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ABSTRACT 

The L-type coupler provides a means to overcome the problems associated with conduc- 

tive attachments to transmission Lines. These attachmenu produce excessive frequency-depen- 

dent line loading and consequent distortion when used to transmit fast transient signais. Analyses 

of the coupler and its vertical feeds were caxried out using the method of moments in the fre- 

quency domain. and time-domain responses were computed using the frequency-domain data 

together with the fast Fourier transfom. Frequency-domain measuremenrî agree with the coupler 

analyses. An optimal L-type coupler concept was developed that minimizes reflections. In exper- 

iments on stripline devices. parallel-plate resonant modes were found to be excited by the vertical 

feeds and to produce significant effects. A study was done of vias used to interconnect transmis- 

sion lines on opposite sides of a circuit board. Optimal via dimensions were found, and equiva- 

lent circuits were constructed employing transmission-line and lumped-circuit elements. 
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Chapter I 

INTRODUCTION 

1.1 Complications with High-Speed Digital Compuüng 

The emergence of high-speed digital computing presents many unique problems in cir- 

cuit design. One major problem is the attachment of branches to transmission iines. When the 

dimensions of a circuit are of the order of a wavelength at the highest frequencies in the signal 

pulse spectrum, conductive electrical connections no longer perfom as conventional circuit the- 

ory dictates and an electromagnetic approach to the problem becomes a necessity. 

At low frequencies, a signd is usually coupled from one line to another through a con- 

ducting connection beween the lines. and the degree of coupling or line loading is determined by 

the magnitudes of the irnpedances connected. However, at high frequencies the parasitic capaci- 

tances associated with a conductive connection produce excessive frequency-dependent line load- 

ing with consequent distortion. Therefore, one is led to consider proximity coupling which is 

inherently electromagnetic. Examples widely used in microwave circuits are directional couplers 

and hybnds. Such devices have the potential to transfer high-frequency signals from one micros- 

trip line to another with controllable coupling. 

Another important problem in high-speed digital computing is the interconnection of 

transmission lines be tween different layers of a multiply-layered circuit. A conductive intercon- 

nection called a "via" passes through a hole in the ground plane and is typically employed to pro- 

vide signai and ground continuity between layers. However, the discontinuity posed by fie 

conductive interconnect loads the transmission line and can cause signai degradation. 

1.2 The L-type Coupler and Via 

A solution to the problems associated with conductive electrical connections is to use a 

circuit in close proximity, where the electromagnetic field is used to couple the signal from one 



line to the other. For one class of such proxirnity couplers, known as directional couplers. a set of 

references has been compiled by S c h w m  [l]. Schwartz and Medhurst [2]. Caswell and Schwartz 

[3], in addition to the listing conmined in the 28 year index of the IEEE Transactions on Micro- 

wave Theory and Techniques (MTT') [4]. These lists cover virtuaily every reference on direc- 

tional couplers from 1935- 1980. An excellent review of the literature on that topic is contained in 

the book by Young 151. The proximity coupling studies listed above predominantiy focus on new 

circuit geometries. novel uses, and attempu to increase the coupiing or coupling bandwidths. 

A circuit element that is to be consid- 

ered for transient coupling is the L-type coupler 

illustrated in Fig. 1- 1. A signal incident on port 

1 exits the device at ports 2 and 3. Similarly, 

the input could be at port 2. At issue is (1) the 

degree of reflection at the input port, and (2) the 

degree of distortion at the exit ports. 
Figure 1-1. A typicai L-type coupler shown in a 

TO attempt to tackle the quite different miaosuip configuration 

problem of providing signal con tinuity be tween 

different layers of a multi-layered circuit, a circuit element narned a "via*' is used. Ideally the via 

should provide an inter-layer connection that does not excessively load the line or distort the 

pulse. For a simple via, this is tme for very low operating frequencies. However, when vias oper- 

ate in high-frequency systems, excessive loading and consequent signal distortion occurs. 



1.3 Electromagnetic Simulations 

Electromagne tic circuit simulations were perfomed with the MBC (Multiradius Bridge 

Current) program developed by Tilston [6]. Its original version (referred to as "MBC Wire") is an 

extension of a thin-wire prograrn created by T'iiston and Balmain [7]. based on the work of Rich- 

mond [8] which uses the method of moments (MoM) (91 to solve the electromagnetics problem. 

The latest version (referred to as "MBC Patch") has a formulation to treat planar patches of metal. 

A combined version (referred to as "MBC Wire/Patchl1) exists and can handle wire-to-patch inter- 

faces. The program has the ability to mode1 lossless or lossy dielectrics (101. 

Cornparisons with the MBC simulations were performed using the Hewlett-Packard 

EEsof Senes IV software - Momentum [Il]. Finally, al1 the simulations were compared with 

measurements on physical devices. 

1.4 Thesis Purpose and Organization 

The main purpose of this research is to study the shon L-type coupler and characteriz. 

its transient behavior. A secondary goal of the research is to study the via used to provide m- 

sient signal continuity between various layers of multi-Iayered circuit boards. Another goal is to 

further test the experimental MBC Patch and WirdPatch electromagnetics programs developed by 

Tilston [6], which are in the validation stage. Program validation will be performed through corn- 

parisons with a commercially available electromagnetics software package [ I l ]  and through corn- 

parisons with physical measurements. 

The organization of this work is as follows. Chapter 2 presents the procedures used to 

electromagnetically simulate arbitrarily shaped circuits in the frequency and time domains, and 

the validation of the MBC Patch program. A computational picture of the via together with its 

equivalent circuits are provided in Chapter 3. An analysis of the L-type coupler is descnbed in 

Chapter 4. and the conclusions are presented in Chapter 5. 



Chapter 2 

COMPUTATIONAL ANALYSE 

2.1 Introduction to Modeling with the Moment Method 

The circuit simulation results presented in this report are cornputed using the "MBC 

WirelPatch" program developed by Tilston [6] and the "Momentum" program which is part of the 

Hewlett-Packard EEsof series IV software [Il]. The method of moments (MoM) [9] is used by 

both programs to solve the integral equation formulations associated with electromagnetically 

modeling arbitrarily shaped circuits. This Section presents an outiine of the workings and Capa- 

bilities of both programs. 

2.1.1 Introduction to the MBC Patch and MBC WiredPatch programs 

These method-of-moments pro- 
SudaCa c u m  

grams were developed by Tiston 161. They 

are extensions of a thin-wire program "MBC 

Wie", created by Tilston and Balmain [7]. NUIiE* ~ d g e  

based on the work of Richmond [8]. Previous 

versions of this code have been used exten- 

sively to simulate structures composed of thin Figure 2-1- An of surf'ce 
m e n t  on a patch. 

wires. The "MBC Patch" program c m  mat  

planar quadrilaterd patches of infinitely thin metal and the "MBC Wi'Patch" program can treat 

thin wires, quadrilateral patches, and wire-to-patch interfaces. 

A metal-suip circuit under simulation with the MBC Patch or MBC WirelPatch pro- 

gram is meshed into quadrilateral regions called patches. On each patch is a superposition of 4 

monopoles of surface current. One of the two û directed expansion monopoles of surface current 

is illustxated in Fig. 2-1. The surface current is a maximum dong one edge of the patch cailed the 



"'feed edge" and the current tapers sinusoidally to the "null edge". The other û directed expan- 

sion monopole is a mirror image of the first expansion monopole. Similar expansion monopoles 

exist in the Ddirection so that each edge of the patch is the "feed edge" of one current monopole 

and the "null edge" of another current monopole. 

If two patches touch and an electri- 

cal connection is formed. then an expansion 

dipole is created as illustraied in Fig. 2-2. 

The expansion dipole is equd to the sum of 

the two expansion monopoles associated with 

two individual patches The expansion dipole 

s h o w  in Fig. 2-2 has its surface current den- 

sity [12j expressed by 

Figure 2-2. An expansion dipole of surface cur- 
rent. Each patch has a differenî shade. 

+ P, sink(v - vl) P1 sin k(v3 - V )  
J ,  = F + c 

2Wsink(v2 - v l )  2 W sin k(v3 - vi) 

where k is the propagation constant in the dielectric. P I  and Pz are rectangular unit pulse func- 

tions having a value of unity on patch #1  and patch #2 respectively. and zero elsewhere. A width- 

varying factor is included in the expansion and testing functions for non-rectangular patches [12]. 

Galerkin's method is used to solve for the amplitudes of patch current expansion modes. 

Dipole expansion modes are not restricted only u, be sums of only patch monopoles. A dipole 

expansion mode may include a wire expansion monopole. thus allowing wires to be attached to 

patches. The mutual impedance between dipole modes is composed of four monopole-to-rnono- 

pole mutual impedances as xlston outlines in [ 131. 

At the edge of each patch or at the junction of wire segments. lurnped elements can be 

used to load the structure or genentors c m  be placed to excite the structure. A finite dielectric 

can be modeled as a capacitor-loaded. three-dimensional metaiiic gnd according to the procedure 

outlined by Balmain et al. [IO]. Patch edges or wire segment ends can be specified to be network 

ports. When network ports are specified. the MBC prograrns consider the circuit as  a network and 

the network admittance matrix [YJ is calculated. The S-parameters can be obtained by converting 

the admittance matrix to the impedance mauix [ZJ and using 



where [Sj is the scattering rnatrix. [UJ is the identity matrù and 2, is the port or characteristic 

impedance. 

2.1.2 Intrduction to Momentum 

As part of the HP-EEsof Series N software, Momentum is a tool used to simulate the S- 

parameters of an arbiuarily-shaped planar microwave circuit A mixed-potential inte@ equation 

(MPIE) is solved using the method of moments [14]. The planar structure of the circuit under test 

is gridded with a mesh utilizing a combination of rectangular and triangular cells. Each ceU of the 

mesh is associated with a rooftop current expansion mode. A Green's function is created the first 

tirne a new layered structure is simulated. To avoid the recomputation of the Green's function 

each time a circuit is simulated, the Green's function is stored in a database for future use. Gaier- 

kin's method is used to solve for the amplitudes of the current expansion modes [15]. 

Momentum treats ail conductors as having zero thickness. To attempt to mode1 thick- 

ness. it uses a cornplex surface impedance that is a function of conductor thickness. conductivity 

and frequency. The complex surface impedance closely approxirnates the skin eEect on metal 

conductors of finite thickness. 

2.2 Time- Domain Simulations 

In the design of transient circuits. it is critical to understand how a pulse is distorted as it 

travels within a circuit. Examination of the frequency-domain data alone wiil not r m a i  the 

required information. To understand the complex issues of pulse distonion. simulations m u t  

focus on tirne-domain results where greater ùisights into pulse propagation times and the effects 

of discontinuities can be obtained readily. 

The tirne-domain response of a circuit is obtained through the post-processing of fre- 

quency-dornain data generated using the method of moments. Specificaily, the network admit- 

tance m a t h  generated by the MBC progrms and the S-parameters generated by Momentum are 

used to obtain the tirne-domain results via the Fast Fourier Transform and the Inverse Fast 



Fourier Tryisform (IFFT). Post-processing of the fre- 

quency-domain data is performed in Matlab with a tool- 

box that was developed to view the S-parameters and to 

generate the time-domain response of a circuit to an 

arbitrary incident signal. The toolbox is not restricted to 

work excIusively with the MBC programs or Momen- 

tum: it may be used with any electromagnetics simula- 

tion software that generates S-panmeters or network 

parameters. A flow chan outlining the tasks performed 

in the tirne-domain simulation process is presented in 

Fig. 2-3. 

To begin a the-domain simulation. an inci- 

dent signal is provided whose Founer ttansform is gen- 

erated with the Fast Founer Transform (FFT). Figure 2- 

4 shows a typical incident trapezoidal signal with a 100 

Figure 2-3. nie time-domain simula- 
tion process. 

ps rise/faU time and a 1.2 ns duration. The input signal contains rnany spectral components. 

However, the envelope enclosing the components tends to decrease with increasing frequency as 

illustrated in Fig. 2-5. 

At 10 GHz, the incident signai has a spectrai cornponent magnitude of 3 x 10%. 

Therefore, simulation of the circuit up to 10 GHz should be sufficient to compute accurately the 

time domain response of the structure. Simulation of the circuit only up to this frequency has the 

effect of filtering out all frequencies above 10 GHz. which introduces distonion into the One- 

domain results. The amount of distortion due to the filtering action was examined by cutting off 

the incident signal spectnim at the maximum simulation frequency and reconstmcting the inci- 

dent signal. The grayed line in Fig. 2-4 is the reconstruction of the input signal after aIl the corn- 

ponents above 10 GHz were filtered out. The reconstructed incident signal is practicaliy identical 

to the incident signal prior to filtering. Consequently, the filtering action of the time domain sim- 

ulation will not introduce significant distortion into the time domain results if the highest simula- 



tion frequency is judiciously chosen. 

Figure 24. An incident trapezoidal signal. The Figure 2-5. The Fourier spectmm of the incident 
pulse has a lOOps nse/fall time and a duration of pulse shown in Fig. 2 4 .  
1.21~. The reconstructed pulse is shown after fil- 
tering at the maximum simulation frequency. 

Following the detemination of the maximum simulation frequency, the S-parameters of 

the device under simulation are calculated using the MoM engine. This engine is the computa- 

tional package that simulates the circuit. The MoM engine used to generate the simulation data 

was either an MBC program or Momentum. Following the calculation of the S-parameters, the S- 

parameters must be multiplied in the frequency domain by the spectrum of the incident signal. 

However, there are many spectral components making up the pulse and it is imprac tical to simu- 

late the device at each frequency due to the time required. To aileviate this difficulty, the S- 

parameters are obtained at equaily sprced points over the frequency range of interest and then 

interpolated to obtain the S-parameter values at the frequencies of the spectral components used 

for the incident signal. 

The interpolated S-parameters are multiplied by the incident pulse spectrum, and the 

Inverse Fast Fourier transfonn (IFFI? of the product is taken. The signals at the device ports can 

then be examined. The process of simulating a circuit in the time domain is simplified in eq. (2-3) 

and eq. (2-4) for a two-port network, and is readily expandable to a circuit with n ports. 

Tronrmitted Signal = IFFT ( Fmhcident  Signai) x Szl ) (2-3) 



Rejkcted Signal = IFFT ( FFT(Incident Signai) x SI ) 

2.3 Device Modeling 

The devices that will be investigaied may be in microstrip. stripline or homogenous strip 

configurations as depicted in Fig. 2-6. The inhomogeneous dielectric of the microstrip and the 

upper ground plane of the stripline increase the simulation complexity compared with the simple 

homogeneous structure. Momentum c m  model the air dielectric interface of the microstrip and 

the upper ground plane of the stripline. The MBC Wire/Patch and MBC Patch programs can also 

model the air-dielectnc interface. However, the formulation results in extensive meshing of the 

dielectric when the circuit is in a microstrip configuration [IO]. Extensive meshing of the upper 

ground plane of the stripline structure is also required. The increased meshing due to the more 

cornplex geometry resuits in a significant increase in the number of unknowns and a great increase 

in computation time. 

Microstrip Homogeneous 
Strip 

Stripline 

Figure 2-6. Cross sectionai views of the microstrip, homogeneous strip and sûipiine 
structures. Dimension listed are given for the devices that were constmcted. 

To avoid this problem associated with modeling the finite dielectric of a microstrip, it is 

replaced with an infinite dielectric of the sarne permittivity. This transfomis the microstrip circuit 

into a homogeneous strip circuit as depicted in Fig. 2-6. 

To attempt to further equate the models, the height of the homogeneous strip above the 

ground plane is adjusted such that the characteristic impedance equals the characteristic imped- 

ance of the microsuip. The length of the line is also shortened to make identical the propagation 

times in both models. This modeiing approach is similar to replacing the dielectric of the micros- 

trip with an effective dielechic that attempts to account for the air-dielectric interface [16]. 

Transfoming the circuit into a homogeneous strip relieves the computationd burden 



imposed by the air-dielecuic interface. However, relieving this burden is not without cost The 

simulation results will no longer be as  accurate as a simulation accounting for the non-homogene- 

ity of the dielectnc. n i e  field configurations are changed with the introduction of the infinite 

dielectric and there is no longer a difference between the even and odd mode velocities within a 

coupled geometry. The dominant propagation mode of the homogeneous strip is a TEM mode. 

whde the dominant mode at low frequencies of a microstrip is only quasi-TEM due do the non- 

homogeneous dielectric. 

Modifications are also made to the stripline structure. To eliminate the extensive mesh- 

ing required to sirnulate the upper ground plane. an equivalent homogeneous strip is constnicted. 

This new structure is constmcted by removing the top ground plane and filling the entire space 

with a dielectric having the s m e  permittivity as between the ground planes. The height of the 

strip above the ground plane is lowered to equate the characreristic impedances of the stripline 

and the equivalent homogeneous strip. 

The devices are fed from beneath the ground plane. This type of feed is similar to the 

excitation provided by a via in a multi-layered board. The feed in a single layer board is made by 

soldenng the outer conductor of a coaxial cable to the ground plane and the inner conductor to the 

strip. The MBC WirelPatch prognrn dlows a thin wire to mode1 the feed and the MBC Patch 

program ailows a thin svip to mode1 the feed. The thin wire or strip is attached between the 

ground plane and the transmission line. Feed modeling is not possible with Mornentum and it 

will account for some of the discrepancies wirh simulations perfonned by the MBC WiePatch 

and MBC Patch programs. 

2.4 MBC Patch Validation 

To gain confidence in the simulations perfonned with the MBC Wire/Patch program, 

severai devices were simulated and compared with measurements. Construction and measure- 

ment of a device also aliows a compyison between the MBC W i d a t c h  program and Momen- 

tum. In this Section a transmission line is rnodeled with the MBC WirelPatch program and 

Mornentum and then compared with measurernents on the device. The transmission line that was 



modeled is illustnted in Fig. 2-7. 

I 

Tlle: TransrrJssbn Une 

I 
Figure 2-7. Device 1. a transmission Line. shown in a microstrip configuration. 

The microstrip transmission line has been designed such that it h a  a characteristic 

impedance of 50 R . The circuit is constructeci on a dielectnc of Er=  3 having a thickness of 

0.762 mm. To construct a microstrip line with a 50 R characteristic impedance. the proper strip 

width must be selected. Equation (2-5) allows such a solution [16]. 

120~ 

where & is the effective dielectric constant given by 
eff 

and W is the width of the microstrip. Note that eq. (2-5) and (2-6) are valid only for; > i . 

Equation (2-5) is plotted in Fig. 2-8 for a microstrip of various widths suspended 0.762 

mm above the ground plane. For this microsuip line to have a characteristic irnpedance of 50 fi 

line. the stnp must be 1.93 mm wide. 

A stripline structure cm be created by placing a piece of ground-plane-backed dielectnc 

of equal thickness on top of the microstrip structure and clamping the two pieces together. The 

characteristic impedance of this structure [17] can be found by using 



where b is the separation between ground planes. the stxips are modeled as having zero thickness 

and W, is the effective strip width given by 

we w 2 5 = for Wfb >0.35. and - - 
b b 

- - - (0.35 - F) for W h  < 0.35. 
b b 

75 

1.91 1.92 193 1.94 125 - 

b 

l 

I 

I I 

40 
1 .O 

ls Wiah(m) 2.0 25 

Figure 2-8. Characteristic impedance vs. saip width for a microstrip in a dielec- 
nic of E r =  3, located 0.762 mm above the ground plane. 

The stripline structure created by placing a piece of ground-plane-backed dielectric on 

top of the microstrip structure had a characteristic impedance of 31.9R. The separation between 

the ground planes is 1.524 mm and the strip is 1.93 mm wide. The permittivity of the dielectric 

between the ground planes is 3. 

The homogeneous stmcture was constructed by clamping several dielectric layers on top 

of the microstrip structure. This changed the inhomogeneous dielectric of the microstrip to a 

quasi-homogeneous medium. To calculate the characteristic impedance of the homogeneous 

microstrip, eq. (2-3) was utilized by setting the permittivity of the effective dielectric to 3. The 

characteristic impedance of the homogeneous strip with a width of 1.93 mm and locared 0.762 

mm above the ground plane was found to be 44.9Q. 



2.4.1 Modifications to the stnpline structure for simulation 

The main difference between the physical stripline structure and the MBC W i a t c h  

simulation is the removal of the upper ground plane. As previously mentioned, the simulated 

snipline is in fact a homogeneous suip where the entire space above the ground plane is Blied 

with a dielectnc of E r =  3. To equate the characteristic irnpedance of the physical device with that 

of the sirnulated device. the height of the svip above the ground plane is modified. S h o w  in Fig. 

2-9 is a plot of eq. (2-5) for various heights. a constant strip width of 1.93 mm. and the permittiv- 

ity equai to 3. The height of the strip above the ground plane that equates the characteristic 

impedance of the stripline and the homogeneous stnp was found to be 0.451 mm. 

2.4.2 Modifications to the microstrip structure for simulation 

The main difference between the physicd microstrip structure and the simulation mode1 

is the exclusion of the air-dielectnc interface as mentioned previously in Section 2.3. The height 

of the strip above the ground plane is adjusted such that the characteristic impedance of the homo- 

geneous strip equals the characteristic impedance of the microstrip. ïllustrated in Fig. 2-10 is a 

plot of eq. (2-5) for various heights and a constant strip width of 1.93 mm in a dielectric with the 

effective permittivity equal to 3. Tbe height of the svip above the ground plane that equates the 

characteristic impedance of the homogeneous strip to the microstrip line was found to be 0.913 

mm. 

- .  - 
Figure 2-9. 2, vs. height of a saip above a Figure 2-10. 2, vs. height of a saip above a 
ground plane in a homogenous dielectric. Er =3. ground plane in a homogenous dielectric Er ' 3 ,  
saipline case. n i e  width of the sîrip is 1.93 mm. microstrip case. The width of the saip is 1.93 mm. 



2.5 Construction of Circuits 

The circuits were constmcted on 0.762 mm thick dielectric board plated on both sides 

with mpper (Rogers R03003). The dielecuic had a permittivity of 3 and a loss tangent of 0.0013. 

The circuits were produced using standard etching techniques. 

To connect the microstrip line to an SMA coaxial cable. a hole through the copper 

ground plane and the microstrip line was drilled. The metal around the hole in the ground plane 

was removed and the pin of the connector was pushed through the ground plane and soldered to 

the microstrip line. The feed was completed by soldering the outside of the connector to the 

ground plane. A photograph of device 1, a transmission line. is show in Fig. 2-1 l(a). Figure 2- 

1 l(b) shows a picture taken of the backside of the circuit, displaying the connectors soldered to 

the ground plane. 

Lexan support structure 

F 

i .y I ;=n 
Ground plane 

l 

Microstrip line 

8 T 

. 
,* 

1 ' Y  . ,. 
'? 

Microstrip to coax connectors . -  - 
. .ri) 

1 

Lexan support structure 

Fipre 2-ll(a). Top view of the device 1, a Fipre Ell(b). Bottom view of device 1. a 
transmission line. in a microstrip configuration. transmission line, displaying the connectors sul- 

dered to the ground plane. 

The circuit was constructed in a microstrip configuration which was later used to con- 

struct a stripline structure by placing an extra piece of ground-plane-backed dielectric on top of 

the microstrip. The homogeneous circuit was constructed by placing several extra layers of 

dielecuic on top of the microstrip. The upper ground plane and the dielectric layers were fixed in 

place by a suppon stmcture consisting of two pieces of  Lexan placed above and below the circuit 



Bolts were inserted through the Lexan layers and tightened, pressing the layes of the stripline or 

homogeneous structures together. A smdl piece of copper foi1 was used to connect the ground 

planes of the stripline structure together, thus eliminating any static charge built up on the plates 

that could cause an electrostatic discharge and possibly damage sensitive lab equiprnent. Photo- 

graphs of the stripline and homogeneous strip setups are shown in Fig. 2-12 and Fig. 2-13. 

Four dielectric layers 

claKPing boits L~~~~ supportJ ~icrostrip-shown in Fig. 2-1 1 (a) and s u p p o ~  
structure structure 

Figure 2-12. Device 1 shown in a stripline con- Figure 2-13. Device 1 shown in a homoge- 
figuration. neous strip configuration. 

2.6 Validation Resul ts 

The transmission line illustnted in Fig. 2-7 was simulated and rneasured in microstrip, 

homogenous strip and stripline configurations. This Section presents a cornparison of the S- 

parameters obtained through simulations with the MBC WirelPatch program and Momentum with 

measurements of the circuit obtained using an HP8753D vector network analyzer. The measure- 

ments were performed in a semi-anechoic chamber at the University of Toronto. Results have 

been simulated op to 10 GHz while the measurements have been taken up to 6 GHz which is the 

maximum frequency measunble by the network analyzer. 

Rior to analyting the S-parameten obtained for the transmission line, a brief discussion 

of the differences between the simulation models and the physicai device is in order. The con- 



stnicted transmission line has a 0.625 mm radius pin feeding the strip. The radius of the feed 

wires in the MBC WirelPatch simulation is resrricted by approximations made in the formulation 

[18]. They restrict the wire to a maximum radius of 0.01 h and a length-to-width ratio larger than 

two. The feed wires must aiso be divided into several segments so that the current distribution on 

the feed wires is properly rnodeled, The feed wires were segmented in three sections. The maxi- 

mum feed wire radius was lirnited because of the wire segmentation. and therefore the approxima- 

tions made by the program dictated the maximum feed wire radius to be less than approximately 

0.2 mm. The feed wires used in the simulation had a radius of 0.1 mm. Momentum does not 

include any modeling of the feed. The different radii of the feed wires in the MBC Wire/Patch 

simulation and the lack of feed modeling with Momentum wili introduce e m r s  into the modeiing 

proçess. Another difference between the simulations and the measurements is that the measure- 

ments were conducted with a device having a ground plane of hite  dimensions while the simula- 

tions were performed with infinite ground planes. 

There exist severai differences between Momentum simulations and MBC WuelPatch 

simulations. As previously discussed, Momentum can model the inhomogeneous dielectric of the 

microstrip and the upper ground plane of the dielecuic. Simulations with the MBC Wue/Patch 

program attempt to model the stripline and microstrip as a homogeneous structure. The stripline 

and microstrip characteristic impedances are equated to the homogeneous svip characteristic 

impedances by modifying the height of the strip above the ground plane. The length of the 

microstrip is also modified to equate propagation velocity. 

2.6.1 Microstrip results 

A comparison of sirnulated and measured S-parameters for device 1. a transmission h e ,  

in a microstrip configuration is presented in Fig. 2-14. The peak magnitudes of S1l increase with 

increasing frequency. This same trend is seen in the MBC Wire/Patch simulation results but is 

absent in the Momentum simulation resulu. The nsing tendency of lSl is due to the wire feeds 

loading the transmission line. The loading increases with frequency which results in increased 

reflection. Momentum is unable to predict this nse because the feed wires are excluded from the 

simulation. 



The main difference between the MBC Patch resuhs and the measured results can be 

attnbuted to the difference in the feed wire ndius. The radius of the feed wire used in the MBC 

Patch simulation is significantly different from the actual ndius of the pin connected to the suip. 

Figure 2-14. Magnitude of SI, and Szl vs. frequency for &vice 1. a 40 mm îransmission line in a 
microstrip configuration The üne is 1.93 mm wide, located 0.9 13 mm above the ground plane and has 
a characteristic irnpedance of 50 R . 

An investigation into the dependence on the feed wire radius was conducted and the 

results are presented in Fig. 2-15. The magnitude of the reflection coefficient presented is shown 

to have a strong dependence on the feed wire radius. Although it is not possible to simulate the 

actual feed radius. the data presented in Fig. 2-15 suggests that the difference between measure- 

ment and MBC WirdPatch simulations c m  be partially attnbuted to the difference in wire radius. 

However, even with the large difference in feed wire radius, there is a superior agreement between 

the MBC Patch results and measuremenf compared with the Momentum results. 

The measured data for lSzll presented in Fig. 2- 14 is noisy. This noise is due to the finite 

resolution available in the network analyzer. The maximum of peaks in the rneasured data are 

within the error levels specified for the network analyzer under the operating conditions. In sum- 

mary, the rneasured results correspond more closely with the resulrs obtained with the MBC Wird 

Patch program. The S-parameters generated with Momentum differ significantly due to the 

exclusion of the vertical feed wires. The effects of the feed wires are shown to depend strongly on 



the radius of the wire. 

Figure 2-15. Dependence of IS1 I I  on feed wire radius for device 1 in a microstrip con- 
figuration. 

2-62 Homogeneous resul ts 

The results presented for the homogeneous svip in Fig. 2-16 do not differ significantly 

from the results presented for the microstrip case. The measurement of IS i l  again has the upward 

trend which the MBC Wire/Patch program predicts. The rise of the IS , , I  peaks with frequency is 

not as great as in the microstrip case. This is because the mismatch between reference and char- 

acteristic impedances. The reference impedance for the S-parameters is 50 and the character- 

istic irnpedance of the homogeneous strip is 44.9 . Increased reflection from the impedance 

mismatch results in ma.sking the behavior of the feed. This suggests that the rnodeling of the feed 

is most cntical when the circuit has a characteristic impedance eqmi to the reference impedance. 

The more the characteristic impedance changes from the reference. the less the effects of the wire 

feed will be visible as they become masked by the large reflection from the impedance mismatch. 

The MBC Patch results are again in closer agreement with the measurements than are the results 

obtained with Momentum. 



Figure 2-16. Magnitude of SI and Szl vs. fiequency for device 1. a 40 mm transmission line in a 
homogeneous configuration The line is 1.93 mm wide. locatd 0.762 mm above the ground plane and 
has a charactenstic impedance of 44.9 fi . 

2m6.3 Stripline resul ts 

A major discrepancy between the measured results and the simulated results is apparent 

from an examination of the stripline S-parameters presented in Fig. 2-17. The resonant nature of 
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Figure 2-17* Magnitude of SI and Szi vs. fiequency for device 1. a 40 mm transmission line in a stnp 
Line configuration The line is 1.93 mm wide. located 0.45 1 mm above the ground plane. embedâed in a 
dielectric of E r  =3 and has a charactenstic impedance of 3 1.9 a . 



the spikes in the measurement data suggests that parallel-plate modes have been excited by the 

vertical feed wires connecting the suipline to the coaxial cable beneath the ground plane. A 

closer examination of the spikes in the measurement of lSzll is presented in Fig. 2-18. 

If the spikes are resonances of the 

pardel  plates, then the resonant frequencies 

wiii correspond to the dimensions of the 

ground planes that measure approximately 

7.0 x 10.0 cm. The possible resonant fre- 

quencies are determined through the solution 

of Maxwell's equations in a box formed by 

two perfect electric conducting ground planes 

and four side walls. The side walls of the box 

are modeled as perfect magnetic conductors 

which account for the open circuits at the 

plate edges. Some error in the resonant fre- 

quency derivation is expected due to the 

exclusion of the f ~ g i n g  capacitances along 

the edges of the plates [19]. However, eq. (2- 

8) will provide a good estimate of the reso- 

- 7 0.873 GHz 
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Figure 2-18, Closer examination of the measured 
magnitude of Szl for the stnpline. Possible reso- 
aances and the resonant fiequency are indicated. 
The approximate strength of the resonance is indi- 
cated W=weak, M-rrredium, and S=strong. 

nant frequencies allowed by the geometry of the parallel plates. in the derivation of eq. (2-8) it is 

assumed that the distance between the plates is much less than the wavelength. Therefore, no 

modes with a vertical dependence are excited. 

whereL=0.10m,w=0.075m, mE { O ,  1,2, ...} and ne {O, 1, 2, ...} . 
Resonant modes will not be excited at all of the frequencies predicted by eq. (2-8). 

These frequencies are the possible resonances of the parailel-plate geometry that correspond to 

the dimensions of the plate k ing  multiples of a half wavelength. To determine which modes will 

be excited. the locations of the feed wires and the electric field configuration of each mode must 

be exarnined. 



Figure 2-19 indicates the approximate locations 

of the two feed wires that introduce the vertical current 

between the plates and excite the pmllel plate modes. 

Plots of the electnc field distribution between the paralle1 

plates at each frequency predicted by eq. (2-8) were pro- 

duced. A cornparison of the pin locations with the max- 

ima and minima of the electric field distribution 

detennine which resonant modes are excited. 

As an example. consider the resonant modes 

indicated by fIo and f i l .  The electric field distributions 

in the î. and j directions have been plotted in Fig. 2-20. 

Notice that the feed wires are positioned in a nul1 of the 

electric field of the mode indicated by f i l .  Therefore, 

this resonant mode is not excited. The feed wires are 

located in positions of medium electric field intensity in 

the mode indicated by fi& so a resonance of medium 

strength wiU be excited. 

This analysis was perfomed on al1 possible 

Figure 2-19. nlustration of the f& 
wires in relation to the ground plane of 
the microstrip. The f& are psi-  
tioned as indicated in Fig. 2- 1 lm). 

Figure 2-20. Elecaic field distribu- 
tion for the modes fia and fi between 
the parallel plates. 

resonant frequencies up to approximately 6 GHz. Of the 30 resonant modes analyzed only 12 

were excited. The excited resonant modes are iisted in Table 2-1 with an estimation of the degree 

of excitation or resonant strength. The prediction of the resonance strength is based on how close 

the pin is to a maximum in the elecuic field. The electric field distribution between the plates is a 

cosine hinction. If the magnitude of the cosine function at the pin location is above 0.8, the reso- 

nance is classified as strong. For magnitudes between 0.8 and 0.4 the resonance is classified as 

medium strength, and below 0.4 the resonance is classified as weak. The predicted values of the 

frequencies of the excited resonances agree with measurements. The predicted strengths of the 

excited resonances agree in 5 out of 9 cases. 



Table 2-1 Theore tical Resonant Frequencies Compared with Measurement 

To attempt to eliminate the resonant ~oax6gl F- 

Resonant 
Mode 

1 

Frequency(GHz) 

Frequency (GHz) 
Measured 

Predicted Strength 
(S=strong, 
M=rned., W=weak) 

Observed Strength 

modes excited by the vertical feed wires, an A 
absorbing material was placed in contact with 

the upper and lower ground planes around the 

edges of the parallel plates, as shown in Fig. 

fi0 

0.866 

0.873 

M 

S 

2-21. The absorbing materiai modifies the hxa r~  scgpo 
sinidure 

J 
open circuit at the edges of the plates by ~ i p r e  2-21. A cirniit in a saipiine configuration 

introducing a finite resistance between the with the added absorber. 

ground planes. 

f20 

1.73 

1.7 1 

W 

W 

In Fig. 2-22, a cornparison of lS211 for the stripline with and without the absorber in 

place is presented. The excited resonant modes are clearly damped. The resonant frequencies 

fit.h@ 
fm 

2.62.2.6 
2.47 

2.37 

M,S,S 

S 

have changed from the original presentation in Fig. 2-17 and Fig. 2-18 because, after the initial 

analysis, a new measurement of the device with the absorber in place resulted in accidental break- 

f2- 

3.02 

2.94 

W 

W S  

ing of the microstrip line in two places. Measurements of the repaired device could not exactly 

duplicate the original result However. the measurements of the repaired device confirm that the 

f32' 

f40 

3.58. 
3.46 

3.57 

S.S 

parallel-plate modes are being excited by the feed wires. 

~ S O  

4.33. 

4.26 

W 

W 

f0p 

4.95 

4-83 

S 
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f3~  

5-58 

5.53 

S 

M 

f70 

6.06 

5.91 

S 
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The excitation of pardlel-plate 

modes raises questions about the radiation 

from vertical current paths in plmar circuits. 

The stxength of the resonances indicate that 

the feed wires radiate significantly, as was 

predicted theoretically by Hsu and Wu [20]. 

It is important to realize the significance of 

the radiation from vertical cument paths in 

planar circuits and the failure of both simula- 

tions to predict the parallel plate modes. The 

software used can mode1 finite ground planes. 

However, due to the increased difficulty in 

setting up the simulation and the increased 

Figure 2-22. Measurement of IS2 1 for the stripiine 
with and without the absorber in place. 

computation time, simulations usually are performed without considering the finiteness of the 

ground planes in stripiine structures. Nevertheless. modeiing of finite ground planes when verti- 

cal current paths are present within a stripline circuit is critical and should not be ignored. 



Chapter 3 

VIA MODELING 

3.1 Introduction to Modeling Vias Using the Moment Method 

The FDTD (Finite Difference Domain) technique is frequently employed to simu- 

late the time-domain response of the complicated three-dimensional problem posed by the via 

geometry 1211, [22]. Significantly large numben of unknowns are created through the FDTD dis- 

cretization process of the via and surrounding space. Consequently, the time required to solve for 

the unknowns can be excessive. In this application, use of the moment method avoids the discret- 

ization problem by requiring only the via and attached transmission lines to be discretized, thus 

ensunng that the number of unknowns is minimized. This method allows engineers to validate 

concepts early in the design stage. swing exact analyses (which may take several days) for Iater in 

the design process. 

There are some drawbacks in using the moment method to simulate v i s .  Multi-layered 

structures or structures with many ground planes are very difficult if not impossible to simulate 

with the current formulation. The method proposed in its current formulation pertains only to 

simple structures such as a transmission line above and below a ground plane joined by a via. 

This modeling technique is not intended to predict the exact behavior of the via but rather its gen- 

eral chmcteristics. 

3.2 Ka Modeling 

The via illustrated in Fig. 3-1 is the via arrangement that was modeled. The device con- 

sists of two transmission lines joined by a via pûssing through the ground plane. There are several 

important differences between the physical device and the simulation model, an illustration of 

which is shown in Fig. 3-2. 

This primitive via model does not take into account the exact dimensions of the through 



hole that dlows the via to pass through the ground plane. 

assumes an infinitesimal hole and an even 

thimer wire in the immediate vicinity of the 

hole. as weii as  a ground plane of zero thick- 

ness. 

Another important difference is the 

method used to excite and terminate the 

transmission lines connected to the via. The 

wires shown in Fig. 3-2 that connect the gen- 

erator and the load to the ground are neces- 

sary to excite and load the structure. These 

wires, referred to henceforth as feed wires, 

Rather, this primitive model irnplicitly 

Ground Plane 

Figure 3-1. A typicai via arrangement. 

Generator - j Eh,"? 

Figure 3-2. 

c m  significantly affect the circuit. The effects on a straight 

Chapter 2. 

The generator and the load need to 
t 

vii Vd'" 
Simulated model for the via. 

transmission Iine were examined in 

be positioned such that the reflection from 

the circuit is minirnized. Finding this posi- 

tion ensures that the added reflections from 

Ground Plane 
Position 1 is at the ground plane 

Figure 3-3. Positions of the load and generator on 
the feed wires wil1 not mask the behavior of feed wires. 
the via. To determine the position of the gen- 

erator and load that minimiles the reflection from the feed wires. a thin wire above a ground plane 

was simulated with the generator and load positioned at various points dong the feed wires. Nus- 

trated in Fig. 3-3 are the various points dong the feed wires where the load and the generator have 

been positioned. At each position, the input irnpedance was computed with the MBC Wire pro- 

gram. and the simulation results are shown in Fig. 3-4. The transmission line used in the simula- 

tion was a 240R thin-wire transmission line. The thin wire had a radius equal to 0.2 mm and was 

positioned 5.48 mm above the ground plane in free space. The feed wires had a radius of 0.2 mm. 

The optimal generatornoad configuration was selected by examining the input impedance for 

each position dong the wire. Transmission line theory dictates that the input impedance of a 



transmission line terminareci in a matched load is equal to its characteristic impedance. Therefore. 

the input impedance that least deviated from the characteristic impedance was deemed to be opti- 

mal. The optimal position for the Ioad and generator to reduce the effects of the feed wires is indi- 

cated in Fig. 3-3 as position number 3. Any major deviation of the input impedance is attributed 

to the effects of the feed wires. 

1 r I I I 1 I 1 

Position of generator and load p r  

- -----. 4 3 0 O 0 2  * œ - . 1  1 : I ,  

3 

Figure 3-4. Input impedance of a 240Q. 5 cm long transmission line. for various insertion points for 
the source and load. The transmission line has a radius of 0.2 mm and is positioned 5.48 mm above the 
ground plane. The feed wire radius is 0.2 mm. 

Simulations of thin-wire vias can only be perfoxmed with high impedance transmission 

h e s .  For the transmission line to have a much lower impedance, the height of the thin horizontal 

wire above the ground plane must be lowered such that the feed wires become too fat for the thin- 

wire approximation to hold. 

A closer exarnination of Fig. 3-2 reveals that the ground plane isolates the top and bot- 

tom haives. Therefore, these two halves can be independently simulated. A network representa- 

tion of the via consists of two cascaded 2-port networks, as illustrated in Fig. 3-5. To perform a 



via simulation. the via is split into networks representing the top and bottom halves. Each half of 

Top half of via Bottom haff of via 

Simulation Model 

Network Representation 

Figure 15. Separation of the via into halves ancl the nework representation of the via. 

the via is simulated at individual frequencies over the range of interest. At each of the frequen- 

cies, the network impedance matrix is obtained. The network equations representing the cascaded 

2-port system are solved for the terminal voltages and currents with current continuity k ing  

enforced at the ground plane where the halves of the via meet. 

The terminal voltages and currents of the top and bottom networks cm be represented 

with the following set of equations. Equation (3-1) describes the top half of the via while eq. (3- 

2) describes the bottom h a .  To solve for the S-paxameters of the cascaded network. the voltages 

v l  and v4 dong with the currents i l  and i4 must be determined. 

Prior to solving the terminal voltages and 

currents, some properties of two-port network 

immittance parameters are presented. The input 
Figure 3-6. W o  pon network with load ZL. impedance Zin of a two port network tenninated in 

an arbitrary load impedance ZL 1231 can be solved 

from the network impedance matrix using 



The current entering an arbitrary Ioad impedance ZL, shown in Fig. 3-6. is solved using 

The voltage at port two across the load is then v2 = -ilZL. 

It is possible to solve for the terminal voltages and currents at ports 1 and 4 of the via 

using eq. (3-3) and eq. (3-4). First Z', , the input impedance of the bottom haif of the via termi- 

nated in a matching load. is calculated using eq. (3-3). Equation (3-3) is used again to detemine 

the input impedance of the via by replacing ZL with ZVi, as the load. The input impedance of the 

entire via network is now known. If the generator voltage is set to vl=l.O volts. the input current 

il is the reciprocal of 2,. The remaining unknowns v4 and i4 are easily found through the applica- 

tion of eq. (3-4) twice. once to get the cumnt out of the upper network and once more to get the 

current at port 4. The voltage across the load is then v4 = -i Z 4 L. 

The incident and scattered waves. a and 

b. used to calculate the S-parameters. are shown + 
v ,  al - 

bi- in Fig. 3-7. The terminal voltages and currenu - 

are used to cdculate the incident and scattered Figure 17. A two-pon network used in the 
definifion of the S-parameters. 

waves through the following formulas [24]. 
C - 

where v, and in refer to the current and voltage at port n. For example. al and b l  are determined 

using il and vl at port 1. To determine the scattering parameters. the following equation is used: 



3.3 Frequency-Domain R e d  ts 

3.3.1 High-irnpedance thin- wi re vias 

Via circuits consisting of thin cylin- 

cirical wire transmission lines having the 

same structure as shown in Fia. 3-2 were 

modeled with the MBC wre program. The 

characteristic impedances of the transmission 

lines were within the range of 200 to 350R. 

These lines were of high impedance due to 

their height above the ground plane being 

restricted by the length of the feed wires. The 

restrictions limit the radius and segmentation 

of the wire joining the generator and the load 

to the horizontal wire above the ground plane. 

The closer the horizontal wire is to the 

ground plane. the lower is its characteristic 

impedance and the shorter the feed wires 

become. It is not possible to shulate  a 

lower-impedance thin-wire line unless the 

generator and load are positioned at the 

ground plane and the feed wires are modeled 

as single segments. This would result in the 

feed wires having a significant effect on the 

input impedance as iilustrated in Fig. 3-4. 

The scattering parameters for a 

240R via circuit in free space are shown in 

ô ,  1 Via Radius 
4 

Figure 3-8. lSl and IS211 vs. frequency for a via 
with 5 cm of 240a transmission line attached on 
either side. The transmission line has a radius = 0.2 
mm and is located 5.48 mm above the ground plane 
in fiee space. 

Fig. 3-8 and Fig. 3-9. The circuit consists of a 5cm 24ûS2 îine attached to a via The via is then 

connected to another 5cm section of 240R line which is terminated in a matching load, as illus- 



trated in Fig. 3-2. The ndius of the via has been vaïed to illustrate its S e c t  on the S-parameters. 

ClearIy an optimal via ndius exists. Severd simulations were conducted with transmission Lines 

of various high impedances and the optimal via radius was found to be 0.25 of the radius of the 

main transmission Line This optimal ratio is similar to the optimal ratio of 0.34 that was caicu- 

laied by a quasi-static thin-wire analysis prefomed by Wang et al. [25]. Scattering panmeter sur- 

faces were constructed for a range of via radii and are shown in Fig. 3-9. The optimal via radius is 

evident from the maximum in ISZ1 1 and the minimum in IS 1 1 1. The minimum reflection and maxi- 

mum transmission are indicated by thick black lines at the optimal via radius. 
I rn 

Figure 3-9. S-parameter sudaces of ISl il and lSlll of a 24ûQ via circuit. The solid black line 
represents the optirnal via radius which is equal to 114 the radius of the transmission line radius. 

3.3.2 IItansm.ssion lines with strip vias 

The most common type of via arrangement is not a thin wire via joining two thin-wire 

transmission lines on either side of a ground plane. The most common via is used between 

microstrip or suip transmission lines. The vias rnodeled in Section 3.3.1 were only connected to 

high impedance transmission lines. It is possible simulate a lower-impedance transmission line 

with the MBC Patch program. However. to overcome the restrictive nature of the thin wire via. 

the method used to mode1 the via m u t  be changed. 

To mode1 lower-impedance transmission lines, the via connecting to a microstrip or 

srripline was modeled as an infinitely thin strip that is bent at ninety degrees from the transmission 



line to the ground plane. The oniy restriction on the thin strip is that the patches on the strip must 

have lengths less than a quarter wavelength at al1 frequencies of interest. 

Simulations were performed on 

the strip via circuit illustrated in Fig. 3- 

IO. The via circuit consists of a 4 cm 

50R line attached to a strip via. The via 

is then connected to another 4 cm section 

of 50Q line and tenninated in a matched 

load. The strip is 1.93 mm wide and 

located 0.913 mm above the ground 

plane in a space fiiied with E, = 3.  The 

width of the via has been varied to show 

Ground Plane 

Figure 3-10. The strip via circuit The 40 mm lengths 
of line are meshed into 20 equal patches before the line 
tapers to the vertical strip feed, not 4 patches as shown. 
The ground plane is infinitely large. 

the dependence of the scattering parameters on the via dimensions. The scattering parameters for 

the 50R via circuit are shown in Fig. 3-1 1. As with the thin-win: via. an optimal width of the strip 

via exists. The optimal width of the strip via was found to be approximately 0.36 of the width of 

the main transmission line. The optimal width of the strip via is 0.7 mm and is clearly evident 

from the maximum in ISzil and the minimum in ISIII. indicated by a thick black line on both sur- 

faces in Fig. 3-12. The optimal condition was determined from the simulation of the via 

descnbed above and was not tested over a range of transmission line widths. 

Figure 3-1 1. IS, , I and ISZ1 1 VS. fkequency for a strip via with 4cm of 50 R strip transmission line 
attached on either side. The S-parameters are plotted for several via widths. 



Figure 3-12. S-Parameter surfaces of IS I I  and IS21i for the 50R strip via. The black line 
represents the optimal via width. 

3.4 Time Domain Results 

3.4.1 Thin-wire vias 

The S-parameters that were presented in the previous section were used with the Fourier 

transfonn techniques developed in Chapter 2. to obtain the tirne-dornain response of the via. The 

via circuits presented in this Section were excited with the trapezoidal pulse illustrated in Fig. 2-2. 

The tirne-domain responses of the transmitted and reflected signais were simulated for a 

240R via circuit with a transmission line of 0.2 mm radius located 5.48 mm above the ground 

plane. The radius of the via was varied to view the effects in the time domain. The transmined 

and reflected signals were simulated at the optimal via radius, as well as below and above the opti- 

mal radius. Results of the the-domain simulations are presented in Fig. 3-13. 

Figure 3-13 shows that the transrnitted signal remains largely unaffected by the change 

in via radius. However, there is a strong dependence of the reflected signal on the via radius. 

Reflected signals for vias with radius values below the optimal value show a positive reflected 

pulse at the leading edge of the incident signal and a negative reflected pulse at the trailing edge of 

the incident signal. The opposite is true for vias with radius values greater than optimal. 



The reflected signal contains infor- 

mation from which an equivalent circuit can 

be created. To create the equivalent circuit, 

the via must be electncaiiy characterized. 

This is accomplished through the examina- 

tion of the circuit response and its compari- 

son with the response of ideal lumped 

circuits. The recognition of the similarities 

between the theoreticai response of a lumped 

circuit and the simulations allows an equiva- 

lent circuit to be chosen. For example, a neg- 

ative reflected pulse at a pulse edge with a 

positive slope is approximately indicative of a 

shunt capacitance, and a positive reflected 

pulse at a pulse edge with a positive slope is 

approxirnately indicative of a series induc- 

-0.1 1 1 1 1 1 I 1 I 
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Figure 3-13. Reflected and trammitteci signals 
from the thin-wire via circuit, illustraîing the depen- 
dence on via radius. 

tance. After the nature of the discontinuity posed by the via is assessed. through the integration 

and proper scaling of the reflected pulse normalized by the incident pulse magnitude (nR). the 

value of the shunt capacitance or series inductance cm be determined 1261. Equations (3-8) and 

(3-9) are used to solve for the values of capacitance and inductance, where to and tl are the begin- 

ning and the end of the refiected pulse from the Ieading edge of the incident signal. 

I o  

The equivalent circuit representing the via is constructed by attaching the lumped ele- 

ment representing the discontinuity of the via to two equal lengths of transmission line. The 

lengths of the transmission lines are calculated from the time taken for the retlected pulse to 



The reflected pulse from the via with a 

radius of 0.3 mm is shown in Fig. 3- 13. This via I b 

can be modeled as a shunt capacitance. There- 

fore. the equivalent circuit shown in Fig. 3-14 is 

proposed. The shunt capacitance found using eq. Figure 314. Equivalent circuit representing a 
capacitive via 

(3-8) is 0.198 pF. Two transmission lines of 

length 1. equal to the cumulative distance from the excitation port to the middle of the via  are 

attached on either side of the lumped element representing the via. The results of the equivalent 

circuit mode1 are s h o w  in Fig. 3-16 and are compared with the results from the method-of- 

moments simulation. 

The reflected pulse from the via with a 

radius of 0.003125 mm is shown in Fig. 3-13. 

This via c m  be modeled as a series inductance. b ~0 
The equivalent circuit shown in Fig. 3- 15 is pro- 
1 

posed to represent the via. The inductance was Figure 3- 15. Equivalent circuit representing 
an inductive via. 

found using eq. (4-9). to be 9.4 nH. Transmis- 

Figure 3-16. Tirnedomain cornparison of the equivalent shunt capacitance circuit and the MBC 
Wire simulation of a 0.3 mm radius wire via. 

via, are used on either side of the lumped element representing the via, so that the propagation 



time taken by the pulse in the equivalent model will be identical to the time taken by the pulse in 

the rnethod-of-moments time-domain simulation. The time-domain results of the equivalent cir- 

cuit model are shown in Fig. 3-17. 

Figure 3-17. Tirnedomain cornparison of the equivalent series inductance circuit and the MBC 
Wire simulation of a 0.003125 mm radius wire via  

3.4.2 Strip vias 

The same andysis as performed with a thin-wire via was performed with a svip via. 

The transmitted signal through the via remains practically the same as the input signal when the 

via is at its optimal width, as illustnted in Fig. 3-18. Above and below the optimal via width. 

some deviations in the transmitted signal occur. The behavior of the reflected signal that was seen 

with a thin-wire via recurs. Above the optimal via width, the via looks like a capacitive disconti- 

nuity and below the optimal, it looks like an inductive discontinuity. Equivalent circuits repre- 

senting the via were constructed in the s m e  manner as they were for the thin-wire via. 

A closer examination of the reflected voltage signals reveals an offset from O V in the 

f o m  of two 'shelves' , indicated in Fig. 3-18. The shelves are the result of a difference between 

the characteristic impedance of the strip joining the via and the reference impedance used to 

determine the S-parameters. The difference in the reference and characteristic impedances is due 



Figure 5-18. Reflected and Vansrnitted signals from 5OR strip via circuit illustrating the dependence on 
via width. 

to an inaccuracy in modeling the strip. The 

strip is modeled using only one transverse 

segment. As a result, the transverse current 

distribution is not modeled and the fnnging 

fields of the strip are not accuntely corn- 

puted. Changing the reference impedance to 

54.552 removes the 'shelves' frorn the 

reflected signal as illustrated in Fig. 3- 19. 

Modehg a strip with only one transverse 

segment results in an error of approximately 

9% for the characteristic impedance. 

Similar to the analysis perfomed 

Figure 5 19. Reflected signal with reference 2, = 
5 4 3 2  

with the thin wire via. equivalent circuits were consuucted. The via with a width of O. 1 mm can 

be represented as a series inductance of 1.28 nH. The via with a width of 0.3 mm can be modeled 

with a shunt capacitance of 0.228 pF. The results of the equivalent circuit modeling are shown 

below in Fig. 3-20 and Fig. 3-2 1. 
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Figure 3-20. Tirnedomain comparison of the equivalent shunt capcitance circuit with the MBC Paich 
simuIation of a 1.3 mm wide strip via. 
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Figure 3-21. lime-domain comparison of the equivalent series inductance circuit with the MBC Patc~ 
simulation of a O. 1 mm wi& ship via. 



Chapter 4 

L-TYPE COUPLER ANALYSIS 

4.1 Introduction to the L-type Coupler 

The L-type coupler was introduced in Chapter 1 for purposes of study as a transient cou- 

pler. This Chapter examines the L-type coupler in the frequency and time domains. and modifies 

the L-type coupler geometry for optimal performance. The dimensions of the device investigated 

are presented in Fig. 4-1 and a photognph of the device is shown in Fig. 4-2. 

- - -  

Figure 4-1. Device 2. an L-type coupler, shown in a mia 

Tltle: L-Type Coupler 

- i n e & = S O Q  

~lilplhe I,=31.9 n 

~strip configuration. 

The device is modeled using the method of moments as descnbed in Chapter 2. The 

MoM approach is a very accurate method for modeling arbitrarïly shaped circuits. However, opti- 

mization of a circuit c m  be tirne-consuming due to the number of simulations involved. As a less 

accurate alternative to the moment method, transmission-line theory c m  be used m deliver a 

mode1 that is easily modified and takes an insignificant amount of time to simulate. 



Modeling with transmission-line 

theory has extensive drawbacks. especially 

the inability of the transmission line mode1 to 

account for radiation, feed wire and corner 

effects. Therefore, no serious modeling c m  

be performed with transmission-line theory. 

However, p~dictions made with transmis- 

sion-line theory c m  still be of significant use 

because the geometry of the circuit is easily 

modified. The modified circuits are re-simu- 

lated without the wait that is necessary for 

results to be obtained with the moment 

method. 

A transmission-line-tfieory mode1 

for the L-type coupler was developed from a 

model of coupled lines presented by Jones 

and Bolljahn [27]. The ports have been re- 

numbered from the original anaiysis pre- 

sented by Jones and Bolljahn. The port-num- 

bering scheme used in the andysis presented 

in this thesis is illustrated in Fig. 4-3. The 

electromagnetic fields of the two individual 

transmission lines are coupled and can sup- 

port two distinct modes of propagation. 

Jones and Bolljahn studied these two funda- 

mental modes that can exist on a syrnmetrical 

coupled line structure, iilustrated in Fig. 4-4, 

I 

Support Structure 

Figure 4-2. The L-type coupler consmicted in a 
microstrip configuration. Dimensions are indicated in 
Fig. 4-1. Dielectric is 0.762 mm thick with a permit- 
tivity of 3. 

Port 1 Port 2 

Port 3 Port 4 

Figure 4-3. Port numbering of the coupler. 

Odd Mode Even Mode 

Figure 4-4. nlusaation of h even and odd 
modes. The curent I and voItage V are used in the 
definition of even and odd mode characteristic 
impedance. 

to develop their network model. In one mode called the "even mode", both strips are at the same 

potential and are carrying equal currents in the same direction. In the second mode. called the 



"odd" mode. the strips are at equal and opposite potentids and carry equal currents in opposite 

directions 1281. The modes have been nmed "even" and "odd" because of the symmetry of the 

electric field about a venical plane placed between the strips. The electrornagnetic fields of the 

coupled-line structure are different for each mode; hence. each mode has a different characteristic 

impedance. 

The network impedance matrix for a coupler modeled as a Cpon network is presented 

in eq. (4-1). In this equation, 2, is the characteristic impedance of the even mode which is 

defined as the ratio of voltage to current in one line for an even mode excitation of the coupled 

lines. The characteristic impedance of the odd mode Z,, is defined as the ratio of voltage to cur- 

rent in one line for the odd mode excitation of the coupled lines [28].  The voltage V and cun-ent I 

used in the definition of characteristic irnpedance are indicated in Fig. 4-4. The electrical length 

of the lines is 8. The input impedance seen looking into one port of the coupled line is 2, when 

al l  other ports are tenninated in an impedance of 2,. provided 2, = . 7he cfzaracteris- 

tic impedance of the coupler is defined as 2, and it is ulways less thon the choracteristic imped- 

ance of une of the attached transmission lines by itself [29]. 

The network approach to modeling coupled lines provides a powerful method to exam- 

ine how port teminations and geometrical changes affect the performance of a coupled h e  sec- 

tion. Through the solution to the cesulting system of network equations, [v=[ZJ[iJ. aU of the 

terminal properties can be calculated. 

4.2 Frequency-Domain Analysis 

The L-type coupler presented in Fig. 4-1 was sirnulated with the MBC Wire/Patch p m  



gram and Momentum in a homogeneous strip configuration as outlined in Chapter 2. The simula- 

tion results are compared with measurements of a homogeneous circuit constructed from the 

microstrip circuit photographed in Fig. 4-2. Several dielectric layers were placed on top of the 

microstrip circuit to m a t e  the homogeneous circuit as illustrated in Fig. 2-13. A direct cornpari- 

son between the MBC Patch program and Momentum is possible when the circuit is embedded in 

a homogeneous dielectric because no approximations are made to handle the inhomogeneous 

dielectric of the microstrip or the upper ground plane of the stripline. The only difference 

between the two simulations is the exclusion of the feed wires in the Momentum simulation. 

Thus, re flection measurements are expected to differ significantl y. However, because the diffe r- 

ence between characteristic impedance of the homogeneous stnp (44.9 S2 ) and the reference 

impedance (50R) is srnail. only a small amount of reflection is expected from the device. Low 

values of reflection imply that while the reflection coefficient simulations may significantly differ 

because of the feed wire modeling. good agreement between transmitted and coupled S-parameter 

measurements may still be obtahed. In the following analysis only the upper diagonal half of the 

S-parameter matrix is presented because the circuit is constructed on a low-loss dielecrric and it 

approximately foms a lossless reciprocal network for which the mauix must be symmetrical. 

Shown in Fig. 4-5 and Fig. 4-6 are comparisons of the reflection coefficient magnitudes 

from ports 1 and 2 of the L-type coupler. Simulation results do not agree well with each other or 

with rneasurements. The rneasured reflection coefficient has much higher values than the simula- 

tion results. The reflection coefficient for an ideai transmission line whose characteristic imped- 

ance is different from the reference impedance and is undisturbed by a coupled line is expected to 

have a minimum in reflection at each frequency where the length of transmission line is a multiple 

of h / 2 .  Reflection minima should occur at 2.17 GHz. 4.33 GHz. 6.5 GHz and 8.67 G H z  n i e  

results obtained with Momentum, which do not mode1 the feed, agree well with these frequencies. 

The measurements and MBC Patch simulation include the feed wire effects and do not agree with 

the predicted minima in reflection. This suggests that reflection coefficient is quite sensitive to the 

load the feed wires introduce on the transmission line. In fact, the loading is very sensitive to the 

radius of the feed wire as previously illustrated in Fig. 2-15. 



Figure 44. IS,lI vs. kquency for the L-type Figure 46. lSvl vs. frequency for the L-type 
coupler specified in Fig. 4- 1, in a homogeneous coupler specified in Fig. 4- 1, in a homogeneous 
strip configuration. s trip configuration, 

During the measurement process it was found that the reflection coefficient was very 

sensitive to the amount of pressure placed on the coaxial connector pins by the coaxial cables 

attached to the network andyzer. Any pressure on the connectors caused the soft dielecuic board 

to flex around the connectors. The board flex resulted in a change in reflection measurement 

This dernonstrates that the reflection coefficient is very sensitive to the feeding mechanism. The 

difference between the simulated and physical feed wire radius in addition to the inaccuracies in 

construction account for the difference between measurernent and simulation reflection coeffi- 

cients. 

The reflection values were significantly different However, the reflection measurements 

were smdi and did not interfere with the coupling process. Cornparisons of IS 141 and IS241 are pre- 

sented in Fig 4-7 and Fig. 4-8. The simulated results are in good agreement with each other over 

the entire frequency range. Coupled line theory predicts that the maximum in coupling will occur 

when the coupled line section is 1/4 + ( n h ) / 2  where n E {O, 1,2, .. . } . The maximum in cou- 

pling should occur at 2.17 GHz and 6.5 GHz. Coupled line theory also predicts minimal coupling 

when the coupled line section is ( n À ) / 2  where n E {O, 1,2, . . . } . The minimal coupling should 

occur at 4.33 GHz and 8.67 GHz. Simulation values agree extremely well with the predictions 



from coupled iine theory. At lower frequencies the measurements agree closely. However. a fre- 

quency shift between measured results and simulations results is apparent at higher frequencies. 

The frequency shift between the measured and simulated values rnay be due to the quasi-homoge- 

nous structure created by sncking several dielectric layers on top of the microstrip circuit The 

effective permittivity of the quasi-homogeneous circuit will be slightly lower than e,= 3 of the 

simulations. As a result, the propagation velocity in the physicai device will be slightly higher 

than in the simulations which may account for the frequency shift. 

-W 2 
I 

4 6 8 10 
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Figure 4-7. ISI4l VS. frequency for the L-type Figure 4-8. lSul vs. frequency for the L-type 
coupler specified in Fig. 4- 1. in a homogeneous coupler specified in Fig. 4- 1. in a homogeneous 
strip configuration strip configuration 

The measured magnitude of the coupled S-parameters is slightly larger at higher fre- 

quencies. The difference between the measured and simulated coupled S-parameter magnitudes 

may be in part due to the meshing used to simulate the stmcture. The coupled line section was 

modeled using only 3 segments to span the width of the strips. As a result the fringing fields and 

the current distribution in the coupled region are no< modeled very accurately. Increasing the 

transverse mesh density may increase the coupled S-parameter magnitude but the time taken for 

the MoM to solve the geomeay of the device will increase dramatically. 

The magnitude of the reflection from the coupled a m  is presented in Fig. 4-9 and the 

transmission coefficient of the main line is presented in Fig. 4-10. The differences between the 



measurements and simulations are smdl in magnitude. The maxima in transmission 1Si21 corre- 

spond to minima in re0ection IS 1 and minima in coupling 1s 141. Conversely. minima in transmis- 

sion IS 121 correspond to maxima in reflection IS 1 and coupling IS 141- The minima in the reflected 

signal from the coupler ISu1 correspond to the length of the coupled a m  k i n g  multiples of 

x/4 , when the maximum coupling occurs IS141. At frequencies of maximum coupling JSl41, 

there is less reflection IS441 from the open end of the coupled a m  as power is transferred to the 

main transmission line. A maximum in reflection IS441 on the coupled line occurs when the cou- 

pling between the lines ISI41 is minimal. 

The results obtained with the MBC Patch prograrn. with Momentum and from measure- 

ment agree well when coupled or transmitted S-parameters are compared. Reflections from ports 

1 and 2 do not agree due to the additional loading caused by the feed wires. A frequency domain 

analysis was performed on the L-type coupler. However, when the circuit is used with fast pulses 

having very broad spectra, the analysis of these broad-spectrum signais is difficult to interpret in 

the frequency domain. Therefore. the analysis m u t  shift to the time domain. 

Figure 4-9. IS441 VS. frequency for the L-type Figure 4-10. IS121 VS. frequency for the L-type 
coupler specified in Fig. 4- 1. in a homogeneous coupler specified in Fig. 4- 1, in a homogeneous 
stri p configuration. süip configuration. 



4.3 The-Domain Simulations of the L-type Coupler 

4.3.1 Initial design of the L-type coupler 

To determine the time-domain response of the L-type coupler, the frequency-domain 

results from die previous Section and the Fourier techniques outlined in Chapter 2 were used. 

This Section examines the refiected. transmitted and coupled signals from the circuit and investi- 

gates the optimal orientation for the L-type coupler. The incident uapezoidal signal used to excite 

the circuit and its spectnim are plotted in Fig. 2-4 and Fig. 2-5. The circuit used to cornpute the 

time domain response is presented in Fig. 4-1. but a chcange has been made. The circuit illustrated 

in Fig. 4-1 is placed in a homogeneous medium of E,= 3 such that the designed characteristic 

impedance of the line equds 50R. 

The S-parameters of the circuit are cdculated with reference to an impedance. This xef- 

erence impedance is usually the port impedance or the characteristic impedance. The L-type cou- 

pler circuit is designed such that the charactenstic and port impedances are equal «OR). 

However, the designed characteristic impedance was shown in Section 3.4.2 to differ from the ref- 

erence impedance that results in minimal reflection from a transmission line. This reference 

impedance is called the computed charactenstic impedance. The cornputed characteristic imped- 

ance differs from the designed charactenstic impedance because the meshing used to segment the 

transmission line produces an inaccuracy in the fnnging fields and transverse cumnt distribution. 

To determine the reference impedance to use with the L-type coupler, a transmission line with the 

same dimensions and meshing as the line joining ports 1 and 2 of the L-type coupler was simu- 

lated. The reflected signal to an incident pulse was generated for various reference irnpedances. 

The reference impedance was selected as the value that results in the least reflection from the cir- 

cuit This reference impedance is the computed characteristic impedance of the transmission Ilne. 

The transmission line that was simulated had a computed characteristic impedance of 52.2Q. The 

diaerence between computed and designed characteristic impedances is 4.4% when the stnp is 

modeled with 3 transverse segments. This is a substantial improvement over modeling a uans- 

mission line wiîh only one transverse segment where a 9% error in the characteristic impedance 

was observed. 



The computed characteristic impedance is used as  the reference impedance for the corn- 

putation of the S-parameters and its usage assures that no extra reflections occur due to a mis- 

match between the reference impedance and the computed characteristic irnpedance. The 

following analysis focuses on cornparisons of the circuit response when the incident signal is 

applied at either port 1 or port 2. 

The transmitted signai received at the end 

of the 40 mm transmission line when excited at port 

1 or port 2 is presented in Fig. 4-1 1. The signal 

passes through the main Iine of the L-coupler with 

very little distortion introduced by the coupled line 

section. A srnall amount of high-frequency distor- 

tion is noticeable at the corners of the transrnitted 

signal. The high-frequency distortion is expected 

because IS2 1 decreases with increasing frequency 

as  show in Fig. 4-10. The transmitted signal is 

identicai if the circuit is excited at either port 1 or 

port 2. This demonstrates the reciprocity between 

SZ1 and SI2. The pulse takes 0.23 ns to travel the 

40 mm of the main Iine which is consistent with the 

propagation velocity in the medium. 

The coupled signal received at port 4 

when the circuit is excited at port 1 or 2 is pre- 

sented in Fig. 4-12. The coupled signals are very 

similar except for a difference in arrivai times and a 

slight difference in amplitudes. The difference in 

arriva1 times is due to the position of pon 4 being 

Figure 4-1 1. Transmitted signal through 
the transmission line of the L-l)qx coupler 
presented in Fig. 4- 1. 
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Figure 4-12. Signal received at the coupled 
port 4 of the L-Type coupler presented in Fig. 
4- 1.  in a homogeneous strip configuration. 

closer to port 2 than pon 1. A very slight increase in coupled signal is observed when the circuit 

is excited at port 1. The small bump following the edge of the coupled pulse is due to a reflection 

from a mismatch in impedances where the coupled a m  joins the line at ninety degrees. 



The reflected signal from the L-type 

coupler when excited at port 1 and port 2 is 

presented in Fig. 4-13. The reflected signal 

has a larger amplitude when the circuit is fed 

from port 2. This suggests thnt the coupler 

should be excited from port 1 to achieve the 

optimal operation. However, as previously 

shown the feed wires have a very large effect 

on simulation results and may be masking the 

reflection from the L-type coupler. To more 

accurately examine the data that will deter- 

mine which orientation of the coupled ami is 

optimal, reflections from the feed wires must 

be eliminated. 

Reflections from the feed wires 

were minimized by creating an optimal feed 

for the L-type coupler. To create the optimal 

feeding arrangement the feed wire must be 

simulated over a wide range of wire radii to 

determine the best match. The restrictions 

placed on the feed wires by the MBC Wird 

Patch formulation preclude a wide range of 

wire radii so a Bat strip was used. The width 

of the strip feed has no restrictions placed on 

it by the MBC Patch program, so a simulation 

over a range of widths was possible. The 

width resulting in the least reflection was 

selected a s  the optimal feed. The simulation 

results of a 50R homogeneous transmission 

I I I I 
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Figure 4-13. Reflected signal from the feed port 
of the L-'TLpe coupler presented in Fig. 4-1, in a 
hornogeneous strip configuration. 

Figure 4-14. Transmission line with strip feeds 
used to determine the optimai feed. Approximate 
meshing for MBC Patch simulation is shown, 

Figure 4-15. Surface of lSl for changing feed 
strip widths for a 40 mm homogeneous transmission 
line. 



iine modeled with 3 transverse segments. excited and teminated by two strip feeds of various 

widths is illustrated in Fig. 4-14 and the simulation results are presented in Fig. 4-15. The optimal 

feed strip width is clearly evident from the minimum in the surface representing ISI The least 

amount of reflection from a 1.93 mm wide strip. 0.913 mm above the ground plane was produced 

when the feed strip width was 0.75 mm. This sîrip widrh was selected as the optimal homoge- 

neous snip  feed. 

The L-type coupler simulations were re-simulated to include the modified feeds. The 

reflected signal of the homogeneous line was subtracted from the reflected signai of the L-type 

coupler. The resulting reflected signal was due only to the L-type coupler and not the feed strips. 

The reflected signals from the L-type coupler with the feed reflections removed are presented in 

Fig. 4-16 and Fig. 4-17. 

Figure 4-16. Reflected signal from port 2 of Figure 4-17. Reflected signal from port 1 of the 
the L-type coupler with the feed effects removed. L-?lpe coupler with the feed effects removed. 
Only the reflection from the leading pulse edge Only the reflection from the leaàing pulse edge 
with a positive dope is shown. with a positive slope is shown. 

The refiected pulses do not have the same duration. This makes it difiicult to determine 

which reflection is smaller. The reflected pulses can be compared by calculating the energies of 

the refiected pulses. The energy of a pulse can be caiculated using eq. (4-2). where tl  is the start 

of the pulse and tz the end. 



The reflected energy from the leading edge of a pulse. which has a 1.2 ns duration and 

100 ps riselfall Ume. when the L-type coupler is excited at port 2 was calculated to be 

2.18 x 10-l6 1. The reflected energy from port 1 was calculated to be 1-26 x IO-l6 J. This W O U I ~  

imply that the coupler should be excited from port 1 to achieve greater coupling and less reflec- 

tion. However, as  will be seen in the next sub-section an optimization scheme produces better 

results. 

4.33 Modifying the L-type coupler design 

The tirne domain analysis presented in Section 4.3.1 has shown that there is no differ- 

ence between transmitted signals when the device is excited at ports 1 or 2. If the circuit is not 

radiating significantly and the transmitted signal is identical when transmitted from either pon 1 

or 2. then the conservation of enegy implies that a reduction in reflected energy increases the 

energy delivered to the coupled p o n  Thus. modifications intent on improving the L-type coupler 

should focus on changes in geomeuy which reduce the refiected energy. 

The network approach to modehg cou- , , , , Port 2 

pled h e s  presented in Section 4.1 provides a 

conrenient method to examine how port termina- op-, 1 
Circuited 

Uons c m  affect the performance of a coupled line 
Port 3 1 I Port 4 

section. The derivation of Jones and Bolljahn 

[27] is extended to include an open circuit termi- Figure 4-18. Network reprrsentation of the L- 
type coupler. 

nation at the end of one of the ports to reflect the 

geometry of the L-type coupler. The network representing the L-type coupler is ihstrated in Fig. 

4- 18. The transmission lines attached to the coupled line section are terminated in their character- 

istic impedance, so the transmission lines can be replaced by loads equal to the characteristic 

impedance. The network is terminated at ports 2 and 4 with equal loads ZL, while port 3 is open 

circuited. The reflection coefficient at port 1 of the coupled Iines is determined by solving the net- 



work equations for the input impedance ZUiI and using the standard reflection formula. 

Zin , - ZL 
S11 = Zin , + ZL 

A similar expression is used to obtain the reflection from port 2 when port 1 is termi- 

nated in ZL. The expressions for Zinl and Z n z  are obtained by solving the network equations 

associated with the network illustrated in Fig. 4-18. Solutions for Z n l  and Zn2 are presented 

below 
Z l t Z z 4 h 1  - t 1 2 z I l ( f a  +Zt4) + ZlrZ42z21 - ~ 1 4 ~ 4 1 ( ~ t 2  + 'f.2) 

Zin, = z,, + 
( z ~  +ZtA) ' ( z ~  +ZL2)  -f24z42 

(4-4) 

where zij refers to the elernent in the ith row and jth column of the network impedance ma& 

expressed in eq. (4- 1). 

In order to solve for the input impedances at the ports, the even and odd mode character- 

istic impedances m u t  be determined. The even and odd mode impedances were obtained from 

design data Cumes in the literature. Specificaliy, design curves for a strip above a ground plane in 

a homogeneous space of E, = 1 calculated by Bryant and Weiss [30] were used to obtain the even 

and odd mode impedances. niese results were then scaled for a space filled with a dielectric of 

E, = 3. Some error will be introduced into the network model by the selection of the even and odd 

mode impedances because the gnphs used did not cover the dimensions used in this circuit, and 

the values had to be estimated. 

A 40 mm section of coupled line was simulated with the network model and the MBC 

Patch program. Reflections from the leading edge of a pulse with a positive slope are shown in 

Fig. 4-19 and Fig. 4-20. It was found thaf with the selection of the proper port termination 

impedance (Zd equal to the characteristic impedance of the coupler (Z,,), reflections from port 2 

of the coupler could be eliminated. Reflections from port 1 could not be elirninated. The reflec- 

rion from the feed strips in the MBC Patch program were not removed and are prominent in Figs. 

4-19 and 4-20. However, the results between the reflections from the feed strips agree with the 

network model. The differences that exist between the MBC Patch simulation and the network 



mode1 stem from the errors introduced in reading the even and odd impedances from the plots and 

the meshing used to simulate the circuit, 

Figure 4-19. Reflected signal from port 1 of Figure 4-20. Reflected signal from port 2 of 
the coupler when terminated in Z, the coupler when tenninated in 2, 

The significance of terminating 
Port 2 2, = 49.5n Port 1 

ports 1 and 4 in 2, of the coupled line section 

is that the geometry of the L-type coupler 

should be modified to take advantage of the 

reflectionless port 2. The transmission lines 

that are to Ihe have a Fiare 4-21. Toplogy of he  reflenionless mu- 

characteristic impedance equd 10 & &=c- ~ 1 %  when excited at Pori 2. charanstic 
impedances indicated refer to the characteristic 

teristic impedance of the coupler 2,. which is impedance of an isolated line. 

always less than the characteristic impedance 

of a single line by itself. This implies that the width of the transmission lines forming the coupler 

should be decreased until the characteristic impedance of the coupler equals the characteristic 

impedance of the attached transmission lines [29]. The modified geomeuy of the lines used to 

create the reflectionless L-type coupler is presented in Fig. 4-21. The characteristic impedance of 

the iines attached ro the coupler are 49.521 and the characteristic impedance of the lines foming 

the coupler is 52.2i2. These values of characteristic impedance were determined from MBC 
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Patch simulations. W1th the modified geometry. there is no doubt that the L-type coupler should 

be excited from port 2. in contrast to the tentative conclusion reached at the end of the foregoing 

subsection. 

4.4 Effeet of Pulse Duration on Coupled Signai 

To examine the dependence of the 

coupled signal on the duration of the incident 

pulse, severai simulations on the L-type cou- 

pler with optimal strip feeds presented in Sec- 

tion 4.3 were conducted. The results of these 

simulations are presented in Fig. 4-22. 

Decreasing the duration of the pulse was 

found to reduce the time between the two 

coupled pulses associated with the leading 

and trading edges of the incident pulse. The 

effect of modifying the incident pulse dura- 

tion was found to be similar to the effect on 

the coupled signal when the pulse width is 

held constant and the length of the coupled 

arm is changed. The effects of changing the 

pulse duration and changing the length of the 

coupled fine are equal if the change in pulse 

duration equals the change in time to corn- 

plete a round trip on the additional length of 

coupled line. A special condition was found 

to exist when the round trip time on the cou- 

pled line is equal to the duration of the inci- 

dent pulse. When this condition is met. a 

Figure 4-22. Coupled signal received for various 
input signal durations. 

sharp transition exists between the positive and negative pulses of the coupled signal. An incident 



puise with a duntion of 0.46 ns equnls the round trip time on the coupled line. The sharp transi- 

tion is Uustrated in Fig. 4-22. 

The special condition has an application when used with a periodic pulse train that has 

its pulse duration equai to haif of the period. An incident signal with this specification is s h o w  in 

Fig. 4-23. Satisfying the special condition and setting the pulse width equai to haif of the period 

results in the coupled output signai being a replication of the input signal minus the d.c. offset 

voltage. An L-type coupler was simulated with a 5 cm coupling ami in a hornogeneous dielectnc 

with a permittivity of 9.8. The incident signal was a penodic pulse train with a period of 2.0 ns 

and a pulse duration of 1 .O ns; satisfying the special condition. The incident signal was composed 

of 60 Fourier components 
I I 1 1 1 I 1 I i 

Figure 4-23. incident penodic signal composed of 60 Fourier components. The signal has a period of 
2.0 ns and the pulse has a duration of 1.0 ns. 

The output signal at the coupled port was computed using Fourier techniques applied to 

the incident Fourier series in a manner similar to the techniques used with the Fourier transfomis 

presented in Chapter 2. The received coupled signal is presented in Fig. 4-24. The coupled signal 

is a replica of the incident signal minus the d.c. component of the signal and shifted in time 

according to the time taken to mvel to the coupled port. 

Figure 4-24. Signal received at the coupled port of an L-type coupler with a coupling ann measuring 
Scm in length 



Chapter 5 

CONCLUSIONS 

The L-type coupler was exarnined in the frequency and time domains using the method 

of moments, transmission-line theory and rneasurements. The method-of-moments simulations 

were performed on microstrip configurations in a homogeneous dielectric. using the MBC pm- 

grams (wire, patch and cornbined versions) and the Momentum program. The transmission-line 

simulations were based on a network model of coupled Iines that was modified to include the 

open circuit at one end of the coupled m. The nework mode1 allowed the dimensions and port 

tenninations of the coupler to be rnodified easily and re-simulated. While the network model is 

not as accurate as the method-of-moments approach. it is significantly faster. 

Simulations of the coupled and uansmitted S-parameters performed with the MBC pro- 

grams and the Momentum program were in excellent agreement. These simulation results were in 

good agreement with measurements. Differences in modeiing and constmcting the feed of the L- 

type coupler resulted in the frequency-dornain reflection simulations differing significandy in 

magnitude with each other and with measurements. 

It was discovered that by setting the characteristic impedance of the coupler (definition 

p. 40) equal to the characteristic irnpedance of the attached transmission lines, the performance of 

the L-type coupler is optimized. This optimal condition results in no reflections from the device 

when excited at pon 2 which is the main-line port fathest from the open end of the coupled line 

(port numbering on p. 38. 39, 51). The optimized coupler was named the "reflectionless L-type 

coupler". To create the "reflectionless L-type coupler", the widths of the transmission-line traces 

within the coupler are decreased until the characteristic impedance of the coupler equais the char- 

acteristic impedance of the attached transmission lines. 

It was also discovered that by setting the pulse duration of the incident signal equal to 

the round trip time on the coupled line, a sharp transition exists between the positive and negative 

pulses of the coupled signd. Applying this speciai condition to a periodic pulse train with the 

pulse duration equal to half of the penod, one observes at the coupled pon a replication of the 



periodic pulse train minus the d. c. component. 

Further. a simplified study of thin-wire and strip vias was conducted. It was observed 

for high-impedance thin-wire vias that an optimal ratio of via radius to line radius exists. the opti- 

mal ratio for high-impedance thin-wire vias k i n g  0.25. At the optimal ratio, the reflected S- 

parameter is minimized, so the txansmitted S-parameter is maximized. It was observed. for vias 

modeled as thin strips attached to strip transmission lines embedded in a homogeneous dielectric. 

that an optimal ratio of via width to line width exists. the optimal ratio k i n g  approximately 0.36. 

In the time domain. the reflection of m incident signal reveals whether the ratio of via width to 

line width. or the ratio of via radius to line radius. is above or below the optimal. A positive 

reflected pulse from the leading edge of an incident pulse that has a positive dope indicates that 

the via is an inductive discontinuity and is below the optimal ratio. A negative reflected pulse 

from the leading edge of an incident pulse that has a positive slope indicates that the via is a 

capacitive discontinuity and is above the optimal ratio. Equivalent transmission-line models with 

lumped elements representing the via were constructed. The time-dornain responses of the equiv- 

dent circuits were compared with the time-domain responses of method-of-moments simulations 

and they were found to be in agreement. The via modeling technique was not intended to predict 

the exact khavior of the via but rather some general charactenstics. because the radius of the via 

through-hole was assumed to be infinitesimal. 

A validation of the MBC Wire/Patch program was conducted. A straight transmission 

line was simulated in microstrip. stripline and homogeneous svip configurations. It was found 

that the feed wires significantly load the transmission line. The simulation results were shown to 

depend on the radius of the feed wires. The MBC WirePatch simulations were compared with 

simulations perfomed with the Mornentum program and with rneanirements. It was observed 

that the resulu of the MBC WirelPatch program were in significantly better agreement with mea- 

surements than the results obtained with Momentum. The differences between the measurements 

and the MBC WirePatch program were attributed to the difference in feed wire diameters. No 

explicit modeling of the feed wires was possible in the Momentum simulations. 

Parauel-plate resonances were found experimentaily to be excited in stripline circuits 

where vertical feed wires were used. Measurements demonstrated clearly the darnping of the 



pardel-plate resonances when an absorber was placed around the circuit The existence and 

degree of excitation of the resonmt modes was determined by an analysis of the modal field con- 

figurations and positions of the feeds within a box made of two perfect electrically conducting 

plates and four perfect magneticaliy conducting walls. The excited resonant frequencies and res- 

onance strengths that were predicted theoretically agree with the measurement data. The failure 

of both moment-method programs to predict the excitation of parallel-plate resonances is due to 

the fact that the ground planes were modeled as infinite in extent. To model a stripline circuit 

accurately when current paths perpendicular to the ground planes exist, the finite size of the 

ground planes must be included in the simulations. 

In addition, it was observed that the meshing of a m ans mission line affects the calcula- 

tion of characteristic impedance. Modelïng the width of a transmission line with one segment 

resulted in a 9% deviation from the designed characteristic impedance. Increasing the segmenta- 

tion to three segments resulted in a 4.4% deviation from the designed characteristic irnpedance. 

The deviation from the designed characteristic impedance results from the inaccuracy in the com- 

putation of the fringing fields around the strip. The greater the number of segments used to span 

the width of the suip. the more accurate are the fringing fields. However. increasing the number 

of segments used to model the width of the strip greatly increases the time required to solve the 

structure. 

Finally, a Matlab toolbox was developed to perform the-domain simulations and is 

available for use with any electromagnetics simulation software that solves for the S-parameten 

or network parameters of a circuit. 
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