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Abstract

Because of their high performance, Metal-Semiconductor Field Effect Transistors
(MESFETs) and High-Electron-Mobility Transistors (HEMTs) are widely used in
microwave and millimeter wave communication systems, particularly in low noise
applications. Therefore, accurate noise models are essential to ensure robust simulation
and optimization during the design process. The sophistication of modern communication
systems urged the need of monolithic microwave integrated circuits (MMICs), which
contain several MESFETs or HEMTSs on the same chip. As the chip density increases, the
request for accurate MESFET or HEMT noise models becomes more pronounced.

In this study, a new method has been developed to extract a 15-element small signal
model of MESFET and HEMT devices. This method uses three sets of S-parameter
measurements at different bias conditions. The technique consists of two major steps; in
the first step, part of the bias-independent extrinsic parameters is evaluated in preparation
to the second step. In the second step, all other parameters should be extracted at the bias
point of interest using an optimization method. This method has been tested on S-
parameters of a hypothetical device model with ideal and noisy data, compared with other
optimization-based techniques, and shows reliable results and a unique solution for all
parameter values.

Another method has been proposed to extract the noise parameters of a packaged device
at any frequency. This technique has also been tested on S-parameters of a hypothetical
device model with ideal and noisy data, and compared with other noise parameter
extraction techniques. The study shows consistent results and demonstrates its accuracy,
simplicity and efficiency as a noise parameter extraction method of
microwave/millimeter-wave transistors.
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Chapter 1. Introduction

The 21* century will be the information age characterized by ever-increasing need for
communication. There are several constraints on the nature of the communicating
terminal, (i) it must be wireless and portable, (ii) cost-effective production in large
numbers must be possible, and (iii) the communication device must be suitable for
broadband operation. At the same time, the need for concurrent and multi-disciplinary
design with simultaneous consideration of thermal, electrical, and reliability criteria
becomes increasingly important. This trend leads to massive and highly repetitive
computational tasks during simulation, optimization and statistical design. As the
electrical equivalent component models used in conventional commercial software are not
accurate enough, continued research in certain new areas of the subject has been fueled by
the demand of efficient models for circuit simulators, including higher order thermal
effects, where there are both technological challenges and economic opportunity.

1.1 State of art

The drive in the electronics industry for manufacturability-driven design and time-to-
market demands powerful and efficient computer-aided design (CAD) techniques.
Furthermore, the need for statistical analysis and yield optimization, taking into account
process variations and manufacturing tolerances in the components, requires that the
component models be accurate and fast so that the design solutions can be achieved
feasibly and reliably.

With the expansion of wireless and satellite systems, the tendency is to generate more
power and reduce the system size. The combination of these desires will increase the
circuit temperature and at the same time will give less opportunity to the system to
dissipate the heat. This results in a more sensitive dependence of the system on
temperature, and therefore on noise.

Since noise is one major limiting factor for the performance of modern
communication system, there is a demand for transistor models that can accurately
predict noise. In order to describe the RF noise performance of a FET (MESFET or
HEMT), one has to determine the parameters of the noise model in addition to the small-
signal equivalent-circuit elements.



So, the small-signal model is the corner stone of the noise model. If an accurate noise
model is required, an accurate small-signal model should be devised first. In order to
extract a noise model, small-signal model parameters should be extracted at different bias
points through out the region of interest. Those parameters should fit bias dependent
equations to represent the dependence of the device on the bias point.

It is worthy to note that the modeling techniques presented in this dissertation can be
applied to both HEMTs and MESFETs. The fact is that although the two devices are
physically and structurally different, they have the same equivalent circuit model with
different parameter values. HEMT devices operate over larger frequency ranges than
those of MESFET devices; and thus the model parameter values reflect this distinction.

1.2 Why developing Noise Models for MESFET and HEMT Devices

MESFET has been found many applications in the microwave and millimeter-wave for
the past three decades and so has HEMT for the past two decades. Having accurate noise
models for MESFET and HEMT devices would facilitate the use of circuit design and
analysis tool to allow better use and evaluation of these devices. Most of the currently
available models in computer-aided design (CAD) packages are circuit models. The
circuit models are expected to stay for some time because of their computational
efficiency and availability in the commercial CAD packages. New models can also be
developed into CAD tools easily, or the built-in models can be upgraded with a little
effort.

It is obvious that the accuracy of the model determines the accuracy of the design
analysis. An accurate model is essential for quick design and fabrication process
development. The inaccuracy in the model results in many trials before you get a working
design or a successful process. Moreover, modern communication systems require more
sophisticated monolithic microwave integrated circuits (MMICs) with smaller and
smaller sizes. The miniaturization of MMICs and increasing the chip density emphasized

the need of accurate noise models to minimize the number of design and fabrication
cycles.

The more accurate the small-signal model is, the more accurate the noise model is. The
small-signal model provides a useful tool for the device performance analysis: gain,
noise...etc. It also provides valuable insight into the operation of the device in a circuit.



As a step towards a large-signal thermal model, a small-signal thermal noise model is

essential.

When we talk about the modeling of MESFETs or HEMTs, we also have to talk about
their uses and applications. In the following paragraphs, a brief overview of these various
applications of MESFET and HEMT devices will be presented.

1) MESFETs and HEMTs as LNAs: MESFET and HEMT are widely used as small-
signal low-noise amplifiers (LNAs) in various communication application and EW
systems. These circuits are designed to operate as linear gain blocks, with specific
requirements determined by their location within the system. The noise added by these
amplifiers can be kept low, thus yielding improved signal-to-noise ratio performance.
Amplifier applications range from a few hundreds of MHz to 40 GHz, and they are
successful in various broadband, low noise and high frequency applications [1].

2) MESFETs and HEMTs as Power Amplifiers: Solid-state power amplifiers are
typically used in communication systems to provide sufficient signal power to allow
transmission from one site to another. The popularity of mobile and hand-held
communication devices has pushed the development of compact and efficient power
amplifiers. Additionally, the size, weight, and power constraints on satellite
communication systems require such amplifiers at high frequencies. Power amplifiers are
usually designed for maximum efficiency, in contrary to LNAs that are usually designed
for maximum linearity and minimum noise. Output power and gain are also important
parameters in the design of power amplifiers. Class A MESFET power amplifier can
have output power as high as 17 W and theoretical maximum efficiency is 50%. While
HEMT power amplifiers at 44 GHz have 250 mW of output power and 27% efficiency
[1].

3) MESFETs and HEMTs as Oscillators: Oscillators are used in many
communication systems, along with the mixers, to perform generation and frequency
conversion of desired signals. MESFET- and HEMT- based oscillators have been popular
because of their dc-to-RF conversion efficiencies. In addition, the three terminal devices

allow greater design flexibility to meet specific performance requirements [1].

4) MESFETs and HEMTs as Mixers: A mixer is a three-port device that functions to
convert an input RF signal in conjunction with a LO signal to an intermediate signal
termed IF on which further precise signal processing is performed. Ideally, a mixer



performs this frequency conversion with perfect fidelity and thus generates mno
intermodulation distortion (IMD). Other desirable characteristics include high isolation
between three ports and a low noise figure along with minimal loss or preferably gain
while performing frequency conversion. [1]

More recently, MESFETs and HEMTs are being used as the nonlinear element in
mixers; primarily for reasons of compatibility with MMIC processing and to achieve
conversion gain. Frequency conversion of the RF signal to an IF results in a larger
amplitude signal. This conversion gain, rather than loss, cancelled the requirement of a
LNA preceding the mixer in some applications. This may also result in a net decrease in
dc power, which is particularly important for portable and space-based equipments. [1]

5) MESFETs and HEMTs as Attenuators: A Variable attenuator is a two-port
device that allows adjustment of the signal amplitude by application of an external
voltage or current. The attenuation is proportional to the applied voltage or current. If it is
directly proportional, the attenuator is termed linearized. The attenuator should perform
this task with low harmonic distortion, minimal insertion loss, and low VSWR at its ports.
Attenuators commonly employed in feedback networks, communication systems, and in
temperature compensation networks to maintain constant signal amplitude.

More recently, MESFETs and HEMTs are being used to realize the variable resistive
element in attenuator avoiding the disadvantages of PIN diodes. In this case, the FET is

unbiased (Vas = 0, Ius = 0), and the drain-source resistance r, is varied with an applied

gate potential. Unlike a PIN-based attenuator, FET-based attenuators are voltage
controlled and require very little dc power [1].

As we have seen, Both MESFETs and HEMTs are employed in a wide range of
applications. The availability of accurate small-signal and noise models is extremely
important to evaluate the design of their circuits more accurately at lower cost. A small-
signal and noise model is typically needed for designing of LNAs.

1.3 Technical Contributions

The main focus of this research has two aspects. First, we propose a new approach to
extract an accurate small-signal model from Scattering-parameter measurements (S-
parameters). Many extraction techniques are described in detail. Advantages and



disadvantages of each technique along with range of validity are discussed. A robust
technique is concluded and used to extract an accurate small-signal model over any
frequency range from S-parameter measurements whose accuracy is reasonable. Second,
we propose a systematic approach for extracting the noise parameters of a packaged
device at any frequency. Many noise models and noise parameter extraction techniques
are discussed and disputed in detail. Consequently, a new and efficient noise parameter
extraction technique concluded and used to predict the noise properties of the device.

1.4 Thesis Organization

Chapter 2 provides a brief discussion of the physical structure of MESFET and HEMT
devices. The physical operation is also explained qualitatively along with some features
of the I-V characteristic curves of MESFET and HEMT devices. This chapter also
discusses small-signal models. In addition, the physical origin of each element is clarified.
Each element of the small-signal model is discussed to explore its physical meaning
along with the factors that affect its value. Existing works done in the modeling field will
be also explored.

Chapter 3 provides summary discussions of noise and noise models for the MESFET
and HEMT devices. Advantages and disadvantages of different noise models are
discussed in detail.

In Chapter 4, various optimization-based extraction techniques for small-signal models
are discussed in detail. Strengths and weaknesses of each technique are presented.
Different small-signal models for different schemes are described. Models at different
bias conditions and their implications are explained as well. Pinched-off device models
are derived and discussed based on different proposed extraction schemes. A Cold-
measurement model is presented; its simplicity is explored for the extraction of some
parameters. Our new technique is explained showing its strengths versus other techniques.

In addition, we also discussed various extraction techniques for the device noise
parameters and proposed our new technique. The new technique is explained and
compared with other techniques in detail showing its strengths. Some least-squares
nonlinear optimization techniques are mathematically described.

Chapter 4 also shows results of the different techniques and comparison between



different techniques.

In chapter 5, conclusions and possible future work are provided.



Chapter 2. MESFET and HEMT Physics and Modeling

Understanding the physical structure and operation of a semiconductor device is a
crucial step in the device modeling process. A device model basically reflects how we
understand the physics and physical operation of this device. The method of
characterization of this device depends on its physics. This chapter will discuss some
physical aspects of MESFET and HEMT devices. A small-signal model will be proposed
and discussed in terms of physical reflections.

2.1 Physical Structure

A MESFET is a three-terminal device [2], [3]. Since it is a FET transistor, it has three
electrodes: drain, source, and gate as shown in Figure 2.1 [1]. For microwave and
millimeter wave frequencies, the MESFET devices are fabricated using mainly GaAs
material. GaAs has attractive features at high frequencies since the carrier mobility is
much larger than that of silicon. In addition, electron saturation velocity for GaAs is
higher than that for silicon which results in increased operating frequency range.
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Figure 2.1. Cross-section of a GaAs MESFET device.

A thin layer of n-type GaAs is deposited on top of a semi-insulating GaAs substrate.
The back face of the substrate is covered with a metal Au/Ge alloy [4], which is usually
connected to the source terminal during measurements. Both drain and source are
connected to the n-type layer through n+ ohmic contacts. The metal of the source and
drain electrodes can be made of Au/Ge alloy, which is coated with Ti, Pt, and Au layers,



respectively. The gate is a thin layer of metal, usually aluminum coated with Au,
deposited on top of the n-type layer between drain and source. The metal semiconductor
junction of the gate represents a Schottky barrier junction. This junction is used to control
the height of the active channel layer beneath the gate by applying a bias voltage to the
gate. The area just beneath the gate is charge depleted as per the applied bias.

The most important dimensions of a MESFET device are the gate length “L” and width
“W”. Those LxW dimensions usually characterize the device. For example, a device can

be referred as 0.3x300 um?® when the gate length is equal to 0.3 xm and the gate width is
equal to 300 um. A typical value of gate length ranges from 0.1 to 1 um. The gate

length determines the maximum frequency of operation. As the gate length decreases, the
maximum frequency increases [2]. On the other hand, the gate width determines the
performance of the device such as the maximum current capability.
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Figure 2.2. Actual GaAs MESFET layouts: (a) interdigitated-gate, (b) 7 -gate.

The actual layout of a MESFET device is more complex than that shown in Figure 2.1.
Figure 2.2 [1] shows two different examples of actual layouts: interdigitated-gate and 7 -
gate layout. Those layouts are usually used to increase the gate width while decreasing
the parasitic gate resistance. The patterns shown in Figure 2.2 can be repeated to achieve
the required gate width. This layout implies crossover areas between metalization traces,
which should be filled with either silicon dioxide or air [4].

A HEMT (High-electron-mobility transistor) is a heterostructure field effect device.
Figure 2.3 [5] presents a cross-sectional view of a conventional HEMT structure. It is
also a three-terminal device and has three electrodes: drain, source, and gate. But it is
more complex than the MESFET. However, because the structure takes advantage of the
superior transport properties (high mobility and velocity) of electrons in a potential well
of lightly doped semiconductor material, the HEMT has significant improvements in the



device noise figure and some improvements in high frequency performance [1].

Figure 2.3. Cross section of a HEMT structure

2.2 Principles of the MESFET and HEMT Operation:

A MESFET or HEMT device is biased by applying two voltages: Vgs between gate
and source and Vs between drain and source [6]. These voltages control the channel
current between the drain and source by varying the height of the gate-depletion region
and the longitudinal electric field. The operation can be explained qualitatively without
going into deep physical analysis. Three cases can be recognized for the Ildas-Vis
characteristic curve of the MESFET or HEMT, if Vgsis larger than the pinch-off voltage,
low Vs voltage where Ias is linearly proportional to Vs, high Vas where the current is
almost constant, and moderate Vds where las has nonlinear relationship of Vas.

Imagine first that Vg=0 V and Vasis raised from zero to some low value as shown in
Figure 2.4. (a) [6]. When Vg=0V, the depletion region under the Schottky-barrier gate is
relatively narrow, and as Vas is raised, a longitudinal electric field and current are
established in the channel. Because of Vs, the voltage across the depletion region is
greater at the drain end than at the source end, so the depletion region becomes wider at
the drain end.

The narrowing of the channel and the increased Vs increase the electric field near the
drain, causing the electrons to move faster. Although the channel depth, and in turn
channel’s conductive cross section, is reduced, the net effect is increased current. When
Vasis low, the current is approximately proportional to Vas. However, if the gate reverse
bias is increased while the drain bias is held constant, the depletion region widens and the
conductive channel becomes narrower, reducing the current. When Vg=Vp, the pinch-off



voltage, the channel is fully depleted and the drain current is zero, regardless of the value
of Vas. Thus, both Vg and Vas can be used to control the drain current. When the
MESFET or HEMT is operated under such bias voltages, where both Vgsand Veshave a
strong effect on the drain current, it is said to be in its linear or voltage controlled resistor
region.
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Figure 2.4 GaAs MESFET operation under different Vas biasing with Vg < 0: (a) Linear
region (Vdasis very low), (b) Vs at the onset of saturation, (c) Vasis big.

If Vasis raised further, as shown in Figure 2.4(b), while Vgsis larger than the pinch-off
voltage, the channel current increases, the depletion region becomes deeper at the drain
end, and the conductive channel becomes narrower. The current clearly must be constant
throughout the channel. As a result, and as long as the conductive channel near the drain
becomes narrower, the electrons must move faster. However, the electron velocity cannot
increase indefinitely; the average velocity of the electrons in GaAs cannot exceed a
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velocity called the saturated drift velocity, approximately 1.3x10” c/s.

If Vasis increased beyond the value that causes velocity saturation (usually only a few
tenths of a volt), the electron concentration rather than velocity must increase in order to
maintain current continuity. Accordingly, a region of electron accumulation forms near
the end of the gate. Conversely, after the electrons transit the channel and move at
saturated velocity into the wide area between the gate and drain, an electron depletion
region is formed. The depletion region is positively charged because of the positive donor
ions remaining in the crystal. As Vs is increased further, as shown in Figure 2.4(c),
progressively more of the voltage increase is dropped across this region to enforce the
electrons to cross it and less is dropped across the unsaturated part of the channel. This
region is called a dipole layer or charge domain. Eventually, a point is reached where
further increase in Vs is dropped entirely across the charge domain and does not
substantially increase the drain current. At this point, the electrons move at saturated drift
velocity over a large part of the channel length. When the MESFET or HEMT is operated
in this manner, which is the normal mode of operation for small-signal devices, it is said
to be in its saturated region.

Accurate models may include the effect of the charge domain in some way. Therefore,
some models include a capacitor between the drain and the gate-source equivalent circuit
to account for the charge domain.

The I-V characteristic curves of a MESFET or HEMT device are shown in Figure 2.5
[1] for an ideal and actual MESFET or HEMT. The curves are plotted for different values
of Vgs. It is obvious that the real I-V curve exhibits finite positive slope in the saturation
region. Many reasons may be responsible for this phenomenon. One of the most
dominant reasons in a short gate device is the carrier injection into the semi-insulating
substrate. This finite slope is the source of the finite output conductance in a MESFET or
HEMT model.

11
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Figure 2.5: I-V Characteristic curves for a MESFET or HEMT device for different values
of Vgs; ideal current is drawn in solid curve while dashed curve indicates the real current.

2.3 MESFET and HEMT Small-Signal Models

The small-signal model of MESFET and HEMT is extremely important for active
microwave circuit operation. It provides a vital link between measured S-parameters and
the electrical processes occurring within the device. Each of the elements in the
equivalent circuit provides a lumped element approximation to some aspect of the device
physics. A properly chosen topology, in addition to being physically meaningful, must
provide an excellent match to measured S-parameters over a very wide frequency range.
When element values are properly extracted, the model is valid above the frequency
range of the measurements, providing the possibility of extrapolating device performance
to frequencies beyond some equipment’s measurement capabilities. In addition,
equivalent circuit element values can be scaled with gate width, thereby enabling the
designer to predict the S-parameters of different size devices from a given foundry. The
ability to include device gate width scaling as part of the circuit design process is
important in MMIC design applications.

A fairly standard MESFET-HEMT equivalent circuit topology is shown in Figure 2.6
[1]. Although other circuit topology involving additional elements have been described in
many literatures, the topology of figure 2.6 has been shown to provide an excellent match
to measured S-parameters. Another advantage for this topology is that the elements can
be uniquely extracted. Figure 2.7 [1] [5] illustrates the physical origin of the equivalent
circuit in this general model. A brief discussion follows of each equivalent circuit
element and its role in modeling the device physics.
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Figure 2.6: Standard MESFET-HEMT equivalent circuit
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Figure 2.7: The physical origin of the equivalent circuit for (a) MESFET (b) HEMT
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The physical meaning of each element is clearly interpreted. R, is the ohmic resistance
of the gate while R, and R, are the source and drain ohmic resistances, respectively. L,
is the inductance of the gate while L,and L are the inductances of the source and the
drain metallization, respectively. R, is the resistance of the semiconductor region under
the gate, between the source and the channel. C, is the drain-source capacitance, which is
dominated by geometric capacitance and is often treated as a constant. C,, and C,, are
the channel capacitances which in general are nonlinear. I, is the controlled drain-source
current from which the transconductance g, , transit time delay T, and output resistance
R, can be calculated. C,, and C,, are the pad capacitances of both gate and drain,
respectively.

If voltages are expected to be great enough to forward-bias or reverse avalanche

breakdown the gate junction, one can include diodes in parallel with C,, and C,,. Such

diodes are of limited practical value, however, because operation with gate-channel
avalanche breakdown or high values of rectified gate current usually destroys the device.

Some of the model elements are nonlinearly dependent on the internal voltages V,

and V.. Others are linear, or can be approximated as linear elements. las, C, , and C,,

gs?

are usually nonlinear elements for their strong dependence on V,, and V.

On the other hand, the circuit model can be divided into two parts: the extrinsic
parameters and the intrinsic parameters. The intrinsic parameters characterize the active
region under the gate and are functions of biasing conditions, whereas the extrinsic
parameters depend, at least to a first approximation, only on the technological

parameters. The intrinsic parameters include C,,, R;, C,;, g, T, R,, and C, whereas

the extrinsic parameters include all other elements in the model C,,, C,,, R, R,, R,

pg’
L,, L,, and L . Some of the intrinsic elements can be assumed linear for their weak
dependence on the internal voltages; those elements are R;, 7, and C, . In contrast,

some of the extrinsic elements may be nonlinear if their dependence on the internal
voltages is significant. We will discuss the significance of each element of the small-
signal model in the following subsections.
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2.3.1 Parasitic Inductances

The parasitic inductances are the inductances of the extrinsic part of circuit model
which include L, , L, and L . The parasitic inductance arises primarily from metal
contact pads deposited on the device surface. Because these values are dependent on the
surface features of the device, they are essentially equal for MESFETs and HEMTs.
Typically, L, and L, are on the order of few pH. The source inductance is often smaller.

In many cases, bonding inductances are on the order of few nH and dominate the device
parasitics [1].

2.3.2 Parasitic Resistances

The parasitic resistances R,, R,, and R, are also included in the extrinsic part of the
circuit model. The resistance R, and R, are included to account for the contact

resistance of ohmic contacts as well as any bulk resistance leading up to the active

channel. The gate resistance R, results from the metallization resistance of the gate

Schottky contact. All three resistances are on the order of few ohms for a modern
microwave device. Also, R, and R, tend to be slightly less in HEMTSs than in

MESFETs. Although measurements of R, and R, indicate a slight bias dependence in

these values, they are held constant in the large-signal models commonly available in the
commercial simulators nowadays. However, accurate models should take into
consideration their bias dependence, especially if their values are significantly depends
on the bias voltages. All parasitic resistance values can be estimated either from forward
DC conduction measurements or directly from S-parameters using an optimization
technique [1]. However, the latter technique is preferable for more accurate results
because it calculates the resistance values from typical high frequency data at the bias
point of concern.

2.3.3 Pad Capacitances

These capacitances are also included in the extrinsic part of the circuit model. The pad
capacitances come from the stray capacitance between the metal pads. The pad
capacitance consists of crossover capacitance of the metal lines and the capacitance
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between the pad and the back face of the semi-insulating substrate, which is usually
connected to the source terminal. However, the crossover capacitance is usually much
smaller than the substrate capacitance [4]. Two pad capacitances are often included in the

circuit model: C,, gate pad capacitance and C,, drain pad capacitance. C,, is the
capacitance between gate and source pads whereas C, is the capacitance between the

drain and source pads. Although the pad capacitance between gate and drain pads can be
included in the circuit model, it is usually neglected for its small value compared to other

capacitance values in the model. C,, and C, are typically on the order of a few tens of

fF . Nevertheless, they may be omitted from many models in the literature if their values
are insignificant or if their effect can be accounted for throughout other capacitive
elements in the circuit. On the other side, pad capacitances may be placed in two different
positions in the model, either on the most outer terminals of the model as seen in Figure
2.6 or between the corresponding parasitic inductances and resistances. Pad capacitance
values depend on the utilized layout. Pad capacitances can be estimated either from
special structures without the active device.

2.3.4 Intrinsic Capacitances

Intrinsic capacitances are indicated in the model by C,, C,, and C, . C s and C

model the change in the depletion charge with respect to the gate-source and gate-drain
voltages, respectively. Figure 2.9 [1] shows the depletion region beneath the gate for a
symmetric structure where the gate is located directly in the middle of the gap between
the source and the drain terminals. Figure 2.9 (a) represents the symmetric bias case in

which V=V, ,. Figure 2.9 (b) represents the case in which the gate-drain reverse bias is

greater than the gate-source reverse bias. This case represents the normal MESFET bias

conditions in most applications. Figure 2.9 is only used to clarify the physics of both C o5

and C_,. However, the discussion is also valid for any geometrical structure and bias

conditions.
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Figure 2.8: Depletion region shapes for different applied bias voltage: (a) gate-source
voltage is equal to gate-drain voltage, (b) gate-drain reverse bias is greater than gate-
source reverse bias.

The distribution of the depletion charge is symmetric with respect to the drain and
source in Figure 2.8 (a). On the other hand, the depletion charge extends deeper at the
drain end of the gate than at the source end of the gate, and it also extends closer to the
drain than to the source. This charge redistribution in the depletion region with the bias

voltage variation identifies the two depletion capacitances C,, and C,,. The charge of

the depletion region is shared between C, and C,, . Thus, they should be defined
carefully as [1]:

do,
C. = (2.12)
* dv, |V, =constant
dQ
C,,=—t .
8 dv,, |V,, = constant (2.10)

Under normal operation conditions, V,, and V, are the DC controlling bias voltages.

For this reason, the gate to source capacitance is often defined as:

c. -2
“av,

(2.2)

V, = constant

Equations (2.1a) and (2.2) are not equivalent, but slightly different quantities. The
distinction is usually minor, but can be significant if calculations are based on a
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physically based model in which the depletion charge is defined by a mathematical
expression. When capacitance is determined by measurements or derived from empirical
models, the capacitance definition given by equations (2.1a) and (2.2) are not applied.
Instead, the capacitance values are defined in terms of an equivalent circuit, and so, the
values are determined to accurately predict the device behavior [1]. Thus, it does not

matter in our thesis which definition of C,, should be taken because C,, is calculated

from S-parameter measurements. One might also have noticed that the voltages indicated
in the capacitance definitions are the internal voltages, and not the external terminal
voltages.

Under typical MESFET bias conditions, C,, is larger than C,, because it models the

change in depletion charge resulting from fluctuations in the gate-source voltage while
the gate-source reverse bias voltage is less than the gate-drain reverse bias voltage. It is
well known from depletion capacitance analysis that the depletion capacitance decreases
as the reverse junction voltage increases [1]. For this reason and under normal bias

conditions, the gate-drain capacitance C,, is considerably smaller in magnitude than C g

nevertheless, C od is critical for obtaining accurate S-parameter predictions.

The drain-source Capacitance C,, is included in the equivalent circuit to account for

geometric capacitance effects between the source and drain electrodes. It is usually not

considered to be bias dependent for the purposes of device modeling. Values for C g ATE
typically on the order of 1 pF /mm gate width under normal MESFET bias conditions.

The values of C od and C, are about one tenth of the value of C ¢ - Moreover, because of

symmetry, C, and C,, are approximately equal for V, =0 V [1].

2.3.5 Charging Resistance

Although the charging resistance R, represents the intrinsic resistance under the gate

between the source and the channel, it is included primarily to improve the match to Si1.

For many devices, however, the presence of R, is sufficient to match the real part of Si1.
So, R, is difficult to extract and is of questionable physical significance [1]. The difficult
discrimination between R, and R, in the extraction process will be discussed in Chapter

4, also, some results will also be introduced.
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2.3.6 Transconductance

The intrinsic gain mechanism of the FET is provided by the transconductance. The
transconductance gm is a measure of the incremental change in the output current lds for a

given change in the internal input voltage V, . The internal input voltage is the voltage

across the gate source junction. In other words, the device transconductance is defined as

the slope of the I, —V, characteristics with the drain-source voltage held constant. The

mathematical statement of this definition can be expressed as [1]:

— alds

- 2.3)
oV, |V,, = constant

The transconductance of the device is one of the most important indicators of the
device quality for microwave and millimeter wave applications. When all other
characteristics are equal, a device with high transconductance will provide greater gains
and superior high frequency performance. The transconductance suffers from what is
called low frequency dispersion. The low frequency dispersion is the phenomenon of a
parameter variation at low frequencies. The low frequency dispersion takes place as a
result of the deep levels in the device structure. So, it significantly depends on the
semiconductor material quality and fabrication processes.

Therefore, the transconductance varies with frequency below a frequency of about 1
MHz. Transconductance values vary directly with gate width and inversely with gate
length for both MESFETs and HEMTs. In practice, the transconductance of HEMTs is
slightly higher than that of MESFETs with equivalent geometries [1].

2.3.7 Transconductance Delay

The transconductance cannot respond instantaneously to changes in the gate-source
voltage. The delay inherent to this process is described by the transit time
(transconductance delay) t . Physically, the transconductance delay represents the time it
takes for the charge to redistribute itself after a fluctuation of the gate voltage. Typical
values of T are on the order of 1 pSec. From physical considerations, transconductance
delay is expected to be shorter in HEMTs than in MESFETs and tend to decrease with
decreasing gate length [1].
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2.3.8 Output Conductance:

The output conductance is a measure of the incremental change in output current Ias
with the output voltage Vas. So, it can be defined as the slope of the lds-Vas characteristics
with the gate-source voltage held constant. Mathematically, the output conductance and
resistance can be defined by [1]:

1 dl,

8us = E - oV, |V,, = constant

S

(2.4)

The output conductance of the device is an important characteristic in analog
applications. It plays a significant role in determining the maximum voltage gain
attainable from a device and is extremely important for determining optimum output
matching properties. In general, it is desirable to have a device with extremely high

output resistance, or equivalently, low output conductance. Values of g, are on the order

of 1 mS/mm gate width at typical amplifier biases. Also, as gate length is reduced, output
conductance tends to increase. The low frequency dispersion is more significant in output
conductance than in the transconductance. The RF output conductance can be more than
100% higher than the DC output conductance. The RF values for both transconductance
and output conductance are of primary concern for small-signal modeling applications
while both RF and DC values are important for accurate large-signal modeling [1].

2.4 Literature Review

The basic equivalent circuit model shown in Figure 2.6 has been the key for many
researches and it is commonly used in CAD. Some researchers modified it slightly to
increase its accuracy or to ease its parameter-extraction process. In this section, we will
review the existing works done to extract the parameters of this model.

Two main trends for parameter extraction process were typically followed by previous
researchers. The first trend is to extract the extrinsic parameters Cpg, Cpd, Rg, R4, Rs, Lg,
Lq, and Ls, then the remaining (intrinsic) parameters are extracted analytically (or by
optimization) [7]-[11]. The second trend is to extract all the parameters using an
optimization algorithm [12]-[15].

Minasian [7] proposed a simplified model working up to 10 GHz. In his model, he
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removed all the extrinsic parameters. The relation between his model and the more
complex model was presented and the characteristics of both models were compared. The
elements values were calculated analytically from the measurements and his simple
model showed good agreement with the measured parameters up to 10 GHz for 1 pm
gate length. However, the values of the model’s elements did not represent their physical
values because they had to compensate for the removed elements.

Fukui [8] described a technique to determine the basic properties of the active channel
of a GaAs MESFET along with the parasitic resistances Rg, Rq, and Rs. His technique
was based on the forward I-V characteristics of a gate junction while source and drain are
connected together, source is alone, and drain is alone. His technique was employed by
some authors after him to extract the complete model’s parameters where parasitic
resistances are known. Nevertheless, the values of Ra and Rs are bias dependent. As a
result, their values at reverse gate bias, where most of the applications are, are different
from those extracted by Fukui’s method. Moreover, The DC value of the gate resistance
obtained from the Fukui measurements is not directly applicable to the small-signal
microwave equivalent circuit model because of the skin effect [16].

Diamant et al. [9] exploited that MESFET at zero drain-source voltage is fairly simpler
than that at normal bias voltages. For zero drain-source voltage, the region under the gate
can be described by a distributed uniform RC transmission line. They derived analytical
expressions for Z-parameters of the model to determine the parasitic elements. The
parasitic inductances were calculated by optimizing them over the frequency range of
interest to best fit the imaginary parts of Z-parameters data at any gate bias voltage. The
parasitic resistances were calculated from the real parts of Z-parameters under different
gate bias voltages. Gate bias voltages should be chosen such that a channel opening is
higher than 20%.

Dambrine et al. [10] proposed a systematic and fast method to determine the small-
signal equivalent circuit of a MESFET. This method consisted of a direct determination
of all parasitic elements as well as the pad capacitances. The parasitic elements were
calculated first from S-parameters measured at zero drain-to-source bias voltage with the
gate forward biased. The pad capacitances were determined from S-parameters measured
at zero drain-to-source bias with a gate bias voltage lower than the pinch-off voltage. The
knowledge of these parasitic element values allowed determining the intrinsic small-
signal parameters after a few simple matrix manipulations to remove the parasitics from
the data. This method implied some approximations so that all parameters were extracted
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from data at a low frequency band. Moreover, the additional relation of parasitic drain
and source resistances were needed to be determined by conventional method [8] or by
DC measurement [17].

Eric Amold et al. [11] developed a method to extract the intrinsic element values and
parasitic inductance values from low frequency data by comparing the resulting Z-
parameters with the extrinsic measured Z-parameters provided the parasitic resistance
values are known. This method is not complete because the parasitic resistance values
need to be determined beforehand and it is also limited by the low frequency range.

Kondoh [12] developed, for the first time, an optimization algorithm to extract a 13-
element GaAs MESFET equivalent circuit model from measured S-parameters. The
MESFET model was extracted by a least-squares fitting of measured S-parameters to
those calculated from the equivalent circuit. This algorithm solves the problem iteratively.
Each iteration cycle was divided into eight consecutive optimization steps. In each step,
only a group of selected elements in the equivalent circuit was optimized to fit a specific
S-parameter over a specific frequency range. This routine involved eight error functions
to be minimized. This algorithm took into account the difference in standard deviations of
errors in individual measured S-parameters which resulted in more modeling accuracy.
However, it suffers from a local-minimum problem that the solution may be trapped in a
local minimum. The sequence of steps, in each iteration, as well as the assignment of the
optimized elements to the corresponding S-parameters was concluded experimentally
with no analytical evidence.

Lin and Kompa [13] introduced a new concept for an optimization procedure applied
to the FET model parameter extraction. In this technique, the elements are divided into
two sets of optimization variables. The objective function is minimized by a bidirectional
search technique. The extrinsic elements comprise the first set of optimization parameters
whereas the intrinsic elements comprise the second set. In each iteration, the extrinsic
parameters are updated; then, the Y-parameters of the intrinsic plane are calculated which
are employed to calculate the intrinsic elements by simple weighted polynomial curve
fitting. An improved simplex method was used. Although this technique shows good
results to avoid the local minima problem and to desensitize the extracted values to the
measurement error, it depends on the starting values. Therefore, the starting values
should be generated from the model at pinch-off bias. This ensures that the minimum is
as close to the starting point as possible. The authors suggested the use of li-norm for the
external objective function as it showed faster convergence.
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Shirakawa et al. [14] proposed a technique to determine a HEMT equivalent circuit.
Intrinsic elements are written in terms of extrinsic elements using a conventional
analytical parameter transformation technique. The authors used the variance of the
intrinsic elements as an optimization criterion for the first time. The extrinsic elements
are the optimization parameters which are iteratively determined to minimize the
variance of the intrinsic elements over a wide frequency band up to 62.5 GHz. Another
optimization criterion for the discrepancy between the measured and the calculated S-
parameters were considered.

Qoi et al. [15] applied the Shirakawa’s method [14] to MESFET. The intrinsic
elements and one of the extrinsic elements are described as functions of the remaining
extrinsic parameters. The optimization search space was reduced from 6 parameters to 5
parameters. They presented a comparison in terms of both accuracy and speed between
the proposed method and some other methods on a 400um gate-width MESFET over 0.5-
26.5 GHz frequency band. Both Shirakawa’s method and Ooi’s method suffer from
uniqueness problem between the resistive elements of the model over limited frequency
bands in the presence of the unavoidable measurement errors.

As we have seen from the above survey, no clear technique was proposed to extract
MESFET or HEMT model elements accurately and consistently. Each proposed
technique has some advantages and disadvantages. In the following chapters, we will deal
with some techniques in details showing advantages and disadvantages of each one.
Some solutions to these problems will be proposed.
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Chapter 3. Noise Models

Noise is usually generated by the random motions of charges or charge carriers in
devices and materials. Such motions can be caused by any of several mechanisms,

leading to various source of noise [18].

e Thermal noise is the most basic type of noise, being caused by thermal vibration
of bound charges. Also known as Johnson or Nyquist noise.

e Shot noise is due to random fluctuation of charge carriers in an electron tube or
solid-state device.

e Flicker noise occurs in solid-state components and vacuum tubes. Flicker noise
power varies inversely with frequency, and so is often called 1/f-noise.

e Plasma noise is caused by random motion of charges in an ionized gas, such as
plasma, the ionosphere, or sparking electrical contacts.

e Quantum noise results from the quantized nature of charge carriers and photons;
often insignificant relative to other noise sources.

In electrical systems noise is the internal generation of signals that causes degradation
from the desired or theoretical response. Fluctuations in signal phase, amplitude, and
spectral content are forms of noise. The physical properties of materials result in various
classes of noise, including white, phase, etc. The white refers to the distribution in the
spectral content. For MESFET and HEMT, particularly in amplifiers and mixers, thermal
noise is a critical concern while other types of noise can be neglected [1].

Thermal noise originates because heat in the electrical device provides energy to the
carriers causing random fluctuations in their movement. This noise generated only in
systems or circuit elements that dissipate power (resistive); purely reactive elements
(ideal capacitors, inductors, and transmission lines) do not generate noise. The RMS
thermal voltage produced by a thermal source such as a resistor R is given by [1]:

V, = (4kTBR)""* (3.1)
where

k =Boltzmann’s constant (1.374x10™2 J /K )
T = temperature in kelvin, and
B = bandwidth in hertz
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The noise voltage described in equation (3.1) can also be discussed in terms of power.

The maximum power generated by a resistor (Figure 3.1) occurs for a matched load and

is given by the simplified expression

W
pN = 4—15 - kTB (32)

where
p, = the maximum power delivered to the matched load

k =Boltzmann’s constant (1.374x102J/K)
T = temperature in kelvin, and
B = bandwidth in hertz

Source Load

Noiseless

R g Termintation

[

Z=R

O

Q

Figure 3.1 The maximum transfer of noise power generated in a resistor requires a
matched load.

When the load is not matched to the resistor (Figure 3.2), the power delivered to the

load is less than maximum and is given by

P, =(1-|T)kTB (3.3)

Here I' is the voltage reflection coefficient.

Source Load
O Noiseless
R § Temmination
"
9 ‘_%
Z=R

Figure 3.2 An unmatched load reflects noise power
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3.1 Noise in linear Two-ports

In a linear passive two-port network, noise arises only from the losses in the two-port;
thermodynamic considerations indicate that such losses result in the random changes that
we call noise. When the two-port contains active devices, such as transistors, there are
other noise mechanisms that are present. A very important consideration in a system is
the amount of noise that it adds to the transmitted signal. This is often judged by the ratio
of the output signal power to the output noise power (S/N). The ratio of signal plus noise
power to noise power [(S+N)/N] is generally easier to measure, and approaches S/N
when signal is large [19].

In the characterization of a two-port, it is important to know the amount of noise added
to a signal passing through it. An important parameter for expressing this characteristic
is noise factor. The signal energy coming from a generator or antenna is amplified or
attenuated in passing from the input to the output of a two-port, as is the noise that
accompanies the input signal energy. The noise factor of a system is defined as the ratio
of signal-to-noise ratio available at input and output [19].

F_(S/N)

=5TM >1 (3.4)

output

When this ratio of powers is converted to decibels, it is generally referred to as noise
figure, which is defined as:

F, =10log,, F (3.5)
For an amplifier with the power gain G, the noise factor can be obtained as

SN,
GS,/G(N, +N,)

=1+N,/N, (3.6)

where N, is the additional noise power added by the amplifier referred to the input.

Since the thermal noise power caused by internal system can also be expressed by the
effective noise temperature, the equation above may be rewritten as
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A 3.7)

where T, is the effective noise temperature of the system or circuit and T is the
temperature of the generator resistor (usually the room temperature, i.e. 290 K).

In non-ideal systems (systems containing resistors that act only as thermal sources), the
noise factor can be expressed by [1]

T 1
F=1+-%(—-1 3.8)
G

In systems containing only thermal sources, the input and output noise is the same

(N, = N,), while the output signal S, is attenuated.

3.1.1 Noise Description in Two-Port Networks

Based on the convention by Rothe and Dahlke [20], any noisy linear two-port can be in
the form in Figure 3.3 (a). This general case of noisy two-port can be redrawn showing
noise sources at the input and at the output. Figure 3.3 (b) shows this in admittance form.
(c) is in impedance form, and (d) is in ABCD form. The internal noise sources are
assumed to produce very small currents and voltages, and we assume that linear two-port
equations are valid. The internal noise contributions have been expressed by using

external noise source where 1,1,V V,,V , I are the external noise sources.

1) For admittance form, the expression is written by

I
|: 1j|:Ii}’11 y12i||:‘/lil+|:lnl:| (3.9)
I, Yo Y|l Vs L,

and the corresponding noise parameters are:

G, = G, =
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I *1, (3.10)

Where G, and G, are the equivalent noise conductance in the port 1 and 2. p is the
correlation coefficient between two noise source j, and i,. 7; is the standard or room

temperature of 290 K, and B is the bandwidth.

I — —
[CILE—— I
+ +
, Noisy )

Vi two-port v
O O
(2)

I — 2
S =

Noiseless +
Vi Ity fwo-port L Dmz w2
© —3
(b)
¥nl
n—s, ot P
; Noiseless *

1 twa-port va
o— 5
(c)

Io—s R — n
o— ‘ 5
) Noiseless +
V1 X)) two-port V2

E—
(d)

Figure 3.3: Noisy linear two-ports: (a) general form (b) admittance form (c) impedance
form (d) ABCD form.
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2) For impedance form, the expression is written by

|:Vli|={zll Z12:||:11:|+|:Vn1:| 3.11)
v, 231 2y I, Ve

and the corresponding noise parameters are:

2 2
Iz1 — l‘ll l R2 - |V2 |
4kT,B 4kT,B
p=—Nh *V, (3.12)
Vi PIV, P

Where R and R, are the equivalent noise resistance in the port 1 and 2. p is the

correlation coefficient between two noise source V, and V, . T is the standard

temperature of 290 K, and B is the bandwidth.

3) For ABCD form, the expression is written by

ARl

and the corresponding noise parameters are:

PIA; o LT

" 4KkT,B " 4KkT,B
Vn*In

p= n__ (3.14)
IV, FLL, P
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Where R, is the equivalent noise resistance and g, is the equivalent noise conductance.

0 is the correlation coefficient between two noise source V, and 1, . T; is the standard

temperature of 290 K, and B is the bandwidth.
4) In microwave applications, the noisy linear two-port can also be represented by noise

wave and scattering parameters [21], which is shown in Fig 3.4

Cy ¢,
o, J 0
q, -+ S + 4,
- ~ b,
O 0

Figure 3.4: noisy linear two-ports in S-parameters form.

The expression for the S-parameters form can be written by

b
R WEW 61
b, Sy Sy S\ %3

where ¢, and c, are noise waves. The correlation matrix C; can be expressed by

C=__ _ (3.16)

* 2
66 C2|

where the overbar indicates time averaging with an implicit assumption of ergodicity and

jointly wide-sense stationary processes. The vector representation can be written by

b=Sa+c 3.17)

and

C =cc

s

where the dagger indicates the Hermitian conjugate.
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3.1.2 Representation of Noise Parameters

When a two-port component contains active devices such as a MESFET, HEMT, or
diode, noise is generated by these devices and is added to the output of the two-port
device. The generation of this noise is typically modeled using an equivalent circuit for
the device that contains current or voltage sources to model the noise effects. These
internal noise sources contribute only to the overall noise of the two-ports and not to the
gain. However, because the noise sources are internal to the device, the overall noise is
affected by the matching circuitry connected to the FET [1].

Figure 3.5 is a two-port network for a device with a circuitry connected at the input and
a load connected at output.

r——--—- — it B el
: . | | | | |
P o L '
Oz 1ML LR ]
] |
| 5T Bl | | | :G] B[
!
| ' | | ' l
_____ j L - — — — 2 L_.____|
GENERATOR DEVICE LOAD

Figure 3.5: A Circuitry is connected at the input of a device

There are three noise figure expressions in the linear two-port circuit [19]:
1) Generator impedance form

G
F=Fm+R—"[(Rg—ROP,)2+(Xg——X,,,,,)2] (3.18)

8

where
F,;, = minimum value of F with respect to the generator impedance Zg
Z,, =R, +jX

o 18 the optimal generator impedance value at which F=Fmin, and

G, = equivalent noise conductance of the DUT (device under test)

2) Generator admittance form
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Rﬂ
G

4

F =F,, +—=[(G,-G,)* +(B,~B,,)"] (3.19)

where
F,,. = minimum value of F with respect to the generator admittance Yg
Y, =G,, + jB,, is the optimal generator admittance value at which F=Fmin
R_= equivalent noise resistance of the DUT (device under test)
and
R, =G,1Z,

3) Source reflection coefficient form

4R, |T,-T,, I
F=F_, + gz e > (3.20)
ZO(l_IFg | )|1+Fapt|
where
r =57k
Y, tY,

r = YO - Yapt
opt
Y, =Y,

Equations (3.18) through (3.20) provide the basis for evaluating the noise figure when
external circuitry is connected to the input of a device. The noise performance of any

linear two-port can be determined if the values of the four noise parameters, R,

min *

G, and B, are known.

The meaning of I',, and F_ are obvious from their definitions. The parameter R, is
useful as an indication of the dependence of F,;, on the source admittance Y,. A low

value of R is desirable for most circuit applications because this allows source
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admittance considerably different from Y, to be used without seriously degrading the

noise figure.

The noise parameters F,;, R, and T, are properties only of the active device and are

independent of any external circuitry connected to the device. For MESFET and HEMT,
they depend on temperature, frequency, drain-source current, and to a much lesser extent,
drain-source voltage. They also depend on the physical properties of the device, including
geometrics and material properties of the structure.

3.1.3 Noise Figure of Cascaded Networks

If a number of two-port networks are cascaded, the total noise figure of the long chain
of cascaded circuits can be written by [19]

F-1 F-1  F-l

F=F+
Gl Gl G2 Gl GZ G3

(3.21)

where F,F,,--- are noise figures of cascaded circuits, and G,,G, -+ are gain of

correspond circuits. The Noise Measure M is defined as:

M=F-1 (3.22)

3.2 Noise Models

Noise models are used to predict the noise figure for an arbitrary circuit topology,
which incorporates a particular device, or to predict the ultimate noise performance of a
device. Several modeling methods of the noise properties of MESFETs and HEMTSs have
been proposed. Some typical models will be discussed in the following sections.

3.2.1 Gupta noise model

Gupta et al. [22] proposed a model that simplifies the measurement requirements while
improving the noise figure prediction. This model also eliminates assumptions required
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of the earlier work related to circuit losses, noise correlations, and the functional form of
the output noise current.

[l ) '—': [ e e s e s e e e =4
I 1 ] ¥
I I | Vi |
‘lem ,
| ; v Zee D rds {,\wl
2 (]} Pz
' ¥* [ r
lGC%BC p oL Ces |
| | { T\rl |
l 1 e
oot Tt —
CIRCUTT DEVICE RECEIVER

Figure 3.6 An equivalent circuit of a FET amplifier consisting of a generator, input circuit,
an active device and a receiver (load).

Figure 3.6 illustrates the equivalent circuit model of an amplifier. Y, =G, + jB, is the
admittance of the input matching circuit. The device is represented by a five-element
equivalent circuit model consisting of input resistance R, = R, + R, + R, , gate-source

capacitance C,, transconductance g, , output resistance r, , and a white noise current

source of spectral density S, . The first four equivalent circuit element values can be

determined using S-parameter measurements and the small-signal analysis.

Evaluation of spectral density of the white noise current source requires one noise
measurement by directly using a low noise receiver, a band pass filter and a spectrum
analyzer. The noise power generated by the device is dissipated in both the output

resistance (r,, ) and the input resistance of the receiver (R, ).

From Figure 3.6, the noise power spectral density generated in the device can be
calculated by [22]

P (R +r,)*
S (fr)= M(TR%)AZ / Hz (3.23)

rdsr

where p,, is the measured noise power at receiver, B is the effective noise bandwidth,
and f, is the measurement frequency. The model can be simplified by assuming the

operating frequency f, is significantly below the gain-bandwidth product of the device
w,C R} <<1
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From the circuit model shown in Figure 3.6, the input conductance and susceptance of

the device can be expressed as [22]

6 - @CuRi
" 1+a)ZC;RT2
wC

— 8s
in 22 p2
1+ @ "CR;

The four noise parameters can be calculated by following expressions [22]

R =5, (/)2 Cekr (3.24)
n ~ Yio L 4kTg,i .
G.
G, =(G, +R—"’)“2 (3.25)
B,, =B, (3.26)
F__ =1+2R G, +2(R,G, +R:G.)"* (3.27)

When the measurement frequency f; is high enough, the power spectral density S, is
frequency independent, particularly in the microwave frequency range. However, the
power spectral density S, is dependent on the bias state of the device. Thus, the noise
prediction from the Gupta model is limited to the device bias conditions in which §,, is

measured.

3.2.2 Fukui Noise Model

Another useful noise model was proposed by Fukui [23], [24]. By evaluating the FET
noise properties, Fukui developed several empirical equations that describe the frequency
dependence of the two-port FET noise parameters. This model is of particular advantage
for low noise amplifier design applications, for which a convenient and quick method of
predicting FET noise characteristics is needed.
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Similar to the Gupta method, one noise figure measurement and a small-signal
equivalent circuit model of the device is required, as shown in Figure 3.7. This method is

also limited to the bias conditions of the device.

Lg Rg Rd Ld
Ces —— i
e
| D S Lea
ki Vigm
Rs
Ls

5
Figure 3.7: Equivalent model of a FET to predict noise performance based on the Fukui
method.

The following equations are to predict the noise characteristics [23],[24]

R, +R,

Fow =14k, fC( ) (3.28)
R, =k,/g, m (3.29)

opt =k—;(%+Rs +R,) (3.30)
X, = flggs (3.31)

where ki, k,,k;, and k, are empirical fitting factors and f is the operating frequency.

From S-parameters measured at the same bias condition, small-signal element values
for the noise model shown in Figure 3.7 can be extracted. Using measured noise

parameters, the empirical fitting factors, &, throughk,, can be calculated in the frequency

range.
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Another important application of this model is that it allows a simple method of
predicting the dependence of noise parameters by means of device geometry, such as gate
width. For example, when the noise parameters are known for a given gate width Z, this
model allows prediction of noise parameters for a FET scaled in width Z’. So the scaled

noise parameters are given by [1]:

R =R /s (3.32)
X('th :Xopt/SX (333)
-‘1/2
1+(R /R }(s,s
Frin =1+ (Fyy 1) (R /R (o) (3.34)
1+(R,/R,)
. 1+4mRS+4mRss—
R,=R,, (48,R)+{(48,R,5) (3.35)
v v 1+4g,R +4g,G,
s,=Z1Z (3.36)
ZIN
_L/N 3.37
TN (337

where s, and s, are scaling factors that relate a known FET of width Z to a scaled one of

width Z by the equation given in [1]. N is the number of gate fingers of a given FET and
N’ is the number of gate fingers of a scaled FET.

The noise parameters of a device with a new gate width will be computed using
equations (3.32) through (3.37) in the frequency domain. Fukui model gives good
agreement over a wide bias range, but it does not provide any insight into the nature of a

noise-generating mechanism in a FET as the fitting factors do not possess physical
meanings.

3.2.3 Cappy Noise Model

Cappy et al. [25] relate the empirical fitting factor &, in equation (3.28) to physical

parameters of the device. Additionally, F,, is expressed in a form given by

Fon =1tk (f1 f)Ig, (R +R)I" (3.38)
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where k, is an empirical fitting factor and f, is the cutoff frequency given by

fT = gm /(Z”Cgs)

.2
k=2 <ld> )1/2

d 4kTg B

where B is the bandwidth in Hz and i, is the equivalent current generator for the drain

noise and is given by
(iy)y = 4kTBS(w)(g,, ! C, ) L(Z + BI,)] (3.39)

with
S(@) = (g4, +0°Cy) g,
Z = FET gate width
L = FET gat length
a, B = fitting factors

gdx :1/rds

When J(w) is close to unity, the F,, can be simplified to

F,, =1+(87z)"2f[f£<az+ﬂ1ds>(Rs +R )" (3.40)

T
Thus, the minimum noise figure is related to the FET physical parameters, FET gat length
L and FET gate width. But the fitting factors do not possess physical meanings.

3.2.4 Pucel Noise Model

The noise model proposed by Pucel et al. [26] is a comprehensive model of the
MESFET that is derived from general principles in terms of fundamental physical
parameters. The noise model is shown in Figure 3.8.
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Figure 3.8: The Pucel noise model based on a simplified FET model with noise sources
represented by voltage and current sources

Through the circuit analysis, the noise figure is then written by
F=1+Q/R )r,+g,|Z +Z.|) (3.41)

where g, and r, are referred to as the noise conductance and noise resistance,

respectively. The parameter Z is called the correlation impedance. The parameters are

defined as
1+ @*C: R}
r,=(R,+R)+ Kr(——*) (3.42)
8m
w*C?
g, =K, —* (3.43)
Em
ZC =(Rg +Ies)-l—I{c/YH (344)

The terms K e K,,and K_ are functions of P, R, and C. They are defined as the

fundamental noise coefficients and the expressions are:

R(1-C?»
[1—C(R/P)”2]2+(1—C2)R/P

K = (3.45)
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12
K = 1-C(R/P) (3.46)

[1—C(R/P)“2]2 +(1-C*)RIP

K, =P{[1-C®/ P T +1-C*)RIP| (3.47)

where P and R are dimensionless noise coefficients, and C is the correlation coefficient.
They are related to device geometry, material properties, and the bias conditions of the
device.

The noise parameters can be obtained and given by

Fmin = 1+ 2gn (Rc T Rsc,opt) (348)
— 2 1/2

Rsc,opt - [Rc + (r;z / 8 )] (349)

2 P (3.50)

The Pucel noise model allows prediction of FET noise parameters as a function of
device geometry, material properties, and the bias conditions of the device, and obtained
good agreement between measured and predicted results. But it is too comprehensive and
it requires detailed knowledge of the device’s structure.

3.2.5 POSPIESZALSKI Noise Model

Pospieszalski [27] proposed a noise model of a microwave MESFET (HEMT) by
using the equivalent noise temperatures of intrinsic gate resistance and drain
conductance, T, and T,.

An equivalent circuit of a FET chip is shown in Figure 3.9 [27]. Parasitic resistances

contribute only thermal noise and with a knowledge of the ambient temperature 7, . Their

influence can be easily taken into account. The noise properties of an intrinsic chip are

then treated by assigning equivalent temperature 7, and 7, to the resistive (frequency-
independent) elements of the equivalent circuit 7, and g, , respectively. No correlation

is assumed between the noise sources represented by the equivalent temperatures 7, and
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T,. This yields a noise equivalent network for an intrinsic chip shown in Figure 3.10

[27].

Ty at T | 1 g~
ER y  p— 19

oot T,

Figure 3.9: Equivalent circuit of FET (HEMT, MODFET) chip. Noise properties of an

intrinsic chip are represented by equivalent temperatures: T, of R, and T, of g, . Noise

gs?’
contribution of ohmic resistances 7,,r,,and r, are determined by physical temperature T,

of a chip.
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Figure 3.10: Noise equivalent circuit of an intrinsic chip

The noise temperature, T, , of a two-port driven by generator impedance Z , can be

written by [27]

IZ _Zo 11 l2
T =T, +N7},%T" (3.51)

g “opt
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or

r -r,J
T, Lo (3.52)

T =T, +NT,
" (1-|T,, Ha-|T, )

where

Based on the above noise equivalent circuit (Figure 3.19 and 3.10), the noise
parameters of the FET chip can be expressed as [27]:

1
ot = o (3.53)
gs
r., T
R, = \/(ﬁ)z—’fi——i+ rgzs (3.54)
f gds Td
2
f f
T = 2?- 8aTo T T, +(f—)2rgi giT}? +2 fi 78Ty (3.55)
T T T
T
g, = ({—)Zg;i—" (3.56)
T 0
4NT, 2
= (3.57)
Tmin 1+ rgs
opt
R, =27, +20 88 (14 g2C? 2 (3.58)
n TO gs TO g’i gs' gs .
cor=pyR.g, =488 (2C2 1+ jxC 3.59
=p n8n = T 2 gsrgs J gs) ( . )
0 m
where
_ _8m
o =t
T .., minimum noise temperature
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Z,. =R, + jX,,, optimal source impedance

g, » equivalent noise conductance

N =R, g, (as defined by Lange [28])
R, equivalent noise resistance

cor , correlation expression

The available gain can be written by:

1 1
G, G

a amax g

+%|zg _Z0 P (3.60)

opt

Where Z;t is the generator impedance realizing maximum available gain. For the

equivalent circuit of an intrinsic chip (Figure 3.9), G,,..,,&,.and Zg,, are given by

2
1
Gamax :(ﬁJ - (361)
f 4gdsrgs
f 2

8, =| | 8a (3.62)
G .1
Z@,=rg-+122;— (3.63)

85

The expression of noise measure can be written by

T 1
M=t (3.64)
T, 1
G

Thus, for the above equivalent circuit of an intrinsic chip, the generator impedance

Z,, » which minimizes the noise measure M, (note that Z # Z

o )» Can be written by

1
wC

8

XM ZXG :Xopt:j

opt opt

(3.65)
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(3.66)

2
T
RY =r, \/T_g_l ”"’—1——}
d
T,

T 2
=r £ -1| +4G

_g =
Td amax Td T

The value of M, may be obtained by substituting appropriate relations into (3.64).

The above expressions can be simplified to simpler forms if certain conditions are
satisfied. Specifically if

Tg 1
S| (3.67)
fT Td rgs gds
then
R, >>r,
and then
r, T
R, = Jr |Tete (3.68)
f gds Td
f
T, = 2f—1/gdsrgsTdTg (3.69)
T
4NT,
=2
T (3.70)
Another case is for7, — 0, then only one current source in the drain exists and
R, =R, =R =r, (3.71)
=4y, (3.72)
fr
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-1 (3.73)

If the noise parameters of a FET can be described by the above model, it must satisfy

4NT,

1< <2 (3.74)

min

From above noise models, we can see that the Pospieszalski model provides simple
expressions for the noise parameters. It is also demonstrated that at both room and
cryogenic temperatures the effective gate temperature is equal to the ambient temperature
of the device within measurement errors, which corroborated the room temperature
results of Gupta et al. [3]. Moreover, its validity has been experimentally confirmed
throughout the years and it has been widely accepted as an easy-to-use and powerful FET
noise model. Because of its simplicity and accuracy, the Pospieszalski model is chosen as
the noise model in this thesis
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Chapter 4 Extraction Method and Results

The process of extraction of model parameters can be divided into two steps in this
thesis. First, the small-signal model parameters of MESFET or HEMT should be
extracted accurately. Second, after knowledge of the small-signal equivalent circuit
parameters, with measured noise parameters of packaged device and physical

temperature at a single frequency, the noise model parameters 7, andT, will be

extracted. Consequently, the noise properties of the device at any frequency will be
predicted.

Two kinds of approaches were used in modeling the intrinsic noise equivalent circuit.
The first was the accurate study of the equations of transport in semiconductors. The
other approach was semi-empirical using an equivalent circuit and fitting factors.
Pospieszalski proposed a simple model for MESFET and HEMT devices whose validity
has been experimentally confirmed throughout the years. Our approach is based on the
semi-empirical modeling.

Several methods can be used to extract the MESFET or HEMT model parameters
depending on the model used and the method of characterization. In this chapter, we will
discuss the parameter extraction techniques that employ only S-parameter measurements
in optimization algorithms. Therefore, the formulation of the problem or the parameter
relationships will be derived. The use of these relationships in an optimization technique
will be addressed. We will also mention the method used to solve the optimization
problem.

4.1 Extraction of Small-Signal Model at Normal Bias Conditions:

Figure 4.1 shows the most common MESFET or HEMT model at normal bias
conditions, i.e. when the device is biased in the saturation region. Some of those elements
can be neglected in the analysis later on. The model can be divided into two sections: the
extrinsic element section and the intrinsic element section. The extrinsic section includes

all extrinsic elements: C Cu>R,,R;,, R,L,,L,, and L . The intrinsic section

g’

includes all the intrinsic elements: C,,, R, C,;, R,;, &, . T, R, , and C, . The

g’

resistance R, has been added to ensure smooth transition from the symmetric cold
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model (V,, =0V) to operating points in the saturation region [29]. Although this element

has little effect on the performance of the model and many authors neglect it, it was

included here to represent full analytical expressions. Usually, R,, is neglected and the

Figure 2.6 is used to represent the Standard MESFET-HEMT equivalent circuit .

The main concept of the extraction process, which is employed by many researchers, is
to remove the extrinsic element section from the measurements to end up with Y-
parameters of the intrinsic section. The Y-parameters are the most convenient parameters
since the intrinsic section exhibits a PI topology. The simple analytical expressions of the
Y-parameters can be used to calculate the intrinsic elements.

S "'__T |_./vv\ AN

..§_

\, Cd;
- Cpg C‘E@ _

R&’ -
Inmnm: I‘“ = gm‘?ie-ju
device model L;
S s

Figure 4.1 16-element small-signal FET model.

4.1.1 Determination of the Intrinsic Y-Parameters

The process of de-embedding the intrinsic Y-Parameters is depicted in Figure 4.2 [10].
We always start with the measured S- parameters of the device. S-parameters at the
angular frequency (@) are stored in the S-matrix. The S-matrix is converted to the Y-

parameters matrix Y,.

The relationship between Y-parameters and S-parameters can be written as [18]:

A-8S)A+S8,)+S,S
Y, =¥, 11 Azz 12921

(4.1a)
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Vi, =Y, A (4.1b)
28

Yo =Y, A = (4.1¢c)

Yoo =¥, A+ 5u)0=5) 4 915y (4.1d)

A
where

A=Q0+S5)A+S8,)=5,5,

1 - . T
Y, = 7 Yo and Zo are characteristic admittance and characteristic impedance of
0

the measuring system, respectively.

G N;YE'Y\_‘\/;R,!V Intrinsic
l S } s | Device
S= T e
S21 22
— R

<
[# 5]
-

S ——»Y,
G |7 | | Intnnsic | | 7z, D
o Device 0
Y Y = ”Ym - JjoC,, Ya: l
A % Yo — i
121 122 j(l) pé Zs
U S ! S
(YeYp) —W Z
i - Intrinsic
Z,-1Z.+Z, Zy—2Z. — S
Zim mea Z- Zext =|\ " ( * N ) 12 : Device

Zy-2,) Z, “‘(za +Z, )

B

int_mea > Vi _mea

z

Figure 4.2 Extraction of intrinsic Y-parameters from measured S-parameters.
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In the above process, the intrinsic Y-Parameters can be de-embedded from measured S-

parameters. The various matrixes can be further expressed as following:

iwC 0
Y = / " (4.2)
P 0 joC pd
Zpa =X, =Y, (4.3)
Z,+Z, Z, (R, +R)+ jo(L,+L,)) R +joL, )
“ |z z,+Z | |R +joL, (R, +R)+jaXL,+L,) '
Yint_mea = Zi;:_mea = [Zmea _Zext ]_1 (45)

Yint_mea - Y V4

i21_mea i22 _mea Re(YiZl_mea

_ Yill_mea K‘lZ_mea _ Re(y;ll_mea) + jIm(Yill_mea) Re(YilZ_mea) + jIm(YilZ_mea)
) + jIm(Y;Zl_mea) RC(Y;ZZ_mea) + jIm(YiZZ_mea)
(4.6)

Equation (4.6) shows the elements of Yint_mea while they are decomposed into real and
imaginary parts. Real parts are denoted by “Re” whereas imaginary parts are denoted by

“Im,’

On the other hand, the analytical form of the Y-Parameters matrix Yint can be easily

derived from the intrinsic device model shown in Figure 4.1:

[ ap a2 2 2 4 . 2 .2 .
wRC, oR,C, [C, C,l @R, Cy . Cy,
Tt 7 Jo T 3 - T W3
v ID| D, o) b, D,| D,
= . ’ 5 1
SC L () o R N M
Baf st g+ ——E 4 j Cp +—2
D? D2 |D2| 11 2 i
where

\
|
}

D, =1+ joRC,
D, =1+ joR,C,,
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Equation (4.7) can be further simplified if R,, is assumed to be equal to zero. This
assumption has been used by many authors and it makes sense because R, has been

added for the purpose of symmetry with R,. R, itself has no specific physical meaning
and it is added in the model to account for the real part of Yina1. The simplified form of

equation (4.7), while R, =0, can be written as:

o'R,CL . [ o ’ .
3 — + i — +C§d __I(!)C,,d
D,f D, :
v, =| Bl AP
— it '
me —30Cy g4 "‘JU)(Caa + Cgﬂ)

(4.8)

where
D, =1+ joRC,,
Equation (4.8) is more commonly used than equation (4.7). In the next section, we will
derive the intrinsic elements in terms of intrinsic Y-parameters by using equations (4.8).

4.1.2 Extracting Intrinsic Elements from Intrinsic Y-Parameters

From the view point of theory, Y, should be equal toY,

o_mea - 1t means that the
expression (4.8) is equivalent to the expression (4.6). So, all intrinsic parameters can be
extracted at each frequency point in terms of Yint data in (4.8). The intrinsic parameters

can be stated as:

€, = am(t, )+ 0 ) (4:92)
R = d 4.9b
i (1+dz)(Im(Yill_mea)+Im(Yi12_mea )) ( . )
Im(YilZ mea)
) (4.9¢)
w
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¢, =|d (4.9d)

- _lé(G) (4.9¢)
w
gds = Re(YiZZ_mea) (49f)
. +Im(Y,
Cds _ Im(YzZZ_mea) ( 112_’"9“) (49g)
w
where
_ Re(y;ll_mea)
Im(Yill_mea ) + IIn(YiIZ_mea )

G = gme_jwr = (Yi21_mea - YilZ_mea )(1+ ]d)
1G] = J(Re(,y, ) +Am(Ty, )~ 1MV, )P)(A+d?)

d Re(YiZl_mea ) + (Iln(YiZI_mea ) - In‘I(Yil2_mea ))
RC(Y’ ) - d(Im(YiZI_mea ) - IIn(Yil2_mea ))

Z(G)=Ztan™ (

21_mea

Equations (4.9) will be used later on in the optimization process to extract the values of
the intrinsic parameters at normal bias conditions.

4.2 New Method for Determining the FET Small-Signal Equivalent
Circuit Elements

Because the small-signal model plays a crucial role in the analysis of the noise model,
we should firstly determine the FET Small-Signal equivalent circuit. As we discussed in
section 2.4, many techniques have been proposed on this subject [7]-[15]. These
techniques can be divided into two kinds. The first is to extract the extrinsic parameters
Crg, Cpd, Rg, R4, Rs, Lg, Ld, and Ls, then the remaining (intrinsic) parameters are extracted
analytically (or by optimization) [7]-[11]. The second is to extract all the parameters
using a multi-dimensional optimization algorithm [12]-[15]. But the first kind technique
needs extra DC measurements to determine the parasitic resistances in addition to the S-
parameter measurement [7]-[11]. The extra DC measurements require forward gate bias
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which can sometimes bring about serious problem such as damage to device during or
after measurement [30]. The second kind technique also has the initial value dependent
problem and the local minimum problem [12].

In order to overcome all the problems mentioned above, we proposed a new method to
determine the FET small-signal equivalent circuit. In this method, there is no need for
additional DC measurement, and there is no initial value dependent problem and local
minimum constraint. This will be demonstrated in Appendix B.4. There are two basic and
important facts that our method is based on. The first is that there exist a finite difference

between the parasitic resistances R and R, , and this difference can be obtained from the

S-parameters under the “cold measurement” [10]. The second is that the real part of the

matrix element Y, ,, of the intrinsic Y-parameters is theoretically zero, e.g.
Re(Y,,,,) =0. We can use this expression to find R, as a function of the other extrinsic

parameters [15]. The simple transformation between S-, Z-, Y-matrices and the two basic
facts mentioned above will produce the unique solution for modeling the FET small-
signal equivalent circuit.

4.2.1 Determination of the Pad Capacitances

The value of pad capacitance C,, and C,, can be calculated from the measurement at
zero drain bias and the gate voltage lower than the pinch-off voltage v,

(V, =0,and V,, <—|V,|). Under these bias conditions, the FET equivalent circuit is
shown in Fig. 4.3 [10].

Ls
e 5
Figure 4.3. Small-signal equivalent circuit of a FET with zero drain bias voltage and gate

voltage lower than the pinchoff voltage.

In this figure, C, represents the fringing capacitance due to the depleted layer

extension at each side of the gate. For frequencies up to a few gigahertz, the resistances
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and inductances have no influence on the imaginary part of the Y parameters, which can
be written as [10]

Im(Y,) = ja)(Cpg +2C,) 4.10)

Im(Y,) =Im(Y,,) = —JjoC, 4.11)

Im(Y,,) = ja)(de +Cb) 4.12)

Thus,

C,= —L(Im(Yu)+Im(Y21)) (4.13)
2w

Cpg =~1—Im(Y11)—2Cb 4.14)
w

de =$Im(Y22)—Cb (4.15)

where the Y-parameters can be derived from measured S-parameters. C, can be
calculated from either Im(Y],) or Im(Y,,) , however, we will assume its value as the

average of both of them so that all parts are taken into consideration for reasonable
balance between the different parameters.

4.2.2 Determination of the parasitic inductances and AR,

The parasitic inductance values can be extracted from what we called S-parameter
cold-modeling method (V,, =0and V. >=|V,|) [9]. Under this bias condition, the FET

can be considered as a symmetric device shown in Figure 4.4 [10].

Figure 4.4 Sketch of the distributed RC network under Vas=0 and Vs fairly above
pinchoff voltage.

The intrinsic section of the FET can be expressed by sum of channel resistance and
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equivalent impedance of Schottky barrier. The following Z-parameter expressions, given

in [10], are valid.

T
Z,=R +R, +I§f +%+ Jo(L,+ L) (4.16)
g
R .
Z,=2Z, =R, +76+ JOL, 4.17)
Z, =R +R,+R + joxL +L,) (4.18)

where R, is the channel resistance under given gate bias, nkT /gl . 18 the equivalent

resistance of Schottky barrier. n is the ideality factor, k is the Boltzmann constant, T is

the temperature, g is the electron charge, I . 1s the dc gate current. Therefore, the

inductances can be calculated.

L = (Im(z,)+Im(Z,)) 4.19)
2w
L, = Im(Z,) L (4.20)
a
L, :E(Z_Ml_LS 4.21)
[}

L can be calculated from either Im(Z,,) or Im(Z,,), however, we will assume its
value as the average of both of them so that all parts are taken into consideration for

reasonable balance between the different parameters.

Additionally, the relation between the parasitic resistances R and R, can be obtained

from (4.17)-(4.18) by eliminating R, .
Re(Z,,)-2Re(Z,)=R,—R, =AR,, (4.22)

This means that either R, or R can be expressed by the other one provided AR, is

obtained.

On the other hand, from the fact that the real part of the matrix element Y .1, of the

intrinsic Y-parameters is theoretically zero, e.g. Re(Y,,,,) =0. The relation between R,,
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R, and R, can be obtained.

Z,+Z, Z, R, +R + jo(L,+L) R + joL
= ¢ = ° § (4.23)
“ oz, Z,+Z, R +joL R, +R + jo(L,+L)

Zint =Z _Zext (424)
Z,—(R,+R +ja(L, + L)) Z,—(R + joL)

-1
, (4.25)
Z, —(R + joL) Z,—(R,+R, + jaXL,+L))

Yint = Zi:llli = [Z - Ze)ct]_1 :|:

Z.
Y —_ int,12 (426)
int,12 AZ

FromRe(Y,,,,) =0, we can obtain following expressions [15].

Ry = [( - Zygy MLl Zaps —wLly—w L }+ Ryl — Z14,)
~ B2y =Zvme=Zare + Brye )= wha(wlg = Z115)
dwhdhy = Eigi= Ly S ) = Ly o o B o
= Do Lok By e} Hlwhs— 2y}
A Lyl Rk Ry~ Zazed + RalwLy~ Za1s)
+ By fwly—Zy i v it oy — Zagi ) —whogZinye
L A VATPEY ST ST AT B ATV ATS
— Zayi Loy = Zysi By + Lany 2134
Ry = Zia YRy 4 R+ Zooy ) 4Ly — Z1o,)
Awhgtwly, —Ze )]t 4.27)

By substituting R, = R, + AR, into (4.27), R, can be expressed as a function of R,.

Now, Knowing C,,, C,, L,, L,,L,, and AR, all the intrinsic parameters C,, , R,,

Coi» 8n» T 84> C, can be calculated from S-parameter measurements at normal bias

condition using equations (4.9) in section 4.1.2. Therefore, the intrinsic elements and the

parasitic resistances R, can be expressed as a function of R in addition to

R,=R +AR,.
C, =fi(wR) (4.282)
Cy = 1u(@R) (4.28b)
Cp=Fu(OR) (4.28¢)
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R = f,(0R) (4.28d)

8. =fs(OR,) (4.28¢)
7= fo (0, R) (4.28f)
84 = [ (@OR) (4.282)
R, = fu(®R) (4.28h)

The first objective is to find the value of R, so that the other parameter values are

independent of frequency. In other words, they have the same values at all frequency
points. Thus, criteria should be formulated to describe this objective. The variances are
chosen as criteria so that variances should be as minimum as possible:

1 & -/
& @R) = | o fu= )] (4.29)
where

— 1
fk _N;fki

Tk is the mean value of f, where k varies from 1 to 8. The normalizing factor p, is

formulated in such a way so that all errors for different k’s are confined within the same

order of magnitudes. p, can be written in the following mathematical form:

Assuming: max f, = max(f,) where i varies from 1 to N
D, = 1
“ max f,

Another criterion is added for stable calculations. This criterion is intended to
minimize the error between the measured and calculated S-parameters. The mean values
of the intrinsic parameters are used to calculate S-parameters.

The criterion is:
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2 2 N S )—S . R
Ez(a%,Rs)ZZZZqu| Pfl(w’) G C’”’(w’v S) IZ (4.30)

p=1 q=1 i=1 pq

where

G,=Gy, = miax(l S1(@,) )

G,=Gy = m;dx(] Sy(@) )

The weighting factor W, is set to 0.5. The normalization factor of S22is equated to

the normalization factor of Si1since the measurements show that S221s noisier than Si1at
most bias points. In addition, the magnitude of S22is usually smaller than the magnitude
of S11. For these reasons, G221s set to be equal to Gi1 to inhibit the effect of the noise of
S22 on the optimization process. Similarly, Gizis set to be equal to G21. The total error
function can be determined as:

e@R)=> & +¢, (4.31)
k

Equation (4.31) is called the error function (or the objective function) of our technique.
The minimum of the objective function should be calculated using an optimization
algorithm. In our model, we use the Gauss-Newton and Levenberg-Marquart methods.
The optimization variable is R_. There is only one optimization variable in our problem.

So our technique has neither initial value-dependence problem nor the local minimum
problem.

4.2.3 The Procedure of the New Method for the extraction of the FET Small-
Signal Equivalent-Circuit Elements

Our new technique exploits the advantages of all previous techniques to end up with a
robust and reliable method. It can work over any frequency bandwidth for the measured
S-parameters, which may have certain unavoidable measurement errors. The procedure
can be explained over the following steps:

1) Evaluate the FET pad capacitances C " and C i from (4.10)-(4.15) at pinch-off

bias condition.
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2) Calculate the FET parasitic inductance values of L,,L,and L , and AR, (the

difference between R, and R ) from (4.16)-(4.22) using the Cold-Measurement.

3) Calculate all other parameters from S-parameter measurements at normal bias
condition.
3.1)  Set the initial value for the extrinsic parameters R . The initial values have

little effect on the final results. Consequently, zero initial values can be
assumed.

3.2) Employ the optimization technique to minimize the objective function in
(4.31) to best fit the measured S-parameters and to best describe the frequency
independence of the intrinsic elements.

4.2.4 The Iterative Scheme for Extracting FET Small-Signal Model
Parameters at Normal Bias Condition

The flow chart of this iterative scheme is shown in Figure 4.5.
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Figure 4.5 Flow chart of the algorithm for extracting the FET small-signal model

parameters

The value of R, is updated to reduce the error £ using the Gauss-Newton or Levenberg-

Marquart method. If € is not small enough, the loop is repeated. The program is written
in MATLAB, and is easy to modify for a particular equivalent circuit structure.
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4.3 Method of Extracting Noise Parameters

In order to describe the RF noise of a MESFET or HEMT, one has to determine the
parameters of the noise model in addition to the small-signal equivalent-circuit elements.
Although, in principle, a set of N linearly independent equations is sufficient to determine
N unknowns, in practice, a much larger number of measurements is required to extract
the two to four unknowns of the noise models. Thereby, measurement inaccuracies cancel
out and the accuracy of the model parameters and stability of the extraction algorithm are
enhanced.

The noise performance of field-effect transistors (FETs) has been a subject of study for
many years. Several noise models have been developed. Such as the Van der Ziel noise
model [31], the Gupta noise model [22], the Fukui noise model [23], [24], the Cappy
noise model [25], the PRC model [26] and the Pospieszalski model [27] ezc.

Among those studies of noise properties of the FET, two kinds of approaches were
used in modeling the intrinsic equivalent circuit. The first was the accurate study of the
equations of transport in semiconductors. The typical examples are the PRC noise model
[26] and the Pospieszalski model [27].

The other approach was semi-empirical using an equivalent circuit and fitting factors.
The typical example is the Fukui noise model [23], [24]. Although it is widely used by
device technology, it does not provide any insight into the nature of a noise-generating
mechanism in a FET as the fitting factors do not possess physical meanings.

The two most commonly used FET noise models are the PRC noise model [26], and
the Pospieszalski model [27]. But the PRC noise model is the most comprehensive model
of the FET that is derived from general principles in terms of fundamental physical
parameters and it requires detailed knowledge of the device’s structure. Comparatively,
the Pospieszalski model [27] provides simple expressions for the noise parameters. It is
also demonstrated that at both room and cryogenic temperatures the effective gate
temperature is equal to the ambient temperatﬁre of the device within measurement errors,
which corroborated the room temperature results of Gupta et al. [22]. Moreover, Its
validity has been experimentally confirmed throughout the years and it has been widely
accepted as an easy-to-use and powerful FET noise model. Because of its simplicity and
accuracy, the Pospieszalski model is chosen as the noise model in this work.
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4.3.1 New Method for Extracting the FET Two Noise Temperatures

In our thesis, we use the Pospieszalski’s temperature noise model [27], which has been
widely accepted as an easy-to-use and powerful FET noise model. The high-frequency
noise from FET chips can be modeled as thermal noise in a small-signal equivalent
circuit. It was already described in detail in section 3.2.5.

If the small-signal equivalent circuit has been extracted, the noise parameters for the
intrinsic chip can be found by [27]:

1
_ (4.32)
opt
" wC,
r.. T
Ropt = \/(ﬁ)zi—g+rgzs 4.33)
f gds Td
2
Tmin = fo_T\/gdsrnggTd +(fi)2rg2sg3sTd2 +2(fij rgsgdsTd (434)
T T
f 2 841y
8, =) ——+ (4.35)
T
4NT, 2
m=— (4.36)
min 1+ 8s
opt
R =—%tr +T—"ﬁ(1+wzc2 2
n = T s T, gz osTas) “4.37)
cor=p\R,g, =454 (@*Cr, + jaC,) 439)
e T, gr e T '
where
fT = En

In the above representations, if the equivalent circuit element values have been

extracted, noise parameters 7, , R, and g, of the model will be determined by T, and
T,. So the noise parameters can be looked as functions as T, and T}, as well as frequency

, 1s the only function of w.

except that X |
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They can be written by

T, = fu(@,T,.T,) (4.39a)
R, = ) (@,.T,.T,) (4.39b)
g, = fu(@,T,,T,) (4.39¢)

The objective is to find the values of 7, and 7, so that the calculated noise parameters

are best fit in the mean square sense to the de-embedded measured noise parameters. So
the error or objective function is expressed as:

DD WS (@)~ fi(,T,,T,)| (4.40)

1
T, T)=—
¢ 4 N k=1 i=1

where the subscripts ¢ and m denote calculated and measured values respectively. The
weighting factor W, is set to 0.5 and N is the total number of frequency points. The

optimization method will be used to solve this nonlinear least-square problem.

4.3.2 The Procedure for Extraction of FET Noise Parameters

Any noisy two-port can be replaced by a noise equivalent circuit which consists of a
noiseless two-port and two additional noise sources. There are three common
representations which are admittance, impedance, and chain representations respectively.
Their correlation matrix and electrical matrix are summarized in Table 4.1 [32]
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Table 4.1 Correlation matrices and electrical matrices of various representations

admittance representalion mwoncé representation chain representation
] . ‘ '
g | - 1o |- -
€ i(:) noiseless | (Y Uy roiseless | Uy Y] 'CD jnviseless
& 10 twowport | M2 twoport two-port |
25
gt
-

[ 7 » - 3

§ Ciur Cuid Cupe} Cupl Cus® Cy
[e
< Bl ¢y € 17
[ - r ™ ¥ * [ %
Sg G'r? C’z'z 8"2“1 t'vz"z C.r §,
v . ” #
= [ ¥ ¥ x z ) a a, |
g 1 ) ~ ¥ L W 2
FE Y- z - s
e ¥n Y33 Ty 2y ay, 4,

The elements of matrices are denoted by C ., where the subscript indicates that the
152

spectral density refers to the noise sources s, , and s,. The matrices themselves are

denoted by C and by a subscript which specifies the representation. The noiseless part of

the noise equivalent two-port is described by electrical matrices.

If two or more representations exist (and they generally do), these representations can
be transformed into each other by simple transformation operations. As the system is
linear, the auto- and cross-correlation functions can be calculated from one representation
to another by the transformation formula [32]

C =TCT* (4.41)

where C and C’ denote the correlation matrix of the original and resulting representation,
respectively. T is the transformation matrix. A set of matrices covering all possible
transformations between impedance, admittance, and chain representation are resented in
Table 4.2 [32].
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Table 4.2: Transformation Matrices T

original representation
admittonce impedance chain

g ' 0 Y Y RATE
: % 0 1 Yai Y22 Y 0
8
& ;
v § In *q 1 o VotEy
glsl |.
o % Tn In 0 ) 0 -zxn
el
£

c 0 oy LI P LY

.g

u 1 0y 0 -~ 0 !

In noise analysis, interconnections of two two-ports either in parallel, in series or in
cascade are often encountered. For these interconnections, the resulting correlation matrix
is related to the correlation matrices of the original two-ports by [32]

C,=C, +C,, (Parallel) (4.42)
C,=C, +C,, (Serial) (4.43)
C,=AC,A +C,, (Cascade) (4.44)

where the subscripts 1 and 2 refer to the two-ports to be connected. As shown by these
equations interconnection in parallel and in series corresponds to addition of the

correlation matrices in admittance and impedance representation, respectively.

For cascading (in an order indicated by the subscripts) a more complicated relation is
obtained which additionally contains the electrical matrix A, of the first two-port.
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If the noise two-ports consists only of passive elements, and based on thermodynamic
grounds, the correlation matrices in impedance and admittance representation of such a

two-port are [32]

C, =2KTRe{Z} (4.45)
C, =2KT Re{Y} (4.46)

If knowing the equivalent noise resistance R, , the optimal source admittance Y,, and

the minimum noise figure F,

min

the chain representation of the correlation matrix can be

written by [32]

Rn Fmin ! - RnYopt
C,=2KT| (4.47)
mm2 - RnYz;t Rn | Yapt |2

where T is the absolute temperature. Similarly, once the correlation matrix C, has been

determined in chain representation, the noise parameters can be calculated [32].

C :
Y, =\/C—22—(Im{C12/C“})2 -jIm{C,/C,} (4.48)
11
F,, =1+(C,+C,Y, )/ kT (4.49)
R, =C, (4.50)

where
CA — [Cll C12 :|
C21 C22

So if knowing the equivalent circuit and the noise parameters of a packaged device, the
noise performance of the intrinsic chip for the device can be obtained by the application
of the interconnection rules and the relations between noise parameters and correlation

matrix, vise versa. Then, the two noise temperatures 7, and 7, can be extracted using the

optimization method in section 4.3.1
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For the equivalent circuit shown in Figure 4.1, the Procedure for Extraction of FET

Noise Parameters will be described as following steps:

1)

2)

3)

4)

5)

6)

Extract the FET small-signal equivalent circuit element values (described in detail
in section 4.2)

Calculate the whole packaged FET correlation matrix (chain representation) from
Y

(4.47) using measured noise parameters F, i

i and R at some frequencies.
De-embed the intrinsic chip noise correlation matrix C, , from the packaged

device using formula (4.42)-(4.46)

Calculate the intrinsic chip noise parameters F, . ,
formula (4.48)-(4.50)

Calculate the values of the two noise temperatures T, and T, using the

Y

opt_in *

and R, , using

mn

optimization method in section 4.31
Compute the noise parameters of the device at any frequency using (4.32)-(4.35)

4.3.3 The Iterative Scheme for Extraction of FET Noise Parameters

The flow chart of the iterative scheme for extraction of FET noise parameters is

shown in Figure 4.6. The values of T, and T, are updated to reduce € using least-square

optimization method.
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Figure 4.6: The flow chart of the iterative scheme for extraction of FET noise parameters

4.4 Results and Analyses

In the previous sections, we addressed our techniques for extracting small-signal model
parameters for microwave FET devices. In this section, we will discuss the results of our
techniques and argue their significance and accuracy. We will also show how accurate

this technique is. The argument will be supported by hypothetical measurement data
analysis.
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4.4.1 S-Parameter Data

To verify the modeling techniques discussed in the previous chapter, a hypothetical
MESFET or HEMT model is assumed. In this hypothetical model a set of small-signal
model parameters, which resemble typical values of a MESFET or a HEMT device, are
assumed. In addition to verification, using known model parameters allows us to evaluate
the reliability and robustness of the modeling technique and estimate the accuracy of each
extracted parameter in the model. In addition, the hypothetical model can be used to
investigate the technique and its convergence properties.

We will investigate our technique and its associated programming code using a
hypothetical set of data first. If it shows good results, then we will apply it to the actual
device measurements. The MESFET small-signal model parameters of the hypothetical
device are tabulated in Table 4.3. These data is obtained from the Excelics Semiconductor
Inc. website [33]. The low distortion GaAs power FET EFAO18A is thought as the
hypothetical device. The pad capacitances Cpg and Cpa are excluded for simplicity during
evaluation of each extraction technique because the study of each technique does not
require the presence of these elements.

Table 4.3 Equivalent circuit element values for a hypothetical device.

R, |R, |R |L |L, |L Co |R [ Cu | 8n [T |84 | Ca

g 4 ) gs i

@ | ©@ | @ | W) | @) |@H) | @F) | (@ |@F) |mS)|®s) | mS) | @

05 i1 0.23 10.23 | 0.22 | 0.063 | 0.17 { 0.53 | 0.016 | 32 24 | 1.786 | 0.006

A set of S-parameters can be obtained from these equivalent circuit element values over
a range of frequencies (1-40GHz). This set of S-parameters is called “Ideal (noiseless) S-
parameters Data” because it has no measurement errors. They are shown in table 4.4,
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Table 4.4 IDEAL S-PARAMETERS of EF018A

FREQ S11 S21 S12 S22

(GHz) MAG | ANG MAG ANG MAG ANG MAG | ANG

1.0000 | 0.9984 | -7.5147 29102 | 173.9241 | 0.0093 | 86.1979 | 0.8367 | -1.5650

2.0000 | 0.9937 | -15.0549 |2.9045 | 167.8459 | 0.0184 | 82.3939 | 0.8342 | -3.1228

3.0000 | 09860 | -22.6454 |2.8947 | 161.7637 | 0.0275 | 78.5864 | 0.8301 | -4.6658

4.0000 09753 {-30.3101 | 2.8808 | 155.6767 | 0.0365 | 74.7751 | 0.8244 | -6.1859

5.0000 | 0.9618 | -38.0713 | 2.8624 | 149.5857 | 0.0452 | 70.9611 | 0.8170 | -7.6741

6.0000 | 0.9458 | -45.9492 | 2.8393 | 143.4932 | 0.0536 | 67.1472 | 0.8082 | -9.1202

7.0000 | 0.9275 | -53.9610 |2.8112 | 137.4038 | 0.0617 | 63.3385 | 0.7979 | -10.5133

8.0000 |0.9073 |-62.1203 | 2.7780 | 131.3244 | 0.0694 | 59.5425 | 0.7863 | -11.8415

9.0000 | 0.8856 | -70.4361 | 2.7393 | 125.2640 | 0.0766 | 55.7686 | 0.7734 | -13.0924

10.0000 | 0.8630 | -78.9117 | 2.6952 | 119.2339 | 0.0833 | 52.0287 | 0.7595 | -14.2537

11.0000 | 0.8400 | -87.5437 | 2.6458 | 113.2467 | 0.0894 | 48.3363 | 0.7448 | -15.3137

12.0000 | 0.8173 | -96.3202 | 2.5912 | 107.3168 | 0.0949 | 44.7064 | 0.7294 | -16.2620

13.0000 | 0.7955 | -105.2201 | 2.5319 | 101.4588 | 0.0998 | 41.1546 | 0.7137 | -17.0905

14.0000 | 0.7752 | -114.2116 | 2.4683 | 95.6876 | 0.1040 | 37.6967 | 0.6978 | -17.7940

15.0000 | 0.7568 | -123.2524 | 2.4010 | 90.0176 | 0.1076 | 34.3482 | 0.6821 | -18.3706

16.0000 | 0.7410 | -132.2904 | 2.3308 | 84.4618 | 0.1105 | 31.1233 | 0.6667 | -18.8225

17.0000 | 0.7280 | -141.2656 | 2.2584 | 79.0317 | 0.1128 | 28.0348 | 0.6518 | -19.1553

18.0000 | 0.7180 | -150.1137 | 2.1845 | 73.7370 | 0.1145 | 25.0937 | 0.6377 | -19.3785

19.0000 | 0.7111 | -158.7703 | 2.1100 | 68.5850 | 0.1156 | 22.3090 | 0.6244 | -19.5043

20.0000 | 0.7071 | -167.1755 | 2.0354 | 63.5811 | 0.1163 19.6874 | 0.6120 | -19.5472

21.0000 | 0.7059 | -175.2778 | 1.9613 | 58.7284 | 0.1165 | 17.2338 | 0.6006 | -19.5230

22.0000 | 0.7071 | 176.9633 | 1.8885 | 54.0279 | 0.1164 | 14.9512 | 0.5901 | -19.4481

23.0000 | 0.7105 | 169.5758 | 1.8172 | 49.4790 | 0.1159 | 12.8407 | 0.5806 | -19.3383

24.0000 | 0.7157 | 162.5756 | 1.7478 | 45.0797 | 0.1151 10.9022 | 0.5718 | -19.2086

25.0000 | 0.7224 | 155.9676 | 1.6806 | 40.8266 |0.1141 |9.1344 | 0.5639 | -19.0724

26.0000 | 0.7302 | 149.7480 | 1.6159 |36.7153 | 0.1129 | 7.5349 | 0.5567 | -18.9415

27.0000 | 0.7389 | 143.9057 | 1.5537 |32.7407 | 0.1116 |6.1008 | 0.5500 | -18.8256

28.0000 | 0.7482 | 138.4250 | 1.4942 |28.8972 |0.1101 |4.8283 | 0.5438 | -18.7328

29.0000 | 0.7579 | 133.2869 | 1.4373 |25.1788 | 0.1086 | 3.7135 | 0.5381 | -18.6691

30.0000 | 0.7678 | 128.4709 | 1.3830 |21.5792 | 0.1071 |2.7522 | 0.5326 | -18.6392

31.0000 | 0.7777 | 123.9558 | 1.3313 18.0922 | 0.1055 1.9397 | 0.5274 | -18.6466

32.0000 | 0.7877 | 119.7203 | 1.2822 | 14.7115 | 0.1039 | 1.2713 | 0.5223 | -18.6933

33.0000 | 0.7975 | 115.7441 | 1.2355 11.4308 |0.1024 |0.7422 | 0.5173 | -18.7808

34.0000 | 0.8071 | 112.0077 | 1.1911 | 8.2441 0.1009 | 0.3472 | 0.5123 ] -18.9097

35.0000 | 0.8164 | 108.4928 | 1.1490 | 5.1453 0.0994 |0.0812 | 0.5072 | -19.0800

36.0000 | 0.8255 | 105.1823 | 1.1091 | 2.1289 0.0980 [ -0.0616 | 0.5020 | -19.2915
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37.0000 | 0.8343 | 102.0606 | 1.0711 | -0.8109 | 0.0968 | -0.0871 | 0.4967 | -19.5438

38.0000 | 0.8428 | 99.1130 1.0351 | -3.6792 |0.0956 |-0.0014 | 0.4911 | -19.8360

39.0000 | 0.8510 | 96.3263 1.0009 | -6.4812 |0.0945 |0.1884 |0.4852|-20.1674

40.0000 | 0.8589 | 93.6883 0.9683 |-9.2219 |[0.0936 |0.4752 |0.4791 | -20.5372

But noise typically presents in actual measurement data. To make our verification
realistic, noise (errors) should be introduced to the hypothetical model. But first, we need
to examine type of errors and noise present in actual measured S-parameters of the
devices. Network-analyzer measurements experience three types of errors [36]:
systematic errors, random errors, and drift errors. For this reason, noise (errors) should be
introduced to the simulated S-parameters of the hypothetical device to emulate the
unavoidable measurement errors; and it is assumed for simplicity that the noise has
uniform real and imaginary distribution whose limits are (+/-0.2%). They are shown in
table 4.5.

Table 4.5 NOISY S-PARAMETERS of EF018A

FREQ S11 S21 S12 S22

(GHz) MAG | ANG MAG ANG MAG ANG MAG | ANG

1.0000 | 0.9990 | -7.5147 29118 | 173.9241 | 0.0093 | 86.1979 | 0.8374 | -1.5650

2.0000 | 0.9946 | -15.0549 | 2.9063 | 167.8459 | 0.0184 | 82.3939 | 0.8350 | -3.1228

3.0000 | 0.9863 | -22.6454 | 2.8967 | 161.7637 | 0.0275 | 78.5864 | 0.8304 | -4.6658

4.0000 | 09762 |-30.3101 | 2.8828 | 155.6767 | 0.0365 | 74.7751 | 0.8248 | -6.1859

5.0000 | 0.9619 | -38.0713 | 2.8649 | 149.5857 | 0.0452 | 70.9611 | 0.8174 | -7.6741

6.0000 | 0.9459 | -45.9492 | 2.8393 | 143.4932 | 0.0536 | 67.1472 | 0.8083 | -9.1202

7.0000 | 0.9277-53.9610 | 2.8121 | 137.4038 | 0.0617 | 63.3385 | 0.7980 | -10.5133

8.0000 | 0.9081 | -62.1203 | 2.7802 | 131.3244 | 0.0694 | 59.5425 | 0.7867 | -11.8415

9.0000 | 0.8857 | -70.4361 | 2.7401 | 125.2640 | 0.0767 | 55.7686 | 0.7740 | -13.0924

10.0000 | 0.8632 | -78.9117 | 2.6977 | 119.2339 | 0.0833 | 52.0287 | 0.7598 | -14.2537

11.0000 | 0.8408 | -87.5437 | 2.6476 | 113.2467 | 0.0894 | 48.3363 | 0.7451 | -15.3137

12.0000 | 0.8175 | -96.3202 | 2.5914 | 107.3168 | 0.0950 | 44.7064 | 0.7296 | -16.2620

13.0000 | 0.7959 | -105.2201 | 2.5321 | 101.4588 | 0.0998 | 41.1546 | 0.7143 | -17.0905

14.0000 | 0.7754 | -114.2116 | 2.4683 | 95.6876 | 0.1041 | 37.6967 | 0.6982 | -17.7940

15.0000 | 0.7573 | -123.2524 | 2.4015 | 90.0176 | 0.1077 | 34.3482 | 0.6674 | -18.3706

16.0000 | 0.7417 | -132.2904 | 2.3320 | 84.4618 | 0.1106 | 31.1233 | 0.6823 | -18.8225

17.0000 | 0.7286 | -141.2656 | 2.2594 | 79.0317 | 0.1129 | 28.0348 | 0.6522 | -19.1553

18.0000 | 0.7185 | -150.1137 | 2.1860 | 73.7370 | 0.1146 | 25.0937 | 0.6378 | -19.3785
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19.0000 | 0.7112 | -158.7703 | 2.1112 | 68.5850 | 0.1156 | 22.3090 | 0.6248 | -19.5043
20.0000 | 0.7072 | -167.1755 | 2.0364 | 63.5811 | 0.1164 | 19.6874 | 0.6124 | -19.5472
21.0000 | 0.7059 | -175.2778 | 1.9614 | 58.7284 | 0.1165 | 17.2338 | 0.6007 | -19.5230
22.0000 | 0.7073 | 176.9633 | 1.8889 | 54.0279 | 0.1165 | 14.9512 | 0.5901 | -19.4481
23.0000 | 0.7111 | 169.5758 | 1.8179 | 49.4790 | 0.1159 | 12.8407 | 0.5808 | -19.3383
24.0000 | 0.7164 | 162.5756 | 1.7483 | 45.0797 | 0.1152 | 10.9022 | 0.5719 | -19.2086
25.0000 | 0.7224 | 155.9676 | 1.6819 | 40.8266 |0.1142 |9.1344 | 0.5639 | -19.0724
26.0000 | 0.7308 | 149.7480 | 1.6164 | 36.7153 | 0.1130 | 7.5349 | 0.5572 | -18.9415
27.0000 | 0.7394 | 143.9057 | 1.5547 | 32.7407 | 0.1116 | 6.1008 | 0.5501 | -18.8256
28.0000 | 0.7486 | 138.4250 | 1.4957 |28.8972 |0.1101 |4.8283 | 0.5438 | -18.7328
29.0000 | 0.7581 | 133.2869 | 1.4380 | 25.1788 | 0.1087 | 3.7135 | 0.5385 | -18.6691
30.0000 | 0.7684 | 128.4709 | 1.3843 | 21.5792 |0.1072 |2.7522 | 0.5329 | -18.6392
31.0000 | 0.7779 | 123.9558 | 1.3324 | 18.0922 | 0.1055 | 1.9397 [ 0.5275 | -18.6466
32.0000 | 0.7883 | 119.7203 | 1.2834 | 14.7115 | 0.1040 | 1.2713 | 0.5225 | -18.6933
33.0000 | 0.7980 | 115.7441 | 1.2356 | 11.4308 | 0.1024 | 0.7422 | 0.5173 | -18.7808
34.0000 | 0.8073 | 112.0077 | 1.1921 | 8.2441 0.1010 | 0.3472 | 0.5128 | -18.9097
35.0000 | 0.8169 | 108.4928 | 1.1500 | 5.1453 0.0994 }0.0812 | 0.5076 | -19.0800
36.0000 | 0.8260 | 105.1823 | 1.1093 | 2.1289 0.0981 | -0.0616 | 05021 | -19.2915
37.0000 | 0.8349 | 102.0606 | 1.0712 | -0.8109 | 0.0968 | -0.0871 | 0.4970 | -19.5438
38.0000 | 0.8430 | 99.1130 1.0359 | -3.6792 | 0.0957 |-0.0014 |0.4912 |-19.8360
39.0000 | 0.8515 | 96.3263 1.0016 | -6.4812 | 0.0945 |0.1884 | 0.4855 | -20.1674
40.0000 | 0.8590 | 93.6883 0.9689 |-9.2219 | 0.0936 |0.4752 |0.4793 | -20.5372

Therefore, the correspond “Ideal Data” and “Noisy Data” of S-parameters obtained
from the hypothetical model are shown in Figure 4.7
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(a) Plot of S11 and S22
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(b) Plot of S21
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(c) Plot of S12
Figure 4.7 “Ideal Data” and “Noisy Data” of S-parameters for the hypothetical model

4.4.2 Results of Extracting Small-Signal Equivalent Circuit on “Ideal Data”

Knowing the hypothetical model’s S-parameters, we use our method explained in detail
in section 4.2 to extract its equivalent circuit element values, and then to calculate its
model’s S-parameters. The solutions for the “Ideal Data” are shown in table 4.6. With
zero initial values and as expected, the calculated results are exactly the same as the
original equivalent circuit values, since we mostly used analytical derivations. These

results were obtained on the assumption that the elements C,, and C,,, L,,L,and L_,

and AR, are extracted correctly and their values equal to the hypothetical model values.
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Table 4.6 The extracted equivalent circuit element values for a hypothetical device
based on “Ideal Data” with initial value x=0.

Parameter | Calculated | Hypothetical | Err% | Parameter | Calculated [Hypothetical| Err%
Value Value Value Value
Rg () | 0.499988 0.5 24e-5| Ri(Q) | 0.530048 0.53 -9.1e-5
Rd (QQ) | 0.999945 1.0 5.5e-6 | Cgs (pF) | 0.170000 0.17
Rs (€2) | 0.229945 0.23 2.4e-4 | Cds (pF) [0.00599998| 0.006 3.3e-6
Lg (nH) 0.23 0.23 Cgd (pF) | 0.016000 0.016
Ld (nH) 0.22 0.22 gm (mS) | 31.99990 32 3.1e-6
Ls (nH) 0.063 0.063 gds (mS) | 1.785710 1.786 1.6e-4
AR, 0.77 0.77 T(Pps) 2.400000 24
The error (Err%) of a variable is defined as:
Errh = Hypothetical — Calculated %100

Hypothetical

The calculated S-parameters versus the hypothetical device’s S-parameters using the
“Ideal Data” are shown in Figure 4.8
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(a) Plot of S11 and S22
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(b) Plot of S21
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(c) Plot of S12

Figure 4.8 S-parameters of the hypothetical device versus calculated model using the
“Ideal Data”

4.4.3 Results of Extracting Small-Signal Equivalent Circuit on “Noisy Data”

The equivalent circuit extraction results based on the “Noisy Data” are shown in table

4.7. Tt is also assumed that the element values of C,, and C,, , L,,L,and L, and

AR, are already extracted correctly and their values equal to the hypothetical model

values.
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Table 4.7 The extracted equivalent circuit element values for a hypothetical device

using new method based on “Noisy Data”.

Parameter |Calculated [Hypothetical Err% | Parameter | Calculated | Hypothetical | Err%
Value Value Value Value
Rg (2) 0.51 0.5 -2 Ri (Q) 0.22 0.53 58
Rd (2) 1.14 1.0 -14 Cgs (pF) 0.171 0.17 -0.59
Rs (Q2) 0.37 0.23 -61 Cds (pF) 0.006 0.006
Lg (nH) 0.230 0.23 Cgd (pF) 0.016 0.016
Ld (nH) 0.22 0.22 gm (mS) 322 32 -0.62
Ls (nH) 0.063 0.063 gds (mS) 1.789 1.786 -0.17
AR, 0.77 0.77 T (ps) 243 24 -1.3

The calculated S-parameters versus the hypothetical device’s S-parameters using the

“Noisy Data” are shown in Figure 4.9.

(a) Plot of S11 and S22
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(b) Plot of S21
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(c) Plot of S12
Figure 4.9 S-parameters of the hypothetical device versus calculated model using the
“Noisy Data”

It is noticed from the results that the element values obtained from “Noisy Data” are
different from the hypothetical values. This is because the minimum of the optimal
solution is deviated for the noisy file. This can be proved by comparing the objective
function values by substituting the “Noisy Data” solution and the hypothetical values into
the objective function for the noisy file. We can find that the objective function value at
the hypothetical values is larger than that at the “Noisy Data” solution. This interprets
that adding noise to the measured data moves the global minimum from the hypothetical
point to another solution point.

Another interesting point can be observed from Table 4.7. The error percentage of all
resistive elements is relatively large. This is because the real parts of Yint11, Yin12, Yine1
and Yin22 have significant amount of noise compared with their imagine parts. Those
components are the most sensitive parts to noise. In addition, these noisy components are
used to calculate the resistive elements of the intrinsic model.
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Therefore, if there is a large error level in the intrinsic Y-parameters, it might be
difficult to extract the resistive elements of the model in the presence of the dominating
capacitance impedances. The reason is that the resistive values might become comparable
to the noise level. So if the measured S-parameters contain large errors, the extracted
resistive elements by optimizer results might have relatively large errors. However,
Figure 4.9 shows an acceptable agreement between the input S-parameters and the
calculated ones.

4.4.4 Comparison with other methods

For the verification of the proposed method, we also use the previous typical multi-
dimensional optimization method proposed by Ooi et al [15] and Shirakawa et al [14] to
extract the small-signal model circuit elements.

Ooi’s method is very similar to Shirakawa’s method except that Rg is not an
optimization parameter. It is calculated in terms of the other optimization parameters.
Thus, the number of the optimization parameters decreases to five instead of six, and in
contrast the number of objective error function elements increases to eight instead of
seven.

Both methods have the initial value-dependence problem and the local minimum
problem. The equivalent circuit element values based on the “Ideal Data” using Ooi’s and
Shirakawa’s method with initial value x=0 and x close to optimal solutions are calculated
respectively. The results are shown in Table 4.8, 4.9, 4.10, and 4.11. Also, the equivalent
circuit element values based on the “Noisy Data” using Ooi’s and Shirakawa’s method
with initial value x=0 are calculated. Both results are shown in Table 4.12 and 4.13
respectively. The convergence condition used in each extracting iteration is the same as
the new proposed method.
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Table 4.8 The extracted equivalent circuit element values for a hypothetical device
using Ooi’s method based on “Ideal Data” with initial value: Lg=0, Ld=0, Ls=0,

Rd=0, Rs=0.
Parameter | Calculated | Hypothetical | Parameter | Calculated | Hypothetical
Value Value Value Value
Rg (Q2) 15.92 0.5 Ri (Q2) -11.710 0.53
Rd (Q2) 91.95 1.0 Cgs (pF) 0.426 0.17
Rs () 9.817 0.23 Cds (pF) 0.029 0.006
Lg (nH) 0.004 0.23 Cgd (pF) 0.036 0.016
Ld (nH) -0.193 0.22 gm (mS) 445.8 32
Ls (nH) -0.011 0.063 gds (mS) 0.4644 1.786
T ( ps) -3.05 24

Table 4.9 The extracted equivalent circuit element values for a hypothetical device
using Ooi’s method based on ‘“Ideal Data” with initial value: Lg = 2.2¢-010; Ld =

2.2e-010; Ls = 6.2e-011; Rd = 0.98; Rs = 0.22

Parameter | Calculated | Hypothetical | Parameter | Calculated | Hypothetical
Value Value Value Value
Rg (Q) 0.50 0.5 Ri () 0.529 0.53
Rd (©2) 1.00 1.0 Cgs (pF) 0.170 0.17
Rs (Q) 0.231 0.23 Cds (pF) 0.0060 0.006
Lg (nH) 0.23 0.23 Cgd (pF) 0.0160 0.016
Ld (nH) 0.22 0.22 gm (mS) 32.0 32
Ls (nH) 0.063 0.063 gds (mS) 1.786 1.786
T (ps) 2.40 2.4
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Table 4.10 The extracted equivalent circuit element values for a hypothetical device
using Shirakawa’s method based on “Ideal Data” with initial value: Lg=0, Ld=0,

Ls=0, Rg=0,Rd=0, Rs=0.

Parameter | Calculated | Hypothetical | Parameter | Calculated | Hypothetical
Value Value Value Value
Rg (QQ) -1.89 0.5 Ri () 1.054 0.53
Rd () 59.20 1.0 Cgs (pF) 0.689 0.17
Rs (Q2) 5.75 0.23 Cds (pF) 0.045 0.006
Lg (nH) -0.002 0.23 Cgd (pF) 0.013 0.016
Ld (nH) -0.035 0.22 gm (mS) 285.9 32
Ls (nH) 0.026 0.063 gds (mS) 6.573 1.786
T ( ps) -3.8 24

Table 4.11 the extracted equivalent circuit element values for a hypothetical device
using Shirakawa’s method based on “Ideal Data” with initial value: Lg =2.22¢-010;

Ld =2.2¢-010; Ls =6.29e-011; Rd =0.98; Rs =0.22; Rg =0.49

Parameter | Calculated | Hypothetical | Parameter | Calculated | Hypothetical
Value Value Value Value
Rg (©2) 0.5 0.5 Ri (©2) 0.529 0.53
Rd (QO) 1.0 1.0 Cgs (pF) 0.17 0.17
Rs () 0.231 0.23 Cds (pF) 0.006 0.006
Lg (nH) 0.23 0.23 Cgd (pF) 0.016 0.016
Ld (nH) 0.22 0.22 gm (mS) 32 32
Ls (nH) 0.063 0.063 gds (mS) 1.786 1.786
T (ps) 24 2.4
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Table 4.12 The extracted equivalent circuit element values for a hypothetical device
using Ooi’s method based on “Noisy Data” with initial value: Lg=0, Ld=0, Ls=0,

Rd=0, Rs=0.
Parameter | Calculated | Hypothetical | Parameter | Calculated | Hypothetical
Value Value Value Value
Rg (Q2) 28.0 0.5 Ri () -17.52 0.53
Rd (©2) 33.2 1.0 Cgs (pF) -8.57 0.17
Rs (QO) 3.30 0.23 Cds (pF) 0.13 0.006
Lg (nH) 0.0018 0.23 Cgd (pF) -0.61 0.016
Ld (nH) 0.014 0.22 gm (mS) 2167 32
Ls (nH) -0.024 0.063 gds (mS) 131 1.786
T ( ps) -4.29 24

Table 4.13 the extracted equivalent circuit element values for a hypothetical device
using Shirakawa’s method based on “Noisy Data’ with initial value: Lg =0; Ld =0;

Ls =0; Rd =0; Rs =0; Rg =0

Parameter | Calculated | Hypothetical | Parameter | Calculated | Hypothetical
Value Value Value Value
Rg () -22.8 0.5 Ri () 30.0 0.53
Rd (©2) 87.8 1.0 Cgs (pF) -0.62 0.17
Rs (QQ) 7.23 0.23 Cds (pF) 0.037 0.006
Lg (nH) 0.012 0.23 Cgd (pF) 0.017 0.016
Ld (nH) -0.23 0.22 gm (mS) 463 32
Ls (nH) -0.03 0.063 gds (mS) 13.4 1.786
T(ps) -1.8 2.4

Table 4.8, 4.9, 4.10 and 4.11 demonstrated that both Ooi’s and Shirakawa’s methods
have the initial value-dependence problem and the local minimum problem. When the
initial values are zero, some unrealistic values could be obtained in both methods. For
example, it doesn’t make any sense that Cgs and Ls are negative. So, in both methods,
initial values are usually generated by [13] in order to find correct solution.

Comparing Table 4.7, 4.12 and 4.13, it can be seen that under the same convergence

condition and zero initial values, the equivalent circuit element values extracted by the
new method are more accurate and reliable than both Ooi’s and Shirakawa’s methods.
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Finally, the comparison of the new proposed method with the Ooi’s and Shirakawa’s
method is summarized in the Table 4.14.

Table 4.14 the comparison of the new proposed method with the Ooi’s and
Shirakawa’s method for extraction of small-signal equivalent circuit

Item Shirakawa’s Ooi’s method The proposed
method method
Number of optimization 6 5 1
variable
Convergence rate Slow Slow Fast
Initial value-dependence Yes Yes No
Need other measurement No No Yes (pinch-off
and cold
measurement)

4.4.5 Results of Extraction of FET Noise Parameters

A knowledge of the small-signal equivalent circuit and the noise parameters of a
packaged device and its physical temperature at a single frequency, one can predict the
noise performance of the device at any frequency by using Pospieszalski’s noise model.

To investigate our method for extraction of FET noise parameters, the device is used
the same as [27]. Its equivalent circuit is show in Fig. 4.10. The equivalent circuit
elements values are shown in Table 4.15. The measured noise parameters of FHRO1FH
as a packaged device at room temperature are given in Table 4.16.
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Figure 4.10 Equivalent circuit of FHROIF HEMT at T, =297 K, V,, =2V, I, =10mA.

Values of resistance, capacitance, and inductance are given in &, pF, and nH .

Table 4.15 Equivalent circuit of FHRO1F HEMT at 7, =297 K,V, =2V, I, =10mA.

Rg R, | R, Lg L, L, Cgs R, ng . T 8us C,
@ [ (@ | (@ | @) | @H) | @H) | pF) | (©Q) | @F) | @S) | @) | mS) | @F)
0.5(22 (105|036 |0.34 0.072 0.28 1 2.5 | 0.042 | 57 3 2.5 0.067

C,, C Cos Cop Cps

(pF) (pF) (pF) (pF) (pF)

0.15 0.23 0.11 0.007 0.10

Table 4.16 Noise parameters of FHRO1FH as a packaged FET at f =8.5 GHz,
V, =2V

T,=297K, I, =10mA

Noise parameters T (K) R, (Q) X, () g,(mS)

Packaged FET 78.0 10.5 17.5 94

From these small-signal equivalent circuit element values and the noise parameters of a
packaged device and its physical temperature at a single frequency, we are going to
predict the noise performance of the device at any frequency using our proposed method
described in section 4.3. First we use the method [32] to determine the noise parameters

of the intrinsic chip withoutC e+ 1he results are shown in Table 4.17. Then, we use the
new proposed method to extract the two equivalent temperature 7, and7,, which shown

in Table 4.18. Finally, the noise parameters can be obtained at any frequency within our
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interesting frequency range (here it is assumed that the frequency range is 2GHz-22GHz).

They are shown in Figure

4.11.

Table 4.17 De-embedding the noise parameters of FHRO1FH at different stages

(f=85GHz,V, =2V)

T =297K, I, =10mA

Noise parameters T_..(K) R, (Q) X (€2) g,(mS)
Packaged FET 78.0 10.5 17.5 94
Intrinsic chip 65.6 26.3 59.5 3.0

without C,

Table 4.18 Computation of 7, ,7,, and noise parameters of modeled FHRO1FH

intrinsic chip ( f =85 GHz, V,, =2V)

T,=297K, I, =10mA

Comments T.. R,, X opt g, T, T,
K Q Q mS K
Noise parameters of Intrinsic chip | 65.6 26.3 59.5 3.0
without C,, from Table 5.9
Computed values 65.6 26.3 66.9 3.8 312 | 6619
Computed values from [27] 58.7 28.4 66.9 3.27 304 | 5514
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% Modeled data from new method
= Modeled data from [27]
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Figure 4.11 Noise parameters of FHROIFH (chip) HEMT atT, =297K , V, =2V
1, =10mA. (a) Minimum noise temperature (7., ) vs. frequency. (b) Optimum source

resistance (R, ) vs. frequency. (c) Optimum source reactance (X, ) vs. frequency. (d)

opt

Equivalent noise conductance ( g, ) vs. frequency.

It is noted that the results of Table 4.17 is the same as [27]. This is because the same
de-embedding method [32] was used to compute the noise parameters of the intrinsic
chip withoutC . From the Table 4.18, it is obvious that the computed values of noise
parameters using our proposed method are much more close to the measured noise
parameters of intrinsic chip than those computed from [27] except the equivalent

conductance ( g, ). This can also be demonstrated from Figure 4.11(a)-(d).

Figure 4.11 gives four noise parameters computed from our new proposed method and
from [27]. The blue x-marks indicate the data computed from the model using the new
proposed method. The green points indicate the data computed from [27] with
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T, =304K andT, =5514K . And the circles indicate the data measured at f =8.5 GHz,
vV, =2V, T =297K, I, =10mA.

The minimum noise temperature curves as a function of frequency is shown in Fig.
4.11.a. Both curves have almost the same noise temperature at 2 GHz and divert as the
frequency increases. But the blue curve is more close to the circle measured data.

The optimum source resistance curve as a function of frequency is shown in Fig.
4.11.b. The maximum resistance of 110 Q occurs at a 2 GHz and decreases rapidly to 10
Q level at 22 GHz. The two curves have maximum difference at 2 GHz and go together
as the frequency increases. But the blue curve is still more close to the circle measured
data.

The optimum source reactance curve as a function of frequency is shown in Fig.
4.11.c. Both curves are the same and overlap each other because the optimum source

reactance is independent of 7, and7,.

The equivalent noise conductance curve as a function of frequency is shown in Fig.
4.11.d. Both curves have almost the same values at 2 GHz and divert as the frequency
increases. But the green curve is more close to the circle measured data although both
curves have a very similar trend.

The results of above tables and figures demonstrated that the new proposed method is
more accurate than other fitting method.

Recently, some other method for direct extraction of two-parameter noise models has
been proposed, such as [34]. But it is more complicated than our proposed method

because it is necessary to calculate the two noise temperature parameters T, and T, from

noise figures measured at two different source admittances by using nodal analysis of
circuits. More recently, another method of direct extraction of FET noise models from
noise figure measurements was proposed by Matthias Rudolph et al [35]. This method
allows for extraction of the parameters for both the Pospieszalski and Pucel er al. noise
models directly from NF measurements. Although it is not necessary to calculate the four
two-port noise parameters, it still needs to do measurements at different frequencies or at
different source admittances. The computation complexity of this method is not lesser
than our method.
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4.4.6 Influence of gate width on device noise performance

As discussed early in section 3.2.2, an important application of Fukui noise model is
that it allows a simple method of predicting the dependence of noise parameters by means
of device geometry, such as gate width. That means the device noise performance can be
influenced by its geometry. Equations (3.22) through (3.37) have been obtained [1] for
the noise parameters as a function of gate width in Fukui noise model.

R =R /s (3.32)
X, =X, (3.33)
1/2
, 1+(R_ /R )(s s
F.. =1+(F, -1) ( d S)( %) (3.34)
1+(R,/R,))
- 1+(4ngs)+(4nggs1s2)—
R, =R, (3.35)
1+4g, R +4g,G,
s,=Z1Z (3.36)
ZIN
§, = ——— (3.37)
ZIN

where s, and s, are scaling factors that relate a known FET of width Z to a scaled one

of width Z by the equation given in [1]. N is the number of finger gate of a given FET
and N’ is the number of finger gate of a scaled FET.

Furthermore, the minimum noise figure as a function of the device physical parameters
and bias current was obtained by Cappy et al [25] expressed by (3.40)

Fo =1+ (87r>“zf[}L— (@Z + BLOR, +R,)]" (3.40)

T

where
Jr=8,12nC,)
Z = FET gate width
L = FET gat length
a, B = fitting factors

gds :1/rds
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f = Operating frequency
I, = Drain source current

R, Rg = parasitic resistance

From analyzing the above equations, it can be concluded that if the gate width
increases, the minimum noise figure F,; and the optimal resistance R, will increase;
the equivalent noise resistance R, and the optimal reactance X ,, will decrease. This can

also be verified by Figure 4.12 [37] which shows comparisons of measured and predicted
noise parameters versus frequency for two MESFET’s of different dimensions biased at
I, =06I, and I, =045, withV, =5V .
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Figure 4.12 Comparisons of measured and predicted noise parameters versus frequency
for two MESFET’s of different dimensions biased at I, =0.6/, and I, =0.45], with

V, =5V,
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In Fig. 4.12, the transistors have two kind of gate dimensions 0.5x200um> and

0.5x350um’ . Under one bias condition, although the noise parameters obtained by

measurement and prediction are very good agreement, they could present a large
difference if the transistors’ gate widths are different. The results of the Fig. 4.12
demonstrated that the qualitative analysis of the influence of gate width on device noise

performance is correct.
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Chapter 5. Conclusion

In this dissertation, first, a new method has been proposed to extract the FET 15-
element equivalent small-signal model from a set of S-parameter measurements at
different bias conditions. Then we use the extracted equivalent circuit and another new
optimization method to predict the FET noise properties at any frequencies based on
Pospieszalski’s noise model.

The small-signal modeling technique has three major steps. The first step is aimed to

estimate the pad capacitances (C,, and C,,) with the help of the measurements at pinch-

off bias condition. The second step is aimed to estimate the parasitic inductance values
of L,,L,and L, , and AR, (the difference of R, and R, ) with the help of Cold-

measurements. The last step uses our proposed optimization technique to extract all other
elements at normal bias conditions. The objective function assures good accuracy and
less sensitivity to the frequency range of measurements.

The method of extraction of noise parameters from noise models goes through two
major steps. The first step is to de-embed the FET intrinsic four parameters by employing
the correlation method [27] under the knowledge of the equivalent circuit and the noise
parameters of the packaged device and its physical temperature. The second step is aimed

to extract the two equivalent noise temperatures 7, and T, from Pospieszalski’s noise

model by employing our proposed optimization method and predict the device noise
performance at any frequency.

The small-signal equivalent circuit modeling technique was investigated to reveal that it
could almost work over any frequency range with the presence of the unavoidable
measurement errors. We explained its accuracy, preciseness, robustness and reliability
using S-parameters of hypothetical models at normal bias voltage conditions. The
hypothetical S-parameters were contaminated with noise to emulate the measurement
errors. We discussed other optimization-based extraction methods and investigated their
ability to extract the model parameters over relatively small frequency range (1-40 GHz).
We investigated how these methods are sensitive to any measurement errors. Our
technique shows accurate results over this limited frequency range in the presence of
noise.
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The noise parameters extracting method was investigated to reveal that it is simpler but
more accurate than other fitting method except its comparative complex de-embedding

Process.

The two optimization methods were just verified to work well on the hypothetical
device. They need to be applied to the real MESFETs or HEMTs devices to verify their
performance. The extraction of equivalent circuit elements and noise performance for the
large-signal model of MESFET or HEMT device, their relationship to the small-signal
elements, and the influence of gate various widths on device noise performance will be
further studied.

All the programming and procedures in the dissertation were implemented in
MATLAB. The graphs were also generated with MATLAB.
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Appendix A. Intrinsic Small-Signal Model

The Intrinsic small-signal model of MESFET or HEMT devices is shown in Figure 4.1,

which consists of 8 elements: C,., R;, C,,;, R,

8., 7T R,,and C, . This appendix

demonstrates the derivation of the Y-parameters of this model described by equations
(4.8). Tt also explains how the intrinsic parameters can be derived in equations (4.9).

A.1 Derivation of Intrinsic Y-Parameters

Figure A.1 shows the intrinsic model separately out of Figure 4.1. The figure shows the
intrinsic circuit as a 2-port network. The terminal voltage relations of this 2-port network
can be expressed in terms of the Y-parameters as:

i E =g, Ve L

Ai..o—ht_ "‘: '3 +

T A r— Cga m : E Cu T

‘JI - ‘va

| ? |

B 0 -

Figure A.1 Intrinsic model for MESFET or HEMT devices.

L=y, Vit .V, (A.1la)
L =y,Vi +y,Y, (A.1b)

The Y-parameters of equations (A.la) and (A.1b) can be calculated for the circuit of
Figure A.1 as:

I 1 1 jaC, jwC
Yu=_r = + = £+ L
V=0 o, 1 .1 1+joRC, 1+joR,C,

R
joC, ' joC,

(A.2a)
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_ 1
I ;
8d+—'—— - jor iwC

y, =t _ JOC __gne™ P (A.2b)
*viv,=0 v, 1+ joRC,, 1+ joC,R,,

I ~I 1 jaC,,
yp=t|  =-—l=- = Rgc (A.2¢)

=0 v R, +—— T JOR,C gy

¥ joC,

I . joC
y22=72V_0=gds+]a)Cds+l—.——gd— (A2d)

2117 +Ja)Rgngd

Applying simple mathematical manipulations, all Y-parameters can be rewritten in the
form of equation (4.8) where the subscript ‘int’ is omitted for simplicity.

A.2 Derivation of Intrinsic Parameters

Equations (A.2a) through (A.2d) form eight equations with eight unknowns variables;
each equation can be split into real and imaginary equations. Therefore, these equations
can be solved for the intrinsic parameters. The real and imaginary parts of all Y-
parameters are known after de-embedding them from the measured S-parameters. Since
the real and imaginary parts of y11, y12, and y22 are needed in the following derivation, we
can write them separately as:

2 2 2 2
wRC, wR,C,

Re(y,,) = (A.33)
YD P | D, [
Cgs ng
Im(y,))=w D l2+| DT (A.3b)
1 2
w*R ,C?
Rez(yn)=——5‘“"—|2—’fi (A.3c)
2
Im(y,)=-® Coi (A.3d)
2 | D,
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2 2
@°R,,C,

Re(y,,) =g, + D.7 (A.3e)
Co
Im(y,)=0| Ci+—% (A.3)
| D, |
Where
D, =1+ joRC,,
D, =1+ joR ,C,,
Adding equation (A.3b) to equation (A.3d) reveals the following:
wC,
Im(y,,) +Im(y,) = D (A4)
1

On the other hand, adding equation (A.3a) to equation (A.3c) leads to the following:

w’RC,
Re(y,;) +Re(y,) = D |2 (A.5)
1

Dividing equation (A.5) by equation (A.4) eliminates D1:

wRC =Xen)+Re(y,)

iC s (A.6)
Im(y,,)+Im(y,,)

The right hand side of equation (A.6) can be assumed to be equal to a variable di; thus
equation (A.6) can be rewritten as:

wRC, =d, (A7)

Where

d = Re(y,) +Re(y;,)
: Im(y,,)+1Im(y,,)

(A.8)

Also, D1 can be written in terms of di:
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D, =1+ jd, (A9)
Substituting D1 from equation (A.9) into equation (A.4), Cgs can be evaluated:

%=Q§Qmwmﬂmm» (A.10)

Cgs can be substituted in equation (A.7) to get Ri:

R = 4
Y+ dHAm(y,,) +Im(y,,))

(A.11)

Ced and Rgd can be calculated in a similar manner. Divide equation (A.3c) by equation
(A.3d) to remove D2:

R ,C,, =d, (A.12)
Where
d, =ReOn) (A.13)
Im(y,,)

D2 can be expressed in terms of d2 as:
D,=1+jd, (A.14)

Substitute D2 into equation (A.3d) to estimate Cga:

Cu =

_Im(yIZ)(1+d22) (A.15)
w

Substitute Cedinto equation (A.12) and rearrange to get Rga:

R, =-— d,
gd 2
(I+d; )Im(}’lz)

(A.16)

The complex transconductance G =g,e’*" can be evaluated from the complex

parameters y21 and yi2. The second term of y21 in equation (A.2b) can be removed by
subtracting equation (A.2c) from (A.2b):

G
—_—y = A 17
Yo~ V12 1+ jd, ( )
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G can be extracted from equation (A.17):

G:(yzl _y12)(1+jd1) (A18)
The magnitude and phase of G represent gm and (-oT), respectively:

8n =|G|:|(y21—y12)|\/(1+d12) (A.19)
T=—-1—4(G) (A.20)
w

The last two parameters gas and Cas can be calculated using equations (A.3c) through
(A.3f). Adding equation (A.3c) to equation (A.3e) results in gas, while adding equation
(A3.d) to equation (A.3f) and rearranging results in Cas:

84 =Re(yy) +Re(y,) (A.21)
¢, = 22);Im(y ) (A22)

In summary, equations (A.10), (A.11), (A.15), (A.16), (A.19), (A.20), (A.21), and
(A.22) constitute the solution set of the intrinsic parameters at single-frequency

measurements. If R, =0, the equations (4.8) and (4.9) can be derived.
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Appendix B. Nonlinear Optimization

Nonlinear optimization can be defined as the process of finding the minimum or
maximum of a nonlinear function. The nonlinear function for which the minimum or
maximum should be determined is called the objective function. In our case, the objective
function may be the error function stated in equation (4.31) and (4.40). The optimization
subject is not that easy and has many aspects associated with it. Therefore, we will
concern ourselves with the fundamentals of this subject so that we can fully understand
the techniques used in this thesis. Since equations (4.41) and (4.40) are written in the
form of the sum of squares, we will discuss two techniques for solving nonlinear least-
squares optimization. These techniques are: Gauss-Newton and Levenberg-Marquardt
methods. Both of them lie under the gradient optimization techniques.

Assume we have n independent variables, optimization parameters, x1, and x2.... xn
which can be written in the vector form [38]:

Xy

x2
X = (B.1)

The objective function can be written as a sum of squares of nonlinear function:
R(x) =) 1 (x) (B.2)
i=1

Where m is the total number of the nonlinear functions 7, constituting the objective

function. Finding the minimum of a function like (B.2) is called nonlinear least squares.

The functions 7, can be written in a vector form as:
h
£
r(x)= : (B.3)

r

m

Then, equation (B.2) can be written in a vector notation:
R(x) =r" (x)r(x) (B.4)
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The gradient vector of R can be expressed as:

dR/ox,

aR/ ox,
g(x)=Vf(x)=

(B.5)
aR/axn

First partial derivatives in equation (B.5) can be calculated from equation (B.2) as:

5

m
i=1 ax
m

i=l

1
¢=2 S axz

(B.6)
nooor
LZ ; ax
If the Jacobian matrix J for the vector r is defined by
or,/0x, -+ dr; /9x,
J(x) = : (B.7)
or, /dx, - or, /0x,

Then, the gradient vector in equation (B.6) can be written as:
g(x)=2J"r

(B.8)
Taking the first derivatives for each element of g(x)in equation (B.6), we obtain what

is called the Hessian matrix of the function R . This matrix contains the second
derivatives:

dg,/0x, .-+ dg,/ox, 0’R/0x,0x, -+ 0°R/0x,0x,
G(x)=V*R(x) =] : : : :

: : : (B.9)
dg,/ox,--- dg,/0x, | |0*R/0x,0x,--- 0°R/0x,0x,

The kj -element of the Hessian matrix can be calculated by differentiating the k-element

of g(x) in equation (B.6) with respect to x;:

agk _ i(ar 8r a’r, )

B.10
dx axk axkaxj (B.10)
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If the Hessian matrix of 7, is defined asT,:
T,(x) = V?r,(x) (B.11)
then, the Hessian matrix G(x) can be written as:

G(x)=2J"J +2) 1T, (B.12)

i=1

We may notice that 7, is an error quantity or residue which should be too small at the
optimization point (minimum). Thus, the second term can be neglected in equation
(B.12). As a result, the Hessian matrix can be reduced to:

G(x)=2J"J (B.13)

The equation (B.13) determines the Hessian matrix in terms of the first derivatives of
the functions r,’s only. This is one of the attractive features of the least squares

algorithms with small residuals that the computation of the Hessian matrix is easy.

Our optimization problem can be categorized as unconstrained optimization since we
do not impose any constraints on the independent variables x. This means that xican take
any value in the real space. The necessary condition for a minimum [38] reads:

g(x*)=0 (B.14)

where x* is the solution at this minimum. The above condition is not a sufficient
condition because this condition is also satisfied for other points such as maxima. The
sufficient condition can be expressed as:

Ax"G(x")Ax >0 (B.15)

where Ax is any arbitrary vector which is not equal to zero. The condition (B.15) is valid
if G(x") is positive definite. Fortunately, the Hessian matrix in equation (B.13) is at least
positive semi-definite matrix. This can easily be proven by assuming JAx = Z , then:
ATTTIAx=Z7Z >0 (B.16)
If the Hessian matrix is positive semi-definite, the solution x* is probably not a
minimum. However, the physical significance of our problem implies that this solution

must be a minimum. To find the solution x*, equation (B.14) should be solved. Many
algorithms are suggested to solve this equation to find the minimum. We will explain two
algorithms. The next two algorithms can be considered as modified Newton’s method.
The Newton’s method exhibits quadratic convergence if the Hessian matrix is positive
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definite. Quadratic convergence is normally the fastest convergence rate in nonlinear
optimization. For this reason, Newton’s method has special significance in nonlinear
optimization. The Newton’s method is an iterative scheme.

B.1 Gauss-Newton Method

If x,is an arbitrary point at iteration k and S, is an arbitrary vector, the gradient vector
g(x) can be expanded in Taylor’s series at the new point x,,; = x, +5;:
8in = 8(X) = 8, + G, S, (B.17)
The higher order terms are neglected. If x,,; is assumed to be the minimum of the
function, then g,,, must be equal to zero according to equation (B.14), and in turn
equation (B.17) can be reduced to:
G.S, =—-8. (B.18)
Substituting for g, and G, from equations (B.8) and (B.13), respectively, equation
(B.18) can be expressed as:
Je T Sy ==Jr, (B.19)
Equation (B.19) is a set of linear equations which should be solved for S, . S, represents

the difference between the new point and the old point in the iteration process, so, it is
called the Search Vector. The new point can then be written as:
X =X, + S, (B.20)
Then, equation (B.19) should be solved at the new point and the process has to be

repeated iteratively until proper termination criteria are met. The flow chart in Figure A.1
shows the Gauss-Newton algorithm.
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Figure B.1: Flow Chart for Gauss-Newton optimization method

The termination criteria consist of three conditions which must be satisfied
simultaneously in order that the process terminates. The first criterion implies that the

maximum component of the search vector should be less than certain tolerance &, .
0, determines the number of accurate digits for x. The second criterion is imposed to

assure that the function reaches constant value at the minimum. In other words, the
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difference in function values for two successive iterations is less than certain tolerance
0,. The last error criterion represents the original condition of the minimum imposed by
equation (B.14) that the maximum component of the gradient vector should be less than
certain tolerance &, . Typical values for d, and &, can be 10-4and 10, respectively. Our
experience also shows that &, may be set as a combination between &, and J,:
d, =0.1(5, + 6,) (B.21)
The Gauss-Newton’s method shows good convergence if the function at the minimum
is small. It encounters convergence problems if the function value at the minimum is

relatively large because the second order term in the equation (B.12) may become
significant. Other methods modify Gauss-Newton’s method to overcome this problem.

B.2 Levenberg-Marquardt Method

This method is basically a modified Gauss-Newton’s method. It solves the convergence
problem associated with Gauss-Newton’s method in case of relatively large function
value at the minimum. Equation (B.19) can be simply modified to:

JiJ, +u DS, ==J!r, (B.22)
where 4, is a positive scalar variable and I is the unit matrix of order n. Equation (B.12)
is solved to calculate the search direction at iteration k. g, is modified for each iteration.
It can be controlled so that the matrix (J;J, + 1) is positive definite. As , increases,

it becomes more difficult for the process to diverge. However, the convergence rate

decreases. Therefore, it is important to decrease 4, as minimum as possible to approach
the quadratic convergence rate of Gauss-Newton’s method. A strategy for selecting U,

was proposed by Marquardt [38]. It compares the function value of the new iteration with

that of the current value, and if it is large, 1, should increases. Otherwise, it accepts the
value of y, and moves to the next iteration. The change of 4, is determined by another

positive factor v. v is usually equal to 10 and the initial value of u is equal to 0.01. The

algorithm of Levenberg-Marquardt’s method can be explained as follows:

1) Set initial values forx,, # =0.01, and v =10
2) Set u=ulv
3) Repeat
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4) Solve (Jo J, +M)S, =—J, 1, for S,

5) X =x,+3,

6) if R(x,)> R(x,)
7) u=pv

8) end

9) Until R(x,) < R(x,)

10) If all termination error criteria mentioned in the flow chart of Figure 4.5 are met,
then stop the process.

11) Else, x, = x; R(x,) = R(x)),r(x,) = r(x,),and J(x,) = J(x;) , go to step number 2.

B.3 The First Derivative Calculation

The reader might have noticed that we need to calculate the first order derivative of all
functions for the determination of the Jacobian matrix. The functions in our case are
complicated and therefore it is not wise to look for analytical formula for such
derivatives. In this case, we resort to a numerical technique to calculate derivatives. Finite
difference approximation is a good candidate for derivatives. The derivative of the
functions with respect to a variable xjcan be written in terms of the forward difference
equation as:

7 - ar =r(xj+Aj)—-r(xj)
7 ox, A,

J J

(B.23)

where J; is the j"column of the Jacobian matrix and j varies from 1 to n. A ; is an

infinitesimal quantity which can be computed as [35]:
1
A, = max(rnin(] R(x)|,A)), fzJ (B.24)
where

1 1
L _lg flyos

i

1
107 if |x; [210°&2

£ is the machine relative precision which is approximately equal to 10™* in our model.

The above rule for choosing A, was reported that its performance in our iterative
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techniques is closely similar to that of the corresponding analytical derivative algorithms.
It attempts to balance truncation and cancellation error to some extent when working with

a digital computer precision.

B.4 Properties of the New Optimization Method

As described in section B.1, for the nonlinear least square function:
R(x)=) r’(x) (B.25)
i=1

The functions r, can be written in a vector form as:

h

r
r(x)= : (B.26)

7

m

For our case, x is only single optimization parameter. The Jacobian matrix J for the
vector r is defined by

dr, /ox

J(x)= (B.27)
ar, /dx

Then, the gradient vector can be written as:

g(x)=VR(x)=2JTr=2iri% (B.28)

o Ox

The Hessian matrix of the function R can be written as:
2

G(x) = V2R(x) = 2JTJ+2iri§§ (B.29)

i=1
It is noticed that r, is an error quantity or residue which should be too small at the

optimization point (minimum). Thus, the second term can be neglected in equation
(B.29). As a result, the Hessian matrix can be reduced to:

G(x)=2J"J (B.30)
Then

m 2
AX" G(x)Ax = {Z(g—:j ](Ax)2 (B.31)
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. : ar, .
For our cases, m is a large number. Ax is not equal to zero and at least one of — is
X

not equal to zero. So, expression (B.31) is greater than zero. G(x") is positive definite. If

x" is an optimization point, it must be a global minimum point. Therefore, there is almost
no initial value dependent problem and local minimum constraint in our new optimization
method.
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