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Lossy Substrate De-embedding Method for
RF MOSFET Intrinsic Noise Extraction

Student : Yi-Min Lin Advisor : Dr. Jyh-Chyurn Guo

Department of Electronics Engineering Institute of Electronics

National Chiao Tung University

ABSTRACT

For sub-100nm MOSFETs with the gate Jength scaling to 80 nm and 65 nm, the unit
current gain cut off frequency-(fr)scan_achieve as high as 100 GHz and 165 GHz,
respectively. However, the as-measured:noise figure shows no much difference between 80
nm and 65 nm devices. The minimum noise figure (NFmi,) is even higher than 5dB at
10GHz under gate bias responsible for the maximum fr. Strong finger number dependence
of noise figure was also observed. All the mentioned phenomena can not be simply
explained by gate resistance reduction through multi-finger structure. It suggests that noise
de-embedding is required for the as-measured noise parameters.

In this thesis, the basic noise theory of MOSFET, noise measurement principles and
instruments will be covered in the first place. Conventional noise correlation matrix
de-embedding method will be reviewed. Regarding the intrinsic MOSFET model, 1-V and
C-V model calibration have been done based on the measured I-V, transconductance, and
admittance by Y-parameters. Then discussion of different probing pad effect on device
characterization, and the corresponding equivalent circuit model has been established and



extensively verified. A new equivalent circuit de-embedding method was proposed.
Modeling of as-measured S-parameters and noise parameters was done by incorporating the
pad model with a well calibrated MOSEFT model. The lossy pad and lossy substrate
de-embedding has been conducted to obtain the intrinsic characteristic. Finally, the intrinsic

performance of the device will be analyzed and discussed.
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Chapter 1

Introduction

The aggressive scaling of CMOS technologies has resulted in remarkable improvement
in the RF performance. Accompanied with its superiority in low cost, high integration and
mature techniques, CMOS has become a promising candidate for RF circuit application. The
rapid growing wireless communication industry and its severe competition increase the needs
for RF chips and demand the reduction of product design cycle. Accuracy of the device model
is one of the important factors that affect the circuit performance and its success. The complex
signal coupling inside the device and the lossy characteristic of silicon substrate make

parameter extraction and device modeling a challenge.

1.1 Motivation

In the last decade, there have been‘increasing studies focusing on RF CMOS parameter
extraction and modeling. Among them;:many researches tend to solve two of most key items
that affect the RF performance, gate resistance and substrate network. Many approaches have
been proposed to model these two key features. However, a standard extraction and modeling
method have not been established yet. Another challenge in the field of RF CMOS gained
more and more attraction recently is the noise modeling. The demand of accurate prediction
of noise behavior comes from the low power and low noise RF chips for portable

communication and some medical applications.

On-wafer measurement at microwave frequency is the best way to characterize the RF
device. However, as we all know, measurement of high frequency characteristics always
incorporated parasitic effects introduced by the test feature excluding the device of major

interest. Accurate de-embedding procedure prior to parameter extraction and device modeling



can isolate those parasitics and generally make model more scalable. Therefore,
de-embedding of parasitic components is also one of the important works. Regarding low
noise RF CMOS design, noise modeling is absolutely more challenging than S-parameters
modeling. The difficulty is due to the complex noise mechanism in MOSFET, limited
knowledge about the noise source, and coupling introduced by low resistivity Si substrate. In
recent years, many studies have been focused on noise current extraction [1] and noise
mechanism modeling [2-5]. However, fewer studies were focused on the noise de-embedding
and intrinsic noise extraction [6,7]. Noise de-embedding is also considered as an important
procedure prior to noise modeling and simulation. In the research process, some suspicious
features occurred in the as-measured noise characteristics. It suggests that appropriate
de-embedding is indispensable. This stimulates our motivation of this study on the noise

de-embedding techniques and triggets some new-ideas proposed in this thesis.

1.2 Overview

The main objective of this thesis is to deal-with one of important issues in MOSFET
noise modeling, it is noise de-embedding. To achieve this goal, detailed information about
MOSFET noise in terms of theoretical principle, measurement data and simulation results will

be provided. This thesis has been organized into seven chapters as follows:

Chapter 2 gives an introduction to the classification and physical mechanism of noise in
MOSFETs. The noise measurement theory and measurement system configuration are also
covered. Chapter 3 begins with discussion of as-measured noise parameters and three
interesting features identified in this study. In the following, conventional correlation matrix

de-embedding method and its usability will be reviewed.

Chapter 4 presents the intrinsic model calibration in terms of [-V characteristics and gate

capacitance feature, which were extracted from de-embedded Y-parameters at low frequency.



Key model parameters associated with I-V and C-V in BSIM model are discussed.

Chapter 5 addresses how to build the lossy pad equivalent circuit model associated with
various layout structures. The extensive verification on full circuit model will be described.
Good match with the measured extrinsic noise characteristics will be demonstrated. Chapter 6
discusses the equivalent circuit noise de-embedding results in which intrinsic noise
performance for sub-100nm MOSFET has been extracted. It helps to identify the truly
intrinsic performance of the devices and provide the circuit designers correct guideline for

low noise design. Chapter 7 concludes with a summary and suggestions for future work.

Appendices A ~ D provide more detailed explanation of certain contents. Appendix A
describes the derivation of noise parameters. Appendix B addresses the Y-factor method for
noise figure measurement. Appendix G interptets, the noise correlation matrix de-embedding

technique. Finally appendix D provides the modified open and short de-embedding method.



Chapter 2

Noise Theory and Noise Measurement Technique

Noise, briefly speaking, can be thought as a kind of signal that is undesirable for a device,
circuit, or system. It is generally caused by the fluctuation of voltage or current in an
electronic device or component. Noise set the lower limit of measurement or detection which
is an important issue for engineering application. In this chapter, noise sources in electronic
devices are summarized and high frequency noise in MOSFET, which is dominated by the
thermal noise, is focused. Noise theory for noise behavior analysis of two-port network will
be covered. Finally, high frequency noise characterization and analysis are provided in the end

of the chapter.

2.1 Noise Sources

The most important sources »of noise. in -electronic devices are shot noise,
generation-recombination noise, flickernoise and thermal noise. Shot noise is generated when
carriers in device cross barriers independently and randomly. It is an eminent noise source for
diodes and bipolar transistors. For MOSFETs, only DC gate leakage current contributes shot
noise. However, gate leakage is normally controlled to be very small. Generation and
recombination noise occurs in semiconductors in which traps and recombination centers are
always involved. Fluctuation of carrier number due to random trapping and de-trapping

process contributes this noise.

The dominant noise sources of MOSFETs are flicker noise and thermal noise. The origin
of flicker noise is generally proposed coming from the carrier number fluctuation due to
trapping and de-trapping processes in the Si-SiO; interface or from mobility fluctuation of

device on the basis of empirical results. It is also called, 1/f noise, due to its noise power



spectral density given by (2.1) in which a frequency dependence with slope n approaching

unity is achieved

S()=K - 1)

However, while working in microwave frequency, flicker noise is small compared with
thermal noise. Therefore, thermal noise is the main concern for RF CMOS operation.
Nevertheless, for some RF applications such as mixers or oscillators where low frequency
signal may be converted up to an intermediate or high frequency, and deteriorate the phase

noise and signal-to-noise ratio.
2.1.1 Thermal Noise

Thermal noise is originated fromsthe currént fluctuation caused by collision of lattice and
carriers by means of random thermal motion; Thermal motion of carriers is ubiquitous in any
electronic components as long as its tempetature is not absolute zero. Because of the thermal
nature, thermal noise power turns out to be exactly proportional to temperature. Starting from

the quantum theory of a harmonic oscillator, available noise power of thermal noise is given
by [7]

hf

NG 1] Af (2)

P, =[Lhf +
2

where h is Plank’s constant, k is Boltzmann’s constant, f is the operating frequency and Af is
the frequency interval. For hf/kT << 1 (holds for general case) and based on the noisy resistor

model shown in Fig. 2.1, the mean-square open circuit noise voltage and noise current can be

obtained.
v:
P, =KTAf = IR (2-3)
V_ﬁ = 4kTRAf (2-4)



i2 = 4k;Af = 4KTGAf (2-5)

Every component with electrical resistivity can be considered as a resistor. With known

resistance value or equivalent resistance, noise voltage or noise current can be calculated.

2.1.2 Thermal Noise in MOSFETs

In MOSFETs, noise components include channel noise (or called drain current noise),

induced gate noise and thermal noise due to terminal parasitic resistances (Rg, Rd, Rs).

The most broadly accepted noise model for MOSFETSs is the van der Zeil model [8]. For
a MOSFET under operation, the conducting channel behaves like a voltage-controlled resistor.
This resistor contributes thermal noise at the drain terminal. The power spectral density can be
derived from the drain current expression. Refer, to Fig. 2.2, taking velocity saturation into

consideration, drain current at a certain position along:channel direction is given by [7]

I (x) = Wey *Q) () v = (u W, -Q,()- ITE(X)] - O:T: (2-6)

Integrating this current over the effective channel L., drain current can be obtained

I v I
b=, [ﬂ W -QI<V>-E—DJ -4V 2-7)
off

C

The mean square values of a current fluctuation Ai (t) caused by Av(t) in a unit length

segment is

eff C

(Aid>2=L%[ﬂeff W, -QAV)—é—DJ @ (-9)

where (Av)® is



4KT,(x,)- Ax

(Av)’= Af

(ﬂeff W ~QI(X1»)-ID]§XJ] (2-9)

C

Finally, power spectral density of the noise current generated by the channel resistance

includes velocity saturation effect and hot-electron effects is given

()7 4k v ( I,
=4 = T, ()| e - W - Q(V)--2- [-dV (2-10)
Id Af L2 I Is ff ff 1 EC

. V.
eff D

where T, is the effective electron temperature in which hot-electron effect is considered. This

is a general expression for the thermal noise in a channel. For simplicity it can be written as

Su () =4kTyg,, (2-11)
Af

where gqo is the drain transconduetance at:Vps is'zero. For long channel devices, vy is close to

unity in its triode region and deereases to-about 2/3 when in saturation (ie. — < ¥ < 1),

3

In long channel case, gqo is equal to-the gate transconductance gnin saturation region which

leads to a familiar result

i)° 8 8
_(ld) _kngO — _kTgm (2_12)

S = =
4OAf 3 3

Due to the carrier heating by the large electric fields in short channel devices, y may become

larger than 2 and even larger.

Besides the channel current noise, the induced gate noise has gained increasing attention.
As the operation frequency increases, contribution of this noise can not be neglected. Noise
model including this terms, thus, become essential. Induced gate noise is, as implied by the
name, the noise induced by capacitive coupling from channel region to gate terminal due to

the fluctuating potential. This noise can be expressed as [9]

7



(i,)" 2-13
S, = Agf =4kTyg, (2-13)
where g, is given by
2c2
g,- @ L (2-14)
5840

Because the channel noise and induced gate noise have a common origin, they do have

correlation. The correlation coefficient is usually expressed as

PR
i,

\/172\/g (2-15)

As for noise contributed from parasitic resistances, they follow (2-5) and are given by

c=

4KT 4kT 4kT
Sirg = > Sl,Rd - 5 Sips = R_

= S 2-16
LRg Rg Rd ( )

Among them, due to the larger sheet resistance of poly-Si, gate resistance (R,) is typically
much larger than drain and source resistance (Rq and R;). Therefore, R, is an important noise
contributor which can greatly affect the noise figure of the device. Multi-finger gate structure
is widely used in RF MOSFET design to reduce R,. Not only noise behavior, several
characteristics are related to R, too, in which maximum oscillation frequency (fiax) is one of
the example. Multi-finger gate gain some performance but pay the penalty of larger parasitic

capacitance.
2.2 Two-Port Noise Theory
2.2.1 Noise Figure

As mentioned above, overall noise of a device is generally not from a single origin. It

does need a simpler measure of noise performance. For device characterization and circuit



design application, noise figure or noise factor is the most popular expression used. Based on
the two-port noisy network model and definition of noise figure, formula of noise parameters

can be derived.

Noise factor is defined as the signal-to-noise power ratio at the input to the

signal-to-noise power ratio at the output.

S,/N,
SO/NO

(2-17)

From this definition, we can understand that noise factor of a network depicts the degradation
of signal-to-noise ratio as signal goes through this network. Considering a network with gain

G and noise N,, noise factor then can be express as

S/N, SN, N, +GN,
S/N; GS/(N.+GN,)  GN,

1

(2-18)

where N, and G are the noise power and gain of theé network. From the expression shown
above, noise factor can be defined as the ratio-of total noise power at the output to the output
noise power which is due to the input neise. In'short, the larger noise factor means the noisier
of the network. In (2-18), it shows the value of noise factor is affected by the input noise
power which is generally from the thermal noise of the source, kTAf. This means noise factor
depends on the source temperature. 290K was adopted as a standard temperature by IEEE
because it makes the value of kT close to around 4 x 107 Joule. Generally we use this

measure in the unit of dB, named noise figure

2.2.2 Noise Parameters

Further detail derivation of noise factor based on the noise model with noise sources at

the input leads to the following expression [10]



Rn Ys -Yo t 2
F=Fy P (2-20)
where
Y, =G 4 B, (2-21)
Yopt = Gopt +J Bopt (2-22)

Here Y, is the source admittance, G is the real part of Y, Yo is the optimum source
admittance, and F,;, is the minimum noise factor achieved in the network when the source
admittance Y, is equal to Yop. Rsis named the equivalent noise resistance which indicates
how sensitive the noise factor is when Ydiffers from Y. Replacing the source admittance
with its corresponding reflection coefficient at §pecific characterization impedance Z,, another

common form of noise factor is obtained

_ 4Rn Fs _Fopt ;
min ZO (1 _ Fopt 2) 1+Fopt 2 (2-23)
1-I
Y, = 1 (2-24)
Y7, 1+ -
1-I
Y, = 1L (2-25)
Z,1+T

This gives us an idea that the noise figure of the network is not only determined by noise
source inside but also the source admittance (Y;) driving it. It is also our goal to get the
smaller noise factor while keep sufficient gain by varying Y. The so-called noise parameters
are the four parameters Fpin, Rn, Re(I'op) and Im(I'oy). These parameters are determined
purely by the intrinsic noise source of the network, they are unique under a certain operation

frequency and bias. Typical dependence of noise figure on source admittance at a fixed
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frequency and bias is a 3-D parabolic curve (x-y-z axis: Re(I'op)-Im(I'opi)-Fmin), Ry is the
curvature. Fig. 2.3 and Fig. 2.4 give noise factor plotted with respect to Re(I'op) and Im(I'op)
with Frin= 1, Re(I'sopt) = Im(I'sopr) = 0.1 and R, = 100 and 50 (€2) respectively. They give a

simple idea about the noise figure characteristics.

2.3 Thermal Noise Model

There are two models for channel thermal noise model supported by BSIM3v3.2.2. One
is SPICE2 noise model and the other is BSIM3v3 noise model. Noise model flag is defined to

invoke different noise model sets [11]:

noimod Thermal noise
flag Flicker noise model model
1 SPICE2 SPICE2
2 BSIM3v3 BSIM3v3
BSIM3v3 SPICE2
-4 SPICE2 BSIM3v3

Noise model selection was done by parameter noimod. Both flicker noise and thermal noise
can be calculated using SPICE2 ot: BSIM3v3 model. Detailed equations for flicker noise are
not covered in this thesis and they can be referred to BSIM3v3 manual. Another noise model
supported by many simulators is the HSPICE model. In Agilent-ADS simulator, BSIM3
model selected by noimod is valid when NLEV < 1 or HSPICE model will be used according
to NLEV values (NLEV=1, 2, or 3). In models mentioned above, velocity saturation and the
hot-electron effect model which are considered as two important effects in sub-micron

transistors were not included.
SPICE2 Model

For noimod = 1 or 3, thermal noise is calculated according to [12]

8KT

SId = T(gm +0¢s t gmbs) (2_26)
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This model is the modification of old HPSICE model shown below as with NLEV < 3, which

improves the model accuracy in linear region.

BSIM3v3 Model

If noimod = 2 or 4, thermal noise power spectral density is calculated by [13]

(2-27)

where Qiyy 1S the channel inversion charge calculated according to the capacitance models

(capMod=0, 1, 2, or 3).

HSPICE Model

The HSPICE noise model has different equations to calculate the flicker and thermal

noises. Equation selection is through a parameter, NLEV. For NLEV smaller than 3, different

flicker noise model was used but the same thermal noise equation was implemented which is

given by [14]

_ 8KT -g,,

S
Id 3

which is an old model and is lack of accuracy for modern devices.

If NLEV is set to 3, the noise equation is then given by [13]

8kT l+a+a’ .
Eid ::——5—-'/3'0V¢S ——\G-)'-——I;jg;——'(3(15r10|
where
We
ﬂ = t. /ueff : Cox
Leff
V
a=1-—L5_ Linear region

DSAT
=(, Saturation region
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(2-28)

(2-29)

(2-30)

(2-31)



and Gdsnoi is the thermal noise coefficient with default value equal to 1.

Models mentioned above are integrated into various commercial simulators. Many other
models have been proposed to consider velocity saturation effect, hot-electron effect or both
[4, 5]. But they are not yet well accepted and verified. Noise simulation result comparison of

different models was done in [15]. In this thesis, HSPICE model with NLEV set to 3 was used.

2.4 High Frequency Noise Measurement

In this work, high frequency noise measurement was supported by Radio Frequency
Technology Center of National Nano Device Laboratory (NDL RFTC). On-wafer noise
characterization was conducted using NP5 series noise parameter measurement system. The

measurement system is introduced as follows.
2.4.1 System Configuration [16]

High frequency noise measurement system is mainly composed of a noise figure meter
(HP8970B), network analyzer (HP8510), DC power supply (HP4142), a controller unit
(NP5B controller), two remote modules (MNS and RRM), and a noise source. Block diagram
of system configuration is shown in Fig. 2.5. Port 1 of the system is connected to
device-under-test (DUT) by means of a coplanar probe through a mismatch noise source
(MNS). MNS is a solid state electronic tuner with a built-in bias-Tee and switching circuit.
Output port (Port 2) of the DUT is followed by a remote receiver module (RRM), which
consists of a low noise amplifier (LNA), bias-Tee and switching circuit. The LNA improves
noise characterization accuracy by providing a low noise second stage. Noise source is the
noise power supply connected at port 1 defined by its ENR (excess noise ratio) value. The
ENR expresses the difference in noise power out of the noise source when it is “on” (hot state)

and when it is “off” (cold state).
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2.4.2 System Calibration and Measurement

As high frequency characterization was conducted on the devices (DUT), the applied
signals with short wavelength are comparable to the probe, connecting cables, adapters,
bonding wires, and our interested device. Thus, losses caused by the connections will
remarkably affect the measurement results, especially critical as measurement frequency
increases. On the other hand, a measurement system has its own system error. Consequently, a
system calibration should be performed to take those losses into consideration, calibrate the
system errors and then shift the measurement signal reference plane to the DUT plane. The

validity and accuracy of the calibration results depend on the calibration method used.

For S-parameter measurement, SOLT (short-open-load-through) calibration is a popular
method to establish the DUT test plane nowadays. For the noise measurement system, there
are several calibration steps required to butld:a noise measurement plane for DUT. A complete
calibration procedure includes “input SOL calibration, noise source calibration, network
analyzer calibration, thru delay calibration, RRM calibration, MNS calibration and finally
system noise parameter calibration. Since calibration details are not our focus, only rough idea
is provided here. After the overall calibration procedure, noise contribution of the system will
be characterized. Thus, real noise power of DUT can be separated from the noise power
contributed from system. This can be verified by connecting the input and output with a
known DUT, in our case a dummy “thru” pattern was used to check if the noise figure is less

than 0.1dB.

After calibration, noise measurement reference plane is then established. In the
beginning of noise parameter characterization, S-parameters measurement at the DUT
reference plane should be done first. In the following, by varying the impedance presented to
the input of the DUT around the Smith chart, output noise power (sometimes, also refers to

noise temperature) of DUT plus the receiver as a function of I's (source reflection coefficient)

14



was measured, each I’y and the corresponding noise power constructs a set of equations. The
noise parameters are decided by solving the set of equations. Theoretically speaking, only
four input states are needed for noise characterization because the noise behavior equation
(2-23) has merely four unknown parameters. In practice, however, for the sake of reducing the
influence of random errors more than four points were measured (generally 16 states or 20
states) and a proper fitting procedure was used to extract the parameters. Finally, four noise

parameters: NF,in, Ry, Re (Topt) or Re (Yopt) and Im (T"opt) or Im (Yopt) are obtained.

In the measurement process, the overall noise figure was calculated by Y-factor
method technique. The overall noise figure is then under a noise figure correction step to
determine the noise figure of the DUT. Details of Y-factor method and noise figure correction

are included in Appendix B.
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Fig. 2.1 (a) Equivalent network for computing thermal noise of a resistor.(b)(c) Thermal noise

model for a resistor.
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Fig. 2.2 Schematic diagram of a MOSFET operated in saturation condition.
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Fig. 2.3 (a)(b)(c) noise figure F plotted with respect to Re(I'op) and Im(I'gp) with Fiyin=1,
Re(Tsopt) = Im(I'sope) = 0.1 and R, = 100.
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Fig. 2.4 (a)(b)(c) noise figure F plotted with respect to Re(I'op) and Im(Iop) With Frin=1,

Re(Tsopt) = Im(I'sop) = 0.1 and R, = 50.
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MNS: A solid state electronic tuner with embedded bias-T and switching circuit.
RRM: A low noise amplifier with embedded bias-T and switching circuit.

Fig. 2.5 Block diagram of ATN noise figure measurement system configuration.
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Chapter 3

RF MOSFET Noise Characterization

3.1 Extrinsic Noise Characteristics

RF MOSFETs with 80nm and 65nm gate length were fabricated to study the nanoscale
CMOS scaling effect on speed and noise performance. Multi-finger structure with fixed finger
width (4um) and various finger numbers (Ng=6, 18, 36, 72) are employed to reduce the gate

resistance. Reduction of gate resistance shows no impact on cut-off frequency (fr)

f, = —=m
T 2 2 (3-1)
27,/Cqy —Cyy
while other RF performance can be improved-such’as maximum oscillation frequency (fmax)
and noise figure (NFpin) [17,18]. Fig. 3.1 indicates R, extracted from Z-parameters and gate
capacitances (Cy) extracted from  Y-parameters for various finger numbers. It shows a

trade-off between Ry and Cg (Cgd, Cgs).

Measured NF i, for 65nm and 80nm nMOS of various Ny are shown in Fig. 3.2 (a) and
(b). One is biased under maximum g, (Vgs = 0.7V for 80nm and Vgs = 0.6V for 65nm) which
is corresponding to maximum fr, the other is biased under minimum NF,,;, (Vgs = 0.55V for
80nm and Vgs = 0.35V for 65nm). They indicate there is certain gate voltage difference
between maximum fr and minimum NF,. NF.;,, without de-embedding decreases
remarkably with increasing Ng. One reason is the Rg reduction due to increase multi-finger
gate number, however, this can not explain the dramatic difference such as 2.5~3dB between

Nr= 6 and Nr= 72 in frequency range of 5~18GHz.

Fig. 3.3 illustrates the fr extracted from extrapolation of [Hyi| to unity gain. Ry is

decreasing as Ny increases at the expense of larger gate capacitance. (3-1) shows fr is
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dependent on g, and gate capacitance. Both g, and C, are nearly proportion to the finger
number, thus lead to weak dependence on N for fr at around 100~105GHz for 80nm device.
Scaling from 80nm to 65nm in gate length, about 20~30% increase in driving current and
maximum transconductance and 20% reduction in gate capacitance lead to obvious 50~60%
improvement in maximum fr. The improvement indicates the advantage provided by device
scaling for high speed CMOS applications. However, measured NF;, of these two sets of

devices did not show significant difference.

Three interesting features are revealed in measured noise in Fig. 3.2. Firstly, there is an
abnormal strong dependence on finger number while fr is almost the same thought R, is
reduced. Secondly, weak dependence on gate length was observed even gained 50% fr
improvement. The last is the nonlinear frequency dependence of NF, which can not be
explained by the theoretical thermal noiserbehavior. As expressed in equivalent circuit
element, NF,,;, was shown to be:linearly depeéndent oni frequency [18-20]. Consequently, it is
suggested that lossy pad and lossy substrate contribute to these excess noise. Noise is coupled
from the lossy substrate through capacitive probing pad and interconnects transmission line.
To understand the pure noise behavior (intrinsic) of the DUT and further to model it, noise

de-embedding on the measured one is indispensable.

3.2 Conventional Noise De-embedding Method

Conventionally, there are two ways to characterize the intrinsic noise performance of
MOSFET transistors. One is by directly de-embedding the external noise through matrix
calculation that is similar to the S-parameter de-embedding but much more complicated. This
popular technique is called noise correlation matrix de-embedding. The other method is to
extract intrinsic noise parameters through the approach of equivalent circuit model. This is a
new method developed in this study. By equivalent circuit implementation, measured noise

parameters can be simulated and noise caused by probing pad can also be characterized. The
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details will be described in chapter 5.
3.2.1 Noise Correlation Matrix De-embedding

According to the circuit theory of linear noisy networks, any two-port device can be
separated into two parts: additional noise source part and noiseless device part. For common
application three equivalent representations are used to describe the two-port devices, they are
admittance, impedance, chain representation respectively [21]. Generally, chain representation
is used mostly in which a voltage noise source and a current noise source are included. Chain
representation of a noisy two-port network is shown in Fig. 3.4. The benefit of the
representation is that it is easier to find the relation of input signal and noise level because it
refers the entire device noise source to the input. Correlation matrices are described with the
noise sources in the form of self-power ‘and cross power spectral densities as matrix element.
Power spectral densities are defined as:|the Fourter transform of their auto and cross

correlation function.

To perform noise de-embedding;. correlation matrices of the two-port circuit and the
decomposed components should be known. The matrices are obtained from the measured
noise parameters or calculated theoretically based on the physics (such as those passive
elements). The noise parameters of a passive device are fully determined by its small-signal

parameters. For an element with admittance Y, the correlation matrix is given in the form of

C,=2K,T-Re[Y] (3-1)

Chain representation of the whole test fixture is estimated from the measured noise parameter

(NFmin, Rn, Yopt) .

n M Topt
2 P

[C=2KeT| (3-2)
m'“2 -RY’ R, Y,

n' opt

2
opt |



Once the correlation matrices are known, according to the configuration of the two-port
network, transformation of correlation matrices should be done. Appropriate matrix operation
is applied to isolate the parasitic parts form the intrinsic correlation matrix. Noise parameters
after de-embedding, called intrinsic noise parameters, and then could be computed as function

of correlation matrix

Re[C:A,IZ,DUT] + \/CA,II,DUTCA,22,DUT - (Im[CA,12,DUT ])2

F. =1+ 3-3
min,DUT kBT kBT ( )
YsoptyDUT — Gsopt’DUT + I * Bsopt'DUT — \/CA,II,DUTCA,22,DUT - (Irg[CA,IZ,DUT ])2 + I * Im[CA,IZ,DUT] (3_4)
A,11,DUT
R - Re[%ﬂ] (3-5)
n,DUT —
2k, T

Details of correlation matrices desembedding procedure are included in Appendix B.

3.2.2 De-embedding Results

For the purpose of studying the correlation matrix de-embedding on different devices.
Three test-keys with different probing pad layout structures were implemented. The first one
is 0.13pum low voltage technology (013LV) adopted for fabrication of 80nm and 65nm nMOS.
The second one is RF CMOS technology using 0.13um general purpose process (013G) with
device target gate length at around 105nm. The last one is also a 0.13um general purpose
technology with target gate length at around 110nm. The three sets of DUT are all nMOS
devices but with different probing pad layout structures. Details of these test structures will be

discussed in Chapter 5 where the corresponding equivalent circuit will be introduced.

De-embedding work was done by writing equations in ADS data display window. The
correlation matrix de-embedding results are shown in Fig. 3.5 ~ Fig. 3.7. In Fig. 3.5(a), NFpnin

after matrix de-embedding show great amount of reduction and almost the same level for
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various Np devices. But decrease of NFni, with increasing frequency in lower frequency
region (3~5GHz) fails to follow the linear frequency dependence. Reduction of R, is
decreasing as Np increases. The results suggest that more parasitic effect was originally
suffered by smaller device, i.e. N = 6 than Ny = 72, and can be eliminated through
de-embedding. Reduction of real part of optimum source admittance, Re(Yop) Was also
appreciable and this also relates to the reduction of NF,,,. Fig. 3.6 is the comparison of
de-embedding results for lossy pad and normal pad test structures. Much more noise reduction
for lossy pad than normal pad was observed. It suggests effective de-embedding realized for
lossy pad. However, frequency dependence issue as shown in Fig. 3.5 still remains. As for pad
structure with poly ground shielding under signal pad, less substrate coupling effect leads to

small difference between as-measured data and de-embedded results.

In summary, no need to establish anjequivalent circuit model required for the matrix
correlation method makes it convenient to calculate the intrinsic noise parameters from the
measured ones. But there are three imajor-drawbacks make this method not that popular.
Firstly, the data after de-embedding “usually"suffer severe fluctuation due to its limited
measurement precision, i.e., de-embedded results are very sensitive to measured data accuracy,
especially for novel devices with noise figure below 1dB. The second one is its critical
dependence on open pad test structure design and limitation in fully extracting the TML
induced extra coupling noise provided that it lacks of ground shielding. The last one drawback
is its failure of full range coverage for circuit design application. Because noise parameters
and S parameters corresponding to arbitrary biases or frequencies can not be predicted from

the measured data limited to certain specified bias and frequency.
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18, 36, 72)
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Pad layout without poly-gtound shielding under signal pad. Two signal pad metal
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Comparison of noise parameters between as-measured and after correlation matrix
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Fig. 3.7 0.13um general purpose-tech:.aMOS with Ng=6, 18, 36, 72 biased at Vd = 1.2V and
Vg = 0.6V. Pad layout with"pely-ground shielding under signal pad. Signal pad metal
stacking consists of M8 only. Comparison of noise parameters between as-measured

and after correlation matrix de-embedded. (a) NFyin (b) Ry (¢) Re(Ysopr) and Im(Y sopt)
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Chapter 4

RF MOSFET Intrinsic I-V and C-V Model Calibration

4.1 I-V and C-V Modeling Theory Valid for Sub-100nm MOSFETs

A well calibrated current-voltage (I-V) and capacitance-voltage (C-V) model is
pre-requisite to accurate RF MOSFET model development. An elaborated model of I-V
characteristic over a wide bias range is important for nowadays circuit design, especially for
analog and RF circuit design, where a variety of bias conditions will be used. Also, with the
increasing usage of low power circuit in modern IC applications, modeling near subthreshold
region is also necessary. Capacitance model, similarly, need to be well calibrated to accurately
predict the circuit performance. Altegether, correct I-V and C-V models are essential to
provide us trustworthy DC and AC characteristics for further study of high frequency

performance.

To ensure free from a non-physical model; before starting the parameter extraction
optimization loop, some process related model parameters are specified and fixed at their
known values, such as some important geometry or process parameters, Lin (channel length
offset), Wiy (channel width offset), Tox (oxide thickness), N¢p (channel doping concentration),

Xj (junction depth) and so forth.

In this thesis, 80nm and 65nm devices fabricated by CO13LV process were adopted for
[-V and C-V model calibration and noise de-embedding method development. The calibration
work was started by modifying the model released by foundry, TSMC. For CO013LV
technology, BSIM3v3 model is used and the following important mechanisms are considered
[11] (1) short channel and narrow width effects on threshold voltage, (2) mobility reduction

due to vertical field, (3) velocity saturation, (4) drain-induced barrier lowering (DIBL), and (5)
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Substrate current induced body effect (SCBE). It is assumed that most of the I-V and C-V
parameters were fairly modeled in the original model and only minor modification is needed
to improve the model accuracy. Unfortunately, the assumption can barely fit 80 nm devices

but absolutely is no longer valid for 65 nm devices.

4.2 Intrinsic I-V Model

For RF MOSFET, 3—terminal test structure is usually implemented with common source
configuration in which source and body terminals are tied together and grounded. To measure
its high frequency characteristic (both S parameter and NF,,;,), two sets of probing pad with
G-S-G structures are implemented and connected to the gate and drain terminals. The
parasitic resistances associated with MOSFET’s terminals such as Ry ext, Rd ext, Rs ext, and
Ry ox¢ contributed from the interconhections ines and probing pads will affect 1-V
characteristic of DUT. Extraction of these:parasitic resistances should be done and added to
the original intrinsic MOSFET model (BSIM3). The mentioned parasitic resistances can be
extracted from the dummy short.pads which is designed to de-embed the resistive and

inductive parasitics of the interconnect lines and probe pads, etc.

In this study, simulation was done using Agilent Advance Design System (ADS) for
model verification and calibration. Based on the original model card, default simulation
results of I4-V, and 13-V curves were obtained. Through comparison between simulation and
measurement in terms of Ig-V, and gn-V, curves in both linear and saturation regions,
significant deviation was identified for the threshold voltage (Vy), drain current (I4), gate
subthreshold swing (S), etc. As for comparison of [4-V4 curves, channel length modulation
(CLM) and drain induced barrier lowering (DIBL) effects were revealed. Besides, the
intrinsic and extrinsic parasitic resistances, Ry inc and Ry ey at drain terminal will affect the

rising slope between linear and saturation region.
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For BSIM3, there are many parameters associated with the threshold voltage model.
Since source and body of the DUT are tied together and connected to ground, body bias effect
on threshold voltage is not available. Narrow width effect on Vy, was neglected for sufficient
large width of 4um. Short channel effect related parameters such as DvtO and Dvtl were
included to account for charge sharing induced threshold voltage lowering. Mobility model
parameter UOQ is the zero-filed mobility for I4-V, simulation in linear region under small drain
bias (V4 = 0.1 or 0.05V). Ua, Ub and Uc are fitting parameters used to model the mobility
degradation subject to normal field under gate bias. Saturation velocity Vsg determines the
saturation current level. Eta0, and Dsub control the amount of threshold voltage variation
caused by DIBL and I4-V, under V4= Vgq is the fitting target. Parameters Al and A2 stands for
first and secondary non-saturation effect which occurs in the expression of Vysa also help to
improve I4-V, and gn-V, modeling::Subthreshold current fitting can be improved by Vo and
Nfactor after the previous terms are’ well modeled. As for 13-V4 modeling, Pclm, Pdiblcl,
Pdiblc2 can be used to properly-modify the linear and saturation currents as well as output
resistance R, Besides 1¢-V, and 1¢-Vg-charactetistics, first order derivative and even second
order derivative also deserve the effort to be well modeled since gy, or gqs at a certain given
bias (application bias point) may affect the device performance such as fr, fnax as well as

circuit simulation result.

For high frequency measurement, the test devices are configured to be probed through
GSG pads. It is not suitable to conduct I-V measurement by using DC probes as conventional
DC measurement does. It is due to the fact that only probing on two of the four ground pads
will double the parasitic resistance. Even if G-S-G probes are used, horizontal level of the
probes should be maintained at an identical horizon. Besides, to compensate for the cable loss,
Kelvin connection [22] (with Force and Source lines) was adopted by introducing a bias-T.

This configuration can prevent cable loss and small signal interference. Fig. 4.1 (a) and (b)
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give the idea of the need of this measurement framework.

Fig. 4.2 ~ Fig. 4.4 present the DC I-V modeling results. Good agreement between
measured and simulated results under varying biases and various N shows the integrity of the
intrinsic BSIM model. The 65nm device was extremely trimmed from 130nm by 65nm, one
half of its drawn length. High gate leakage or GIDL may contribute to the high drain current
in its off-state. Current degradation for large Nr can be identified from Fig. 4.2 (b).
Transconductance g, per unit width for various N is given in Fig. 4.5. About 20% g
degradation was observed for Ny = 72 compared with Ny = 6 for both two sets of device.
Additional IR drop caused by the parasitic source resistance Rs o« is proposed to explain the
increasing degradation associated with larger Ng. It is worthy to note that due to the distinct
difference in I-V characteristics between these two sets of devices (65nm and 80nm), different

I-V model parameters were used to-get optimized fitting individually.

4.3 Intrinsic Gate Capacitance (C-V) Model

In this section, capacitance modeling of multi-finger RF MOSFET is presented. Oxide
thickness of CO13LV nMOS technology is 1.7nm. For this thin oxide, capacitance model flag
capMod = 3 was set as default model to take into account of the finite charge thickness

determined by quantum effect.

Capacitance in MOSFET is generally divided into three parts, intrinsic, extrinsic and
extrinsic parasitic. The intrinsic part is corresponding to the capacitances that are associated
with the channel region (region under gate oxide and between metallurgical junction of source
and drain). Extrinsic capacitances model considered in BSIM3 are fringing capacitance and
overlap capacitance; both consist of bias dependent and bias independent part. Only bias
independent outer fringing capacitance is implemented (parameter CF) while both bias

dependent LDD overlap capacitance (parameter Cgg, Cyq) and bias independent non-LDD
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overlap capacitance (parameter Cgso, Cgdo) are taken into account. However, due to metal
routing of DUT and prerequisite of GSG probing pad for RF measurement, extra parasitic
capacitances were introduced and these were classified as extrinsic parasitic capacitances
(Cgs_exts Cad exts Cds_exts Cpad). Fig. 4.6 demonstrates a detailed classification of capacitances in

MOSFETs.

Capacitances of RF MOSFET with GSG probing structure are conventionally extracted
from the intrinsic Y parameter (Yiy) at low frequency. Before the extracting process, parasitic
capacitances due to probing pad and interconnection metal should be de-embedded from the
measured data. Traditionally, the removal of these parasitics is done through open
de-embedding mentioned early. In fact, short de-embedding should also be carried out to get
rid of the series impedances. This is essential for accurate capacitance extraction. A broadly
accepted de-embedding techniqueris_open/short two step de-embedding for two-port three
terminal device (source/bulk tied together) [23]. Due to the fact that the coupling capacitance
between two-ports is mainly dominated by the coupling of interconnection metal instead of
probing pad, a modified open/short de-embedding approach was proposed to avoid over
de-embedding on this coupling capacitance and thus improved Cyq model accuracy. Appendix
C presents this modified de-embedding. The new de-embedding method is especially efficient

when an open pad is designed with all the interconnection metal left.

After the de-embedding, intrinsic gate capacitances can be extracted from the formulas

given by [24]:

ng = Im(Yint,l 1 )/a) (4- 1)
ng =- Im(Yint,lz)/a) (4_2)
Cgs = Im(Yvint,ll—i_Yint,lZ)/a) (4-3)
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Co=Im(Y,, Y10 Y@ (4-4)

Intrinsic gate-to-back capacitance Cg, is negligible due to its small value in triode and
saturation regions. This is because the inversion layer in the channel shields between gate and
bulk. It is worthy to mention that how clean the parasitic capacitances can be removed and the
intrinsic capacitance can be extracted critically depends on the open dummy structure, i.e.,
how many coupling terms can be removed from the measured data. A conventional open pad
leaving only the GSG pad frame obviously underestimates the coupling capacitances. A
modified structure is to remove the DUT cell simply, thus leave the connecting metal between
DUT cell and signal metal pad. This modification enables us to extract the capacitances of the
DUT cell that is sometimes what a circuit designer need in some cases. As for the open
de-embedding structure available for, COI3LV devices, the metal line is terminated at M3 and
the—parasitic coupling between gate to drain, gate to source, drain to source by means of
connecting via and metal (from*M1 to M3-in 013LV-case) will remain in the de-embedded
data. These coupling terms greatly’depend on the metal routing and lead to the non-scalability

of capacitance modeling. This non-scalable property will affect the accuracy of the following

2

parameter extraction for DUT, such as fr, E, i, [18][19]. From device modeling point of

view, it is better to clearly extract all the parasitics from the DUT to correctly model both
capacitances of parasitic and DUT. Also, a pure device model can provide design freedom on

metal routing.

In this work, one open dummy pad was shared by all the DUTs. This open dummy is
designed so that only the common part of the DUTs was left, i.e. G-S-G pad with
interconnection line terminated at M3. As mentioned above, this kind of de-embedding cannot
remove the coupling capacitances associated with lower metals (M1~M3). Due to the fact, the

capacitance of DUT after de-embedding includes finger-number dependent capacitance, both
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intrinsic and extrinsic portion, and finger-number independent extrinsic parasitic capacitance.
Gate capacitance of different finger number is shown in Fig. 4.7. Linear finger-number
dependence was demonstrated but the extrapolation of capacitance reveals a non-zero
intercept. Linear slope of these capacitances shows Cg/Cgq partition of approximately
60%/40% for 65nm device and 65%/35% for 80nm device, respectively. The non-zero
intercept indicates a physically finger-number independent common parasitic term for the

DUT with different finger numbers.

In the modeling process, extrinsic components Cgs exi and Cyq ex¢ Were used to model the
common parasitic capacitance and model parameters, Cyso, Cydo, Cgst, Cyal, Voticv Were used to
complete the result. First, adjust Cgso and Cygo to a value so that simulation result is close to
the measured one. Then, use Vosiey to modify. its gate bias trend. Cys and Cyqi are employed to
modulate the gate bias trend of Cg and Cgg individually. Parameter DLC may be included to
adjust the length offset for C:V model‘ Whiéh doe$ not affect the I-V curve modeling.
Finalized model parameters are ‘shown.in.Table 4.1.‘Fig. 4.8 (a)~(c) present the modeling
result of the gate capacitance. Cg, is reduced ‘by afound 20% for 65nm following the Ly

scaling factor while Cgyq is reduced by only 7~14%. The minor reduction of Cgq is due to the

drain depletion effect under saturation condition.

Table 4.1

Model parameters for gate capacitance modeling.

We=4um Cgys oxi(fF) Cgqg exi(fF) CgsO(F/m) CgdO(F/m)Cgsl(F/m)Cgdl(F/m) CF(F/m) Voffcv

65nm

3.488

3.2

10p

370p

60p

60p

-0.050

80nm

1.225

4.6

10p

420p

50p

50p

-0.038
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Fig. 4.3 (a) Linear g,-Vg of 80 and 65nm nMOS when Vd = 0.05V. (Ny= 6, 18, 36, 72)

(b) Saturation g,,-Vg of 80 and 65nm nMOS when Vd = 1V. (Ng= 6, 18, 36, 72)
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Chapter 5
RF MOSFET Noise De-embedding

In this study, a new noise de-embedding method has been developed and justified in
terms of accuracy over various biases and frequencies. The noise de-embedding was done by
removing a lossy substrate model from the original full circuit structure for fitting the
measured noise characteristics. This lossy substrate model is composed of parallel and series
RLC networks to account for the capacitive coupling and series resistive and inductive
impedance originated from the G-S-G pad, interconnection lines, and low resistivity Si

substrate.

5.1 Equivalent Circuit Approach

As mentioned previously,-noise correlation matrix method is a popular one for noise
de-embedding. However, couples of weaknesses existing with this conventional method
trigger our motivation of this work.”An-equivalent circuit method was proposed to model the
lossy substrate, lossy pad, and transmission line (TML) effects and their impact on
MOSFETSs’ noise. The proposed equivalent circuit model named as “lossy substrate model”
was integrated with a calibrated intrinsic MOSFET model as a full structure for high
frequency S-parameter and noise parameter simulation before de-embedding. In this study,
BSIM3 model through extensive calibration (Chapter 4) was adopted to simulate the
MOSFET characteristics in terms of I-V and C-V. An equivalent circuit composed of series
and parallel RLC networks was developed through extensive verification in terms of open pad

and full structure S-parameters and noise parameters of a full structure before de-embedding.

For an open pad, two-port measurements were done to achieve input and output

reflection coefficient, S;; and Sy;. In general, S;, and S;; are much smaller than S;; and S;;
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due to extremely small coupling capacitance between portl and port2. However, depending
on the metal layers left in an open pad layout near the DUT, the inter-signal port coupling
capacitance can be varied from around 0.5fF to 10fF. A capacitance corresponding to this

effect should be added to obtain accurate modeling for S, and S;;.

Several pad models were proposed to study the parasitic effect on measured
S-parameters and to explain the evolution of model development to an official one named as
lossy substrate model. S-parameters are usually expressed in terms of magnitude and phase,
while Y-parameters are represent in its real and imaginary part. Model 1 shown in Fig. 5.1
with a shunt capacitance to simulate a purely capacitive coupling is absolutely too ideal. One
common idea to simulate lossy silicon substrate using a paralleled RC network was
implemented as Model 2 in Fig. 5.2. Nonlinear frequency dependence of admittance Y;; (or
Y2,) can be modeled at frequency belowslOGHz"(Fig. 5.5), but S;; deviates a lot from
measured data (Fig. 5.6). Through verification on the RC network using circuit simulation, it
was found that S-parameter data.could be'modeled-with a frequency-dependent resistance.
This finding resulted in a substrate network with a capacitance in paralleled with a series
resistance and capacitance, named as Model 3 in Fig. 5.3. This model can predict S- and Y-
parameters below 10GHz quite well, but still lack of accuracy at higher frequency for
phase(Si1) (or phase(S22)) and imaginary part of Yi; or Yz (Im(Y;;) or Im(Y2,)). Finally, a
new RLC network proposed in this work, named as model 4, composed of a series RLC and
then in parallel with a capacitance as shown in Fig. 5.4 can further improve the modeling
accuracy up 40GHz and beyond. Fig. 5.5 ~ Fig. 5.7 present the simulated Im(Y;), Mag(S1),
and phase (S;;) using mentioned different pad models to justify the accuracy improvement
through model evolution from the simplest one (model 1) to the final one (model 4) proposed

in this work.

The proposed equivalent circuit model for each G-S-G pad consists of two branches of
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R-L-C network, incorporating pad capacitance (Cpaq), lossy substrate (Rgi, Csi, Ly, and C,),
and transmission line (Ryn, Limi) used to connect the signal pad to the gate and drain terminals
of the intrinsic MOSFET. One of RLC networks, which is near the signal pads (gate or drain)
adopted a capacitance named C,.q to model the dielectric capacitance under the signal pad.
This capacitance is mainly governed by the signal pad area and metal stack underneath. In this
work, Cpag i1s implemented as a physical parameter calculated by layout and process
parameters rather than form extraction. The pad size of the test structure is 100x100 pm?. In
series with Cpag, @ RLC network is used to model the signal coupling from the lossy pad
through the lossy substrate. Capacitances C, and Cs; account for the capacitive coupling while
substrate resistance Ry and inductance Ly were proposed to model the semi-conducting nature
of silicon substrate under high frequency operation. Coupling capacitance C. connecting the
two-ports is required to model S, and S, of the open pads and it should be removed from the
pad model when a device is attached through the two-ports to simulate S-parameters and
noise parameters of a full structure before-de-embedding. Regarding the resistance (Ryy) and
inductance (L) associated with transmission-line, they can be extracted from Z-parameters

of a short pad after modified open de-embedding.

Fig. 5.8(a) presents the equivalent circuit model derivation through circuit analysis. Fig.
5.8(b) indicates the extraction flow of equations derived through circuit analysis. The model
parameters can be extracted under approximation valid for relatively low or relatively high
frequency. These extracted values serve as initial guess for further optimization. Parameter
optimization was supported by Agilent IC-CAP and Agilent Advance Design System (ADS).
Optimization target was set to get best fit to S- and Y- parameters simultaneously. Good
agreement between simulation and measurement for Sy, Sz, Yi, and Yy, are shown in Fig.

5.9. Table 5.1 lists the optimized open pad model parameters.
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Table 5.1 Open pad model parameters

Limi(PH) | Rimi(©2) | Cpad(fF)| Cp(fF) | Csi1/Csi» (FF) | Lsi(nH) | Rsi(€2)
Gate 30 0.25 190 15.5 47]126.5 0.5 408
Drain 20 0.25 190 15.5 43/143 0.38 368

5.2 Equivalent Circuit Model Verification

Fig. 5.10 illustrates the device characterization and modeling flow. The equivalent circuit
of intrinsic MOSFET was shown by the dash block in the full circuit schematic in Fig. 5.11. A
core BSIM3 MOSFET model was calibrated in terms of I-V and C-V characteristics. Two
junction diodes were implemented to represent the drain-to-body and source-to-body p-n
junctions. C’gsand R’ were adopted to model the source to drain proximity capacitance and
the associate resistance apparent at high frequency; they play an important role in accurate
modeling of S»,. R, is the gate resistance-extracted from real part of Z-parameters which is
mainly dominated by poly gate resistance and distributed channel-coupled resistance [25], R,
is a momentous factor in RF MOSEET, it greatly-"affects the noise figure, fi.x, and input
matching. Ry and Ry are the parasitic drain and source resistances due to lower level metal
routing (below M3). Terminal parasitic inductances (L,, Lq and L;) are required to model the
high frequency characteristic of interconnection lines and device routing metal. These will
become very small (smaller than 10pH) and can be neglected from the intrinsic MOSFET
model when accurate short de-embedding was performed. Ry represents the distributed
substrate resistance, which generally has significant effect on small-signal output
characteristics [26] and noise performance. Though a popular substrate network of three
substrate resistance was suggested by some study but we get important observation through
careful verification that the resistor in series with a junction diode does not show visible effect
in the simulated results. As a result, only one simple resistance attached with the bulk terminal

was used in this work. Regarding the source and bulk configuration for the 3-terminal

53



MOSFET in this study, common short was defined in the circuit schematic for simulation to

ensure the common potential of source and bulk.

The gate resistances R, extracted from Z-parameters are demonstrated in Fig. 5.12(a) and
(b) for 80nm and 65nm devices, respectively. Referring to the extraction equations in [24]
accurate R, should be extracted at sufficiently high frequency and a constant R, achieved at
frequency higher than 20GHz as shown in Fig.5.12 justifies the proposed extraction method.
Rs and Ry were extracted from short pad but with some minor optimization for I-V fitting.
Intrinsic model verification in terms of I-V and C-V has been covered in Chapter 4. Cut-off
frequency (fr) extraction and simulation under various gate biases were also done to further
verify the accuracy of intrinsic model. Fig. 5.13 presents good agreement between the
measured and simulated fr for 80nm and 65n0m nMOS in which obvious frimprovement of

around 50~60% was realized by gate lengthysealing from 80nm to 65nm.

Fig. 5.11 depicts the proposed full-circuit model which incorporates lossy substrate
model with well calibrated intrinSic. MOSFET model (dash block). Pad model parameters
previously extracted from open pad structure serve as initial value for further optimization to
fit S-parameters and noise parameters measured from full circuit. In practice, the substrate
coupling effect in a full circuit with DUT and pad does not exactly follow that of a dummy
pad which consists of interconnection lines terminated at M3. Base on this concept, minor
modification on the original pad model parameters is needed to get better fitting to the
measured S-parameters, Y-parameters and noise parameters before de-embedding. Finalized
parameters for various N are given in Table 5-2. Ly and Ry associated with gate and drain
were extracted from Z-parameters of a short pad, which was commonly shared by various Np.
Therefore, Ly and Ry are the same for different Ng. Because source and bulk were tied
together, transmission lines of source and bulk terminals were in parallel and expressed as

Lemi. Inductors associated with gate, drain and source/bulk terminal are extracted from
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Z-parameters through open and short de-embedding. It is assumed that parasitic resistance and
inductors of metal interconnection can be removed after short de-embedding. However, for
larger devices of Ny = 36, 72 in which larger area spanned by larger finger number may lead
to failure of clean de-embedding of metal lines’ parasitics by a common shared short
de-embedding structure. As a result, small amount of residual inductance remains with the
devices of larger Ny (Table 5.2). As for smaller device of Nr= 6, 18, the remaining parasitic
inductances after short de-embedding are extremely small or even go to negative value, which
means almost no inductance left or even over-deembedding through the common short
de-embedding. To compromise with the mentioned un-reasonable conditions, they were set to

Z€1r0.

: 'uI;able‘ S0,
Pad model parameters for various N after optimization
e | =
Gate Electrode

Ne Lin(pH) Rum(Q) Cpad(fF) Cr(fF) Csia(fF) Csiz (fF) LsiinH) Rsi(®)
6 30 0.25 190 | 18.2 82 122 0.6 390
18 30 0.25 190 | 29.0 94 185 0.31 280
36 30 0.25 190 | 565.0 121 202 0.7 250
72 30 0.25 190 | 60.0 290 240 0.3 200

Drain Electrode

Ne Lun(pH) Rium(Q) Cpad(fF) Cr(fF) Csia(fF) Csiz2 (fF) LsiinH) Rsi(Q)
6 20 0.25 190 | 16.6 105 139 0.40 325

18| 20 0.25 190 [ 12.0 300 260 0.38 250
36| 20 0.25 190 [ 25.0 364 295 1.00 250
72| 20 0.25 190 [ 52.0 710 650 3.00 200

L,=80nm/Wr=4pm
Ne Rg(Q) Rs(Q) Rq(Q) Lg(pH) La(pH) Ls(pPH) Rpuk () Cas(fF) Ras(€2) Lso_tmi (PH)
6| 2656 | 123 | 1.26 | 338 | 186 3.5 |166.43 | 6.52 |524.43 12.20
18] 11.05 | 0.83 | 042 | 314 | 164 3.9 87.04 | 39.29 [222.46 12.20
36| 6.27 073 | 0.21 | 327 [ 175 3.3 67.19 | 88.45 [146.97 12.20
72| 3.98 067 | 0.10 | 30.3 | 15.1 3.8 57.26 |186.77 | 109.23 12.20
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The full circuit as shown in Fig. 5.11 was adopted for high frequency and noise
simulation to achieve S-parameter and noise parameters before de-embedding Fig. 5.14 (a) ~
(c) demonstrate good match in S;; and S;, between measurement and simulation for both
80nm and 65nm nMOS with various Ng. Fig. 5.15 and Fig. 5.16 present the same results in
Smith chart. Fig. 5.17 (a) and (b) indicate Y;; and Y, representing input and output
capacitances. In noise simulation, in addition to thermal noise of intrinsic MOSFET and
parasitic resistance induced excess noise, pad capacitive coupling and substrate loss are
considered as important factors responsible for the abnormal as-measured NFi,. Good
agreement between the measured and modeled noise parameters NFpin, Rn, Re(Ysopr) and Im
(Ysopt) over wide range of frequencies up to 18GHz are shown in Fig. 5.18 ~ Fig. 5.23. Fig.
5.24 ~ Fig. 5.26 show the extrinsic NFy;, under varying I4(0.5~100mA) and fixed frequency
(2.4, 5.8, and 10GHz) in which good match between simulation and measurement is realized

for both 65nm and 80nm nMOS.
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Fig. 5.4 Proposed equivalent circuit of open pad model (Model 4)
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Fig. 5.10 MOSFETs device modeling items and modeling flow.
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Fig. 5.11 Full circuit model MOSFETs device modeling items and modeling flow.
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Chapter 6

RF MOSFET Intrinsic Noise Extraction and Simulation

6.1 MOSFET Intrinsic Noise Parameter Analysis

Intrinsic noise extraction and modeling for miniaturized MOSFETs is the main objective
of this study. Accurate extraction of intrinsic device performance and parameters is essential
to improve device modeling accuracy and help circuit design. The method developed in this
work for intrinsic noise extraction is an equivalent circuit approach named as “lossy substrate
de-embedding method”. In previous chapters, a lossy substrate model has been described and
proven with excellent accuracy over varying frequencies and gate biases (drain currents) as
well as devices of various gate lengths and finger numbers (N = 6, 18, 36, and 72, L, = 80nm
and 65nm). Based on the proven:lossy substrate model and calibrated intrinsic MOSFET
model, lossy substrate de-embedding can be done simply by removing the elements of the
lossy pad and substrate R-L-C*networks from the full circuit model in Fig. 5.15. The
parasitics resistance Ry, Rg, Ry, andRpux, “Which cannot be removed through general
de-embedding were left with intrinsic model to account for the excess noise. This “resistance
induced excess noise” cannot be eliminated even through conventional noise correlation

matrix de-embedding or lossy substrate de-embedding developed in this work.

Fig. 6.1 ~ Fig. 6.4 present intrinsic noise parameters and comparison with measured data
for 80nm and 65nm nMOS of various Ng. The intrinsic noise parameters extracted through
lossy substrate de-embedding by using circuit simulation will be verified through comparison
with the measured ones before de-embedding. Intrinsic R, has almost the same level as
measured ones. For 80nm devices, a little smaller value than measured data was obtained for
small Nf and the difference tends to decrease as Ny increases. As for 65nm devices, following

similar trend as 80nm devices did at low frequency but the frequency dependence changed a
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little at high frequency and even larger than the measured one.

The minor change of R, after de-embedding suggests that the sensitivity of NF,;, with
respect to the source admittance (Ys) deviation from its optimum source admittance (Y sopt)
target did not make significant difference due to lossy substrate effect. Another feature is that
80nm device has lower R, compared with 65nm ones no matter whether extrinsic or intrinsic.
It means that the noise figure is less sensitive to the mismatch between Y and Yop for 80nm
devices. The extracted intrinsic Re(Ysop) and Im(Yop) were compared with extrinsic Yop
(measured or simulated) to identify the effect through lossy substrate de-embedding. Both
Re(Ysop) and Im(Yopt) reveal obvious reduction in magnitude for the intrinsic components as
the result of equivalent circuit de-embedding. According to equation (A-13), if correlation
admittance (Y.) is assumed to be purely imaginary under the assumption that correlation

coefficient c is a purely imaginary,value. Themoise factor F can be expressed as

F= 1 TOR.G = 1 %2R, Re(Y,,, ) (6-1)

sopt sopt

The obvious reduction of Re(Y,p) through ‘de-embedding contributes to the significant
suppression of NF,;,. Another important feature is that the nonlinear frequency dependence of
Re(Ysopt) before de-embedding was recovered to linear characteristics for intrinsic Re(Ysopt)
after lossy substrate de-embedding. This is the main factor that recovers linear frequency
dependence for intrinsic NF,,;,. Great difference between extrinsic and intrinsic NF;, reflects
the need for measured NF,;, de-embedding. Fig. 6.5 shows the intrinsic noise extracted under
two gate bias conditions corresponding to maximum g, (or fr) and minimum NF,.
Obviously lower NFi, was demonstrated for 65nm devices as compared with 80nm ones.
The improvement on NF, reflects the gain in fy from gate length scaling and shows weak
dependence on finger number. The NF i, at I0GHz can be suppressed to less than 0.8 dB for

80nm and 0.5dB for 65nm nMOS corresponding to an optimized drain current.
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Finally, noise parameters corresponding to varying drain current are presented in Fig. 6.6
~ Fig. 6.9. They manifest two important clues: As Nrincreases, it tends to shift the minimum
NFmin to higher current operation. This makes it impossible to implement a low noise and low
power circuit while using large Np device. Noise suppression due to gate length scaling
becomes even more significant in higher current region. Analytical expression related NF i, to

devices parameters as follows:

_ f _ (Ry +R,)
Fmin _1+K1f_ gm(Rg+Rs) - 1+K2fcgs g— (6-2)
T m

Larger finger number leads to smaller gate resistance and higher transconductance g, but
pay the penalty of higher gate capacitance Cg. The overall performance of larger Nr device
compared with small N ones are higher 'gainand higher f,.x with almost same level of
minimum NF.;, and fr but consume more, power -and area. Information shown above
provides useful guidelines for RE CMOS désign and optimization in terms of speed, power,

and noise.

6.2 MOSFET noise current analysis

. . . . . - =2 - ek .
Detailed derivation of relation between noise current (Ig2 , Iy and 1) and noise

parameters (Fmin, Rn, Gopt and Bgp) by using correlation matrix leads to the following

expression:

- 2 *
i2 = 4KTAF R, -[|Y,,| +[Y,,[ —2-Re(Y,,Y,)] (6-3)

Yopt

i = 4KTAf -R -

Va (6-4)

iyiy = 4KTAf R (Y, =Y, )Y, (6-5)

where Y, is given by
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—mn____Y
c opt

According to equations (6-3) to (6-6), noise currents and their correlation coefficient can be
extracted from the noise parameters. In order to extract the noise currents of intrinsic
MOSFETs, Y-parameters and four noise parameters used in the above formula should be

intrinsic quantity too.

Intrinsic MOSFET model was used to calculate the noise currents to investigate the noise
behavior of the sub-100nm devices. In addition to the intrinsic MOSFET noise currents of
major concern, gate resistance effect on noise currents and NF,,;, was also an interesting topic.
It is well known that gate resistance contributes significant thermal noise to the device. Fig.
6.10~Fig. 6.14 indicate the simulated Ry effect’on noise performance in terms of NFpin, Ry, Sig
and S;;. Ry through comparison between the eoriginal intrinsic MOSFET model with R,
(Table 5.2a) and that with R, set to zero: The simulation results suggest that NFy;, of an
intrinsic MOSFET is dominated by R, and its NEui, can be reduced to lower than 0.2dB at
10GHz if Rg can be eliminated. This reduction is associated with the great decline of S;, (Fig.

6.12). Excess Sig due to Ry is introduced by means of gate capacitance in the form of [2]:
AS, = 4kTR,0’C. (6-7)

From (6-2), different R, values of various N lead to almost the same NFy;n, because NF i, 1s
associated with gnR, product. Drain current noise spectrum density (Siq) in Fig. 6.13 reveals
almost frequency independent feature and shows smaller R, effect. Through transconductance

gm, Rg contributes the excess Siq by
AS, = 4kTR g; (6-8)

Validity of (6-7) and (6-8) was verified in Fig. 6.13 and Fig. 6.15. The S;, difference to
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4kTR,’C;, ratio and Sq difference to 4kTR .0s is very close to unity. Little deviation from

unity at high frequency may be due to the fact that R, was given as a frequency-independent
constant excluding the non-quasi-static effect [27] or the Cygand gy, were given as constants
independent of frequency. S;, and Siq are plotted together in Fig. 6.16. As operating frequency
increases Sj; will eventually exceed Siq, but S;; is about two orders smaller than S;q up to
18GHz. Though the reduction of NF,,;, and R, are not only dominated by Siy and can be

estimated from the relation between noise current and noise parameters [9] :

2 f 2
F. = 1+——/%(1-|c 6-9
min \/g fT ( | | ) ( )
R, =~ *‘;_d; (6-10)

where 7,0, andc are the coefficient'already shown in Chapter two.
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Chapter 7
Conclusions

In this thesis, the major work have been covered from device test structure design, device
characterization and parameter extraction to model construction and finally simulation
verification. The primary achievement and contribution realized through this M.S. program is
the development of a lossy substrate model for accurate noise simulation and a lossy substrate

de-embedding method for intrinsic noise extraction for miniaturized RF MOSFETs.

7.1 Summary

Specified process parameters based on in-line monitor and calibrated 1-V model
parameters constitutes DC model of the sub-100nm. MOSFETs under study. Gate capacitance
model calibration was done through extensive verification of the gate capacitances under
various gate biases. Gate capacitance:was-extracted from de-embedded Y-parameters. Proper
de-embedding should be conducted. for aeccurate capacitance extraction. A complete
de-embedding of major parasitic capacitances depends on delicate open pad layout. Sufficient
device geometry splits with various finger numbers (Nr), finger widths (Wr) as well as gate
lengths (Ly) are needed to verify and facilitate a scalable model. By incorporating the DC
model with key components for RF MOSEFT such as Rg, Rgs, Cqs, and substrate network,
intrinsic RF MOSFET model can be verified through S-parameters, Y-parameters, fr-I4 etc.
Preliminary parameter extraction and further post-extraction parameter optimization were

implemented in Agilent-ICCAP environment.

In order to de-embed the extrinsic noise parameters, equivalent circuit de-embedding
method was developed. Equivalent circuit for the probing pad consists of pad capacitance as

well as lossy substrate RLC components. Various pad structures have been designed to widely
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verify its practicability. Extrinsic characteristics such as measured S- and Y- parameters can
be predicted by a full circuit model up to 40GHz. The impressive achievement is the good
agreement between as-measured noise parameters and simulation results. Finally, intrinsic
noise characteristic which is our ultimate interest can be obtained by lossy substrate
de-embedding through circuit simulation. Comparisons show the large amount excess noise
introduced by lossy pad structure due to the lossy substrate coupling. This makes the proposed
de-embedding technique essential. Characteristics over wide range of frequencies, various
drain current levels and different geometries were also provided. The encouraging
performance extracted in this work consistently matches the RF CMOS scaling trend [17].
The information provided will be especially helpful to improve RF circuit simulation

accuracy for low noise RF circuit design.

7.2 Future Work and Recommendation

There remain various interesting and-challenging'topics worthy of further study through
continuous effort. To further improve the high frequency model accuracy, precise extraction
of gate resistance as well as substrate network model parameters is essential. Two-port device
configuration entails intrinsic drawbacks for RF MOSFET modeling in terms of measurement,
de-embedding and parameter extraction, etc. It is because that some parasitic and model
parameters cannot be precisely decoupled and extracted for MOSFET of four terminal nature
but limited to two-port measurement. Four port measurements theoretically can solve this
problem, but new challenges and problems may emerge in respect of de-embedding and
parameter extraction. On the other hand, as the pad effect on measured noise can be
effectively reduced by improved pad structure design, the research on MOSFET noise would
go a further step into the topics of intrinsic noise mechanism and compact model development.
In addition to short channel effect and hot carrier effect, gate tunneling current may also

introduce more modeling issue. Physical mechanism modeling will take more efforts in

92



respect of physics understanding, model development and implementation as well as

extensive verification.

Through this process of noise characterization and modeling, one of major difficult jobs
is the data acquisition of integrity and reliability. On-wafer RF measurement involves many
delicate and laboring work. Instrument calibration, probe and cable qualification, and probing
technique altogether affect the repeatability and reliability of the measurement. Indeed,
repeatable data is a mandatory criterion, especially for device modeling. Appropriate
de-embedding technique suitable for specific layout is also important to obtain the truly
intrinsic device feature. It is believed that the measurement and modeling difficulty will be
tougher for nanoscale devices. More complicated parasitic effects and device physical
mechanism will be encountered. Howeyver,, it also implies that there will be more and more

interesting research topics awaiting exploration:

93



Appendix A [10]

Derivation of Noise Parameters

Base on the noise model with noise source E and source admittance Y, atthe
input of the network, a lossy network is presented by a voltage and current noise
connected at the input of a lossless network. Refer to Fig. A.1.

From equation 2-18, noise figure can be expresses as follows:

F = total output noise power _ Total equivalent input noise power (A-1)
output noise power due to noise source noise power of source impedance

i2+i, +YV
F = " (A-2)
i

S

Splitting the noise current i, into anuncorrelated i, sand a correlated noise current |i_, the

correlated noise current is related to .the noise voltage V, via a correlation factor Y,

(Y. =G, +B,)

i2+|(i, +i,)+YV,
F = —
i2

24|V Y. +i )YV |
i2

S

2
i2+ N (Y, +Y)+i,

- (A-3)
AR ARA
* =
|

S

i +(G.+G,)* +(B,+B )|V,
+ —
i2

S
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Noise sources can be presented by equivalent thermal noise model

L2 N

=4KkTAf -G, ; noise due to source admittance (A-4)

SN

=4KkTAf -G, ; noise due to equivalent noise conductance (A-5)

V! =4KTAf -R, ; noise due to equivalent noise resistance  (A-6)
Substituting (A-4) ~ (A-6) into (A-3) leads to

4KT Af -G, +[(G, +G,) + (B, +B,)| (4kTAf-R,)
4KT Af -G,

F =1+

(A-7)
GU RFI

=1+ +
G

S S

[(G, +G,)* +(B, +B,)’]

Minimum noise figure can be achieved by giving an appropriate admittance Y. To find this

specific admittance, derivative of (A-7) with respect to'G, and By is conducted

oF -G, ; 2R+(G,+G, )G, R [(G, +G,)* +(B, +B,)’]

oG, Gs2 Gj
_Gu " I:2n (Gf - Gs2 )_Rn (Bc + Bs )2 (A-S)
= =
oF 2R
_— = L(B.+B A-9
B, G, (B, +By) (A-9)
. . ) ) ) 0 oF
Optimum source admittance Yy 1S obtained by setting bothg , 8? equal to zero,
G
Gy = |G+ (A-10)
Rn
Bsopt = - Bc (A-l 1)

95



Substituting (A-10) and (A-11) into (A-7) leads to

R.(G. , -G
ol o °)+§“ (G, +G.)* +(B, ~Bypp)’]
R.(G.  -G)+R (G} +G2)+R, (B, -B,)
=1+2R G, + n(Gaont ~G2) "(é )+ R (B, -Buopr)

S

F=1

I:\)n (Gszopt + Gsz) + I:\)n (Bs - Bsopt )2
= 1+2RnGC + G (A'12)

S

R (G, -G, . )+R (B, -B_.)
=1+2Rn(Gsopt+Gc)+ (s SOPt)G (B, SOpt)

S

R

= I:min +
G

. (Ys - Ysopt )2

S

where the minimum noise figure is defined as

F..=1+2R (G G.) (A-13)

sopt +

Fpmin 1 an intrinsic property related to Ry, Ges G, and independent of the input noise source

and source admittance.

.Vn‘ ) - p—g
' J Noiseless
| Yo | Two-Port
ns n
: Network
® —9

Fig. A.1 Presentation of a noisy two-port network connected to a noise source and source

admittance.
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Appendix B 23]

The Y-Factor Method and Noise Figure Correction
In noise figure measurement, total output noise power measured is
N, =N, +GN, =N_+kTBG (B-1)
where N, and N;j represent the noise levels available at the output and input respectively, G is
the gain of the DUT, B is the bandwidth, k is Boltzmann’s constant, and T is the absolute
temperature.

To determine N,, output noise power corresponding to two source temperatures are
needed. Two output noise power and two source temperatures determine the slope kBG and
intercept N,. A diode based noise source in the on-state (hot) generates noise when it is
reverse biased into avalanche breakdown. Thus.the equivalent noise temperature will be

higher than its “off-state” (cold). Temperature difference is expressed by excess noise ratio

(ENR)

ENR g5
L=

ENR ; =10 log(T—T‘“’) , ENR=10 1 (B-2)
0
Y-factor is defined as the output noise ratio
y=20 (B-3)
N2

Derivation is shown as follows:

N,=N,+kT.BG , N,=N_+kT,BG

ENR
dB _ Th _TC

ENR=10

(B-4)

vo N N, +kT,BG

N, N, +kT.BG

In practice, T, is assumed to be 290K when it is calibrated. This leads to
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(Y-1)N, = kBG(T,-YT,)
kBG(T, - ENR+T,-Y - T,)
kT,BG(ENR+1-Y) (B-5)

N, = kT,BG(:NR p)
Y-1

From the derived N,, the total noise factor measured can be calculated.

ENR
NG, KT,BG(,_-D*GKTB  pp 56)
“ "GN, GkT,B Y-1

Because only the noise factor of the DUT is interested, removal of the noise contributed from
the second stage is essential. Based on the noise factor analysis of multi-stage system, total

noise factor of a two-stage system is

F,-1

Ftot = Fl+ (B-7)

1

where F, F, and G, are noise factor of 1% stage; 2™ stage and gain of 1% stage respectively.
Noise factor of the instrument (F;) can-be characterized while doing system calibration
and gain of the DUT (G) will".be obtained - while’ measuring S-parameters before noise

measurement. Therefore corrected noise factor is obtained

F,-1
1 tot G1

(B-8)

then is used to construct the noise equation.
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Appendix C [7]
Correlation Matrices Noise De-embedding Method
1.) Measure the scattering parameters of DUT and open pad, [S]mea and [S]open,

also the noise parameter of the DUT (Fmin, Rn, Yopt). Then convert those S parameters
to Y parameters, [Slmea 2 [Y]mea; [S]open > [Y]open-

2.) Calculate the correlation matrix [Calmea from measured noise parameters by
the following relation.

CA,11,mea =2-KgT-R,

CA,Zl,mea =2- KBT ' %_ RnYoptj

CA,lZ,mea = 2 ’ KBT \ %_ RnY *Optj (C_l)

2

(F i _1)2 |CA21mea 1

C =2.K.T: F.o=1NG _ min + X L

A,22,mea B ( min ) sopt 4Rn ‘2 % KBT ‘ Rn
I:min -1
R, B Ry * Yo
[C, 1. =2K.T 2 ,
mea o . o C
len 1 _ Rn *Y oot (Fmin _1)*Gso - (me 1) +| A2lmea *L
2 P P4*R, [2*K.T| R

n

(C-2)

3.) Convert matrix [Calmea 10 [Cylmea by using [Ca]lmea and measured Y
parameters [Y]mea.

(S ]

A ]mea [T]:rnea

=[T]...[C
Y, 1 Y=Y

_ C 11 21 (C-3)
|:_Y21 0j|mea[ A]mea|: 1 0 }mea

4.) Calculate the open pad correlation matrix [Cy]open

[Cy lopen = 2KgT *Re[ Y ] (C-4)

open
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5.) De-embed the parallel parasitics of measured Y parameters [Y]mea and
correlation matrix [Cy]mea.

[Y ]DUT = [Y ]mea B [Y ]open (C-5)

[CY ]DUT = [CY ]mea - [CY ]open (C'6)

6.) Convert the intrinsic Y parameters [Y]pur to its chain matrix.

-1
[A] _ {_Yu 1} {le O} — __1{ Yy 1 } -7
ol _Y21 O DUT Y22 1 DUT Y21 (Yl 1Y22 -Y12Y21) Yll DUT

7.) . Transform the intrinsic correlation matrix [Cy]pur to its chain matrix [Calour.

[CA]DUT - [TA]DUT [CY ]DUT [TA];UT

0 A, 0 1 i
:|: A1 :| [CY ]DUT { * * } 5
1 Azz DUT A12 A22 DUT

8.) . De-embedded intrinsic noise parameters Fmin, put, Rn, but, Yopt, put €an be
calculated from the chain matrix [CxalpuT:

Re[CA,lZ,DUT] + \/CA,II,DUTCA,ZZ,DUT _(Im[CA,lz,DUT ])2

Foi =1+ C-9
min,DUT kBT kBT ( )
R —Re[ZAuoUT) (C-10)
n,DUT —
2k, T
2 *
Ysopt,DUT _ Gsopt,DUT SI* Bsopt,DUT _ \/CA,H,DUTCA,zz,DuT —(Im[C, ,our ) +1*IM[C, 1, 57 ] (C-11)
CA,II,DUT
1 * I:min -1 Re[C ]

Gooprour = Re[R ( ’D;T - *’EZLI?UT )] (C-12)

n.DUT B

1 1
B - x *IM[C, 1 1] (C-13)

sopt,DUT — 9 kBT R

n.DUT
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Note:

(a) NFmin(dB)=10x log,,(Fmin) (C-14)

(b) Noise parameters measured from noise measurement are NFpin, Ry, and o Before
conducting the noise matrix de-embedding, opt should be transform to Y,u. (In
Advance Design System (ADS) simulator, S, stands for — op.)

1 1- Fopt

o = B = e,

(C-15)

(c) K,=8.62x107 (eV/K), T =T.+273 (K)

(d) Correlation matrices of an passive two-port in impedance and admittance

representation are

C,=2K,T-Re[Z] (C-16)
C, =2K B Re[Y] (C-17)

Chain representation of the whole test-fixture is estimated from the measured noise

parameter (NFpmin, Rn, Yopo):

Rn % - Rn *Yopt
[CA ]mea = 2KBT F o 1 (C' 1 8)
%_Rn *Y opt Rn |Yopt |2
(e) Interconnections of the two-port networks can be described by the operation of the two
matrix:
c,=C,+C,, (series)
Cy=Cy,*Cy, (parallel) (C-19)

C,=A,C,Al+C,, (cascade)

(f) Transformation of matrices presentation is done by taking the Fourier transform of
convolution integral of the noise signal. The transformation formula can be expressed

as
'=TCT' (C-20)
where C and C’ are the original and resulting representation, T is the transformation

matrix.
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(g) Once the chain matrix of the intrinsic device is obtain, noise parameters after

de-embedding can be calculated follow the expression above:

I:min -1
[Calpur = 2KgT -1
% —Riour *Y oprour R our | Yoptour I
(C-21)
I:min -1
Rooun Ty Yoo
[Cilour = 2KgT F -1
%_ R out Yoptour R out |Yopt,DUT I
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Appendix D
Modified Open-Short De-embedding

Open and short pads were conventionally used to de-embed parallel parasitic admittance

and series parasitic impedance respectively. The de-embedding procedure is shown as

follows:
Yoaeo= Yu-Y, (D-1)
Y, o= Y-Y, (D-2)
Ziw= Mg T M ) = (Y, Y = (YY) (D-3)
Yo = @7 (D-4)
where

Y, = measured Y parameter of DUT
Y, = measured Y parameter of open pad
Y, = measured Y parameter of short pad

Y.

int

= intrinsic Y parameter after open/short de-embedding

Equivalent circuits of test structure with DUT, open pad and short pad are given in Fig.

D.1~Fig. D.3. According to these equivalent circuits, following expression holds

Y +Y -Y
Yf( vy oy j (D-5)
p2 p3

p3
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Z s_de o = (Y

s de o

-1 ZSI+ZS3 Zs3
Y =Y,-Y, = (D-6)
Zs3 ZsZ +Zs3

In this de-embedding process, based on Fig. D.3, short pad does not see a parasitic
admittance Y3 because all the interconnection metals are shorted at the same potential.
De-embedding procedure (D-2) may introduce an over-de-embedding error because Y3 was
deducted from Y, in which Y3 does not exist. Therefore step (D-2) was modified as given
below and keeps the rest of the steps the same.

Yl 1 +Yl 2 O
Ysfdefo = Ys - 0 Y. +Y (D_7)
22 21

p3

Port 1 Port 2
s1 DUT ZsZ ®

pl p2
s3

Fig. D.1 Equivalent circuit of test structure with DUT
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p3
Port 1 Port 2
o Zsl ZSZ ®
I
Ypl YIO2
Zss
Fig. D.2 Equivalent circuit of open pad
Port 1 Port 2
o Zsl Zsz ®
Y Y
pl p2
ZsS

Fig. D.3 Equivalent circuit of short pad
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