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ABSTRACT

The focus of this thesis is to investigate the feasibility of utilization of non-contact
near-field probing techniques with miniature electromagnetic probes to evaluate the
performance of Microwave Integrated Circuits (MICs). Unlike conventional microwave
measurement methods, such as using a vector network analyzer to directly probe the pins
of the circuit under test, non-contact near-field probing techniques are non-invasive and
capable of measuring at arbitrary spots within the circuit with potentially high temporal
and spatial resolution. The thesis gives an overview on non-contact probing systems
currently developed for signal measurement and waveform extraction techniques and

near-field mapping and imaging techniques.

For the purpose of investigating the feasibility of non-contact near-field measurement
techniques, an automated near-field probing platform was developed. An analytic model
of the probing system was derived and discussed. Both electric and magnetic probes
(monopole probe, coplanar waveguide probe, and single/multi loop probe) were
designed, fabricated and installed onto the platform for various applications.
Approximate circuit models for these probes were created and analyzed. Various
microwave circuits, including coplanar waveguide transmission line (CPW), single patch
antenna and microstrip antenna array, were tested by using the near-field probing system.
To verify the measurement results of CPW structures using the electric near-field probing
system, the electric field variation over the surface of a CPW circuit was numerically
evaluated by using a finite difference approach, with a SOR iterative matrix solver, to

solve the Laplace Boundary Value problem.

In order to improve the spatial resolution to enable application to on-wafer
microwave circuit probing, a micro-fabricated CPW probe, at a scale less than 100 pm,
was evaluated using a micromachining process at the Alberta Microelectronics Centre.
The fabricated probe was installed onto the automated near-field probing platform and

measurement of coplanar waveguide transmission lines was made.



Single-loop and multi-loop magnetic near-field probing was investigated as an
alternative to the electric near-field probing technique as a method of production line
testing of printed circuit boards. The magnetic near-field probes were used to determine
the detection capability of faults in multi-layer Printed Circuit boards. Both indirect and
direct excitation measurements were conducted and evaluated. The signal frequency in
such applications is limited up to 300 MHz range, and strong coupling between probes
was found to have considerable impact on the performance of this near-field

measurement approach.
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Chapter 1  INTRODUCTION

The research work completed in this thesis is to investigate the feasibility of
applications of electromagnetically coupled probes as non-invasive diagnostic tools for a
broad range of microwave circuits. An automated measurement system has been designed
and built capable of producing information unavailable from conventional measurement

techniques.

1.1 Motivation

Rapid advances in the microelectronics field have enabled the development of faster,
denser and more complicated microwave integrated circuits (MICs). The ability to test
the performance of a particular technology underlies the progress in developing that
technology. It is therefore important to develop appropriate tools to accurately evaluate
the performance of these circuits and devices. The increasing chip complexity has made
circuit modelling difficult and the prediction of circuit behaviour by computer
simulations alone is inadequate, Accurate measurements for device evaluation are
sequentially essential. On-chip waveform measurements are often required for complete
characterization of devices and for failure analysis purposes. Measurements within a
circuit are carried out using internal probing techniques with the device driven by
external sources. While the miniaturization and the enhanced speed performance of
integrated circuits are constantly being improved, the experimental measurement of these
circuits is becoming increasingly difficult. In fact, the performance characteristics of
many devices, especially those based on GaAs technology, have surpassed the capability

of conventional electronic measurement techniques.

Present measurements require probing techniques capable of measuring Gigahertz

signals with sub-micron spatial resolution and milli-volt sensitivity. The complexity of



integrated circuits presents a number of challenges during testing at the chip level. The
ideal probing techniques should enable measurements with high temporal and spatial
resolution, high sensitivity and low invasiveness. The measurement method should also
be simple to operate and enable accurate results. Currently available instruments do not
completely satisfy all these requirements. It is therefore important to develop alternative

probing techniques.

Conventional circuit measurement techniques rely on some form of direct electrical
contact with the point in the circuit being monitored. For example, digital integrated
circuits are injected with test patterns and the outputs are monitored to determine the
overall functionality of the circuit. This approach, however, does not provide any
information on the identification of individual internal faults when one arises. Likewise,
conventional network analyser 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 common 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 millimeter wavelengths. Network analyser measurements at the device

input and output ports are incapable of isolating such problems.

An ideal measurement technique should be non-invasive and capable of measuring
waveforms at arbitrary points within the circuits. Depending on the application it may be
desirable to perform voltage and/or current 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 characteristics is
challenging and critical to the future development of reliable high quality integrated

circuits.

For this purpose, the feasibility of using eletromagnetically coupled probes as non-

invasive diagnostic tools has been investigated. Probes are in various structure and shape,
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including monopole, coplanar waveguide transmission line and looped-wire. Probes are
also in various physical sizes, from millimeter level down to um level. An automated
measurement system has been also designed and constructed capable of yielding

information acquired by these probes.

1.2 Thesis Qutline

Chapter 1 is an introduction of the research work to bring out the thesis.

In chapter 2, a review of the non-contact probing measurement techniques currently
researched and developed within industry and academic community is presented. The
relative advantages and disadvantages of each technique are discussed and sample

measurements are provided.

A description of the hardware and software required for the automated data

acquisition system is given in chapter 3.

Chapter 4 discusses the properties of monopole and CPW probes and presents the
experimental results of measurements on microwave circuits, i.e. transmission lines,

printed antennas.

Chapter 5 gives a description on procedure to fabricate um level probes by

micromachining technology through VLSI process.

Chapter 6 discusses the magnetic loop probe application of printed circuit board

failure detection.

Finally, chapter 7 summarizes the research work and presents the future work.



Chapter 2 REVIEW OF NON-CONTACT NEAR-FIELD
PROBING TECHNIQUES

With the advent of near-field microscopy, conversional radio frequency (RF) and far-
infrared (FIR) microscopy have gained more attention in recent two decades because of
their many applications including material characterization and integrated circuit testing
[1] . This chapter gives an overview of non-contact near-field probing techniques, which
will cover the signal measurement and waveform extraction technologies and the field
mapping and imaging technologies. Topics on Electron-beam Probe station, Scanning
Force Microscopy probing, Electrostatic Force Microscopy will be discussed for the
signal measurement and waveform extraction technologies. The discussion on the field
mapping and imaging technologies, including Electro-optic probing, Modulated

Scattering probing and near-field Electro/Magnetic probing will also be presented.

2.1 Signal Measurement and Waveform Extraction
Techniques

2.1.1 Electron Beam Probing

Electron-beam probing technique is fully developed and used in industry and research
institutions. It is based on a modified scanning electron microscope as shown in Figure

2-11[2].

The electron gun generates low energy primary electrons. Emitted primary electrons
are accelerated through a potential on the order of 0.5 to 2.5 kV and focussed via a lens
focussing system to a submicron spot on the device under test. On impact with the device
under test, low energy secondary electrons are randomly emitted as a result of elastic
collision. It can be seen in Figure 2-2 [5] that probing a +5V transmission line will emit

less secondary electrons than that of a -5V line. This is due to low energy electrons being



attractive to the metal conductor by the positive potential of the +5V line while the

negative potential of the -5V line repels such electrons.
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Figure 2-2 Secondary electrons (a) trapped by +5V potential; (b) repelled
by -5V potential [5]

The secondary electrons are then collected and counted. The method of collecting the
secondary electrons involves using either a high potential electrostatic extraction field
generated at the surface of the device under test or a magnetic extraction field. The
secondary electrons are fed to a scintillator which converts the electrons to photons.

These photons are received by a photomultiplier which generates a specific number of



electrons for each incident photon. In general, the number of secondary electrons is
inversely proportional to the potential within a limited area of the point of impact of the
primary electron beam. When the output of the photomultiplier is converted to an input of
a video display, areas with a positive potential appear dark indicating low secondary
electron yield, while negative areas appear bright showing hi gh secondary electron yield.

It is called voltage-contrast imaging [2] [3] .

In Figure 2-3 the address buffer output of a 4K Bit RAM is measured using the
electron beam probe. A computer simulation for reference is also included. The computer
simulation and the electron beam probe measurement compare favourably with a delay
time of 2.2 ns, which is much improved due to a tiny loading capacitance on the order of
10° pF [4] . A variety of applications such as measuring internal waveforms on a 1K

Bipolar PROM, a 1 GHz Gunn diode, a 4K MOS RAM can be found in [6].
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Figure 2-3 Waveforms at the address buffer output of a 4 Kbit RAM [4]

Probing bare conductors is relatively straightforward but probing buried (passivated)
conductors presents additional complications. While probing buried conductors, the
limitation is that only AC signals can be measured. Because the electrical behaviour of

the buried conductor can be inferred from the surface measurement when the passivation



layer acts as dielectric which capacitively couples the surface potential to the buried

conductor. For a DC signal, the coupling effect will not function.

Though electron-beam probing is attractive due to its high temporal resolution (1 ps —
1 ns) and submicron spatial resolution it is a complex and expensive technology with
mmherent limitations. It is required to follow some time consuming and expensive
fabrication guidelines [3} . Improvement to make the DC si gnal measurement available
on the buried conductors is also required. Crosstalk from the electric fields of nearby
transmission lines is another factor that can affect the results by roughly 10% [4] . As the
primary electrons are penetrating into the sensitive area of the device under test,
especially for the MOS devices, the electrical characteristics of the device will be

affected [4] [6] .

2.1.2 SFM based probing
2.1.2.1 Scanning Force Potentiometry

Scanning force potentiometry is performed by monitoring the electrostatic force on a
conducting probe beam due to capacitively induced local charge on the circuit under test.
The physical principle of this technique is the local interaction of an atomicly sharp tip
mounted on one end of the cantilever and a device under test (DUT) due to the attractive
or repulsive forces. The electrical interaction between the tip and the DUT causes a

detectible bending of the cantilever.

An example of the direct capacitively-coupled probe has been designed by G. E.
Bridges, T. S. Forzly and D. J. Thomson [7] [8] . The probes were fabricated from
commercially available SisNyg insulating cantilevers (100 um long, 10 pm wide, 0.3 um
thick, with a single inverted pyramidal tip at their end.) A gold conducting electrode was
deposited on the top side of cantilever beam to make the cantilever respond to the charge
density in the localized region of circuit under test at the position of the tip and also to

provide a signal line. A grounded conducting electrode was deposited on the bottom side



of beam to provide effective shield. The metalized probe beam and its pyrex support
block were then mounted into a 50 Q stripline feed structure as shown in Figure 2-4 [7]
which was connected to a network analyser or spectrum analyser measurement system.
The stripline feed is a ground-signal-ground structure and is designed to match the
measurement system to the probe which is a parallel plate transmission line structure.
Mechanical and piezoelectric manipulators attached to the stripline feed were used for
lateral and vertical movement of the probe tip position. By monitoring the vertical
position of the probe tip, topographical and electrical characterization can be performed.
An equivalent circuit model of this probe was also developed for examining the expected

probe resolution and detailed resolution analysis was given in [7] [8] .
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Figure 2-4 Probe measurement system and positioning [7]

The experimental result is compared to the simulation of scanning a transmission line
in transverse direction with two tip-sample distances. Figure 2-5 [8] shows both
experimental and numerical results for two scan paths. The first case, hl, is where the
probe was scanned at a specific height above the transmission line. The second case, h2,

involved scanning the probe tip directly across the transmission line in contact with the



SO, substrate. It was found that as the probe approaches either side of the printed line of

transmission line the coupling capacitance and thereby the relative induced signal power

increases. Both numerical simulation and experimental measurement yield a resolution of

15 pm for the system. The 15 pum spatial resolution is however still insufficient to

examine many of the desired features of integrated circuits. Since the spatial resolution of

this system is related to the geometry and the dimension of the probe, to enhance the

performance of the test system, micromachined ultra-small tip is necessary while the

trade-off should be concemned between the high spatial resolution and the lower signal

power output due to the decreased coupling capacitance of the ultra-small micromachined

probe.
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C. Bohm et al. also employed the SFM-based test system for MMIC internal
electrical characterization [9] . The frequency sweeping measurement was conducted up
to 40 GHz to a set of coplanar waveguide structures and a travelling wave amplifier at
selected internal test points on wafer. The measurement results were compared with that
resulted by an external network analyzer, and demonstrated the feasibility to use SFM-
based test system MMIC internal function and failure analysis because of the high spatial

resolution (<500 nm) and the achieved high bandwidth (40 GHz).

2.1.2.2 AC Field Measurement with SFM Based Probing System

The active ACSFM is a non-contact measurement technique with high spatial and
temporal resolution for AC electrical field measurement. ACSEM relies on the voltage
difference V between the tip at the cantilever’s end and that on the test point of device

under test. The force F on the cantilever goes as [10] :

!

F= - (2-1)
2z

_ EOA(Vip - VDUT )2

where g9 is the permittivity of free space, A is the effective tip area, and 7 is the
tip-sample distance. If the frequency of the voltage signal on the tip is slightly offset from
that on the sample, an inner product results from the (Vtip ~Vpy7)® term which gives a
sum and difference frequency. The difference frequency is a mechanical motion of the
cantilever that can be detected using the tip-distance control feedback loop of the SFM. If
the fundamental and several harmonics of this difference-frequency waveform fall below
the first mechanical resonance of the cantilever, it can be displayed on a standard
oscilloscope and interpreted as a low-frequency replica of the high-frequency signal on
the sample. A. Leyk, et al. have used this technique to measure 104 GHz signals on the
gate of a GaAs field-effect transistor [11] . While the established “cantilever-mixing”
approach for ACSFM demonstrated the ability to probe devices with the required spatial

and temporal resolutions, it has some significant weaknesses in which it needs to drive
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the SFM cantilever with an AC signal, which alone can cause unwanted interference or
perturbation, and which also should be phase synchronous with the unknown signal on
the device. Furthermore, because it uses the motion of the cantilever for mixing, in its
basic form it cannot simultaneously acquire topographical and field information; the tip-
sample distance feedback loop of the SFM must be broken and the mixing product taken
from this point will be the output signal. More importantly, it cannot regulate the tip-
sample distance while measure the electrical field. Since compensation for drift during
the measurement is made more difficult, there is poorer correspondence between
topographic and field images, absolute voltage calibrations are difficult to achieve over
the typical time of measurement. Finally, its reliance on standard SFM tip geometry
permits long-range Coulomb interactions between the charge on the tip and that on
conductors near to the one being measured, meaning that its “electrical resolution” — the
ability to distinguish a signal on one conductor from that on a nearby conductor — is

lower than its “topographical resolution™.
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Key:
¥2Z2 Cantilever material
g Tip metal
N Center-conductor, outer-
conductor, and shield metal
3 Air or dielectric matenal

Figure 2-6 Schematic layout of combined SFM/coaxial tip with a
coplanar waveguide along the cantilever and the close-up of coaxial tip
probing electric field lines between two conductors [10]

To solve the problems in the above active ACSFM system, D. W. van der Weide and
P. Neuzil designed a reactive nanoscilloscope that integrated a shield SFM/coaxial tip
with a coplanar transmission line along the cantilever [10] . Figure 2-6 illustrates the

first-order principle of the near-field probe. Assuming the conductor spacing is | um and
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the instantaneous voltage across the conductors is 1 V, a field of 10* V/cm exists. If the
pitch of the coaxial probe is of the order of 0.1 um, a voltage of 100 mV, which can be

easily detected, develops between the tip and shield.

To realize the satisfactory operation at the nanometer scale, a micromachined
silicon/polysilicon coaxial tip with outer shield has been designed (Figure 2-7 a)) [12] .
The shield diameter is <100 nm while the tip radius is ~10 nm. The total height of the tip
is >5 um. D. W. van der Weide used this kind of probe to measure a 30 ps waveforms on
the nonlinear transmission line (NLTL) diodes with a ~2 nm tip-sample distance while
the NLTL was driven by a 2 GHz signal. The probe was estimated to have Reantitever = 10
2, Ceantitever = 0.03 pF, and Lyonawire = 0.5 nH, and the tip-sample capacitance Cyp, = 0.4
pF. The experimental results are shown in Figure 2-7 b). Although the three diodes are
approximately equidistant from each other, the first one (diode A) had a distortion due to
the waveguide bend just before it. The Figure 2-7 b) shows the expected spatial
nonlinearity along the NLTL with a progressively steeper falling edge moving along the
NLTL. This experiment was made by moving the probe with a step of < 0.1 um along the
NLTL.
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Figure 2-7 a) schematic arrangement of shield SFM tip/cantilever
connected to a coaxial out cable; b) Excerpts from a linear scan along the
NLTL diodes showing waveform compression at a 2 GHz [12]



Compared to the structure in the active ACSFM system, the techniques in the
nanoscilloscope have several advantages. It no longer needs to drive the SFM cantilever
with an AC signal. The cantilever height control feed back loop can be now used to
maintain a constant distance from the sample as well as to compensate for any DC offset
in the voltages between tip and sample. This technology can be calibrated. It can
simultaneously acquire topographical and field information. Due to the shield around the
central tip, limiting long range Coulomb interactions between the charge on the tip and
that on conductors near to the one being measured, ACSFM’s “electrical resolution” will
be similar to its “topographical resolution”. While we expect a wavelength-independent
spatial resolution in the 10 nm regime, which is the radius of the probe tip, further
theoretical and experimental work is needed to address the effects of finite tip
conductivity, i.e., does skin depth affect resolution? The probe invasiveness must also be
answered, though we note that by having control over the probe’s geomeltry, its radiation

impedance can be designed closer to that of free space, minimizing the invasiveness.

2.1.3 Noninvasive Electrostatic Force Microscopy

Noninvasive Electrostatic Force Microscopy has been developed for both static
potential measurements and high frequency digital pattern extractions at internal points of

integrated circuits [13] - [17] .

The block diagrams of test fixture are shown in Figure 2-8 [13] [14] for
measurements of both localized potential and local digital pattern. A conducting wire
probe with a sharp tip at the end is held in close proximity to the test circuit surface on
which the potential Vpyr(x, y), or Vi(x, y, f) is to be extracted. The wire probe is
configured so that it acts as a mechanical cantilever that can be deflected under an
applied force. There is a small capacitor C(x, y, z) formed and charged up between probe
and circuit under test when a signal V, externally applied to the probe to create a potential
difference between them. The induced capacitive charge produces an attractive force

resulting a deflection Az of the probe cantilever.
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Figure 2-8 a) Diagram of the constructed potentiometric scanning-probe
microscope [13] b) Pulse sampled heterodyne eletrostatic force
measurement of the local digital pattern [14]

The force can be deduced from the relationship between force and stored energy on

the capacitor as [14]

F =220y, v, (-7, (5, 7,00+ ADE 2-2)
z 2 az 1

The term A® has been added to represent DC offset effects such as those due to
surface charge and material work function differences. A lock-in amplifier is used so the

probe deflection at f; only is monitored, which can be evaluated as
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A, = dC(z)

=3 A@)(Vypyr —AD) -V, IV, (2-3)
Z

The capacitance derivative dC/dz also has to be evaluated to determine the sensitivity
of the instrument. G. E. Bridges and D. J. Thomson have addressed a numerical model

[7] to give the analysis of variations of capacitance vs. distances.

By using the nuiling technique in the instrument exact values for the terms C'(x, y, z),
Q and k are not required, thus eliminating the need for complex calibration and accurate
probe positioning. These terms become important though when noise, sensitivity, and
resolution issues are considered. Further, since the method is independent of C(x, y, z)
measurement of passivated structures is possible without any modifications to the
technique. This, however, comes with the penalty of a reduction in achievable spatial

resolution due to increased circuit-probe spacing.

The core of nulling technique is to apply a sinusoidal signal of frequency as much
close as the lowest mechanical resonant frequency w; or £, in Figure 2-8. By adjusting the
controllable parameter Vaqj» which is either A or Vi, the cantilever or the probe deflection
at ws 1s nulled, the potential level at the internal tested point of the integrated circuit can

be determined (with a DC offset) as Vadj = Vour —AD

R. A. Said and G. E. Bridges have given out the results on resolution [13], and one of
the test structures is shown in Figure 2-9 a), which consists of several interconnect lines
of 3 um, 5 um, and 10 pm in width. Cases both with and without a passivation layer on
top of the interconnect lines were studied. For result shown in Fi gure 2-9 b} the substrate
was grounded and both interconnect lines were fixed at a +5 V potential. The cover
passivation was not present, with the probe located approximately 1 um above the circuit
surface and scanned transversally across two of the interconnect lines. Based on this
result, and using the half voltage ievel as the reference, the resolution of the instrument

for a probe height of 1 pm is approximately 3 um. Measurements were also performed
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with the presence of a 1 pum thick single passivation layer on top of the interconnect lines
(Figure 2-9 ¢)). It could be seen that the difference between the peaks and between the
measured potential and the actual applied potential of =5 V dc is greater than the case
when no passivation layer is present. Also, the substrate region between the interconnect
Iines produces a higher measured potential. These differences are due to the increase in

the nonlocalized coupling effects caused by the larger separation between the probe tip

and interconnect lines. .
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Figure 2-9 a) Interconnect test structure; b) Measured potential across
two of the interconnect lines shown in figure a along path (a); ¢) Measured
potential across three of the interconnect lines shown in figure a aloeng
path (b) [13)

By introducing a pulse sampled heterodyne technique into the above mentioned
system, G. E. Bridges and R. A. Said, etc. have been able to internally extract the high

frequency bit-by-bit digital patterns on wafer [14] . As shown in Figure 2-8 b), a multi-
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channel test-vector generator supplies an N-bit patterns as indicated in Figure 2-10 a).
This N-bit patterns repeat with a period T = N/f, = 1/fy, where f; is the circuit clock
frequency. Meanwhile, the generator also provides a high-frequency single-bit sampling
pulse Vi(t) = Gs(t - 1,). The sampling bit, as indicated in Figure 2-10 b), has a pulse
width & < 1/fb and can be shifted to a position T, along the N-bit test pattern. In this
manner, the instrument will be able to measure the logic level of the nth bit of the pattern,
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Figure 2-10 a) Example of periodic digital waveform v, (x, v, t) to be
measured; b) ideal sampling pulse v,(t) = G;(t-t,), which is shifted along
the digital pattern [14]}

For very high speed applications, the nonideality of the sampling waveform would be
a consirain due to skew, finite rise and fall times, and possibly ringing. It requires that the
digital signals be reasonably flat so that the unknown signal voltage levels can be
determined when adjusting the parameter A to null the probe deflection. An 8-bit | Mbit/s
digital pattern has been extracted with this technique from a CMOS test structure
consisting of four 10 um wide interconnects [14] . D. Noruttun and G. Bridges have
achieved to be able to measure a 16-bit 125 Mbit/s pattern stream with an improved test

fixture [17] . These results are shown in Figure 2-11.
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Figure 2-11 Measurement of 16- bit pattern at 125 Mb/s a) applied pattern
from generator; b) measured waveform using EFM [17] .

2.2 Field Mapping and Imaging Techniques

2.2.1 Electro-Optic Probing

Electro-optic probing is a technology developed based on the well known electro-
optic effect. When an electrical field is applied across an electro-optic medium the
electron distribution is perturbed so that the polarizability and hence the refractive index
of the medium changes anisotroptically. As a result, the polarization of the light passing
through the medium is changed. This change which is linearly related to the electrical
field is known as the Pockells effect and can be measured optically. Different types of
electro-optic probing systems have been developed in order to obtain more detailed
information about the electrical field distribution inside the complex Monolithic
Microwave Integrated Circuits (MMICs). Internal (direct) and external electro-optic
probing systems help improving electric models for semiconductor devices and support

the development of new integrated circuits.

In direct/internal electro-optic probing system, the device under test is fabricated on a
substrate that exhibits the electro-optic effect, such as GaAs. A pulsed and polarized laser
beam enters the MMIC from the backside of the substrate. The electrical field in the
substrate changes the optical properties of GaAs in such a manner that the orthogonal

components of a laser beam polarized in the y-z plane and travelling in x-direction get a
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phase retardation of AI'(y, z), which is solely proportional to the electrical field
component Eqx, y, z) being normal to the device surface (Figure 2-12 a)). The phase
retardation can be transformed into an intensity variation Al( ¥, z) after the laser beam
passing a Pockells-cell arrangement which is relatively a little complicated [18] [19] .

Usually the intensity variation Al(y, z) can be detected by photodiodes.
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Figure 2-12 Common forms of electro-optic probing a) direct backside
probing geometry for a coplanar waveguide; b) external electro-optic
probing [5]

In contrast to the polarization analysis, there have been some reports about the Fabry-
Perot enhanced internal probing [20] . The laser beam is focused on the MMIC from the
backside of the substrate inside which the Fabry-Perot resonance is present. This
approach requires an active anelength control of the laser beam to assure the Fabry-
Perot resonance to happen. To detect the resonance, a pair of focusing lens will be put in
front of the reflected electro-optic signals from the MMIC. Whether the resonance is
observable or not, it depends on the choice of the numerical aperture of the focusing lens

which is limited by the maximum spatial resolution to be obtained.

For external electro-optic sampling (Figure 2-12 b)), the device under test need not be
fabricated on an electro-optic substrate. Instead an electro-optic crystal is fused to the
sampling probe head, hence allowing the electric fringing fields to penetrate the sampling

crystal. The probe beam does not penetrate the device under test instead it is reflected off
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a reflective coating on the bottom of the crystal. The electrical field from the MMIC
around the bottom of the crystal will affect the polarization of the laser beam. Operating
in either longitudinal or transverse probing mode is dependent on the type of the crystal
utilized. An example measurement set up used shown in Figure 2-13 [21] . The optical
beam from a phase-stabilized Ti:Sapphire laser (pulse length 50 fs) is focused inside the
probe crystal. The reflected beam is analysed with respect to the change of the
polarization state. Due to the phase-locked-loop-electronics of the laser system, it is
possible to synthesize continuous wave (cw) signals from a microwave synthesizer to the
laser pulse train so that measurements in amplitude and phase can be performed. The
probes are fabricated from Bismuth Silicate (BSO) and Lithium Tantalate (LiTa03),
which allow the determination of the normal and tangential field components,
respectively. The crystals have a footprint of 90 x 70 um for the BSO and 84 x 84 um for
the LiTaO3. High spatial resolution is obtained by focusing the laser beam to a small spot
at the bottom of the probe. The distance between probe and DUT can be adjusted to be 5-

7 pm. The minimum detectable voltage is measured to be around 1 mv and the sensitivity

is 40 uv/ VHz . The examined distribution network circuit is a coplanar design fabricated
on high-resistivity Si with the designed working frequency of 5 GHz and15 GHz. Fi gure
2-14 and Figure 2-15 [21] demonstrate typical electro-optic mapping of the electric
normal and tangential field components for a CPW even mode working at 5 GHz and

15GHz respectively in the transverse direction.
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Figure 2-13 External electro-optic probe station [21]
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Figure 2-14 Electro-optic mapping of the normal field component of the
CPW even mode - solid line: normalized amplitude, dash line: phase [21]
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Figure 2-15 Electro-optic mapping of the tangential field component of
the CPW even mode - solid line: normalized amplitude, dash line: phase
[21]

The electro-optic probing is a complex and expensive technology. But for
applications requiring high bandwidth and high spatial resolution, electro-optic probing is
a promising candidate. This is because it provides THz bandwidth and a spatial resolution
the size of the laser beam diameter or even less. One issue which requires considerable
attention is that of system calibration, such as for the internal Fabry-Perot electro-optic
probing system, the determination of the wavelength of the laser beam to ensure the
Fabry-Perot resonance in each position of the MMIC due to the inconsistent thickness of
the substrate. Another inconvenience is that for internal electro-optic probing system, its
application is limited only for testing DUT fabricated on special substrate that exhibits
electro-optic effect, such as GaAs. Finally, another area of uncertainty is the possible
capacitive loading of the electro-optic crystals such as LiTaO3 in the external electro-
optic probing system. The perturbation of the electric field above the DUT may affect the
normal operation of the DUT. In spite of these difficulties, electro-optic sampling shows
great promise as a high speed and resolution measurement technique for a broad range of

devices.
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More applications of the electrooptic probe are demonstrated to diagnose the
microstrip patch antenna [22] and horn antenna for active amplifier array [23] . In
addition to the two-dimensional movement of the DUT, several optical components have
freedom of movement in the vertical direction, so that one may achieve a three-
dimensional field-mapping capability. The minimum detectable power emanating from
the patch is measured to be about 45 dBm, where it corresponds to a field strength at the
probe of approximately 30 V/m, and the sensitivity of the measurement system is 40 mV/
Hz. The results have been used to evaluate the performance of the arrays and identify
important design issues. The high resolution and accuracy of the electrooptic field-
mapping technique has proven to be advantageous in the design cycle of amplifier arrays,
and has diagnosed problems such as nonuniform bias, nonuniform feed amplitude, and

malfunctioning monolithic microwave integrated circuits (MMICs).

A major factor that has yet to be considered when applying electrooptic field mapping
techniques to the characterization of active microwave circuits is the temperature
dependence of the probe itself. The electrooptic coefficients that govern the response of
the probe to RF fields are known to vary with temperature [24] . The flow of optical
power P through the semiconductor is found to obey the temperature dependence, 1/P o
I + KT, k is a constant related to the dimension of the semi-conductor in the direction of
propagation. A system was developed [24] to simultaneously measure the electric and
thermal fields utilizing an electrooptic semiconductor probe (Figure 2-16). The Pockels
effect is employed within a gallium-arsenide probe to measure electric fields, and the
effect of photon absorption due to bandtail states in the semiconductor is used to
determine temperature. By separating the electric field and temperature signals in

frequency, both may be acquired with a single probe.
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Figure 2-16 An experimental setup for combined electrothermal
measurements [24]

Figure 2-17 clearly shows that there is a substantial difference between the behavior
of the measured electric-field data obtained from the probe and the measured power from
the independent power meter. The explanation for the discrepancy is shown in Figure
2-18 as the absorption data from the probe is seen to decrease with time along with the
electric-field data. The change in the absorption signal is consistent with the expected
increase in temperature in the vicinity of the biased MMIC due to the dissipation of heat.
Calibration of the temperature effects of the probe on the electric- field measurements is
possible since the absorption signal is linearly proportional to the electric-field signal.

The temperature calibrated electric-field data is shown in Figure 2-19.
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Figure 2-17 Probe and power-meter measurement of the MMIC [24}

Figure 2-18 Probe-only measurements of the MMIC [24]
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2.2.2 Modulated Scattering Technique

The modulated scattering technique is a low cost technology of electromagnetic field
mapping of microwave circuits. As a part of the basic operation of the modulated
scattering system, a small dipole scatterer with a diode mounted at the centre is placed in
the near filed of the circuit of interest. By modulating the bias of the diode at a frequency
much lower than the RF, a weak modulated scattered RF signal is returned to the
transmitter. The strength and phase of the scattered signal are related to the square of the

normalized electric field distribution intercepted at the position of the scattering probe.

Figure 2-20 The near field scattering probes; The dipole is used for
scattering the tangential electric field and the monopole is used for
scattering the normal electric field [25]

Bonding
Pads

Chrome Thin-
Fiim Reststors

Low Resistance
Schouky Diodes

Monopole

" Scauerer

Figure 2-6 [25] shows the design of the dipole and monopole scatterers. The probes
are fabricated on 125 pm thick low loss quartz. Chrome resistive bias lines are used to
absorb any RF fields that may propagate along the bias lines and also serve as current
limiters to protect the diodes. These lines have a typical resistance of 100 €/mm.
Commercially available low cost diodes are then silver epoxied between the dipole arms.
For monopole scatterer, two diodes are placed between the CPW ground planes and the
centre conductor. The diode has a 3 Q series resistance, 0.25 pF junction capacitance and

a 240 GHz cut-off frequency. The probes are fabricated using standard photolithographic

26



techniques with 1.0 um thick gold. The monopole and dipole arms are both 100 um and

are expected to have 40 dB dynamic ranges.

The general set up of the modulated scattering system [26] is shown in Figure 2-21.
In the RF section of the near-field modulated scattering experiment, part of the RF signal
is sent as the LO to a wideband quadrature mixer és a reference. The other part is sent to
the input port of the MMIC via a circulator which isolate the interference between the
reflected scattered RF signal and the input RF signal. Usually the power scattered to the
input/output port of the MMIC by the probe is small, homodyne mixing is used to detect
the weakly modulated signal. The in-phase and quadrature IF voltages from the mixer are
detected by a lock-in amplifier. Through the use of the absorptive RF switch, both the

scattered reflected and scattered transmitted waves can be measured.
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Figure 2-21 The microwave circuit electric field imaging system using
moduliated scattering probe [26]

The experimental measurements are verified by using a two inch long straight section
of 50 Q microstrip on RT/Duroid 5880 (¢, = 2.2, h = 0.015") at 9 GHz [25] . A monopole

probe is scanned over the microstrip line with 50 £ SMA termination in the match mode.



The raw data collected from the in-phase and quadrature signal are shown in Figure 2-22
a) and b). The maxima and minima along a transmission line for the in-phase and
quadrature signal are separated by a distance Aef4 (Aer = 26,000 um). The normal
electric field intensity and phase delay measurements are display in Figure 2-22 ¢) and d),
respectively. The intensities are nearly constant along contours parallel to the microstrip.
An intensity ripple of 0.1 dB is present which is due to the non-ideal match of the
termination or non-ideal connections made with the SMA connectors. The phase cycles
by 2 every 13,000 wm which is Ac/2 as can be seen in Figure 2-22 d). The slight angle
in the phase is possible due to a variation in the height of the probe across the microstrip.
Some measurements were also conducted to a three stage coupled-line bandpass filter at
10 GHz [26] [27] and a distributed amplifier MMIC at 13.5 GHz [26] by the modulated

scattering probing.

As a low cost and flexible electromagnetic field mapping system, modulated
scattering system is capable of mapping the normal and tangential electric field intensity
and phase delay above a MMIC with any substrate in the frequency range of 0.5 to 18
GHz. The spatial resolution is limited by the dimension of the monopole/dipole probe. It
is believed that the resolution can be pushed to 25 um with smaller and thinner probes
before the system becomes noise limit. Further more by using a system of circulator and
absorptive RF switches the bandwidth and the signal to noise ratio can be greatly

improved.
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Figure 2-22 a) In-phase signal of normal electric field; b) Quadrature
signal of normal electric field; ¢) Normal electric field; d) Normal electric
field phase delay [25]

2.2.3 Passive Electromagnetic Probing
2.2.3.1 Double/Single Loop Magnetic Probe

The design of the magnetic field current probes started using conducting loops. It was
assumed that the loop is immersed into a plane linearly polarized electromagnetic wave
in free space and is placed in the x-y, x-z, or y-z plane, perpendicular to the magnetic field

Hz-, Hy-, Hx- components, which are considered to be constant over the area of the loop.
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The system resolution is limited by the dimensions of the loop probe which should be

much smaller than the wavelength.

A double-loop magnetic probe has been developed by S. S. Osofsky [28] with the size
of 15 mm x 7 mm for each loop and physical form of magnetic quadrupole (Fi gure 2-23).
Its field configuration matches the fields of both microstrip and CPW, as shown in Figure
2-24. It was a large-scale model which can be easily constructed and tested in the 0.1-0.3
GHz range. The ultimate goal, however, is construction of probes useful at 20 GHz or
higher by means of microfabrication technology. The advantage of this double-loop

configuration is:

* For both microstrip and CPW, the waveguides’ magnetic field goes up
through one loop and down through another, their contributions add.

* Signals induced in the two loops by a nearly uniform field coming from a
distant source, such as another waveguide in the microcircuit, tend to
cancel.

The major concern of this method however is the electric asymmetry of the probe
central conductor. That means the probe also works as an electric field probe in the
perpendicular direction. This asymmetry disturbs the magnetic measurements, especially

in the position where the magnetic fietd is minimum and the electrical field is maximum.

To Spectrum Analyzer
2

Feed CPW

Figure 2-23 Double loop magnetic probe [28]
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Figure 2-24 Double-loop magnetic probe coupling to magnetic fields of a)
microstrip; b) coplanar; c) interacts between two loops [28]
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Figure 2-25 Measurement configuration [28]

A typical measurement configuration is shown in Figure 2-25. The current induced in
the probe passes through the CPW transmission line to a spectrum analyser. By this
means, measurements of current amplitude can be made. To make phase measurements, a
reference signal of the same frequency and adjustable phase is added to the probe signal.

The reference signal’s phase is varied until the amplitude seen by the spectrum analyser
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is maximum. The phase at the point of measurement is then compared with that at some
other point of the circuit chosen as the reference. Thus the inherent phase delays of the

probe and its transmission line are of no concern.
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Figure 2-26 Comparison of the expected and measured standing wave
along a microstrip having an SWR = 1.36 - a) not improved; b} improved
by the probe-reversal technique [28]

The measurement results of the probe signal along the microstrip are shown in Figure
2-26 a) and b). The current maximum and minimum are cycled along the microstrip. The
transverse patterns of an open-circuit microstrip taken at the current maximum and
minimum points are shown in Figure 2-27 a) and b). These measurements were made at

280 MHz and the microstrip had a center conductor width of Smm and a dielectric with &,
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= 12 and thickness of 6.35 mm. The transverse pattern at a current minimum is quite
different from that at the current maximum. This observation reveals that there is an
unwanted contribution to the observed signal arising from electrostatic pickup. This
contribution is usually small, but at a point on a transmission line corresponding to a
current minimum of the probe output, the magnetic field is reduced and the electric field
is increased, this causes the effect of the electrostatic to appear. However, the error from
this source can be greatly removed through the expedient of making two measurements at
the point of interest, between which the position of the probe is rotated around a vertical

axis through 180°. By averaging these two measurements, the error caused by parasitic

electric field coupling is greatly reduced (Figure 2-26 b)).
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Figure 2-27 Transverse pattern of an open-circuited microstrip - a) taken
at a current maximuny; b) taken at a current minimum [28]

Due to the electric asymmetry problem in the double-loop magnetic probe,
Grzybowski and Bansal [29] designed a half-loop magnetic field probe in which a 1 mil
gold bond wire was connected to a Cascade Microtech WPH-102-250 wafer probe test
head. Because the fabrication procedure is very complicated and additionally the wafer

probe test head is expensive, it seems not to be suitable for practical applications. In the
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work made by Y. Gao and I. Wolff [30] a single loop square magnetic field probe was
designed (Figure 2-28). The square loop of the probe is 710 pm by 710 um in size and its
conductor width is 55 wm. It is an inexpensive one which also solves the electric
asymmetry problem. But for both microstrip and CPW, the waveguides’ magnetic field
goes up and down through the same loop and their contributions cancelled. Furthermore,

signals induced by a nearly uniform field coming from a distant source can’t be avoided.

Transmission Line

Transmission Line

{ay

)

Figure 2-28 Single square loop magnetic probe - a) Probe for H, magnetic
measurement; b) Probe for H, and H, magnetic measurement [30]

The comparison of measured and calculated Hz- amplitude along and across the
shorted microstrip is shown in Figure 2-29. The measurement was made at 20 GHz. We
can see that the measured and calculated signals agreed well. But there is a notch in the
amplitude curve of Hz- perpendicular to the shorted microstripline at the center point.
The currents are cancelled while the magnetic field goes up and down through the same

loop.
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Figure 2-29 Comparison of measured and calculated squared-amplitnde
of H, - a) along the microstrip; b) perpendicular to the microstrip at
current maximum [30]

Magnetic field probe is a relatively simple device for circuit testing. The fabrication
of reliable small scale probe for operation at high frequency is a major issue. One of the
difficulties is in establishing good electrical contact between the loops and CPW feed
which are right angled to each other. Another issue of uncertainty is the electrostatic
coupling. If both of these problems solved, the magnetic probe could be a viable

diagnostic tool.

2.2.3.2 Passive Electric-field Probe

As discussed in the above section, the passive magnetic-field probes appear to be
incompatible to strong radiating circuits, e.g., antennas and circuits on substrates with
small dielectric constant substrates. This made people come back to the eclectic-field
probes. The early passive coaxial electric-field probe was designed in 1980 by J. S.
Dahele [31] which used the central conductor of a coaxial cable to capacitively couple to
a microsrtip under test. With the development of the microfabrication technology, the
probe can be made smaller. A miniature probe designed by Y. Gao and 1. Wolff [32]
consists of a miniature coaxial line with 508 um outer diameter and an inner conductor
diameter of 112 um. The inner conductor extends 300 um beyond the outer conducting

shield, as shown in Figure 2-30 a). Coaxial electric-field probe is usually used to measure
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the electric field in the z-direction perpendicular to the substrate and is named EPZ, while
the dipole electric field probe EPXY shown in Figure 2-30 b) is designed for tangential
electric field measurement. The dipole electric field probe EPXY consists of an electric

dipole and a coplanar transmission line with 50-Q impedance.

PR A

Air bridge

Figure 2-30 Electric field probes - a) EPZ; b) EPXY with fransmission
line; ¢) expended EPXY without transmission line {321

Some measurement results using these electric field probes were discussed [32] . The
measurement results of a bandpass filter with probe EPXY is shown in Figure 2-31. It is
found when the probe enters the filter, the coupling effects between probe and the filter
change the reflection of the filter (Figure 2-32). The S;, changes in the passband are
about 7.0 dB. In order to improve the accuracy of the measurement, a smaller probe is
needed or set the probe in a higher position, but both of them will reduce the sensitivity
of the probe and further more the second solution will also reduces the resolution of the

measurement.
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Figure 2-31 a} The layout of the bandpass filter, and b) 2-D representation
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Figure 2-32 Measured scattering parameters for the bandpass filter [32]

Another factor that must be taken into account is the probes’ influence to the DUT
when the probes are positioned near the DUT since the measurement principle of the
electric and magnetic near-field probes is to couple the electromagnetic near field of
DUT to the probes. Further research work was done on EPZ probe (Figure 2-30 a)) to
reveal a new calibration technique [33] for application of near-field probing. By using the
finite-difference time-domain (FDTD) method, the probe shown in Figure 2-30 a) was

theoretically analyzed to determine its most sensitive probe segment. Taking the
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amplitude of the normal electric field at this segment as a known field, the probe is
calibrated by defining a performance factor (PF), which is the ratio of the known field
amplitude to the probe signal amplitude. PF, which is derived as a function of frequency,
is shown in Figure 2-33. Using the fitting curve of the PF as a calibration curve, the
measured and calculated normal electric-field distribution over a cross section of a
microstrip line at 11.8 GHz is shown in Figure 2-34. Comparing the calculated results

with measured results, the agreement is good.

With a calibrated probe, Y. Gao, etc estimated the coupling effect between the probes
and the DUT, a microstrip line. The change of the scattering parameters S21 of the DUT
was measured with an NWA during the movement of the field probe perpendicular to the
line direction at a height of 50 um above the microstrip line. It can be seen on Figure
2-35 that the influence of the probe on S21 is very small, about 0.05 dB. If the ficld probe
is placed higher than 50 um above the DUT, the influence of the probe is smaller and can

be neglected.
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Figure 2-33 The PF and reflection coefficients S11 of the coaxial electric-
field probe [33]

38



IE,] (dB V/m)

20
10 :~ Measured
L Calculated
0
—10 : 1 1 k| 1 I 1 1 L 1 | L i 1 1 I il I i 1 j 1 L L 1
0 2000 4000 6000 8000 10000

Y (um)

Figure 2-34 Comparison between the measured and calculated normal
electric field at a cross section of the microstrip line at 11.8 GHz. (
Substrate: A;,0;, £,= 9.8, h = 635 um, w = 700 um) [33]
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Figure 2-35 The investigation of the influence of the probe on the
microstrip line [33]
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Chapter 3 AUTOMATED NEAR-FIELD SCANNING
SYSTEM

An automated measurement system is mandatory for investigating the feasibility of
various electromagnetic near-field probing techniques. The hardware and software of the
system must be flexible in order to facilitate testing on wide range of applications. Since
experiments may require jim or mm scale resolution depending on circuit dimensions,
there has to be two sets of hardware apparatus. The corresponding probe design and its
characteristic dimensions must compliment the application. The software required must
be user friendly and capable of driving commonly used measurement instruments, i.e.
Network Analyzer, Spectrum Analyzer and Oscilloscope. This chapter will introduce the
fundamentals of near-field scanning system and describe the hardware and software

required for the system.

3.1 Fundamentals of the Scanning System
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Figure 3-1 Diagram of Near-field Scanning System
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Figure 3-1 shows the diagram of a near-field scanning system. To analyse the
functionality and performance of a device under test (DUT), it is required to find the
transfer function Ty of DUT. As shown in Figure 3-1, given the circuit input signal

Vitinuaus, the Teireir can be calculated by sampling voltage signal V(x, v/ at test point (x, y).
V(x, _)’) = Trimri.' (I, y) ) Vsrinmlus (3- 1)

The traditional contacting measurement methods have the probes directly touch on
the surface of DUT to get the voltage signal V(x, y) at each test point. The near-field
probing concept is not intending to do a contacting measurement on the DUT. In contrast,
by using a Network Analyzer to measure the Sy, parameter of the system under test, as
shown in Figure 3-1, it derives the transfer function of DUT from probing the
electromagnetic field distribution above the surface of DUT. Equation (3-2) shows how

the Sy) parameter is measured.

received

) LV e (3-2)

v .
S, (measured ) = —=<ed_ — [ZOIOgm I JLV
transmiticd

ransmitted

transmitred

where Vianuminea 18 the transmitted signal on port | of Network Analyzer, and
Vieceivea 1 the signal received by Network Analyzer on port 2. Equation (3-3) shows the
relationship between Vi pumines and the input signal to DUT Vs, whereas Equation (3-
4) shows the relationship between V,ceieq and the induced si gnal picked up by probe V.

= Trab.’cl (w)-V,

transmitted

stimedies (3 —3 )

Vrea’ciwd = 7:'::1)111?. (w) ' ‘/ind (3'4)

By substituting (3-3) and (3-4) into (3-2), S;; can be formulated as
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vV . T
S, (measured y = —<ed_ =T .Y . _cablel (3-5)

transmitied stinulus

As it will be discussed in the following section, V4, the induced voltage signal by

probe, can be formulated as
]/irm' = Tpmbc ) V(x’ y) (3_6)

Substitute Equation (3-6) into (3-5),

Vix
Sy (measured ) =T, T . o M (3-7)
stitmeus
Given Equation (3-1),
T.  (x%y)V
Sz] (n]e(ISI”'Ed) — ‘T(nb,lgz . Tml,[e] . TpmbE . Circunt ()" )) I
stimulus
(3-8)
= T;'ab.'e'l : TmbIel : Tpmbe : Trimu'l (x’ y)
The transfer function of DUT is then obtained from Equation (3-8),
Tn’n it (.X, y) = - Szl (’neasured ) (3-9)

Yrr.lbfe] ’ T;'ﬂbfel ' Tprabe

In Equation (3-9), Sai, Tiapes and Traper can be obtained by measurement. It is
expected to create a circuit model for the probe being used for near-field scanning. If the
transfer function T, is derivable from modelling, the idea described above is then

feasible. The following section will briefly discuss the monopole probe modelling.
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3.2 Approximate Circuit Modelling of the Monopole
Probe

In Equation (3-9), the transfer function of probe Tppop has to be found so that T
can be then calculated. Although an exact theoretical model is unavailable P.G. Frayne
[37] [38] has developed a preliminary model to investigate the interaction between a

monopole probe and an isolated conducting strip of finite width and infinite length.

o
.
Viey) 1* L[] LC;”
I L o
= Cu -
RO ! :EITE Cue
LT L7877
& —

Figure 3-2 An approximate monopole probe model and the corresponding
equivalent circnit model [5]

Figure 3-2 shows the model of monopole probe and an approximate equivalent circuit
on the right hand side [S] . The model assumes that the probe load impedance is much
greater than local circuit impedance. C, is the capacitance formed between conductor of
probe and transmission line circuit, Cy is the capacitance formed between probe

conductor and shield, Cy is the capacitance formed between shield of probe and
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transmission line circuit, C.y is the capacitance formed between probe conductor and

ground plane, Cyg is the capacitance formed between probe shield and ground plane.

Given that probe shield is at ground, Csg 1s large compared to Cy, a simplified

equivalent circuit can then be drawn as Figure 3-3.

Crf
| o
V(,\',y ) i ‘,— and

E\f) I IQ ]

Figure 3-3 Simplified equivalent circuit for monopole probe assuming

zp—

o .
jo(C  + C(_g )
1/a"u(i' = V('x’ y) | 1 l
VA // + _ 5
"we, +Cy jac, (3-10)
iwC 7
=V () s

1+ Zy jo(C,, +C,,) + joC,Z,

for frequency where Hjw(Cy+Cey) >> Zp, or j (Coe+Cpg) Zg << 1

jawC 7
Vg =Vix,y) —L=afe (3-11)
I+ jwC,Z,
Provided that jaw C 17y << 1
Vi = J0C,ZyV (5, y) (3-12)
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From Equation (3-6) and (3-11), Tyrope can then be express as

T

rove = JOC ,Zy (3-13)

By using a method of moment (MOM) solution, the coupling capacitance C, can be
calculated. With the potential specified as 1 Volt, T. Forzley gave a plot of C\, for various
heights ) of the probe above the transmission line and incremental displacements relative
to the center of the transmission line [5] . As shown in Figure 3-4, for example, C,, is on
the order of 5 fF for a 1/16” OD and tip length of 0.5 mm probe at a height of 0.5 mm

above the transmission line.

: : : H : : £=1.0, h-0.5 mm
. ; ; : i iy P £~22,h=0.5 mm
L ; : : : R R §=22, hui.0 mm

i
0 0.2 04 0.6 0.8 1 1.2 14 i6 1.8 2
Probe displacement relative to center of line (mm)

Figure 3-4 Calculation of the crifical coupling capacitance C, (C; ) [5]

Some fundamental properties of the monopole probe have been discussed {37] [38]
[5) . Firstly, the spatial resolution of the probe is not purely a factor of the coax outer
diameter. Instead, the operating frequency and standing wave ratio on the structure must

also be considered.
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Secondly, the sensitivity of the probe is directly proportional to the tip length t. Ast
increases so does the number of electric field lines terminatin g on the center conductor,
hence a greater potential difference between 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 magnetic coupling. The
magnetic field coupling is due to the transverse magnetic field component which is
proportional to the axial current density. Ideally, the monopole probe should respond only
to electric field coupling, hence it is the natural dual of the loop probe. In contrast, while
the monopole probe measurement error arises from magnetic field coupling, the error in

the loop probe measurement is due to electric field coupling.

The usable bandwidth of the monopole 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 incurred as a result of undesirable magnetic field coupling

is another limitation.

3.3 Scanning System Hardware Description

The measurement system shown in Figure 3-5 consists of an HP8753E Network
Analyser (for up to 6 GHz measurement) or a Wiltron 360 Network Analyzer (for up to
40 GHz measurement), a host PC, and a two-axis positioning stage. The computer acts as
the central controller which manipulates the positioning state by RS-232 serial link,
conducts the Network Analyzer operation and subsequent data acquisition via General

Purpose Interface Bus (GPIB or also commonly known as the IEEE- 488 standard).
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Figure 3-5 Measurement system hardware

Two different positioning stages were developed for targeting on different
applications where the DUT areas are varying and different resolutions are demanded.
For applications requiring mm or sub-mm sampling intervals, an HP7220C plotter has
been proven to be reliable and versatile. The scan area of the plotter is limited by the
design of the probe support. Currently scans on the order of 15 ¢cm by 28.5 cm with a
minimum step resolution of 25 um. For probing on tiny scale circuit, such as MMIC on-
wafer testing, where pum to sub-um resolution is required, a DC motor driven table was
alternatively used. Two limitations of using DC motors are backlash and speed. If the
backlash of each motor is known it can be compensated for in software. The minimum
step size of the motors being currently used is 0.1 um for each axis capable of 25 mm of

displacement.
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Figure 3-6 Plotter mounted with monopole probe for mm resolution scans

Figure 3-6 shows the test platform for mm level measurement of microwave devices.
The probe is mounted on the plotter which is controlled by a computer. The scanning

resolution of the plotter is of 25 um.

Figure 3-7 shows the apparatus required for um resolution scans. The monopole
probe is mounted on a plastic beam that is fixed on the DC motor driven table. When
using the monopole probes whose dimensions inhibit direct connection to a SMA
connector some ingenuity is required. A miniature coax (D, = 0.32 mm and D; = 0.05
mm) is soldered directly to a large coax (D, = 2.2 mm and D; = 0.51 mm) which in turn
directly mates with a SMA connector. For slightly large coax it is possible to use an
intermediary microstrip transmission line to construct a coax-microstrip-SMA
configuration. To investigate the effects of the discontinuities introduced to the

transmission line, time domain measurements can be performed.
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Figure 3-8 Setup of the Scanning System for pm level measurement
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Figure 3-8 shows the whole setup for the computer controlled scanning system. The
DC motors is connected to the computer via a 9-pin serial port. The Network Analyser is
communicated with the computer through GPIB using an IEEE-488 cable. The test si gnal
from the Network Analyser is the input to the device under test, the feed back si gnal from
the probe is returned to the Network Analyser. The computer controls the movement of
the DC motors and the operation of the Network Analyzer, collects, processes and

displays the measurement data by the software programmed using LabVIEW.

3.4 Software Development with LabVIEW™

3.4.1 Introduction of LabVIEW

The introduction of LabVIEW pioneered a new instrumentation approach called
virtual instrumentation. Virtual instrumentation empowers users to build their own
instrumentation systems with standard computers and cost-effective hardware. These
software-centered systems leverage off the computational, display and connectivity
capabilities of popular computers to give users the power and flexibility to build each of

your instrumentation functions.

LabVIEW is a revolutionary graphical programming development environment based
on the G programming language for data acquisition and control, data analysis, and data
presentation. LabVIEW features with the flexibility of a powerful programmin g language
without the associated difficulty and complexity because its graphical programming

methodology is inherently intuitive to scientists and engineers.

LabVIEW is a multi-platform, available for Windows 9x/NT/2000/, Mac OS, Sun,
HP-UX, and Concurrent PowerMAX. Data can be acquired from thousands devices,
including GPIB, VXI, PXI, serial devices, PLCs, and plug-in data acquisition (DAQ)
boards. By using the LabVIEW inter-application communication tools such as ActiveX,

dynamic data exchange (DDE), and structured query language (SQL) database links,



remote data sources can be accessed via Internet. LabVIEW program can be called from
other environments. It can also call existing code in the form of a dynamic linked library

(DLL) on windows or a shared library on other Operating Systems.

Users can easily find and download almost all the drivers of measurement equipment,
such as oscilloscope, logic analyzer, network analyzer, spectrum analyzer, etc. in their
labs from either equipment makers or National Instruments, even from some other users
who have developed the drivers for the instruments. It empowers users a faster way to
program instrumentation, data acquisition and control system, to build their own
solutions for scientific and engineering systems. It gives the flexibility and performance
of a powerful programming language without the associated difficulty and complexity.
This will significantly reduce the time to develop a measurement system, and make users

focused on their measurement itself instead of system development.

G programming language is the heart of the LabVIEW. Like C or BASIC, G is a
general purpose programming language with extensive libraries of functions for any
programming task. G also includes conventional programming debugging tool, user can
set breakpoints, animate the execution to see how data passes through the program. G
programs are called virtual instruments (VIs) because their appearance and operation can
imitate actual instruments. A VI consists of an interactive user interface, a dataflow
diagram that severs as the source code, and icon connections that set up the VI so that it

can be called from higher level Vls.

The interactive user interface of a VI is called the front panel, because it simulates the
panel of a physical instrument. The front panel can contain knobs, pushbuttons, graphs,
and other controls and indicators. Users enter data using a mouse and keyboard, and view

the results on the computer screen.



The VI receives instructions from a block diagram, which user constructs in G. The
block diagram is a pictorial solution to a programming problem. The block diagram is

also the source code of the VIs.

Vls are hierarchical and modular. User can use them as either top-level programs or
subprograms. The icon and connectors of a VI work like a graphical parameter list so that

data can be passed between Vs,

With these features, G makes the best use of the conception of the modular
programming. Each subVI can be performed and debugged by itself, this makes

programming much easier.

3.4.2 The LabVIEW™ Test Program for Computer Controlled
Scanning System

A series of LabVIEW programs have been developed for controiling probe
manoeuvring and data acquisition. The programs are the third generation of the
automated scanning system software which is improved over the second generation [5] .
It provides the way to easily integrate all hardware controlling involved in the
measurement into a single graphic user interface, i.e. network analyzer, DC motor,
plotter, spectrum analyzer, etc. The 2" generation software EMDAP (ElectroMagnetic
Data Acquisition Program) was developed based on the Turbo Pascal and provided the
control of the scanning system by the command line interface on DOS Operating System.
The current software is designed with a graphical user-interface which makes full use of

the control components in the LabVIEW control palette (Figure 3-9).

Through GPIB (IEEE 488) interface, communication between the computer and the
Network Analyser is established. All the features of the Network Analyser can be
remotely accessed by the LabVIEW program in the Network Analyser Setup control box.
The test frequency can be specified as the centre frequency and the scanning span and the

data format can be log/linear magnitude, phase, smith chart, polar and standing wave

52



ratio. User can also select the measurement of S-parameters, R-parameters or A/B
parameters. Via the COM1/COM?2 serial port, the DC Motor or plotter can be controlled

for pm or mm resolution scanning, respectively. In the DC Motor/plotter Control box,

user can define start point, end point and scanning step.

1B} 1DumScan.vi ¥

DC Motor Control

b
T, — vl e

I |
-

i
Hicies

Network Analyzer Setup

measurement {0 :51 l)

1 Elreans: Forward 521 _
format (0:logmag)

BE magnitude |

fom}at (0: lqg{mag_) copy

center span

£ o0 19105000 1o

Data File Management
deliaru]}:rpath ({:;gtj descﬁptinn)

Comments

Figure 3-9 Frontpanel of the LabVIEW test program for Computer
Controlled Scanning System

A real-time display of the spectrum magnitude and phase along with the automatic
data filing is also provided in the LabVIEW program. A summary and comparison of the
capabilities between the two generations of software is provided in Table 3-1 Summary

and comparison of the two generation of software.



Table 3-1 Summary and comparison of the two generation of software

Communication | Scans Rgai time Resolution Control
display
. Graphical
Program GPIB & COM 1 ED& M;gﬂigge mm & um Cor1|;1;1;and user
P interface
EMDAP Yes Yes No Yes Yes No
LabVIEW:
1DumScan.vi
2DumScan.vi Yes Yes Yes Yes No Yes
2DmmScan.vi
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Chapter 4 NEAR-FIELD SCAN USING MONOPOLE AND
COPLANAR WAVEGUIDE PROBES

To further expand on previous measurements [5] , more experiments were conducted
to illustrate the value of the monopole coaxial probes as microwave circuit diagnostic
tools. Tests on applications ranging from coplanar waveguide transmission lines, single
patch microstrip antenna to microstrip antenna arrays have been done. As an alternative,
the Coplanar Waver Guide (CPW) probes are also fabricated and tested. Some results
comparing monopole probe with CPW probe is presented. Depending on the application
the sampling interval may be in the mm to um range. Typically, 50 to 100 field data
samples per observation point are taken to minimize the noise effect to the measurement

results.

4.1 Monopole Probes to Measure 500 CPW T- Line

Ground Lines Signal Line

Figure 4-1 Structural diagram of a coplanar waveguide T-line
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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 architecture allows for the mounting of lumped
components in a shunt or series configuration, while eliminating the need for drilling
holes or slots through the substrate. Figure 4-1 shows the structure of a coplanar
waveguide transmission line circuit, where w is the width of the signal line, ¢ is the
thickness of the signal line, & is the substrate thickness. €, is the relative dielectric

constant of the substrate, and €. is the effective dielectric constant of the substrate.

4.1.1 Coplanar Waveguide Transmission Line Analysis

A

)?
i
i
i
i
i
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i

/\

F
g e [f substrate h

Figure 4.2 Electric field variation above CPW T-line and measurement
with monepole probe

Figure 4-2 is a diagram that illustrates the electric field variation over the surface of

CPW T-line. It also shows the monopole probe displacement at different spot when it is
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scanning transverse (x direction, position 1, 2, and 3) and longitudinal scanning (z

direction, position 1 and 2"} over the CPW transmission line.

When it is in TEM mode the distribution of electric field over the surface of CPW

transmission line can be summarized as
E(x, y,z)—-ET(x,y)ei’z 4-1)

where E7 only has x and y components and the z-variation is of exponential form.
So Er should have same pattern at any given z expect for a phase and magnitude change.

The electric field distribution over CPW T-line then can be discussed separately.

Two different CPW T-lines were scanned with monopole and CPW probes. Their
geometries and parameters are shown in Figure 4-3 and Table 4-1 respectively. The two
transmission lines will be referred as Type A and Type B transmission lines in the

following measurement.

Table 4-1 Parameters of two tested CPW transmission lines (Figure 4-1)

Type A Type B
Zo () 68.9* 492
£ 2.54 9.8
5 (um) 330 100
w {(um) 740 250
h (um) 580 280
t (um) 17 5
Eett 1.87 4.97

*t1s noted that Z, of type A CPW calculated by PCAAD was not close to 50 Q as expected. This is
probably due to the change to the substrate properly in the etching process. The Type A CPW is not a
commercial but a house-made product.



Type Ars=03mm w=07mm
TypeB:s=0.1 mm w=025mm

(@)

(b}

Figure 4.3 a) Structural diagram of CPW T-line; b) Type B CPW under
test, s = 160 pm and w = 250 pm

4.1.1.1 Analysis of Transverse Electric Field Variation

An important property of TEM wave on transmission line is that the electric field can
be uniquely related to the voltage on the transmission line. If the electric field ET(x, v)

due to the transmission line is known, an approximation to the induced voltage on the

probe is

Vi = [Er (o) dl s L By (%00 9,) (4-2)

Lﬁp isvery small
path

where Ly, is the probe tip length, Er, is the y component of electric field at the tip

location (xyp, Yiip).

As shown in Figure 4-2, when the monopole probe is right over the signal line of
CPW transmission line at position 1, the electric field Er(x, y)only has y component,
the coupling voltage between the probe tip and the CPW circuit Vpe will then be
maximum in magnitude. With the probe moving to the right, Er(x,y) will have both x

and y components till the probe moves to position 2, where the probe is right above the
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gap between signal line and ground line of CPW, ET (x,y)has now only x component

and V). will then be zero. Again, ET (x,y) at position 3 only has y component with an

inversed phase, so V. will be seen at its second peak in magnitude.

To solve for ET(x, ¥), we solve the Laplace Boundary Value problem for ®(x, y),

and then use ®(x, y) to determine E‘—T {x,y) since ET (x,¥) ==V®(x,y). In order to
estimate Vj,4 for a particular CPW geometry, under electrostatic conditions we can solve

the Laplace Equation for that geometry to yield E_T (x,y) and then V.

Y (Ax, Ay)

Al

&g

od fon.= Vid.= I S

11 P N

Figure 4-4 Laplace Boundary Value problem solving

We solve the Laplace BV problem numerically, as shown in Figure 4-4, using a finite

difference MOM approach with an SOR Iterative Matrix Solver [40] . We set

* Ax=25um, Ay=25pum and Nx = 101 and Ny = 121 to solve Laplace BV
problem for Type A CPW, and
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e Ax=10um, Ay =10 um and Nx = 101 and Ny = 111 to solve Laplace BV
problem for Type B CPW, and

Figure 4-5 is the plot of electric potential ®(x, y) on x-y plane (refer to Figure 4-2 and

Figure 4-4) by solving the Laplace BV problem. Given the contour plot of ®(x, y), the

electric field ET (x, y) will then be drawn since it is normal to ®(x, y).

Figure 4-6 is the plot that shows the Laplace BV problem solution for y component of
the electric field Ey(x, y) at different height above the Type B CPW transmission line

circuit plane.

Figure 4-7 and Figure 4-8 demonstrate the solutions for Type A and Type B CPW T-
line laplace problem using the SOR iteration algorithm, and they will be compared with
the experimental results on Type A and Type B CPWs later in section 4.1 and 4.4. Figure
4-7 shows the results on Type A CPW with different probe tip length at a certain hei ght
over the circuit. Figure 4-8 shows the results on Type B CPW with probe at different
heights over the circuit. Since a CPW probe will be used to measure the Type B CPW
circuit in the later experiment, we choose the height at 0.5w, w and 2w, where w = 120

um is the signal line width of the CPW probe.

To confirm that the convergence of FD method is not changing with the grid size
AxAy, the calculation was repeated by using different values of Ax and Ay, namely Ax =
10 wm and Ay = 10 wm to calculate for the Type A CPW and Ax = 5 um and Ay = 5 umto

calculate for the Type B CPW. The same results were obtained for each case.
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Figure 4-5 Contour plot of electric potential ®(x, y) of Type A CPW
provided that 5V applied to the CPW signal line

Ey(x, y) at different height above circuit plane
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Figure 4-6 E,(x, y) at different height above Type B CPW circuit plane
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Figure 4-7 Laplace BV problem solution for Type A CPW provided that
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4.1.1.2 Analysis of Longitudinal Electric Field Variation

To investigate the longitudinal variation of the electric field, we can analyze the
structures using circuit theory concepts, provided we break the problem into small parts
so that the circuit element dimensions will be much smaller than a wavelength. To do
this, we describe the transmission-line by a series resistance per unit length R, series
inductance per unit length L, shunt conductance per unit length G, and shunt capacitance
per unit length C. A small section of transmission-line with length dz thus has the

foilowing equivalent circuit:

i(z) Ldz Rd- Iz + dz)
G
— MW
+ +
Viz Cdz T Gdz Viz +dz)
o . o

e —

Figure 4-9 Equivalent circuit of a section of transmission line

Analysis of this circuit for time-harmonic signals gives the wave equations

P& _yv=0 s

-y 1(z)=0 4-3
% 3 Yy I(2) (4-3)

where y is the complex propagation constant given by

y=a+jf=J(R+ joL)G + joC) (4-4)

Given a lossless transmission line, o = 0, and



y=Jjb (4-5)
The solutions to the wave equations are superpositions of forward and reverse waves,
V)=V, e7" +V, e I()=17e™ +1,e" (4-6)

Just like with plane waves, we define a characteristic impedance as the ratio of

voltage to current (for positive travelling waves)

v .
0= I()* 2“;0_ (4-7)

and the wave velocity (or phase velocity) and wavelength are given by

2n

i
Ag = ? Vp = —B— = f/?'l.' (4'8)
Zs
]
Vs > Zp Z,
1 O I
i { »

Zin f 0 z

Figure 4-10 Schematic model of a generally loaded transmission line

For the transmission-line circuit above (Figure 4-10), we define a voltage reflection

coefficient (at the load Z;) as the ratio of reflected voltage to incident voltage, which can
in general be complex:
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1% » zZ, -7
FL :Vo |I-\L|ej-91" — L 0

Z,+Z,

4-9)

: =
a

Some special cases are:
Short: Z; =0 - I',=-1 Open: Z;p =c0o — 'y = +1 Match: Z; =Z; - I'L=0

Using the load reflection coefficient gives the input impedance Z;, for the lossless

casc

7 - Z, + jZ tan fil
"% Z, 4 jZ, tan A

4-10)

The term P is called the electrical length of the transmission-line. Some special cases

for Z;, are considered with different load Z, :

Short line: Z, =0 Z,=jZ tanfl = jZ, tan—iil 4-1D
8
N . . 27
Open circuit: Z, = Z,=—jZ, cotfl =—jZ, cot;—ﬂ! (4-12)
8

Given Equation (4-6) and (4-9), V(z) can be produced,
V)=V, [I+T, e’ le7"* (4-13)

where V," is determined by the source V, (Figure 4-10) and its impedance. For a

lossless transmission line,

V(z) =V, [1+T, e/*# e i* (4-14)
0 L



What are interested in is V(z) for different load conditions.

For a matched load, Z; = Zp and 'y, = 0, there is a linear phase variation with position
V() =V, e " (4-15)
For an OC (open circuit) load, Z; = oo and I, = +1,

V(z) =V, [l +e/*P7 e ¢
4-16
=2V, cos(%z 2) (4-16)

4

Hence, there is a standing wave with minima at A,/2 spacing. Along the transmission

line, as shown in Figure 4-10, V(z) has a minimum in magnitude at each test point where

z=nhf4,n=-1,-3,-5, ..., where lg = c/f,/ELﬂ )

4.1.2 50 Q@ CPW T- Line Measurement with Monopole Probes of
Different Tip Lengths

Coaxial Probe
t=0.5mm/2mm
do=0.32mm
di=0.05mm

Figure 4-11 Monopole probe
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Coaxial probe is the simplest and easiest manufactured diagnostic tool in near field
scanning system. The purpose of this test is to compare how difference of tip length ¢ will
take effect to the probe performances. The tip length of monopole probe is the length by
which the inner conductor is made longer than the outer conductor (copper shield) at the

probing end.

Figure 4-11 is the monopole probe used for scanning. The diameter of outer shield is
320 pm, and the diameter of inner conductor is 50 pum. The tests were conducted with

two identical coaxial probes with different tip lengths (7) of 0.5 mm and 2 mm

respectively. The DC motor scanning station (Figure 3-7) was used for testing.

Two 50 Q open circuit CPW T-Lines (Type A and Type B) were measured at 5 GHz.

Their parameters are listed in Table 4-1.

Network +—— | 486 PC

Analyzer

probe |5

Figure 4-12 Test structure to measure CPW T-lines

The test set up is shown in Figure 4-12. HP 8753A network analyzer (up to 6 GHz)
was used to excite the circuit under test and to pick up the signal to finally get the Sy
forward transmission parameters. Two DC-controlled motors composed of the scanning
stage that made the movable probe doing 1D/2D scanning over the circuit area. Computer

workstation was controlling the activities of the network analyzer (through GPIB bus)
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and the scanning stage (through RS-232 port), and processing data from the network

analyzer.

The transverse scan, for which the probe was moving along the path 2.5 ¢cm away
form the edge of open circuit end of the CPW T-Line, was run over the open-circuited
Type A CPW (w = 740 um and s = 330 pm) with both monopole probes (different tip
lengths) at frequency of 5 GHz. The probes were over the CPW circuit plane about 0.1
mm high. Figure 4-13 shows the scanning results with both monopole probes. The 0.5
mm tip length monopole probe found minimum induced signal at displacement around
820 um. The Laplace BV problem solution for the same Type A CPW shows (Figure
4-7) that the minima occurs at displacement around 610 pm. The deviance of numerical
and experimental results is about 34%. The 2-mm tip length monopole probe, on the
other hand, was not able to reflect the proper electric field transverse variation as

expected from the Laplace BV problem solution in Figure 4-7.

The longitudinal scan was also applied to an open-circuited Type A CPW T-Line by
the 0.5 mm tip length monopole probe, the probe was over the CPW at about 0.1 mm
height, and the signal frequency was 5 GHz. The test results are shown in Figure 4-14.

From the standing wave pattern on the magnitude plot, half wavelength of guided wave

Ay/2, was measured 21.5 mm. Using A, = / f+€.5 » the €4 obtained by experiment was

1.94. Noted that the €. calculated by PCAAD was 1.87, the deviance of simulation and

measurement was 3.7%.
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Figure 4-14 Magnitude and phase plot of lengitudinal scan along the
signal line of Type A CPW with 0.5 mm tip length monopole probe
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4.2 Monopole Probe to Measure Single Patch
Microstrip Antenna

Since the mid 1970°s the rectangular patch has been one of the most widely used
antennas in communication developments [41] . A single patch antenna is the
fundamental element in the design of an ideal antenna array. To determine the pattern of
amplitude and phase of a single patch antenna, a test system was set up as shown in
Figure 4-18 b) which is almost the same as the configuration used for CPW T-Lines

measurements except for the DUT here is a single patch antenna.

To investigate an antenna component, the most important measurements are:

* VSWR for indication of mismatch
* mode excitation for element cross-polarization

* surface wave excitation for estimation of the element mutual coupling
level

4.2.1 Properties of Single Patch Microstrip Antenna

Generally a single patch microstrip antenna is composite of three segment of
microstrip transmission lines with specific dimensions (width W and length L) working at
the expected operating frequency f,. Figure 4-15 shows the dimensions of a single patch
microstrip antenna working at 3.455 GHz. The threc segments are signal feed line,
quarter wavelength transformer and rectangular patch built on the substrate with &, = 3.2 .
The single patch microstrip antenna is designed to be operating at its resonating mode,

for which the frequency of signal fed to the patch is close to the resonant frequency f.

In following analysis, we are simply considering rectangular patch in the first mode

that is the first order resonance frequency occurs on the patch.
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A typical single patch antenna design is to combine the microstrip transmission line,
which is feeding the signal to antenna with the microstrip patch antenna on the same
substrate (Figure 4-16). To match the impedance of the microstip signal feed line to the
microstrip patch, a quarter-wavelength transformer has to be inserted between the signal
feeding line and the patch. The quarter wavelength transformer technique is generally

used to match purely resistive loads [42] .

It is also illustrated in Figure 4-16 that the electric fields, along the z direction,
undergo fringing at the edges of the patch since the open-ended patch is finite along both
length and width (x axis and z axis). This fringing effect has to be taken into account by

adding equivalent lengths AL at both ends.

L
(£ +0.3)(=+0.264)
AL 6412 h

! 3 (4-17)
T (e ~0.258)("+0.8)
1

C. A. Balanis [41] gives out equations to calculate the parameters for rectangular
patch design at resonant frequency. Some values are calculated now for the designed

single patch antenna shown in Figure 4-15 and Figure 4-16.

The effective dielectric constant of the patch

1

1 -

e, = ot & 100 o0 (4-18)
1T W

Given the resonant frequency f, = 3.455 GHz,, the equivalent rectangular patch

length can be calculated by (4-19), where ¢ is the free space speed of light.



L =L+2AL=——+—==0.0249m (4-19)

In a typical design, the signal feed line is a 50 Q impedance transmission line. Given
the substrate thickness i and dielectric constant €, the transmission line width W and
effective dielectric constant €4 can be then calculated. With the patch width W is much
greater than the substrate thickness h (W/h >> 1), the antenna will behave more as
transverse electromagnetic wave (TEM) transmission line, so the entire line feed single
patch antenna can be equivalent to serialized transmission lines with different line

impedance and €.y, as shown in Figure 4-17.

: feed line : A4 vransformer . patch
Rs i E i
v i | Lo (] om
—1i 3 —— H—>
R
i 4 i
Zinfeedline ; Zin-dra E Zin-parch E
i ! !

Figure 4-17 Equivalent circuit of microstrip line feed single patch antenna

For the design shown in Figure 4-15 and Figure 4-16, the radiation conduction at the
open end of rectangular patch is calculated as [41]

1 60(k, W)’
3| L+ (k,W)*

=0.0388¢"

rad

1+0.32+0.68cos(0.77k, L
I oLl
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where

From equivalent circuit Figure 4-17, the input impedance of rectangular patch can be

approximated as

1
Zl‘n—pmdr = 2_6:"‘“‘ =]12.888 (4_2})

rad

The characteristic impedance of the Ay/4 transformer can be calculated as

7 1207 1
o
Earar Eji +1.393+0.667 ln(~;—"’ + I.444J (4-22)
[} 1
=75.598
iy = (ZD(AM) )2 /Z;‘f1~pn:(-1, =~ 443.56€2 (4-23)

Itis noted in (4-23} that the transformer appears not correctly designed since the look-
in impedance from the transformer input port is not 50 chms as expected. There will be

mismatching between the 50 ohm signal feed line and rest of the antenna circuit.

For a lossless transmission line shown in Figure 4-10

V() =V, 14T, e ]e s (4-24)
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where Vy" is determined by the source Vs and its impedance.

Foran OC load, Z; = and I'; = +1,

V(2) =V, [l+e’*F"1e /"
4-2
=2V, cos(i—ﬁ 2) (4-25)

&

Hence, there is a standing wave with a minimum at Ay/4 from the end of the Ay/2

patch.

4.2.2 Single Patch Microstrip Antenna Measurement

To measure the single patch microstrip antenna shown in Figure 4-18 a), we excited
the antenna patch with a 3.544 GHz RF signal from the network analyzer. The coaxial
probe is right above the antenna at the height of about 0.2 mm. (The coaxial probe was
touch down an isolation of plastic film lying on the surface of the antenna patch, the
thickness of the film was about 0.2 mm). The pattern shape in 3-D display for the
magnitude measurement is shown in Figure 4-19. The magnitude and phase pattern of the

single patch antenna are shown in Figure 4-20 and Figure 4-21, respectively.

Figure 4-22 is the magnitude and phase plots along the central line in y direction. It is
noted that the magnitude plot of the 50 ohm signal feed line section is not flat as expected
due to mismatching of impedance. Given the Zinparen Of 12.88 ohms in (4-21), the Aol4
transformer had to be designed such that the Zy .4 equals to 25.38 chms in stead of

75.59 ohms (4-22) to make ZLin-sg close to 50 ohms.
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4.3 Monopole Probe to Measure Microstrip Antenna
Array

4.3.1 Microstrip Antenna Array Topologies and Signal Feeding
Network

As an application of near-field probing technology to measure the microwave circuits,
the monopole probe scanning system was used for investigation on 4x4 antenna array
topologies at 12 GHz. A survey of 4x4 array topologies at 12 GHz was conducted by D.
Gray, a Ph.D. student of the Department of Electrical and Computer Engineering at the
University of Manitoba. Seven 4x4 Microstrip antenna arrays fed with different singal
feeding networks were fabricated using 0.794 mm thick, % ounce copper clad Arlon
Diclad substrate (g, = 2.5) [43] . Use of a constant substrate and desi gn frequency allows
for direct comparison of the arrays behaviour as a function of topology alone. The
designed resonant frequency of the antenna arrays are both between 11 GHz — 13 GHz.
Two types of antenna array, type C and type E [43] were chosen for the tests using
monopole probe scanning system. The dimensions of type C and type E antenna array are

shown in Figure 4-23 and Figure 4-24, respectively.

The purpose of the measurement is to experimentally investigate the performance of
microstrip feeding network and radiation pattern of each antenna patch. It was expected
to see same radiation pattern for both magnitude and phase on all patches and
fundamental mode as the only dominant mode and no other higher order modes. It was

also investigated if the feeding network is imbalance.

Figure 4-25 shows the measurement results on the type C antenna array with 12 GHz
RF feed signal from the network analyzer. The coaxial probe was at about 0.2 mm height

above the antenna. For patch 1 and 2, it was observed that they are fed with the same

19



amplitude and phase but with slight excitation of 3rd order mode. Patch 3 and 4 have

similar behaviour show that higher order modes had predominant effects.

The feeding network show small VSWR in the section marked in Figure 4-25, the

linear phase shift indicates impedance matching.

The same measurement was applied to the antenna array type E fed with 12 GHz RF
signals, and the results are shown in Figure 4-26. The modes generated on four patches
are more predominantly the fundamental modes. The feeding network also show small

VSWR in the section marked in Figure 4-26.

Type E has better performance than type C as shown in Figure 4-28, which agrees

well with the theoretical modelling [43] .
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Figure 4-24 The layout of type e antenna array

81



Feed line matches

a) measured magnitude pattern of type ¢ antenna array
driven by 12GHz RF signal

b) measured phase pattern of type ¢ antenna array
driven by 12GHz RF signal

Figure 4-25 Near-field image of type C antenna array driven by 12 GHz

RF signal
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J;’ Feed line matches

a) measured magnitude pattern of type e antenna array
driven by 12GHz RF signal

b) measured phase pattern of type e antenna array driven
by 12GHz RF signal

Figure 4-26 Near-field image of type E antenna array driven by 12 GHz
RF signal
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Figure 4-27 Near-field image of type E antenna array driven by 13 GHz
RF signal
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4.4 CPW Probe to Measure 50 CPW T- Line

w=120um

a) CPW probe b) CPW probe to measure the type B CPW

Figure 4-29 a} CPW Probe b) snapshot of CPW probe and the DUT



To improve the spatial resolution of an electric near-field probe the micromachining
process has been employed to fabricate um-scale probes. It is, however, unfeasible to
build probes in a form of coaxial cable by micromachining technique. The Eplanar
structure of coplanar waveguide has provided much flexibility in design, reduced weight
and volume, and cost of production. It is for this reason that a CPW probe was fabricated
and tested as a scale model of the micromachined coplanar waveguide probe. The test

configuration and dimension of the CPW probe is shown in Figure 4-29.

4.4.1 CPW T-line Probe Circuit Modelling

508

Cr-.'
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e

=

Figure 4-30 An approximate coplanar waveguide transmission line probe
mode! and the corresponding equivalent circuit model

Figure 4-30 shows the model of coplanar waveguide transmission line (CPW) probe
and its approximate equivalent circuit. The model is quite similar to a menopole probe
model shown in Figure 3-2, so the modelling and analysis will be also similar. The results

drawn from the analysis of monopole probe in section 3.2 is also applicable to CPW
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probe modelling. The model also assumes that the probe load impedance is much greater
than local circuit impedance. C is the capacitance formed between conductor of probe
and transmission line circuit, C,, is the capacitance formed between probe conductor and
shield, Cy is the capacitance formed between shield of probe and transmission line
circuit, Ce, is the capacitance formed between probe conductor and ground plane, Cye 1

the capacitance formed between probe shield and ground plane.

4.4.2 50 Q CPW T- Line Measurement with Different CPW Probe
Orientations

il of CPW
Normal of CPW probe surface -~ Normal of CPW probe surface
-

-
-
£

a) b)

Figure 4-31 a) The CPW probe surface normal is parallel to signal line
and b) The CPW probe surface normal is orthogenal to signal line

This measurement is performed to find the effect to the electric coupling level
between CPW probe and circuit under test when the probe is set to different orientations
over the circuit plane. The normal of CPW probe surface, as shown in Figure 4-31 a) and
b), is either parallel to or orthogonal to the signal line of CPW T-line. A Type A CPW T-
line was measured and the results are shown in Figure 4-32 and Figure 4-33. From the
analysis to CPW in section 4.1.1.1, it is expected that the orientation of the CPW probe
not to make much difference on measurement results, since the induced voltage on the
probe is mostly depending on probe height and tip length. Figure 4-32 and Figure 4-33

experimentaily state the same conclusion.
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Figure 4-32 CPW probe transverse scan over the Type A CPW with probe
surface normal parallel to the CPW T-line under test
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Figure 4-33 CPW probe transverse scan over the Type A CPW with probe
surface normal orthogonal to the CPW T-line under test
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4.4.3 50 Q CPW T- Line Measurement with CPW Probe at
Different Heights above DUT

The heights at which the probe is positioned over the CPW T-line have effects to the
measurement performance. The tests discussed in this section were performed in order to
investigate these effects. The circuit was running at frequency of 5 GHz, and the probe
was set at the height of 0.5w, w, 2w and 4w, where w is the width of the signal line of
CPW T-line, to scan transversely over the DUT. A Type B CPW T-line (w = 0.2 mm and
s = 0.1 mm) was measured for this purpose. The measurement results for the probe set at
different heights are presented in Figure 4-34, Figure 4-35, Figure 4-36 and Figure 4-37,
respectively. Figure 4-38 compares the magnitude of measurements and shows that

height of 2w has the best performance.
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Figure 4-34 CPW probe transverse scan result on CPW transmission line,
height of 0.5w
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4.4.4 50 Q@ CPW T- Line Measurement with CPW Probe and
Monopole Probe — A Comparison

The transverse scan is applied to both Type A and B CPW T-Lines with CPW probe,

and the results are shown in Figure 4-39 and Figure 4-41. The probe is right above the

CPW with height between 25 pum to 50 um.

The same measurement was repeated using the monopole probe with the tip length t =

0.5 mm. The results are shown in Figure 4-40 and Figure 4-42. The monopole probe is

also at a height between 25 um to 50 um over the DUT. These results can be referred to,

for evaluating the performance of the CPW probe.
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Figure 4-42 Monopole probe transverse scan result on the Type A CPW T-
Line

4.5 Conclusion

Various microwave devices were tested by monopole and CPW probes with the
automated near-field scanning system described in Chapter 3. The performance of both
monopole and CPW probes were investigated by measuring two different CPW
transmission lines. Both transverse and longitudinal scan were conducted and results
were compared with the numerical analysis of transverse and longitudinal variation of
electric field in section 4.1.1. The probes were also used to measure the single patch

antenna of 3.45 GHz resonance frequency and two types of microstrip antenna airays.
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Chapter 5 MICROFABRICATED CPW PROBES

With constantly increasing frequencies in communications and integrated circuits,
there is a great demand for low-cost, miniature microwave components. The planar
transmission lines, such as microstrip, stripline, and coplanar waveguide have provided
much flexibility in design, reduced weight and volume, and cost of production. Planar
component size has reduced so much that the fabrication by conventional machining
techniques has become too costly and difficult. It is for this reason that the recent
advanced micromachining techniques have found numerous applications in the

microwave field.

5.1 Introduction

In conjunction with its conventional role as an electronic material, silicon can also be
exploited as a high-precision, high-strength and high-reliability mechanical material by
taking advantage of an already advanced micro-fabrication technology. This is especially
applicable wherever miniaturized mechanical devices and components must be integrated
or interfaced with electronics. Texas Instruments has been marketing a thermal point
head [46] in several computer terminal and plotter products since early 1977 in which the
active printing element abrasively contacting the paper is a silicon integrated circuit chip.
The crucial detector component of a high-bandwidth frequency synthesizer sold by
Hewlett-Packard [46] was made as a silicon chip in 1980 from which cantilever beams
have been etched to provide thermally isolated regions for the diode detectors. High-
precision alignment and coupling assemblies for fiber-optic communication systems are
produced by Western Electric [46] from anisotropically etched silicon chips simply
because it is the only technique capable of the high accuracies required. Some recent
works carried out by G. M. Rebeiz [47] in the Radiation Laboratory in the University of

Michigan shows that micromaching techniques can be used to alter the electromagnetic
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characteristic of the underlying substrate so as to result in better performance than
standard planar designs. They designed some high Q resonators, low-cost filters, and hi gh
efficiency micromachined antennas. The similar work is also done by V. Milanovic [48]
on coplanar waveguides. It is verified that the absence of the lossy silicon substrate after
top side etching results in significantly improved insertion-loss characteristics, dispersion

characteristics and phase velocity.

5.2 Basic Procedures of Micromachining

The mostly used micromechanical processing techniques are etching, epitaxial
processes/deposition, thermomigration, thermal bonding, and membrane techniques. The
etching, deposition and membrane techniques were used in our application which will be

discussed in detail in section 5.4.

5.2.1 Etch

The commonly used etching systems are chemical, plasma, sputtering and reactive-
ion etching (RIE). Chemical etching is suitable for large and deep area removal while the

other three etching techniques are usually used for surface/mask removal.

The chemical etchants for silicon are numerous and they can be isotropic or
anisotropic, dopant dependent or not, and have varying degrees of selectivity to the
masking materials. What we used in the microfabrication of CPW probe is KOH [46] ,
the anisotropic chemical etching which exhibits much higher etch rate ratios than any
other chemical etching. A disadvantage of KOH is that SiO; can’t be used as a mask in

many applications. Si3Ny is the preferred masking material for KOH.

In plasma, sputtering and reactive-ion etching (RIE), the high-accelerated and heated

ions are applied to the surface of silicon to remove the materials such as $iO; and SisN,.
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5.2.2 Deposition

While etching is for the material removal, the material addition in the form of film
deposition, metal plating is very important structural tool. Deposited thin films have
obvious applications in mask, passivation, wear resistance, corrosion protection, fatigue
strength enhancement. The most common used deposition methods are chemical vapour

deposition (CVD), e-beam and sputtering deposition.

CVD is a widely used method for depositing thin films of a large variety of materials
such as Si0O; and SizN4. The CPW probe discussed in section 5.3 was fabricated with this
technology. In a typical CVD process, reactant gases (often diluted in a carrier gas) at
room temperature enfer the reaction chamber. The gas mixture is heated as it approaches
the deposition surface, heated radiatively or placed upon a heated substrate. Depending
on the process and operating conditions, the reactant gases may undergo homogeneous
chemical reactions in the vapour phase before striking the surface. Near the surface
thermal, momentum, and chemical concentration boundary layers form as the gas stream
heats, slows down due to viscous drag, and the chemical composition changes.
Heterogeneous reactions of the source gases or reactive intermediate species (formed
from homogeneous pyrolysis) occur at the deposition surface forming the deposited

material.

The clectron beam evaporator deposits thin metal films by means of electron beam
heating and evaporation inside a high vacuum chamber. This system is primarily used for
the deposition of microelectronic contact or interconnects. To avoid contaminating the
metallization processes, the types of source materials and substrates allowed into the
system is limited. Evaporation materials allowed are Al (pure), Al-1%Si, Pt (user must
supply own Pt material). Allowed Substrates are Inorganic substrates only - Si, glass,
Silicon-on-Sapphire, compound semiconductor. Sputtering deposition use the
cryopumped chamber for RF/DC sputtering to form a metal plane such as Al, Cr and gold

on the silicon surface.
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5.2.3 Silicon Membrane

While etching and deposition are two essential procedures in micromachining, some
other procedures such as thermomigration, thermal bonding, especially the dopant-
dependent etching for the realization of thin silicon membranes are all employed in many

applications. We used the silicon membrane in our CPW manufacturing.

Silicon membrane is important in controlling the etching processing. The etching
processing will stop while arriving at a silicon layer which is highly doped with boron. Tt
is simply because the etching rate inside the boron medium is really slow compared to the

other normal silicon material.

One application of the boron-doped membrane is illustrated in the following
application in the ink jet nozzle design. Without the membrane, the hole size of the ink jet
nozzle will be affected by the thickness of the wafer layer (Figure 5-1 a) and b)). The size
of the hole (1) equals L-(2t/tan@), where the L is the mask dimension and t is the thickness
of the wafer layer and 8 = 57.74°. If a boron doped silicon membrane is produced and
suspended across the bottom of the pit with an orifice in the center corresponding to the

location previously left undoped (Figure 5-1 c), the hole size can be precisely controlled.

St

(a) {b)

Figure 5-1 Boron membrane in the fabrication of silicon ink jet nozzle - a)
and b} show the errors in final nozzle size which occurs when the wafer
thickness varies ¢) shows a boron membrane structure to minimize the

effects of the wafer thickness.
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5.3 Micromachined CPW Probe

Before we start to describe the processing procedures of the manufacture of our CPW
probe, it is helpful to understand its architecture and dimension. Its dimension and a

picture of micromachined CPW probe are shown in Figure 5-2.

The dimension of the probe tip
{ unit is um)

Figure 5-2 Dimension and the picture of the micromachined Coplanar
Waveguide (CPW) probe
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The probe was manufactured on a 400 pum Si wafer, which is partially etched
previously until a 30 um boron doped membrane layer is reached. The extra layers of 1.2
pm Si0O; and 0.1 pum Si3Ny4 are deposited on the 400 pm Si wafer surface, which is the
platform of the probe tip. The conductive material for the CPW three transmission line is
1.13 um Au and 500 A Cr. (Figure 5-3 a) and b)). This was designed and fabricated at the
Alberta Microelectronics Centre by Dr. C. Shafai in 1996 [62] .

113 pm Au

0.1 um SiyNy

=40 um ¢ ~ 30 pm boren doped membrane

400 pm
partial backside etched Si wafer

{a) the side view of the layout of the CPW probe

SiaNg / §i0,

~400um

30 um 8§
membrane
underneath

(b) top view of ihe layout of the CPW probe

Figure 5-3 The layout of Co-Planar Waveguide (CPW) Probe [62]
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The fabrication procedure [62] started with Si wafer <100> with 400 pm in thickness.

¢ Dope the Si wafer with boron dopant on the surface with 30 pum thickness
to form a boron membrane.

* Deposit 1.2 um Si02 @ 300 °C on the surface of Si wafer by Chemical
Vapour Deposit (CVD), annual @ 1100 °C for 20 minutes, Figure 5-4 a).

* Deposit 0.1 um Si3N4 @ 300 °C on the surface of SiO2 layer by CVD,
Figure 5-4 a).

* Deposit 0.1 pm Si3N4 @ 300 °C at the back of the Si wafer by CVD.
Then pattern the backside Si3N4 layer with RIE plasma etch. This
patterned layer will be used as mask for the next KOH etch procedure,
Figure 5-4 a).

* KOH etch @ 80 °C for 6 hours to remove the Si until arriving the boron
membrane layer to form Si diaphragm, Figure 5-4 b).

» Pattern and etch top Si3N4 and SiO2 dielectrics by RIE to make Si
exposed, Figure 5-4 ¢).

¢ Deposit 1.13 um Au, SO0A Cr and 0.25 um gold by sputtering deposition
and then patter and etch metals to form probe tip, Figure 5-4 d).

* To remove the exposed Si, etch the Si diaphragm from back by RIE,
Figure 5-4 €).
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0.1 pm SizNy

Si wafer /

(a ) the 400 m Si wafer doped with boron
membrane and deposited with 1.2 pm SiO,
and 0.1 pm Si3Nymask

400 pm 0.1 um SisN,
S$i wafer /

{b ) the Si wafer after KOH etch 1o form Si diaphragm.

(d} depositing the Cr and Au and gold
and then etch the metal layer to form the probe tip

(e) the final probe tip is formed by etching the Sj
diaphragm from back in RIE to remove the exposcd Si

Figure 5-4 The silicon wafer of CWP during the micromachining
processing[62]
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5.4 Conclusion

As shown in Figure 5-5, a micromachined cantilever was mounted to a CPW circuit.
This created a near-field probe that was used to measure a Type B CPW transmission line
(Figure 4-3). Unfortunately, the signal coupled to the probe was at noise level. The
structure of the micromachined cantilever is the major reason to cause the problem. Since
the signal line and the ground lines had the same length (Figure 5-2), there was no probe
tip constructed. The probe has to be redesigned and fabricated in the future work. Other
than that, the gap between the probe tip and the CPW circuit plane has also to be
precisely controlled, and the vibration of such a tiny cantilever has to be reduced as much

as possible.

Figure 5-3 CPW probe made with the micromachined cantilever



Chapter 6 SiMPLE PCB MEASUREMENT WITH
MAGNETIC LOOP PROBES

As an alternative to the electric field probing techniques, the magnetic near field
variation has been studied in recent years, and techniques have been subsequently
developed to measure the magnetic near field produced by a radiating structure [28] [29]
[30] . One of the developments is proposed for examining Printed Circuit Board (PCB)
through non-contact means. Goulette etc. developed a system for testing electromagnetic
emission and diagnosing faults in PBCs [55] [56] , the system comprises a planar sensor
array of probes consisting of two serially connected wire loops aligned perpendicular to
one another. The sensor array is positioned close to the energized board under test such
that the magnetic field produced by the currents within board conductors will be picked
up by the sensor element located in the proximity. Similarly, Soiferman [57] utilized an
array of planar printed spiral loop antennas as the non-contact sensors for mapping the
near-field patterns of bare PCBs. They both, for PCB failure detection, compare the near-
field image pattern of board under test to a reference pattern obtained from known non-

faulty boards.

This chapter is based on a sct of experiment reports that was part of the in vestigation
to determine detection capabilities of faults in Multi Layers Boards [58] [59] . The probe
design is such that the magnetic field generated by sources (such as neighbouring lines)
other than the printed line under test does not couple to the probe. Alternatively, printed
lines directly under the probe couple efficiently with the probe, inducing currents which

add constructively. The test set up is shown in Figure 6-1 which includes:

* Single-loop/four-loop probes made from a rigid coaxial cable, the inner
conductive wire is coiled to form the ring(s). The ring diameter d, is about
10 mm and the inner wire diameter d,, is about 0.5 mm.
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e Wiltron network analyzer, which was used to energize and to collect the
magnetically coupled signal to get the S21 forward transmission
parameters.

* HP plotter, a scanning stage to drive the movable probe conducting 1D/2D
scanning over the circuitry area.

* PC to control both network analyzer and plotter, and reading data from the
network analyzer.

Wiltron Network |«—»! 486 PC

]— Analyzer

fixed probe movable probe

d, =05 mm A
d. = 10 mm PCB board

Figure 6-1 Test setup for PCB failure detection with magnetic probes

6.1 Near-field RF Inspection of PCBs

Excitation

| Source

PCB trace

Figure 6-2 Traditional PCB fault detection with bed of nails
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A traditional solution of PCB fault detection is a contact measurement as shown in
Figure 6-2. It requires a bed of nails for excitation and signal detection, which turns out

placement of too many switches and yield of low resolution.

Wiltron Network |«——»| 486 PC

Analyzer

fixed probe .
|| movable probe

== Copper layer

Figure 6-3 Illustration of indirect excitation

Wiitron Network
Analyzer

Copper layer 4

Figure 6-4 Illustration of direct excitation

Figure 6-3 shows the indirect excitation solution. Indirect excitation measurement
induces currents on conducting paths on PCB by one of the loop pair, and generates

magnetic near-field pattern by the other loop. Indirect sources don’t need to touch
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circuits. Indirect excitation has some drawbacks which are weak induced single and
interfere due to direct source-loop coupling.

In contrast, direct excitation can induce currents on conducting paths on a printed

for exciting.

circuit board as shown in Figure 6-4. The advantage of direct excitation is strong
coupling signal. The drawbacks are that it needs to contact PCB and needs bed of nails

6.2 Measurements on Indirect excitation

6.2.1 Magnetic Coupling between Loops over a PCB Ground
Plane

~
~

(IVANRREARNN

!
(I
' !
\

/
rd

Figure 6-5 Indirect excitation over a ground plane

The purpose of the measurements conducted in this section is to investigate the

effects of ground plane to indirect excitation. As shown in Figure 6-5, the ground plane
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tends to repel the magnetic field away with the induced eddy-currents. However, the
magnetic field can still go through the ground plane if the ground plane thickness is less

than a few skin depths [60] . For copper the skin depth can be calculated by
8 =.J2/wuc , where ® = 2nf, W = Mo = 4x 107 Wb/m, and ¢ = 5.8x10° S/m. The

thickness of copper sheet on the PCB tested is about 17 um for a ¥ oz. cladding. When
excited at 100 MHz, the skin depth of the copper sheet is about 6.6 um, so the effect of

ground plane can be modelled by perfect image current as shown in Figure 6-5.

Considering the scenario shown in Figure 6-6, two loop probes are placed over a PCB
ground plane. One probe is sitting relatively at xo, the other is movable and is moved
from x; to x;. The port 1 of network analyzer feeds the fixed probe for indirect excitation
and the port 2 is connected to the movable probe for collecting magnetically induced
signal. The ring surface normals are parallel. Provided that the left edge of PCB is
marked as x = 0, the fixed probe is located at xo = 12 mm, the movable probe is scanning

from x; = 25 mm to X2 = 125 mm. Two loops are about h = § mm above the plane.

The equivalent circuit for Figure 6-6 is shown in Figure 6-7.

Wiltron Network |{«——| 486 PC  |¢~—

[" Analyzer D

¥
fixed probe I
&

== Ground plane

Figure 6-6 Two loop probes over a large ground plane, ring surface
normals are parallel
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508 508

Figure 6-7 Equivalent circuit of two probes over a ground plane

The relations between Vj, V5, I;, I, can be expressed by the network theory as

following,

V; _ d Lll _Mlz I
v, - dt| =M, Ly Z,
the mutual inductance -between loops is [61]

MZ! = M;z = “ILJJAEIoapl(;’)d;,

1 s,

=

Hoth n-n,ds’
47R’ ’

(6-1)

(6-2)

where R is the distance between two loops, A; and A, are the areas of two loops,

and n,, n, are the normals to loop 1 and loop 2, respectively.

Given the same geometry, the self inductance of each loop is [61)
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L, =L,= yﬂ{ ln%—2.45) (6-3)

where r is the ring radius of loops and d is the wire diameter.

From the equivalent circuit in Figure 6-7, V; and V> can be calculated.

ol

1= Jw. - Vo + p JoM 1, (6-4)
50+ joL, = 50+ jwl,, )

V, =501, =—9 oM, 1, (6-5)

50+ jwL,,

under unilateral approximation, which assumes loop 2 does not give any loopback

coupiing to the source circuit, loopl, we will have the approximation

V.
VI (6-6)
50+ jwL,,
substitute (6-6) into {6-3),
50 i V.
» B joM ;) ———— (6-7)
50+ jwlL,, 50+ jwlL,,
Hence, S;) = V> / V, can then be caiculated with
1

Sy =—joM 2’ 29 (6-8)

50+ jwL,, 50+ jooL,

The above discussion does not take into account the effects of self-inductance and

mutual inductance of the images. As shown in Figure 6-8, when considering the effects of
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images, the self-inductance and mutual inductance equations (6-2) and (6-3) must be

recalculated.
50Q 50Q
Figure 6-8 Two probes over a ground plane and their images
nage lu@ Al AZ 3
M =~ (6-9)
| ar([R* +(2h)?
image A A"
Ly = - F0 0T (6-10)
4 (2h)
. HAA 1 o
M, =- —_— (n,-n,) (6-11)
' ar | R (JRE+n)?y |
: - AA,
Ly = L _ 2.5 ) Folhy (6-12)
d 47 (2h)

Figure 6-9 shows both theoretical and experimental results of S,;. The calculations of

either with the consideration of image effects (Equations (6-11) and (6-12)) or without
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the consideration of current image effects (Equations (6-2) and (6-3)) are plotted.
Regardless of the magnitude offset, the experimental result agrees well with the
numerical result. Figure 6-9 also shows that S,; is at the noise level when the distance
between two loops is greater than 50 mm, and there is minor magnetic coupling between
them. When the distance is less than 50 mm, the inter-probe coupling (interfere) is

dominant.

-20
- Cal. w/ image
-------- Cal. wfo image
— Measured
— 40
m
RS
5
2 -60
; ‘ A
2 -80 )
°
g . ~ S
S -100 i T A
£ .
E\_j \"'-.
9 120}
-140

20 40 680 80 100 120
Distance between two loops {mm)

Figure 6-9 The numerical simulation vs. experimental data for two loops
over a ground plane and ring surface normals are parallel

A measurement was also conducted for the scenario where ring surface normals are
orthogonal, as shown in Figure 6-10. Similarly, the fixed probe was located at xq = 12
mm, the movable probe was scanning from x; = 27 mm to x; = 127 mm, two loops were
at 8 mm above the circuit plane. The test result is shown in Figure 6-11. As expected
from Equation (6-2), there was no magnetic coupling between two loops when their ring

surface normals are perpendicular to each other, and S, plot is at the noisc level.
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Wiltron Network [«—a| 486 PO |¢—m

l’ Analyzer
D

fixed probe

movable probe

== Ground plane

Figure 6-10 Two loop probes over a large ground plane, ring surface
normals are orthogonal

-65

20l / A |
Eg 751 A A }
YL WS AR TP AT
E L A Wi ey
'g -90
L‘Lg" 95
§)-100

-105

10 20 40 60 80 100 120

Distance between two loops (mm)

Figure 6-11 S,, plot for two loops over a ground plane and ring surface
normals are orthogonal

Trying to enhance the performance of the measuring system, a multi-loop (four-loop)

probe was also made and tested to be used as the movable probe. Measurements were
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repeated with the four-loop probe for both configurations where normal vectors to ring
surfaces are parallel and orthogonal. Unless mentioned, the setups are the same as shown
in Figure 6-6 and Figure 6-10. The single-loop probe was fixed at xo = 0 mm, and the
movable four-loop probe was scanning from x; = 15 mm to x; = 115 mm. Two probes
were at 8 mm above the ground plane. Figure 6-12 and Figure 6-13 show the single loop

probe vs. the four loop probe performance.

By s

A
o

521 Forward Transmission (dB)

20 40 60 80 100 120
Distance between two loops (mm)

Figure 6-12 Performance comparison of single-loop and four-loop probes,
ring surface normals are paraliel

It 1s noticed in Figure 6-12 that the inter-probe coupling level between two single-
loop probes does not change significantly by using a single-loop or a four-loop probe.
Provided that the self-inductance of a single loop, i.e. loop 2 is Ly; and the mutual
inductance between two single loop, i.e. loop 2 and loop 1 is M,;, when loop 2 is
replaced with an N toroid loop, i.e. N = 4, the self-inductance of the 4-loop probe will be

N°Ly,, assuming that the loop 2 is an infinite thin wire loop. The mutual inductance
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between loop 2 and loop 1 is now NM;;. Equation (6-8) can be rewritten for the four loop

configuration.

50 _ 1
50+ jwL)” S0+ jol,

Sy’ = —joM 5 - (6-13)

Ly turns out to be approximately 0.047 uH by Equation (6-3) given the ring
parameters shown in Figure 6-1. The inductance [jwL,,| of a single loop is roughly 30 Q

at frequency of 100 MHz. The S;; for both configurations can be calculated by Equation
(6-8) and (6-13).

50 1
=lwM |- .
[Sal =lent | |0+ jw Ly| 50+ jeol,)|
50 |
=loM ., |- : : (6-14)
Ml s ol
= 0.86f0M [ ————
50+ joL,|
50 1
SAloop — M;Huup . R
’ 21 ]60 24 l ,50+j(UL§’3”””’ |50+ij”’
:4’wMZ‘|'so iz L.| 150 l‘ I
i ;'OJO @ 3z| l 1+Ja) ul (6-15)
:Iwle .

507 14807 |50+ jl|
i.__i__.
|50+ jal,,|

=0.41|wM ,,
In actual loop probe design, the wire cannot be infinitely thin and hence the self
inductance Ly, will be between N”Ly, and NLyz. The [S5;*°| will then be closer to |Sy].

This gives an approximate explanation to measurement result in Figure 6-12.



Note that from Equation (6-15), S is very sensitive to Ly, value accuracy, in another
words, is sensitive to the value of WLy, vs. Zo. If WLy, << Zy, then the inter-loop coupling
will increase 4 times (~ +12 dB), while the coupling will decrease 4 times (~ -12 dB) if

wli; >> Zo.

Figure 6-13 shows the result when normal vectors to ring surfaces are orthogonal. As
expected from Equation (6-2) there is no coupling between two loops and Sy, plot is at

the noise level for this test configuration.

0 5 ! ! = !
: : : four—bop probe
single~loop prabe_|
; 5 af
] I R A Y-S SHURUS: B . DU S -
0N I NN N 248
3 o |E‘551$1|I? & ,g:' oo I‘f‘fJ‘i‘htﬁS"EE i %;sqa
s A, N 1 T onA o e AMHA Pty
2 ol ...._,.,...;.-3?.&{. ...|.._.£|{§- Loy ii 3 4}1! tﬁj ........... i Jl..;r.l ....... p
) CRERR A R Y A
& Y L A gA TR Eé
£ oy P A af
@ "85—”':&3.{”3 .;:.I__.:K ..... frl*"m.m: ............ M TS .
o I ho [ :
£ L
E Ty | SN i..:.l ........ ‘k:ch ............................................... -
M
N ‘1"‘}: .............................................. -
/ I
4] R R R R R R l] ........ Teiieieininn }.; ................ Fevrsormsasmsannas Leteisiacaranan —
|
[Ty % IO A Eedamie e iL '. ............... . [ _
110 i i ; i i
o 20 40 €0 80 100 120
Distance (mm)

Figure 6-13 Performance comparison of single-loop and four-loop probes,
ring surface normals are orthogonal
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6.2.2 Magnetic Coupling between loops over a PCB Trace with
Both Ends Shorted to Ground

This section will investigate the feasibility of using two loop probes to detect PCB
trace failure. Instead of a large ground plane, a circuit board was used. This circuit board
consists of a dielectric layer with dielectric constant €, = 3.3, a copper layer on one side
as ground plane, and a 10 cm long by 1 mm wide circuit trace on the other side. Both

ends of the trace were shorted to ground.

_ Wiltron Network |«——s| 486 PC

Analyzer —

¥
E]
1
i
1
B
1
1

fixed probe [

‘ lﬁ({vabie probe

Ty

= Copper layer

Figure 6-14 Two loop probes over the circuit trace with both ends shorted

6.2.2.1 Frequency Sweeping to Measure the Coupling Characteristic

As shown in Figure 6-14, two probes are at 8 mm above the circuit board. The fixed
probe is at Xy, and the movable probe is at x; or x2. Port | of network analyzer feeds the
fixed probe for excitation, port 2 was connected to the movable one to collect the

inductive coupling signal.

The sweeping frequency is from 40 MHz to 1000 MHz. Two measurements were
taken for the movable probe at two spots x, and x (Figure 6-14), x, is 7.5 cm away from

Xo along the trace, while x; is 2 cm away from x; along the ring surface normal.
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As shown in Figure 6-15, plot A is the measurement of movable probe being at x; and
plot B is for the measurement at x;. The peaks around -50 dB are the trace resonant
frequencies. The first resonant frequency is at about 300 MHz. When f < 300 MHz, the
wavelength is less than 1 m, there will be no resonance, so the trace can then be treated as
lumped coil (loop) inductive element. If £ > 300 MHz it will see line resonance effects.
Hence, the operation should be in quasi-static region, for which frequency is less than

250 MHz to have the inter-loop coupling measured independent of trace resonance.
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Figure 6-15 Frequency sweeping results by two single-loop probes
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6.2.2.2 Scanning along the PCB Trace

When two conductive wire loops are right over a trace, as shown in Figure 6-16, the

relations between V), Vs, V,and I, I, 1, can be written as,

Vl a Ll] M]?. M]I Il
v, =E M, L, M,I|I, (6-16)
Vt Mrl Mrz Lu Ir
AY
506 50Q
h
4 I R
x=0 |y ¢ X

Figure 6-16 Two loops over a PCB trace

For case that excited frequency is well below the resonance frequency, f < 300 MHz,
the PCB trace can be treated as a lumped parameter device by ignoring the distributed

nature of the transmission line and thus can be modelled as a single loop. The inductance

of the loop is L, and loop area is 2d-L.

Since the trace is shorted to ground, V, = 0, hence

ozg-[M,,ziu I} = 1 =-200 (6-17)
1

i
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given that My = My,

oM 21
Vi == jM o1, = T (6-18)
A (6-19)
© 50+ jawlL,,
vV, joM?Z 50
S71 =2 JOM . _ . 1_ (6-20)
TV L, 50+ jwL,, 50+ joL,
where Ly is the inductance per unit length of microstrip t-line, and
tAE 2d mA, 2 |
=202 dx =£2°2 (6-21)

4r }{(x/szrhz)?T a4z Wi x4+ ht

a

From Equation (6-20), as the substrate thickness d is in order of 1 mm, much less than
the distance / (about 8 mm) between the loop and the trace, and also much less than the
PCB trace length L, the value of My, can be approximately estimated to be a very small

value. This will be demonstrated in the experiments that follow.

Figure 6-17 shows the numerical result of magnetic coupling between the PCB trace
and the loop probe by Equation (6-20). Provided that L, is in order of 100 nH for the

PCB trace under test, the magnetic coupling is very small at -76 dB level.
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Figure 6-17 Calculated magnetic coupling between the PCB trace and the
movable loop probe

Similar to the experimental investigation done in 6.2.1, both single loop and four-loop
movable probe were used for measurement of the PCB trace. The fixed probe was at x =
1.0 cm, the movable probe was scanning from x; =2.6 cm to X, = 9.5 cm. These two
loops were 0.8 cm high right above the circuit trace. Figure 6-18 shows the measurement
results when two ring surface normals were parallel. There is a 3-4 dB enhancement
when using a four-loop probe in place of a single-loop probe. The S, plot is at noise
level when the distance between two probes is greater than 50 mm, and there is minor
magnetic coupling between them. While the distance is less than 50 mm, the inter-probe

coupling (interfere) is dominant.
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Figure 6-18 Performance comparison of single-loop and four-loop probes
scanning along the trace, ring surface normals are paralle

Measurement was also conducted for scenario that ring surface normals were
orthogonal. Figure 6-19 shows there was minor coupling between loops and between

loops and trace.
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Figure 6-19 Performance comparison of single-loop and four-loop probes
scanning along the trace, ring surface normals are orthogonal
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Figure 6-20 Scanning along the path aside from but parallel to the trace



To investigate the coupling level of scanning right over the trace from that of
scanning along a path aside from but parallel to the trace, a measurement also was
conducted as shown in Figure 6-20. In the measurement two loops right over the circuit
trace, the fixed probe was located at xg = 3.6 cm, the movable probe was scanning from
X1 =35.3 ¢mto x; = 12.3 cm. These two loops were directly over the trace at height of h =

0.8 cm.

In the test that two loops were both 3.5 cm away from the trace, the fixed probe was
located at x¢” = 5.3 cm, the movable probe was scanning from x,” = 7.0 cm to X’ = 14.0
cm. Figure 6-21 shows the scanning results of the S,; forward transmission ratio versus

the distance between the fixed loop and the movable loop.

—40 T T T T T T T

—— right over the trace
______ tar away from the tracp

S21 Forward traremission [dB)

Distanca (mm)

Figure 6-21 Distance scanning results by two single-loop probes in the
case of circuit trace with each end short circuited
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6.3 Measurement on Direct excitation

This section will discuss some measurement results on direct excitation. As shown in
Figure 6-22, only one single-loop probe was used in the measurement. The circuit board
is the same as that used in 6.2. The portl of network analyzer was directly connected to
one of the trace ends, and the port2 was connected to the movable probe to collect the
coupling signal from the trace. The other end of the circuit was short circuited. Two

measurements were conducted for this configuration:

* Frequency sweeping to measure the coupling characteristic versus the
stimulus frequency.

¢ Transverse scanning over the circuit trace.

Wiltron Network [«—| 486 PC |¢——

Analyzer

movable probe

Copper layer

Figure 6-22 Measurement on direct excitation

6.3.1 Frequency Sweeping to Measure the Coupling
Characteristic

The frequency sweeping measurement was taken at x; and x; (Figure 6-22). x; is 2.5
cm away from the signal feeding end, while x; is 7.5 cm away from the end. The loop

was 0.7 cm high over the circuit trace. The sweeping frequency is from 40 MHz to 1000
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MHz. As shown in Figure 6-23, Plot A is the result at x; and Plot B is the result at X2 It is

expected to see the similar results explained in 6.2.2.1.
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Figure 6-23 Frequency sweeping for a single-loop probe from 40 MHz to
1000MHz

Figure 6-24 is a zoomed-in plot for 40 MHz < f < 200 MHz.
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Figure 6-24 Frequency sweeping for a single-loop probe from 40MHz to
200MHz

6.3.2 Transverse Scanning across the PCB Trace

Transverse scanning over circuit trace with a single loop probe for direct excitation
was conducted as shown in Figure 6-25. The intersection x; of the scanning path and
circuit trace was 2.5 cm away from the signal feeding end. The scanning range was 10

cm, 5 cm aside on each side of the trace.
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Figure 6-25 Transverse scanning across the circuit trace

Figure 6-26 An approximate model for magnetic field calculation without
consideration of image current effect

An approximate magnetic field distribution over the PCB surface is shown in Figure

6-26 when looking at the cross section of the PCB trace. With the consideration of image
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current effect, the closed magnetic field curls in the very near field region can be
considered approximately as a group of circles having a common tangential line at point
(y =0, z=0). Provided that the electric current is along x axis, the y component B, of the

magnetic field B at the central point of the loop can be formulated when the probe is at y.

B, = #Ll.cos o (6-22)
2nr

where [ is the current in circuit trace, r’ is the distance between the central point of the

loop and circuit trace, and o is the angle formed by the vector B and y axis.

For a closed magnetic field curl, the radius r is
r=h+Az=y" +(A2)° (6-23)
Az can then be expressed as

y?. . h?
Az = 6-24
2h ( )

Substitute Az in (6-23) with (6-24),

r=hihz=d T (6-25)
2h
Hence,
I { 0 —h?
B =— *o cosgr = — o y —h (6-26)
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Figure 6-27 Simulation result of transverse scan over the circuit trace with
a single-loop probe
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Figure 6-28 Measurement result of transverse scan over the circuit trace
with a single-loop probe
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Figure 6-27 is the magnitude plot of B, calculated by (6-26). The coupled current
signal to the probe will be proportional to B,. Figure 6-28 is the measurement result. With
the assumptions for the very near field region the measurement result agrees with the

simulated result.

6.4 Conclusion

In this chapter, both indirect and direct excitation measurements with magnetic
probes were investigated as an alternative to capacitively coupled probing technique.
Frequency sweeping performed indicated that to eliminate trace resonance at high
frequency where PCB traces cannot be treated as lumped coil (loop) inductive elements,
the measurement with magnetic probes can be only done at frequency lower than 300

MHz.

The measurement and simulation results also illustrated that in the indirect excitation
measurement, the inter-probe coupling (interfere) is dominant when two probes were
close to each other. Increasing the loop coil number of probe did not enhance the
performance very much, for instance, using a four coil loop was giving a 3dB

performance enhancement.
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Chapter 7 CONCLUSIONS

The feasibility of the applications of electromagnetically coupled probes as diagnostic
tools for a broad range of microwave circuits has been investigated. Unlike a traditional
circuit measurement technique, non-contact near-field probes are much less likely to

disturb the normal operation of the device under test at Gigahertz frequency.

An automated near-field probing system has been designed and built capable of
producing information unavailable from conventional measurement techniques. A system
transfer model was created to prove that the transfer function of device under test can be
obtained provided that the transfer function of near-field probe is derivable from
modelling. By using a method of moment (MOM) solution, T. Forzley has given a
approximate model for various heights of the probe above the transmission line and
incremental displacements relative to the center of the transmission line [5] . The system
hardware and software were built in a module-oriented manner such that the system was
ﬂex.i'b:l-e and scalable to facilitate testing dn wide range of microwave devices. The system
is capable of one-dimension and two-dimension scanning for mm and pm resolution
applications. The software developed based on LabView® is user friendly and capable of
communicating to various measurement instruments, i.c. Network Analyzer, Spectrum

Analyzer and Oscilloscope.

Various microwave devices have been tested by monopole and CPW probes with the
automated near-field scanning system. The performance of both monopole and CPW
probes were investigated by measuring CPW transmission lines. To verify the
measurement results, CPW transmission line analysis was performed. The transverse
electric field variation of CPW transmission line was modeled by solving the Laplace
boundary value (BV) problem using a finite difference MOM approach with a SOR

Iterative Matrix Solver [40] . The longitudinal electric field variation modelling was
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performed by traditional transmission line theory. Both transverse and longitudinal scan
over the CPW transmission lines were conducted and the results were compared with the
numerical models. The test results recommend that the CPW probe and monopole probe
have a comparable measurement performance, thus micron-meter electric near-field
probes can be fabricated in a form of planar structure through the micromachining
process to improve the spatial resolution. In addition, the probes were also used to
measure the GHz single patch antennas and microstrip antenna arrays. The test results

illustrate further proof to the feasibility of electric near-field probe application.

As an alternative to the electric near-field probing technique, the magnetic near-field
probing has been also investigated to determine detection capabilities of faults in Multi
Layers Boards [58] [59] . The signal frequency in such applications is limited up to 300
MHz range, and strong coupling between magnetic probes has been found to have

considerable impact on the performance of this near-field measurement approach

A micromachined electric near-field probe designed and fabricated at Alberta
Microelectronics Centre has been evaluated at scale less than 100 um measurement. The
“electric coupling between the probe and the transmission line under test was not strong
enough and data acquired was at noise level. This was mainly due to the structure of the
micromachined cantilever. There was no probe tip constructed since the signal line and
the ground lines had same length. The probe has to be redesigned and fabricated in the
future work. Other than that, the gap between the cantilever and the CPW circuit plane
has also to be precisely controlled, and the vibration of such a tiny cantilever has to be

reduced as much as possible.
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