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ABSTRACT

In the mobile wireless industry, system size and cost are important factors for having a
competitive product. Because of this, in the future system-on-chip (SOC) solutions are
likely to emerge. For wireless communications products, this means that the power
amplifier (PA) needs to be integrated with the rest of the analog and digital circuitry. This
thesis has experimentally studied the suitability of a commercial 0.25 um logic CMOS
device technology for RF power applications. In particular, the suitability of the standard
BSim3v3 device model for accurately capturing RF power behavior has been evaluated.
Our study includes DC, small-signal RF, and large-signal RF characteristics. It was found
that there are severe discrepancies between the BSim3v3 model and the measured results.
A new model was constructed by adding a passive circuit topology that accounts for
device parasitics not captured by the BSim3v3 model. The newly developed circuit
model has been shown to accurately predict the device’s RF power behavior. The
physical origins of the new circuit elements and their dependencies on device layout have
been identified.
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1.1 Motivation

Chapter 1

Introduction

The focus of this thesis is on the modeling and understanding of standard CMOS devices

for RF power applications. In a wireless system, the power amplifier (PA) is a crucial

component, and being able to implement it together with digital and RF analog circuitry

would allow to have a system-on-chip (SOC) solution, which will result in improved cost

efficiency, and overall smaller system size.

There has been some recent work on RF power amplifiers using logic CMOS

technologies. Table 1.1 summarizes the performance of these amplifiers [1-3].

Technology Frequency| Supply Pout Gain PAE Reference
[GHz] | Voltage | [dBm [dB] %]

0.24 um CMOS 24 25 18 11 24 1
0.35 um CMOS 1.9 25 22 20 44 [2]
0.35 um CMOS 2 2 30 20 48 [2]
0.35 um CMOS 1.9 2 30 |notreported| 41 [1]
0.8 um CMOS 1.9 3 20 13 16 [1]
0.8 um CMOS 0.8 25 30 25 42 {31
0.8 um CMOS 1.9 3 24 17 32 [1]

Bipolar 2 3.3 27 35 35 [2]

GaAs 1.9 34 22.5 29 29 i2]
GaAs (PHEMT) 1.9 3.6 31 30 45 [2]

Table 1.1 PA performance figures for various CMOS technologies. The amplifiers are
multistage, typically 2-stage, amplifiers. For comparison, three non-Silicon PA have
been included. The figures are the ones reported in the papers, and do not mention the
compression point at which the data was read off. Therefore direct comparison is
difficult, yet the numbers give a sense of the orders of magnitude in PAs.
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For evaluating device performance, we have to look at only the device itself. Table 1.2

lists the published performance figures for a commercial device [4].

Technology  |Frequency| Pou Gain PAE
[GHz] | [dBm] [dB] [%]
0.24 ym CMOS 2.4 19 11.2 26

Table 1.2. Device performance at the 1dB compression point of the device reported in

[4]

There are several interesting questions as one considers the suitability of logic CMOS for
RF power applications:
- How far can logic CMOS technology go in delivering the RF power amplifier
(PA) function?
- How does this picture change as CMOS continues to be scaled down?
- What can be done to logic CMOS device and process design to improve its RF
PA capabilities? How can the device layout be optimized for the PA function?
- How well can device model developed for logic capture RF power behavior?
How can we improve these models?
In this work, we will try to answer the questions in the last item, modeling of RF-CMOS

devices. Improved and accurate models will help allow better designs of RF CMOS PAs.

1.2 Previous Modeling Work on RF-CMOS

RF-CMOS modeling is a relatively new field. The BSIM3v3 model has been shown to
give good results for RF simulations when extended by a gate resistance [5] and a

substrate network [4]. The need for these additions and an overview of some different

20



substrate network topologies has been described in [4], discussing their suitability to
match the RF power measurements. However, neither of the two papers [4,5] discusses
linearity for their modified BSim3v3 model. With the modulation schemes for digital
wireless applications depending on a linear PA, the linearity figures of merit (IM3 in this

work) become increasingly important.

The small-signal RF accuracy of the BSim3v3 model and the addition of model elements
to match S-parameter measurements has been more thoroughly studied, than the large-
signal RF-CMOS models mentioned before [6,7]. From these publications, we can see
that the gate resistance (being the most important element to add) occurs in all of the
proposed models. However, there is a fairly large discrepancy on the other parameters, in
particular the substrate network. Different models all claiming an accurate fit can be seen

in [4-10].

1.3 Thesis Goals and Qutline

The goal of this thesis is to show that an accurate RF device model can be built from the
BSim3v3 model, and that it will be able to predict the results of DC, S-parameter and
load-pull measurements. We will derive such a model by adding new circuit elements to
the BSIM3v3 model, which itself will not be changed. Also, an explanation for the new

model elements in terms of the layout of the device will be given.
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Here is how this thesis is organized. Chapter two will first describe the devices, the
measurements that have been carried out, and shows typical measurement data. The
measurements consist of DC, S-parameter, and load-pull (Poy, Gain, I, PAE and IM3)
measurements. Chapter three will describe the simulation setups for the measurements of
chapter two, and show typical simulation results obtained from TSMC’s BSim3v3 device
model. Having thus established the measurement and simulation setups, chapter four will
compare the measurements with the BSim3v3 model. Finding that the model is not
accurate enough, new elements will be added to create a device model that can accurately
predict the S-parameter and load-pull measurements. The model is build step-by-step,
with the goal to match the S-parameter measurements up to 20 GHz. The model element
values are obtained without taking the load-pull data into account. At the end, a
comparison of the new model with S-parameter and load-pull measurements is done to
prove the model’s accuracy in predicting the load-pull measurements. Having now an
accurate model at hand, chapter five analyzes the new model elements and connects them
with the device layout. This is done by looking into how the element values change as the
device is scaled either in the unit finger width or in the number of fingers dimension. The
work concludes with chapter six, presenting our conclusions and suggestions for future

work.
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Chapter 2

Measurement Setups

This chapter describes the devices and the measurement setup used in this thesis, and
shows typical measurement results. The measurements performed are DC-
characterizations, S-parameter measurements, and large signal measurements of Py,
Gain, 1, PAE, and IM3 as a function of P;,. We also show how the non-linearities of the

device mathematically give rise to the intermodulation distortion (IM3).

2.1 Device Design and Layout

The devices used in this thesis are fabricated in the digital 0.25 pm CMOS process of
TSMC. Parameters available in the device design are the dimensions of the device
(number of fingers, unit finger width), and the layout style of the device. This gives us
three dimensions along which to explore device behavior. The layout style involves the
routing of source, drain and gate interconnects and is important for the parasitics, but not
the device behavior as such. Thus, we decided to reduce to two dimensions, namely the
number of fingers and unit finger width. This space is explored in detail around a center
design point. This allows a reasonable investigation of both dimensions, while keeping

the number of test devices within reasonable bounds.

In the equations in this thesis, we will use the following symbols for the number of

fingers, unit finger width and total width:
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W, = total gate width
wg = unit finger width
ns = number of fingers

where Wg =N, Xw,

Fig. 2.1-1 shows the design space of the devices used. The center device was chosen to
be 16 fingers, 20 wm unit finger width (16x20 wm). From here, we can explore in three
directions, holding one parameter constant at a time: the horizontal shows varying
number of fingers, while the unit finger width stays fixed. In the vertical, the number of
fingers stays constant, and the unit width changes. Furthermore, one can move along lines
of constant total width trading off number of fingers and unit finger width. All variations
of parameters occur in factors of two. The device layout for the 16x20 wm device is
shown in Fig. 2.1-2. A schematic of the vertical cross-section showing the metal layers

can be found in Fig. 2.1-3.

In addition to the devices, de-embedding structures are necessary to remove the impact of
the pads and metal lines on RF measurements. These are identical to the device layouts,
except that they have the device contacts removed so only the pad and interconnect

parasitics are measured.
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Fig. 2.1-2 Device layout for the 16x20 um device. Left: pads (blue) and metal4 lines
(green) to the device. Right: Device itself, showing the metal4 lines (green), metal2 (red
area), metall (blue) and contact holes (white squares). The gates, which are not shown,
run between the metall fingers.

Al pad

device

contacts
R R e e

device layer poly gates
Fig. 2.1-3 Vertical cross-section of the device and metal layers, for the source or drain
path. The gate would be routed on the metal2 level rather than the metall, and then
brought down to the poly silicon with vias.
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2.2 DC Measurement Setup

The devices are characterized using a HP 4155 Semiconductor Parameter Analyzer, on a
Cascade Wafer Probe Station. The measurements are performed on die. All
measurements are performed around 23°C. The HP 4155 is connected to a HP 41501B
High Current unit, to allow biasing currents up to 1 A. The setup is shown in Fig. 2.2-1.
The line between the device and the measurement equipment contains a bias T, which
separates the RF and DC components. The RF component is connected to a 10 dB
attenuator, which is necessary to prevent the DC measurement from suffering from

oscillations caused by RF noise.

A typical DC measurement result is shown in Figs. 2.2-2 to 2.2-6, including the output
characteristics, output conductance (gq), transfer characteristics, transconductance (gm),
and subthreshold characteristics for the 16x10 pum device. In the output characteristics,
the drain-source voltage is swept for a set of given gate voltages (Fig. 2.2-2). Taking the
derivative, we obtain the output conductance, gq (Fig. 2.2-3). In the transfer
characteristics we sweep the gate voltage, maintaining a constant drain-source voltage
(Fig. 2.2-4). The derivative obtained here is the transconductance, gn (Fig. 2.2-5). If we
plot the transfer characteristics on a semi-log scale, we get the subthreshold
characteristics, which allows looking closely at device behavior below the threshold (Fig.
2.2-6). Also, it allows for a good assessment of the drain induced barrier lowering

(DIBL).
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Fig. 2.2-1 DC Measurement Setup. The Bias-T has the purpose to avoid oscillations.
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Fig. 2.2-2 Output Characteristics of the 16x10 um device, with Vg from 0 to 2.4 V in

0.2 V steps.
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2.3 S-Parameter Setup

Fig. 2.3-1 shows the S-Parameter measurement setup. An Agilent 8510C network
analyzer is used to perform the measurement, with the HP 4155/HP 41501B connected to
it to supply the DC biasing through a bias-T inside the network analyzer. The network

analyzer is capable of measuring up to frequencies of 50 GHz.

A typical S-parameter measurement from 500 MHz to 20 GHz is shown in Fig. 2.3-2, for
the 16x20 um device after de-embedding. The device is biased at Vg=1.4 V, V4=2.0 V.
De-embedding is important to remove the parasitic effects of the probe-pads from the
measurement, which would otherwise mask the device behavior. Our de-embedding
structures are identical to the devices, except that the contact layer to the device itself has
been removed. Measurements of the device and the de-embedding structure are then
taken. Assuming a primary parallel nature of the pad parasitics (capacitance dominates)
the device can be de-embedded by subtracting the de-embedding structure’s Y-
parameters from the device Y-parameters [L1]. The result is a S-parameter measurement
of the device, without the impact of the pad-parasitics. The Y-parameters after de-
embedding are shown in Fig. 2.3-3. Fig. 2.3-4 shows the short circuit current gain (|h2,[)
and the unilateral gain (g,), both of which are important figures of merits for device and
circuit designers. The de-embedding process will be described in more detail in section

2.5.
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2.4. Large Signal Characterization

Large signal characterization was performed on selected devices at 2.45 GHz. This
included power-sweeps, IM3 measurements, and load-pull contour measurements.
Measurements were done on a Load-Pull System at ATN Microwave Inc. The
measurement allows determining the device behavior as a function of the input power,

and source- and load-impedance.

In the power-sweep measurement, the available input power (which we will refer to
simply as input power) is swept, while the source and load impedances are held constant.
From this measurement the 1 dB compression point can be determined. A load-pull (or
source-pull) measurement is then performed at the 1 dB compression point, varying the
load (or source) impedance over a specified area of the Smith chart, while holding the
input power constant. This helps to find a more optimal impedance. Generally, the
power-sweep and load/source pull sequence is repeated until a stable optimum is reached.
For modeling purposes, it is not necessary to run this cycle too many times. While it is
important that the measurements are done in a region close to the optimum, finding the
optimum itself is not essential. In our case, the sequence was a power sweep, followed by
a load-pull at the 1 dB point, followed again by a power sweep at the load impedance that
was giving the maximum output power. All power-sweep data used in this work is data
from this stage. The optimized impedances are recorded and are later used in the

simulations.
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A typical result of a power sweep is shown in Fig. 2.4-1. For low power levels, the output
power as a function of available input power has a slope of one,. As the input power
increases the device eventually goes into compression and the slope flattens. The
difference between input and output power is the gain, which starts to drop as the device
goes into compression. The supply current equals to the DC current until the device
enters compression. As the power is increased, the power added efficiency (PAE) goes
up, because more power is delivered to the load for the same DC power dissipation.
However, as the device enters compression, the efficiency will eventually decrease again,
because the gain decreases due to compression. This cannot be seen in Fig. 2.4-4, because

the device was not measured too far into compression.
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Fig. 2.4-1 Power-sweep measurements for the 08x20 um device biased at V4=2 V,
V=14V
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2.4.1. Intermodulation Distortion (IM3)

In digital wireless communication systems, linear modulation methods (QAM, PAM,
PSK) require good linearity of the power amplifier. A typical measure for linearity is the
intermodulation distortion, IM3. The measurement principle and definition of IMj is
explained in [12-14]. It evaluates the intermodulation distortion by introducing two

closely spaced tones at the input.

Distortion arises from non-linearities in the amplifier. If we assume a memoryless time-
variant system, the output y(z) to an input x(z) can be written as a Taylor expansion.

Considering only the first three terms,
2 3
y(1) =a1x(t)+a2x(t) +a3x(t) [Eq 2.4.1-1]
We let the input be a sum of two tones,
tH)=A cos{w 1)+A cos(w 1 Eq2.4.1-2

x(0)= A cos@ 1)+A cos(@, 1) [Eq ]
where the two frequencies are

=@ tAw [Eq 2.4.1-3]

If we now insert the 2-tone input into equation [2.4-1], the higher order terms will result
in products of cosines of both frequencies. Simplifying this into a sum of single cosines,

we observe cross-terms:
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9
y(t) = (al + Za3A2 ]Acos(wlt) +(o¢l + %GJAz )A cos(w,) +

3 ; [Eq 2.4-4]
Zoe3A3 cos((Qw, —,)t) + Za3A3 cos((2w, ~w,)t)

The later two terms are at frequencies

0 =0, £3Aw [Eq 2.4.1-5]

Their amplitude depends on how linear the system is (i.e. a3 small). The output spectrum

is shown in Fig. 2.4-6. In the IM; measurement, the first and second terms of [2.4.1-4] are

Pyy [dBm] fundamental

orp, ! 4 4

fund. output
power | %

M,
VA "\ 5> Pu [dBm)
3

IM output power 20, - w, ® 0, 20,-w g (D
Fig. 2.4.1-1 Intermodulation and Fig. 2.4.1-2 Output frequency spectrum
fundamental output power as a
function of the input power

the fundamental outputs, while the third and fourth terms are the third order
intermodulation outputs. Obviously, the form of the system given in equation [2.4.1-1]
does not have to be limited to the third power of x. If we were to include higher order
terms (with coefficients getting smaller for higher orders), the coefficients in equation
[2.4.1-4] will have additional terms. Also, there will be other frequencies at which
interference occurs. However, those frequencies tend to be further away from the channel
and at lower amplitudes. [13] lists a table of higher order terms and other intermodulation

frequencies.

37



If we plot the power of the fundamental and intermodulation terms of equation [2.4.1-4],
we see that the power of the interfering tones increases at a higher slope on a dBm/dBm
plot. This is because of the cubic nature of the 3™ order term. If we extrapolate, the lines
will intersect. This point is called the 3" order intercept point. Extrapolation is required,
because the device will go into compression before it reaches the intercept point. The x-
and y- axis coordinates of the intercept point are referred to as the input- and output IP5’s,

IIP; and OIPs. Figure 2.4-5 illustrates this.

A potential source of confusion can be the input power. It is important to know whether
P;, means available power, or power into the device, and whether it refers to the power of
each individual tone, or the power of both tones. In this work, Py, for the IMj3
measurement refers to the overall available power of both tones combined. A similar
ambiguity can arise when referring to Poy. In this work, Pgy for the IM; measurement
means the overall power out of both tones. A typical IM; measurement result is displayed

in Fig. 2.4.1-3, showing IM;in a dBm as well as dBc plot.

Having the correct definition of IMj is important. The measurement can be taken in units
of dBm and dBc. When in units of dBm, the measurement is the power of the third order
IM tone (as in Fig. 2.4.1-1). Both the high and low IM tones are recorded, this work uses
the average of both. We can use the average as long as the low and high IMj3 are close
together in their values. When the high and low IM3 diverge, the linearity is no longer

accurately described by the IM3 measurement. In units of dBc, the measurement is
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relative to the carrier power, which is equivalent to subtracting the fundamental output

power [dBm] from the IM3 output power [dBm].

It should be noted that for modern digital communication circuits, the adjacent channel
power ratio (ACPR) is of great importance. It involves a more complex and time-

consuming measurement. However, the ACPR can be related to the IM; data and

reasonably well estimated from it [15].
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Fig. 2.4.1-3 IM; measurement versus total available power, for the 32x20 pm device
biased at Vgs=2 V, Vg=1.4 V. The left graph shows IM; (bottom) and the total output
power (top), both in units of dBm, similar to the sketch of Fig. 2.4.1-1. The right
graph shows IMj in units of dBc. One can see that the difference of IM3 [dBm] and
P, [dBm] amounts to the IM3 [dBc], with a slope of two.
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2.5. De-Embedding

When doing RF measurements, the network analyzer calibration takes account of the
wire and probe dissipation. Thus, the measurement plane is the tip of the microwave
probes. Ideally, we would like to measure the device itself only, without any
interconnects and pads. To achieve this, we could use a method similar to the network
analyzer calibration, using open, short and through structures [16-20]. However, this
would require not one but three de-embedding structures for each device. Given a fixed

chip size, this would cut the number of devices we can explore in half.

A more primitive method is to assume that most of the parasitics will be in parallel with
the device, as shown in Fig. 2.5-1. In this case, only one de-embedding structure is
needed. It will be identical to the device, but with device contacts removed. To de-embed,
we can see that the device and the parasitic network are in parallel. Thus, if we have a
measurement of the parasitic network, we can obtain the intrinsic device data by

subtracting the parasitic network measurement in Y parameter space from the ‘device +

S S

Fig. 2.5-1 Simple model of the device including the pad parasitics
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parasitics’ measurement.

Fig. 2.5-1 shows the Y-parameters before and after the de-embedding, along with the
measured de-embedding structure. We can see that the measured pads are strongly
influencing the measurement of Y,;; and Y,,. This is because the source is overlapping
with the drain and gate. The gate and drain are well separated, and thus do not have a lot
of parasitic interaction. The effect of the de-embedding on Y»; is small, because the
device’s high gain results in the intrinsic Y, being orders of magnitudes larger than the
pad-parasitics. On the other hand, the intrinsic device has a very small Y2, and the de-

embedding has a small effect on the real part of Y 2, seen in Fig. 2.5-1.

2.6. Summary

This chapter has described the measurements performed on the CMOS devices.
Characterization consisted of DC, S-parameter, and large signal measurements. For the
S*-parameters, de-embedding is important to allow a look at the device behavior without
having the pad parasitics interfering. In the large signal measurements, definitions of
input and output power levels were made. This is important because one term can have

several different interpretations.
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Chapter 3

Simulation Setups

The modeling that has been carried out in this thesis is based on the BSim3 model
supplied by TSMC for their devices. This chapter describes the simulation setup, which is
done in Agilent Advanced Design System, version 1.5 (ADS 1.5). The graphs are based
on simulations with the TSMC BSim3 model only, and do not include any modifications
to the model, which will be made in chapter 4. This chapter shows the simulation suites
and the results, for DC, S- and Y-Parameter, IM3; and power-sweep simulations. All
simulations are performed using only the TSMC BSim3v3 device model, except for the

IM3; and power-sweep simulations, which included the measured pad data as well.

3.1. DC Verification

Before looking at the AC performance, it is important to model the DC characteristics.
This assures that threshold voltage and other important DC parameters are accurate. A
picture of the DC simulation setup and the simulation results are shown in Fig. 3.1-1. and
3.1-2-6 respectively. The simulation includes the probe resistance, which we measured to

be on the order of 0.5 to 1.2 Ohm, depending on the quality of the contact.
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3.2 S-Parameter Simulations

The S-Parameters simulation setup includes the same probe resistances, and ideal bias
T’s to mix the RF and DC signals. Both an S-Parameter as well as a DC simulation are
done. The purpose of the DC simulation is to sweep the gate voltage Vg, while
monitoring the drain current. This allows adjusting the gate voltage in the S-Parameter
simulation, such that the drain current coincides with the measured current level. This
method compensates for very small inaccuracies in the model’s threshold voltage. In Fig.

3.2-2-4, the simulation results for a 16x20 um device are shown.
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3.3 Power-Sweep

The power sweep setup uses the harmonic-balance simulation component in ADS. The
schematic in Fig. 3.3-1 shows the power source, biasing, device and the load impedance.
Load and source impedances can be adjusted and are incorporated into the source and
load elements. The main structure and equations are already supplied by ADS in the RF
power-amplifier design guide, which is a library of simulation setups and result displays.

The measured load and source tuner impedances are presented to the device.

An important part of the simulation setup is the de-embedding. While in the S-parameter
case the measured data has been de-embedded before comparing it to the simulations, it
is done inversely here. The measured large signal data is not de-embedded. To compare it
with the device simulations, we have to add in parallel to the intrinsic device the
measured Y-parameters of the pad and interconnect parasitics. This can be seen in the

schematics in Figs. 3.3-1 and 3.4-1.

In the simulations and power-sweep graphs of Figs. 3.3-2 and 3.4-2, the input power Py,

refers to the available input power from the source, as described in section 2.5.

In Fig. 3.3-3, the impact of the probe resistance on the P;, vs. Pgy simulation is shown, by
sweeping its value between 0.25 and 1.5 Ohm. This range of values was reported for the
probe resistance, depending on the quality of contact [21]. We see that the uncertainty

introduced by the probe resistance in the Py level is roughly 0.5 dB.

50



VAR VAR
ehr:-n:mnom|l-\cJI " Gammal.oad
GLreal=0.1347270
= v
mfw GLimag=0.5744116
Fingers=08
Ad=56e-12 e
e = GammaSource
M.}‘g&_m Vde=Viow p GSreal=0.5103185
GSimag=0.5358872
Ps=50.9¢-6
B
ZLzs

Gload=GLreal+j GLimag
GSource=GSrealsf' GSimag
Zload=50"(1+GLoad)/(1-GLoad)
Zsource=50"(1+GSource)/(1-GSour

I_Probe

AAA
\AA S

R2
R R=RPROI
DC_Block R1 DC_Block
PORT! DC1Blk R=RPROBE TSNCmodel25uSub2 e i
Num=1 Bk Term
Term1
Num=2
Freq=RFreq R VAR Z=Zload
VAR3 -
- R3
R-APROBE/ RPROBE=0.8 Ohm
@y o
PS_Viow v
|El HARMONIC BALANCE I SWEEP PLAN = Viow=1.31908 opt{ 1.3 V o 1.43 V } @
weeprian
(AR -
HB1 PinSweep x,m
Freq[1]=RFfreq Start=-30.000000 Stop=-6 0000000 Step=1 Lin= R ds iz
Srmiiies byl 2Zl0ad=1/((1-Pioad)i{1+Pload))*50
sakry 'RF st il 22ioad=(0. 31440,838"])" 50
:wm:-’-vi:;“f g Pload=0.75" exp(168.5/180"pi"])
" weep Psource=0.71"exp(148.5/180"pi"))

Z2source=(0.84+2.366"))"50
2Zsource=1/((1-Psource)/(1+Psource))* 50
Vhigh=2.0 V

Fig. 3.3-1 Power-Sweep simulation setup

ik

(6]
N
N

i

-
o
i
N
-
L

[6)]
N
o

o
-
o

Pout [dBm]
Gain [dB]
T FETTE FETEY N

1
1

-

i

-10{""|""\"'Y|""\"" 17"l|l|||--l|lrl||ll||||1r|
-0 26 -20 15 -10 5 30 -25 20 -15 -10 -5

Pin [dBm] Pin [dBm]

0.0320 25

0.03154 20—

—. 0.0310+ <

< 0.0305- o

= 0.0300- &

0.0295 5

0.0290 v+ O+ T T

-30 25 -20 15 -10 -5 30 25 20 -15 -10 -5

Pin [dBm] Pin [dBm]

Fig. 3.3-2 Power-sweep simulations using the BSim3 model only, for the 08x20 pm

device biased at V4=2 V, Vg=14 V.
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Fig. 3.3-3 Simulated Gain vs. Pj, for the 08x20 um device using the modified model, at
Vg=1.4 V, V4=2 V. Shown for three different values of probe resistance. The
difference in gain between highest and lowest probe resistance is about 0.5 dB.

3.4 IM; Simulations

Fig. 3.4-1 shows the IM; simulation setup. It is very similar to the Power-Sweep setup,
except that two signals are introduced at the input of the device. The equations for
computing IMj3 are supplied in the ADS RF-PA design guide. As described in section 2.4,
two different types of units are often used with IM3, dBm and dBc. To convert the IM;
[dBm] to IM; [dBc], the fundamental output power is subtracted from the output power

of the IM5 tone.

Again, the issue of input power definition is important. In this schematic, RFpower is the
available input power of both tones combined, resulting in an individual tone available
power of RFpower-3dB. In the results graphs, the total available input power P, equals

RFpower.
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Although the measurements did not record the output power of the fundamental tones, we

can compute them from the IM; [dBm] and IM3 [dBc] data. We can extract the output

power of each tone, by subtracting IM3 [dBm] from IM; [dBc].
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Fig. 3.4-2 IM; Simulation versus total available power, for the 08x20 um device
biased at V4=2 V, Vg=1.4 V. The left graph shows IM; (bottom) and the output
power (top) both in units of dBm. The right graph shows IM3 in units of dBc.
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3.5. Summary

The simulation setups have been described, showing both the simulation schematics in
ADS as well as sample simulations obtained by using the BSim3v3 model. The
simulations consisted of DC, S-parameter, and large signal simulations. The large signal
simulations have to be broken up into 1-tone and 2-tone simulations. The latter is used to

simulate the IM3 behavior, while the 1-tone measurement gives Poy, Gain, Iy and PAE vs.

Pin.
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Chapter 4

Results: Comparison of Measurements and Simulations

This chapter compares the measurements with the simulations. First only the BSim3v3
model for the device is used. Then we build a new model that gives more accurate small
and large signal simulations. A comparison of the final model with measured data

concludes this chapter.

4.1 Intrinsic BSim Model

We will compare the DC, S-Parameter, and large signal simulations as predicted by the
BSim3v3 model to the measurements. Figs. 4.1-1 to 4.1-5 show the DC characteristics of

the 16x10 um device.

We can see that the output characteristics in Fig. 4.1-1 are well matched for low Vg, yet
for higher Vg the model does not predict the flattening of Iy that is probably due to self-
heating. This can also be seen in the output conductance in Fig. 4.1-2. It would be nice to
be able to take self-heating into account, however the transistor models in ADS do not

support it currently.

Looking at the transfer characteristics in Fig. 4.1-3, we see that again for low Vy the
match is very good, while for higher V, the model overestimates the current slightly. The

threshold voltage is modeled reasonably accurate. A clearer view is possible through the
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transconductance plot in Fig. 4.1-4. Here, we can see that g is predicted correctly in
shape, with a slight mismatch at high V. Lastly, Fig. 4.1-5 shows the subthreshold

characteristics. Overall, the match is good here, too, indicating that the short channel

effects are modeled well.
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Fig. 4.1-1 Output Characteristics of the 16x10 um device, with Vg from 0 to 2.4 V in

0.4 V steps.
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Fig. 4.1-2 Output Conductance for the 16x10 pm device, with Vg from 0 to 2.4 V in 0.4
V steps. Left: linear scale, right: semi-log scale.
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Fig. 4.1-5 Subthreshold characteristics of the 16x10 um device, with Vg4 from 0 to 2.4
V in 0.6 V steps. The lowest measurement line is for Vds=0 V, the simulations yield 0

A current here, so they are not shown.

Altogether, the DC characteristics are well captured by the intrinsic BSim3v3 model, so

that there will be no need to append or modify the DC model.

Figures 4.1-6 to 4.1-8 show a comparison of AC simulations and measurements of the
16x20 um device. Fig. 4.1-6 shows the S-parameter comparison. Both S;; and S;; are
significantly off from the measurements. S, and S; are also not matching well with the
measurements. Overall, the S-parameter simulations are not particularly accurate.
Similarly, the Y-parameters in Fig. 4.1-7 also show significant discrepancies between the
measured and BSim3v3 model. Finally, in Fig. 4.1-8, the model predicts |hy| well,
although above 10 GHz the shapes diverge. Gy, is not well modeled, being several dB

above the measurement.
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The missing accuracy of the S-parameter simulations will directly translate into an
impedance mismatch during the large signal measurements. This is because these
simulations are done with identical load and source impedances as in the measurements,
yet the reflection coefficients that the simulated device presents are different from those
of the measured device. Thus the simulations will have an impedance mismatch. The
results of the power sweep simulations compared to measurements are shown in Fig. 4.1-
9. The simulations include the BSim3v3 model and, in parallel, the pad measurements as
described in Chapter 3. Fig. 4.1-10 shows the IM3 BSim3v3 simulation and measurement

comparison. The BSim3v3 models IM3 almost 30 dBc below the measurement value.

S12

s21

freq (500.0MHz to 20.00GHz) freq (500.0MHz to 20.00GHz) freq (500.0MHz to 20.00GHz)

Fig. 4.1-6 S-Parameters for the 16x20 um device using the TSMC BSim3v3 model,
biased at Vg=14 V, V=2 V.
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4.2. Modifying the BSim Model

In order to get a more accurate large signal fit, the first step is to match the small signal
AC characteristics. The S-parameters were measured with an input power of about -30
dBm, which is equivalent to the lower input power of the power-sweeps (the load and
source impedances are 50 Ohm in the S-parameter case). A good fit for the S-parameters

should therefore lead to improved large signal simulations, for low input powers at least.

Appendix A shows the S- and Y-parameters of the simulations as each of the model
parameters is swept up- and down from its optimal point in the final model. Following

this helps to understand the impact of the model parameters on the device behavior.

Starting with the S- and Y-parameter plots from Figs. 4.1-6 and 4.1-7, we will add

elements first that only influence one curve of the S- or Y-parameters.

4.2.1. Output Resistance

The real part of Y, (from hereon denoted as Real[Y22] ) at low frequency is the DC
output resistance of the device. Fig. 4.2.1-1 shows Y;,, and we can see a mismatch of
Real[Y22] at low frequency. The simulation shows too high an output resistance. To
correct this, a resistor is added in-between the drain and source. The value of the resistor
is determined such as to match only the very lowest frequency parts of Real[Y22]. This is

because the shape at higher frequencies is influenced by other elements in the device.
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Because the resistor is added in parallel between the drain and source, it will only

influence Real[Y22]. A negligible change will occur in Y21, the other Y-parameters are

not affected.
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4.2.2. Gate Resistance

In the TSMC BSim3v3 model, the gate resistance model parameter is set to zero. While

the gate resistance is negligible for very narrow devices, RF power devices have very

wide fingers and thus the gate resistance will be an important parameter [4-7,9,10]. In the
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S-parameters, the gate resistance primarily affects Si; by reducing the radius of the circle
that Sy; typically traces. Alternatively, its impact can be seen in Y;, where the gate
resistance causes Real[Y21] to bend. Fig. 4.2.2-1 illustrates this. Furthermore, while the
gate resistance does not have an impact on |hy|, it reduces Gy,. This eliminates some of

the excess gain of the simulations.

4.2.3. Gate, Source, and Drain Inductances

While the simulations now give a reasonable fit at low frequencies, we can see several
changes of sign in the measured Y-parameters, most prominently in Imag[Y21] as shown
in Fig. 4.2.3-1. These do not occur in the simulations. They can be explained by the
presence of parasitic inductances in the gate, source, and drain. When adding the
inductances to the model, the sign changes are now modeled correctly. The reason that
Real[Y21] is also matched, even though we do not see a sign change, is that there is a
sign change in Real[Y21] which occurs at higher frequencies above the 20 GHz that the

graph shows.
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Fig. 4.2.3-1 Y, before (left) and after (right) adding the inductances in the gate, source
and drain.
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4.2.4. Body Resistance

The importance of the substrate network has been discussed in various papers [8,9] as
having an impact on the S-parameter and large signal characteristics. For our model, a
simple resistance between the body and source appears sufficient to capture the substrate
effects. This is equivalent to the model in [7,8] and the reduced version of the model
proposed in [4]. The best way to observe the effect of the body resistance is by looking at
Real[Y22] as shown in Fig. 4.2.4-1. Adding the resistance allows the curves to match. In
the simplified small signal model, shown in Fig. 4.2.4-2, the body resistance results in an
RC-network consisting of a parallel Ry,-Cyp, in series with Cgp. This network is between
the drain and source node, in parallel with the intrinsic device, which explains why its
primary impact is on Yz. However, through the backgate transconductance generator

gmb, Ry also affects Y.

Y22 Y22
1E-1 5E-2 1E-1 5E-2
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Fig. 4.2.4-1 Y, before (left) and after (right) adding the body resistance Rp.
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Fig. 4.2.4-2 Simplified small-signal model illustrating the effect of the body resistance,
Ry,. Without Ry, there is only a capacitor between the drain and source. With Ry, in place,
there now is an RC network between the two ports, giving rise to the observed changes

in Yzz.

4.2.5. Gate-to-Drain Capacitance

Having now a very accurate model, we can as a final step add a small capacitor between
the gate and drain. The effect can be best seen in Si3. The Cgg.ex; helps to move Sy out,

matching it closer to the measured results, as seen in Fig. 4.2.5-1.
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Fig. 4.2.5-1 Sy, before (left) and after (right) adding the gate to drain capacitance Cad-ext.
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4.2.6. Small Signal Comparison of the Complete Model

The complete model is shown in Fig. 4.2.6-1. Comparisons of the measured and
simulated S-parameters for the 16x20 um device using the improved model are shown in
Fig. 4.2.6-2. The fit is good, with a small discrepancy in S;; and Sj» at frequencies
approaching 20 GHz. The Y-parameters are compared in Fig. 4.2.6-3, and show very
good agreement throughout the frequency range. The mismatch is below 10% for most of
the Y-parameter curves. Lastly, Fig. 4.2.6-4 shows the figures of merit |hy| and Gy, with
very good agreement, although |hy;| is a little bit too low in the simulations. This is due to
a slight overestimation of Imag[Y11] of 20% in the model, as can be seen in Fig. 4.2.6-3.

This 20% overestimation results in the simulated |hy;| being lowered by 1.6 dB, which is

31
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Fig. 4.2.6-1 Modified BSim3v3 model topology to take RF effects into account
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the discrepancy of |ha;| we observed in Fig. 4.2.6-4.
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Fig. 4.2.6-2 S-Parameters for the 16x20 pm device using the modified model, biased
at Vg=1.4 'V, Vy=2 V.
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Fig. 4.2.6-4 Figures of merit |hz;| and Gy, for the 16x20 um device using the TSMC
BSim3v3 model, biased at Vg=1.4 V, V4=2 V.

4.3. Large Signal Comparison of Complete Model

Having built a model that accurately models the S-parameters, we will now test it against
the large signal measurements. There are six devices, 08x20 um, 16x05 pum, 16x20 pm,
16x40 um, 32x10 um and 64x05 pum, for which power sweeps were performed
measuring Poy, gain, drain current, PAE, and IM3 as a function of available power (Pin).
After deriving the proposed model additions for each of these devices, S-parameter, and
power sweep results were compared. All devices showed an equal accuracy in modeling

the measurements, so we will only present the results of the 16x20 pm device here.

Figs. 4.3-2 shows the output power vs. input power for the measured device and the
model. The model accurately predicts the magnitude and shape of the measurements.

Looking at the Gain vs. P;, in Fig. 4.3-2 allows to see the model’s accuracy more easily

then in the Poy vs. Piy graph.
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The low input power current should be identical for the measurements and simulations, as
discussed in 3.2. This is achieved by changing the gate voltage to compensate for small
threshold voltage mispredictions of the BSim3v3 model. The results of the drain current
as a function of Py, are shown in the third graph of Fig. 4.3-2. The current, together with
the Pi-Poue graph, will determine the power added efficiency, PAE. The results, the last

graph of Fig. 4.3-2, show a very good agreement between measurements and simulation.

Fig. 4.3-3 shows IM3 and P, in dBm, and IM3 in dBc as a function of input power. The
30 dBc discrepancy seen in section 4.1 has been eliminated, and the simulated IM; and
Pout curves now track the measurements very closely. Important for the IM3 match is to
have an accurate match of P,,. Because IMs[dBc] equals the difference of IM3[dBm] and

Pout, any mismatch in Pg,, is exactly transferred into the IM;[dBc] curve.
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4.4 Summary

We have compared the measurements with the BSim3v3 model and noted a significant
discrepancy between the S-parameter and large signal simulations and measurements. A
new model has been derived based on the BSim3v3 model that includes the six new
elements, by only using S-parameter measurements. The new model was then compared
against the S-parameter and large signal measurements. It showed a significant
improvement, giving a good match to the S- and Y-parameters and all important power-

sweep figures, including the linearity figure IM3.
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Chapter 5

Relation of New Model Parameters to Device Design

Having shown the capability of the model in Chapter 4, we will now take a closer look at
the extracted model parameter values for the new elements that have been added to the
device equivalent circuit model. We will examine these parameters in different devices.
We will investigate in particular the impact of the number of gate fingers, the unit finger

width and the total width of the device.

5.1 Output Resistance, R,y

The output resistance parameter is a fitting parameter that appears to simply compensate
for the overestimation of R,y in the intrinsic BSim3v3 model. The dependence of Rout
on unit finger width and number of fingers is shown in Fig. 5.1-1. It is inversely

proportional to the total device width, as can be seen in Fig. 5.1-2.

At RF, the BSim3v3 model overestimates the output resistance (as seen in section 4.2.1
and Fig. 4.2.1-1.). Looking at the DC comparison in 4.1, Fig. 4.1-2 shows that Ry is
lower for the BSim3v3 model, thus at DC, the model underestimates the output
resistance. The model, which does not include self-heating effects, lies between the DC
and the RF measured output resistance. The fact that the DC and RF measured output
resistance is different is not a contradiction! Fig. 5.1-3 illustrates a zoom of the output

characteristics around the DC bias point. If we were to increase Vgs by AV yeep, in the DC
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case, we would move along the solid curve. The increase in V¢ increases the power and
thus temperature, which leads to more self-heating a smaller increase in current. If
instead we now have an RF sweep, the additional current for the same AVyep is higher,
because the temperature of the device does not increase during the short RF sweep. This

is similar to a pulse measurement.

[—e—20um finger width —#—5 um_finger width
2500 - 5000
E 2000 - T 4000
Q, 1500 1 S 3000
5 1000 - 5 2000
€ 500 - & 1000

0 T T 1 0 T T 1
0 20 40 60 0 0.05 0.1 0.15
unit finger width [um] 1/ number of fingers

Fig. 5.1-1 Ry as a function of unit width (left) and number of fingers (right).
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Fig. 5.1-2 Ry, as a function of total device width.
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Fig. 5.1-3 Output characteristic around the DC bias point for the output resistance
measurement under RF and DC conditions

5.2. Gate Resistance, R,

We would expect the gate resistance to be proportional to the ratio of finger width and
number of fingers. Shorter fingers result in a shorter gate and thus less resistance, which
makes R, proportional to the unit finger width. Fingers in parallel result in gate resistors

in parallel, thus Ry is inversely proportional to the number of fingers.

In addition to this, we also expect a small constant resistance in series with the finger
resistance. It consists of two parts: device layout independent via resistance that results
from routing from metal4 to metal2. The second part will be the resistance from the
metal2 layer to the gate finger. It includes the contact resistance between metal 2 and
poly and the poly resistance up to the edge of the gate finger. This resistance ought to be
inversely proportional to the number of fingers, since for every two gate fingers there is

one contact, and more fingers means more resistors in parallel. Hence, we expect that:
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1 W,

Ry =Ry + Ry —+ Ry~ [Eq. 5.2-1]

const

Ryia and Reons are in units of Ohm. The resistance of the gate finger, Rgo, has units of

w

Ohm/length. We expect R, —£ to be the dominating term in Eq. 5.2-1, as long as the
n
s

ratio of wg and n¢ does not become too small. In Fig. 5.2-2, the Rg is plotted against the

wg/n¢ tatio. We can see a constant slope of one for the data, indicating that indeed the

w
R,, — term is the dominating one in Eq 5.2-1.
n
f

Keeping in mind that the probe resistance can be as high as 1.2 Ohm, and that the
simulations used a probe resistance of 0.8 Ohm, the value of Ry has an uncertainty due to
the probe resistance of about 0.4 Ohm. In addition, for small values of Ry, the impact of

R, on the S- and Y-parameters is less significant, making it difficult to find the exact

value by optimizing.
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Fig.5.2-1 R, as a function of unit width (left) and number of fingers (right)
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Fig. 5.2-2 R, as a function of the ratio of unit finger width and number of fingers. The
line is drawn at unity slope.
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5.3 Body Resistance, Ry,

The body resistance, shown in Fig. 5.3-1, has an interesting behavior, which we will
understand by looking in more detail at the device layout. The resistance decreases both
with unit finger width and number of fingers. The layout of the 16x10 um device is
shown in Fig. 5.3-2. There are body contacts surrounding the device. This leads to
different path lengths to the nearest contact location, depending on where in the device
area one starts. Furthermore, we can see that the contact density parallel to the gates is
much higher, so that we would expect to have a better conducting (i.e. lower resistance)
contact along these sides than along the sides perpendicular to the gates. In Fig. 5.3-3 we
see the body resistance as a function of the inverse of the body perimeter. The body
perimeter is the total length of the body contacting the active device area. The results
show that the body resistance is proportional to the body perimeter, which is emphasized
by plotting the product of R, and the body perimeter. The product is nearly constant,

indicating that indeed both parameters are inverse proportional to each other.
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Fig. 5.3-2 Device layout for the 16x10 um device. Shown are the p- and n-implants,
the poly-silicon gate (red lines), and contact holes (white squares) from the metall
layer. The body contacts are shown in blue.
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Fig. 5.3-3 (left) Body resistance as a function of the inverse body-contact perimeter,
(right) Body resistance — perimeter product, illustrating the inverse proportionality of
Ry, and the body perimeter.
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5.4. Inductances

The inductances take not only the line inductances of the intrinsic device portion into
account, but also the metal line and via inductance from the pad to the device layer. This
is because our de-embedding mainly removes parallel (i.e. capacitive) effects, but not
serial elements such as inductors or resistors. Therefore, to understand the behavior of the
inductance values, we will need to first know more about the dimensions of the metal
interconnect lines. The signal is routed from the pads to the device on the metal4 layer.

We will now describe the geometry of these lines:

For clarity, the layout is reproduced in Fig. 5.4-1. There are two source lines of constant

width of 5.1um and a line of length of
Lopuree = 155pm —0.98um - (n ,+1) [Eq. 5.4-1]

source

The gate and drain lines are identical shapes between the pads and the device. The line

length is given by
l

1
gate,drain 33pum — —2— "W, [Eq. 5.4-2]

The width is roughly proportional to the number of fingers, with an upper limit of 40pum.
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Wgale,drain = m]n(lﬂm ) nf ’4OI'l‘m) [Eq. 5.4-3]

The metal4 lines described by Eqgs. 5.4-1 to 5.4-3 are only a part of the total inductance,
which is also influenced by the vias, and the merall and metal2 lines that route the

signals to the device contacts.

For the discussion of each inductance we will state how the inductances should behave
with the layout. However, the data often deviates, showing different behavior than what
we expected. One example are the drain and source inductance values. The drain and
source layouts in the intrinsic device are identical, and the source has a much longer and
thinner metal path to the pads than the drain. Yet, in the data, the drain inductance is

often twice as much as the source inductance.

In Fig. 5.4-3, we trade off the drain and source inductance. As we can see, the relative
error is very small, making it difficult for the optimizer to find exact values. In fact,
looking at the sum of all three inductances, we can see in Fig. 5.4-2 that their sum stays
roughly independent of the device layout. We believe that the optimizer was not capable
of finding the exact inductance values. This is possible to see in the next three sections,

when the behavior of the individual inductances is described.
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N

Fig. 5.4-1 Device layout for the 16x10 pm device. Shown are the metal layers (blue:
meatll, red: metal2, green: metal4) and the metall to device contact holes. Left:
Complete picture, including probe-pads, right: close-up on the device. The gate is
coming in from the middle left pad, the drain from the middle right pad. The four top
and bottom pads are the source, coming in to the device from the top and bottom.
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Fig. 5.4-2 The sum of the inductances as a function of unit finger with and the inverse
of the number of fingers. The sum is roughly independent of the layout.
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5.4.1. Gate Inductance, L,

When we increase the unit finger width, while keeping the number of fingers constant,
two parameters change that have an influence on the total gate inductance: the unit finger
width, and the metal4 line length. Increasing the unit finger width should decrease the
inductance due to added parallel inductances in the gate fingers. At the same time, the
metal4 line is shortening, leading to a decrease of its inductance. In Fig. 5.4.1-1 we see

that the gate inductance decreases with unit finger width.

Fig. 5.4.1-1 also shows the gate inductance as a function of the number of fingers.
Scaling in this dimension, we would expect a decrease with the number of fingers. If we
look at the layout, the metal4 line has approximately the same size as the device. This
makes the layout is symmetric, and we can slice the layout into periodic sections of 2
fingers, as shown in Fig. 5.4.1-2. Thus, adding more fingers means to have a complete
structure added in parallel, and thus the inductance should decrease. The discrepancy

observed is due to the difficulty in optimizing the inductance values as mentioned in 5.4.

to pad

metal4 via gate

Fig. 5.4.1-2 Layout sketch of the gate structure. The periodic structure of 2 gate fingers
is indicated by the lines
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5.4.2 Drain Inductance, L4

The drain inductance is shown as a function of number of fingers and unit finger width in

Fig. 5.4.2-1. We would expect the same layout dependencies as the gate inductance

previously. Increasing the gate width leads to a shorter metal4 line length, and to a lower

finger inductance. Increasing the number of fingers should lead to the same parallel

behavior as shown in Fig. 5.4.1-2. However, this behavior is not observed in Fig. 5.4.2-1.

Again, we believe this is due to the difficulty in optimizing the inductance values as

mentioned in 5.4.
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Fig. 5.4.2-1 Ly as a function of unit width (left) and number of fingers (right). Also
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5.4.3. Source Inductance, L

The source inductance as a function of number of fingers and unit finger width is shown
in Fig. 5.4.3-1. The sketch in Fig. 5.4.3-2 shows how we expect the dependencies on the
layout to be. The overall metal line is constant. This means that the fingers have to be
added from bottom to top in the schematic, keeping the source metal line constant. Thus,
additional fingers will result in adding inductors in parallel and decreasing the source
inductance. Similarly, a wider unit finger width leads to lower finger inductances, also

decreasing the overall inductance. These dependencies are observed in Fig. 5.4.3-1.
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Fig. 5.4.3-1 L, as a function of unit width (left) and number of fingers (right)
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to pads

source metal

source fingers

Fig. 5.4.3-2 Simplified sketch of the source inductances. As more fingers are added, the
overall inductance decreases because inductors are added into the source metal line in
parallel.

5.5. Gate-to-Drain Capacitance, Cgq

Fig. 5.5-1 shows the dependence of Cgq on unit finger width and number of fingers. It is
difficult to make out a clear layout dependency from these graphs, because of the up and
downward shaped curves. However, if we plot the data vs. the total device width, Wy, we
can see that at least up to W, = 320 um, Cyq is proportional to the total device width. The
reason why this is not seen also for the very wide devices at Wg=640um and 1280um is
that the impact of Cgq on the Y-parameters is decreasing as the device gets wider. The
primary impact of Cgqg is on Y. Fig. 5.5-3 shows a comparison of Y for the 16x05 um
and the 128x05um device, for various values of Cg. We can see that the relative

uncertainty is much larger for the 16x05um device. In fact, for the 128x05 um device, the
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relative uncertainty is so small that for the optimizing algorithm, Cgq appears as a
parameter with almost no influence. This will cause the parameter to drift somewhat
randomly around its initial value during the optimization, which can be seen in the spread

of Cgq as the device gets wider.
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Fig. 5.5-1 Cyq as a function of unit width (left) and number of fingers (right)
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Fig. 5.5-3 Y, for the 16x05 um (left) and 128x05 um (right) device, for different values
of C,q between 10 and 55 fF. The relative impact of Cgd on the 128x05 pm device is
very small, explaining why for wide devices, Cgd does not follow the observed line in
Fig. 5.5-2.

5.6. Summary

We have explained the physical origins of the new model parameters. The parameter
values were linked to the unit finger width and number of fingers, to show their
dependence on these two dimensions. The elements were found to be a function of
different layout characteristics, such as total device width (Row, Cga), unit finger width
(Rg), number of fingers (Ry), body perimeter (Ryp). The sum of the inductances was found

to be independent of the device layout.
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Chapter 6

Conclusions

6.1. Conclusions

We have characterized the 0.25um CMOS technology from TSMC for RF power
applications. Based on the TSMC BSim3v3 device model for this technology, we
successfully built a large signal model that enables us to accurately model the RF power
performance of the devices. The BSim3v3 model without adding the new elements would

yield poor RF power modeling results.

The values of the new model elements are found through matching the simulations with
S-parameter measurements, without the need of an actual load-pull measurement. Having
built the model on S-parameter small signal measurements, we showed that the model
also gives excellent predictions of the load-pull characteristics at 2.45 GHz, including the

figures Poy, Gain, Ly, PAE and IM3 as a function of Pj,.

Explanations of the origin of the new model elements have been given, looking at how
the parameter value changes, as the device is either scaled in number of fingers or unit
finger width. Finally, a physical explanation for the observed changes was given, based

on the device layouts.
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6.2. Suggestions for Future Work

An ideal model should be valid for a broad range of biasing conditions, and the model
parameters should be possible to be obtained from device dimensions and processing
parameters. Currently, the model parameters are optimized to match the S-parameter
measurements, at a single bias point that was also used for the power characterization. In
order to achieve the goal of bias independence and analytical expressions for the model
parameters, more work has to be done. This will involve a more extensive mapping of the
parameters for different bias points, as well as trying to get rough analytical expressions

for the new model parameters.

It would be interesting to study the impact of the device layout, and the body contact
location in particular. This would involve developing a model that connects the RF power
figures of merit with the device layout. Breakdown measurements for devices of various
dimensions may give further insights, especially when studying the body contact

locations.

The model described in this thesis matches the load-pull measurements very closely. In
order to validate the model for power amplifier design, one could compare a load- or
source impedance contour plot, to see how well the model performs in regions of greater
impedance mismatch. If the performance is adequate, one can use the model to design a
power amplifier to the specifications of various wireless applications. To find the biasing,

power levels and impedances, either the traditional load-pull method can be used (using
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load-, source-pulls and power-sweeps to approach the optimal point), or more preferably,

one can use the ADS algorithms to find the best point by optimization.

The load-pull measurements in this thesis were done only at 2.45 GHz. The model
accuracy is roughly constant over the measured range up to 20 GHz. It would therefore
be worth measuring at other frequencies (around 900 MHz and 5 GHz) and to compare
load-pull measurements at those frequencies with what the model would predict. Because
the S-parameter model is uniformly accurate, we have all reason to believe that the load-

pull accuracy at other frequencies would be similar to the one demonstrated in this work.

It would be interesting to use the model developed to design and build a power amplifier.

This should also help demonstrate the accuracy of the model.

Another path to investigate would be the RF power performance of the devices for
possible changes in processing parameters. This could be done through sweeping
parameters of the BSim3v3 model that have a direct connection with the processing
conditions, and registering their impact on the simulated device performance. The
difficulty here is that it requires a very good knowledge of the process itself, which may

be hard to obtain.

Testing the model against other generations (for example, the 0.18 um technology) would

help to verify that the model is universally applicable, and that it is not just tailored to the

devices measured in this thesis.
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Finally, we believe that with the model proposed in this thesis, it should be possible to
design a power amplifier without the need of performing large-signal measurements.
Only DC- and S-Parameter characterization will be necessary to determine the value of

the model elements.
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Appendix A

This appendix shows the S- and Y-parameters of the 16x20 um device biased at Vg=1.4

V, V4=2.0 V. The model used in the simulation has optimized parameter values. Each
figure shows one of the new elements swept from 1/3 to 3 times its optimal value.
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