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The thesis presents data, and fitting equations, that model the degradation of linear small

signal parameters for SiGe HBT and bulk CMOS devices due to TID irradiation damage.

The 0.13 pm SiGe HBT was fabricated with a base of 4.5 um in common emitter
configuration with the substrate tied to emitter and connected to ground. The device was
exposed to electron radiation using the Sr 90 source. Linear measurements were done in the
frequency range of 1 GHz to 110 GHz before and after incremental radiation doses. The
measured S-parameters were de-embedded using SHORT and OPEN calibration standards
to remove the effect of parasitics from pads, vias and feedlines, and shift the calibration plane
to the terminals of the device. Small signal parameters and noise parameters were extracted
from the de-embedded S-parameter pre-and post-radiation. The major model variations due
to total ionizing dose (TID) were found to be an increase in junction resistances and

capacitances, as well as a reduction in transconductance. These result in a decrease in the



unilateral gain (U), ft and fmax, as reported in prior literature. Exponential regression and
curve fitting techniques were employed to derive model equations for the line of best fit for
each of the small signal parameter. The coefficient of determination was calculated to
ascertain the accuracy of the established equations. Through the coefficient of determination,
it was observed that all the derived equations were reliable and could be used to predict the
performance of a transistor at a given radiation dose. Performance degradation up to 10 Mrad

dose was predicted using extrapolation from small-signal model parameters.

Noise modelling was also conducted using measured S-parameters at incremental radiation
doses. The modelled noise figure was compared to the simulated noise figure from the model

in the process design kit (PDK), with good agreement observed.

Four 0.35 um bulk CMOS devices were fabricated with different gate widths in common
source configuration with the substrate tied to the source and connected to ground. The
devices were exposed to electron radiation. Linear measurement was done pre- and post-
irradiation in the frequency range of 1 GHz to 50 GHz with a vector network analyser
(VNA). The measured S-parameters were de-embedded using THRU, REFLECT and LINE
calibration standards. Small signal parameters were extracted from the de-embedded S-
parameters before and at incremental radiation dose. The major model variations due to total
ionizing dose exposure were increases in the gate resistance (Rg), gate drain capacitance
(Cgqd) and gate source capacitance (Cgs), with a reduction in transconductances (gm and gas).
This caused S11 and Sz2 to become more resistive as d was increased, with a decrease in the
unilateral gain, fr and fmax. A curve fitting tool was used to derive equations for the curves
of best fit for each of the small signal parameters. Coefficient of determination values were
calculated to evaluate the accuracy of the curves of best fit. Good fitting was observed. The

application of the data in predictive modelling of radiation damage was demonstrated.

This study represents the first effort in published literature to model TID-induced changes
to small-signal CMOS and SiGe BiCMOS models at mm-wave frequencies, and the results
support previously published data on degradation of S-parameters and other performance

metrics.
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CHAPTER1 INTRODUCTION

1.1 PROBLEM STATEMENT

There has been an increase in demand for bandwidth in space-based communication
applications in the recent past. This has led to an increase in research seeking to exploit the
available bandwidth in the millimetre wave (mm-wave) frequency band (30GHz to 300GHz)
for space based applications [1]. Space-based systems are, however, exposed to ionizing
radiation with a potential to degrade small signal parameters for microelectronics at device
level, leading to system failure. lonizing radiation can also lead to degradation of noise
performance, as well as shifts in biasing voltages in transistors. Accurate prediction of the
degradation of small signal parameters in transistors at mm-wave frequencies is important
in determining the lifespan of microelectronic circuits operating in ionizing radiation
environments at mm-wave frequencies. This study aims to derive adaptive model parameters
from experimental data that relates degradation of small signal characteristics of silicon
germanium heterojunction bipolar transistors (SiGe HBTs) and bulk complementary metal
oxide semiconductor (CMOS) devices at mm-wave frequencies to total ionizing dose (TID).

1.1.1 Context of the problem

The availability of the unlicensed and lightly licenced spectrum in the mm-wave
frequency bands, has led to an increased amount of research towards SiGe HBTs and
bulk CMOS at mm-wave frequencies in the recent past. This is evident from the space-
based applications for mm-wave transceivers which have been proposed in [2], where

devices will be exposed to ionizing radiation.
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Three forms of radiation effects are typically considered in space, namely displacement
damage (DD), single event effects (SEE) and total ionizing dose (TID) [3].

DD is a cumulative long-term nonionizing damage caused by particles with high
momentum; mainly protons, but also electrons and secondary neutrons. These particles
displace the silicon atom from the lattice of the silicon based semiconductor device. This
produces defects known as “traps” in the semiconductor lattice of materials that result in

degradation of properties such as the dielectric constant [4].

SEE, on the other hand is caused by highly energetic particles which deposit electron-
hole pairs as they transit the semiconductor. The particles are swept into the transistor
terminals, causing voltage and current transients, thereby creating unwanted circuit

responses. SEE cannot easily be shielded against [3].

TID is a cumulative long-term ionizing damage due mainly to protons and electrons that
ionizes and damages devices at an atomic level. It causes traps or induced incomplete
bonding which leads to threshold voltage shifts in transistors, increased leakage current,
and transconductance (gm) variations. Damage first manifests as parametric degradation of
the device, but can ultimately result in functional failure [5].

Since both DD and TID damage is cumulative, devices that are exposed to TID and
DD are expected to degrade and eventually fail after some time as the radiation dose
would have accumulated to levels that would damage the device at atomic level. It is
expected, however, that DD will take longer than TID to accumulate to the level that
would damage devices, since its energy is lower than that of TID. Investigating the manner
in which DD affects devices requires a considerable long period of time than TID. It is,
however, known from literature that TID and DD causes similar effects on devices, except
for the extent of the damage and the period it takes to cause the damage due to differences

in the energy of the two.

The focus of this study, therefore, falls on degradation of small signal parameters due to

TID in SiGe HBTs and bulk CMOS devices at mm-wave frequencies.

Department of Electrical, Electronic and Computer Engineering 2
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1.1.2 Research gap

The following research gap is addressed in this study.

The current body of knowledge contains numerous small signal device circuit models
for both for SiGe HBTs and bulk CMOS devices. These models relate small signal
characteristics to complex linear 2-port parameters over frequency at a specific bias
point. However, none of these models establish a relationship between changes in
the small signal parameters of a transistor to the radiation dose the device has been
exposed to.

Numerous studies have published the degradation of S-parameters and associated
performance metric (fr, fmax, etc.) [6] due to incremental TID damage. These results
have, however, always been presented as macro-effects; the internal small-signal

model changes have never been studied explicitly.

1.2 RESEARCH OBJECTIVES

The research study will have two objectives.

To model changes in the small signal parameters of devices at constant voltage bias
against TID in SiGe HBT.

To model changes in the small signal parameters of devices at constant voltage bias
against TID in bulk CMOS devices.

1.3 APPROACH

A variety of SiGe HBT and bulk CMOS transistors were prototyped. The SiGe HBT was

connected in common emitter configuration with its body tied to the emitter and grounded,

while CMOS devices were connected in common source configuration with their bodies tied

to the source and grounded. Simulations were performed to determine the bias conditions

for maximum fr as well as excitation power levels that ensure small signal operation.

Department of Electrical, Electronic and Computer Engineering 3
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Linear measurements were done in the frequency range of 1 GHz up to 110 GHz for the
biased SiGe HBT and in the frequency range of 1 GHz to 50 GHz for biased bulk CMOS
devices. The devices were then subjected to ionizing electron radiation with their terminals
floating for selected periods to enable them absorb varying radiation doses. Linear
measurements were then repeated after each incremental radiation experiment cycle. Small
signal parameters were extracted from measured S-parameters before and after each
incremental radiation dose. Data fitting methods were then used to derive equations relating
the extracted small signal parameters to radiation dose.

1.4 RESEARCH GOALS

The following are the goals of this research study:

i.  To study the effect of TID on individual small signal model parameters for SiGe
HBTs and bulk CMOS devices at microwave and mm-wave frequencies.

ii.  To derive expressions that relate changes in model parameters to radiation dose
at microwave and mm-wave frequencies for SiGe HBT and bulk CMOS devices

respectively.

1.5 RESEARCH CONTRIBUTION

i. The effect of TID on individual small signal model parameters in SiGe HBT
and bulk CMOS devices at microwave and mm-wave frequencies has been
established.

ii. Expressions relating small signal parameters to radiation dose have been

derived.

Department of Electrical, Electronic and Computer Engineering 4
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1.6 RESEARCH OUTPUTS

I. B. Habeenzu, W. Meyer and T. Stander, “Effect of electron radiation on small
signal and noise model parameters in SiGe HBT at mm-wave frequencies,”
IEEE Trans. Nucl. Sci. (Submitted), 2019.

ii. B. Habeenzu, W. Meyer and T. Stander, “Effect of electron radiation on small
signal parameters for bulk CMOS devices at microwave and mm-wave
frequencies,” IEEE Trans. Nucl. Sci. (Submitted), 2019.

1.7 THESIS OVERVIEW

In Chapter 2 a literature study is performed, in which the effect of radiation on
microelectronic devices is covered. Various small signal models for both the SiGe HBT and
bulk CMOS devices are reviewed to select the most suitable ones for the 0.13 um SiGe
HBTs and 0.35 pum NMOS at mm-wave frequencies.

In Chapter 3 the research methodology is discussed. The details of the experimental setup
and procedure are presented, including the choice of radiation source, offset distance, and
dose rates. Calibration, de-embedding and measurements of S-parameters are discussed in
this chapter. The chapter further discusses model extraction methods as well as regression

and data fitting techniques for derivation of model equations.

In Chapter 4, the extracted small signal model parameters are presented. A comparison of
simulated S-parameters from the extracted model to the measured S-parameters, as well as
to S-parameters simulated from the model of the PDK, is presented. This is followed by a
presentation of a comparison of the modelled noise figure from measured S-parameters to
the simulated noise figure from the model of the PDK. The chapter then presents equations
relating the extracted small signal parameters to radiation dose derived though data fitting,
and concludes with the validation of the model and a check on its ability to predict changes

in small signal parameters at high radiation doses.

Department of Electrical, Electronic and Computer Engineering 5
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In Chapter 5, the extracted small signal model parameters for four NMOS devices with
different gate widths at various radiation doses are presented. A comparison of S-parameters
simulated from the extracted model to measured S-parameters, as well as to S-parameters
simulated from the model of the PDK, is done for each of the four CMOS devices. The
chapter then presents extracted equations relating changes in small signal model parameters
to radiation dose for the four CMOS devices and ends with a presentation on the validation
of the extracted small signal parameter equations and their ability to predict changes as
radiation dose is increased.

Chapter 6 gives a detailed discussion and analysis of the results presented in Chapter 4 and

Chapter 5 while concluding remarks and proposed future works are presented in Chapter 7.

Department of Electrical, Electronic and Computer Engineering 6
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CHAPTER 2 LITERATURE STUDY

2.1 CHAPTER OVERVIEW

The chapter presents an overview of the body of scholarly literature in various topics related
to this study. The first part of this chapter discusses small signal models for BJT and HBT
devices, as well as small signal models for bulk CMOS devices. A detailed review of
parameter extraction methods for the models, and the strength and weaknesses for each of
the parameter extraction model are discussed. Following this, ionizing radiation in space,
particularly in the low earth orbit (LEO), is discussed. This is followed by a discussion on
the effect of TID on transistors. The chapter concludes with a discussion on radiation effects
on DC performance, as well as RF and noise performance of SiGe HBT and the effect of
radiation on DC and RF performance of bulk CMOS devices.

2.2 SMALL SIGNAL MODELS FOR TRANSISTORS

Transistor modelling is the analysis and prediction of the behaviour of a transistor towards
small signals and/or large signals. The behaviour of the transistor can be modelled using
linear and nonlinear models, as well as compact models, which are used by simulators such
as Keysight ADS and Cadence Spectre (integrated in Cadence Virtuoso) [11, 12]. Linear
small signal models are still often used in the design of small signal components such as low
noise amplifiers, as they model relationships which are easy to analyse. Compact models, on
the other hand, model far more complex relationship than can be analysed through manual
calculations. Linear models consist of extrinsic and intrinsic linear circuit elements which

are typically extracted using S-parameter measurements. Nonlinear model extraction, on the
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other hand, uses pulsed IV and CV measurements in addition to S-parameters to study
electrical performance in safe operating regions [13].

An extensive literature review has revealed numerous models for both HBTs and CMOS
transistors. Among the models are compact models, such as the Gummel Poon [7]-[11] and
Mextram [12], [13] models, as well as linear small signal models such as the hybrid-z and
T-model. Compact models model the response of a transistor in a circuit model irrespective
of bias point, but need to be populated with a large amount of model parameter values
through a long series of measurements. This typically requires specialised software such as
IC-CAP [16]. Linear models, on the other hand, can have their parameters easily extracted
from IV, CV and RF measurements but are typically only valid under a single bias point and
small signal operation. Linear models can be applied to components such as LNAs under
small signal operation at a single bias point, and have therefore been chosen in this study. A
literature review has revealed numerous methods of extracting small signal model

parameters at microwave and mm-wave frequencies.

2.2.1 Small signal models for BJT and HBT devices

In [14], a SiGe HBT small signal and high frequency noise model is proposed. This model’s
small signal equivalent circuit under forward active operation with grounded emitter is
shown in Figure 2.1. To extract the small signal parameters, a semi-automatic on-wafer
probe station connected to the Agilent 4155 semiconductor parameter analyser for the
measurement of DC characteristics is used, along with an HP 8510 network analyser for
measurement of S-parameters up to 40 GHz. Measured S-parameters are de-embedded using
OPEN and SHORT calibration standards to remove both parallel and series contact pad
parasitics from measurements. This model has only been validated up to 40 GHz and may
not be reliable at mm-wave frequencies. The disadvantage of this model is that it requires
curve fitting to be performed on measurements from the parameter analyser. This implies
setting up an additional measurement during the time sensitive radiation experiment

measurement cycle.

Department of Electrical, Electronic and Computer Engineering 8
University of Pretoria



CHAPTER 2 LITERATURE STUDY

C blcx
R,
Rb ‘-‘-‘Jll"y"l\"‘.\‘.‘i".‘h . RC
¥ Cbc ".
— Ciex Cbe Ry, a f) A -
,é Re Rsub 'j | CSUb
E®

Figure 2.1: Small signal equivalent circuit model for SiGe HBT as proposed by [14]

Another method for determining HBT small signal model parameters using analytical
methods is proposed in [15]. In this model, the small signal circuit is divided into two parts
as shown in Figure 2.2. The outer part represents the bias independent extrinsic model,
whereas the inner part represents the bias-dependent intrinsic device. This model differs
from the previous one as it has the base resistance divided into two parts, with one being the
extrinsic base resistance (Rn) while the other one is the intrinsic base resistance (Rbn).
Furthermore, it takes into account parasitic inductances at the base, collector and emitter,
which are not accounted for in the previous model. While the previous model accounts for
the substrate network, this model does not. To extract small signal parameters, the transistor
is initially biased in the forward active region of operation with a high base current to extract
parasitic resistances and inductances. The transistor is then biased in cut off with the
resulting S-parameters used to extract the parasitic capacitances. The values of all the
parasitic elements in the extrinsic device are used to de-embed the measured S-parameters
of the device so as to obtain the S-parameters of the intrinsic device using equations given
in [15]. This model, however, has only been validated on an HBT device for frequencies up

to 30 GHz and may not be accurate for frequencies beyond 30 GHz.

Department of Electrical, Electronic and Computer Engineering 9
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Figure 2.2: Small signal equivalent circuit model for SiGe HBT as proposed by [15]

An analytical method for robust extraction of the small signal equivalent circuit for SiGe
HBTSs operating at cryogenic temperatures is proposed in [16], which is shown in Figure 2.3.
This model takes into account the parasitic effects from bond pads and feed lines. Small
signal parameters are extracted from measured S -parameter in the frequency range of up to
22 GHz using a four step method [16]. In the first step, the measured S-parameters of the
active transistor are converted to y-parameters. In the second step, the de-embedding process
is performed to remove admittance parameters (Yp1, Yp2, and Yps), which are determined from
measurements of an OPEN calibration standard. In the third step, the resulting y-parameters
from the second step are transformed to z-parameters and then Z1, Zi2, and Zi3, which are
determined from the measurements of a SHORT calibration standard (together with R¢ and
Re) are removed. Ry is composed of two parts, namely the intrinsic part and the extrinsic part.
The extrinsic part is removed together with Z_1 and the intrinsic part is determined from the

resulting z-parameters.

Department of Electrical, Electronic and Computer Engineering 10
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Figure 2.3: Small signal equivalent circuit model for SiGe HBT as proposed by [16]

In the fourth and final stage, the resulting z-parameters are transformed to y-parameters and
all the small signal parameters for the intrinsic device are determined. As in the previous
model, this one does not take into account the substrate network but differs from the previous
one in its inclusion of an output resistance (Ro). Although the extraction of small signal
parameters for this model is not complex, it has the disadvantage of having only been
validated for the frequency range 2-22 GHz at a constant temperature of 77 K. The model

may, therefore, not be reliable at mm-wave frequencies.

A small signal modelling method for SiGe HBTs based on the hybrid m model is reported in
[17] and shown in Figure 2.4. The circuit of this small signal model is again divided into two
parts, with one part consisting of bias dependent intrinsic element and the other one
consisting of bias independent extrinsic elements. The circuit also comprises of the substrate
network. To extract the small signal model parameters, S-parameters are measured for the
device under common emitter configuration and another set under common collector
configuration. SHORT and OPEN calibration standards are then used to de-embed the
measured S-parameters to remove the effect of parasitics. This is followed by the removal

of the substrate network. Some of the intrinsic small signal parameters are extracted from

Department of Electrical, Electronic and Computer Engineering 11
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the S-parameters obtained from the measurement under common emitter configuration,
while other small signal parameters are extracted from S-parameters measured with the
transistor connected in the common collector configuration. The disadvantage of this model
is that it requires two sets of dies, one in the common emitter configuration and the other in
the common collector configuration. Further, this model has only been verified up to 30
GHz.
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Figure 2.4: Small signal equivalent circuit model for SiGe HBT as proposed by [17]

In [18], a model based on the VBIC bipolar compact model is proposed. This model consists
of the extrinsic part, intrinsic part, and substrate network, as shown in Figure 2.5. To extract
small signal parameters, measured S-parameters are de-embedded using SHORT and OPEN
calibration standards. The substrate network is extracted from S-parameters obtained from
measurement with the transistor biased with a high base current and the collector biased with
0 voltage. This model has an advantage of having a simplified way of extracting the substrate
network which consists of only two parameters. Its disadvantage is that it does not take into
account inductance at the base, collector and emitter and as a result, it is not validated beyond
10.2 GHz. Because of the advantages of this model, a modified version of it to include

inductances at the base, collector and emitter has been adopted for this study.

Department of Electrical, Electronic and Computer Engineering 12
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Figure 2.5: Small signal equivalent circuit model for SiGe HBT as proposed by [18]

2.2.2 Noise models for BJT and HBT devices

A physical noise model for SiGe HBTSs at high frequencies, which predicts measured noise
parameters up to 18 GHz, is presented in [14]. The advantage of this noise model is that it
takes into account thermal noise from all the resistances in the circuit as well as the shot
noise. Figure 2.6 shows this high frequency physical noise model. The disadvantage of this
physical noise model is that it has only been validated up 18 GHz.

Department of Electrical, Electronic and Computer Engineering 13
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Figure 2.6: High frequency noise model with noise thermal and shot sources [14]

RF noise modelling in SiGe HBTS using quasi-static equivalent circuits, shown in Figure 2.7
is presented in [19]. Noise parameters for this noise model are calculated from S-parameters
measured between 2 - 26 GHz using an 8510C VNA and compared to noise parameters
measured using an ATN NP5 system from 2-25 GHz as a way of validating it. Again, is not

evident that the model is reliable at mm-wave frequencies.
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Figure 2.7: QS small-signal equivalent circuit of SiGe HBTs [19]
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A noise model suitable for both BJTs and HBTSs is presented in [20]. This model takes into
account thermal noise at the base and shot noise due to the base current and the collector
current. Figure 2.8 shows a complete description of major noise sources in a device,

including the thermal noise and shot noise for this noise model. This model is adopted for

this study.
4kTRy,;
. O °
SiGe HBT
e | O
° °

Figure 2.8: A complete description of major noise sources with thermal noise and shot noise [20].

2.2.3 Small signal models for bulk CMOS devices

A model and method for extraction of small signal transistor parameters in NMOS has been

proposed in [21] and is shown in Figure 2.9.

In this model, the small signal parameters are characterised using S-parameters measured at
four different bias points. The measured S-parameters at each of the four bias points are de-
embedded to remove the effect of interconnect parasitic using OPEN and SHORT calibration
standards. The de-embedded S-parameters are then transformed to y-parameters and all the
small signal parameters including the substrate network but excluding the gate inductance
are extracted. The gate inductance is then extracted using the best fit method. This model
presents a simple method of extracting substrate parameters. The weakness, however, is on
the determination of the gate inductance values, which requires the use of the iterative best
fit method from measured results after all the other parameters are determined. This results
in inaccurate values. The model has, however, been validated up to 110 GHz at all the four
bias points.
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Figure 2.9: Small-signal equivalent circuit of the MOSFET used for mm-wave simulation [21]

Another model for the extraction of MOSFET small signal parameters is proposed in [22]
with an accurate extraction method for the substrate network. This model has been validated

up to 30 GHz. Figure 2.10 shows the representation of the model in its circuit format.
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Figure 2.10: Simplified small-signal equivalent circuit of MOSFET with proposed drain-to-
substrate network [22]

In this model, measured S-parameters are used to extract all the small signal parameters.
The disadvantage of this model is that it does not take into account parasitics from the
pads, feedlines and vias. Furthermore, this model is not a simple linear model; however,
because of its advantage in the extraction of the substrate network, it has been adopted for

this study with some modifications to make it a linear model.
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2.3 IONIZING RADIATION IN SPACE

The presence of ionizing radiation in the space environment presents a serious challenge to
the operation of electronic systems at a device, circuit and system level. In orbit around
Earth, it originates from the interaction of the earth’s magnetic field with the solar wind,
which is produced by the sun. This radiation is predominantly due to charged particles, as
opposed to X-rays and gamma rays [23]. The exact nature of the radiation environment that
a semiconductor device in a spacecraft encounters in orbit is, however, dependent on many
factors [20].

The potential spacecraft orbits are classified using the IEEE standard 1156.4 as LEO
(describing space below the altitude of 10,000 km), medium earth orbit (MEO which is the
environment in space whose altitude range from 10,000 km to 20,000 km), the geostationary
orbit (GEO with altitude at 36,000 km) and the highly elliptical orbit (HEO) [20]. The

diagram in Figure 2.11 shows the orbits.

Figure 2.11: Location of orbits in space

Most spacecraft missions take place in LEOs, making radiation in this orbit the primary
consideration in this study. LEOs have three principal components of primary ionizing
radiation which include galactic cosmic rays (GCRs), earth radiation belts (ERBSs), and solar
particle events (SPEs) [23].
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GCRs are charged particles originating beyond the solar system. Most GCR particles carry
energy of around 0.3 GeV, but particles with an energy up to 10%° eV have been observed.
They are comprised of 98% hadrons and 2% leptons. Hadrons are made up of 87% protons,
12% alpha particles and 1% heavy ions, while leptons are made up of electrons and positrons.
GCRs tend to follow the lines of the geomagnetic field, which are parallel to the surface of
the Earth near the equator. The geomagnetic field near the equator deflects most of the
energetic particles, thereby directing them towards the north and south poles. It is for this
reason that a LEO spacecraft receives more exposure to GCR when located near the poles
than near the equator. GCRs are also attenuated by the solar wind. It therefore follows that
GCR flux is high during solar minima when the solar wind has reduced intensity, and low
when the solar wind has increased intensity. This depends on the particular phase of the 11-
year solar cycle. Although the relative contribution from all sources is highly dependent on
several factors including orbital inclination, altitude, spacecraft orientation, solar cycle and
temporal variations in the geomagnetic field, GCRs are however more dominant for high

inclination orbits [24].

The earth’s magnetic field can trap particles, thereby generating intense regions of protons
and electrons known as the VVan Allen Belts or ERBs. ERBs form a toroidal structure with
electrons being confined to two high intensity toroids. The first one which extends a distance
of 2.4 times the radius of the Earth (characterised by energy levels below 5 MeV) and the
second band extends a distance of between 2.8 and 12 times the radius of the Earth. Protons
are confined to a single toroid, with intensity decreasing as a function of distance from Earth.
Their energy distribution peaks between 150 MeV and 250 MeV. Electronics in satellites
are greatly influenced by these proton and electron belts. ERBs are primarily comprised of
electrons with energy less than 6 MeV and protons with energy less than 250 MeV, and are

more of a concern for low inclination, high altitude orbits [24].

Two types of SPEs exist, namely those emitted by the sun during coronal mass ejections
(CMEs) and those formed by solar flares. The first type of SPE is characterised by protons
with a lifespan in the order of days. These have a total fluence of 10° cm and can spread

over a broad angle of 60° to 180°. They are mostly composed of low energy protons and
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electrons with a few higher energy protons and some heavy ions. The second type of SPE is
associated with solar flares characterised by fluxes of electrons having a short lifespan (on
the order of hours). The SPEs associated with solar flares have a total fluence of between

10" cm and 10® cm restricted to an angle of between 30° and 45° in solar longitude [24].

The relative size, energy and charge distribution of each component (GCRs, ERBs and SPES)
in LEO, however, are dependent on a large number of parameters. These include the altitude
and inclination of the spacecraft’s orbit, the orientation of the spacecraft relative to the Earth
and Sun and the particular phase of the 11-year solar cycle. It therefore follows that,
depending on these conditions, a spacecraft could be exposed to a combination of any of the
three components and hence more electrons or protons. Both protons and electrons cause
DD and TID, but the exact nature and ratio depends on the particle as well as on its energy.
In order to ensure repeatability, and due to ease of use, in this study, a Sr-90 source was used

to study the effects of electron radiation.

24 RADIATION EFFECT IN SiGe HBT

To best understand the effect of radiation on SiGe HBT, the operating principles of a SiGe
HBT need to be understood from the energy band engineering point of view, as is reported
in [3]. An ideal, graded-base SiGe HBT with constant doping in the emitter, base, and
collector regions was examined. In SiGe HBTSs, the Ge content in the base is linearly graded
from 0% to a maximum value of Ge. The content is minimal near the metallurgical emitter-
base (EB) junction and maximum near the metallurgical collector-base (CB) junction and
thereafter rapidly drops to 0% of Ge. The reason for introducing Ge into the base region of
SiGe is the reduction of the potential barrier to injection of electrons from the emitter into
the base. The implication is that more electron injection would be obtained for the same
applied base emitter voltage (Vee) which translates into a higher collector current and, hence,
higher current gain for the same base current. The presence of Ge in the CB junction of SiGe

HBT further positively influences the output conductance [5].

SiGe HBTs are also made up of a heavily doped, thin base of SiGe alloy, a thin base emitter
(EB) spacer oxide, a thin shallow trench isolation (STI) in the collector base junction (which
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is away from the transport path of the transistor) and deep trench isolation (DTI) [5]. The
implication of a heavily doped thin base is an increased tolerance to TID and DD by SiGe
HBT, as explained in [25]. This also explains why reduced size scaling increases the
resistance against radiation damage. However, despite this tolerance to TID and DD, SiGe
HBTSs are expected to fail once subjected to a long duration of ionizing radiation exposure

leading to a high dose, as observed from past research studies.

2.4.1 Radiation effect on DC performance of SiGe HBTs

The effect of ionizing radiation on the DC performance of SiGe HBTs was investigated and
covered in [5]. It was found that ionizing radiation causes atomic displacement in the bulk
of the SiGe HBT leading to an increase in the forward mode base current, which is attributed
to the generation/recombination (G/R) trap centres at the base emitter (EB) junction. The
implication of this increase in the forward mode base current is a degradation in the forward
current gain () and a shift in the peak g.

2.4.2 Radiation effect on the RF and noise performance of SiGe HBTs

The effect of ionizing radiation on RF and noise performance in SiGe HBTs was extensively

investigated in numerous studies including in [5].

In the study carried out in [26], S-parameters were measured up to 48 GHz over a wide span
of bias currents at fixed collector base voltage and de-embedded in order to calculate both
the small signal current gain and the maximum unilateral gain before and after radiation. The
fr as well as the maximum oscillation frequency (fmax) were determined by extrapolating a -
20 dB/decade slope from the measured values at 40 GHz. This was done before and after
radiation, indicating some negligible changes in fr and fmax. The study, however, did not
investigate the effect of radiation on individual small signal parameters, making it impossible
to determine whether the input or output matching networks would need to be significantly

altered due to radiation degradation over time.
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The effect of proton irradiation on RF performance on SiGe HBTs was investigated and
reported in [27]. In the study, S-parameters were measured and the minimum noise figure
(NFmin), fr, fmax, and the total emitter and base resistance (rse) were extracted before and
after proton radiation. Some minimal increase in NFmin and base rge, and minimal decrease
in fr and fmax at extreme proton fluences, were observed, confirming the resilience of SiGe
HBTs to radiation damage. The study, however, only investigated the effect of proton
radiation on cumulative parameters, and did not investigate the effect of proton radiation on
individual small signal parameters for a complete small signal model of a SiGe HBTSs.

Radiation effects on RF and noise performance of SiGe HBTs were also investigated in [5].
In their research work, devices from the first generation, second generation, third generation
and fourth generation SiGe HBT technologies were investigated. The impact of radiation
was assessed by first measuring S-parameters up to 40 GHz before and after radiation. The
NFmin for first generation SiGe HBTs and fr for devices from each of the four technologies
were extracted from the measured S-parameters. A slight increase in NFmin and decrease in
fr were observed after radiation. This confirmed previous research studies suggesting that
SiGe HBTs was tolerant to ionizing radiation damage. However, as with other studies, the
investigation in [5] did not establish sufficient data to constitute a complete small signal
model of a SiGe HBTSs after radiation.

2.5 RADIATION EFFECTS IN BULK CMOS DEVICES

Itis evident from a review of the relevant literature that ionizing radiation causes significant

performance degradation in bulk CMOS devices [18].

2.5.1 Radiation effect on DC performance of bulk CMOS devices

In bulk CMOS devices, ionizing radiation is reported to cause a buildup of trapped charges
at the silicon — silicon dioxide interface, thereby distorting the electric field. The distortion
of the electric field can lead to an increase in the offset voltage, thereby increasing the gate

bias voltage required to induce a drain—source conducting channel at the silicon surface.
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This increase in the offset voltage effectively causes an increase in the threshold voltage of
the device [28].

lonizing radiation also causes a reduction in gm of the Si CMOS devices [29]. There are two
ways in which trapped charges caused by ionizing radiation at the conducting channel
interface of the Si CMOS can reduce gm. Firstly, the carrier mobility in the channel can be
decreased by the presence of trapped charges, and secondly, trapped charges can cause an
increase in the channel resistivity, thereby decreasing gm. The trapped charges also create new
interface states at the silicon-silicon dioxide interface that reduces carrier lifetime, thereby
increasing leakage current at the junction. Furthermore, ionizing radiation causes an increase

in the gate leakage and off state leakage currents [29].
2.5.2 Radiation effect on RF performance of bulk CMOS devices

Studies have indicated the negative effect of ionizing radiation on the RF performance of
bulk CMOS devices [29]. Radiation induced damage in bulk CMOS devices cause a
reduction in the magnitude of So1. Furthermore, radiation induced damage causes a decrease
in fr of the device. This decrease in fr is as a result of the radiation induced decrease in gm,
as well as increase in Cyqg and Cgs, since fr is directly proportional to gm and inversely
proportional to Cgs and Cgd [29].

O 2.1
f 2n(Cy +Cyy) @1

Whilst previous literature studies have covered the effect of radiation on the RF performance
in a general sense [6], the effect of ionizing radiation on small signal parameters for a
complete equivalent circuit model of a bulk CMOS device has not been covered. A
significant research gap has been left in bulk CMOS devices for predicting their performance

in newer generations of transistors under ionizing radiation.
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26 CHAPTER SUMMARY

In this chapter, small signal models and noise models for both BJT and HBT devices were
discussed in detail. The weaknesses and strengths of the models were pointed out and
justification for adopting the chosen model provided. The chapter also presented small signal
models for bulk CMOS devices and adopted one of them for use in this study. lonizing
radiation in space was discussed, in which a justification for the choice of an electron source
of radiation was given. The chapter went on to present the effect of TID damage to
transistors. The effect of radiation on the DC performance on SiGe HBT was then presented,
in which it was observed from previous research studies that radiation increased the forward
base current, consequently degrading [ of the device. A presentation on the effects of
radiation on RF performance followed, where it was revealed that radiation caused a
decrease in the key RF parameters frand fmax and an increase in NFmin. The chapter went on
to present the effects of radiation on the DC performance of bulk CMOS devices and
concluded with a presentation on the effect of radiation on RF performance of bulk CMOS

devices.

Previous studies did not establish the effect of radiation on the individual small signal
parameters in both SiGe HBTs and bulk CMOS devices. In this study, the effect of radiation

on the individual small signal parameters will be investigated.
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The chapter will introduce the two semiconductor process technologies used for prototyping
experimental transistors in this study, namely the 8HP 0.13um SiGe BiCMOS process from
GlobalFoundries US and the C35B4C3 0.35 um CMOS process from austriamicrosystems
(ams AG). This is followed by a discussion on how the transistor models and extraction
procedures were selected. The procedure which was followed to generate layouts for the
devices and the calibration standards for post-processing will be discussed. The simulation
setup, radiation experiment setup, and S-parameter measurement setup is presented next.
The chapter then gives a detailed description of the model extraction procedure for SiGe
HBTSs, a detailed description of the extraction of noise model parameters for SiGe HBTS,
and a detailed explanation of model extraction for bulk CMOS devices. The noise model for
bulk CMOS devices requires measurements not generated in this study, and will therefore

not be covered.

3.1 DESIGN OF THE 0.13 um SiGe HBT AND CALIBRATION STANDARDS

The 8HP process has several back end of line (BEOL) metallurgy options, of which the 7
metal layer option is selected for this study. It consists of M1, M2, M3, and M4 made of thin
copper, MQ made of thick copper, and LY and AM made of thick aluminium, as shown in

Figure 3.1.
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Figure 3.1: The 7 metal BEOL and FEOL stacked in 8HP

The technology also has a PDK library with several pcells for various devices. A pcell is a
scalable model of the device including parasitics. Parasitics of the interconnecting metals
leading up to the device are, however, not part of the pcell. Among the pcells in the PDK
library is the SiGe HBT, of which the interconnecting contacts are located at M1 layer. The
pcell has two layout options, namely the collector-base-emitter-base-collector (cbebc)
configuration and the collector-base-emitter (cbe) configuration. Routing from M1 to the
contact pads is accomplished through wiring on the available metal layers interconnected by
vias (for which models are also included in the PDK).

The kit also offers two types of SiGe HBTs namely the non-RF high breakdown and the RF
high froptions. The high breakdown SiGe HBT can be biased with a high voltage for greater
power output, while the high fr device has more limited power output but provides faster
performance. The high breakdown device can only be prototyped in the cbebc configuration

while the high fr device has the option of both the chebc and cbe configurations.
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For maximum fr the SiGe HBT with emitter length of 0.12 um and width of 4.5 pm was
used, as this size compared well with the dimensions of devices used in previous studies
[16]. The SiGe HBT configured in cbebc, and setup in common emitter configuration, with
the substrate tied to the emitter and grounded. The simulation circuit, comprising of two 50
Q impedance ports at the input and at the output, and bias tees with capacitance and
inductance values of 1 uF and 1 pH respectively was setup, in which the base and collector
voltages were varied to determine the bias voltages for maximum fr. From simulations, the
bias voltage requirements for maximum fr were determined to be 0.88 V at the base and 1.1
V at the collector, at which the device drew collector a current of 5.473 mA. Once the bias
conditions necessary for maximum fr were ascertained, simulations were carried out with
the circuit biased at the determined base and collector voltages as shown in Figure 3.2, to
determine the linear dynamic range at both the input and output. The 1 dB input compression
point was found to be -2.8622 dBm. Simulations of S-parameters and noise figure were then

done.

Bias Tee
1=4.5pum
w=0.12 pm L
Bias Tee ~ M=1 il 1 uF
) M
~ |

']— 1 pF 1 uH g A § Port 2
e = 50Q

Port 1 Tve=11V O

<

Figure 3.2: Simulation circuit setup to test the linear dynamic range at input and output
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Once simulations were completed, the SiGe HBT was drawn in Cadence Virtuoso layout
using the pcell. The two collectors of the pcell in the cbebc configuration were connected
together using the M1 to M2 vias and a bridge on the M2 layer. The two bases were
connected on the left hand side on layer M1, with the emitter routed out from M1 at the right
hand side. The short copper leads at M1 were routed to the upper aluminium AM layer using
via stacks, as shown in Figure 3.3.

M2
Base i
— Emitter 0.12 ym

— Collector

}47 45pm >

Figure 3.3: Layout of SiGe HBT

The short copper leads for the base on the left and the collector on the right were routed to
the respective via stacks connecting M1 to AM. At the AM layer, via stacks on the left were
routed to the signal probe pad to connect the base, while via stacks on the right were routed
to the other signal probe pad to connect the collector. To connect the emitter to the ground
probe pad, the short M1 copper lead was connected to a via stack and at AM layer, the via
stack was connected to the ground probe pad using aluminium wiring. Design rule checking
(DRC) tests were then completed to check for any design rule violations in the layout. The

artwork was found to satisfy all the rules and a GDSII file was generated for consideration
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in a larger prototyping chip. The layout of the SiGe HBT connected to the probe pads is

_

o
7

shown in Figure 3.4.
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Figure 3.4: Layout of SiGe HBT with probe pads connected
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Calibration standards were also designed to de-embed the transistor up to the M1 pcell
boundary. The OPEN calibration standard had the dummy collector terminals connected to
each other using the M1 and M2 vias while the dummy base terminals were connected to
each other on the left side to allow for connection to the dummy emitter metal on the right.
The SHORT calibration standard had all the dummy terminals connected together so as to
create a short circuit. Figure 3.5 and Figure 3.6 show the OPEN and SHORT calibration
standards respectively.
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Figure 3.5: Layout for the OPEN calibration standard with collector terminals connected together

using M1/M2 via stacks
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Figure 3.6: Layout for the SHORT calibration standard with all the terminals connected together

The SiGe HBT, SHORT and OPEN calibration standards are shown on the multi-project
die in Figure 3.7.
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Figure 3.7: Location of the SiGe HBT and the OPEN and SHORT on wafer calibration standards
on die

3.2 DESIGN OF THE 0.35 um CMOS TRANSISTORS AND CALIBRATION
STANDARDS

The C35 0.35um CMOS process by ams AG has several metallization options. The four
metal layer stack is used in this study, which consists of two polysilicon layers and four thin

copper layers, as shown in Figure 3.8.
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Figure 3.8: Layers of C35 process stack up

The PDK features a wide range of pcells for active and passive components. Among these
is the NMOSRF pcell which contains RF-optimised scalable layout and compact models of
NMOS devices. The pcell has an option of 5 um or 10 um for the width of a single gate
finger, with the option for multi-finger layout. Figure 3.9 and Figure 3.10 show the NMOS

device with a single finger and multi-finger gate respectively.

Drain

Gate
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Figure 3.9: Single finger NMOS device
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Figure 3.10: Multi finger NMOS device

Four transistors were chosen for this study. Two had a gate width of 5 um and another two,
a gate width of 10 pum. One of the two transistors with a gate width of 5 um had five fingers
while the other one was drawn with a single finger. Similarly, one of transistors with a gate
width of 10 um had five fingers while the other one had a single finger. Simulations were
done in Spectre RF to determine the bias conditions for maximum fr and the resulting linear
dynamic range for each of the four transistors. The determined biasing conditions, input
power 1 dB compression point are shown in Table 3.1.

Table 3.1: Biasing voltages and input power compression point for various transistors

Total Gate Gate- Source Drain- Source Input Compression Power
width Voltage Voltage

5 2.08V 35V 10.01 dBm

10 2.03V 35V 10.06 dBm

25 210V 35V 11.05 dBm

50 2.03V 35V 12.28 dBm

S-parameter simulations were carried out with the input and output driven by 50 Q

impedance ports via analoglib bias tee connection of capacitance and inductance values of
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1 yFand 1 pH, respectively. Once the simulations were done, the four transistors were drawn
in common source configuration in layout. The probe pads, having a dimension of 100 um
by 100 pm and 150 pum pitch, were drawn on the top M4 metal layer. They were connected
to the transistor using 50 Q impedance microstrip lines, the width of which was determined
to be 8 um using EM simulation in CST Microwave studio. The signal line of the microstrip
was connected to the polysilicon using a via stack between the polysilicon and M4 at the
gate side and a via stack between M4 and M1 for the source and drain, as shown in Figure
3.11. In order to satisfy metal density rules, the ground plane was perforated with square
holes measuring 5 um by 5 um. These holes were, however, placed not to overlap with the

signal trace, to minimize the influence on the line’s propagation characteristics.

N
l\
Stacked poly silicon to M4 via stacked M1 to M4 Via \\\
Dra.}n __ . .. ‘\
\
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NMOS Transistor ground plane
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k : +— ground plane \ \

Figure 3.11: Microstrip connection to the NMOS transistor

The four NMOS transistors were fabricated to share the ground pads in a GSGSGSGSG
configuration, both at the gate input and the drain output side, along with the THRU and
REFLECT calibration standards. The LINE calibration standard, with an electrical length of
60° at 50 GHz and a physical length of 1032 um, was fabricated separately with its own
signal and ground pads. These calibration standards were designed to de-embed the
transistors up to M4 level by removing the pads and the feedlines at M4 layer. The calibration
standards were, however, not designed to remove the metallization of the M1-M4 via stacks
and the feedlines at M1 layer.
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3.3 IRRADIATION OF DEVICES

This section will provide some background on radiation test procedures, before continuing

to present the radiation experiment conducted in this study.

3.3.1 Radiation experiment methods and procedures

Various radiation standards have been developed to ensure that radiation tests follow best
practices both to ensure safety, produce repeatable results, and reduce and bound systematic

and random errors [30].

Key radiation test standards are presented in [30]. These include the US DoD MIL-STD-750
and MIL-STD-883 radiation test standards, as well as the European Space Agency -
European Space Components Coordination (ESA-ESCC) 22900 radiation test standard.

The MIL-STD-750 [31] includes two test methods which are of interest. These are TM 1017,
a neutron irradiation test, and TM 1019, a steady state total dose irradiation procedure. TM
1017 is performed with a radiation source used in a TRIGA Reactor or Fast Burst Reactor
while TM 1019 uses a Cobalt 60 gamma ray radiation source.

The MIL-STD-883 radiation test method standard was specifically developed for
microcircuits [31]. This radiation test method standard like the MIL-STD-750, has different
test areas. The test areas which are of interest are TM 1017 for neutron radiation and TM
1019, stipulating the procedure for ionizing radiation total dose test. The radiation test
method used for TM 1017 and TM 1019 in MIL-STD-883 is similar to that used for the same
test methods in MIL-STD-750.

The ESCC 22900 radiation test method was developed for steady-state irradiation testing of
integrated circuits and discrete semiconductors necessary for space applications. In this
radiation test standard, two radiation sources are applicable, namely the Cobalt 60 gamma

ray radiation source and the electron radiation source. The electron radiation source required
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in this radiation test standard is a steady state electron source with energy equal to or greater
than 1 MeV. The radiation test standard further stipulates that the electron beam must be
monitored by a Faraday cup and current integrator, although it gives an allowance to use
other methods to monitor the electron beam. The dose profile of the beam is required to be
uniform within £10% for a separation distance between the source and the DUT of at least
24 mm or 5 times the diagonal of the DUT, whichever is greater. Two windows are specified
for the dose rates for this radiation test standard. The first window, known as the standard
rate with dose rate in the range of 0.36 to 180 krad (Si)/hour while the second window is
designated as the slow rate with dose rate in the range of 36 to 360 rad (Si)/hour. There are,
furthermore, two ways in which experiments can be done under this test standard, namely
the in-situ testing or remote testing. In-situ testing requires electrical characterization to be
done while the DUT is under radiation exposure, while remote testing requires electrical
measurements to be done away from the radiation site. It is further specified that for remote
testing, measurements must be done within one hour of removing the DUT from the radiation
exposure. If re-exposure of the same device has to continue, it must be done within two hours
after removing it from radiation exposure [32].

3.3.2 Radiation experiment setup

In this study, a test method similar to the standard window for ESCC 22900 radiation test
method was adopted. In this method, electrons from a Strontium 90 (Sr-90) lab source was
adopted. This deviates from ESCC 22900 as the prescribed method requires a steady electron
source, while Sr-90 is not a steady source. It does, however, produce electrons with energy
ranging from 0 to just over 2 MeV. The radiation is emitted in two peaks, one with energy
ranging from O to about 500 keV (average 200 keV) due to Sr-90 and the second with energy
ranging from 0 to 2.2 MeV (average 940 keV) due to the daughter Y-90 decaying [33]. Since
the stopping power of silicon for electrons varies by less than 50% over the range 100 eV to
40 MeV [34], the results are expected to agree qualitatively (if not quantitatively) to those
produced by ESCC 22900.
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The separation distance between the radiation source and the DUT was set such that the
radiation dose rate was 32 krad (Si)/hr to satisfy the requirements for the standard window
of ESCC 22900. The radiation experiment in this study was planned as a remote testing
experiment in which radiation exposure was done in the separate lab from where linear
measurement for S-parameters were carried out. The transistors were irradiated with floating
terminals and linear measurements were completed within an hour from the time of
removing them from the radiation source and returned to the source environment within an

hour for continued irradiation. The setup of the radiation experiment is shown in Figure 3.12.

Radiation source holder Lead brick shield

Radiation source (Sr 90)

Device under test

Base plate

0dem ———

Figure 3.12 Setup for radiation experiment

3.3.3 Fluence rate calculation

The radiation source used in this experiment was the Sr-90 beta source US model SIF D1,
ID # AC-2957, shown in Figure 3.13.

Figure: 3.13: Sr-90 beta source US model SIF D1, ID # AC-2957
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This radiation source has a nominal radiation activity (B) of 3.7 GBq at date of 30 April
2013, with Sr-90 evenly distributed from the center extending outwards to the circumference
forming a disc shape, as shown in Figure 3.14. Given the half-life of Sr-90, the source

activity at the time of measurement (July 2018, i.e. 5.3 years later) was 3.0 GBq.

dr R

@ ~__DUT

Figure 3.14: Disc shape of the Sr-90 electron radiation source used to calculate the required height

for a given dose rate

In Figure 3.14, R is the total exterior radius of the disc shaped radiation source, D is the
distance between the center of the disc and the DUT, | is the distance between the periphery
of the Sr-90 material and the DUT, and r is the radius of the Sr-90 material disc. The angle
¢ extends from 0° up to tan"}(R/D), while & curves the full 0° to 360° circumference. The
infinitesimal radiation activity 6B, of an element on a ring with radius r, width §r and

subtending an angle 66 was derived from Figure 3.3.1 as;

SB=—B_rsrs0. 3.1)

7rR2

The relationship between B and the fluence rate @ incident on the surface was established

as,
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op = 5—BZCOS§0 (3.2)
Arl
where
COS @ = __b (3.3
D? +r?

Therefore @, can be re-written as:

27 B COS p.ro6or

R R2
p=[ [ =
'([ 0 4712
BD |1 1
9-20 1 L (3.4)
27R*| D R24D?

B for the radiation source is 3.0 GBq and the radius R is 0.945 cm.

If we let

Py, in the equation above be equal to o, , then ¢ will be given as,
7R

1 1

¢:O-ODI:B_ /R2+D2} (39)

This eventually give as a relationship between D and ¢ expressed as,

(3.6)
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3.3.4 Determination of dose rate and radiation dose

The maximum value of #=6.0 x 108/cm?s of the radiation source is achieved at the surface
when the dose rate is also maximum. The relationship between the dose rate s and @ is:

S @

where s is the dose rate in rad(Si)/s, kc = 6.9 x 10 rad(Si)/(MeV/cm?®) [35] is the conversion
factor to rad(Si), d%x is the linear stopping power in MeV/cm. The linear stopping power

is obtained by multiplying the mass stopping power with the density of the absorbing

medium. Using the density and the stopping power of silicon as 2.33 g/cm?® and 1.5

MeV.cm?/g respectively, the calculated d%x was 3.7 MeV/cm.

3.3.5 Radiation exposure of SiGe HBT

SiGe HBT was exposed to different radiation doses at a constant dose rate of 32 krad(Si)/hr,
with linear measurements taken after each incremental radiation dose. This radiation dose
rate was chosen to be within the range of dose rates in the standard window of ESCC 22900,
with further consideration to the targeted total dose and personal safety considerations. At
this dose rate, the separating distance between the radiation source and DUT was determined
to be 0.4 cm using (3.6). The radiation exposure periods and accumulated TID dose (d) are
shown in Table 3.2.

Table 3.2: Dose rate and cumulative d in SiGe HBT radiation experiment

Radiation Exp Dose Rate (krad(Si)/hr) Cumulative d (krad)
1 32 240
2 32 600
3 32 1200
4 32 1800
5 32 2400
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3.3.6 Radiation exposure of bulk CMOS devices

Bulk CMOS devices were equally exposed to different total dose levels at a constant dose
rate of 32 krad(Si)/hr, and linear measurements followed after each incremental radiation

dose. The radiation exposure period and the accumulated total dose are shown in Table 3.3.

Table 3.3: Dose rate and cumulative total dose in bulk CMOS radiation experiment

Radiation Exp Dose Rate (krad(Si)/hr) Cumulative TID (krad)
1 32 32
2 32 110
3 32 210
4 32 320
5 32 430

34 S-PARAMETER MEASUREMENTS

Linear measurements were done to obtain S-parameters before and after incremental doses
of TID for both the SiGe HBT and bulk CMOS devices. To achieve this, the Anritsu ME
7828A vector network analyser (VNA) was setup and connected to the DUT through GSG

wafer probing. Muxcouplers at both ports provided bias tees for DC biasing.

The VNA was calibrated for frequencies between 1 GHz and 110 GHz at an input power of
-15 dBm and 1001 points using LRM algorithm to shift the calibration plane to the probe
tips, using calibration standards from the ceramic ISS. S-parameters measurements were
then done for the SiGe HBT, as well as for the OPEN and SHORT calibration standards for
purposes of de-embedding (to shift the plane to the terminals of the device). The de-
embedding process and parameter extraction method for the SiGe HBT are discussed in
Section 3.6.1.
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To measure S-parameters for the bulk CMOS devices, the VNA was set to frequencies
between 1 GHz and 50 GHz, the input power was set to -15 dBm and the number of point
was set to 1001. The first tier LRM calibration was used again to shift the calibration plane
to the probe tips. Measurement of S-parameters for the devices were done and were followed
by measurements of S-parameters for the THRU, REFLCT and LINE calibration standards
in preparation for de-embedding using the TRL method during post processing to remove
the effect of pad and feedline parasitics from the measurement. Figure 3.15 to Figure 3.16
show the photos taken in the cleanroom for S-parameter measurements setup.

Figure 3.15: Photo of the setup for S-parameter measurements in the cleanroom

Muxcoupler s

I mm
1 mm coax cable
coax cable

v

Figure 3.16: Photo of the DUT under the probes in the cleanroom
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3.5 MODEL EXTRACTION

Small signal model parameters were extracted for both SiGe HBT and bulk CMOS devices

from the measured S-parameters pre- and post-irradiation.

3.5.1 Linear small signal model extraction for SiGe HBT

In this work, the small signal equivalent circuit model presented in [18] and in [36], has been
modified and adopted for the DUT at mm-wave frequencies. The modifications to the
already existing model include the introduction of inductors at the base, collector and emitter
which has been done to improve the accuracy of the model at mm-wave frequencies. The
adopted small equivalent circuit model shown in Figure 3.17 is therefore inclusive of

parasitics from pads, vias and feedlines.

Gy
B‘ co ; .C
/ = R,  Substrate
Intrinsic SiGe HBT network for
Le SiGe HBT
o . J
E E

Figure 3.17: Small signal equivalent circuit for SiGe HBT
To extract the small signal model parameters, measured S-parameters are de-embedded to

remove the effect of parasitics from the pads, vias and feedlines represented by the extrinsic
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parameters Cheo, Cbeo, Cbep, Lb, Le, Le, Rox, Rc @and Re in Figure 3.17; no distinction is,
therefore, drawn between extrinsic parameters of the transistor layout and the connecting
circuitry. As the purpose of the study is to study changes to the intrinsic, rather than the
extrinsic model, this was considered a fair approach. The extraction is done using the
SHORT and OPEN de-embedding method [36] with the OPEN and SHORT calibration
standards. As this method de-embeds all interconnect parasitics up to the junction, including
extrinsic device parasitics, no further de-embedding (using e.g TRL) is possible, or
necessary. The Y matrix for the complete device model inclusive of the extrinsic parameters

can be represented as;

Y :YPAD +[ZRL + ZD]_l (38)

In (3.8), Ypap represents the pad capacitances, ZrL represents the parasitic resistances and
inductances due to vias and feedlines and Zp represents impendence of the intrinsic circuit.

The matrices for Yeap and Zgrv are given as;

jw(cbeo +Cbco) —JjaCyeq
PAD = , : (3.9)
—JCpeo Ja)(Cbcp +Cbco)
5 Rox + Re + jo(Lp + Le) Re + jolg (3.10)
RL R, + joolg Re +Re + jo(Lg + Lg )

To determine the parasitic capacitances in (3.10), S-parameters measured from the OPEN

calibration standard are converted to Y-parameters using the equations shown below.

AS :((1+511)(1+ 322)—512521) (3.11)
1-817) (1482 ) + 512521
Yii = (( ) ) ) (3.12)
AS
—251
- 3.13
Y12 =—¢ (3.13)
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—2S51
= 3.14
Y21 AS (3.14)
1+ 1-555)+55S
Yoy = (( s1)( A822) S12 21) (3.15)

Parasitic capacitances can then be directly extracted from Y -parameters using the following

equations.

1

Cheo =5Im(y11+ Yi2) (3.16)
1

Chep = P IM(Yo2 +Y21) (3.17)
1

Cheo = P Im(y,y) (3.18)

Z-parameters can be obtained from the transformation of measured S-parameters using the

following equations.

AS =(1-s1)(1-552) —S12521 (3.19)
14811 )(1=Sy5 )+ 5128

le:(( 1)( ASzz) 221)20 (3.20)

=—==7 3.21

12 =5 4o (3.21)

=—=27 3.22

Z21= 5 40 (3.22)

((1_ S11)(1+55) + 512321)
AS

Parasitic resistances and inductances in (3.10) can be extracted from for the SHORT

222 = ZO (323)

calibration standard.

Rox =Re(z1—215) (3.24)
Re =Re(zp2 —21) (3.25)
Re =Re(z,) (3.26)
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Ly =l|m(211—212) (3.27)
w

L =£|m(222 ~ 1) (3.28)
w

L= L im(z,) (3.29)
w

To determine the substrate elements Rs and Ccso, S-parameters obtained from ‘cold’
measurements of SiGe HBT with the base voltage Vee = 0V and the collector voltage Vce =
1V are transformed to admittance parameters Yc. The substrate elements are then extracted

as:
-1
1
Ceso =—| @IMmq————— (3.30)
yolz + ysz
R, =Re L (3.32)
S — . .
The substrate parameter ysup can then be obtained as:
jC
Vo =7 (3:32)

1+ J C()Cbcp RS

Once the parasitic and the substrate elements are known, the extraction of the intrinsic

elements can be carried out as follows:

1. The measured S-parameters for the SiGe HBT can be transformed into admittance
parameters Yp and the pad capacitances determined in (3.16) to (3.18) can be subtracted

to obtain the admittance parameters Y p as:

: j©(Cheo +Cheo) —JaCpeo
Yp=Yp~ . : (3.33)
—JCpeo Ja’<Cbep +Cheo +Coso )
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2. The admittance parameters Y b can then be transformed to impedance parameters Z o,
after which parasitic resistance and inductances can be subtracted to obtain the
impedance parameters Z.

Roe R+ jo(Ly L) Ret joly

R. + jolg Re+Re + jo(Lc + L) (3:349)

3. The impedance parameter Z can then be transformed into admittance parameter Y, and
the substrate parameter ysu» can be de-embedded to obtain the admittance parameter Y;

for the intrinsic network.

0 O
Y: =Y. — 3.35
v {0 YSub} (33

4. The intrinsic parameters can then be obtained from Y; with elements shown in (3.36),

Yin, Vi
Y, = b1 Jhp (3.36)
i, Vi

The intrinsic base resistance Ryi can be determined from intrinsic admittance parameters.

Ryi = Re{i} (3.37)
Yiy,

The intrinsic parameters Cpcand Cpep can be determined from admittance parameters.

1 Yi,, Yin, — Vi, Vi
Cpe +Cpgp = — Im| —=22 127022 (3.38)
2 Yi, TVYiy
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1
Coc  _ [Rbi Re{ Yipy Yigo ~ Yip Yiy H (3.39)

Che +Coep Yip, T Yi,

gm can be determined:

-1
. _l’_ .
Oy =| Re ; —-Ry; Re M (3.40)
Yip, = VYip, Yip, = Yi,

The parameters Cpe and Rpe can be determined as follows:

-1
_yill (1+ Rbi'ijbC ) + jwcbc (1+ Rbi'ja)cbep)"‘ jwcbep
Rpe =| Re : (3.41)
Roi (Yi11 - J("Cbep)_1
—V: (1+Ryi.joCy. )+ JoChp (14 Ryi. joChen |+ JoC
Co, =£Im Y|11( bi- J@Cpg ) + ] bc( bi-J bep) Jopep (3.42)
®

Roi (Yi11 - chbep)—l

This process is repeated for measured set of S-parameters after each incremental radiation

dose.

To validate the extracted small signal model, Y-parameters are calculated from the extracted
small signal parameters and later transformed to S-parameters. A comparison of the
calculated S-parameters to measured S-parameters is then done. The following equations

relating Y-parameters to small signal parameters are used

Ybe + Yhe
Y11= + Yoe (3.43)
L+ Ry (Voo + Yoo )
—Ybe
Y12 = ~ Yoe (3.44)
1+ Ry (Voo + Yoo )
Om ~ Yoc
Yo1 = ~ Yoe (3.45)
1+ Rbi (ybe + ch) P
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_ Yoc *+ Roi Yoe (9m + Yoe)
1+ Ry (ybe + ybc)

22 + Yoep (3.46)

where, Ybe = 1/Roe + jaChe, Yoc = jwChe and Ypep = jc Chep.

3.5.2 Noise model

The noise model presented in [20] and shown in Figure 2.8 was adopted in this study. The
principal noise sources in this model are the base and collector shot noise (2gl, and 2qlc) and
base thermal noise (4kTRei). The following equations can be used to determine the spectral
densities for the input noise voltage Svn, input noise current Sin and their cross-correlation

*
Sinvn .

2ql
%j S +4KTRy, (3.47)
Y21
2ql
S, =2qlg + |hq |02 (3.48)
21
s, - =2qlc L (3.49)
nvn |y21|

The optimum source admittance (Y = G+jB), NF and the noise resistance (Rn) can all be
determined from the spectral densities given in (3.47) to (3.49) as

2
S. Im(S. *)
| IV
G= e (3.50)
S\,n SVn
Im(Si V*)
B=- oo (3.51)
SV
n
Ry=— 3.52
" 4kT (3:52)
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Re (SSinV: ) (353)

Vi

NFi, =1+ 2R, | G+

3.5.3 Model for the 0.35 um AMS CMOS Devices

In this work, the small signal model for a MOSFET presented in [22] has been adopted, with
some modifications. The modifications include the removal of the two current sources from
the circuit. Since the devices in this study have the substrate and the source tied together and
connected in common source configuration, the substrate to source voltage (Vbs) is 0. It
therefore follows that the voltage controlled current source, which depends on Vys, becomes

. .. L V
an open circuit. Similarly, the current source which is dependent on d % has been

neglected in the modifications and converted to an open circuit. This leaves the adopted
model with only one voltage controlled current source which is shown in Figure 3.18.

oc

. A
(G — Cal - .
g gnV CD Rds% d 2 !

gs / !

R C
-

_;s ’\\._,_ _.«"/ \
1B Yo

Figure 3.18: Small signal model for NMOS with some modifications

To extract small signal parameters, the measured S-parameters are first de-embedded using
the TRL method presented in [37] and converted to Y-parameters. Small signal parameters
are then extracted from the Y-parameters.

The gate resistance (Rg) can be extracted from the real and imaginary parts of yi11 as
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Rg = M (3.54)

2
['m(ﬁlﬂ
The gate to drain capacitance (Cgq) can be extracted by dividing the imaginary part of y1» by

.

—Im(y
@
The gate to source capacitance (Cgs) can be obtained from the division of the sum of the

imaginary parts of y1; and y12 by w.

Im +1m
Cye = (Y11)w (V12) (3.56)

Om can then be calculated as the y intercept of the real part of y21 when w?=0
gm = Re(ya1)|w? =0. (3.57)
The drain to gate capacitance (Cqg) can be calculated using the gradient (m1) for the

imaginary part of y»1 against o and other small signal parameters already extracted as
Cag =M —(Cgq +Cgs ) RgUnm (3.58)

The output conductance (gas) can be obtained from the y intercept of the real part of y22
against w? as

Jas = Re(y22)|w? =0. (3.59)
The reciprocal of gas gives the parameter Rgs indicated in the small signal equivalent circuit.
To extract the next set of small signal parameters, the parameter Csq can first be ignored and
y22 manipulated to obtain the following

[R+ ]I ][1+ a)20+a)4é} =o'a+ ol u+j [a)53+ a)3p+a)r} (3.60)

with,
R=Re(y22)-94s—Re(Ya) (3.61)
| =1m(yg)-aCqq —1M(Y,) (3.62)

while
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_ @"CyqRy [ (Cgg +Cys )Rgm +Cag |+ 10CqaRy | gm —@’CgqRy (Cga +Cos) |

o 1+ 0°R% (Cgq +Cys )

(3.63)
and

a = R&CanCeb [ Cab (1+ ImbRob ) + G RobCop | (3.64)
#=RouCa [ Ca (1+ ImbRob ) + IrmbRobCon | (3.65)
o =R [Cgb +(Cab +Chi )2} (3.66)
& = Ri}sCil (Cap +Cop)’ (3.67)
&= R5bCabCh (Cab +Cop ) (3.68)
£ =R5,CasCob [ Cab + Cop +Cob (1+ YmbRob ) | (3.69)
7=Cyp (1+ ImpRop ) (3.70)

At high frequencies, the following linear relationships can be obtained from (3.61) and
(3.62).

2
% = a)2m2 + C2 (371)
a)'E: @2mg + ¢ (3.72)

The parameter Cqb, can then be calculated from the slope of (3.71) and (3.72) as
Cip =— (3.73)

To extract the parameters Cp, and Rub, the relationship between the slopes and intercepts of

(3.71) and (3.72) must be established and can be expressed as;

CZ, +(Cyp +Cpp )
m%zﬂ bb+( db + bb) (3.74)

2 2
%3 | Cgp (1+ ImuRop )~ +(ImbRobCob )~ +2C b (1+ IrmbRob ) (ImbRobCob )

Where gmpRub = 7/Cab -1, While 7 is obtained from (3.70) and Cqp is obtained from (3.73). The

parameter gmp IS part of the current source (gmboVbs) Which as ignored, because the voltage
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Vs IS zero, as the substrate is tied to the source. This parameter is however required in the
process of parameter extraction as other parameters depend on it. The expression in (3.74)
can therefore be rearranged and reduced to a quadratic relationship given as;

xCéb +yCyp,+2=0 (3.75)
with;
2
x=2- 852 (gmbRbb)2 (3.76)
my
m;
y=2Cqyp -2 o (9mbRobCab ) (1+ ImbRop ) (3.77)
2
2 m§c2 2
YA :Cdb 1- m— (1+ gmbRbb) (378)
2

The parameters Chy, and Rpp can then be extracted as,

— 2_
Cpp =V e (3.79)

and

1 m2 2 2
Rob = —[cbb +(Cyp +Cap } (3.80)
Cpb (Cap +Cop ) \ €2 ( )

Finally, the parameter Csq can be extracted as:

I—( 5g+a)3p+a)r)/(l+a)20+a)45)
Csa =

(3.81)
a

This process of small signal parameter extraction was repeated before and after incremental
doses of TID.

To validate the small signal model, Y-parameters are calculated from the extracted small
signal model parameters and transformed to S-parameters. These S-parameters are then
compared to S-parameters from measurements. The equations relating Y-parameters to small
signal parameters which were derived in [22] with an assumption that »?R%;(Cgq + Cgs)? << 1

are expressed as:
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5 2 :

Y11= (Cgq +Cys) Ry +joo(Cgq +Cys ) . (3.82)
2 .

Y =—0°Cyg (ng +Cgs)Rg ~ joCyg (3.83)

Y21 =0m _a’ZCdg (ng +Cgs)Rg - ja)[(ng "'Cgs)Rggm +Cdg} ,  (3.84)

Y22 = Yeup + 9gs + ja)(CSd +ng )+ Imb {\\%]"wzcgd Rg |:(ng +Cgs)Rg Om +Cdgi|+

ds
j@CqqRg | Im —@°CqqRy (Cqa +Cos ) | (3.85)
V 1+ jwCrRyh )R
where —2 =y, (1+] bezbbg % | and
Vds 1+ o Rbbeb
: . 3.2
_ ®”RypChp N jaCqp + j RgCapCop (Cap +Cib)
1+ o Rop (Cgp +Cop) 1+ o Rop (Cgp +Cop)

3.6 CURVEFITTING AND MODEL EXTRAPOLATION

The extracted intrinsic small signal parameters for SiGe HBT and for the bulk CMOS
devices were mapped to the corresponding total radiation dose (d). The curve fitting toolbox
in MATLAB was used to generate equations for curves that best fitted the extracted small
signal parameters. The coefficient of determination (R?) was calculated to establish the
variability of the derived equations to the curve of best fit for each of the small signal

parameters against extracted values.

The derived equations were used to calculate values of model parameters at a known value
of d and model parameters at an unknown higher value of d. S-parameters were then
calculated in the frequency range of 1 GHz to 110 GHz using the calculated model
parameters for SiGe HBT. The calculated S-parameters from the known value of d were
compared to S-parameters from measurement for SiGe HBT, while the calculated S-
parameters from the unknown value of d was compared with the other graphs to establish

the ability of the derived equations to predict damage to the transistor due to radiation.
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Similarly, for bulk CMOS devices, the derived equations were used to calculate values of
model parameters at a known value of d, and model parameters at an unknown higher value
of d. S-parameters were calculated in the frequency range of 1 GHz to 50 GHz using the
calculated model parameters for bulk CMQOS. The calculated S-parameters from the known
value of d were compared to the de-embedded S-parameters from measurement for bulk
CMOS devices, while the calculated S-parameters from the unknown value of d was
compared with the other graphs to establish the ability of the derived equations in predicting
damage to the transistor due to radiation.

3.7 CHAPTER SUMMARY

In this chapter, the prototyping of the SiGe HBT, and the OPEN and SHORT calibration
standards has been presented. The chapter also presented the prototyping of bulk CMOS
devices and the THRU, REFLECT and LINE calibration standards. The procedure for
radiation experiment with details on the radiation experiment setup, determination of the
dose rate, the radiation exposure of SiGe HBT and bulk CMOS device presented. The
chapter further presented details on S-parameter measurement. The chapter thereafter
presented the parameter extraction method for the SiGe HBT in which the de-embedding of
pads and feedlines were done together with the extraction of small signal parameters and
parameters representing the substrate network. The parameter extraction method for bulk
CMOS devices using de-embedded S-parameters was also presented. While the de-
embedding of parasitics from pads and feedlines was part of the extraction method for SiGe
HBT, it was not part of the extraction method in bulk CMOS devices. The chapter closed
with a presentation on curve fitting and model extrapolation for both SiGe HBT and bulk

CMOS small signal parameters.
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CHAPTER 4 SiGe BICMOS RESULTS

This chapter first presents the extracted small signal model parameters of SiGe HBT before
and after incremental radiation doses. A comparison of simulation results from the extracted
model to measured results, as well as to simulated results from the model of the PDK, are
then presented. The chapter further compares the noise figure extracted from measured S-
parameters to the simulated noise figure from the PDK model, and presents the effect of
radiation on noise figure and noise resistance. Equations relating each of the small signal
parameters to d are then presented. The chapter ends with the validation and usage

demonstration of the derived small signal model equations.

4.1 SMALL SIGNAL MODEL PRE-AND POST-RADIATION

The extracted small signal parameters for the model shown in Figure 3.17 using the

extraction method outlined in Section 3.5.1, are shown in Table 4.1.

Table 4.1: Extracted intrinsic small signal parameters and substrate parameters

Radiation Rbi Rbe Che Che gm (S) Chep Rs (Q) | Ceso
Dose Q) | kQ) (fF) (fF) (fF) (fF)
Pre-rad 3161|199 81.11 |3.96 0.125000 | 2.938 100.69 | 0.1000
240 krad 31.77 | 211 81.13 |3.98 0.124986 | 2.941 106.44 | 0.1059
600 krad 31.94 | 2.24 81.19 |4.03 0.124979 | 2.944 111.83 | 0.1096

1200 krad 32.10 | 2.37 81.23 | 4.07 0.124972 | 2.949 114.67 | 0.1109

1800 krad 32.17 | 2.48 81.29 |4.12 0.124968 | 2.952 119.59 | 0.1123

2400 krad 3232 | 261 81.36 |4.15 0.124946 | 2.957 123.46 | 0.1138
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As shown in Table 4.1, the resistance and capacitance values generally increase as d

increases while gm reduces with increase in d. The underlying physical interpretation for this

trend is discussed in detail in Section 6.1.

4.2 SIMULATION, MODEL AND MEASUREMENT RESULTS

A comparison of S-parameters simulated from the pre-radiation extracted model to the

measured S-parameters from the VNA and to the S-parameters simulated from the model in

the PDK is done to evaluate the model parameter extraction process. The S-parameter

comparisons are shown in Figure 4.1 to Figure 4.4.
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Figure 4.1: Comparison of Sy for the extracted model to measurement and the PDK model
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Figure 4.3: Comparison of Sy; for the extracted model to measurement and the PDK model

1 T T 0.2
\e — = =PDK Model
KO <« Extracted model ‘
o
\‘g_".\ ---------- Measurement , ’
0.5 Ny Absolute error , 40

-02 »

-0.4

-0.6

Frequency (GHz)

Figure 4.4: Comparison of Sy, for the extracted model to measurement and the PDK model

There is generally a good agreement in the measured S-parameters with the S-parameters
from the extracted model as well as the S-parameters from the model in the PDK at lower
frequencies. However, some deviation is observed at higher frequencies, mainly above 40
GHz. This trend can be attributed to the OPEN and SHORT de-embedding method used in
post processing the measured results which peels away the entire extrinsic device, leaving
only the intrinsic parameters, whereas the pcell includes both the intrinsic and extrinsic

structure.

The OPEN and SHORT calibration method uses lumped equivalent circuit to describe
parasitics [38]. At higher frequencies, however, the distributive nature of parasitics lead to
inaccuracies in the OPEN and SHORT calibration method [39]. This calibration method also
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requires the use of ideal OPEN and SHORT calibration standards of which the manufactured
standards are good approximations at low frequencies, but not at mm-wave frequencies [38].
The method could however not be avoided as it was required for the adopted small signal

model and the extraction method.

Furthermore, the discrepancies between the S-parameters from the model in the PDK and
the measured S-parameters can be attributed to the characterisation of the transistor (pcell)
in the PDK, which is only validated up to 40 GHz. It therefore follows that S-parameters
obtained from the simulations beyond 40 GHz from the model in the PDK are not expected

to accurately agree with measured S-parameters.

4.3 NOISE FIGURE SIMULATION AND MODELLING RESULTS

To evaluate the noise parameter extraction process, the noise figure results from simulation
of the pcell as outlined in Section 3.1 is compared to the modelled noise figure from
measured S-parameters. These are presented in Figure 4.5 for frequencies between 1 GHz
and 40 GHz since the pcell is not valid beyond 40 GHz.
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o
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Figure 4.5: Comparison of pcell simulated noise figure to modelled noise figure
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Good agreement between the noise figure from the extracted model and the noise figure

simulated from the model in the PDK is evident.

To best understand the effect of radiation on noise parameters, NF and R, extracted from
measured S-parameters before radiation and at a d of 2.4 Mrad in the frequency range of 1
GHz to 40 GHz, according to the method described in Section 3.6.2, are shown in Figure
4.6.
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Figure 4.6: Modelled NF and R, before and after radiation

The data indicates an increase in the noise figure with increase in d, which can be attributed
to the radiation induced increase in base current leading to an increase in the base current
shot noise [20]. Furthermore, the data shown is in agreement with previous research studies,
which have revealed a reduction in the values of R, with increase in frequency and d [29],
[40].

44 CURVE FITTING FOR INTRINSIC SMALL SIGNAL PARAMETERS
To derive equations relating changes in the small signal model parameters and the substrate

parameters presented in Section 4.1(extracted from measured S-parameters as per the
method outlined in Section 3.6) to d, the curve fitting toolbox is MATLAB is used. The
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derived equations are summarised in Table 4.2. To evaluate the accuracy of the derived
model equations, R? was used. R? is a statistical measure of the similarity of the extracted
small signal parameter data to the fitted regression curve. The higher values indicate greater
correspondence, up to a maximum of 1 for a perfect agreement. For purposes of this study,
the exponential fitting was chosen as it gave the best values of R? all above 0.92 while other

options such as the linear fitting gave R? values as low as 0.7.

Table 4.2: Derived expression for the small signal parameters with their R? values

Small signal parameter Derived equation R?2
Roi (Q) Roi = 31.89¢0000005446d_0) 2g5¢-0.002596d 0.9959
Rpe (kQ) Rpe = 2.1640:00007783d _( 1758¢0.002795d 0.9995
Che (fF) Che = 81.12¢0000001216d _ ( 01 (79g0-00360%d 0.9923
Chc (fF) Chc = 4.223¢0000002402d_  9553-0-003609d 0.9957
Im (S) Om = 0.125g0:0000001506d 0.9224
Chep (fF) Chep = 2.946000000171d _ 0 007794g0-0006757d 0.9955
Rs (Q) Rs = 108e%0000557%d _ g 0pg723¢0004292d 0.9963
Ceso (FF) Ceso = 0.1087¢000001884d _ g 008723 0-004292d 0.9956

From Table 4.2, it is evident that all the values R? are above 0.92 indicating that the derived

equations have fitted the data points accurately and are reliable.

45 MODEL VALIDATION AND USAGE DEMOSTRATION

To validate the model, small signal parameter values are calculated using the derived
equations presented in Table 4.2 pre-radiation at which the values of small signal parameters
are known. To demonstrate the use of the model, small signal parameters are calculated and
S-parameter data generated at a d of 10 Mrad at which the values of the small signal
parameters are unknown. The calculated values of the small signal parameters at d of 240
krad and 10 Mrad as well as the extracted small signal model values are shown in Table 4.3.
The calculated values for the small signal model parameters are within of the range of
extracted small signal model parameter values, which is indicative of the accuracy of the
derived small signal model equations in predicting the performance of the transistor under

radiation exposure.
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Table 4.3: Comparison of calculated and extracted small signal model parameter values

Small signal Modelled at 240 Calculated at 240 Calculated at 10
parameter krad krad Mrad
Rui (€2) 31.82 31.78 33.67
Rpe (kQ) 2.14 2.11 4.71
Coe (fF) 81.17 81.14 82.11
Che (fF) 4.09 4.11 4.33
gm (S) 0.124992 0.124995 0.124812
Chep (fF) 2.943 2.941 2.997
Rs (Q) 109.53 109.45 188.68
Ceso (fF) 0.10 0.11 0.13

A comparison of the calculated S-parameters at d of 240 krad and 10 Mrad to the modelled
S-parameters at d of 240 krad is done in Figure 4.7 to Figure 4.10 to evaluate the calculation

and further validate the model equations.

——Modelled at 240 krad 0

= = Calculated at 240 krad
------- Calculated at 10 Mrad |~
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Figure 4.7: Comparison of calculated S1; to that of the extracted model
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Figure 4.8: Comparison of calculated Si2 to that of the extracted model
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Figure 4.9: Comparison of calculated S2: to that of the extracted model
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Figure 4.10: Comparison of calculated Sy, to that of the extracted model
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The calculated S-parameters are in good agreement with the modelled S-parameters, while
the calculated S-parameters at a d of 10 Mrad shows some minimal deviation from the S-
parameters modelled and calculated at 240 krad signifying the inbuilt resistance of SiGe

HBTSs again damage due to TID.

46 CHAPTER SUMMARY

In this chapter, the extracted small signal model for SiGe HBT was presented pre- and post-
irradiation. S-parameters derived from the extracted model have been compared to measured
S-parameters as well as S-parameters simulated from the PDK model. Good agreement
between the extracted model and measured results has been shown. The chapter also
presented a comparison of the modelled noise figure to the simulated noise figure in which
good agreement was observed. Derived small signal model equations relating the extracted
small signal model parameters to radiation dose were then presented. The chapter concluded
with a validation of the derived small signal model equations by comparing the calculated
S-parameter obtained from the small signal model equations at a d of 240 krad to simulated
S-parameters from the extracted model also at a d of 240 krad. The calculated S-parameters
ata d of 10 Mrad were also presented to show the anticipated effect of further TID exposure.
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This chapter presents extracted small signal model parameters for four NMOS devices (with
different gate widths) at various d. Comparisons of S-parameters from the extracted small
signal model for each of the devices to the measured S-parameters and the S-parameters
simulated from the model in the PDK are then presented. The small signal model equations
derived using curve fitting application tools in MATLAB are then presented. The chapter
concludes with a presentation on the validation of derived small signal model equations.

5.1 SMALL SIGNAL MODEL PRE-AND POST-RADIATION

The extracted small signal model parameters for the model shown in Figure 3.6.3, with the
extraction method outlined in Section 3.6.3, are shown for the four devices with different
gate width in Table 5.1 to Table 5. 4.

Table 5.1: Small signal parameters for NMOS with total gate width of 5um at different values of d

Parameter | Pre-rad 32 krad | 110 krad 210 krad 320 krad 430 krad
Ry(Q) 19.91 21.93 22.66 23.84 24.92 25.68
Cyd(fF) 2.78 2.85 2.96 3.14 3.39 3.55
Cgs(fF) 50.50 52.88 55.61 57.50 59.61 60.98
gm(mS) 1.1001 1.0998 | 1.0993 1.0989 1.0987 1.0984
Ras(€2) 848.82 852.68 | 853.99 855.02 857.16 858.96
Csd(fF) 15.56 16.39 16.90 17.57 18.98 21.00
Cab(fF) 41.04 42.67 |43.35 44.97 46.02 48.88
Chon(fF) 135.27 136.68 | 138.98 140.12 142.78 143.64
Rbb(€Q2) 34.89 36.77 39.07 40.85 42.06 4419
Cugy(fF) 2.78 2.83 2.98 3.24 3.49 3.65
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Table 5.2: Small signal parameters for NMOS with total gate width of 10um at different values of d

Parameter | Pre-rad 32 krad | 110 krad 210 krad 320 krad 430 krad
Rg(QQ) 23.74 25.08 26.13 27.04 28.72 29.30
Cga(fF) 54.04 54.47 55.27 56.14 57.24 58.03
Cgs(fF) 3.49 3.60 3.69 3.75 3.82 3.99
gm(mS) 2.1011 2.1009 | 2.1006 2.1004 2.1001 2.1000
Ras(Q) 748.60 750.88 | 752.09 753.96 755.09 756.75
Csa(fF) 23.85 24.25 25.05 26.29 27.32 28.66
Can(fF) 44.68 45.99 46.99 47.35 48.37 49.10
Con(fF) 132.85 133.61 | 134.78 135.49 136.76 137.98
Rbb(€2) 29.84 30.03 30.97 31.18 31.67 32.07
Caqy(fF) 3.47 3.52 3.63 3.74 3.89 3.92

Table 5.3: Small signal parameters for NMOS with total gate width of 25um at different values of d

Parameter | Pre-rad 32 krad | 110 krad 210 krad 320 krad 430 krad
Rq(Q2) 16.84 17.15 18.00 18.35 19.25 20.01
Cga(fF) 14.78 16.01 18.82 20.47 22.29 24.19
Cgs(fF) 79.80 80.31 81.82 83.88 84.01 86.29
gm(mS) 5.900 5.895 5.893 5.889 5.886 5.882
Ras(€2) 616.62 629.64 | 648.94 674.15 693.38 712.08
Csa(fF) 21.92 23.77 25.75 28.67 31.99 35.01
Cun(fF) 51.74 53.03 56.97 58.01 62.88 66.99
Con(fF) 56.25 57.87 58.94 60.02 61.50 62.99
Rbb(€2) 59.14 100.60 129.42 143.16 158.64 164.94
Caq(fF) 14.77 15.69 16.99 18.67 21.35 24.01
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Table 5.4: Small signal parameters for NMOS with total gate width of 50um at different values of d

Parameter | Pre-rad 32 krad | 110 krad 210 krad 320 krad 430 krad
Rg(Q) 38.60 41.52 48.47 58.70 69.27 80.26
Cgd(fF) 4.67 4.82 5.00 5.42 5.67 5.93
Cgs(fF) 100.46 102.16 | 106.95 109.16 112.79 115.80
gm(mS) 12.60 12.50 12.30 12.10 11.89 11.49
Ras(Q) 619.43 647.51 |670.92 699.26 715.18 736.28
Csd(fF) 45.84 46.93 48.22 52.99 54.10 57.86
Can(fF) 64.92 65.13 67.01 69.55 71.32 74.00
Con(fF) 90.81 94.13 98.92 103.02 107.31 113.42
Ron(€2) 74.58 76.22 77.91 79.02 80.35 82.00
Caq(fF) 62.52 66.79 69.02 73.47 77.99 90.75

From the data presented in Table 5.1 to Table 5.4, it is evident that the extracted gm of the
devices increase when the total gate width is increased while the drain and source junction
capacitances increase when the number of gate fingers is increased, as is expected [41]. The
presented data also show an increase in Ry With increase in the number of gate fingers. This
is because an increase in the number of gates introduces a more resistive inner junction to
body contacts, which ultimately leads to an increase in Ryp as reported in [57]. For Rg,
however, the opposite is true (as shown in Table 5.1 and Table 5.3) as an increase in the
number of gate fingers leads to a reduction in Rg, as discussed in [58]. Furthermore, the data
presented indicates an increase in resistance and capacitance values with increase in d and a
reduction in gm with increase in d. The underlying physical interpretation of these parameters

changes with increase in d is discussed in Section 6.2.

5.2 SIMULATION, MODEL AND MEASUREMENT RESULTS

Simulated S-parameters from the extracted small signal model for each of the four devices
are compared to S-parameters from measurement, as well as to simulated S-parameters from

the model in the PDK, to evaluate the parameter extraction method. Figure 5.1 to Figure 5.4
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show the comparisons for the device with a single gate finger having a total gate width of 5

um.
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S-parameters from the extracted model are generally in agreement with measured S-

parameters over the frequency range of interest. However, S-parameters from the model in

the PDK only agree well with S-parameters from both measurement and the extracted model

up to around 6 GHz. This is because the PDK model of the transistors has only been validated

up to 6 GHz.

The S-parameters from the extracted model are compared to the S-parameters from

measurements of the device with a gate width of 10um, as well as compared to simulations

with the PDK model to evaluate the model parameter extraction process in Figure 5.5 to

Figure 5.8.
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Again, good agreement between the S-parameters from the extracted model and the S-
parameters from measurements is evident, with discrepancies between the S-parameters
from the model in the PDK and the measured results above 6 GHz. On the whole, the model

evidently provides better agreement to measurement results for a larger gate.

The S-parameters from the extracted model are compared to the S-parameters from
measurements of the device with a gate width of 25um, and to the simulations with the PDK

model to evaluate the model parameter extraction process, in Figure 5.9 to Figure 5.12.
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Figure 5.12: Comparison of Sy, for the extracted model for NMOS with gate width of 25 pum to

measurement and the PDK model

Similarly, for the device with a total gate width of 25 um, the S-parameters from the
extracted model agreed quite well with S-parameters from measurement, while those from

the model in the PDK only showed some good agreement up to around 6 GHz.

Finally, the S-parameters from the extracted model are compared to the S-parameters from
measurements of the device with a gate width of 50 um, and to the simulations with the PDK
model (to evaluate the model parameter extraction process) in Figure 5.13 to Figure 5.16.
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Figure 5.13: Comparison of Su: for the extracted model for NMOS with gate width of 50 um to
measurement and the PDK model
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Figure 5.14: Comparison of Si, for the extracted model for NMOS with gate width of 50 um to
measurement and the PDK model
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Figure 5.15: Comparison of Sy for the extracted model for NMOS with gate width of 50 pum to
measurement and the PDK model
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Figure 5.16: Comparison of S, for the extracted model for NMOS with gate width of 50 pm to

measurement and the PDK model

5.3 CURVE FITTING AND REGRESSION METHOD FOR SMALL SIGNAL
PARAMETERS

The curve fitting toolbox in MATLAB is used to derive equations relating changes in the

small signal model parameters (extracted from measured S-parameters and presented in

Section 5.1) to d. The derived equations are summarised in Table 5.5 to Table 5.8.

Table 5.5: Extracted small signal parameters for the devices with total gate width of 5 um

Small signal parameter Derived equation R?
Rg(Q) Rg - 21.960.0000686(1 —1.9866'0'007131d 0.9973
Cgd(fF) Cyo = 2.782g0000104 0.9964
Cys(fF) Cygs = 55.18¢0000042310 _4 71 gg-0.002292d 0.9981
gm(mS) Om = 1.099¢ 000000012880 4 9 0014560001020 0.9946
Ras(€2) Res = 852.3g0.0000032230 _ 3 578-0.0029370 0.9873
Csd(fF) Csa = 0.0006337¢0003136¢ 4 15 8g0.00009577d 0.9915
Can(fF) Cup = 41.81¢0.00006133¢ 0 7734¢-0.087714 0.9817
Chon(fF) Chob = 138.10000016%4d _ 9 g7 g-0.0019220 0.9867
Rbb(€2) Rpp = 37.96¢0:000061940 _ 3 130g-0.002908 0.9958
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From Table 5.5, the minimum value of R? is above 0.98. This is an indication that all the

derived equations fit well to the data.

Table 5.6: Extracted small signal parameters for the devices with total gate width of 10 um

Small signal parameter Derived equation R?
Rg(Q) Rg - 25.2460'00006477d - 1'5036-0.004097d 09905
Cyd(fF) Cgs = 63.23000000433%0 _ g 11 ¢ 0000101 0.9982
Cgs(ﬂ:) Cgs — 3.56360'00004432d o 1'4866-0.001614d 09687
gm(MS) Om = 2.101¢70-000001687 1 5 0003177¢ 0002717 0.9900
Ras(Q) Ras = 750.80.000003277d _ 9 971 100057590 0.9981
Csa(fF) Csa = 610.4¢0.00014340 _ 5865 5000014590 0.9989
Cdb(ﬂ:) Cdb - 46.1380'00002586d _ 1.466'0'005653(1 0.9925
Cho(fF) Cop = 133.5¢0000013610 _ () §66ge 00045810 0.9941
Ron(Q) Rop = 30.73¢0-0001764 . 9 9GQg-0-001842d 0.9708

All the derived model equations have their R? values above 0.96 as shown in Table 5.6. This

signifies a good fit of the curve to data.

Table 5.7: Extracted small signal parameters for the devices with total gate width of 25 um

Small signal parameter Derived equation R?
Ry(Q) Rg = 17.16%0000633¢ _ () 3454¢-0.003%0 0.9878
Cya(fF) Cqq = 18.23¢0.0001189 _ 3 506 0.001656d 0.9932
Cys(fF) Cygs = 81.14¢0.00002456d _ 1 486g-0.001614d 0.9789
gm(MS) Om = 5.897¢0.0000010360 1. () 0344 2g-0.0091750 0.9980
Ras(Q) Rgs = 667.6e0-000031090 _ 57 36¢-0.000821d 0.9998
Csa(fF) Csq = 23.75g0.0001634d _ 1 8()5¢-000251d 0.9996
Can(fF) Cap = 52.49¢000010040 _ 9 834770004960 0.9803
Con(fF) Chob = 57.52¢0000037640_ 1 965¢:0.008850 0.9986
Ron(€2) Rop = 130.1g0.0001018¢ _ 77 (gg-00032860 0.9981

Department of Electrical, Electronic and Computer Engineering 75

University of Pretoria



CHAPTER 5 BULK CMOS RESULTS

Similarly for the NMOS with a total gate width of 25 um, the R? are all above 0.96 signifying

a good fit of the curves to the data.

Table 5.8: Extracted small signal parameters for the devices with total gate width of 50 um

Small signal Derived equation R?
parameter
Rg(Q) Rg — 39.81e0.0003003d 09928
Cyd(fF) Cga = 5.324¢00001816¢ _ () 6600005212 0.9974
CgS(fF) Cgs - 104.660.00004238(1 _ 4.414e-0.002032d 09893
gm(ms) gm = 12.616-0.00003657(31 09847
Ras(€2) Rus = 665.5¢0-000042020 _ 45 93-0.002494d 0.9991
Csd(ﬂ:) Cu = 58.0580'0000464d _ 12.386’0'00022762(1 0.9802
Cab(fF) Cap = 6471000005606 0.9933
Cun(fF) Chb = 94.21¢000007612d _ 3 5()1 ¢-0.0037890 0.9964
Ron(Q) Rop = 76.510000028410 _ 7 95600043390 0.9965

The equations for curves of best fit for the device with gate width of 50 um all have R? above

0.98, which is a good indication of the accuracy and reliability of the derived equations.

5.4 MODEL VALIDATION AND USAGE DEMONSTRATION

To validate the model, small signal parameter values are calculated using the derived
equations presented in Table 5.5 to Table 5.9.

5.4.1 Model validation and usage demonstration for the model of the NMOS device

with total gate width of 5 um

Validation and usage demonstration is performed using S-parameter from the calculated
small signal parameters at a d of 110 krad and d of 1 Mrad. These are compared to S-

parameters obtained from the extracted small signal parameters at a d of 110 krad. The
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extracted and calculated small signal parameters values at a known d of 110 krad, as well as

the calculated small signal parameter values at a d of 1 Mrad are shown in Table 5.9.

Table 5.9: Comparison of calculated and extracted model for NMOS with gate width of 5 um

Small signal Extracted at 110 | Calculated at 110 Calculated at 1
parameter krad krad Mrad
Rg(QQ) 22.62 22.51 34.84
Cqu(fF) 2.96 2.95 5.48
Cos(fF) 55.62 55.43 73.32
gm(mS) 1.0993 1.0995 1.0929
Ras(€2) 853.99 853.45 872.96
Csa(fF) 16.80 16.76 33.87
Cun(fF) 43.44 43.91 45.69
Con(fF) 138.87 138.82 156.10
Rbo(€2) 39.07 39.07 42.21
Cug(fF) 2.99 2.98 3.19

The S-parameters obtained from the small signal parameters in Table 5.9 are shown in Figure
5.17 to Figure 5.20.
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Figure 5.17: Comparison of calculated Si; to extracted model for NMOS with gate width of 5 um
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5.4.2 Model validation and usage demonstration for the model of the NMOS device

with total gate width of 10 pm

Validation and usage demonstration is performed using S-parameter from the calculated

small signal parameters at a d of 110 krad and d of 1 Mrad. These are compared to S-

parameters obtained from the extracted small signal parameters at a d of 110 krad. The

extracted and calculated small signal parameters values at a known d of 110 krad, as well as

the calculated small signal parameter values at a d of 1 Mrad are shown in Table 5.10.

Table 5.10: Comparison of calculated and extracted small signal model parameter values for

NMOS with total gate width of 10 um

Small signal Extracted at 110 Calculated at 110 Calculated at 1

parameter krad krad Mrad
Ry(Q2) 26.13 26.14 39.31
Cqu(fF) 55.17 55.24 65.60
Cys(fF) 3.66 3.66 4.76
gm(mS) 2.1006 2.1008 2.0985
Ras(€2) 752.09 752.46 766.46
Csd(fF) 25.05 25.06 37.11
Can(fF) 46.90 46.84 54.81
Con(fF) 134.57 134.57 146.07
Ron(€2) 30.97 30.79 34.73
Cuag(fF) 3.61 3.61 4.96

The S-parameters obtained from the small signal parameters in Table 5.10 are shown in
Figure 5.21 to Figure 5.24.
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Figure 5.21: Comparison of calculated Si; to extracted model for NMOS with gate width of 10um
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Figure 5.22: Comparison of calculated Si to extracted model for NMOS with gate width of 10pum
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Figure 5.23: Comparison of calculated S»; to extracted model for NMOS with gate width of 10pum
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Figure 5.24: Comparison of calculated Sy, to extracted model for NMOS with gate width of 10um

5.4.3 Model validation and usage demonstration for the model of the NMOS device

with total gate width of 25 pm

Validation and usage demonstration is performed using S-parameter from the calculated
small signal parameters at a d of 110 krad and d of 1 Mrad. These are compared to S-
parameters obtained from the extracted small signal parameters at a d of 110 krad. The
extracted and calculated small signal parameters values at a known d of 110 krad, as well as

the calculated small signal parameter values at a d of 1 Mrad, are shown in Table 5.11.

Table 5.11: Comparison of calculated and extracted small signal model parameter values for
NMOS with total gate width of 25 um

Small signal Extracted at 110 Calculated at 110 | Calculated at 1 Mrad
parameter krad krad

Rq(Q) 18.00 17.82 20.79

Cqa(fF) 18.08 18.01 68.44

Cos(fF) 81.82 81.86 95.79
gm(mS) 5.8927 5.8925 5.8565

Ras(€2) 648.94 649.92 850.49

Csd(fF) 25.35 25.34 78.09

Can(fF) 55.87 55.85 101.77

Con(fF) 58.83 58.83 73.93

Rbb(€2) 129.42 130.60 281.10

Cag(fF) 16.85 16.82 55.96
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The S-parameters obtained from the small signal parameters in Table 5.11 are shown in
Figure 5.25 to Figure 5.28.
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Figure 5.25: Comparison of calculated Si; to extracted model for NMOS with gate width of 25um
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Figure 5.26: Comparison of calculated Si to extracted model for NMOS with gate width of 25pum
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Figure 5.27: Comparison of calculated S»; to extracted model for NMOS with gate width of 25pum
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Figure 5.28: Comparison of calculated S, to extracted model for NMOS with gate width of 25um

5.4.4 Model validation and usage demonstration for the model of the NMOS device

with total gate width of 50 um

Validation and usage demonstration is performed using S-parameter from the calculated

small signal parameters at a d of 110 krad and d of 1 Mrad. These are compared to S-

parameters obtained from the extracted small signal parameters at a d of 110 krad. The

extracted and calculated small signal parameters values at a known d of 110 krad, as well as

the calculated small signal parameter values at a d of 1 Mrad, are shown in Table 5.12.

Table 5.12: Comparison of calculated and extracted small signal model parameter values for NMOS

with total gate width of 50 um

Small signal Extracted at 110 Calculated at 110 | Calculated at 1 Mrad
parameter krad krad
Ry(Q2) 48.20 48.47 170.94
Cqu(fF) 4.92 5.04 11.12
Cos(fF) 106.95 106.98 139.91
gm(S) 0.012989 0.012600 0.012300
Ras(Q2) 673.78 673.98 901.99
Csa(fF) 49.10 49.11 76.54
Can(fF) 67.11 67.00 92.48
Con(fF) 98.52 98.46 156.64
Ron(Q) 77.52 77.75 92.56
Cuag(fF) 68.99 68.62 151.29
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The S-parameters obtained from the small signal parameters in Table 5.12 are shown in

Figure 5.29 to Figure 5.32.
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Figure 5.29: Comparison of calculated Si; to extracted model for NMOS with gate width of 50um
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Figure 5.31: Comparison of calculated S»; to extracted model for NMOS with gate width of 50pum
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Figure 5.32: Comparison of calculated Sy to extracted model for NMOS with gate width of 50um

5.5 CHAPTER SUMMARY

The chapter has presented the small signal model parameters extracted from measured S-
parameters pre- and post-irradiation for the four bulk CMOS devices. A comparison of S-
parameters from the extracted model to S-parameters from measurements and S-parameters
from simulations with the PDK model was also presented. The chapter subsequently
presented derived equations relating each of the small signal model parameters to d and
concluded with a validation of these equation and their ability to predict the performance of
the devices when exposed to extreme radiation doses. It was found that the S-parameter
simulation using small signal circuit component values calculated from the fitted model
equations generally agree very well with original the extracted model based on
measurements. Furthermore, it was found that resistance and capacitance values generally

increased with increase in d while the values of gm reduced with increase in d.
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This chapter will discuss the underlying physical interpretation of the observed changes in
the models for both SiGe HBT and bulk CMOS devices, and present an error analysis of the

derived equations relating small signal parameters to radiation dose.

6.1 PHYSICAL INTERPRETATION OF MODEL CHANGES IN SiGe HBT

From Chapter 4, it was observed that the resistance and capacitance values of the small signal
circuit model generally increased with increase in radiation, while gm generally decreased
with increase in d. This trend can be attributed to the manner in which ionizing radiation
damages the semiconductor dielectric interface. The most susceptible regions to TID damage
are the emitter-base (EB) spacer region (separating the base and emitter [3]), which is
modelled by Ruox, Rbi, Che, Cbep Roe @and gm, and the interface region at the edge of the shallow
trench isolation (STI) (which is associated with the collector-base (CB) and substrate
junctions [3]) and is modelled by the parameters Che, Rs, and Ccso. l0nizing radiation damages

these interfaces in the following ways:

a) By producing traps which act as recombination and generation (G/R) centers. These
G/R centers change the operating point of the SiGe HBT.

b) By inducing incomplete bonding at the surfaces of the dielectric.

¢) Through the displacement of the host atom in the lattice, thereby producing defects

or traps.

The consequence of the produced defects or traps in the EB region is an increase in the
resistivity and, hence, an increase in Rpx, Roe, and Rpi. This, in turn, results in the modest

increase of the base current. The presence of traps
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cause structural modifications in the material leading to an increase in the dielectric constant

(er) [4], increasing the EB junction capacitances Cpe and Chep as

C=—"2 (6.1)

where & is the dielectric constant, &, is the vacuum permittivity, A is the base area while tis
the EB junction thickness. Similarly, the capacitances Cyc and Ccso increase with increase in
d.

6.2 IMPACT OF RADIATION ON THE PERFORMANCE OF SiGe HBT

Changes in the small signal model parameters presented in Table 4.1 up to 2400 krad were
minimal. This is a further confirmation of the inbuilt tolerance of SiGe to radiation damage
also reported in previous research studies [3]. The devices are, therefore, expected to operate

well up to high values of d such as the ones expected over a satellite’s lifetime.

To evaluate the impact of TID on the transistor’s performance, the modelled Si1, S22
unilateral gain (U), magnitude of So1, forward current gain (Ai), fr, fmaxand the modelled NF

are considered pre- and post-irradiation.

The Smith Chart for S11 is presented in Figure 6.1 to evaluate the impact of radiation on the

performance of SiGe HBT.

+1.0

Pre-radiation
= = =1.8 Mrad

Figure 6.1: Modelled Smith Chart presentation of S, at various values of d
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It is evident from Figure 6.1 (reading the curves clockwise from low to high frequencies)
that there is a minimal change in Si1, which is indicative of the inbuilt tolerance of SiGe
HBT to TID. The minimal change in S11 is also an indication that there is no significant input
mismatch caused by TID if the device is designed to be matched at d of 10 Mrad. It is also

clear that S11 becomes resistive as the device’s exposure to TID is increased.

The Smith Chart for Sy» is presented in Figure 6.2 to further evaluate the impact of radiation

on the performance of SiGe HBT.

+1.0

Pre-radiation
= = = 1.8 Mrad
2.4 Mrad

Figure 6.2: Modelled Smith Chart presentation of Sy, at various values of d

It is shown in Figure 6.2 that there are insignificant changes in Sz, (reading the curves
clockwise from low to high frequencies) up to d of 10 Mrad signifying the tolerance of SiGe
to TID.

The performance of the SiGe HBT under TID exposure is further analyzed using U. This is

a figure of merit used to measure of the activity of the transistor and is defined as [36],

2
Yoa— Y
— | 21 12| (63)
4[Re(y11) Re(yzz) - Re(ylz) Re(yZl)]
If U > 1, the device is considered active and considered passive otherwise.
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Figure 6.3: Modelled unilateral gain of the transistor at various values of d

There is a minor reduction in values of U after radiation, signifying the resilience of SiGe
HBT to damage when exposed to TID. Figure 6.3 has also shows that the device’s fmax
changes from about 204.6 GHz pre-radiation to about 201.1 GHz after exposure to a d of
10 Mrad, a change which is not very significant further comfirming the resilience of SiGe
HBTs to TID.

|S21|, is evaluated pre-and post-radiation, to analyze the impact of radiation on the
performance of the transistor in Figure 6.4.
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Figure 6.4: Modelled |S2| at various values of d
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The data presented in Figure 6.4 clearly indicate a reduction in |S21| with increase in the
device’s exposure to TID. However, the decrease in [S21| is minimal, signifying an inbuilt

tolerance to TID of SiGe HBT up to 10 Mrad.

To further evaluate the impact of radiation on the transistor, |Ai| is analyzed pre-and post-

radiation in Figure 6.5.

50 UV S O 0 0 ot
Pre-radiation
= = =1.8 Mrad
ol 2.4 Mrad
NSAE 50 0 S et o — 10 Mrad
Z 30r N #
g .
ﬁ 20 T . |
ol . e o
0 o - I\’;
10° 1o’ o

Frequency (GHz)
Figure 6.5: Modelled forward current gain at various values of d

It is clear that |Ai| is minimally affected by radiation up to d of 2.4 Mrad indicative of the
natural tolerance of SiGe HBT to TID. Similarly, the 0 dB extrapolation shows that there are
insignificant changes in f; up to a d of 2.4 Mrad. It is however shown that f; reduces to 222
GHz at a d of 10 Mrad from 226 GHz pre-radiation. The change in roll-off slope from the
expected -20 dB/decade to -10 dB/decade is an unexpected result, and may be the result of
imperfect extrapolation. This should be verified by extrapolating from a dataset with larger

experimental values of total dose.

The impact of TID on the performance of SiGe can also be evaluated through noise

modelling. To this end, the modelled NF at various values of d are presented in Figure 6.6

Department of Electrical, Electronic and Computer Engineering 90
University of Pretoria



CHAPTER 6 DISCUSSION

6 T T T T
5r o
) A AN AN A A A A S S R R S S
PO | e
kS
~— R
e s ¥
23
S R . Pre-radiation
— = = =1.8 Mrad
....... s 2.4 Mrad
............. 10 Mrad
1 1 1 1
0 20 40 60 80 100

Frequency (GHz)
Figure 6.6: Modelled noise figure at various values of d

As shown in Figure 6.10, the model indicate minimal changes in NF pre-and post-radiation
up to ad of 7.5 Mrad, and a sharp increase in NF at a d of 10 Mrad. This confirms the inbuilt
resilience of SiGe HBT against TID. It further proves that despite this inbuilt resilience to
TID, SiGe HBTSs are expected to fail after exposure to high d. The increase in NF after a d
of 10 Mrad, can be attributed to the increase in both thermal and shot noise due to high doses
of radiation. As shown in Section 4.1, radiation causes an increase in the base resistance
leading to an increase in the thermal noise, ultimately increasing NF. It therefore follows
that the noise performance of the transistor is significantly affected by TID.

6.3 PHYSICAL INTERPRETATION OF MODEL CHANGES IN BULK CMOS
DEVICES

lonizing radiation can cause damage to bulk CMOS devices through the production of an
electron hole pair in the gate oxide. While the electrons are usually quickly swept out of the
oxide, holes travel through polaron-hopping to the interfaces where they get trapped by
interface states. The trapped charges can shift the threshold voltage, increasing Ry and
reducing gm. Trapped charges can further cause a reduction in the mobility of the device and
an increase in the surface resistivity in the lightly doped drain [28]. An increase in the surface

resistivity of the drain leads to an increase in Rgs and Rpp.
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Furthermore, through displacement of atoms in both Si and in the oxide, ionizing radiation
can generate oxide and interface traps leading to an increase in the oxide and interface trap
charge densities. This can cause structural modification in the material by increasing the
dielectric constant, and eventually increasing the gate oxide capacitance (Cgs and Cgyq) and

the drain source interface capacitance (Cqb, Cbn, and Csg) as indicated in [42].

6.4 IMPACT OF RADIATION ON THE PERFORMANCE OF CMOS DEVICES

Changes in the small signal model parameters for bulk CMOS devices due to TID were
presented in Table 5.1 to 5.4 up to 430 krad. To gain further insight into the changes caused
by model variations the Smith Chart for Si1, the Smith Chart for Sz, U, the magnitude of
So1, |Ai|, fr, and fmax are considered pre-and post-radiation for each of the four different

devices.

6.4.1 Impact of radiation on NMOS device with total gate width of 5 um

The impact of TID on the NMOS device with a total gate width of 5 um is presented.

s Pre-radiation
== == 32 krad
110 krad

Figure 6.7: Smith Chart for Sqiat various values of d for the device with gate width of S5um

It is evident from Figure 6.7 (reading the curves clockwise from low to high frequencies)
that S11 becomes more resistive and less capacitive with increase in d. Alterations are thus

vital in the input matching network due to TID induced changes in the input impedance.
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The impact of TID on the performance of the NMOS device with gate width of 5 um is
further evaluated by analyzing S22 on a Smith Chart shown in Figure 6.8.

Pre-radiation
= = =32 krad
110 krad

Figure 6.8: Smith Chart for Sy, at various values of d for the device with gate width of 5um

There is no significant change observed in Sz, with increase in d, therefore, the output
matching network does not require changes after radiation up to a d of 430 krad. Ata d of 1
Mrad, some minimal change is observed in Sz, suggesting damage due to TID. It therefore
implies that the output impedance matching network will require slight adjustment when the

device is exposed to a d of 1 Mrad.

To further evaluate the performance of the device pre-and post-radiation for the NMOS

device with a total gate width of 5 um, U is analyzed in Figure 6.9.

30 ,

Pre-radiation
= = =32 krad
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Frequency (GHz)
Figure 6.9: Unilateral gain at various d values for NMOS device with gate width of 5 um
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It is shown in Figure 6.9 that U reduces with increase in d and that the 0 dB intercept of the

device reduces signifying reduction of the fmax of the device due to TID.

The impact of radiation on the performance of the NMOS device is further analyzed using
|S21] in Figure 6.10.
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Figure 6.10: |S21| at various d values for NMOS device with gate width of 5 pm

The pre-and post-radiated values of |Si| are all negative, as shown in Figure 6.10.
Furthermore, it is evident that |Sz1| reduces with increase in d, as expected.

To further evaluate the impact of radiation on the performance of the device, |Ai| is analyzed

pre-and post-radiation in Figure 6.11.
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Figure 6.11: |Aj| at various d values for NMOS device with gate width of 5 um
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A reduction in |Ai| with increase in d has been shown in Figure 6.11. It is also clear that the

reduction in |Ai| is more at lower frequencies that at higher frequencies.

The pre-and post-radiation f; and fmax for the device are analyzed to evaluate the impact of
TID on the NMOS device with a total gate width of 5 um. fr is obtained from the 0 dB

intercept in Figure 6.11 whereas fmax is obtained the 0 dB intercept in Figure 6.9.
The pre-and post-radiation f; and fmax are summarized in Table 6.1.

Table 6.1: f;and fmax pre-and post-radiation

Radiation dose (d) ft (GHz) fmax (GHZz)
Pre-radiation 3.30 10.3
32 krad 3.15 9.40
110 krad 3.00 9.20
210 krad 2.90 8.25
320 krad 2.78 7.70
430 krad 2.70 7.50
1 Mrad 2.20 5.50

Itis clear from Table 6.2 that both f; and fmax reduce with increase in d as expected.

6.4.2 Impact of radiation on NMOS device with total gate width of 10 um

The impact of TID on the input match network of the NMOS device with total gate width of
10 um is analyzed using the Smith Chart of S11 in Figure 6.12.
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= Pre-radiation
== == 32 krad
110 krad

Figure 6.12: Smith Chart for Si; at various d values for NMOS device with gate width of 10 um

It is evident that an increase in d significantly affects S11 by causing it to be more resistive
an ultimately altering the input impedance as shown in Figure 6.12. It therefore follows that
the input impedance matching network must be altered as the device is exposed to

incremental TID to carter for the increased resistance.

The Smith Chart for Sy, is also analyzed to evaluate the impact of TID on the performance

of the NMOS device with total gate width of 10 um in Figure 6.13.

+1.0

Pre-radiation
= = =32 krad
110 krad

Figure 6.13: Smith Chart for Sy, at various d values for NMOS device with gate width of 10 pum

It has been shown that there is no significant change in the output impedance with increase

in TID. There are no alterations required in the output impedance matching network.
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The performance of the device is analyzed pre-and post-radiation using U in Figure 6.14

Pre-radiation
= = =32 krad
320 krad

-10 -

-20 L
10° 10
Frequency (GHz)

Figure 6.14: Unilateral gain at various d values for NMOS device with gate width of 10 um

It is evident that U reduces with increase in d and also that the 0 dB intercept reduces with

increase in d signifying reduction of fmax as the device gets exposed to TID as expected.

To further evaluate the impact of TID on the performance of NMOS device with total gate

width of 10 um, |S21| is analyzed pre-and post-radiation.
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Figure 6.15: |Sx| at various d values for NMOS device with gate width of 10 pum

From Figure 6.15, |S21| is negative for the device with total gate width of 10 pum in the
frequency range of interest, pre-and post-radiation. Furthermore, it is clear that |S21| reduces

as d is increased.

The impact of TID on the performance of the NMOS device is further evaluated by analyzing
|Ai| pre-and post-radiation in Figure 6.16.
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Figure 6.16: |Aj| at various d values for NMOS device with gate width of 10 pum

From Figure 6.16, it is clear that |Ai| reduces with increase in d signifying damage on the

device due to TID. It is also clear that f; reduces with increase in d as shown from the 0 dB

intercept in Figure 6.16.

The values of f; obtained from Figure 6.16 and the values of fmax obtained from Figure 6.14

pre-and post-radiation are shown in Table 6.2.

Table 6.2: Pre-and post-radiation values of f; and fmax for a device with gate width of 10 um

Radiation dose (d) ft (GHz) fmax (GHZz)
Pre-radiation 10.05 20.43

32 krad 9.71 19.82

110 krad 8.98 18.44

210 krad 8.27 16.97

320 krad 7.85 15.75

430 krad 7.07 14.00

1 Mrad 4.82 8.76

It is clear from Table 6.3 that both f; and fmax reduce with increase in d signifying reduced

performance of the device with increase in TID exposure.
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6.4.3 Impact of radiation on NMOS device with total gate width of 25 um

The impact of TID on the input impedance matching of the NMOS device with a total gate
width of 25 is analyzed using the Smith Chart of S11 in Figure 6.17.

+1.0

== Pre-radiation
== == 32 krad
110 krad

Figure 6.17: Smith Chart for S11 at various d values for NMOS device with gate width of 25 um

The input impedance mismatch is shown on the Smith Chart in Figure 6.17 where Si1
becomes more resistive as the device’s exposure to TID is increased. This implies that the
input impedance matching network requires alteration as the device is exposed to
incremental TID.

The impact of TID on the output impedance is also analyzed using the Smith Chart for S,

in Figure 6.18.

Pre-radiation
= = =32 krad
110 krad

Figure 6.18: Smith Chart for Sy, at various d values for NMOS device with gate width of 25 um
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A minor change in Sy is evident from the Smith Chart presented in Figure 6.18, signifying
the changes in the output impedance as a result of the device’s exposure to TID. It follows
that modifications in the output impedance matching network may be required as the

device’s exposure to TID is increased.

The impact of TID on the activity of the NMOS device with total gate width of 25 pum is
analyzed using the graphs of U in Figure 6.19.
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Figure 6.19: Unilateral gain at various d values for NMOS device with gate width of 25 um

It is evident from Figure 6.19 reduces with increase in exposure to TID. Furthermore the 0
dB intercept for the device reduces with increase in d signifying a reduction in the fmax of the

device with increase in exposure to TID.

The |S21| of the device is next analyzed pre-and post-radiation to evaluate the impact of TID
on the performance of the NMOS with total gate width of 25 um in Figure 6.20.
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Figure 6.20: |Sx| at various d values for NMOS device with gate width of 25 pm
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It is evident that |S21| reduces with increase in d as shown in Figure 6.20, signifying reduced

performance of the device due to damage caused by TID as expected.

The impact of TID is further analyzed with |Aj|, pre-and post-radiation shown in Figure 6.21.

Pre-radiation

15+ = = =32 krad
320 krad

1

|A|(dB)

-10 |

-15
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Frequency (GHz)
Figure 6.21: |Aj| at various d values for NMOS device with gate width of 25 pm

It has been shown than |Aj| reduces with increase in d. The 0 dB intercept also reduces with

increase in d signifying a reduction in the f; of the device as it gets exposed to TID.

The impact of TID on the performance of the NMOS device with gate width of 25 pm is
also analyzed using the pre-and post-radiation values of f; obtained from the 0 dB intercept
of Figure 6.21 and fmax Obtained from the 0 dB intercept of Figure 6.19 which are shown in
Table 6.3.

Table 6.3: Pre-and post-radiation values of f; and fmax for a device with gate width of 25 um

Radiation dose (d) ft (GHz) fmax (GHZz)
Pre-radiation 14.67 32.98
32 krad 14.42 32.53
110 krad 13.23 29.42
210 krad 12.66 24.32
320 krad 12.01 20.50
430 krad 11.28 18.94
1 Mrad 5.09 10.43
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The values of both f; and fmax reduce with increase in d as shown in Table 6.3 signifying the
reduced performance of the NMOS device caused by TID. This agree with previous research
findings which have suggested similar trends.

6.4.4 Impact of radiation on NMOS device with total gate width of 50 um

The impact of TID on the input impedance matching conditions for the NMOS device with
gate width of 50 um is analyzed pre-and post-radiation. To this end, the Smith Chart for S11
is analyze pre-and post-radiation in Figure 6.22.

+1.0

e Pre-radiation
= = 32 krad
110 krad

Figure 6.22: Smith Chart for S11 at various d values for NMOS device with gate width of 50 um

The data presented on the Smith Chart (reading the curves in a clockwise direction from low
to high frequencies) in Figure 6.22 indicate a significant change in the input impedance
conditions with S11 becoming more resistive with increase in d. This implies that the input

impedance matching network requires alteration as the device is exposed to incremental TID.

The impact of TID on the output impedance is analyzed using the Smith Chart of Sz, in
Figure 6.23.
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+1.0

Pre-radiation
= = =32 krad

Figure 6.23: Smith Chart for Sz, at various d values for NMOS device with gate width of 50 um

A minor change in Sy is evident from the Smith Chart presented in Figure 6.23, signifying
the changes in the output impedance as a result of the device’s exposure to TID. It follows
that modifications in the output impedance matching network may be required as the

device’s exposure to TID is increased.

The impact of TID on the activity of the device is analyzed by assessing U pre-and post-

radiation in Figure 6.24.
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Figure 6.24: Unilateral gain at various d values for NMOS device with gate width of 50 pum

It is evident that U reduces with increase in d as shown in Figure 6.24. Furthermore, it is
clear that the 0 dB intercept reduces with increase in d signifying reducing fmax with increase

in exposure to TID.
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The performance of the device pre-and post-radiation is further analyzed by evaluating [S21]

and |Ai| in Figure 6.25 and Figure 6.26 respectively.

e Pre-radiation
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Figure 6.25: |Sy1| at various d values for NMOS device with gate width of 50 um

It has been shown that |S21| decreases as d increases signifying damage of the device due to
TID.
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Figure 6.26: |Aj| at various d values for NMOS device with gate width of 50 pm

It has been shown in Figure 6.26 that |Ai| reduces with increase in d. Furthermore, the 0 dB
intercept also reduced with increase in d signifying a reduction in f; as the device gets

exposed to TID.

The analysis of the impact of TID on the performance of the NMOS device with gate width
of 50 um is done by evaluating the f; values obtained from the 0 dB intercept of Figure 6.26
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and the fmax values obtained from the O dB intercept of Figure 6.24 pre-and post-radiation

using Table 6.4.

Table 6.4: Pre-and post-radiation values of fi and fmax for a device with gate width of 50 um

Radiation dose (d) ft (GHz) fmax (GHZ2)
Pre-radiation 23.73 39.56
32 krad 21.96 39.33
110 krad 19.98 38.92
210 krad 19.70 36.62
320 krad 18.20 33.58
430 Mrad 17.35 28.69
1 Mrad 8.91 19.96

The values of both f; and fmax reduce with increase in d as shown in Table 6.4 signifying the

reduced performance of the NMOS device caused by TID.
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This chapter will present the general conclusions based on analyses in Chapters 4 to 6, and
provide a critical analysis of research objectives. The chapter will provide answers to
research questions based on experimental results and evaluate if the objectives of the
research have been met. Challenges and limitations of the work will then be discussed and

the chapter will conclude with recommendations for future works.

7.1 GENERAL CONCLUSION BASED ON THE DISCUSSION

7.1.1 General conclusion on SiGe HBT

The derived small signal model for SiGe HBT from measured results compared well with
both measured S-parameters and S-parameters from the model in the PDK over the entire
frequency range of interest. The derived model equations are therefore considered accurate

and reliable.

The curves that were used to derive the small signal model equations, fitted well with
measured data, with the minimum R? value for gm greater than 0.92 while the curves for rest
of the small signal parameters had R? values all greater than 0.99. The value of 0.92 is indeed
an indication that the derived exponential curves relating each of the small signal parameters
to radiation dose accurately approximated the measured data and can therefore predict
changes in the small signal model when the device is exposed to radiation.

From the results shown in Section 4.3, it can be concluded that NF increases with increase

in d while R, reduces with increase in d, confirming research findings in [29].



The extracted small signal parameters showed a general pattern of increase in all the small
signal parameter resistances and capacitances while gm decreased with increase in d. This is
consistent with previous studies [4]. It can therefore be concluded that ionizing radiation
degrades SiGe HBTSs by increasing resistances and capacitances and decreasing gm. There
minor changes shown on the Smith Charts of Sz2 and Smith Chart S11 in Section 6.2 lead to
conclusion that TID does not significantly affect the output or input impedance of SiGe

HBTSs, although there is marginally greater influence at the output compared to the input.

It was further shown that the U of the device decreased with increase in d in the entire
frequency range. Furthermore, as the device’s exposure to TID was increased, the fr and fmax
of the device decreased. It can therefore be concluded from the presented data in Section
6.2, that an increase in TID reduces |Sz1|, |Ai|, U, ft and fmax. Again, it should, however, be
pointed out that only minor degradation is observed over the dose range, limiting the veracity
of the findings. A repeat experiment with a larger dose range, to observe greater parameter
variation, is highly recommended.

7.1.2 General conclusion on bulk CMOS devices

Transistors in the PDK model for the 0.35 um C35B3C3 CMOS process have been
characterised up to 6 GHz. It therefore follows that the comparison beyond 6 GHz should
not be considered reliable. The derived model, however, compared reasonably well with the
model in the PDK up to 6 GHz, and with measured S-parameters up to 50 GHz. The extracted
model is therefore considered reliable and can be used to infer small signal model changes

due to ionizing radiation.

The small signal model parameter Cgs, for the device (total gate width of 10 um), with the
worst fitting curve had R? of 0.9687. The other small signal for the device featured curve fits
with R?> 0.97. In the rest of the bulk CMOS devices, the curve fit produced a minimum R?
above 0.96 for all small signal parameters. It can therefore be concluded that the derived
model equations can accurately predict changes in the small signal parameters when the

devices are exposed to radiation.
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The extracted small signal parameters in bulk CMOS devices also showed a general pattern
of increase in all the small signal parameter resistances and capacitances and a decrease in
gm. This led to the conclusion that ionizing radiation degrades bulk CMOS devices by

increasing resistances and capacitances and decreasing gm.

From the Smith Charts for S11 and S22 in Section 6.4, it was shown that TID affected the
input impedance of the device significantly, but the output impedance to a far less extent. It
was further shown that transistors with larger gates suffered more damage due to TID than
those with smaller gates, as evidenced by the large changes shown on the Smith Charts for
S11 and Sz, for larger gates compared to the changes for transistors with smaller gates after
radiation. This agrees well with previous research findings.

It was further shown than TID reduced |Sz, |Ail, U, fr and fmax, which is in agreement with

previous research finding.

7.2 CONCLUSION BASED ON RESEARCH OBJECTIVES

The research objectives were to model changes in the small signal parameters for SiGe HBT
and for bulk CMOS devices at constant voltage biases against TID at mm-wave and
microwave frequencies. This has been met, as equations relating each of the small signal
model parameters to TID were derived and validated for both SiGe HBT and bulk CMOS
devices. From this research study, the model parameter variations that lead to the overall

changes previously reported in literature are now known, for the first time.

7.3 LIMITATIONS AND CHALLENGES

The first challenge faced in this research was that measurement of S-parameters could not
be done in situ, as the available setup only allowed for remote radiation experiment.
Furthermore, the devices were not radiated under DC bias, as it proved challenging to do so

with the available equipment.
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Secondly, it was also not possible to adhere to all of the ESA-ESCC 22900 radiation testing
guidelines due to the available equipment. However, it is anticipated that testing under the

exact criteria will produce results qualitatively similar to what were observed here.

The other challenge was that noise measurements could not be performed for both SiGe HBT
and bulk CMOS devices in this work. Successful noise measurement of the selected SiGe
HBT and bulk CMOS devices required the use of muxcouplers in the setup as well as
substantial Y-factor. Muxcouplers, however, introduce losses, which lowers the Y-factor
thereby affecting noise measurement. As pointed out previously, the observed degradation
of the SiGe device was only minor over the dose range, which may lead to a significant
margin for error in the deduced results.

7.4 RECOMMENDATIONS FOR FUTURE WORKS

Radiation experiments were done with the terminals of the devices floating in the radiation
lab, while linear measurements were done in a separate lab within an hour after radiation
exposure. Future experiments should carry out the radiation experiment with linear
measurements so as to characterise with S-parameters obtained from devices in their biased
condition. In the case of the SiGe HBT, these tests should also then be completed over a

larger dose range.

In this research, the full frequency sweep from 1 GHz to 110 GHz was covered for SiGe
HBT while for bulk CMOS devices, characterisation was done from 1 GHz to 50 GHz. These
frequency ranges are too wide for a study were interest is on mm-wave frequencies. Future
works should consider focusing on smaller frequency bands of specific interest to mm-wave

applications.

Exponential curve fitting of the form AeB9+C was used in the study. There are, however,
other fitting functions possible, including a simple linear fit. Future works could consider
different fitting functions and also consider repeating the experiment for a statistically
significant sample of devices, to see if the fitting and derived equations hold.
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In this research study, the derived equations did not relate changes in small signal parameters
due to radiation to gate width, but only related the changes to d. Future works could consider
deriving equations that would factor in the size of the gate for bulk CMQOS devices and the
size of the base for SiGe HBTSs.

The work in this research focused on small signal linear models around single bias points in
both SiGe HBT and bulk CMOS devices. Future work should consider characterisation and
modelling of radiation induced changes in non-linear models at various bias points, such as
in the EKV or ACM models.

In this study, the slow recoveries due to annealing at room temperature (once the devices
were removed from the radiation source) were not taken into consideration. Future works

could consider taking this into consideration.
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1. SiGe HBT MATLAB Code for Parameter extraction and model validation

clc;clear;
format lon
%% De-embe
dl =
d2 =
d3 =
d4
extracted
ds =
extracted

fm =
fd
w

Ib
I c =
k1
S

To

g
dding data

= read(rfdata.
read(rfdata.
read(rfdata.
= read(rfdata.

parasitics.
read (rfdata
parasitics.

d4.Freq;
d3.Freq;
2.*pi.*fd;

= 24.63e-6;

5.473e-3;

= 1.38064852e

1.60217662e

= 290;

data,
data,
data,
data,

.data,

-23;
-19;

'open pre rad.S2P');
'short pre rad.S2P');

'hbt pre rad.S2pP');

'hbt simp embedded mod.S2P');

o°

% Embedded with

'hbt comp embedded mod.S2P');%% Embedded with

%% Exctraction of parameters from de-embedding data

pad =
ad =

UQXx9UoUT
Il

extract (dl
extract (d2
extract (d3
extract (d3,
extract (d4
extract (d5
extract (d3

, 'Y PARAMETERS') ;
,'Z PARAMETERS') ;
, 'Y PARAMETERS') ;

'S _PARAMETERS',50) ;

;'S _PARAMETERS', 50) ;
;'S _PARAMETERS', 50) ;
, "H PARAMETERS') ;

%% Y-parameters from the open calibration standard
ypll = shiftdim(y pad(1,1,:));

(
ypl2 = shiftdim(y pad

ftdim(y pad
= shiftdim(y pad

yp2l = shi

N
o)
N
N
I

(1,2,:))
(2,1,:));
(2,2,:))

’

’

%% Z-Parameters from the short calibration standard
zpll = shiftdim(z _pad(1l,1,:));

zpl2 = shi
zp2l = shi
zp22 = shi

ftdim(z_pad

(
ftdim(z_pad
(
ftdim(z_ pad

(1,2,:))
(2,1,:)):
(2,2,:))

’

’
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%% Y-Parameters of the extrinsic transistor

yD1l = shiftdim(y D(1,1,:));
yDl12 = shiftdim(y D(1,2,:));
yD21 = shiftdim(y D(2,1,:));
yD22 = shiftdim(y D(2,2,:));
%% H-Parameters

h 11 = shiftdim(h D(1,1,:));
h 12 = shiftdim(h D(1,2,:));
h 21 = shiftdim(h D(2,1,:));
h 22 = shiftdim(h D(2,2,:));

%% Extraction of S-parameters from model and experimental results

sM11l = shiftdim(s M(1,1,:));
sM12 = shiftdim(s M(1,2,:));
sM21 = shiftdim(s M(2,1,:));
sM22 = shiftdim(s M(2,2,:));
sD11 = shiftdim(s_D(1,1,:));
sD12 = shiftdim(s_D(1,2,:));
sD21 = shiftdim(s_D(2,1,:));
sD22 = shiftdim(s_D(2,2,:));
sCll = shiftdim(s_C(1,1,:));
sCl2 = shiftdim(s_C(1,2,:));
sC21 = shiftdim(s_C(2,1,:));
sC22 = shiftdim(s C(2,2,:));

%% Extraction of pad capacitances from the open calibration standard

Cbco = -imag(ypl2)./w;
Cbeo (imag (ypll) +imag (ypl2)) ./w;
Cbcp (imag (yp22) +imag (yp21)) ./w;

\O

%% Extraction of pad resistances and inductances from the short
calibration standard

Rbx = real(zpll)-real(zpl2);
Rc = real (zp22) -real (zp2l);
Re = real (zpl2);

Lb = imag(zpll-zpl2)./w;

Le = imag(zpl2)./w;

Lc = imag(zp22-zp2l) ./w;

e

% De-emebedding of parasitic capacitances,

inducatnaces and resistances

for no=l:1length (Cbeo)

Mj(:,:,no) = [Jj.*w(no).*(Cbeo(no)+Cbco(no)) -j.*w(no).*Cbco(no); -
j.*w(no) .*Cbco(no) j.*w(no).* (Cbcp(no)+Cbco(no))];

Yj(:,:,n0) =y D(:,:,n0)-Mj(:,:,n0);

Zj(:,:y,n0) = inv(Yj(:, :,no0));

Nj(:,:,no)

[ (Rbx (no) +Re (no

))+3.*w(no) .* (Lb (no)+Le (no)) ,Re (no)+j.*w(no) .*Le (no) ;Re (no

)+j.*w(no) .*Le(no), (Rc(no)+Re (no))+j.*w(no).* (Lc(no)+Le(no))];
Zk(:,:,no) = Zj(:,:,n0)-Nj(:,:,no0);
Yk(:,:,no) = inv (Zk(:, :,no));
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Hk (:
Sk(:

end

yll
yl2
y21
y22

hl1l
hl2
h21
h22

sll
sl2
s21
s22

%% Ext
Rbi

%% Ext

W >

Cbc
Cbep

%% Extr
Ccso
Rs

%% Ext
Ybep
Ybc

gm

Ypi
Ybep) -1
Rbe
Cbe

%% Noi
i
invn

jo]

S
S
S

<
ol

%% Calc
Rn
G

NF

; +,NO)
; +,NO)

shiftdim
shiftdim
shiftdim
shiftdim

—_— — — —
—_— — — —
Ne Ne N

~e

shiftdim
shiftdim
shiftdim
shiftdim

~e N

~e

~— ~— o~
~— ~— o~

~.

shiftdim
shiftdim
shiftdim
shiftdim

—_— — — —
—_— — — —
Ne Ne N

~e

raction of intrinsic base resistance
real (1./y11);

raction of Cbc and Cbep

= imag ((yll.*y22-y12.*y21) ./ (yll+y21)) ./w;
gtly y y y y y

(Rbi.*real ((yll.*y22-y12.*y21) ./ (y22+y12)))."-1;
A.*B;
A-Cbc;

action of Substrate parasitics Ccso and Rs
= —(w.*imag (1l./(yl2+y22)))."=-1;
real (1./(yl2+y22-7.*w.*Ccso));

raction of gm, Rbe and Cbe

J.*w.*Cbep;

J.*w.*Cbc;

(real (1./(y21-y12))-Rbi.*real ((yll+y1l2)./(y21-y12)))
((-y11l.* (1+Rbi.*Ybc)+Ybc.* (L+Rbi.*Ybep) +¥Ybep)) ./ (Rbi

=1
LA (yll-
1./ (real (Ypi));

(imag (Ypi)) ./w;

I~

se modelling using Y-Parameters

(2*g*I b + (2*g*I c./((abs(h21)).72)));
2*g*I_c.*(yll./(abs(y21)).72);
(2*g*I_c)./((abs(y21)).72)+4*kl1*To*Rbi;

ulation of noise parameters

= S vn./(4*kl*To);
= sqrt((S_in./S_vn)-(imag(S_invn)

./(s_vn))."2);
-imag (S _invn)./S_vn;
1 + 2*Rn_prerad.* (G _prerad+(real (S invn)./S vn));

G _prerad + j.*B prerad;
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2. SiGe HBT MATLAB Code for model usage demonstration

clc;clear;
format long

dl = read(rfdata.data, 'hbt rad4.s2p');

d2 = read(rfdata.data, "HBRTSimModel .S2P") ;
d3 = read(rfdata.data, 'open pre rad.S2P');
d4 = read(rfdata.data, 'short pre rad.S2P'");
fm = dl.Freq;

W = 2*pi*fm;

SM1 = extract(dl, 'S PARAMETERS',50);

SM2 = extract(d2, 'S PARAMETERS',50);

y_pad = extract(d3,'Y PARAMETERS');
z pad = extract(d4,'Z PARAMETERS');

sd 11 = shiftdim(sSM1(1,1,:));
sd 12 = shiftdim(SM1(1,2,:));
sd 21 = shiftdim(SM1(2,1,:));
sd 22 = shiftdim(SM1(2,2,:));
s 11 = shiftdim(sM2(1,1,:));
s 12 = shiftdim(sM2(1,2,:));
s 21 = shiftdim(sM2(2,1,:));
s 22 = shiftdim(sSM2(2,2,:));

14

o

3 Y-parameters from the open calibration standard
ypll = shiftdim(y pad(1l,1,:));

o
o

(
ypl2 = shiftdim(y pad(1l,2,:));
yp2l = shiftdim(y pad(2,1,:));
yp22 = shiftdim(y pad(2,2,:));

%% Z-Parameters from the short calibration standard
zpll = shiftdim(z pad(1,1,:));

zpl2 = shiftdim(z_pad(1l,2,:));

zp2l = shiftdim(z pad(2,1,:));
shiftdim(z pad(2,2,:))

I

N
o)

N

N
Il

[o)

%% Extraction of pad capacitances, resistances and inductances
Cbco = -imag(ypl2)./w;

Cbeo = (imag(ypll)-+imag(ypl2))./w;
Cbcp = (imag(yp22)+imag(yp2l))./w;
Rbx = real(zpll)-real(zpl2);

Rc = real (zp22) -real (zp2l);

Re = real (zpl2);

Lb = imag(zpll-zpl2)./w;

Le = imag(zpl2) ./w;

Lc = imag(zp22-zp2l) ./w;

$% Calculated values pre-radiation using the Matlab code stated above
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R bi = 31.61;
R be = 1.99%e3;
C be = 8l.1le-15;
C bc = 3.96e-15;
g m = 0.125000;
C bep = 2.938e-15;
R s = 100.69;

C cso = 0.1000e-15;
C bcp = 27.83e-15;
freq = transpose([1e9:109000000:110e9]) ;

%% Extract y-parameters
(1./R be)+j.*w.*C_be;
J.*w.*C bc;
Y bcp= j.*w.*C _bcp;
Jj.*w.*C _bep;

<
e}
’_l.
|

y 11 = (Y pi+Y bc) ./ (1+R bi.* (Y _pi +Y bc))+Y bep;
. (=Y bc) ./ (14R bi.* (Y pi+Y bc))-Y bep;
y 21 = ((g_m-Y bc)./(1l+R bi.* (Y pi+Y bc)))-Y bep;

e
i
N

|

(Y_bc+R_bi.*Y_bc.*((w./w).*g_m+Y_pi))./(1+R_bi.*(Y_pi+Y_bc))+Y_bep;

%% Converting Y -params to S, H and Z-Params

for no=l:length (Y pi2)
Y p(:,:,n0) = [y 11(no) y 12(no); y 21(no) y 22(no)];
Hk(:,:,no0) = y2h(Y p(:,:,no0))

k ;
Sk(:,:,no) = y2s(Y p(:,:,n0),50);
Zzk(:,:,no) = inv(Y¥ p(:,:,no));

end

s 11 = shiftdim(Sk(1,1,:));
s 12 = shiftdim(Sk(1,2,:));
s 21 = shiftdim(Sk(2,1,:));
s 22 = shiftdim(Sk(2,2,:));
h 11 = shiftdim(Hk(1,1,:));
h 12 = shiftdim(Hk(1,2,:));
h 21 = shiftdim(Hk(2,1,:));
h 22 = shiftdim(Hk(2,2,:));
z 11 = shiftdim(Zk(1,1,:));
z 12 = shiftdim(Zk(1,2,:));
z 21 = shiftdim(Zk(2,1,:));
z 22 = shiftdim(zk(2,2,:)):

$% Unilateral power gain
U = 10*%1loglO(((abs(yl 21-yl 12)).72)./(4.*((real(yl 11)).*real(yl 22))-
(real(yl 12) .*real(yl 21))));

$% Current gain
Al = 20*loglO(abs(hl 21));
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%% Noise modelling using Y-Parameters

b = 24.63e-6;
= 5.473e-3;
1.38064852e-23;
= 1.60217662e-19;

n

s

3
|

(2*q*I_b + (2*q*I_c./((abs(h_21)).“2)));

S invn = 2*qg*I c.*(y _11./(abs(yl 21)).72);

S vn = (2*g*I _c)./((abs(y_21)).72)+4*k*To*R bi;

%% Calculation of noise parameters

Rn _a = Sa _vn./ (4*k*To);

G a = sgrt((Sa_in./Sa_vn)-(imag(Sa_invn)./(Sa_vn))."2);

C
\

B a = -imag(Sa_invn)./Sa_vn;

NF a =1 + 2*Rn_a.*(G_at(real(Sa_invn)./Sa vn));
Ya =Ga+ 1i.*B _a;

Fa = (1-Y a.*50)./(1+Y a.*50);

3. Bulk CMOS MATLAB Code for parameter extraction and model validation

clc

clear

close all

%% Load Parameters Pre-rad

dat = read(rfdata.data, 'nmos pre rad.s2p');
Sm = extract(dp, 'S PARAMETERS',50);
SReflect = sparameters ('Reflect pre rad.s2Zp');
Sthru = sparameters ('Thru pre rad.s2p');
Sline = sparameters('Line pre rad.s2p');

sd = sparameters('nmos pre rad.s2p');
yC_params = extract(dat, 'Y PARAMETERS');

oo

s Extract the frequency

freqg = dat.Freqg;
W = 2.*%pi.*freq;
w2 = w.""2;

%% Extraction of measured thru stand Sparameters of individual
components

Sthrull=rfparam(Sthru,1,1);

Sthrul2=rfparam(Sthru,1,2);

Sthru2l=rfparam(Sthru,2,1);

Sthru22=rfparam(Sthru,2,2);
SthruT=[Sthrull, Sthrul2, Sthru2l, Sthru22];

[o)

%% Extraction of measured short stand Sparameters of individual
components

SReflectll=rfparam(SReflect,1,1);
SReflectl2=rfparam(SReflect,1,2);
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SReflect2l=rfparam(SReflect,2,1);
SReflect22=rfparam(SReflect,2,2);
SReflectT=[SReflectll, SReflectl?2,SReflect2l, SReflect22];

%% Extraction of measured line stand Sparameters of individual
components

Slinell=rfparam(Sline,1,1);
Slinel2=rfparam(Sline,1,2);
Sline2l=rfparam(Sline,2,1);
Sline22=rfparam(Sline,2,2);
SlineT=[Slinell,Slinel2,S1line2l,S1ine22];

’

%% Extraction of measured NMOS Sparameters of individual components
sdll=rfparam(sd,1,1);

sdl2=rfparam(sd,1,2);
sd21l=rfparam(sSd,2,1);
sd22=rfparam(Sd, 2, 2)
sdT=[sdll,sdl2,sd21,sd22];

’

%% Extraction of modelled NMOS S-parameters before radiation

smll=shiftdim(Sm(1,1,:));
sml2=shiftdim(Sm(1,2,:));
sm2l=shiftdim(Sm(2,1,:));
sm22=shiftdim(Sm (2,2, :));

%% Extraction of S-parameters for the model
Sdll=rfparam(sd,1,1);

Sdl2=rfparam(sSd,1,2);

Sd2l=rfparam(Sd,2,1);

Sdz22=rfparam(Sd,2,2)

’

sm_1l=shiftdim/(
sm_12=shiftdim/(
(
(

. N

sm_21l=shiftdim
sm_22=shiftdim

~.

S
S
S
S

—_ — — —
~

383 3

~.

~
N = DN
~

ycll = shiftdim(yc params (1,1
ycl2 = shiftdim(yc params (1,2
yc2l = shiftdim(yc params (2,1, :
yc22 = shiftdim(yc params (2,2

14 r -

o N

7 .

vvvv
[P
~e N

~e

14 r -

sill = Sx(:,1);
sil2 = Sx(:,2);
si2l = Sx(:,3);
si22 = Sx(:,4);

for no=l:length(sill)

Si(:,:,n0) = [sill(no) sil2(no);si2l (no) si22(no)];
end
y _params = s2y(Si,50);
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yll = shiftdim(y params(1l,1,:));
yl2 = shiftdim(y params(1,2,:));
y21l = shiftdim(y params(2,1,:));
y22 = shiftdim(y params(2,2,:));
%% Extraction of small signal parameters
A 1 = -imag(yl2);

P 1= polyfit(w,A 1,1);

A 1poly = polyval(P_1,w);

Cgd =P 1(1);

A 2 = imag(yll)+imag(yl2);
perCent=1;

nPoint=floor (perCent*length(A 2));

P 2= polyfit(w(l:nPoint),A 2(l:nPoint),1);
A 2poly = polyval(P_2,w);

Cgs = P _2(1);

A 3 = real(yll);
a 3 = (imag(yll))."2;
perCent=1;

nPoint=floor (perCent*length(A 3));

P 3= polyfit(a 3(l:nPoint),A 3(l:nPoint),1);
A 3poly = polyval(P _3,a 3);

Rg = P 3(1);

A = real(y2l);

Pl= polyfit(w2,A,1);

Apoly = polyval (P1l,w2);

gm = P1(2);

B = imag(y21);

P2= polyfit(w,B,1);

Bpoly = polyval (P2,w);

ml = P2(1);

Cdg = -ml- (Cgd+Cgs) .*Rg.*gm;

C = real (y22);

P3 = polyfit(w2,C,1);
Cpoly=polyval (P3,w2);
gds= P3(2);

Ya = (w2.*Cgd.*Rg.* ((Cgd+Cgs).*Rg.*gm+Cdg)+7j.*w.*Cgd.*Rg.* (gm-
w2.*Cgd.*Rg.* (Cgd+Cgs))) ./ (1+w2.*Rg."2.* (Cgd+Cgs) ."2) ;

R = real (y22)-gds-real (Ya);

I = imag(y22)-w.*Cgd-imag (Ya) ;

D = w2./R;

P4 = polyfit(w2,D,1);

Dpoly = polyval (P4,w2);

mr = P4(1);

cr = P4(2);

E = w.*I./R;

P5 = polyfit (w2,E,1);

Epoly = polyval (P5,w2);

mi = P5(1);
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ci = P5(2);
Cdb = mi./mr;

F=1I./w;
P6 = polyfit(w2,F,1);
Fpoly=polyval (P6,w2) ;

g= P6(2);

gmbRbb = (g./Cdb)-1;

p =2 - ((mi.”"2.*cr)./mr).* (gmbRbb) ."2;

q = 2.*Cdb-2.* (mi.”"2.*cr./mr) .* (gmbRbb.*Cdb) .* (1+gmbRbb) ;
r = Cdb.”2.*(1-(mi.”2.*cr./mr) .* (1+gmbRbb) ."2) ;

Cbb = ((-gtsgrt(g.”2 -4.*p.*r))./(2.*p));

Rbb = (1./(Cbb.* (Cdb+Cbb))).* (sqrt((mr./cr).* (Cbb.”2+ (Cdb+Cbb) ."2)));
a = Rbb.”3.*Cdb.*Cbb."2.* (Cdb.* (1+gmbRbb) +gmbRbb . *Cbb) ;
b = Rbb.*Cdb.* (Cdb.* (1+gmbRbb) +gmbRbb. *Cbb) ;

c = Rbb.”2.* (Cbb.”"2+ (Cdb+Cbb) ."2) ;

d = Rbb."4.*Cbb."2.* (Cdb+Cbb) ."2;

e = Rbb."4.*Cdb.*Cbb."3.* (Cdb+Cbb) ;

f = Rbb.”2.*Cdb.*Cbb.* (Cdb+Cbb.* (1+gmbRbb) ) ;

G = I-(w."5.%e+w."3.*f+w.*qg) ./ (L+w2.*ct+tw. 4 .*d) ;
Q4= polyfit(w,G,1);

Gpoly = polyval (Q4,w);

Csd = 0Q4(1);

4. TRL function Code for 2" tier calibration

The TRL function code was written by C. van Niekerk, on 07/06/1995 based
on the work presented in the following paper:

G.F. Engen, C.A. Hoer, "Thru-Reflect-Line: An Improved Technique for
Calibrating the Dual Six-Port Automatic Network Analyser," IEEE Trans.
MTT, Vol. 27,No. 12, December 1979, pp. 987-998

function [Sx,GL]=trl (Sthru, Sopen,Sline, Sdut, freq);

% Define the imaginary constant

i=sqrt (-1);

[o)

% Convert the measured s-parameters of the DEVICE to one variable

S11d = Sdut
521d = Sdut
512d = Sdut
S22d Sdut

(:
(:
(:
(:

[o)

% Convert the measured s-parameters of the REFLECT standerd to one
variable

Sllr = Sopen(:,1);
S22r = Sopen(:,4);
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o)

% Convert the measured s-parameters of the THRU standerd to one variable

S11t = Sthru(:,1);

521t = Sthru(:,2);

S12t = Sthru(:,3);
(:,4)

522t = Sthru

% Convert the measured s-parameters of the LINE standerd to one variable

S111 = Sline(:,1);
S211 = Sline(:,2);
5121 = Sline(:,3);
5221 = Sline(:,4);

o)

% Compute the wave cascading matrix for the thru standerd

R11t = - (S11t.*S22t - S12t.*S21t)./S21t;
R12t = S11t./S8S21t;
R21t = -822t./821t;
R22t = 1 ./ S21t;

% Compute the wave cascading matrix for the line standerd

R111 = -(S111.%#S221 - S121.*S211)./8211;
R121 = S111./8211;
R211 = -S221./S8211;
R221 = 1 ./ S211;

[o)

% Compute the wave cascading matrix for the device standerd

Rllm = -(S11d.*s22d - S12d.*S21d)./S21d;
R12m S11d./s21d;
R21lm = -S22d./S21d;
R22m = 1 ./ S21d;

o°

Calculate the two possible virtual error networks for port A
and port B using the s-parameters of the thru and line standerds

o

o

¢ Determine the number of frequency points

nfreg=length (freq);

for n = l:nfreq
Rt = [ Rl1lt(n) R12t(n) ; R21t(n) R22t(n) 1;
Rl = [ R111(n) R121(n) ; R211(n) R221(n) 1;
T = R1*inv (Rt);

o\

Solve a set of quadratic equations to get the values of rlla/r2la
and rl2a/r22a

o\

A= T(2,1);
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e

o\°

e

o
)
C

o

o

P

o
°

B= T(2,2) - T(1,1);

Cc = _T(lr2);

Kl = (-B + sgrt ((B"2)-4*A*C))/ (2*R);
K2 = (-B - sqgrt((B"2)-4*A*C))/ (2*R);

Choose between the two possible roots to get the right values for
b and c/a

if abs (Kl)<abs (K2)

b = KI1;
ca = 1/K2;
end;

if abs (K2)<abs (K1)

b = K2;
ca = 1/K1;
end;

Calculates the propogation constant of the LINE standerd.

GL(n) = -1log(T(1,1)+T(1,2)*ca);

Calculates "a"

wl = Sllr(n);

w2 = S22r(n);

g = 1/821t(n);

d = -(S1lt(n)*S22t(n) - S12t(n)*S21t(n));
e = Sllt(n);

f = -S22t (n);

gamma = (f-d*ca)/(l-e*ca);

beta alfa = (e-b)/(d-b*f);

a = sqrt(((wl—b)*(1+w2*beta_alfa)*(d—b*f))/((w2+gamma)*(1—w1*ca)*(1—
*ca)));

Calculates the reflection coeffisients at each port to determine the
orrect
sign that should be assigned to a

Rla = (wl-b)/(a-wl*a*ca);

Rlb = (wl-b)/ (wl*a*ca-a);

An open 1is used for the reflection measurement. Use this information
o

chose the sign of a

if abs(angle(Rla)*180/pi)<90
a = a;
as(n) = a;
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c = ca*a;
end;

if abs(angle (R1b)*180/pi)<90

a = -a;
as(n) = a;
c = ca*a;
end;
Rl(n) = (wl-b)/(a-c*wl);
alfa = (d-b*f)/(a*(l-e*ca));
beta = beta alfa*alfa;

r22p22 = R11lt(n)/(a*alfa + b*gamma) ;

IRa = [ 1 -b; -ca ];
IRb = [ 1 -beta ; -gamma alfa ];
Rm = [ Rllm(n) R12m(n) ; R21Im(n) R22m(n) ];

Rx = 1/(r22p22* (alfa-gamma*beta) * (a-b*c) ) *IRa*Rm*IRb;

S1lx(n) x(1,2)/Rx(2,2);
S12x(n) = Rx(1,1) - Rx(1,2)*Rx(2,1)/Rx(2,2);
S21x(n) = 1/Rx(2,2):;
S22x(n) = -Rx(2,1)/Rx(2,2);
end;

Sx=[S1lx."' S21x.' S12x.' S22x."'];

5. Bulk CMOS MATLAB Code for model verification and usage demonstration

clc
clear
close all

d = read(rfdata.data, 'nmos4 pre rad.s2Zp');
Sd = extract(d, 'S PARAMETERS',50);
frm = d.Freqg;

sd 1ll=shiftdim
sd _12=shiftdim
sd 21=shiftdim
sd 22=shiftdim

o N

~.

sd
sd
sd
sd

—~ o~~~
~

N = DN
~

—_ — — —

—_ — — —
~

~e

%% NMOS 50 um
$% Calculated at Pre-radiation for the NMOS with a total gate width of 50
um using the generated equations from curve fitting

R g = 38.600;
C gd = 4.67le-15;
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C gs 100.460e-15;

gm = 12.6001le-3;

gds = 1./619.43;

C sd = 45.842e-15;

C db = 64.915e-15;

C bb = 90.806e-15;

R bb = 74.575;

C dg = 62.520e-15;

%% frequency

£ = transpose([1e9:49000000:50e9]) ;

W = 2.%pi.*f;

Y sub=

(W.”2.*R_bb.*C _db.”"2)./(14w.”2.*R bb."2.*(C_db+C bb) ."2)+(j.*w.*C_db+j.*w
."3.*R bb."2.*C db.*C bb.*(C _db+C bb))./(1l+w.”2.*R bb."2.* (C_db+C bb)."2)
%% Calculations of Y-params pre-radiation

y 11 =

(w.”2.%(C_gd+C_gs) ."2.*R _g+j.*w.*(C_gd+C gs)) ./ (l+w.”2.*R g.”2.*(C_gd+C g

s)."2);

y 12 = (-w.”2.*C _gd.*(C_gd+C gs).*R g-

j.*w.*C gd)./(1+w.”2.*R _g.”2.*(C_gd+C _gs) ."2);

y 21 = (g mw.”2.*C _dg.*(C_gd+C gs).*R g-

j.*w.*((C_gd+C_gs).*R_g.*g_m+C_dg))./(1+w.A2.*R_g.A2.*(C_gd+C_gs).A2);

y 22 =

Y sub+g ds+j.*w.*(C_sd+C gd)+(w."2.*C gd.*R _g.* ((C_gd+C gs).*R g.*g m+C d
g)+j.*w.*C _gd.*R _g.* (g _m-

w."2.*C gd.*R g.*(C_gd+C gs))) ./ (l+w.”2.*R g.”2.*(C_gd+C _gs) ."2);
$% Converting Y -params to S-Params

for no=l:length(f)

Ym(:, :,no) [y 11(no) y 12(no); y 21(no) y 22(no)];
Sm(:,:,no) = y2s(Ym(:,:,no0),50);
Hm(:, :,no) = y2h(Ym(:,:,no));
end
s 11 = shiftdim(Sm(1,1,:));
s 12 = shiftdim(Sm(1,2,:));
s 21 = shiftdim(Sm(2,1,:));
s 22 = shiftdim(Sm(2,2,:));
h 11 = shiftdim(Hm(1,1,:));
h 12 = shiftdim(Hm(1,2,:));
h 21 = shiftdim(Hm(2,1,:));
h 22 = shiftdim(Hm(2,2,:));
%% Calculations of Y-params
y 11 =
(w.”2.*%(C_gd+C_gs) ."2.*R g+j.*w.*(C_gd+C gs)) ./ (l+w.”2.*R g.”2.*(C_gd+C g
s)."2);
y 12 = (-w.”2.*C_gd.*(C_gd+C gs) .*R g-

J.*w.*C gd) ./ (1+w."2.*R g."2.*(C gd+C gs)."2);
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y 21

y 22 =

(g m-w.”2.*C_dg.*(C_gd+C_gs) .*R_g-
J.*w.*((C_gd+C gs) .*R _g.*g m+C dg))./(1l+w.”2.*R g.”2.* (C_gd+C_gs)

N2)

Y sub+g ds+j.*w.*(C_sd+C gd)+(w."2.*C gd.*R _g.* ((C_gd+C _gs).*R _g.*g m+C d

g)+j.*w.*C _gd.*R _g.* (g m-
w.”2.*C_gd.*R g.*(C_gd+C gs)))./(1l+w."2.*R g.”2.*(C_gd+C_gs) .

%% Converting Y -params to S and H-Params
for no=l:length(f)

Ym(:, :,no) [y 11(no) y 12(no); y 21(no) y 22(no)];
Sm(:,:,no) = y2s(Ym(:,:,no0),50);
Hk(:,:,no0) = ;1,N0) )
end
s 11 = shiftdim( )
s 12 = shiftdim( 1))
s 21 = shiftdim( 1))
s 22 = shiftdim( )
h 11 = shiftdim 1))
h 12 = shiftdim )
h 21 = shiftdim )
h 22 = shiftdim )
%% Unilateral power gain
U = 10*%1oglO(((abs(y_21-y 12)).72)./(4.*((real(y_11)).*real(y 22))-
(real(y 12) .*real(y 21))));

o°

% Current gain

Ai = 20*1logl0(abs(h _21));

6. TRL function Code for 2M tier calibration

o oe

o°

% Writer : C.
% Version : 3.50
% Date : 07/06/1995

o® o o° o°

o\

function [Sx,GL]=trl (Sthru, Sopen,Sline, Sdut, freq);

[o)

i=sqgrt (-1);

G.F. Engen, C.A. Hoer,
Calibrating the Dual Six-Port Automatic Network Analyser,"
IEEE Trans. MTT,

van Niekerk

"Thru-Reflect-Line:

27,No.

% Define the imaginary constant

December 1979,

An Improved Technique for

TRL performs a two-tier TRL calibration for a vector network analyser.
See TRLPOST.M for some post processing functions that can be performed.

This code is based on the work in the presented in the following paper:
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o)

% Convert the measured s-parameters of the DEVICE to one variable

S11d = Sdut(:,1);

521d = Sdut(:,2);

512d = Sdut (:,3);
(:,4)

S22d = Sdut

~e

I

Q

variable

Sllr = Sopen(:,1);
S22r Sopen (:,4);

[o)

S11t = Sthru(:,1);
S21t = Sthru(:,2);
S12t = Sthru(:,3);
S22t = Sthru(:,4);

o)

S111 = Sline(:,1);
S211 = Sline(:,2);
S121 = Sline(:,3);
S221 = Sline(:,4);

[

% Compute the wave cascading matrix for the thru standerd

R11t = —-(S11lt.*S22t - S12t.*S21t)./S21t;
R12t = S11t./S21t;
R21t = -S22t./S21t;
R22t = 1 ./ S21t;

[o)

% Compute the wave cascading matrix for the line standerd

R111 = -(S111.%#S221 - S121.*S211)./8211;
R121 = S111./S211;
R211 = -S221./8211;
R221 = 1 ./ S211;

[o)

% Compute the wave cascading matrix for the device standerd

Rllm = -(S11d.*S22d - S12d.*S21d)./S21d;
R12m = S11d./S21d;

R21lm = -S22d./S21d;

R22m = 1 ./ S21d;

o

Calculate the two possible virtual error networks for port A
and port B using the s-parameters of the thru and line standerds

o

o©

Determine the number of frequency points

% Convert the measured s-parameters of the REFLECT standerd to one

% Convert the measured s-parameters of the THRU standerd to one variable

% Convert the measured s-parameters of the LINE standerd to one variable
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nfreg=length (freq);

for n = l:nfreq
Rt = [ Rllt(n) R12t(n) ; R21t(n) R22t(n) 1;
Rl = [ R111(n) R121(n) ; R211(n) R221(n) 1;
T = Rl1*inv (Rt);

Solve a set of quadratic equations to get the values of rlla/r2la
and rl2a/r22a

o° o

A= T(2,1);

B = T(2,2) - T(1,1);

C=-T(1,2);

Kl = (-B + sqgrt((B"2)-4*A*C))/ (2*D);
K2 = (-B - sqgrt ((B"2)-4*A*C))/ (2*R);

% Choose between the two possible roots to get the right values for
% b and c/a

if abs (K1) <abs (K2)

b = KI1;
ca = 1/K2;
end;

if abs (K2)<abs (K1)

b = K2;
ca = 1/K1;
end;

o\©

Calculates the propogation constant of the LINE standerd.

GL(n) = -log(T(1,1)+T(1,2)*ca);

o0

Calculates "a"

=
=
|

= Sllr(n);
w2 = S22r (n);

g = 1/821t(n);

d = —-(S1lt(n)*S22t (n) - S12t (n)*S21t(n));
e = Sllt(n);

f = =522t (n);

gamma = (f-d*ca)/ (l-e*ca);

beta alfa = (e-b)/(d-b*f);

a = sqrt(((wl—b)*(1+w2*beta_alfa)*(d—b*f))/((w2+gamma)*(1—w1*ca)*(1—
e*ca)));
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o

CO

o)

]

o
]
to
o
]

en

Sx

Calculates the reflection coeffisients at each port to determine the

rrect
sign that should be assigned to a

Rla

(wl-b)/ (a-wl*a*ca) ;
R1lb wl-b)/

( )/ (wl*a*ca-a) ;

An open is used for the reflection measurement.

chose the sign of a

if abs
a = 7

as(n) = a;

= ca*a;

angle (Rla) *180/pi) <90

— QO o~

0]
jo]
Q. 0

if abs (angle (R1lb)*180/pi)<90

a = -a;
as(n) = a;
c = ca*a;
end;
Rl(n) = (wl-b)/(a-c*wl);
alfa = (d-b*f)/(a*(l-e*ca)):;
beta = beta alfa*alfa;

r22p22 = R11lt(n)/(a*alfa + b*gamma) ;

IRa = [ 1-b; -cal;
IRb = [ 1 -beta ; -gamma alfa ];
Rm = [ Rllm(n) R12m(n) ; R2Im(n) R22m(n) ];

Use this information

Rx = 1/ (r22p22* (alfa-gamma*beta) * (a-b*c)) *IRa*Rm*IRb;

S1llx(n) = x(1,2)/Rx(2,2);

S12x(n) = Rx(1,1) - Rx(1,2)*Rx(2,1)/Rx(2,2);
S21x(n) = 1/Rx(2,2);

S22x(n) = -Rx(2,1)/Rx(2,2);

d;

=[S1lx."' S21x."' Sl2x.' S22x.'];
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