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National Chiao Tung University

ABSTRACT

With superior advancement of EMOS'technologies, RF MOSFET’s have become an
important candidate for the rapid growing wireless communication applications.
Communication applications base on COMS technologies are potential to integrate
the RF front end, base-band and DSP module together on a single chip, which not
only improve the production cost but also the portability of modern communication
applications. However, designing RF circuit base on CMOS devices is a challenge
since the complex signal coupling inside the device, especially the substrate coupling
effect. Therefore, establishing a model accurately predicts the RF behaviors of
CMOS devices is an urgent mission. The traditional two-port characterization
method is inefficient to investigate the detail RF behavior of a four terminal
MOSFET. The MOSFET is a device with four terminals and will be always arranged
in two-port common source configuration with its source and body grounded to fit

the traditional two-port measurement system. Tying the source and body together



will result in some consequences that the coupling path between the source and body
will not be able to be characterized and the coupling between drain and body will not
be able to separated from the output characteristics either.

In this thesis, the four-port S-parameter measurement was proposed and
demonstrated for the usage of on-wafer characterization of RF MOSFET’s.

First of all, the basic principles of one-port scattering parameter were reviewed and
were extended for multi-port application. The four-port system was also introduced
including the calibration methodology.

Next, the four-port test structures for characterizing RF MOSFET’s including
dummy structures were proposed. The corresponding de-embedding method was
also developed. With the proposed test structures and MOSFET device, the RF
characteristics of the MOSFET configured in.common source, common gate, and
common drain mode was characterized-at one four-port measurement procedure.
Then, small-signal equivalent Circuits with reasonable substrate R-C network for
device in different operation mode were proposed and discussed. Extraction methods
of the components in these equivalent: circuits according to the four-port
measurement data were deduced in detail. The extractions of the components for
devices in different dimensions were also demonstrated, good scalability of the
extracted values with the device dimensions was observed.

Finally, the output characteristics of the proposed small-signal equivalent circuits
were simulated according to the components extracted from the four-port
measurement. The simulated results were compared with the measurement data;
good agreement of the Y-parameters from 100MHz to 20GHz was obtained, which
suggest the feasibility of applying four-port on-wafer measurement for

characterizing RF MOSFET’s.
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Chapter 1
Introduction

1.1 Introduction and motivation

The metal-oxide-semiconductor field-effect transistor (MOSFET) is the most important
device for VLSI, ULSI circuits such as microprocessors and semiconductor memories. It has
many acronyms including IGFET (insulated-gate field-effect transistor), MISFET (metal-
insulator-semiconductor field-effect transistor), and MOST (metal-oxide-semiconductor
transistor). The principle of the surface field-effect transistor was first proposed in the early
1925 by Julius Lilienfeld [1], but he never constructed a working device. Before co-inventing
the bipolar transistor, William Shockley also tried to modulate the conductivity of a
semiconductor to create a field-effect transistor [2], however, problems with his materials
system, copper oxide, prevented his success=1n1960, Kahng and Atalla [3]-[4] proposed and
fabricated the first MOSFET using a thermally oxidized silicon structure. Than the basic
device characteristics, device physics,-and applications were widely studied and reviewed.

Traditionally, the high frequency properties of silicon MOSFETs have been considered

inferior to other technologies, including silicon bipolar transistors and transistors based on -
materials such as gallium arsenide. However, the CMOS technology has now reached a

state of evolution, in terms of both frequency and noise, where it is becoming a serious
contender for radio frequency applications in the GHz range. Nowadays, the cutoff frequency
of deep-submicron CMOS processes typically reaches 100GHz for 0.13mm technology
making them capable to operate well into GHz range which covers many popular wireless
products such as cell phones, global position system, Bluetooth. Adopting CMOS processes
to radio frequency applications has great benefits of low cost, high-level integration, and the

ability to combine the RF front-end and base band circuits together [5]-[7].



An important issue on adopting CMOS for RF applications is the availability of accurate
model of RF CMOS for circuit design. However, differences between the RF MOSFET and
conventional high frequency transistors make the proper modeling of RF MOSFET
complicated and difficult. Two major differences exist; one is related to the substrate
materials. MOSFET’s are fabricated on a silicon substrate, which lacks of semi-insulating
property as a gallium arsenide substrate. Essentially, the intrinsic resistivity of silicon
(2.3x10°0hm-cm) is much lower lower than that of gallium arsenide (108 ohm-cm) due to more
plentiful carriers in the intrinsic condition. In addition to intrinsic condition, in a practical
CMOS process, the silicon substrate is typically doped to have carrier concentration ranging
from about 10" cm™ to about 10" cm™, which corresponds to resistivity of 0.01 to 10 ohm-cm.
The lower resistivity of the silicon substrate results in larger and lossier parasitics related to
the substrate. The performance of the integrated CMOS RF circuits is often limited by these
parasictics. In RF MOSFET’s, the influence of:the distributed substrate resistance becomes
significant as the operation frequency increases [8]-[12]. At low frequencies, the impedance
of the junction capacitance is large that the“substrate resistance may not be seen from the
drain terminal. However, as operation“frequency increases, the impedance of the junction
capacitance reduces and the effects of the substrate resistance become obvious. At high
frequencies, the signals in RF MOSFET’s are coupled through the substrate R-C network in a
complex way. The substrate signal coupling mainly affects the small signal output
characteristics, which are important for RF design. The other difference arises form the device
structure of MOSFET’s. The conventional high-frequency FET’s have three terminals: a gate,
a source, and a drain. Bipolar transistors are also three terminal devices, having an emitter, a
base, and a collector. However the MOSFET has a fourth terminal, the body. The body is
doped opposite to source and drain regions to isolate these two regions by reverse-biased p-n
junctions. The body terminal is typically connected to ground (the lowest potential used in the
circuit) for an n-MOSFET and Vg (the highest potential used in the circuit) for a p-MOSFET

to prevent the source and drain junctions from being forward-biased in any case. In many



cases, the source and body of the MOSFET are tied together. Even for this configuration, a
MOSFET cannot be treated as a three-terminal device since the potential of the intrinsic body
node is neither as the extrinsic body terminal nor as the source. It is much more difficult to
explain and predict the behavior of the four-terminal device than that of the three-terminal
device. A three-terminal device can be treated as a two-port network, where the four complex
numbers are enough to characterize the device. However, nine complex numbers are required
to characterize a four-terminal device. In other word, multi-port (at least three-port required)
on wafer measurement technique is required, but unfortunately there is still no such solution.
In most cases, the test structure of RF MOSFET is usually arranged in common source
configuration with the source and body terminals are tied together and grounded. And the
device can be characterized by performing an on-wafer S-parameter measurement by a 2-port
network analyzer. Figure 1(a) shows thetest.structure of an RF nMOSFET schematically.
Since the source and body are tied together and. the.2-port measurement can only provide 4
independent complex s-parameters, the internal coupling between intrinsic source/body and
drain/body could not be directly observed-according the 2-port measurement data. The
coupling effect arisen from the substrate can:only be fitted or guessed according limited 2-
port data.

In addition to common source configuration, common gate and common drain condition also
appears in RF analog circuits like cascade-type LNA [13]-[15] and transimpedance amplifiers
[16]. However, characterizing a MOSFET in common gate (CG) or common drain (CD)
configuration by using the traditional 2-port test structure will encounter some problems.
Figure 1(b) shows the CG NMOSFET within a traditional 2-port Ground-Signal-Ground RF
test structure. In order to operate the device in saturation region, the DC bias voltage applied
on gate terminal has to be larger than that applied on the source. However, the body terminal
of the device is also connected to the ground metal of the test structure, it will cause the
substrate-source junction to be forward biased. There exists the similar situation in common

drain configuration shown in Fig. 1(c), the substrate-source junction will be forward biased if



the applied drain voltage were larger than source voltage. There is another method to obtain
CG and CS s-parameters which similar to the method used in BJT. In BJT amplifiers, the 2-
port network parameters of common base and common collector configurations can be
converted from measured common emitter data [17]-[18]. However, unlike BJT’s,
MOSFET’s are 4-terminal devices, adopting this method to a MOSFET device may cause
error.

In real CMOS IC’s, the body terminals are not always connected to source terminals of every
single device. In fact, they are connected to the ground for NMOSFET (V44 for pMOSFET)
while source terminals maybe not. The source and body terminals may have voltage drops
between them. The traditional 2-port GSG test structure is unable to adapt this bias condition
since the source and body are tied together.

As discussed above, characterizing a RE MOSFET by using 2-port measurement really limits
the further exploration of inside .Signal coupling behavior of this device. To overcome the
insufficiency of 2-port measurement, a multi-port- on-wafer measurement technique is

required.

1.2 Organization of the thesis

In this thesis, issues about characterization of RF MOSFET’ based on four-port system,
parameters extraction for small-signal equivalent circuits, and the performance of the device
model will be coverd.

In chapter 1, an introduction to this thesis is brief addressed.

In chapter2, the basic concepts of the scattering parameters will be reviewed. And the four-
port measurement system adopted in this study will be briefly introduced.

In chapter 3, the characterization of RF MOSFET’s based on the four-port measurement will
be demonstrated. The test structures for the DUT’s and the dummy stuructures for de-

embedding process will also be addressed.



In chapter 4, small-signals equivalent circuits for the devices with different bias conditions
and the corresponding parameter extractions will be discussed.

In chapter 5, the proposed model and the parameters extracted from the four-port
measurement will be verified.

Finally, conclusions for this thesis and suggestions for future works will be given in chapter 6.



(a) Common Source

(c) Common Drain

Fig.1.1 (a) Conventional two-port test structure for common source MOSFET.
(b) Fictional two-port test structure for common gate MOSFET.

(c) Fictional two-port test structure for common drain MOSFET.



Chapter?2
Multi-Port Scattering Parameters and Four-Port Measurement

System

2.1 Introduction

To model an RF MOSFET to the giga-hertz range relies on reliable DC and high- frequency
measurement. The characterization of electronic components in the DC domain is relatively
simple and only requires a voltmeter and amperemeter. However, characterizing the
frequency performance of the device is more complex since it involves the magnitude
dependence and phase shift of the currents and voltages on each terminal of an RF MOSFET.
The modeling device is operated under its originally intended conditions with DC bias is
applied to all the terminals and additional small-signal RF excitation is applied. The sine
currents and voltages at all terminals 'of the device have to be measured, with magnitude and
phase. A natural choice for =such characterization would be open-circuit impedance
characterization (z-parameters), short-circuit admittance characterization (y-parameters), or
hybrid characterization (h-parameters) from linear network theory. These parameters can be
used to describe the electrical behavior of the device (or network), including any source and
load conditions. For such parameters, the voltage or current as a function of frequency and
bias at the ports of the device must be measured. However, at high frequency, it is very hard
to implement pure “open” or “short” terminations at the device ports. One cannot simply
connect a voltmeter or current probe and get accurate measurement due to the parasitic
impedances of the test structure and probes themselves.

Therefore, some other way of characterizing high-frequency networks is required that doesn’t
have these drawbacks. The scattering parameter (s-parameter) that relate to familiar
parameters such as gain, loss, and reflection coefficient is developed. The s-parameters are

7 [1]

relatively simple to measure, and do not require pure “open”, “short” terminations to the



device. Different to Y, Z, or H parameters, they relate to the traveling waves that are scattered
or reflected when a network is inserted into a transmission line of a certain characteristic
impedance Z,. While s-parameters are measured, Z, Y, or H-parameters can all be derived
from the measured s-parameters if necessary.

At high frequencies above about 1 GHz, S-parameter measurement is the easiest and the most
reliable way to measure the network characteristics of a certain functional block. A great
number of models and corresponding parameter extraction methods from S-parameter
measurement data have been proposed for various kinds of two-port networks such as passive
devices and transistors [19]-[23]. In present, the most common system used for s-parameter
measurement is 2-port system. Its core is a 2-port network analyzer. However, a multi-port
system has similar theory with a multi-port system, and it’s rather simple to extend 2-port
concept to multi-port system. In this chapter, the fundamental one-port s-parameter and
characterization method will be briefly introduced first. Than the theory of extending one-port
s-parameter to multi-port s-parameters will be discussed. Additionally, the methods of
transferring multi-port s-parameters to-Z-, Y-parameters will also be addressed. Finally, the 4-

port equipment and calibration method-used in this study will be presented.

2.2 Multi-Port Scattering Parameters

Scattering implies causing something to separate into different components, and scattering
parameters provide a measure of the degree of separation and the magnitude of different
components. Scattering is relatively easy to visualize when the scattered components actually
exist. For example, when light falls on an atom, the electronic motions are changed such that
light is reemitted. This reemitted light is called scattered light, and its amplitude is related to a
scattering constant of the atom.

However, the scattering concept is more difficult to visualize when the incident and reflected
components do not actually exist. Such is the case for a transistor connects to its load through

a lumped matching network. Here it is necessary to define what is meant by “incident” and



‘reflected” components because they cannot be identified otherwise. Therefore the incident
current is defined as the current which the transistor would deliver to a conjugate matched
load. The fact that the matching network which is actually connected to the transistor may not
necessarily provide a conjugate-matched load. It dose not alter the validity of the incident
current definition since the incident current can be different from the actual current delivered
to the matching network, their difference is defined as the reflected current. Defining
statements are also made for incident and reflected voltages. Therefore, when the scattering
concept is applied to lumped circuit, the actual currents and voltages can be separated
components according to appropriate definitions.

2.2.1 the one-port network

The scattering concept is perhaps best illustrated by considering the one-port network shown

in Fig. 2.1. The actual current and voltage are

E
'= Zo+Z, (1)
and
_ EZL
 Zo+Z, (2)

in which Z; is considered to be internal impedance of the generator.
The incident components are obtained when the generator is connected to a conjugate

matched load Z, , as in Fig. 2.2. Thus

W 3)
Z,+Z, 2ReZ,
and
EZ, EZ,
o (4)
Zo+Zy 2ReZ,
where Re stands for real part of the value.
The reflected components are calculated using the defining decomposition equations
I=1;-1, (5)



and
V=Vi-V, (6)
Using (1) and (3) in (5), the reflected current can be expressed as

=1 -1

Z -7,

= ELT20 | 7

255, )
= SI II

where s' =(zL —ZS)/(ZL +Z,) is acurrent scattering parameter for the one port circuit.

Similarly, using (2) and (4) in (6), the reflected voltage can be expressed as

V, =V, -V

-B(aB) ®

o\ Z, 42,

:Z—Sis'vi =sYy,
ZO

where s¥ = (ZO / zg)s' is a voltage.scattering parameter for the one-port circuit.

It is also readily shown that

v, =201, (92)
and

V, =Z,1, (9b)
The incident and reflected components are related to each other through the impedances and
the scattering parameters as defined. Each scattering parameter and reflected component is
zerowhen z, =7, .
The impedance Z, is often made to be a pure resistance R, >0, so that z,=R,, and it is used
as a normalizing or reference resistance. It is usual to consider the reference resistance equal
to 50Q, particularly if scattering-parameter measurements are made using 50Q lines and
termination. If z,=R, and z; =R,, then

S, . (10)
Z +Ry
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For this case the current and voltage scattering parameters of the one-port circuit are equal,
and have exactly the same form as the reflection coefficient of a transmission line having a
characteristic resistance Ry and terminated in a load Z,. The scattering parameters of the port
are equal to zero if its impedence is the same as the reference resistance Roy. Also, for this case
(9a) and (9b) become

Vi =Ryl (11a)
and

V, =Ryl, (11b)
2.2.2 the n-port network
the scattering parameters for the n-port network shown in Fig. 2.3 are developed using matrix
algebra. It is assumed that the individual generators are independent of each other. This means
that the matrix [Z0] representing internal impédances contains no cross-coupling terms, and is

given by the diagonal matrix

Zy 0 = 0
0 0 - Zp

The incident and reflected components at the ports are related to the actual voltages and

currents by the column matrices

[1]=[n]-[1] (13a)
and

V]=[Vvi]-[v] (13a)
The incident and reflected components are related by

MI=[ 20 ](n] (142)
and

[Ve]=[Zo]["] (14b)

which correspond to the one-port case of (9a) and (9b).

11



The open-circuit impedance-parameter relationship for the n-port network is
[V]=[z][!] (15)
The incident and reflected components can be determined from (12)-(15) as follows:
Vil=lvI-Mil=[z0] -z 1]
or
[Zo][1]=[2)([n]-[0]) - 25 ][]

Combine terms to obtain
(2] +[2o))[1]=([2]-[ 25 )[11]

Multiply by ([2]+[Z,])" to obtain
(16)

where

[s']=([2)+[20)) " {{e)- 2o} (16a)
is the current scattering-parameter matrix that is-analogous to that for the one-port case given
in (7).
Similarly, using the short-circuit admittance-parameter relationship

[1=[¥]lv] (17)

it is found that

Ve == (Yo + [y]) " ([v)-[ Yo ]) v

~[sV]M] (18)
where
[VI=[2", [Yo]=[20]"
and
[8¥ ]==(el+[y]) " (v1-[¥5 ) (19)

12



is the voltage scattering-parameter matrix.
2.2.3 normalized scattering parameters

The normalized incident and reflected components is defined as

1 S\
- (1 [z 1) 20
=[Rez,J"[1]
and
1 2
[b]_ﬁ([zo]‘*[zo]) [Ir] 21)
:[REZO]M[Ir]
where
+(21+[23]) ~[Rez,]"
JReZg® 0 0 |
_ 0 ReZ, 0 (22)
I 6 396 Re.ZOn_
Then combining (16) with (20) and (21) yields
[Rez,]**[b]=[1,]=[S '][|.
=[s'][ReZ,]**[a]
Multiplying by [ReZ,[** yields
[b]=[Rez,]"*[S' ][ReZ,] * a]
or
[b]=[s][a] (23)
where

13



! 0 0
ReZ,,
0 1 0
[Rez,]"* = JReZ,, (24)
0 0 L
i ReZ,,
and
[S]=[ReZ,]"*[s' |[Rez,]** (25)

The matrix [S] thus obtained is called the normalized scattering matrix, and its elements are

called normalized scattering parameters, or simply scattering parameters. These are the

parameters that are usually meant when reference is made to scattering parameters.

It can be shown that

[z (]1%) 29

If the impedance matrix does not exist for a particular n-port network, but the admittance

matrix exists, the scattering parameters can be calculated using (19), (25), and (26).

If [Z,]=[Z; |=[R,]. then

[s']=([2]+[R]) " ([2]-[R:]) (27)

and

[s]=[R,J“[S' J[Re] ™ (28)

Expansion (28) shows that

14



[s]=[s'] (29)
if the reference resistances at all ports are equal.

Using the typical conditions

VA=PH=L%}%&] (30)
with all resistances equal results in

[s]=[s"]=[s"] (1)
Thus (16a) becomes

([z]+[Ro])[8]=[2]-[Ro] (32)
Solve for [z] to obtain

[2]=[Ro) ([1]+[s])([1]-[5])" (33)

where [1] is the unit diagonal matrix. Since [R,] has equal value along the diagonal, (33)

becomes
£ |- (+Ls)-Ls) (34

where [z'] represents the normalized parameters obtained by dividing the actual z-parameters

by Ro. Also, using (30) and (31) yields for (19)
(Yo l+[yN)Is]=~([¥]-[ ¥ ]) (35)
Solve for [y] to obtain

15



[Y]=[%](0]-[sD)([1+[s]) (36)

Since [Y,] has equal values along the diagonal, (36) becomes

[y ]=[Roy]=([1]-[s])([1]+[s]) " (37)

where [y'] represents the normalized parameters obtained by multiplying the actual y-

parameters by Ro.

2.3 Four-port measurement system

2.3.1 Four-port measurement system

A vector network analyzer (VNA) is an instrument, which sends stimulus and receives
response to characterize a device under test (DUT):.A sine wave is transmitted into the DUT
while tuned receiver are swept in lockstep; providing both reflection and transmission
properties. VNA is known to have the -mostraccurate calibration standard of any test and
measurement instrumentation. The raw:measurement results of a VNA are calibrated using
frequency domain artifacts — each measurement is accurate, repeatable and traceable, and its
measurements are often expressed as scattering parameters. The 4-port VNA used for
characterizing RF MOSFET’s in this study is the Agilent N1957B Physical Layer Test
System and is shown in Fig. 2.4. This system consists of a standard 2-port VNA (Agilent
E8364B) capable to perform s-parameter measurements from 10MHz to 50GHz, a test set
(Agilent N4421B), and PC-based control software. The test set converts the standard 2-port
VNA to a 4-port VNA, thus enabling characterization of a 4-port DUT. In addition to the 4-
port NWA, an Agilent 4156 used as a 4-channel DC source is incorporated with 4 bias-tees to

provide the required DC bias voltage during s-parameter measurement.

2.3.2 Calibration
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Measurement calibration is an accuracy enhancement procedure that effectively removes the
measurement errors that cause uncertainty in measuring a DUT. Measurement errors can be
classified into three categories: drift errors, random errors, and systematic errors. Drift errors
are caused by deviations in performance of the measuring instrument that occur after
calibration. Major causes are the thermal expansion of connecting cables and the thermal drift
of the frequency converter within the measuring instrument. These errors can be reduced by
carrying out frequent calibrations as the ambient temperature changes or by maintaining a
stable ambient temperature during the course of a measurement. Random errors occur
irregularly along the time axis. Since random errors are unpredictable, they cannot be
eliminated in a calibration. The main contributors to random errors are instrument noise such
as, source phase noise, sampler noise, and IF noise. The accurate source and phase-locked
receiver of the network analyzer greatly.minimizes these random errors. Systematic errors are
caused by imperfections in the measuring instrument and the test setup (cables, connectors,
RF probe, etc.). Assuming these“errors are repeatable“and their characteristics do not change
relative to time, then it is possible to eliminate these errors mathematically at the time of
measurement by determine the characteristics ‘of these errors in a calibration. There are six
types of systematic errors: directivity and crosstalk related to signal leakage, source and load
impedance mismatches related to signals being reflected, and frequency response error caused
by reflection and transmission tracking with the test receivers. A VNA has 2 receivers for
each test port, the reference receiver and the test receiver (transmission measurement or
reflection measurement) and allows one to perform measurements using these receivers at the
same time. Figure 2.5 shows the architecture of the test ports of a VNA and systematic errors.
For the 4-port VNA, there exist four directivity-error terms (Eg), twelve crosstalk-error terms
(Ex), four source-mismatch error terms (E;), twelve load-mismatch error terms (E;), four
reflection tracking error terms (E;), and twelve transmission tracking error terms (E;). The full
4-port error model and the 48 error terms mentioned above are shown schematically in Fig.

2.6. The most common calibration method used to characterize the systematic errors is Short-
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Open-Load-Through (SOLT) calibration [24]-[25]. In full 4-port calibration, calibration data
are measured by connecting an SHORT standard, OPEN standard, an LOAD standard to the
4-test port, and THRU standard between each two ports. According to SOLT method, the 48
error terms for the 4-port NWA can be calculated from the measured calibration data. The
calibration data will be stored in the memory of VNA, and the measured RAW data will be
processed automatically during the measuring procedure is going. The imperfection effect of
the VNA and the parasitics of the cables, connectors, and probes can all be eliminated and

results in a measurement data as close to the intrinsic data of the DUT as possible.

2.4 Summary

In this chapter, the fundamental one-port scattering parameter is brief introduced. Then,
deduce of multi-port scattering parameters according to the one-port concept is demonstrated.
The conversion of multi-port scattering ‘parameters.to Z- and Y- parameters, which are
important in the following studies. of RE'MOSFET modeling are also addressed. Finally, the
4-port vector network analyzer used in this study is introduced; the calibration of this 4-port

VNA is also described conceptually.
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Fig.2.6 The full 4-port error model and the 48 error terms.
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Chapter 3
Characterizing RF MOSFET’s by Four-Port Measurement

3.1 Motivation

The high F; and high-level integration ability of modern CMOS technology make that GHz
range applications of RF MOSFET more popular today. In most cases, MOSFET’s are
designed as common source amplifiers in analog and RF circuits. Therefore, the
characterization method of a MOSFET is usually arranging the device as a 2-port amplifier in
common source configuration, and perform on-wafer S-parameter measurement by
conventional 2-port network analyzer. In addition to common source configuration, common
gate and common drain condition also-appears in RF analog circuits as mentioned in chapter
one. To characterize a MOSFET -in common.gate (CG) or common drain (CD) configuration
by using the traditional 2-port:test structure will encounter problems. While fitting a RF
MOSFET in a 2-port test structure, two of the.four terminals of the MOSFET must be
connected together. On the other word, the body must be connected to the other terminal
witch is intended to be “commoned”. In the case of common source, since the source and
body are tied together and connected to ground, the DC bias can be easily applied for the
device to operate in saturation mode. In the case of common gate configuration, however, the
common terminal gate cannot be tied with body. The DC bias voltage applied on gate
terminal has to be larger than that applied on the source in order to operate the device in
saturation region. If the body was tied with gate, it will cause the substrate-source junction to
be forward biased, which violates the principle of operating a MOSFET. There exists similar
situation in the case of common drain configuration. The substrate-source junction will be
forward biased if the body was tied with the drain. Besides the bias problem of common gate

and common drain cases, in real CMOS IC’s, the body terminals are not always connected to
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source terminals of every single device. In fact, they are connected to the ground or the most
negative potential in the circuits while source terminals maybe not. The source and substrate
terminals may have voltage drops between them. The traditional 2-port GSG test structure is
unable to adapt this bias condition.

An efficient way to overcome theses problems is to fit the four-terminal RF MOSFET to a
multi-port test structure that has at least three ports. In this chapter, a four-port test structure
for s-parameter measurement of RF MOSFET’s is proposed. The DC bias voltage on each
terminal will be applied independently. The data of RF MOSFET in CS, CG, and CD
configurations can all be characterized by a single proposed four-port test structure. Besides,
the s-parameters of RF MOSFET’s in common source configuration under different substrate

biases are also observed.

3.2 Four-Port RF MOSFET’s

The devices used in this study are RE:MOSFET’s fabricated with 0.13um CMOS process of
UMC. General multi-finger gate structure is adopted for the devices, and the finger number is
four for all devices but with different finger length. Four gate fingers means the devices are
unsymmetrical, since there will be two source and three drain junctions or two drain and three
source junctions depend on the connection and applied voltage of source/drain terminals. The
layout of the RF MOSFET is designed as the gate, drain, source and body terminals were
connected individually to four signal pads of a four-port test structure. Figure 3.1a shows the
test structure and the RF MOSFET schematically. Figure 3.1b is the top view photograph of
the DUT. These four signal pads incorporated with a reference ground form a 4-port Ground-
Signal Ground (GSG) test structure and the RF MOSFET can be treated as a 4-port device

and characterized by 4-port measurement.

26



The on-wafer four-port measurement of this test structure was accomplished by the Agilent
PLTS 50GHz 4-port system incorporated with a Cascade Microtech probe station and four RF
probes. Since the port positions in this test structure are orthogonal, the generally used SOLT
(short, open, load, thru) calibration procedure is not usable in this condition [10,11]. In SOLT
calibration procedure, the RF properties of the four standard (SHORT, OPEN, LOAD, THRU)
must be define clearly. In conventional two-port SOLT calibration, the THRU standards are
always fabricated short and strait and has characteristic impedance of 50Q. This kind of well
behavior THRU line can be simply specified by a delay time and character impedance.
However, specifying an orthogonal THRU standard just by delay time and characteristic
impedance is inefficient since the behavior of orthogonal THRU is much more complex. One
solution for this kind of orthogonal or other undefined THRUs is conducting a SOLR
calibration procedure. By SOLR calibration: method, the definite THRU specification is not
necessary. The only thing it needs about the THRU:standard is the approximate delay time.
According to the SOLR and the approximate delay time, a set of two-port scattering
parameters represent the orthogonal THRU can be ©btained. And the error terms can still be
calculated out. However, the PLTS system used to conduct the four-port measurement doesn’t
equip with SOLT calibration procedure in its control software. The calibration method used
this study is still the SOLT method, but with the specification of orthogonal THRU obtained
by a two-port measurement in which the two-port were posited in right angle and calibrated

by SOLR method.

3.3 Dummy Structures and De-Embedding Procedure

The proposed four-port test structure is shown in Fig.3.2 three-dimensionally. The signal
metal connections are mainly routed by top metal layer and are shielded by the bottom metal

layer connected to ground. The test structure with the body signal pad connected to substrate
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is shown in Fig.3.3. This test structure exhibits several parasics and the equivalent circuit of
the test structure is shown in Fig. 3.4. In this circuit, the four Y,,q components represent the
shunt admittances across the individual signal pad and the surrounding ground metal. In this
4-port test structure, the signal pad of port2 corresponding to the body terminal is connected
to the silicon substrate through substrate contacts. The substrate contacts is arranged in ring-
type and surrounding the active area of the NMOSFET. This, however, will cause a kind of
unique parasitic in the area outside the active region. The substrate area outside the contact
ring will exhibit as extrinsic shunt parasitics between substrate and the ground metal which
shields the substrate loss form coupling to the signal metal connections of the other three
terminals. The components Yy, are corresponding to this parasitic. The substrate area outside
the contact ring but isn’t shielded by the bottom metal layer (M1) will form another shunt
parasitic components between substrate and.each signal metal traces of other three terminals.
In other words, the substrate loss.will be coupléed to'the signal metal traces of the other three
terminals via these shunt parasitics and they.are corresponding to the three Y,s components in
Fig.3.4. The four Zs components-in Fig.3.4-represent the series impedances of signal metal
trace. To obtain the intrinsic RF characteristic of the DUT, these parasitics must be removed
firstly.

The Ypad, Ysub, Yps, and the shunt admittance components exist between each 2 signal pads
that aren’t shown in Fig.3.4 can be de-embedded from the raw measurement data of 4-port
NMOSFET by performing open de-embedding procedure according to the same structure
shown in Fig.3.3. This is the same test structure with the proposed 4-port NMOSFET except
that the NMOSFET is taken out. It can be treated as a special open dummy for the four-port
test structure. The Zs components can be de-embedded out by performing short de-embedding
procedure, and the short dummy structure shown in Fig.3.5. In this short dummy structure, all
signal connections including the vias between metal layers are shorten by the bottom metal

layer.
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During the de-embedding process, the raw 4-port S-parameters matrix Sgaw Of the 4port
NMOSFET is firstly transferred to Y-parameters Ygraw according to Eq. 1 [12].

[Y]=[1 -S]e[l +S]* (3-1)
The | in Eq.3-1 represents a 4x4 identity matrix. According to Eq.3-1, the measured four-port
S-parameters of the special open dummy shown in Fig.3.3 can also obtained as Y gpen.

According to Eq.3-2, the 4-port Z-parameters of the short dummy structure can be obtained as
Zshort-
[z]=[r+s]e[1-S]" (3-2)

The intrinsic Y-parameters of the 4-port NMOSFET Y can be derived from Eq.3-3.

o] = o Yo I = Zoer ] (3-3)
Figure 3.6 compares the difference of input admittance at port2 (body signal pad) between the
special open dummy and an ordinary open dummy without substrate contact ring. The
proposed open dummy exhibits=the-parasitic-Y s sShown in Fig.3.4, which need to be de-
embedded from the raw measurement data-of-the DUT while the ordinary open dummy

exhibits merely the Y, parasitic component.

3.4 Four-Port Y-parameters and Port Reduction

According the definition, the Y-parameters of the proposed NMOSFET can be expressed as:

is| | Yoo Yoo VYes VYo | Vo
o |_|Yos Yoo Yos Yos | Vo (3-4)
IS ySG ySD ySS ySB VS
5] LYss VYeo VYes Yes Ve

In the proposed NMOSFET test structure, the NMOSFET has its four terminals connecting to
four signal pads, therefore, the Y-matrix of this device represent a NMOSFET without any

common terminal. According to Eq. 3-4, grounding a terminal is simply giving the

29



corresponding voltage source a zero value, and the remained sub-matrix will be the Y-matrix
represents the resulting configuration of the NMOSFET. Therefore, the 4x4 matrix of four-
port Y-parameters will be easily reduced to three-port or two-port Y-matrix depending on the
requirement.

The grounded terminals of CS configuration is source and body terminals, therefore, the CS
two-port Y-matrix can be obtained by setting vs = 0 and vg = 0 in Eqg.3-4. And the two-port

CS Y-matrix is just the sub-matrix corresponding to [ig, ip] and [ve,Vp], it can be expressed as

is | | Yes Yoo | Vo .
|:iD:|_|:yDG YDJ[VJ 39)

Similarly, the CG and CD Y-matrix can be also obtained in the same manner and can be

Eq. 3-5.

expressed as Eq.3-6 and EQ.3-7, respectively.

_iS_ — _ySS ySD__VS:| (3'6)
o] [Yos Yool Ve
_iG_ — _yGG yGS__VG:I (3_7)
_is_ _yse yss__Vs

3.5 Measurement Results and Discussions

3.5.1 Measurement Results of Devices with Different Dimensions

Three 0.13 pm multi-finger NMOSFET’s with different gate widths were characterized
from 100MHz to 20GHz. The gate finger lengths are 3.6 (M1), 7.2 (M2) and 12 um (M3), and
with the same finger number four. And the total gate width of each device is 14.4, 28.8 and 48
um for M1, M2, and M3, respectively. The devices are biased at V=1V, Vp=1V,Vs=0V, and

Vg=0V. The drain currents are 6, 11, 20 mA corresponding to M1, M2, and M3.
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Figure 3.7 shows the reflection four-port scattering parameters Scs, Spp, Sss, and Sgg on each
terminal of M1, M2, and M3 in a smith chart. The three Sgc curves almost extend along the
same R circle but with different length as frequency increases. The wider the gate width of the
device is, the longer the Sgg curve goes. It represents the input capacitance at gate scales with
total gate width of each device. The Spp curves show the finite output resistance of the
devices. The wider the device gate width is, the smaller the output resistance presents at drain.
They also reveal that the output capacitance of each device also scale with the device
dimension. The Sss curves of the three devices are also shown. It shows there exists inductive
input impedance at source terminal and is also scaled with the device dimension. The input
inductance appears at source is mainly caused by two factors. The first one is the resistance
appears at gate terminal, which will produce an input inductance component at source. The
second one is the imaginary part of the,current source (-oCy), witch will also produce an
input inductance at source terminal., This inductance component can be deduced from the
small-signal equivalent circuit-of an RE-“NMOSFET, but was observed from directly
measured data for the first time since it cannot-be observed from two-port measurement data.

Figure 3.8 shows the measured Sgg of the'three devices, the test signal transmitted from body
to gate via substrate resistances and small capacitance that exists between substrate and gate.
The measured Sgp, Scs, Sse, Sep, and Sgs are shown in Fig. 3.9, Fig 3.10, Fig. 3.11, Fig. 3.12,
and Fig. 3.13, respectively. They all exhibits test signal transmitted from one port to another
via capacitive and resistive components. These components are passive in a RF MOSFET. It
can be easily observed that these parameters are also scaled with the device dimension. A
particular phenomenon is observed that the Sgg and Sgg of saturation MOSFET’s are different
while they are identical if the devices are not applied bias voltages on each terminal. This is
due to that the when signal is sent to body, it will transmit to gate via substrate resistance and
parasitic capacitance between this terminal. In the other hand, the signal applied at substrate
will influence the carriers in the channel of the device due to body effect. However, if the

signal is sent to gate, the carriers in the channel of the NMOSFET will be influenced directly
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by the test signal, and the fluctuation of carriers in channel than couple to the substrate. The
different mechanism results in different Sgg and Sgc.

Figure 3.14 shows the Spg and Ssc of the three devices. Spg represents a measurement of
signal transmits form gate to drain resembles to the Sy; in the case of the DUT is arranged in
two-port common source configuration. Spg is primarily caused by the transconductance of
the devices and exhibit 180 degrees phase at low frequency. Ssg, which cannot be measured
from two-port DUT’s, is the measurement of test signal transmits from gate to source. This
transmission is also caused by the transconductance of the DUT, but will be in phase with the
signal applied at gate. The Ssg is related to the forward transmission of the device configured
in two-port common drain mode, or so-called source follower.

Figure 3.15 shows the measured Spg and Ssg. Spg is caused mainly by back-gate bias effect or
so called body effect. According to this effect, the body acts as a second gate of the device
and will slightly control the drain current. Therefore, Spg is similar to Spg and has 180
degrees phase at low frequency. The Ssg Is also induced by body effect. The signal applied on
body will result a signal at source'with-the same-phase at low frequency.

Figure 3.16 shows the Sps and Ssp of 'the three devices. Sps is a measurement of signal
transmits from source to drain, which is related to the device configured in two-port common
gate configuration. While a test signal is applied at source, the channel current will be
controlled by this signal hence the results an output signals at drain. The test signal will be in
phase with the resulted signal at drain at low frequency, therefore, the contour of Sps started
from the O degree axis of the polar chart. The Ssp mainly induced from the finite resistance
exists between drain and source, which is resulted from the channel length modulation effect
of MOSFET devices.

3.5.2 Two-Port Scattering Parameter of The Common Source, Common Drain, and

Common Gate RF MOSFET,s
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The measured four-port scattering parameters were transferred to the two-port scattering
parameters of devices in common source, common drain, and common gate configurations
according to Eq. 3-1, Eq. 3-4, Eq. 3-5, Eq. 3-6, and Eq 3-7.

Figure 3.17 shows two-port common source reflection parameters, Sce and Spp, which are
transferred from four-port data. Figure. 3.18 shows the corresponding transmission parameters,

Sep and Spg. Since the 50Q termination connected between source and ground in the four-

port VNA is shorten (short the source and ground) theoretically while converting the four-port
scattering parameters to two-port case, it is obviously the two-port parameters are all different
with the correspondent parameters in four-port case. The most easily to be observed is the Spg,
whose magnitude was enlarged since the 502 resistance was removed. The Sgg curves in Fig.
3.17 also shows that common source devices have larger input capacitance than the four-port
MOSFET’s since more serious Millereffect due the larger gain of common source devices.
Comparing the Spp curves in Fig. 3.7 and Fig. 3.18;.it’s also observed that the drain output
resistances of common source devices are-smaller than that of four-port devices since the
source terminals of the common source ‘devices are grounded.

Figure 3.19 shows the two-port reflection’ parameters of devices in common drain
configuration. A MOSFET in common drain configuration is also called a source follower,
which theoretically can produce an output signal almost identical to the input signal but with a
smaller output resistance. The contours of reflection parameters at gate (Sgs) are similar to
the Sgs contours of common source configuration shown in Fig. 3.17, but with a shorter
length in the smith chart. This means the input capacitance at gate terminal of a MOSFET in
common source configuration is much larger than the input capacitance at the same gate
terminal of the same device but is configured in common drain configuration. This is due to
the well-known Miller effect, the input capacitance of the common source MOSFET will be
amplified approximately by the magnitude of the voltage gain (1-Ay) of the device. The Sss

curves in Fig. 3.19 show the output impedance is also inductive. As have mentioned
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previously, the inductive impedance at source is caused by the resistance appears at gate and
the transcapacitance Cy,. Figure 3.20 shows the two-port transmission scattering parameters of
devices in common drain configuration.

The two-port reflection scattering parameters of the devices in common gate configuration,
Sss and Sge, are shown in Fig. 3.21. Devices operated in this configuration are mainly used as
a current buffer. Sss curves show that the input impedances are inductive, resistive or
capacitive depends on the device dimension. This is due to the gate terminals are grounded,
which in terms reduces the resistance appears at gate terminal (without 50Q termination).
Therefore the inductive components at source terminals are reduced. In addition to the
inductive component induced from the gate resistance and transconductance Cy, the input
impedance at source terminal is also affected by the source/substrate junction capacitance. In
lager device M3, the inductive component:induced from larger gate resistance and C, will
larger enough to maintain the inductive input impedance at source. However, as the device
dimension decreases, the input impedance caused by inductive component due to smaller gate
resistance and Cp, combined with the"capacitive -source/substrate junction will become
resistive or capacitive. Figure 3.22 shows the:two-port Sps and Ssp parameters of the devices
in common gate mode.

A conventional two-port test structure with a NMOSFET configured in common source mode
was measured with two-port VNA. The dimension of this two-port NMOSFET is the same
with the M2 (7.2umx4) four-port counterpart. The measured two-port scattering parameters
are compared to the two-port common source data conversed from the four-port scattering
parameters of M2 device. The results are shown in Fig.3.23 and they rather agree with each
other. However, devices in common gate and common drain configuration cannot be
implemented by conventional two-port test structure as described in previous section, the

comparisons similar to the common source case are absence.
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3.6 Summary

Four-port test structure for characterizing MOSFET’s is presented in this chapter. The dummy
structures including a special open dummy are also shown. The parasitic components of the
proposed test structure and de-embedding procedures are clearly explained. Than the
measured sixteen four-port scattering parameters are all illustrated by figures and explained in
detail.

The theory and method of reducing four-port Y-parameters to two-port Y-parameters of
MOSFET’s in common source, common gate and common drain configurations is also
demonstrated. The common source, common gate, and common drain data can be directly
conversed from the measured four-port scattering parameter of the proposed test structure.
Only one single DUT and one measurement procedure are needed to obtain these data. Three
MOSFET’s in different dimensions are characterized by 4-port measurement, and all the
obtained parameters are scaled with.the device.dimensions.

In contrast with the limitation of-a conventional 2-port test structure, the 4-port test structure

will more powerful for fully characterizing MOSFET devices.
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Fig.3.1 (a) Schematics of test structure and the RF MOSFET.
(b) The top view photograph of the test structure and the RF MOSFET.
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Fig.3.2 Test structure for the four-port measurement.
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Fig.3.3 OPEN dummy structure for the four-port measurement.
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Fig.3.4

The equivalent circuit of the test structure.
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Fig.3.5 SHORT dummy structure for the four-port measurement.

40



contact. .00

0.004
Per Div

Fig.3.6

contact ring.

Y22 of open dummy:
without su bstraté

/\: Y22 of proposed

"= opendummy

Swp Min
0.1GHz

The difference of input admittance at port2 (body signal pad) between the open

dummy shown in Fig.3.3 and an ordinary open dummy without substrate




Swp Max
20GHz

BB
M1

r Sss
/ e S

DD
M3 M2 M1

GG

Swp Min
0.1GHz

Fig.3.7 Sca, Spp, Sss, and Sgg of M1(3.6umx4), M2(7.2umx4), and M3(12umx4)
devices, which are biased at VG=VD=1V.
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Fig.3.8 See of M1(3.6umx4), M2(7.2umx4), and M3(12umx 4 ) devices, which are
biased at VG=VD=1V.
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Fig.3.9 Sep of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices, which are
biased at VG=VD=1V.
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Fig.3.10 Ses of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices, which are
biased at VG=VD=1V.
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Fig.3.11 Sgc of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices, which are
biased at VG=VD=1V.
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Fig.3.12 Sep 0f M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices, which are
biased at VG=VD=1V.
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Fig.3.13 Sgs of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices, which are
biased at VG=VD=1V.

48



0.5
Per Div

Fig.3.14 Sbc and Ssg of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices,
which are biased at VG=VD=1V.
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Fig.3.15 Sps and Sgg of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices,
which are biased at VG=VD=1V.
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Fig.3.16 Ssp and Sps of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices,
which are biased at VG=VD=1V.
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Fig.3.17 Ses and Spp of M1(3.6umx4), M2(7.2umx4), and M3(12umx 4 ) devices

in common source configuration, which are biased at VG=VD=1V.
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Fig.3.18 Sbc and Sgp of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices

in common source configuration, which are biased at VG=VD=1V.
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Fig.3.19 Sce and Sss of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices in

common drain configuration, which are biased at VG=VD=1V.
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Fig.3.20 Scs and Ssg of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices in

common drain configuration, which are biased at VG=VD=1V.
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Fig.3.21 Sss and Spp of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices in

common gate configuration, which are biased at VG=VD=1V.

56



Swp Max
20GHz

Mag Max

1.5 S, and S¢g

of CG mode

0.5
Per Div

0.1GHz

Fig.3.22 Sps and Sgp of M1(3.6umx4), M2(7.2umx4), and M3(12umx4) devices in

common gate configuration, which are biased at VG=VD=1V.
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Fig.3.23 The common source S-parameters obtained from a 4-port NMOSFET and a
conventional 2-port NMOSFET biased at VG=VD=1V. The gate widths of

these two devices are 7.2umx4 .
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Chapter 4
Small-Signal Equivalent Circuit Model of RF MOSFET and

Parameter Extraction

4.1 Motivation

Until not long ago, most RF circuits and systems have been implemented with either
compound semiconductor transistor, such as GaAs MESFETs, HEMTs, HBTSs, or silicon BJTSs.
The microwave properties of silicon MOSFET’s were inferior to these high-frequency
transistors. However, the continuous down-scaling of the CMOS technology has made it a
candidate for RF applications. The 0.18um CMOS technology exhibits nearly 50GHz of
cut-off frequency and 0.5 dB of minimum noise figure at 2GHz operation frequency. The
recent easily available 0.13 um €MQOS technology exhibits even higher cut-off frequency of
90GHz and lower minimum noise figure of 0.3 dB at 2.4 GHz operation frequency. These
figures indicate excellent potential of the current CMOS technology for RF applications
operating at several GHz.

In addition to its sufficient potential, the CMOS technology is very attractive as an RF
technology because CMOS provides advantages such as low coast, high-level integration.
Using the CMOS technology it is possible to integrate RF circuits, low-frequency analog
circuits, and digital circuits in a single chip. However, differences between the RF MOSFET
and conventional high-frequency transistors make it complicated and difficult to properly
model an RF MOSFET. This, on the other hand, prevents using CMOS technology in RF
circuit. The differences include substrate material and the device structure of the MOSFETS.
MOSFET’s are fabricated on a silicon substrate, which has much lower resistivity than the
gallium-arsenide substrate. The lower resistivity of silicon substrate results in larger and more
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lossy parasitics related to substrate. In RF MOSFET’s the influence of the distributed
substrate resistance become significant as the operation frequency increases. At low
frequencies, the impedance of the junction capacitance is very large that the substrate
resistance may not be seen from the drain terminal. However, as the operation frequency
increases, the impedance of the junction capacitance reduces and the effects of substrate
resistance become apparent. At high frequencies, combined with the fact that the MOSFET is
a four-terminal device, the signals in RF MOSFET’s are coupled through the substrate R-C
network in a complex way. The substrate signal coupling serious affects the small signal
output characteristics, which are important for RF circuits design.

The convention high-frequency FET’s have three terminals, a gate, a source, and a drain.
However, the RF MOSFET has the fourth terminal, the body. The body is doped opposite to
the source and drain regions to isolate theses two .regions by reversed-biased p-n junctions.
The basic concept of FET operation is to control the current flow between the source and
drain by the electrical field induced from-the gate voltage. In a MOSFET, the change in the
body potential can also cause the change of drain current. This current control mechanism by
body potential is very similar to that by gate voltage, although it is much less efficient than
the control mechanism of gate voltage. Thus the MOSFET is essentially a four-terminal
device. In many cases, the source and body of MOSFET are connected together. Even for this
situation, the MOSFET is still a four-terminal device since the potential of the intrinsic body
node is not the same as the potential of the extrinsic body. The source has the similar situation.
With DC excitations, the almost negligible substrate current makes that the intrinsic and
extrinsic body have almost the same potential. However, the source current is generally not
negligible, so does the potential difference between intrinsic and extrinsic source nodes. With
AC excitations, the AC body current becomes significant as the excitation frequency increases.
The AC current come from drain, source, and gate will flow through entire substrate R-C
network and make the potentials of intrinsic and extrinsic body nodes different.
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It is more difficult to explain and predict the behavior of a four-terminal device than that of a
three-terminal device; especially the four-terminal device is treated as a two-port network
while using conventional characterizing techniques. The conventional two-port scattering
parameters would not contain enough information to explore the interior components of a
four-terminal device such as a RF MOSFET. In this chapter, the model of an RF MOSFET
and extraction of corresponding parameters based on four-port scattering parameters is

proposed.

4.2 Small-Signal Equivalent Circuits of RF MOSFET’s

In most of the commercially available circuit simulators, MOS transistor models have been
originally developed for digital-and. low frequency -analog circuit design [26]-[27], which
focus on the DC drain current, conductance,.and intrinsic charge/capacitance behavior up to
the megahertz range. However, as the operation frequency increases to the gigahertz range,
the importance of the extrinsic components rivals that of the intrinsic counter-part. Therefore,
a RF model with the consideration of the HF behavior of both intrinsic and extrinsic
components in MOSFET’s is important to achieve accurate and predictive results in
simulation of a designed circuit. Compared with the MOSFET models for both digital and
analog application at low frequency, compact models for high-frequency applications are
more difficult to develop due to the additional requirements of bias dependence and geometry
scaling of the parasitic components as well as the requirements of accurate prediction of the
distortion and noise behavior. A common modeling approach for RF applications is to build
sub-circuits based on the intrinsic MOSFET that has been modeled well for analog application
[28]-[31]. The accuracy of such model depends on how to establish sub-circuits with the
correct understanding of the device physics in high-frequency operation, how to model the
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high-frequency behavior of intrinsic devices and extrinsic parasitics, and how to extract
parameters appropriately for the elements of the sub-circuits. Since scattering-parameter
measurement is the only practical method, and also the measurement method adopted in this
study, to characterize the high-frequency performance of devices, circuits, and systems. Thus
a RF model and its parameter extraction scheme had better be based on a small-signal model
because the scattering-parameter measurement is a small-signal measurement.
Figure 4.1 shows the cross-sectional structure of a four-terminal MOSFET. It can be divided
to intrinsic part and extrinsic part. The extrinsic part consists of all the parasitic components,
such as the gate resistance Rg, gate/source overlap capacitance Cgso, gate/drain overlap
capacitance Cgpo, gate/bulk overlap capacitance Cggo, source series resistance Rs, drain
serious resistance Rp, source/bulk junction diode Dsg, drain bulk junction diode Dpg, and
substrate resistances Rsg, Rpg, and.Rpsg. The intrinsic part is the core of the device without
including those parasitics. Even though it is-desirable to design and fabricate MOSFETSs
without these parasitics, they cannot-be avoided /in reality. Some of them may not be
noticeable in DC and low frequency operation.- However, they will influence the device
performance significantly at high frequency. Equivalent circuits have been an effective
approach to analyze the electrical behavior of a device by representing the above components.
Figure 4.2 shows the proposed small signal equivalent circuit of the four-terminal RF
MOSFET including the intrinsic and extrinsic part. The Rg, Rs, Rp, Rss, Rps, and Rspg are
correspondent to the components shown in Fig.4.1. The Cgs including the intrinsic
capacitance Cggs) not shown in Fig.4.1 and the extrinsic gate/source overlap capacitance Cgso.
It can be expressed as Eq.4-1.

Css =Cosq +Coso (4-1)
Similarly, the Cgp includes the intrinsic and extrinsic parts and can be expressed as Eq.4-2.

Css =Cosq +Coso (4-2)
The Cpg and Csg in Fig. 4.2 represent the junction capacitances of the reversed source/bulk
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and drain/bulk junctions. In addition to the Cpg and Csg, there exist two capacitance
components, Csge, Cpge between source/bulk and drain/bulk which are not arisen from the
junction capacitances but caused by metal connections or other parasitic capacitances between
source/bulk and drain/bulk. Between gate and bulk, there exists an overlap capacitance, Cgge,
which is caused by the metal connections and independent of bias condition. In addition to
Cacae, there is also a capacitance arisen from the gate oxide and will be in-series with a
resistance substrate component, Rgg.

The four voltage-controlled current source can be expressed as:

Ly = (9 — JCyy ) Ves (4-3)
s = (9o = J0C ) Ves, (4-4)
lng = (9 + §@Csp; ) Vos; (4-5)
e = JOC g Vg (4-6)

The Om, Omn, and ggs are the. transconductance; bulk transconductance, and channel
conductance of the device respectively. Cp, is the transcapacitance between the gate and drain
terminal. Cyy is the transcapacitance between the drain and body terminal. Cpg, is the
transcapacitance between the gate and body terminal. These transcapacitances can be

expressed as Eq.4-7, Eq.4-8, and Eq.4-9.

Cm = CDGi _CGDi (4‘7)
Cmb = CDBi - CBDi (4‘8)
Cmgb = CGBi - CBGi (4'9)

These transcapacitances arise from the operation of the MOSFET. For example, if a

small-signal voltage is applied at the drain, the resulting small-signal current entering the gate

will be —Cg, (dv,/dt). Cop actually represent the effect of drain terminal on gate terminal.

However, although the capacitance Cgp is connected between gate and drain, it does not
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model the total effect of gate on drain. Since if a small-signal voltage is applied at the gate,
the amount of charge in the inversion layer will be changed, which will also change the

small-signal drain current. The small-signal current entering the drain indeed is
InV, —(CGD+Cm)(dvg/dt). Note that not only is there a conductive current but also a

capacitive current different form —Cg,(dv, /dt). Thus C,, +C,, represent the effect of gate

on drain and is different from Cgp. C, is an element models the different effect of the gate

and drain on each other in terms of charging currents [32].

4.3 parameter extraction

4.3.1 Extraction of Extrinsic ParasitictComponents in the Equivalent circuit of Cold
MOSFET’s
The intrinsic part or say the voltage-controlled current sources of a MOSFET will exist only if
the device is biased properly. Considering a MOSFET with no DC bias applied, the intrinsic
part of the MOSFET will vanish. The remained components in the small-signal equivalent
circuit will be the extrinsic part of the device. The equivalent circuit shown in Fig.4.2 then can
be simplified by removing the voltage-controlled current sources and becomes the equivalent
circuit shown in Fig.4.3. Below a certain operation frequency range, an assumption is given
that the values of Rs and Rp are much smaller than the impedance of Cgso, Cepo, Csso, Cosos
and Cggo. According to this assumption, Rs and Rp can be neglected while the test frequency
below a certain value. Therefore, the equivalent circuit in Fig.4.3 was further simplified to the
circuits in Fig.4.4. The y-parameters of this equivalent circuit can be easily derived according
the definition. There will be sixteen y-parameters and nine of them are independent for a

four-terminal circuit. However, since this is an equivalent circuit consists of passive
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components, it is reciprocal. The transadmittances between any two terminals in both
directions will equal to each other. Therefore, only six of the sixteen y-parameters are
independent, another ten can be derived from these six y-parameters. Five independent and

one dependent y-parameters of the equivalent sown in Fig4.4 were derived as below.

]
. 2 2 -1
Yoo =| Re + ja’(ceso +Copo +CGBE)+ JwCGBO:_w EGBO ZRGB (4-10)
1+ 0°Cgo Ry

. ) 2 Nt
Vs =[RG +[jw(ceso +Cepo +CGBE)+ ) g0 + @ Lo RGB] J X

1+ ®°Cggo Rop” (4-11)
Ceso
Ceso +Copo +Coro
N
. JaCopo + a)ZCGBOZRGB l
Yoo =—| Rs + Jw(csso +Copo +CGBE)+ 1+0C. 2R.2 x
@ Lo MNep (4-12)
Cepo
Caso *Capo *+ Coaso
Yo = _(YGG +Ysq +YDG) (4-13)

Since the equivalent circuit is reciprocal, the Ygp and Ygs will equals to Ypg and Ysgg. If
a test voltage source was placed at body terminal, it will be foreseen that the Rpsg can be
neglected while calculating Ypg and Ysg since the voltage drop across Rpsg is neglected.
According to simulation results, it’s also found that the Rpsg has minor effect on Ygp and Ygs.
Therefore, it was neglected while deriving the Ygp and Ygs and the resulting expression are

shown in Eq.4-14 and Eq.4-15.

. jwC... + @*C 'R
Yo, =_( joCope +7 o DB] (4-14)
peo Mpe
- 2 2
Ygs =—| JoCoqe + Ja)CSBojw c2:880 2RSB (4-15)
1+ w°Cgy Ry

Equations 4-10 to 4-15 are the exact expression of the six corresponding y-parameters of the
equivalent circuit. However, the expanding expression will very complex and enormous to
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solve the contained components. Therefore, further simplification is required. At appropriate
frequencies, it can be assumed that the higher order terms of ®CxRy are neglected while
compared with the constant one and first order terms in these equations. Then the Ygsg, Ysa,

Y e can be simplified to Eq.4-17 to Eq.4-109.

Yoo ® jw(csso +Copo + Caro *+ Coee ) +(Ceso + Copo +Coro + Cose )2 Rs (4-17)
Yoo & — jCUCGso - wzceso (Ceso +Capo + Ceso ) Rs (4-18)
Yoo & — ja)CGDO - a)ZCGDO (Ceso +Capo + Ceso ) Rs (4-19)

According to Eq.4-18 and Eq.4-19, Csso and Cgpo can be expressed as Eq.4-20 and Eq.4-21.

—Im|Y
Coso ® % (4-20)
Ceno * - Im[YDG] (4-21)
(4]

Substituting Eq.4-18 and Eq.4-19-into Eq.4-17, the Cggo can be derived as Eq.4-22.

Im[Yeo [+ ImfYoo 1+ ImfYe |

CGBO + CGBE ~ (4'22)

(4]

According to Eq.4-17, the gate resistance Rg.can be approximately derived by dividing the

real part of Ygg by imaginary part of Ygg.

(4-23)

However, the effect of Rs, Rp and Rgg are not excluded from the extracted results of Rg.

According to Eq.4-14, at low frequency range, the imaginary part of Ygp is approximated to
the sum of @wC,;, and @Cyz.. They could not be separated if no further information
provided. It’s also found that the real part of Ygp is independent of Cpge but only the function
of Cpgo and Rpg. Therefore, the values of Cpgo and Rpg can be extracted from the real part of

Yep at different frequencies, in theory. The deduction is demonstrated below.

2 2
o Coso Rog

2 25 2

1+ 0°Cpgo Rpg

Re[Yg | =
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Re[Yao ]+ Re[Yap ] @*Crgo’Rog” + @°Crgo Rpg =0 (4-24)
Equation 4-24 corresponds to two different frequencies @, and @, can be expressed as:

Re [YBD (a)l)] +Re [YBD (a)l)] a)lchBOZRDBZ + a)lchBOZ Rps =0 (4-25)
Re [YBD (a)z)] +Re [YBD (a’z)] a)ZZCDBOZRDBZ + a’zzcosoz Rps =0 (4-26)
From Eq.4-25 and Eq.4-26, Cpuo’Ros. and Cpgo Rpg Can be solved as:

2 2 Re[Yqp (a)z)]/a)z2 —Re[Yyp (a)l)]/a)l2

Coso Ros Re [YBD (a)l)] —Re [YBD (a)z)] (4-27)
oo P = R Yo (] ReL 0 )] 2 ~RelVop )]
peo Mps g0 \ @ Re [YBD (a)l)] —Re [YBD (602)]
(4-28)
Re [YBD (0)1)]
a)lz

The value of Rpg can be obtained by dividing Eq.4-27 to 4-28. Then, substituting RDB to
Eq.4-27 or Eq.4-28, the Cpgo can also be extracted; Since the sum of Cpgo and Cpge iS
approximately equals to the value of Ygp at low freguencies, the Cpge can also be obtained.
Similarly, the Csgo, Csge and Rsg can be extracted by this approach, so do the Csgo, Coge and
Res.

The expression of Rpsg is very complex and difficult to simplify, therefore it cannot be
extracted by a compact equation. However, since the value of other components in Fig.4.4 are
known, they can be de-embedded out from the measured data and the value of Rpsg can be
obtained.

According to the data measured from a cold DUT and the simplified equivalent circuit, the
method of extracting extrinsic components in Fig.4.4 are deduced. According to some
literature [33]-[35], the substrate resistances of a NMOSFET are almost unchanged when
negative or low positive gate bias voltage was applied. The Cgso and Cgpo are also

independent of bias condition. Therefore, they may be used for the small-signal equivalent
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circuit of an active NMOSFET. This will be checked later. However, the Rg, Cpg, Csg, and
Ccs Will influent by the applied voltage, they must be re-extracted for the case of active DUT.
4.3.2 Extraction of Components in the Equivalent Circuit of MOSFET’s in Linear
Region
In the cold situation, the source and drain resistance of the DUT are difficult to isolate from
the measured data since the impedances of extrinsic capacitors such as Cgso, Cepo, Csso, and
Coso are much larger than that of source and drain resistances. In this section, another
approach of applying DC voltages on the gate while the source, drain, and body are grounded
is used. If a DC voltage higher then the threshold voltage of the NMOSFET is applied on the
gate with other three terminals DC grounded, the active elements in Fig.4.2 can be replaced
with a channel resistance. The small-signal equivalent in Fig.4.2 can be simplified and is

shown in Fig.4.5. The real part of Y.gp or Yps can be approximated as:
-1
Re[Ysp]* —(Rs + Ry + Ry ) (4-29)

In Eq.4-29, the Rs and Rp are almost independent of bias condition but Rcy isn’t. The channel
conductance of the MOSFET only has‘gate voltage applied will be proportional to the carrier

concentration of the inversion layer, which is proportional to the excess gate voltage. The

channel resistance can be expressed as a function and will be proportional (VG -V )71. As
the gate excess voltage approaches to infinity, or say (VG -V, )71 approach to zero, the Rcy
will approach to zero in theory. Then the Eq.4-29 will become (— Re[YSD])_1 ~R; +R,. This
can be done by plotting (— Re[YSD])_1 versus (Vg — Vi, )71 in a rectangular plot. The

intersectional point of (—Re[YSD])_1 line and y-axis will indicate the value of R +R;.

Once the sum of source and drain resistances is obtained, the source and drain resistance be
extracted since they are approximately equal.
The gate resistance can also be extracted from the device with only gate voltage applied.
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While the channel of the device is induced, the Cggo Will be depressed to almost zero since
the substrate charges is shielded by the carriers in channel. This will reduce the effect of Cgg
and Rgg, which will influence the extraction of Rg. Moreover, the total gate capacitance will
also increase due to the induced carriers in the channel, which will increase the amplitude of
the imaginary and real part of Ysc and improve the signal to noise ratio to obtain a better

extracted result.

4.3.3 Extraction of intrinsic components in saturation region

MOSFET’s operated in saturation region have three major current sources I, Ims, and Iyg,
which are shown in Fig.4.2 and will contribute to the output small-signal current at drain
terminal. The I, represents the drain current caused by the voltage drop between gate and
source, Vgsi, and was shown in Eg.4-3. The Rs is+a very low-value resistance that it can be
neglected at most situations except.when dealing with the intrinsic transconductance gm, and
intrinsic bulk transconductance gmp. Rs-f0Cates at the path of source current; the voltage drop
results from source current on this resistance-will affect the vgs; and vusi. This produces a
negative feedback mechanism on the drain current and effectively reduces the extrinsic
transconductace. The relation of the extrinsic and intrinsic transconductance can be

approximated as:

. g
~—om 4-31
9n 1+9,R, (4-31)

Similarly, The relation of the extrinsic and intrinsic transconductance can be approximated as:

1 gmb

x—omh 4-32
1+ gmb Rs ( )

gmb

In Eq.4-31 and Eq.4-32, the g’ and gmp’ represent the extrinsic transconductance and
extrinsic bulk conductance correspond to the transconductance includes the effect of Rs. The
Rp has minor effect on the active MOSFET since its value is much lower than channel

resistance 1/g,s and the impedances of Cgp and Cpg and can be neglected to simplify the
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extraction of other components. Therefore, the small-signal equivalent circuit with the
extrinsic transconductances gm’ and gmb’, where the Rp is also neglected is shown in Fig.4.6.

According to Fig.4.6, the I, equals to Y, x Vg, SO the I, can be expressed as:

I = Yoe X Vs + J@CqpVep;
=Ypg X Vgsi X (1+ ja)(CGS +Cqp *+ Coge ) Rs ) + JoCqpVep,

=(9n = jCy ) Ves
Therefore,

On '~ j@C, =Ype X(1+ j(Cgs +Cop +Coge )R )+ jaCop (4-33)
Therefore, the gn’, can be extracted from the real part of Eq.4-33, which is nearly the real part
of Ygp. According to the imaginary part of EQ.4-33, transcapacitance C, can also be
extracted.

The Ins shown in Fig.4.6 indicates the small-signal drain current induced body potential
fluctuation, which equals to Y ;XVg . S0, I can be written as:

s = Ypg X Vgs + JCpg X Vg
=Ypg X Vggj X (1+ jaCg RSB)+ JoC g X Vgg;

= (gmb Rl [0, O )VBSi
Therefore,
Oy — JOC,p =Yg X Vg x(1+ joCgy RSB)+ JoCpp (4-34)
The extrinsic bulk transconductance, gmy,’, and the transcapacitance Cn,s can be obtained from
the real part and imaginary part of Eq.4-34, respectively.

Equation 4-5 represents the small-signal drain current results from voltage fluctuation at drain

terminal, which can be approximated to Y, x Vv . Therefore, the Ysp can expressed as:
Ysp = Ups + JoCyp (4-35)

The output conductance ggs saw at drain is simply the real part of Ysp.
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The Inx is a substrate current induced from C, Vg, it can be approximated to C, Vg, at

moderate low frequencies by assuming that the substrate resistances is much lower than the
impedances of Cgg, Csg and Cpg. Then, the I« will approximately equal to the imaginary part

of Ygs and can expressed as:
IM[Ygs ] = j@Cogs (4-36)

Therefore, Crgo Can be extracted from imaginary part of Ygg at lower frequencies.

According to Fig.4.6, the Yss and Ygp are expressed as Eq.4-37 and Eq.4-38.

_ jaCss + ®*Cs (Cgp +Ces)Rs

Y.. =
* 1+ @ (Cop +Cos)"Rg

(4-37)

B -1
Y, - _((RG‘l o)+ jcocGD‘l) (4-38)
By neglecting the high-order term of »C,R, , these two equations can be simplified to

Eq.4-39 and Eq.4-40.

Yes ® —jaCqs — wchS (Copt Ces)Re (4-39)

Yep & —JCqp — C’)ZCGDZ Rs (4-40)

The Cys and Cyq of an active MOSFET can be extracted from the imaginary part of Ygs and
YGD-

Refering to Fig.4-6, Ysc can be derived and simplified as Eq.4-41.
On + JoCgs — ja)(CGS +CGD)ngG
1+ ngS

Yo == (4-41)

According to the imaginary part of Ysg, Rg can also be extracted while the device is active.
According to EQ.4-41, it is observed that R is amplified and contributes an inductive

impedance value to the imaginary part of Ysg. This inductive value determined by

jo(Cgs +Cop ) 9nRs s a first-order term of «C, R, , which will make the extraction of Rg

easier than the conventional
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@*(Cgso +Copo + Caso)’ Rs/@(Coso + Capo + Ceso ) at lower frequencies since the value of

®*(Cgeo +Cepo +Cepo ) Re is Very low.

Csg and Cpg of saturated MOSFET must be extracted from Ygs and Ygp. However, according
to Fig.4-6, it is a difficult mission since the substrate R-C network is not only complex but
also involved a current source Ins. To simplify the work, anther approach to solve this
problem is adapted. For moderate low frequencies, it can be assumed that the impedances of
Csg and Cpg are large enough that few signal are coupled to the substrate. So no current signal
flow through the entire substrate and it can be treated like the intrinsic bulk terminal was

grounded. Therefore, the imaginary part of Ygs and Ygp will almost be composed by
jo(Ces +Cqe) and  jw(Cpg+Cpye ), respectively. The Csge and Cpge are almost
independent of bias condition, the same values extracted from cold measurement can be used.

The Csg and Cpg be can be-approximated respectively as Eq.4-42 and 4-43 at low

frequencies.

Im|Y

Cy » [ BS] —Coe (4-42)
[0
Im|Y

Cpg » [a)BD] —Crge (4-43)

4.4 Results and Discussions

The extraction methodology discussed in previous sections is based on y-parameters of the
small-signal equivalent circuit of a MOSFET. Therefore, the measured four-port scattering
parameters of the DUT’s are transferred to y-parameters to complete the extraction.
NMOSFET’s of three different dimensions were measured. The gate finger lengths of these

devices are 3.6, 7.2, and 12um with finger number of four, and are marked by M1, M2, and
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M3, respectively.

4.4.1 Extracted Results of Cold Devices

Figure 4.7 shows the real and imaginary part of Ygg of the three cold devices. It can be seen
that the three imaginary part of Y are almost proportional to the measurement frequency as
high as 20GHz, and the amplitudes of the real parts are much lower than that of imaginary
parts. It indicates the impedance of Cy, +C,, +Cgz IS much larger than the value of Re.
Figure 4.8 also shows the same phenomena of the linear relations of Cgso, Copo With
frequency. Therefore, the capacitances CGSO and CGDO can be directly extracted from the
imaginary part of Ypg and Ysc. Well extraction results was obtained and shown in Fig.4.11,
the extracted capacitance values are proportional to the total gate widths of the devices and
are almost independent of frequency. It’s also observed that the values of Cgso are slightly
larger than that of Cgpo, this is mainly due to the:different metal connection for source and
drain.

Figure 4.9a and 4.9b illustrate the imaginary.and real parts of Ygs and Ypgp. Contrary to the
Yes and Yep, for Ygs and Ygp, the amplitudes of the real parts are comparable to the
imaginary part. The amplitude of imaginary part climbs slowly at higher frequency and are
not linear with the frequency. Figure 4.12 shows the results, which extracts the capacitance
values by just dividing the Ygs and Ygp by ®. Only the total capacitance can extracted at
lower frequency range since the impedance of the capacitance are much larger than the series
resistance at lower frequency. In the case of Ygg, there exist the same phenomena and are
shown in Fig. 4.10a and 4.10b. According to the extracting method discussed previous, the
extracted value of Csgo, Csge, Cpso, Cpse, Ceso, and Cgge are shown in Fig.4-13, Fig 4-14,
and Fig. 4-15, respectively. It can be calculated that, for example, the sum of Csgo and Csge in
Fig.4-13 will approximate to the value of Y /@ at very low frequency range shown in
Fig.4-12.The extracted results also show that the values of Csgo are larger than that of Cpgo
due to there is one more source junction than the drain. The extracted Rsg, Rpg, and Rgg are
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also shown in Fig.4.16 and Fig. 4.17. It’s observed that the values of Rpg are larger that that
of Rsg. The extracted results of Rpsg are shown in Fig.4.18. It’s found that the extracted
results show some fluctuation with frequency. It’s mainly due to that they are extracted from
the real part of the corresponding y-parameters (Eq.4-24 to Eq.4-28). The signal to noise ratio
of the real part seems poorer than the imaginary part. Moreover, the frequency step used for
extraction will also influence the fluctuation. However, the simulation results using the
different parameter values within the range of fluctuation are almost invariant.

4.4.2 Extracted Results of Devices Linear Region

While device with only V¢ applied, a layer of conduction carrier is induced beneath the gate
oxide. The Cgs and Cgp will increase due to the induced carries in the channel. Figure 4.19a,
4.19b, and 4.19c show the extracted Cgs values of M1, M2, and M3 with different Vs applied.
The corresponding Cgp Vvalues are.shown in Fig.4.20a, 4.20b, and 4.20c. It can be observed
that the Cgs and Cgp increase rapidly as Ve increases-to 0.6V, but will stop at certain values
while the gate voltage exceeds thresholdvoltage (0.45V). This is due to that while Vg exceeds
V14 to form a strong inversion layer, the effective area of Cgs and Cgp will extend to the
entire area beneath the gate, lager V¢ will induce more charges, however, will not increase the
Coas or Cgp further.

Figure 4.21a, 4.21b, and 4.21c show the values of —Yg /@ for different devices under
different Vg bias conditions. A phenomenon is observed that the extracted value will less
dependent to frequency as V¢ increases. Once the Vs exceeds Vry, the extracted values are
almost independent of frequency and bias independent. Since the strong inversion is formed,
the effect of Cgg and Rgg will be shielded and only the values of bias independent Cgge
remain.

The extracted values of Rg correspond to different dimensions and gate bias voltages are
shown in Fig.4.22a, 4.22b, and 4.22c. The extracted results show that Rg is almost
independent of Vg and Vp while the device is in active region. The extracted values of
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V=0.4 are slightly different from R¢ of other gate voltages since the 0.4V isn’t large enough
to form a strong inversion layer and the substrate loss will influence the extracted result. It’s
also observed that the gate resistance will not scale with the device dimension. Other
researches [36]-[37] had revealed that the gate resistance of a MOSFET is determined by two
major factors. First one is the resistance of the poly gate and which will scale with the gate
finger length and number of the device. The other factor is the coupling effect of channel
resistance via the gate capacitance, which will relate to the transconductance gn. In the device
of longer gate finger length, the poly resistance will larger than a device with shorter finger
length, however, the gm of the longer gate finger is larger. This makes the RG doesn’t simply
scale with the device dimension.

Figure 4.23a, 4.23b, and 4.23c shows the extracted values for R, + R, + R, correspond to

different device dimensions and gate bias conditiens. Figure 4.23d shows the sum of these

three resistances versus the inverse-of effective gate=drive (Vg —Vy, )_1. It’s obviously the

sum or says the Rcy are linearly. dependent-on (VGS -V, )_1. Therefore the intersectional

point of the resistance axis and the regression lines represents the sum of Rs and Rp. The
values of each intersectional point are also shown in the figure.

Figure 4.24a, 4.24b, and 4.24c show the extracted results of Csg for different gate bias
conditions and device dimensions. It shows the Csg will slightly increase as the gate bias
increase since the source/substrate junction is extended into the induced channel and the
effective area of the source/substrate junction increases. However, in Fig. 4.26a, 4.26b, and
4.26c, the extracted results of Cpg for different device sizes and gate voltages show that the
Cps are less dependent than Csg on the gate voltage. The actual mechanism cause this
phenomenon is not clear for present. The only suspect is that during fabrication of the device,
some impurities were implanted beneath the drain region to tune the threshold voltage of the

device.
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Figure 4.25a, 4.25b, and 4.25c¢ show the results of Csgg, it’s obvious the Csge almost invariant
with gate bias changed. The same trend for Cpge and Cgge are also shown in Fig.4.27 and
Fig4.29 that they are almost independent on gate bias. The dependence of Cgg on Vg are
shown in Fig.4.28a, 4.28b, and 4.28c. The value of Cgg will depressed to almost zero by the
gate voltage. It concludes the similar results, which has been shown in Fig.4.21.

The extracted results of Rsg and Rpg are shown respectively in Fig.4.30 and 4.31. It shows
they are almost not changed as Vg increases.

4.4.3 Extracted Results of Saturation Devices

In addition to cold device and linear operation conditions, the three devices are also biased in
saturation mode to extract the modeling parameters. Three biased conditions were selected as
VG=VD=0.8V, VG=VD=1V, and VG=VD=1.2V.

Figure 4.32a, 4.32b, 4.32c show thesextracted Cgsand Cgp of the saturation devices. It shows
the Cgs increases slightly as Vg and Vp increase from 0.8V to 1V, but will not increase
anymore as Vg and Vp increase from-1\V. 10.1.2V. The Cgp is almost independent of bias
condition when device is in saturation region, and 1s approximately the value of Cgpo. It’s due
to that there exists a pinch-off region near the drain end of the channel, in which carriers are
expelled out and hence the Cgp; is vanished.

Figure 4.33a, 4.33b, and 4.33c are the extracted results of g, and gmp Corresponds to different
bias voltages and device dimensions. They are dependent on device dimensions as expect.
The extracted g, increases as Vg increases from 0.8V to 1V, however, decreases slightly as
Vg increases to 1.2V. This is due to that as V¢ increases to a certain value, the resulted
vertical electrical field will reduce the mobility of the carrier and hence gm. Figure 4.34a,
4.34b, and 4.34c demonstrate the extracted results of transcapacitnce Cn, and Cps. It shows
dependence on frequencies, but probably due to the extraction method. However, the trends
can still observed, that the transcapacitances have slightly dependence on bias conditions, and
strong dependence on device dimensions. The Rg of saturation devices are extracted and

76



shown in Fig.4.35a, 4.35b, and 4.35c. It shows that the Rg are almost invariant as the bias
voltage changes from 0.8V to 1.2V. The Rg of devices with different dimensions are
obviously different, the trend were discussed in previous section.

Figure 4.36a, 4.36b, and 4.36¢ show the extracted values of Csg and Cpg for the three devices
in different bias conditions. It can be seen that the Cgsg is almost unchanged as Vs and Vp
change. However, the values Cpg are decreased as Vp increased due to that the large Vp will
widen the deletion region width of the reversed drain/bulk junction. Comparing the extracted
values of Cpg with that of Cpgo show in Fig. 4.14, it can be found that the Cpg of
reversed-biased drain/substrate junction are smaller than that of a cold device.

The Rsg and Rpg for the three saturation devices are shown in Fig.4.37a, 4.37b, and 4.37c. No
sign of Rsg changes with bias voltage is observed since source and substrate are grounded.
However, it shows the Rpg will increase slightly.as the Vp increases, it seems the widen

depletion region of the reversed-biased drain/substrate-junction will increase the Rpg.

4.5 Summary

In this chapter, the small-signal equivalent circuits for three modes of device bias condition
are introduced. The extraction methods for components correspond to each equivalent circuit
were deduced in detail. And the extraction results were also shown. In the case of cold devices,
Caso, Cepo, Csso, Csse, Cpeo, Coee, Ceso, Ceee, Rse, Ros, and Rpsg were extracted. All of
them are scaled with device dimensions. In the situation of linear operation mode, the Rs, Rp
and Rg not dealt with in the cold device were extracted. The dependence of the components in
the equivalent circuits on the applied gate voltage was also discussed. In the case of saturation
device, in addition to the components have been discussed in linear operation mode, gm, Gmb,

Cwm, and C,, Were also extracted.
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Fig.4.1 The cross-sectional structure and top view of a four-terminal MOSFET.
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Fig.4.2 The small signal equivalent circuit of a four-terminal RF MOSFET including
the intrinsic and extrinsic parts.
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Fig.4.3 The small signal equivalent circuitof-a cold MOSFET, in which the intrinsic
part of the MOSFET is neglected.
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Fig.4.5 The small signal equivalent circuit of a MOSFET biased in linear region.
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Fig.4.6 The small signal equivalent circuit of a saturated MOSFET with the Rs and
Rp neglected.
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Fig.4.7 The measured Re[Ygg) and ImfYeg] oF M1(3.6umx4), M2(7.2umx4),
and M3(12umx 4) devices, which are biased at VG=VD=VS=VB=0.
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and M3(12umx 4 ) devices, which-are biased at VG=VD=VS=VB=0.
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Fig.4.9 (a) The measured Im[Ygp] and Im[Ygs] of M1(3.6umx4), M2(7.2umx4),
and M3(12umx4) devices, which are biased at VG=VD=VS=VB=0.
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Fig.4.10 (a) The measured Im[Ygg] of M1(3.6umx4), M2(7.2umx4), and
M3(12umx4) devices, which are biased at VG=VD=VS=VB=0.
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Fig.4.11 The extracted Cgso and Cgpo 0f'M1(3.6umx4), M2(7.2umx4), and
M3(12umx4) devices, which are biased at VG=VD=VS=VB=0.
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which are biased at VG=VD=VS=VB=0.
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Fig.4.14 The extracted Cpgo and Cpgg 0f M1(3.6umx4), M2(7.2umx4), and
M3(12umx4) devices, which are biased at VG=VD=VS=VB=0.

91



10.0
—— CGBO of M1

M1:3.6umX4 ~+er Coge OF M1
60 M2:7.2umX4 —v - Cgao Of M2
: M3:12 umX4 o Cop0fM2
—a— Cggq 0f M3
T oo —o— CgaeOf M3
g A
§ A a A, ahhA—a A AdA—dA—4—t—A A A b A 4 oA
8
S 40
=]
O T TV TV V V¥ TV TV VV¥ V¥ ¥V V-V Yy vV

Frequency (GHz)

Fig.4.15 The extracted Cgpo and Cgpe Of M1(3.6umx 4 ), M2(7.2umx4), and
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M3(12umx 4) devices, which-are-hbiased atVG=VD=VS=VB=0.
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Fig.4.19 (a) The extracted Cgs of M1(3:6zmx4 ) biased at different V.
(b) The extracted Cgs of M2(7.24m x 4) biased at different V.
(c) The extracted Cgs of M3(12m%x4) biased at different V.

97



Capacitance (fF)

Capacitance (fF)

12

10-

6_

.. +
. 4 e o B IRY TP R .. -
L Y T I DI L T TR Sk i Al

- .. ‘._._‘b

—e— VG=0.2V

Cer VG=0.4V
Coy O M1 - VG=0.6V

o - Y —o— VG=0.8V
Vp=0,V¢=0,Vg=0V —— VG=1.0V

—0o— VG=1.2V

B RS

25

10 15

Frequency (GHz)
(a)

20

15
06000 000000000000000000000000000000%0000
10 i —e— VG=0.2V
I -+ VG=0.4V
Csp of M2 - VG=0.6V
_ —0— VG=0.8V
5L Vp=0,Vg=0,V =0V VG=1.0V
I —0— VG=1.2V
L L L L 1 L L L L 1 L L L L 1 L L L L
0 5 10 15 20
Frequency (GHz)
(b)

98



35 i
25-_,,’......000.0.40.00.Q.0~0~0"‘"’0’ ke N IR S A
:'-E I
8 L
e 20r
..(E ‘AAy‘L‘AA““A“‘-=====‘==H"L:‘_“f==
6 @ @ -0—0—@- o0& —Q—
8 L
g or
o —e— VG=0.2V
. Srer VG=0.4V
10 CGD Of M3 —v - VG=0.6V
— — _ —— VG=0.8V
i VD—O,VS—O,VB—OV VG=1.0V
St —o— VG=1.2V
I I I I 1 I I I I 1 1
0 5 10 15 20

Frequency (GHz)

(©)

Fig.4.20 (a) The extracted Cgp of M1(3.6 um x4 )-biased at different V.
(b) The extracted Cgp of M2(7.2/m x 4) biased at different V.
(c) The extracted Cgp of M3(12umx 4 ) biased at different V.
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Fig.4.21 (a) The extracted —Im[Y ég}lw of M1(3:6um x4 ) biased at different V.
(b) The extracted —Im[Ygg]/m of M2(7.2um x4 ) biased at different V.
(c) The extracted —Im[Ygg]/o® of M3(12umx4) biased at different V.
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Fig.4.22 (a) The extracted R of M1(3.6 zmx 4 ) biased at different V.
(b) The extracted Rg of M2(7.2z/mx 4 ) biased at different V.
(c) The extracted Rg of M3(12umx 4 ) biased at different V.
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Fig.4.23 (a) The extracted Rcy+Rs+Rp of M1(3.6 umx 4 ) biased at different V.
(b) The extracted Rcy+tRs+Rp of M2(7.2umx 4) biased at different V.
(c) The extracted Recy+Rs+Rp of M3(12umx 4 ) biased at different V.

(d) RentRs+Rp versus (Vg —Vy, )_l of M1(3.6umx4), M2(7.2umx4),

and M3(12umx4).
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Fig.4.24 (a) The extracted Csg of M1L(3.64mx 4) biased at different V.
(b) The extracted Csg of M2(7.2um'x 4 ) biased at different V.
(c) The extracted Csg of M3(12umx 4 ) biased at different V.
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Fig.4.25 (a) The extracted Csge 0FM1(3.6 #zm x4 ) biased at different V.
(b) The extracted Csge of M2(7.2umx 4 ) biased at different V.
(c) The extracted Csge of M3(12mx 4 ) biased at different V.
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Fig.4.26 (a) The extracted Cpg of M1(3.6 um x 4)-biased at different V.
(b) The extracted Cpg of M2(7.2/mx 4 ) biased at different V.
(c) The extracted Cpg of M3(12umx4) biased at different V.
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Fig.4.27 (a) The extracted Csge 0FM1(3.6 #m x4 ) biased at different V.
(b) The extracted Csge of M2(7.2umx 4 ) biased at different V.
(c) The extracted Csge of M3(12mx 4 ) biased at different V.
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Fig.4.28 (a) The extracted Cgg 6f M1(3:6zmx4 ) biased at different V.
(b) The extracted Cgg 0f'M2( 7.2 4m x4 )-biased at different V.
(c) The extracted Cgg of M3(12umx4) biased at different V.
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Fig.4.29 (a) The extracted Cgge 0F'ML(3.6 um x4 ) biased at different V.
(b) The extracted Cgge of M2(7.2um x 4) biased at different V.
(c) The extracted Cgge of M3(12mx 4 ) biased at different V.
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Fig.4.30 (a) The extracted Rsg of M1(3.64mx 4) biased at different V.
(b) The extracted Rsg of M2(7.2umx 4 ) biased at different V.
(c) The extracted Rsg of M3(12umx 4 ) biased at different V.
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Fig.4.31 (a) The extracted Rpg 6f M1(3:6zmx4 ) biased at different V.
(b) The extracted Rpg 0f'M2( 7.2 4m x4 ):biased at different V.
(c) The extracted Rpg of M3(12mx4) biased at different V.
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Fig.4.32 (a) The extracted Cgs and Cgp of saturation M1(3.6umx4).
(b) The extracted Cgs and Cgp of saturation M2(7.2umx4)..
(c) The extracted Cgs and Cgp of saturation M3(12umx4).
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Fig.4.33 (a) The extracted gm and gmp Of saturation M1(3.6mx4).
(b) The extracted gm and gmp Of saturation M2(7.2umx4).
(c) The extracted gm and gmy Of saturation M3(12umx4).
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Fig.4.34 (a) The extracted C, and Cpy, Of saturation M1(3.6umx4).

(b) The extracted Cr, and Cry, of saturation M2(7.2umx4).
(c) The extracted C, and Cpy, of saturation M3(12umx4).
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Fig.4.35 (a) The extracted R¢ of saturation M1(3.6umx4).

(b) The extracted R¢ of saturation M2(7.2umx4).
(c) The extracted Rg of saturation M3(12umx4).
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(@) The extracted Csg and Cpg of saturation M1(3.6mx4).
(b) The extracted Csg and Cpg of saturation M2(7.2umx4).
(c) The extracted Csg and Cpg of saturation M3(12umx4).
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Fig.4.37 (a) The extracted Rsg and.Rpg Of saturation M1(3.6umx4).
(b) The extracted Rsg and Rpg 0Of'saturation M2(7.2umx4).
(c) The extracted Rsg and Rpg of saturation M3(12umx4).
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Chapter 5

Verification of Small-Signal Equivalent Circuit Model

5.1 Motivation

Modeling a RF MOSFET by a small-signal equivalent circuit is an exceptional way not only
to design analog circuits but also help to well understand the high-frequency characteristics of
the device. After the establishing of the equivalent circuit and the extraction of the model
parameters, the small-signal equivalent circuit model has to be proven it’s accurate and robust.
One convenient way to verify the model is to compare the output characteristics of the model
with the measurement data. In last chapter, the components in the proposed equivalent circuits
for saturation RF MOSFET,s shown-in Fig.4-2 have been extracted, it will be verified in this

chapter.

5.2 Simulation of the Equivalent Circuits

To obtain the output characteristics of a circuit, one needs a simulator, which can input the
circuit in text or graphic form includes the information such as nodes, resistors, inductors,
capacitors, and dependent or independent current/voltage sources. The simulator will compute
the electrical behavior of the circuit according to basic electrical laws. The most well-known
circuit simulator is the SPICE program developed by university of California, Berkeley. In
this study, commercial software named Advanced Design System (ADS) presented by Agilent
Technologies is used for the simulation of the equivalent circuit. The equivalent circuit can be
input to the simulator in the form of electrical circuit diagram by a graphical input interface,
than the simulator can output the simulated results in form of network parameters such as Y-,
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Z-, or S-parameters. The y-parameters were chosen for the output form since the components
in the equivalent circuits are all extracted from the y-parameters of the devices.

Three set of the components for the equivalent circuits extracted from three devices with
different dimensions are used. The bias condition is set at Ve=Vp=1.0V. The values of the
components are shown in table 5.1a, 5.1b, and 5.1c. In these tables, the value of each
component was selected approximately from the figures shown in previous chapter. Some
extracted values have large deviation in figure, however, its found that these values are not
sensitive to the simulation results. That is also the reason why their extracted values have
certain deviation. Choosing an approximate value usually gives fair well simulation results.
Some values were fine tuned in the range during the deviation of the extracted values to

obtain better results. The simulation frequency range is from 100MHz to 20GHz.

5.3 Results and Discussions

The simulated and measured four-port y-parameters of each device are shown in real parts
and imaginary parts individually from 100MHz to 20GHz. Figure 5.1a and 5.1b show the
simulated and measured results of Ygg. It can be observed the simulated imaginary parts of
Ysc agreed with the measured counterparts very well during the entire frequency range. The
imaginary part of Ygg is mainly determined by Cgs, Cop and Cgge. The results of real parts
show slight difference between simulated and measured data in Fig. 5.1b. Since the amplitude
of Re[Ygc] are rather small, this deviations are still acceptable. The real part of Ygg is a
complex result determined by Rg, Rs, Rp, Ces, Cep, and Cgge.

Figure 5.2a and 5.2b show the modeling results for Ypp of the three devices. Ypp is an
important output admittance for a RF MOSFET, since MOSFET’s are usually arranged in
common source configuration. At lower frequency range, Ypp is mainly determined by Rcy,
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Rs, and Rp. As frequencies increases, the amplitude of Ypp will rise due to the output signal at
drain terminal couples to the substrate via the reverse-biased drain/bulk junction. Therefore, at
higher frequencies, the Cpg, Css, Rp, Rch, Rs, Rps, Rss, and Rpsg all have contribution to
Ypp.

The measured and simulated input admittances of the source terminals of the three devices are
shown in Fig.5.3a and 5.3b. The imaginary part of Yss will be influenced by Rg, Cgs, Csg, gm,
gmb and transcapcitance Cp, Chp, Cmx. However, the Cnyx has not been extracted from the
measurement data, since the difference between Cgg and Cgg are very small and irregular. It’s
hardly to tell the Cnx from the measurement error. It’s also found that the input admittance at
source become more inductive as the device dimension increases, which is believed due to the
larger Rg, Cm, and Cnyp of the larger device. The real part of the Yss is dominated by gn, and
gmb Of the device.

Figure 5.4a shows distinguish difference between the- simulated and measured Im[Ygg], this
probably caused by the over de-embedding.of the parasitics of the substrate pad. The shunt
capacitance between substrate pad“and. ground is over de-embedded. However, the input
admittance at the body terminal is the last thing one would care, since the body terminal of a
MOSFET is always ac grounded.

Figure 5.5a shows the measured and simulated Im[Ygp]’s, which are mainly caused by the
Capo Of these devices. The Im[Ygp] is primarily determined by Cgpo. Figure 5.5b shows the
modeling results of Re[Ygp], which are mainly determined by Cgpo, Rg, and Rp.

The Ygs of the three devices, which mainly caused by Cgs and series Rg, Rs are shown in
Fig.5.6a and 5.6b. They are obviously modeled well.

Figure 5.7a and 5.7b show the Ygg of the three devices. The amplitudes of Ygg including
imaginary and real part are very close to the Ygg‘s show in Fig. 5.8a and 5.8b, except for the
case of M3. The Ygg of M3 under Vs=Vp=1V bias condition exhibit irregular behavior,
however, its amplitude is very small and has no effect on the entire device behavior.
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Figure 5.9a and 5.9b show the measured and simulated Ygp’s of the devices. The modeling
results are also fair well. Ygp is mainly caused by Cpg and Rpg. It is also the main contributor
to the output admittance of drain terminal at high frequency range.

Figure 5.10a and 5.10b demonstrate the simulation results of the Ygs’s, which are mainly
caused by Csg and Rsg. Ygs can be used as an evaluation for the accuracy of extracted Csg
and Rsg. Poor extracted values of Csg and Rsg will worse the modeling of entire substrate
network, since the intrinsic body terminal is located between the Csg and Rsg.

The simulated and measured Ypg’s are shown in Fig. 5.11a and 5.11b. The imaginary part of
Ype is caused by Rg, Css, Cep, gm, and Cr,, and represents the signal delay from gate to drain
terminal. The real part of Ypg is very close to, however, slight smaller than the
transconductance, gm.

Figure 5.12a and 5.12b illustrate the-modeling results of Ypg’s, which are the main parameter
to evaluate the substrate transconductance gm.». The- imaginary part of Ypg is similar the
imaginary part of Ypg that it ‘also dinfluence by transcapacitance. During the simulation
process, it is found that the Im[Ypg] will be.influenced by Csg, Rsg, Om, Omp and Cpp, the
simulation results will be exact only if these components are extracted correctly. The Re[Ypg]
is close related to gmp. In fact, the Re[Ypg] at very low frequency range is equal to gms, Since
at lower frequency, vgs will approach to vgs. As frequency increases, the vgs; will decrease
due to the decreasing of the impedance of Csg. Therefore the Re[Ypg] decreases as frequency
increases. Similarly, the Re[Ypg] will be modeled well only if the values of gmp, Csg, and Rsg
are extracted exactly.

Figure 5.13a and 5.13b show the modeling results of Yps’s. Yps corresponds to the
trans-admittance of a two-port common gate device. It is observed that the Im[Yps] shows
inductive property, as had mentioned, it is contributed by the transcapacitance Cn, and Cyp.
The Re[Yps] is dominated by gm and gimp.

The imaginary part of Ysc is shown in Fig. 5.14a. An “inductive” component is also observed
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in spite of Cgs exists between gate and source. This inductive component is induced by Rg,
Cas, and gm, it is also a contributor to the inductive input impedance at source terminal. The
Re[Ysc] is also dominated by gm of the device and approximately equals to the amplitude of
Re[Ypg].

Figure 5.15a shows the imaginary part of Ysg, in which a “bending” is observed. Similar with
the effect of Rg, Cgs, gm act on Ysg, the Rsg, Csg, gmp Make Ysg “inductive”. However, the
value of gmp is much smaller than gm, and the vgs; decreases as frequency decreases. The
“inductive” components produced by gmp Will decrease to a level, which will less than the
original capacitance value of Csg. Therefore, the Ysg “bends” beneath the x-axis.

Figure 5.16a and 5.16b show the measured and simulated Ysp’s of the devices. The Ygp is
another contributor to the output admittance at drain, which is mainly cause by the channel

resistance 1/gps.

5.4 Summary

The simulated y-parameters of the equivalent circuit for saturation devices are demonstrated
and compared with the measurement data of the devices. Most of the measured and simulated
y-parameters are agreed with each other. Phenomena arisen from each component in the
equivalent circuit of an active RF MOSFET are observed and analyzed. The RF small-signal

behaviors of the four-terminal RF MOSFET are modeled pretty well.
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M1: VG=1V, VD=1V

Im(MS) | Cn(fF) [gmb(mMS) | Crn(fF) | 9us(S) | Rs(Q) | Ro(2) | Re(€2) | Ces(fF)

11.8 4.4 1.33 2 1/840 6.9 6.9 35 135

Cop(fF) | Csa(fF) [Csee(fF) | Rsg(Q2) | Cos(fF) |Coee(fF)| Ros(€2) |Core(fF)|Ross(€2)

5.8 7.2 3 1500 3.5 1.5 3000 0.6 1300

(@)

M2: VG=1V, VD=1V

gm(MS) | Cm(fF) |gmo(MS) | Crp(fF) | 9as(S) | Rs(€2) | Ro(2) | Ra(€2) | Ces(fF)

23.3 14 2.64 4 1/423 3.6 3.6 23 25.6

Cop(fF) | Csa(fF) |Csee(fF) | Rse(Q2) | Cos(fF) |Coge(fF)| Ros(Q2) |Coee(fF) | Rpss(Q2)

10.2 14.5 4.5 800 7.2 2 1500 0.9 700

(b)

M3: VG=1V, VD=1V

Im(MS) | Cn(fF) [gmp(mMS) | Crn(fF) 17 0as(S): | Rs(2) | Ro(2) | Re(€2) | Ces(fF)

38.3 27 4.15 5 1/242 2.5 25 40 42.5

Cop(fF) | Csa(fF) [Csee(fF) | Rsg(Q2) | Cos(fF) |Coee(fF)| Ros(€2) |Core(fF)|Ross(€2)

16 30 6 400 13 2.5 800 1 400

(©)

Table 5.1 (@) The extracted values of the components for the small-signal equivalent
circuit model of M1 devices (3.6umx4).

(b) The extracted values of the components for the small-signal equivalent
circuit model of M2 devices (7.2umx4).

(c) The extracted values of the components for the small-signal equivalent
circuit model of M3 devices (12umx4).
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Fig.5.1 (a) Measured and simulated Im[Ysg] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re[Ygg] of M1, M2, and M3 biased VG=VD=1VW.
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Fig.5.2 (a) Measured and simulated Im[Ypp] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re [Ypp] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.3 (a) Measured and simulated Im[Yss] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re[Yss] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.4 (a) Measured and simulated Im[Ygg] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re[Ygg] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.5 (a) Measured and simulated Im[Ygp] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re [Ysp] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.6 (a) Measured and simulated Im[Yss] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re [Yss] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.7 (a) Measured and simulated Im[Ygg] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re [Ysg] of M1, M2, and M3 biased VG=VD=1W.
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Fig.5.8 (a) Measured and simulated Im[Yg] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re [Ygg] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.9 (a) Measured and simulated Im[Ygp] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re [Ygp] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.10 (a) Measured and simulated Im[Ygs] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re [Ygs] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.11 (a) Measured and simulated Im[Ypg] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re[Ypg] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.12 (a) Measured and simulated Im[Ypg] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re [Ypg] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.13 (a) Measured and simulated Im[Yps] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re[Yps] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.14 (a) Measured and simulated Im[Ysg] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re[Ysg] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.15 (a) Measured and simulated Im[Ysg] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re[Ysg] of M1, M2, and M3 biased VG=VD=1V.
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Fig.5.16 (a) Measured and simulated Im[Ysp] of M1, M2, and M3 biased VG=VD=1V.
(b) Measured and simulated Re[Ysp] of M1, M2, and M3 biased VG=VD=1V.

156



Chapter6

Conclusion and Suggestions for Future Works

6.1 Conclusion of This Study

With amazing advancement of CMOS technologies, RF MOSFET’s have become an
important candidate for the rapid growing wireless communication applications.
Communication applications base on COMS technologies are potential to integrate
the RF front end, base-band and DSP module together on a single chip, which not
only improve the production cost but also the portability of modern communication
applications. However, designing RE!cireuit base on CMOS devices is a challenge
since the complex signal coupling inside the device; especially the substrate coupling
effect. Therefore, establishing azmodel accurately predicts the RF behaviors of CMOS
devices is an urgent mission. The. traditional two-port characterization method is
inefficient to investigate the detail RF behavior of a four terminal MOSFET. In this
thesis, the four-port S-parameter measurement was proposed and demonstrated for the
usage of on-wafer characterization of RF MOSFET’s.

In chapter 2, the basic principles of one-port scattering parameters were reviewed and
were extended for multi-port application.

In chapter 3, the four-port system was introduced including the calibration
methodology. Moreover, test structures for characterizing RF MOSFET’s including
dummy structures were proposed. With the proposed test structures and MOSFET
device, the RF characteristics of the MOSFET configured in common source,
common gate, and common drain mode can be characterized at one four-port

measurement procedure.
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In chapter 4, small-signal equivalent circuits with reasonable substrate R-C network
for device in different operation mode were proposed and discussed. Extraction
methods of the components in these equivalent circuits were deduced in detail. The
extractions of the components for devices in different dimensions were also
demonstrated, good scalability of the extracted values with the device dimensions was
observed.

Finally, the output characteristics of the proposed small-signal equivalent circuits
were simulated according to the components extracted from the four-port
measurement. The simulated results were compared with the measurement data; good
agreement of the Y-parameters from 100MHz to 20GHz was obtained, which suggest
the feasibility of applying four-port on-wafer measurement for characterizing RF

MOSFET’s.

6.2 Suggestions for Future Works

In this thesis, most studies were focus on characterization, parameter extraction, and
modeling of RF MOSFET’s. Some issues such as the behaviors of MOSFET’s suffer
from body effect or under different substrate bias could be further investigated.
Moreover, applying the model based on four-port measurement to the circuit design
process would be interesting and which can evaluate the accuracy of the model

further.
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