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Abstract

The application of scanning near-field probes for non-invasive microwave inægrated

circuit diagnostics is investigated in this thesis. Presently conventional measurement

techniques rely on di¡ect elecrical contact with the device under tesL However, this

provides information only at predeærmined locations and is generally incapable of isolating

inærnal fault locations. Direct electical contacts a¡e invasive in natu¡e and can disnub the

normal operation of the circuit under æst. \Vith the rapid raæ of æchnological advancement

the development of non-invasive measr¡rement systems is becoming even more critical.

While the primary focus of the thesis is on the monopole near-fÏeld probe, other

technologies in use today are first reviewed. These include electron beam and elecEo-optic

probing which are complex and expensive. A simple inductively coupled loop probe is

also discussed. The monopole probe which is capacitively coupled ûo the device under test

is fabricated by simply stripping off a small section of the outer sheath of semi-rigid coax.

The length of the monopole affects the probes sensitivity and resolution cha¡acteristics.

The probe is positioned perpendicular to the plane of the circuit and measures the vertical

component of the local electic field.

An inægral equation is formulated to model the inæraction between the monopole probe

and a microstrip transmission line. As a first order approximation a static analysis was

undertaken. A method of moments solution is implemented to analyze the resolution and

sensitivity characteristics of the probe. While sensitivity is directly proportional to the

monopole length, the resolution is a complex function of many parrrmeters. To quantify the

resolution, both an experimental and theoretical analysis are required. Preliminary æsting

indicates good agreement between experimenal and theoretical results.

An alternative experimental method for dispersion measurements in open microstrip is

presented. The method utilizes the monopole probe to directly measure the voltage

standing wave (VSV/) on the line under test. The guided wavelength is obtained by

measuring the distance between successive voløge minimums. A variety of closed form

dispersion expressions are included for comparison with experimental results. Previously

investigaæd methods such as the sliding load and ring resonator techniques are also tested.

The maximum nns errots of the various experimenøl techniques were; sliding load

magnitude 3.66Vo, VSW (combined magnitude and phase) 2.647o, sliding load þhase)

l1



2.027o, and ring resonator 1.287o. The dispersion characteristics and propagation of

higher order modes in microstrip lines has also been considered. The cutoff frequencies of

such modes have been calculated using the planar waveguide model. The presence of such

modes can be directly detected using the scanning near-field probe.

Using a custom designed automaæd data acquisition system, a variety of microwave

ci¡cuits were tested at frequencies up to 22 GHz. The measurement system consists of a

network analyzær,comput€r, and a two-axis translation table (pm or mm resolution). The

probe can be scanned in either a linear lD or zíg-zag2D patæm. Tests on üansmission

lines (microstrip and coplanar), a coupled line filter, and an assorünent of anænnas have

been completed. The results agree with theory and contribuæ additional information on the

internal operation of the circuir
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Chapter I

Introduction

The purpose of this thesis is to investigate the application of electromagnetically

coupled probes as non-invasive diagnostic tools for a broad range of microwave circuits.

For this purpose, an automated measruement system has been designed and constructed

capable of yielding information unavailable from conventional measurement æchniques.

While the miniaturization and the enhanced speed performance of integraæd circuit is

constantly being improved, the experimental measurement of these circuits is becoming

increasingly diffrcult. In fact, the performance characteristics of many devices, especially

those based on GaAs æchnology, have surpassed the capabilities of conventional electronic

measurement techniques. As P. May once said "the ability to test the performance of a
particular æchnology underlies the progress in developing ttrat technology" [1].

Conventional ci¡cuit measurement techniques rely on some form of direct electrical

electrical contact with the point in the circuit being monitored. For example, digital
integraæd ci¡cuits are injected with test patterns and the oulputs monitored to determine the

overall functionality of the ci¡cuit. However this approach does not provide any

information on the identification of individual inærnal faults when one arises. Likewise,

conventional network analyzet measurements on microwave circuits impose similar
limitations. Typically individual components are designed with a high degree of accuracy

and reliability, however the integration of several components on a cornmon substrate often

gives rise to uncertainties in circuit performance. Often the performance is degraded by

mutual coupling of elements due to the excitation of surface ,waves, particularly at mm

wavelengths. Network analyzer measurements at the device input and ouÞut ports are

incapable of isolating such problems.



Chqter I Introùtction

Ideally a measurement device should be non-invasive in nature and capable of
measuring waveforms at arbiüary points within the circuir Depending on the application it
may be desi¡able to perform voltage and/or crurent measurements. Preferably with
magnitude and phase data. In addition, the measurement system must possess sufficient

spatial and temporal resolution. Developing a measurement system with such

cha¡acteristics is challenging and critical to the future development of reliable high quality

inægrated circuits.

The scope of the thesis is as follows. Chapter 2 provides a review of some of the non-

invasive measurement æchniques cturently being researched within industry and the

academic community. The relative advantages and disadvantages of each æchnique are

discussed and sample measurements provided.

Chapter 3 is an intoduction to the coaxial monopole probe and the formulation of an

equivalent model for numerical analysis. The appropriate Green's functions are derived

and the numerical results based on a Method of Moments solution are compared with

experimental data.

A description of the hardware and sofnvare required for the autonated daø acquisition

system is given in chapær 4.

Chapter 5 includes a discussion on dispersion and impedance analysis of open-

microstrip. A summary of design equations is included for reference. In addition, a brief
intoduction to the dispersion characteristics of higher order modes is included. The

experimenøl methods for deærmining the dispersion characæristics are discussed in chapter

6. A variety of experimental results are compared with closed-form dispersion formulas.

A broad range of measurement examples on microwave circuits is provided in chapær

7. Measurements were performed on printed antennas, transmission lines (coplanar and

microstip), and a coupled line filter.

Finally, chapter 8 includes some conclusions and recommendations for future research.



Chapter 2

Review of Non-Invasive Measurement Techniques

A brief summary of mechanical, elecüon-beanr, and electo-optic probing techniques is

presented. This summary will also state the main advantages and disadvantages of each

æchnique and include sample measurements.

2.1 Mechanical Probes

The limitations of conventional mechanical probes have been cited by many resea¡chers

Í21,Í31attempting to develop new and non-invasive measurement techniques. With the

continuous decrease of device dimensions and push towards operating frequencies in the

high GHz range the application of mechanical probes are becoming increasingly limited.
Such probes tend to have inherently limiting factors from both an electrical and mechanical

viewpoint.

Mechanical probe shortcomings such as inaccurate manipulation and their invasive

nature are difficult if not impossible to overcome. The task of positioning probes mounted

on a micro-manipulator and guided by view under an optical microscope is tedious and time

consuming. Probe manipulation is limited by optical microscopes having spatial
resolutions on the order of microns, short depth of foci, and extremely small working
distances. As a result, the proper positioning of ttre probe is very difficult and potentially

haza¡dous to the device under test. It is not unco¡nmon for devices to tail due to open or
short circuit lines caused by the probe. Probing multiple lines such as on a data bus is

unpractical due to the amount of ha¡dware one must work with. Typically one would work
with no more than four mechanical probes at any one time.

An additional d¡awback involves the placement of probe pads which must be

incorporated in the preliminary design stage. The number of such probe pads must be
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limitcd since they occupy valuable real estate. As transistor sizes continue to decrease, the

ratio of probe pad area to transistor a¡ea will increase as will the value of the area occupied.

Therefore, the circuit designer must be judicious in the number probe pads implemented at

the design stage.

From an electrical viewpoint one must consider the capacitive loading effects of the

probe on the circuit Excessive capacitive loading can influence the normal operation of the

circuit. This problem is compounded by the development of smaller tansistors which are

capable of driving node capacitances on the order of femtofarads (10-15¡. The ability of
such Eansistors to drive the additional capacitance of the probe (typically a few pF) is
questionable and can lead to a degradation of ci¡cuit performance. Also the increased

circuit capacitance can easily alter signal measurements by increasing rise and fall times due

to filæring of high frequency components.

Despite many drawbacks mechanical probes maintain two advantages. The first is the

ability to inject signals at nodes which is a valuable option that is not readily available by

any other means. The other advantage is cost, which in comparison to other technologies

is minimal.

2.2 Electron Beam Probing

Several variations of elechon-beam probing stations are in use today throughout

indusEy and research institutions. The electron beam tester is based on a modified

scanning elecÍon microscope as shown in Fig. 2.I. Atypical elecron-beam probe station

consists of:

. An electron gun for emitting prima¡y elecEons.

. A lens focusing system for focusing the primary elecEons on the target

. Equipment to collect and deæct secondary electrons.

. Electronics for data acquisition and analysis.

. A high speed beam chopper for sampling measuements.

The elecuon gun which generates low energy primary elecftons can either be of the

field or thermionic emission type. In comparison, field emission guns are considered more

desirable than the thermionic emission guns because of thei¡ high brightness and small
probe diameter [4]. Emitted primary electons are accelerated through a potential on the

order of 0.5 to 2.5 kV. As the electons are accelerated they are focussed via the lens
focussing system to a submicron spot on the device under test (DUÐ. On impact with the
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DUT, low energy secondary elecEons are randomly emitæd as a result of elastic collision.

These secondary electrons have a well defined distribution of kinetic energies ranging from

0 to 20 eV.

Figure 2.1. Elecuon beam probing equipment [2].

The secondary electons are then collected and counted. One method of collecting the

secondary electons involves using a high poæntial electrostatic exraction field generated at

the surface of the DUT. An alternate collecting method is to use a magnetic exfraction field

thus eliminating the need for the electrostatic field. The secondary electons are put through

a scintillator which converts the electrons into photons. These photons a¡e then fed to a

photomultiplier which generates a specific number of electons for each incident photon.

The photomultiplier oulput can be used to measure the voløge at the location of incidence

of the primary elecrons. It can be seen in Fig. 2.2 that probing a +5V fransmission line

will emit less secondary elecrons then that of a -5V line. This is due to low energy

electrons being attracted to the metal conductor by the positive potential of the +5V line

while the negative potential of the -5V line repels such elecfrons.

pnmary e-

I

Figure 2.2. Secondary electrons (a) trapped by +5V potential, (b) repelled by -5V
potential.

lÍn primary e- f I
I trir
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In general, the number of secondary electrons is inversely proportional to the potential

within a limited vicinity of the point of impact of the primary elecfron beam. When a circuit

is scanned with the electon beam the output of the photomultiplier is monitored. When

converted to oulput for a video display, areas with a positive potential appear dark

indicating low second eleckon yield, while negative areas appear bright indicating high

second electon yield. This contrast in the video display oulput forms the basis for a

proces s called v o I t a g e - c o ntr a s t ima g i n g Í21,[31.

Measuring waveforms may be done in either an open-loop or closed-loop fashion

where the secondary elecEon curent is maintained at a constant level. Analog waveforms

can be taced accurat€ly with the closed loop system but the data acquisition time is

increased by the settle time of the feedback loop. Alærnatively, open loop measu¡ements of

digital waveforms may be quicker as the number of collected secondary elecúons is

compared to the threshold level to determine whether a high or low logic state exists. In

order to achieve betær performance, that is faster data acquisition, the elecüon beam can be

chopped in order to create a sampling system. The beam chopper is simply an

elecronically contolled apertue for periodically blocking the flow of primary elecnons. In

this manner, the measurement bandwidth is limited by the smallest elecfron beam pulse that

can be generated. Performance of a commercial syst€m (Schlumberger IDS 5000) has been

compared to a sampling oscilloscope with a rise time of 100 ps [2]. Specifications for an

elecron beam probe as described in [4] are included in table 2.1.

Table 2.1. Performance of an electron beam probing station [4].

Electron probe
Porcndal detection

Time resolution
Elecrron gun
Mode

Specimen stage
Electron energ'y

0.1¡rm
J Range: +15 ro-15 V
lResolution: 0.1 V
lns
Cold-type field emission
Image mode: ISE image

I PD image

[SeD image
DIP package socket
50È1000 v

SE: Secondary electron
PD : Potenrial disrriburion

SPD: Stroboscopic potential distribution
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Probing bare conductors is relatively straight forward but probing of buried
(passivated) conductors presents additional complications. Probing bare conductors yields

the potential on the conductor, while probing burie{i conductors yields the su¡face poæntial.

The passivation layer acts as dielectric which capacitively couples the surface to the buried

conductor. The elecnical behavior of the buried conductor can be infened from the surface

measurement. The limitation here is that only AC signals can be measured reliably since

any surface charge will leak and reesøblish equilibrium. Reliable measurement of DC

voltages is typically not possible due to the presence of a surface charge. The surface

charge arises when the number of secondary elecEons does not equal the number of
primary elechons. This yield factor is a function of accelerating potential and dielectric

material. Todokoro [4] has experimentally shown that the secondary electron yield

approaches unity on PSG films when prima¡y electrons exist with 1 keV of energy, thus

the charging of elecfrons on the surface should be negligible.

In Fig. 2.3 the address buffer output of a 4 Kbit RAM is measured using both a

mechanical probe and an elecûon beam probe, also included is a computer simulation for
reference. The compuær simulation and the electron b€am measurement compare favorably

with a delay time of 2.2 ns. The mechanical probe measurement exhibits a delay of 7.5 ns

due to sÍay capacitance. \ilhile mechanical probes have a loading capacitance on the order

of a few pF an elecüon beam probe has a capacitance on the order of l0-5 pF [4], thus

explaining the discrepancies in delay times. A variety of applications such as measuring

internal waveforms on a l-K bipolar PROM, 1 GHz Gunn diode, and a 4-K MOS RAM
can be found in t5l.

Though elecEon-beam probing is impressive with its high temporal resolution (lps -
lns) and submicron spatial resolution it is a complex and expensive technology with
inherent limitations. For instance the degree of æstability of various integrated circuits is

directly related to implementing special fabrication guidelines as outlined in [3].
Implementing such guidelines at the design level and subsequent fabrication can be both

time consuming and expensive. Improvement is also required to obtain DC voltage

measluements on buried conductors and amplitude measurements of AC signals

superposed on a DC bias. Crosstalk from electric fields of nearby tansmission lines is
another factor and can affect the results by roughly l07o l4l. The electrical characteristics

of the device under test may be altered as a result of the primary electons penetrating into

sensitive areas. This effect is most notable in MOS devices [4],[5] where the energy of the
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primary electrons must be at a level which does not cause a significant shift in the threshold

voløge of the Íansistor.

CPU -SIMULATION

7

ELECTRON PROBE

75¡

MECHANICAL PROBE
200mv/div lns/óiv

Figure 2.3. Waveforms at the address buffer ouþut of a4 Kbit RAM: (a) computer
simulation; (b) by electron-beam tester; (c) by mechanical probe æsær [4].

2.3 Electro-Optic Probing

Elecno-optic probing is a rather new technology developed based on the well known

elecno-optic effect [6]. fVhen an electric field is applied across an electro-optic crystal the

elecfton disribution is perturbed so that the polarizability and hence the refractive index of

the medium changes anisotropically. As a result, the polarization of the light passing

through the crystal is changed. This change which is linearly related to the electric field is

known as the Pockells effect and can be measured optically.

While certain material such as GaAs and LiTaO3 exhibit the Pockells effect others such

as silicon do not. Two common forms of elecüo-optic probing include di¡ect or internal

electro-optic sampling and external electro-optic sampling as shown in Figs. 2.4a,b

respectively.

In direct electro-optic sampling (Fig.2.4a) the DUT is fabricated on a substrate that

exhibits the elecEo-optic effect. As a result the polarization of the probe beam is altered via

the elecEo-optic effect in the subsftate. For external sampling (Fig. 2.ab) the DUT need

(b)

(c)
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not be fabricated on an electro-optic substrate. Instead an electro-optic crystal is fused to

the sampling head, hence allowing the electric fringing fields to penefate the sampling

crystal. The probe beam does not penetrate the DUT instead it is reflecæd off a reflective

coating on the bottom of the crystal. Therefore the beam Íaverses the electric field twice

before reaching the optical measurement system.

(a) x

GoAs -
substrote

Figure 2.4. Common forms of elecno-optic probing (a) direct backside probing
geometry for a coplanar waveguide [7]; (b) external elecno-optic probing [8].

Electro-optic probes can be sensitive to either longitudinal or transverse field
components. In longitudinal probing the electo-optic effect is exhibited only for electric

fields applied along the same axis and parallel to the optical beam. The advantage of this

being that the crystals sensitive only to the fields normal to surface of the DUT which are

stongest directly above conductors. Hence a quantity which is proportional to the voltage

on the line can be measu¡ed reliably, In conEast, transverse probing is sensitive to elecnic

fields parallel to the surface of the DUT. The disadvantage of this method is that it is
highly susceptible to crosstalk from neighboring elements.

Operating in a longitudinal or transverse probing mode is dependent on the type of
crystal utilized. The general layout of the external elecno-optic sampling system is shown

in Fig. 2.5. Herc the laser soruce generates a beam which is split into t'wo. One of these
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beams repetitively triggers the elecnical signal to be measu¡ed. This can be done directly

by exciting a photosensitive device on the device under test, or indirectly by generating an

electrical pulse via a photodetector coupled to the DUT. The other beam synchronously

samples the induced change in polarization due to the elecno-optic crystal.

Figure 2.5. The general layout of the extemal electro-optic sampling sysæm [8].

Elecfto-optic probing systems are capable of superior temporal resolution below I ps,

however this requires expensive lasers. Spatial resolution is typically limited by the

diameter of the focussed laser or the size of the smallest crystal which can be effectively

implemented for external electro-optic probing. The smallest crystal is on the order of
lpm. A variety of sample measurements are available in the literature [7],[8],[9],[10].
The applications cover a broad range of topics including MMIC's, prinæd antennas, signal

tracing on digital integrated circuits, and measurement of propagation delays. Elecuo-optic

scanning of the coplanar waveguide in Fig. 2.4a at 2 kHz yields the results shown in

Fíg.2.6. The width of the center line is 40 pm and the spacing to the outer ground planes

is 26pm. The substrate is a 410 pm thick GaAs with 3pm thick gold conductors. The

elecfic fields have also been successfully mapped at 8.5 GHz.

r0
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@ 
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Figure 2.7. Approximate pattern of the fields generated by a typical circuit board
Eace.

The optimal design of a non-contacting magnetic field probe for measurements on the

interior of planar high frequency circuits has been investigated [2]. The double loop

probe shown in Fig. 2.8 is fed by a coplanar waveguide (CPUD. The probe and the CPW

feed are at right angles to one another.

nnsmission Lins

(b)

Figure 2.8. (a) Double-loop magnetic-field probe. (b) Probe in position over circuit
under test [12].

12
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The unique double loop design ensures that the probe response to radiation originating

from distant sources is rejecæd. In Figs. 2.9a,b it is evident that the induced curents in the

loops add constructively, however in Fig. 2.9c magnetic coupling from distant sources

tend to induce crurents in opposition to one another. Therefore, contributions from

uniform distant sources ænd to cancel and have no effect on the probe.

(c)

Figure 2.9. Double-loop magnetic probe coupling to magnetic fields of (a) micro-
strip, (b) coplanar waveguide. Radiation arriving from a distant source, as in (c),
interacts with the t'wo loops in such a way that their contributions tend to cancel
uzl.

The probe design arrived at in [12] was a result of both theoretical analysis and scale-

model experiments. The model probe fabricaæd had a length of 15 mm, width of 7 mm,

and conductor width of 0.25 mm for operation at 0.28 GHz. For operation at 28 GHz
these probe dimensions must be scaled down by a factor of 100. The loop dimensions are

a nadeoff between resolution, magnetic field sensitivity, and far field radiation rejection.

Increasing the loop dimensions effectively decreases the resolution and far field radiation

rejection efficiency while increasing the magnetic field sensitivity. In addition, the probe

dimensions must be a small fraction of the wavelengttr at the test frequency of interest.

Two other design factors include the CPW feed and the width of the conductors

forming the loops. To avoid mutual coupling between the CPW feed and the DUT a metal

rr rL

l3
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shielding box is required. The box wtrich partiatly shields the CPW feed must make good

electrical contact with the outer planes of the CPW feed. The width of the conducting line

influences the sensitivity of the probe to elecfostatic coupling which can give rise to
significant errors. The line width should be chosen as narrow as possible while ensuring

that the conductor resistance and self inductance are negligible.

A typical measurement system is shown in Fig. 2.10. The magnitude of the induced

probe crurent is measured by the spectrum analyzer. Phase measurements are obtained by

mixing a reference signal of the same frequency with the probe signal. A phase shifær is

then adjusted until the t'wo signals are in phase and the magnitude reading on the spectrum

analyzer is maximum. The variable phase shift is then compared relative to a reference

point on the circuit.

Circuit Under Tesr

Figure 2.10. Configuration for magnitude and phase measurements [12].

The magnitude and phase response of the scale model probe as it was scanned along a

loaded microstrip fransmission line are shown in Figs. 2.IIa,b respectively. It is assumed

that similar results could be obtained for measurements at 28 GHz with all model

dimensions scaled down by 100 times. The magnitude of a transverse scan of the line at

150 MHz is shown in Fig. 2.llc. The ni-lobed configuration can be explained with the

help of Fiç.2.9. The center maximum conesponds to the situation illusfated in Fig. 2.9a

where the magnetic coupling induces cturents which add constructively. As the probe

tansverses from the center of the line we notice a null which corresponds to Fig. 2.9c

where the induced currents a¡e in opposition to one another. The side lobes arise as the
probe continues to move further from the center of the line and the coupling tends to be

with the nearest loop. The loop probe has also been used for S-parameter measurements

1.121.
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(b)

Figure 2.1l. Experimental and best-fit curves of (a) The square-magnitude and (b)
The phase of a sønding wave. The measuement was made at280 MHz using a
scale model probe placed at a height of 2.4 mm above a microstip having a center
conductor width of 5 mrrL and a dielecric with E=-lz and thickness 6.35 mm. (c)
Transverse pattern of an open-circuiæd microstrip at 150 MHz [12].

Osofsky and Schwarz ll2l cite 3 main sources of error which are: l) uncontrolled

variations in the physical position of the probe; 2) disturbance by the probe of the circuit

being measured; and 3) undesirable electrostatic coupling. From scale model

measurements it was found that for standing wave ratios less than 3.0 the magnitude

accuacy is better than 0.8 dB and the phase better than 7o when compared to numerical

calculations [12]. S-parameter measurements were accurate to within 1 dB for the

magnitude and 5o for phase.

The fabrication of reliable small scale probes for operation at 28 GHz is a major

problem. Conventional photolithography techniques have so far proven to be unreliable

[13]. One of the difficulties is in establishing good electrical contact between the loops and

CPW feed which are at right angles to one another. If a new fabrication method is devised

which can produce reliable small scale probes the loop probe could become a viable

diagnostic tool.
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Chapter 3

Numerical Modeling of the Monopole Near-Field Probe

In contrast to the loop probe described in chapûer 2 which is primarily an inductively
coupled structure, a coaxial probe has been developed which is a capacitively coupled

structure. The coaxial probe illusEated in Fig. 3.1 has received considerable atæntion from
both an experimental and theoretical viewpoint [14],[15],[16],[17],[18]. The ease of fab-

rication and commercial availability of semi-rigid coaxial cable in variety of sizes (outer

diameær Do > 0.008") are two atEactive features of such probes.

Copper jacket

Copper core

Dielectric

Figure 3.1. Monopole near field probe.

The coaxial probe is sensitive to the local charge density and essentially measures the

vertical component of the electric field close to the su¡face of the DUT. A potential
difference between the inner and outer conductors is induced when the center conductor
protrudes beyond the outer conductor in the form of a monopole of length t (Fig. 3.1). The
surrounding dielectric provides support to the tip and prevents it from making direct contact

.I

16
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with the DUT. Although an exact theoretical model is unavailable Frayne [16] has

developed a preliminary model which he used to model the interaction between a coaxial

probe and an isolaæd conducting strip of finiæ width and infinite length.

Some fundamental properties of the coaxial probe are now discussed. Firstly, the

spatial resolution of the probe is not purely a factor of the coax outer diameter. Instead, the

operating frequency and sønding wave ratio on the structure must also be considered.

Rapid phase va¡iation at the voltage minima makes detecting these points difficult and enor

prone.

Secondly, the sensitivity of the probe is directly proportional to the tip length t. As t
increases so does the number of electric field lines terminating on the center conductor,

hence a greater potential difference benveen the conductors is induced. On the other hand,

the resolution as a function of tip length is difficult to calculate and cannot be readily

quantified. The most tactical approach to quantify the resolution would be to incorporate

both an experimental and theoretical analysis on probes of various sizes and tip lengths.

Finally, the net probe response is due to both capacitive and inductive coupling. The

magnetic field coupling is due to the transverse magnetic field component which is
proportional to the axial current density (Fig. 3.2). Ideally, the coaxial probe should

respond only to electric field coupling, hence it is the natural dual of the loop probe. In

conüast, while the coaxial probe measruement error arises from magnetic field coupling,

the error in the loop probe measruement is due to electric field coupling.

outer conductoq
rodius b
dielectric
inner conductor,
rodrus o

mognetrc freld

integrotion poth
direction of lnduced
EMFdue to mognetic
flux lrnkoge

conductor

Figure 3.2. Electric and magnetic field coupling of monopole probe [16].

I 
electric f ield
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The useable bandwidth of the coaxial probe is a function of its dimensions. Both the

tip length and outer diameter must be a small fraction of the wavelength in the medium

being measured. This restriction is necessary to avoid any spurious radiation by the probe.

The measurement error incured as a result of undesirable magnetic field coupling is

another limiøtion. It has been shown [16] that the magnitude and phase errors decrease

with the outer diameær and increase frequency, also substrates with high permittivities tend

to have a high degree of magnetic coupling.

3.1 Monopole Probe and Equivalent Circuit Model

In many cases numerical modeling is used ûo predict performance characteristics and aid

in the decision of whether or not the chosen probe design is feasible. In addition, there can

be great savings in experimental costs and testing time. Another benefit of formulating a

numerical model rather than relying on experimental daø is that once the code is formulated

it can be used for a variety of test cases with varying parameters. It is for these and several

other reasons that an equivalent circuit model has been developed.

The spatial resolution and sensitivity characteristics of the probe have been analyzed

using a probe/ransmission line structure as shown in Fig. 3.3 along with the

corresponding equivalent circuit model. Since at the typical operating frequencies all the

critical coupling dimensions are much smaller than the wavelength in the medium being

measured, a static analysis will provide an adequaæ analytical approximation and is used to

model the circuit probe coupling. The problem is formulated by determining the various

coupling capacitances shown in Fig. 3.3. For a given probe location and transmission line

excitation voltage the differential mode induced voltage between the inner and outer

conductors of the coax can be calculated. The spatial resolution is then obtained by a

transverse scan at discrete intervals of the microstrip line. The same approach may also be

taken to obtain resolution information for buried transmission lines. An integral equation

formulation is used to calculate the unknown coupling capacitances used in the equivalent

ci¡cuit model. From this model, assuming the capacitance Gt is small the induced voltage

is given as [19]

Zúrñn
1+Z,jol(Cü *Coi +Cil)

vhd = 0r

18

(3.1)
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Figure 3.3. Probe and microstrip line along with the corresponding equivalent
circuit model.

3.1.1 Integral Equation Formulation

The formulation of an inægral equation deærmines the unknown charge distribution

o(r) on the surfaces of the outer and inner conductors and the printed circuit line, Ss, S¡,

and S¡ respectively. Poæntials on each of these surfaces are then specified, 0o, 0i, and Q¡,

so that an integral equation can then be developed which satisfies all boundary conditions

Q(i)= i e lo,S¡,51. (3.2)

Qr

CooT

JJo(r')c(r,i')dr',
So +Si +S¡

A complete formulation of the integral equation requires the Green's function G(i,i')
foraunitpointchargelocaædembeddedwithin (0>z'>-d) orabove (z'fl) thedielectricof
a grounded dielectric slab as shown in Fig. 3.4. Therefore the Green's functions can be

used to model microstip or buried transmission lines. Of course the two solutions should

converge for the case of a point charge located at z'4. Derivation of the Green's function

for the case of the charge above the dielectric requires that above the dielectric Poisson's

equation be solved subject to the boundary conditions that both the normal flux density and

the poæntial be continuous at z={. Within the dielecric region Laplace's equation must be

solved subject to the boundary condition that the tangential electric field must & zero atz=
-d. Likewise, the same boundary conditions are applied for the case of the point charge

embedded within the dielecric but with the regions of solution for Laplace's and Poisson's

equations reversed.

19
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Figure 3.4. Point charge over a grounded dielectric slab.

To solve the system of partial differential equations in Fig. 3.4, fïrst consider the case

of a point charge in a homogeneous medium of permittivity e. The poæntial is given by

V= I
4tær

(3.3a)

(3.3b)

where,={@,istheradia1distancefromqtotheobservationpointexpressedin
cylindrical coordinates. Using a Bessel transform [20] it can be shown that (3.3a) can be

expressed in an equivalent inægral form as

r¡ - 
æ

" = ,fo{ts(},p)e-À1"-"'l¿.

3,1.2 Green's Function Derivation

3.I.2.1 Point Charge Above a Grounded Dielectric Stab

Using the results of (3.3a) and (3.3b) the inægral equations for the potential due to a

point charge above the dielectric substate (z'fl) can be expressed in terms of the inægral

transform as

v(p,,) = rhÏ[" 
-]ulz-z'l* *"-À(z+z')]lo(],p)aÀ þn

o(x',Y',2')

.,eyY) = $fr-T')

20
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-M +c2eu]to(^o)* :0>z>-d (3.4b)

where R, Cl, and C2, are unknown coefficients to be determined by applying the

appropriate boundary conditions. Equation (3.4a) satisfies certain properties that are

expecæd. For inst¿nce, the potential in the region z>0 contains a singularity at the source

(as p+0 and z=z') which is a diminishing quantity as z+oo. The Re-À(z+z') ærm is

included to account for an image charge of stength R locaæd at z=-z'. In contrast, the

lower region (0>z>-d) contains no singularity and since z is finiæ both e-k and e+k terrns

are included.

To determine the unknown coefficients, the appropriate boundary conditions must be

applied. At the perfectly conducting base z=-d the tangential electric field component must

vanish, therefore

v(p,")= Ï[",.
0

Eol"=-o =-#1"=-o =0.

Applying this condition to (3.4b) implies that the integrand must equal zero and yields

Cr = -Cze-2M

(3.s)

(3.6)

(3.7)

(3.8)

Continuity of potential at z=0 implies that the integrand of (3.4a) equals the integrand of
(3.4b). Substituting (3.6) into (3.4b) and enforcing this condition gives

Finally, enforcing the continuity of the normal flux density begins with obtaining the D,
components of (3.4a,b). By applying D=-eVV to (3.4a,b) we obtain

J- 
"-r"'1R 

+ 1) = c, (l - .tt ) 
.4æe1 \ /

Dzt=-',$, = -*Ï^( "-t(z'-z)

D,z=-rr# = e2ÏÀcr( 
"-M 

+"r.("+zo))lo([p)¿À

_*r-r(z'+z))lo(l,p)ai, izÃ

2l

;O>z>-d (3.9)



Chqter 3

Atz4, D21 must equalD'2 which results in

Nu¡nerical Modelíng of the Monapole Near-Fíeld Probe

(3.10)

Equations (3.6), (3.7), and (3.10) constitute a set of three equations and three

unknowns. The R coefficient is obtained by dividing equation (3.7) by (3.10) which
yields the same result as given in [20]

D _ lr-(e1le2)*rtf¿l
^ - lrc;,üurnhxdl'

(3. r l)

The C1 coefficient is then obtained by substituting (3.11) into (3.7), while C2 then follows

from (3.6) with the final results given by

t-- q
\-1 -- (3.t2)

4rct (t- "'t)(t + (e2le1)co,hÀd)

#;"-*' rl - R) = -T"'(t * "'t ).

c^ = I 2e-M'
4*t (r -"-'txl +(e2le1)coftÀd)

v(p,r)= Jt"-klo(fpln
0

The inægral equations (3.4a,b) are now complete.

3.1.2.2 Point Charge Embedded Within a Grounded Dielectric Stab

For the case of a bu¡ied point charge (O>z'>.d) the integral equations for the potential in

the ¡vo regions are expressed as

(3. l3)

;zfl (3.14a)

v(p,r)= 
{[tb'-t'lz-z'l+ 

c3e-þ * co"þ]lo(Àp)¿À ;o>z>-d (3.14b)

where the unknown coefficients are obtained by applying the appropriate boundary

conditions. The integral equation Q.ßa) for z>0 consists of the factor Te-ìu, which

2e-M'

'))
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approaches zero for large z and T is considered the tansmission coefficient. For this case

the singularity appears in (3.14b) when z=z' and p+0.

At the perfectly conducting base z=-d the tangential electric field component expressed in
(3.5) must be zero. Enforcing this boundary condition results in

(3. rs)

Continuity of potential requires that the inægrand of (3.14a) equal that of (3.14b) at 24.
The result is

"^=-lä"-M' 
+"r"'t].

T- I eM'+Cr+Cr.
4æzJr

Continuity of the flux density at z4leads to

r = 9f q 
"M' 

+c. - c,'l-e1l4ne2 ' -j

After some lengthy algebraic manipulations of (3.15), (3.16), and (3.17) explicit
expressions for T, C3, and C4, were found to be

(3.16)

(3.17)

(3.18)

(3.1e)

(3.20)

.r. _ q [2(coshl"z'tanhÀd+sinhÀz')l'-4r"rL@l

r, - q I Z(er¡er)sinhÀz' - costrî,"') I-,-4*'1@l

c. = 9 [ 2(cosh].2'-(erlez)sinhÀz') 
-^*,1+rezl(r+ r-2M)(r + (er7er)tanlÀa) " I
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3.I.2.3 Summary of Green's Functions

Utilizing equations (3.3a), (3.3b), and expanding the hyperbolic functions in terms of
their exponential representation the Green's functions can be extracted from integral

equations (3.4a,b), and (3. 14a,b).

For a point charge above the dielectric surface 220

G(i,i')=

For a point charge embedded within the dielecnic O>z'>-d

G(1,î',)=

+[Ïm'-þro(r'o)ai']
f [¿ - 

jf (ezler)costr [z' - sintrl'z'.-À(z+d)

+rcrllt -t'l {[ sinnU + (e2le1)coshl"d -

"']rrt^of^]

iz> o

(3.22)

;o>z>-d

;2fl (3.23)

whereli-¡'l = andp=æ.

A special case of interest occurs when z'=0 which is useful for modeling microstrip

transmission lines. It can be shown that both (3.21) and (3.22) converge to the same

solution with the potential given by

v(p'") =ftiffiLs(tp)oî'

ln an attempt to reduce computation time an approximation has been derived which
eliminates the integral in equation (3.4a) for z>0 [20]. The approximation is derived by
expanding the tanh(Àd) ærm in (3.11) into a Maclaurin series as follows
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*=-['-'[,ïþ. 
]

= -"-2(e1ler)lt (3.24)

where (3.24) is obtained from the truncation of the Maclaurin series for ex=l+x for small

x. Substitunng Q.2Ð into the original inægral equation (3.4a) gives

v(p,r) = 
åÏ[, 

-Llz-z'l - 
"-t'(z+z'+z¿(',/',))]Jo(þ)¿]

(3.2s)

from which the Green's function can be writæn as

l-r
G(i,i')=;t l I - 1 I fs.ze¡

+æe' flr-il )

where (3.26) is only to be used when the following constraint equation is satisfied

(3.27)

To check the accuracy of the approximation the image factor of the Green's functions

given in (3.21) and (3.26) are compared in Fig. 3.5 for various values of z+z'. The

substrate parameters are e¡2.2 and d=0.508 mm. The integration in equation (3.21) was

computed using a gaussian quadrature technique. In Fig. 3.5 excellent agreement is
obtained except for the case (z+z')=0.2 mm and p<0.5 mm. When used under

circumstances which ensrue that the Green's function approximation is reasonably accurate

considerable computation time can be saved due to the elimination of the inægration.

,ol..rp*r'f *f .
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- 

gxaCt
approximate

1.5 2 2.5 3 3.5
Horizontal position p (mm)

Figure 3.5. Comparison of the exact and approximaæ image factor term of the
Green's function for a point charge above a grounded dielectic slab.

3.2 MOM Integral Equation Solution

To solve the resulting inægral equation numerically a method of moments (MOM [2U)
solution was utilized. The coupling capacitances of Fig. 3.1 can then be calculaæd. As
shown in Fig. 3.6, the charge disnibution o(i) was expanded using pulse basis expansion

functions as

2

oo
E l.s
L
t'

(D
Oa
6l
.E

(9

0.5

where o(i) is approximaæd as a constant charge q¡ on each patch. Ai is the area of each

patch wittr Cll=1 if i is located on the patch and zero otherwise. Using the original inægral

equation a matrix is created by using delta æsting functions at the center points of each

patch, Using (3.28) the integral equation

o(r) = åi.0,(¡)

0(i) = J 
o(i,)c(i, i,)dr-,

s

can be written as a linear set of equations as

(3.28)

26
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o(,,) = åî{"(ij,F')di', 
j = r,2,...N (3.30)

where j varies from I to N (N being the total number of patches). An NxN matrix is thus

developed in terms of the N unknown charges and potentials specified at N su¡face points.

lil [:: :: ïï;]
o, =ijc(4,r')ar'

Figure 3.6. MOM expansion.

To solve for [q] the poæntials [0] are specified and the interaction marrix [G] inverted.

The unl¡nown coupling capacitances may then be obtained. For example, the capacitance

between the center conductor and the transmission line C¡1 is determined by specifying

Ot=lV, 0i=0o{V and integrating the charge induced on the center conductor as

(3.31)

(3.32)
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., = 
#J"(¡')¿r'

Similar forms a¡e used to calculaæ Clsl and C¡e.

(3.33)

The code for the MOM solution was written in Forran 1221. A Eansmission line of
finiæ length was modeled using a parch segmentation so that effects of charge pernrbation

on the line can be monitored. As a frst order approximation the dielectric spacer in the

coax was not taken into account. A typical segmentation with roughly 1200 paæhes is

shown in Fig. 3.7.

Figure 3.7. Segmentation for MOM solution.
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3.3 Numerical and Experimental Comparison

In order to compare experimental and anal¡ical results a tansverse scan of the probe

over a Eansmission line was investigated. The configuration tested experimentally and

theoretically analyzed is shown in Fig. 3.8. Information on the measurement system can

be found in chapter 4.

B=o.oer
D.=0.008"

I

Figure 3.8. Sensor cross section used for simulation and experimental æst

with the potentials specified as $1=l v, and Qi=0o4 v equation (3.33) can be used to

calculate the critical coupling capacitance C¡. Fig. 3.9 is a plot of C¡1for various heights h

of the probe above the line and incremental displacements relative to the center of the line.
The approximate formula for the Green's function (3.26) was used in the theoretical
analysis. It is readily visible from the case of h=0.5 mm that C¡1 decreases with increasing
er (er1.0 and 2.2) of the dielectric substate. This is to be expecæd since the elecric field
tends to concenüate beneath the Eansmission line with increasing er. The length of the

probe modeled was chosen such that the charge density at the point of termination was

negligible relative to the density near the tip. In addition, the length of ftansmission line
modeled must be chosen such that the calculated capacitance values converge. Calculation
of the remaining coupling capacitances shown in Fig. 3.1 and additional results can be

found in [22].
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Finally, a comparison between experimental and theoretical results is plotted in Fig.

3.10. Three transverse scans of the transmission line of Fig. 3.8 were performed at

heights h=0.5, 1.0, 1.5 mm. Experimental results were measured at an operating

frequency of 1 GHz. Agreement is very good over a broad range. The discrepancy

be¡ween the nvo sets of daø can be contributed to both experimental and modeling errors.

The predominant experiment¿l error occurs when calibrating the height of the probe above

the tansmission line, especially for small h values where the probe response is more

sensitive to height fluctuations. An approximation in the numerical model is that the outer

conductor was assumed to have zero thickness when in reality it does not. Additional

results for a similar configuration can be found n I22l where a test frequency of 5 MHz
was used.
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0.8

Nwnerical Modeling of tlæ Monopole Neor-Field Probe

7

6

5

lf)
5o4
x
Ll-o

=()
2

1

0
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Figure 3.9. Calculation of the critical coupling capacitance.
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Figure 3.10. Comparison of experimental and anal¡ical results for h={.5, 1.0, and
1.5 mm at f=l GHz
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Chapter 4

Automated Data Acquisition System

As one would expect, the design of an automated measu¡ement system for nea¡-field

probing is both hardwa¡e and softwa¡e inænsive. Both the software and hardware must be

flexible in order to facilitaæ testing on wide range of applications. The software required

for such a system must be user friendly and capable of driving various measurement

instruments. Since experiments may require pm or mm scale resolution depending on the

circuit dimensions two sets of hardwa¡e apparatus are required. The corresponding probe

design and its characæristic dimensions must compliment the application. This chapter

briefly describes both the ha¡dware and softwa¡e required for the measurement system used

to obtain the experimental results.

4.1 Hardware Requirements

The measurement system shown in Fig. 4.1 consists of a V/iltron 360 network
analyzer, a computer workstation, and a two axis translation table. The computer acts as

the central controller which positions the probe via the serial port and subsequent data

acquisition via the general purpose interface bus (GPIB or also commonly known as the

IEEE-488 standard). The IEEE-488 interface is superior in terms of flexibility, speed of
data acquisition, and accuracy when compared to previous systems which required

independent analog to digital convertors [17].

Depending on the application two different translation tables were used. For
applications requiring mm or sub-mm sampling intervals thelÐ7220C plotter has proven

to be reliable and versatile. The scan a¡ea of the plotær is limited by the design of the probe

supPort. Curently scans on the order of 15 cm by 28.5 cm with a minimum step

resolution of 0.025 mm. Alternatively, for probing on small scale ci¡cuits where pm to
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sub-pm resolution is required a DC motor driven table was used. Two limitations of the

DC motors are backlash and speed. If the backlash of each motor is known it can be

compensated for in the softwa¡e. The minimum step size is 0.1 pm with each axis capable

of 25 mm of movement.

Figure 4.1. Block diagram of measu¡ement system.

Fig. 4.2 is a picture of the coaxial probe scanning a cavity resonator antenna (see

chapter 7 for results). The white coaxial cable connects the probe to the network analyzer

shown in the background. This cable must be flexible to minimize any torque exerted on

the probe.

Fig. 4.3a is a pictrue of of the appriratus required for pm-resolution scans. On the left-

hand side is the DC motor d¡iven table while on the right-hand side we see the CPW

transmission line feed. When using coaxial probes whose dimensions inhibit direct

connection to a SMA connector some ingenuity is required. In Fig. 4.3a the coax

(Do=0.013" and Di=0.0031") is soldered directly to a larger coax (Do=0.0865" and

Di=0.0201") which inturn directly mates with a SMA connector. For slightly larger coax it
is possible to use an intermediary microstrip fransmission line to construct a coax-

microstrip-SMA configuration. To investigate the effects of the discontinuities introduced

to the transmission line, time domain measruements can be performed. Fig. 4.3b shows all
the major components required for the experiment.

Wiltron 360
Network Analyzer
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v

Figure 4.2.Plotter mounted with coaxial probe for mm resolution scans.

Figure 4.3a. Close up of DC motors used to scan pm circuits.
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Figure 4.3b. Picture of apparatus required for automated data acquisition system.

4.2 Software Development

A series of programs have been developed for controlling probe maneuvering and data

acquisition. This second generation of softwa¡e is greatly improved over the first
generation [17] which is not GPIB compatible and provided only magnitude data. The

current software makes full use of the GPIB interface which allows for two way

communication between the computer and network analyzer. All featu¡es of the network

analyzer can be remotely confiolled by the computer thereby increasing the flexibility and

functionality of the data acquisitions system. The programs in the EMDAP
(ElecuoMagnetic Data Acquisition kogram) library were written in Turbo Pascal on an

IBM compuær. A sunmary of the capabilities of each program is provided in t¿ble 4.1.

The non-GPIB compatibility column refers to whether or not the program is backwards

compatible with systems requiring independent analog to digital converters such as the

Dash-16 multifunction card. For more information on such a system the reader is referred

to [17].
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Table 4.1. Summary of softwa¡e capabilities.

The EMDAPIDMF progam is capable of collecting S-parameter data for multiple

frequencies in a single scan. The t€st frequencies are specified by the user to be a sweep of
frequencies at 

^f 
intervals or by simply entering the desired values. Note that this feature is

not offered on non-GPIB systems. All sof¡wa¡e defaults to Szt magnitude and phase

readings. Other S-parameter measurements can be obtained by a simple software

modification.

Incorporated into the the EMDAP softwa¡e are the following features:

l) User definable start and end scan points.

2) User specified sampling intervals (mm or pm range).

3) Calibration procedure (non-GPIB systems only).

4) Auûomatic statistics and data filing (format compatible with Rplot and MBplot

graphics software).

Softwa¡e documentation is provided in appendix A. The hardware configuration is
speeified in appendix B.

Compatibility Scans Resolution Multi-
frequencyProeram GPIB non-GPIB 1D 2D fitrn um

EMDAPlD ,/ ,/ ,/ ,/ ,/

EMDAPlDMF ,/ ,/ ,/ ¿ ,/

EMDAP2D ,/ ¿ ,/ ,/
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Chapter 5

Dispersion and Impedance Analysis of Open-Microstrip

Transmission structrues which are planar in natu¡e are desirable for implemenøtion in

microwave integrated circuits (MIC's). The most popular type of planar transmission

structure is microstrip. For higher frequencies coplanar waveguide is often used to reduce

dimensions and coupling. Fabrication of the ci¡cuits can be done with the standard

photolithography or photoetching techniques. Other attactive features of open-microstrip

include the ability to add lumped (passive or active) elements, lightweight, conformable,

simple fransition to coÐ(, and can be fabricated in MlC-hybrid or MMIC technologies. The

work discussed in this chapter will concenFate on microstrip structures, but the general

æchnique and analysis methods can be equally applied to coplanar structues.

Since microstrip is an open structure it is evident that the propagation of waves is

supporæd by an inhomogeneous (air-dielecnic) medium [23]. As a result microstrip cânnot

support a ptue hansverse electric magnetic (TEM, no elecric or magnetic field component

in the direction of propagation) mode. A proof that microstrip cannot support a pure TEM

mode can be done by applying the appropriate boundary conditions to Maxwell's equation

to show that both an electric and magnetic field component exist in the direction of
propagation. Continuity of the tangential magnetic field component at the airl¿-dielectricl¿

interface shown in Fig. 5.1 requires that

i(as,_eì=i(ar,_ap'l
op" [ ry a, )lo colro [ ây a, )l^

(s.t¡

which has been derived from obtaining the H" component of

F = I(v xE)
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The dielectric is assumed to be a perfect insulator (o=0) with a relative permeability of

lrr=1. By enforcing the continuity of the normal electric flux density at the interface (5.1)

can be rewritten as

*L-*1.=(e,-')*1.
(s.3)

Since er*l and Ey*0, the left hand side of (5.3) should be a non-zero quantity which

can only be true if Err*O. Similarly, it can be shown that H"+O by applying the boundary

conditions that both the tangential electric field and normal magnetic flux density be

continuous at the air-dielectric interface. Hence, for Maxwell's equations to hold for

microstrip both the H" and E" field components must exist and a TEM mode cannol These

field components exist solely due to the fringing field components E* and H* at the ai¡-

dielectric interface. In addition, microstrip cannot support pure TM or TE waves.

Essentially, the hybrid modes in microstip are considered to be a superposition of both TM

and TE rflaves.

Figure 5.1. Microstrip configuration [23].

Wide spread use of microstrip has made the accurate characterization of microstrip

parameters increasingly imporønt. Several researchers have implemented both approxi-

mate and rigorous rrumerical techniques to calculate microstrip line characteristic

impedances and phase velocities as a function of frequency (see Ref. [24] for an overview

of several of these techniques). For typical sructrues while the phase velocity decreases

_l_
h

î

: i í : / :é í i,l: i ; :ir:í ;ir: : : ; :i;i ;ö

ztl
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with an increase in frequency, the characteristic impedance increases. Though the physical
phenomena actually responsible for this behavior in microstrip remains vague t25l it is
often explained in terms of fringing fields. The approximate elecric fringing fields shown

in Fig. 5.2 indicate a hypothetical collimation of the fields beneath the microstrip line with
frequency. Hence, an increase in the effective perminivity er" (accounts for the wave

propagating within an inhomogeneous medium) and conesponding decrease in the phase

velocity. The increase in the characæristic impedance is a result of the apparent decrease of
the lines effective width. Figure 5.3 outlines the three major groups of microsrip analysis

for deærmining such patrimeters.

ere(u) -) €re(t)

Figure 5.2. Fringing fields as a function of frequency.

The quasi-static approach assumes that the mode of propagation is pure TEM. This

assumption is based on the fringing components at the air-dielectric interface being
negligible when compared to the main field components within the dielectric. The
microstrip cha¡acteristics are then derived from formulas which relate the electrostatic
capacitances of the line with and without the dielectric subsuate present. This analysis has

proven to be adequate for frequencies where the strip width and substrate thickness are a

small fraction of the guided wavelength.

The dispersion models account for the non-TEM nature of microstrip. This is done by

determining the parameters of the model experimentally or theoretically and deriving a

closed-form expression which correlates with the results. One of the drawbacks of this
method is that generating the experimental results gives rise to a certain degree of
uncertainty due to experimental error. In addition, the closed-form expression derived
from the original set of data is an approximation in itself.

A full wave analysis is the most rigorous and time consuming of the 3 groups.
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When confronted with using either a rigorous numerical technique (fullwave analysis)

or an approximate solution (dispersion or quasi-static models) the microwave circuit
designer must choose between involved and time consuming computer algorithms or
relatively simple closed form expressions with limited ranges of validity and degrees of
uncertainty. In all cases though reliable experimental data is required to verify the

numerical approach or to determine the limitations of an approximate expression.

Extraction of experimental data however, is expensive and time consuming while only
limited experimental results are available in the literature for comparison with the va¡ious
microstrip dispersion models. The next section describes the evolution of dispersion
formulas tre(Ð, with a discussion of e."(0) formulas following in section 5.2.r.

5.1 Evolution of Dispersion Formulas

The development and constant improvement of closed-form dispersion formulas has

been ongoing since the 1960's. Empirical relations were üaditionally developed based on

experimental, theoretical or a combination of both studies. The degree of accuracy claimed

by the authors who derived these empirical relations is in doubt. One of the earliest
formulas based on the results of both numerical and experimental studies was by Schneider

[26] (see references within Í261for other early attempts at modeling dispersion). His
formula was derived such that ttre following criæria was satisfied

a) The normalized phase velocity, vp (the ratio of the guided wavelength l,g to free-
space wavelength b) is a monotonically decreasing function of frequency.

b) vp and its first order derivative at f==0 are given by

nol,=o = Ér,",õ 
and

c) vp and its fust order derivative for f-+oo are given by

I

{et

d) The second derivative of vp is zero in the vicinity of the cut-off frequency (fç) of the
lowest order Eansverse electric (TEt) surface wave mode propagating within a
dielectric slab [27]

*1,=.=o

*1,*-=0.

(s.4)

nolr*- = and (s.s)
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+l =raf" I

lf=f"
where ^ 3xlo8f --^c - 4¡u[, -1'

(5.6)

(s.7)

(s.8)

Conditions (a) to (d) are satisfied by the equation

where the normalized frequency f¡ is defined as

c _r _4h1FLrn-t- 
)r"

with h being the height of the dielectric with relative permittivity e, and \ is the free-space

wavelength. Computation of the static effective permittivity ere(O) witl be addressed in a

subsequent section. Equation (5.7) was stated as having an error on the order of 3Vo when

compared to various experimental and anal¡ical results available at the time.

A year laær Getsinger [28] innoduced a new dispersion formula based on the dielectric-
loaded ridged waveguide model. The Getsinger formula is

-Àr- I - 1"r-4-m-ffiõ

e,"(f) - er t' - 9'"(1)r-

1+ c(f/fp)-

where

G=0.6 + 0.009Z,o

fp=zdQ\oh).

Zo is the DC microstrip characteristic impedance and ¡ts is the permeability of free space.

From measurements of ring resonators on alumina (h=O.635 mm) Getsinger deduced the

G-factor to be G=0.6+0.0092r.

As a result of a wide range of measurements on sapphire subsÍates Edwards and

Owens [29] concluded that a new G-factor was required. Experimental results obtained
from a linear resonator were curye fitted to deærmine the optimum G-factor to be'

1[e,"(ffi+.f
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(5.9a)

Hammersæd and Jansen [30] were next to modify G as

o=,ffi +o.oo4zo,

ç -n2 e' -l
l2 er"(0)

E
160

Yet another modification to G was by Pramanick and Bhartia [25] who defined G as

G=et"(O)/et. (s.9c)

They also include a brief background discussion on previously derived dispersion formulas

in their re,port.

Besides the aforementioned researchers there have been many others who have made

conributions to the development and improvement of closed form dispersion formulas. In
parricular Yamashita [31], Kobayashi [32], and Ki¡schning-Jansen [33] a¡e worth noting.

5.2 Summary of Dispersion Formulas

A set of dispersion formulas is now included for reference. The following list of
formulas was adapted from Atwater [24] along with two additional formulas. In these

expressions etr(O) is the quasi-static value of er.(f¡, e, is the substrate relative dielectric

constant, h is substrate height, w is the microstrip line width, Zs is the static characteristic

impedance, Fo is the permeability of free space, f is the frequency, and c the velocity of
light. The conductor is assumed to have zero thickness. Calculation of Zo and er"(O) are

covered in section 5.2.t. The list is in ch¡onological order:

1) M. V. Schneider, 19721261:

(5.10)

6=.f,¡ffi

(s.eb)

e,"(r)= r,"ro{lt; f*]
where

fn = (4hf / c)l€, {
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2) W. J. Getsinget 1973 Í281;

Dispersíon ard Impedance Analysis of Open-Miuostrip

G = 0.6 +0.0092o

K = G.er/er"(0)

fn=2¡totrffzo

3) Edwards and Owens,1976l29l:

er"(f)=rr"(0)#

er"(f)=rr"(0)ffi

(5.11)

(s.12)

where

where

K = G.er/er"(O)

fn=2¡t.ohffzo

4) E. Yamashita et a1.,1979 [31]:

o= ^Æ +o.oo4zo
Y60

K = 1þ,/8"J0)

e,"(f) = r,"(o)[l * Kr,tt 

]'

r^ - (+u3 rc f c¡F{+ * 
[, 

* z rog,o (r . i)]']
5) Hammarstad-Jensen, 1980 [30]:

er"(f)=rr"(0)r#

(s. r3)

M

(s.14)
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where

Díspersíon and Impedance Analysís of Open-Microstrip

n_n2 €r-l E
" - 12 EJo)160
K = G.er/er"(o)

fn = Zltohf lzo

6) Kirschning-Jansen, 1982 l33l:

s,"(f)=t*(0)ï#

K = er/er.(0)

p = prpz[(0 .rBM+ p3p4)10F4fL's763

pt = 0.27 4aa + 
[o.orr 

s + o.szsf (1 + 0. 157e)r] (i)

o _-o.out683exp(-8 
.7 5r3wlh)

rz = 0.33622[l - exp(+. osa+ze, )]

p¡ = 0.0363exp(-4.6w/n){t r*p[-1ro7r.rr)0 "]]
P¿ = 1 + z.t st{r- 

"*p[-1r,¡ls. 
et6)8]]

F¿ =f'h inunitsofGHz-cm

7) M. Kobayashi, 1982 l34l:

e,"(r) = r,",0,[lt; Jk] (s.16)

where

r =.,6r"(0V.,
fn = (2nhf lc)(r + *7r'¡.,Çì,¡q/o

o=r*-r[',,m)

(s.ls)
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8) Pramanick-Bhartia, 1983 t25l:

K = e,"(0)/e,

fn=2¡tohffzo

9) M.Kobayashi, 1988 [32]:

e,"(f)=r*(O)r*s

€r.(f)-er ffi

(s.17)

(s. l8)

where

f_rnl -
fnz

0.75+[orr r);

m = momc ;m < 2.32
rt3ño=r.*h.rrr(.#,)

[,* t.o fo.,r-o.235exolgtl] :w/h <0.7m"=1 L+wlhl ^( fnr )) ' '

lr ;w/h > 0.7

Atwater [24] has tested all of the formulas except (5.I2) and (5.18) relative to a

collection of 120 measured values obøined from the literature. He found the root mean

square (RMS) deviaúon of the predicted from the measured values to range from2.3Vo [331
to 4.IVo 1261. The formula developed by Kobayashi [32] is believed to be the most
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accurate as he claims an accr¡racy betær than0.6Vo in the range 0.1<w<10, 1<er<128, and

any h,fÀo when compared to a rigorous numerical solution [35].

5.2.1 Calculating ere(0) and Zo

In order to calculate ere(Ð using equations (5.10) to (5.18) the static effective
permittivity ere(0) must be calculated. Assuming that the conductor thickness is zero it is
possible to evaluate Ae(O) with the following [23].

e,"(o) =+.+.r({rr) (s.19)

where

The characæristic impedance Tocut be computed from

fg*nn¡*)+ o.o4(t -*þ)2Flw/h) = l' '\ ' ' 
f(t+t2hlw)-vz

;w/h < I

;w/h > 1

Zo=

60 -(8h w\
lnl 

-I- 

|

.[;O"^[* ' 4h)

.mr= t; + L 3e3 + o. 667 {î . t r*)]

;w/h ( I
(s.20)

;vh>1

with a maximum relative er¡or in ere(O) andZoof less than27o. Alternatively, Kobayashi

[36] has produced table 5.1 using a Green's function technique. Obtaining the effective

filling fraction qs/ from øble 5.1, the effective relative permittivity is obtained from

e¡s(0)=l +q*(et- 1)'

The characæristic impedance is given by

(s.2r)

., ^FÃ' Co/ro rier"(O)
(s.22)

where CJeo is the microstrip line capacitance per unit length without the dielecnic (er=l)

and is given in t¿ble 5.1. Values not dfuectly available in table 5.1 can be determined to a
high degree of accuracy from interpolation. The parameters can also be computed from an
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approximate formula [37]. The accuracy using this method is claimed to be much less than

l%o for ere(0) ffid'74.

Table 5.1. Line capacitance per unit length Co/eo and effective filling fraction Qw of
microstip with isoEopic subsnaæ [36].

x co/eo Elfectlve filllna fractlon qv

I l.0l 2 ¡¡ I r6 r28

0.01

0.011

0.10

0.20

0.1¡0

0.70

1.00

2. 00

l¡ .00

7.00

10.00

20.00

!0.00

r00.00

0. ca9969

1. 1858?

1.rr33?5

t.7o2'10

2.09393

2.56365

2.97901
q.?3t58

6.52698

9.79686

12.98r.q

23.3628

u3.7668

r0l¡.323

0. 551680

0.565312

o. 578900

0.59360?

0.61¡680

0.6389Á0

o.65o0ct¡

0.71.0040

0.7jZ5tru

o. 82381¡?

0,851¡u 3

0.903768

o'93985/¡

0.969596

0.5u7i67

0.560r06

0.573016

0.587092

0.607¡t85

0,63r299

o.651269

0.702537

o.766173

0.818821

0. Bl¡9qZz

0.90111¡9

0.938127

0.968909

0.5!r¡9O?

0.557¡5r

0. 569632

0.58332r

0.603æ5

0.6?58u

0.6ù6668

0.696071

o,7(,zt)02

o. ur58s¡

0.8r¡2538

0.899611

0.937t33

0.968082

0.5¡{07r¡0

0.552236

o.563975

0.5?6983

o.59620'l

o'6l9r7t¡

0.618808

0.690398

0.755913

0.810758

o. 8r¡3356

0.896985

0.93591r¡

o.96?830

0.53862C¡

0.5\9502

0.560825

o.573,!37

0.592215

0.61¡¡8rt5

0.631¡331¡

0.68600¡¡

0.752192

0.8078q0

0.61¡0962

0.895¡¡9t

o ' 93505r¡

0,967\t)7

0.537¡¡t'
0.5¡¡7960

0.559150

0.57r5q8

0.590082

o.612523

0.631929

0.68363'¡

0.750183

0.806a66

0.839679

0.89r¡687

0.93r¡591

0.9672\2

0.536eoo'

O.51¿677It

0.5576!1r

o.569699

0.58283?

0.610393

0.629708

o.68t1156

0.7 \8329

0.801¡816

0.838!9r¡

0.893950

0.93¡r168

0.967055

Êr . r! .1, m. rro, ¡. !o(N,1, 100, 600 lor-Lx "Iy -l' -2x -?Y

.ï. f, 16, 128, resDectlvel.y), r.3(V'L lor I and Y'2 for r)

q"' (e:rr-1)./(Eì-l), €'rr' (c/eo)/(co/eo)

For cases in which the conductor thickness is small (t/h<0.005), the agreement between

theoretical and experimental results is excellent [38]. However, there are many instances

where the conductor thickness must be øken into account. A set of design equations which

are accruate to within 2Vo f.or%md.,G|p-) for the parameters tlhlf'.Z,0.I1w/h<20, and

er<16 are available. The closed form expressions for erc(O) andZa- are given in [39] as

+o o+(r -î)'] ##r, ;w/h <,,r,r,
e,"(0) =

'"={

_tr-1
4.6

tlh

^/*/h
;w/h>1

60m
l20n

æ

r'l&*el
[*" 4h )

[i. r 3e3 +o.oozr"(f; . t o*)]

;*/h < I

;øh>1
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Dispersion and Impedance Annlysis of Open-Microstríp

fw*1.25t1,*r@lw"_lh rE h\ t )
h -lv* Vl(r*rn4l

Ln rE h\ t)

It is evident from (5.23) that e,"(0) decreases as a result of an increase in the conductor

thickness t. This phenomena can be explained by the fracúon of total energy propagating in

the air increasing wittt t.

The change in Zs is influenced by nvo factors. First we consider that fringing fields

from the edges would tend to increase the effective width of the tansmission line. This in

effect will increase the capacitance of the line and thereby attempt to decrease 26 since

Zo=l-LlC. The second factor is the decrease in e¡e(0) which attempts to increase Zo. The

net result tums out to be a decrease in Zs with t/h. This has been confirmed by both

theoretical analysis and experimental measurements (see Ref. [39] and references therein).

To illusüate the diversity of the dispersion formulas (5.10) through (5.18) a sample

graph is provided in Fig. 5.4. The parameters ¿re w/h=l, h=0.125", Zo=47 .8, t=0, and

er=10.5. Figure 5.5 shows the effect of dispersion for various w/h values and the change

in wavelength.

I

.,98.5

8

7.5

7
68

Frequency (GHz)

Figure 5.4. Example of dispersion curves with e¡B(O) calculated using øble 5.1 and
Zsfrom (5.22).

- 

M. Schneidsr [26ì
------ W. Gelsinoer l28l
- - - - - Edwards-OdsnsIæl
-..-..-..- E. Yamashila [311

---- Hâmmarslad-Jensen [301

- 

Kirshning-Jansen[331
---- M.Kobayash¡f34l
-,-,-.. Praman¡ck-Bharlia I25l
-.'-,'- M. Kobayash¡ [321
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68
Frequency (GHz)

Figure 5.5a. Dispersion formulal32l calculated for 3 different w/h values.

68
Frequency (GHz)

Figure 5.5b. Calculated wavelength calculated for 3 different w/h values.
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5.3 Dispersion Properties of Higher Order Modes

Discussion up to this point has been focused on the dispersion characteristics of the
quasi-TEM mode in open microstrip. However, there are instances where the propagation

of higher order discrete modes may be of concern to the designer. Conventional theoretical

analysis does not account for the propagation of higher order hyb'rid modes.

It has been shown that the higher order modes of open-microstrip can be approximaæd

by a planar waveguide model [40]. In Fig. 5.6 the microstrip line has been replaced by an

approximate equivalent model. The model consists of a parallel plate waveguide of width
ws(f) and and height h. The waveguide is bound by ideal electric walls at the top and

bottom and magnetic walls on the sides. The waveguide dielecnic is assumed to have an

effective permittivity ere*(Ð (analogous to the quasi-TEM ere(Ð). While the frequency

dependant Êre* describes the influence of the dispersion on the phase velocity, the

frequency dependant effective width ws describes the influence on the characteristic

impedance.

magnetic wall

electric wall

Figure 5.6 Planar waveguide model [40].

An empirical relation which gives the effective srip width as a function of frequency is
given in [40] as

w^ffl=w*wt(o)-wv\ / I+fff, (5.2s)

where

rs = cl2wlÇ

wr(0) = effective width calculated from quasi - static analysis

= r2orlhl(z"f,,-(o))
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andZs is calculated using one of the previously mentioned formulas. The curoff frequency

of the mth higher order mode can be calculated from

f. (m) = (s.26)

The guided wavelength as illustrated in Fig. 5.7 is then obtained from

ÀIü. = (s.27)

q(0

Figure 5.7. Guided wavelength diagram øking into account we(Ð.

Using the frequency dependant width given by (5.25), it can be shown that the
influence of the frequency dependant ere*(Ð on the transmission line characteristics is

small. Therefore the numerical effort required to compute ere*(Ð can be avoided by using

the simple approximation of er"*(f)-e¡ as a first order approximation. This is pre-

dominantly a result of the higher order modes being concenrated within the dielectric and

assuming negligible fringing fields.

As an example Fig. 5.8 is a plot of the squared normalized wave number of the

fundamental and first two higher order modes (quasi-TEM or HE6, HE1, and HEf for a

microstrip line with w=30 mm, h=1/1 6", er=2.5, and Zs=ll Q. To obtain the cutoff
frequencies for HE1 and FIE2 (5.25) was substituæd into (5.26) and an iterating procedure

[41] was used to solve for fs.

To obtain an insight on the characteristics of the modes in microstrip, the approximate
electric field distribution of the dominant and the first two higher order modes are shown in
Fig. 5.9a. The longitudinal current distributions are shown in Fig. 5.9b.

r -[r.1m¡7r]2

et *(f)

e¡s* (f)
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Experimental data was obtained for a wide microstrip line (w=30 mm, h=1/16",
E¡2.5, amd zo=ll Q) at frequencies of 2.5, 4.5, 8.5 GHz. As can be seen in Fig 5.g

these frequencies are below FIE1 cutoff, above HE1 cutoff but below FIE2 cutoff, and
above HEZ cutoff, respectively. A coaxial probe with Ds=O.0g65" and tip length t=1.5
Inm was used for all measurements. Two sets of measurements were taken with the source
at the plane of symmetry and then slightly off the plane of symmetry. With the feed
slightly off the plane of symmetry it is possible to excite the FIEI mode. The reason being
that the current is zero along the plane of symmetry Gig. 5.9b).

The experimental results of the 2D scans are given in Figs. 5.10a,b. Two cross
sections of the daø in Figs. 5.10b are given in Figs. 5.1la,b which are indicative of the
quasi-TEM and HE1 modes. Inspection of the experimental results shows that the
measurement drops off rapidly when the probe scans beyond edge of the conductor. This
is due to the electric field being highly tangential (see Fig. 5.1) to rhe cenrer conducror of
the probe.

68
Frequency (GHz)

figute 5.8. Dispersion cha¡acteristics of fi¡st 2 higher order modes. Quasi-TEMdispersion curve calculated using [32].
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i.tl.ectric 
waLL

i. 
Mae netic watl

Figure 5.9a. Approximate elecric field distibution of the lowest and the first nvo
higher-order modes on a microstrip line; (a) HEO or quasi-TEM, (b) HEt mode, (c)
HB2model42l.

Figure 5.9b. Longitudinal cturent distribution functions for the HEg, HE1, HE2,
HE3, and HE4 modes [43].
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Figure 5.1la. Transverse scan of the wide microstrip line at f=2.5 GHz at a
disunce of 80 mm from the open ciicuit indicating the quasi-TEM mode. Off cenær
feed case.
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Figure 5.1 lb. Transverse scan of the wide microstrip line at f45 GHz at a
distance of 55 mm from the open circuit indicating the FIEI mode. Offcenter feed
case.
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Chapter 6

Experimental Methods for Determining the Dispersion
Characteristics of Open-Microstrip

Though the advancement of numerical techniques is continuously ongoing, the

development of alternative experimental techniques for dispersion measurements has

received little attention. This is becoming especially important in MMIC technology where

dimensions are small and non-invasive coupling to the substrate is difficult. A summary of
currently available dispersion measurement techniques for obtaining the effective
permittivity e¡e is provided in Fig. 6.1.

Figure 6.1. Various dispersion measurement techniques.

MICROSTRIP MEASUREMENT TECHNIQI.JES

Resonant techniques Guided wavelen gth measurements

. Opcn or short-circuit tans-
mission lines

. Resonant ring

. Sliding load

. Direct VSW measuement
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Typical experimental methods utilize resonant strucrures such as open and short-

circuited transmission lines [44] or gap coupled ring resonators [45] to measure dispersion

properties. The former of these methods suffers from frequency dependent effects at the

open or short terminations of the tansmission line. \ilhile the ring resonator eliminates this

problem a large diameter ring maybe necessary to reduce mutual coupling and radiation

effects. Resonant techniques determine dispersion characteristics at a set of discrete

frequencies. In contrast to resonant techniques, a sliding load methodl42l has been used

to measure the wavelength on the microstrip line directly. This is accomplished by sliding

some type of load, such as a surface absorber, along the transmission line and measuring
the variation of the input reflection coefficient, which ís)"Í2 periodic. With this technique,

the applied load must remain consistent as its position is va¡ied along the length of the line

under test.

The alærnative method presenûed in this chapter for measuring dispersion is through the

direct measurement of the voltage standing wave on an unmatched microstrip transmission

line [46]. V/ith this technique, the VSV/ on an unmatched Eansmission line is determined

by scanning a near field probe along the miüostrip transmission line t161. The guided

wavelength and thus e¡s(f) is obt¿ined by measuring the distance between successive

voltage minimums in which a 180o phase shift occurs. This method is non-invasive and

tansmission line termination effects do not effect the calculated er"(Ð. In addition, the

existence of higher order discrete modes can be directty determined. The excitation of such

modes is often due to ci¡cuit discontinuities.

6.1 Experimental Test Cases

Several test cases will be measured and compared with the existing theoretical

dispersion formulas presented in chapter 5. The subsfrate utilized for the experiment was

RT/duriod 6010 with relative permittivity er=10.21O.25, dielecric height h=0.075"

10.004", and copper thickness t=0.0028"t107o (subsrate A). Another subsfate of the
same series and tolerances with parameters er=10.5, h=0.125", and t{.0007" (substrate

B) was also tested.

For experiment¿l testing three tansmission lines and a ring resonator were fabricated

on subsüate A. The three lines were 150 mm long with widths of 1.0, 1.8, and 4.55 mm
correspondinfl to 7a=$L.4, 48.3, and 29.0 Ç), respectively. Spacing between the lines and

the edge of the subsEate was roughly 30 mm. The length of the lines were chosen such
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that at the lowest test frequency they were at Leastì,,2long. The ring resonator fabricated

had a line width of 1.8 mm and mean radius of 36.1 mm. On subsEate B a 150 mm long

line of width 2.8 mm (50.2 O) and a ring resonator of the same width with a mean radius

of 36.1 mm were fabricated. The spacing from the edge of the substrate to the

tansmission line was roughly 30 mm. The circuit layout is shown in Fig. 6.2.

t-
2dld{Cu.0.0@¡ffi

Substrat.e A

M.!ffi

úor.* M12t
2o*Q 4ry'f05
d.@ü q¡'oJ@

ZÈ5o2ffi
É.t0m

.fill

hr.om I I
_ll

Figure 6.2. Testcircuit layout.
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6.2 Dispersion Measurement Techniques

6.2.1 Direct VSW Measurement

For the direct VSW measurement technique, the transmission line under test was

chosen arbirarily to be open circuited. In the case of subsEate A, adjacent lines were short

ci¡cuited using a shorting plane of copper tape to avoid mutual coupling effects. The

coaxial probe was scanned along the length of the line with transmission coefficient

measurements taken every 0.5 mm. Sampling at every 0.5 mm ensured that the VSW was

sampled at no less than 1,/15 intervals throughout the frequency range of interest. An

example of a typical VSW measurement is shown in Fig. 6.3.

-100

-1 50

40 60 80 100 120

Distance from open circuit (mm)

Figure 6.3 Sample VSW measruement on an open circuit 48.3 Q line at 5 GHz.

At a selecæd test frequency the effective relative permittivity is given by

150

100 6oE
50 oø(ú
oå

ñ
Ø

-50

(6.1)

where c is the speed of light, f is the frequency, and hue is obtained from an unrrug. of the

measured V2 values.

e,"(r)=[#)"
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6.2.2 Sliding Load

The sliding load technique involves measu¡ing the input reflection coefficient of the

transmission line while a load is scanned along the length of the line. In Figs. 6.4a,b the

sliding load is represented by Zg and the line termination impedance by Zt The input
impedance of a lossless Eansmission line of characteristic impedance Zs ærminated in an

impedance ft is given by

(6.2)

where z is the distance from the loadZ-andB=2n¡¡. Using (6.2) itis relatively simple to

show that for lossless lines, the input impedanceT4t for case (a) and (b) in Fig. 6.4 arc the
same. For lossy lines the magnitude and phase of 4n are still periodic by ),"12. The

attainable accuracy is a function of the absorbing material and the dimensions of the

microsrip line as well as the consistency of the load as it is positioned along the line.

Z,

Figure 6.4. Periodic input impedance of (a) the sliding load on a Eansmission line.
(b) The sliding load moved adistanceA/2.

For this experiment an open ci¡cuit metallic probe which made contact with the center of
the test line was used as the load with Stt measurements taken every 0.5 mm. A typical
result of the measured input reflection coefficient is shown in Fig. 6.5. For a consistent

zio=r"(ry)

r
zin

!Êd+N2--->l+

Zsl zo
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load on a lossless Eansmission line, the measured input reflection coefficient should repeat

atìrJ2 inæn¡als. Equation (6.1) can then used to obtain €,re(Ð.

-10.5

-1 1

40 60 80 100 120

Distance from line termination (mm)

Figure 6.5. Stt measurement on an open circuit 48.3 Q line with a metallic stiding
load at 5 GHz.

6.2.3 Ring Resonator

The motivation for using a ring resonator for dispersion measurements 'was to eliminate

end effects from either open or short-circuit terminations used in other resonant mode

techniques. They have been implemented in a wide variety of applications including both

MIC's and MMIC's [47]. Troughton [45] states that the ring should be at least 5

wavelengths long at the frequency of interest in order to avoid the effects of mutual

inductance. In addition, the ratio of the line width to the outer radius should be much less

than one to ensure that the resonant frequencies are not displaced [48]. Excitation of the

ring resonator was achieved by gap coupling (see Fig. 6.6) nvo microsrip lines at opposite

sides of the ring. Ideally the gap should be chosen such that the ring resonator is unloaded

and the ring modes are not pernrrb€d.

63



Chqter 6 Ery erímental Metlnds for D etermining Dispersío n C lnracteristics

Output

Figure 6.6. Microstrip ring resonator with gap coupled inpuloutput arms.

Although ring resonators overcome the difficulties associated with open and short
circuit terminations other problems may arise when measurements on either very high or
low impedance lines are required. It has been noæd in I29l that difficulties associated with
l) curvature effects, 2) frequency pulling due to coupling problems, and 3) the manufacture

and physical measurement of high+olerance thin rings may arise. This may not be feasible

in MMIC technology with specialized subsraæs.

A ring resonator with Zs approximately equal to 50 O was designed on each of the

substates A and B. Both of the ring resonators fabricated had a mean radius r¡¡ of 36.1

mm ensuring that the w/rs ratio was negligible. Conesponding to the mean circumference,
both rings are fundamentally resonant atroughly 500 MHz (mean electrical length=\). An

approximation of the first order resonance is sufficient as the actual value is measured

accurately on a network analyzer. Subsequent resonances occur at an integral number of
wavelengths. At any resonance the wavelength is obtained by dividing the mean

circumference by the harmonic number.

The coupling gaps for the rings were chosen arbinarily small (<1 mm) with loading
effects not considered. Due to enors in the etching process the coupling gaps of ring A
were not to specifications. However, the coupling gaps on ring B were produced as

specified to 0.4 mm. Typically, the gap widths should be increased so that the unloaded
ring structure is measured. To limit the gap coupling loading effect, Q f.actor measgrements

are used to determine the gap which yields the unloaded Qfactor 1491.

64



Chapter 6 Ery erímental Metlnds for D etermining Dispersio n C laracteristics

Resonant frequencies were measured experimentally on a V/ilnon 360 network
analyzer. The nansmission coefficient of the t'wo port device was measured over a broad

range of frequencies with a resolution of 1 MHz. The resonant frequencies are clearly
indicated by the sharp peaks of Figs. 6.7a,b. For ring A the range of measurable freq-
uencies was found to be 0.504 to 10.647 GHz, while for ring B the range was from 0.493
to 8.057 GHz. Beyond 8.057 and 10.647 GHz for the respective resonators the
transmission peaks are indeterminate. According to Troughton [45] measurements of e¡s

should be t¿ken at frequencies greater than 2.5 GHz for both rings A and B.

The bandwidth of this measurement technique is timited by mutual coupling effects at

the low end while at the upper end connector discontinuities and/or the propagation of
higher order modes are the major limiøtions. Using the planar waveguide model described

earlier, it can be shown that the cutoff frequency for the FIEI mode is 12.9 GHz for ring A
and7.92 GHz for ring B.

LOG MAG. ÞFìEF--3O . OOOcIB 10 . ooodB /DTv

o.5000 GHz 10 .5000

Figure 6.7a. Measured resonant frequencies of ring resonator A.
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LOG MAG. ÞREF--3O . OOOcIB 10. OOOclB,/DIV
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Figure 6.7b. Measured resonant frequencies of ring resonator B.

6.3 Experimental Results

For reference, a few closed-form dispersion expressions [31],[25],ßzl,l3.3l have been
plotted for the four test lines with results of err(f) given in Figs. 6.8a,b,c,d. Though these

formulas are based on the assumption that t=0, they have been implemented here with
ere(O) altered to account for tlh==0.04 on substrate A. To accomplish this, Garg and Bahl's

[39] formula was used and predicts a decrease in % wittr t/h and and is considered accurate

to within 4vo for ere(0) (subject to 0<t/hs0.2,0.1<wlh<20, and er<16). Kobayashi [32]
claims to have the highest degree of accuracy (better than 0.6V0 for 0.1<Wh<10,
1<er<l28, and any h/tro) when compared to a rigorous numerical solution [35]. This

formula is used for comparison with experimental results. The effective filling fraction
formula for eor(O) described by Kobayashi [36],[37] was not implemented since there is no

specific method to account for a finite t/h ratio.

The results of the various experimental techniques are shown in Figs. 6.9a,b,c,d along
with Kobayashi's [32] empirical formula. The two additional curves are the upper and

lower bounding limits based on the manufacturers tolerances. It is worth noting that the
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entire curve may be shifted up or down 4.6Vo baseÅ the accuracy of e¡e(O) and the chosen

dispersion formula. In spiæ of such uncertainties we define the error of measure Rfr given

by

Þ? -$ [(e,"(f)calci - e,"(f)measr)12
r\E - åL E#)-r.r, j

for n test frequencies where the RMS error per measurement is

(6.3)

Er-.=.,8Ïn (6.4)

with e¡e(f¡calc obtained from [32] and ere(O) from [39] using the manufactuers nominal
subsftate parameters. The e¡B(flmeas results are obt¿ined using either the sliding load, ring

resonator, or direct VSW measurement technique. The results a¡e tabulated in table 6.1.

Table 6.1. RMS error for various experimental techniques relative to [32] with
nominal subsfr ate par¿rmeters.

7^(O\ Measu¡ement technique n E r''. (7o\

29.0

(A)

VSW measuement 24 2.07

Slidine load (maenitude) 21 2.03

Stidine load (phase) 1l t.92

48.3

(A)

VSW meastuement 25 2.30

Sliding load (magnitude) 25 2.t8
Slidine load (phase) 16 t.4l
Rinq resonator 23 0.85

61.4

(A)

VSW measurement 27 2.64

Slidine load (maenitude) 30 3.66

Slidine load (phase) 25 2.02

50.2

(B)

VSV/ measurement 18 2.54

Sliding load (maenirude) l8 2.16

Slidine load (phase) t3 1.62

Ring resonator 18 1.28
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:;.ir_-...'

68
Frequency (GHz)

Figure 6.8a. Sample of closed form dispersion formulas applied to the 61.4 Çt test
line on substrate A.

Yamashita [311
Pramanick-Bhartia t25ì
Kobayashi [321
Kirschning-Jansen [33]

68
Frequency (GHz)

Figure 6.8b. Sample of closed form dispersion formulas applied to the 48.3 O test
line on substrate A.

Yamashita [31]
Pramanick-Bhart¡a [251
Kobayashi [32]
Kirschn¡ng-Jans€n l33l
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form dispersion formulas applied to the 29.0 Q testFigure 6.8c. Sample of closed
line on substraæ A.
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Figure 6.8d. Sample of closed form dispersion formulas applied ro rhe 50.2 Q æst
line on substraæ B.
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mminal parameters [321
tolerance

X VSW m€asurement
+ sliding load (mag)
O slidirg load (phase)

0 2 4 6 I 10 12 14 16
Frequency (GHz)

ligure 6.9a- Experimental results for the 61.4 Qtest line on substare A with t32l
for comparison. Tolerance curyes based on manufactures specs.
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VSW m€asurêment
sl¡ding load (mag)
sliding load (phase)
nng resonator

Frequency (GHz)

Figure 6.9b. Experimental results for the 48.3 Q test line on substrate A with t32l
for comparison. Tolerance curyes based on manufactures specs.
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ligure 6.9c- Experimental results for the 29.0 Qtest line on subsrrare A with [32]
for comparison. Tolerance curves based on manufactures specs.
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Figure 6.9d. Experimental results for the 50.2 Q test line on subsrate B with
for comparison. Tolerance curyes based on manufactures specs.
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The VSV/ measurement technique results in Figs. 6.9a,b,c,d were obtained by fînding
the distance between two successive voltage minimums where a 180o phase shift occurs.

The capacitive loading of the probe was measured to be at most 2Vo on S 11 measurements

of the transmission line and typically on the order of l7o. Figure 6.10 is a plot of the

measured input reflection coefficient of a transmission line as the probe is scanned along

the center of the line. This effect can be reduced by using a smaller diameter coax with a

high surface impedance outer conductor. For the sliding load æchnique the magnitude and

phase results a¡e considered separàtely though this need not be the case. One limit¿tion of
guided wavelength measurement techniques is the excitation of higher order modes at

higher frequencies which can perhrb the VSÏV on the line.

-6.1

-6.15

-6.2

prims movsr
prime mover + probe

-6.35

-6.4

-6.45

20 40 60 80 100 120 140
Distance from open circuit (mm)

lig*." 6,1p. S.1r measurement with and without the probe being scanned along the
iength of the 48.3 Q line at 2 GHz.

In Figs. 6.9a,b the results are clustered around the upper tolerance curve while in Fig.
6.9c they a¡e scattered about the nominal curve. This discrepancy may be in part due to the

etching inaccuracy which left a noticeable ripple along the edge of the lines. This edge
variation is expecæd to increase ere(O) for the n¿urower lines to a greater degree than for the

wider line. The ring resonator results are the most consistent but are limited io discrete
frequencies. Measurements for f<2.5 GHz was not recoÍrmended t45l but did provide
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quite adequate results. This may not be the case for a ring with a smaller rolw ratio where

mutual coupling may have a gre*iter influence.

Until this point a comparison of the measured and calculated guided wavelength has not
been discussed. Fig. 6.11 is a graph of the measured and calculated wavelengths versus
frequency for the 50.2 O line on substrate B. Examination of l,g indicates excellent

agreement between all methods. The discrepancies do not become apparent until this data
is used to calculate etr in (6.1). As the VSW technique relies on accurately measuring

voltage minimums, the accuracy of determining ere(Ð as a function of À, should be

examined. In Fig. 6.12 the percent error in er" is plotted versus the percent deviation of the

measured wavelength with respect to the actual wavelength. Note that for wavelength
deviations within the range of. +I07o the expected error in er" is roughly double, hence the

discrepancy is more noticeable in the graphs of €.re(Ð. Minimizing the error in the measured

wavelength can be done by using smaller sampling interval anüor a smaller probe with
betær spatial resolution.
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Figure 6.11. Guided wavelength versus frequency for 50.2 Çl line on substrate B.
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Chapter 7

High Frequency Circuit Testing

In this chapûer experiments are performed on a wide variety of applications. To further

expand on previous measurements [17],[18] which included modal analysis of resonant

microstrip antennas, additional experiments have been performed. Tests on applications
ranging from travelling wave antennas to coupled line filærs have been analyzedto illusûaæ

the value of the coaxial probe as a diagnostic tool. Some of the information provided by

these tests is unavailable from conventional measurement techniques. Depending on the
application the sampling interval may be in the mm to pm range. Typically 50 to 250 field

data samples per observation point are taken to increase the signal to noise ratio.

7.1 Coaxial Monopole Probe

7.1.1 Coplanar Waveguide

The use of coplanar waveguides (CPW) in microwave integrated circuits is very
popular since it adds flexibility and improves the performance of some circuit functions at

high frequencies. The CPW a¡chiæcn¡re allows for the mounting of lumped components in

a shunt or series configuration, while eliminating the need for drilling holes or slots

through the substate.

An open circuit CPW on an alumina subsüate (er=9.8, s=210 pm, w=75 pm) was used

for testing at an operating frequency of 22 GHz. The results of a transverse scan are

shown in Fig. 7.la along with the calculated magnitude and phase of t-tre electric field in
Fig. 7.lb. A coaxial probe with Do=Q.013", Di=0.0031", and t=185 pm was used for the
experiment. The height of the probe above the CPW was not calibrated. An average of
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200 readings per observation point were taken along with a sampling interval of 10 ¡rm.
The results of a longitudinal scan of the CpW are shown nEig.7.2.

7.1.2 Travelling Wave Antenna

A microstrip Eaveling 'wave antenna under development [50] is shown in Fig. 7.3. A
üavelling wave antenna has been defined in I51l as, "An antenna for which the fields and
currents that produce the antenna pattern may be represented by one or more travelling
rwaves, usually in the same direction." To eliminate any reverse travelling waves the
antenna is march ærminaæd.

Since a snaight microstrip line has minimal radiation due to its fietd distribution,
discontinuities a¡e innoduced to enhance the radiation cha¡acæristics. The discontinuities in
Fig.7.3 are in the form of corners. The objective of this particular design was to achieve
circular polarization. To achieve this the microstrip Eansmission line is shaped such that
the radiated field components are equal in magnitude and 90o out of phase at the design
frequency.

A coaxial probe (Do{.0865", Do=0.0201", and tip length t=1.5 mm) was used to scan

the antenna at I mm sampling inærvals. The æst frequency was 3.1 GHz and is labeled in
the Stl measurement of Fig.7.4. This frequency was selected since corresponding
radiation measurements were available. The results shown in Figs. 7 .5a,b indicate the
magnitude and in Fig.7.5c the relative phase of the charge density on the Eavelling wave
antenna. The va¡iation of the magnitude in Figs. 7.5a,b indicates the effects of the bends
along the structure and how well the antenna is matched to the source. The phase
progression in Fig. 7.5c illusnates the phase shift necessary for circular polarization.

A program has been developed [52] which allows for digitized scan paths. Therefore,
by digitizing points along the transmission line a custom scan path can be defined. This
eliminates the need for ¡wo-dimensional scans on such structures. However, this progam
currently lacks GPIB compatibility.

7.1.3 GaAs Slot Antenna

A microstrip integrated slot antenna is under development [53] as a possible array
element for a millimeter wave integraæd phased array antenna. The slot is etched on a 100
pm thick GaAs wafer and fed by a coplanar transmission line. The wafer is backed with
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foam and a microwave absorbing material to simulate free space on both sides (see Fig.
4.3a for experimenøl setup).

Measurements rwere taken in the slot region outlined in Fig. 7.6 using a coaxial probe
(Do=O.013", D¡=0.0031", and t=l85 pm) and a sampling interval of 20 pm at 17.25 GHz.

To get an indication of the match at various frequencies the voløge standing wave along the

feed line was measured. The VSW''s on the feed line at various frequencies a¡e shown in
Fig. 7.7. The results show the magnitude (Figs. 7.8a,b) and phase (Fig. 7.8c) pro-
gression around the slot.

7.I.4 Coupled Line Filter

A 5ú order bandpass Chebychev microstrip coupled line filter has been fabricated [54]
and is shown in Fig. 7.9. The resonant frequency of the structure occurs at 2.336 GHz
where the effective length of each of the 6 coupled elements is ?u14. The 3 dB bandwidth

was found to be 146 MHz from the S21 measurement shown in Fig. 7.10. The filter was

scanned at2.3l GHz with a coaxial probe (Do=0.0865", D¡=0.0201", and t=1.5 mm) at 2

mm sampling intervals. Since the filter is a two port device, one port was match terminated

to eliminate reflections. In Fig. 7.IIa,b the standing wave pattern on each element is
clearly evident. In Fig. 7.llc the phase progression indicates that a 1800 phase shift occurs

across each coupling elemenl

7.L.5 Cavity Resonator Antenna

A unique cavity resonator antenna is currently being researched at the Communications

Research Center in Ottawa for applications involving integrated active antennas [55]. The

design shown in Figs. 7.72a,b relies on a resonant mode in a cylindrical cavity to excite the

radiating elements via an electromagnetically coupled slot. In addition, the cavity itself is
excited by an electromagnetically coupled slot the motivation for the inærmediaæ cavity is
to provide a heat sink for applications where thermal generation can be a major cause for
concern. However, the fiadeoff is bandwidth which is inherently limited for resonant
structures.

The resonant frequency was found to be 6.368 GHz from the Stt measurement shown
in Fig.7.13. The radiating elements were scanned at6.363 GHz. A coaxial probe
(Do=0.0865", D¡=Q.Q201" and t=1.5 mm) was used for the experiment'as shown
previously in Fig. 4.2. Magnrtude plots are provided in Figs. 14a,b and a phase plot in
Fig. 14c. The measurement resuls help to verify that the antenna is linea¡ polarized.
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7.2 Double Loop Probe

7.2.I Transmission Line Measurements

H í g h F r e Erc ncy C ír c uit T e stí ng

As an alternative to the monopole E-field probe mainly used for the measurements

within this thesis, a simple double loop probe (see chapter 2 and tl2l,Il3l for theory)
shown in Fig. 7.15 was fabricated for preliminary testing. The probe design is such that

the magnetic field generated by sources (such as neighboring lines) other than the printed

line under test do not couple to the probe. Alærnatively, prinæd lines directly under the

probe couple efficiently with the probe, inducing crurents which add constructively.

The loop was etched on a low permittivity (eF2.5) 1/16" thick subsrrate and mounted

on the end of a semi-rigid coax (refer to Fig. 7.15). An open circuit microstrip test line
with parameters er=10.2, w=0.8 mm, h=0.075" was scanned in a longitudinal and

hansverse manner at a frequency of 2 GHz. The results a¡e shown in Figs. 7.16a,b. The

constant decrease in the current standing wave maxima shown in Fig. 7.I6a is due to the
probe skewing slightly off center as the line was scanned. The dual side lobes are clearly
displayed in Fig. 7.16b. The height of the probe above the subsrate was not calibrated.
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Figure 7.2. Longitudinal scan of an open circuit CpW line at 22 GHz.
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Figure 7.3. Skerch of a4 arm microstrip ravelling.'wave anænna [50].
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Figule 7.4. Calibrated S11 measurement of Eavelling wave ant€nna with short arm
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Figure 7.5a- Surface plot of the relative magnitude of the normal electric field
component on the travelling wave antenna at 3.1 GHz.
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Cltapter 7 High F requency Circuit Testing

Figure 7.8a. Surface plot of the relative magnitude of the normal elecric field
component on ttre slot antenna at 17.25 GIlz.
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Figure 7.8b. Contour plot of the relative magnitude of the normal electric f,reld
component on the slot antenna at 17.25 GHz.
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Figure 7.8c. Contour plot of the relative phase of the normal electric field
component on the slot antennaat lT.25 GHz.

86



CltapterT

521 FORWARD TFIANSMISSION

LOG MAG. ÞREF--3O. OOOdB

H i g h F r e que ncy C ir c uit T e sting

Figure 7.9. Fifth order bandpass Chebychev coupled line filter.
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Figure 7 .lla. Surface plot of the relative magninrde of the normal elecnic field
component on the filter at 2.31GHz.
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Figure 7.1lb. Contour plot of the relative magnitude of the normal electic field
component on the filær at 2.31GHz.
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Figure 7 .Lrc. conto¡r plot of the relative phase of the normal elecric field
component on the filær at 2.31GHz.
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Figure 7 .12b. Dimensions (mm) of ttre individual plates comprising the cavity
resonator antenna. shaded area is copper. Middle panel is 30 mm-deep.
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Figure 7.13. Catibrated Stt measurement of the cavity resonator antenna.
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component on the top plate of the cavity resonator antenna at6.363 GHz,
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Figure 7 .14b. Contour plot of the relative magnitude of the normal electric field
component on the top plate of the cavity resonator antenna at 6.363 GHz.

Figure 7.14c. Contour plot of the relative phase of the normal elecric fieid
component on the top plate of the cavity resonator ant€nna at 6.363 GHz.
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5mm

Figure 7.15. Double loop probe mounted on the end of a semi-rigid coax.
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Chapter I

Conclusions

The application of electomagnetically coupled probes for microwave integraæd ci¡cuit
diagnostics has been investigated. Being non-contacting in natue such probes are much

less likely to disturb the normal operation of the circuit being æsæd and are critical in the

future development of non-invasive measttrement systems.

The primary focus of this thesis was on the capacitively coupled monopole probe.

Such probes are easily fabricated from standard semi-rigid coaxial cable in a variety of
sizes. Currently, the smallest such coÍrx commercially available has an outer diameter on

the order of 200 pm. The smallest feature size which can be analyzed with such probes

depends on a number factors. While the coax outer diameter is significant, the operation

frequency and standing rwave ratio on the device under test must also be taken into
consideration. To quantify the resolution both an experimenøl and theoretical analysis on

probes of various sizes and tip lengths is recommended. In order to examine integrated

circuits where micron resolution is required further research is required into alternative
probe designs [56].

One limiøtion of the monopole probe is the measurement error due to magnetic field
coupling arising from the Eansverse magnetic field component. Typically the useable

bandwidth is a function of the probe dimensions which must be a fraction of the
wavelength in the medium being measured and the tolerable error a¡ising from undesired
inductive coupling.

The spatial resolution of the probe has been analyzed by numerically modeling a

probe/transmission line structure. As a first order approximation a static analysis was
performed. The appropriate integral equation was formulated and the Green's functions
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Chqter I Conclusions

derived. The formulation is general enough to model either microstrip or buried
transmission lines. The integral equation was solved using using a method of moments

solution with a subsectional pulse expansion basis for the charge distribution and a point
testing basis. An approximation to the Green's function was derived in order to reduce

computation time. Experimental results compared favorably with the theoretical analysis.

An alternative method for dispersion measurements has been presented. This method

allows for the direct measurement of the magnitude and phase of the VSW on the line. An
advantage of this technique is that the presence of higher order modes can be directly
measured and their excit¿tion at circuit discontinuities can be monitored. The maximum
rrns errors of the various experimental techniques were; sliding load magnitude 3.667o,

VSW (combined magnitude and phase) 2.64Vo, sliding load (phase) 2.02Vo, and ring
resonator 1.287o. The validity of these error calculations depends on the tolerances of the

substrate, the lh ratio, and the calculation of er.(0) which all increase the uncertainty of the

calculated values obtained from [32]. The VSW technique would yield better best resulrs

on a substrate where there is only one test line with sufficient substrate spacing to eliminaæ

the effects of a finite ground plane. It is particularly useful for applications involving
inhomogeneous dielectric subsEates and/or passivated transmission lines for which
formulas are unavailable or require significant modification. The enor in the calculated e¡e

is roughly double the error in the measured guided wavelength obtained from either the
sliding load or direct VSV/ measurement technique. Therefore, while good agreement may
be observed in the guided wavelength results, this does not guarantee accurate results for
Êre.

A variety of applications including coplanar waveguides, coupled line fi.lters, travelling
wave, GaAs slot, and cavity resonator ant€nnas have been anatyznd at frequencies up to 22

GHz with the scanning near-field monopole probe. The results agreed with the established

theory and provide some information unavailable from conventional measurement

instruments. A double loop probe was fabricated for preliminary testing. The current
standing wave on an open circuit microstrip line was meæured with the loop probe.

The automated data acquisition system developed relied on the GPIB interface for
information exchange benveen the measurement device and the computer. It is capable of
driving two translation tables for mm and pm resolution applications. This combination
has proven to be exEemely versatile and flexible. It is recommended that a single software
package be developed to incorporate both single and multi-frequency scans with the
following options; (1) lD scan, (2) 2D scan, and (3) a digitized scan path.
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EMDAP Software Documentation

In order for all software options to function properly the hardware must be

appropriately configured. Depending on the measurement system configuration either the
GPIB (National Instruments PC tr) or Dash-16 multifunction card must be installed.

4.1 One Dimensional Scans

4.1.1 Single Frequency Scans

The EMDAP1D program used for lD scans at a single operating frequency is

compatible with both theIE7220C plotter and CTC-8z3DCmotor controller for mm and
pm resolution respectively. The proglam is compatible with GPIB or Dash-16 operation.

Upon execution of the program the user will be prompted to specify a variety of
pammeters. The progtram proceeds with ttre data acquisition in the following manner:

1) User specifies ha¡dware configuration.

2) User specifies either a horizontal or vertical scan.

3) User defines the start and stop points for the scan.

4) User specifies the filename, operating frequency,

sampling interval, and averaging value.

5) Computer begins data acquisition.

6) Computer prompts user to enter notes for later reference.

7) Compuær fi.les data and statistics.

The file with the data and user entered comments will be appended with the extension
.lD and is format compatible with the RPLOT software.
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4.1.2 Multi-Frequency Data Acquisition

EMD AP S oftwøre D ocutnentation

The EMDAP1DMF program is used for obtaining experimental data for multiple
frequencies in a single scan. This progr¿Lm eliminates the need for successive runs of the

EMDAP1D prog¿Lm. The user has the option of specifying a list of frequencies or by
entering a sta.rt frequency, delø frequency, and the number of æst frequencies. To facilitaæ

the multi-frequency option a GPIB network analyzer such as the V/ilton 360 is required.

A tutorial on the operation of this softwa¡e is provided in section 4.3.

^.2 
Two Dimensional Scans

A 2D scan program called EMDAP2D has been developed. An algorithm has been

developed to implement the zig-zag scan pattem as shown in Fig. 4.1. The zig-zagpattern

was chosen since it is the most time efficient

horizontal
backlash
compensation

<_

stop

Figure A.I.Zig-zag scan pattern with horizontal backlash compensation.

For experiments which require sampling intervals on the order of microns, the CTC-
823 DC motor contoller is used. However, the backlash of the motors must be accounted
for in the software. The backlash compensation as indicated in Fig. A.1 is asserted only in
the horizontal direction as the vertical di¡ection is unilateral. At ttre end of each horizontal
scan the backlash compensation is invoked in the direction of the next scan to begin. A
compensation of 10 pm has been incorporated into the software and can be easily changed

if required. Upon returning to ttre start point to begin the data acquisition an initial backlash
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compensation is undertaken in both the horizont¿l and vertical directions. TtreI]È|I220C
plotter is assumed to be backlash free for sampling inærvals in the mm to sub-mm range.

.4'.3 EMDAP Tutorial

The following is a tutorial on how to use the EMDAP1DMFprogranr- The software is

self explanatory and can be used effectively and efficiently with limited naining. The lD
and 2D progtams operate in a very simila¡ manner.

4.3.1 Using EMDAP1DMF

As an example let's assume that we wish to scan a microstrip line using the plotter for
manipulating the probe. Upon executing EMDAPIDMF a title page will appear and you

will be prompted to select either the plotter or DC motors for operation. To select the
plotter simple press the 'P'key.

4.3.2 Defining the Scan Path

V/ith the Eanslation øble chosen, the next step is to select either a horizontal or vertical

scan path relative to the front of the plotter. The path is simply chosen by pressing 'H' or
'V'accordingly. The network analyzer will then enter the local lockout state and all buttons

on the panel will be inoperative with the computer assuming total conhol. The following
message will then appeil on the monitor:

Use the keypad on the DC motor control_l_er or the plott.er
arrow keys to define the start and end points.

F1 to lock in point co-ordinates
F2 Eo display the distance between the starting and current posiÈion

Locate the starting point. . .

Following the instructions, move the probe to point P1 as shown in Fig. 4.2. Then by
pressing the Fl key the points coordinates will be locked in and you will be prompted to
locate the destination point. If you wish to know the distance between P1 and any other
point the F2 key can be used. For instance, if the F2 key is pressed when the probe is at
the point P2 the computer will display the message Â=30.00 mm. Finally, proceeding to
the destination point P3 the co-ordinates a¡e locked in by pressing Fl once again. The total
scan path length will then be displayed on the moniror:

the total lengÈh to be scanned is: 100.00 mm
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A scan path from P3 to P1 is equally acceptable.

E M D AP S oftw ar e D o c wne ntati o n

Figure 4.2. One-dimensional multi-frequency scan of a microstrip line.

4.3.3 Sampling Interval and Test Frequencies

V/ith the scan path defined, the next step is to specify the sampling interval and test

frequencies. Assuming a I mm sampling interval with an averaging value of 50 and test

frequencies of 1.5, 2.5, and 3.5 GHz, the questions posed and the proper responses would
be as follows:

Enter the step size in mm (min=o.025): 1.0
Enter the averaging value (1 to 4095): 50

would you like a discret.e frequency sweep or would you like Eo
input a List of test frequencies? S

Input initial frequency (GHz): 1.5
Input frequency increment (GHz) : 1.0
Input the number of test point.s: 3
Input a filename (max 8 chars): MLINE

There are 101 samples in the horizontal direction.

Press enter to continue...

Alærnatively, one could enter an arbirary list of test frequencies. The network analyzer
will then undergo an initialization routine and display a S21 magnitude and phase plot.
Three markers are set at the stårt, center, and stop frequencies for reference. Following
this the computer will echo all input information to the display for verification. In addition,
a message will appear which prompts you to select the æst frequency for which you would
like the S21 measurements to be displayed on the monitor. The test frequencies are indexed
by an integer beginning at the lowest frequency.
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4.3.4 Data Acquisition

With all the test p¿ìrameters specified, the data acquisition process will begin auto-
matically with the data displayed on the computer monitor as follows:

Frequency (GHz) : 2.5
Magnitude (dB): X
Phase (deg): y
Remaining Samples: 100

where X and Y a¡e the magnitude and phase values of S21 at the specified test frequency
for observation, in this case 2.5 GHa

Upon completion of the scan, the daø is written to disk and the user has the option of
adding comments to the data file. Finally, the user has the option of scanning the same

path, defining a new path, or to exit to DOS.

4.3.5 Data File

The final MLINE.ID file which is format compatible with the RPLOT graphics

software would be similar to the following.

8* }fr,TNE.1D
88 f1= 1.5000 GHz
tt f2= 2.5000 GHz
8t f3= 3.5000 GHz
&& total samples: 101
tt Number readings per poinÈ: 50
tt Scan path length: 100.0000 mm
tt Sampling interval: L.000 mm
tt Scan start. time: 1,2:1,0:30.00
tt Scan stop time: 12225240.35
t8
åt Comments would be saved here
Snames distance magfl phsfl magf2 phsf2 magf3 phsf3

0.000 -34.955 -77.090 _30.970 !32.871- _34.798 _94.663
1.000 -34.951 -75.238 -31.005 136.106 _34.846 _89.651_

100.000 -30.901 Zs.iZt -27.56s TOO.ZOS 20.045 1.60.042

The lines preceded with VoVo are ignored by RPLOT and the Tonunas line labels each
column of ttre data file accordingly.
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Hardware Configuration

Table 8.1 summarizes the hardware configuration for theIE7220C plotter, National

Instruments GPIB PCtr ca¡d, and the Dash-16 A/D card. The Dash-l6 card is to be used

when a GPIB compatible measurement device is unavailable and an independent analog to

digital converter is required [57]. The CTC-823 DC motor contoller is configured by

softwa¡e commands issued by the EMDAP softwa¡e.

Table 8.1. Ha¡dware configuration for plotter, GPIB card, and A/D card.

ÍÐ7220C Plotter

Baud Raæ 2400
swl OFF
sw2 NORM
SV/3 OFF
sw4 EVEN
sw5 FULL
SV/6 HARDWIRE

GPIB PCII

Base VO address $288
DMA channel I
IRO line 5

DASH-16

Base address $200
Gain 1

AlD BIP
Channel Confie. 16
DMA I
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