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A}bstract

AN

.

The down-scaling of MOSFE:TS t'o- deep-submicron dimensions and the resulting
very ]high unity-gain frequencies bf tens of GigaHertz make MOSFETs increasingly
attractive for applica[ions. in integrated high-freduency analog- electronics, wireless
communications and high-speed_ di gital applications.ﬁ Theréfore, to accurately design low
noise hf MOSFET or FET-based devices and circuits, their high-frequéncy
characterization and modeling are urgently needed. However, when working at high
frequencies, the effect of the noise generated wiihir:) the device itself will play an
increasingly important role in the overall system sensitivity characteristics, dyr!mamic range
and signal-to-noise ratio. Thus, it is crucial that we understand the nois¢ mechanisms in
- sub-?‘nicron MOSFETs, and develop appropriate phy'sically-ba:sed noise models that can
accurz;tely predict the noise performance of transistors over a wide range of operating
conditions. To date, one set‘ of existing noise models that include physical noise
mechénisms are based .on simplified small-signal models w'hich canpot accurafely predict
the AC (small-signal) performance of transistors. The other set of models are based on
very accurate AC models, but they neglect an very important high frequency noise source
- the gate resistance thermal noise, their modéls for the channel thermal noise are very
simplistic since velocity saturation and hot-electron effects are neglected, ar;d they do not

predict accuraf?ly the h.f. noise performance of MOSFETs.

Because of these limitations, we have developed a new model which can predict
accurately both AC and the noise performance (all four noise parameters - minimum noise
figure NF,, equivalent noise resistance R,. and optimized source resistance R, and
reactance Xop,) of transistors based on s-parameters and noise measurements at microwave

frequencies. The model has the following features - it includes all the high frequency noise




sources (including several models for the channel thermal noise and their correlations, and
the thermal noise from the channel resistance and gate resistance); it is based on a direct
calculation technique for describing the four/noise parameters which is suitable for circuit
simulators; and it includes a de-embedding Dprocedure for both noise and é-paramelers
using special test structures. Additionally, it is the first'description of a self-consistent
small-signal model for MOSFETs that predicts accurately both their AC as well as their

noise performance over a range of frequencies and biasing currents. Finally, the impact of

5
" gate resistance, the induced gate noise, and the noise improvement using multi-finger

gaies are invesligaied both experimentally and theoretically.
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Chapter 1 : :
Introduction

1.1 Introduction

Noise is some unwanted ﬂuc'tualion that, when addeci to a signal, reduces its
information content. In a communication system, noise can be classified into two broad
categories depending on its source. Noise ,generaled by components within a
communication system, such as resistors, electron tubes, and solid-state active devices is
referred to as internal noise (or electronic noise). The second category, external noise,
results from sources outside a communication system, including atmospheric, man-rﬁade,
and extraterrestrial sources. The “statics” heard in a radio, the “‘snowy screen” of a
television, and the fluctuation of a DC signal around its expected value are all examples of

. . . . . . - L4 . -
electronic noises, and this is the kind of noise of interest to us in this research.

Electronic noise in a communication system defines the lowest limit of a signal that
can be detected. Below this limit, the signal would be “drowned out” by the background
noise. Therefore, electronic noise directly affects the accuracy of measurements and the

minimum power of a signal that can be used in a circuit to transmit information.

Sincie noise is random in nature, it is represented as a time varying random variable
X(t) in noise theory. The mean value, X, of X(t) and the variance, AT of X(t) about its
mean, are two important parameters for characterizing the random variable X(t). Another
important characteristic of a random signal is its power spectral density .function (PSDF).
The power spectral density function of a signal describes how a signal distnbutes its

power at different frequencies. From definition, PSDF represents the time averaged noise



power over a one Hertz bandwidth at any given frequency f. White noise is a particular
kind of noise which has a PSDF that is constant for all frequencies. Thermal noise
generated from a resistor and the shot noise generated in a circuit are examples of white

noise.

Noise always exists in electronic signals. A DC current I(t) or voltage V(1) is actually
the summation of an ideal DC component and a fluctuating AC component. The PSDFs of
a DC current l-(t) %nd voltage V(1) are represented by S((f) and Sy/(f) and abbreviated as
their “noise power spectra”. These noise spectra describe how their noise powers
distribute at different frequencies. The noise voltage generator V (f) = m and noise
current generator [ (f) = m are defined such that the totzﬂ noise power of a circuit

can be evaluated by applying AC circuit theory to these quantities.

1.2 Some Attractive Features of Modern MOSFETs

MOS technology is the dominant IC technology for high-density low cost VLSI "
circuits. The main driving force of submicrometer MOS technology is mggm VLSI.
However, as speed and circuit complexity i{)crease. it is often desirable to incorporate
high-frequency analog circuits on the same chip. Radio frequency designs are increasingly
taking advantages of MOS technology advances that makes possible the integration of
complete communication systems. As an example, global positioning systerﬁ (GSP)
receivers employ extensive digital signal processing to perform acquisition, tracking, and
decoding functions. The use of MOS technology for implementation of the front end
electronics in a GPS system is therefore attractive because of the promise of integrating
the whole system on a single chip. Therefore, high-frequency characterization and
modeling of MOSFETSs are becoming more important with the growth in high-frequency

analog applications.

9



1.3 Noise Modeling of Modern MOSFETs

When working at high frequencies, the effect of the noise generated within the
device itself will play an increasingly important role in the overall system sensiti;/ity
characteristics, dynamic range and signal-to-noise ratio. Therefore it is crucial that we
understand the noise mechanisms in sub-micron MOSFETs. Due to the long turn around
time and the expensive cost of actual fabrication of an analog circuit, noise simulation of a
analog circuit becomes a realistic alternative t(; determine whether the overall noise
performance of a circuit would be good enough to allow the circuit to function properly. In
order to perform accurate noise simulation, an appropriate physically-based noise model
that can predict accurately the noise performance of transistors over a wide range of
operating conditions of frequencies, currents and device geometries is urgently needed. To
date, some of the noise mode;ls including physical noise mechanisms are based on
simplified small-signal models which cannot accurately predict the AC performance of
transistors, Others based on very accurate AC models neglect the imponant high
frequency noise source - the gate resistance thermal noise, and the impacts of velocity

saturation and hot-electron effects on the thermal noise in the channel, and so they cannot

be used for high frequency noise prediction.

1.4 Goal of This Research

The goal of this research is to develop a new model which can predict not only the
AC, but also the noise perf(;nnance of transistors. In this thesis, a new noise model which
includes all the high-frequency noise sources and their correlations is developed. Some
test structures for the confirmation of the model are designed and different de-embedding
procedures for obtaining the noise and s-parameters of intrinsic transistors are discussed.

A direct calculation method allows us easily to calculate the four noise parameters of



transistors and to determine the impact of individual noise sources based on the
sophisticated small-signal model. In addition, the variation of noise parameters with bjas
conditions and frequencies, which are important for the low noise RF analog circuit
design, are presented. Finally, the impact of gate resistance and the induced gate noise,

and the model for multi-finger gate designs are discussed.




Chaptef 2

Review of High-Frequency MOSFET Characteristics

™

2.1 Gain of MOSFETs

The gain of a two—port_network (as shown in figure 2.1) is defined as the signal
which could be a shon-circuit current, a open-circuit voltage, or the power delivered to a
load at the output port (port 2) divided by the signal at the input port (port 1). Two kinds of
gains that are commonly used to describe the transistor performance are short-circuit

current gain and available power gain.

I i
—> <_
+ Two-port ‘ *
_ port 1 Vi : 153 port 2
) network .
O - O

FIGURE 2.1: Two-port network representation.

The short-circuit current gain of a two-port network is defined as the short-circuit

current (i) obtained at the port 2 divided the current (i) flowing into the port 1, i.e.

Current Gain = ’_2 ) 2.1)
l] v2 =0

If we describe the two~port network in terms of its h-parameter representation, then we

have that AN
y

e
5



= : (2.2)

and it is found that the short-circuit current gain is h.

On the other hand, the power transfer characteristics of a two-port network is
required when we are designing amplifiers or filters. The power which can be delivefed to
the output port depends on the transfer charactenstics of the two-port, as well as the
impedance characteristics of the source and load at the input and output ports respectively.
Figure 2.2 shows the general diagram of a.two-port network with source and load
impedances, and where Z, is the system impedance. The need for matching networks
arises because amplifiers, in order to deliver maximum power to a load, or to perform in a

certain desired way, must be properly terminated at both the input and output ports.

Source impedance 5 Load impedance

Pavs P Pyvn P
Zo ’ Input ‘ K
L» P . l—» ' L Ompl." '
V. L0° matching | Transistor| o | matching 7

s network <—| network

(Gs) | (G,) (Gp)
ZS (Or rs) ZL (0[' FL)
-

Zntor ') Zoyt (or Tgyr)

FIGURE 2.2: Block diagram of a two-port network with general source
and load impedances.



Power gain equations which appear in the literature [1], and are used in the design of
microwave amplifiers, are the transducer power gain G, the power gain Gp (also called

operating power gain), and the available power gain G, -and they are defined as

P

G. = L power delivered to the load 23
T~ Pivs = power available from the source’ (2.3)
P, power delivered to the load
Gp = = . h —, (2.4)
N power input to the network
and
Pivn power available from the network
A Puys power available from the source

From the definitions of power gains, we can represent the power gains in terms of the s-
parameters of the two-port network and the impedance reflection coefficients of the

matching networks by [1]

_ 1—|r5l2 L 1~'I‘L2 or (2.6)
’ ,l—rlNrSfI. 21‘ }l“szzrdz |
2 2
S P .51
r = 2|52 7 2.7)
|1—SHI‘S\ ll‘rourrL,
2
| -y
Gp = zl521|2 ' L' 2 (2.8)
N |1-5,,T]
and
- |y | ‘
T 29
‘ Y1 S| " ouﬁ
where



512521r

I“IN = S +‘1—T22TL and (2.10)
¢ v ' AJUR Y
12721 §

FOU = S 1——5—1“_ (2.11)
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There are two figures of merit that commonly used by manufacturers of microwave

transistors to describe the transistor performance. They are

1. fr: the unity gain frequency (or the gain-bandwidth frequen‘cy, cutoff frequency).
It is the extrapolated value of the frequency where the short-circuit current gain

lhy (@)l is unity.

(3%

fmax: the maximum oscillation frequency. It is the frequency where the maximum

available power gain Gp ... (MAG) is equal to one.

After the s-parameters of an intrinsic transistor are obtained, we convert the s-parameters
to their h-parameter representation and plot the magnitude of h,; as a function of

frequency, as shown in figure 2 3.

30
825} ™
= v 20 dB/decade line
::N 20 ¢ A

)
v}

Current Gain,
o

5 L

0 e B

0.4 1 fr h 10 20
< Frequency (GHz)

FIGURE 2.3: The magnitude of the measured current gain (H,,) of a 0.8
um nMOSFET as a function of frequency biased at Ipg = 1 mA, 3 mA, 5
mA, 7 mA, and 9 mA.



From the extrapolation with the x-axis, we can obtain the unity gain frequency at the
specific bias condition. From figure 2.3, it is observed that the magnitude of h,; decreases

with increasing frequency at the rate of ~ 20 dB/decade.

The maximum power output from a stable amplifier occurs when the amplifier is
conjugately matched at both the input and output ports with I's= I' ) * and I' =T, ) *.
This gain is sometimes called the maximum available gain (MAG). From (2.10) and
(2.11), we see that to calculate I'py, we must know I, and to calculate 'y we have to
know I's. The reflection coefficients that simultaneously satisfy the pair of equations are

referred to as I'\;g and T’y and are given by

2 2
31‘431‘4‘C1| Bz“dB§‘4|C2|2

2 2 ’2 «
B, = 1+|S,,| —[Sy| -1, C, =S, -AS,, (2.13)
2 2 2
B, = ”1522] —)S”] —IAI‘, C, = 85, —AS* (2.14)
where . N

A =51155-5155;

’ - (2.15)

When a transistor is bilaterally matched, the MAG of the transistor can be calculated from

2

:
[Sa =[S~ Sy +141
Gp ax = !512'(K-JK2—1), and K = T (2.16)

and Gp 2 = Go = Gp. Of course, (2.16) applies only to the transistor that is

unconditionally stable, 1.e., having no oscillations. Based on (2.16), figure 2.4 shows the



measured MAG of an intrinsic 0.8 um nMOSFET as a function of frequency for five
different Ipg's. From the extrapolation of MAG with the x-axis, we can obtain the

maximum oscillation frequency (f,,,) at each bias condition.

50
8 -
s} L=0.8um
a 30 : o . W=IX6oum
© [ a
~—r v : ! ) VDS =3V
C b v @
< 20} s
p> e
vaeg max
10 "%
%
v;A..

0
0.4 1 10 20
Frequency (GHz)

" FIGURE 2.4: The maximum available gain (MAG) of a 0.8um nMOSFET
as a function of frequency for bias current Ing = ImA, 3mA, SmA, TmA,

and 9mA.

After the f1 and f_,,, are calculated from the measured s-parameters of an intrinsic
transistor for each bias current, we can plot the fy and f,,,, of the intrinsic transistor as a
function of bias current.rFigure 2.5 shows the measured (symbols) and simulated (daéh
line) fr and measured f,, vs. ID§ characteristics of a 0.8 um nMOSFET of 60 um

channel width. The ft of the transistor (dash line in figure 2.5) is obtained using

Em

fT= , 2.17)
21t(CGS+ CGD+ CGB)
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where g, is the transccnductance, Cgs, Cgp, and Cgp. are the gate-to-source, gate-to-

drain, and gate-to-substrate capacitances, respectively, of the MOSFET.

14
| L=0.8um fr
_ pae
E W=1x60pm A"A
O Ny iy & 4
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0.1 1 10 20
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FIGURE 2.5: The unity gain frequency (fy) and maximum osgillation

frequency (f,.,) of a 0.8um n-type MOSFET as a function of bias '
conditions.

2.2 High-Frequehlcy Performance of MOSFETs

There has rcgqmly been remarkable progress in improving the high-frequcncy
characteristics of small geometry silicon MOSFETs for analog appllcatlons By
downsizing the gate length to the 0.1um regime, excellent f values as hlgh as 118 GHz
[2] have been realized. There are expectations that, in the near future, silicon MOSFETs
will come into wider use in RF telecommunication integrated circﬁ_its. As for the test
structure used in high-frequency charactenization, multi-finger gate design is usually
employed for reducing the gate resistance and the signal delay along the wide chanpel

width. Figure 2.6 shows the typical layout of a nMOSFET test structure [3]. For a fixed

11
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channel length [4], this kind of test structure will significantly improve f,,,, but it does

" not change f too much.

P

‘ Wg (total gate width) =L; X n

] ] ] ]
pd

i 77
- Typical structure
®
t 2| s||p|]|s s||p||s | We=200mm
z L; = Sum
&

> - L,
Y /
] ] ] ]

FIGURE 2.6: MOSFET test structure for h.f. measurements from [3].

e Downscaling effects on the high-frequency performance of MOSFETs

What we are now interested in is how the downscaling of MOSFET dimensions
affects the g, and f1 for modem MOS technology. Based on the advanced 1.5 nm gate
oxide CMOS technology descnbed in [3], figure 2.7 shows the dependence of
transconductance on gate length. It is shown that as the gate length is reduced, g, values
increase in inverse proportion to L, (gy, o< 1/Ly). Howe.ver, this relation tends to saturate
when the gate length approaches 0.1 pum. Figure 2.8 shows the dependence of f on gate
length. In the longer gate-length region, it is known that f1 values increase in inverse

proportion to the square of gate length (fp o< l/ng) as the gate length is reduced. In this

12
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figure, it is confirmed that f1 values continue to increase in the same manner down to gate

lengths near 0.1 pum, and then saturate.

2000
Maximumg, V4=15V
E 1000 ®e, Wg=200],1m
E ® Li=5um
~ L
75
E .
DE Slope = -1 °
(8m < /Ly
100
0.05 0.1 : 1
L, (um)
FIGURE 2.7: Dependence of transconductance on gate length from {3].
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 Maximumg, V4=15V
° W, =200 um
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FIGURE 2.8: Dependence of cutoff frequency on gate length from [3]
(circle), the fy (triangle) from [4] (0.5 pum CMOS technology) and the fy
(diamond) of the device measured in this research (0.8 um BiCMOS
technology).



Figure 2.9 shows the relation between fr and g, values. It is observed that the cutoff
frequency is proportional to the square of transconductance, i.e. ft o gmz. Corresponding
to the extremely high g, values, extremely high f values of more than 150 GHz were

obtained with gate length below 0.09 um.

1000

L Vg=15V /
W, =200 um [
s [
? 100 ! Lf =5 Hm Y
.o °
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Slope =2
w— 10 ¢ [ P
fT o< gm2
1
100 : 1000 2000
g (mS/mm)

FIGURE 2.9: Dependence of cutoff frequency on transconductance from
(3] (g, here is the maximum value corresponding to each channel length).

e Effect of multi-finger gate design on the high-frequency performance of modern
MOSFETs

Multi-finger gate design in which there are several intrinsic transistors connected in
parallel will reduce the gate resistance and increase fg,,. For the test structure of multi-
finger gates presented in [4]. four gate fingers are connected and this results in a 16-fold

gate resistance (Rg) reduction, leading to a 2-fold increase in f,, without fr degradation.

14



Further reduction of the gate resistance, either by decreasing the sheet resistance or by
parallel gate fingers does not signiﬁcantlyoimpact fr for this feature size. Figure 2.10
shows the measured fr and f,,, for single finger and multi-finger gate design presented in
[4]. It is shown that multi-finger gate design improves f,, dramatically while f is not

affected too much.

40 ,
O fingy (0.5x40um? %
® f1(0.5x40
/N\ 30 | T (0.5x H"p)
o
e o
: 20 i %
u-.a 1 e o
e 10 | O 4
o O fipax (4x0.5x10umf)
s @  f1(4x0.5x10um?)

1073 104 103 107 107!
Drain Current (A)

FIGURE 2.10: Layout dependence of f and f,,,,, for nMOSFETs from [4].

* Noise performance of modern MOSFETs
Figure 2.11 shows the NF,,, and R, vs. frequency of a 0.5 pum nMOSFET in [4].
The lowest NF,;, of 1.9 dB at 3.4 GHz for a 0.5 pm n-MOSFET was obtained [4]. Figure

2.12 shows the measured [l vs. frequency characteristics. In general, I | decreases

opt

when frequency increases [4].

15



10
- ,
9_, 8’_‘ r, a
S | A0
= 6F}
i‘ 9
i _
- 4}
K . o
E _|® o ¢
2 2| o0 Smepe ®
NFmin
0 .
2 3 4 5 6

Frequency (GHz)

FIGURE 2.11: Noise measurement results for a 0.5 ym nMOSFET (W =
4x10 um) biased at Ig = 1.97 mA with Vg = 2.5 V reported in [4].
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FIGYRE 2.12: IT | for a 0.5 um nMOSFET (W = 4x10 um) biased at I,g
= 1.97 mA with Vg = 2.5V reported in [4].
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Chapter 3

Theoretical Background

3.1 Noise in Semiconductor Devices

The noise discussed in this thesis is the electronic noise which is caused by the small
voltage (or current) fluctuations generated within the devices themselves. The most

important sources of noise 1n devices are thermal noise, shot noise, generation-

recombination noise, and flicker noise.

e Thermal noise (also called Nyquist noise or Johnson noise)

Thermal noise is caused by collisions of the carmers with the lattice due to the
thermal motion of the carriers (electrons). In general, the power spectral density of the

short-circuit current fluctuation S, . in A*/Hz, is a white noise and it can be expressed by

. [3]

_ 1 hf
S, =4 {2hf+ o5 (i KT = J/R (3.1)

~

where h 1s Planck’s constant, k is Boltzmann’s constant, f is the operating frequency, and

R is the resistance of the sample. For Af/kT << 1, S, , can be reduced to the widely used
expression

S, =4kTR (32)

17



* Shot noise

Shot noise is generated when carriers (electrons) cross barriers independently and at
random. It is present in diodes and bipolar transistors. The external current /, which
appears to be a steady current, is in fact composed of a large number of random
independent current pulses. The physical origin of the shot noise is the fluctuation of the
emission rate of carriers. For operating frequehcy lower than the reciprocal of the transit
time, the short-circuit power spectral density (A2/Hz) of the shot noise Sl,s 1s white and is

expressed by [5]

S, =2ql (3.3)

I

where q is the electronic charge (1.6x1071°C) and [ is the current through the sample.

» Generation-recombination Noise

The generation-recombination noise (g-r noise for short) is caused by the fluctuation
of conductance. Because of the traps and recombination centers in semiconductors, the
random trapping and detrapping of carriers results in the fluctuation in the number of free
carriers per unit time N, causing };h‘re conductance of the device to fluctuate. Thelpower

spectral density of g-r noise is given by [5]

47

- 3 (3.4)
1+ (2nft)”

Sy = (AN) -

/

where <AN®> is the variance of N, f is the frequency, and &ﬁe T is the lifetime of the
\

carriers. g



* Flicker Noise (1/f Noise)

Flicker noise was discovered in vacuum tubes by Johnson in 1925 and interpreted by
Schottky in 1926. Christensen and Pearson were the first to measure flicker noise in
. carbon microphones and carbon contacts. Because the spectrum varies as 1/f*, with a
close to unity, flicker noise is often called 1/f noise. The origin of 1/f noise is still actively
researched and in general two major models have been proposed to account for the origin
of flicker noise - the cammer number fluctuation model [6] and the mobility fluctuation
model [7]. In the first model, the flicker noise is attributed to the random trapping and de-
trapping processes of charges in the oxide traps near Si-SiO, interface. The charge
fluctuations result in fluctuations of the surface potential, which in tumn modulate the
channel mobile carner density.‘lt 1s assumed that the channel can exchange charges with
thé interfacial oxide traps though tunneling. Howevér, the second model considers the
flicker noise to result from the bulk mobillity fluctuation on the basis of an empincal
hypothesis. In general, its short-circuit power spectral density is given by the empirical

expression [5]
S, =K }1 (3.5)

where K 1s a constant for a particular deziee, I 1s the conduction current, m is a constant in
Hcsmmator
the range of 0.5 to 2 depending on the operating condition and device details, and n is a

constant close to unity.
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3.2 High Frequency Noise Sources in Metal-Oxide-Semiconductor
Field-Effect Transistors (MOSFETs)

Working in the microwave region, generation-recombination noise and flicker noige
are so small that they are negligible at high freqiiencies. Therefore, only the thermal noise
is considered in high frequency noise modeling. In MOSFETS, the total transistor noise
has the following components - channel noise (i4), noise due to the gate resistance (ig),
gate leakage noise (ip) and its correlation with 1y (iz"ig), thermal noise in the source (ig)

and drain (ip) parasitic resistances.

3.2.1 Thermal Noise in the Conducting Channel

The general expression for the drain current of a MOSFET operated in strong

inversion 1S

ID(X) = We’ff Ql(r) 'V(X) (36)

where x is the position along the channel, W,z is the effective channel width, Qfx) is the
inversion layer charge per unit area, and v(x) is the carrier drift velocity in the channel as

shown in figure 3.1.
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FIGURE 3.1: Schematic diagram of a n-type MOSFET operated in
saturation region.

For short channel devices, the carrier drift velocity in the channel will saturate at the high

lateral electric field {8], and it can be expressed as

llseff' E (x)
I+Eé.¥) E(X)(EC
v(x) = c
v E(x)2E )
sat ¢ 3.7)

where [ is the effective surface mobility, E(x) = dV(x)/dx is the lateral electric field, vg,,
is the saturation velocity, and E is the critical field at which carrier velocity saturation

occurs. The critical field and the effective surface mobility are given by

21



zvsal . “ _ l‘1'0
Weegr el 148 (Vg = Vi) (3.8)

E.=

where p, is the low-field mobility, 8 is the mobility degradation coefficient due to vertical
channel field, Vyy is the threshold voltage at the source end of the channel with zero
source-substrate bias [11][12][13], and Vs s, 1s the voltage drop between the gate and

source of a intrinsic device (i.e. Vgsint = YGs - Ip'Rs), as shown in figure 3.2.

Vps.int

FIGURE 3.2: A n-channel MOSFET with drain (Rp) and source (Rg)
series resistances. The terminal voltages (V;, Vp, and Vg) and the voltages
applied to the intrinsic transistor (Vp ;,, and Vg;,,) are indicated.

The saturation velocity, v, of the carriers in the channel is approximately 10’ cm/s for

ternperature of 300K [9][10].



Substituting (3.7) into (3.6) for E(x) < Ec and rearranging the equation, we can get the

drain current Iy is

Ip(x)) dv
D } (3.9)

ID(X) = [Hseff'weff'Q,(x)- EC E

where V is the voltage along the channel. Multiplying by dx, integrating over the effective
channel length L,z while keeping Ip(x) constant for all positions (because I, is

independent of the position in the channel), and finally solving for I, gives

1

D.int ]

_ D

I, =7 /J (useff-weff-Ql(V) - |V (3.10)
ef VS.inl c

where Vp, ;. is the channel potential at the drain end of the intrinsic device (i.e. Vp ,;,, = Vp
- Ip'Rp in linear region and Vp, ;,, = Vp - Ip 0y Rp = Vp 4, Where Vp o, is the saturation
voltage and I, (4, 1s the drain current at Vi, = Vpy (. in the saturation region), and Vg, is
the channel voltage at the source end of intrinsic devices (i.e. Vs, = Vs + IpRs). The
values of L4 Vpy, and @f V) depend on models used, and they are of different levels of

complexity and will produces different accuracies.

From (3.10), we find that if there is a small time varying voltage fluctuation Av(t)
caused by the thermal noise in a unit length segment of the channel, then the current
fluctuation Ai(t) causedby Av(t) is given by

| 1

. 1 |
Ai (1) T Ly u‘eff'Weff-Q,(V)—EC Av (1) (3.11)




~

as long as the variation of Av(t) is slow enough so that quasi-static behavior is maintained.
Because of the negligibly small Av(t), QfV) is prazttically constant and independent of
Av(t). The mean square value of Ai(t) will then be
AN~ = . W il—)- 2 Av)” 3.12
(A" = r Hsefr eff'Q,(V)—EC Ay (3.12)
From (3.9), it can be shown that the resistance AR of a small element of the channel of

length Ax centered around a point x = x; 1s

Ax

AR = NERAT (3.13)
Heest Wegr @1 (x)) - E,

since AV = I-AR. Using the concepts from statistical physics, the power spectral densiiy
of the noise voltage generated across a resistor of value R is equal to 4kTR for frequencies
at which hf AT << 1, and assuming that the small element of the channel acts as a resistor

of resistance AR, we will find a small voltage -Av(t) across it with a mean square value of

- 4kT, (x)) Ax
(Av)™ =

- ) Af. (3.14)
W, Q,(x)) ~—F—
Hoesr Wegr € (X E, .

where T,(x;) is the effective electron temperature at x,. If the channel does not show hot
electron effects, which is valid only for long channel devices, T, would be the same as T

which is the lattice temperature of the device.

Substituting (3.14) into (3.12).we obtain

_— 4kTe (x)) ID
Ay = — W .- V) — = |- Af - Ax. 3.15
(Al) L_eff useff eff Ql( ) EC f ( )



This gives the contribution of the element at x; to the drain current noise. The
contributions of all similar elements in the channel are assumed uncorrelated, and one can
thus find the mean square value of their combined effect by adding the individual mean
square values. In this limit, letting Ax become a differen;ial, integrating over the effective

channel length, and changing the variable dx to dV based on (3.9), we obtain that the

power spectral density of the thermal noise in a channel S, 1is given by
d

Ak D.int 1..)2
S, = 3_-_—j T (x)[p W - 0Q,(V) ——D] dv. (3.16)
Id L-eff' ID v e seff eff =1 EC

S, int

Egn. (3.16) includes both velocity saturation effects and hot electron effects, and it is a
general expression for the thermal noise in a channel. In general, the electron temperature
T, increases with increasing field strength. The exact dependence is not known, but to

simplify the calculations, it i1s assumed that

T E (x) \"
7 = (l+_EC—) 3.17)

with 0 < n < 2. Solving for E/ E from (3.6), (3.7), and (3.9) and using E(x) = dV(x)/dx,

yields
E) _ Mooy Wy & (V)
1+ = (3.18)
EC ID
“Sé’ff‘ Weff' Ql(v) - E_C
so that
s i 4kT J’VD"'"’[ v oml”
= — = 5 - T . . 1%
1, Af L eff ID Ve i seff T eff <1
ID 2-n
X “seff'weff'Ql(V)—E_C dv. (3.19)



Eqgn. (3.19) is valid for the bias conditions at which the lateral electrical field at any
position in the conducting channel is smaller than Ec (i.e. the channel pinches off before

carniers reach the saturation velocity).

3.2.2 Induced Gate Noise in MOSFETs

At high frequencies, the MOSFET must be considered as an RC distributed network,
with the capacitive coupling to the gate representing the distributed capacitance and the
channel itself representing the distributed resistance. This means that the high-frequency
gate admittance Y, of the device contains a conductive component. To obtain the
capacitive and conductive components, we start from the wave equation of the distributed

line representing a MOSFET with a low conductivity substrate [17] given by

d .
B;[AID(X)] = ju)WefmeAv(x) (3.20)

where Av(x)is the AC voltage fluctuation along the channel caused by the small variation

in gate voltage V. Geurst [18] has solved this equation and expanded Y,, in terms of jw

-

to get
2. 4 2 2 .3 2 .4
ym+4—5(/(1)) +;16§(/(1)) +B§)-5‘(/(1)) + ...
Ygs = gmo- 4 o | o~ 2 4 - 3 (321)
’ l+l—51(1)+4—5(/m) +(§—5—§Um) + ...
where
p'seffco.r‘veff ’
Emo = L_(Vcs‘ int = V7o) - and (3.22)
eff
L:
b= 2 . (3.23)

Hoerr (Vas ine™ Y10



If we take the first order approximation of (3.21), and model Ygs by a capacitance Cgs in

series with a resistance R;, we may write, at saturation, that

2. 4.2 1
Y =28,,° l:gjw+4—5wJ i E— (3.24)
. +R.
joC J
gS

For frequency at which w’R?C? << 1, we may solve for Cgs and R; to get

4 2
2 L
Cgs = 38mow T 3Co.rweffLeff ) Ri = w2C.;S = 5gm0' (3.25)

From (3.25), we find that the maximum value of Cgs at saturation is 2/3 of the total oxide
capacitance and R; will decrease with increasing Vs, since g, Is increasing with bias

(3.22).

The resistance R; may have noise associated with it. To evaluate the noise of R; at

higher frequencies, one must know il and the cross-correlation i,,*, if they exist.
Let’s take a section Ax, at x, in the channel. It has thermal noise Av,, and produces a
fluctuating voltage Awx) along the channel. By capacitive leakage to the gate, this

produces a gate noise current. The total gate noise current Ai, flowing out of the gate is

found by integrating along the channel, and it 1s

L
eff
Aig = jwwe‘ff.-[o COXAV(.x)d.r. (3.26)

In addition, there is a drain noise current Aiy due to Av,, flowing out of the drain, and
this drain noise current has been discussed in section 3.2.1. Because the gate noise current

and drain noise current resulting from the same noise source Av,, Ai, and Ai; are



~

correlated. By expressing A i *and ¢ id in terms of Av, , and mtegratmg over the channel

length, one can obtain il and ild i i* for MOSFETs at saturation [5] as
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3.2.3 Thermal Noise from the parasitic resistances

For submicron MOSFETSs, there are three major parasitic resistances present - source
and drain resistances (Rg and Rj, respectively) which play a more important role in

degrading the current dnve capability of devices [11][15], and gate resistance which has a

strong impact on the maximum oscillation frequency (f,,,). ume response, and AC



performance of wide devices working at high frequencies [20]. These resistances, of

course, will contribute thermal noise and their power spectral densities are

S, =4kT/R; . S, =4kT/R, . S, =4kT/R (331)

!

Rs RD RG

The resistance values of Rg, Rpy, and R depend on models based on [13][19][20] and will

give different results.

3.3 Review of Models for Current Noise in MOSFETSs

There have been several thermal noise models established for MOSFETs in the

¢
literature [13][14][16][25][26]. In these models, two important physical effects were not
considered - the velocity saturation effect and the hot-electron effect, and these effects are

especially prominent in sub-micron transistors.

« HSPICE Model

The HSPICE MOSFET noise model has a parameter NLEV that is used to select
different equations for the calculation of flicker noise and channel thermal noise. If the
model parameter NLEV is less than 3, then the power spectral density of the channel
thermal noise 1s given by

8kT - g,
Id— 3

S (3.32)

where g, 1s the transconductance and kT is the Boltzmann’s thermal energy. The above .
formula 1s used in both saturation and linear regions, and it can lead to wrong results in the
linear region. For example, at Vpg = 0, it predicts that S, is zero because g, becomes

d
zero. whereas the power spectral density should be 4kTg,,, where g4, is the drain
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transconductance g, at V4 = 0. In the analog circuits, such as transconductance-C filters
[27] and MOSFET-C continuous-time filters [28], the’transistors are operating in the

linear region and (3.32) would fail to accurately describe the thermal noise.

If the model parameter NLEV is set to 3, HSPICE uses a different equation which is

given by
8kT l+a+a
S’d= 3 B (VGS,inr_vTO) T 1+a -GDSNIO (3.33)
where -
%4
eff
B = Leff ' useff' Co.r K (3.34)
VDS, int . .
I - Linear region
vDsat B IDsar ' (RS + RD)
a =
Saturation region
0 . (3.35)

and the model parameter GDSNOI is the channel thermal noise coefficient whose default
value is one. This formula is derived assuming that the carrier mobility is constant and
therefore the velocity saturation effect is not considered {13]{14]). This model works

reasonably well for long channel devices, but is not adequate for short channel devices.

+ BSIM3v3 Model

BSIM3v3 model {29] 1s the HSPICE Level 49 MOS Model released by UC Berkeley
on October 30, 1995 and proposed as a standard MOSFET model for industry use. There

are two models for channel thermal noise. Each of these can be toggled by the model
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parameter NOIMOD. If the value of NOIMOD is one, which is the default value, then the

power spectral density of the channel thermal noise is modeled as

8kT - (g“m+gds)

S, = 3.36
3 3 (3.36)

This model solved the problem at Vpg = O artificially, but it underestimates the noise
power in the linear region. For example, at Vg = 0, the power spectral density should be

4kTg,, but it only predicts two third of it. If the model parameter NOIMOD is set to two,

the power spectral density is given by ’
4kTu
seff
S; = (=Qi) (3.37)
d eff
where
- w c v | Abulk v 338
Qinv = WerkeyrCoVeste\ L =2V 4 2v1) dsesf (3.38)
gsteff

and pg gis the effective surface mobility. The derivation for this thermal noise expression
is based on the noise model in [14]. Again, without taking the velocity saturation effect
g

into consideration, this model is not suitable for the noise modeling of modem transistors.

e Model of Fox

Fox [25] presented some comments on the circuit model for MOSFET thermal noise
based on Van der Ziel's earlier expressions [5]. According to his simulation results, he
suggested that the power spectral density of the channel thermal noise should be expressed

as

S; = adkTey, (3.39)
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where g, is the channel conductance with zero drain-to-source voltage and

l-v+ (v2/3)
[—v/2 Vi<Visar
o =
2
5 VdZ vdsat

(3.40)

with v = V;/ V... This model works reasonably well for long channel devices but it is not
adequate for short channel devices, especially in saturation region, which is the usual
region of operation for MOSFETs in analog integrated circuits. Because of the channel-
length modulation and carrier heating effects, o will increase much beyond 2/3 for deep-

submicron devices [30].

* Model of Wang et al.

Wang et al. [16] derived the formula of the channel thermal noise in both the linear
and saturation regions for long and short channel devices. In this model, the derivation

started from the expression

0y (3.41)

and then included the velocity saturation effect in the calculation of Qn. However, the
derivation of (3.41) is based on the assumption that the effective mobility Mg 1S
independent of lateral electric field [14]. If we include the velocity saturation effect at the
very beginning when the power spectral density of channel thermal noise is derived, we
should end up with (3.16). On the other hand, without taking the hot-carmer effect into
account, this model cannot accurately predict the noise performance of short channel

devices.
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e Model of Triantis et al.

Trantis et al. [31] presented a thermal noise model which included the velocity
séturation effect, and hot-electron effect. In this model, the transistor channel is divided
into two reg-ions - a gradual channel region and a velocity saturation region, and two
channel models were derived for these regions. However, according to the velocity-field
relationship in [32], the carrier velocity is not saturated until the electric field reaches the
cntical field E- = 4V/um at room temperature. For 0.5um devices, this corresponds a
Vpsar = 2V. For most analog circuit applications, the devices are biased such that the Vp,,
is around 1.2V to 1.5V (e.g. V55 = 2.0V). Therefore, before the carrier velocity saturates, -
channel pinchoff occurs. If we increase Vpg further to push the tip of the channel at the
drain side towards to the source end, then the effective channel length is shorter at higher
Vpg biases, the carrier velocity saturates, and the conducting channel of a transistor
should be divided into a gradual channel region and a velocity saturation region. This can
be observed from the fig. 5 in [31] where the noise onginating from region II (saturation
region) is visible only at very high Vpq. However, for deep-submicron devices, the
maximum drain-to-so-urce voltage Vpg is scaled down to prevent punchthrough in the
devices, and therefore the maximum carmmier velocity is not reached for most analog circuit

applications.
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Chapter 4

Measurements

4.1 Transistor Measurements

High frequency noise modeling of MOSFETs generally requires measuring the
transistor’s small-signal two-port network and. noise p:;rameters (minimum noise figure
NF,n, €quivalent noise resistance R,, and optimized source resistance R, and reactance
Xop) OVer the full operating frequency range up to f. Some of the model parameters, such
as effective surface mobility (U..¢f), transconductance (g,), and output conductance (gy;)
etc. have to be extracted from the [-V characteristics. Other small-signal parameters such
as gate-to-source and gate-to-drain overlap capacitances, can be extracted from the high-
frequency s-parameters. Based on these extracted model parameters which can accurately
predict the DC and AC performance of MOSFETs, we can then characterize the high

frequency noise model of MOSFETs.

In this research, we are interested in how the high frequency noise performance of
MOSFETs varies with the bias condition, frequency and design geometry i.e. the multi-
finger gate design. The transistors measured were fabricated in a 0.8 um BiCMOS
technology with a maximum f; = 12 GHz. These transistors have a channel length of
0.8um and channel width of 1x60pum, and 6x10um. We measured .the s-parameters of the
transistors at bias currents determined by varying Vg from 1V to 3V with a fixed drain-
source bias voltage, Vg = 3V, so that the transistor is always in the saturation region of
operation. Measurements were performed on several transistors and the results presented

are typical ones.
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4.2 Device Under Test (DUT)

In order to characterize the AC small signal behavior of microwave transistors, one
has to measure a set of complex two-port parameters. The appropriate method at these
high frequencies is the reflection and transmission measurements, which provide us with a
set of scattering or s-parameters. When performing HF s-parameter measurements on
wafer, probe pads and interconnection lines are required to access the transistor. These
elements will introduce some parasitic effects which can have a dramatic impact on not
only the measured s-parameters, but also on the noise parameters of a device. Therefore,
an accurate procedure to de-embed the DUT from its environment (1.e. parasitics) 1s
required for the characterization of an intrinsic device. As described in [21]{22], a dummy
device which includes probe pads, interconnections etc. without the transistor is required

for the de-embedding procedure. Figure 4.1 shows the top view of the DUT and dummy

pads.

Dummy Pads DUT = Transistor + Dummy Pads

N4 ‘
siili= alins

S\ N\

Metal

€

FIGURE 4.1: The layout of a test structure for on-wafer measurements.

The probe pads designed in our transistor test structures were laid out in a 2-port

ground-signal-ground (GSG) configuration with the source connected to ground. Note that
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the substrate is also connected to ground via metal 1 to the source. Port 1 connected to the
gate of the transistor (input port) and port 2 is connected to the drain (output port). This
configuration and the distance between the center of signal pad and that of ground pad
depend on the microwave probes employed. The trapezoidal part of the ground pad can
reduce the parasitic resistance and inductance from the source end of a transistor to the

~ probe tip, and one should design it as close as possible to the transistor.

In our measurements, we used 150 um pitch GSG microwave probes (Model
40A-GSG-150), fabricated by GGB Industries Inc. The probe tips have three in-line
contacts, spaced 150 um apart. The two outside contacts provide ground connections and
the centre contact provides the signal connection. Figure 4.2 shows the top view of he

GSG transistor test structure with contacting probe tips.

Via
Metal 2

Top Metal

Port 1 Port2
Source / Substrate

FIGURE 4.2: Schematic representation of the Ground-Signal-Ground
(GSG) microwave probes in contact with MOSFET test structure for
measuring scattering and noise parameters

1
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4.3 DC Measprements

.~ The 1-V characteristics of the transistors are measured as a function of gate-source
voltage (Vgg) in the linear region (Vg = 0.05V), and drain-source voltage (Vpg) for Vgg
= 1.0V, 1.5V, 2.0V, 2.5V, and 3.0V. Equipment used for DC measurements are the
HP4145B semiconductpr parameter analyzer and a DC probe station. Figure 4.3 shows the
Ips-Vgs characteristics of transistors in the linear region with Vpg = 0.05V. If we
generate a straight line approximation to the Ig vs. Vg curve, having a slope equal to the
maximum’value of g, and positioned tangent to the curve at the curve where maximum
g, occurs, the line would intersect the x axis at a value of Vg. This Vg is the measured
threshold voltage. From extrapolation, we can find the threshold voltage of the transistor
is ~ 0.76V. Figure 4.4 shows the Ipg-Vpg characteristics for fjve different V's. It can be
observed that in saturation we will expect a very large output resistance (Rpg) because of

very small increase in Ipg over a wide range of Vpg.
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FIGURE 4.3: The Ipg-Vgs characteristics of a 1x60 1m/0.8 pm n-type
MOS transistor. The transistor is biased at Vg = 0.05V.
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FIGURE 4.4: The Ipg-Vps characteristics of a 1x60 pm/0.8 pm n-type
MOS transistor.

4.4 Scattering and Noise Parameter Measurements

If the dimension of the components of circuits is at least an appreciable fraction of
the wavelength of the voltage and current waves (i.e. distribuleg circuits), we can not
neglect the effect of the phase changes in the waves traveling along t;;: circuit elements. In
addition, a practical problem exists when trying to measure voltages and currents at
microwave frequencie§ because direct measurements usually involve the magnitude
(inferred from power) and phase of a wave traveling in a given direction. Thus, equivalent
voltages and currents, and the related impedance and admittance of circuits become
somewhat of an abstraction when dealing with high-frequency networks. A representation
more in accord with direct measurements, and with the ideas of incident, reflected, and
transmitted waves, is given by the scattering matrix. Therefore, s-parameters are most

commonly used in charactenzing the high frequency performance of devices and circuits.
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In addition, in order to characterize the AC and the noise characteristics of DUT at the
same time, the s-parameter and noise parameters of transistors have to be measured
successively. Therefore, the measurement system should combine the s-parameter
measurement system and noise measurement system together and have the bias tee with
variable input impedance for measuring the optimized source impedance. The NP5B
Noise Parameter System and S-Parameter Measurement software manufactured by ATN
microwave is employed for this purpose. This system is a soiid-siate tuner based, turn-key
solution for complete small-signal device charactenzation. In conjunction with a network
analyzer and noise receiver, it provides noise parameter and s-parameter measurements,
equivalent models, and characterizations versus bias. All details, such as system setup,
system calibration, and power level setting etc., will be described in the following

sections.

4.4.1 System Setup

The complete S-Parameter and Noise Parameter Measurement System is shown in
fig. 4.5. The system basicaily consists of three sub-systems - an ATN NP5B Wafer Prober
Test Set, a HP8510 Netweork Analyzer System, a HP8970 Noise Measurement System,
and other penpheral devices such as a printer, a computer, and a microwave probe station.
The NP5B mainframe works as a switch for switching between the HP8510B for the s-
parameter measurefnents and the HP8970 for the noise measurements of two-port

networks.
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FIGURE 4.5: S-Parameter and Noise Parameter Measurement System for
single source configuration.
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* NPSB wafer prober test set

Tﬁe ATN NP5SB Wafer Prober Test Set is comprised of a main controller unit which
drives the externally connected Mismatch Noise Source (MNSS5) and the Remote Receiver
Module (RRMS). The MNSS contains a solid state electronic tuner (ET)' with a built-in
bias-T and RF switches which alternately connect the VNA and the noise séilrce to the
DUT while the output of the DUT is connected via the RRMS unit to either port 2 of the
VNA or the HP8970B noise figure meter via the built in low noise amplifier of the RRMS.
The low noise amplifier in the RRMS can lower system noise figure and therefore reduce
the measurement uncertainty. The RRMS also contains a bias-T and the necessary
switching circuitry. The switch box in fig. 4.5 is used to pass the RF signal from the
HP8341B frequency synthesizer to either the s-parameter measurement system or the
noise measurement system if there is only one frequency synthesizer available for
different measurement modes. Figures 4.6 to 4.11 show schematically the vanous

measurement modes for the NPSB Noise Parameter Test Set.

Noise
o : Figure
| T NG
2 _\\» f LNA Meter
Noise : 5 / | V
Source Iql ; i
—t— ST S K SR S VNA
VNA e RF Switche /i
bom | witches RF Switch Port 2

MNS5 RRMS5

FIGURE 4.6: Mode 1 (low band noise) is used for cold calibration of the
LNA and cold measurement of a DUT.
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FIGURE 4.7: Mode 3 (s-parameter) is used for full 2-port calibration of

the measurement system and for the measurement of the DUT.
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FIGURE 4.8: Mode 4 (low band noise figure system calibration) is used for

noise figure measurements during calibration and measurement.
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FIGURE 4.9: Mode 6 (low band RRM calibration) is used for the
measurement of the input reflection coefficient of the LNA.
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FIGURE 4.10: Mode 8 (I'; and T,) is used for the measurement of the
reflection coefficients of the 88 tuner states during calibration.

Noise
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Port 1 :
MNSS5S , s

FIGURE 4.11: Mode 9 (I'; and noise source) is used for measurement of
the reflection coefficients of the hot and cold noise source and for the
determination of the MNSS network s-parameters using SOL (SHORT,
OPEN, and LOAD) standards. ’ ‘

The measurement modes 2. 5 and 7 are omitted because the RRMS5 module does not

contain a second LNA amplifier for high frequency measurements.

¢ S-parameter measurement system
The s-parameter measurement systems contains the HP8510B Vector Network

Analyzer (VNA) and HP8514A S-Parameter Test Set to measure the scattering and gain
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parameters of linear two port networks. In the s-parameter measurement mode, the-
HP8510B controls the RF source (HP8341B) and two kinds measurements are made -
reflection and transmission. An incident signal generated by the RF source is applied to
the DUT and compared with the signal reflected from or transmitted through the input of
the DUT. Reflection measurements are made by comparing the reflected signal to the
incident signal. This results in measurement data on reflection characteristics of the DUT
such as return loss, standing wave ratio (SWR), reflection coefficient (S;; or S,,) and
impedance. Transmission measurements are made by comparing the transmitted signal to
the incident signal. This results in measurement data on transmission charactenistics of the
network such as insertion loss, transmission coefficient (S5, or Sy,), electrical delay (from
which electrical iength can be obtained), deviation from linear phase and group delay. By
applying the incident signal to the output port of DUT, the reverse charactenstics, output

impedance and reverse transmission can be measured.

The HP8514A s-parameter test set separates the RF signal into¢'m incident signal
sent to the DUT and a reference signal against which the transmitted or reflected signals
are later compared. It also routes the transmitted and reflected signals from DUT to the
receiver for latg processing. Internal attenuation from O to 90 dB, jn 10 dB increments,

are available to control the incident stimulus level at the DUT input without causing a

change 1n the reference level.

* Noise measurement system
The noise measurement system consists of the HP§970B Noise Figure Meter and
HP8971C Noise Parameter Test Set to measure the noise parameters and gain of DUT.
The HP8970B can be tuned between 10 and 1,600 MHz and can also be swept over all or
any part of that range. The HP8971C extends the frequency range of the noise figure meter |

from 1.600 MHz to 26,500 MHz.




» Other peripheral devices
Other peripheral devices are a dual DC voltage power supply for biasing the DUT, a
current meter to monitor the drain current, a microwave probing station, a switch box used
for passing the RF signal from the synthesizer to either the s-parameter measurement
system or the noise - measurement system depending on the measurement mdde, a

computer for data collection and a printer for printing the measurement results. }

4.4.2 System Setting

After all the instruments are properly set up, we turn on the power switch of each
instrument in the following order: s-parameter measurement system or noise measurement
system, and then NP5B main control unit. When turning on the power of the s-parameter
measurement system, one should follow the following power on sequence: frequency
synthesizer, s-parameter test set, system periphery devices if there is any, and network
analyzer. The HP8510 itself should turned on last in order for it to control the instruments
connected to the system bus. In addition, the whole measurement system has to be turned
on at least two hours before the calibration/measurements are performed in order to warm

up the HP8971C.

To achieve the maximum measurement accuracy, the power level of the RF signal
generated by the HP8341B synthesizer should be as high as possible without overloading
the test set. According to the HP8510 Nerwork Analyzer Operating and Programming
Manual (p. 55-6), the source power between O to 10 dBm is optimal. However, when
measuring a highly nonlinear device such as MOSFETs, we must ensure lhé power
applied to the dewvice is sufficiently low to avoid nonlinear distortion and gain

compression. Attenuators in the port 1 and port 2 signal paths of the s-parameter
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measurement test set provide a means of reducing the actual power supplied to the device.

The attenuators can be set from O to 90 dB in 10 dB increments.

At low frequencies, the drain current Ihg varies approximately as (Vg - V1)
where the threshold voltage, Vo, is ~ 0.76V for the 0.8um BiCMOS technology. The
small-signal model of the t_{ansistor is only valid when the small-signal voltage is small
compared to the DC voltages i.e. AV/V << 1. However, if the power level is too small, the
measured s-parameters will appear noisy. On the other hand, if the power level is too
large, the measured s-parameters will again be too small because of gain compression. In
addition, the measured s-parameters should remain constant over a range of intermediate
power levels. For greatest measurement accuracy, we set the power level to a value in the
middle of dynamic range of DUT. The procedure must be repeated for both port 1 and port
2. Figure 4.12 shows the general dynamic range of a realistic amplifier with a gain of 10

dB.

Pout Ideal amplifier
(dB)A Bum out

10 ~ *ldB *

+ Saturation

‘ Noise floor
[N Y T Y Y ey
80 -60 40 .20 f 0 20

1 dB compression point

P,, (dB)

FIGURE 4.12: The dynamic range of a realistic amplifier.
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Since the output of the MOSFETS: is not as nonlinear as the input, less attenuation is
required at port 2. In our measurements, the power level is set to 5 dBm (at the starting
frequency of 0.5 GHz) with 30 dB attenuation at port | and 10 dB attenuation at port 2.
Taking into account about 2 dB loss in the cables, this will give about -27 dBm at port |

and -7 dBm at port 2.

The optimal power levels will vary with frequency. At higher frequencies, more
power is lost in the test set, cabling and bias-T’s. In addition, the input and OLrlpul
impedance of the DUT vary with frequency. In order to compensate for the change in the
optimal source power, the HP8510B provides a Power Slope setting which allows the

source power to either increase or decrease with frequency. In our measurement, the

power slope is set to 0.2 dB/GHz.

All s-parameters were measured over the maximum frequency range of the s-
parameters test set, from 500 MHz to 18 GHz, and noise parameters were measured from
2 GHz to 6 GHz, with 0.5 GHz frequency step. Because the time for the noise parameter
measurements is quite long (depending on the measurement averages) and we do not want
the devices to be stressed, the number of measurement points (for different frequencies
and bias conditions) and the bias voltages applied (especially V) are set to compromised

values.

The VNA provides a fast-sweep-mode and a continuous-wave-mode for sweeping
the frequency. In the fast-sweep-mode, the synthesizer frequency is gradually swept over
the entire frequency range while the VNA measures the s-parameters at the specified
frequency points. In continuous-wave-mode, the synthesizer frequency is stepped from
one frequency value to another and the VNA measures the s-parameters after a specified

settling time. We used the conunuous-wave-mode, which is slower but more accurate.
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According to the HP8510B manual, a settling time of 2 ms per point is more than
sufficient. The settling time is specified indirectly by the Sweep Time parameter. The
settling time is approximately equal to the Sweep Time divided by the total number of

points.

The HP8510B provides simple data processing features such as data smoothing and
data averaging. We disabled the data smoothing feature but enabled data averaging to
lower the noise floor. With data averaging on, the s-parameters are repetitively measured a
specified number of times and averaged at each frequency point. Although, averaging
improves the signal-to-noise ratio, it also dramatically increases measurement time. The
averaging factor can be set up to 4096; however, we opted for an averaging factor of 1024

to reduce the measurement time.

All configuration parameters are entered from the NP5B controliing software under
the SET CONFIG and SET FREQ manuals of SYSTEM CONFIG. The next section
discusses calibration of the overall system to correct for the parasitics of the measurement

setup.

4.4.3 System Calibration

The NP5B noise parameter measurement system is based on the Adamian and Uhlir
concept which states that the knowledge of the total hot output noise power of a standard
noise source plus the total output noise power of several passive one port terminations is
sufficient for complete notse parameter characterization of a linear receiver-{34][35]. This
fundamental receiver concept can be extended to the characterization of a linear two-port
by simply using the correlation matrix to de-embed the linear two-port from the overall

system and receiver noise parameter [37][38]. According to the circuit theory of linear
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noise networks, the necessary and sufficient conditions to calibrate a linear receiver and

make noise parameter measurements of linear two-port networks [36] as follows.

1. A calibrated vector network analyzer at the DUT reference planes to make s-

parameter measurements over the frequency range of interest.

2. A linear noise power receiver at the DUT reference plane with known noise
parameters and input reflection coefficient over the frequency range of interest.

This requires a known noise source at the receiver reference plane.

3. Alarge number of known terminations at the DUT input reference plane over the

frequency range of interest.

According to the ATN NPSB Operation Manual, there are several calibration steps
which have to be completed in sequence before the s-parameter and noise measurements
are made. These steps are explained according to the sequence in the calibration

procedure.

1. Calibration of the Short, Open, and Load (C SOL): With a thru’ of known delay as
the DUT, the NPSB system makes raw S, measurements with a short, open, and
load in the place of the noise source. This raw data will be combined with the data
taken during the full 2 port calibration (at the device plane) to determine the s-
parameters of the MNSS. It is done with 4 factory selected low-loss source

impedance settings and averaged.

[39)

Calibration of the Noise System- Part 1 (C NS!): With the same thru’ as in the
SOL calibration and having established a reference plane at the noise source from
the SOL calibration, the NPSB system makes raw S,, measurements with the

noise source on and off and calculates the corresponding reflection coefficients
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for the noise source. It displays these results for information purpose to the system
CRT. The NP5B system then proceeds to make hot and cold power measurements
with the noise figure meter. These power measurements are used later to establish

the gain and noise figure for the receiver.

Fine tuning calibration (Peaking the YIG) is used to align the passbands of the
noise figure meter and noise figure test set at the measured frequencies defined by
START FREQ, STOP FREQ and STEP SIZE. Because the noise measurements
were done under the single sideband operation and usually most of the
measurement frequencies are higher th;n 2400 MHz, Fine Tuning Calibration is
always recommended. The noise measurement system will perform better the
more frequently a Fine Tuning Calibration is done. However, once the Fine
Tuning Calibration is done, a new fine Tuning Calibration should not be required
unless the Noise Figure Test Set is turned off, the ambient air temperature around
the Noise Figure Test Set changes more than +5°C since the last Fine Tuning

Calibration or the START FREQ, STOP FREQ or STEP SIZE have been

changed.

. Calibration of the S-Parameters (C SP): This is a standard s-parameter calibration
by any of the standard acceptable methods - Short-Open-Load-Thru” (SOLT),
Line-Reflect-Match (LRM), Thru'-Reflect-Line (TRL), or Line-Reflect-Line
(LRL). Note that the s-parameter reference planes are the noise parameter
reference planes in the NP5SB software. It is useful to end on a thru’ so that once
the s-parameter calibration is finished, the thru' can be checked. If the thru’ is

bad, stop and re-do the s-parameter calibration.
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4. Calibration of the Thru’ Delay (C TD): With the same thru’ as in the SOL and
NS1 calibrations as the DUT, the corrected s-parameters are measured and the

thru’ delay is calculated and displayed for confirmation.

7

'5. Calibration Calculation of the SOL (C CSOL): From the information obtained in
the SOL, NS1, SP, and TD calibrations, the s-parameters of the MNS from the
noise source to the s-parameter port | reference plane are calculated. Also the
noise and gain references as measured in C NS| are transferred to the s-parameter

port 2 reference plane.

6. Calibration of the Seurce Reflection Coefficients - Gammas (C SG): With the
same thru’ as before, S,5 measurements are made for the 88 impedance states of
the solid state tuner. These impedances are then referred to the s-parameter port |

reference plane and stored.

7. Calibration of the Post Receiver (C PR): With the same thru’ as before, S,
measurements are made to determinate the input reflection coefficient of the post
receiver. This information is referred to the s-parameter port 2 reference plane and

stored.

8. Calibration of the Noise System - Part 2 (C NS2): With the same thru’ as before,
noise power versus source impedance 1s measured and the receiver noise

parameters are calculated and stored at the s-parameter port 2 reference plane.

After going through the eight calibration procedures listed above, the whole system

1s ready for the s-parameter and noise parameter measurements.
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Chapter 5

AC Modeling and Parameter Extraction

5.1 Pad Effects and S-Parameter De-Embedding

With the continuous downscaling of the device dimensions, the impact of the
surrounding parasitics on wafer has steadily gained importance. Since the probe pads
contain additional parasitics including resistances, inductances, and capacitances of pads
and interconnections, de-embedding techniques must be performed. This de-embedding
has to be done prior to the extraction of device parameters to isolate the intrinsic device
performance from the extrinsic parasific effects that show up in the both AC and noise

measurements.

Wijnen et al. in 1989 [21] presented a method to get rid of the most important
parasitics for on-wafer s-parameter measurements by measuring.a dummy structure
(*OPEN’) on the chip. Koolen et al. [22] improved the method by taking into account the
influence of the interconnect lines between pads and transistor with the additional
measurement of a ‘SHORT’ dummy structure. Lee et al. [23] modified the ‘SHORT’
structure and de-embedding method employed by Koolen so as to be able to extract the
parasitic inductances of interconnections. In this section, these two methods will be

descnbed.
* Koolen et. al de-embedding technique

The RF probe-pad parasitics are subtracted from measured s-parameters using two test
structures. Figure 5.1 shows the layouts of DUT and dummy pads used by Koolen [22].

The first is the “open” structure that consists of RF probe pads and interconnections
¢
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without contacting to active area of the device. The “short” test structure consists of the
“open” structure except with shoﬁed interconnections at the plane of the MOS transistors.
The de-embedding technique improved the accuracy by fabricating these test structures
using the same process as the actual device, except for skipping the interconnection
contact process. Figure 5.2 shows the physical equivalent circuit diagram representing the
probe pads used for the de-embedding procedure. This consists of three parallel elements

(Ypgs: YpGD: and Ypps) and three series elements (Zg, Zg, and Zp).

source ‘ source source
(emitter) substrate (emitter) substrate (emitter) substrate

= DI )
lransiSIO\

gate drain gate drain gate _ drain
(base) (collector) (base) (collector) (base) (collector)

DUT OPEN SHORT

FlGUl’lE 5.1: The schematic layout of a RF probe-pattern based on
ground-signal (G-S) configuration used for ‘“on wafer’’ measurements and
dummy pads used for parallel and series parasitics de-embedding.
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FIGURE 5.2: Equivalent circuit diagram representing the pad structures.

High-frequency s-parameter measurements were performed on each test set structure
and the DUT. The de-embedded Z parameters of intrinsic devices were obtained after the

probe-pad parasiticé are removed through the following procedures.

1. Convgrt the measured s-parameters {Sp], [Sp). and {Sg] of DUT, “open”, and
“short™ structures to their respective Y parameters {Yp] [Y], and [Ys]. The

parallel elements, Ypgs. Ypgp. and Yppgs, in figure 5.2 can be extracted from the

[Yo] by
Yeop = =Y12.0 (0r =Yy ). 5.D
| Yees = Yot Y120 (5-2)
Yeps = Y 0% Y2 0 (5.3)



2. Subtract the parallel parasitics, Ypgs. Ypgps and Ypps, from the [YD], and [Yg]

by
[Ypa] = [Yp] - [Y,] .(54)

[YSA] = [Ysl _\{Yol . (5.5)

¥

3. Convertthe [Ypa] and [Ysal to [Zpal and [Zga).

4. Subtract all series parasitics, Zg, Zg, and Zp, of RF probe-pad model from [Zp,]

to get the intrinsic Z parameters of transistors by
(2] = (Z,,] - [Z,] . (5.6)

* Lee’s de-embedding technique s

With the same DUT and “open” test structures as in [23], figure 5.3 shows the layouts
of the modified “‘short” dummy pads employed by Lee et al [23] for series parasiticz( de- .
embedding. The “‘short 17, “short 2”, and “through” test structures consist of the “open”
structure except with shorted gate and source (G-S), shorted drain and source (D-S), and
shorted gate and drain (G-D) interconnections at the plane of MOS transistors,

respectively.
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source source . source
(emitter) substrate (emitter) substrate (emitter) substrate

gate drain gate drain gate drain
(base) (collector) (base) (collector)  (base) (collector)
SHORT 1 SHORT 2 THROUGH

FIGURE 5.3: Modified “SHORT” test structures used for series parasitics
de-embedding.

High-frequency s-parameter measurements were performed on each test set structure
and DUT. The de-embedded Z parameters of intrinsic devices were obtained after the

probe-pad parasitics are removed through the following procedures:

1. Convert the measured S parameters [Spl, [Spl, [Ss1], [Ss>), and (St) of DUT,

“open”, “‘short 17, “*short 2, and “through” structures to each Y parameters [Yp)]

[Y#), [Ys1). [Ys2), and [Y7).

2. Subtract chs. YPGD' and YPDS from the [YD], [YSl]' [Yszl, and [YT] by

{

[y [Y,) - [Y,]. (5.7)

pal

[YSIA] = [YSl] - [Yo] . (58)
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[Y,,] = [Yg,] - [Y,]. ’ (5.9)

(Yr,] = [Y ] -1[Y,). (5.10)

1Al

3. Convert the [YDA]’ [YSIA] and [YszA], and to [ZD], [ZSI] and [252]. The senies
elements, Zg, Zs, and Zp, of RF probe pad model in figure 5.2 can be extracted

using [Zg,], [Zs;], and [Y1A] by

1 1
Z.=2 ——(z +——). (5.11)
G nsim2(“ns2ty
V4 l(z V4 L ) (5.12)
- + N .
s T2\ s sty
Z. =7 ‘(z ' ) (5.13)
= - + . .
p = ns272“nsi Ty,

4. Subtract all series elements Zg, Zg, and Z¢ of RF probe-pad model from [Zp) to

get the intrinsic Z parameters of transistors by

Zyw=Z p-Zi 51 (5.14)
I I
p-2\Zis1*ln sty ) (5.15)
12, TA
1 1
231, 5( 11.51*222,52*7_‘)- (5.16)
12, TA
222 = 22 Zz‘) §2° (5.17)

The two s-parameter de-embedding techniques cited above assume that the solid lines
in the “short” test structure are much shorter than the interconnections so that their series

parasitics are negligible. However, for the high-frequenéy measurements of MOSFETs,
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very wide transistors or multi-flinger structures are usually designed in order to increase
the measureri;iént ‘7 accuracyi In these cases, the distances between the tips. of
interc_onnectioﬁs are usually long, and these techniques will overestimate the series
parasitics. Therefore, in this research, using a special DUT design, only the “open” test
structire is used in de-embedding and the series parasitics are extracted through the

" parameter extraction of an intrinsic transistor.

5.2 AC Model

The AC equivalent circuit model of the MOSFET is formulated on the basis of its
physical structure. Figures 5.4 and 5.5 show the cross-section of a n-type MOSFET in a

common source configuration with the source and body connected.

metal contacts

Sidewall oxide
n+ gate poly J

field oxide field oxide

buried p layer

p- substrate

FIGURE 5.4: Process cross-section of a typical n-type MOSFET (not to
scale) from [24].
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Rpp
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FIGURE 5.5: Cross-section of a n-type MOSFET with corresponding
physical components for its high frequency small-signal model.

According to figure 5.5, Cgso. Cgpo» and Cgpp are gate-to-source, gate-to-drain, and
gate-to-bulk capacitance, respectively. Cgc is the gate-oxide capacitance between the gate
and channel. Csp and Cpp are source-te-bulk and drain-to-bulk junction capacitance. Rg
and Rp are the source and drain parasitic resistance, Rg is the polysilicon gate resistance,
R; is the channel resistance, and Rppg is the substrate resistance. Based on this diagram,
figure 5.6 shows the equivalent circuit model for the high-frequency modeling. In this

model, the gate-to-source capacitance Cgg takes care of the effects of Cg and Cggq, and

Cep 1s Copo
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FIGURE 5.6: The equivalent high-frequency small-signal model for
MOSFETs including gate resistance R and channel resistance R;.

Based on the high-frequency small-signal model shown in figure 5.6 and the DC and
é-parameter measurements, the next step is to extract the model parameters used in noise
cé]cula[ion (from DC measurements) and AC performance charactenstics (from s-

parameter measurements) as a function of bias conditions.

5.3 Model Parameter Extraction

Before extracting the DC and AC model parameters, some DC and s-parameter
measurements have to be conducted. In this research, HSPICE level 3 DC model is used
for the simulation of Ipg vs. Vpg and Ipg vs. Vg characteristics. The device-under-test is
a n-type MOSFET with channel length 0.8 pm and channel width 60 pm designed in a
common-source configuration fabricated by using 0.8 um BiCMOS technology through
Canadian Mjcroele’ctronics Corporation (CMC) by Nortel. Based on the optimization

function in HSPICE and MMICAD, all the model parameters will be extracted.



* DC parameter extraction:

Some DC model parameters, such as low field bulk mobility (UO), mobility
degradation factor (THETA), drain resistance (RD), source resistance (RS), will be
extracted from the Ipg vs. Vg characteristics in the linear region. Others, maximum drift
velocity of carriers (VMAX), static feedbacﬁ factor (ETA) for adjusting the threshold
voltage, saturation field factor (KAPPA) which is used in the channel length modulation
équation. will be extracted from the Ipg vs. Vpg characteristics for different Vg values.
The rest of DC model parameters are based on the default values provided by the
manufacturer. DC measurements for Ing vs. Vg charactenistics in the linear region are
carried out with Vpg=0.05 V and Vg is from 0 V to 3 V. Figure 5.7 shows the measured
and simulated (using HSPICE) linear Ipg vs. Vg charactenistics for UO = 435 cm*/V-s,

THETA = 0.008 V!, RD = RS = 1227 (/2 (using ACM = 2 diode model).

0.5
L=0.8pm ot
0.4 Nox
%,
W=1x60um o©
~~ (0]
< 03] 0
&8 V,=0.05V 7
. ]
o 027 0]
— o
e
0.1} s
o
0.0 6—co0eea
0 1 2 3
Vg5 (Volt)

FIGURE 5.7: Measured and simulated Ig vs. Vg characteristics of a
60um/0.8um n-type MOSFET biased in linear region for Vpg = 0.05V.
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After the UO, THETA, RD, and RS are extracted, VMAX, ETA, and KAPPA are
extracted based on the Ing vs. Vg characteristics. Figure 5.8 shows the measured and
simulated Ipg vs. Vpg characteristics for five different Vg with VMAX = 1.0-107 cm/s,

ETA =0.003, and KAPPA=0 V..

I, (mA)

FIGURE 5.8: Measured and simulated I vs. Vg characteristics of a
60pum/0.8um n-type MOSFET for Vg = 1.0V, 1.5V, 2.0V, 2.5V, 3.0V.

After these HSPICE model parameters are extracted, the parameters Rp and Rg in
figure 5.6 can be calculated by the equation on page 15-30 in [13] and are end up with

20.4 Q for this measured transistor.

The next extracted small-signal parameters are g,, and Rpg. The transconductance
(gm) 1s extracted from the first order denivative of Ing vs. Vg characteristics in saturation
with Vg = 3.0V. On the other hand, Rpg, by definition, is 1/gpg where gpg is dIpg/dVps.

In this research, because we are interested in the performance (AC and noise) as a function
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of bias current, so rather than extract gpg individually, we performed Ing vs. Vgg
measurements with Vpg = 2.85V, 2.9V, 2,95V, 3.0V, and 3.05V and extract gpg from
dIpg/0.05V at specific Vgg. Figures 5.9 and 5.10 show the extracted g, and gpg as a

function of Ipg at which AC and noise measurements are performed.

6
A b6 8
A B
st A
~ a
B, -
— 4T L=0.8um
g | &
(=1)) W=1x60um
314
A Vips=3V
2
0 3 6 9
I, (mA)

FIGURE 5.9: Extracted g, as a function of Ipg for Vpg = 3.0V.
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FIGURE 5.10: Extracted gpg as a function of Ipg for Vg = 3.0V,
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Now the parameters - Rp, Rg, gn,, and Rpg in the small signal model are extracted.
The next step is to extract the rest of capacitances and resistances from the measured s-

parameters.
e AC parameter extraction:

AC model parameters are extracted by using the optimization function of MMICAD
(Monolithic and Microwave Integrated Circuit Analysis and Design) based on the de-
embedded s-parameters. In this research, only the open dummy structure is used to de-
embed the parallel parasitics. Therefore, fitting of the de-embedded s-parameters should
include the small-signal model and the series parasitics - Lg, Lg, and L. S-parameter
measurements are conducted in the frequency range from 0.5 GHz to 10 GHz with 0.5
‘GHz step for each bias current from 0.5 mA to 9.0 mA with a 0.5 mA current step. Figures
5.11 and 5.12 show the magnitude and phase of the measured and simulated s-parameters
of the intrinsic transistor for Ipg = 6.0 mA with extracted Lg = 850 pF, Lg =0 pF, and L,
= 240 pF. From the extracted series inductance L, it is found that because of very wide
channel width, the series inductance is mainly caused by the gate itself instead of the
interconnection which makes the “short” structure for de-embedding the series parasitics

unsuitable 1n this case.



w 1.0 ’V*v
§ %nig.&z F S,
2 X9
g o8 L=0.8um _A_XV.V.Q
a DA p
< =
a i W=1x60um IS,
A4 0.6

0'000,0
5 e 1S,
© 0.4 ©ow 21
-§ Vs = 3V 600
S 02t -
g I,¢ = 6mA 1Sl
)
= 0.0 0000000000 000000(

0 2 4 6 8 10
Frequency (GHz)

FIGURE 5.11: The magnitude of measured and simulated s-parameters of
a intrinsic transistor biased at Ipg = 6.0 mA.
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FIGURE 5.12: The phase of measured and simulated s-parameters of a
intrinsic transistor biased at Ipg = 6.0 mA.
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Based on the optimization results shown above, the rest of the model parameters -
CGS’ CGD’ CSB’ CDB' CGB' Ri’ RG’ and RDB will be extracted as a function of bias

cﬁrrents. Figure 5.13 shows the extracted Cg and Cgp.

70
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FIGURE 5.13: Extracted model parameters Cgg and Cgp of a n-type
MOSFET as a function of bias current in saturation region.

It is shown that Cgp in saturation is the overlap capacitance Cgpo which should be bias
independent. As for Cgg, when Ipg increase by increasing Vg in saturation (at a fixed
Vps). the pinch-off point of conducting channrel will moving towards the drain end.
Therefore Cgg will increase with Ipg which increases because of the increasing Vgg
increases. Figure 5.14 shows the extracted channel resistance R; as a function of bias
current. When Ipg-increases, because more carriers are induced in the channel, the channel

resistance decreases.
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FIGURE 5.14: Extracted channel resistance R, of a n-type MOSFET as a
function of bias current in saturation region.

Beside Cgs. Cp and R; which are bias dependent parameters in this common-source
configuration, other small-signal parameter values used in simulation which are bias
independenl are RG = 175 Q, CGB =14 fF, CDB =41 fF, CSB =1 17 fF, and RDB = 320 Q

Once all the model parameters are obtained, the noise modeling can proceed.
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Chapter 6

Noise Modeling

6.1 Theory of Noisy Two-Port Networks

The noise figure, defined as the signal-to-noise ratio at the input port divided by
signal-to-noise ratio at the output port, is widely used as a measure of noise performance
of a two-port network. It is usually expressed in decibels. The noise figure (NF) is
generally affected by two factors - the source (input) impedance :at the input port of a
network and the noise sou;ées in the two-port network itself. In geheral, the noise figure of

a two-port network with any arbitrary source impedance can be calculated by

R
_ n 2 2
NF = NF, .+ [(G,~G, )2+ (B,~B, )] 6.1)
5
or
N aRL-T, 0 R -2, .
M= N i PO T, T T R AIX 2, (62)

where G 1s the source conductance, By is the source susceptance, G, is the optimized
source conductance, B, is the optimized source susceptance, and Z, is the system
impedance which is 50 € in our system. Form (6.1) and (6.2), it is shown that the four
noise parameters - the minimum noise figure NF;,. the optimum source (input)
impedance Z, at which the NF;; occurs, and the equivalent noise resistance R,,, which
characterizes how noise ﬁguré increases if the source impedance deviates from the

optimum value - will reflect how noisy a two-port network itself will be.
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A noisy two-port may be represented by a noise-free two-port and two current noise

sources as shown in figure 6.1(a), and these two noise sources are usually correlated with

each other. ) ) &
u
o Noise- 0O | Noise- O
i Free _ . Free
Two- - ! Two-
o Port 0 0 Pot | o
(a) (b)

FIGURE 6.1: Different representations of noisy two-port nft/works

From the y-parameters of the two-port and the noise source information (i, i, and
the correlation term ,i,*), we may evaluate the noise parameters of the two-port by
transforming the noisy two-port to a noise-free two-port with a noise current and a noise

voltage sources at the input side of the two-port (figure 6.1(b)). Here, i and u and the

correlation factor called Y, are calculated using

i =i +uY and v+ (6.3)

un cor

\ it =Y |l ) - (6.4)

cor

where

. Yll. 6.6)
i1 =1 - | N .
] Y2] 2



l' .
Ycor = Yll - Y2| — = Gcor IBor (6.7)
i
]
and
Y
— |7 ‘
lul” = 5 = 4kTAfRu,and (6.8)
|¥21]
—_— Y *
w vy ] LTk — 11
li~ = Izll +|12| ?L'. —2Re{1112*-y *} = 4kTAfG,. (6.9)
21 21
From (6.7) to (6.9), we can calculate the four noise parameters from
R, =R, (6.10)
G, 2
opt = k—n—B cor (6.11)
opt = —Bcor (6.12)
Nme =1+ 2R,l (Gcor+Gop1) (6.13)

By using generalized matrix approach to the noise analysis of two-port networks

shown above, we can write the admittance node equations at port 1 and port 2 as

Y, Y
el (6.14)

)
+

O ®

L= J

Ty oy
i

~ O~
)

YZI Y2

™~
N

where B = {1 0] and D = [0 1] according to the noise circuit shown in figure 6.1, and

define the noise correlation matnx C [37] as
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llll lllz e

C= [ * > > (6.15)
s T x e
AL SRR AU

with n = 2 in the case of a two-port network. Using the y-parameters, B, C, and D matrixes
defined in (6.14) and (6.15), we can calculate R,, G; and Y., from the following

expressions [50]

1 !
R 4kTAfRe{ X [D)*x [C] X [D]T}, (6.16)

1

Y“ * y” T
4kTA e|l [B] - —><[D] x [C]} x| [B] - :x[D] . (6.17)

Y =G ___+jB

cor cor cor

-1 { Y, T}
= akTaR v, > | P17 L€ x[ By, [D]]

(6.18)

and the noise parameters can be calculated from (6.10) to (6.13).

6.2 Noise Parameter de-embedding

There are two ways to characterize the noise performance of intrinsic devices. One is
a straightforward noise de-embedding technique which is similar to the s-parameter de-
embedding technique descnibed in section 5.1.—r\zjﬁth the same DUT and test structures
used in s-parameter de-embedding. The other method is through the help of the electrical
circuit equivalent pad model. In the latter method, the pad model and the intrinsic device

model are combined to form the model of the DUT. Based on the mbdel of the DUT, the
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& v
noise performance was calculated and compared against the measured noise data of the

DUT. The first method is convenient for calculating the noise performance of intrinsic
devices; the second method will be employed if we are also interested in optimizing the
design of the probe pads [45] ~ [49]. Inl this section, the straightforward noise de-
embedding method is introduced and the pad modeling will be described in the next

section.

For the straightforward noise de-embedding, it is convenient to use the formalism of
noise correlation matrices, instead of the common noise parameters NF . | Zop and R,
This de-embedding technique presented in [40] is based on the noise power matrix
introduced by Haus [36] later renamed the noise correlation matrix in [37]. In [37],
various representations and transformations have been tabulated to demonstrate that the
correlation matrix was ideally suited for the analysis of noise in linear two-port circuits by
computer aided design. Based on the technique in [40] and the same DUT and test

structures as those used in [22], the noise de-embedding procedure is as follows.

1. Measure the scattering parameters [SDUT], [SOPEN], and [SSHORT] of the DUT,
“open”, and “short” structures and convert each of them to the Y parameters

[YPYUT), [YOPEN] and [YSHORT] with the conversion

(l—S”)(l+Szz)+Sle21 —2SI7

—2S2I (l+S“)(l—Szz)+Sle21

= - . 6.19
L] Z, [(1+S) (1+85,) -5,,5,,1 ( )

2. Measure the noise parameters, NF,,PYT, Y, PUT and R,PYT of the DUT.

3. Caleulate the correlation matrix [CADUT] of the DUT by the measured noise

parameters using
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NFPYT _
DUT min ur UT, *
CDU - Rn 2 —Rf (YODpf )
[ ’] = 2T . (620)
! NEPYT
m12n _ RSUTYSUT RDUT YDUT]2
| pl n op!

where k is Boltzmann’s constant and T is the absolute temperature. The asterisk

denotes the complex conjugate.

. Convert the [C ADUT] matrix to its [CYDUT]correlation matrix with

()] = N [ T Ty (6.21)

where [TDUT] 1S giveh by

T
7' =t (6.22)

ur
a0

[TPUT) only depends on the small signal parameters (here Y parameters) of the
DUT and the * in [TPUT])" denotes Hermitian cbnjugation (transpose and

complex conjugate).

. Calculate the correlation matrix [CYOPEN] of the “open” test structure with

[cy 5] = TR (Y775 (6.23)

where R( ) stands for the real part of the elements in the matrix. The noise
parameters of a passive device are fully determined by its small-signal

parameters.
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6. Subtract parallel parasitics from the [YPUT] and [ YSHORT] with
urt uTt PEN
7t N adh I S it ‘ (6.24)

[YISHORﬁ - [YSHORT] _ [YOPEN] . (6.25)

. De-embed [CyPYT] from the parallel parasitics with

~

[cv] = [ey™]-[ey™]. (626)
8. Convert the [Y;PYT] and [YSHORT] 1o [ZPVT] and ([ZSHORT|with the

conversion

Y., -Y
22 12
[Z] = (6.27)
2 Y Y- YT, Y, ¥,
9. Convert [Cy[PUT] to [C,PYT] with
U DU U pumnt
(2] = 12" ey N[z - (6.28)

10. Calculate the correlation matrix [CZ]SHORT] of the “short” test structure after de-

embedding the parallel parasitics with

(/%] = 2k1R (12" (6.29)

11. Subtract series parasitics from the [Z,DUT] to get the Z parameters [Z] of a

intrinsic transistor with

(2] = (") - 12,"°%) (6.30)
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12.

13.

14.

15.

De-embed [CZIDUT] from the series parasitics to get the correlation matrix [C;]

of a intrinsic transistor with

U HOR
cp = [c7]-[c; (6.31)
Convert the [Z] of a intrinsic transistor to its chain matrix [A] with the
conversion
1 |2y 212y =2yZy)
[A] = 7 | (6.32)
21 222
Transform [Cz] to [Cp] with
[Cq) = (T ICH T, | (6.33)
where [T,] is given by
1-A,
T, = 6.34
(7,1 0-4, (6.34)

Calculate the noise parameters, NF;;, Z,.and R;, of a intrinsic transistor from

the noise correlation matrix in chain representation [C,] with

o
NF . = 1+;—T(<.R(C,2A)+JC,,ACZZA—(3(C,2A))2) (6.35)

min

2
JCHAszA -3 (Cia4)) +13 (Ca4)

opt = L (6.36)
! C
11A .
R, = —p% (637)
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where 3( ) stands for the imaginary part of the elements in the matrix and i is the

imaginary unit.

The noise-parameter de-embedding technique described above assumes that the solid
lines in the “short” test structure is relatively shorter than the interconnections so that its
series parasitics are negligible. With the same consideration as the one in s-parameter de-
embedding, the gate and drain of the transistor of the DUT (shown in figure 4.1) are right
next to the signal pads and the trapezoidal part of the ground pad is designed to be as close
as possible to the source of the transistor in order to reduce the parasitic resistance and
inductance from the source end of a transistor to the ground pad. Based on this special
design, Zg, Zg, and Zp, in figure 5.2 can be neglected and only the s-parameters of *“open”

test structure is used in the noise parameter de-embedding procedures. If only the s-

parameters of “open” test structure are used, the de-embedding procedure is as follows.

1. Measure the scattening parameters [SDUT], and [SOPEN] of the DUT and the
“open” structure and convert them to each Y parameters [YDUT] and [YOPEN]

with the conversion

(1=5,)) (1+55,) +5,5,, -25,,

-25,, (145,)) (1-5,,) +5 5,5,

= 6.38
L] Z, [(1+5)(1+5,,) -5,5,,] ( )

2. Measure the noise parameters, NmeDUT, YOP(DUT, and RnDUT, of the DUT.

3. Calculate the correlation matrix [CADUT] of the DUT by the measured noise

parameters with
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- v -

Ut
bDUT NFr?xin -1 DUT Your *
Rn —-R (Y, ,)
[€a] = 2kt : S (6.39)
A -— .
NFZ?"T-‘ DUT ,DUT DUT| ,DUT|2 f
~RPUTYP R2VT|v2u]
2 n opt n opt

where k is Boltzmann’s constant and T is the absolute temperature. The asterisk

~ denotes the complex conjugate.

4. Convert the [CAD%] matrix to its [CYDUT]correlation matrix with

[C€U7] _ [TDUT] [C§U7] [TDUT]* (6.40)

where [TDUT] is given by

urtr
Hy

= (6.41)
Y?UT o
2

o

[TPYT] only depends on the small signal parameters (here Y parameters) of the
DUT and the * in [TPYT]" denotes Hermitian conjugation (transpose and

complex conjugate).

5., Calculate the correlation matrix [CyCFPEN] of the “open™ test structure with

[C975Y] = 2kTk (1¥°7FY)) (6.42)

where R( ) stands for the real part of elements. The noise parameters of a passive

device are fully determined by its small-signal parameters.

6. Subtract parallel parasitics from the [YDUT] with
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(v’ = 7?7 - (PP (6.43)

7. De-embed [CyPUT] from the parallel parasitics with

[ [C" V-] (6:44)

8. Convert the [YIDUT] to its chain matrix [A] with the conversion

Y 1
-1 22
[A] = ' (6.45)
21 (¥} ¥y - ¥, 21) Y, : :
9. Transforrn'[CYIDUT] to [CA] with .
U '
(Cy) = 1Ty[Cyf 1T, (6.46)
where [T4] is given by
0 A]2
T, = 6.47
[T,] | A, | (6.47)

10. Calculate the noise parameters, NF;, Z,and R, of a intrinsic transistor from

the noise correlation matrix in chain representation [C, ] with

min

|
NF_. = 1+k—T(€R(C,2A)+JC,1AC22A—(S(¢12A))2) (6.48)

«/CHA Cpa = (3(Cip)) ”S(Cl"A)

- 4

opt CllA (6 9)
C

R -4 (6.50)

n 2kT

where 3 () stands for the imaginary part of elements and i is the imaginary unit..
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6.3 Pad Modeling

Since the effects of probe pads are important in high-frequency s-parameter and
noise parameter measurement: then it is important to design the probe pads to increase
the accuracy of de-embedding technique. Before achieving this goal, the electrical pad
model should be developed and the parameters of the circuit elements extracted from the
dummy pad measurements. Figure 6.2 (a) shows the 3-D diagram of probe pads including
all physical parasitic elements. Figure 6.2 (b) is the cross-section of the pad pattern from
port 1. In these figures, C; and C, are the capacitances between the top metal and silicon
substrate for the signal and ground pad respectively, C; is the capacitance between the
signal pad and the ground pad, C, is the capacitance between these two signal pads at the
input and output ports, and R is the resistance of silicon substrate between the signal pads
and ground pads. From figure 6.2 (b), it is found that C; and C, are connected in series
(because these two ground pads are connected) and the effective capacitance is dominated

by C,, because, according to the layout, C, is much larger than C,. Therefore, the 3-D

model (figure 6.2 (a)) can be simplified to its equivalent model (figure 6.2 (c)) with

C,,=Cp. C,=C3/2, C,=C,, and R, =R, /2 (6.51)

N
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Csub:: YPGD :: Csub
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YpGs Ypps
o O

(c)

FIGURE 6.2: (a) The 3-D diagram of probe pads'including all the physical
parasitic components. (b) The cross-section of probe pads from port 1. (c)
Equivalent electrical circuit model for the probe pads.
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The s-parameters of dummy pads are first measured. Then they are converted to the
y-pafmnemWe parallel parasitics, Ypgs, Ypgp- and Ypps, given by (5.1) to (5.3)
are extractgd. From t% equivalent circuit model, C, can be extracted from the imaginary
part of Ygp, and C,,, Cy,p, and Ry, are extracted from optimization using the measured
data of Ypgg and Ypps. Figures 6.3 and 6.4 show the measured (symbols) and calculated
(dash lines) data based on the parameter values C,,, = 25.1 fF, C, = 19.75 fF, C, = 2.37 fF
and Ry, = 680 Q.

3.0 ﬁl
: A . YPGS ° Aé’g
A ke
O : Ypps A 8—"'0
2.0} Jige)
n .8 O
E Imaginary '68
§ é'é Real 6 R
U € e
~ 10l @& & 56°
= y-] a8
% | y Q@v@
g K<) al
> %pﬁy
0.0

0 3 6 9 12 15 18
Frequency (GHz)

FIGURE 6.3: Measured and calculated data for Ypgg and Yppg.
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R o
P |
0.0 —8-5-@-55-@@@@883ﬁ0é5ﬁg
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0 3 6 9 122 15 18
Frequency (GHz)

FIGURE 6.4: Measured and calculated data for Ypgp-

6.4 Noise Modeling v

The noise model of an intrinsic transistor consists of its small-signal model and all
noise sources. Figure 6.5 shows the equivalent noise model which takes into account the
following noise sources - channel noise V(id), noise due to the gate resistance (i) and the
resistance between the drain and bulk (ipg). induced gate noise (1) and its correlation with

14, thermal noise in the somrce (ig) and drain (ip) parasitic resistances.

%
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Intrinsic Transistor
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®

Ves
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Cep ==
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S/B
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e - £

FIGURE 6.5: Equivalent noise circuit model for a intrinsic MOSFET

4

In this research, the intrinsic transistor mod;:l is combined with the pad model which
includes the series and parallel parasitics to form a DUT model, and all the calculation
comparisons to measurements will be based on the DUT model. Figure 6.6 shows the

DUT model used in calculation.

After the DUT model and all model parameters were obtained, the next issue to be
addressed is how to calculate the four noise parameters of the DUT. There are two ways to
calculate these noise parameters. One is an analytical calculation method which adds all
the noise power from each noise sources at the output port together (including the noise
power from the sourc; impedance at the input port) and divides this sum by 'thc noise

power from the source impedance. The other method is a direct calculation of noise

parameters which is based on the theory of noisy two-port networks. The first method is
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beneficial for the résearchers who are interested in the noise effect of each parameter (e.g.
Rg. fr etc.). However, the drawback of the analytical expression is the lediOl;S calculation
procedure, and once the device model has been changed, all the previous results must be
redone.‘ Therefore, in the next section, a si mpl}ﬁed circuit will be used for the
demonstration of an analytical calculation, and the a'ccpratc calculation of noise

parameters will be based on the direct calculation technique based using the DUT mode].

[ 4 Yy ‘——G D LYY\ ( . ]
Lg Intninsic Lp
1 Transistor . L
Csub . - Csub'é_
PORT! C, == — C,, PORT2
S/B .
* RSUb g % LS g Rsub
[ 2 -0

FIGURE 6.6: The DUT model consists of a intrinsic transistor model
(shown in figure 6.5) and all series and parallel parasitics.

6.4.1 Analytical Expression for Noise Parameters

Figure 6.7 shows the simplified small-signal “model.'Based on this model, noige
figure is calculated by dividing the total noise power of shortcircuit noise current 1oy at
the output port from each noise source by the noise power at the output port from source
impedance only. By setting the first order derivative of noise figure to zero and solving for e
the source resistance (Rop() and reactance (Xom), the solutions will be the optimized

source impedance (Zom). The equivalent noise resistance can be calculated by dividing the
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total noise power of short-circuit noise current i, at the output port from each noise
source (except the noisé power from the source impedance) by the square of the
magnitude of current gain. By going through the calculation, these four noise parayers

can be expressed as

D
)
+
CGS = VGS % RDS C*) id ioul*
gn1vcs ‘
_ —&- ®
S/B
FIGURE 6.7: Simplified equivalent circuit model for analytical calculagion
of noise parameters. "
. 2 2 2 2
1 WCisig+ J“’ CZGS'd tGEm
NF . = 1+35R.0C,.,- * 3 : (6.52)
min 2°°G GS'd
g kT
m [
2.2 .2
1 I+ CoRe 0 5, ‘ '
m
. 2.2 2 22
(DCGSRG'd' Jm CGS'd+ I8
= — = (6.54)
opt . -CZ RZ .2+R2 2 2
1410 Coshglat RglG8m
' oC ..
GS'd

3 2 7 2 32
iyt CooRoi +RGiGE,
and
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l . ‘ R
20 = 3B : (6.56)
. opt opt ,

where = 2ntf and f is frequency, iy is channel noise, and ig is the noise due to the gate

resistance.

From the equations listed above, it is found that the gate resistance is very important

in high frequenc;y noise modeling.

6.4.2 Direct Calculation of Noise Parameters

Direct calculation of noise parameters uses a matrix operation basgd on the noisy
two-port network theory [41] ~ [44]. In order to perform the man;x calculation of the
noisy two-port shown in ﬁgure 6.1, we transform our noisy circuit model into its graph.
Figure 6.8 shows the graph of DUT. In this graph, Ypgs and Yppg are the parasitic effects
of dummy pads and Ypgp in the pad model in figure 6.3 is replaced by the y-parameters of

the intnnsic device model.

L = Y, _V, Y, Vi —~ Y3 &— 1,
{ o A\ > { Lo
\+/ S ~| 7 ‘k+/

A lg ' Y4 gmv YS v l_(; A —
i (70 Ys I
Vi ¥V Yegs <~ YppsY V2
v Y6 Vj v6 (\ > ‘
W 1%y %Y D

. is -

[ 2 _ = ..

V¢ (ground)

FIGURE 6.8: The graph of the equivalent noise circuit model of DUT.
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Based on the graph of DUT shown in"figure 6.8, we write the node equations

comresponding to each node (sub-set) in a matrnix form as

Y +Ypos 0 -Y, 0 0 0 v,
0 . Y+Yp,s + 0 ‘ -7, 0 | 0 v,
-Y, 0 Y +Y,+ Y, +Y, -Y, -Y, 0 v,
0 -Y, g,- Y, YV,+Y +Y Y, -8, Ys . Y3 ||V,
0 0 —gm—}’4 —Y5 gm+)’4+}'5+)’7 0 V5
i 0 0 0 -Y, 0 Y+ Yg_ _v6_
[Y]6x6 (V]
by i i Vig’ o
001000, I
00 00T1o0|| 4 Il
-1 0-100 oOf{*
L7H0 Gl <o (6.56)
0 -100-10||i 0
1 1 0100 i 0
(0 0 000 1 o)
: a_'DQ B
[Alex6  [in]
where
3
Y| = 1/(Rg+SL) (6.57)
Y, = SC.p ' (6.58)
Y, = 1/(Ry+SLp) (6.59)
Y, = SC.q ‘ (6.60)
Ys = 1/Rp (6.61)
Yo = SCpp (6.62)
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(6.63)

Y7 = [T-"'SCBS
S
Yy = SCpqp (6.64)
v i
and -
Y, = —'l—— (6.65)
° Rgp ’ '

In the above equations, S = jw and ® is the angular frequency. Once the matrix equations
are formulated, the network is reduced by eliminating three nodes - node 5, 4, and 3, ohe
by one, leaving only the input and output nodes (node 1 and node 2). For example, we
eliminate the node S first, then each element of Y and A not in row 5 will be transformed

according to the following formulas

Y. xY.
’ 5 5 . .
Yy = Y‘f—_J”—s;L (1<i<5) (1<j<5) (6.66)
, A . XY. -
A=A -—L—2  (1<i<5) (1<j<6) . (6.67)
) i Y55 .

Row 5 and column § are deleted from the Y matrix at the first step, however only the 5th
row of A is deleted and 6 columns remain. This procedure is followed until only the input
and output nodes remain, and then the Y matrix at this time is 2x2, and the A matrix is 2x6

with complex elements. Now we define the B and D matrix by

' B _
[A] = H . (6.68)

The correlation matrix C of our noise circuit model is
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FLF 0 0 .0 0
iriif 0 0 0. 0
I N (ibfs, (6.69)
0 0 0 g 0 0
0 0 0 0 ii+ o
(0 0 0 0 0 it

By using (6.16) to (6.18), and (6.10) to (6.13), we can directly calculate the noise
N ,
parameters.of MOSFETs.

6.5 Comparison with Experiments

Based on the extracted parameters in chapter 5 and all the noise source equations in
chapter 3, we compared the calculations aéainst measurements using the direct calculation
technique including the pad effects. For state-of-the-art MOSFETs with high quality gate
insulator, the induced gate noise (ig) and its correlation with the channel noise are
negligible, and are therefore neglected in the calculations presented later. Figure 6.9 shows
NFin Vs. bias characteristics at 4 GHz for different hot-electron factor n defined in (3.7)
and the calculated NF;, based on (6.52) for n = 1. It is shown that the accurate noise
modeling of MOSFETs depends on not only an accurate channel thermal noise source but

also an accurate small-signal model.
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FIGURE 6.9: The measured (symbol) and calculated (lines) minimum
noise figure (NF ;) vs. Ipg characteristics of a n-type MOSFET at 4 GHz
for different hot-electron factor n. The dash line for n = 0 does not take into
account the hot-electron effect. The solid line is calculated data based on
(6.52)forn=1.

From figure 6.9, several issues dre shown. Fifst, the induced gate noise and its
cc;rr’elation with the channel noise are negligible for high-frequency noi__se modeling of
modem MOSFETs. Second, NF;, is bias dependent and there is a minimum value of
NFin corresponding to an Ipg at which thg device should be biased for low noise circuit
design. NF,,;, decreases with increasing Ipg at low Ipg’s because g, increases faster than
ig and Cgg at the lower current (see (6.52)). At higher Ipg’s, NF ., increases with Ipg
because at higher Ipg’s, g, saturates but iy is still increasing. Third, the hot-electron

effects are important in high-frequency modeling of sub-micron devices.



Figure 6.10 shows the normalized noise¢ resistance r,, vs. bias current at 4 GHz form =
1. The solid line is the calculations of r, based on (6.53). It is shown that the accuracy of a

small-signal model affects r,, as well.

20
L=0.8um V=3V
S 15(4 W=1x60um f=4GHz
2 . ,

z ~
- 4 .
[

Z 10
5 . )
0 3 6 9 e

I,s (mA)

FIGURE 6.10: The measured (symbol) and calculated (lines) normalized
noise resistance r,, vs. bias current characteristics of a n-type MOSFET at
4 GHz. The dash line is the calculated data for n = 1 based on the noise
equivalent circuit shown in fig. 6.5 and the solid line is based on the
simplified noise equivalent model shown in fig. 6.7 for n = 1.

-

Again, from (6.53), r, decreases in low current region as the current increases
becausé of the rapid increase of g, and increases at:high current region because g,
saturates but iy still increases. From figure 6.9 and figure 6.10, the lowest position of
NFin and r,, occurs at ~ 3 mA. This means that the bias at which the lowest NF;;, occurs

is also the bias for the lowest ry,.
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The last noise parameter we are interested in is the optimized source impedance (or
reflection coefficient). Figures 6.11 and 6.12 show the measured and calculated optimized
source reflecu'onrcoefﬁcient as a function of bias currents. The magnitude decreases and
the phase is almost constant as the current increases. In general, good agreement between

calculation and measurement for the noise parameters vs. bias current were obtained.

Now, results of noise parameters vs. frequency are presented. Figure 6.13 shows the
measured and calculated NF;, and r,, vs. frequency characteristics from 2 GHz to 6 GHz
at a bias current Ipg = 5 mA. In general, NF,, is approximately proportional to
frequency, and from the measured data, it is shown that the simplified noise model shown
in figure 6.7 will give a wrong prediction in the NF;, vs. frequency characteristics

because some of the capacitive components are not included. |

1.00
| L=0.8um V=3V

0951 \W=1x60um f=4GHz

=
2090 A e
] A a0 T
—_— A A A A
a8 a4 8 . A
0.85
0.80
0 3 6 i

I, (mA) )
FIGURE 6.11: The measured (symbol) and calculated (lines) magnitude of
optimized input reflection coefficient of a n-type MOSFET as a function of
bias currents at 4 GHz. The dash line is the calculated data for n = 1 based
on the noise equivalent circuit shown in fig. 6.5 and the solid line is based
on the simplified noise equivalent model shown in fig. 6.7 for n = 1.
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FIGURE 6.12: The measured (symbol) and calculated (lines) phase of

optimized input reflection coefficient of a n-type MOSFET as a function of
bias currents at 4 GHz. ’

2 3 4 5 6

Frequency (GHz)
FIGURE 6.13: Measured (symbeols) and calculated (dash lines) data for the

minimum noise figure (NF,;,) and normalized noise resistance (r,) vs.
frequency characteristics.
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Figure 6.14 and figure 6.15 show the measured and calculated data of the magnitude
and phase of the optimized source reflection coefficient at Ing = 5 mA. The magnitude of
optimized source reflection coefficient decreases as the fréquency increases. Again, it is

L

shown that because of the inaccuracy of the high-frequéncy small-signal model, the trend

of noise parameter prediction is wrong.

Once good agreement between the calculations and measurements were obtained, the
next interesting issues are the percentage of the noise contribution from each noise sourge,
the probe-pad effects on the noise performance of DUT, the effect of gate resistance, and

techniques to reduce the gate resistance for increasing the maximum oscillation frequency.

(fmax) and reducing the NF ...
1.00
L=08um
0.95 r * W=1x60pm
_ A
8 -
r_—:” 0.90 wt \\\
1 8 ! A .
V=3V A T
085 ™ -
I,(=SmA @
0.80 — -
2 3 4 5 6

Frequency (GHz)

FIGURE 6.14: The measured (symbols) and calculated (dash line) for the
magnitude of optimized source reflection coefficient vs. frequency
characteristics. The dash line is the calculated data for n = 1 based on the
noise equivalent circuit shown in fig. 6.5 and the solid line is based on the
simplified noise equivalent model shown in fig. 6.7 forn=1.

»
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FIGURE 6.15: The measured (symbol) and calculated (lin&) data for the
phase of optimized source reflection coefficient vs. frequency

characteristics.
Y

6.5.1 The impact on NF;, from each noise source

Table 6.1 shows the importance of the noise contribution from the channel noise (iy),
the resistance between the drain and bulk (ipg), and thermal noises in the gate (ig), source
(ig) and drain (ip) parasitic resistances respectively when the transistor is biased at Vpg =
3V, Ips =2 mA, and f = 4 GHz with NF;; = 2.54 (4.05 dB). The noise contribution of
NF ,in corresponding each noise source in Table 6.1 is obtained by subtracting the NF;,,,
“which is calculated by assuming that the corresponding noise source is zc’fé’, from 2.54.
Note that this noise contribution of corresponding noise source is not the “real”
contribution of NF,,;, because when one noise source is taken out of the noise cﬁ'cuh, it
will affect the optimize;i source impedance which depends on the noise sources in the
circuit (see (6.54) and (6.55)). This in turn affects the noise power contributions at the

output port from other noise sources. So the percentage of decrease in NF,;, in Table 6.1
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will only gives us an idea of how important the corresponding noise source will be and,
therefore, the sum of the percentage of decrease in NF;, of each noise will not be 100%.
_From Table 6.1, it is shown that the thermal noise from the conducting channel is the
dominant noise source in the high-frequency noise modeling of MOSFETs. The noise
from the gate resis&mce is also very important and shoulci be carefully considered when
designing low noise, high-frequency analog circuits. Note, however, that if we keep the
same Z,, with and without R in the circuit, the removal of Rg; results in a 35% decrea;e

in the noise, as shown in figure 6.16 later.

TABLE 6.1. The importance of each noise source
(Vps =3V, Ips = 2 mA, f = 4 GHz, NF,,;, = 2.542 (4.051 dB))

Noise Noise Power . | Noise Contribution % of
Sources (10 3Amp¥/Hz) of NF..in decrease in
Nl:min
ig 9.19 1.32 51.8
Rg 9.47 048 18.8
Rq 81.29 0.02 0.94
Rp 81.29 0.02 0.87
Rpgp 5.58 0.003 0.12

b4
Figure 6.16 demonstrates the effect of gate resistance on the NF;, of the DUT. Itis
shown that the gate resistance plays a very important role in RF noise performance of an
intrinsic transistor. On the other hand, the gate resistance affects not only the overall noise

performance of devices but also the maximum oscillauon frequency (f,,,) (4].
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FIGURE 6.16: The effect of gate resistance on the NF . of the DUT. The
dash line is the calculated NF;, with R =175 Q and the solid line is the
calculated NF,,;, with Rg =0 Q.

-

6.5.2 'Intrinsic noise parameters of a MOS transistor - from direct de-embedding
and pad modeling

The next issue we want to investigate is the probe-pad effects on the noise
parameters and the noise parameters of intrinsic MOS transistor. So far, two kinds of
techniques has been introduced. One is the direct de-embedding procedure described in

section 6.2, and the other is the pad de-embedding through the pﬁd modeling.

By using (6.38) to (6.50), we directly de-embedded the pad effects from the
measured noise parameters of a 0.8 um/ 60 um transistor. Figures 6.17 and 6.18 show the
measured and de-embedded NF;, and R, as a function of bias currents at 4 GHz. The
triangles are the measured parameters with the probe-pad effect, the solid circles are the

I
intrinsic parameters obtained from the direct de-embedding procedure, and the dash lines
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are the intrinsic parameters obtained from lhe"’pad‘mo)deling; In this research, the probe-
pads are‘hum long and 50 um wide and it is shown that the probe pads will increase
NF,.. (~ 0.5 dB) but they do not affect R,,. The difference in NF;, between the solid
circles and the dash line is about 0.2 dB, and it is mainly caused by the accuracy of the

small-signal model.

6.0 "
L=0.8um V=3V
A
W=1x60um f=4GHz
a 5.0 .A
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8 e a >‘A & a
A% a &
% 40'& ° ® e N
" e e o o &
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3.0
0 3 6 9

I (mA)

FIGURE 6.17: The measured and de-embedded NF;, of a 0.8 um n-type
MOSFET with 60 um channel width as a function of bias currents.
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FIGURE 6.18: The measured and de-embedded R, of a 0.8 um n-type
MOSFET with 60 um channel width as a function of bias currents.
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Figures 6.19 and 6.20 show the measured and de-embedded I',;, vs. bias current

characteristics. It is shown that the probe pad will increase the magnitude (~ 0.01) and

decrease the phase (~ 4 °) of the T opt of the transistor at 4 GHz.
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FIGURE 6.19: The measured and de-embedded IT';,,! of a 0.8 tm n-type
MOSFET with 60um channel width as a function of bias currents at 4GHz.
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FIGURE 6.20: The measured and de-embedded angle of I’y of a 0.8um n-
type MOSFET as a function of bias currents at 4 GHz.
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Figures 6.21 and 6.22 show the measured and de-embedded NFp;, and R, vs.
frequency characteristics at Ing = 5 mA. It is shown that the pad effect on NF;;, and R, is

frequency dependent, but again it does not have too much influence on R,,.
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FIGURE 6.21: The measured and de-embedded NF,;, of a 0.8 um n-type
MOSFET with 60 pm channel width as a function of frequencies at Ing =5
mA.
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FIGURE 6.22: The measured and de-embedded R, of a 0.8 ym nNOSFET
with 60 um channel width as a function of frequencies at Ipg = 5 mA.
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Figures 6.23 and 6.24 show the measured and de-embedded I’y as a function of

frequencies at Ipg = 5 mA. It is shown that the pad effect on the T'opt is frequency

dependent as well.
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FIGURE 6.23: The measured and de-embedded I, | of a 0.8 um

nNOSFET with 60 um channel width as a function of frequencies at Ipg =5
mA.
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FIGURE 6.24: The measured and de-embedded angle of I';,; of a 0.8 um

nNOSFET with 60 um channel width as a function of frequencies at Ipg =5
mA.
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6.6 Noise Performance and Modeling of Multi-Finger Gate Design

In order to increase fy,, by reducing Rg, two approaches were investigated. One
involves metal-reinforced gates [51][52] and the other emplays the multi-finger design
technique. The first approach reduces the Rgsy so as to reduce R and increase‘fmax_ This
approach can ach;eve the goals of reducing the overall noise level and increasing the f .,
but requires a change to the fabrication process. The multi-finger gate design in which
some narrower devices are connected in parallel to reduce_ Rg based on the existing
technology will increase not only f .. but also improve the overall noise performance. In

general, the maximum oscillation frequency fax can be expressed as

f
_ = T (6.70)
R
GSH
2 —_L 3 (g'ds+21'thng)+gdS(R’.+RS) .
n
8

fmax

where L, is the channel length, W is the channel width, n is the number of fingers, Rgsy 1S
the sheet resistance, gg; = g'gsW. Cgqg = C'ggW. Rg = RGSHW/(nng), and fr = g/
2m(Cy+Cyq) [4]. From (6.70), it is shown that the gate resistance Rg s proportional to the
inverse of the numbers of gate fingers. Figure 6.25 shows the measured NF,,in of 260 um
transistor and a multi-finger gate design in which there are six 10 um transistors connected
in parallel. The calculated data of NF ;. for the 1x60 um transistor is based on RG =
175Q2 and the Rg value for the calculation of NF;; for the 6x10 pm transistor is 175 (¥
36. It 1s shown that the multi-f'mger. gate design will decrease the overall noise
performance by decreasing the gate resistance Rg: Also, good agreement between the

measured and calculated NF;, of multi-finger gate design is obtained.

The noise model and direct calculation technique presented in the thesis can predict

not only for our measured devices that were fabricated in 0.8 pm BiCMOS technology,

N\

b
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but also for published data. In order to confirm the accuracy of our model of multi-finger
designs, we compared our calculations with the measurements published in [4]. In this
comparison, the parameter values we used in the calculations are - L = 0.5 pym, W = 4x10
um, g, =2.282 mS, Rg=60Q, Rg= 153 Q, Rp =153 Q, Rpg =3.23 kQ, Css =42 fF,
and Csp = 11 fF - and they were either taken directly from the figures in [4], or from
appropriate scaling of a 0.8 um BiCMOS technology. Figure 6.26 shows the
characteristics of NF. .. and R, vs. frequency. Without de-embedding the noise
contribution of the probing pads from the noise measurer;lents causes the small difference
in NF_,;, between the measured data (symbols) and the calculations (lines). Figure 6.27
shows the [l vs. frequency characteristics. In general, good prediction was obtained,

even though pad parasitics were neglected.
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FIGURE 6.25: The measured (symbols) and calculated (dash lines) NF ;.
of a single 60 pm transistor (triangle) and a multi-finger gate design
(circle) with six 10 pm transistors connected in parallel: The calculated
data for multi-finger gate design is obtained by changing R to R(;/n2 (n=
6 in this calculation) and the rest of model parameters are the same as
those used in the noise calculation for the single 60 pm transistor.
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FIGURE 6.26: The characteristics of NF,;, and R, vs. frequency. The
lines are calculations based on the model presented here, and the symbols
are data from [4].

2 3 4 5 6
Frequency (GHz)

FIGURE 6.27: |[['gpl vs. frequency characteristics. The line is calculation
based on the model presented here, and the symbols are data from [4].
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6.7 Comparison of Different Noise Models

Finally, several noise models for channel thermal noise were compared. Figure 6.28
shows the calculated data for different channel thermal models. It is shown that the
HSPICE level 3 (NLEV < 3) and BSIM3 (NLEV < 3) models tends to saturate in the high
current region and underestimate the channel thermal noise. As for HSPICE level 3
(NLEV = 3) model, it is based ony (8.5.l§) in [14] which does not take into account the
velocity saturation effect. Therefore, it gives lower noise prediction for intrinsic
transistors. In addition, it is observed that Wang et al.’s model [16] overestimates the
channel thermal noise in the high current region compared to the other modes. This is
because the model in [16] included the velocity saturation effect based on the noise
expression (see (8) in [16]) which is (8.5.16) in [14]. If we include the velocity saturation
effect at the very beginning when the noise expression is derived, the channel noise
expression we end up with (3.16) which is the proposed model based on Van der Ziel
noise expressions in [5], and it gives reasonable noise prediction. Figure 6.29 shows the
measured and calculated NF;, vs. Ing for different noise models. It is shown that the
HSPICE level 3 model (NLEV < 3) gives a wrong trend for NF .. vs. Ipg characteristics

and is unsuitable for low noise RF circuit designs.
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ﬁGL}RE 6.28: Calculated power spectral density of channel thermal noise
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FIGURE 6.29: Measured (symbol) and calculated (dashed lines) NF;, vs.
Ipg for different noise models.
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Chapter 7

Conclusions and Recommendations

High-frequency noise characteristics of modern MOSFETs are becoming
increasingly important in high-frequency circuit design. In this research, the origin of
different noise sources and various noise models for the thermal noise in the conducting
channel have been introduced. Hot-carner effects and velocity saturation effects are two
very important effects which have to be taken into account for the noise modeling of sub-
micron transistors. Among the noise models described, the model based on Van der Ziel’s
channel thermal model gives a better noise prediction and it is proven by experiments that
the induced gate noise and its correlation with the channel thermal noise are negligible in
high-frequency noise modeling for modern devices that were fabricated in 0.8 pm
BiCMOS technology and only the noise caused by the DC current has to be taken into
account. On the other hand, from the equation of channel thermal noise, an accurate high-
frequency noise modeling for intrinsic transiéto;'s relies on an accurate DC modeling as
well. Therefore, without an accurate DC model, it is not possible to accurately to predict

the noise performance.

High-frequency test structures and de-embedding techniques used for both s-
parameters and noise parameters are two critical requirements in noise measurements and
modeling. In this thesis, the design of dummy pads and DUT are described. An
appropriate de-embedding technique has also been explained in detail. In general, the
parallel parasitics of probe-pads can be easily de-embedded by the subtraction of the
measured y-parameters of an “open” test structure from the measured y-parameters of the

DUT. However, the series parasitics caused by the interconnections between probe-pads
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and the intrinsic transistors will be difficult to de-embed from the intrinsic transistor
because very wide transistors are usually designed for the investigation of high-frequency
characteristics, especially for MOSFETs. Therefore, the “short” dummy pads aﬁd the
corresponding de-embedding technique used for BJTs are not suitable for de-embedding
the senes parasitics in DUT of MOSFETs. In this reseamﬁ, the gate and drain contacts are
rig};t beside the probe-pads and the ground pads are brought to the source/substrate
contact as close as possible to reduce the senes parasitics, and only the “open” test

structure was used in the parasitic de-embedding.

The DC model as well as AC model are required for noise modeling of MOSFETs.
In this thesis, a small-signal model for the prediction of high-frequency characteristics has
been developed. In this model, the gate resistance Rg, the high-frequency channel
resistance R, and the substrate resistance R, are found to be very important in the RF
modeling of intrinsic MOSFETSs. Based on the optimization technique, all the small-signal
model parameters are extracted from either DC or s-parameter measurements and are used

in the calculation of the noise parameters.

Noise parameters (minimum noise figure, equivalent noise resistance, and optimized
source impedance) are the noise indicators of a noisy two-port network. Based on a
sophisticated small-signal model which can predict accurately the high-frequency
performance of devices, it is usually very difﬁéult to obtain analytical expressions for the
noise parameters based on the fundamental definition of noise parameters. In this thesis,
the technique of direct calculation of noise parameters based on matrix operation was used
for calculating the noise parameters of intrinsic transistors. Based on the DUT model
which consists of an intrinsic transistor model and dummy pad model, extracted parameter

values, and the direct calculation technique, all noise parameters are calculated and
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compared to measured data as a function of bias condition and frequency. In general, good i

agreement was obtained.

The impact of gate resistance affects not only the maximum oscillation frequency
(fmax) but also the overall noise performance of devices. In this thesis, the multi-finger
gate design in which there are six 10 um wide transistors connected in parallel to reduce

R based on the existing technology improves the overall noise performance.

Finally, all the AC model parameters are extracted from the de-embedded s-
parameters based on an optimization technique. However, choosing the iniﬁal values of
parametersgs very critical and some of the extracted parameter values can sometimes be
physically meaningless. Therefore, the investigation ;)f direct extraction of AC equivalent
circuit parameters of MOSFET; is recommended. In addition, the investigation of the

optimized number of fingers for a specified channel width should be researched.
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Appendix A

MATHCAD Program for Calculating the H,; and MAG
of an Intrinsic Transistor

This progranm is used to calculate the current gain (H21) ,

maximum stable gain (M. and maximum available gain (MA
in dB and outout the data to the files "h21.prn”, "msq.prn" and "magq.prn”,

Enter the information for the following three lines...

MEAS = READPRN(nflw69p6) Data file for the measurements
PAD = READPRN(dumpad ) Data file for the dummy pads

n -0.1.rows(PAD) - 1 Number of frequency points

Characteristic impedance:

1
ZO = 50-ohm ‘1’0 :-Z—

S parameters of pads and devices —-—-—- from measurements

f - MEAS

meas (n.0)

n

msl]_mea\sn

Ms12_meas n

ele_mc&sn

Ms22 meas .

]

s22_meas o

= MEAS
tn.1)

- MEAS
(n.$S)

= MEAS
(n.6)

= MEAS
(n.7)

- MEAS
(n.8)
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S parameters of the measured data (including pads and devices)

/ sl _meas
S . nf+]
Il_meas M _meas k 180
sZI _meas
S -1 COS +j .
2]_meas mgoi _meas 180
sIZ meas
S . COS +j -
IZ_meas Mmq12_ meas 180
522 meas
S - COS +
22_meas mera meas 180
S parameters of dummy pads
rpadn :PAD(n.O)
Ms11_pad =PAD _,,
9sll_padn :PAD(n.‘z)
msZI_padn :PAD(n.J)
952|_pad n’:PAD(n.J)
ms12_pad  “PAP(, 5
9;12_pad . “PAD ¢,
Ms22_pad “PAD .
9522 pad | “PAD 4,
[ [8s11_pad
S -m -lcos | ——M
1_pad ~™sli_pad \\ 80
/ /OSZI_pad \
S m -1 COS
21_pad s"l_padn\ \ 180
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sl1_pad

0
n - - - n
‘K| ~)-sin|———-
1

9521_pad
Tt fj s | — ——-

s21 _meas

180

s12_ meas

180

s22_ meas

180

80

180

)
)
)
"



) O12.pad, |  [®sizpad, |
SIZ_padn ‘mslz_padn' cos ———1—5(—)——1 +) -sinj———n

180
- esZZ_padn o as22_padIl
Szz_padn 'mszz pad n' Cos '——180—‘n + ] -sin T'u

De-embedding the pad effects:

(1‘ S 11_meas )'('*SZZ_mcas )*S 12_meas S 21_meas
:Y n n n B

Yll__mestn o

(Y~ S 11_meas ) (1S 22_meas ) = S 12_meas 'S 21_meas

-2S 12_meas

Y .. n -
°l1+5s 1+8 S S 1

( * ll__m&sn)'( + 22_measn)“ 12_meas "> 21_meas

Y 12_meas _

'Z'SZI_m&s

:Y . n
°li+s {1+58 S S

( * ll_m&sn)( * 22_m&sn)" 12_meas "> 21_meas

YZI_maLsn

| (l*‘sll_mcas )(l =522 meas )*S 12_meas ‘S 21_meas
:Y 4] n n 4]

Y .
22_meas o
n (l*‘sll_mcasn)'(l"SZZ_measn)‘ SlZ_meas“'SZI_measn
(' =S n_padn)‘(' - SZZ_padn) *S12_pad S 21_pad_

(‘*Sn_padn)‘(‘ ’SZZ_padn)— SIZJadn'S>IJMn
5

Yll_padn Yo

3 2512 pad_
Yl_2_padn _Yo'(

I+S ll_padn)'(l -S 22_padn) = S12_pad_"S21_pad,

"2521_pad

Y Y,
21_pad o
a ('~ 511 pad,) (!~ S22.pad,) = 12 pad, S 21 _pad,

1+S 1 pad )'(!~S22_pad ) ™ S12_pad 'S 21_pad
-y n [ n n
Y22_padn - o'(

IS ll_padn)'(l - SZZ_padn) = S12_pad 'S 21_pad_
>

Yit_extr, *Y11_meas = Y11 pad,
le_cxun :YIZ_mcasn_ YlZ_padn
Y21_exur. “Y21_meas ™ Y21_pad
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Y22 exr, “Y22_meas, = Y22 pad,
) Yo~ Yll_extr) (Y +Yx extrn)*ylz extr, Y2| _extr,
S -\
H_extr
o (Yll_extrn*Yo) (Y22 extr +Yo) Y2 extr, ‘Yo _extr,
"2 Y12 _extr, Y
S12_extr
-on (Yll_exlr +Yo)'(YZZ extr, tY¥5)- Y2 _extr, Yo —extr,
2Y2| _extr, Y
SZl_extr

Yot Y, l_exp“)' (Yo -Y 22_extrn) +Y lz_extrﬁ'YZI_extrI1

S 22_extr
n

Calculate the current gaih: H 5, indB

-28 ZI_éxun

H 2|_exlrn B

. Current Gain: Hy, indB

WRITEPRN(H21) = (fmeasn 20-log(§H2|_extrn§))

Maximum Stable Gain (MS@) : IS 5,1 /1S4,1 in dB

S2| _extr !
10-log ——————f
iS I2_exlrnf

WRITEPRN(MSG) = |f ez

Maximum Available Gain (MAG): in dB

(l -S 11_extr )(l * SZZ_extr ) =S 12_extr 'SZI_extr
n n n n

(Y 11_extr, * Yo) ’ (Y 22_extr, i Yo) -Y lZ_exlrn'YZI_exlr“

) (S 220,

nl n

!
- (’S 11_extr |
Au =S ll_exlrn'S 22_e)m'n -5 lZ_extrn's 2|_e)urIl Kn - 2.
'} : '[ ?SZI_cxlrné [ 5
{ [ . . -
WRITEPRN(MAG) = fpeqs  1010g IE K-y (K) -
| I P

)2’_ | n| 2
l
!

S l2_extr“'S 21_exur




Appendix B
MATHCAD Program for Direct De-Embedding the
Parasitic Pad Effects from the Measured Scattering and
Noise Parameters

(B.1) S-Parameter De-embedding ; -

Enter the information for the following three fines... .

MEAS = READPRN nflw69p6) Data file for the measurements
PAD =READPRN dumpad ) Data file for the dummy pads

n =0,1..rows(PAD) - | Number of frequency points

Characteristic impedance:

- ’ -1
Z, =50 Y, s
ZO

from measurements

S parameters of pads and devices -

fmasn “MEAS
msll_mcasn' “MEAS |,
esll_measn :MEAS(n.Z)

mle-mcasn ;MEAS(n‘J)

ele_mcasn :MEAS(.,_.;)
mle_mcasn “MEAS )
ele meas :MEAS“, 6)
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S parameters of the measured data (including pads and devices)

0 s11_meas
SlI__measn “Ms11_meas o cos 180
521 _meas
S21_meas  ~™Ms21_meas
n n
( ( sIZ meas
S “m -1 cos
12_meas o s12_meas n 180
522 meas
S 22_eas _ ~Ms22 meas o cos

S parameters of dummy pads

f =PAD

pad “*~(n.0)

msll_padl; :PAD(n.”

O511_pad . “PAD »,

mle_padn :PAD(n.S)
9521_padn :PAD(n.-U
Ms12_pad “PAD, s,

9sIZ_pad n =PAD 4,

m22_pad =~ PAD (4 9

0 PAD

s22_pad - (n.8)

Sll_padn :msll_padn'(cos( 180

0
SZI_padn “Ms21_pad n-(cos( 180

Ti+) -

\__/\_/ \__/

T+ -

T+ -

180

Yy

911 pad 9511 pad |
— ;| sin|———".

0
1




8512_pad 9512 pad
SlZ_pad :mSIZ_pad -1 cos T'ﬁ +j s ——— 1

180 :
®s2.pad | {9922 pad_
SZZ_padn ‘m522_padn' cos T-n +) -sin T-n
De-embedding the pad effects:
(l = 5 11_meas )(l +S 22_meas )‘4— S 12_meas 'S 21_meas
Yil_meas Yo : : : :
- n (l +5 ll_measn)'(l +5 22_measn) -5 l2_meas“'S 21_meas_
. %
-28 12_meas_ '
Y =Y -
12_meas o .
n (l +8 ll_measn)'(l +S 22_measn) -S I2_mt:as“'S 2|_measn
’Z'SZI_measn
Y21 _meas = Yo
- (‘ +S ll_measn)'(l +S 22__measn) = S 12_meas 'S 21_meas_
(l +S 11_meas )(l - S22_meas ) -5 12_meas 'S2l_meas
Y22 meas “Yo : : : :
- n (' +S ll_measn)'(l +5 22_measn) -5 l2_measn'S 21_meas_
§
(' -S Il_padn)'(l v Szz;padn) ~$12_pad 'S 21_pad_
Y1 pad, “Yo' g {1-5 s S -
. " ( - n_pmn)( - 22_padn)“ 12_pad S 21_pad_
._ 2812 pad
Yi2.pad Yo :
o (‘ +$ Il_padn)'(l - 522_padn) ~S12_pad S 21_pad_
2531 _pad
Y21 pad " Yo :
n (I'Sll_padn)'(l’sn_padn)"SI2__padn'S2l_padn
('*S ll_padn)'(l' SZZ_padn)’S 12_pad S 21_pad_
Y22 pad 7Y

=

0-(‘*S||_padn)'(‘*522_padn)‘ S 12_pad 'S 21_pad_

Y1l exr "Y1l meas ~ Y11 pad_
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Y 12_extr
n

Y 21 _extr
n

Y 22_cxtrn

S 11 extr

SIZ extr -
n

S ZI_e)m'I1 -

S22 extr -
n

:Y22_measn" Y22_padn

“Y12_meas ~ Y12.pad

:YZI-measn‘ Y21_padn

n (Yll_exlrn*Yo)'(YZZ extr_ +Yo) -

Yo_Yll_cxtr) (Y +Y7) extr)*YIZ extr Yo —extr_

Y 12_extr Y 21 _extr
n n

2YIZ extr Y

(Yll_extrn* Yo)’(Yzz extr_ * Yol- Y lZ__exlrn'YZI_extrn

ZYZI extr Y

(Y 1_extr ™ Yo)'( 22.extr " Yo~ Y12 extr Y21 extr,

Yo+ ¥ ll_extrn)' (Yo - Y22_cxtrn) +Y IZ_extrn"Y 21_extr_

(Y ll_extrn * Yo)' (Y 22_extrI1 * Yo) -Y lZ_extr“'Y Zl_extrn
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(B.2) Noise Parameter De-embedding

3

This pr nm i (1 m he ffect from

the measured data in order to get the noise gg rameters -
of intrinsic devices.

Enter the information for the following three lines...

MEAS = READPRN( nflw69p0)

NOISE = READPRN( noise9p0 )

PAD = READPRN(dumpad )
n =0,1.8

Characteristic impedance:

Z, =50 Yo =

S parameters of pads and devices

frmeas  ~MEAS, ,,

mgy I_meas _ =MEAS

= MEAS

6sll_mcasn (n.2)

ms2l_mea§“ =MEAS

= MEAS

9521_measn (n.4)

=MEAS

"‘slz_mea.sn (n.5)

= MEAS

esl?._measn (n.6)

=MEAS

msZZ_measn (n.7)

e522_m¢asn =MEAS

Data file for the measured s-parameters

Data file for the measured noise parameters

Data file for the dummy pads

Number of frequency points

k =1.3806610 2

2. Noise parameters of pads and devices

f = NOISE(

noise

n n.0)

nf min_ =NOISE | 1

mpopt, “NOISE,, )"

Orop_-NOISE

R, =NOISE

50

rop(n :mropln'(cos( 180

-— n -
/\XQ— NF_. =10

1
n Zol‘*]‘()p(n ' n

1- T opy
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Y

<

S parameters of dummy'pads

2

fpad_ = PAD

m
sl1_pad

0

mle_padn

0

Ms12_pad
6le_padn
Ms22_pad _

o s22_pad N

sll_padn

s21_pad N

(n.0)

=PAD

(n.1)

=PAD

(n,2)

=PAD

(n.3)

=PAD

(n.4)

=PAD

(n.5)

=PAD

(n.6)

=PAD

(n.7)

=PAD

(n.8)

S parameters of the measured data (including pads and devices)

esll_mcasn o 911 _meas
S 11_meas :msll_measn' cos 150 ‘| + ] -sin a0
( s21_meas sZI -meas
S -m A cos o]
2I_measn s21 meas 180 180
s12_meas 512 meas _
S =m cos m+j s
I2_mcasn s12_meas 180 180
s22_meas 522 meas
S =m -l cos rf+j-s
22_meas N s22_meas . 180 I 20

S parameters of the measured dymmy pads

6sIl_padn esll_padn
S -m ‘lcos{ ———— R} +) sin| ———-
11_pad sll_pad 180 ) 180
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| 9522 pad " o esZZ_padI1
SZZ_padn :m522_padn' cos|——— ||~ j SO} — R

1. Convert the s-parameters to their y-parameters

(l -S Il_mwn)'(l * SZZ_measﬂ) ~S lZ_mcasn'S 2|_m<:asn

Y =Y -
11_meas o
o (l +S ll_mcasn)'(l -5 22_mcasn) -S IZ_mcasn'S ?.l.mc:asn
-28 lZ_mf:asn
Y 2Y -
12_meas o
a (l *Sll_mcasn)'(l‘SZZ_measn)” SIZ_measn'SZI_measn
‘Z'SZI_measn
Yol meas Yo
- n (‘ ~S Il_mc:asn)'(l ~S 22__mcasn) -S IZ;measn'S 21_meas
1-S 11_meas )(l -5 22_meas ) ~S }2_meas S 21_meas
Yzz :Y . n n n n
- n

o
(l -S ll_measn>'(l ~S 22__mcasn) -S |2__meashn's 2l_mc&sn

-2S l2_padn

Y =Y .- —
12_pad o
o ("Sll_padn)'(l‘s?l_padn)“le_padn'S 2l_padI1

'2'S2I_padn -

Y‘)l ZY t—
21 _pad o
n ('“Sll_padn)'('“szz_padn)‘ S12_padn'S 21_pad

(l'sll_padn) 1

YZZ_padn :Yo',

{1-s .S S
\ 22_padn> 12_pad S 21 _pad_
('-S n_padu)‘('*szz_padn)- S )2_pad S 21_pad_
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3. Calculate the correlation matrix C  ,0UT

Caql =2kTR min, ~ ! T
n =2.k-T- _ .
. . CMZB 2k T — R".,Y°P‘..
C =2.k-T min"_l R_-Y | c'v S2kTAR. (1Y [\2]
A2ln 2 n, oM, A22n 7 ! n (l opt, ) J’

4. Convert C ,DUT to C,OUT
Cyputit = "Y1 meas [ VY11 _meas ‘CAll +Ca2l )‘Yll_meas Ca12 +Cax
n n \ n n n n n n

CYDUlen ]'YZI_mcasn'(' ]'Yll_measn'CAlln + CAZln)

Cypur21 =Y l_measn'YZI_mcagn'CAl 1.~ Y21_meas CA12_

Cyput22, “Y21_meas Y21 meas Call_

5. Calculate the C PAD

CypaDII :z'k'T'Re(Yll_padn)

Cypap12, ~2KT-Re(Y 13 pag ) | , o
Cypap21, “ZKTRe(Y2) pag )

CypAD22, :Z'R'T'R"(Yzz _pad ..)

6. De-embeddingmepad%s; 7. De-embedding the pad effect from C , DUT
Yii_exw, “Yilimeas - Y11_pad_ CYIlln:CYDUTIIn*CYPADHn
Y12 exr, “Y12_meas ~ Y12 pad - Cynz, “Cyputi2 - € ypaDI2,
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Y21_extr, ~ Y21_meas, ~ Y21_pad, Cvyi21, “Cypur2y,- CyPAD2I
Y22_extr, “Y22_meas, = Y22_pad_ | - ©yizz “Cvyput23 - CYPAD22

8. Convert Y matrix to A matrix:

1Y 22 extr Ay, =— L ,
Ang C ' 12, YZI extr
n Y 21_exlrn -n

- 1Y
ll_extrn

) l'<Y 1 l_exlrn'YZZ_exlrn -Y lZ_exlrn'YZI_éxlrn) Ay -

Y
" Y21 _extr, 21exi,

9. Convert Cy,p 1 t0 Cpput

C ZA 2 A 5 C
At A2 A 12 Cyg

C A3 Cypl ~Ay Ay C
CCanz, A2 Oy mA22 A2 Cyig

C A2 (Cypa A2 C :
AR2I_ 12n( Yz~ A2z lezh) .

Carz, "Cyny ~A22°Cyppy - A zzn'<c ynz - A€ YIZ?h)

10. Calculate the noise parameters

] 2
NF min_int, !~ ;;'(RC(CMU“) ’N/RC<CAHIH)'RC<CAIZZn) - "“(C AIlZn) >

| / \ \2 .
“ jRe[C \-Re(C - Im(C - j -Im(C *
Al R Alzzn) mCanz, ) ) ( A]lZn) = -

Can_

Y .
opt_int

R . g _{‘__
n_lnln 2k-T
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- \
\
Convert NF, todBand Y ., to I'
NF in_dB_ - 'O'OS(NF min_inln) .
Z opt_int -Z o
r . = n
opt_int | =

opt_int " Z, s

R n_int 0
R =
n_norm 50

Output the intrinsic noise parameters : NF_.. (dB), IT oml,'<(l‘om) in degree, and the normalized
noise resistance to the file niose.prn

arg(l‘ opt_int n)

‘ T

WRITEPRN noise ) - fnoisen NFmin_dBn Eropl_iﬂlni _ -180 R

n_norm o
n

127



“Appendix C

HSPICE Program for Extracting DC Level 3 Model
Parameters - UO, THETA, RS, RD, VMAX, ETA, and |
KAPPA ”

(A.1) Extracting UO, THETA, RS, and RD Based on Ipg vs. Vgg
_ Characteristics in Linear Region

MOSFET LEVEL 3 MODEL PRARMETER EXTRACTION

.OPTION NOMOD POST=2 NEWTOL RELMOS=1E-5 ABSMOS=1E-8
.MODEL OPTMOD OPT ITROPT=100

.PARAM VDS=0 VGS=0 VBS=0 IDS=0 N

*******MODEL PARAMETERS*******

PARAM -
+ uo =OPTIDVG(434.4714, 400, 600) '
+ theta = OPTIDVG(82.2375E-3, 40E-3, 100E-3)

+ s =OPTIDVG(1227, 500, 1500)

+ rd =OPTIDVG(1227, 500, 1500)

.MODEL MNCHO0OP8 NMOS LEVEL=3

<MODEL PRAMETERS PROVIDED BY CMC>

+++2xx+CIRCUIT DESCRIPTION*##**#+

M1 DRAIN GATE SOURCE BULK MNCHOP8 L=0.8u W=60.0u
+ AD=132p AS=168p PD=124.4u PS=125.6u

VD DRAIN 0 DC VDS

VG GATE 0 DC VGS

VS SOURCE 0 DC 0V

VB BULK 0 DC VBS

*******CIRCUIT ANALYSIS*******

.DC DATA=IDVGL OPTIMIZE=OPTIDVG RESULTS=COMPI1 MODEL=0OPTMOD
.MEAS DC COMP! ERR1 PAR(IDS) [(M1) MINVAL=1E-04 IGNOR=1E-05

.DC DATA=IDVGL

PRINT DC VD=PAR(VDS) VG=PAR(VGS) IDSIM=I(M 1) IDMEAS=PAR(IDS)

#+++++sMEASURED IDS VS.VGS CHARACTERISTICS**#**+#+*
.DATA IDVGL VDS VGS VBS IDS
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0.05000E+00 1.00000E+00 0.00000E+00 80.016E-06
0.05000E+00 1.02500E+00 0:00000E+00 88.394E-06
0.05000E+00 1.05000E+00 0.00000E+00 96.645E-06

0.05000E+00 2.95000E+00 0.00000E+00 454.41E-06 .
0.05000E+00 2.97500E+00 0.00000E+00 457.15E-06
0.05000E+00 3.00000E+00 0.60000E+00 459.80E-06
.ENDDATA

- .END

(A.2) Extracting VMAX, ETA, and KAPPA Based on Ipg vs. Vpg
Characteristics in Linear and Saturation Region

MOSFET LEVEL 3 MODEL PRARMETER EXTRACTION

.OPTION NOMOD POST=2 NEWTOL RELMOS= IE 5 ABSMOS=1E-8
.MODEL OPTMOD OPT ITROPT=100

PARAM ¥DS=0 VGS=0 VBS=0 IDS=0

#+x++5*MODEL PARAMETERS**** %+
PARAM

+ vmax = OPTIDVD(100.5176E3, 60E3, 110E3)
+ eta =OPTIDVD(31.8008E-3,0, 1)

+  kappa = OPTIDVD(I0E-3, 0, 1E0)

.MODEL MNCHOP8 NMOS LEVEL=3
<MODEL PRAMETERS PROVIDED BY CMC>

**+*x3x**CIRCUIT DESCRIPTION******xxx

M1 DRAIN GATE SOURCE BULK MNCHOP8 L=0.8u W=60.0u AD=132p
AS=168p PD=124.4u PS=125.6u

VD DRAIN 0 DC VDS

VG GATE 0 DC VGS

VS SOURCE 0 DC oV

VB BULK 0 DC VBS

*»xxx*x**C[RCUIT ANALYS[S*********

.DC DATA=IDVDS OPTIMIZE=OPTIDVD RESULTS=COMP1 MODEL=0OPTMOD
.MEAS DC COMPI1 ERR1 PAR(IDS) I(M1) MINVAL=1E-04 IGNOR=1E-05
.DC DATA=IDVDS _

.PRINT DC VD=PAR(VDS) VG=PAR(VGS) IDSIM=I(M1) IDMEAS=PAR(IDS)

**+322*MEASURED IDS VS.VDS CHARACTERISTICS********x

129



.DATA IDVDS VDS VGS VBS IDS

0.02500E+00 1.00000E+00 0.00000E+00 158.24E-09
0.05000E+00 1.00000E+00 0.00000E+00 43.914E-06
0.07500E+00 1.00000E+00 0.00000E+00 82.061E-06

2.95000E+00 3.00000E+00 0.00000E+00 9.1000E-03
2.97500E+00 3.00000E+00 0.00000E+00 9.1057E-03
3.00000E+00 3.00000E+00 0.00000E+00 9.1105E-03
.ENDDATA

.END
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Appendix D

MATHCAD Program for the Pad Parameter Exfi'action |
Based on the Measured S-Parameters of an “OPEN”

Dummy Structure

| parameter.

Thi: ranm is used to extract the equivalent m

of dummy pads .

Enter the information for the following three lines...

PAD - READPRN (dumpad ) Data file for the dummy pads

n =0.1.. rows (PAD-) - | Number of frequency points

Characteristic impedance:

Z, =50 Y, -

o (o]

L
Z 8]
S parameters of dummy pads

9

fpad “PAD, (10

TR
Msil_pad =PAD .,
OS”J)adn :PAD(n,D
Ms21_pad *PAD 4,
esllJladn “PAD 4,
mleJ)adn :PAD(n.S)
esl.’._padﬂ :PAD(n.m
Ms22 pad | “PAD (47,

esZZJ)ad n :PAD(n.s)
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S

S22_padn -m

:m .
12_padn , le_padn

De-embedding the pad effects:

Yll_padn -

le_padn :Yo'<

Y?.l_padn :Yo'<

(l -S 11_pad n)'(l - S 22_pad n) +S 12_pad n's 2l_padn

=Y,
1-S \-[1-5S -S S
( 1l_pad | ) ( 22_pad n) 12_pad | 21_pad

2512 pad _

1-S 1)1 _pad n)'(' ~$22_pad n) - S12_pad "S21_pad_

-2:S 21_pad

I-s 11_pad n)'(l -S 22_padn) -5 l2__padn‘S 21 _pad

(l -S 11_pad (l -3 22_pad n> -S 12_pad n's 21_pad |
]

(l -5 ll_padn)'< - S22_padn> -S l2_padn's2l__padn

Yl_padn inl_padn’Yl.‘Z_padn

132

%

¥



Lb\&

. Cyp=10" R, 06810 Cgy=10"

1
Ca.f) =2RFCp '
Yl(Cl’Rl zf) K 2+§, 1 i 7

MRy

Y1 _pad * Y2 pad
2

SSE(C R |.Co) =Y |

2
- Y,’(c,,R,,cz,fpadn))

Given

-~

SSE(C|,R|.C5)=0  C>0  C»0  Rp0

=] 2=m2
%’Clj,
! L e - ~1l
ERIS = Miner(C |.R |.C») JERR=1.439910
Ca
C,=2509710 " R | =680 C,=197510 "
0.003 ki I 1 "
R:(Yl 4

R:(Y, . cz,fpm“)) . A
0001 [~ e m
lm(Y,(cl R, C2.er» . e
L] » :'-/-/JJ/
ot l9 lm L 10, 10
0 510 i°10 1.5°10 2°10
" pady

‘WRITEPRripad) :mv(vl(c,.kl.cz.fpadn))
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c=110"
Y AC.0 = 1j 2meC
_ ' 2
SSKC) —Z(Y,z_padn- Y15{C-fpaa)) )
n ' -
Given ~
SSH C)=0 C>0
C =Minerr(C) JERR=2.832}10°
C=2370610
0.0003 T T T
Re{(_y 'pr)n} 0.0002 [ R
'"‘(Y ll_pad)nji E '
0.0001 I~ —
Rc(— Y ‘2(C.fpmr)) .
Im(AY IZ(C.fM\)) ob=- B e
| 1 1 . .
T0000r 5100 17100 15010 %100 .
f pad,
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Appendix E

MMICAD Program for the AC Parameter Extraction
.Based on the S-Parameters of an Intrinsic Transistor

MODE FREQUENCY
GLOBAL

~

DIM FREQ=1e+009 RES=1 COND=0.001 CAP=1e-015 &

IND=1e-012 LNG=1e-006 TIME=1e-012

FILES

h:\james\s_of_dev\nflw65P0.s2p CMCOPS8 2P FREQ

VAR
G=?55.533456?
RDS=5801
CGS=?5067.617 100 ?
RI=? 0 108.41 500 ?
CDG=? 11 12.0343 14 ?
RG=175

RS=20.38

RD=20.38

CGB=1.4

CDB=41

CSB=117
GMB=0.8627961
RDB=? 0 299.864 1000 ?
LG=850

LS=0

LD=240

T=0

GGS=0

CDC=0

CDS=0

F=1e+100
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CKT
IND 13 L=LG

IND 24 L=LD

IND 80 L=LS

IMP 3 5 R=RG X=0

IMP 4 6 R=RD X=0

IMP 7 8 R=RS X=0

IMP 8 9 R=RDB X=0

CAP 58 C=CGB

CAP 69 C=CDB

CAP 78 C=CSB

FET15 67 G=G T=T F=F CGS=CGS GGS=GGS RI=RI &
CDG=CDG CDC=CDC CDS=CDS RDS=RDS

VDCSNF 7 6 8 7 GM=GMB TAU=0 R1=RS R2=1e+020 &
F=1e+100 A=0 ‘

DEF2P 1 2 MODEL

FREQ
SWEEP 05100.5

MARKER
SWEEP 0.5 10 0.5

OPT
MODEL SPAR EQ CMCOP8 W11=1 W12=0.1 W21=2 W22=1

ouT

MODEL SMI[S21] Graphl
- CMCO0P8 SM1[S21] Graphl
MODEL SMI[S12] Graph2
CMCO0P8 SM1[S12] Graph2
MODEL SMI[S11] Graph3
CMCoOP8 SMI[S11] Graph3
MODEL SMI[S22] Graph4
CMCO0P8 SM1[S22] Graph4
CMCOP8 SPAR  Tablel
MODEL SPAR  Table2
GRID

RANGE 0122
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Appendlx F S Lo
) Proy : for€aietl¥a_ in; the Nmse |
Parameters of an Intrmsnc 'h'ans1stor Based on the
Bffd Calculatlon Techmgue |

(F.1) Calculating the Thermal Noise Source in the Channel

um of Process Parameters for a Typical Silicon-Gate
n-Well CMOS Process 0.8u Minimum Allowed Gate Length

’ = . _‘9. ) V »
1] q =1.60218:10 ~-coul ev =1.60218-10 " joule
w
weff .
leff €y -0.34514410 2. f2Rd
vgs ’ am
vds _ 6
vih micron =10 "-m h =6.62617-10 *.joule -sec
vdsat v
beta He = k =1.38066-10 2.1l
id sec K
’ o ‘
sl e - 104102 T =300K
cgs vf' 2 . Cm
= READPRN (nflw68p0 )
i, ,
cgd ~ Parameters necessary to be modified for different runs: theta, KAPPA,
' VMAX and uo >
8
rs ' (NOTE: KAPPA should be unitless)
rd 3 .
theta =49.908-10"*-volt KAPPA =0
cgb 3 .
cbd” 2
cbs Vomax =175517610% 7 , =4435196
sec volt - sec
. gmb -
rbd tox =17.5210°%m NSUB =3.610".cm™
4 , .
v
Is E, - C,, -197107% 2
Id o m’




f=4100H RGSH =20ohm  n =1 (n is the number of fingers) ~
2l . . S =i L = bmicron W =w-micron
Lo =leff-m . W g cweffm - W g = 59.91°micron. Ip =id-amp
Cgp =cgd-farad CGgs =cgs-farad C gs =cbs -farad
R

Cgp - cbd-farad CGp =cgb-farad

- amp - amp
Em “8M—— gmp = gmb-—=

m volt mb volt

R| :I'i'Ohm Rl =103.643-ohm g
rpp - rbd-ohm r pp = 310.849chmi
I'DS = rds -ohm l’DS ’—'4.536"03 *ohm
rg =rg-ohm rg=175*chm

(007267 - 0.9243)-micron - (1.076 10>-ohm ) i
p ~ rp -rd-ohm

w
_ (0.07267 + 0.9243)-micron - (1.076-10* ohm ) )
S rg = rs-ohm
W
Vi =vth-volt v gs_ext - VBS -volt Vds_ext = vds -volt Vdsar = vdsat -volt
Vgs_im :Vgs__exl -Iprg Vds_int = Vds_ext - lD'("S+ l'D) =
o

By

e (Vs o V)
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In saturation, we assume that the channel is pinch-off and
the voltage drop along the channel is Vdsat

Vset =H(Vds_int>Vdsar-V asa -V ds_int ) V dseff = 1-263"volt
} P 3
2 maxLleff _
Ve S/ Vsim “IpTs
TH8 . :
. m S i ' ., Cm - T
Heff :“J%"max>0—"““—_-“s W eff =280.325—
sec V dseff | voli -sec
‘ : I+ !
._ Yoo ]
Voo -V Voo ing - V
gs_int th B gs_int th
y :-——— B g - ‘W c 0=
E L V dsvan ’Ec'Lcﬂ"('l*‘\h*z'Y) do ~Fo el mox Ty o
Here we calculate the channel length modulation delta L’ . .
2€
X4 - > Xq=189910" - .
q'NSUB ' volt
v (v \.»V )
Ep - (Ve Vasa) E, = 140610 -2
Lo Vdsar -m
LE X, ([Ex 2V
. p-d pid 2
AL - 5 - 5 I- KAPPA X 4 -(vds_im - vdsal)
AL =0°*micron L o =0.655micron
Leﬂ' ;Leﬂ" AL
PVM r 1 12-n
.1 :n! D|
® sam 5 i“s'wcﬂ'coi(vgs_int' Vin- V)j | “s'weﬂ'cox'(vgs_im_ Vin- \') B E dv
8do'Dlefr ! c)
vaint‘voll

Leff should be replaced by (Leff - deltal.)
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. 1 1 2
2 Vi V)V e SV P
V. =V A-_l.vdgeﬂ'_z( gs_mxr lh) dseff 6 dseﬂ'.l. V geeff
as = " dseff” 2E Lo v v. 1y EoLeg
gs_int~ Vi~ 5"V dseff
[ Vdseff ’ . _
. Bdo | W gCodVo . iV, " W.C Vo Ve VD 2
dsatf 3., 2 BLN cﬁcoi( gs_int "th” "j }"s’ cﬁcoi( _int th“”gci '(vas“‘, a
ID'chf§ J N
vain'tVOII
}'vdscff . ID]Z-"
1 n| : ,
Esatd 2. 2" L s'wcﬂcoi(vgs_imvlh‘ ‘, J 'g"s'weﬂcoi(vgs_imvlh'\"gci '(vas' \,dV
ID'chf! l ]
vain'tVOI‘
®sat ~%satl 8,sat “8 a0 Esat “Esat0 - ig :Jasat'd’k"r'gdo
0 (q =0.485 0 i =0.074 € sa¢ = 0.008 useless =0
(.1 Bm C, =300 a, -1
T 2 Cos Cor w
2r CgstCop
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DATA -

i
‘
i

i
L

TG rs ™D
ohm ohm ohm
Tps R; TBD
Cas Csp CgB
farad farad farad
Css  SBD _ vo
farad farad m

g - volt L w
mb amp  micron micron

Ip s o
— ) sat
amp Hzi
S cat Esar  EgoOhm

\") .

gs_int vih beta
volt

volt-sec  Leff W et

H eff’ 5 ] ]
m micron micron
Vdseﬂ‘ o ‘ volt-sec
volt X s mz
Ig Is d

DATA =

141

175
453610
6.85210 "
11710 2
891410 °

0.008
0.074
2.534
0.028
1.263

8510 °

20.38
103.643

1.29P10 '

4ri10™

0.8

251310"
-0.008
0.636
0.655

R
0

4

20.38

-310.849

1410 °

0.006
60

0.485
0.015
0.005
5991
0.041

2410 '°




(F.2) Calculating the Noise Parameters of the DUT

R, R Ry h =6.6261710 **joule-sec  micron 210 %-m
r r. r ‘
ds 1 bd _ _23 joule . - 19
, k =1.3806610 ~-—— q =1.6021810 "-coul
Ces Cop CaB K
C C g" X : i
BS TBD ®m g ereei0'2B ¢ -g34514410 1AM
€mp L w cm . cm
r, § a | ~READPRN(data) :
. Pad capacitances: Characteristic impedance Z
8sat €sat B do 4 < s :
C, =25.09710 "-f.
vgs_int vih'  beta’ ! ad 7 =500hm
Weii Lo Wenr Cp =197510 *farad  , _ 1
Cvdsef @, W ° z,
f _ -15
g Is d | C.3 =2.370610 "-farad-0
R, =680ohm
Note: With devices, C3 is replaced by the ¢ -
Y parameters of devices
Parameters necessary to be modified for difterent runs: theta, KAPPA,
VMAX and uo _
» ,"iz"' e -
(NOTE: KAPPA should be unitless)
theta =49.90810 *-volt ' KAPPA =0 C,y = 197107 24
m2 -
- 3._m - cm’_ i
Y max *175517610% ho <4435196—"— Loy ©175210%m
. e Cm amp _ o
RG—Rg-ohm Em & m—— R; =r;ohm
volt
CGS :Ccsfm‘ﬁ RS :R's-ohm CBD :C'BD-farad
Rg -Rq R g =20.38°0hm Ip =T pamp




W =W -micron s =51 M w -5 ’
sec i
=g ,_ﬂ : ‘ B
Emb “& mb volt L -=L"micron v gs_int. = vgs'_int -volt
€ . | | S |
COX :_3 : CO :COXWL ' -8 do :._2
tox ’ ‘ ohm
g'h :gm~—~—“—l-—~—— g m =0.006- 0.001i -ohm"" , B.:bela'-amP
I+SR;Cgs i volt
Vi, = vih-volt eff “Hefl o0 Lo =L o micron
m2
V dseff = Vdseff -volt By =W weff :W‘eff-micron
volt -sec
L =lg-henry Lg =Is-henry Lp =1d-henry
Definition of branches:
S
Y, -— ! Y, =5-C Yy o Y, - — !
| "o 2 "SCgp 3T 4-
S-Cgs
| T |
YS = — Y6 :SCGB Y-, :——rS'CBS Y8 =
RBD*
$-Cgp
Yo =5Cpr b Yo =5C; : ’ .
R l + 1
sC,
-4, -1 »
Y =0006- 687210 i “ohm Y,=3.24410 *i “ohm’' Y 5 =0.045- 0.013i *ohm”'
) . -1
Y4=297910 ©+0.002 obm Y5=220510" <ohm’' Y¢=351810"i -ohm’’
Y 5 =0.049+0.003i *ohm ' Yg=299210" 4+934510"i +ohm™'
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Definition of branches for the testing pads:

Y,p:s-cza,—mmlr- Yy, =SCo+ — 1'  Y3,=5Cy
R 1 + R 1 + ——
$C, 5-C,
Definition of noise the C matrix: a =0 G‘IDSNOI =1
Reference book:

1. TK7871.85 V34 1986 (check pp. 290-292)
2. TK7871.99 M44 T77 (the thought experiment in p337 | think that is a wrong approach)
3. IEEE J of solid-state circuit, vol.29 No. 7, July 1994

@ a4k T g g Channel thermal noise current power density from Venderzel
Channel thermal noise current power density from HSPICE NLEV < 3

8
. 2kTg
3 m

Channel thermal noise current power density from HSPICE NLEV = 3.

2
8 l+a+a

t—; kT (g m= ~—l~) Channel thermal noise current power density from BSIM3V3 noimod=1

Rps/-

[ 2 L2
w-C, 2 2 2 I,
a4k T ‘0 €, 4kTS-C,-0 Oampsec Oampsec Oamp-sec 0ampsec
' g do
(e sat ¥k T-S-C 0)-0 A 4kT gy, ()ampz-sec , ()ampz-sec ()ampz-sec ()ampz-sec
‘ (Oampz-sec) (()ampz-sec) %—I Oampz-sec ()ampz'sec Oampz-sec
G

C -, - ]
; (()ampz'sec) (()ampz-sec) (()ampz-sec) 4R£. ()ampz-sec ()ampz-sec
‘ S
(0m2-seC) (Oampz-seC) (OMPZ-seC) (0arhp2~seC) %'T 0-amp’-sec
- (oamp’sec) (0amp®sec)  (0amp®sec) (0-amp’sec) (0-amp?sec) %LT
3 BD

IMPORTANT NOTE:i1i2* = (i1*i2)*
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0 0 0

K 0 0

1o 122r10%2 0 0 0 0

00 9467102 0 0 0 amp?
€= 00 0 8.12910 22 0 0 Thz

00 o 0 8.12910 %2 0

00 0 0 0 533110 2

Node equcations: by KGL

node 1: (without pads)
Y (Vi-V3)+ig

_ ~ ' -1 _ _ -1 _ -1
Yz =Yy Yy =Gohm = Y35 =-Yy  Yjq3 =0ohm = Y;55 =00hm
node 1: (with pads)
Y (V- Va) YV Y3p(V - V)

- - _ _ -1 _ -1
Y2 =Y =Y p=Ysp Yy22:-Y3p Y32 Y, Y142 = 0ohm Y52 “0ohm *
Ap2=0 Ay =0 Az 7l Ajg2 "0 As2 =0 A2 -0
node 2: (without pads) . .

_ -1 _ - -1 _ - . -1
Y312 =00hm © Yy35 =Y¥3 Yp35 =0ohm "~ Ypuy =-Y3 Y5, =0ohm
node 2: (with pads)
Y3-(V2_ v4),+Y2p-v2-,Y3p-(v2~vl)
(Y3+Yop+Y3)Vy-Y3Vy- Y3,V

- _ ~ -1 ~ - R |
Yor23-Y3p Y2 °Y3-Yp+ Y3,  Yp3p =00hm ° Yy5=-Y3  Yjps; =0ohm
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A0 A0 Ajy3p=0 A2230 Apsy =1 Agga =l

node 3: (without pads) |
YeV3+Yg(V3-Vs)+ Yo (V3-Va)- Y(Vi-V3)-ig-ig
(Y6'+Y4+‘Y|+Y2)-V3—iG—Yl-VI-Y4-V5—Y2-V4—ig
Y312 =Y, Y3y s0ohm ' Y335 =Y +Y e Y4+ Yg - Y3425 Y2 Y353 7Yy

node 3: (with pads) ' o .
YeV3rYy(Vi-Vs)+ Yy (V3-Vg) - Y(Vy-V3)

(Yor Yar Y +Yg)V3- YV -YgVs-YyV,

Y312 =Y, Y3y =0ohm ™’ Y'33.’2 Y+ YyrYarYg Yy Yy YispcYy

A3yl A3y s0 Agznp -l Aggr =0 A3s, =0 A3gp =0

node 4: (without pads)

Ys(V4-Vs)+YgVar&m(V3-Vs)- Y2(V3-Va)-Y3(V2-Va)-ig-ip+2mpVs+iBD
(8m-Y2) V3 (Yg-Y2-Ys-Y3):Var (- Ys-8pm)vemp Vs-ip- Y3Va-ig+ipp

Yai2 =0ohm ' Yg5 = Y3 Y378 ;- Yy Yaup tYp-Y3-Ys-Yyg
Y452 “Bmb-&8m- Ys

node 4: (with pads)

Ys5(Va-Vs)~YgVa-em(V3-Vs)-Y2(V3-Va)- Y3{V2- Vo) 2mbVs
(Em- Y2)V3- (Yo Y- Y5 Y3 Var (Ys-g ) v empiVs- Y3V
Y2 200hm Yg, Y3 Ya3o:gn-Y,

Y442 " Y2+ Y3-Ys-Yg Yu52Emp-8m~Ys

Ag12°0 Agpo -l Ag32 0 A0 Aygy -l Aygn -l
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node 5: (without pads)

Y7Vgrigrigrig- Y4'(v3‘ v5) - YS(V4- VS) - g'm-(V3- Vs) - gmijS '

e

’ (-Y4-' g'm)-V3+ (Y7+ Y4+— Ys‘i- g'm- gmb)-V5+ lsr ig+ ld— YS‘V4

1 -1
Y5y, -00hm " Ys5,=0ohm
Y552 8t Yq+r Ys+Y7-8mp

| node 5: (with pads)

Y5328~ Yq  Ys42°-Ys

Y7Vs- Y4 (V3-Vs)- Ys("r Vs)-8m(V3-Vs)-EmbVs

(Ya-em) V3~ (Y7+ Yo Ys-8m Emb) Vs~ YsVa

1 -1
YSI.Z =(-ohm Y52_2 =(ohm

Ys52°8m+ Ya+r Y5~ Y7-8mb

Aspp=l  Asys-l A53.2;0 Asga 1l As52°0 Ager=0

Matrix elimination:
Eliminate node 5:

Ys512Y)152

Y 2:Yyy o
n3=Y2
Y552

Yoy Y
522Y152
Yi23:Y)122- v

55.2

] Ys32Y52
Yi33°Y132 vl
552

) Ys42Y)52
Yia3-Yiar Y
55.2

Y532°8m-Yq  Ys42°-Ys

Asy3Y152

A A
Nn3-Anz
Yss52

Asy Y52

A3Apny Y
55.2

AcasY

53.2Y15.2

A3z A3y P
55.2

Asg3Y)52

Az Aur Y
55.2

A Y

) 552Y15.2

Ai1s3 A5 _—Y—z—-
55.
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As62Y152

A 63 =A 162~ Yess
YervY Ay Y

) 51.2Y25.2 B 51.2Y.252

Y213=Y210-— Al13=Ag1 - ——
Yss.2 Yss.2
Yer oY A Y

522Y252 522Y252

Y223=Ypo-—0— Ap3=Axnr —c—r0
Yss2 Yss2
YerrY AcirY

53.27Y252 53.2Y252

Y233°Y30- v+ A3z A3y ——
Yss2 Yss2
YeuoY AcsrY

54.7Y252 542Y252

Yo3°Yo42- ——— A3 =Ar-——
/ Yss2 . Y552
AccrY

552Y252

A253=A 252~ —@—
Ak Y

56.2Y252

A 263 A22- Y.l 52
YooY Aci~Y

51.2Y352 51.2Y352

Y33°Y312- —— A33=A32-—Co——
Yss2 Yss.2
Yoo oY : Ac5Y

522Y352 522Y 352

Y323=Y30- A33=Agpr ———
Yss2 Yss.2
YerorY AcirY

i 53.2Y352 i 53.2Y352

Y333=Y33;- N, A333°A332- T Nasa
YeauoY : AcsY

542Y352 542Y352

Y333°Y342- —— A3g3=Agyy-———
Yss2 Yss.2
AccryY

55.2Y 352

- A353-A352- ——Yss ;

AsezY352

A363°A362- v
55.2
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Ys1.7Y452

Y = Y -
413 412
Y 55.2

Ys552Y452
Y423 Ya22" Tyen
- Yss52

Ys532Y452

Y433 " Y432" Ty
55.2

Ys42Y4s52

Yaa3 " Yaa2- Y
55.2

Eliminate node 4:

Y, Y

) 413Y143

Y||.4‘Y||.3‘*—““Y -
443

- Ya23Y143
Y24 " Yi23- Ty
443

Ya433Y 143

Y134 " Y33-
§ 443

_ As17Ya52
Aq13°A412- Tyan
55.2

> - As27Y452
Agpp3~Agr—(5—— Y
552

As3yY4s)

Ag33 Ag32- Tyl
55.2

Asa2Y452

Aga3 A Y
55.2

Ass2Y452

Aygs3 Ays0- Y
552

[3
2 As62Yas2

Ag63 " Ag62" Ty
55.2

Ani3Yiss

A A —
114 11.3
' Yas3.

. Ag23Y 143
Aj24 “A 123 Y
44.3

A g2 1Y
) 433Y143
Al3g A 33 Tyl

44.3

Ags3Y 143

Algs “A 183 Y
44.3

Ags3Y 143

Ajsg "A53” Y
443

A <Y
) 46.3Y143
Alps "A163” Tyl
443
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Ay | .
B 41.3Y243 - ,
Azr.r"zn.r—y—‘*—
43

Y, <Y.
) 413Y243
Y2147Y21.3 Y,
v Y42.3Y24.3 A oa A423Y243
Y224Y203 WYM S 24°A203 —-——YM S
Y 4q 1Y . A gz 1Y
) 433Y243 ) 433Y243
Y2347 Y233 Nus A2347A233 Yas
' »
A q 1Y
44.3Y243
A247A3 Y. .
443
A ac 1Y
. ) 45.3Y243
: Ar54°A25 3 Y.
443
A g 1Y
A463Y243
A264°A263" Y.l
: 443
Y, Y Al <Y
41.3Y343 ) 41.3Y343
Y“'"':Y“'Tﬁ A3la°A3Ls B
Yo 1Y A s 1Y
423Y343 i 42.3Y343
Y324°Y323 —Y—T A3pg=A3s _——YM \
44. 3.
Y433Y343 : A433Y343
Y334-Y333 v A33g=A33y v
Y43 443
A 1Y
44.3Y343
Awa-A
344° A3 3 ,
A < 1Y
i 45.3Y343
A3s54°A353 Ty..
| 443
A g 1Y
46.3Y343
A364-A363 Ty
: 44.3

150



Eliminate node 3: ..

E

Yo £Y

31.4Y13.4

Yns=Ying —/——— ey
334

Y324Y134

Yi25°Y 124" e
334

ES ©

A314Y134

A< TA gy a-
11.5°A 114
Y334

| -
A3gY134

Ajas=A124 Y
. 334

. AasY

. ) 334Y13.4

Al3s=A 34 v
334

C AaasY

) 344Y134

Alas A4 Tyl
33.4

A3s54Y 134

Alss A sa- Y
334

AL A A364Y134
165" A164” —
33.4

Lo . Y314Y234
Yars *Yora —
: 33.4

Y3,4Y234

Y25:Y24- Y
334

Ay £Y
) 314Y234
Al15°A214 Ty

33.4

Ao gY
) 324Y234
A2s5:Axny Ty

334

AzxnY

i 33.4Y23.4

Ar3s=Ar34- Ty
33.4

A344Y234

AgsAxgg v
33.4

A354Y234

Ass=Aosy- v
334

A364Y234

A265-A2p4-
Y334
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Reduced Y and A matrix: .

2

YirYns  Yi2=Yizs Y21 Yp5 Y Yns

Y ;=0.0010.003i0hm ' Y(2="1.06910* - 29110%  -ohm'

Y5, =0.005 0.002ohm ' Y,=8.58610"* +0.003i *ohm ' .
* .

B:(A115A125A135A 14541554169 D=(A215A225A235A245A255A 263
B=(-0.876+ 0.319i 0.016- 0.018i 0.108+0.294i 0.016 0.025i -4.22910* - 0.007i 4.22710% + 0.007i )

D=(0.922 0.301i -0.916+3.13910*i  0.842 0:266i 0.08 0.034i 0.004+ 0.0351 1.996 0.035i )

Conversions between Y and S parameters

. Yo Y1 (Yo Yo - Yy37
(Y11- Yo)(Y22r Yo)- Yi2Y2

.. T 2Y Y,

2 (Y117 Yo)-(Y22- Yo) - Yy2Y2
Yo Y,

S5, - 2170

(Y11 Yo (Y22r Yo) - Y12Y3)

5. - (Yo.— Y“)-(Yo- Yza +Y 7Y
2 (Y11 Yo (Y22r Yo) - Y12Y2y

G; =0.0020hm '
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B cor :lm(Ycor)
- =-0.0020hm” ! »
Bopt =~ Bcor B gpt =~0.002+chm
— ‘l 2 a — . _l
Gopt “4Gi(Ra") - Beo Gy =000 ohm
' }
] _ _ I
Fmin =1+ 2R (Geor~ Gopt) foin =272 Gor =7-50710* -ohm ’
, . . :
Yopl :GOpKT’j 'Bop(
1
VA -
opt
Yopl
R opt Re(Zop()
X opt =1M(Z gpy)
Noise parameters: S parameters of two-port network
. -1 V
WRITE(fmin) =f_ . G (=0.001'ohm .
min P ' S11 512} [0867- 0235 0016+ 0.023i
_ - _ -1 =
Fnin ~READ(fmin) B, =-0.002-chm Sy Soo/ 0354028  0.883- 0.233i
F i =2.72 i ‘
' 'S, =0898 &S
21 . =~ '
lOlog(me) =4346 (dB) k " 180=-15.165 (degree

R goq = 227.8Fohm |
™ S5y <0448 E(S2))

= n
opt 372.0290hm

-180= 141.354 (degree
X
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n

n

0)
9 . 180=11.205

Noise parameters based on the simplified small-signal model

o =28-210-Hz2x-2.510-Hz.2x-6 10-Hz

. s ,
|29 =0914 M-]SO:-MJ% (degree)

S .
!s,d =0.028 M-ISO:SSJOS (degree) S

2 2
,a sardk T8 4o 0-Cigt jm Cgs -(a ardkTg

) N 4'k'T.g 2
do RG m

NF @) =1+ 1 ’a sat3kTg g RgoCqg
2 : 2T

Em

2 2 2
1 |[I+Rgo 'CGS 2 4kT
(@ et 2
-T Py Rg
4k-T 2
’ ‘“‘ngoRG“’CGSjm CGS sat ¥k T8 g0 R ‘Cm
_ G
Gop'(m) = :
’ 24—kT 2
G
a dkTg,  -0C
Bopt(‘”) _— sat do GS
24kT 2
(lsat'4'k'T'gcb+ﬂ 4kTgchGOJ CGs+RG—i——gm
G
i 1 -Zom((!))— ZO
Zop((m) z - Fop((m) T ————————
Gop((m)fj 'Bop((‘”) Zm((!))*?zo



R, (@)

Fp(®) =

50-ohm
| . | arg (T oy (@) o

NF ;n(©) ‘l(}log(NFmin(m)) ry(®) E_Oﬁ(m)g . 180
1.388 1.424) 7.773 0.958 . - [2654 s
1.505 1.776 7.826 0.948 3.295

1.631 7.892 0.93 - 3.922

1.766 7.969 0.928 4.533

1.911 8.058} 0918 5.12 ,
2.06 8.159 0.908 ' 5.696
2.23 8.271 0.898 6.245 '
2.405 8.396 0.889 6.77

2.591 8.533 0879 7.271

. _ . arg (r op(( w))

WRITEPRN( noiseint ) = Py 10-log (NFmih(w)) ,Iropt,(m)!' . 180 r (W)
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