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ABSTRACT

Characterisation of high-power communications-based amplifiers (PAs) has generated
many thousands of research papers and much of this work assumes the transistors at the
heart of these (PAs) to be a ‘large’ holistic entity. Given that high-power
communications-based transistors are made up of multiple, parallel transistors on a single
substrate, it is this intermediate scale range, within the periphery of the device, but much
larger than the geometrical scale of the epitaxy and the lithography, that requires deeper
investigation. Raman-based thermography may add a dimension of spatially varying heat
dissipation but ‘lifting the bonnet’ of the transistor and making internal contactless
measurements of current and voltage is the only way to fully account for the myriads of
parasitic effects that have been observed by countless researchers. To date, however, very
little research has been conducted on quantifying the individual spatial voltages within
the transistor in order to fully characterise it. Miniaturised contactless current and voltage
probes are theorised, designed, characterised and optimised in this thesis to deliver a
robust and reliable means of transistor characterisation at these internal spatial
dimensions. The contactless voltage probe presented in this work has a spatial resolution
four times finer than the previously reported voltage probe, with a useful bandwidth up
to 7 GHz and a controllable passive gain up to 20 dB at the desired operating frequency.
The pinnacle of this thesis delivers a novel shielded contactless current probe, capable of
high-resolution scanning, culminating in a ‘quasi-calibrated’ measurement of the
distributed currents within a multi-finger LDMQOS transistor operating at high power and
high frequency. The spatial resolution of this shielded contactless current probe is 62.5
pum with 22.7 dB average rejection ratio to the electric field, and it has a broad bandwidth
up to 9 GHz. To date, this type of contactless current measurement has not been reported

elsewhere.
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Chapter 1: Introduction

1 INTRODUCTION

Nowadays, it is hard to imagine human life without wireless communication facilities.
The features offered by telecommunications networks have caused widespread demand
for broadband mobile services everywhere. Subscribers to mobile networks represent
more than 50% of the global population and the forecast of developments in this field
shows no evidence of slowing down [1]. These mobile networks offer the required radio
links between smart phones through wireless transmitters and receivers via widely
distributed base stations (BS).

The tremendous success of the mobile networks requires more BS to be included in the
network to offer wide expansion in the coverage area and/or to overcome fading and
interferences problems. However, the impact of this success and growth is impeded by
the need to consume more energy by BSs, which is leading to an increased contribution

to the global carbon footprint and rising network energy costs.

The philosophy underpinning the ‘Green Communications’ revolution are the kind of
environmentally friendly technologies that aim to reduce the harmful environmental
effects of expanding ICT use. The emergence of the term Green Communications has
come about as a result of research into the consequences of the emission of carbon dioxide
on the climate. These effects are known as the phenomenon of global warming,

greenhouse phenomenon or Thermal Greenhouse.

To reduce the ecological and economic implications of the greenhouse effects, the overall
energy efficiency of the mobile communication systems need to be improved with a major

focus on the BS which consumes around 57% of the total power [2]. A significant amount
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Chapter 1: Introduction

of this energy, around 50% - 80%, is consumed at the transmitter part of the base station
and more specifically by the microwave power amplifiers (PA) stage [3].

High power microwave transistors like the laterally diffused metal oxide semiconductor
(LDMOQS) field effect transistors are broadly used in the BS power amplification stage
due to their low fabricating cost. While for the BSs that work at a high frequency, the
gallium nitride (GaN) high electron mobility transistors are predominant. For both types,
enhancing the efficiency and the linearity of these PAs is a key factor towards achieving

realistic wireless green communication systems.

Power dissipation by semiconductors: ‘the self-heating phenomena’ have negative
consequences on the performance and the reliability of high power microwave transistors
[4], [5]. Some of these effects can be marginally reduced by either using proper external
matching circuits and/or using active cooling. Although the later solution can enhance the
quality and reliability of the device, it further adds to the carbon footprint attributed to the

overall system.

High power microwave transistors are usually constructed from a chain of parallel cell
transistors encapsulated in the same package and share the same external leads. Internal
characterization and optimization of these devices represent a real challenge for the
microwave power transistors designers. This is due to the lack of suitable tools and probes
to perform voltage and current measurements inside the microwave power transistors
without loading or altering the performance of the device under test (DUT). The move
away from Si based PAs which require active cooling towards GaN based PAs that do
not require active cooling represents the single most effective step towards green

communications.

1.1 Structure of the High-Power Microwave Transistors

Fabricating a high power microwave transistor is not an easy task [6] and there are many
factors that must be considered to achieve this target. One of them is the correct width of
the transistor gate which needs to meet two opposing requirements. For high-frequency
applications, the gate width should be very thin, while in contrast, the wider the gate is,

more power can be delivered by the transistor.

One solution to overcome this problem is to replicate many low power high-frequency
transistor fingers to scale up the power and forming transistor cell. Cells are connected in

parallel to gain the desired power rating at the desired operating frequency. These cell
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transistors share the same substrate and their combined structure is referred to as a die.

Transistor dies forming the basic unit within a microwave power transistor.

In many high-power transistors, there is often more than one die which share the same
external leads (drain, source and gate), see Figure 1-1. The gate and drain pads on the die
are connected to the respective gate and drain leads via an array of bond wires. Internal
matching capacitors are connected to the input and output sides of the die to achieve the
desired input/output impedances.

Ceramic
substrate

Integrated \
capacitor \

Array of . %
bonding=wires "’ff,""*.-
Gate Lead »t// -
/\Uos capacitors
Flange

Figure 1-1 Structure of the LDMOS microwave power transistor [7].

1.2 Measurements within Microwave Power Transistor

Unfortunately scaling up the power, by using multiple transistors cells, is a nonlinear
process and the total power is not proportional to the total sum of the width of the gate.
Practically, this might occur due to the non-even heat distribution and the mutual coupling
between adjacent parts, fingers and bond wires [8]. This nonlinear behaviour leads to

more power dissipated as heat and causes a greater efficiency degradation.

To overcome these problems, it is essential first to know the voltages and more
importantly, the currents that pass through individual parts inside the microwave power
transistor. This must be performed under normal operating conditions to find out how the

load is divided between dies and then between individual cell transistors.
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One way to quantify the amount of power dissipated in each die is to capture their thermal
images in order to identify how the load is shared among them depending on their
temperatures. This method has two advantages over the Ground Signal Ground! (GSG)
probing, it is nonintrusive, and it doesn’t need any galvanic contacts with DUT. These
features are very important in high-frequency measurements where the presence of
foreign objects (such as probes, etc.) might alter the measurement. However,
thermometry is a consequential measurement rather than direct as it is quantifying not
just the joule heating due to the current but perturbed by factors such as heatsink
efficiency, geometry, location in the die (central as opposed to periphery) and specifically
for GaN, the thermal conductivity of the GaN-Substrate and nucleation layer.

1.3 Motivation
Measuring the localized voltages and currents within microwave power transistors are
very important to improve their efficiency and linearity. The designer of these devices

needs suitable probing tools to perform these localized measurements.

Miniaturized voltage and current probes represent an alternative method to locally
quantify the intensities of both the electrical and the magnetic field, radiated from the dies
and the bond wires within microwave power transistors. Variation in these localized

intensities is proportional to those in the voltages and currents respectively.

This type of measurement is known as the near field measurement or the contactless

voltage and current measurement because no galvanic contact is made.

1.4 Thesis Objectives

The ultimate objective of this thesis is to deliver a means of quantifying currents and
voltages at specific locations within a semiconductor device. Significant progress has
been made by numerous research organisations in quantifying current and voltage for a

device as a holistic entity.

In order to fully de-embed the factors that give rise to the vast array of parasitic and non-
linear phenomena such as the memory effect, AM-PM distortion, efficiency, etc., this

holistic perspective requires much more introspective detail.

! The measurement with GSG probing is performed by creating a low impedance metallic contact with

DUT and therefor it can simply alter the impedance of the bond wire.
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1.5 Thesis Outline
This thesis largely focuses on the design and development of contactless voltage and
current probes intended for diagnostic and characterization of communications-based

microwave power transistors under normal operating conditions.

Chapter One: Introduction. Chapter one introduces the problem of high power
dissipation inside microwave power devices and brings into focus the motivation for this

research.

Chapter Two: Electromagnetic Fields measurement at Microwave Frequency.
Chapter two reviews the theoretical principles of contactless electromagnetic field probes
and sources of electromagnetic radiation including their types and their important
properties and limits. The focus here is on the monopole and the loop antenna where their
characteristics are studied in both directions as a source and as a receiver. None of the
information described in this chapter is new but it offers the essential background needed
for designing and implementing contactless voltage and current probes. The chapter ends

with a review of the most important papers on contactless voltage and current probes.

Chapter Three: Measurement Setup and Fabrication Requirements. Chapter three
presents the generic setup for the contactless voltage and current measurements and
describes the main parts and tools used in it; together with the connections and
communication between them. Also, it highlights the environments and the nature of the
targeted devices inside microwave power transistors. A brief description is provided in
this chapter for the bond wires and the structure of the die to gain an adequate
understanding of the interaction that occurs between these parts and the probe within the
measurement process. The details of a range of tests that are needed to verify the
characteristics of the newly fabricated miniaturized probes are illustrated. These tests are
firstly applied to ‘scaled-up’ contactless probes fabricated from standard coaxial cables

and their results are considered as a reference.

Chapter Four: Voltage Probe Realization and Testing. Chapter four address the
impacts of the geometrical aspects of contactless voltage probes on their spatial resolution
and sensitivity. At the beginning, large scale monopole antennas, fabricated from the open
end standard coaxial cables, are used to study these impacts and to establish general
design criteria. These criteria are then applied to the design and realization of the
miniaturized contactless voltage probes. Different methods of enhancing the spatial

resolution and the sensitivity of these voltage probes are explored and discussed in this
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chapter in detail with highlights of their advantages and disadvantages. This chapter is
then finalised with multiple tests to verify the important specifications of the newly
fabricated miniaturized voltage probes. The novelties in this chapter can be summarized
in three points: firstly, this miniaturized voltage probe has high spatial resolution of at
least 25 um, secondly, it has a controllable passive gain of around 20 dB and thirdly, a
useful operating bandwidth of about 7 GHz.

Chapter Five: Current Probe Realization and Testing. Chapter five starts with the
same procedure given in chapter four to identify the relationship between the geometry
of the loop antenna and their spatial resolution and sensitivity. The design criteria are then
applied to the design and fabrication of a miniaturized contactless current probe with high
spatial resolution capabilities. Chapter five describes a novel technique to enhance the
current probe’s rejection of the unwanted electric field pick-up. The fidelity of this novel
miniaturized current probe is then examined by applying three other tests: the electric
field rejection with average rejection of around 22.7 dB, the standing wave test and the
test of the inverted umbrella current distribution across the width of a microstrip line. The
novel structure of the miniaturized current probe allows it to move freely and thus perform
a direct current measurement inside operating microwave power transistors. The other
novelties recorded in this chapter are: a spatial resolution of around 62 pm and useful

operating bandwidth of 9 GHz.

Chapter Six: Novel Measurements of Current within a Microwave Transistor.
Chapter six focuses on a new method of characterizing microwave power transistors by
using the miniaturized contactless current probes to perform multiple current
measurements within these devices. Real time direct current quantification is of great
importance for the designer of these devices because they need to know how the currents
are distributed among the internal structure, like the parallel dies and their associated bond
wires. This type of information will help designers to improve and modify their designs
and thus enhancing their overall efficiency. A 130 W LDMOS power transistor
(consisting of three multi-finger dies) is used as the DUT which is then scanned with the
miniaturized current probe seven times along its length. These multiple scans show that
the identical dies are carrying different amount of currents and those sides dies are passing

more current than the central one. This is the first direct confirmation of such a variation.

Chapter Seven: Conclusions and Future Work. Chapter seven summarizes the
conclusions and the important outcome from this work and suggest further ideas and

modifications for the future work.
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2 ELECTROMAGNETIC FIELDS
MEASUREMENTS AT
MICROWAVE FREQUENCY

2.1 Introduction.

This chapter presents the theoretical concepts necessary to gain an adequate
understanding of how the contactless measurements of voltages and currents are achieved
at microwave frequency. Also, it establishes the essential background required for
designing and implementing a range of non-contact electromagnetic probes. Three main
topics are covered here: the different types of electromagnetic sources and their
characteristics, voltage and current probes and their transfer functions and noise and

signals and how to separate them.

Ali Mahdi Lafta Al-Ziayree - March 2018 7



Chapter 2: Electromagnetic Fields Measurements at Microwave Frequency

2.2 Electromagnetic Fields.

Theoretical determination of the voltage and current at any arbitrary point in the space
requires the calculation of the phase and magnitude of electric and magnetic fields
respectively. These fields are governed by a set of four differential equations called
Maxwell equations. Maxwell equations form the foundation of the classic
electromagnetic fields theory. It is considered to be valid over the whole range of the
frequency spectrum and applicable to ultimately any geometry and boundary conditions.
In a homogeneous medium, any solution for the symmetric, time-harmonic electric and

magnetic fields must satisfy these equations [9].

VXE=—Jp—jouH = —J; — joB (2-1)

VXH=],+jweE =], + joD (2-2)
Pe

V-E=? or V-D=p, (2-3)
Pm

V-H=7 or V-B=p, (2-4)

Where, E - electric field intensity, H - magnetic field intensity, D - electric flux density,
B - magnetic flux density, J. - electric current density, J,, -magnetic current density, p, -
electric volume charge density, p,, - magnetic volume charge density, w- angular

frequency, u- permeability, e- permittivity.

These equations switch to a simpler form for regions of no sources, Jo = J;m = Pe =
pn = 0. Practically J. may represent either actual or equivalent electric current sources,

while J,,, may not actually exist and it may only represent other equivalent sources.

The first equation is known as Faraday’s law that relates the electric field to the time-
varying magnetic field that induces it. The second one is an extension of Ampere’s law
and demonstrates how an electric current and /or time-varying electric field can produce
a magnetic field. Gauss’ law for the electric field in (2-3) relates an electric field to its
originating electric charges. Gauss’ law for magnetism states that magnetic monopoles
do not exist. However, it had been written as in (2-4) to reflect the theoretical hypothetical
symmetry required to express the equivalent magnetic current source of radiation.
Substituting J,,, and p,, with zeros in the above set of equations will bring back the time-

harmonic form of Maxwell’s equations [10].
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2.3 Radiation of the Electromagnetic Fields.

Electromagnetic radiation can be either caused by a time-varying electric current or
accelerated electric charges [11]. Usually, individual sources that radiate electromagnetic
(EM) fields are known as antennas. For example, the dipole antenna is an electric source
of radiation while the loop antenna is considered as a magnetic source of radiation. In
both cases, the E and H fields are radiated. The difference is related to which type of field
is dominant in the near region around the antenna. In this region and the flowing regions
away from the antenna, the currents are equal to zero (Je = J; = Pe = Pm = 0). Figure

2-1 illustrates how the EM fields propagate around and near to a dipole antenna.

E-Field

Source Transm ission Line Antenna Radiated

(A) {B)

Figure 2-1 (A) Fields propagated to the dipole antenna [12]. (B) Fields around the dipole

antenna [13].

The fact that Maxwell’s equations are linear (thus the superposition is applicable), allow
us to systematically represent the electromagnetic fields radiated for any arbitrary current
distribution by simply dividing it into infinitesimal elements (dipoles). Integrating the
field components of each dipole reproduce the total fields [14]. The role governing this
type of solution is the assumption of uniform current distribution along these dipoles.
This cannot be assumed true until the dipole’s largest dimension is chosen to be extremely
small with respect to the field wavelength. These infinitesimal dipoles have spherical

wave radiation [15] and thus they are best described in terms of spherical coordinates
(r,0, ) [16].

2.3.1 Regions of Electromagnetic Field Radiation.
Before proceeding to state the mathematical description of the electromagnetic waves

radiating from a certain source, it is important to designate the regions surrounding it and
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the boundary limits for these regions. The space surrounding a source is usually classified
as either near field or far field regions [17]. Many texts also identify two subdivisions
within the near field regions, which are the reactive near field and the radiative near-field,
see Figure 2-2. Boarders between these regions are not unique and many definitions of
their limits have been reported [12], [18]-[20]. Some of them are expressed in terms of
the wavelength A only while others are adapting the largest dimension of the source D
and A [12], [18].

Near field

Figure 2-2 Regions of Electromagnetic Field Radiation [17].

2.3.1.1 Reactive Near-Field Region.

It is also called The Very Near-Field Region [18], [19], [21]. The reactive nature of the
fields here is dominating [22] and the intensity rapidly changes with distance from the
source. It is immediately surrounding the source and starts from its surface [12]. While

for the outer limit, many definitions had been reported, some of them are listed below:

e If D islarge comparable to A, according to [12] r < 0.62 /DB/A and according

to [19]r < D?/8A.
e IfD < A/10 and , according to [22]-[24] r < A/2m and according to [20] r <
0.1A/2m.

2.3.1.2 Radiative Near Field (Fresnel) Region.

It is also called the Transition Region [23]. In this region, the source emitted its initial
radiation of electromagnetic waves and the field description depends on the distance from
the surface of the source [12]. The existence of this region depends on the size of the
source, if D is very small in comparison to A then this region may not exist [12], [24].
Otherwise the boundary of this region starts where the reactive near field region ends and
ends at [12], [18], [22] r < 2D?/A. Alternatively, [20] provides this definition r <
0.81/2m.
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2.3.1.3 Far Field (Fraunhofer) Region.

In this region, the electromagnet field radiates outwards and the waves usually travel
toward infinity which represents the outer limit for this region. The field description
becomes independent of the distance from the surface of the source [12], [18], [22] and
can be approximated to a spherical wavefront. This region surrounding the reactive and

the radiative region and its inner bounding limit (for the case of D is large comparable to
A) starts at r > 2D?/2 and for the case of D < ’1/10, it might start from r > 1/2m.
While according to [20] it starts at r > 0.81/2m .

2.3.2 Radiation of Infinitesimally Small Electric Source.

The Hertzian dipole is defined to be an infinitesimally small current element of current I
and extremely short length ¢, where £ << A. Although such a dipole antenna is not
realistic, it is wildly used as a building block in the analysis of large and/or complex real
antennas [11]. Field observation distance must be large compered to this infinitesimally
small dipole length. Under these conditions, it is assumed that its current distribution is
uniform (approximately constant magnitude and phase through the dipole) [15]. For an
electric source of radiation carrying a current I = I,e/*t, where I, = I, located at the
origin of the coordinate system, the electromagnetic fields observed at any arbitrary point

P04y (see Figure 2-3), is given by the following set of equations [12]:

Figure 2-3 Electric and magnetic fields around an infinitesimally small electric dipole.

I,?sin@[1 1 .
j'BeT [_ + _] eJ(wt=Pr) (2-5)

Ho. = r e

e

I, €cosf[1 1 ,
E. =27 ——— | — J(wt=pr) 2.6
Te ° 2m  Ir? +j,8r3] ¢ (2-6)
pl, £ sinf [1 1 1 ] ,
E, =jZ - — J(wt=pBr) 2.7
0. = /40Ty r -I_j,Br2 p2r3 € (2-7)
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E‘be = Hre - Hee - 0 (2'8)
2, = = [F2 3770 (2-9)
WE £
2T W
- -~ _ = 2-10
B A c ( )

Where, [ is the wave number, Z, is the characteristic impedance of free space, w is the

angular frequency and c is the speed of light.

The power density around the electric dipole is

2] ,* 1
P, =2y [1 ny ﬁ3r3] (2-11)
And the electric dipole radiation resistance is
2me?
Rr, = Zo 533 (2-12)

2.3.3 Radiation of an Infinitesimally Small Magnetic Source.

Analogous to the infinitesimally small electric dipole is the magnetic dipole. It is a very
small current loop of radius a located in the xy plane carrying current I = I,e/® and it
is assumed that its circumference 2ma <« A so that the current distribution is uniform
(approximately constant magnitude and phase through the small loop) [15]. In addition,
the observation distance must be large compered to its circumference. This small current
loop, shown in Figure 2-4, is placed with its equivalent magnetic dipole moment I, and
furthermore, by adapting the duality of electromagnetic theory, the electromagnetic fields

observed at any arbitrary point P, ¢, can be given by the following set of equations

[12]:

Equivalent
Magnetic Dipole

Figure 2-4 Electric and magnetic fields components around infinitesimal magnetic

dipole.
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1 17 .
[; + jﬁrz] el (wt=pr) (2-13)

E = P, £sinb
om = 7J 4

I,fcosO[1 1 .
H = - j(wt=pr) 2-14
w =" onz |2t jﬁr3] ¢ (2-14)
Bl £ sinf [1 1 1 ] .
H, =j——— |- — J(wt=pr) 2-15
om = J AnZ, Ir +j,8r2 B?r3 ¢ (2-15)
H‘bm = Erm = Eem =0 (2'16)

The relation between the equivalent magnetic current I,,, and the actual loop current I, is

given by [12] I,,,£ = jAwul,.

Where A = ma?, (the area of the small loop). Interms of the actual loop current, the above

set of equations become

p?a*l, sin61 1 o
B = Zo 2 [; + W] eI (@E=hr) (2-17)
a’l,cos 011 1 ,
H, = P : r_2+jﬁr3] ol (@t=B) (2-18)
p%a?l, sin @1 1 L1 wtepn 1
Hon, = =4 [?Jrjﬁrz - 52r3] ¢ 19
Hy, = E, =Eq =0 (2-20)

where power density around the magnetic dipole is given by

P, =2 —[1+j 1r] (2-21)

and the loop radiation resistance is

mp*a*
6

R, =2, (2-22)

m

2.3.4 Radian Distance and Radian Sphere.

The electric and magnetic fields presented by (2-5),(2-6),(2-7) and (2-17),(2-18),(2-19)
are valid at any point around the infinitesimally small source except on its surface[12].
The values of these fields might be either real, or imaginary depending on how far from
the source they are observed. The terms inside the brackets in any of these equations can
have identical absolute values at a specific distance from the source known as the radial

distance:
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=2 gr=1 (2-23)

Within a sphere of radius equal to the radial distance, the reactive part is greater than the
radiative part, while outside the sphere it is the opposite. Moving radially away from the
sphere either inward or outward makes the power density either primarily imaginary or
primarily real respectively, see Figure 2-5.

o

Radian Sphere
Reactive S

Power |

{Land Q) Real Power A Power Loss

(Ohmic Resistance)

TR
_ )\ )
2= 9))
L ////" /
Radiation -~
(Radiation Resistance)
FAR FIELD

Total Power
from Source
NEAR FIELD

Figure 2-5 Power flow through the near and the far regions [25].

2.3.5 Comparison of Electric and Magnetic Radiation Source.

In order to attain a deeper understanding of electromagnetic fields in this context, we will
compare those coming out from an electric source to those of a magnetic source at the
near field region. Moving far away from the complicated transitional area between the far
field and the near field regions [26], the previous fields equations could be rewritten in

an approximated and simplified form [12], [26] if the following condition is satisfied:

If Br < 1, i.e. the very near field region, then the term 1/r3 (in (2-5) it is the 1/7,2 term)

become dominant compared to the remaining terms in the brackets.
e For the infinitesimally small electric source, the electric and magnetic fields are
presented by [12], [26]:

I, . 1

H,, = 47;2 sin @ e/ (@D x 7 (2-24)
1,44 . 1

E, =-jZ, A2 cosfe x o3 ( )
o L,PA . 1

Ee, = _]ZOW sin 6 e/ (@D x 3 (2-26)

E‘be = Hre = Hee =0 (2'27)
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the power density around the electric dipole is

4 A
Pa, = =20 24723

and wave impedance is

Eg, LA
Zwe = H¢ = _]ZOZ_T[T

wr3

1
Oc_
wr

(2-28)

(2-29)

e For the infinitesimally small magnetic source, the electric and magnetic fields are

presented by:

a’l . w
Epn = —JZo ,1r20 sin 6 /(@9 < — (2-30)
- o jwt) ! 2-31
Hrm=27"3 cosfe ocr—3 (2-31)
@ e 1 (2-32)
H(,m=—4r3 sinfe ocr—3
Hy =E; =Eg =0 (2-33)

the power density around the magnetic dipole is

_ m?a*l,? w
Py, =jZ, ryro o« 3 (2-34)
and wave impedance is
Eg,, 2nr
B =Ry, T T “or @39

Electric and magnetic sources in the very near field region are surrounded by the E and

H fields. The individual components of them ( Eq_, E,, and Hg_, H,. ) are in phase and
strongly dependent on the distance, inversely proportional to 7* while Hy,_ and E4,_ are
inversely proportional to 2. Field components in the radial direction E. and H,_are in

the axis of the dipole and they are equal to zero in the plane crossing the middle of the

dipole. The magnetic field for both types of source is not a function of frequency.

The electric field around electric source is inversely proportional with frequency while
around the magnetic source it is proportional with frequency. Wave impedances, shown
in Figure 2-6, have imaginary values only and it is dependent on the source that created
it[26].
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Figure 2-6 Electric and magnetic sources wave impedance in near and far zones [27].

These values go high, with a capacitive nature, as the distance to the electric source

decreases. Conversely, they go low, with an inductive nature, as the distance to the

magnetic source decreases. Increasing the frequency leads to a decrease in the wave

impedance and the power density around the electric source. The opposite being true

around the magnetic source. Energy in the very near field region is reactively stored and

is strongly dependant on the distance from the source. Table 2-1 summarises, in brief, the

dependency of the field components, wave impedance and power density on the

frequency and the distance from the source in the near field region.

Table 2-1 Near Zone Electromagnetic fields around electric and magnetic sources.

Electric Dipole Magnetic Dipole

Eg « 1/wr3 0

E¢ 0 « w/r?

E, « 1/wr3 0

Hg 0 o« 1/r3

Hg o« 1/r? 0

H, 0 o« 1/r3

P, « 1/wr3 < w/r3

Zy x 1/wr X Wr

Contactless measurement of currents and voltages are performed usually in the near field

region especially when there are many sources of radiation located very close to each
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other as will be seen in chapter four and five. Under such circumstances, where the total
length of any of these sources (which is equal to € X n, where n is number of infinitesimal
partition) become larger than r, the values of E, and H,,_approach zero (due to cos 8 in
(2-25) and (2-31) when 8 approaches 90 degrees) and substituting 1 instead of sin 8 in
the remaining set of equations. Figure 2-7 graphically summarises the previous
comparison and illustrates the actual field components around the electric and the
magnetic source of electromagnetic energy (sub notations of the electric and magnetic
fields around the loop are exchanged in this figure due to the vertical orientation of the
loop).

Low Current Corresponds to High [High Current Corresponds to Low

Impedance Impedanca
HMonopole Far
!
: Hear Feld
FLIE : Field

e EE }/brg

b Low H

Far
Ae )y Near Fj
[: ]' Fie Id feld
A) = '

B)

Y
L]

High H

Figure 2-7 Electric and magnetic fields components around (A) The monopole. (B) The

loop antenna in the near and far zones [28].

2.4 Practical, “Real-Life”, Sources of Radiation.

Through the previous sections, a single piece of wire has been used to represent an
infinitesimally small ideal source of electromagnetic energy. If the ends of a straight piece
of wire are open circuit, then it is defined as an electric dipole while if the ends of a loop
wire are closed circuit then it is considered as a magnetic dipole. In both cases, the value
of the wave impedance in the near field region is changing until it reaches the transition
region equal to that of the intrinsic impedance of the free space (see Figure 2-6). In many
practical circuits, sources are neither purely open wires nor perfect loops, they are circuit

configurations in between having source and/or load impedances [26], see Figure 2-8.
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el R T I LN 2
Py R
4

Figure 2-8 Practical circuit example, a chip has source and/or load impedances [29].

Real circuit configurations usually consist of a source combined with its internal
impedance Z, a load Z; impedance and galvanic connections between them (wires), see

Figure 2-9 (A). The sum of these impedance represents the total circuit impedance Z.

Q
ar7kQ .
Tel High-Impedance Wave
37kQ 1 "‘-“ (Max of EI’H)
Z,=10kQ "=,
"
g 3ol s
5 Z,=600Q ..
2 3770 Z,=300Q Seo Far—ﬁeld
E Z,=100Q P Region
[ £ 2
14 >
g 3797- Z.=50Q ",»
Z,=10Q -
oy~
TR 4 . o0 ’ Low-Impedance Wave
Lt (Min. of E/H)
(VT 3 P T R S — -
(A) (B) 0.01 0.1 10 M(2m)

Figure 2-9 (A)Real circuit configuration [26]. (B) Wave impedance vs. circuit impedance

in the near field region [26].

The area occupied by this circuit is £ X s and its total circuit impedance Z, = Z; + Z,.
Figure 2-9 (B) illustrates the strong dependency of Z,, on Z. in the near field region (see
also 2.3.5). Z,, is controlled by Z- and is in between a perfect magnetic dipole creating

low Z,, and a pure electric dipole that produces high Z,,.

As a result, this circuit area (£ x s) can be described either by the loop equations or
considered as two single wires with a phase shift equal to 2ms/A between them and use
modified loop equations [26]. For the case where Z, & Z,, = Z, , a modified equation,
suggested by [26], for the electric field only (assuming the electric field is dominant and
v, =1,Z,), is given by

A
47r3

~

ol (@) (2-36)
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In matched (majority of cases) and short circuit termination of microwave circuits, the
values of Z, & Z,, are usually < Z,. Therefore; the mathematical expressions for the
electric and magnetic fields are those given by (2-30) & (2-32) after replacing the ideal
loop area with the actual circuit area (¢ X s) thus resulting in its final form:

wtsl, .
~ Jj(wt) 2-37
J %0 4mer2 © (2-37)
?sl, .
~ _ j(wt) 2-38
47r3 ¢ ( )

Where c is light speed in free space.

2.5 Sensing Electromagnetic Fields.

The antenna is the device that captures the radiated electromagnetic fields and converts
them to voltages and currents. The simplest and oldest form of antennas are those
constructed from wires (see Figure 2-10).

Figure 2-10 (A) Monopole. (B) Unshielded loop. (C) Shielded loop.

The shape and size of wire antennas are important in defining its ability to sense and
capture certain electromagnetic field components. The antenna can, depending on its
shape, receive either one component of the electromagnetic field (electric field or
magnetic field) or receive both components. For example, monopole and dipole antennas
are dealing with electric field component only and a shielded loop antenna does the same
but with the magnetic field component. While an unshielded loop antenna responds to
both components; in general, antennas are frequency selective devices. This selectivity
mainly depends on their size [30] or more specifically on the ratio between its largest
dimension and the wavelength of the electromagnetic wave (4). In many antennas, this
ratio is a multiple of 0.54 and thus current passing through the antenna varies along its

length, see Figure 2-11.
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Figure 2-11 (A) Current distribution along the length of a conductor. (B) Current

distribution on various length antenna elements [31].

When the overall size becomes an issue in some applications, like cell phones for
example, this ratio can drop beyond 0.11 and this category of antenna called a small
antenna [16], [32]. For this case, the current distribution is assumed to be uniform [12],
[19], [21]. The main disadvantage of this arrangement is a corresponding reduction in the
gain of the antenna. Other applications for small antennas, especially the monopole
antennas and the shielded loop antennas, are the electromagnetic probes. To design and
implement a very high-resolution electric or magnetic field probe, this ratio might be
reduced to the range of 0.0003A (as will be seen in chapter four). Current variation along
this very small antenna can be considered to be constant [16], [33]. A supplementary
advantage of this ratio reduction is that this antenna can be treated as lumped elements
and thus circuit theory can be applied [16]. Also, the complexity of solving functions of
four variables (x,y,z and t), given by the electromagnetic theory can be confidently
avoided [34].

2.6 Probe Coupling to the Electromagnetic Sources.

Coupling is the mechanism in which the electromagnetic signals transfer through from
the source to the destination. Generally, the coupling can be either direct or indirect. By
direct, we mean the direct metallic connection between source and destination. This sort
of coupling is adopted in direct voltage and current measurements. The indirect coupling
is also divided into two categories, radiative coupling and the reactive coupling. Radiative

coupling is seen in the far field region and it is the fundamental application of antennas.
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Reactive coupling is usually found around and between adjacent devices and it could be
either capacitive, inductive or both, see Figure 2-12.

r) )) Radiz(iltTia\;eFi(l)dL;pling> ) ) )

Source Conductive Coupling

222222222222

(Capacitive / Inductive) Coupling
(Near Field)

Figure 2-12 Electromagnetic energy Coupling Mechanisms.

Both radiative and conductive coupling mechanisms are well known in many
measurements applications and thus, they are out of the scope of this work. In fact, the
aim here is to introduce the advantages and disadvantages of using the reactive coupling

mechanism as an alternative to voltage and current measurement techniques.

2.7 Reactive Coupling Mechanisms.

In contactless measurements, it is essential to locate the measurement probe very close to
the DUT (source) to ensure adequate sensing of its voltage and/or current (see chapter
four and five). From the details presented in section 2.3.5, the electromagnetic fields in
the very near field region are entirely reactive, which means that any probe located there
is almost not exposed to any radiated field. Instead of that, the probe sensing process in
this environment is strongly biased on the reactive coupling mechanism. Selecting which
type of reactive coupling the probe is capable of responding to depends entirely on its

physical characteristics.

2.7.1 Capacitively Coupled Probe.

The probe and the source of electromagnetic energy are called capacitively coupled if the
probe can recognize and capture the electric field only. Open end coaxial cables have
been used widely as voltage probes due to their ability to only respond to the electric field
component [15]. A small part of the outer shield is removed to allow the inner conductor
to function as a miniaturized monopole antenna. Usually the length ¢,, of this part is < 2
and thus the rules of circuit theory can be applied to model the transfer function of this
type of probe. The level of coupling between this part of the inner conductor and the

source of the field depends on the rate of change of the electric field and the capacitance
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between them. From Gauss law (2-3), lines of the electric fields are perpendicular to /
from the outer surface of the conductor [35]. However, at any point away from the
conductor surface, these lines take the shape of the path between their starting and ending
points, see Figure 2-13. Therefore, part of the longitudinal surface-area and the cross-
section area of the inner conductor are exposed to the electric fields lines around the
source in its near field zone. Summation of these areas A represent the active area of the

capacitor C,. coupling the probe and the source.

d
A=mnd,t, + n(?l”)2 (2-39)

Electric Filed

[ = Iaej(mtj

Figure 2-13 Capacitively Coupled Probe.
Thus coupling capacitor is [35]

Cc = ¢ (2-40)

A
Tr
Where, d,, is the diameter of the probe tip (inner conductor of the coaxial cable), £, is

length of the tip and r is distance between the probe and the source.

According to the extension of Ampere’s law, in (2-2), those electric flux lines which are

crossing the tip of the probe in its active area initiate a displacement current [35] given
by,

oD OE
A=eA— (2-41)

la=5¢ ot

From (2-37) & (2-40), equation (2-41) can be rewritten as

w?esl, . V.

_ (wt) — ¢

lo =Z,Cc—p———e/® = — (2-42)
joCe
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According to (2-42), a capacitively coupled probe can be represented in terms of circuit
elements by either a virtual voltage source I, in series with the coupling capacitor C,

between probe tip and the source or as a virtual current source I, , see Figure 2-14.
Where V. is given by

wtsl, .
V= —jZoFC:e’(“’” (2-43)

O O

— A
CCZ&‘;

wlsl, .
@ oo »
-

fs :
@ V(.' = _jzu 471'(.‘08}(([}”

(o] 0

Figure 2-14 The equivalent circuit of the capacitively coupled probe.

2.7.2 Inductively Coupled Probe.

The probe and the source of electromagnetic energy are called inductively coupled if the
probe can recognize and capture the magnetic field only. The loop antenna is one of the
oldest and simplest forms of this type of probe and it has been wildly used in many
applications of current measurement. In such applications, the loop circumference C is
chosen to be very small (C <« A1) to enhance probe resolution, see chapter five, and thus,
the rules of circuit theory can also be applied to model the transfer function of this loop
probe. Unlike the open coaxial probe, which has symmetrical geometry, the loop probe
response is a function of its orientation with respect to the magnetic field lines crossing it
[36] see Figure 2-15.

Magnetic Field
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Figure 2-15 Inductively Coupled Probe.
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The level of inductive coupling between the loop and the source of the field mainly
depends on the rate of change of the magnetic field and the mutual inductance L,,
between them. According to Faraday’s law in (2-1), magnetic flux lines crossing the plane

containing the loop, induces a voltage at its ends [35]

0B oH oH
=—--A=uA — = ulA| |— 2-44
ot # u ||6t’COSQ (2-44)

V.
: ot

Where, |[A| = A = m(D,/2)? is the area of the loop and 6 is the angle between A and B.

The induced voltage can be expressed in terms of the mutual inductance given by [35]

ol
vV, =— 5% L, (2-45)
From (2-38) and (2-45), equation (2-44) can be rewritten as
] s, . )
Vi = —joud—3 e/ (@) cos @ = —jwL,,I (2-46)

According to (2-46), an inductively coupled probe can be represented in terms of circuit
elements by either a virtual current source I in parallel with the coupling inductance L,,

between probe and the source or as a virtual voltage source V; , see Figure 2-16.

O

/'\/ Vo= —j A {JSJF“ (wt) P
i = }{J_}.Uz 4?_”‘3 e cos

0 o

Figure 2-16 The equivalent circuit of the inductively coupled probe.

Where, I = I,e/(“9is the instantaneous source current and L,,is the mutual inductance
that behaves as a high pass network [29] expressed in terms of source and probe
dimensions [37]

Als
4mr3

Lyp=u cos 0 (2-47)

In principle, the loop probe is just a piece of wire and it is exposed to the electrical flux
lines as well, therefore an additional induced voltage is introduced [31], [38]

2mA
v, = 0 E cos 8’ (2-48)
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Where, 2mA/2 represent the effective length of the loop, and 6’is the angle between the
electric field lines and the plane of the loop [31], [38].

The presence of the factor cos 8 here indicates the dependence of this induced voltage
on the orientation of the loop, which is a direct result of its asymmetry. Usually, with a
small loop (C « A) this induced voltage is typically small compared to that induced by
the magnetic fields. Thus for many applications, such as antenna magnetic field pattern
determination, unshielded loops might provide acceptable results [39].

However, this is not the case for voltage and current measurements. The generation of
two induced voltages in the loop simply means it is sensing both voltage and current at
the same time with a variable ratio between them depending on the orientation of the loop.
Theoretically, if both the loop and the source have perfect symmetry around their axis,
then at & = 0 the loop responds to the magnetic field only and at 8’ = 0 the loop
responds to the electric field only (where 8’ = 90 — 6). However, in practice neither the
loop or the source can easily have such a perfect geometrical symmetry, especially when
dimensions go down to the range of a millimetre or even a fraction of a millimetre. The
practical outcome of this is a misleading measurement and suggests the need to eliminate
this induced voltage due to the electric field or at least significantly attenuate it. By
supressing this electric field element, the loop antenna can be used as a viable current
probe, retaining its mathematical description and maintaining the validity of the
equivalent circuit. The following sections present different methods of e-field

suppression.

2.8 Signals and Noise in Contactless Measurement.

For the purposes of this work, the term noise applies to any signal other than the
measurement target (be that voltage or current). Obviously, other sources of noise exist
e.g. 1/f, thermal, background, etc. However; these are common to all measurement
techniques and is beyond the scope of this work. According to this definition, even the
source under test itself can produce noise, like the case of current measurement with a
bare loop, see section 2.9.2. Of course, the general case is when the noise comes from
other sources located close to the source under test. An example of this, is the case of
bond wires inside microwave power transistors; where the separation distance between
them is in the range of tens of micrometres. Reducing the impact of noise can be ensured

by one of two techniques, either by using a barrier to prevent it from reaching to the probe
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or by cancelling (or at least significantly attenuating) their effects after it has been
captured by the probe.

2.9 Noise Inhibition Techniques.

Undesired electromagnetic fields can be enforced to change their path away from the
probe, either by coupling them to the barrier or by repulsion. The first type is widely used
in a variety of communication and electronic systems, where the barrier is a real physical
material located between the source of noise and the probe. Usually, it is called the shield
but to differentiate it from the second type, this work shall refer to it as a “Real Physical
Shield”. The second type of barrier doesn’t have a real physical material between the
source of noise and the probe and thus we may call it a “Virtual Shield”. Both of them
offer a vital safeguard to the probe when the necessary conditions are satisfied.

2.9.1 Real Physical Shield.

As the name suggest, it is an object or barrier, of specific size and shape, inserted between
the source and the probe. Materials used for this type of shielding can be categorized into
two groups depending on their characteristics. Materials with high permeability, such as
ferrite, are commonly used for magnetic shielding only, where it can redirect the magnetic
fields to another path. The main limitations of this group of materials are their humble
frequency response and the difficulty associated with their miniaturisation. On the other
hand, materials that have high conductivity are overwhelmingly used as electromagnetic
shields: such as gold, silver, copper and aluminium. It is very rare to find a
communication system without a metallic shield. Metallic shielding has three main
advantages. It can efficiently work at high frequency, their shielding action can either
individually control the electric field or control both fields (electric and magnetic), and
finally their ability to be shaped in a miniaturized size. These three features are extremely
valuable when designing and implementing contactless current and voltage probes at
microwave frequencies. The metallic shield is essential at two different areas within the
construction of these probes. The first one, which is common for all probes, is the shield
used to protect the output signal of the probe while it is propagating to the sensing
instrument. Coaxial cables are the preferred transmission line for this purpose, see Figure
2-13. The second part is needed to solve the problem of magnetic probe field
discrimination, see section 2.7.2. Surrounding the bare loop with grounded metallic tube

efficiently prevents this interference. If the surrounding tube fully covers the loop without
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an opening or a gap then it is electromagnetic shielding (blocking both the electric and
magnetic fields), see Figure 2-17 (B). While if the shield is not completely enclosing the
loop then the electric field is shielded only [31], see Figure 2-17 (C).

BASIC LOOP LOOP WITH SHIELD LOOP WITH SPLIT SHIELD
A B c

Figure 2-17 (A) Unshielded loop. (B) Shielded loop. (C) Shielded loop with a gap. [31].

2.9.2 Virtual Shield.

The barrier in this context are the field lines themselves rather than any physical object.
Unwanted fields are prevented from stimulating the probe by means of a similar type of
field (electric or magnetic) emanating from the source under test and because of that it is
called a virtual shield. This type of shield can be found in special but important
environments such as the bond wires inside microwave power transistors. Inside these
transistors, there are many bond wires (sources) carrying currents in the same direction
and they are located very close to each other. A repulsion action occurs between field
lines (electric and magnetic) surrounding adjacent bond wires (sources), see Figure 2-18.
If the dimensions of the probe tip are in a comparable range to those of the bond wires
and if it is located close to a specific bond wire, then it will only respond to the voltage
or the current of that bond wire. This type of shield is a key factor in defining the

contactless probe resolution, see chapter four.

Figure 2-18 Virtual shields around probe tip.
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2.10 Near Field Probes Classification
Following a review of research spanning the last 6 decades, electromagnetic field probes

can be classified into different ways according to:

2.10.1 Type of Field

Early electromagnetic probes were introduced circa 1960 to measure the electric field
(EF) [40] and magnetic field (MF) [41] separately from each other. At that time, the main
applications of those probes were in characterizing different types of antennas and
defining their coverage area, especially their electric field distribution. Therefore, it is not
surprising to find hundreds of publications focussing on electric field only. However,
designing and testing complicated electronic circuits demands more information relating
to the voltages and currents of these circuits. These requirements present many
opportunities for designing advanced probing solutions, where the aim is to measure both
the EF and MF simultaneously, at the same position or at least in close proximity [42]-
[47].

2.10.2 Number of Field Components

A probe is called Isotropic if it is sensing all the spatial components of the specific field
(electric or magnetic) [43], [48], [49], see Figure 2-19. If it is not, then it is called an
Anisotropic probe. The majority of the published researches and studies are about
Anisotropic probes. Ideally characterizing a single component field can be easily done by
measuring one or more of its properties like amplitude, frequency, phase and harmonic
structure, but for a complex field like the electromagnetic field, the measurement becomes
multi-faceted [50]. Electromagnetic fields consist of six orthogonal components. Three
of them compose the electric part [51] and the remainder compose the magnetic part [52].
These components are varying with respect to time and to position as well. Although
measuring any two-tangential components allow the calculations for all remaining field
components according to the plane wave theory, it is expected that measuring all of them

will ensure precise mapping of the total field distribution [53].
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Figure 2-19 Components of Electric and Magnetic Fields [54].
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2.10.3 Position of the Probe

The probe can be either located at a fixed position with respect to the source of radiation
(stationary probe) or at variable position (movable probe). Movable probes provided the
ability for field scanning and mapping over the whole area of measurement [55], see
Figure 2-20. These probes are well documented and wildly used. However, their main
drawback is the lack of accuracy of the measurement [56]. It is “inherently unrepeatable”
[57], and any minor variation in the position of the probe, with respect to the Device
Under Test (DUT), provides a different reading. Therefore, they are sometimes called
“sniffer” probes [58] as they are more useful for relative measurements rather than the

absolute measurements.

Power
Amplifier

Figure 2-20 Movable probe within practical measurement setup [55].

To perform EMC measurements inside ICs, or any similar inaccessible structure, (where
the movement of the probe is not applicable) the embedded stationary probe can present
a sensitive and more accurate measurement of voltages and currents at their respective
position [53], [59]-[63]. This, of course, limits their ability to generate an overall

visualization of the spatial field distribution [64].

2.10.4 Power Requirements (Passive & Active probes).

Passive probes (no power is needed to activate the probe) like passive antennas [41], [52]
(monopole, dipole or loop) or dielectric crystals [65]. They are generally simple in
comparison with the active probes, but they have more limits on their dynamic range of
sensitivity. The output of the passive probes is usually weak signals, especially if their
size is small [63], compared with the noise level. This might be a source of error and

uncertainty in measurements [66].

Within the last three decades, some studies were done to improve that by adding an

amplification unit between the probe and the measurements tool [55], [67], [68]. Inserting
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small size amplifier with low noise figures like LNAs (Low Noise Amplifiers) inside the
probe and close to the sensing part increase sensitivity, provide insulation and decrease
the impact of unwanted stray backup noise [69]. Power supplied to the probe can be either
injected via a coaxial cable [70], [71] or transmitting it as a light through a fibre optic
cable [72], [73] exploiting the so called “Power Over Fibre” technique [74], [75].

2.10.4.1 Power Over Fibre.

This method of power delivery through light is not a new one but nowadays it is attracting
a lot of interest. The rapid developments in the industry of fabricating efficient
photovoltaic cells [76] is one important reason for that attraction, see Figure 2-21.

| Fiber 1
OPS ¥= ngv Amplifiers

Figure 2-21 Feeding power to an amplifier through fiber [74].

To deliver optical power between two points, three essential parts are required, a
transmitter to convert the electric power and emit it as light (high power laser diode,
HPLS [77]), a medium allow that light to travel between the two points efficiently (fibre
optic cable) and a receiver able to convert received light to electric power again
(photovoltaic cell) [78].

2.10.5 Type of Material.

Since the early 1960’s and up to now, the requirement for efficient and effective EMF
probes is constantly growing. Dielectric, metal and semiconductors materials have been
used in fabrication the sensing part of the EMF probes and a simple web search can return
hundreds of articles on this subject. In the following sections, the advantages and
disadvantages of probes that use a wide range of materials and material-radiation

interactions are summarised.

2.10.5.1 Dielectric Probes.

The main part of these probes is a piece of dielectric (generally crystals). These crystals
have one or more of their material dependant on an external electromagnetic field. The
most popular dielectric materials are those modulate optical polarisation as a function of

external electric field.
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2.10.5.1.1 Electro-Optic Materials
Those materials that responded to the electric field are called electro-optic modulator
EOM materials (Pockels effect). Complete measurement and field mapping systems

employing these types of probes are now offered commercially [79]-[82].

The main advantages of these probes are the relatively broad bandwidth 20GHz [83], non-
metallic parts and thus the minimal invasiveness [63], [84], [85] on the field under
measurements. Another advantage of this type of probe is their compatibility with fibre
optic cables [67]. This can significantly eliminate measurement error due to the scattering
and disturbance [86] on the field due to the coaxial cable used with other types of probes.
Furthermore, using fibre cable allows extending the distance between the probe and the
measurements tool to tens of meters, while for coaxial cables, this is just about one meter
or less in order to avoid attenuation at high frequency. This is important for measurements

in harsh and/or noisy environments.

For decades the EO probes are made from the LiNbO3 crystal and many of them are
based on the Mach-Zehnder (MZ) interferometer [87] which provide smaller size and
simple construction compared with that shown in Figure 2-22 and also demonstrated in
[67]. However, the main disadvantages are the limits on sensitivity [86], [88] (dependant
on the size of the crystal), thermal stability [87], [89] and the trade-off between sensitivity
and the spatial resolution [63], higher resolution means smaller probes (see Figure 2-22)
with lower sensitivity. In addition to that, the MZ interferometer has some issues like the

need for biasing voltage and their instability against temperature variation [87].
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Figure 2-22 Comparison of two sizes of electro-optic probe [84].

Recent work with EO devices shows that polymer infiltrated silicon photonic crystal slot
waveguides have EO coefficients of about 735 pm/V (2013) [90] and 1000 pm/V (2014)
[91] which are much higher than that of the popular crystal LINbO3 at 32 pm/V [92].
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These devices have been used to demonstrate electromagnetic field probes with EO
coefficient of 1000 pm/V giving an estimated minimum detectable electric field
amplitude to be 2.5 V/mat 8.4 GHz [93], [94].

2.10.5.1.2 Magneto-Optic Materials

Those materials that responded to the magnetic field are called magneto-optic modulator
MOM (Kerr effect). Magnetic field probes made from MO materials have the same
advantages as the EO materials (except the bandwidth). Moreover, researchers in Japan

[95]-[99] show the possibility of probes having a spatial resolution in the micrometre
range.

The magneto-optic materials have the same sensitivity issue as EO materials and in
addition to that, a narrower bandwidth and lack of stability are common issues in MO
materials.

Efforts to solve these issues shows improvement in bandwidth [100] by using the
(BiGqY)sFesO12. However, the output level degraded to be very close to the noise floor,
see Figure 2-23.

On the other hand stability improvements claimed in [100]-[102] leads to more complex
and larger size probe structures. The impact of that is a lower spatial resolution which

becomes in the range of millimetre.
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Figure 2-23 Frequency response of two types of magneto-optic materials [100]
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2.10.5.2 Metallic Materials.

As the name indicates they are made from metal and they are just different types of
antennas, monopole, dipole or loop ...etc. used as a sensor to measure the electromagnetic
fields. These types of probes are well documented [63] and they have been widely used
over the last 5 decades due to their good sensitivity and well defined electrical properties
[103]. Because of that, they are sometimes referred to as standard electromagnetic probes
[104]. Many types of probes in this classification have been commercially realized with
metal [105]-[108]. Different models for magnetic field probing with frequency
bandwidth up to 18 GHz and spatial resolution started from 0.25 mm are provided by
[109], see Figure 2-24.
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. 1.0mm = < MP-10LA >
8 < ALMP0O1
=
3
[o]
3
@ 0.50mm & AEMP002 >
[0}
[$]
S 0.25mm ceP2s >
»
9k 100k 150k 10M 30M 1G 3G 18G
Frequency

Figure 2-24 Different commercial models for magnetic field probing with frequency

bandwidth and spatial resolution started from 0.25mm [60].

These probes are usually designed with an output impedance of 50Q2 and come with
standard connectors like BNC, SMA... etc. Therefore, they can be connected as a passive
probe directly (via coaxial cable) to the measurements tools or to enhance their sensitivity,

a standard amplification stage can be added in between.

Miniaturized on-chip metal probes for both electric and magnetic fields are demonstrated
for a bandwidth up to 3 GHz in [47], [53], [59], [68]. By (2012) a claim of fabricating
probes of 10 GHz bandwidth with 100pum spatial resolution had been presented in [61].
The main advantages of metal probes are the possibility to gather both the high spatial
resolution and the high level of sensitivity [68] (unlike the EO probes). The magnetic
field can be linearly and broadly (in term of bandwidth) quantified (as easy as it can be
done for the electric field) by using the loop antenna. While the available MO materials

are still showing limitations on their linearity, sensitivity and the frequency bandwidth
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[100]). Furthermore, the fact they are just pieces of metal make their construction simple
and low cost [45].

On the other hand, the main disadvantage is related to the fact that they are (and the
coaxial cable connected to them) made from metal which disturbs the fields under
measurement [69], [84], [86], [100]. One solution to reduce these effects; especially those
which come from stray pick up is presented by Roman Kantor [103], [110], [111] the
well-known “Kantor Probe”. As a practical solution, the passive part of the Kantor probe,
which in this study is an open coaxial cable, had been made very small (using non-
standard coaxial cable) [103], [111]. This step allows the probe to have a significant gain
and good spatial resolution as well. To overcome the degradation in sensitivity due to the
size, a miniaturised preamplifier stage is installed inside the probe body, close to the
sensing part [69], [103], [110], [111].

Further improvements towards minimizing field disturbance by making the probe floating
with respect to the ground are presented in [72], [73], [112] by switching to the optical
cable. The metal existed in the coaxial cable (transmission line) is replaced with fibre
optic cable. This configuration demands that the power is remotely delivered to the probe
via fire cable to feed both the optical transmitter and the pre-amplifier which is used in
[72], see Figure 2-25. This maintains the required matching and buffering between the
antenna output and input of the optical transmitter. In 2013 a commercial version, with 6
GHz frequency bandwidth, of the electric fields probe (0.15 mV/m — 150 V/m) and
magnetic fields probe (0.3 pA/m — 1 A/m @ 2 GHz) gathering all the previous concepts
is now available with ISO/IEC certificate [113].
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Figure 2-25 Active metallic electric field probe powered and communicate through fiber

optic cables [72].

Many of the probes discussed above are movable probes which is essential for field
visualization and mapping but for the sake of optimum accuracy, it is not as accurate as

the case with the stationary probes discussed in 2.10.3. The problem of the uncertainty
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and the lack of repeatability resulting from the change in the position of the probe with
respect to the measurement point of interest still exists [56], [57]. A study in 2014
demonstrates the use of a matrix of small loop antenna distributed within the bottom
ground plate of the printed circuit board (PCB) [54]. This might become a key solution
for this problem in the future, see Figure 2-26.The current frequency bandwidth of this
arrangement is up to 1GHz.

Figure 2-26 A matrix of small loop antenna distributed within the bottom ground plate
of the printed circuit board (PCB) [54].

2.11 Probing Inside Microwave Power Transistors

The structure of the microwave power transistor consists of the die (the active part of the
transistor), matching devices, transistor leads and bond wires connecting between these
parts, see Figure 2-27. Performance optimization of these parts leads to enhancing the
gain, linearity and RF power efficiency [114]. The first step toward that is to scan these

parts with a suitable probing mechanism to quantify their voltages and currents.

Ceramic,substrate Ceramic lid

Metal Flange

Figure 2-27 Microwave power transistor structure [115].

Selecting which type of probe is appropriate depends mainly on the mechanical and
electrical properties of the DUT. Many types of probes had been reviewed in 2.10,

however, a few options are applicable to microwave power transistor. For example, the
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possibility of scanning only the top of the microwave power transistor limits the options
to anisotropic probes.

The actual dimensions of the individual cells inside the die and bond wires are in the
micrometre range. This range suggests the essential need of a miniaturized movable
electric and magnetic probes to swiftly move and pick up the individual electromagnetic
fields emissions inside the package of the transistor. Overcoming sensitivity degradation
(due to the miniaturization) necessitate the use of the active probe versions.

In addition to the issues relating to probe dimensions, the probing process needs carefully
consider the following parameters as well:

e High spatial resolution.

e Noise immunity (shielding).

e Bandwidth.

e Sensitivity.

According to these conditions and restrictions imposed by the mechanical and electrical
properties of the microwave power transistor, metallic probes have an advantage because

they are more likely able to satisfy all the above requirements.

Through this work, the most important parameter is the spatial resolution of the probe and

thus it will be highlighted more than the remaining parameters.

2.12 High Spatial Resolution Probes

A common definition for the meaning and the limits of the expression “Spatial
Resolution” is not present yet, since it is not dependant on the properties of the probe
alone but it is mainly effected by the DUT as well [103], [116]. In many publications, it
is quite possible to find similar claims being made for ‘record spatial resolution’ despite

using different methods and devices under test used to quantify it.

It is important at this point to understand these methods and try to create some valid rules

upon which reasonable comparisons and accurate quantification are achieved.

2.12.1 Track / Gap Width Spatial Resolution Definition

In this case, the DUT allows only one path for the electromagnetic energy to propagate
to the load. This path is either a continuous microstrip line or multiple strips separated
with gaps between them. For the first case, the spatial resolution is defined by the width

of the track and the smallest width recognized by the probe is its highest spatial resolution
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[117]-[119]. In the second case, the highest spatial resolution is defined by the smallest
gap width the probe is able to recognize [120]-[122].

In this definition, the edges of the smallest width (a track or a gap) recognized by the
probe are used to set the limit of the maximum spatial resolution. In spite of the fact that
this does not accurately reflect the limits of the spatial resolution there are still recent
publications that use this definition [123], [124]. Note that an infinitesimally small source

of radiation would be measurable rendering this definition meaningless.

2.12.2 Multiple Parallel Sources Spatial Resolution Definition

In limited size environments crowded with electromagnetic sources (e.g. microwave
power transistor), four factors are influencing the ability of the probe to differentiate
between them. The first one is the relative size (usually the cross section of the monopole
or the diameter of the loop antenna) of the probe tip with respect to the size of radiation
sources (w). The second one is the distance between adjacent sources (g). Where (w) here
represents the boundary of the individual source of the field while (g) is the opposite. The
third factor is length (protrusion) of the probe tip (£p). It has been found that the required

spatial resolution (R) will not exceed the value of this length [110].

R<?, (2-49)

The last factor is the distance between the probe tip and radiation source. The spatial
resolution is inversely proportional to this factor. More details are discussed in chapter

four and five.

Moving the probe perpendicular to a set of adjacent sources is a common procedure to
test probe spatial resolution. Test fixtures that allow parallel paths for the electromagnetic

energy are widely used by many researchers.

These test fixtures can be either PCB surface capacitor [103], [110], [111], [125], [126]
(see Figure 2-28(A)), PCB surface meander line [51], [127]-[129] (see Figure 2-28(B))
or an array of PCB tracks (see Figure 2-28(D)) or wires that share the same input and
output ports (see Figure 2-28(C)) [71], [130].

However, the predominant among these papers is the consideration of the width of the
source finger/track as the spatial resolution without highlighting the impacts of the gaps
between adjacent sources. While a few other publications [69], [71], [130] reported the

width of the gap as a measure of the probes spatial resolution.
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Figure 2-28 Deferent types of test fixtures used to determine probe spatial resolution. (A)
PCB capacitor [103]. (B) PCB meander line [51]. (C) Wires array [71]. (D) PCB tracks
array [130].

In 2015 an interesting definition introduced in [131], where the spatial resolution is given

as the average of w and g
Ry, =WwW+g)/2 (2-50)

Although this definition initially considered the case of the magnetic fields surrounding
two wires carrying current in opposite directions, it can be generalized to cover the
electric field as well due to the duality and similarity of electromagnetic fields behaviours
(attraction between sources of opposite charges / currents and repulsion between sources

of similar charges / currents).

In the next literature review, equation (2-50) will be applied, whenever it is possible, as a
general definition of the spatial resolution. This will permit more rational comparison

between the variation in the claimed spatial resolutions.

2.13 Literature Review
This literature review is limited to the metallic movable passive/active anisotropic voltage
and current probes that claim to have a spatial resolution less than 1mm.The comparison
will be based on:

e The spatial resolution.

e Size and length of the probe tip and distance to the DUT.

e Type and size of the DUT.

e Other parameters of the probe as they were referred to.
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2.14 High Spatial Resolution Voltage Probes

2.14.1 Voltage Probing Using Stander Open End Coaxial Cable

In 1997, a research group in Germany, led by Ingo Wolff, demonstrate in [125] their
voltage probe with spatial resolution = 100 um. The structure was very simple just the
usual open-end coaxial cable serving as a passive voltage probe. They had used standard
semi-rigid 50 Q coaxial cables (OD = 508 pm, ID = 112 um and tip length = 300 um) to
scan at 7 GHz the surface of five fingers interdigital capacitor to examine the probe spatial

resolution, see Figure 2-29(A).

Measurement regian

1001 (RIETT] 1404H1

A) ) B)

Figure 2-29 (A) Electrical field distribution for the five fingers integrated capacitor [126].
(B) Electrical field distribution for a 2.46 GHz amplifier [132].

The finger width was 100 um and the total gap width was 300 pum. According to (2-50)
the spatial resolution is 200 pm which it is twice the value announced. The total

bandwidth is that of the coaxial cable (around 20 GHz).
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The calibrated version of this probe demonstrated a sensitivity = 0.5 dBmat 1 GHz [126].
The minimum probe height above the test fixture was 20 um. However, trials to scan the
surface of two different amplifiers [51], [127], [132] at 100 um height and at 2.4 GHz
showed humble clarity (for such a relatively large amplifier (45 x 11 mm?)). Two reasons
were behind that: the large distance from the surface of the amplifier and the long length
of the probe tip (300 um) which allow the probe to couple to a relatively large area under
it, see Figure 2-29(B).

Detailed characterization and comparisons between the theoretical (HFSS simulation)
and the experimental results achieved in [120]-[122], [133], but without any
improvement in the spatial resolution. Further characterization recently published (2016)
focused on the calibration and the absolute voltage measurements (1-5 GHz) claimed to
reduce the error from 8% to 5% [134].

2.14.2 Position Signal Differences Probing Technique
In 2003, Roman Kantor introduced two kinds of modification to enhance the spatial
resolution of the electric field probe to more than twice that announced in 1997. These

modifications are:

2.14.2.1 Miniaturized Non-Standard Coaxial Cable
In this miniaturized coaxial cable, the insulator was air, the outer and the inner
conductor’s diameters were 230 um and 8 um respectively. Within the body of the probe,

a preamplifier is inserted to enhance the overall sensitivity, see Figure 2-30(A).

A PCB surface capacitor of four fingers of w = 40 um width and g = 60 um gap used as
a source of radiation. Applying (2-50) on these figures results in a spatial resolution =
100 um. In this part, Kantor demonstrates the effects of the inner conductor protrusion on
the spatial resolution of the probe. Therefore, to gain higher spatial resolution the length
of protrusion should be [103], [110], [111]:

e Equal or less than the desired spatial resolution.

e Equal or less than the diameter of the outer conductor.

e Much smaller than one-tenth of the operating wavelength.

2.14.2.2 Modulating the Vertical Position of the Probe
To avoid the difficulties of fabricating a voltage probe with extremely short protrusions,
Kantor suggested the Position / Signal Differences (PSD) as a solution. Instead of making

the protrusion ultra-short, he increased it to be in the range of 0.3-1 mm.
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In this technique, the DUT is scanned twice at two different heights [103], [110], [111],
see Figure 2-30(B). The differences between the results of these scans at each point are

the final amplitude, see Figure 2-30(C), and phase Figure 2-30(D).

Another test fixture used in [111] with a track width = 20 um and a gap width = 40 pm,

from which the spatial resolution was reported to be 20 um while according (2-50) to it

is 30 um
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Figure 2-30 (A) Structure of the voltage probe. (B) Central protruding conductor. The
two positions of the antenna corresponding to different heights above the surface of the
device-under-test are indicated by 1 and 2. (C) Amplitude of the signal at 5 pm & 12 um
and the differences between them. (D) The phase of the signal at 5 um & 12 um and the

differences between them [110].

The main advantage offered by the PSD technique is the flexibility in adjusting the
protrusion while having the same spatial resolution of the same probe but with a very

short protrusion.
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This normally occurs once for each probe when it has been fabricated. However, this
outcome will consume double scanning time and some mathematical calculations for all

points of measurement at each measurement iteration.

Moreover, Kantor in [103] stated that “The PSD technique works well only with high
gradient fields.” This is due to the fact that the PCB capacitor test fixture had been
terminated to ground at one terminal while exciting it with RF power at its resonance

frequency at the other terminal.

2.14.3 Standard Open End Coaxial Cable with Micro Hole Aperture

In 2011, a modified version of the voltage probe, constructed from the standard open-end
coaxial cable, was published by a research group from Japan. In this paper [129], they
used relatively large size standard semi-rigid 50 Q coaxial cables (OD = 2200 um, ID =
510 um and tip protrusion = 0 um).

The end of the coaxial cable covered with conductive chip cap of 15 pm thickness. This
chip is electrically connected to the outer shield of the coaxial cable for grounding
purpose and had a through-hole width and length of 50 um and 500 pum respectively. A
60 um thickness insulating film had been used to prevent touching the inner conductor,
see Figure 2-31(A).

Z

I—)X/Y

Coaxial probe

Micro-hole

Insulating film

Conductive —
material h_| l—'l_l } Micro-hole chip
(A)

Figure 2-31 (A) Structure of the Micro Hole Aperture voltage probe. (B) PCB meander
line test fixture of five fingers. (C) Spatial resolution of the open end coaxial cable without
cap and has a protrusion. (D) Spatial resolution of the open end coaxial cable with

protrusion = 0 pum and a conductive cap of 50 pum x 500 um hole [129]
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For this probe, the bandwidth was 10 GHz and the spatial resolution examined with a
PCB meander line test fixture of five fingers of 5 um track width and 150 pm gap width,
see Figure 2-31(B). The announced spatial resolution was 72 pm while its value
according to (2-50) is 100 um, see Figure 2-31(C) and (D).

The good thing about this arrangement is the noticeable enhancement in the spatial
resolution of a relatively large dimension’ coaxial cable, where its inner conductor cross
section area is 204282 um?2. But on the other side, it has its own disadvantages which

cannot be overlooked.

The large overall metallic cross section area (9 mm?, this is equal or larger than the die
area of many microwave transistors) is one issue. This does not only make this voltage
probe unsuitable to smaller areas but also it can change markedly the field distributions
in and around the DUT.

The other disadvantages here is the fact that the probe sensitivity is impeded within this
arrangement. Sensitivity, as explained earlier in this chapter, is proportional to the length

of the protrusion and inversely proportional to the height from DUT.

The micro hole technique required the protrusion to be zero and added a fixed separation
from the DUT = 75 um which mean less sensitivity. The Japanese team highlighted this
drawback and tried to reduce its impact by changing the hole from a circle of 100 pum
diameter to a rectangular hole of width = 50 um and length = 500 um. However, the
rectangular aperture makes the probe response sensitive to its orientation, i.e. becoming

anisotropic.

2.14.4 VVoltage Probing Inside an Active Microwave Transistor

In 2010, Steve Cripps et al. reported an initial trial of voltage probing inside active power
transistors [69]. The probe was constructed from a piece of 100 um diameter wire passing
through a glass tube with conductive paint on its outer surface to form an open end coaxial

cable, see Figure 2-32.

This miniaturized coaxial cable is directly connected to the gate of a PHEMT transistor,
preamplifier, (unlike Kantor design [110] where a passive matching circuit inserted in

between which enhance the probe sensitive over a specific bandwidth only).

This preamplifier enhanced sensitivity and provided additional isolation against stray
pickup as well [69]. The drain bond wires of two different GaAs PHEMT power
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transistors, (10 W and 20 W respectively) were scanned by this probe and results observed
at 2 GHz.

The bandwidth for this probe is limited by that of the PHEMT transistor at 4 GHz. A brass
ferrule was added to encapsulate the preamplifier in [71]. The reported spatial resolution

of the new probe was 100 um tested above a set of bond wires.

PHEMT (SOT)
Glass cap.

Tube

.

Cu wire "
(100u)

Figure 2-32 Electric field probe made of small open-end coaxial cable followed by a

preamplifier [69].

In 2013 and 2015 Cripps and his group in Cardiff University, reported a modified and
enhanced performance voltage probes [130], [135]. They solved the lack of shielding
resulting from the usage of the conductive paint by using a Copper tube of 250 pm
diameter, see Figure 2-33(A). Probe bandwidth raised to 6 GHz by replacing the PHEMT

transistor with a MMIC preamplifier.

To enhance the spatial resolution of the probe, the protrusion was reduced to 25 pum.
Demonstration of this improvement was achieved by using a well-defined test fixture of
multiple parallel tracks of 25 um width and 100 um separation, see Figure 2-28(D). The
reported spatial resolution was better than 100 um while according to (2-50) it is 62.5

um.

The improved voltage probe used to scan a 50 W LDMOS Doherty power amplifier at 2
GHZ. The ceramic lid removed to allow probe movements inside the LDMOS transistor,
see Figure 2-33(B). Figure 2-33(C & D) shows the bond wires of gate region and the
corresponding probe scan results respectively. The probe was able to recognize voltage

differences between adjacent bond wires and locates the position of the deformity as well.
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Figure 2-33 (A) Improved voltage probe made from copper and use a MMIC as a
preamplifier [130]. (B) Voltage probe while scanning LDMOS power transistor [135].
(C) The gate region of the LDMOS transistor and the red circle around the deformity of
two bond wires [130]. (D) Probe output after scanning the gate region of the LDMOS

transistor depict the ability to recognize the deformity of two bond wires [130].

In 2012 a research group in Delft University reported the possibility to estimate the S-
parameters of bond wires embedded in high power microwave devices [133]. This
estimation based on the measurement of the electric field and a numerical reference

module of the bond wires.

The probe made from a standard semi-rigid 50 Q coaxial cable (OD = 800 um, ID = 200
pm and tip length = 1000 um) to scan an array of 33 bond wires (Diameter = 25 um, Gap
= 300 um) at frequency range 1-5 GHz. By Appling (2-50) on theses dimensions, the
spatial resolution is 162.5 um. In this work, the aim was testing this technique rather than

improving the spatial resolution.

Delft group reported in-situ characterization (based on electric field measurements only)
of large LDMOS Doherty amplifier in [136], [137]. A smaller semi-rigid coaxial cable
(OD =500 pum, ID = 100 um and tip length = 300 um) used to enhance resolution. The
drain bond wires of two different power rating LDMOS power transistors (100 W and
200 W) scanned at 500 um above the bond wires.
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This measurement was repeated at different levels of output power at 2.14 GHz. The
smaller one has one die only and its scan results, amplitude and phase, are shown in Figure
2-34(A) while the larger one has two dies and their amplitude and phase results are shown
in Figure 2-34(B).
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Figure 2-34 LDMOS power transistor output voltages (magnitude and phase) distribution
at drain bond wires. (A) One die 100 W (B) Two dies 200 W [137].

Examination of the results of both cases indicates that probe was far from capable of
recognizing any of the nulls laying between any adjacent bond wires which reflects a
modest spatial resolution. However, one cannot expect more than that from a standard

coaxial cable with protrusion = 300 pum and positioned at 500 pum above the DUT.

In November 2016, a modified probe reported by Delft group with a 70 um spatial
resolution [138]. Three things lead to this spatial resolution enhancement:

e Miniaturizing the diameter of the probe tip to 10 pm, see Figure 2-35(A).

e Applying the PSD technique.

e Decreasing the spacing above the DUT to be within the range 15-65 pum.

Figure 2-35(B) illustrate the electric field variation along the die surface (Drain source
fingers width are 70 um) of 100 W power transistor after applying the PSD technique.

The differences between scans results at 15 pum and 65 um introduced a sharp
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visualization of the maxima at the die fingers and the minima between those adjacent
fingers.
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Figure 2-35 (A) Probe dimension details (standard open -end coaxial cable). (B) 100 W
die scanned at two different heights with sharp visualizition of the maxima and the

minima across the die surface [138].

2.15 High Spatial Resolution Current Probes
The magnetic field can be quantified either directly by using loop antenna or indirectly
by quantifying the electric field by using a voltage probe and using its data to numerically

estimate the magnetic field.

However, the vast majority of what has been published has been about the direct method

of measuring the current as it is more realistic.

2.15.1 Direct Current Measurement

In the direct method of measurement, the loop antenna is the essential sensing part of the
current probe. Unlike the monopole antenna used for voltage probing, which is only
responding to the electric field, the loop antenna is responding to the magnetic and the
electric field. The ratio between them depends on its symmetry and its relative orientation
with respect to the DUT.

We will call this ratio the Electric Field Rejection Ratio EFRR. It is the electromagnetic
field version of the Common Mode Rejection Ratio CMRR equation used in circuit

applications.
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In terms of loop parameters, it is given by (with reservation?) [139]

%
EFRR =21 (2-51)
Vo
Cc
EFRR ~ —— ;
p— (2-52)

Where, V, is the loop voltage in response to the magnetic field, V, is the loop voltage
in response to the electric field, b is the loop diameter, f is the operating frequency and ¢
is the speed of light. From which it can be estimated that the smaller the loop, the better
EFRR results.

The EFRR ratio is one method among two that can be used to define the quality of the
current probe. While the EFRR depends only on the data collected by the current probe
itself (no external reference) the second method is more accurate as combines the data

coming from an external voltage probe.

In the second method, the standing magnetic and electric field waves above a microstrip
line are observed with a current and a voltage probe respectively. In the ideal case, the
maxima and the minima of the standing magnetic wave are located at the minima and the
maxima of the standing electric wave respectively (for more details refer to chapter three
and five). Therefore, any deviation between these minima and maxima of these standing
waves is considered as an indication of current measurement fidelity. This deviation will

reflect how much electric field is absorbed by the current probe.

2.15.1.1 Methods of Improving the EFRR

There are two ways that can be used to totally or partially neutralise the impact of the
electric field from the response of the current probe. The first improvement is obtained
by preventing it from entering the probe. This means putting a barrier between them;
commonly referred to as loop shielding. The other way is to cancel the effect after
receiving it by either using a differential amplifier and/or a BALUN. Without doubt,
prevention is much better than cure. However, it is not always possible to apply the

appropriate shielding around the loop.

2 In the reference [139] the equation (2-51) is given for near field measurements while its originally given
in [217] and driven for far field measurements (E/H = 377Q). However, we list it here for indication purpose

only.
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For similar reasons to what have been discussed earlier in this chapter, and in addition to
the discussion above, this loop antenna should be miniaturized to enhance its spatial
resolution and achieve higher EFRR as well.

This miniaturization must be for the loop and its shield if an accurate magnetic probe is
needed. However, practically and due to the mechanical limits, it is not an easy task to
fabricate a shielded movable loop with overall dimensions in the range of fractions of a

millimetre.

Previous publications are distributed among unshielded loops (with and without
differential amplifier/BALUN) and partially shielded loops. In the next literature review,
the electric field rejection and the standing wave test are added, wherever it is applicable,
to the list of compression parameters given in 2.10.5.

2.15.1.2 Unshielded Current Probe
Unshielded loops are the oldest version of metallic current sensing. This sensing part
could be formed by a piece of wire or metallic track attached to a dielectric substrate. In

both cases, it is either a single or a multi-turn (coil used to increase probe gain).

There are two kinds of coils: standard with two terminals and differential coil with three
terminals. The latter is used to reduce the effect of the electric field by passing its induced

voltage directly to the ground through the mid terminal.

2.15.1.2.1 Unshielded Passive Current probes

Movable current probes with miniaturized loop area (less than 1mm?) and application in
microwaves circuits have been reported since 1989 with bandwidth in the range of 26
GHz. In that era, the focus of these reports [52], [140]-[142] were on showing the steps
of manufacturing and the usability of their probes in the microwave current
measurements. Therefore, no efforts have been made regarding probe spatial resolution
or current measurement quality. However, one can expect from the size of the loop that

the spatial resolution could have a similar value [143].

2.15.1.2.2 Unshielded Active Current Probes

The rapid developments in fabrication the integrated circuits provided the opportunities
to fabricate on chip current probes with extremely small loops size (32 x 12 um?) and a
high spatial resolution = 60 um [144], [145] of single [144] or multiple turns (coil) [63],
[145]-[151]. Moreover, it became possible to have not only a single loop/coil for one

probe but also an array of loops/coils mounted on the surface of a planar current probe
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[144]-[146]. These loops/coils (standard or differential) are cascade with one [146] or
multi-stages of the differential amplifier to enhance the EFRR and sensitivity of the probe
[63], [144], [145], [147]-[151], see Figure 2-36(A).
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Figure 2-36 (A) Structure of the on-chip current probe. (B) Shielded and unshielded
probes fabricated on the same chip. (C) The EFRR of the shielded and unshielded probe.
(D) A PCB meander line test fixture of three fingers. (E) The response of the shielded
probe to the magnetic field. (F) The response of the shielded probe to the electric field.
(G) The response of the unshielded probe to the magnetic field. (H) The response of the
shielded probe to the electric field [63].

Both the loop/coil and the stages of the differential amplifier are implemented on the same
chip by using CMOS technology [149]. The fine accuracy of CMOS technology (65nm
CMOS Process) [144], [145] permits loops/coils to have very good geometrical
symmetry. The advantage of this geometrical symmetry combined with the effects of the
differential amplifier and differential coil introduced unshielded current probe that might

be able to defeat the shielded probes.

In 2006, a Japanese research group reported [63], [146] an interesting comparison, in
terms of the EFRR and the spatial resolution. Two probes of the same dimensions (200 x
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200 um?) fabricated on the same chip, see Figure 2-36(B), one of them was a shielded?
coil and the other was unshielded cascaded with three stages of differential amplifiers.

Scanning the top of a microstrip line twice* by each probe at 100 um height, showed that
the unshielded probe had EFRR = 38 dBm at 50 MHz while the shielded loop had EFRR
= 10 dBm, see Figure 2-36(C).

For the spatial resolution comparison, a PCB meander line test fixture of three fingers
(150 pm width/gap) had been scanned twice® by each probe at 200 um height, see Figure
2-36(D). The results illustrated that the unshielded probe had a better spatial resolution,
see Figure 2-36(E-H). One thing can be deduced from Figure 2-36(F&H), is that in both
cases the probes were unable to avoid the effects of electric field directly under it from

transmitting to its output.

Despite all these features of the on-chip unshielded current probe, there is one drawback
about their frequency response. The nature of CMOS technology does not allow a full
coverage of the required microwave frequency band. The highest bandwidth reported was
3-3.3 GHz [144], [145], [148].

2.15.1.3 Partially Shielded Current Probe (Planar Loop)

A fully shielded wire loop antenna simply means the wire is surrounded by a metallic
tube in a similar way to the structure of the coaxial cable. In 1996, a Japanese research
group reported [152] a new shield loop antenna fabricated from printed circuit boards.
The new loop consists of three layers of metal with insulators between them and they

shared a gap at one end of the probe.

The top and the bottom layers were formed in a rectangular shape and they were
connected to the ground at the far end opposite to the gap. The conductor in the middle
formed a half turn pattern of the loop and its end, at the gap, terminated to the ground
layers to complete the other half of the loop, see Figure 2-37(A). The induced voltage by
the electric field in the top and bottom layers find their way to the ground. The magnetic

field induced a current on the surface of the top and bottom layers.

% The geometrical nature of the on-chip planer loop/coil permits the shielded to be applied from the top and
the bottom only [156]-[159] and thus it cannot be considered as a fully shielded loop/coli.

4 In one scan the plane containing the loop is parallel to the microstrip line and in the other scan it is
perpendicular.

® In one scan the plane containing the loop is parallel to the fingers and in the other scan it is perpendicular.
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The gap is required to prevent a short circuit on this induced current. This current is
passing through the opposite surface (facing the loop) in both layers to induce a voltage
related to the magnetic field. With this structure, the new probe claimed to be insensitive
to the electric field due to the shielding effect produced by the top and the bottom metal
layers.

The name ”Planar Shielded Loop” was firstly reported [153] by the same group in 1999
and the reported probe was formed in a circular shape, see Figure 2-37(B). The bandwidth
in both was below 2 GHz and their sizes were in the range of millimetres. This new design
was the basis for many later designs of smaller size and wider bandwidth. Also, it was
adopted by the European Computer Manufacturers Association (ECMA) [154] and the
International Electrotechnical Commission (IEC) [155] standards in 2007 and 2008
respectively.

stripline
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Figure 2-37 The structure of the planar shielded current probe fabricated from the printed
circuit boards. (A) The rectangular shape [152]. (B) The circular shape [153].

On-chip CMOS technology was also used to fabricate this type of probe with high spatial
resolution [156]-[159]. However, the issue of bandwidth limitation (3.3 GHz) is present

here as well, see section 2.15.1.2.2.

The thin film technology and low temperature co-fired ceramics (LTCC) technology are
both reported as an alternative approach in [116], [139], [160]-[165], thin layers of copper
separated by either glass or ceramic insulators to enhance the bandwidth of the loop to
around 20 GHz [164]. The smallest thin film probe was reported in Japan 2006 [116].
The outer dimensions of the loop were (50 x 22 pm?) and the DUT had three parallel
straplines of 5 um width and 95 pum gap width scanned at height = 10 pum.

In this test fixture, all three strips shared the same input/output ports and therefore

theoretically each one carries a current of the same magnitude and phase. This is a much
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tighter arrangement compared with the case of reversed phase currents passed in adjacent
strips (fingers) [116]. The reported value of the spatial resolution was 10 pm based on the
location of the 6dbm drop from the peak, see Figure 2-38(A), while it is 50 pm if (2-50)
applied to the track / gap widths. In this report, the standing wave test had been used to
inspect shield effectiveness. Locations of the measured minima and maxima were
compared with those calculated values for the electric and magnetic standing waves.
Figure 2-38(B) illustrated the deviation between the measured and calculated locations.

5 um 5 um 5 um 1 um
— — = : i
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o Meas. (ceramic probe)
Cal. (magnetic field)

100 pm ¢ 100 pm
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Figure 2-38 (A) Scan response of three parallel strips by the smallest thin-film current

probe. (B) Standing waves along a microstrip line to inspect electric field rejection [116].

2.15.1.3.1 Planer Shielding Technique: Weak Points and Reported Solutions
The aim of the planar shielding technique is to support loop miniaturization with
immunity against the unwanted effects of the electric fields. However, this description is

not precise and not all the parts of the loop are fully screened.

The main weak points of the planar shielding are:

e One-half of the loop is present in the top and bottom layers and thus it is
unshielded. The total voltages induced in the loops is the resultant of the magnetic
field the electric field. A preliminary® solution to this issue reported in 2007 where
all parts of the loop were etched to the central layer only, see Figure 2-39(A). This
loop has two ports’ and their outputs amplified and then differentiated by a 180
degree hybrid junction (BALUN) [163]. The EFRR value was 25 dB measured at

& In this solution only one among four issues is treated.

" In the original planer loop designee, it has one output port, while the other end is connected to the ground.
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900 MHz. However, according to (2-51) this value is expected to decrease as the
operating frequency increases.

e The top and the bottom of the loop are covered with metal layers while the two
side edges and the edge facing the DUT are totally unscreened. Thus, the electric
field emerges from all these edges and much more strongly from the facing edge
where the distance to the DUT is the smallest and field lines are emerging
perpendicularly.

e In addition to that, the part of the loop within the gap is sensitive to electric field

from all directions.

While neither the facing edge and gap issues have been solved yet, there was a solution
reported by a research group from National Taiwan University in 2011 to minimize the

emergence of the electric field from the sides.

In this solution, the LTCC technology is used to implement a multi-layer planer current
probe. A complete turn of the loop etched in the central layer before it is end terminated
to the outer layers. Additional tracks added in parallel to the sides of the loop in the central
layer and at the same location in the top and bottom layers. These tracks on each side are
then connected together by using many vias distributed along their length to produce a
via fences [164], see Figure 2-39(B). The improvement of this via fence was a 10 dB

electric field rejection at 11.5 GHz.

To enhance EFRR in this kind of loop, a modified version of the via fences technique
reported by the same research group in 2013 includes two other ¢ shaped strips located
above and under the half turn loop, see Figure 2-39(C). These strips etched in additional
layers so that the total number of layers used in this structure were seven. An claim of 30
dB EFRR is reported over a wide bandwidth (0.05 to 17.8 GHz) [139], see Figure
2-39(D).

The announced spatial resolution was 140 um estimated from scanning across the width
of microstrip line® (width = 2000 um). For comparison, the calculation of (2-50) in this

situation gives a spatial resolution of® 930 pm.

8 If loop size is small with respect to the width of the microstrip line then it is possible to recognize the high
density distribution of the current at the edges of the microstrip line [161].
® Microstrip line edges might be considered as two separate tracks of 140 um width and a 1720 um gap

between them.
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Figure 2-39 (A) The structure of the planar shielded current probe with all loop parts
etched to the central layer [163]. (B) Loop side edges protection by using parallel tracks
and via fence technique [164]. (C) Modified via fence technique by adding two c shape
strips in separate layers above and below the central layer [139]. (D) Response to both
the electric and the magnetic fields [139]. (E) The final probe tip size [139].

However, the impact of this EFRR enhancement are a factor of about 2.5 increase in the
overall thickness of the probe and more complicated probe structure!®. The loop aperture
was 400 x100 pum? but the total probe tip width was 2 mm [139], see Figure 2-39(E). This
extra width added to give the required mechanical support around the miniaturized loop.
A two-millimetre width is quite large for many applications like scanning inside

microwave power transistors.

In the same year, they reported a spatial resolution enhancement [165]. The Kantor
technique applied here but instead of using a single loop to scan the DUT at two different
heights, they used two loops sharing the same housing and located at two different

heights. One of them has two turns each on a separate layer and clamping the second one

10 In this designee 7 layers used in the fabrication of the probe instead of three in the original designee.
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which has one turn located in the central layer with partial height overlapping, see Figure
2-40(A).

Diff. probe (loop Aand B) Ref.loop1

I | Inner conductor.
M1 \_;;'%gr Bottom ground (twb-turn loop B)
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Figure 2-40 (A) Structure of the differential current probe. (B) It's actual size. (C) Test
fixture used in spatial resolution test. (D) Differential probe scan result. (E) Scan result
of a probe with 100 um aperture width. (F) Scan result of a probe with 10 pum aperture
width [165].

With this new arrangement, the probe becomes even thicker than their previous design (it
has 9 layers instead of 7) and overall probe tip width was 1.2 mm. Figure 2-40(B)

illustrates the actual size of this differential planer current probe and its tip.

The aperture for this differential loop was (400 x 100 um?) and the test fixture was a five

finger meander microstrip line of track/gap width = 500 um, see Figure 2-40(C).

For comparison purposes, this test fixture was also scanned with two other reference
probes. One of them had the same aperture as the differential loop and the aperture of the
second one was (400 x 10 pm?). Spatial resolution results of the differential probe and

the two reference probes are shown in Figure 2-40(D), (E) and (F) respectively.
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2.15.2 Indirect Current Measurement

To avoid fabrication difficulties and structure complexity of the shielded current probes,
an alternative method has been developed to calculate the current from voltage probe
measurements [133], [136]-[138]. This calculation is basically based on defining the
scattering parameters of the DUT and then to find it’s related voltages, currents and
impedances. Measuring the scattering parameters in a contactless manner is not new and
firstly reported in 1992 [166].

To define these parameters either the electric field probe [125], [133], [136]-[138], [167],
[168] or the magnetic field probe [166], [169]-[173] or both [174], [175] are used. This
type of measurement is useful to test planar circuits/devices like open transmission lines
(microstrip line) [174]. The unknown scattering parameters of the DUT are determined
by inserting two microstrip lines before and after it and then quantifying electromagnetic
field above them with one or two contactless probes connected to a VNA, see Figure
2-41(A).

In 2012, the group in Delft University reported their contribution to this type of
measurement and extended it to include irregular structures like the arrays of bond wires
[133]. In this development, the measurement process passes in two phases before having
the final results. In the first one, the electric field emitted from each wire in the array is

measured by a contactless voltage probe (open-end coaxial).

In the second phase, a three dimensions’ numerical electromagnetic model of the bond
wires array and the probe is generated by using HFSS simulation software. The excitation
port within this simulation is then adjusted until the simulated electric field becomes
identical to that value measured in the first phase [137]. Once that is obtained, the
scattering parameters, voltage, current and impedance for each bond wire are numerically

calculated.

A test fixture of 33 bond wires (diameter = 25 um, length = 3 mm and pitch = 300 pm)
was used to duplicate a drain bond wire array, see Figure 2-41(B). This procedure should
be repeated for each operating frequency, Figure 2-41(C) shows the impedance of each

bond wire at five different frequencies.

Whilst this development introduces an interesting perspective of the DUT (especially if
the DUT is passive) it raises two concerns regarding applicability and accuracy when the
DUT is active. Firstly, for each array structure, there must be an accurate modelling of

the bond wires.
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Figure 2-41 (A) Contactless scattering parameters measurement for planar microwave
circuits [168]. (B) Bond wires test fixtures and its HFSS module [133]. (C) The individual
impedance of each bond wire at five different frequencies [133]. (D) Microwave power

transistor has bond wires of different shape and length.

This will require precise information about wire diameter, wire length, the separation
between adjacent wires and the most importantly are the shape of each wire (in many
cases, providers of the microwave transistors are using multiple wire shape and length in

the same package to enhance the overall performance, see Figure 2-41(D)).

Secondly, in many practical cases, each bond wire or small group of them is/are connected
to a nonlinear element (like the cell among an array of cells inside the die). This

58 Ali Mahdi Lafta Al-Ziayree - March 2018



Chapter 2: Electromagnetic Fields Measurements at Microwave Frequency

nonlinearity could be inherent in the cell or due to the coupling effects within the array

or all of these things together.

Simulation of such cases is still a misty area that welcomes a third-party investigation to
clarify it. In fact, the main goal of all these efforts in the field of high spatial resolution
contactless measurements is to introduce a real-time visualisation of how voltages and

currents distributed among die cells.

2.15.3 Current Probing Inside an Active Microwave Transistor

To this author’s best knowledge there are no earlier reports of a real-time direct
contactless current measurement inside an active microwave power transistor. However,
the only work achieved in this area was that done in Delft university [136]-[138] by using
indirect measurements technique described in 2.15.2. Current distribution among drain
bond wires arras of 100 W and 200 W LDMOS transistor reported in 2015, see Figure
2-42(A & B).
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Figure 2-42 Current magnitude and phase at drain boondwires (A) 100 W LDMOS
transistor [137]. (B) 200 W LDMOS transistor [137]. (C) GaN transistor fundamental
harmoinc [138]. (D) GaN transistor second harmoinc [138].
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In terms of spatial resolution, their best results were reported in 2016 after enhancing the
spatial resolution of the electric field probe (refer to 2.14.4 and see Figure 2-35). This
enhancement is also reflected in the result of the current calculations (included in the

second phase of the indirect current measurements), see Figure 2-42(C & D).
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3 MICROWAVE I-V
MEASUREMENT SETUP AND
FABRICATION
REQUIREMENTS

3.1 Introduction.

The term ‘measurement’ in this chapter refers to the quantification of both current and
voltage at microwave frequencies by comparing it to a reference signal. The item that is
to have it’s I-V characteristics quantified is called the Device Under Test (DUT) and the
device used to make the comparison is known as the measurement instrument together
with the novel probes that have been developed in this research study. In the area of
microwave applications, there are two fundamental domains within which one can
perform a specific type of measurement, those are the frequency domain and the time
domain. An example of the frequency domain measurement instrument is the Vector
Network Analyser (VNA) and the spectrum analyser; for the time domain there are the
oscilloscope and the sampling oscilloscope. Like many other types of RF measurements,
contactless measurements of voltage and current required the DUT to be adequately
excited by an RF power source and thus RF generators are also necessary. In addition to
that, when a new probe has been fabricated, it needs to be characterized using well-known
DUT. Such devices are used for verifications purposes and are called test fixtures. It has

been shown, in chapter two, that contactless measurements are a function of the location
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of the probe with respect to the DUT and therefore it is also necessary to have a proper
mechanical system to accurately define the relative position of the probe. Finally, a central
unit that manages the data captured and properly controls the whole process of the
contactless measurement is a must. This chapter will briefly highlight all the above-

mentioned topics.

3.2 Setup of Contactless Voltage and Current Measurements
A general contactless measurement setup that is applicable to both voltage and current

measurements is illustrated in Figure 3-1. This setup is partitioned into three main levels:

1. Measurement Control and Data Management (MCDM) level.
2. Measurement Instruments (Mls) level.

3. Measurement Action (MA) level.
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Red: Colterol, Green: Data, : RF Power, Blue: Mechanical Movement

Figure 3-1 The setup of the contactless voltage and current measurement.

3.3 Measurement Control and Data Management
This is basically a computer with appropriate speed and data storage to run the
management and control software. The initial values and the limits of measurement are

defined prior the starting of the measurement process. Synchronization signals are
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generated at this level and then sent to all the parts in the MIs level to ensure accurate
timing slots for the positioning part and the capturing part. Captured data are then
received, collected, processed and recorded for further analyses.

Through the whole measurement steps, monitoring and observation are accessible
through the individual screen of each instrument and the overall measurement progress

through the graphical interface provided by the MCDM level screen.

3.3.1 LabVIEW Programming

The main software used through this work is the Laboratory Virtual Instrument
Engineering Workbench (LabVIEW). It is a robust software that manages instrument
control, data acquisition, data processing and data presentation. LabVIEW uses a
graphical programming language instead of the traditional high-level languages.

The basic units in programming with LabVIEW languages is known as virtual
instruments (V1s). Theses VIs consist of the two graphical objects: the block diagram and
the front panel. The former consists of various mathematical and logical functions while
the later has a variety of controls, inputs parameters, and indicators, outputs parameters.
Inside the block diagram, the flow of data between these functions is simply represented

by wires.

LabVIEW can be installed on both Windows and Apple Macintosh and it supports many
protocols like IEEE-488 (GPIB), RS232 and TCP/IP. These protocols are used to
communicate with devices and instrument controlled by the LabVIEW program.
LabVIEW acquires data from them and at the end of the execution these data are saved

in an excel file with a record for all initial settings and inputs.

Through this work, five LabVIEW programs had been written to control and collect data

from the Mls level devices and instruments.
The functions of these programs are:

1. Controlling the positioning system, see section 3.4.1.

2. Synchronous control and data acquisition from the RF power meter and
positioning system, see section 3.4.3.

3. Synchronous control and data acquisition from the spectrum analyser and
positioning system, see 3.4.4.

4. Synchronous control and data acquisition from the VNA and positioning system,
see 3.4.5.
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5. Controlling and data recording from the VNA in the frequency domain, see 3.4.5.

3.4 Measurement Instruments

At this level, three essential parts are required: the XYZ stage, the RF generator and the
data capturing devicel!. The XYZ stage is holding both DUT and the probe and it is
responsible for the relative location/ movement between them. Usually, this part remains
without change regardless of the DUT type, or the type of the measurement or its domain.
While the remaining parts in this level are changeable depending on the domain of the
measurement and/or the parameters of the measurements. In the frequency domain, to
measure the magnitude and the phase of the voltage or the current the VNA is used as an
RF generator and for data capturing. To measure the magnitude of the harmonic content,

a spectrum analyser with a separate RF generator is used.

In the time domain, the spectrum analyser is replaced with either an oscilloscope or a
sampling oscilloscope to quantify the magnitude, the shape and the phase delay of the

voltage or the current with respect to the original source signal.

In this level, it is essential for each part to have a proper interface to communicate with
the MCDM level, such as the GPIB (General Purpose Interface Bus), USB (Universal

Serial Bus) or any suitable Ethernet interface.

3.4.1 XYZ Positioning System.

The positioning system is utilized to automatically locate the relative positions of the
probe and the DUT. The accuracy and quality of the positioning system can significantly
influence the overall accuracy and the quality of the contactless measurement especially
when it requires movements in the range of micrometres. Accuracy and quality are
defined in terms of the smallest movement step allowed, repeatability and mechanical and
thermal stability. The positioning system consists of three main parts: a mechanical stage,
stepper motors and control. Among those parts, the mechanical stage is the most
important, it should be stable and immune to mechanical vibration and thermal fluctuation

especially for the Z axis (the distance between the probe and DUT).

1 Sometimes become two when the RF generator and the data capture are included in the same device, like

the case when the VNA is used.
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In the contactless measurements, it is common to locate the probe at 5 um or less above
bond wires of a fully activated power transistor. If the mechanical instability of the stage
is compromised, this could lead to uncontrolled physical contact between the probe and
the wire under it. Usually under these circumstances, severe damage can occur, not only
to the probe (electrically and mechanically) but also the transistor under test and the
measurement tools. Selecting a mechanical stage of good quality can minimize

mechanical vibration to a fraction of a micrometre.

Stage thermal expansion required more attention to minimize its impact. Metals like
aluminium, steel, copper are commonly used in the structure of the stage, DUT and the
probe. Thermal expansion coefficients of these materials are 0.23, 0.13, 0.17 um/cm/C
respectively. If for example, the temperature changed 5° then the length of a 10cm
aluminium piece is changed by the amount of 11.5 um. Such a variation can introduce
permanent damage if it is larger than the distance between the probe tip and DUT. If not,
then it has the potential to affect the overall accuracy of the measurement. Thermal
expansion can be avoided or at least minimized to a fraction of micrometre by keeping
the room temperature constant or/and designing the stage in a way that leads to a
minimum temperature expansion coefficient. This can be accomplished by building the
stage from materials that have opposite thermal expansion coefficient or/and use the

flipped “U” shape in constructing the axis of the stage.

The other two important factors defining the quality of the positioning system are the
minimum step size and the repeatability of the movements. Both factors are mainly
related to the stepper motors characteristics. Minimum stepper motor step should be much
smaller than the highest possible spatial resolution to produce smoother measurement
responses and to enhance measurement repeatability as well. For example, a 2.5 um and
lower step size stepper motor should be used to a chive a spatial resolution of 25 um.
Stepper motor movements, under measurement conditions, need to be synchronized with

the measurement process, therefore, the main controlling unit is used.

Positioning systems can be classified into two types: in terms of which part is moving
with respect to the other. With the first type, the DUT is held still while the probe is
moving across it. The advantage of this type is: easy to mount the DUT (especially when
a water cooling heatsink is required) a smaller stepper motor is needed which means
smaller step size is more likely possible. This type of stage is shown in Figure 3-2(A) and

it has two stepper motors one for the X-axis and the other for the Z axis with a minimum
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step size equal to 48 nm. The other option is the opposite and therefore it allows better
observation to the movement through a microscope because the probe is held still and
DUT is moving under it. This configuration is shown in Figure 3-2(B) where the

minimum steeper motor step size is equal to 2.5 um.

Probe

Z- Manual

Figure 3-2 (A) XYZ stage with the probe moving across the DUT. (B) XYZ stage with
probe still and the DUT moving under it.

The front panel of the LabVIEW programme that controls the movement along the X-
axis and the program are given in Appendix one. This panel has control icons to determine
step size, starting point, number of the steps, the direction of movement and the option
automatically return to the zero position. Probe movement along the Z-axis is controlled

through the Zaber software.

3.4.2 RF Generator.
An Agilent E4421B RF generator has been used to excite the DUT either directly or via
a boosting amplifier, see 3.5. This generator can provide an RF signal up to 3 GHz at any

value of power between +16 dBm and -136 dBm.

3.4.3 Power Meter.
An Agilent E4418B RF power meter has been used to measure the signal generated at the
output of the probe. The front panel of the LabVIEW program that controls the power

meter and the movement along the X-axis is given in Appendix two.
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3.4.4 Spectrum Analyzer.

LabVIEW program written to controls the spectrum analyzer and the movement along
the X-axis for harmonic measurement. The LabVIEW code for this type of measurement
is given in Appendix three. The spectrum analyzer used through this work was a Hewlett
Packard 1996A with 6 GHz bandwidth and remotely controlled via its Ethernet port.

3.4.5 Vector Network Analyzer.

The VNA HP8753E has been used for most of the measurements®?. It is a relatively old
model, it has only two ports with a 6 GHz bandwidth and very good sensitivity down to
the range of -90 dB. Through this work, many calibration files were generated and saved
in this VNA for a variety of setting options and different hardware attached to it through
the measurements (cables, connectors, etc....). The important setting for the VNA is the
starting and ending sweep frequency, the number of points per sweep, sweep time,
intermediate frequency bandwidth and the scattering variable to be measured. These
parameters are made accessible at the PC through the front panel of the LabVIEW

program which also controls the steps of the stepper motor.

The LabVIEW program for this instrument has been written to support more effective
remote control by recalling pre-saved calibration files to match the different types of
DUT, see Appendix four. In addition to that, and since the internal software of the VNA
HP8753E is old, another LabVIEW program has been written to capture and record the
date of the S-parameters in the case where the VNA is being used in a standalone setting.

The front panel of this program and the program is given in Appendix five.

In order to perform an absolute contactless measurement, it is essential to calibrate the
probe and to do a full calibration for the VNA as well. However, in many cases, the DUT
needs a sufficient RF power delivered at its input (like microwave power transistors) and
thus a boosting amplifier is located between the VNA and the input of the DUT, see
section 3.2 and Figure 3-1.

For such an arrangement, see Figure 3-3, it is only possible to do a response calibration
of the HP8753E and only the forward transmission measurement Sy; is possible [176].
This limitation can be avoided in other VNAs like HP8753D Option 085 and other VNA

that has jumpers to access its internal connection. For our case and under this

2 Through this work, the only available VNA, for long term use, was HP8753E.
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circumstance, the contactless measurement can be classified to be a relative measurement

technique.
Network analyzer
ﬁ -§ ’
o o ) °
1 2 Rin
Boos.ter M\~ Attenuator
amplifier

Coupler

— T}
\ / Attenuator A\~

Calibration points

Figure 3-3 HP8753E calibration setup with boosting amplifier, only response calibration
is possible [176].

The purpose of calibration is to correct the systematic errors [176]. These errors are
related to the VNA and devices lying between it and the DUT and many of these errors
are a function of the frequency. However, these errors are the same when the same
measurement is repeated over and over at very close distance from each other (fraction
of a millimetre). In another word, these errors look like common mode noise, their effects
can be compensated through a subtraction process. In many applications, like the case of
bond wires, what is important is the difference in magnitude and phase, between them
rather than the absolute values. In fact, both the absolute and the relative measurements
will lead to comparable results because error due to incorrect calibration is constant for a

given hardware structure at a specific frequency.

3.5 Measurement Action Level

This level consists of three parts: The probe, the DUT and a boosting amplifier. This
amplifier must have a sufficient RF power capability to excite the DUT. At this level, the
setup should allow easy access to change any of its parts without affecting the remaining
levels. The power and gain of the boosting amplifier stage depends on the DUT and
through this work, three deferent power ratings of the amplifier (1 W, 3 W and 10 W)
have been used, see Figure 3-4(A-C).

68 Ali Mahdi Lafta Al-Ziayree - March 2018



Chapter 3: Microwave I-V Measurement Setup and Fabrication Requirements

.

| [IMinl-Circuits®

e 21 o AMPLIFIER h

ZVE-3W-83+
2000-8000 MHz 174

IN ouTr

wWAWWY menicircuits . com J

B N74490644

Figure 3-4 Boosting amplifiers. (A) 1 W, 2-8 GHz. (B) 3 W, 2-8 GHz. (B) 10 W, 2.4
GHz.

3.6 Generic Contactless Probe Structure
The generic structure of the contactless probes can be divided into three main units: the
input interface unit, the transition unit and the output unit. The first and the second units

are situated inside a container called the housing of the probe, see Figure 3-5.
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Output Interface Unit

Figure 3-5 Structure of the generic contactless probe

3.6.1 Input Interface Unit

In this unit, the electromagnetic fields are converted to electrical signals. It has two
essential parts: an antenna and an appropriate transmission line. The overall dimensions
of these parts are miniaturized to the micrometre level to satisfy the high spatial resolution
requirements inside microwave power transistors. Design details and fabrication

procedures for these parts are discussed in chapter four and five.

3.6.2 Output Interface Unit
The function of this unit is to transmit the probe output signal to the next stage in the

measurement system through a standard transmission line and compatible RF connector.

3.6.3 Transition Unit

The middle section is the transition unit. Here, two types of transition are achieved. The
first type is the transition from the micro scale geometry of the input interface unit to the
standard millimetre scale dimensions of the output interface unit. The second type is the
electric signal transition which can be either through a direct electrical connection

(passive probe) or via a preamplifier circuit (active probe).

The active version of the probe contains miniaturized electronic circuits and devices used

to implement the preamplifier. More details are provided in chapter four and five.

3.7 Miniaturized Probe Housing Design and Fabrication.

A miniaturized tube followed by a small chamber with a movable cover are the main
features of the probe housing. Both parts are made from metal and they contain the first
and the second probe units, providing them with the required mechanical support and

protection against noise as well.

70 Ali Mahdi Lafta Al-Ziayree - March 2018



Chapter 3: Microwave I-V Measurement Setup and Fabrication Requirements

Copper and brass tubes and rods have been used to fabricate the housing. Copper has
better electric conductivity, but it is too soft to create miniaturized objects, therefore,
brass, which it is much harder than copper, is preferred.

The parts of the input interface unit are contained inside the miniaturized brass tube. The
antenna is situated at its far open end and the transmission line passes through it into the

brass chamber.

Companies that manufacture microwave power transistors usually seal their products with
a ceramic cover of 2-3 mm in height, see Figure 3-6. From which it can be assumed that
if any metallic object is laid on the surface of the ceramic cover, it will not impact
electromagnetic fields distribution inside them. Therefore, the length of the miniaturized
tube is chosen to be 10 mm (which is much taller than the height of the ceramic cover) to
ensure a safe minimum intrusion due to the metallic chamber. This assumption is also

verified practically by the intrusive test in section 3.12.1.

Figure 3-6 Different package of microwave power transistors with ceramic upper face

cover.

The brass chamber contains the parts of the transition unit. It is a metallic structure
fabricated from tubes and rods in a cylindrical shape with a removable cover for easy
access. The chamber size is dependent on how many outputs the probe has and on whether
is it active or passive. In the active probe version, this chamber offers the required
shielded space to implement the micro electric and electronic circuit components

necessary for the preamplifier.

Through this work, three versions of a miniaturized probe housing have been designed,
manually fabricated, and used in the construction of the contactless probe. Designe details

for these housings are illustrated in Figure 3-7.
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Figure 3-7 Design details of the three versions of the housing used to implement the

mininaturized contactless probes. (A) Current probe. (B) & (C) Voltage peobe.

3.8 Micro Fabrication Requirements

Fabricating a new microwave device and/or microwave circuit is a challenge. Many
factors should be considered especially those related to the size, relative positions and
dimension aspects. However, handmade fabrication of a micro version of those

microwave devices and circuits is an extremely difficult and time-consuming process.
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The whole fabrication process needs to be conducted through an optical microscope
which limits the allowed working space to a few centimetres only.

This involves the use of the various sets of precise micro tools. In fact, many of these
tools have been manually fabricated either because they are expensive or unavailable.

Creating a successful and repeatable fabrication procedure is a result of intensive training
in order to acquire sophisticated hand skills in this field. It also needs wide access to a
various range of data resources about the electrical, mechanical, physical, and even

chemical characteristics of the raw materials used for fabrication and implementation.

3.9 Fabrication Generic Materials

Many kinds of materials have been used in the fabrication of these probes. Some of them
are common in both voltage and current probes while the remaining are specific to each
one of them. These materials are divided into three groups according to the probe main

units discussed above.

3.9.1 Materials Used in Implementing Input Interface Unit
Both types of the miniaturized antennas, the loop and the monopole, and their
transmission line are fabricated from enamelled thin copper wire, AWG52, which has a

20 um copper diameter. The copper is coated with 1.5 pm Polyurethane green insulator?2,

The traditional methods of removing this insulation layer from enamelled wires, by
applying either heat or scratching it, are not applicable to this ultra-thin wire and thus
chemical solvent materials are needed. After trying different materials, the Acetone works

well but requires 5-6 hours to completely remove the insulation layer from the wire.

It is important to remove the wire soon after the insulation has dissolved, otherwise an
unmovable black layer of copper dioxide forms on the wire surface. Alternatively,
continuously wiping the wire with cotton and Acetone for 15-20 minutes yields the same

result.

13 This type of wire is usually available in three colours red yellow and green. However,
it is better to choose the green or the red colour for easy distinguish the remove of the

insulator while inspecting it under microscope.
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Removing this insulation layer only from the ends of the wire demands precise wiping
with a controlled amount of Acetone and for this purpose, we fabricated a simple but
effective wiping tool using a half of cotton swab attached to a 5 ml syringe filled with

Acetone.

3.9.2 Materials Used in Implementing Transition Unit
Materials used in this unit can be divided into three main categories:

3.9.2.1 Electronic Circuits Devices

Miniaturizing the size of the probe giving more functionality in a smaller space. Due to
that, all the electronic devices used in implementing the transition unit are selected from
the family of subminiature surface mount leadless packages. We choose active devices
(transistor and /or amplifier) that is in an ultra-thin and small package WLP0402, 1 mm

x 0.5 mm x 0.25 mm, see Figure 3-8.

For the passive parts (resistors, capacitors and inductors), we used the smallest packages
sizes commercially available nowadays, 01005, 0.4 mm x 0.2 mm x 0.2 mm and 0201,

0.6 mm x 0.3 mm x 0.3 mm.

b= 1.004 MIN, 1.085 MAX

PIN ONE
INDICATOR — 0.125 0.125
‘ i{
q 0.500 MIN,
f 0.585 MAX GROUND PAD 0.470
INPUTPAD Lf 0390 —=| - OUTPUT PAD

0.160 0.160

Figure 3-8 Photo of the WLP0402 package and its outline, all units are in millimetre.

3.9.2.2 Electric Connection Materials

Surface mounted devices are usually attached to the printed circuit board by using an
automated soldering process. Automated soldering can offer the controlled amount of
heat and accurate positioning of the soldering process. However, the cost of this
technology is beyond the budget of this project. On the other hand, the manual soldering

is not applicable to these miniaturized electronic circuits.
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The alternative to the soldering technique is to use a conductive epoxy. The important
factors in selecting the suitable conductive epoxy are its electric conductivity and its
viscosity.

Silver conductive epoxy has the highest conductivity compared with other materials. The
viscosity of the product depends on the density/size of the silver particles and the nature
of the resin and hardener mixed with it. It is important here to have wide flexibility to
create an ultra-small spot of the mixture at the required place.

Through the experimental tests on many brands of silver conductive epoxy, we found that
the RS Pro Silver Epoxy Conductive Adhesive is the best choice. The resistivity of this
product is less than 0.005 Q/cm and the curing time is 24-36 hour at room temperature
and it can be reduced to 20-30 minutes at 100° C. With this product, we were able to

create ultra-small spots of less than 40 um radius.

To create such small spots there is a need for an object with a tiny diameter and a strong
enough structure to pick up the epoxy and move it to the desired place. The glass core of
an optical fibre (diameter =125 um) and a molybdenum wire (100 um) were used to make

a single bristle brush.

3.9.2.3 Printed Circuit Boards and Circuit Substrates

The function of the printed circuit board is to maintain electric connection between the
devices. For this purpose, three sets of miniaturized gold printed circuits boards (2.5 mm
x 1.5 mm x 0.25 mm) were designed and fabricated on an alumina substrate with a

footprint that is compatible with the pads of the WLP0402 package, see Figure 3-9.

These designs were the preliminary version and through the work, some of them were
subject to major modification to enhance circuit performance. However, due to limited
financial resources and the high cost of fabricating a new set of these printed circuit
boards, we adapted an alternative method to implement the electronic circuits. In this new
technique, the electronic devices are mounted upside down and glued to an ultra-thin (125
um) glass substrate (or only a thin layer of glue of small areas). This piece of glass is then
glued to the internal metal base of the transition chamber (which acts as a reflecting

ground plate under the bottom face the glass substrate), see Figure 3-10.

The dielectric constant of this type of glass (5.6) and the glue (2-3) are smaller than that
of the alumina (9-11) and thus lower the capacitance introduced between the top layer

and the ground layer.
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Figure 3-9 Miniaturized alumina printed circuit boards. A) PCB for the currnt probe with
diffrintial loop antenna. B) PCB for the currnt probe with single end lop antenna. C) PCB
for the voltage probe. D) PCB for the voltage probe with miniaturized amplifiere attached
to it.

Among many types of glues, that have low viscosity and thickness, we found that the new
generation of liquid plastic ultraviolet light curing adhesives is more suitable. The
ultraviolet light cures the liquid plastic in less than 10 seconds. This light-controlled
curing permitted wide flexibility to correct the position and/or relocate the piece. The
final step is to make the electric connections with silver conductive epoxy on the top face

of the electronic devices, see Figure 3-10.

Figure 3-10 Thin layers of glass used as a substrate inside the transition unit. The complet

circuit diagram is shown in Figure 5-15 and 5-16.

The main advantages of this technique over the traditional printed circuit boards are:
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e Enhancing overall probe sensitivity (see section 4.10.1) by eliminating the
additional shunt capacitor introduced by the PCB between the pads of the active
device and the ground plate especially at the input side (depending on the area of
metal connected to that pad). The value of this capacitance for the PCB shown in
Figure 3-9 is around 0.15 pF.

e All connections can be visually inspect and modified before epoxy curing.

e Reducing the spacing between the elements of the circuit which means a smaller
area for implementation and smaller electrical length compared to the operating
wavelength.

e Rework and circuit modification is easier to do, scratching the cured conductive
link with a sharp needle is sufficient to remove it.

e The thin glass substrate allows more free space inside the transition chamber.

3.9.3 Materials Used in Implementing Output Interface Unit

Materials used in this part are a 50 Q coaxial cable and appropriate RF connector.
Miniaturized coaxial cables are commercially available in different sizes and can be either
flexible or semi-rigid. Although the miniature flexible cables are mechanically easier to
deal with, their bandwidth is limited* and their low-quality shielding makes them

inappropriate to use in high electromagnetic field density environments.

The smallest semi-rigid coaxial cable UT013 (outer diameter = 330 um) is mechanically
fragile and terminating it with the standard RF connector is not possible. Therefore, we
have selected the UT034 50 Q semi-rigid coaxial cable. The outer diameter = 860 um and
the inner diameter is 200 um which is smaller than the pad width of the electronic device

packages attached to it see Figure 3-8 and Figure 3-10.

The end of the UT034 can be attached to the standard female SMA connectors to support

probe compatibility with the other parts of the measurement system.

3.10 Environments of Real Measurements
Before proceeding to describe methods of measurement verification, it is more

appropriate at this point to introduce three important devices and their geometrical details.

14 They are initially fabricated for WIFI applications. For example, the miniaturized flexible 1.13 mm

coaxial cable has a 6 Ghz bandwidth.
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These parts are commonly found inside microwave transistors and quantifying their

voltages and currents can lead to their required optimization.

The first is the bond wires that connect the semiconductor inside a device to the remaining
parts, such as the leads, matching capacitors, and the dies inside the transistor. The second

is the die itself which it is an array of the identical cells connected in parallel.

The last device is the microstrip transmission lines. The importance of the microstrip line
comes from the fact that they exist in many microwave applications and circuits inside
microwave transistors as well. For example, the ends of any bond wire are either
connected to a pad located on a semiconductor die or to a lead. For both cases (the pad
and lead) represent the upper conductor of a microstrip line isolated from the ground plane
by an insulator (the substrate layer under the semiconductor or the insulator under the
lead). Those mini microstrip lines are either feeding to or receiving from bond wires /

dies and they are having their impacts on them.

3.10.1 Bond Wires

Bond wires, like any other wire, are electrically connecting two parts. This method of
connection is widely used in semiconductor fabrication. It is accurate, fast and safe in
connecting between miniaturized parts. Bond wires are usually arranged in groups or
arrays inside a transistor, like a drain or the gate bond wire array. The following sections
are intended to describe the arrays of bond wires and their main geometrical and electrical

characteristics.

3.10.1.1 Bond Wires Geometrical Characteristics.

Bond wires are normally distributed in arrays of wires made from high conductivity
metals and the range of their diameters extends from 5 pum to 500 um [177]. However,
practically they are classified into: fine bond wires (< 20 pm), standard or thick bond
wires (25 um to 100 um) and heavy bond wires (125 pm to 500 um) [178], [179].

Pitches between bond wires mainly depend on the wire diameter, bonding area and the
dimension of the tool (Capillary or Wedge) used to bond them. Thus, pitches between
bond wires are also classified into three groups: ultra fine pitch (< 50 pum) with fine wires
only, fine pitch ((75 pumto 190 um, standard wires) and (250 pm to 700 pm, heavy wires))
and standard pitch ((125 pm to 280 um, standard wires) and (350 pm to 1150 pm, heavy
wires)) [178], [179], see Table 3-1.
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Table 3-1 Bond wire diameters and width of the pitches between them [179].

A W wire standard cutting edge

D A| B | I W/ A| B | I W

. 100pm [125pm |125pm |45pm  |50pm | 75pm | 75pm [ 38pm
1M]I .004in |.005in |.005in |.0018in|.002in |.003in [.003in |.0015in|

B 2M| 125pm [150pm | 200pm|(75pm  [90pum | 125pm (140pm |70pum
| .005in |.006in | .008in |.003in |.0036in |.005in |.0056in|(.0028in
. 180pm | 200pm | 250pm|125pm [120pm | 170pm (150pm |112pm
* SM]I .0072in|.008in |.01in |.005in |.0048in|.0064in(.006in (.0045in
D . 200pm | 280pm | 280pm|130um [150pm | 220pm |190pm |130pm
4Mil .008in |.0112in| .0112in.0052in|.006in |.0088in|.0076in|.0052in
wire Heavy wire

D |A|B|P|IW|A|B|P|W
5MI| 250pm| 300um| 350um | 150um |175um|250um | 250pm | 150pm

. . .01in_|.012 |.014in |.006in |.007 |.01in |.01in |.006in

A pad width W bond width

BMI 250pm| 500pm|400pm | 200pm |230pm|320pm | 250pm | 180pm
| .01in_ | .02in_|.016in |.008in |.0092in.0128in|.01in | .0072in
., | 400pm| 800pm|600pm | 320pm |350pm|500pm | 350pm | 300pm
. . 10M]| .016in | .032in |.024in |.0128in|.013in |.02in |.013in |.012in
D wire diameter 20Mil | 820um|t1300umi 150um| 650um [660um|950um | 700um | 600um

.032in |.052in |.046in |.026in |.0264in.038in [.028in |.024in

B pad length P pitch

Two main geometries are used, the wire (widely used) and the ribbon (used for high-
frequency applications to increase the surface area and reduce unwanted coupling [180],

[181]) and they are made either from copper, aluminium or gold.

The cost, method of bonding and the properties of these materials are the important factors
that classify the applications they are used for. Table 3-2 illustrates nominal range of

dimensions for each type of material and for both geometries.

Table 3-2 Bond wire size range for gold, aluminium and copper in comparison with

dimensions range of the ribbon [182].

Au Al Cu Ribban
Mire Size Range (um) 15-51 25250 15-76 12-51(thick) 51-250{wide)
Min. Recommended Pitch {pm) 35 75 35 NfA
Min. Recommended Bond Pads (mils) 2x2 356x356 2x2 3x3

For commercial devices, the largest size bond wire that can be attached to it mainly
depends on the bonding area (pad area) at the semiconductor metal contact [183]. In a
microwave application, it is needed to make the total area of the semiconductor small
compared to the operating frequency. For this reason, it is rare to see wires of diameters

larger than 50 pum used in microwave devices. In fact, many publications [180], [182],
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[184], [185] indicate that for microwave applications, 50 pm is the upper limit of the wire

size.

3.10.1.2 Bond Wires Electrical Characteristics.

The designer of microwave devices needs to consider many factors before selecting the
proper size of the bond wire, like the size of the bonding area, impedance matching and
most importantly, the current handling capability for the cases of power transistors. The
size for microwave applications extends from 18 um to 50 pm [183] (a slightly wider
range from 12.5 pm to 50 pm is given in [184]). However, in the microwave power
transistors, where the demand is for high current capability, the 25 um or thicker diameter
is often used [183]. The electric characteristic of the bond wires in Figure 3-11 can explain
the reasons behind this selection.

The bond wire self-inductance is inversely proportional to its diameter and a noticeable
decrease is shown in Figure 3-11(A) for diameters thicker than 25 pum (which mean higher
current capability). The opposite of this behaviour is illustrated in Figure 3-11(B) for the

bond wire capacitance.

The fusing current value is defined as the amount of current that causes the wire to melt.
As expected for any conductor, the value of the fusing current increases as the diameter

of the conductor increase, see Figure 3-11(C).

For safe operation, the rated current should be kept around the 50% of the fusing current
[184]. For example, a 1 Amp current requires three 25 pum gold bond wires and with
aluminium wires, it needs seven wires. For the same conditions, nine gold wires of 15 pum

diameter would be needed.

In contrast to fusing current, the DC resistance decreases and goes below 450 mQ per 10
mm length for gold bond wires diameters > 25 um, while it is around 2 Q for 15 pm, see

Figure 3-11(D).

The last important property is the AC resistance of the bond wire which is a function of
the frequency. At high frequency, the effect of the skin depth becomes dominant and thus
the effective cross-section area, that is allowed for the current to pass through, becomes
smaller [180]. In Figure 3-11(E) the AC resistance of the 25 pum (1 mil) gold bond wire
increased by the ratio of 3.19 as the frequency increased from 100 MHz to 1 GHz.
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Figure 3-11 The electric characteristic of the bond wire. (A) Inductance variation with
wire diameter [186]. (B) Capacitance variation with wire diameter [186]. (C) Fusing
current variation with wire diameter[187]. (D) DC resistance variation with wire
diameter[187]. (E) AC resistance variation with wire frequency for 25 um (1 mil) gold
bond wire [188].
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3.10.2 Layout of Transistor Die

Microwave transistors with high power capabilities usually consist of an array of smaller
transistors (cells). Each of the individual cells consists of at least three parts: source, gate
and drain (FET transistor), see Figure 3-12(A).

active layer
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| depletion

Semi-insulating GaAs region

substrate

/ backside metal
Plated
(A) via hole
Gate
(RF Input)
Source
overlay
airbridge Source

fingers (3)

Source% oy - v v f \
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Mes
Gate
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s Drain
) fingers (2)
(B) Drain

(RF output)

Figure 3-12 (A) structure of a transistor. (B) Bottom surface view of RF transistor die
[189].

These three terminals of each cell are connected in parallel respectively and sharing one
large physical structure called the die. The gates, sources and drains of these small
transistors are distributed along the surface of the die and look like a chain of strips

(fingers) with a repeated sequence, see Figure 3-12(B).

Unlike the case of the currents passing through the bond wires where all of them are
carrying current in the same direction, currents through adjacent source-drain fingers are
in opposite directions. This will introduce much stronger electromagnetic fields between

them. Depending on the number of cells per die, if it is even or odd, the fingers at the
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edges of the die are either of the same or different types respectively, see Figure 3-13.
Large transistors have more than one die, if the edges of the adjacent dies are of similar
types then a bridge wires connect these similar ends.

Information about the finger dimensions is not usually addressed in the datasheets of the
devices. Larger finger width allows higher current handling capabilities while the wider
spacing between fingers reduces thermal resistance which in turn improves power
disruption among them. However wide finger/space means larger die as well and this can
affect the overall performance of the die [115]. Because of that, the choice of the finger/

space width is a trade-off between the two issues.

EVEN ODD
d|s|d|s |d sfd| s| d
«— > — — — «— —

A) Ending drain C) S/D ending
s|d|s| d|s d|s|d |s

—_> — = — < >

B) Endina source D) D/S ending

Figure 3-13 The number of fingers per die is either even or odd and the fingers at the
edges of the die are either of the same or different types respectively [190]. A) Both eands
are drain. B) Both eands are source. C) First end is source and the last is drain. D) First

end is drain and the last is source.

3.10.3 Microstrip Line.

The microstrip line is a transmission line and its geometry include three layers, the top
strip and the bottom ground plane are conducting materials while the middle layer is an
insulating material (substrate). Copper or gold are usually used to implement the strip and
ground plane due to their electrical and mechanical characteristics. The dielectric layer
could be made from Polytetrafluoroethylene (PTEE), Ceramic, Silicone, Gallium
Arsenide or Alumina [191]. The width (W) of the strip, thickness (h) of substrate and the
dielectric constant (&) of the substrate identify the value of the characteristic impedance

of microstrip transmission line, see Figure 3-14, and it is given as follows [192]
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Figure 3-14 Microstrip transmission line structure [193].

3.10.3.1 Microstrip Line Current Distribution across its Width.

At DC and low frequency, the distribution of the current across the width of the strip
conductor is uniform [194]. As the operating frequency increases the skin effect losses
increases and thus the AC resistance of the strip increases too, see Figure 3-15(A).
Therefore, the electric charges diverge away from the core of the strip towards its surface

to be confined in its skin [194].

With the existence of the ground plane under the strip, an electrical attraction occurs
between the opposite charges on the bottom surface of the strip and the top surface of the

ground plane [195].

These effects concentrate the current in the edges [161], [196] and the bottom [195] of
the strip line to produce current distribution like an inverted umbrella [197], see Figure
3-15(B).
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Figure 3-15 (A) Current distribution in the cross-section of two parallel plates as a

\

function of the operating frequency [195]. (B) A cross-section of the microstrip line

showing the inverted umbrella shape of the current distribution [192].

3.10.3.2 Microstrip Line Current and Voltage Distribution along its Length.

Like any transmission line, see Figure 3-16(A), distribution of the voltage and current
along the length of the microstrip line is decided mainly by the load that terminates it. If
the load impedance is equal to the microstrip line characteristic impedance, (Zo= Ro =

RL), given in (3-1) & (3-2) then matched termination takes place.

Therefore, the whole incident power is absorbed by the load and no reflected power
returns to the source. Observation of voltage and current wave (as a function of position)

shows a uniform (constant level) distribution for both [191], see Figure 3-16(B).
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Figure 3-16. (A) A transmission line terminated with load impedance Z.. (B) Voltage
and current waves on matched termination Ro = Rc. (C) Voltage and current waves on

mismatched termination R, # RL. (D) Voltage and current waves on short and open

termination [198].

Any other value for load, larger or smaller than the characteristic impedance of the
microstrip line (mismatching) (Zo = Ro # Rv), leads to a percentage reflection of the
incident power from the load toward the source. Thus, for the case of mismatching
termination, both voltage and current signals has two waves travelling along the

microstrip line in opposite directions between the load and the source. The net result of
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those waves introduces what it is known as the standing wave for the voltage and the
current respectively. They have a repetitive pattern that makes it look like a still wave
along the length of the microstrip line. The standing wave of the current has its minimal
and maximal values at the same location where the maximal and minimal of the voltage
standing wave are respectively, see Figure 3-16(C). Those minimal and maximal values
occur at an integer multiple of the quarter of the operating wavelength. A 90° phase shift
between the standing wave of the current and the standing wave of the voltage always
exists due to the reflection effect where the current wave inverting its direction of
movement and phase (right-hand rule). Full reflection of the incident power occurs in two
cases, when the load impedance is a short circuit and when it is an open circuit. For those
cases, the minimal values of the standing waves become zero while the maximal values

become double, see Figure 3-16(D).

3.10.4 Microstrip Taper Line

The bond wire can be treated as microstrip lines [199] and thus their characteristic
impedance can be estimated [200] using (3-1). For a 25 pm bond wire with average height
from the ground = 500 pm, it is approximately 260 Q. Large power microwave transistors
have many bond wires connected to the device leads in parallel to reduce overall wire

inductance [201] necessary to handle high current requirements.

If for example, a transistor has an array of 20 bond wires and are connected to one of its
leads then the estimated*® total impedance under the above conditions can be less than 13
Q. Microwave standard characteristic impedance is either 50 Q or 75 Q. Therefore, to
avoid the reflection of the microwave power, either internal [185], [202] and/or external

[203] matching device and/or circuit is required [204].

One of the most popular matching devices is the microstrip taper line due to its broadband
response. Unlike the ordinary microstrip line where it has a constant characteristic
impedance along its length, the characteristic impedance of the microstrip taper line is
varied along its length. This dependency on the length could be either in the form of steps
or continuous variation. There are many shapes of the continuous taper used to match

microwave power transistors, like the linear taper, the exponential taper or the

15 This estimation is for illustration purpose only and it does not reflect the actual values. Mutual effects
between bond wires and semiconductor effects are not considered here. More precise calculations are

required for realistic approximations.
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Klopfenstein taper [203]. The narrow side of the taper has the high value of impedance

while the wide side has low impedance.

The matching circuit could be inside the microwave transistor completely, and thus
having narrow leads connected to the normal microstrip line, or part of it is outside the
transistor, and therefore transistor leads are wide and flat with subsequent connection to

a microstrip taper line, see Figure 3-6.

3.11 Miniaturized Test Fixtures

Three miniaturized test fixtures have been created to simulate three practical cases of
bond wires to be used in probe testing and verification. These test fixtures are fabricated
from thin film circuits to emulate the drain bond wires array inside power transistor, see
Figure 3-17.

Figure 3-17 Miniaturized test fixtures. (A) 36 fingers of 25 um width and 25 pum gap. (B)
30 fingers of 25 um width and 50 um gap. (C) 25 fingers of 25 pum width and 100 pm

gap.
Three pieces of alumina of 250 um thickness, 11.5 mm length and 4.5 mm width were
used as a substrate for these test structures. The bottom layer is covered with a gold

ground plane. The top layer is two 0.7 mm gold tracks where the width widens in the
middle to two flat manifolds spaced by 1.5 mm (linear microstrip taper). These manifolds
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are connected by a parallel array of gold fingers. The first test structure is for ultra-fine
spatial resolution tests and has 36 fingers, with both 25 pum width and 25 pm spacing,
shown in Figure 3-17(A). The second one is for fine spatial resolution test and has 30
fingers of 25 pum width and 50 pm spacing, shown in Figure 3-17(B). The last one is for
standard spatial resolution test and has 25 fingers of 25 pm width and 100 um spacing,
shown in Figure 3-17(C).

3.12 Non-Intrusive Probing
In an ideal situation, the measurement should be non-intrusive so that the DUT has no
variation in any of its properties while it is under measurement. However, in practical

cases, each measurement might have its own impacts on the DUT.

Putting a metal object close to an electromagnetic source can affect the field distribution
and thus might change its properties. It is clear that these effects are proportional to the
size of the metal object and to the density of the electromagnetic sources within the DUT
as well. The important thing here is the amount of change, if it is very small then this

measurement can be described as a non-intrusive measurement.

In microwave circuits, the scattering parameters are widely used to define the important
properties of the DUT. For passive components like the test fixtures shown in Figure
3-17, the four parameters for the input and output ports are the same (S11 = Sz2 are the
reflection coefficients and S»1 = S1» are the gain coefficients). Measuring these parameters
before and after the presence of the probe in the vicinity of the DUT can provide an insight

into the impacts of the probe.

3.12.1 Testing the influence of the Probe Transition Unit'®

As shown in section 3.7 the whole body of the contactless probe is fabricated from metal
and the largest cross-section of the transition unit is 4 mm, see Figure 3-7. On the other
hand, the highest density of the electromagnetic fields is that of the test fixture shown in
Figure 3-17(A).

In this test, the transition unit is moved away from the test fixture and both Si; and Sz
are measured at different heights above the test fixture, 1 um, 1 mm, 10 mm and 10 cm,

see Figure 3-18(A) and (B) respectively. In both measurements, the change in these

16 The input unit removed from the probe in order to inspect only the influence of the transition unit.
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parameters increased with frequency and it is much clearer for the case of S,1. In addition
to that, the largest variation can be seen between the 1 um and 1 mm while the
measurements at 1 mm, 10 mm and 10 cm are almost the same. These results emphasize
the assumption given in section 3.7 regarding the length of the input unit (the brass tube
in Figure 3-7).

S$11/dB

0 1 2 3 4 5 6 7
A) Frequency / GHz

———h=1um

——h=1mm
-1 = h=10mm
h=10cm

$21/dB

B) Frequency / GHz

Figure 3-18 Influence of the presence of the transition unit on the S11 and S»1.
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3.12.2 Testing the influence of the Probe Input Unit

The same previous tests are repeated here with an input unit (10mm brass tube) attached
to the transition unit at different heights from the DUT (1 um, 1 mm and 10 cm). The
results are shown in Figure 3-19(A and B) indicate that differences in the values Si1 and
So1 are very small, and the largest differences are 0.12 dB and 0.085 dB respectively.
Under these conditions one can confidently claim that the contactless voltage and current

probes are non-intrusive probes.

0

-5

-10

-15 ——h=1um

——h=1mm
-20
= h=10cm

S$11/dB

-25

-30

-35

0 1 2 3 4 5 6 7
A) Frequency / GHz

— h=1um
——h=1mm

= h=10cm

$21/dB

0 1 2 3 4 5 6 7
B) Frequency/ GHz

Figure 3-19 Influence of the presence of the input unit on the S11 and Sz1
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3.13 Measurement Verification.

Newly fabricated devices need to be tested and evaluated against the purpose they were
created for. The contactless probes within this work have been fabricated mainly to serve
inside microwave power transistors to measure voltage and current differences among
bond wires. There are three important tests to be applied to these probes to examine their
spatial resolution, bandwidth and fidelity of the measurement.

Before applying these test to the miniaturized voltage and current probes we applied them
to ‘scaled-up’ probes fabricated from standard coaxial cables, see Figure 3-20(A-C) The
results of these test are used as a reference to compare within the next chapters.

Figure 3-20 Contactless probe fabricated form stander coaxial cables. (A) Voltage probe.
(B) Shielded current probe. (C) Unshielded current probe.

3.13.1 Measurement Fidelity verification.

Theoretical analyses, provided in chapter two illustrate, two important facts regarding the
fidelity of the voltage and current measurement. The first one being that: the voltage probe
can only sense the electric fields and it is immune to magnetic fields. The second fact is
that: the current probe mainly responds to the magnetic field, but it is not inherently
immune from the electric field and it needs external support to enhance current
measurement fidelity. It is imperative that any alleged current probe should be subjected
to two rigorous tests, the standing wave test and EFRR test, to demonstrate that current is

being truly sensed, in the absence of any voltage pickup.
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3.13.1.1 Standing Wave Test

Based on the details given in section 3.10.3.2, the fidelity of the current probe could be
examined by traversing the length of a microstrip transmission line that has a high VSWR
pattern (e.g. using an open/short circuit termination), see Figure 3-21. Such a test must
show current minima (nulls) at the voltage maxima positions, and a suitable voltage probe
must also be used to demonstrate that the voltage peaks do indeed interlace with the

current minima.

BALUN
output to the
NA

Probe outputs
channel Aand B

Figure 3-21 Setup for the standing wave measurements along a microstrip transmission

line terminated with open load.
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Three probes have been used in this test: the voltage probe, see Figure 3-20(A), the
shielded current probe, see Figure 3-20(B), and the unshielded current probe, see Figure
3-20(C). Each of them scans a 10 cm microstrip line terminated with open load at one end
and fed with 1mW at 6 GHz at the opposite end. The orientation of the loop antenna is
parallel to the length of the microstrip line to pick up the magnetic field around the
microstrip line. The BALUN used to subtract the outputs of the current probe and its
output is connected to the VNA.

Figure 3-22 shows the results of these scans where the nulls of the shielded current probe
are located almost at the maxima of the voltage probe. These results agree with theory
given in section 3.10.3.2.

On the other hand, the nulls of the unshielded current probe are offset from the voltage
probe maxima locations because this probe is picking up both the electric and magnetic

field components.
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Figure 3-22 Results of the standing wave test.

3.13.1.2 EFRR Test

As explained in chapter two the output voltage of the loop antenna is a function of the
angle between the plane containing the loop and the plane containing the path of the
current. If this angle is set to zero-degrees, then this output voltage is mainly induced by
the magnetic field and if it is set to ninety degrees, then this voltage is mainly induced by

the electric field.
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Using the shield and the differential loop one can reject the presence of the electric field
significantly so that the loop antenna can be considered as a current sensing device.
Equation 2-51 defined this rejection, EFRR, in terms of the ratio between the loop output
voltage at zero-degree angle and the loop output voltage when the angle is at ninety
degrees. The highest the value of the EFRR the better the current probe is.

To apply this test on the current probes fabricated from the standard coaxial cables we
used the shielded probe shown in Figure 3-20(B). The setup for this test is the same as
the previous setup, shown in Figure 3-21, but instead of moving the probe, it is placed at

a fixed location above microstrip line loaded with 50 Q.

The frequency of the VNA is swept over its whole range (30 KHz — 6 GHz) twice. In the
first scan, the orientation of the loop is set to be parallel to the length of the microstrip
line to measure loop response to the magnetic field in dB.

In the second scan the orientation of the loop is set to be perpendicular to the length of
the microstrip line to measure the loop response to the electric field in dB. The magnitude
of Sz1 of these two scans are shown in Figure 3-23, where the average value of the EFRR
= 26 dB and the maximum is 42 dB at 0.3 GHz while the lowest value is 11.9 dB at 4.86
GHz.
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Figure 3-23 Results of the EFRR test.
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3.13.2 Bandwidth Verification.

The bandwidth of the contactless probe can be obtained by placing the probe at a fixed
location above the microstrip line and instead of moving it, a standing wave pattern is
generated by terminating the microstrip line with short/open circuit load. The sweep of
frequency at this fixed location shows the voltage/ current nulls traversing the probe tip
and suggests a probe bandwidth [197].

In this test all three probes shown in Figure 3-20 are used here but each of these probes
is kept still above the microstrip line at a location close the source side and the other end
is terminated with open load. The frequency of the VNA is then swept to draw repetitive
nulls and maxima for each probe, see Figure 3-24. The nulls of the shielded current probe
occur at locations (in the frequency domain) close to the maxima of the voltage probe
while those of the unshielded probes are displaced more than that.
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Figure 3-24 Results of the band width test.

3.13.3 Spatial Resolution Verification.

In a contactless measurement, the probe spatial resolution means its ability to recognize
certain field components around a specific source among other adjacent sources. Four
factors are affecting probe spatial resolution, two of them related to probe dimensions and
its location with respect to the source and those will be discussed in detail in chapter four
and five. The remaining two factors are the geometry of the source and the distances

separating it from the adjacent sources, see sections 3.10.1 & 3.10.2.
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4 VOLTAGE PROBE
REALIZATION AND TESTING

4.1 Introduction
To design and implement a voltage probe with high spatial resolution it is essential to
identify what is affecting the spatial resolution and how that can affect the sensitivity of

the probe. Those two factors are the most important and they are discussed here in detail.

This chapter will focus on the influences of the geometrical aspects on both factors and
through this chapter we establish design criteria. To address these criteria, scaled-up
versions of the probes have been fabricated from standard coaxial cables, being much
easier to fabricate and to handle compared with the miniaturised probes. Once the
important characteristics have been deduced, one can then proceed to design and fabricate

miniaturized contactless voltage probes with some overall optimisation.

In addition, the methods of enhancing probe sensitivity are discussed and examined. A
25 um spatial resolution voltage probe has been implemented with the capability of
having a passive gain at the desired operating bandwidth. Finally, the characteristics of

the newly fabricated voltage probe are tested experimentally.
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4.2 Contactless Voltage Probe Structure

The main three building blocks or units of the active probe are discussed in chapter three.
Figure 4-1 illustrates these units for the active version of the contactless voltage probe:
The input unit, the transition unit and output unit are represented by the input coaxial
cable, the low noise amplifier and output coaxial cable respectively.

The geometry of the input coaxial cable affects both the spatial resolution and the
sensitivity of the contactless voltage probe. Unfortunately, one general observation being

that an improvement in one leads to a degradation in the other.

However, since sensitivity can be improved by acting on other parameters of the active
probe, the geometry design tends to favour spatial resolution as its main target.

One way, among others, to enhance voltage probe sensitivity is to directly cascade the
input coaxial cable with a low noise preamplification stage to produce an output signal
compatible with the next stages of the measurement system, see section 3.2.

Wire

Low Noise
Amplifier

Figure 4-1 The main three elements of the active contactless voltage probe: the input

coaxial cable, the low noise amplifier and the output coaxial cable.

4.3 Parameters Affecting Voltage Probe Spatial Resolution
In principle, the spatial resolution of any contactless probe is a function of the geometrical
aspects of both the probe and the DUT. Practically, however, the geometry of the DUT

cannot be modified to enhance the spatial resolution, therefore, we have only those of the
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voltage probe and it is these probes that are subject to modification in order to gain the
desired spatial resolution.

Although the voltage probe structure is relatively simple (a coaxial cable with one end
open circuit), the influence of its geometry on its spatial resolution and sensitivity is
relatively complex to analyse and therefore quantify. The geometry of the voltage probe
tip has three parameters that affect its spatial resolution: protrusion length of internal
conductor (#), diameter of the internal conductor (dp), internal diameter of the outer
conductor (Dp). In addition to those parameters the distances between the active area of
the probe and the DUT (r) have significant influence on the spatial resolution.

To keep the focus on the case of microwave power transistor, the DUT will be assumed
to be an array of bond wires (Wi.1 — Wi+1). These wires each share a proportion of the
current (Ips for Drain current and Igs for Gate current) and ultimately transfer the RF
power to to and from the DUT. For simplicity here, the length of each wire is (#) and the
spacing between any adjacent wires is (D) and the diameter of each wire is (d). In some
practical devices, the bond wires can have slightly different lengths and shapes in order

to augment the input/output matching characteristics.

The capacitive coupling between the probe tip and the elements of the array induce a
displacement current given in (2-42). At specific values for the wire length and the electric

current, the probe output voltage can be simplified to:

A
UO = KfZ 1‘_2 (4_1)
Where (K) is the probe constant, (f) is the frequency of operation, (r) is the distance
between the probe tip and the DUT and (A) is the total surface area of the tip that exposed

to the electric field lines.

The spatial resolution can be defined in terms of the maxima and the minima that appear
while the probe is scanning across the adjacent wires. The maxima represent the regions
of high field intensity above each wire, see Figure 4-2(B), and the minima represent the
regions of low field intensity above the middle area between adjacent wires, see Figure
4-2(C). (Note that both of these figures illustrate a cross section that is perpendicular to
the current flow.) This, of course, is based on the assumption that an equal voltage is
present on each wire. Otherwise, the minima location could be anywhere in the region
between them. In a direction parallel to the flow of current, the probe tip is exposed to the

full length of the wire and the distance from the active interaction area of the probe can
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have any value between (ri) and (ri +Jrm), see Figure 4-2(A). Similarly, the distances
between array elements, on both sides of the maxima or minima locations, and the active
area of the probe can have any value between (ri) and (riz1 +drm), Where (drm) is the
maximum distance increment and (riz1 +drm) represents the upper length boundary for
each case, see Figure 4-2(B& C). The height of the probe from the plane containing array
elements is measured at the maxima location and it is equal to r; in Figure 4-2(A & B).
Otherwise, (ri) is the distance from Wi to the probe tip at any location.

Dy

(A)

Figure 4-2 Definition of the geometrical parameters of the voltage probe and the
distances to its active area: (A) Wire under probe tip. (B) Maxima location. (C) Minima

location.

According to (2-39), the probe active area has two parts: the cross-sectional part (Agp) and
the cylindrical part (As). The relative size and position of the probe tip with respect to
the array elements will define whether the probe is interacting with one DUT element
alone or whether the probe is sensitive to many adjacent DUT elements simultaneously.
The significance of this is highlighted in section 2.9.2 where the concept of virtual

shielding is introduced.

100 Ali Mahdi Lafta Al-Ziayree - March 2018



Chapter 4: Voltage Probe Realization and Testing

The proportion of the field received by each respective area, at any of these two locations
(maxima and minima), depends on the distances between them and the elements of the
array. For example, at the maxima locations, the field received by the cross-sectional area
is dominant due to the short distance to the DUT element. In contrast, at the minima
locations, the influence of cross-sectional area recedes as the distance between adjacent
wires and the cylindrical area become shorter. Therefore, the effect of this area becomes
dominant. The proportion to the overall signal each area provides can be quantified
independently.

4.3.1 Influence of the Cross-sectional Area on the Spatial Resolution
This section shows the relationship between the diameter of the internal conductor and

the spatial resolution. The cross-sectional area is given as:

Ay =—2L (4-2)

It can have one or three sub-areas at the maxima location, while it has three sub-areas at

the minima locations.
At the maxima locations:

e if dp<D+d then Agp can be modelled as a single area as it will receive only the
electric field emanating from the wire directly under it, see Figure 4-3(A).
e if dy>D+d then Agp can be modelled as three separate areas as it will receive the

electric field emanating from three adjacent wires, see Figure 4-3(B).

At the minima locations:

e ifdp<D then Agp can be modelled as three separate areas, two side areas receiving
the electric field emitted from the adjacent wires around it and in the middle sub-
area will receive no field lines, see Figure 4-3(C).

e if dp>D then Agqp still has three divisions but the effectiveness of the side fields

become dominants and thus preventing the probe from recognizing the null.

These four possibilities indicate that, where high spatial resolution is required, the
diameter of the internal conductor should be smaller than the smallest gap distance
between any adjacent DUT elements or wires. The main drawback to specifying an
extremally miniaturized probe is the impact a small d, has on lowering the output voltage

provided by the voltage probe; which, in turn results in low sensitivity.
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Figure 4-3 The influences of voltage probe parameters on the amount of electric field
lines received by each part of its active area at maxima and minima locations (for details
refer to sections 4.3.1 & 4.3.2).

102 Ali Mahdi Lafta Al-Ziayree - March 2018



Chapter 4: Voltage Probe Realization and Testing

4.3.2 Influence of the Cylindrical Area on the Spatial Resolution

This section illustrates the influence of the remaining probe geometrical parameters
(length of protrusion and the internal diameter of the outer shield) on the spatial
resolution. The cylindrical area is given by:

Ap, = mdy * (£, + 8p,) (4-3)

Where, (d4) is the variation to the length of the probe tip due to the changes in Dy, see
Figure 4-3(A, B, D & E).

At the maxima locations:

e ifdp<D+dthen A4 will be surrounded (totally or partially depending on the value
of 4+d4) with the electric field lines emitted from the wire under it. Where the
coupling is exclusively from the wire below ((4+d4) < (D+d)/2) then a so-called
self-shielding occurs, blocking the fields from other wires, see Figure 4-3(D). If a
partial coupling occurs ((4+d4) > (D+d)/2) then the upper part of cylinder can
be divided into four longitudinal sub-areas. The two sub-areas on the sides of the
cylinder will receive the field lines from the adjacent wires Wi.; and Wi+1. The
contribution from these side areas (in comparison to that of the cross-sectional
area) is very low due to the large distance (any value between riz1 and riz1 +drm)
from Wi.zand Wi, see Figure 4-3(E).

The front and the rear sub-areas are receiving field lines radiated along the length
of the wire Wi. This enhances the magnitude of the output signal and spatial
resolution, see Figure 4-3(F).

e For the case of dy>D+d, it will be the same situation as that of the partially

coupled case. The exception here is that cylindrical part of the whole protrusion

can be divided into four sections and not just the upper portion.

At the minima locations, Ay has two parts only receiving electric field lines from the
wires on the sides of the minima, see Figure 4-3(C). The distances from these wires to the
cylindrical part becomes shorter (compared to those at maxima locations), see Figure
4-2(A & B).

If D approaches the value of d then these distances approach the value of r; at the maxima
locations. As a result, a higher output voltage is introduced reducing the probe’s ability

to differentiate between the minima and maxima locations.
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Therefore, a maximum in spatial resolution can be achieved when both the length of the
protrusion and the internal diameter of the outer shield are approaching their respective

minimum.

The limit for the protrusion is zero, while the limits for the internal diameter of the outer
shield is equal to the diameter of the internal conductor. This, of course, will increase the
shunt capacitor to the ground (as it works as a voltage divider with the coupling capacitor)
and hence reducing the overall sensitivity of the probe.

4.4 Quantification of the Spatial Resolution and Sensitivity

As shown in chapter two, there is no common definition given for the spatial resolution.
The wire/gap width definition (R, = (w + g)/2, see section 2.12.2 for more details)
provides a numerical description of the probe’s spatial resolution in terms of geometrical
aspects and this is a very important parameter. However, it just quantifies the probe’s
ability to recognize the existence of the wire/gap (black and white, i.e. contrast). It is more
appropriate to associate it with the geometry of the DUT rather than the geometrical

parameters of the probe.

This is clearly shown in the cases of testing a group of probes that have some variation in
their geometrical aspects by the same DUT. All of them can have the same numerical
value of the spatial resolution. Therefore, in many cases, to say which one is the best, the
images of the DUT, created by an X-Y scan from each probe, need to be carefully
examined, see Figure 2.29, 2.31, 2.36 and 2.40.

Instead of adapting the visual evaluation of the spatial resolution, we considered the ratio
between the maxima and the minima voltages at the output of the probe as a new method
of quantification. This technique permits the evaluation to be based on a range of

numerical figures and thus provide more accurate comparison between different probes.

Output voltage at the maxima

(4-4)

V" OQutput voltage at the minima

Where, (R,) is the spatial resolution quantified by output voltages ratio.

To make the comparisons easier, the line graphs of many scans results on the same chart
have been normalized. The results of each scan are individually normalized to their
highest values. This will create a single reference for all scans results at their maxima

while the depth of the minima will indicate how high the spatial resolution is.
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The other important factor in a probe’s specification is its sensitivity. In contrast with the
spatial resolution, this factor is proportional to the size of the probe active area and
inversely proportional to the square of the distance from the probe active area to the DUT.

A similar method is used when comparing the sensitivities of a group of probes.
Normalization is applied again, but this time it is with respect to the highest value among
all scan results shown on the same chart. This allows all the line graphs to have the same

scale and thus a better sensitivity comparison is introduced.

4.5 Experimental Validation of the Geometrical Aspects

In this section, we will experimentally inspect the influence of the voltage probe
parameters (dp, 4 & Dp) on its spatial resolution and sensitivity. To keep the focus on the
open end coaxial cable only, the ordinary coaxial cables are used to create the passive
version of the contactless voltage probe. Three different sizes of semi-rigid 50 Q coaxial
cable (UT-034, RG405 and RG402) are used to implement passive open end coaxial cable

voltage probes.

A three finger PCB test fixture (2 mm X 41 mm X 0.7 mm) is used to simulate the EM
field environment of a bond wire array, see Figure 4-4. The width of each finger and the

gap between any adjacent fingers is 0.3 mm and finger length is 11 mm.

The frequency of operation is set to 1 GHz to maintain negligible voltage variation along
the finger length. The lowest scanning height (h) above the test fixture is set to 50 pum.

Total scanning length is 6 mm and the scanning step size is set to 50 pum.

Input power delivered to this test fixture is 1 mW introduced by a VNA and the other end

is terminated with a 50 Q load.
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Figure 4-4 A three fingers PCB test fixture (22 mm X 4 mm X 0.7 mm) used to simulate

the environments of bond wires array of 0.3 mm track/gap width.
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4.5.1 Influence of 4 on the Spatial Resolution and Sensitivity

Four probes with different protrusions (0 pm, 180 um, 500 pum and 1000 pum) are
fabricated from the UT-034. The deepest null (highest spatial resolution = 1.48) is shown
in the scan results of 4 = 0 um, see Figure 4-5(A). In contrast to that, the highest level of
sensitivity is achieved at 4 = 1000 um, see Figure 4-5(B). The array effect causes the
electric field around the side wires to be lower than that around the middle wire, while
imperfections from cutting of the probe tip introduce a minor asymmetry around the
middle. Such imperfections can be eliminated by precision machining.
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Figure 4-5 The influence of 4 on the voltage probe ability to recognize variation in: (A)

Spatial resolution. (B) Sensitivity.
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4.5.2 Influence of d,, on the Spatial Resolution and Sensitivity

The internal diameters of each of the three coaxial cables (UT-034, RG405 and RG402)
are: 200 pum, 510 pm and 910 pm respectively, and the protrusions for each is 500 pum.
The impact this has on the spatial resolution and sensitivity are shown in Figure 4-6. The
smaller the internal diameter of the probe tip the deeper the null introduced (R, =
1.196). As dp becomes >2D+d, the probe fabricated from RG402 becomes unable to
recognize the minima locations at all, see Figure 4-6(A). Figure 4-6(B) shows the strong
influence of cross-sectional area of the probe tip on its sensitivity.
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35
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(B) Position / pm

Figure 4-6 The influence of d, on the voltage probe ability to recognize variation in: (A)

Spatial resolution. (B) Sensitivity.
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4.5.3 Influence of D, on the Spatial Resolution and Sensitivity

The values of D for (UT-034, RG405 and RG402) are: 0.66 mm, 1.67 mm and 2.97 mm
respectively. To examine only the effect of D, on the spatial resolution and sensitivity all
remaining parameters must be the same. The protrusions of all probes are set to 500 pm
and the internal conductors in RG405 and RG402 are replaced with that of the UT-034.
Figure 4-6(A) illustrates the negative influence of D, on the spatial resolution. The

difference between the null depths are not large (Dy is translated to d4 and d4 <#4).
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Figure 4-7 The influence of Dy on the voltage probe ability to recognize variation in: (A)

Spatial resolution. (B) Sensitivity.
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In addition to that, the results from RG405 and RG402 are close to each other because Dy
in both is larger than the total width of the DUT (width of 3 tracks + 2 gaps = 1.5 mm).

Therefore, approximately all electric field lines are entering the shield apertures. The

sensitivity is proportional to J} but with a smaller amount of variation, see Figure 4-6(B).

4.6 Influence of / on the Spatial Resolution and Sensitivity

As shown in 4.5 highest spatial resolution is achieved by the smallest coaxial cable UT-

034 with zero protrusion. Therefore, this voltage probe is used to inspect the effects of

probe height from the DUT on its spatial resolution and sensitivity. At h = 50 pum the

spatial resolution is 1.48 while at h = 300 um it drops to 1.06, see Figure 4-9(A).
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Figure 4-8 The influence of h on the voltage probe ability to recognize variation in: (A)

Spatial resolution. (B) Sensitivity.
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Correspondingly, the magnitude of the probe’s sensitivity is reduced by 75% as the height
increases from 50 pum to 300 pum, see Figure 4-9(B).

Voltage probe response is inversely proportional to the increments in its height and it has
an exponential trend, see Figure 4-9. Plotting the variation in probe responses, at both the
maxima and minima locations, shows that the differences between them reduces with an
increase in probe height. When the magnitude of this height approaches the value of the
gap width between adjacent tracks, the difference drops to about 3% of its value at h = 50

um.
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Figure 4-9 Relationship between voltage probe height and its response at both the

maxima and minima locations.

4.7 Enhancing Voltage Probe Spatial Resolution

The geometrical analyses and the experimental validation illustrates that the cylindrical
part of the probe active area is degrading the spatial resolution. Reducing the capacitive
coupling to the cylindrical area is the key factor for this issue. One solution is to prevent
the occurrences of this unwanted coupling by miniaturizing the active protrusion of the
probe, 4+d4, See sections 4.3.2,4.5.1 and 4.5.3.

The other way is to eliminate the unwanted coupling by differentiating it from the total
output response. The ‘position signal difference technique’ was introduced as a method
to achieve that, see section 2.14.2.2. This required scanning the DUT twice at two
different heights and then subtracting the results of these scans and hence minimising the
unwanted effects of the cylindrical area. In the next sections, the effectiveness of this
technique is examined, and the results are then compared with those of the miniaturization

technique, see section 4.5.1.
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4.7.1 Effectiveness of Position Signal Difference Technique (PSDT)

In this test, the UT-034 is used to fabricate a voltage probe that has a 1000 pm protrusion
in order to compare its results with those of the zero-protrusion case. The test fixture was
scanned four times at the following probe heights: 50 pm, 100 um, 300 pm and 2000 pm.
The results of the last three scans are then subtracted from those captured at 50 pm
resulting in three sets of data: PSD 50-100 pm, PSD 50-300 um and PSD 50-2000 pm
respectively. The result of PSD 50-100 um shows a noticeable improvement in the spatial
resolution (R, = 2.46) due to this technique. The influence of increasing the height of
the probe resulting in lowering the corresponding spatial resolution (2.46, 1.67 and 1.32
respectively), see Figure 4-10(A).
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Figure 4-10 The effectiveness of the position signal difference (PSD) technique in terms

of: (A) Spatial resolution. (B) Sensitivity.
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In contrast with the results obtained in 4.6, the sensitivity here is proportional to the probe
height, see Figure 4-10(B).

4.7.2 The PSDT Versus the Zero Protrusion Technique (ZPT)

The comparison between the ZPT and the PSDT is based on the scan results obtained in
4.5.1 and 4.7.1 respectively. The voltage probe used in the former has zero-protrusion
and for the latter it has a protrusion = 1000 um. The PSDT applied to the latter one at two
heights 50 um and 100 pm while the scanning height for the first is 50 um. Figure 4-11(A)
shows that the PSDT introduces a superior improvement (about 66%) in terms of spatial
resolution over that of the ZPT. The reason beyond this improvement is that with ZPT the
influence of Dy is still degrading the spatial resolution while through the PSDT this effect
is eliminated.
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Figure 4-11 Comparison between the PSD technique and the zero-protrusion technique

in terms of: (A) Spatial resolution. (B) Sensitivity.
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On the other hand, the sensitivity dropped to about 40% of that compared with the zero-
protrusion probe, see Figure 4-11(B). However, this is the outcome of the subtraction
process which is performed after completing both PSD scans and it cannot be considered
as the real sensitivity of the probe. In fact, the actual sensitivity in both PSD scans (at h
=50 pum and h = 100 pum) is higher than that of the zero-protrusion probe (at h = 50 pum),
see Figure 4-12.
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Figure 4-12 The actual sensitivity of a voltage probe of 12000um protrusion at two heights

(50m and 100um) compared to that of zero-protrusion at 50um height.

4.8 Essential Criteria for the Design of a High Spatial Resolution
Voltage Probe

Based on the conclusions and results previously obtained, through the geometrical
analysis and the experimental validation, the requirements for designing a voltage probe

with high spatial resolution can be classified as follows:

e Essential requirement: -
The diameter of the internal conductor should be smaller than the sum of the wire
& the gap widths. However, to obtain deep nulls it should be smaller than the
smallest distance separating any adjacent wires. The smaller the better in terms
of spatial resolution but this impacts overall sensitivity.

e Enhancement requirements: -

1. The internal diameter of the shield should be the smallest. The limit is the
diameter of the internal conductor. However, this will increase the shunt
capacitor to the ground and thus reducing the sensitivity of the probe.

2. Probe tip protrusion should be kept as small as possible. Best results

obtained when it is reduced to zero.
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3. Applying the PSDT allows significant improvements in terms of voltage
probe spatial resolution and partial improvement in terms of sensitivity as
well. To achieve these improvements, the difference between the heights
of the scans should be smaller than the distance separating adjacent wires.

However, this will consume twice of the scanning time.

4.9 Electrical Characteristics of the Open End Coaxial Cable
The main electrical characteristics of any coaxial cable are: - Characteristics impedance
(Zcox), total distributed capacitance (Cc,, ), total distributed inductance (L,,) and cut off

frequency (f¢ ). These characteristics are given by [38]:

1382 D, |
ZCox = flogd_p inQ (4-5)
24.146 _
Ceox = &r D inpF/m (4-6)
logd—p
p
D
Loy = 0.459logd—p inuH /m (4-7)
p
7.5
fo =———— inGHz (4-8)
Ver(Dy + dp)

In a similar manner to the calculation of the spatial resolution, the above set of equations
interpret the strong dependency on the inner conductor diameter d, and the inner diameter
of the shielding conductor D,. Greatest spatial resolution is achieved at (Dp/ dp) =1, see

section 4.3.2, and the value of Z,, becomes equal to zero ohm.

However, this also means zero voltage introduced at the output of the probe. The length
of the coaxial cable (L) in normal application (long coaxial cable) attenuates the signal
strength. But for the voltage probe case, this input coaxial cable has a short length (few
millimetres) and thus the influence of the attenuation is negligible here. However, in open

end coaxial cable, the length can significantly impact the sensitivity of the voltage probe.

4.10 Methods of Enhancing Voltage Probe Sensitivity
Up to this point, the main focus was on enhancing the spatial resolution of the voltage
probe. For each enhancement achieved the sensitivity degraded, the only exception here

is the PSDT enhancement. However, even for this exception, the improvement in
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sensitivity due to tip protrusion extension is bounded by the height of the bond wires to

avoid unwanted effects, see section 4.13.

The spatial resolution and sensitivity are sharing the opposite dependency on the

geometrical boundary conditions, while the sensitivity is also a function of the electrical

boundary conditions: -

Frequency of operation

Although the sensitivity according to (4-1) is proportional to 2, it is not possible
to modify the frequency of operation to enhance its sensitivity.

It is useful at this point to define the minimum bandwidth requirements. The
target bandwidth of this type of measurement is the frequency range of mobile
networks, 0.5 GHz to 4 GHz. To easily compare the impedances over this
bandwidth, each capacitance or inductance is followed by brackets containing its
range of impedance.

Impedance matching

Maximum signal power transfer, and thus high sensitivity, occurs if all
impedances are matched. However, under capacitive coupling conditions,
impedance matching is difficult to achieve especially at the input of the probe.
Practically, miniaturization of probe active area leads to a smaller capacitive
coupling to the DUT and thus higher capacitive impedance XC¢ (hundreds of Kilo
Ohm range) introduced to the input of the voltage probe. For example, if the probe
tip has a 20 pum diameter and zero protrusion length and it is at a 10 pum height
from the DUT then from (2-40) C. = 0.278 fF (1.14 MQ > XC. > 143 KQ), where
C. is calculated for the cross-sectional area only. Matching such a large input
impedance will require large size matching devices (i.e. larger probe size).
Moreover, it is difficult to implement (if that is at all possible without increasing
the size of the probe active area) at the input of the probe to avoid further probe
intrusion on the DUT. In addition to that, on the other side of the coaxial cable
maintaining a fixed reflection (or optimally zero reflection) over the whole range
of operating frequency is not easy to achieve due to the nonlinear input
characteristics of the active device [205].

Increasing signal gain

This is the most common way used to enhance voltage probe sensitivity. A
suitable size of low noise amplifier is added at close proximity to the probe active

area.
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e RF power reflections between the electrical parts of the probe.
If it is not easy or even possible to avoid the impacts of the inherent mismatching
problem in the voltage probe, then it is worthwhile exploiting this as an
advantage. Impedance mismatching between the internal parts of the voltage
probe means a portion of the incident power is reflected between them. The
superposition of the incident and the reflected waves introduces a standing wave.
If the position of the standing wave maxima is adjusted to the desired location of
measurement, then a higher sensitivity is achieved. This is the case of semi-

resonant probes.

4.10.1 Sensitivity Enhancement by Adding Gain

This technique is based on compensating the lack of sensitivity due to the small size of
the active area of the voltage probe by introducing a voltage gain. FET transistors/
amplifiers are preferred over the BJT transistors/amplifiers in voltage probe applications.
The FET transistors are more compatible with voltage driving schemes rather than current
driving schemes. In addition to that, the FET transistors are more easily adapted to work
under self-biasing conditions. This feature is of a great importance in simplifying the

probe structure and miniaturizing its size as well.

At microwave frequencies, the capacitor between transistor gate and source (Cgys) has a
strong influence on the overall gain that can be achieved from it. The value of Cys depends

on the characteristic of the FET transistors and the selected point of operation.

For the wafer scale FET transistors (WLP0402, 1 mm x 0.5 mm x 0.25 mm), that have
been selected for voltage probe implementation, Cqs may have any value within the range
0.3 pF (1061 Q > XCqys > 133 Q) to 1.41 pF (225 Q > XCgys > 28 Q), see Figure 4-13 and
the data sheets of VMMK-1218 [206]and VMMK-1225 [207]. Where XCgs is the
impedance of Cys over the rang of frequency 0.5 GHz to 4 GHz.

In addition to that, if a standard PCB is used with these transistors/amplifiers then the
capacitance between the top metal layer connected to the input of the device and the

ground layer is combined with Cgys see section 3.9.2.3.

If it is possible to connect the gate of the transistor directly to the monopole (the active
area of the probe) without the intermediate transmission line, then the range of the

required voltage gain can be easily estimated from the voltage divider equation. The
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capacitively coupled voltage is divided between the coupling capacitance C. and the input

capacitance of the transistor Cgs.

However, the available wafer-scale transistors/amplifiers are still relatively large to
achieve that, see Figure 3.12, and therefore, the coaxial cable is needed to geometrically

match this difference in size.
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Figure 4-13 The relation between the value of Cgs and Vs and lgs for the VMM-1218 and
VMMK-1225

To ease the calculations, we can suppose the length of the intermediate coaxial cable to
be Imm (extremely small compared with smallest operating wavelength 70mm). Thus,
the coaxial cable can be replaced with its lumped capacitive (XCcox) and inductive (XLcox)

impedances, see Figure 4-14.
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Figure 4-14 The equivalent circuits of the monopole, the lumped equivalent circuit of the

coaxial cable and the input impedance of the FET transistor/amplifier.

As indicated in the previous sections, the best geometrical boundary condition regarding

spatial resolution are the worst regarding sensitivity. Through this work, the smallest
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coaxial cable we were able to fabricate has a central conductor of 20 um diameter and the
ratio (Dp/ dp) is equal to 3 with air as the dielectric. By applying these conditions to (4-6)
& (4-7) yields Cc,, = 0.05 pF (6366 Q > XCceox > 796 Q) and Lc,, =0.22 nH (0.69 Q <
XLeox < 5.53 Q) respectively.

From these calculations, it can be seen that the total contribution from the coaxial cable
parameters is so small compared with that of the Xcc and thus we can assume for this case,
that the gate of the FET is directly connected to the monopole antenna.

The effect of the monopole antenna is modelled by a voltage source cascaded with the
coupling capacitor see Figure 4-13. This model is based on the analysis given in chapter
two and from (3-52), C. = 0.278 fF (1.14 MQ > XC. > 143 KQ), this value is calculated

for zero protrusion length of the central conductor and 10um probe height from the DUT.

Based on the above calculations and assumptions, the voltage divider ratio between the
gate voltage and the capacitively coupled voltage is given by

Yo __Ce

v Co+ Cys (4-9)

The first thing obtained from (4-9) is that the range of signal degradation between the
source voltage and the gate voltage is -61 dB to -74 dB. In terms of voltage, for 0 dBm
power delivered to the input of the DUT, the range is 0.04 uV <vgy <0.2 uV. This voltage
is beyond the sensitivity threshold of many instruments. Inserting an amplification stage
in the path of the signal with proper gain can solve this issue. The question is where to

place this amplifier?

Using an external amplifier is simple and it easy to implement with any desired gain and
even with automatic gain control to provide a flat response over the entire bandwidth of
interest. However, transmitting this weak signal over a coaxial cable to the external
amplifier would not enhance the sensitivity as it becomes attenuated due to transmission
losses which make the total signal to noise ratio practically worse. The alternative is to
put the amplification stage as close as possible to the source of the signal to avoid
unwanted noise pick up and thus enhancing the signal to noise ratio. This will, of course,
limit the options to those transistors/amplifiers that have an extremely small package like
the wafer scale WLP0402, at 1 mm x 0.5 mm x 0.25 mm [206]-[208]. In addition to that,
such a transistor/amplifier would not be able to offer all the required gain; however, the
important thing is to offset transmission losses and noise until reaching the input of the

external amplifier.
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The other interesting feature of equation (4-9) is the possibility to have flat frequency
response present at the input of the amplifier. The bandwidth of the amplifier, for this
case, is the final limit of the voltage probe bandwidth. However, this is only valid for the

case of an extremely short coaxial cable between the monopole and the amplifier.

Regarding the environment inside microwave power transistor, it is essential to minimize
field disturbances as much as possible. To do that, the main body of the probe needs to
be far enough from the probing area. That means a longer length for the input coaxial

cable.

Figure 4-15 highlights the frequency response at the output of the voltage probe at three
different operation points. The input coaxial cable has 6mm length and Z,, = 107Q
cascaded with a VMMK-1218 transistor.
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Figure 4-15 Frequency response of the voltage probe that has: input coaxial cable of 6
mm length feeding the VMMK-1218 transistor biased at 5 mA, 10 mA and 15 mA.

Although the gain of this transistor is decaying from 21 dB to 14 dB for the range from 2
GHz to 6 GHz [206], the response is flattened due to the dependency of the capacitively
induced voltage vc on the frequency and the standing wave generated due to the

mismatching between the transistor and the coaxial cable, see section 4.10.2.
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4.10.2 Sensitivity Enhancement by Controlling the Standing Wave Pattern
The equivalent circuit of the voltage probe shown below is applicable for any length of
coaxial cable; represented by its characteristic impedance instead of the lumped capacitor

and inductance.

Monopole Coaxial Cable Amplifier
o ARRAR o
LCox
-4 A
____C.= s;
4 v p____ Ccox 4 Vg p__ Camp

=
Il
o
(<)
R
1By
=&
QU
g

XCC ZCox ZAmP

XCC Zrq Zry ZAmp
Figure 4-16 The equivalent circuits of the monopole antenna (XCc), the equivalent

circuits of the input coaxial cable (Zcox) and the input impedance of the low noise

amplifier (Zamp).

By applying the transmission line theory for a low loss coaxial cable (due to its short
length), the total impedances seen at each end of the coaxial, (Zr1) and (Zr2) cable are
given by [191]: -

ZAmp +]ZC0x tan(ZT[L/A)

Zr1 = Zcox ; 27L (4-10)
ZCox +]ZAmp tan( /A)
XCo = jZcox tan(Z”L/A)

Zry = Zcox - 7L (4-11)
Zcox — JXCc tan(“Th/5)

Both impedances are changing their values periodically depending on the ratio L//1 [11].
The only exception to that is when perfect impedance matching occurs. This would not
be possible at the front end of the coaxial cable, i.e. that terminated with monopole, due

to the very large value of XC,.

At the other end, perfect matching is possible but not for the whole frequency range due
to the non-linearity of the active device. These conditions lead to creating multiple
reflections and thus a standing wave generated along the coaxial cable. As the

mismatching between Zr, and Z,,,,, increases, the difference between the maxima and

the minima increase as well.
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In this case the amplifier input impedance, Z,,,,, represents the load and if its capacitive
component, Camp, is large (the case of FET transistor), then it behaves as a reactive load.
A reactive load cannot dissipate incident energy. This energy is stored and then reflected
back into the coaxial cable. Because of that, a pure standing wave is generated with

significant contrast between maxima and minima.

The coaxial cable under these conditions known as resonant transmission line [205]. The

pattern, rate of repetition and the locations of the minimum and maxima, of this standing
wave depends on the ratio L/ - Fora specific operating frequency, the position of the first

maxima can be modified by changing the length of the coaxial cable.

If this length is adjusted so that the first maxima occurs at the connection point between
the coaxial cable and the input leads of the amplifier, then this amplifier will amplify the
input signal at the peak of this standing wave.

To show the influence of the standing wave on the voltage probe sensitivity, two voltage
probes with different lengths for the input coaxial cable 6 mm and 24 mm are constructed,
see Figure 4-17. The remaining parameters of the voltage probes are: d, = 20 pum, (Dp/
dp) = 6, % = 150 um and the transistor is VMMK-1218 biased at 15 mA. Probe tip height
from the DUT is 10 pm.

Probe housing

Input coaxial cable Input coaxial cable
Output coaxial cable Vmmk-1218 Enamelled wire Input coaxial cable

(UT-034) (20pum) (OD=300pm)

-
| LiE

b &
© o —— odv

o B )
i Conductive epOxy, ** ¥
af. - :

Figure 4-17 Two voltage probes with different lengths for the input coaxial cable 6mm

and 24mm and similar internal structure.
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Results of this study are shown in Figure 4-18. Increasing the length of the input coaxial
cable by a factor of four gives rise to the shifting of the position of the standing wave
maxima to be at 3.69 GHz with about 19 dB improvement in the forward transmission
parameter Sp; of the voltage probe.

The 3 dB bandwidth of this response is about 400 MHz and the 6 dB bandwidth is about
930 MHz. Microwave transistors are usually tested at single tone (the desired carrier
frequency), however, with this large side bandwidths, it is possible to test them under
realistic modulation conditions which are not normally more than 10% of the carrier

frequency.
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Figure 4-18 The forward transmission parameter Sp1 of the voltage probe at two different

lengths of its input coaxial cable, 6mm and 24mm.

4.10.2.1 Voltage Probe Schematic Modelling and Simulation

Due to the limited resources of this project, the experimental results shown demonstrate
the voltage probe response up to 6 GHz (the bandwidth limit of the VNA used in this
measurement). Within this bandwidth it is not possible to validate the above concepts as

the repetition of the standing wave is not clear.

The ADS schematic simulation has been used as a third-party method of verification of

the standing wave technique. In this simulation, the operating frequency has been
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extended to cover the whole bandwidth of the VMMK-1218 which is 18 GHz [206]. The
schematic module of the above voltage probe is shown in Figure 4-19.

H H S_Param
S-Parameter Simulation || s-PARAVETERS | g5,
Linear Frequency Swee Start=1.98 GHz
q y P Stop=18 GHz
—'I% o of
L o
g L1 |
C -_
C=1.0341fF | COAX L=0.5nH  sop COAX
- *L _ Term
+3 T Input Vmmk-1218 Output
Tormi Di=20 um Di=203.2 um Term2
§ Z=50 Ohm Do=120 um Do=660 um Num=2
L=6-24 mm L=150 mm Z=50 Ohrmr
- Er=1 Er=2.1 =
TanD=0 TanD=0.002

IH

Figure 4-19 The ADS schematic model of the voltage probe for two lengths of the input

coaxial cable, 6mm and 24mm.

The results of the simulation are shown in Figure 4-20, from which it can be seen that the
standing wave pattern is clear for both cases. The voltage probe with the long input
coaxial cable has three maxima. While for the voltage probe with the short input coaxial

cable, the first maxima is appearing at about 9.9 GHz.

In general, a good agreement has been achieved with the experimental results shown in
Figure 4-18, regarding both the location of the first maxima and the difference in

magnitude at this maximum.

-15

0 5 10 15 20
f/GHz

Figure 4-20 The forward transmission parameter Sz; of the tow voltage probes connected

to the short (L=6mm) and long (L=24mm) input coaxial cables.
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However, the difference between the simulation and the experimental results appears in
the general trend of the response with respect to the frequency. In the experimental result,
the general trend is proportional to the frequency. This is due to the influence of the
coupling voltage v, see Figure 4-16, and the influence of the generated standing wave.
This proportionality is partially compensated for by the drop in the gain of VMMK-1218
(loss 17 dB over the range 2-18 GHz, see Vmmk-1218 datasheets [206]) resulting in a
gradual rise in the response. While this coupling voltage, v, is modelled in ADS with
Terml, see Figure 4-19, which has a flat frequency response and thus the simulated

response is gradually damping.

The relation between the location of the first maxima (in the frequency domain) and the

length of the input coaxial cable has a decaying exponential trend, see Figure 4-21.
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Figure 4-21 The location of the first maxima (in the frequency domain) with respect to

the variation in the length of the input coaxial cable.

4.10.2.2 Alternative Method to Control Standing Wave Pattern

The results in Figure 4-21 suggests that, in order to have a standing wave maximum at 2
GHz, the length of the input coaxial cable needs to be extended to about 48.7 mm. For
large values of the ratio (Dy/ dp) (for example (Dp/ dp) = 6) it is easy to push an ultra-thin
wire of 20 um diameter inside a brass tube that has a 120 um internal diameter (the shield)

over a length of 50 mm or more is relatively easy.

But for small values of the ratio (Dp/ dp) (for example (Dp/ dp) = 3) it is difficult to
achieve that for more than 30 mm due to the mechanical friction between the wire and
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the internal walls of the tube. In addition to that, the long coaxial cable introduces more

attenuation.

This limitation can be avoided by adding inductance in series between the input coaxial
cable and the leads of the amplifier (L1 in Figure 4-19). The discrete surface mounted
inductance, with their wide range of values, can be used in the implementation. The only
problem here is if the exact value of the inductance is not known (which is quite common)
then each time the inductance is replaced, the probe must be left until the conductive
epoxy hardens, see section 3.9.2.2.

Alternatively, the protrusion length of the central conductor of the input coaxial cable
(unshielded length) can be extended inside the housing of the voltage probe to create a
wire inductance, see Figure 4-22. This protrusion then can be easily adjusted so that

maximum voltage gain occurs at the desired frequency.

The self-inductance of the 20 um wire is about 0.9 nH/mm and thus to create a large
inductance one or more loops need to be formed inside the boundary of the voltage probe
housing. Increasing the value of the inductance L1 from 0.5 nH'" to 9.5 nH inside the
voltage probe that has an input coaxial cable length of L = 6 mm, shifts the location of

the first standing wave maxima (in the frequency domain) from 9.8 GHz to 3.66 GHz.

However, this alternative approach reduces the gain of the voltage probe by about 3 dB
compared with that of the long input coaxial cable voltage probe, L = 24 mm, see Figure
4-23. It is also lowering the 3db bandwidth to about 330 MHz.

Figure 4-22 The wire inductance created by extending the central conductor of the short

input coaxial cable (L = 6 mm) inside the housing of the voltage probe.

1" The space between the end of the coaxial cable and the leads of the VMMK-1218 is about 0.6 mm and

the inductance of the unshielded central conductor for this length is about 0.5 nH, see Figure 4-17.
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Figure 4-23 Comparison between the locations (in the frequency domain) of the first
standing wave maxima generated by the long input coaxial cable and that of the short

input coaxial cable after cascading it with wire inductance of 9.5 nH.

4.11 Narrowband Voltage Probe Applications

The previous result shows that the standing wave technique, under certain conditions, can
add a considerable amount of gain at the expense of narrowing the bandwidth. This can
be quite useful in extending the range of microwave transistors that this type of
measurement is applied to. Large power transistors usually have a large spacing between
their bond wires and generate strong electromagnetic fields as well, see section 3.10.1.1.
This allows more flexibility in selecting probe critical dimensions and thus sensitivity is

not an issue in these cases.

In contrast, for the case of small and medium scale transistors (low power transistors), the
spacing between bond wires is much smaller and the generated electromagnetic fields
from them are much weaker. Thus, the issue of sensitivity becomes an important factor

once again.

The simple solution of adding more gain inside the probe is limited by the available free
space and most important: the low noise figure of the selected preamplifier. Therefore,
any enhancement that improves signal to noise ratio even as low as one dB extra is
beneficial. The standing wave technique can offer around 15-20 dB passive gain to

enhance the signal to noise ratio at the input of the preamplifier.
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4.12 Broadband Voltage Probe Applications

Large microwave transistors, tested under high power operating conditions, usually
generate multiple harmonics of the operating frequency. Therefore, it is more convenient
to have a broad band probe to capture the second or even the third harmonics in a single
scan. A noticeable flatness in the voltage probe frequency response can be achieved by
inserting a resistor in series with the input coaxial cable and input of the amplifier. The
tuning and optimization functions offered by the ADS software suggest the approximate
value of this resistor. Cascading the short input coaxial cable (L = 6 mm) with 118 Q
introduces a flat frequency response up to 10 GHz with less than 0.5 dB variation. While
for the case of the long input coaxial cable (L = 24 mm) the ripple is minimised to less
than 2 dB, over the same range of frequencies, when the resistance is adjusted to 110 Q.
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Figure 4-24 The influence of adding a resistor (in series with the input coaxial cable) on

the frequency response of the voltage probe. (A) L = 6 mm. (B) L = 24 mm.
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4.13 Resolution Target and the Ordinary Coaxial Cable Limits.

The aim of this work is to design and implement a contactless voltage probe with a 25
pm wire/gap spatial resolution. The smallest coaxial cable commercially available, that
can be used to implement such a contactless probe, is the UT-013. Its outer diameter is
330 pm, inner conductor diameter is 79 um and the dielectric diameter is 200 pm.

This coaxial cable can work fine with arrays of wires that have gap width (between wires)
larger than 79 pum. If the diameter of wires is 25 um then the spatial resolution (according
to equation 2.50) is 52 pum. Therefore, a voltage probe fabricated from the UT-013 cannot
be used to scan bond wires of 25 pm wire/gap width array, see Figure 4-25(A). The
alternative is miniaturizing the diameter of the internal conductor to be smaller than 25
pm, see Figure 4-25(B).

There are two ways to achieve this miniaturization: either sculpting the end of the internal
core as Delft group did [138], see Figure 2-35(A), or fabricate a miniaturized coaxial
cable as Kantor did [103], see section 2.14.2.1.

Internal core

of the
UuTo013
(A)
Electric
Fields
(B)

Bond Wires (d=25um)

Figure 4-25 The internal core of UT-013 above bond wires array (25 um wire/gap width)

compared with 20 um copper wire as a probe tip above the same array.
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The sculpting approach is much simpler but, on the other hand, it maintains the overall
size of the coaxial cable. This means more unnecessary disturbance to the electromagnetic
field distribution and less freedom to move inside the microwave power transistor. This
can be a real challenge, especially when scanning over a narrow die where bond wires of
the gate and drain become very close to each other, see Figure 4-26. In such
circumstances, it becomes a challenge to avoid accidentally touching the bond wires and
thus destroying the probe and the transistor.
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Figure 4-26 Drain and gate bond wires attached to a narrow die inside microwave power

transistor.

Making the protrusion of the probe longer than the highest bond wire can partially help
in minimalizing these issues, but on the other hand, this will increase the amount of noise
picked up by the probe. This, of course, will require the PSDT to be applied, as it is the

only possible way to enhance the spatial resolution of this voltage probe.

Fabricating ultra-miniaturized coaxial cables demands more effort to realize; however,
after all it provides more freedom to move inside microwave power transistors. In
addition to that all possible types of spatial resolutions enhancements, see section 4.8, can
be applicable to it.
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4.14 Fabricating Miniaturized Contactless Voltage Probe

The main parts of this contactless voltage probe are shown in Figure 4-27. The semi-rigid
coaxial cable RG-405 is used to implement the output coaxial cable with a length of about
10cm and one of its ends is terminated with a female SMA connector for compatibility
with standard measurement tools. The other end of the RG-405 is terminated to the low
noise amplifier inside the probe housing.

The miniaturized input coaxial cable is attached to the other end of this housing. The
silver conductive epoxy is used for the mechanical support and the electrical connections
(ground path) between these parts.

% M__,.,———-—r—-“ﬁ'ﬂ_,—————
e ———

“—___ SMA Output coaxial ~ Conductive Probe Input coaxial
¢ ¢ connector cable epoxy housing cable

Figure 4-27 The main parts of the miniaturized contactless voltage probe.

4.14.1 Details of the Miniaturized Input Coaxial Cable
To achieve a 25 um spatial resolution, the input coaxial cable is locally fabricated by hand
from enamelled thin copper wire and miniaturized brass tube. Selecting the desired size

of the wire and the tube is mainly subject to their availability.

The available brass tube has an outer diameter = 300 um and an inner diameter = 100 pum.
By applying the first rule stated in section 4.8, the diameter of the central conductor of

the input coaxial cable is selected to be a 20 pum.

This wire is extremely soft and thus it is difficult to control its protrusion and position
inside the brass tube. To solve this issue, the wire is firstly inserted through a glass tube

of outer diameter = 80 um and an inner diameter = 50 um, see Figure 4-28.

This of course increases the distributed capacitance of the input coaxial cable from 0.035
pF/mm to 0.046 pF/mm (due to the increase in the total dielectric constant from 1.05 to
1.33).

However, this new value of the distributed capacitor is less than 50% of that of the UT-
013 (0.095 pF/mm). The characteristic impedance of this input coaxial cable is 84 Q. The
length of this input coaxial cable is set to 10 mm and the protrusion of the central

conductor is 10 pum.
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Glass tube

OD=300um

Figure 4-28 Structure of the input coaxial cable.

4.14.2 The Low Noise Pre-amplifier

The internal structure of the miniaturized voltage probe is shown in Figure 4-29. The
active part of this probe is implemented by using a sub-miniature chip wafer scale
amplifier VMMK-3603. It is an E-mode ultra-thin PHEMT technology with a low noise
figure (NF = 1.4-1.9 dB). This amplifier has a positive slope gain (small signal gain =
15.5-19.5 dB) over a bandwidth from 0.1 GHz to 8 GHz [208].

This technology from Avgo requires no negative voltage to bias the input of the amplifier.
In addition to that, for this amplifier, the input biasing circuit is completely embedded
within its package so no additional components are needed to be connected to its input

lead.

This self-biasing technique offers two important advantages. Firstly, it reduces the
unwanted shunt capacitance to the ground because it eliminates the need for external

discrete devices to bias it.

Secondly, it simplifies the fabrication process of the voltage probe because in this case
only one biasing voltage is required for the amplifier'®. The only DC biasing required for
this amplifier is supplied to its output port, through the output coaxial cable, using a

commercial broadband bias tee.

The printed circuit board (PCB) used with this amplifier is a 1.5 x 2.5 x 0.25 mm gold
patterned alumina substrate and embedded in it a 70 Q resistor to make the frequency

response flat, see Figure 4-29(A).

The PCB output port is connected to a semi-rigid coaxial cable RG-405. On the input
side, the 20 um wire from the input coaxial cable is directly connected to the input port
of the PCB, see Figure 4-29(B & C).

18 If the self-biasing is not present then the amplifier will need two biasing circuits and voltages, one of

them is connected to its input lead while the other is connected to the output lead.

Ali Mahdi Lafta Al-Ziayree - March 2018 131



Chapter 4: Voltage Probe Realization and Testing

Figure 4-29 Internal structure of the miniaturized voltage probe. (A) The alumina printed

circuit board. (B) & (C) The connection inside the housing of the probe.

4.14.3 Measurement Setup

The main parts of the measurement system include a vector network analyzer and stepper
motors driven Z-X-Y stage under LabVIEW control, see Figure 4-30(A). Movement step
size in this measurement setup can start from 48 nm with a maximum scan length of 100

mm in the X-axis and 50 mm in the Z-axis, see Figure 4-30(B).

The LabVIEW code allows spatial scanning and simultaneous logging of both magnitude
and phase information at each point.
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Figure 4-30 (A) The main parts of the measurement setup. (B) The parts of the XYZ

stage.
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4.14.4 Testing the Miniaturized Contactless VVoltage Probe

A simple proof of concept is to scan the E-Field distribution over a well-known
microwave device such as the microstrip line. In this case, a 50 Q microstrip line of 100
mm length and 1.62 mm track width, fabricated from Rogers PCB TMM3, was used, see
Figure 4-30(B).

Figure 4-31 and Figure 4-32 illustrate the influence of the protrusion length # on the
resolution and the sensitivity of the probe. At a very low protrusion setting, 4 = 10 um,
see Figure 4-31, the edges of the copper track of the microstrip line are sharper. Also, the

width is more clearly defined than the case of 4 = 100 um, see Figure 4-32.

In contrast with 4, = 100 um, the voltage probe at 4, = 10 um is able to recognize height
variation at the surface of the copper track of the microstrip line at h =1 pm and 10 pm.

As previously explained the improvement in the resolution is clear as # and h decrease.

The cost of this improvement in resolution is a reduction in the overall sensitivity. At
= 10 um the measured values of E-Field intensity for all scans are at least 5.4 dBm lower
than those for the case of 4, = 100 um. For example, the E-Field intensity for 4 = 10 um
is about -55 dBm at h = 200 um while for 4, = 100 pm it reaches a similar value at h =
2000 pm.
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Figure 4-31 E-Field intensity scan results across the width of the microstrip line. The
probe tip length is set to ¢, = 10 um. The scans are for four values of h = 1, 10, 100 and
200 pm.
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Figure 4-32 E-Field intensity scan results across the width of the microstrip line. The
probe tip length is set to £, = 100 um. The scans are for four values of h = 1, 10, 100 and
2000 pm.

The results in Figure 4-31 demonstrates the effect of h on the spatial resolution of the
voltage probe. It indicates that an appropriate assignment of both #, and h is critical for
obtaining the required spatial resolution. For example, fixing 4 = 10 um and increasing
h to 100 um changes the shape of the response in Figure 4-31 to be very similar to that
when #, = 100 um at h = 100 pum in Figure 4-32. VVoltage probe response for both cases,
4 =10 umand 4, = 100 um, when h is varied from 1-1100 pm is shown in Figure 4-33.

The trend lines are decaying in an exponential like manner.
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Figure 4-33 Voltage probe response as a function of h at £, = 10 um and ¢, = 100 pum.
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4.14.5 Spatial Resolution Test

To test and prove the high spatial resolution of this miniaturized voltage probe, we used
a thin film circuit to emulate the drain bond wires array inside small to medium size
transistor. Alumina of 250 pm thickness, 11.5 mm length and 4.5 mm width was used as
a substrate for this test structure. The bottom layer is the ground plane. The top layer is a
0.7 mm track width widened in the middle to two flat manifolds spaced by 1.5 mm. These
manifolds are connected by a parallel array of 36 fingers, with both 25 pum width and
spacing, shown in Figure 4-34. The power delivered through this fixture was three watts
to replicate the case of medium scale microwave transistor. The spatial resolution scan
for this test fixture clearly shows the capability of this probe in resolving the varying

electric field intensity between the gold fingers as shown in Figure 4-35.

Figure 4-34 Thin film circuit used to simulate bonds wires array inside transistor. It

consists of 36 fingers of 25 um width and 25 pum spacing
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Figure 4-35 A 25 um spatial resolution tests results of the voltage probe.
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4.14.6 Bandwidth Test

The bandwidth of the probe was obtained by placing the probe at a fixed location above
the microstrip line. Instead of moving the probe a standing wave pattern is generated by
terminating the microstrip line with short circuit load. The sweep of frequency at this
fixed location shows the voltage nulls traversing the probe tip and suggests a probe

bandwidth up to 7 GHz as shown in Figure 4-36
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Figure 4-36 The frequency response of the voltage probe measured at fixed location

above a microstrip line terminated with short circuit load.

4.15 Conclusion

A broadband voltage probe with high spatial resolution has been developed and the design
criteria presented in this chapter. This probe has demonstrated an ability to measure
directly the voltages on adjacent tracks that are spaced by a distance of 25 um, with a
useful bandwidth up to 7 GHz. The developed voltage probe is thus claimed to have the
capability to measure the electric field distribution at a resolution four times finer than
previously reported probes. Furthermore, through the gain enhancements, it is possible to
utilize time domain oscilloscope-based measurements for the purposes of two-

dimensional waveform engineering.
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5 CURRENT PROBE
REALIZATION AND
TESTING

5.1 Introduction

In a similar manner to the design procedure presented in chapter four, this chapter will
highlight the influences of the geometrical aspects on the spatial resolution and sensitivity
of a non-contact current probe. The first step in this design procedure considers the
‘scaled-up’ current probes in order to assess the relevant design criteria and then adapt

those features to the design of the miniaturized current probes.

The preliminary design of the current probe has relied on the ability of the differential
amplifier and BALUN only to reject the influence of the electric field. Consequently, it
failed in the current probe fidelity test, see Figure 5-24 . As a result of this poor fidelity,
a novel method of shielding the loop antenna was introduced in order to improve probe’s

rejection of the electric field.

The performance of this new design is then characterised through different types of tests
in order to verify its specification (spatial resolution, sensitivity and bandwidth) and

measurement fidelity (standing wave test and EFRR test).
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5.2 Contactless Current Probe Structure

The essential parts of the active contactless current probe are shown in Figure 5-1. The
loop antenna and the brass tube are within the input unit, the low noise differential
amplifier is the transition unit and the output unit are implemented by two coaxial cables.

The geometrical aspects of the loop antenna are controlling both the spatial resolution and
the sensitivity of the contactless current probe. For the same reasons discussed in 4.2, the
degradation in sensitivity, due to the miniaturization of the loop antenna, is compensated
by cascading the loop antenna with a low noise pre-amplification stage (in this case a
differential amplifier). This differential amplifier also contributes to the enhancement of
the fidelity of the current measurement, by reducing the effect of the electrical field
component. The inputs to the differential amplifier each have a signal that is proportional
to the intensity of the magnetic field that are 180° out of phase; these outputs are then
subtracted. This subtraction can either be performed within the measurement instrument
if it has multiple input ports or by using the balanced to unbalanced (BALUN) converting

devices.

Loop Antenna

lifl
Wi
li
W,
o l‘l-\—l
V‘/i-‘r[

Figure 5-1 The main three units of the active contactless current probe: the loop antenna,

the low noise differential amplifier, and the output coaxial cables.
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5.3 Parameters Affecting the Spatial Resolution & the Sensitivity
The geometry of the loop antenna is defined by two parameters: the cross-sectional
diameter of the conductor forming the loop (dp) and the internal diameter of the loop
aperture (Dp). These geometrical aspects combined with separation distance from the
DUT (h), see Figure 5-2, are affecting the current probe’s spatial resolution and
sensitivity.

A= T[(_D_p)Z i B E = TTDp

atd <r<m-+d, D,

X EEE RN
Magnetic Field
® 00 0000 O 0 0 ® 00 0000 00 0

; I; = [,e/(

£
AXXXXXXXXXXXXXXXXX XX XX
XXX XXXXXXXXXXXXXXXXXXX

Figure 5-2 The parameters defining the geometry of the loop antenna and the distance
from the wire (W;).

The inductive coupling, between the loop antenna and one wire element (Wi), within the
wire array of the DUT, induce a voltage at the terminals of the loop given in (2-46), see
Figure 2-16. At specific values for the wire length and the current flowing, this induced

voltage can be simplified to:

A
vi = Kf =5 (5-1)

4

Where, (K) is the probe constant, (f) is the frequency of operation and (A) is the aperture

area of the loop antenna that exposed to the magnetic field lines, which is given by:

A= (%) (5-2)

The radius (r;) of the magnetic field lines crossing the aperture of the loop, see Figure 5-2,
is given by:

(h+dy)<r<(h+d,+Dp,) (5-3)
and for the side wires (W;,) within the wire array, see Figure 5-1, the value for the radii
are given by:
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J(h +dy)?+ (D +d)? <17 < J(h +d, +Dy)2+ (D +d)> (5-4)

Where, (d) is the cross-sectional diameter of the wire and (D) is distance separating
between any adjacent wires. In practical conditions, to gain higher spatial resolution and

sensitivity, the value of h is chosen to be much smaller than dp, see section 5.5.

The contour lines of the magnetic field, around a single wire, have a circular shape and
share the same centre with growing radius toward infinity. The superposition of fields
coming from adjacent wires, carrying currents in the same direction change contour shape
to be more elliptical in the near field. The highest magnetic field intensity (the maxima)
can be seen above any wire within the array, while lowest intensity (the minima) occurred

in the area between any two adjacent wires, see Figure 5-3.

Figure 5-3 Magnetic field intensity around two parallel wires carrying currents in the

same direction [209].

The ability of the current probe to recognizes these maxima and minima depends on the
relative values of d, and D, with respect to d and D at a specific height. If the currents in
these adjacent wires are equal, then the location of the minima is directly®® between them
at X=0and Z = 0. In terms of the DUT parameters, this point is located at (D+d)/2 from
each of the side wires. As the observation point moves away from this point along the Z
axis, the presence of the minima diminishes until the intensity of the magnetic field
reaches a similar level to that directly above the side wires at the same height, see Figure
5-3.

19 This special case is considered here for illustration purpose only, practically the location of the minima

could be anywhere between the adjacent wires depending on the currents passing through them.
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Based on the similarity between the case of the voltage probe and the current probe, many
of the concepts discussed in sections 4.3 and 4.4 (like DUT parameters and the definitions
of the spatial resolutions in terms of probe output voltage rather than the spatial aspects)
are applicable for the current probe as well.

5.3.1 The Influence of d, on the Spatial Resolution and the Sensitivity

Since the cross-sectional diameter of the loop increases the separation between the DUT
and the active aperture of the loop from the bottom and the sides, it is appropriate to keep
dp small with respect to d and Dp. However, when the priority is to design a miniaturized
current probe, this may not always be satisfied. As a result, both the sensitivity and the

spatial resolution of the current probe are negatively impacted.

Having a piece of high conductivity metal (copper), very close to a localised magnetic
field distribution, will have the effect of shielding that field from the sensing loop. Only
those field lines that have a radius larger than the dimensions of this piece of metal may
be detected. In terms of spatial resolution, the loop antenna cannot recognize the minima

and maxima if its cross-sectional diameter is larger than (D+d) / 2.

The relationship between the sensitivity and d, is given by (5-1), (5-3) and (5-4).The
impact of dp on the spatial resolution can be seen at the minima locations where there is
a limited margin (along the Z-axis) to sense the variations in magnetic field intensity, see
Figure 5-3. If dp > (D+d) then the wires under the probe will look like a single wire and
thus the magnetic field intensity inside loop aperture has a uniform level, see Figure
5-4(A). As the value of d, decreases toward (D+d) /2 the current probe begins to

differentiate the locations of the minima and maxima under it, see Figure 5-4(B).

If dp < (D+d) /2, see Figure 5-4(C) - (F), then the intensity of all the magnetic fields
(partially or totally depending on the value of (dy + Dp)) crossing the loop aperture will
vary over the distance (D+d) and hence a noticeable spatial resolution will be achieved.
The highest spatial resolution can be achieved when dp + Dp < (D+d), see Figure 5-4(E),
in this case, the intensity of all the magnetic field lines crossing the aperture fluctuate in

response to the locations of maxima and minima.

5.3.2 The Influence of D, on the Sensitivity and the Spatial Resolution
Enlarging the aperture of the loop antenna leads to increased energy coupling from the
magnetic field crossing it and therefore the current probe may have a higher sensitivity,
see (5-1) and (5-4).
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Figure 5-4 The influence of the geometrical parameters of the loop antenna on the spatial

resolution and the sensitivity of the current probe.
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In contrast, the spatial resolution is inversely proportional to the ratio between D, and
(D+d). If the essential condition dp< (D+d) /2 is satisfied, then the former ratio may define
how far the probe is able to differentiate the variation in magnetic field intensity at the

minima locations, see Figure 5-3 and Figure 5-4(C) - (F).

In this case, the highest spatial resolution occurs when the value of (d, + Dp) becomes
much smaller than (D+d). Under these circumstances, the intensity of the magnetic field
crossing the loop aperture will strongly vary, over the distance (D+d), in response to the
location of the minima and maxima, see Figure 5-4(E). Otherwise, this response becomes
a matter of percentage ratio between two parts of the magnetic field crossing the loop

aperture, one has a variable intensity and the other has a constant intensity.

5.4 Experimental Validation of the Loop Geometrical Aspects

In this section, we will experimentally inspect the influence of the loop antenna
parameters (dp and Dp) on the spatial resolution and sensitivity of the contactless current
probe. To keep the focus on the loop antenna only, the ordinary coaxial cables are used

to create the passive version of the contactless current probes.

Two different sizes of semi-rigid 50 Q coaxial cable (UT-034 and RG405) are used in
this implementation. The size of the smallest loop aperture, which is possible to create

from these coaxial cables, is limited by their geometrical and mechanical properties.

Four PCB test fixtures (22 mm X 41 mm X 0.7 mm) are used to emulate the environments
of multiple bond wire arrays, each has three fingers. The width of each finger is 0.3mm
and the finger length is 11mm. To test more possibilities of the ratios dp / (D+d) and Dy /
(D+d), the gaps separating between adjacent fingers is set to: 1.1, 2.0, 2.5 and 4.5 mm,

see Figure 5-5.

To keep the size of the loop smaller than the length of these fingers, we used only two
sizes for the loop aperture 2.2 mm and 3.6 mm. The frequency of operation is set to 500
MHz to ensure a small circumference of the loop with respect to the operating frequency
(C=nDp<<10% 1).

The lowest scanning height (h) above the test fixture is set to 50 um for all measurements
(unless otherwise stated). Total scanning length (across the fingers) is 18 mm and

scanning step is set to 50 um.
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The input power delivered to this test fixture is 1 mW introduced by a VNA and the other
end is terminated with the 50 Q load.

(&) (B) (©) (D)

Figure 5-5 Four PCB test fixtures (22 mm X 41 mm X 0.7 mm) used to simulate the
environments of bond wires array of 0.3 mm track width and gap width equal to (A) 1.1
mm. (B) 2 mm. (C) 2.5 mm. (D) 4.5 mm.

5.4.1 Influence of 4, on the Spatial Resolution and Sensitivity

To examine the effect of increasing d on the spatial resolution and the sensitivity of the
current probe, two probes of the same loop aperture, D, = 2.2 mm, were fabricated from
the cables UT-034, d, = 0.86 mm, and RG405, d, = 2.2 mm.

These passive current probes are then used to scan the set of test fixtures shown in Figure
5-5(A) - (D), at the following values of the ratio d, / (D+d), 1.57 & 0.61, 0.96 & 0.37,
0.79 & 0.3 and 0.46 & 0.18 respectively.

Figure 5-6(A) - (D) shows that there is a strong negative relationship between the spatial
resolution of the current probe and cross-sectional diameter of the loop antenna. At large
values of the ratio a, / D+d, the current probe becomes unable to recognize the fingers
and the gaps between them. This can be clearly seen in Figure 5-6(A), where the probe

created from the RG-405 introduces a wide signal plateau in the centre of the structure.

This negative influence decreases as the ratio dp / (D+d) decreases and additional
enhancement can be achieved when this decrease is combined with a decrease in the ratio
D, / (D+d), see Figure 5-6(C) - (D).
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Figure 5-6 The influence changing d, (from 0.86 mm to 2.2 mm) on the spatial resolution
of the current probe (Dp = 2.2 mm) at the following values of the ratio dp / (D+d): (A) dp
/ (D+d) =0.61 & 1.57. (B) dp / (D+d) =0.37 & 0.96. (C) dp / (D+d) = 0.3 & 0.79. (D) dp
/ (D+d) = 0.18 & 0.46.
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For example, at Dp / (D+d) = 0.46, the spatial resolution recorded its highest values: Ry =
14.78 at dp = 0.18*(D+d) (the loop implemented by the UT-034) and Ry = 2.33 at @, =
0.46*(D+d) (the loop implemented by the RG-405), see Figure 5-6(D). In addition to that,
the latter offers better spatial resolution than that achieved by the UT-034, Ry = 1.74, in
Figure 5-6(C). This improvement is due to the reduction in the ratio Dy / (D+d) from 0.79
to 0.46. However, this improvement is at the expense of the accuracy in locating the
maxima positions. For this case, the thin loop is more accurate than the thick loop.

In terms of the current probe sensitivity, the experimental results are shown in Figure 5-7
(A) - (D) agree with the qualitative geometrical analysis given in section 5.3.1. The
sensitivity of the current probe degraded as the cross-sectional diameter of the loop
increased. The loop fabricated from RG-405 increases the height between the DUT and
the lower threshold of the loop aperture and thus the sensitivity of this loop is always
lower than that of the loop formed from the UT-034 by at least 20% for all ratios of Dy /
(D+d).

5.4.2 Influence of 2, on the Spatial Resolution and Sensitivity

To examine the impact of increasing D, on the spatial resolution and the sensitivity of the
current probe, two probes with different loop apertures, D, = 2.2 mm, and D, = 3.6 mm,
were fabricated from the UT-034, 4, = 0.86 mm. Both are used to scan the set of test
fixtures, see Figure 5-5(A) - (D), at the following values of the ratio Dy / (D+d): 1.57 &
2.57,0.96 & 1.57,0.79 & 1.29 and 0.46 & 0.75 respectively.

In terms of spatial resolution, results are shown in Figure 5-8(A) - (D) support what has
been achieved during the previous sections. The essential factor here is reducing the ratio
dp / (D+d) as much as possible while the size of the loop antenna aperture has a
complementary role only. Enlarging loop aperture area by about 37% reduced the spatial
resolution and the effectiveness of this reduction is inversely proportional to the the value
of dp / (D+d), see Figure 5-8(A) - (D).

In contrast with this trend of change in the spatial resolution, the influence of enlarging
the aperture area of the loop antenna on the sensitivity of the current probe is positive and
yields a more efficient coupling. Results shown in Figure 5-9(A) - (D) illustrate that the
large aperture introduces more gain and thus better sensitivity (the improvement is more

than 40%) in all four cases.
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Figure 5-7 The influence changing d, (from 0.86 mm to 2.2 mm) on the spatial resolution
of the current probe (Dp = 2.2 mm) at the following values of the ratio dp / (D+d): (A) dp
/ (D+d) =0.61 & 1.57. (B) dp / (D+d) =0.37 & 0.96. (C) dp / (D+d) = 0.3 & 0.79. (D) dp

/ (D+d) = 0.18 & 0.46.
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Figure 5-8 The influence changing D, (from 2.2 mm to 3,6 mm) on the spatial resolution
of the current probe (dp = 0.86 mm) at the following values of the ratio Dy / (D+d): (A)
Dp/ (D+d) = 1.57 & 2.57. (B) Dy / (D+d) = 0.96 & 1.57. (C) Dy / (D+d) = 0.79 & 1.29.
(D) D,/ (D+d) = 0.46 & 0.75.

150 Ali Mahdi Lafta Al-Ziayree - March 2018



Chapter 5: Current Probe REALIZATION AND TESTING

°  dp/(D+d) = 0.61 —— Dp=2.2mm, Dp/(D+d)=1.57
S D=1.1mm —— Dp=3.6mm, Dp/(D+d)=2.57
= 4
©
g 3
)
>
o 2
o
(5]
g 1
[a
(A) 0

dp/(D+d) = 0.37 —— Dp=2.2mm, Dp/(D+d)=0.96

S D=2mm —— Dp=3.6mm, Dp/(D+d)=1.57
= 4
©
g 3
)
>
a 2
o
(5]
‘é 1
o
(B)o

> dp/(D+d)=0.31 —— Dp=2.2mm, Dp/(D+d)=0.79
> D=2.5mm —— Dp=3.6mm, Dp/(D+d)=1.29
S
@
g 3
)
>
a 2
o
(5]
‘é 1
o
©) o

> dp/(D+d) =0.18 ——Dp=2.2mm, Dp/(D+d)=0.46

D=4.5mm —— Dp=3.6mm, Dp/(D+d)=0.75
>
S
> 3
g
S 2
e
o
2 1
o
& 0
(D) -9000 -7000 -5000 -3000 -1000 1000 3000 5000 7000 9000
Position / um.

Figure 5-9 The influence changing D, (from 2.2 mm to 3,6 mm) on the spatial resolution
of the current probe (dp = 0.86 mm) at the following values of the ratio Dy / (D+d): (A)
Dp/ (D+d) = 1.57 & 2.57. (B) Dy / (D+d) = 0.96 & 1.57. (C) Dy / (D+d) = 0.79 & 1.29.
(D) D/ (D+d) = 0.46 & 0.75.
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5.5 Influence of /1 on the Spatial Resolution and Sensitivity

The radii of the magnetic field contours crossing the aperture of the loop antenna are
affected by three factors dy, D, and A. To examine the effect of increasing /4 on the spatial
resolution and the sensitivity with correlation to (D+d), a single probe is used in this test.
It is fabricated from the UT-034, d, = 0.86 mm and it has a loop aperture, J, = 2.2 mm.
Three scans were performed across the set of test fixtures shown in Figure 5-5(B) — (D),
at the following values of the ratio (Dp+dp) / (D+d): 1.33, 1.09 and 0.637 respectively.

Figure 5-10(A) — (C) show the inverse proportionally between current probe height and
its spatial resolution. The impacts of this degradation can be noticeably reduced by
decreasing the ratio (Dp+dp) / (D+d).
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Figure 5-10 The influence changing A the spatial resolution of the current probe) at three
different values of (Dp+dp) / (D+d): (A) (Dp+dp) / (D+d) = 1.33. (B) (Dp+dp) / (D+d) =
1.09. (C) (Dp+dp) / (D+d) = 0.637.
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This ratio defines the percentage of the magnetic field that crosses the loop antenna
aperture that has a spatially independent intensity to that which has a variable intensity in
response to the maxima and minima locations. The spatially varying field is hardly
recognized at # = 1000 pm when this ratio is equal to 1.33, see Figure 5-10(A), while it
is still better than that at 4= 2500 pum for the case of (Dp+dp) / (D+d) = 0.637, see Figure
5-10(C). Similarly, the sensitivity of the current probe is inversely related to its height
above the DUT, see Figure 5-11(A) - (C). But in contrast with the case of the spatial
resolution, the influences of the ratio (Dp+dp) / (D+d) on the sensitivity is negative.
Finally, the variation in current probe output voltage at the minima and maxima locations
in response the variation in height is shown in Figure 5-12(A) — (C) for each of the three
values of the ratio (Dp+dp) / (D+d).
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Figure 5-11 The influence changing A on the sensitivity of the current probe at three
different values of (Dp+dp) / (D+d): (A) (Dptdp) / (D+d) = 1.33. (B) (Dp+dp) / (D+d) =
1.09. (C) (Dptdp) / (D+d) = 0.637.
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Figure 5-12 The Relationship between current probe height and its response at both the

maxima and minima locations.

5.6 Criteria to Design High Spatial Resolution Current Probe
Based on the conclusions and results previously obtained, through the qualitative
geometrical analysis and the experimental validation, the requirements for designing a

current probe with high spatial resolution can be classified as follows:

e Essential requirement:
The diameter of the conductor forming the loop antenna should be smaller than
the sum of the wire gap widths. However, to obtain deep nulls it should be smaller
than the 50% of this sum.
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e Enhancement requirements:
Reducing the size of the aperture of the loop antenna can improve the spatial

resolution. A significant improvement is achieved if (Dp+dp) / (D+d) <1.

5.7 Difterential Amplifier

The miniaturized loop antenna provides weak signals and thus a pre-amplification is
necessary to enhance the signal to noise ratio and improve the sensitivity of the current
probe. The pre-amplification stage could be either a single-ended or dual-ended stage
depending on the signal applied to it.

With this loop antenna, there is the flexibility to have either a single-ended output (one
end of the loop antenna is connected to ground) or a dual-ended output (differential
output). If a single ended approach is used, then a preamplifier stage similar to that used
with voltage probe is needed here to enhance the sensitivity.

Taking the output from both loop ends can help in improving current measurement
fidelity by offering more rejection to the common mode ‘noise’ (mainly the electric field

radiation) picked up by the loop antenna itself and/or by its leads.

There are two possible topologies that can be used to amplify the differential signals
[210]. In the first instance, two separate single end amplifier stages (like VMMK-3603)
are connected to one of the loop output ends [163], [210], see Figure 5-13(A).

il vﬂ P3 P4
P1 P2
— +—
p2| [~ |Pps
®
(A) (B) Yo

Figure 5-13 Topologies of amplifying differential signals (A) By using two single end
amplifiers (B) By using differential amplifier [210].
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In this case, both the common mode and the differential mode signals receive the same
amount of amplification without rejection at this level. The amplified signals are then
subtracted either by the measurement instrument (if it has multiple input ports) or through
a BALUN (if the measurement instrument has one input port only). Although this method
is very simple and easy to implement, its total common mode rejection ratio is not high
because the common mode noise is initially amplified and then attenuated.

The differential amplifier is the second topology [63], [210], see Figure 5-13(B). This
type of amplifier introduces high gain to the differential signals and low gain to the
common mode signals and therefore higher common mode rejection is achieved. Outputs
of the differential amplifier are then differentiated either by the measurement instrument
(if it has multiple input ports) or through a BALUN (if the measurement instrument has

one input port only).

5.7.1 Implementation of the Differential Amplifier

The enhancement-mode pseudomorphic high-electron-mobility-transistor (E-PHEMT)
offers many advantages over other types of FET transistors in terms of linearity, wide
dynamic range, high gain, broad bandwidth, low noise figure and the need for a single dc
supply [211]-[213]. These features, combined with the ultra-small chip scale package
developed by Avago Technology, provide an ideal solution for building a miniaturized

differential amplifier from these discrete transistors.

The VMMK-1218 and the VMMK-1225 are both sub-miniature 0402 (1 mm x 0.5 mm x
0.25 mm) Surface Mount Leadless Package devices. From their datasheets [206], [207],
they are broadband (18 GHz & 26 GHz respectively) and have a low noise figure (0.7 dB
& 0.8 dB respectively) while their gain is (10.2 dB & 12.2 dB respectively). Based on
these figures the VMMK-1225 has higher gain and wider bandwidth with only 0.1 dB
higher in terms of the noise figure. Therefore, the VMMK-1225 was selected to

implement both the differential amplifier and the current source, see Figure 5-13(B).

5.7.1.1 Differential Amplifier and Current Source Biasing
Usually, transistors require two biasing circuits to identify the location of the operating
point, one of them controlling its input and the other delivering the required power

through its output circuit.

A single stage of the corresponding differential amplifier with current source needs five

biasing circuits: two for each of the pair differential transistors and the fifth to control the
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gate of the current source transistor. This means more complexity overall and more

physical space needed to implement it.

The VMMK-1218 and VMMK-1225 have another advantage that makes them more
suitable for use in a confined area like the miniaturized current probe. For these
transistors, if the DC voltage connected to the drain is raised while the gate is left floating
without a DC biasing voltage, then it will operate in a self-biasing mode and amplify the
RF signal introduced at the gate.

Driving the differential pair to work in a self-biasing mode reduces the number of biasing
components to only three. The DC supply for this biasing circuit is supplied through three
paths, each is terminated with an SMA connector, see Figure 5-14.

O/P Coacxial
Cables . ,,q
DA+ CS
Brass
¢ / Tube

Figure 5-14 Current probe structure and the paths to DC and RF currents to and from the

differential amplifier (D.A) and the current source (C.S).

The SMA connector in the middle is used to both mechanically secure the current probe
to the XYZ stage and also to provide the required DC biasing to the gate of the current
source. The side SMA connectors terminate the ends of the two output coaxial cables and
allow paths to both the DC biasing currents and the RF signal currents to propagate to
and from the drains of the differential pair. The separation between the AC and the DC

component is achieved via two Bias Tee stages, see Figure 5-15.

The schematic of the differential amplifier (D.A), the current source (C.S) and the biasing
circuits are shown in Figure 5-15. Inside the probe, only the differential amplifier
transistors and the current source transistors are implemented, see Figure 5-16. T1 & T2
are the differential pair and T3 & R4 are connected in series to form the current source.

P1 and P2 are the input ports receiving the signal from the loop antenna. P3 and P4 are
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the output ports of the differential amplifier and P5 provides the DC voltage to the gate
of the current source. Bias Tee 1&2 feed power to the drains of the differential pair
through P6 & P7 and allow only the RF signal at the ports P9 & P10.

Inside current probe DC_Feed1
O/P A é
YNl Ve jA Il
O..,_) |_._ ; —~ [ — T O
P1 c1 P3 Pe DC_Block1 Po
c=100nF 1!
Bias Tee 1
Input Bias Tee 2
O/P B
Yan WanN a1l
O.,_) |_ " <O i O
p2 C2 P4 P7 DC_Block2 P10
c=100nF 12
—ANN + DC_Feed2
R4
R=50 Ohm VGG
-: AN —— o AMN— D
R3 R1 P5 P8
T3 R=50 Ohm R=18 kOhm
c3 R2 [ VGG { vDD
C=100 nF3 R=1.2k + +
[ = i = =

Figure 5-15 The schematic of the differential amplifier and its biasing circuits.

Figure 5-16 Current probe structure and the paths to DC and RF currents to and from the

current source (C.S) and the differential amplifier (D.A).
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From the data sheet for VMMK-1225, the maximum drain current is 50 mA and the
maximum power dissipation is 250 mW. Therefore, to be in the safe area of operation,
the maximum current in each branch of the differential amplifier should not exceed 20
mMA so that the total current passing in the current source is 40 mA.

To find out the best location of the operating point, the ADS software is used here to
simulate the differential amplifier and the current source. The DC characteristic (relation
between drain current and Vpp at different values of the gate voltage) of the differential
amplifier is shown in Figure 5-17 and from which it can be seen that the location of the

operating point is mainly controlled by the voltage at the gate of the current source.

The optimum location of the operating point is at IDS = 10 mA for each branch at VDD
=10 V and the intersection of those lines is at VGS = 0.625 V.

To drive the differential amplifier and the current source from the same power supply the

values of the voltage divider R1 and R2 are selected to be 18 KQ and 1.2 KQ respectively.

The capacitor C3 serves as a filter to bypass any noise to the ground and keep the current
source stable. C1 and C2 prevent any DC current circulation between the gates of the

differential amplifier.

30
. VGS=0.900
25— / VGS=0.800
E / VGS=0.700
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0 E — |
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VDD

Figure 5-17 DC characteristics of the differential amplifier where the location of the
operating point is at IDS = 10 mA and VDD = 10V.
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5.8 Preliminary Design of the Miniaturized Loop Antenna

As shown in the previous section, to increase the spatial resolution of the current probe,
the cross-sectional diameter of the conductor forming the loop antenna must be decreased.
One way to reduce this cross-sectional diameter is to remove the shield around the loop
antenna. This means picking up both the magnetic and the electric field radiation and then
electronically processing these signals and attenuate the effect of the latter. The idea of
this design is based on the assumption that the differential amplifier will be capable of

rejecting all the unwanted effects of the common mode signal (electric field).

To examine this possibility, the printed circuit board has been used to implement an ultra-
thin loop antenna, of 5 pm gold layer thickness and 30 pm track width, attached to a
miniaturized alumina substrate (250 pm X 250 pum X 10 mm), see Figure 5-18(A). The
aperture for this rectangular loop antenna has an internal width = 75 pum and the length =
200 pum. Ends of the loop are terminated with two parallel tracks of 55 um width and 50
pm spacing between them with ground shielding layer under them on the bottom side of
the substrate. This transmission line connects the loop signal to the differential amplifier.
The substrate is then inserted inside a copper tube of 400 um inner diameter and 600 pm
outer diameter to shield the whole structure and only the loop area is protruded out of it,
see Figure 5-18(B).

(A) (B)

Figure 5-18 Structure of the miniaturized alumina current probe. (A) The loop antenna

and the transmission line. (B) The copper tube shielding the transmission line.
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5.8.1 Spatial Resolution Test

This probe is scanned across a test fixture consisting of a parallel array of 36 fingers (25
pm track width and 25 pum spacing between fingers), see Figure 5-19, and the results
obtained from this scan are shown in Figure 5-20 at 3 GHz. The general trend in the
variation of this current signal shows peaks on the edges of the array and a signal
minimum in the central area, an inverted umbrella shape, which means this current probe
is able to recognize current variation across the whole array structure. However, this probe

was unable to recognize the current variation due to the individual fingers.

Figure 5-19 Thin film circuit used to simulate bonds wires array inside transistor. It

consists of 36 fingers of 25 um width and 25 um spacing.
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Figure 5-20 Spatial resolution test result across the 36 finger test fixtures (25 um

track/gap width) with loop antenna protrude out from the copper tube.
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In order to investigate the reason behind this lack of spatial resolution, the protrusion of
the substrate is reduced so that all of the loop antenna is now shielded with the copper
tube, see Figure 5-21. The purpose of this arrangement is to reduce the effect of the
magnetic field and only allows the electric field along the Z-axis to be effective and
picked up through the bottom facing side of the loop antenna. The previous scan is
repeated with this modified current probe and the result is shown in Figure 5-22 where
the variation between array fingers is recognized. Comparison with previous scan results
indicates that the effect of the electric field is transmitted through a differential amplifier

to the output of the probe.

Figure 5-21 The modified current probe after shielding all the loop antenna inside the

copper tube to minimize the effects of the magnetic field.
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Figure 5-22 Spatial resolution test result across the 36 finger test fixtures (25 um

track/gap width) with all the loop shielded with the copper tube.
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5.8.2 Standing Wave Test

Based on the above considerations, it is imperative that any alleged current probe should
be subjected to a rigorous test that can demonstrate that current is being truly sensed, in
the almost complete absence of voltage pickup.

A good candidate for such a test is to traverse the length of a microstrip transmission line
that has a high VSWR pattern (e.g. using an open circuit termination). Such a test must
show deep nulls at the voltage maxima positions, and a suitable voltage probe must also
be used to demonstrate that the voltage peaks do indeed interlace with the current maxima.
In this test, a 50 Q microstrip line is used with the following details: 50 mm length, 1.1
mm line width, 1.28 mm dielectric thickness and 10.2 dielectrics constant, see Figure
5-23.

%) ()

69 C B

Figure 5-23 The microstrip line used in the standing wave test.

The standing wave (current and voltage) is generated above the microstrip line at 3 GHz
by terminating it with open circuit load and then scanned twice. The first scan is made
with the voltage probe previously fabricated, see chapter four, and in the second scan with

the unshielded current probe (with the loop antenna protruded out of the copper tube).

Results of these scans are shown in Figure 5-24. Comparing locations of the minima and
maxima of both scan results shows the difference of about 2.5 mm. This verifies the fact
that the output of this probe is proportional to the superposition of the electric and

magnetic fields.
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Figure 5-24 The results of the standing wave test along open end microstrip line.

5.9 Current Probe and the Problem of Electric Field Coupling

A magnetic field probe fundamentally requires a closed loop in order to couple into the
magnetic field and thus generate an induced circulating current. Clearly, as the size of the
loop is reduced the induced current drops in proportion to the probe loop area, whereas
the capacitive coupling will drop approximately in proportion to the linear dimensions of

the loop.

The problem in the particular application of probing high-power microwave transistors is
that the corresponding voltage swing at the bond-wire can be tens of volts, and even the
tiniest capacitive coupling between the probe and the wire can cause a much larger
voltage coupling. In principle, it can be argued that if a differential amplifier is used across
the loop terminations and the geometry is sufficiently symmetrical, the electric field

pickup will be an even mode excitation which is rejected by the differential amplifier.

In practice, however, we find that the electric field intrusion can be sufficiently
asymmetric?® such that it appears as a small but significant component of the overall

signal presented to the microwave differential amplifier. As such it is necessary to

20 As an example, for this asymmetry, the dielectric of the substrates, alumina, works as a magnifier for the
electric fields and thus the top face of the loop antenna will receive weaker electric fields compared with

that received by its bottom face attached to the alumina substrate.
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augment the common mode rejection through the design of a loop structure that reduces
the electric field pickup.

5.10 Options Available to Fabricate Miniaturized Loop Antenna.
Current probing inside a microwave power transistor requires not only the loop size to be
very small, but also the overall size of the current probe to be very small with respect to

the dimensions inside it.

Using the ordinary coaxial cables is not an option here because of the smallest coaxial
cable, UT-013, has a cross-sectional diameter equal to 330 um. With this size, only heavy
bond wires with heavy patches will be resolved; furthermore, none of these bond wire

arrays are present in the microwave transistors studied, see section 3.10.1.1.

Alternatively, the planar loop antenna technique offers good miniaturization capability
regarding loop size, but the overall size of the probe is not compatible with this

measurement environment (inside microwave transistors), see Figure 2-37, 2-39 & 2-40.

The multi-layer structure of this type of probe needs a relatively thick and wide substrate
to offer the necessary mechanical support and electrical shielding from the sides of the
probe. In addition to that, in all previously reported versions of this type of loop structure,
the problem of receiving electric field from the DUT, through its bottom facing side, is

yet to be solved.

These limitations might explain why, since 1996 and until now, none of these planer
current probes have been reported for current measurements in a tight environment like

that inside microwave transistors.

As a result, one more essential condition is added to the design criteria in section 4.8,
which is the necessity of making the actual size of the current probe equal or at least very

close to the loop size.

To satisfy the above requirements, in designing a high spatial resolution current probe
suitable for probing inside microwave power transistors, a new version of the planar
current probe has been developed. The shield around the loop antenna is assembled by

using multiple loops of metal and conductive epoxy.

5.11 Multiple Loop Shielding Technique (MLST)
In this new technique, the same essential three metal layers of the planner loop antenna

structure are used: front and rear side shielding layers and in the middle a track to form
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the loop antenna layer, see section 2.15.1.3. In this new technique, instead of using the
usual flat copper layers and tracks in implementing the planner loop antenna, we used
extremely thin copper wire (20 um diameter) to form three adjacent loops.

The insulation layer between these copper rings are established by using enamelled
copper wire (1.5 pum insulation layer) for the middle loop. In the first design, these loops
are pre-formed around a 125 um diameter rod of glass (the glass core the of fibre optic
cable), see Figure 5-25(A). Glass offer good visibility under a microscope, but it can be
easily broken while winding the wires. To avoid this problem the glass rod was replaced
with molybdenum wire, see Figure 5-25(B). The diameter of this wire is 100 um and will

serve to enhance the spatial resolution also.

The ends of the wire loop are then twisted together to create a strong bundle which
provides the necessary mechanical support for all three loops. In addition, the twisting
enhances rejection to the common mode signals.

The outer circumference of the three adjacent rings is then painted with high conductivity
silver epoxy. Both the bare copper loops and the epoxy serve to shield the electric field
component from the current pick-up loop. In addition to this, the epoxy contributes to
keeping the three loops contiguous with each other and adds more mechanical support for

the entire structure, see Figure 5-26.

Figure 5-25 The structure of the developed shielded loop antenna. In the middle is the
enamelled copper loop antenna and the other uncoated copper loops are the side shield.

(A) Loops formed around the core of fiber optic cable. (B) Loops formed around wire.
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Figure 5-26 High conductivity silver epoxy covering the circumferences of the three

loops to shield the loop antenna.

The loop structure and part of the twisted leads are then soaked in thin, fast drying and
non-conductive glue to gain more physical strength and offer electrical insulation.
Finally, the wires are mechanically secured and electrically shielded in an EDM brass
tube in order to terminate the leads to the transition unit of the current probe (inputs of
the differential amplifier); while the loop antenna emerges at the other end of the brass

tube to capture the magnetic field energy from the DUT, see Figure 5-27.

Outer EDM Brass Shielding Tube

Green Enamel Insulated Wire Sensing Loop

Front Copper Shielding Wire Loop
Rear Copper Shielding Wire Loop

Figure 5-27 The parts of the input unit of the current probe: the brass tube and the

shielded loop antenna emerging from the open end of the brass tube.
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5.12 Evaluation of the Multiple Loop Shielding Technique

As stated in the previous chapters, the characteristics of the microstrip line are well known
and thus it is useful to use it to examine the MLST and show its ability to respond to
magnetic field. Four types of test can be performed with the microstrip line:

1. Standing wave distribution along the length of the microstrip line.
2. Current distribution across the width of the microstrip line.

3. Electric field rejection test
4

Frequency response (bandwidth).

5.12.1 Standing Wave Test
In this test, the same procedure given in section 5.8.2 is applied here to compare the
locations of the maxima and minima of the voltage and current along the length of the

microstrip line terminated with an open load.

Unlike the case of the unshielded loop shown in Figure 5-24, scanning the microstrip line
with the new current probe demonstrate that the voltage peaks do indeed interlace with
the current maxima. The result of this test is shown in Figure 5-28 and shows that this

probe offers excellent electric-field rejection.
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Figure 5-28 The results of the standing wave test along open end microstrip line.
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5.12.2 Current Distribution (Inverted Umbrella) Test

Current distribution across the width of matched microstrip line has the shape of an
inverted umbrella where the current density at the edges is higher than the middle area,
see section 3.10.3.1. In this test, a 50 Q microstrip line of 1.62 mm track width, fabricated
from Rogers PCB matched with 50 Q load at one end and 1 mW RF power supplied at
the other end at 3 GHz. Scan results at different heights are shown in Figure 5-29 and the
inverted umbrella current distribution is very clear at a 5 um height where the spatial
resolution is 1.53. As probe height increases, both the spatial resolution and the sensitivity
decrease, see Figure 5-29(A) — (B).
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Figure 5-29 Current distribution across the width of the microstrip line at different

heights. (A) In terms of spatial resolution. (B) In terms of sensitivity.
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In this case, the minima location represents the magnitude of the current in the middle of
the microstrip line and thus the value of Ry here describes how realistic this current
measurement is. Figure 5-30 shows the output voltage at the edges and the middle area
of the microstrip line.
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Figure 5-30 Current probe response as a function of probe height at the edges of the

microstrip line, maxima, and its middle area, minima.

5.12.3 EFRR Test

The third method to verify the fidelity of this miniaturized contactless current probe is to
compare the results of its response to magnetic and electric fields. This can be obtained
by placing the probe at a fixed location above the microstrip line loaded with 50 Q at one
end and connected to the VNA at the other end. The frequency of the VNA is swept twice.
In the first sweep, the plane containing the loop is set to be parallel to the length of the
microstrip line so that the probe is mainly responding to the magnetic field, see Figure 5-
31. In the second sweep, the probe is rotated ninety degrees, so it mainly responds to the
electric field. The results of this test are shown in Figure 5-32 and the average of the
EFRR =22.7 dB and the maximum value is 39 dB at 5.25 GHz.

Figure 5-31 The plane containing the loop is parallel to the length of the microstrip line.
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Frequency / GHz

Figure 5-32 Results of the electric field rejection.

5.12.4 Bandwidth Test

The bandwidth of the probe was obtained by placing the probe at a fixed location above

—— Parallel

—— Perpendicular

5

the microstrip line. Instead of moving the probe, a standing wave pattern is generated by

terminating the microstrip line with short circuit load. The sweep of frequency at this

fixed location shows the voltage nulls traversing the probe tip and suggests a probe

bandwidth up to 9 GHz as shown in Figure 5-33. Comparing this response with that of

the voltage probe (at the same location) demonstrates that the voltage peaks do interlace

with the current maxima.
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Figure 5-33 Frequency sweep with current and voltage probe in fixed position.
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Chapter 5: Current Probe REALIZATION AND TESTING

5.13 Spatial Resolution Test
To test and prove the spatial resolution of this miniaturized current probe, we used thin
film circuits similar to that shown in Figure 5-19. It is implemented on a piece of alumina

substrate of 250 pum thickness, 11.5 mm length and 4.5 mm width.

The bottom layer is the ground plane. The top layer is a 0.7 mm track width widened in
the middle to two flat manifolds spaced by 1.5 mm. These manifolds are connected by a
parallel array of fingers of 25 um width. This array has 23 fingers and 100 pum spacing

between adjacent fingers.

The power delivered through these test fixture was three watts and terminated with 50 Q
load at the other end. The spatial resolution scan for this test fixture clearly shows the
inverted umbrella of the current distribution, see Figure 5-34. The spatial resolution of

this probe is around 62.5 pm.
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Figure 5-34 A 62.5 um spatial resolution tests results of the voltage probe.

5.14 Conclusion

A broadband voltage probe with high spatial resolution has been developed and the design
criteria presented in this chapter. This probe has demonstrated an ability to measure
directly the current on adjacent tracks that are spaced at 100 um, with a useful bandwidth
up to 9 GHz. The developed current probe is thus claimed to have the capability to

measure the magmatic field distribution at a spatial resolution equal to 62.5 pm.
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6 NOVEL MEASUREMENTS OF
CURRENT WITHIN A
MICROWAVE TRANSISTORS

6.1 Introduction

The main aim of the work presented in this thesis is to provide a tool that is capable of
scanning within the periphery of high power microwave devices; this shows directly how
the power and more specifically the current is distributed among the parts of the DUT. In
the previous chapters, successful design, development and fabrication of the contactless
voltage and current probes have been achieved and these probes are then tested against
passive test fixtures. The next step is to perform in-situ active measurements inside
microwave power transistors. As mentioned in chapter two, all the previous in-situ active
measurements have been based on the voltage probe only. Two research groups reported
these in-situ measurements one from Cardiff University [214] and the other from Delft
University [215]. The main difference between the two groups is that the Cardiff group
used the voltage probe to perform voltage measurements only while Delft group took this
a step further by indirectly predicting the current from measurements of the voltage probe.
Voltage measurement is important and can help in characterizing the DUT, but
unfortunately, it cannot provide an insight into how the power and more specifically how
the current is distributed. In this chapter, a new and a novel method of characterizing

microwave power transistors is described. The current probe is the main tool for this
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characterization, where the currents inside the microwave power transistors are directly

quantified.

6.2 LDMOS Power Transistor and its Test Circuit

LDMOS transistors are widely used in mobile communications and specifically in base
stations; therefore, one is used here to apply the technique of spatial current measurement.
This type of transistor has been used by the Cardiff University research group and the
Delft University research group and their voltage measurements can be reviewed in [214],

[215] respectively.

An Ampleon (formerly NXP) LDMOS microwave power transistor BLF7G22L-130 is
used as the device under test. It is a 130 W enhancement mode MOSFET operating over
the frequency range from 2 GHz to 2.2 GHz [216]. The test circuit board used with this
transistor is shown in Figure 6-1. The transistor is biased by two positive voltages: the
drain voltage 31 V and the gate voltage 3.891 V.

Figure 6-1 Circuit board used in testing the LDMOS microwave power transistor
(BLF7G22L-130).

6.3 Preparing the LDMOS Transistor for the Measurement

The BLF7G22L-130 is packaged with a ceramic lid to protect the dies and the bond wires.
This cover must be removed to allow the contactless probe to move inside the transistor.
This process requires the use of a hot plate with controlled temperature set to 170° C so
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that the adhesive joining the lid to the body of the transistor melts and the lid is then easily
removed, see Figure 6-2. The de-lidded transistor is then placed within its test circuit
board.

Drain Lead

oy AN A P BIRTACEE . o T U Y L e R Y
— »

g RTINS

20t Te 3 Die

B BERLE RS AL LR L
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Figure 6-2 LDMOS microwave power transistor BLF7G22L-130 (A) With lid (B)
Without Lid.
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6.4 Controlling the Temperature of the LDMOS Transistor
As seen in chapter four and five the spatial resolution and the sensitivity of the contactless
measurement is inversely proportional to the distance between the probe and the DUT

and this distance is in the range 5 -30 pum.

Due to the low efficiency of the microwave power transistor, for example for the
BLF7G22L-130 is thirty percent, the temperature of the power transistor increases
quickly as the output power increase and thus a thermal expansion occurs to all
dimensions of the transistor’s internal parts. The most important of these dimensions is
the heights of the bond wires and the dies, for example the rise in the temperature of the
BLF7G22L-130 from 20° C to 65°C can introduce around 12 pum increase in the height
of these parts. Therefore, it essential to control the transistor temperature and hold it
constant within the scan time to enhance the accuracy of the measurement and to avoid
damage if the probe tip touches the bond wires or the die. To overcome this problem a

water-cooled heat sink is used to maintain a constant operating temperature.

6.5 Internal Structure of the BLF7G22L-130

This LDMOS transistor consists of three dies and two matching circuits one of them is
connected to the gate of the transistor and the other one is connected to the drain, see
Figure 6-2(B). Each of these dies consists of five cells and these cells are connected to

the matching circuits and the transistor leads via bond wires.

There are four arrays of bond wires are used to connect between the various parts as

follows:

1. This array connects the drain lead to the drain pads on the die and consist of ten
wires per die, distributed in four pairs in the middle and a single wire at each of
the ends of the array, see Figure 6-3.

2. This array connects the output matching circuit to the drain pads on the die and
consists of five wires per die, see Figure 6-3.

3. This array connects the gate pads on the die to the input matching circuit and
consists of nine wires per die. These nine wires are then extended to the gate lead
as shown in Figure 6-3.

4. This array connects the gate lead to the input matching circuit and consists of

seventeen wires per die, see Figure 6-3.
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Figure 6-3 Four bond wires arrays inside BLF7G22L-130 : the 1% array connect the drain
lead to the die, the 2" array connects the die to the output matching circuit, the 3™ array
connects the input matching circuit to the die and the 4™ array connects the gate lead to

the input matching circuit.

6.6 Multiple Scans of the Current Wave Planes

As shown in Figure 6-2(B) and Figure 6-3 the microwave power transistors consist of
dies, matching circuits and the bond wires for the electrical connection. The challenge for
the designers of these devices is how to guarantee a balanced share of the load between
the dies in first place and between individual bond wires. The only available tool for real
time measurements is thermal imaging which is clearly not enough to discern how the
current is actually distributed among the transistors parts. With the successful design and
fabrication of the miniaturized contactless current probe, this information is now

available.

Using the contactless current probe to scan along the length of the transistor at a specific
location can illustrate how the current is distributed. If this process is repeated at different
locations across the width of the transistor then the result highlights the progression of

the spatial current waveform as it passes through the DUT. Figure 6-4 shows the path of
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seven scans along the length of the BLF7G22L-130 starting with lead of the drain and

ending with lead of the gate; the next even sections illustrate each of these scans.

Drain

e e ﬁ.

r

Figure 6-4 Multiple scans with contactless current probe along the length of the
BLF7G22L-130: (1) the lead of the drain (2) the 1% array bond wires (3) the 2" array of
bond wires (4) the die (5) the 3" array of bond wires (6) the 4" array of bond wires (7)
the lead of the gate.
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1. Scan along the lead of the drain: the trend of the variation in the magnitude is the
usual inverted umbrella where the current peak values are shown near the edges
of the lead and with a small increase around the middle of lead, see Figure 6-5(A).
Figure 6-5(B) shows the phase variation edges and the middle of the lead is less

than fifteen degrees.
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Figure 6-5 Scan results along the lead of the drain. (A)The magnitude. (B) The phase.
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2. Scan along the 1st array of the bond wires: the ten bond wires connected to each
die from the side of the drain are recognized in Figure 6-6(A) and the inverted
umbrella represents the general trend of the current distribution. Regarding the
phase variation, its value slightly increases as it moves away from the centre die

toward the two side dies, see Figure 6-6(B).
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Figure 6-6 Scan results along the 1st array of the bond wires. (A) The magnitude. (B)
The phase.
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3. Scan along the 2nd array of the bond wires: the five bond wires connecting
between each output matching circuit and the associated die are clearly shown in
Figure 6-7(A)which indicates a large amount of current passing in them. The
phase of these currents is around 50°, see Figure 6-7(B), and in a comparison with

previous scans is reduced by around 70°.
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Figure 6-7 Scan results along the 2nd array of the bond wires. (A) The magnitude. (B)
The phase.
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4. Scan along the dies: the return currents are shown with relatively high values
between dies and this is due to the small distance between probe tip and ground
plate at the bottom of the transistor package. The overall trend of the current
distribution is the inverted umbrella, see Figure 6-8(A), and the phase varies
between 50° and 70° as shown in Figure 6-8(B).

700
600
500 ﬂ
400
300
200

100 ”

(A) 0

Current Probe O/P Voltage / mV

250
200

150

e L/\/\/\./\) |

-100

-150 \ m /‘

-200

(6]
o

&
o

Current Probe O/P Phase / Deg.
o

-250
(B) 0 2000 4000 6000 8000 10000 12000 14000 16000

Position / um

Figure 6-8 Scan results along the dies. (A) The magnitude. (B) The phase.
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5. Scan along the 3 array of the bond wires: this array is connecting the dies to their
associated input matching circuit. The nine bond wires for each die are recognized
clearly for both the magnitude, see Figure 6-9(A), and phase, see Figure 6-9(B).
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Figure 6-9 Scan results along the 3" array of the bond wires. (A) The magnitude. (B) The

phase.
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6. Scan across the 4" array of the bond wires: the current distribution of the bond
wires between the input matching circuit and the gate lead also has the inverted
umbrella and the asymmetry between their sides, see Figure 6-10(A), is due to the
crooked lead of the gate as shown in Figure 6-12. The phase variation is between
60° -75°, see Figure 6-10(B).
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Figure 6-10 Scan results across the 4™ array of the bond wires. (A) The magnitude. (B)

The phase.
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7. Scan along the lead of the gate: this lead was deformed while removing the
ceramic lid, see Figure 6-12, and due to that, the current distributed along the lead
becomes asymmetrical for both the magnitude, see Figure 6-11(A), and phase, see
Figure 6-11(B).
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Figure 6-11 Scan results along the lead of the gate. (A) The magnitude. (B) The phase.
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Figure 6-12 The crooked gate lead causes asymmetrical current distribution as shown in
Figure 6-10 and Figure 6-11.

6.7 Current distribution in the Drain Bond Wires and in the Dies

The previous results showed that the current distribution among the adjacent dies and
their associated bond wires is not even, those dies on the sides are carrying more current
than the central die. Although this current probe provides relative measurement data, this
type of information is very important for the microwave transistor designer. The aim for
those designers is to ensure an even current and voltage distribution in order to enhance
overall efficiency and reliability of the device. The proposed contactless current probe
successfully shows the current differences between identical parts within the DUT.
Reducing these differences to zero is the key for new generation of high efficiency and

more reliable microwave power transistors.

As explained in chapter two, the contactless measurements have a strong dependency on
the distance to the DUT and therefore they are generally classified as a relative
measurement technique rather than an absolute technique. In addition to that, the output
response of the current probe is also a function of the angle between the plane containing

the loop antenna and the DUT.

One of two approaches can be used to find the absolute value of the current. In the first
instance, the absolute value is found after calibrating the current probe. Unfortunately,

the X'YZ stage we have had three axes only; in order to conduct an accurate current probe
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calibration, it should be upgraded to have at least four axes. The fourth axis is the rotation
around the longitudinal axis of the loop antenna with a movement step that is a fraction
of a degree.

The other approach can be applied whenever the total current passing in the parallel parts
(for example the dies within the power transistor) is known. Fortunately, this current is
related to the net current drawn from the DC power. For example, in a common source
class-AB amplifier, the maximum AC drain current is equal to the maximum DC current.
The next step is to normalise the spatial current measurements across the drain bond
wires, see Figure 6-13, and then sum the magnitude of the normalised peaks (above the
bond wires). The probe’s scaling factor (SF) is then calculated by dividing the maximum
AC current by the sum of the peaks. Finally, each of the normalized peaks is then
multiplied by the scaling factor to find its absolute current, see Table 6-1, and hence the

die current is equal to the sum of those bond wires attached to it.

Table 6-1 Current in each bond wire.

Die Bond Wires Currents / Amp.

No. W1 W5 W3 W, W5 Ws W5 W5 Wo Wio

1 0.283 | 0.235 | 0.223 | 0.203 | 0.195 | 0.187 | 0.187 | 0.183 | 0.180 | 0.182
2 0.196 | 0.187 | 0.179 | 0.173 | 0.165 | 0.164 | 0.167 | 0.178 | 0.179 | 0.186
3 0.202 | 0.197 | 0.192 | 0.195 | 0.201 | 0.201 | 0.213 | 0.232 | 0.239 | 0.284
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1.6
First Die: 2.060 Amp. Second Die: 1.776 Amp. Third Die: 2.163 Amp.
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Figure 6-13 Current distribution among the drain bond wires and among the three dies.
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{ CONCLUSIONS AND FUTURE
WORK

7.1 Conclusions
The work presented in this thesis dealt with a series of important topics related to the
contactless probing of high power microwave devices; the main contributions were

illustrated in chapters four, five and six.

In chapter one, we pointed to the problem of low efficiency in a microwave power
transistor which in turn causes a large amount of power to be consumed by commercial
base stations managed by the wireless network communications companies. The
microwave circuit designers need a tool for real-time measurements of the voltage and
the current distributed inside microwave circuit and more specifically inside microwave
power transistors. The miniaturized contactless probes emerge as an excellent solution to

directly quantify the voltage and the current with minimum intrusion to the DUT.

Next, in chapter two, we started with electromagnetic theory concepts and defining the
region of electromagnetic radiation around the sources of the electromagnetic energy. We
paid particular attention to the near-field region where the contactless measurements take
place and provided clarification of the boundary limits of this region. Different types of
electromagnetic sources were explored, and their characteristics were discussed in detail.
Next, a comparison of the electric and magnetic sources with their mathematical analyses
was given. Because real life sources are not only an electric source alone or magnetic
source alone but a mixture of both, a mathematical expression was given to describe these

practical electromagnetic sources. In addition to that, the properties of the monopole and
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the loop antenna were presented where each of them is the sensing part of the contactless
voltage and current probes respectively. The output signals of these antennas were then
expressed in terms of their dimensions and those of the practical source.

In chapter three, we described the main parts of the contactless voltage and current
measurement setup. These parts are divided into three essential levels: (1) measurement
control and management level, (2) measurement instrument level and (3) measurement
action level. Next, the structure of a generic contactless probe was presented with a
detailed explanation of the materials used to fabricate each of its parts. Also, we focused
on the environments of the real measurements. This included the mechanical and
electrical characteristics of the bond wires, the semiconductor dies, and the microstrip
line ...etc. the final part of this chapter was devoted to the set of tests used to inspect the
characteristics of the newly fabricated probes. These tests are the non-intrusiveness test,
the bandwidth test, the spatial resolution test and the measurement fidelity test. To verify
these tests, we fabricated suitable test fixtures for both the miniaturised contactless probe

and the scaled-up probe that was fabricated from standard coaxial cables.

In chapter four, we started with the geometrical parameters that are affecting the spatial
resolution and the sensitivity of the contactless voltage probe. The first aim was to
establish the design criteria for the voltage probes. For this purpose, we used different
sizes of the scaled-up voltage probes, fabricated from standard coaxial cables and thus
the design criteria were also verified experimentally. The results showed that the diameter
of the internal conductor of the coaxial cable has a dominant influence on the voltage
probe spatial resolution and sensitivity. Through these experiments, we identified a new
definition for the spatial resolution which permits comparing spatial resolution of
different probes in terms of their output signal rather than the spatial formula.
Furthermore, different techniques applied here with the aid of the ADS software to
enhance voltage probe sensitivity. A simple but effective inductive element included in
the design of the voltage probe, provided a passive gain and thus enhanced the sensitivity
by around 20dB. A miniaturized voltage probe fabricated from a miniaturised coaxial
cable followed by a miniaturized chip scale amplifier were combined to deliver a novel
probe with spatial resolution of 25 um and a useful operating bandwidth up to 7 GHz.

Furthermore, this gain enables time domain oscilloscope measurements to be made.

Chapter five was dedicated to the direct real-time current guantification by using the
contactless current probes. In a similar approach to that applied in chapter four, chapter

five began with establishing the design criteria of the contactless current probes to achieve
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high spatial resolution. We used the standard coaxial cable to fabricate scaled-up current
probes to examine the influence of the geometrical aspects on both the probe spatial
resolution and the probe sensitivity. The experimental results showed that current probe
spatial resolution is mainly controlled by the radius of the conductor that had been used
to form the loop antenna while the sensitivity is mainly controlled by the radius of the
loop antenna. We used the differential amplifier to enhance both the sensitivity and the
probe’s ability to reject the electric field. We found experimentally that relying on the
differential amplifier alone to reject the electric field is not sufficient. The standing wave
test was applied, and the results showed a considerable contribution from the electrical
field with magnetic field component. To solve this issue, we created a novel technique to
shield the miniaturised loop antenna. The advantages of this technique over the planar
shielding technique is that its overall size (the shield and the miniaturized loop) are small
which permits more freedom to move inside the power transistors. This new shielding
technique consists of three adjacent copper loops two for said shielding and one in the
middle of enamelled wire which forms the loop antenna. The outer circumference of these
three loops was then painted with high conductivity silver epoxy to complete the shielding
around the loop antenna. Next, to verify the immunity of the multiple loop shielding
technique, we applied three tests to it: In the first one, the probe scanned the current
distribution across the width of the microstrip line and the result was a very clear inverted
umbrella. In the second test, we applied the standing wave test and the results showed
that the maxima of the current waves were occurring at the locations of minima of the
voltage wave. The last test is the electric field rejection ratio and the recorded values were
22.7 dB for the average and 39 dB for the maximum. Finally, the miniaturised contactless
current probe was tested to show a spatial resolution of at least 62 um and a usable
bandwidth up to 9 GHz.

Finally, in chapter six, we demonstrated innovation with a novel spatial waveform
characterization of a microwave power transistor under normal operating conditions. One
of the fundamental requirements for the designer of these devices is to understand how
the power, and more specifically how the currents, are distributed among their parts, i.e.
bond wires and dies. Although the contactless probes are classified as relative
measurement tools, they are still very useful in showing the differences between adjacent
identical parts inside the DUT. The target for those designers is to ensure the adjacent and
identical parts of the device share equally the total power and have a similar amount of

current passing in each of them. Scanning these parts with the contactless current probe
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at a specific height and specific orientation of the loop antenna can satisfy this essential
need. To show the ability of the miniaturised current probe to do that, we performed seven
spatial scans along the length of a 130W LDMOS power transistor and each of these scans
was started at a specific location along its width. The first scan was along the lead of the
drain and the last one was along the lead of the gate. The spatial waveforms resulting
from these scans showed that the total current was not equally divided among the adjacent
dies and associated bond wires. The general trend of those sub-currents is the inverted
umbrella. Those dies on the sides were carrying higher current than the middle one. In
addition to that we were able to estimate the absolute values of the currents in the drain
bond wires and their associated dies as wall. To do that, we first found the probe scaling
factor by normalizing the scan results and then dividing the total drain current by the total
sum of all maxima. The absolute current in each bond wire was then calculated from the

product of the probe factor and the respective current ratio.

7.2 Future Work

Our recommendations to improve the work presented in this thesis are:

1. Floating Measurements.

The circuit of the contactless probes can be modified to work in the floating mode,
which means eliminating the common ground with the DUT. This modification is
important because it reduces the likelihood of accidental damage that might occur
if the probe touches the DUT.

To accomplish this there are two things that must be achieved: firstly, a floating
power supply should be used to feed the power to the probe; secondly,
transmitting the probe output signal over a non-conducting, non-metallic, channel.
Both of these requirements can be achieved by using fibre optic cables. Two
cables are used: one for power transfer and the other for data transfer.

The ‘power over fibre’ technology might be applied here to supply the DC power
needed by the probe. High-power laser diodes can be used to emit unmodulated
light with high energy at the transmitter side (near the DC power supply). The
fibre optic cable then is used to transfer this light to a miniaturized solar cell on
the probe side. It is essential here to use high-efficiency solar cells to support the
miniaturization requirements of the contactless probes. The multiple-junction
solar cells are recommended for such applications due to their high efficiency

achieved from a small cell size.
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On the other hand, a Vertical Cavity Surface Emitting Laser (VCSEL) might be
used as a light modulator in response to the probe output voltage. This modulated
light is then propagated from the probe side through a fibre optic cable to the other
side where it is then received and demodulated. The DO188 VCSEL is one
industrial example of the miniaturized VCSEL (250 pum X 1000 pm X 150 pm)
that offers a useful bandwidth up to 7.5 GHz with a low threshold current of 1mA.
Spatial Resolution Enhancement.

As shown in chapters four and five, the spatial resolution of both voltage and
current probes depends on the diameter of the wire used to create the monopole
antenna and the loop antenna respectively. Therefore, enhancing the spatial
resolution of the contactless voltage and current probes can be performed by using
a smaller size enamelled wire, such as AWG 56 (12 um diameter).

Thus, the spatial resolution of the voltage probe can be improved to around 12
pum, and for the current probe it becomes 39 um instead of 62.5um.

Single Biasing Voltage.

The miniaturized current probe presented in this work offers 12 dB gain and 22.7
dB average rejection of the electric field. This current probe has a single stage
differential amplifier and one current source: each biased with three DC voltages
(see Figure 5-15): one for the current source and the others for the differential
amplifier pairs. To get more gain and a higher rejection of the electric field, a
multi-stage differential amplifier is recommended.

Adding more stages to the differential amplifier will require two additional DC
biasing voltages for each stage. Thus, for three stages of the differential amplifier
and their associated current sources, the total number of DC biasing connections
is seven.

This will require a larger probe housing that permits seven SMA connectors to be
attached, as well as six bias tees to be used. One solution to avoid this complexity
is to implement these bias tees inside the current probe by replacing each with a
surface mounted inductance and capacitor. One end of the inductance is connected
to a single DC biasing voltage and the other end is connected to the associated
differential pair.

One advantage of this solution is that it will require increasing the length of the

probe housing without increasing its cross section.
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The other advantage here is the possibility of designing a buffer stage after the
last differential amplifier so that only a single output is needed. This will eliminate
the need for the BALUN to do the subtraction between the outputs of the last
differential amplifier.

It is also possible to apply this solution to the voltage probe to get more gain by
cascading multiple stages of amplification with only one DC supply connection.
MMIC Amplifier.

A further step toward constructing an industrial version of the contactless probe,
and also to reduce probe manufacturing steps, is to use MMIC amplifiers instead
of an amplifier constructed from discrete components.

Multiple stages of the differential amplifier can be designed and implemented
within an MMIC, and it can be used with both the voltage and the current probes.
With the voltage probe, one of the differential amplifier inputs is connected to the
ground and the other is connected to the monopole antenna, while for the current
probe inputs are used as usual.

In addition to that, MMICs can offer wider bandwidth and consume less power
than the discrete version of the amplifier.

Unshielded Loop Antenna.

The main problem with the unshielded loop antenna, presented in section 5.8, is a
lot of asymmetrical electric field that is picked up by the loop and their leads. The
reason behind this is the asymmetry of the structure used in the implementation
of the probe. The PCB track that forms the loop is attached to one side of the
alumina, which increases the intensity of the electric field from the other side.

In addition to that, the large cross-section area of the alumina substrate (250 um
X 250 um) allows more of the electric field to emerge through it and be picked up
by the leads of the loop.

Also, loop leads are parallel tracks which means that each of them receives a
different amount of the electric field; thus, this introduces a larger differential
signal.

One solution to this problem is the MLST presented in this thesis, see section 5.11.
The other possible solution is to use the enamelled thin wire alone to form an
unshielded loop antenna and then carefully twist its leads. This approach can
increase the symmetry of the antenna structure and thus reduce the differential

signal resulting from the electric field, which means increasing the EFRR value.
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The loop antenna might then be cascaded with the multiple differential amplifier
stages solution proposed in 3 and 4 to gain further reduction of the common mode
electric field signals.
This solution (if successful) can enhance the value of the spatial resolution of the
current probe to be equal to the diameter of the enamelled wire, and also will
simplify the probe construction

6. Simultaneous Measurements of the Voltage and the Current.
Having a probe able to measure both the voltage and the current simultaneously
can halve measurement time, since time is needed for one scan only. Furthermore,
it is possible to measure the wave impedance at each location more accurately.
This means having both the loop antenna and the monopole antenna implemented
in the same probe.
In terms of designing the amplifiers within the housing of this probe, we propose
a pair: a differential amplifier connected to the loop antenna and a single end
amplifier connected to the monopole antenna.
This will require four biasing voltages (alternatively applying the approaches
described in 3 and 4 above). Fortunately, the design of the current probe housing
presented in Figure 3-7(A) has enough space for up to five coaxial cables (the DC
biasing voltages are passed through these coaxial cables). Therefore, it is possible
to implement both the voltage and the current probes in this housing.
To apply this idea, the loop antenna is used to mechanically support the monopole
antenna and the end of the monopole is attached to the centre of the loop with

glue, see Figure 7-1.

Brass tube
\
Enamelled wire to Shielded loop
form the monopole antenna

antenna \

Figure 7-1 The loop and the monopole antenna mounted within the same brass tube.
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7. Harmonic Measurement.

Harmonic measurement vitally important to fully evaluate the performance of the
amplifier under test. Fortunately, both the voltage and the current probes
presented through this work have a sufficiently broad bandwidth, 7 GHz and 9
GHz respectively. Therefore, both of them may be used to measure the second

harmonic and even the third harmonic, in addition to the fundamental component.

Five-axis Mechanical Movement Stage.

The XYZ stage could be modified to deliver five-axis movement and,
furthermore, to add stepper motors to each axis to ensure precise probe location.
This, of course, will require updating the LabVIEW code to maintain full control
of the stepper motors.

Absolute Measurement

The miniaturised contactless probe presented in this work functioned very well
for the relative measurement. However, if the absolute values are needed, and the
approach presented in section 6.7 is not applicable, then the contactless probe

should be calibrated over the range of the operating frequencies.
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