than one percent with 

a worst case of three to four percent. Two computer programs 

titled USTRIP and DISCON were written using the most accurate 

of these equations to aid in the design of this test cir

cuit. A listing of these two programs is included in Appen

dix C. The results of these programs were later compared 

with the results obtained independently with SUPER COMPACT. 

A maximum variation of less than one percent is seen. 

Using the preliminary circuit obtained from the two 

programs, USTRIP and DISCON, an optimized circuit was de

termined from SUPER COMPACT. The circuit was optimized 

for low SWR and flat bandwidth centered around 9.0 GHz. 
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The preliminary circuit did not account for the ribbon bonds 

attaching the diode to the microstrip circuit. The ribbon 

bonds used were 10 mils wide. It was decided to use three 

ribbon bonds in parallel to attach the diode to the circuit. 

This was done to help reduce the total inductance added to 

the model by the ribbon bonds. This turned out to have a 

drastic effect on the final length of the transformer. 

The effect on the width of the transformer was minimal. 

The effect of the three ribbon bonds reduced the 

length of the transformer approximately 20 mils in the 

optimum design. Figure 10a and b show the two different 

configurations designed to test the diode mount parasitics. 

In both circuits, the preliminary transformer width and 

length were calculated using USTRIP. The discontinuities 

due to the step in width and open end effects were calculated 

using DISCON. The effects of the ribbon bonds were accounted 

for in the optimization routine in SUPER COMPACT. The up

right mounted diode required 115 mil long ribbon bonds, 

whereas the side mount used 50 mil long ribbon bonds. This 

difference accounted for the different transformer dimen

sions. At first glance, it would appear that the side 

mount version would be the more desirable of the two; how

ever, this configuration turned out to be very difficult to 

fabricate. It was not possible to thermal compression bond 

the ribbons from the diode to the microstrip circuit 
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because of the soft substrate material used. A solder joint 

was used instead. This led to some lack of repeatability in 

circuit performance for the side mounted diode due to the 

difficulty in making this solder joint. The upright mount 

proved to be the more reliable circuit because the solder 

joint was a simple operation to perform. 

Four circuits, two side mount and two upright mount, 

were fa,bricated for testing on the network analyzer. A 

shorted and open diode was mounted in each configuration. 

The shorted diode was used to determine the series inductance 

due to the mount parasitics and the open diode was used to 

calculate the shunt capacitance. The shorted diode was 
,, 

fabricated from a brass rod to the exact dimensions of an 

actual diode. The open diode was an actual diode package 

without a diode chip or internal ribbon bond. Figure 11 

illustrates the model presented to the network analyzer. 

The values for LR and CR shown in Figure 11 are the com

puterized values predicted using SUPER COMPACT. The actual 

values for each given circuit were determined by measurement 

with the network analyzer. 

After optimizing the circuit on the network analyzer, 

the final value for LR turned out to be 0.11 nh for the up

right mounted diode and 0.04 nh for the side mounted diode. 

After many optimization iterations ranging from 0.02 pf 

down to zero with no noticeable change, it was decided that 
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the final value for CR was negligible. According to R. L. 

Eisenhart (1974), this is to be expected due to the very low 

impedance that the load presents to the raicrostrip circuit. 

Since in the side mount configuration, it is diffi

cult to solder the ribbon bonds to the diode, the final im

pedance was calculated for the upright case only. This value 

is used in the design of the microstrip oscillator in the 

next chapter. Table 2 lists the impedance at the micro-

strip reference plane over a frequency range of 8.6 GHz to 

9.4 GHz. This data is not shown on a Smith chart for the 

same reason Table 1 data was not displayed on a Smith chart. 

Comparing this to the values in Table 1, it is noted that 

the real part change is negligible; however, the imaginary 

part is now inductive over the entire frequency range meas

ured. For oscillation, the circuit will now require a 

capacitive match over the entire frequency range. This is 

a very desirable feature because it is much easier to im

plement a capacitive tuning network rather than an induc

tive tuning network in a microstrip circuit. 



Table 2. Packaged Diode and Mount Parasitics 
Including Ribbon Bond Effects At X-Band 

FREQUENCY 
GHZ 

TOTAL DIODE IMPEDANCE (OHMS) FREQUENCY 
GHZ 

REAL IMAGINARY 

8.6 -0.71 +j 6.45 

8.7 -0.72 +j 6.12 

00 • 

00 

-0.73 +j 5.64 

8.9 -0.74 +j 5.23 

9.0 -0.74 +j 4.81 

9.1 -0.75 +j 4.62 

9.2 -0.76 +j 4.96 

9.3 -0.77 +j 4.27 

9.4 -0.77 +j 4.13 



CHAPTER 4 

THE MICROSTRIP OSCILLATOR DESIGN 

In this chapter, an IMPATT diode oscillator will be 

designed and tested to verify the diode impedance character

ization accomplished in the previous chapter. The design 

goals will be: 

Center Frequency = 9.0 GHz 

Operating Current = 600 ma 

Operating Power = 200 mw 

Bandwidth = 100 MHz at 10 dB gain 

Duty Factor = one-third 

The design of this oscillator will be accomplished in two 

parts, namely, 

1. Diode mount and DC bias network design 

2. Impedance transformer design. 

The detailed coupled line transformer design will be dis

cussed in Appendix B. Several different design techniques 

that have been used in the past will be discussed in this 

chapter, and the unique differences in this design will be 

pointed out. Various impedance matching techniques and 

biasing methods will also be discussed. 

42 
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Diode Mount and DC Bias Network Design 

The design of a practical and repeatable diode 

mount and bias circuit is one of the most troublesome prob

lems in a microstrip circuit. In any design, the mounting 

parasitics must be considered. In high power cases, the 

diode heat sinking also becomes a problem. The simplest 

method used in the past has been to mount a diode chip 

directly onto the microstrip line. This is accomplished 

by mounting the chip on a 50 ohm strip with reactive arms 

extending out from the diode 180° apart. This method has 

the advantage of yielding a simple model for the mounting 

parasitics of the diode chip. This method is demonstrated 

in two papers by S. G. Liu (1969 [13,16]. One major draw

back with this technique is that there is minimal diode heat 

sinking available. This would require that the diode be 

pulsed with a very low duty factor and a very narrow pulse 

width. This could be very restrictive for most oscillator 

designs. Another design technique has been used to overcome 

this problem. A packaged diode has been mounted in a copper 

screw and installed in a copper block from under the micro-

strip circuit. A contact wire from the circuit to the 

diode is used to make the D-C contact. This method is 

somewhat more complicated than the previous one, but still 

the mounting parasitics are easy to model. This technique 

is discussed in detail by S. G. Liu (1970 [17]. The 



difficulty with this method is the mounting of the contact 

wire. Another mounting technique used has been to mount 

the diode in a copper block attached to the end of the micro-

strip circuit. This method is discussed by R. J. Wagner 

(1968) [12] . This method would be harder to model compared 

to the previous two methods. 

The oscillator design here requires that the diode 

has an adequate heat sink because a one-third duty factor 

is used. This rules out the first mounting approach dis

cussed. The second design was also ruled out due to the 

difficulty involved in mounting the contact wire. A version 

of the Wagner side mounted diode was also looked at. This 

method was abandoned due to the difficulty in mounting the 

ribbon bond from the microstrip to the diode. 

The mounting approach finally used was the upright 

diode mounted orthogonal to the microstrip circuit. This 

mounting technique is illustrated in Figure 10 of the pre

vious chapter. The diode is countersunk into the aluminum 

ground plane to a depth equal to the height of the diode 

flange and cap. Three ribbon bonds 10 mils wide are attach

ed from the microstrip to the diode cap. The ribbon bonds 

are as short as possible and mounted parallel to the 

microstrip circuit. Each ribbon bond is maintained in the 

same plane as the microstrip circuit and diode. This 

mounting technique is unique in that no one has attempted 



to use ribbon bonds mounted to a countersunk diode. The 

repeatability of this mounting procedure was verified by 

building four separate oscillators and achieving the same 

results for each. 

Several bias techniques have been demonstrated, the 

most common being a wire connected straight to the diode 

through a blocking capacitor. Another method used is the 

bias filter approach demonstrated by E. J. Denlinger 

(1975) [14]. An illustration of this bias network is dis

played in Figure 12. This approach uses the microstrip line 

to apply the bias to the diode through the use of low and 

high impedance lines a quarter-wavelength long. A variation 

of this method is used in this oscillator. The bias net

work is placed one-half-wavelength away from the diode. 

An 80 ohm section one-quarter-wavelength long is attached 

to the 50 ohm line at a 90° angle to the microstrip RF 

circuit. A 20 ohm quarter-wavelength section is in series 

with the 80 ohm section. A 20 gauge wire is brought in 

from the dc power supply and attached to the intersection 

of the 80 ohm and 20 ohm sections. This network will serve 

as an RF choke because at the point the bias is applied, the 

RF signal sees a very low impedance, typically a short 

circuit, and the 20 ohm section will look like an open 

circuit. This is due to the impedance inverting properties 

of quarter-wave sections at microwave frequencies. 
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Impedance Transformer Design 

The transformer impedance is found using the stan

dard quarter-wave transformer equation. 

zot = (zoV1/2 (24» 

where Z- is 50 ohms and R is equal to the real part of the 
0 1J 

diode impedance, approximately 0.7 ohm, shown in Table 2. 

After substitution of these values, equation (24) 

yields a transformer impedance of 5.92 ohms in a 50 ohm 

microstrip system. This low impedance is very hard to 

achieve in a microstrip circuit. 

The most popular transforming technique used to 

achieve this match is by distributed elements. General 

procedures for design of transmission line transformers can 

be found in serveral references [10,11,18,24]. The dis

tributed element method is adequate for low frequency opera

tion; however, at X-band it becomes a problem. T. C. 

Edwards (1981) points out some general frequency limitations 

which illustrate that distributed elements become prohibi

tively large at X-band. Remembering that the design of 

this oscillator is with a 25 mil thick substrate material 

with a dielectric constant of 10.2, it is noted that an 18 

ohm line becomes the limiting impedance. At this point, 

the width of the line becomes larger than a quarter-wave-

length. This can be verified by using the equation 
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Xg/4 = 11.8 / f Ueff)1/2 (25) 

to determine the quarter-wavelength in inches and comparing 

the result with the line width found using 

(*L - 1) 
w/h = 2it B - 1 - log (2B - 1) + —j 

er 

log (B - 1) + 0.39 - °*61 e 
r -* 

( 2 6 )  

At 9.0 GHz, the *g/4 is 112 mils and w is 117 mils. This 

creates a surface wave propagation problem. Looking at 

equations (25) and (26), it can be seen that lowering the 

frequency will eliminate this problem. If changing the 

frequency of operation is not desirable, then it becomes 

necessary to use a thinner substrate or higher dielectric 

constant material to solve the problem. 

Another problem described by Edwards associated with 

low impedance lines is the transverse-resonant mode. At 

the cut-off frequency for this transverse-resonant mode, the 

equivalent circuit is a resonant transmission line of 

length w + 2d, where d accounts for the microstrip side-

fringing capacitance, d is 0.2 h. A half-wavelength must 

be supported by the length w + 2d. Therefore, the cutoff 

half-wavelength is 

fct = c/ (Er) 1/2 (2w + °*8 h) (27) 
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At 18 ohms, this frequency is 16.2 GHz and drops below 9.0 

GHz at 14 ohms. Thus, attempting to transform to 0.7 ohm 

via a 5.92 ohm transformer is not possible with a quarter-

wave transformer section. 

Another approach to achieving this low impedance is 

to use multiple sections to form an elliptical transformer. 

Using SUPER COMPACT, an eight section transformer was opti

mized. In order to obtain a match at 0.7 ohms, and maintain 

a reasonable bandwidth, the elliptical transformer width 

became a prohibitive 310 mils wide. 

When restricted by the thickness and dielectric 

constant of the substrate material, the coupled line approach 

is a good way to achieve very low impedances. The reactive-

ly terminated coupled line behaves as an adjustable trans

former. An additional practical advantage is that it pro

vides directly the required DC decoupling for the bias cir

cuit [31] . 

By considering a coupled line with two of its ports 

terminated by open stubs and the fourth one matched, the 

resistance at the input can be adjusted to a value between 

0.2 and 14 ohms. At the same time, the reactance at the 

input can be maintained approximately constant. By setting 

the length of the coupler and varying the length of the two 

stubs, the proper impedance match can be obtained. Just 
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how this is accomplished is described in detail in Appen

dix B. 

Using the design equations for coupled line trans

formers found in Appendix B and incorporating the mount and 

bias network discussed in this chapter, the microstrip 

oscillator shown in Figure 13 was developed. A computer 

program called COUPLED was written to solve the equations 

developed in Appendix B. An impedance match was achieved 

with 64 at 160° and 62 between 90° and 160°. It was 

decided to make 62 variable from 90° to 160° through the use 

of five short stubs spaced 5 mils apart and placed adjacent 

to 62. This is illustrated in Figure 13. 

For maximum coupling, the coupled length should be 

a minimum of 90°. This length can be extended to 120° to 

yield better frequency response of the coupler. Using the 

equations in Appendix B, it was determined that this 

length would be 172 mils. Due to the restrictions imposed 

on this design by the substrate material used, the coupling 

factor is 9 dB. This, unfortunately, is rather high and 

will lead to significant power loss in the oscillator. 

(Reducing the substrate height from 25 mils to 10 mils 

would reduce the coupling factor to 5 dB.) The input to the 

coupler is placed a half-wavelength away from the diode to 

avoid any interference between the reactive stubs of the 
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coupler and the diode. The DC bias network is also a half-

wavelength section from the diode. 

This completes the design of this microstrip IMPATT 

diode oscillator. In summary, a unique diode mount was de

signed and a microstrip RF choke was incorporated to apply 

the DC bias to the IMPATT diode. A coupled line adjustable 

impedance transformer was designed to accomplish the complex 

conjugate match required to maintain the desired oscilla

tions. The test results and any circuit modifications re

quired will be discussed in the next chapter. 



CHAPTER 5 

OSCILLATOR PERFORMANCE 

The oscillator designed in the previous chapter was 

tested in a microwave test set-up similar to the one illus

trated in Figure 14. Each tuning stub in the 02 reactance 

leg was connected to the circuit one at a time to determine 

the peak power point. This optimum point was achieved after 

connecting the first stub. This is equivalent to a 110° 

electrical length. With the circuit in this configuration, 

the oscillator functioned efficiently until the drive 

current was increased beyond 800 ma. However, the frequency 

of operation was only 7.5 GHz, somewhat lower than the de

sign goal of 9.0 GHz. The circuit was analyzed on the auto

matic network analyzer to determine the range of possible 

frequencies of oscillation. Using the above results, cir

cuit modifications were made in an attempt to move the fre

quency of oscillation up toward the design goal of 9.0 GHz. 

The results of these circuit modifications and tests will 

now be discussed. 

Using the automatic network analyzer, the diode 

impedance was reflected back to the coupled line trans

former. The phrase "reflected back" is used here to de

scribe the shifting of the diode impedance reference plane 

53 
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from one location on the microstrip line to another. In 

order to obtain oscillations, the diode impedance at this 

reference plane must be the complex conjugate of the coupled 

line impedance. The diode impedance at this reference 

plane is shown in Table 3. Table 4 shows the impedance 

matching points that the coupled line transformer presents. 

Looking at both tables, the required conjugate match only 

occurs in the frequency range of 7.5 to 8.5 GHz. Table 4 

shows the match is achieved with a reactance ranging from 

9.3 to 27.4. Table 3 shows a conjugate match of -29.1 

to -12.2 between 7.5 and 8.5 GHz. Only the reactive con

jugate match is considered here because it is the dominant 

factor in determining the frequency of operation. The real 

part of the complex impedance is the dominant factor for 

determining output power. Since the output power is above 

the design goal and frequency is low, only the reactance 

needs to be corrected. 

The data from Table 3 shows that the match is, in

deed, at a lower frequency than desired. Modifications to 

the circuit, such as making 04 = 0° instead of 160° will be 

investigated. The data in Table 3 shows that there is a 

shift in the imaginary part of the impedance which should 

shift the frequency up. 

Going back to Table 4, it is noted that there is 

another match with 04 at 0° and 02 at 110°. This circuit 
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Table 3. Diode Impedance 
Reflected Back To The Coupler 

FREQUENCY IMPEDANCI 3 (OHMS) 

(GHZ) 
REAL IMAGINARY 

6.5 1.7 -58.2 

7.0 1.9 -35.4 

7.5 2.4 -29.1 

8.0 2.0 -20.9 

8.5 1.6 -12.2 

9.0 1.3 - 4.0 

9.5 1.3 3.1 

10.0 1.6 9.0 

10.5 2.5 14.8 

11.0 3.9 22.0 

11.5 5.5 32.6 

12.0 8.2 48.5 

12.5 18.1 71.0 

13.0 28.5 86.8 
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Table 4. Impedance Matching Points 
For the Coupled Line Transformer 

04 62 
IMPEDANCE (OHMS) 

(DEG) 
REAL IMAGINARY 

0 70 0.44 9.3 

0 80 0.68 13.6 

0 90 0.86 16 .1 

0 100 0.95 17.9 

0 110 0.95 19.3 

160 90 0.68 23.7 

160 100 0.48 24.5 • 

160 110 0.60 25.5 

160 120 0.68 26.5 

160 130 0.68 27.4 

160 140 0.85 20.4 

160 150 0.67 21.5 

160 160 0.43 22.7 
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is illustrated in Figure 15. This configuration operated 

equally as well as the original circuit with the added 

advantage of an increase in operating frequency of 800 MHz. 

This moved the operating frequency of the oscillator to 

8.3 GHz, which is much closer to the design goal of 9.0 

GHz. The oscillator performance has been tabulated and is 

shown in Table 5. Peak power of over 400 mw was achieved 

at 800 ma of current drive. The output power at 600 ma 

was 259 mw which is greater than the design power of 200 mw. 

A graph of the power out as a function of drive current is 

illustrated in Figure 16. 

Since the output power is approximately 30% over 

the design goal, it was decided to measure the frequency 

response of the 9 dB coupler. Again, using a network 

analyzer, the response of the coupler was measured from 

6 GHz to 12 GHz. A plot of this response is illustrated 

in Figure 17. "It can be seen that the 9 dB coupling occurs 

from 8.4 to 9.6 GHz. At our frequency of operation, namely 

8.3 GHz, the coupling factor has dipped to 8 dB. This would 

account for the difference in the output power obtained from 

the oscillator circuit. Again, looking at Figure 17, it 

can be seen that the response of the coupler drops off 

rapidly above 9.6 GHz. This non-uniform response of this 

coupler is somewhat undesirable in that it will cause large 

fluctuations in the output power over the usable bandwidth 
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Figure 15. Modified Microstrip IMPATT Diode 
Oscillator. 
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440 

480 

520 

560 
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700 
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800 

820 

Table 5. Oscillator Performance 

VOLTAGE 
VOLTS 

FREQUENCY 
MHZ 

44 3264 

46 8269 

46.5 8275 

48 8278 

50 8283 

51.5 8288 

53.5 8294 

55.5 8298 

58.5 8324 

60.5 8330 

63 8327 

66 8321 

70 8314 
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of the oscillator. It will also cause the usable bandwidth 

of the oscillator to shrink. Possibly extending the coupled 

line length would increase the bandwidth of this coupler; 

however, the best way to increase the performance of this 

coupler would be to increase the number of coupled sections 

[2,3]. This would flatten the response of the coupler and 

increase the usable bandwidth. 

The oscillator was injection locked at 10 dB gain 

with the drive current operating at 500 ma. This is accom

plished by injecting a clean RF source into the oscillator 

output through a three-port circulator. The injected power 

level is 10 dB below the oscillator power. Table 6 shows 

the frequency range and power variation over the usable 

bandwidth of the oscillator. The upper and lower frequencies 

were determined by the break lock conditions of the oscilla

tor. The total power variation is approximately 2 dB. Fig

ure 18 is a graphic plot of the break lock bandwidth of 

this oscillator. Break lock is the condition where noise 

first appears in the frequency spectrum while sweeping the 

locking source across the band. If interested in the 1 dB 

bandwidth, then there is a decrease from 93 MHz to approxi

mately 75 MHz. In either case, this is close to the design 

goal of 100 MHz. Performing either one of the proposed 

modifications would possibly yield this increased band

width . 
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Table 6. Injection Locked Bandwidth 
At 10 dB Gain 

POWER IN: 50 mw 
OPERATING CURRENT: 500 ma 

FREQUENCY 
MHZ 

VOLTAGE 
VOLTS 

POWER 
mw COMMENTS 

8237 50.5 189 Lower Break 
Lock Point 

8270 51 159 

8300 51 151 

8330 51 183 Upper Break 
Lock Point 
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Figure 18. Injection Locked Bandwidth 
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Another point of interest is the circuit match at 

one-half and twice the operating frequency. This was 

accomplished by repeating the measurements of Chapter 3 

on the microstrip test circuit over the required frequency 

range. Figure 19 shows the microstrip circuit impedance as 

a function of frequency on the Smith chart. Due to the poor 

impedance match at 16 GHz (19 - j 12.5) and at 4 GHz 

(98 -j 79), no harmonic oscillations were noticed or would 

be expected. Figure 20 illustrates the frequency spectrum 

close to the center frequency. This shows a very clean 

pulsed frequency spectrum. Figure 21 displays the spectrum 

far away from the center frequency. It shows no unwanted 

oscillations over a 5 GHz span. Increasing the span also 

showed no harmonic oscillations at 16 GHz. 

If interested in moving the operating frequency up 

to 9.0 GHz, Figure 19 shows that a reduction of approxi

mately 20° in the electrical line length of the 50 ohm 

section between the diode and the coupled line would move 

the conjugate match from 8.5 GHz to 9.0 GHz. This equates 

to a reduction of about 40 mils in the length of the 50 

ohm line to the diode. This should make the oscillator 

operate very close to the design goals. 

The effects of the ribbon bonds to the diode were 

also investigated. Using the automatic network analyzer, 

the test circuit of Chapter 3 was measured with one, two, 
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Figure 19. Smith Chart Data at One Half 
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and three ribbon bonds attached to the diode. The results 

showed an increase in inductive reactance of approximately 

0.6 ohms for each ribbon bond removed. Test results using 

the oscillator shown in Figure 15 showed a frequency de

crease of approximately 100 MHz for each ribbon bond re

moved. Knowing that the oscillator is already low in 

frequency, this is obviously not a desirable change. A 

reduction of 40 mils is required to move the operating fre

quency up to 9.0 GHz; therefore, by removing ribbon bonds 

would require this length to be shortened even more to 

compensate for the frequency reduction. This could cause a 

problem because the coupled line is now getting too close 

to the diode causing a possible interference between the 

reactive stubs. 

The effect of distorting the shape of the ribbon 

bonds was also investigated. A 30 mil loop distortion was 

introduced into the test circuit and measured on the network 

analyzer. Comparing this data with the original data, a 

very small change is noted in the inductance that the ribbon 

bonds present to the circuit. An increase in inductive 

reactance of approximately 0.3 ohms was seen. This, again, 

would be undesirable since it would lower the frequency 

of operation slightly. However, this frequency shift will 

be quite small and, therefore, the position of the ribbon 

bonds are not critical. 
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One last note of interest would be a comparison of 

the microstrip performance with an existing design, such as 

the quarter-height waveguide oscillator. Figure 22 shows 

that the microstrip circuit operates equally as well as the 

waveguide circuit after compensating for the loss due to the 

8 dB coupler of the microstrip oscillator. In fact, the 

microstrip circuit displays a more linear rise in output 

power than the waveguide; however, the waveguide circuit 

does obtain a slightly higher maximum output power. 
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CHAPTER 6 

CONCLUSION 

A unique microstrip oscillator has been developed. 

A useful model has been developed to determine the packaged 

diode impedance and mount parasitics in a microstrip cir

cuit. Using this model, the IMPATT diode was characterized 

on the automatic network analyzer with a special de-em

bedding program. A special microstrip test circuit was 

developed for this purpose. A new mounting technique was 

developed using 10 mil wide ribbon bonds with performance 

insensitive to the position of the ribbons. This was very 

beneficial in the fabrication of the oscillator. 

The design of the oscillator is relatively simple, 

but good microstrip construction techniques must be utilized. 

The optimization of the microstrip oscillator is easily 

accomplished by using the design procedure outlined in 

Chapters 3 and 4. Using these design techniques and the 

computer programs developed here will ensure repeatable 

oscillator performance. Four microstrip oscillators were 

fabricated and tested. The output power and frequency of 

operation of each was within 1.5%. 

The output power of this oscillator was greater 

than 400 mw. C. Correna da Silva Bartolo (1980) obtained 
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100 mw using a silicon IMPATT operated in the CW mode at 

X-Band. R. J. Wagner (1968) achieved 544 mw at 10.2 GHz 

using two silicon IMPATTS operated in the CW mode and com

bined through a 3 dB coupler. This oscillator is an im

provement over the first oscillator by a factor of four and 

approximately 40% better than the Wagner oscillator. 

The performance of this oscillator matches that of 

existing waveguide oscillators if the loss of the coupled 

line transformer is accounted for. This loss can be mini

mized in several ways. By using a substrate material 

with a higher dielectric constant or by reducing the width 

of the dielectric to 5 mils, the loss across the coupler 

can be reduced to approximately 3 dB. By employing the best 

available Microwave Integrated Circuit techniques, it is 

expected that a wide band coupler could be constructed for 

the oscillator that would increase the bandwidth performance 

of the oscillator beyond 100 MHz. 

The performance of this oscillator is heavily de

pendent upon the impedance of the IMPATT diode used in the 

circuit. The diodes used in these experiments were care

fully matched. It would be somewhat tedious to characterize 

each diode used in each oscillator; therefore, a method of 

fine tuning the circuit to match the diode would be a prac

tical necessity. A description of IMPATT diode operation 

is presented in Appendix A to help one understand this device. 



APPENDIX A 

IMPATT DIODE OPERATION 

The IMPATT diode was first proposed by W. T. Read 

(1958) [27]. IMPATT is an acronym which stands for IMPact 

Avalanche Transit Time. Read claimed that avalanche and 

transit time effects could be used to an advantage to create 

a negative resistance device. The negative resistance occurs 

as a result of a 180° phase shift which is developed between 

the AC current and voltage within the device. The diode can 

be broken down into two main parts, the avalanche zone and 

the drift zone. An IMPATT diode must be reserve biased in 

order to have avalanche occur. This is illustrated in 

Figure 23a. The remainder of Figure 23 shows how negative 

resistance is accomplished. In this example, a simple 

P+ N N+ diode is used. Figure 23b shows the electric field 

profile. The high field exists between points 1 and 2. 

This establishes the avalanche zone. Avalanche breakdown 

occurs in this region which generates hole electron pairs. 

The region between point 2 and 3 is called the drift zone, 

where the electric field remains high enough to maintain 

constant drift velocity, but not high enough for avalanche 

to occur. Figure 23c shows the energy band diagram under 

breakdown conditions. The holes created in the avalanche 
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zone go into the P+ region, while the electrons go into the 

drift zone, which is the N region. If an AC voltage is 

applied as shown in Figure 23d, the electric field will 

change periodically with time. The rate of impact ioniza

tion will follow the rate of change of the electric field 

almost instantaneously. The carrier density, however, does 

not follow the field change instantaneously because the 

generation of carriers depends on the number of carriers 

already generated. This means that when the electric field 

is maximum, the carrier generation is still increasing and 

does not peak until after the field has decreased by some 

amount. Figures 23d and 23e show that the injected current 

lags the AC voltage by approximately 90°. The remaining 

phase shift is accomplished in the drift zone where injected 

electrons travel at a scattering-limited velocity due to 

the level of the electric field. This can be seen in Figures 

23d and 23e. The length of the drift zone is designed to 

be about one-half cycle of the desired operating frequency. 

The resulting external current, which is 180° out of phase 

with the applied AC voltage, is shown in Figure 23e. This 

180° phase shift creates the negative resistance of the 

device. For a more detailed explanation, the reader is 

referred to References [7, 8, 9 and 27]. 

The diode chip is a very small part of the overall 

packaged diode. The chip is mounted on a copper 3-48 



threaded stud. This is shown in Figure 24. The ceramic 

ring, wire mesh, and metal cap play an important part in 

the package parasitics of the diode package. The package 

parasitics play an important part in the impedance pre

sented at the diode-circuit interface. The equivalent cir

cuit for the diode package is shown in Figure 25. The 

capacitance is the capacitance across the ceramic di

electric, while is the capacitance between the gold 

contact mesh and the lower stud. The inductance is 

due to the contact mesh and is due to magnetic storage 

around the package that is mount dependent. 

The remainder of this appendix will discuss the 

parameters that affect IMPATT diode performance. The 

efficiency of the device is given by 

V. 
n = 7 v= + v,q a d 

( 2 8 )  

where is the voltage across the avalanche zone and 

is the voltage across the drift zone. To obtain high 

efficiency, V must be small, which requires the avalanche a 

region to be very narrow. The voltage, V^, cannot be 

allowed to get too large. The doping of the drift zone is 

such that scattering limited velocity is maintained. If 

this level becomes too large, the field will extend into the 

buffer and substrate layers and cause a condition known as 

punch through. This mode of operation will cause diode 
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failure. The drift zone is also designed for a particular 

frequency given by 

VQ F = (29) 
op 2w v ' 

where Vg is the scattering limited velocity and w is the 

length of the drift zone. A long layer leaves undepleted 

material during operation which causes a series resistance 

and a corresponding reduction in efficiency.- The output 

power of the device can be theoretically found from 

P = J A V (30) 
o o op 

where JQ is the current density of the diode and A is the 

area of the diode. V is the operating voltage of the 

- 2  device. The JQ is typically about 1200 amps cm for a 

Gallium Arsenide IMPATT. The V will fall in a range of op ^ 

about 50 to 60 volts. This only leaves the diode area to 

adjust for maximum output power. For high power, the area 

must be large; however, there are limits on area. It is 

known that the area of a diode is inversely proportional to 

the impedance of the device. Consequently, could reach 

a limiting value below which it cannot be properly matched 

by the circuit impedance Zc> Current X-band diodes available 

today have a diameter of 13 mils which yields an area of 

-4 2 8.55x10 cm . Using the highest operating voltage, a 

theoretical output power of 61.5 watts is obtained. This 

value is obviously higher than any diode available today, so 
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there must be another limiting factor, namely junction tem

perature Tj. The manufacturers recommend that T^ be less 

than 250°C and, therefore, design diodes for a = 200°C. 

T. is defined as 
H 

T. = T amb + 0 (P, - P ) (31) j T dc o 

where 9 is the thermal resistance of the device and P, r ac 

is the required input DC power and Pq is the RF output power. 

Equation 31 can be rewritten as 

T. = T amb + 0 P- (1-n) (32) j T dc 

where n is the diode efficiency. Typical values of 0 range 

from 7.0 to 9.5. 

To determine the maximum RF power that can be pro

duced, rearrange equation 32 to yield 

n (T. - T ) 
P0 = -jj2 r—- (33) 
o (1-n) 0 

Assuming an efficiency of 20%, of 25°C, T^ of 200°C, 

and 0^ of 8.5°C/w, equation 33 yields an Pq of 5.15 watts. 

This is quite a drop from the power calculated using equa

tion 30; therefore, thermal impedance is indeed the limit

ing factor in maximum RF power generated by an IMPATT diode. 

This has been only a brief description of the opera

tion of a Gallium Arsenide IMPATT diode, which is the type 



of device used in this thesis. For more information about 

IMPATT diodes, the reader should consult References [7, 9 

and 27]. 



APPENDIX B 

COUPLED LINE TRANSFORMER DESIGN EQUATIONS 

The design equations presented in this appendix are 

used in matching networks where it is desirable to vary the 

conductance of the microstrip line. This analysis is 

carried out using the impedance matrix characterization 

for coupled lines [32]. 

The coupled line circuit to be analyzed is shown 

in Figure 26. The unloaded coupled line is characterized 

by the following four-port equations. 

"vr 

V2 

V3 

II 

1 
<
 

1 

Z11 Z12 Z13 Z14 

Z21 Z22 Z23 Z24 

Z31 Z32 Z33 Z34 

Z41 Z42 Z43 Z44 

(34) 

The impedance matrix in terms of the even and odd mode im

pedances of the asymetrical coupled lines a and b is given 

by 
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(35) 

where S = jtanG 

6 = Electrical length of the coupled line. 

If ports 2 and 4 are loaded with impedances Z2 and Z^, 

respectively, the equivalent two-port impedances are 

given by 
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A. . = Z . . 
id ID 

z • „z . . 
Z44+Z4 

z 
Zi4Z42 

i2"Z44+Z4 2 j 
Zi4Z4j 
Z44+Z4 

Z24Z42 
Z22 + Z2 " Z44+Z4 

(36) 

For i,j = 1 and 3 and Z^ = 1/Y^, equation (36) can be 

developed, yielding 

a.. Y0 + b. . Y.+C.. Y-Y.+Z.. 
A. . = — - - iJ. (37) 
13 d Y2+e Y4 + f Y2Y4 + 1 lJ/' 

where a.. = Z.. Z00-Z._ Zn. 
ID ID 22 12 2D 

bij = Zij Z44 " Zi4 Z4j 

Cij = Z22 Z44 Zij+Zi4 Z42 Z2j + Zi2 Z24 Z4j " 

Z24 Z42 Zij " Z22 Zi4 Z4j " Z44 Zi2 Z2j 

d - Z22 

e = Z44 

f = Z22 Z44 ~ Z24 Z42 

Thus, the input impedance of the circuit terminated with 

a load impedance ZL is given by 

Zin = All"A13 A31 / A33 + ZL (38) 

and the input admittance of the circuit is then calculated 

as 
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Y1n = G + jB (39) 

Using equations (37) - (39) and assuming a pair of symmetri

cal coupled lines, the admittance of the open-ended stubs 

is 

Y2 = i Y02 tan ®2 

Y4 " 3 y04 tan 64 H0) 

where yq2' Y04 are t*le c^iaracterist;'-c impedances of the 

stubs 

©2, 6^ are the electrical lengths of the stubs. 

To find the required lengths of and 0^ using the 

above equations would be extremely tedious; therefore, a 

computer program called COUPLED was written to find the 

electrical lengths of the stubs. A listing of this program 

is located in Appendix C. 0 was set to 120° and ZQe is 68 

ohms and Z is 32 ohms, 0~ and 0. were allowed to vary o o  ' 2 4  1  

from 0° to 180°. Two points were found to have the proper 

impedance match for this oscillator circuit, namely 0^ at 

0° and 160°. When 0^ is 0°, the value of ©2 would vary from 

70° to 110° and still maintain the required match. When 

6^ is 160°, the value of ©2 met the required match from 90° 

to 160°. Since this value of 0^ yielded a match over a wider 

range of it was chosen as the length for the open stub. 

The 02 sub was set at 90° with small parallel elements 
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available for attachment to the circuit extending it to 

160°. This is illustrated in Figure 13 located in Chapter 

4. 

The spacing between the coupled lines is 4 mils. 

This value was chosen as the limit due to the fabrication 

techniques used in the construction of this oscillator. 

Using the graph on page 319 of K. C. Gupta (1979), the even 

and odd mode impedances required for the coupler design were 

determined. Since the substrate height is 25 mils and the 

spacing is 4 mils, the s/h ratio is 0.16. All lines in 

the coupler are 50 ohms which is 24 mils wide for this case, 

making the w/h ratio 0.96. Using these two values the 

even and odd mode impedances are found to be 

Z  = 6 8  o h m s  
oe 

Z  = 3 2  o h m s  
oo 

The coupling factor is determined using 

X = 20LQG 
Z - Z oe oo 
Z + Z 
oe oo 

(41) 

After substitution of the above impedances, equation 41 

yields a coupling factor of 9 dB. 

The last part of the coupler design is the coupled 

region length. It is best for design purposes to work in 

terms of impedance. The characteristic impedance of the 

microstrip line is 



Z = V L 
o p 

90 

(42) 

where L is the inductance per unit length of the microstrip 

line. In solving for the even and odd mode impedances, it 

can be assumed that the inductance remains constant inde

pendent of whether a substrate is present or absent. Con

sider the odd mode first 

and 

oo 

po 

V L and Zn,n po 010 
= cL 

= c oo 
:oio 

(43) 

(44) 

where 

Zqo is the odd mode impedance with the substrate 

present, 

Zqiq is the odd mode impedance with the substrate 

absent. 

Equation (42) - (44) can be used to solve for The 

even mode impedance can be found by going through the same 

procedure. Once the even and odd mode impedances are known, 

then the wavelengths of each mode can be calculated from 

11.8 
ge 

oe 

'Ole 
and X 

11.8 
go 

oo 
:oio 

(45) 

This will yield the wavelengths in terms of inches. The 

length of the coupled region can be found by solving 
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A = U + * )/8 (46) 
ge gm 

This gives the minimum allowable coupled-region length. 

For maximum coupling this length should be at least 90° 

at mid-band frequencies. In order to alsq maintain adequate 

frequency response, this length can be extended to 120°. 

For most practical purposes, however, either the 90° or 

120° length will be adequate. 

Equations (42) - (44) yield an of 174 ohms and 

of 82 ohms. Using these two values to solve for the 

appropriate wavelengths, equation (46) yields a required 

length of the coupled-region of 172 mils. This completes 

the initial design of the microstrip coupled line trans

former. 



APPENDIX C 

COMPUTER PROGRAMS 

USTRIP 
10 REM PROGRAM "USTRIP" 
40 CLEAR 
50 DISP "ENTER h (cm)" 
60 UNPUT H 
70 DISP "ENTER DIELECTRIC CONSTANT, er" 
80 INPUT E 
85 C8=0 
90 DISP "ENTER fo (GHZ)" 

100 INPUT G1 
110 F0=G1*1E9 
120 IF C8=l THEN 200 
130 DISP "ENTER loss tangent" 
140 INPUT T1 
150 DISP "ENTER t" 
160 INPUT T 
170 DISP "ENTER Zo" 
180 INPUT Zo 
190 IF C8=l THEN 250 
200 PRINT "h=";TAB(4);H;"cm" 
210 PRINT "er=";TAB(5);E 
220 PRINT "fo=";TAB(5);G1;TAB(12);"GHZ" 
230 PRINT "tan";TAB(5); CHR$(18);TAB(6); ".=";TAB(9);T1 
240 PRINT "t";TAB(4);T;"cm" 
250 PRINT 
290 PRINT TAB(9);"Zo=";TAB(13);Zo;TAB(21);"ohms" 
310 PRINT 
320 U0=4*PI*lE-9 
330 S-5.8*1E5 
340 C-2.9979*1E10 
350 D=lE-6 
360 REM w/h>=2 CALCULATION 
370 B=377HPI/(2*Zo*EA.5) 
380 Wl=2/PI*(B-l-LOG(2*B-l)+(E-l)/(2*E)*(LOG(B-l)+.39-.61/E) 
390 IF Wl>=2 THEN 430 
400 REM w/h<2 CALCULATION 
410 A=Zo/60*((E+l)/2)A.5+(E-l)/(E+l)*(.11/E+.23) 
420 Wl=8*EXP(A)/(EXP(2*A)-2) 
430 W=W1*H 
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T2=T/H 
IF T2=.005 THEN 520 
IF W1=1/(2*PI)THEN 500 
REM CALCULATE we/h 
W3=W/H+T2/PI*[1+L0G(2*H/T)] 

GOTO 520 
W3=W/H+T2/PI*(l+LOG(4*PI+W/T)) 
REM CALCULATE Eeff 
IF Wl=l THEN 560 
REM CALCULATE Eeff 
E2=(E+l)/2+(E-l)/2*((l+12*l/Wl)A-.5+.04*(l-Wl)A2) 
GOTO 580 
E2=(E+l)/2+(E-l)/2*(l+12/Wl)A~.5 
REM CALCULATE ft 
GOSUB 1260 
F1=10.61(H*EA.5) 
REM LAMBDA o 
L=C/F0 
REM CALCULATE hmax 
H1=.354*L/(E-1)A.5 
REM CALCULATE fTEMl 
Ml=-75/(H*10*(E-l)A. 5) 
REM CALUCLATE fTEM2 
M2=106/(H*10*(E-1)A.5) 
REM CALCULATE fct 
F3=C/((2*W)+.8*H)*EA.5 
REM CALCULATE Rs 
R=(PI*F0*UO/5)A.5 
REM CALCULATE DELTA s 
D1=1/(R*5) 
REM CALCULATE ALPHA c 
Al=.072*GlA.5/(W*Zo) 
REM CALCULATE ALPHA'c 
A2=Al*(l+2/PI*ATN(1.4*(D/Dl)A2)) 
REM CALCULATE ALPHA d 
A3-27.3*E*E5A-.5*(E5-1)/(E-1)*T1/L 
REM CALCULATE ALPHA 
A4-A2+A3 
REM CALCULATE Vp 
V-C*E5A-.5 
REM CALCULATE LAMBDA g/4 
L1=L/4*E5A-.5 
P=.01 
IF .lWlANDWl=3AND802oANDZoll0THENP=.03 
IF .3WlandWl.7AND65ZoANDZo-80THENp=.02/5 
IF .7WlANDW12AND3O-=Zo-65THENp=.025 
IF Z=WlANDWl=6AND10-ZoANDZo-35THENP-.0175 
W^W-W*P 
PRINT "w=" ;TAB-(4);INT(W*10000+.5)/10000;"cm" 
W-W*10000/2.54 



930 
950 
960 
970 
980 
990 

1000 
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1030 
1040 
1050 
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PRINT "w=";INT(W*10000+.5)/10000;"mils" 
PRINT 
PRINT "ft=";TAB(4);INT(F1*1000+.5)/1000;"GHZ" 
PRINT 
PRINT "fTEMl=";TAB(7);INT(Ml*1000+.5)/1000;"GHZ" 
PRINT 
PRINT "fTEM2=";TAB(7);INT(M2*1000+.5)/1000;"GHZ" 
PRINT 
PRINT CHR$(4);TAB(2);'C'=";TAB(7);INT(A2*10000+.5)/10000;"dB/cm" 
PRINT 
PRINT CHR$(4);TAB(2);"d=";TAB(7);INT(A3*10000+.5)/10000;"dB/cm" 
PRINT 
PRINT TAB (2);CHR$(4);TAB(3);"=";TAB(7); 
INT(A4*10000+.5)/10000;"dB/cm" 
A4=A4*2.54 
PRINT TAB(2);CHR$(4);TAB(3);"=";TAB(7); 
INT(A4*10000+.5)/10000;"dB/in" 
PRINT 
V=V/1E9 
PRINT "Vp=";TAB(5);INT(V*10000+.5)/10000;"lE9cm/s" 
PRINT 
PRINT CHR$(11);TAB(22);"g/4=";TAB(8);INT(L1*10000+.5)/10000;"cm" 
L=Ll*1000/2.54 
PRINT CHR$(11) ;TAB(2); "g/4=";TAB(8); INT(L*10000-l .5)/10000; "mils" 
PRINT 
F3=F3/1E9 
PRINT TAB(2);Fct=";TAB(7);INT(F3*10000+.5)/10000;"GHZ" 
PRINT 
PRINT TAB(2);"hmax=";TAB(7);INT(H1*10000+.5)/10000;"cm" 
PRINT 
PRINT TAB(2);"we/h=";TAB(7);INT(W3*10000+.5)/10000 
IF C9=1THEN1240 
C9-0 
PRINT 
PRINT TAB(2);"Zo(f)=";TAB(9);INT(Z5*10000+.5)/10000;"ohms" 
PRINT 
PRINT TAB(2);"Eeff(f)=";TAB(10);INT(E5*100004.5)/10000 
PRINT 
C8=l 
DISP "DO YOU WANT TO ENTER A NEW Zo" 
INPUT Cl$ 
IF C1$="Y"THEN170 
DISP "DO YOU WANT TO ENTER A NEW Fo 
INPUT Cl$ 
IF C1$="N"THEN1258 
GOTO 90 
DISP "PROGRAM COMPLETE" 
END 
F5=.3*(Zo/(H*EA.5-l)) 
IF F5=G1THEN590 



1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
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REM CALC.Eeff(f) 
E5=E-(E-E2)/(l+(H*10/Zo)A1.33*(.43*GlA2-.009*GlA3)) 
REM CALC.NEWZo 
REM CALC.weff(0) 
W0=377*H/(ZO*E2A.5) 
REM CALC.weff(f) 
F4=Zo/(8*PI*H) 
W5=W+(W0-W)/(1+(G1/F4)A2) 
REM CALC. Zo(f) 
Z5=377*H/(W5*E5A.5) 
C9=l 
RETURN 
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79 
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82 
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DISCON 
DISP "PROGRAM DISCON" 
DISP "THIS PROGRAM CALCULATES THE EFFECTS OF DI5C0NTINUTIES DUE TO 
A STEP IN THE LINE WIDTH OR AN OPEN END OR SERIES GAP IN MICROSTRIP" 
PAUSE 
CLEAR 
DISP "DO YOU WANT A STEP IN WIDTH, OPEN END OR SERIES GAP CAL" 
DISP "TYPE IN 1 FOR WIDTH, 2 FOR OPEN OR 3 FOR SERIES GAP" 
INPUT N 
ON N GOTO 81,82,83 
GOTO 89 
GOTO 600 
GOTO 700 
DISP "TYPE IN Wl" 
INPUT Wl 
DISP "TYPE IN W2" 
INPUT W2 
L=40.5*(W1/W2-1)-75*LGT(Wl/W2)+ 2*(W1/W2-1)A2 
DISP "TYPE IN Eeff FOR Wl 
INPUT El 
DISP "TYPE IN Z OF LINE 1" 
INPUT Z1 
C=2.9979*E8 
L1=Z1*SQR(E1)/C 
DISP "TYPE IN Eeff FOR W2 
INPUT E2 
DISP "TYPE IN Z OF LINE 2" 
INPUT Z2 
l.2=Z2*SQR(E2)/C 
D=L*lE-9/(Ll+L2) 
DISP "TYPE IN h" 
INPUT H 
D1=D*H 
D2.=Dl/2.54*1000 
L1=L1*1E9 
L2=L2*1E9 
PRINT "INPUT PARAMETERS" 
PRINT 
PRINT "h=";H 
PRINT 
PRINT "Z1=";Z1;"ohms" 
PRINT 
PRINT "wl=";Wl;"cm" 
PRINT 
PRINT "erl=";El 
PRINT 
PRINT "Z2=";7.2;"ohms" 
PRINT 
PRINT "er2=";F2 
PRINT 
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PRINT "W2=";W2;"cm" 
PRINT 
PRINT "Ls/h=";INT(L*10000+.5)/10000;"nh/m" 
PRINT 
PRINT Lwl=";INT(Ll*10000+.5)/10000;"nh/m" 
PRINT 
PRINT "Lw2=";INT(L2*10000+.5)/10000;"nh/m" 
PRINT 
GOSUB 500 
PRINT 
PRINT "THE APPROPRIATE LINE LENGTHS MUST BE ADJUSTED BY:" 
PRINT 
PRINT "DELTA L =";INT(D1*10000+.5)/10000;"cm" 
PRINT 
PRINT "DELTA L ="; INT(D2*10000+. 5)/10000; "rniLs" 
PRINT 
DISP "DO YOU WANT TO DO ANOTHER DISC. CAL." 
INPUT Cl$ 
IF C1$="Y"THEN 80 
DISP "PROGRAM COMPLETE" 
STOP 
END 
W-W1/W2 
IF W3.5THEN525 
DISP "TYPE IN er" 
INPUT E 
Cl=(10.1*LGT(E)+2.33)*W-12.6*LGT(E)-3.17 
GOTO 540 
DISP "TYPE IN er" 
INPUT E 
Cl=130*LGT(W)-44 
PRINT "Cs/W1W2.A2.= " ;INT(C1*10000+. 5)/10000; "pf/m" 
RETURN 
DISP "OPEN END CALCULATION" 
DISP "TYPE IN h" 
INPUT H 
DISP "TYPE IN Eeff" 
INPUT E 
DISP "TYPE IN W" 
INPUT Ul 
W1 -W/H 
L=.412*H*(E+.3)/(E-,258)*((Wl+.264)/(Wl+.8)) 
PRINT "Leo=";L;"cm" 
DISP "PROGRAM COMPLETE" 
STOP 
END 
DISP "SERIES GAP CALCULATION" 
DISP "TYPE IN W" 
INPUT Ul 
DISP "TYPE IN h" 
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INPUT H 
W1=W/H 
DISP "TYPE IN Er" 
INPUT E 
DISP "TYPE IN APPROXIMATE g/u" 
INPUT G 
IF G.3 THEN GOTO 810 
Ml=l.565/W1A.16-1 
Kl=l.97-,03/Wl 
GOTO 830 
Ml=.8675 
K1=2.043*W1A.12 
M2=Wl*.619*(LGT(Wl)-.3853) 
K2=4.26-1.453*LGT(W1) 
DISP ="Cl=Ce/w AND C2=Co/w" 
C1=GAM1*EXP(K1)*.01 
C2=GAM2*EXP(K2.)*.01 
DISP "C3=Ce AND C4=Co" 
C3=C1*W*(E/9.6)A.9 
C4-C2*W*(E/9.6)A.8 
C5=C4*100/W 
C6=C3*100/W 
PRINT "Co=";C4;"pf" 
PRINT 
PRINT "Ce=";C3;"pf" 
DISP "C2 IS THE SERIES EQUIVALENT CAP. AND CI IS THE SHUNT 
EQUIVALENT CAP." 
C2=(C4*2-C3)/4 
Cl=C3/2 
PRINT 
PRINT "C2=";C2;"pf" 
PRINT 
PRINT "C1=";C1;"pf" 
C=2.997*E10 
DISP "TYPE IN Zo" 
INPUT Z 
DISP "TYPE IN Eeff" 
INPUT El 
L=C*Z*(C1*E1-12+C2*1E-12)/E1A.5 
PRINT 
PRINT "Leg=";L;"cm" 
Ll=l/M2.*(LOG(C5)-K2) 
G1=EXP(L1)*W 
PRINT 
PRINT "GAP=";G1;"cm" 
PRINT 
PRINT "GAP=";G1/.00254;"mils" 
PRINT 
DISP "PROGRAM COMPLETE" 
STOP 
END 



COUPLED 
PROGRAM COUPLED 
DIMENSION Z(4.4),A(3,3),B(3,3),C(3,3),D(3,3),YTW0(40,40), 
1,YF0UR(40,40),X(3,3),W(3,3) 
COMPLEX Z,A,B,C,D,S,T,F,ZIN,YIN,YTWO,YFOUR,X,W 
REAL PI 
S=(0.,-1.732) 
T=(0.,1.155) 
PI=3.14159 
ZOE=68.0 
ZOO=32.0 
Z(1,1)=(Z0E+Z00)/(2*S) 
Z(2,2)=Z(1,1) 
Z(3,3)=Z(1,1) 
Z(4,4)=Z(1,1) 
Z(2,1)=(Z0E-Z00)/(2*S) 
Z(1,2)=Z(2,1) 
Z(3,4)=Z(2,1) 
Z(4,3)=Z(2,1) 
Z(4,l)=(Z0E+Z00)*T/2 
Z(3,2)=Z(4,1) 
Z(2,3)=Z(4,1) 
Z(1,4)=Z(4,1) 
Z(1,3)=(Z0E-Z00)*172 
Z(2,4)=Z(1,3) 
Z(3,1)=Z(1,3) 
Z(4.2)=Z(1,3) 
DO 20 1=1,3,2 
DO 10 J=l,3,2 
A(I,J)=Z(I,J)*Z(2,2)-Z(I,2)*Z(2,J) 
B(I,J)=Z(I,J)#Z(4,4)-Z(I,4)*Z(2,J) 
C(I,J)=Z(2,2)*Z(4,4)*Z(I,J)+Z(I,4)*Z(4,2)*Z(2,J)+ 
1 Z(I,2)*Z(2,4)*Z(4,J)-Z(2,4)*Z(4,2)*Z(I,J)-Z(2,2)* 
2 Z(I,4)*Z(4,J)-Z(4,4)*Z(I,2)*Z(2,J) 

10 CONTINUE 
20 CONTINUE 

F=Z(2,2)*Z(4,4)-Z(2,4)*Z(4,2) 
OMEGA=0 
PRINT 50 
PRINT 60 
DO 90 K=1,18 
THETA-0 
DO 80 L-1,18 
YTWO(K,L)=(0.,0.02)*TAN(THETA*PI/180.) 
YFOUR(K,L)=(0.,0.02)*TAN(0MEGA*PI/180.) 
DO 401=1,3,2 
DO 30J=1,3,2 
W(I,J)=A(I,J)*Y7VI0(K,L)+B(I,J)*YF0UR(K,L)+C(I,J) 
1 *YTWO(K,L)*YFOUR(K,L)+Z(I,J) 
X(I,J)=Z(2,2)*YTW0(K,L)+Z(4,4)*YF0UR(K,L)+F* 



1 YTW0(K,L)*YF0UR(K,L)+(1.,0.) 
D(I.J)=W(I,J)/X(I,J) 

30 CONTINUE 
40 CONTINUE 

ZIN=D(1,1)-(D(1,3)*D(3,1))/(D(3,3)-K50.,0.)) 
YIN=1/ZIN 
PRINT 70,OMEGA,THETA,ZIN,YIN 

50 FORMAT(5X,'THETA4',4X,'THETA2',7X,'ZIN(R)',9X, 
1 1ZIN(I)',8X,1YIN(R)' ,8X,'YIN(J)1) 

60 FORMAT (2(5X, ' '),5X,4(' '),5X)) 
70 FORMAT (2(5X,F5.1),4(5X,E10.4)) 

THETA=THETA+10 
80 CONTINUE 

0MEGA-0MEGA+10 
CONTINUE 
END 
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