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by 
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Dr. Sedki Riad, Chairman 

(ABSTRACT) 

First-pass success is important for cost-effective Monolithic 

Microwave and Millimeter-wave Integrated Circuits (MMMICs) since 

additional iterations to the MMMIC design are costly and take months 

to complete. In order to meet these goals, new levels of capabilities 

in the design, test and comprehensive simulations are required. The 

MMMICs employ microstrip line as a component connecting transmission 

medium as well as a distributed matching element. In a circuit 

layout, any deviation from straight transmission lines causes the 

introduction of discontinuity parasitics which must also be modeled as 

accurately as possible in order to predict the circuit performance. 

These discontinuities should either be taken into account or 

compensated for at the final stage of the design. A comparative study 

of different circuit simulators is undertaken to characterize 

microstrip discontinuities. Several microstrip discontinuities, such 

as bends, steps, and tees are examined and optimum compensated models 

are determined.
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PART | 

1.0 Introduction 

Since it is impossible to do tuning on GaAs monolithic microwave 

integrated circuits (MMICs), an accurate and comprehensive modeling of 

each device and circuit element is required to save expensive and time 

consuming iteration of mask fabrication and wafer fabrication and 

evaluation. Such comprehensive simulators require accurate linear and 

nonlinear models for active devices, accurate models or analysis of 

transmission media and their discontinuities, and passive circuit 

elements such as capacitors, resistors, inductors, via holes, air 

bridges, etc. For densely packed circuits, coupling and interactions 

between various circuit elements must also be included. In addition 

to circuit theory simulators a number of electromagnetic simulators is 

available now to analyze microwave circuit components. They are very 

suitable to analyze sections or complete hybrid microwave ICs and 

MMICs. 

This thesis focuses on two such simulators: EEsof’?s TOUCHSTONE 

and Sonnet’s EM. Probably the best way to compare these simulators is 

to design a simple passive circuit, fabricate it and _ physically



measure the S-parameters using on-wafer RF testing and vector network 

analyzers. Unfortunately, mask fabrication and wafer fabrication are 

very expensive and time consuming processes. Instead, this thesis 

will describe and analyze several commonly occurring microstrip 

discontinuity models obtained using both simulation programs. Optimum 

compensation will then be determined empirically. 

In general, simulation results obtained for passive circuit 

components by these software will be almost identical, if the 

microstrip discontinuities and interactions between various components 

are included. In circuit type simulators, accurate characterization 

of microstrip discontinuities and interaction between densely packed 

components are not available. Electromagnetic simulators, on the 

other hand, are very time intensive, but characterize accurately the 

transmission lines, their discontinuities, multilayer components and 

interaction between components. As microstrip discontinuities play a 

very important role in the MIC and MMIC design, this thesis will deal 

with microstrip discontinuity characterization and their compensation.



2.0 Microstrip Line 

The basic element in a microwave integrated circuit is a 

transmission line called the microstrip, as shown in Figure 2.1. 

Although this line is very simple in structure, its theoretical 

treatment is very complicated. A microstrip line consists of a strip 

conductor placed on a dielectric slab whose lower surface is plated 

with a metal conductor, making it very easy to fabricate. 

A microstrip line is an inhomogeneous transmission line. The 

field lines between the strip and the ground plane are not contained 

entirely in the substrate, and the mode propagating along the 

microstrip is not purely TEM but quasi-TEM. A quasi-TEM wave is a 

nearly transverse electromagnetic wave in which the electric and 

magnetic fields have small components in the direction of propagation, 

so that the fields are almost but not quite transverse to the 

direction of wave propagation. The transmission line characteristics 

can be calculated from the values of two capacitances: C, - for a unit 

length of the microstrip configuration with the dielectric materials 

replaced by air; and C - for a unit length of the microstrip with the
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Figure 2.1 A microstrip-line configuration



dielectric present. The characteristic impedance Z) and the phase 

constant $8 can be written in terms of these two capacitances as [3]: 

0 = 7 (1) 

B= ko (e)}/? = ky Je (2) 

where 
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c is the speed of light in free space, A) is the free space wavelength 

and A, is the guide wavelength. The effective dielectric constant ¢, 

takes into account the fields in the air region. 

Closed-form expressions are necessary for optimization and 

computer-aided design of microstrip circuits. Extensive literature 

dealing with the analytical and numerical solutions is given in the 

bibliography. See [10], [11], [12]. Wheeler, Schneider, and 

Hammerstad have presented the following expressions for Zp: 
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The maximum frequency of operation of a microstrip is limited by 

several factors. Most important are excitation of spurious modes, 

higher losses, tight fabrication tolerances, and increased 

discontinuity effects. 

Strong coupling occurs between the quasi-TEM mode and the lowest order 

surface-wave spurious mode at frequency fy given by 

  fp = 7 esa tan (6) (9) 

where f7, is in GHz and h in mm. Such couplings link together elements 

that were not meant to be coupled. Therefore the maximum thickness of 

the GaAs substrate (e, = 12.9) operating at 100 GHz is less than 0.3 

mm. Microstrip discontinuities such as open ends, gaps, slits, steps 

in width, and bends also restrict the maximum thickness due to high 

radiation losses at those discontinuities.



2.1 Microstrip Discontinuities 

In microwave circuits, there always exist discontinuities 

between distributed elements, between lumped elements, and between 

distributed and lumped elements. Most discontinuities are: 

short circuits and open circuits 

bends - right angled and others 

step changes in dimensions caused by changes in impedance levels 

T junctions and cross junctions 

Some of them are shown in Figure 2.2. 

A discontinuity in microstrip is caused by an abrupt change in 

the geometry of the strip conductor. Therefore, electric and magnetic 

field distributions are modified near the discontinuity. This change 

in electric field distribution gives rise to a change in capacitance, 

and the changed magnetic field distribution can be written in terms of 

an equivalent inductance. The analysis of a microstrip discontinuity 

involves the evaluation of these capacitances and inductances. 

Analysis of microstrip discontinuities is usually based on quasi- 

static considerations or carried out more rigorously by full-wave 

analysis. 

These discontinuities and reactances associated with them are
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6. Cross Junction 

  

  

      

  

    
    

      

  

      
  

  

  

          

  

  

  

rere Se eee eee | 

L--.---------------- = 

Co 
L g 

) __s 

a | 5 

Stubs | 

Coupled Line Filters 

Coupling to Resonators 

Impedance Transformers 

Circuit Layout 

Stubs 

Branch Line Circuits 

Low Impedance Stubs 

Figure 2.2 Typical microstrip transmission-line discontinuities



sometimes referred to as parasitics, since they are not introduced 

intentionally. They have many significant effects on the circuit 

performances. Some of them are [3]: 

~ frequency shift in narrow-band circuits 

- degradation in input and output VSWRs 

- lower circuit yield due to degradation in circuit performance 

- higher ripple in gain flatness of broadband ICs 

- interfacing problems in multifunction circuit performance 

- surface wave and radiation couplings that may cause oscillations in 

high gain amplifiers. 

As the frequency of circuit operation increases, the effects of 

discontinuities generally become more critical. The discontinuity 

effects are either taken into account at the final stages of the 

design or are compensated while laying out the circuit design. 

Quasi-static analysis involves calculations of static 

capacitances and low frequency inductances. Equivalent circuits for 

discontinuities may be obtained from these results. Also, a waveguide 

type dynamic analysis taking dispersion into account may be carried 

out. This leads to a frequency dependent S-parameter results. 

Equivalent circuits for discontinuities can also be based on these 

results.



2.2 S-Parameter Representation 

During the characterization of a microstrip structure, in this 

case microstrip discontinuity, the quantities of interest are the 

equivalent circuit parameters which can be expressed in terms of 

scattering parameters (S-parameters). S-parameters are a set of four 

parameters commonly used for describing two-port networks or devices 

that do not require the establishment of open-circuit or short-circuit 

reference planes. The four parameters (input reflection coefficient, 

output reflection coefficient, forward voltage gain, and reverse 

voltage gain) are all measured with the device terminated with 50 ohm 

impedance. 

S-parameters of a discontinuity junction describe the 

relationship between waves coming in and going out of the junction, 

therefore it is convenient to use a network description of the 

discontinuity. For a 2-port device the S-parameters can be expressed 

as: 

where a’s and b’s are the voltage amplitudes associated with the waves 

propagating into and out of the network at each port as shown in 

10



Figure 2.3. In a transmission line, these variables relate to the 

voltages and currents through the transmission line equations: 

V(x) = ae~ BF 4 betBt (12) 

I(x) = t (ae ~ 8 _ be*Fr) (13) 
o 

where Z, is the characteristic impedance of the line, and # is the 

propagation constant. The normalized wave variables, a’ = a/Z, 

and 

b’ = b/Z,, together with § can be extracted by probing the total 

current away from the discontinuity. Replacing a and b in equations 

(10) and (11) with a’ and b’ we obtain a set of S-parameters that is 

normalized to the characteristic impedance of each line. The 

advantage of this is that the S-parameters can be obtained without 

prior knowledge of the characteristic impedance of each line. 

In a 1-port device, the desired S,, parameters is the ratio of b’ 

to a’. For a general N-port device, the S-parameters can be computed 

in a similar fashion once the a’ and b’ are known for each port and 

each excitation. 

11
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3.0 Simulation Tools 

Microstrip structures, including above-mentioned discontinuities 

and passive elements, can be modeled on Computer-Aided simulation 

tools which employ electromagnetic analysis. There is a growing 

number of EM analyzers commercially available on the market today. 

There are even more in use in research labs around the world. Most of 

them combine Computer-Aided-Design (CAD) features with EM simulation 

to form a complete computer design/analysis station. They differ from 

conventional circuit theory simulators which work with voltages and 

currents because EM simulators deal with electric and magnetic fields. 

This slows down the simulation considerably, yet provides us with a 

greater depth of information that is simply ignored by ordinary 

circuit simulators automatically. For example, a circuit simulator 

neglects circuit coupling which is predicted by an EM simulator. For 

EM simulators, the complexity of the circuit geometry is determined by 

the number of mesh points or subsections into which the circuit 

geometry is divided, rather than just the complexity of the circuit 

geometry. By cutting down on the number of mesh points or increasing 

13



the subsection size, the simulation will take less time to complete 

the analysis at the cost of decreased accuracy. Similarly, by 

increasing the number of mesh points or decreasing the subsection 

size, it will take longer to analyze the circuit with an increase in 

accuracy. The design engineer must make an important decision of how 

soon and how accurately the results are desired. Therefore, because 

of the time needed for an analysis, EM simulators must be used wisely. 

In conventional circuit analysis, the time to complete the analysis 

increases only slowly with the complexity of the circuit as shown in 

Figure 3.1. However, small increases in complexity in EM simulators 

result in extreme increases in analysis time as shown in Figure 3.2. 

Most EM simulators are written for workstation computers because 

of the need for fast operating speed and large memory requirements. 

They all use different analysis techniques that complement rather than 

compete, to handle different classes of problems or applications. The 

surface-meshing technique (Figure 3.3) potentially has a significant 

advantage over the volume-meshing method (Figure 3.4) for mostly 

planar circuits. Even though volume-meshing techniques can use sparse 

matrix techniques, surface-meshing techniques are usually several 

orders of magnitude faster for this class of circuits. 

The first step in analyzing a microwave device is the creation 

of a computer model of its geometry. Modern CAE systems now use 

interactive graphics as well as solid modeling techniques to enter 

complicated geometries easily. After the solid model is created, 

14
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Figure 3.4 The volume-meshing technique 
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material properties such as the dielectric constant and the electric 

conductivity are assigned to each object in the model. 

There are two solution methods widely used: finite- 

element and boundary-element methods. The basic idea of both the 

finite- and boundary-element solution methods is to divide the device 

to be simulated into a large number of small regions called finite 

elements (mesh) and to represent either the field or its source in 

each element with discrete variables. Fully automatic mesh generators 

are now available. For 2-D models, one way to automatically divide 

the geometry into a mesh is to use a set of triangles or sometimes 

rectangles. In 3-D, the triangles are replaced with tetrahedrons or 

cubes. Since 1984, procedures based on Delanuay tessellation have 

become increasingly popular for finite-element mesh generation. The 

algorithm converts an arbitrary set of points into a triangular or 

tetrahedral mesh, so that the sum of the minimum angles is maximized, 

resulting in a more efficient solution of the electromagnetic fields. 

Electromagnetic field simulation involves the solution of 

Maxwell’s equations, which completely describe the behavior of 

electromagnetic fields. The finite element method expresses these 

four equations in terms of differential equations, while the boundary- 

element method employs integral equations. To simplify the analysis, 

Maxwell’s equations are usually expressed in terms of electric and 

magnetic potential functions. 

In this thesis we will examine and use two commercially 

17



available simulation tools: EEsof’s TOUCHSTONE and Sonnet Software’s 

EM. Some brief theoretical aspects of the two programs are outlined 

in next four sections. 

3.1 Touchstone - EEsof Software 

Touchstone can be described as a computer-aided engineering 

software tool for obtaining design solutions for microwave and RF 

circuits. It uses frequency-domain circuit simulation based on 

circuit theory combined with optimization for increased performance. 

It is a product of EEsof, a software company founded and run by 

electrical engineers. According to its user’s manual, Touchstone’s 

power comes from nodal description, random optimization, and a 

complete element and measurement catalog. One example of Touchstone’s 

versatility is the ability to interchange computed S-parameters 

between files. It is also very easy to define plotting grids and 

direct specific measurements of multiple networks to these plots. 

Touchstone also features a full screen editor and an interactive 

tuner. There is no need for extensive computing power; Touchstone 

will run on an IBM PC-XT, AT, any IBM compatible computer, or on the 

Hewlett-Packard 200 Series or HP Vectra computers. 

18



3.2 Touchstone Analysis Technique 

In contrast to an EM simulator, Touchstone does not actually 

solve Maxwell’s equations, neither does it have the ability to analyze 

an unlimited number of possible RF/microwave structures. It does 

however provide a quick and economical tool for the analysis of many 

RF/microwave devices. It contains an extensive circuit element 

library that can be accessed and manipulated through the use of basic 

key commands. EEsof’s technical staff continuously refines’ the 

element models, adds new models, and provides on-going technical 

support. 

Since this thesis is concerned with microstrip discontinuities, 

we will be mostly interested with those elements. Touchstone models 

microstrip lines for characteristic impedance, effective dielectric 

constant, dispersion, and loss. The microstrip substrate can be 

defined in the circuit description and then the microstrip line is 

defined simply by its width and length. The microstrip elements 

include the microstrip line, the short-circuited microstrip line, the 

open-circuited microstrip line which includes end effects, and the 

bend. The important microstrip junctions are represented by the step, 

tee, and the cross. Coupled microstrip lines can be represented by 

their width, space and length. 

The analysis begins with a creation of circuit file. The file 

19



can consist of 11 different blocks: 

- VAR Variables 

- DIM Dimensions 

~ EQN Equations 
- CKT Circuit 

- TERM Termination 

- PROC Processor 

- OUT Output 
- FREQ Frequency 

- GRID Grids 

- OPT Optimization 
- TOL Tolerance 

The Circuit block describes the circuit. It contains the elements 

from the element catalog, their node numbers, and the circuit data. 

Only three other data blocks are required (CKT, OUT, and FREQ blocks) 

for successful simulation. In the Qutput block the measurements are 

specified and directed to rectangular plotting grids, Smith charts, or 

to the screen. The simulation frequency is specified in the Frequency 

block. There can be an arbitrary number of frequency sweeps and 

discrete frequencies (up to 101). External terminations are defined 

in the Termination block, and can give each defined network its own 

termination. Also, the normalizing impedance can be changed from 50 

Ohms to a different value. Plotting grids are defined in the Grid 

block. Up to four grids can be used and Touchstone will automatically 

arrange the grids based on assigned frequencies and outputs. In 

addition to linear grids (similar to the ones in the appendix), polar 

quantities (S-parameters, etc.) can be plotted on Smith charts. 

Touchstone also allows for the modeling of devices. For example, a 

circuit file for an active device such as a FET model can be created 

20



and the measured S-parameters can be inputted. The optimizer can then 

be told to adjust the variables of the FET circuit model for the best 

fit to the measured S-parameters. 

3.3 Em - Sonnet Software 

Sonnet’s Em is a full-wave, three dimensional, surface-meshing 

workstation simulator that performs an electromagnetic analysis of a 

microstrip circuit by solving for the current distribution in the 

microstrip metallization. The analysis includes all dispersion, stray 

coupling, discontinuities, surface waves, moding, metallization 

losses, dielectric losses as well as_ radiation losses. It is 

optimized for predominantly planar structures. The third dimension is 

provided by via-holes which may run to ground or between any circuit / 

substrate layers. All memory and data structures are dynamically 

allocated, thus there are no software limits (eg., any number of 

layers, ports, etc.) It interfaces directly with all major circuit- 

theory-based tools. It is available on Sun, HP / Apollo, DEC, IBM, 

and Cray. Minimum recommended memory is 8-Mb RAM, with the software 

occupying 2 Mb of hard-disc space. 

The original algorithm used in the simulator was developed in 

1986 at Syracuse University by Jim Rautio and R. Harrington. It 

21



expresses the electromagnetic fields inside the box as a sum of 

waveguide modes and is closely related to the spectral domain 

approach. The next section presents an overview of this approach. 

3.4 Em Analysis Technique 

The electromagnetic analysis of an arbitrary microstrip circuit 

begins by subdividing the circuit metallization into small rectangular 

subsections. Each subsection is assumed to have surface current 

distribution which exerts tangential electric fields in that 

subsection. This surface current distribution is called an expansion 

function. The electromagnetic analysis program evaluates’ the 

tangential electric fields in each subsection and then adjusts the 

magnitudes of the currents in all subsections so that the residual of 

the tangential electric field approaches zero on all the circuit 

metallization. By weighting the integral of the resulting electric 

field by the expansion function described earlier, we have a special 

case of the method of moments known as a Galerkin Technique. The 

resulting matrix equation is sparse, with just a few nonzero entries 

per row. This fact allows the matrix equation to be solved using a 

sparse-matrix algorithm, in which only the nonzero entries in the 

matrix are stored. This greatly reduces the time required to solve 

22



the matrices in comparison to boundary-element methods, which produce 

full-matrix equations. The results are presented in S-parameter form 

over the earlier specified frequency range. 

The actual procedure for simulating a microstrip circuit with Em 

starts with CAD translation of the structure geometry, and specifying 

the required parameters. A program called Xgeom, (which comes 

together with Em) simplifies the process. Using only a mouse and a 

keyboard to a lesser extent, it takes approximately 30 minutes to 

draw’ an average structure and to specify all the parameters. More 

complex structures, including ones with via-holes and multilayer 

design, will take considerably longer. After that, a simple command 

will start the Em analysis over specified frequency span. Analysis 

time depends on structure complexity and number of subsections. The 

completed results can be easily plotted using any of the generic 

plotting programs. 

23



PART Il 

4.0 Introduction 

Now that we have a basic insight of microstrips and two powerful 

computer-aided simulation tools, the next step is to look at some 

common microstrip discontinuities, e.g. steps, bends, T-junctions, and 

to develop compensation methods to reduce the effect of parasitic 

reactances associated with these discontinuities by minimizing 

transmission and reflection losses. The two simulation programs, 

Touchstone and Em, will be then used to verify the improvement factor. 

Chapters 4 through 6 will describe the design and modeling of 

the above mentioned three discontinuities and attempt to find the best 

compensation method using computer aided simulation tools. First, an 

uncompensated model will be analyzed and the scattering S-parameters 

will be determined. Second, a compensation will be applied by 

removing or adding a portion of metallization and again running the 

new models using both programs. For each discontinuity we will try to 

analyze several different dimension ratios in order to include a wide 

spectrum of possible industry applications. All examples will be 

tabulated and plotted out to see the effects of compensation in each 

24



case. A complete set of plots for all three discontinuity types is 

included in the Appendix. Some of the most relevant plots are also 

included at the end of each chapter that deals with the given 

discontinuity. 

4.1 Microstrip Step Discontinuity 

This chapter begins with the characterization and compensation 

of the step discontinuity. Steps in width exist in microwave circuits 

when there is a junction of two microstrip lines having different 

impedances. This very common type of discontinuity is usually 

encountered when designing matching transformers, couplers, filters, 

and transitions. The configuration for step discontinuity and its 

equivalent circuit is shown in Figure 4.1. In terms of distributed 

elements, the discontinuity capacitance C, has the effect of an 

increase in the wide line’s length and an equal decrease in narrow 

line’s length. These effects are small and can be approximated by 

[16]: 

Al, (1 ~ Wo/W,) (14) 

where Al,, is the open-circuit line extension for line width W,, and 
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Step discontinuity - equivalent circuit 
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can be calculated from equation: 

Al, _ C4. cZom W/h 
ho Wee (15)   

where C is an excess capacitance of an equivalent open-end 
oc 

discontinuity. Zom is the line impedance, and ¢,, is the effective 

dielectric constant for a microstrip of width W1. 

The inductance computation follows with: 

Zom V fre 
Lo. = —e—  (H/m) (16) 

where L,, is the inductance per unit length of microstrip of width W,. 

The total inductance L,, is calculated by the method of quasi-static 

computation of inductances [15]. In order to take into account the 

effect of discontinuity inductances in the circuit design, L, may be 

separated into L, and L, as follows: 

Let 

Mt = Tay + Tyg on) 

Le 

Ma T+ Dag us) 

These are the inductances as seen on Figure 4.1. The goal of a 

successful compensation model is to minimize the inductance and the 

capacitance values. 
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4.2 Microstrip Step Discontinuity - Compensation 

Compensation in theory means to make the calculated input return 

loss dispersion of the 2-port discontinuity model as small as possible 

compared to the ideal case using an optimum chamfer. The most logical 

method is to remove a _ portion of the metallization near’ the 

discontinuity. Looking at the geometry of the discontinuity, the area 

that contributes to the inductance and capacitance is close to the 

junction on the wider width side. By tapering the corners, both 

effects should be minimized. The problem arises in calculating the 

amount of the taper that should be applied. This has been solved by 

trying different amounts of chamfer and noting the best results. For 

most of the step-width ratios used, the chamfer that best compensated 

the step discontinuity appeared to be approximately L1=W2/8 and 

L2=W2/3. Figure 4.2 shows step discontinuity and compensated step 

discontinuity. Tables 4.1 and 4.2 show the various dimensions for 

these discontinuities for 5-mil GaAs substrate, and Tables 4.3 through 

4.6 show the dimensions for 15-mil and 25-mil Alumina substrate 

discontinuities respectively. 

The characterization and compensation of the step discontinuity 

has been performed on three different substrate types. One was 

performed on 5-mil GaAs substrate, the other two on 15-mil and 25-mil 

Alumina substrates. The various step width ratios, ranging from 2.5 
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Figure 4.2 Uncompensated and compensated step discontinuity 
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Table 4.1 Step discontinuity dimensions 

  

  

            

L, (um) W, (um) W, (um) Label 

30 20 260 stp1 

20 20 160 stp2 
30 60 260 stp3 
20 40 100 stp4 
20 60 160 stp5 
30 10 260 stp6 
20 10 160 sip7 
20 10 100 stp8 

Table 4.2 Compensated step discontinuity dimensions 

  

  

  

(um) (um) (um) (um) | (Deg.) @ 20 GHz 

20 260 30 40 1.92 stpn1 
20 160 20 30 0.68 stpn2 
60 260: 30 40 1.45 stpn3 
40 100 20 20 0.58 stpn4. 
60 160 20 30 0.27 stpn5 
10 260 30 40 1.97 stpn6 
10 160 20 30 0.57 stpn7 
10 100 20 20 0.50 stpn8s           
  

30 

 



  

  

            

Table 4.3. Step discontinuity dimensions 

L, W, Ww, Label 
(um) | (um) (um) 

90 60 780 stpn21 
60 60 480 stpn22 
90 180 780 stpn23 
60 120 300 stpn24 
60 180 480 stpn25 
90 30 780 stpn26 
60 30 480 stpn27 
60 30 300 stpn28 

Table 4.4 Compensated step discontinuity dimensions 

  

  

  

W, W, L, ®oisc Label 
(um) (um) (um) | (um) | (Deg.) @ 20 GHz 

60 780 90 120 4.70 stpn21 
60 480 60 90 1.99 stpn22 

180 780 90 120 3.36 stpn23 
120 300 60 60 0.14 — stpn24 
180 480 60 90 1.15 stpn25 
30 780 90 120 4.64 stpn26 
30 480 60 90 2.21 stpn27 
30 300 60 60 1.12 stpn28s             
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Table 4.5 Step discontinuity dimensions 

  

  

          
  

  

  

  

L, W, Ww, Label 
(um) | (um) (um) 

150 100 1300 stpn31 
100 100 800 stpn32 
150 300 1300 stpn33 
100 | 200 500 | stpn34 
100 300 800 stpn35 
150 50 1300 stpn36 
100 50 800 stpn37 
100 50 500 stpn38 

Table 4.6 Compensated step discontinuity dimensions 

W, W, L, ®isc Label 

(um) (um) (um) (um) | (Deg.) @ 20 GHz 

100 1300 150 200 7.13 stpn31 
100 800 100 150 5.76 stpn32 
300 1300 150 200 4.93 stpn33 
200 500 100 100 0.59 stpn34 
300 800 100 150 1.72 stpn35 
50 1300 150 200 6.99 stpn36 
50 800 100 150 3.89 stpn37 
50 500 100 100 1.77 stpn38s           
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to 26, were chosen which represent the broad spectrum of the step 

discontinuities encountered in MMICs and MICs. The aim was to 

characterize the step discontinuity using Sonnet’s Em simulator and 

compare it with Touchstone software. 

The parameters were as follows for structures: 

Structures: STP1 - STP8 and STPN1 - STPN8 

Erel = 12.9 

H = 122 pm (5-mil) 

Box size: 2000 X 2000 pm 

Structures: STP21 - STP28 and STPN21 - STPN28 

Erel = 9.9 

H = 381 pm (15-mil) 

Box size: 2040 X 6000 pm 

Structures: STP31 - STP38 and STP31 - STPN38 

Erel = 9.9 

H = 635 pm (25-mil) 

Box size: 2000 X 10000 ym 

First we analyzed the uncompensated step discontinuity on Sonnet 

and compared it with Touchstone for STP1 - STP8. The reference 

planes for the uncompensated structures were chosen such that they 

correspond to corresponding compensated step structures and cover the 

total length of the chamfer as shown in Figure 4.2. The frequency 

span was chosen from 1 GHz to 30 GHz with an increment of 5 GHz. (1, 

5, 10,..,30) Next we applied the above-mentioned compensation to 
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structures STPN1 - STPN8 and analyzed using Sonnet’s Em simulator. 

Unfortunately, due to Touchstone’s inherent limits, this part of the 

analysis could not be checked. And finally the uncompensated and 

compensated step discontinuities have been referenced to the ideal 

case of a microstrip line of length Li and width W2. This was 

performed on Touchstone only. The three sets of data were then 

plotted. The procedure was repeated for 15-mil STP21 - STP28, STPN21 

-~ STPN28 and 25-mil substrates STP31 - STP38, STPN31 - STPN38. 

4.3 Microstrip Step Discontinuity - Results and Discussions 

Comparison of the Sonnet’s uncompensated case results shows very 

good correlation with Touchstone step model up to 20 GHz after which 

the two responses depart. This can be attributed to the fact that 

most of Touchstone’s circuit elements are designed for the analysis of 

up to only 20 GHz. The results indicate that the compensation need 

not be performed for step width ratios less than 3 as shown in Tables 

4.1 through 4.4. (Plots No. 2 and 4 in the Appendix) The first four 

plots show excellent transmission characteristics and illustrate the 

fact that the greater the step-width ratio - the greater the 

reflection loss. In each of the cases, compensation almost totally 

improved the response. The next four plots show greater effects of 
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the step discontinuity. In each of these cases, the compensation 

improved the responses to a significant degree and confirmed the 

compensation method. 

Plot No. 6, as seen on the next page, is the most severe case 

with an uncompensated loss of 0.15 dB at 30 GHz. Using this case as 

an example, the step width ratio is equal to 26 which is the highest 

of all the combinations. (From Table 4.1 -> W1 = 10 um, W2 = 260 um) 

By applying the above mentioned compensation, the response of the step 

discontinuity is lowered to an ideal case up to 20 GHz. The peak at 

25 GHz can be explained by a box resonance which only shows up in this 

simulation. The same structure analyzed on a different 

electromagnetic simulator will not exhibit this error. At 30 Ghz the 

response returns back closer to the ideal case, and ignoring that one 

peak frequency, we can conclude that the compensation achieved an 

excellent result, and that in fact it is the optimal method. 

Plots No. 9 through 16 summarize the step discontinuity 

compensation results for 15-mil substrate. At this point we have 

added a fourth data curve, UNCOM-T, which graphed uncompensated 

Touchstone results. It should also be noted that the vertical scale 

has been changed to increase the resolution of the data points. Step- 

width ratios also ranged from 2.5 to 26. Again, the lower ratio 

discontinuities exhibited less loss. In all eight plots the Sonnet 

compensated curve very closely matches the ideal curve, indicating an 

excellent compensation factor. However uncompensated results obtained 
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Plot No. 6 Ideal, uncompensated, and compensated step discontinuity 
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by Touchstone are overestimated, while Sonnet’s analysis results are 

somewhat lower. This is probably due to Touchstone’s inaccurate 

discontinuity models. In plots No. 9 and 14 (the highest step-width 

ratios) Sonnet overestimates the discontinuity at 30 GHz. This can be 

attributed to a possible resonance or other anomaly in the analysis. 

The last eight plots, namely No. 17 - 24, illustrate the results 

for 25-mil substrate. Here again the uncompensated Sonnet curves are 

below Touchstone’s which indicate overestimation of Touchstone’s step 

discontinuity model. On the other hand, compensated curves’ show 

excellent results compared to the ideal case. In a few cases, 

however, the compensated curves appear to indicate lower reflection 

losses than the ideal case. This obviously can not be accurate, and 

can only be attributed, again, to small error in compensation 

technique. 

The optimal compensation method was determined to be a chamfer 

equal to about W2/8 in length, and W2/3 in width, which was effective 

over the entire frequency span of the simulation. Further research 

might reveal different chamfering angles, dimensions or _ even 

techniques, which will more accurately optimize specific step 

discontinuity examples. 
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5.0 Microstrip Bend Discontinuity 

A microstrip bend is usually introduced in the circuit design 

for an added layout flexibility and is formed by two lines of equal or 

unequal impedances. The equivalent circuit of a microstrip bend is 

shown in Figure 5.1. Probably the most common form of microstrip bend 

used in circuits is a right-angled bend (¢ = 90°). 

The capacitance and inductance for right-angled bend 

discontinuities have been computed by Thompson and Gopinath [14]. The 

closed form expressions are given below: 

(14 6, + 12.5)W/h - (1.83 «, - 2.25) 0.02 «, 

° VW/h * W7h 
yy (pF/m) = (W/h < 1) (19) 

(9.5 «, + 1.25)W/h + 5.2 € + 7.0 (W/h > 1) 

    

7 (nH/m) = 100(4/W/h - 4.21) (20) 

Equation (19) is accurate to within 5% for 2.5 < ¢« < 15 and r 

0.1 < W/h < 5. The accuracy of equation (20) is about 3% for 
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Figure 5.1 Bend discontinuity - equivalent circuit 
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0.5 < W/h < 2. Again the goal of proper compensation is to minimize 

these additional inductance and capacitance by removing an appropriate 

portion of metallization near the discontinuity. In similarity to 

step discontinuity, we will analyze bend structure on three different 

substrates by changing the width dimensions, and the shape of the bend 

chamfer. 

5.1 Microstrip Bend Discontinuity - Compensation 

The characterization and compensation of the bend discontinuity 

was also performed on three substrate types. Gallium Arsenide (5-mil) 

and Alumina (15-mil and 25-mil). First, we analyzed the uncompensated 

bend (BND1) and later six different combinations of compensation 

(BND2-BND7). To analyze the discontinuity of the right angle bends, 

several steps have to be performed. First, the uncompensated right 

angle is analyzed; second, several different compensated bends are 

analyzed and third, the optimum compensation is chosen based on the 

obtained data. 

To compensate for the excess capacitance, most practical 

circuits are chamfered. Measurements by Easter [18] conclude that a 

72% chamfer is needed for a 502 line bend on Alumina substrate. This 

will increase the length correction in the equivalent circuit to 
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approximately 0.3 of the substrate thickness. The optimum length of 

the chamfer was also determined to be 1.8 W. 

For this simulation one uncompensated and six compensated 

structures were analyzed as shown in Figure 5.2. First of all, the 

structures were created with the following parameters: 

Erel = 12.9 (GaAs) 

H = 122 pm 

W = 40/90/180 pm 

Box size: 2000 x 2000 pm 

For each structure, three different line widths were analyzed. 

They were chosen to be 40, 90 and 180 pm to represent a broad spectrum 

of possible right angle bends encountered in MMICs. All structures 

were then analyzed on Sonnet’s Em software at frequencies 1, 5, 10, 

15, 20, 25, and 30 GHz. During the data gathering, several 

unreasonable results were noted at some of the frequencies. This 

discrepancy was attributed to resonance effects due to the box size 

and/or the subsection size chosen for the analysis. Several different 

trials were run using combinations of different box sizes and cell 

sizes, the later controlling the accuracy of the results and the 

length of the computation. 

Finally, the results were compared with EEsoft’s Touchstone 

software. In Touchstone, discontinuity models for only structures No. 

1, 2 and 4 are available. However, we found a very good correlation 
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Figure 5.2  Uncompensated and compensated bend discontinuities 
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between the Touchstone and Sonnet’s simulated results for these 

structures. This gave us confidence in Sonnet’s data. 

For the second and third parts of the simulation, the same seven 

structures were analyzed on Alumina (15 and 25-mil) substrates. Again 

the results were compared with Touchstone software. The following 

parameters were used: 

Erel = 9.9 (Alumina) 

H = 15 mil 

W = 6 mil 

Box Size: 2500 x 2500 pm 

Erel = 9.9 (Alumina) 

H = 25 mil 

W = 25 mil 

Box Size: 2500 x 2500 pm 

The plots were named in the following way: BND1i6, BND26, and BND36 

show the comparison of 15-mil structures. BND25, BNDi25, and BND225 

are the 25-mil simulations. Un each plot the responses’ are 

abbreviated: 

e.g. SOUNCB1 Sonnet’s uncompensated bend No. 1. 

TCCOMB2 = Touchstone’s compensated bend No. 2. 
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5.2 Microstrip Bend Discontinuity - Results and Discussions 

Several plots were made showing the obtained results. The first 

three plots, No. 25 through 27 found in the Appendix, illustrate the 

uncompensated right angle bend results compared with Touchstone for 

the three line widths of 40, 90 and 180 pm. (BND140 means structure 

No. 1, uncompensated at 40 pm). The 40 pm and 90 ym plots show 

excellent correlation with Touchstone, while the 180 pm case _ shows 

little deviation by Sonnet at 5 and 15 GHz due to probable resonance 

problems. As expected, the reflection losses increase with increased 

line width. As an example, the 90 yum uncompensated case is shown on 

the next page - Plot No. 26. The results from Sonnet and Touchstone 

simulations are in excellent agreement, and further prove the validity 

of electromagnetic computer simulation. 

The next three plots, No. 28 - 30, show the comparison of 

compensated bends No. 2 and 4 with Touchstone. These were the only 

two compensated right angle bends supported by Touchstone analysis 

software. The compensation was achieved by a straight chamfering of 

the corner, making the chamfer length L equal to 1.4 W in Bend No. 2 

and 2.2 W in Bend No. 4. Using the plotted data obtained, it appears 

that Bend No. 4 is better compensated in 40 pm and 90 pm substrates, 

but not as well in 180 pm. 

The following three plots, No. 31 - 33, show the results of 

45



EEsof - Touchstone - Fri Jul 19 14:09:12 1991 - BND190 

no MAGS14] 4 MAG[ S14] 
  

  

  

  

  

                  

EESO4 SONN4 

0. 300 

0. 450 

—— 

an 

0. 000 | 
1. 000 45. 50 FREQ-GHZ 30. 00 

Plot No. 26 Uncompensated bend discontinuity - GaAs 5-mil substrate 
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Bends No. 3, 5, 6, and 7. Here we only have Sonnet data available. 

Again, as an example, the 90 ym case is shown on the next page - Plot 

No. 32. It appears that Bend No. 3, compensated by a straight 1.8 W 

chamfer has the best transmission characteristics. It almost 

approaches the ideal, non-discontinuity, level in a 90 pm microstrip 

width. However, the compensation lags behind that of Bend No. 7 in a 

180 wm width. Since Bends No. 5, 6, and 7 represent novel methods of 

compensation, no previous published material is available on their 

performance. More research is required on these new compensations to 

verify our results in a 180 wm microstrip width. 

The Alumina (ce, = 9.9) data was also plotted and analyzed. The 

three plots, No. 34 - 36, illustrate the 15-mil characteristics and 

show consistent improvement for Bend No. 3 compensation. Overall it 

approaches almost an ideal case, except for one peak at 20 GHz due to 

resonance effects. As in GaAs substrate, Bend No. 7 also exhibits 

improved performance, but lags slightly in 180 um width. 

The 25-mil characteristics, Plots No. 37 - 39, illustrate 

greater reflection losses, as predicted, and also indicate that Bends 

No. 3 and 7 use the optimal compensation methods. Although the 

responses are very close for these two compensation methods, 

compensation No. 7 should be used. Further research on a different 

electromagnetic simulation package, for 25-mil substrate is still 

necessary to verify our results. 
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6.0 Microstrip T-Junction Discontinuity 

Of all the microstrip discontinuities, the T-junction is 

probably the most important and involved. It is found in most 

microwave circuits in the form of impedance matching networks, stub 

filters, and branch-line couplers. An equivalent circuit of a 

microstrip T-junction is shown in Figure 6.1. In this structure, the 

discontinuity capacitance Cy; has been calculated by Silvester and 

Benedek [9]. The inductance calculations have been performed by 

Thompson and Gopinath [14]. 

The closed form expressions for the discontinuity reactances 

with a main line impedance of 50 ohm and ¢«, = 9.9 have been derived as 

follows [17]: 

  

  

C 
W, (PF/m) = ap (0.0072 zy + 0-64 Z, - 261 (25<Z,< 100) (21) 

° o 

Ly _ _ We J We Wy 0.016 
h (nH/m) = - h h (-0.016 h + 0.064) + W,/h Lil (22) 

(0.5.<(W,/h, W,/h) $2.0) 
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T-junction discontinuity - equivalent circuit 
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Lo _ Wy Wo W, 
h (nH/m) = (0.12 h - 0.47) h + 0.195 h -0.357 + 

0.0283 sin (7 “ - 0.75 =) Li2 (23) 

(1 <W,/h<2.0; 0.5<W,/h <2.0) 

The T-junction discontinuity has previously been compensated by 

adjusting the lengths of the three microstrip lines forming the 

junction. This can be done by changing microstrip widths near the 

junction so that the effects of the shunt susceptance are compensated. 

A new way of compensation, is to remove a “wedge” amount of material 

at the center of discontinuity. This effectively removes excess 

capacitance from the microstrip T-junction. We have performed many 

iterations using different shapes and dimensions of the “wedge” 

compensation. The most optimal was discovered to be a 30° isosceles 

triangle. 

6.1 Microstrip T-Junction Discontinuity - Compensation 

The characterization and compensation of the T-junction 

discontinuity was performed again on three substrate heights: Gallium 

Arsenide (5-mil) and Alumina (15-mil and 25-mil) substrates. Several 
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different ratios of widths were analyzed as given in Tables 6.1-3. In 

these tables W1 is the width of ports 1 and 2, while W2 is the width 

of port 3. The compensation was performed by removing a triangular 

“wedge” at the point of the discontinuity approximately 1/2 of the 

width of the microstrip leg. See Figure 6.2. This was roughly 

equivalent to a 30° isosceles triangle. After the structures were 

created with Xgeom, Sonnet’s Em analysis was performed. Next, the 

same structures were simulated and analyzed on Touchstone software for 

comparison. 

Several plots of S-parameters were created which show the 

difference in uncompensated and compensated results. Again they are 

included in the Appendix, and start with Plot No. 40 - 65. Due to 

Touchstone’s limitations; however, only uncompensated T-junctions were 

analyzed on Touchstone. On each plot the following abbreviations are 

used: 

EESO : Touchstone’s data (uncompensated T-junction) 

SONN1: Sonnet’s data (uncompensated T- junction) 

SONN2: Sonnet’s data (compensated T-junction) 
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Table 6.1 Compensated and uncompensated Tee dimensions (5-mil) 
  

  

  

W1 (um) W2 (um) Label 

90 40 tl.rsp 
90 90 t2.rsp 
90 150 t3.rsp 
40 150 t4.rsp 
150 150 tS.rsp 

90 40 tll.rsp 
90 90 t22.rsp 
90 150 t33.rsp 
40 150 t44.rsp 
150 150 t55.rsp           

Table 6.2 Compensated and uncompensated Tee dimensions (15-mil) 

  

  

  

W1 (mils) W2 (mils) Label 

5. 5 teeO0.rsp 
15 15 teel.rsp 
20 20 tee2.rsp 
30 30 tee3.rsp 

5 5 teeO1.rsp 
15 15 teel1.rsp 
20 20 tee21.rsp 
30 30 tee31.rsp           

o3



Table 6.3 Compensated and uncompensated Tee dimensions (25-mil) 

  

  

  

W1 (mils) W2 (mils) Label 

15 15 tees1.rsp 
20 20 tees2.rsp 
30 30 tees3.rsp 
25 25 tees4.rsp 

15 15 tees11.rsp 
20 20 tees21.rsp 
30 30 tees31.rsp 
25 25 tees41.rsp         
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Figure 6.2. Uncompensated and compensated Tee discontinuity 
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6.2 Microstrip Tee Discontinuity - Results and Discussions 

From the obtained plots for GaAs 5-mil substrate, Plots No. 40 - 

49, it is evident that no compensation is needed in any of the five 

combinations of width ratios. The reflection and transmission losses 

are so small that they can be neglected. It can also be seen from 

Plot No. 46 (W1 = 40, W2 = 150) that it has almost ideal transmission 

characteristics - the lowest loss in S11 and S33 parameters. The 

results are consistently excellent in all of the structures over the 

entire frequency band in 5-mil substrate. 

The 15-mil Alumina substrate data, Plots No. 50 - 57, show more 

spectacular results. As the width of the microstrip lines (W1 and W2) 

increase, so does the discontinuity and compensation effects. In the 

first case, (TEEO) - Plot No. 51, the width Wi = W2 = 5 mils is 

relatively small and the compensation has no effect; (TEE1) - No. 53, 

also exhibits limited improvement. In another case, (TEE2) - No. 55, 

also shown on the next page, the S33 characteristics are improved by 

about 0.7 dB at 30 GHz through the compensation. From Table 6.3, the 

microstrip port dimensions are W1 = W2 = W3 = 20 mils. Therefore, we 

have shown that the “wedge” compensation is an effective method for a 

T-junction discontinuity. The last example (TEE3), Plots No. 56 and 

57, again indicates a dramatic improvement, about 1 dB at highest 

frequency; however, the results are not very uniform. Further - 
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Plot No. 55 T-junction discontinuity - Alumina 15-mil substrate 
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research is needed to verify these results, perhaps by using a 

different electromagnetic simulator. 

The last set of plots, No. 58 - 65, shows 25-mil Alumina 

substrate data results. In this case, the Sil and S33 parameter 

characteristics for all the combinations of width were also improved 

by the compensation. The greatest improvement was noticed on (TEE1iB) 

- No. 61. The improvement was in the order of 2.5 dB at 30 Ghz. 

However, there is a relatively large discrepancy between Em’s and 

Touchstone’s S33 data results which is largely contributed to the 

difference in modeling of the discontinuity. 

Finally, the T-junction “wedge” compensation was proven to be an 

effective method of reducing the input reflection loss. Another, 

different method, which alters the widths of the microstrip legs at 

discontinuity location should also be analyzed and compared with 

“wedge” results. This would provide very important information and 

would significantly help in the MMIC design. 
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7.0 Conclusion 

For improved MMIC performance, one requires accurate models for 

microstrip discontinuities. In this thesis we studied three types of 

microstrip discontinuities: step, bend, and T-junction. We also 

developed compensated models for these discontinuities which reduce 

the effect of discontinuity reactances. 

All three discontinuity types showed a noticeable improvement 

after removing or adding a portion of metallization. There are many 

compensation methods and the only feasible way to determine which ones 

are optimal is through electromagnetic simulation since actual 

fabrication is too expensive and time consuming. Hopefully, this 

thesis will show how effective and accurate these simulators are and 

how they can be used to save on both the design time and cost. 

Of the three optimal compensations, the following will summarize 

our results: 

STEP DISCONTINUITY: Best compensation through the removal of corner 

triangles, making a chamfer approximately equal to W2/8 in length and 
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W2/3 in width. 

BEND DISCONTINUITY: Best compensation through the removal of corner 

triangle. Of the 7 different configurations, No. 3 (see Figure 5.2), 

is the most optimal case, making the length of the chamfer equal to 

1.8W. Also No. 7 has shown surprisingly good results on 15-mil as 

well as 25-mil substrates. 

T-JUNCTIGN DISCONTINUITY: Best compensation through the removal of a 

triangular “wedge” at the discontinuity point. The “wedge” depth is 

equal to W/2. 

The following are the technological contributions that this 

thesis has achieved. 

1. In the step discontinuity compensation, we have verified 

that the chamfer method of compensation does indeed minimize the 

discontinuity effect. We have specified an optimal amount of chamfer 

that brings the reflection loss closer to an ideal case. 

2. For the bend discontinuity analysis, we have verified 

previous experimental compensation techniques using our 

electromagnetic simulator, and found one additional compensation 

method that gives the best compensation of the bend discontinuity on 

Alumina substrate. 

3. In the T-junction discontinuity example, we have generated 
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important electromagnetic simulation data for a new method of 

compensation, and specified optimal “wedge” shape and dimensions that 

minimize the T-junction discontinuity. 

4. The entire set of response plots for all three discontinuity 

types is included in the Appendix. It contains a vast amount of 

information that will be useful in future electromagnetic software 

verification, as well as actual MMIC design. The intention was to 

provide a microwave engineer with a useful, easily accessible 

information source, while providing engineering students with 

important achievements in the main text. 

5. We have shown that electromagnetic computer simulation 

methods are more accurate than circuit theory, linear methods. This 

was proven through many cases where both analyses were performed on 

the same discontinuity structures and results obtained were 

consistently in good agreement. Not until more complex structures 

were compared did the slight inaccuracies become evident. 

6. Lastly, we recommend the use of the circuit theory 

Simulation tools, e.g. Touchstone, for quick and _ economical 

preliminary designs. An electromagnetic, e.g. Sonnet, simulator ought 

to be used for a more precise and specific applications. 

In the near future, ITT GaAs Technology Center will complete 

the fabrication of a discontinuity mask set (called Mask Set No. 295). 

At that time, after the mask set is completed and tested, we can 

empirically determine the actual accuracy of all simulated results. 
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8.0 Appendix 

The following is a complete list of all the plots that were 

generated during this study. The abbreviated plot structure name is 

found on top of each plot. Special care was taken to make each of the 

response plots abbrieviations as logical as possible. Please refer to 

the main text if questions arise. 
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EEsof - Touchstone - Mon Jun 17 42:44:50 1994 - STP4 

o MAGISI4] 4 MAGISI4] 9 MAGISI4] 
IDEAL - COM UNCOM 
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Plot No. 1 & 2 Step discontinuity - GaAs 5-mil substrate 
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EEsof ~ Touchstone - Mon Jun 17 13 43:20 1991 - STp3 
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Plot No. 3 &4 Step discontinuity - GaAs 5-mil substrate 
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EEsof - Touchstone - Fri May 17 43 42:57 1991 - STP5 

o MAG(Si1] 4 MAGISI4] 4 MAGS14] 
IDEAL COM UNCOM 
  0. 060 

  

  

  

  

  0. 030 oT 7 
  

  

  

                  4, 000 415. 50 FREQ~GHZ 30. 00 

Plot No. 5 & 6 Step discontinuity - GaAs 5-mil substrate 
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EEsof - Touchstone - Fri May 17 13: 56:49 1991 - STP7 
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EEsof - Touchstone - Mon Jun 17 12:01:09 14991 - STPB 
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Plot No. 7 & 8 Step discontinuity - GaAs 5-mil substrate 
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EEsof - Touchstone - Fri Jun et 15: 42:56 1991 - STP21 
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EEsof - Touchstone - Fri Jun 24 415: 40: 34 1991 -— STP22 

og MAGIS11] 4 MAG[S11] 4 MAGIS11] , MAG[S14] 
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0.125 

0. 000 
1. 000 10. 60 FREQ~GHZ 25. 00 

Plot No. 9 & 10 Step discontinuity - Alumina 15-mil substrate 
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EEsof - Touchstone - Fri Jun ef 15: 36: 52 1991 - STP23 
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EEsof - Touchstone - Fri Jun 24 15: 33: 26 1991 - STP24 
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  0. 000 
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Plot No. 11 & 12 Step discontinuity - Alumina 15-mil substrate 
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EEsof - Touchstone - Fri Jun 24 15:52:14 1991 - STP25 

o MAGIS14] 4 MAG[SI4]  MAGISI1] , MAG[S14] 
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0. 250 

0.125 

  0. 000 
.1. 000 10. 60 FREQ-GHZ 20. 00 
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Plot No. 13 & 14 Step discontinuity - Alumina 15-mil substrate 
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EEsof - Touchstone - Fri Jun ef 15: 28:04 1991 - STP27 

o MAG[S11] 4 MAG[SI1] 4 MAG[S11] , MAG[S14] 
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Plot No. 15 & 16 Step discontinuity - Alumina 15-mil substrate 

70



EEsof - Touchstone - Fri Jun 21 15:41:23 1991 - STP3i 
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Plot No. 17 & 18 Step discontinuity - Alumina 25-mil substrate 
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EEsof - Touchstone - Fri Jun 24 15:03:27 1991 - STP33 
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EEsof - Touchstone - Fri Jun 2% 15:00:23 1991 - STP34 
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Plot No. 19 & 20 Step discontinuity - Alumina 25-mil substrate 
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EEsof - Touchstone - Fri Jun 21 14:57: 47 1991 - STP35 
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Plot No. 21 & 22 Step discontinuity - Alumina 25-mil substrate 
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EEsof - Touchstone - Fri Jun ed 14:55:19 1994 - STP37 
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Plot No. 23 & 24 Step discontinuity - Alumina 25-mil substrate 
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EEsof - Touchstone - Fri Jul 19 14:03: 26 1991 - BND140 

o MAGISi1] 4 MAGI S11] 

  

  

  

  

  

  

                  
  

  

  

  

  

          
        

EESO1 SONN{ 
0. 300 

0. 150 

0. 000 
1. 000 15. 50 FREQ-GHZ 30. 00 

EEsof - Touchstone - Fri Jul 19 14:09:42 1991 - 8ND190 

o MAG[Si1] 4 MAGI S14] 
EESOt SONN{ 

0. 300 

0. 150 

js 

aa | 

0. 000 
1.000 15. 50 FREG-GHZ 30. 00 

Plot No. 25 & 26 Bend discontinuity - GaAs 5-mil substrate 
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Bend discontinuity - GaAs 5-mil substrate 
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EEsof - Touchstone - Fri Jul 19 14: 00: 44 1991 - BND2-440 
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Plot No. 28 & 29 Bend discontinuity - GaAs 5-mil substrate 
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EEsof - Touchstone - Fri Jul 49 416: 35: 39 1991 - BND2-4180 
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Plot No. 30 Bend discontinuity - GaAs 5-mil substrate 
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EEsof - Touchstone - Fri Jul 19 16: 45:55 4991 - BND3-740 
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Plot No. 31 & 32 Bend discontinuity - GaAs 5-mil substrate 
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Plot No. 33 Bend discontinuity - GaAs 5-mil substrate 
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FEsof - Touchstone - Fri Jun 28 09:12:36 1991 - BNOi6 

og MAGISI4] 4 MAGIS14] 4 MAGIS14] 4. MAGI S141] 
SOUNCB! TCUNCB! SOCOMB2 = TCCOMB2 
  

  

  

  

  

  

  

  

    

  

                  
  

  

  

  

  

  

  

  

    
                

0. 500 

0. 250 

— <=} 
0.000 eS | ee 

#000 15.50. |  FREQ-GHZ 30. 00 

EEsof - Touchstone - Fri Jun 28 10: 46:20 1991 - BNO26 

to MAGISi4] 4 MAGIS14] 4 MAGISI4] , MAGISI4] 
SOCOMB3 SOCOMB4 SOCOMB5 TCCOMB3 

0. 500 

0. 250 

—— 

——— a Se 

"0.000 dete = a | 
  

1. 000 15. 50 FREG-GHZ 30. 00 

Plot No. 34 & 35 Bend discontinuity - Alumina 15-mil substrate 
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EEsof - Touchstone - Fri Jun 28 10:57:01 1991 - BND&6 
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Plot No. 36 Bend discontinuity - Alumina 15-mil substrate 
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FEsof - Touchstone - Fri Aug 09 09: 09: 00 1991 ~ BNDi25 
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Plot No. 37 & 38 Bend discontinuity - Alumina 25-mil substrate 
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no MAGIS14] 4 MAGIS14]  MAGISI1] 4. MAG[ S141] 
SOUNCBt TCUNCB4 SOCOMB2 TCCOMB2 
  

  

  

  

  

  

  

  

  

                  

0. 500 
A 

Lx —< 
JA 

io 
0. 250 

Za Za 

~ x 

AO 

Lo 
| 

m0 1. 000 15,50 FREQ-GHZ 30. 00 

Plot No. 39 Bend discontinuity - Alumina 25-mil substrate 
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EEsof - Touchstone - Wed Aug 14 13:58:40 1991 - T1 
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Plot No. 40 & 41 T-junction discontinuity - GaAs 5-mil substrate 

85



EEsof - Touchstone ~ Wed Aug 14 14:04: 43 1991 - T2 
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Plot No. 42 & 43 T-junction discontinuity - GaAs 5-mil substrate 
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Plot No. 44 & 45 T-junction discontinuity - GaAs 5-mil substrate 
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EEsof - Touchstone - Wed Aug 14 14:17:35 1991 - T4 
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Plot No. 46 & 47 T-junction discontinuity - GaAs 5-mil substrate 
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Plot No. 48 & 49 T-junction discontinuity - GaAs 5-mil substrate 
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Plot No. 50 & 51 T-junction discontinuity ~ Alumina 15-mil substrate 
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Plot No. 52 & 53. T-junction discontinuity - Alumina 15-mil substrate 
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Plot No. 54 & 55 = T-junction discontinuity - Alumina 15-mil substrate 
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T-junction discontinuity - Alumina 15-mil substrate 
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Plot No. 58 & 59 T-junction discontinuity - Alumina 25-mil substrate 
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Plot No. 60 & 61 T-junction discontinuity - Alumina 25-mil substrate 
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Plot No. 62 & 63 T-junction discontinuity - Alumina 25-mil substrate 
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