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Abstract

This thesis is a study of noise in CMOS field effect transistors, and the effects of scal-
ing on high frequency low noise circuit design. A graphical derivation of the intrinsic
noise sources in a square-law MOSFET transistor that includes the drain noise cur-
rent, the gate noise current, and their correlation is presented. In this derivation, the
channel is modeled as a series connection of differential conductances that generate
thermal noise. However, it is well established that as CMOS transistors are scaled,
carrier transport in the channel becomes velocity saturated. This effect changes the
channel noise generation mechanisms because the channel is no longer ohmic in na-
ture. Based on the noise analysis of velocity saturated MESFET transistors[1],[2],
it is expected that the correlation between the drain noise current and the induced
gate noise current increases. The increase in correlation should result in a lower noise
figure for amplifiers designed with these devices than would be predicted without
accounting for the increased correlation. To test this hypothesis, transistors are fab-
ricated in an advanced 0.15 tm, 1.5 V CMOS process courtesy of Texas Instruments.
Measurements of the DC performance curves, gate tunneling current, transconduc-
tance, output resistance, and unity current gain frequency(fT) are presented for a
subset of the devices. A measurement setup for obtaining the noise parameters of the
devices is presented and discussed. Future directions in the areas of modeling and
circuit design are indicated.

Thesis Supervisor: Hae-Seung Lee
Title: Professor of Electrical Engineering

Thesis Supervisor: Charles G. Sodini
Title: Professor of Electrical Engineering

3



4



Acknowledgments

First, I would like to express my deepest appreciation for all the love and support
my wife Carrie has given me over the last two years. Without her support and
encouragement in my returning to school, this work would not have been possible.

Next, I would like to thank Prof. Harry Lee and Prof. Charlie Sodini whose
guidance and direction in this project were indispensable. Their ability to understand
and critique ideas that I would present to them at our weekly meetings was truly
extraordinary. It has been a privilege to be their student.

I would also like to thank TI for providing space on one of their runs for our
test circuits. Everyone at TI who helped John and I with the test chip deserves
thanks, especially Terence Breedijk. Others who helped us along the way include:
Dennis Buss for orchestrating this collaboration; Wah Kit Loh for getting us all
the process information we needed; Robert Hanna for managing and updating the
ScholarIl website; Paul Koch for explaining the design kit to us; and Kamal Behaissa
who gave many good suggestions on RF pad layouts that would actually pass DRC.

Test structures were also provided courtesy of TSMC through the help of Prof.
Dimitri Antoniadis and his student Ihsan Djomehri. These devices were invaluable
in the early stages of my testing.

I would also like to thank Don Hitko for many enlightening discussions on RF
circuit design, layout, noise theory, device physics, and life as a graduate student. His
help and advice with RF measurements was extremely valuable. He always seemed
to know exactly what to show me to get me started, and he was always willing to
help when I could not get things working.

John Fiorenza deserves credit for the arduous task of getting my test structures
onto the test run during his summer internship at TI. He also deserves a commenda-
tion for listening to me babble about noise theory for over a year.

I would also like to thank Prof. Mike Perrott for discussing my noise derivation
with me and encouraging me to finish my Matlab script. Most of the graphs in
Chapter 2 were generated using this script.

Special thanks goes to all of my officemates who have had to put up with me for
past two years: Andy Wang for encouraging me to join the Sodini/Lee research group,
listening to my constant complaining about my life in Detroit, and still speaking to me
after being my 775 TA. Anh Pham my fellow caffeine addict, cube mate, and partner
in crime. His technical and non-technical expertise has been a great asset. Our coffee
breaks and current events discussions are always a nice break from work. Andrew
Chen for many interesting discussions on device measurements and his research. He
also supplied John and I with space on one of his test chips. Lunal Khuon for many
in-depth discussions on the finer points of circuit and system design. He has a knack
for getting at the fundamentals of a problem which I tend to overlook. Commiserating
with both Lunal and Andrew about our past experiences in industry has been very
therapeutic. Mark Peng for keeping me company in the office in those early and
late hours of the day and answering layout questions. I would also like to thank

5



the senior students in the group: Iliana Fujimori, Pablo M. Acosta Serafini, Ginger
Wang, Dan McMahill, Mark Spaeth, Kush Gulati, Aiman Shabra, Susan Dacy, and
John Bulzacchelli; for sharing their wisdom and experience on various occasions.

Also deserving of recognition are Pat Varley, Kathy Patenaud, and Carolyn Collins
for their assistance in many administrative tasks. The EECS Graduate Administrator
Marilyn Pierce is always helpful and looking out for the well intentioned, but often
irresponsible graduate students. My academic advisor Prof. Don Troxel deserves
thanks for giving me some encouraging advice when I first arrived at MIT and for
always being helpful.

I would like to thank my parents Theodore and Joalene Sepke for providing a
loving and supportive family. They have supplied a solid foundation for me to base
my life. I would also like to thank my Grandmother for the many phone calls and
letters she has always sent. Finally, I would like to thank my brother Scott for his
friendship and camaraderie through the years.

6



Contents

1 Introduction 15

1.1 N oise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.2 Motivation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.3 Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Noise in MOSFETs 17

2.1 Long Channel Noise Theory . . . . . . . . . . . . . . . . . . . . . . . 17

2.2 Short Channel Theory . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Measurements 37

3.1 Test structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2 S-Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 Noise Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.4 Noise Parameter Measurement Methods . . . . . . . . . . . . . . . . 47

3.5 Measurement and Post-processing . . . . . . . . . . . . . . . . . . . . 49

3.5.1 S-parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.5.2 N oise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4 Results 67

4.1 DC Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.1.1 Standard Performance Curves . . . . . . . . . . . . . . . . . . 68

4.1.2 Analog Design Curves . . . . . . . . . . . . . . . . . . . . . . 68

4.1.3 Gate Current . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7



4.1.4 Transconductance versus Zero-Bias Drain Conductance . . . .

4.2 S-param eters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.2.1 Pad Characterization . . . . . . . . . . . . . . . . . . . . . . .

4.2.2 Unity Current Gain Frequency versus Id/W ...........

4.2.3 Series Parasitic Extraction . . . . . . . . . . . . . . . . . . . .

4.2.4 Output Admittance Modeling . . . . . . . . . . . . . . . . . .

4.3 Noise Characterization . . . . . . . . . . . . . . . . . . . . . . . . . .

4.3.1 Test Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.3.2 Extracted Noise Figure Data . . . . . . . . . . . . . . . . . . .

5 Conclusions and Further Work

References

A De-embedding with Correlation Matrices

B Transconductance versus Drain Current

8

78

79

79

80

81

85

88

88

91

95

97

103

109



List of Figures

2-1 Intrinsic Noise M odel . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2-2 Differential MOSFET Model . . . . . . . . . . . . . . . . . . . . . . . 19

2-3 Differential Conductance MOSFET Model . . . . . . . . . . . . . . . 20

2-4 Change in Channel Charge and Potential Distributions (VDS = OV) - 21

2-5 Net Change in Channel Charge versus y (VDS= OV) . . . . . . . . . 23

2-6 Correlation of Aid and Aq versus y (VDS = OV) ............... 25

2-7 Channel Charge and Potential Distributions . . . . . . . . . . . . . . 26

2-8 Change in Channel Charge and Potential Distributions (VDS VDsat) 27

2-9 Mean Square Change in Drain Current versus y (VDS sweep) . . . . . 28

2-10 Mean Square Net Change in Channel Charge versus y (VDS sweep) 28

2-11 Correlation of Aid and Aq versus y (VDS sweep) . . . . . . . . . . . . 29

2-12 Correlation of Aid and Aq versus y (VDS sweep) . . . . . . . . . . . . 30

2-13 -y, 6, and c versus VDS . . . . . . . . . . . .. . . . .. . . . . .. . . 31

2-14 Velocity Saturation Noise Model . . . . . . . . . . . . . . . . . . . . . 33

3-1 RF Probe Pad Structure . . . . . . . . . . . . . . . . . . . . . . . . . 38

3-2 Die Photograph of RF Structures . . . . . . . . . . . . . . . . . . . . 39

3-3 S-parameter Test Circuit . . . . . . . . . . . . . . . . . . . . . . . . . 40

3-4 S-parameters Signal Flow Graph . . . . . . . . . . . . . . . . . . . . . 40

3-5 Two-Port Noise Circuits . . . . . . . . . . . . . . . . . . . . . . . . . 43

3-6 Ideal Y0pt versus f and W . . . . . . . . . . . . . . . . . . . . . . . . 47

3-7 R, M easurement Circuit . . . . . . . . . . . . . . . . . . . . . . . . . 49

9



3-8

3-9

3-10

3-11

3-12

3-13

3-14

3-15

3-16

3-17

4-1

4-2

4-3

4-4

4-5

4-6

4-7

4-8

4-9

4-10

4-11

4-12

4-13

4-14

4-15

4-16 fT versus ID/W for different VDS (W/L = 200 jim/0.2

Pad/Package De-embedding Circuit . . . . . . . . . .

MOSFET Small Signal Model . . . . . . . . . . . . .

Noise Figure Measurement Setup . . . . . . . . . . .

Example Tuner Coverage . . . . . . . . . . . . . . . .

Source Admittance Points at 2.5 GHz and 4.0 GHz . .

S-parameters from Short-Open-Load Measurements .

S-parameter Cascade . . . . . . . . . . . . . . . . . .

Source and Load Stability Circles . . . . . . . . . . .

De-embedding Input and Output Blocks . . . . . . .

Block Diagram of Pad De-embedding Procedure . . .

DC Characterization Equivalent Circuit . . . . . . . .

[Dversus VDS and VGS (W/L - 98 jLrm/0.275 itm) . .

IDversus VDS and VGS (W/L - 98 tm/0.20 Lm) . . .

IDversus VDS and VGS (W/L - 98 tm/0.15 tm) . . .

log (ID) versus VGS (W = 98 m, VDS = 1-OV) . . .

MOSFET Early Voltage Model . . . . . . . . . . . .

ro versus ID/W (W = 98 jim) . . . . . . . . . . . . .

VA versus VGS (W = 98 jim) . . . . . . . . . . . . . .

gm/W versus ID/W (W = 98 m) . . . . . . . . . . .

Gate Tunneling Current Density versus VGS . . . . .

Gate Tunneling Current versus VGS . . . . . . . . .

g, and Ydo versus VGS (W/L = 98 jim/0.275 jim) . . .

RF Pad Circuit Model . . . . . . . . . . . . . . . . .

fT versus IDIW (W = 98 jim, VDS = 1.0 V) . . . . .

fTx L versus ID/W (W = 98 m, VDS = 1. V). .

4-17 fT versus ID/W at different W (VDS 1.0 V) . . . . . . . .. . . .

4-18 Series Parasitic Extraction (Rg) (W/L = 200 jim/0.275 jim, 2 GHz <

f < 6 G H z) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10

. . . . . . . . . 50

. . . . . . . . . 5 1

. . . . . . . . . 53

. . . . . . . . . 55

. . . . . . . . . 55

. . . . . . . . . 57

. . . . . . . . . 58

. . . . . . . . . 59

. . . . . . . . . 60

. . . . . . . . . 63

. . . . . . . . . 68

. . . . . . . . . 69

. . . . . . . . . 69

. . . . . . . . . 70

- .. .. - - - - 70

. . . . . . . . . 72

. . . . . . . . . 73

. . . . . . . . . 74

. . . . . . . . . 76

S - - - - .. - . 77

. .... . . 78

. . . . . . . . . 79

. . . . . . . . . 80

. . . . . . . . . 82

7 m).. . . . . . 82

75 jim). ... ... 83

83

84



4-19 Series Parasitic Extraction (R,) (W/L = 200 tm/0.275 tim, 2 GHz <

f<6GHz) ........ ................................ 84

4-20 Series Parasitic Extraction (Rd) (W/L = 200 tm/0.275 Itm, , 2 GHz <

f< 6GHz) ........ ................................ 85

4-21 Approximate Output Admittance Model . . . . . . . . . . . . . . . . 86

4-22 Output Admittance (VDS = 1.0 V, ID 20.5 mA) . . . . . . . . . . . 86

4-23 Tuner/Isolator S-parameters (2-4 GHz) . . . . . . . . . . . . . . . . . 89

4-24 Bias-Tee/Cable/Probe S-parameters (2-4 GHz) . . . . . . . . . . . . 90

4-25 Output Isolator S-parameters (2-4 GHz) . . . . . . . . . . . . . . . . 92

4-26 Tee-Network Attenuator . . . . . . . . . . . . . . . . . . . . . . . . . 93

11



12



List of Tables

3.1 Table of Device Geometries . . . . . . . . . . . . . . . . . . . . . . . 39

4.1 Sub-threshold Data (W 98 jm, VDS = 1.0 V) ................ 71

4.2 Extracted Series Parasitics (W/L = 200 tm/0.275 tm) . . . . . . . . 85

13



14



Chapter 1

Introduction

1.1 Noise

Noise is probably one of the most overused terms in electrical engineering. In gen-

eral, noise is used to describe any unwanted signal. In its strictest definition, noise

should be reserved to describe only those signals that are random. If the signal can

be predicted or triggered on a scope, then it is not noise[3]. The two noise processes

that are of interest here are thermal noise and shot noise. Thermal noise, also know

as Nyquist noise or Johnson noise, originates from random electron motion in a con-

ductor. The available power (Pa) from a thermal noise source is equal to kT Af,

where k is Boltzmann's constant,' T is the temperature of the conductor in Kelvin,

and Af is the bandwidth of interest.2 Shot noise results from a direct current that is

the result of a random process. Commonly, the random process is electrons crossing

an energy barrier. The current then has an average value of IDC, and a variance of

P = 2q IDC Af. As an order of magnitude calibration, the available thermal noise

power in a 100 MHz bandwidth is 0.4 pW, and the shot noise power of a 100 jiA

current delivered to 50 Q load in the same 100 MHz bandwidth is 0.16 pW.

k = 1.38 x 10-23 J/K
2A useful reference is P,/Af = kT e 4 x 10-21 W/Hz at room temperature(T = 290 K)
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1.2 Motivation

Although the power 3 of these noise sources is low, they impose a physical limit on

the minimum detectable signal of a circuit or system. Of specific interest in this

work is the minimum detectable signal of a receiver. Because of the prospect of low

cost and high integration of scaled CMOS, much effort is being focused on its use for

radio-frequency(RF) communication circuits. Low noise amplifiers(LNA) are essen-

tial building blocks for the design of communication devices. MOS transistors have

been typically considered to be the noisiest transistor technology, but with the scal-

ing of channel length, MOS transistors have fT s4 in the tens of giga-Hertz. High fT

results in gain out to higher frequencies, and a lower noise figure at those frequencies.

The focus of this thesis is the intrinsic noise mechanisms of CMOS transistors, and

their relation to low noise circuit design. Both NMOS and PMOS devices are ex-

amined experimentally, but it is expected that PMOS devices are inferior to NMOS

devices because of their lower transconductance. The question to be answered is how

to design the best LNA with a scaled CMOS technology.

1.3 Organization

The organization of this thesis is as follows: Chapter 2 presents a graphical view of

the classic long channel noise derivation, hypothesizes a simple short channel theory

based on Pucel et. al.[2], and briefly discusses other modern noise theories for MOS-

FETs. Chapter 3 discusses the measurement techniques used to determine the noise

parameters of the intrinsic device from on wafer measurements. Chapter 4 presents

the measurement results, and Chapter 5 draws conclusions from the measured data

and suggests future direction in the application of the results.

3 Equivalently, voltage and current can be used if an impedance is defined.
4 fT is the transistor unity current gain frequency
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Chapter 2

Noise in MOSFETs

2.1 Long Channel Noise Theory

The classic long channel noise theory for intrinsic FET transistors proposed by van

der Ziel[4],[5] defines two noise sources that are present at the device terminals. The

first is the drain noise current which originates from the conductance of the channel,

and the second is the induced gate noise current which originates from the charge

fluctuations in the channel when the drain current fluctuates. This description implies

that the two would be completely correlated, but this is not the case. To be sure, they

are dependent on each other, but due to the active nature of the channel, the two are

only partially correlated.1 Together, these sources give a complete description of the

device noise suitable for a two-port Y-Parameter model (Figure 2-1).

While the mathematical derivation of the drain noise current and the induced

gate noise current is covered elsewhere ([6], [7], [8] [9]), a graphical approach to the

derivation is presented here that originates from a graph of channel potential given in

[7] and [9]. First, the derivation of the drain noise current, induced gate noise current,

and correlation is presented for VDS = 0 V. Then, the derivation is re-examined as

VDS approaches VDsat, and the results for saturation are presented.

'Correlation is a measure of linear dependence.
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Figure 2-1: Intrinsic Noise Model
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Figure 2-2: Differential MOSFET Model

The starting point for the derivation is the classic long channel MOSFET model

given in Figure 2-2. This is the model commonly use to derive the drain current ID

as a function of VGS and VDS in the triode2 region. The familiar differential equation

defining the drain current is
_ dV

ID = WQc(y)u
dy

(2.1)

Rearranging terms gives something more suitable for the noise derivation.

(2.2)ID 9d V
dy

where

g9(y) = W pCox (VGS - V(Y) - VT) (S -cm) (2.3)

The channel can be thought of as a series connection of differential conductances or

resistances. Because a resistance has thermal noise v2 = 4kTR Af, the small signal

change in the drain current(Aid) can be determined using the model in Figure 2-3

19
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Figure 2-3: Differential Conductance MOSFET Model

where

V2 4kT dy Af (2.4)
gd(yO)

To determine the conductance value of each differential channel piece, the potential

distribution in the channel must be known. Starting with the simplest case where

VDS = 0 V, the channel potential is simply

V(y) = 0 (2.5)

The top graph in Figure 2-4 is a sketch of change in channel potential for noise

voltages at three different positions (yoi, Yo2, Yo3) where

AV = V(y) - V, (2.6)

V(y) is the disturbed channel potential, and V is the nominal channel potential.

Notice that the mean value of the disturbance is zero, and the magnitude of the

discontinuity at yo is V. For VDS = 0, the magnitude of the disturbances is constant

as a function of channel position because the channel charge and the differential

conductance are independent of position.

Qc(y) = Cox (VGS - VT) = c 2-7)

20
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gM(y) = WyQc = 9d (2.8)

The change in drain current due to a voltage disturbance at y, is therefore also

independent of position

Aid = -6V 9d(", (2.9)
L

where gd(y,)/L is the effective conductance seen by the noise voltage 6V. The mean

square change in drain current is Ai 2 , and the total drain current noise is the integral

of the mean square changes over the channel length.

L

z = Aiz dy (2.10)

In the present case, Ai2 is independent of channel position. Therefore,

d = 4kT 9dAf j dy = 4kTgd'Af (2.11)

where
dID W

9do _ D Cox(VGS - VT) (2.12)
dVDS L

VDS=O

With no drain to source voltage, the transistor is a simple conductance of g9o that

has thermal noise.

The induced gate current is the time rate of change of charge on the gate, which

is equal in magnitude to the time rate of change of channel charge.

i (t) = dq (2.13a)
dt

ig(w) = jwq (2.13b)

As mentioned above, the nominal channel charge is constant when VDS -0. The

bottom graph in Figure 2-4 shows the change in channel charge as a function of

position

AQ = Qc(y) - Q0 (2.14)
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for the same three noise voltages at yoi, yo2, and y,3, but the net change in channel

charge (Aq) is what determines the charge on the gate.

Aq= JLAQ dy (2.15)

Figure 2-5 shows both the net change in channel charge as a function of position(Aq)

and the mean square net change in charge(Aq). The mean square induced gate charge

is

q2 =JLAq2 dy
0

(2.16)

or graphically, the area under the curve of Aq 2 versus y. Because the gate current is

the time rate of change of the gate charge, and a Fourier spectral analysis is being

performed

Z2 W 2 (2.17)
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It can be shown that[8] for VDS = 0 and ID 0

Aq = WCoxy - ) 6v (2.18)
2

Substituting this expression back into Equations (2.16) and (2.17) results in

(W 2(WLCOX)2

i2 = 4kT Af (2.19)
9 12 gdo

which according to[8] is consistent with the thermal noise generated from the real

part of the gate admittance.

In order to determine the correlation between the gate and drain noise currents,

the cross-correlation of Aq and Aid must be determined.

CA= (2.20)
Aq 2 . Ai2

Because both Aid and Aq are proportional to 6V(Equations (2.9) and (2.18)), they

are fully correlated (IcA|= 1). Returning to Figure 2-5, the change in channel charge

is zero at L/2, and the change in charge is of equal magnitude but opposite signs for

points located symmetrically about L/2. In reference to Figure 2-4,

Aq(yOi) = -Q1 (2.21a)

Aq(y 2 ) = 0 (2.21b)

Aq(yoi) = +Q (2.21c)

if Yo2 = L/2. The change in drain current (Aid) is always the same sign. Therefore,

as shown in Figure 2-6, the correlation between Aq and Aid is

CA +1 y < L/2 (2.22)

-1 y > L/2
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To calculate the correlation between q and id,

C qd (2.23)

where

q Zd = L AqAid dy (2.24)

must be evaluated. Because Aid is constant, it is easy to see from Figure 2-5 that

q =d 0 for VDS = 0. It then follows that the correlation between ig and id is actually

zero. This happens because the drain current fluctuations are independent of position

and the magnitude of the net induced charge is symmetric about L/2 and opposite

in sign. When these conditions change, the correlation will no longer be zero.

While the above discussion is useful in outlining the calculation of the noise gen-

erated in the device, field effect transistors are operated in the saturation region for
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Figure 2-7: Channel Charge and Potential Distributions

amplifier applications. Therefore, the above analysis must be generalized to obtain

results for the saturated condition.

The channel potential and charge at the edge of saturation are shown in Figure 2-

7. The magnitude of the disturbance has been exaggerated to illustrate the shape of

the potential. Figure 2-8 shows the changes only in channel potential and channel

charge at the edge of saturation. Notice that the disturbances near the drain are

no longer small and triangular in shape. This happens because the resistance of the

channel increases dramatically near the pinch off point.

Figure 2-9 shows the mean square change in drain current versus y as VDS is swept

from 0 to VDsat. Again, the area under each curve is the mean square drain current

noise at the associated value of VDS. The flat line across the top of the graph is for

VDS = 0, and the area under the curves decreases following the arrow of increasing

VDS until at VDsat the drain current noise is that of (2/3)9d.

Figure 2-10 shows the mean square net change in channel charge versus y as VDS
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Figure 2-10: Mean Square Net Change in Channel Charge versus y (VDS Sweep)
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Figure 2-11: Correlation of Aid and Aq versus y (VDS sweep)

is swept from 0 to VDsat. In this case, the area under the curve is proportional to

the gate noise current. The area under the curve closer to the drain does not change

much as VDS increases, and the area under the curve on the source side only increases

a little. As VDS increases, the position in the channel where there is zero net change

in charge(Aq = 0) moves toward the drain. At saturation, the gate current noise

corresponds to
--- 4

i2 = 4kT (9g 9 s Af (2.25)

where ggs is the real part of the gate admittance at saturation.

W 2C2s = "s (2.26)
gs=59do

Figure 2-11 shows the correlation between the net change in channel charge and

change in drain current for a disturbance at yo as VDS is swept from 0 to VDsat.

Notice that as VDS increases, the position in the channel where the correlation changes
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sign moves toward the drain. Based on the relative movement of this position, it is

reasonable that the correlation between ig and id at saturation is greater than zero

but still small.

cay = (2.27)

This allows the visualization of the correlation as VDs approaches VDsat. The area

under the curve in Figure 2-12 is the correlation between q and id.

If all the integrations and modeling indicated above are followed through rigor-
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ously, the results are

i2 = 4kT-ygd, Af

g= 4kT6ggs Aff

i d

where in saturation

C = jO.395

6 = 4/3

9 gs =

2 C2

5 gd0
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and

= 2/3

OID
Ydo &VDS

VDS=0

Figure 2-13 is a plot of the constants -y, 6, and c versus VDS.

2.2 Short Channel Theory

In short channel length transistors, a significant portion of the channel is velocity

saturated. This effects the way the noise in the channel is modeled. The model

presented here is based on the description from Pucel et. al. [2] with the additional

assumption that the channel is completely velocity saturated. A more general and

complete way to analyze the problem is to divide the channel into two regions, one

where the gradual channel approximation holds and the other velocity saturated.

Because the goal here is to present a simple physical picture to motivate the proposed

theory, the limit of 100% velocity saturation is considered. Therefore, the results

obtained are a limiting case, and the actual performance should be between this

solution and the long channel theory.

With the channel velocity saturated, the picture of the noise mechanism is much

different from the long channel conductance noise theory. The more general theory

of diffusion noise must be used.

- 4 q2 DinAAf
i2 = (2.31)

where D is the diffusion constant, n is the carrier density, A is the cross-sectional

area. Diffusion noise simplifies to Johnson noise if the Einstein relation3 holds, but it

applies even if the diffusion coefficient is a function of the electric field. A simplified

'Dlp = kT/q
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picture of the channel in velocity saturation is given in Figure 2-14. In saturation,

the current is proportional to the charge in the channel.

ID = WQIVsat (2.32)

Therefore, for a constant drain current, the charge in each differential section Ax

of the channel must be constant. This is represented in the figure as a continuous

sequence of four charges moving along the channel at velocity vsat. Each carrier

still has a roughly spherical velocity distribution around its nominal point. The

dotted carrier moving to the group of charges in front of it (solid carrier) represents

a random change in carrier velocity. This creates a dipole of charge in the channel

with a potential distribution 4bd(x). It can be shown[1] that this process results in a

mean square drain noise voltage. The sum of the noise voltages from each Ax along

the channel gives the open circuit mean square drain voltage. The short circuit mean

square drain current noise is calculated using Ohm's law and the output conductance

9ds = 1/ro.

The gate noise current is still the result of charge fluctuations in the channel. The

generation of dipoles is a charge neutral process that does not directly induce charge

on the gate. However, the dipole generation does cause an increase in the drain

current, and therefore a compensating increase in channel charge. This increase in

channel charge couples to the gate just as in the long channel case. The difference
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in this case is that because the whole channel "breaths," the gate current noise is

fully correlated with the drain current noise(c = 1). Since the entire channel is not

expected to be in velocity saturation, the value of c should be between one and the

long channel value (0.395 < c < 1).

Recently, more work has been done on the modification of the drain current noise

for short channel MOSFETs than on the analysis of both the gate and drain noise cur-

rents. Analysis of the short channel drain noise current in Wang et. al.[10], Knoblinger

et. al.[11], and Triantis et. al.[12] use the more general form for the drain current

ID = WQc(y)v(y), (2.33)

and incorporate mobility degradation and velocity saturation. Wang et. al. uses the

following model[13]
PeffE(Y) E(y) < E,

v(y) - 1 + Ec (2.34)

Vsat E(y) > EC

where

Ec = 2 Vsat (2.35)
Ieff

The models in Knoblinger et. al.[11] and Triantis et. al.[12] also include an increased

effective temperature to account for excess thermal noise due to hot carrier effects.

Te = To I+ 6 E y) (2.36)

where delta is a fitting parameter. The drain current noise can then be expressed

as[14],[15],[16]
4.T [QN

= 4kTe f (237)

where

QN j WQc(y) dy (2.38)
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is the total inversion layer charge.

Analysis of both the gate and drain noise currents is essential for a complete picture

of MOSFET noise behavior and low noise design. One study by Triantis et. al.[17],

revisits the analysis of Pucel et. al.[2], and derives the results using MOSFET device

equations. Another approach taken by Goo et. al.[18],[19] is to perform an impedance

field simulation, where the impedance field is determined using a two-dimensional

dc device simulator.4 They compare the results of using both a drift-diffusion and

hydrodynamic carrier transport model. Their results show that the hydrodynamic

model predicts an increase in the gate and drain noise currents at shorter channel

lengths, and the drift-diffusion model does not. Both models predict an increase in

their correlation.

The best way to test the validity of these theories is to measure the drain noise

current, the gate noise current, and their correlation for progressively shorter channel

lengths. Recently, Knoblinger[20] reported measured results of the drain noise, gate

noise, and correlation for 0.18 im NMOS transistors. His results show increased drain

noise current over the long channel value, and a substantially larger amount of gate

noise current (30x). The correlation reported is about jO.55 which is also larger than

the long channel value.

4 MEDICI
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Chapter 3

Measurements

3.1 Test structures

In order to measure the high frequency performance of transistors on chip, special

coplanar waveguide probes and probing structures must be used. A rough sketch of

the probing structure used for the test chip is given in Figure 3-1. This structure

allows the use of both ground-signal-ground(GSG) and ground-signal(GS) probes

from Cascade in a minimum chip area.1 The thick rectangle that surrounds the

probe pads is an n+-diffusion ground plane. This structure minimizes the substrate

losses at the expense of increased pad capacitance. Short and open structures are

constructed using these probe pads which can be used to remove the effects of the

pads.

A summary of the transistor structures included on the TI 0.15 jam test run are

given in Table 3.1 and a die photograph2 in Figure 3-2. Devices with an (N) are

NMOS devices and those with a (P) are PMOS devices. The format of the en-

tries is (Number of Fingers) x Width/Length, where width and length are given in

microns(jim). For example, 20 x 10/0.15 is a device made of 20 transistors of width

to length ratio of 10/0.15, which together make a W/L = 200/0.15 device. Cell-i

Layout suggestion from Kamal Behaissa at TI
2 Courtesy of Andrew Chen
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Figure 3-1: RF Probe Pad Structure

is a set of reference structures. It contains open, short and thru standards plus a

long gate length device (200/1.0). Cell-2 is a set of three NMOS transistors of width

200 im and three different gate lengths. The fourth device is a PMOS device with a

200 tm width and a 0.15 tm length. Cell-3 is same as Cell-2 except the device widths

are 98 rim.

Only two widths were chosen because to the first order, noise performance is

independent of device width. This is true if the effects of extrinsic parasitics as a

function of width are negligible. Three different lengths were chosen because noise

performance scales with the fT of the device and therefore scales with length.

3.2 S-Parameters

S-parameters are used to characterize the devices at high frequencies. This is done

because it is difficult if not impossible to have perfect open and short standards to

measure either the Y or Z parameters directly. Another problem is the tendency of

amplifiers to oscillate with their input or output terminals shorted at high frequencies

because a physical short circuit presents a finite inductance and resistance at the input

or output terminal.

S-parameters are defined with reference to a characteristic impedance Z, usually

the characteristic impedance of the transmission line attached to the ports of the
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Cell 1 Cell 2 Cell 3

Figure 3-2: Die Photograph of RF Structures

Cell-i Cell-2 Cell-3
Device-i Open (N) 20 x 10/0.15 (N) 14 x 7.0/0.15
Device-2 Short (N) 20 x 10/0.20 (N) 14 x 7.0/0.20
Device-3 Thru (N) 20 x 10/0.275 (N) 14 x 7.0/0.275
Device-4 (N) 20 x 10/1.0 (P) 20 x 10/0.15 (P) 14 x 7.0/0.15

Table 3.1: Table of Device Geometries
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device. 3 Instead of using the input and

signals, the quantities

V1+ai = =

V1-

b2 - V+-v2+_
a2  = 2 =

b2 -V2
b _ 2Z02

output voltage and current to define the port

1

2 Zo1

1

2Z 0

1
2 Z02

1

2Z 0 2

(V1 + Z0111)

(V - Z0111)

(V2 + Z0212)

(V 2 - Z 0212 )

(3.1)

(3.2)

(3.3)

(3.4)

are used. The quantity ai represents the square-root of the incident power at port

i, and the quantity bi represents the square-root of the reflected power at port i

(Figure 3-3). The S-parameters are then defined as

a1

ai O

a2=0

Sb1

S12 
b
a 2 ai=0

S21 -b2
a,

a2=0

S2 b2

a2
al =0

ZT1 - ZO1

ZT1 + ZO1

V Oo2 Vi
Z 1 E2/2

_ ZI V2

Z 2 E1/2

ZT2 - Zo2

ZT2 + Zo2

(3.5)

(3.6)

(3.7)

(3.8)

where ZT1 and ZT2 are in input and output impedances with the output or input

ports terminated in Zo2 or Z01 respectively. In general, the S-parameters should be

thought of as the square root of power ratios, and they may be expressed as functions

of the terminal voltages and currents. Figure 3-3 shows the two-port test circuits to

determine the S-parameters, and Figure 3-4 is a signal flow graph representation of

3The ubiquitous 50 Q.
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the S-parameters that is useful in the analysis of interconnected S-parameter blocks.

For an excellent and more detailed description of S-parameters, their uses, and how

to convert them to and from other two-port representations see Gonzalez[21].

3.3 Noise Parameters

The IRE, predecessor of the IEEE, published a formal definition for noise figure in

1952[22] and the following reworded definition in 1957[23],[24]. Noise Factor (Noise

Figure) of a Two-Port Transducer at a specified input frequency (is) the ratio of

1. the total noise power per unit bandwidth at a corresponding output frequency

available at the output port, to

2. that portion of 1. engendered at the input frequency by the input termination

at the Standard Noise Temperature (290 K).

Standards for noise measurements of linear two-ports were defined in 1959[25], [26].

The noise of any two-port device can be represented using the devices two-port pa-

rameters and two correlated external noise generators (Figure 3-5). One common

approach is to use the ABCD chain matrix representation because it refers all the

device noise sources to the input. This is the familiar input referred noise and noise-

less device model. The benefit of this representation is that the input signal and noise

levels are easily compared.

An equivalent representation of the device noise performance is possible using

Noise Factor. 4

F = Fmin + 9 Ys -Yopt2  (3.9)

4I have adopted the somewhat standard convention of calling F (ratio) Noise Factor and NF
(dB) Noise Figure.

42



11 12

Y21 Y22

I2I1 12
1+ _

+

Zll Z12 1

LZ 21 Z 22

A B

C D

Figure 3-5: Two-Port Noise Circuits

12

V2

-Q

43

+

V

VI

IO

V,

"'n



where the four noise parameters are Fmin, Rn, Go0 t 91c {Yopt}, and Bo0 p 3m {Yop}.

In terms of the chain matrix representation

(vni* +v7 y*
Fm = 1+2 n opt (3.10a)

4kTAf

Rn = n (3.1Ob)
4kTAf

= - (Bopt)2 (3.10c)
vn

Bop =-Bc (3.10d)

where

Ye=V* in = Gc + jBc (.1YC (3.11)
2

vn

Sometimes at lower frequencies, the correlation between vn and in is somewhat cava-

lierly ignored (vn i* = 0), under the assumption that in is negligibly small. This leads

to the familiar expressions

Fmin = 1 + 2 (4kAf) (4khf + 2/RG (3.12a)

Go,_ = (3.12b)

Bo=t = 0 (3.12c)

where G, is the equivalent noise conductance at the input that is uncorrelated with

vn. However, the assumption that Vn and in are uncorrelated is never true. For
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example, the input referred noise sources for an intrinsic MOSFET are

vn = - (3.13)
9m

_ jwCgs
in = - 9M id + Z9  (3.14)

Clearly, the correlation between Vn and in is not zero, even if induced gate noise is

ignored. However, if the correlation between id and ig is ignored,5 Yopt can be shown

to be approximately

Yot WCSgQ , -3wC (3.15)go 57

At lower frequencies, only G0,p is of practical concern because amplifiers are usually

designed for broad-band gain, and the inductor required to implement B,p for a

narrow-band amplifier would be too large.6 A very large source resistance is needed

to achieve the optimum noise match because G0,p very small at lower frequencies. This

means that vn dominates the noise performance of the amplifier, which is consistent

with conventional analog design methods.

The general expressions that are true at all frequencies are obtained by rewriting

the intrinsic MOSFET noise model from Chapter 2 in the chain matrix represen-

tation and substituting the result into the expressions for the four noise parame-

ters(Equations (3.10)). Contrary to the common custom of ignoring the polarity of

the noise generators, the direction of the noise generators does matter when consid-

5Admittedly, this is a questionable assumption in general, but it does not alter the conclusion of
this example.

6For f = 1 MHz, C., = 250 fF, Z0 pt = 1/Ypt is approximately the series combination of 290 kQ
and 70 mH. If the gate and drain noise correlation is included, these values increase to 410 kQ and
80 mH.
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ering the correlation between noise sources.

Fmin 1 + 2Rn (Gopt + Gc) (3.16)

Z i2
Gc~ ~ ~~Y = 9t Yd)- (.7

n I = 22 d" (3.18)
|Y21 |2

j(1 - JC12)
Go- = - + 2 (3.19)

Pt~ i2/l
d~ Y2112

Bopt =-3M Y11 I - C2 Z2 (3.20)

which in the long channel case simplify to

Fmin ~1 + 2 - (l c 2 ) -~l+4((3.21)
WT 5 5 WT

GC ~ le f{Yn} ~ 0 (3.22)

Rn ~g9 = (3.23)
9M 3gm

G0, ~~ wC3 gm - c| 2 )wC (3.24)
\9do) 5 1 5

~-w 1 -C (3.25)

Interestingly, the Q of Y0 ,p is equal to

QoPt B 1.3 (3.26)
Gopt

independent of frequency, device size, and operating point. Therefore, measured data

for Yopt traces out an arc of constant Q on the Smith Chart as a function of increasing
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device width and measurement frequency (Figure 3-6).

3.4 Noise Parameter Measurement Methods

The traditional method of measuring the four noise parameters is to use a source

admittance tuner to present the device with a minimum of four different source ad-

mittances, and the resulting overdetermined system of equations is solved using least

squares fitting. The paper by Pucel et. al.[27] gives a comprehensive explanation of

this technique. This method has also been the basis for the development of automated

noise measurements systems (eg. ATN Noise Measurement System). One drawback

of this technique is the amount of separate measurements that are required and the

number of post-processing steps, both of which increase the uncertainty of the final

results.
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Unfortunately, tuner based methods even when fully automated are time consum-

ing. The procedure described above must be done for each frequency of interest.

This has led people to look for more rapid ways of determining the noise parame-

ters. One approach popular with MESFETs is the hybrid representation proposed

by Pospieszalski[28]. He suggests that a FET can be modeled with an output cur-

rent noise source and an input noise voltage which are uncorrelated. This means

that the problem of finding the four noise parameters simplifies to finding only two

frequency independent constants Tq and Td. Unfortunately, the assumption that the

input noise voltage v2 and the output noise current i2 are uncorrelated is not valid

for MOSFETs[29].

Another approach that does not require a source tuner was proposed by Dambrine

et. al.([30],[31]) that utilizes the fact that the 50 Q noise factor (F5o) is proportional

to w2. This method uses only measured F5 0 versus frequency data and device Y-

parameters. Unfortunately, losses in the on-wafer probe pads are neglected, which is

a significant limitation for this technique especially when making measurements on

silicon wafers.

At lower frequencies, direct measurement of the noise power can be done. Un-

fortunately, at lower frequencies, the measurement of i2 is very difficult because itsg

magnitude is small. This eliminates this approach for complete noise characteriza-

tion. It is possible to measure the drain current noise with this technique, making

this technique useful as a check that the drain current noise extracted using noise

figure measurements is correct. For a MOSFET, ignoring parasitics, the output noise

measured with the gate short circuited is the drain current noise i2. To find the input

referred equivalent noise resistance, van der Ziel[32] suggests making two measure-

ments (Figure 3-7).

Mi j2 = .4kTR, Af (3.27)

M 2 == g2 4kT (R, + R) Af (3.28)
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Figure 3-7: R, Measurement Circuit

The noise resistance is then

Rn= R (3.29)
M2 -M1

where R should be on the same order as Rn. The effects of the parasitic resistances

can be removed and what remains is the drain current noise.

The source tuner approach was adopted for this thesis because it requires very

few assumptions to be made about the device that is being measured, and it allows

for the complete characterization of the devices noise sources. The procedure used in

the data acquisition and analysis is outlined in the following section.

3.5 Measurement and Post-processing

3.5.1 S-parameters

The test and measurement software IC-Cap is used to perform semi-automated mea-

surements of the device. The gate-to-source and drain-to-source voltages are con-

trolled with an HP4145A Semiconductor Parameter Analyzer. Cascade Microtech
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coplanar probes are used to make the on-wafer measurements, and the S-parameters

are measured as a function of frequency (0.2-6 GHz) with the HP8753C Vector Net-

work Analyzer(VNA) and 85047A Test Set. The reference planes for the S-Parameter

measurements are defined using a short-open-load-thru(SOLT 7) two-port calibration

and an impedance standard substrate. Therefore, the measured S-parameters rep-

resent the two-port parameters of the transistor and the probe pad structure. To

obtain the two-port parameters of the transistor only, the measured data must be

de-embedded with a two step procedure[33]. The series and shunt components of

the pads are subtracted from the measured data using the measurements from the

on-wafer Open and Short structures(Figure 3-8).

Conversions between the S-parameters and any other set of two-port parame-

ters(Y, Z, H, ABCD) can be found in any standard microwave design text[21]. From

the measurement of the on-wafer open, the shunt admittances(Yi, Y2, Y3) can be

determined. The Y-Parameters of the total structure minus the shunt admittances

50
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is

Y - Ypd - Yopen

The series impedances (ZI, Z2, Z3) are obtained from the measurements of the on-

wafer short. First, the open parasitics must be removed from the short-circuited pad

data

Yy = Yshort - Yopen (3-31)

and then the series impedances are removed

Zext = Zy (3.32)

where Zx is the Z-parameter version of Y, and Zext are the Z-parameters of the

extrinsic device under test.

From the two-port parameters of the extrinsic transistor as a function of frequency,

a small-signal model for the MOSFET can be developed using the procedure outlined

by Raskin et. al. [34]. The simplified circuit model is shown in Figure 3-9. One feature

to note in this model is the drain-to-source capacitance. This element is not a physical

parameter, but is used to model the effect of the output resistance falling off at higher
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frequencies. The drain to bulk capacitance in series with the bulk resistance are the

physical cause of the decreasing output impedance. If the frequency the device is

measured at is low enough such that the drain-to-bulk impedance is much larger than

the bulk resistance, the effect can be modeled as shown. This procedure allows the

extraction of the series resistances and inductances of the transistor which are needed

below to remove the thermal noise of the extrinsic resistances. However, caution

should be used, and the results obtained with this technique should be compared

with estimates from the layout.

Noting that the series parasitics(Z,) and the intrinsic device(Yint) can be modeled

as the addition of the Z-parameters' of the intrinsic device

Zext = Yext- 1 = Z0 + Yint- 1  (3.33)

where Yext are the measured Y-parameters after pad de-embedding.

Zo = Rg + Rs Rs (3.34)
L Rs Rd + Rs

Yin F jw(Cgs + Cgd) -jWCgd (3.35)
Y - jCgi 9d + Jw(CdS + Cgd)

Raskin et. al. then showed that by plotting the measured data parametrically, a linear

regression could be used to extract the series elements. For the series resistances Rs,

Rg, and Rd, the data sets (9ie {Z12ext} , 9iC {Z21ext}), (93e {Ziiext }, 91e {Z21ext}), and

(Ne {Z22ext} , 9ie {Z2ext}) are used respectively.
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Figure 3-10: Noise Figure Measurement Setup

3.5.2 Noise

The measurement and de-embedding steps for the noise figure characterization method

are itemized below. The measurement setup is given in Figure 3-10. The Agilent

8970B with the 8971C NF test set and a 346B 15 dB ENR noise source were used

to make the measurements in an RF shielding chamber. The noise figure meter is

calibrated at threeeoe planes shown by attaching the noise source directly to the

noise figure meter. The device is part of a test wafer that is contacted using the

Cascade probes mentioned above for the S-parameter measurements. Bias-Tees are

used to supply the gate and drain voltages with an Agilent 4156C Semiconductor Pa-

rameter Analyzer. A Maury 8045P slide-screw tuner is used to determine the source

admittance presented to the transistor. The isolators at the input and output of the

measurement system ensure that the insertion gain of the system that is measured by

the 8970 is the available gain that is used to calculate the corrected noise figure. These

devices also minimize the uncertainty of the system noise figure measurements[35].

8 The inverse operation noted here is not really a true matrix inverse, but the conversion of

Y-parameters to Z-parameters or vice versa.
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Noise Measurement Steps

1. Measure S-parameters9 of input isolator and tuner at various admit-

tances.

This step is critical to the ability of the measurement system to determine

the four noise parameters. The factors involved in selecting the number of

source admittances, the magnitude of the reflection coefficient of the source

admittance(Fs), and the general distribution of the admittances on the Smith

Chart are discussed in a paper by Davidson et. al.[36]. To minimize the RMS

error in the linear regression of the four noise parameters, the maximum source

reflection coefficient should be maximized, no fewer than five source admittances

should be used, and these admittances should be evenly distributed around the

Smith Chart.

Because an efficient method was required to obtain the admittance settings

over a wide frequency range, the following method was adopted. First, the

maximum reflection coefficient magnitude that the tuner could present over the

desired frequency range was determined. Second, the minimum reflection coef-

ficient magnitude was determined. Third, two additional reflection coefficient

magnitudes were selected between the maximum and minimum values. Finally,

a frequency in the band was selected, and five evenly spaced reflection coefficient

angles where chosen. A sketch of the tuner coverage on the Smith Chart is given

in Figure 3-11. This spacing produces sixteen well spaced source admittances

at the frequency the angles were chosen. Unfortunately, the individual spokes

of admittances do not all rotate at the same rate as a function of frequency. It

is possible that at a different frequency some points overlap, and the effective

number of points is reduced. Figure 3-12 illustrate this with plots of the source

admittance locations for 2.5 GHz and 4.0 GHz.

2. Measure S-parameters of bias-Tees/cables/probes.

9 All S-parameter data is linear interpolate in magnitude and phase as a function of frequency.
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Figure 3-11: Example Tuner Coverage

f = 4.0 GHz
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Figure 3-12: Source Admittance Points at 2.5 GHz and 4.0 GHz
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In order to determine the source impedance actually seen looking toward the

source from the probe tips, all the components from the tuner to the probe

tip must be characterized with S-parameters. Also, any noise contribution of

these components at the input and output of the on-wafer device must also

be removed. Unfortunately, it is not possible to directly make a full two-port

characterization of these blocks using the network analyzer because one port is

a wafer probe and the other is a 3.5 mm connector. The S-parameters can be

obtained using three separate measurements and the following procedure.

(a) Calibrate the network analyzer to a 3.5 mm connector reference plane.

(b) Connect the 3.5 mm input of the bias-Tees/cables/probe to the calibrated

network analyzer port.

(c) Measure S11 for three known loads with the probes. A Cascade impedance

standard substrate(ISS) 50 Q load, short, and open probe tips were used.

Assuming that terminations are ideal and all the measured devices are passive

and reciprocal(S 2 = S 21 ),10 the following expressions can be derived using the

signal flow graph in Figure 3-13.

S11  F50 (3.36a)

S21 F2(Fesort - S11)(Fopen - S11) (336b)
21-short - open

= 2(rshort - Sii)(Fopen - S1) 3.36c)
Fshort - Fopen

S2 S21 S12 + (Fshort - S1 ) (3.36d)
2 short - S11

where 175o, short, and Fopen are Fin for a 50 Q load, a short, and an open,

respectively.

'OThis excludes the isolators, but these can be measured separately.
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Figure 3-13: S-parameters from Short-Open-Load Measurements

3. Measure the output isolator S-parameters using a standard two-port

network analyzer measurement.

4. Mathematically cascade isolator/tuner and the output isolator with

the bias-Tee/cables/probe S-parameters obtained above.

The expressions for the cascaded S-parameters can be quickly derived from the

signal-flow graph in Figure 3-14 using Mason's Gain formula[21,[37],[38],[39],[40].

S1 = Sim + S21.mSlnSl2"'

S 12 -Sl2, Si2m
1 - S22,SIIn

S21 S21m S21,

I - S 22 SnI

S22 S22, + S12, S22 S 21,

1 - S 22 ,SIn

(3.37a)

(3.37b)

(3.37c)

(3.37d)

The results are the S-parameters for blocks A and C in Figure 3-10.

5. Measure the S-parameters of the on-wafer short/open standards to

obtain the pad parasitics.

These measurements are made using the Cascade microwave probes calibrated
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Figure 3-14: S-parameter Cascade

with the impedance standard substrate.

6. Measure S-parameters of block B = Device + Pads.

This information along with the S22 of block A is used to check the stability of

the different source impedances, and verify that the transistor is stable when

terminated with a 50 Q load. This is done using source and load stability circles

on the Smith Chart. Source stability circles show the regions of source admit-

tances on the Smith Chart that present a negative resistance at the output of

the device (|F'oel > 1). In Figure 3-15, all impedances inside the solid circle

(low resistance, moderate inductance) cause a negative resistance to be seen

looking into the output of the device. This must be verified for each source

admittance presented to the device. Load stability circles show the regions of

load admittances on the Smith Chart that present a negative resistance look-

ing into the input of the device (liQ > 1). The area inside the dashed circle

in Figure 3-15 (low resistance, low to moderate inductance), cause a negative

resistance to be seen looking into the input of the device. In this case, as long

as the circle does not enclose the center of the Smith Chart (50 Q), the device

is stable. For further discussion on stability circles consult Gonzalez[21].

7. Measure 50 Q noise figure of system at each tuner setting.

First, calibrate the noise figure meter to the reference planes shown in Figure 3-

10, and then measure the noise figure over a range of frequencies for a set of
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Figure 3-15: Source and Load Stability Circles

source admittances. The measured noise figure is for everything between the

calibrated reference planes. The ambient temperature must be set in the noise

figure meter to perform a correction for the ENR."i The uncertainty of the

noise figure measurements may be estimated using the procedure outlined in

the Agilent application note AN57-2[35].

8. Calculate the Noise Figure of the on-wafer device (B).

To de-embed the tuner, isolators, cables, probes, and bias-Tees, the S-parameters

measured above are used to determine the available gain(Ga) of the input and

output blocks, A and C respectively. Because these blocks are passive, the noise

factor at T0 = 290 K is equal to the loss or the inverse of available gain(1/Ga).
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DUIT Output

A] [SB [S C]

FB PC

Figure 3-16: De-embedding Input and Output Blocks

Using the same procedure and notation as[27],

Fs = 0.07

FA = S22A +

FB = S22B +

C= S22C +

(S12A S21A FS)
1 - ESS11A

S12BS21BFA

1 - FAS11B

S12CS210 FB

1 - FBS11c

(3.38a)

(3.38b)

(3.38c)

(3.38d)

GaA

GaB

(2 -

IS21A (1 - Is 2)( - 17A1)

A 4 22 FSFAS12A S21A 1(1 - PSllA)(1 - F* S22A)- sjS 2 Sl 2

IS 2 1B1 2 (1 _ A 2)(1 _ FB12 )

A 1 - F 3S 2 2 B) - FABS12 S21 2

IS2 1C 2 (1 _ FB12 )(1 _- irc12)

ac PC is t flection c F22c o Bh n se suc 21

where FS is the reflection coefficient of the noise source.
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Using these results, the noise factor of the input and output blocks are

I T

(GaA TO

Fc ( - T
Gar TO

+1

+1

(3.40a)

(3.40b)

where T is the ambient temperature at which the measurement was performed,

and To is the IEEE standard reference temperature of 290 K. If the noise factor

measured at the reference planes is Fm, then

FB GaA (F FA
Fc - a+

GaA GaB)
(3.41)

9. Calculate the four noise parameters of the on-wafer device (B).

To calculate the four noise parameters of block B, Equation (3.9) is rearranged

as proposed in [41].

(3.42)9ie {Ys,j} F = Ys,jj'x1 - 2 3m {Y,i} X2 + X3 + 9tC {Ys,ij} X4

where i is for each tuner point. The four unknowns are

x, = R-,

X2 =BopRn

£3 Yt 12 Rn

X4 =Fmin - 2GoptRn

(3.43a)

(3.43b)

(3.43c)

(3.43d)

where Yopt = Gopt + jBopt. The resulting overdetermined system of equations is

solved using least squares fitting.12 Equations (3.43) can be inverted to deter-
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mine the four noise parameters.

Rn =, x(3.44a)

Bopt =2 "(3.44b)
X1

Gopt - (3.44c)
X1 X12

F n =X 4 +2 XiX 3 -X2 (3.44d)

10. De-embed pads to transform the four noise parameters of block B to

the extrinsic MOSFET four noise parameters.

The open and short on-wafer standards are used to perform the transformation

using a procedure parallel to the one described in Section 3.5.1 for de-embedding

the S-parameter measurements. Correlation matrices[42] are used to represent

the noise contributions of the different two-ports that are being added or sub-

tracted in the de-embedding procedure. The correlation matrix of a passive

two-port in admittance form is 2kT9ie {Y}. An outline of the steps involved

in the de-embedding is given in Figure 3-17. The blocks labeled A2B are two-

port conversions from A-parameters to B-parameters. The three results of this

de-embedding procedure are the S-parameters, the MOSFET noise parameters,

and the four noise parameters. The details of the matrix manipulations are in

Appendix A.

11. Remove series parasitics of the transistor.

Up to this point no assumptions have been made about the device being mea-

sured. In fact, it has not even been assumed that it is a MOSFET under

investigation. The series parasitics obtained either from measurement or layout

are removed by subtracting the Z-parameters of the extrinsic device and the

series parasitics resulting in the intrinsic device Z-parameters. At this point, a
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Figure 3-17: Block Diagram of Pad De-embedding Procedure

simple small signal model may be determined from the intrinsic Y-parameters

Cgs - 3m{YI} + 3m{Y 2} (3.45a)
w

Cgd - 3M{Y 12} (3.45b)w

Cds =3m {Y22 } + 3m {Y 12} (3.45c)
w

M = 1|Y21 - Y 21 (3.45d)

S= Z(Y 2 1 - Y1 2 ) (3.45e)

1
ro = (3.45f)

91C {Y22 + Y12}

12. Calculate i2 i, and c from Cy.
g' d'adcfo yn

From the definition of the correlation matrices

sis* = 2A f Cis,,; i, j ={1, 2} (3.46)
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i2 2Afd AfCyl .2

Z= 2Af Cy ',

Cint C
Y 2
Cl Ci

(3.47a)

(3.47b)

(3.47c)

13. Determine the associated available gain from the device at noise

match.

With Y0pt as the source resistance, the available gain is

Gass - I ropt2 1 2 (3.48)

where Fopt is the reflection coefficient of Yopt in a 50 Q system, and

(3.49)

This value can then be compared to the maximum available gain(MAG)

SAG (K- K2-1),

MAG = S1im

S12int

if K > 1 and B1 > 0

if K < 1 or B1 < 0

where K and B1 are the stability factors and are defined as

K 1 2 - |22 t12 + JA1 2

2 S 12i7, S 2im I

B 1 = 1 + I S2 - 2 2 _ A 2

A = S1 S22. - s12nS 2 int
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(3.50)

(3.51a)

(3.51b)

(3.51c)

rout =- S22i. + S1in 2 1int rO~t

I - S11i topt



This completes the measurement and de-embedding of the transistors. With the

noise characterization obtain from these measurements, comments on the intrinsic

noise sources and their correlation can be made.
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Chapter 4

Results

4.1 DC Characterization

An equivalent circuit diagram of the DC measurement setup is shown in Figure 4-1.

The resistors R 1, R 2 , and R 3 represent cable and probe contact resistances in the

measurement setup. Because of these resistances, it is impossible to control the inter-

nal gate-to-source(VGsi) and drain-to-source(VDs,) voltages. All the measurements

are made with these series resistances at each terminal. DC performance curves are

measured with one terminal voltage held constant while the other terminal voltage

is swept. If the effects of the series resistances are mathematically removed from

the measurements, the internal voltages VGS2 and VDS, are dependent on the drain

current. For this reason, all the DC performance curves given in this chapter include

the effects of the cable and probe contact resistances.' These resistances should not

significantly alter the device performance data, but they do cause a small inherent

difference between the measured results the internal transistor performance.

1The losses associated with the cables and probes must be removed for the high frequency and
noise measurements.
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Figure 4-1: DC Characterization Equivalent Circuit

4.1.1 Standard Performance Curves

The ID-VDS curves for the 98 tm wide devices are given in Figures 4-2 to 4-4. Im-

mediately apparent from the graphs is the significant decrease in output resistance as

device length approaches the minimum for the technology. Figure 4-5 shows log (ID)-

VGS curves for the 98 rm devices at VDS - 1.0 V. The off current(Ioff), sub-threshold

slope(S), and
S

n = (4.1)
2.3 kT /q

for the three device lengths are listed in Table 4.1.

4.1.2 Analog Design Curves

Based on the framework for analog design characterization presented in Sodini et. al.[43],

log-log graphs of gm/W versus ID/W and r, versus 1Do/W are presented in Figures 4-
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L (um) 'off (nA) S (mV/dec) n

0.275 0.165 82.7 1.38

0.200 0.218 83.0 1.39

0.150 1.061 90.5 1.51

Table 4.1: Sub-threshold Data (W = 98 jtm, VDS = 1.0 V)

9 and 4-7. A brief discussion of the results follows.

Output Resistance

If the output resistance is modeled as channel length modulation

ID Do ( L

L- l,
(4.2)

where l is the pinch-off point, L is the channel length, and IDo is the drain current at

the edge of saturation. If it can also be assumed that the pinch-off point is not very

different from the channel length (lp/L < 1), Equation (4.2) can be approximated as

ID _Do (I
i I

(4.3)

then the small signal output conductance(g, = 1/ro) is

DID
90 - D

WVDS

IDo 01P

L VDS
(4.4)

This result states that the output resistance should be proportional to 1/IDo and L.

According to the simplest MOSFET output resistance theories[16], the ratio l,/L can

be approximated with an Early voltage like term.

+ VDS VDsat
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0 VDS

V A

Figure 4-6: MOSFET Early Voltage Model

where VA is similar to the Early voltage in a bipolar transistor. Often, the variable A

1/VA is used in Equation (4.5) for MOSFET analysis. According to this expression,

the current IDo is the expression for the drain current at the edge of saturation

VDsat
(4.6)- IDo

If VA is large compared to VDsat, then Equation (4.5) can be approximated as

(4.7)ID 'Do + V$S

For this expression, the extrapolated lines from the ID versus VDS intersect the VDS

axis at -VA for all VGS, and the reference current IDo is the drain current extrapolated

to VDS = 0 (Figure 4-6). Therefore,

0ID -[Do

= VDS VA
(4.8)

This result states that the output resistance is proportional to 1/IDO, and the Early

voltage is proportional to L.

From Figure 4-7 the output resistance of both the 0.275 urm and 0.20 rn devices

72

LO-1

Do

0 VDS



10 6

-E- L = 0 275pm
-b- L =0.2O0 m

-- e- L =0.15 m

DD

W = 98pim

10 2 . .

10- 1o0 10i1-o1
DO/W (A/pim)

Figure 4-7: r0 versus ID/W (W= 98 pm)

is approximately proportional to 1/ID. The small deviation in output resistance from

the 1/IDG behavior at high currents is possibly due to the series resistances in the

measurement setup. Assuming a simple low frequency small-signal model, it can be

shown that the output resistance is

.. = .2 + R3 + r.(1 ± gmR 3 ) ~ r .( + gmR 3 ) (4.9)

which is approximately r0 for low 9m and increases as gm increases. 2 Further study

is required to explain the apparent 1/ 'D behavior of the 0.15 Im device. Figure 4-

8 shows that the Early voltage increases as the gate-to-source voltage increases or

equivalently as the drain current increases, which is inconsistent with the channel

length modulation model described above.

These discrepancies indicate that either the approximations used in deriving the

2 For gm = 6O mS and R3 = 1.5 0, R0oe is roughly 10 % larger than r0 .
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Figure 4-8: VA versus VGS (W = 98 .im)

output resistance model need to be reexamined, or the mechanism causing the in-

crease in drain current for an increase in drain-to-source voltage is not channel length

modulation. If channel length modulation is still the cause of the output resistance,

the assumption that the pinch-off point is a small fraction of the channel length might

not be valid. Another possibility is that this one-dimensional model is an over sim-

plification of a two-dimensional problem. However, at short channel lengths, channel

length modulation might not be the dominant cause for the increasing drain current

with increasing drain-to-source voltage. Other possible causes are Drain Induced

Barrier Lowering(DIBL) and impact ionization[16],[44], [45].

If the drain-to-source voltage influences the depletion region underneath a signifi-

cant portion of the gate, an increase in the drain-to-source voltage causes a decrease in

the threshold voltage. This effect is known as Drain Induced Barrier Lowering(DIBL).

A decrease in threshold voltage causes an increase in the drain current, resulting in

an output resistance due to DIBL.
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Impact ionization occurs if the lateral electric field in the channel is high enough

such that the electrons in the channel have enough energy to generate additional

electron-hole pairs when they impact with the silicon lattice atoms. The additional

electrons contribute to the drain-to-source current, and the holes result in a drain-

to-bulk current. Both of these currents contribute to the drain terminal current.

The drain-to-bulk current also causes a voltage drop in the finite resistance of the

bulk, resulting in a source-to-bulk voltage that decreases the threshold voltage. This

decrease in threshold voltage causes a further increase in the drain current. If the

electric fields are high enough, avalanche breakdown can occur.

Another factor that could influence the output resistance is the pocket implant

used in short gate length technologies to control DIBL. As discussed in Chatterjee

et. al.[46] and Buss[47, the pocket implant decreases the Early voltage and the rate

at which the Early voltage increases with gate length.

Because only three different device lengths were measured, it is not clear that VA

is proportional to the channel length. Figures 4-7 and 4-8 do confirm that increasing

channel length does increase VA.

Transconductance

The graph of gm/W versus ID/W in Figure 4-9 shows three different regions of device

operation.3 At low currents, the device is operating in sub-threshold and transcon-

ductance is proportional to drain current (4.10a). For a small range of moderate

drain currents, transconductance follows a square-law dependence (4.10b). At high

current levels, the transconductance becomes independent of drain current as velocity

3Appendix B gives justification for plotting gm and ID instead of the values corrected for finite
output resistance.
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Figure 4-9: gm/W versus ID/W (W = 98 Lxm)

saturation limits the transconductance (4.10c). Mathematically,

9M =q ID
n kT

gM C= 2 TY CoID

9M =KWCoxVsat

(sub-threshold)

(square-law)

(velocity saturation)

4.1.3 Gate Current

According to Lee et. al.[48] and Lo et. al.[49], the direct tunneling gate current for

an oxide thickness of 2.5 nm is about 1 x 10- A/cm 2 at VGS = 1.5 V. This value

matches with the measured gate current density at VGS = 1.5 V in Figure 4-10.

At lower VGS, the reverse bias leakage of the protection diode dominates the gate
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Figure 4-10: Gate Tunneling Current Density versus VGS

current.4 The reverse bias current increases as the square-root of voltage because the

diode depletion width increases as the square-root of reverse bias voltage[50]. The

slope of current density versus gate-to-source voltage is 1/2 (log-log) verifying that it

is reverse bias diode leakage current.

The gate current versus gate-to-source voltage is plotted in Figure 4-11. Assuming

gate tunneling current generates a shot noise in the gate circuit, the maximum gate

tunneling shot noise current is

= 2qIG ~ 2q(100 pA) = 3.2 x 10-29 A2 /Hz (4.11)

This value must be compared to the induced gate noise current at the frequency of

operation to determine its relative importance to low noise design.

4This diode was required in the layout to meet the process antenna design rule.
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4.1.4 Transconductance versus Zero-Bias Drain Conductance

Often when the device is operating in the saturation region, the zero-bias drain con-

ductance

gID
DVDS= (4.12)

VDSDO

in the drain noise current expression(4kTyggO Af), is replaced with the device transcon-

ductance

DID= (4.13)

VDS >VDsat

Using a first order expression for drain current,5 it can be easily shown that

w
gd0 = -- pCo (VGS - VT) ~ 9m (4.14 )L
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Figure 4-12: g, and gd versus VGS (W/L = 98 jim/0.275 iLm)

However, with the addition of velocity saturation effects and mobility degradation,

these two parameters are not necessarily equal. Figure 4-12 is a plot of both gm and

gd for a 98 pm/0.275 pm device. Notice that at high VGS when velocity saturation

effects limit transconductance, a large difference between gm and gd0 exists, but at

lower gate voltages they are approximately equal. For gate overdrives 6 of 100-200 mV,

the approximation is quite reasonable.

4.2 S-parameters

4.2.1 Pad Characterization

Figure 4-13 shows an approximate circuit model for the on-wafer probe pads. This

model was determined using measured data from the open and short reference struc-
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Figure 4-13: RF Pad Circuit Model

tures. Important things to notice from this model are that the n+ ground plane

under the pads does a good job of minimizing the shunt pad losses, and the series

parasitics are also small. Small losses and parasitics in the pad structure should im-

prove the accuracy of the on-wafer measurements because the situation of subtracting

two measurements of roughly the same value to determine the device performance is

avoided.

4.2.2 Unity Current Gain Frequency versus Id/W

Figure 4-14 shows the unity current gain frequency(fT) as a function of drain cur-

rent per unit width for the 98 tm devices. Neglecting the drain-to-gate overlap

capacitance(Cgd), the unity current gain frequency may be approximated as

fr ~1gm2 Cgs (4.15)
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Figure 4-15 plots fTx L versus ID/W. This graph removes the length dependence

from fT due to C,, showing that the dependence of fT on ID/W is identical to that

of gm. Notice that at lower currents, the device is operating in sub-threshold where

transconductance per unit drain current is independent of device length. Therefore,

all the curves in Figure 4-15 overlap at lower ID/W, and progress through a square-

law region and finally reach a maximum from velocity saturation.

Figure 4-16 shows the dependence of fT when the drain-to-source voltage is varied.

The slight increase in fT at VDS 1.5 V compared to VDS = 1.0 V is probably due to

DIBL. The decrease in VT at higher VDS causes a small increase in transconductance

and therefore, fT. For the VDS = 0.5 V curve, fT falls off at higher currents because

the device is entering the triode region and gm is decreasing.

4.2.3 Series Parasitic Extraction

Essential to the accuracy of the calculation of the intrinsic noise sources is the precise

extraction of the series parasitic impedances. Resistive components add noise to the

extrinsic device that would corrupt extracted values for ij2 i2 , and their correlation.g' d'

The approach initially attempted for series parasitic extraction was the one pro-

posed by Raskin et. al.[34] and described in Chapter 3. The extraction technique was

verified using simulation of a test circuit identical to that assumed in Raskin et. al.[34].

When this technique was applied to measured data(Figures 4-18-4-20), resistances

extracted were significantly larger than those estimated from layout and process pa-

rameters (Table 4.2). From a DC measurement at VDS = OV and VGS = 1.5V, the

sum of the source and drain resistances is approximately 6.0 Q, which matches with

the layout estimates.

This indicates that the devices being measured cannot be modeled as the extrac-

tion theory proposes. Another indication that the model is inadequate is the frequency

dependence of the extracted values for r, and Cd,. As shown in the next section, a

drain-to-bulk capacitance Cdb, substrate resistance Rb, and substrate capacitance Cj

need to be included in the device modeling to obtain frequency independent modeling
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Figure 4-20: Series Parasitic Extraction (Rd) (W/L =

f < 6 GHz)

80 85

200 tm/0.275 tm, , 2 GHz <

Rg (Q) Rs (Q) Rd (Q)
Raskin[34] 7.0 7.1 29

Layout 9.0 2.5 2.7

Table 4.2: Extracted Series Parasitics (W/L = 200 iim/0.275 pim)

parameters.

4.2.4 Output Admittance Modeling

To illustrate that modeling of the output impedance requires a drain-to-bulk capaci-

tance, substrate resistance and substrate capacitance, the model in Figure 4-21 is fit

to output admittance data from a 200 iim/0.275 [tm device, where

(4.16)out = Y2 2 + Y12
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It is assumed that R9 is known precisely and its effect has been removed from the

Y-parameters used to calculate Y0ut. For this example, the layout estimate for R9 of

9.0 Q was used.

At low frequencies,

Zot~ r-(1 + gmRs) (4.17)

which

a 50Q

may be approximately ro if gmRs <

system, g, needs to be on the order

1. For reasonable gain(IS 2 11 = 14 dB) in

of

S21
Ym 50 mS

2ZO
(4.18)

If R, is 2 Q, neglecting R, causes a 10 % error in Zout. This assumption is not always

justified, but for this analysis, R, will be ignored. From the plot of Zo0 t at low

frequencies, ro is determined to be 467 Q.

The complete expression for Yot from the model valid over all frequencies is

Yout = g + Z2' (4.19)

where

and

at moderate frequencies, values

and imaginary parts of Zdb.

I
Zdb Zsi + .

Zsi Rb

I+ jwCsiRb

for Rb and Cdb are

(4.20)

(4.21)

obtained from plots of the real

I
Zdb = Rb + 1 (4.22)

If Ci is excluded from the model, Rb and Cdb have a slight frequency dependence at

the upper end of the frequency range. The capacitance Csi was added to the model

87



and its value determined from

1
Ysi = Z- =- + jWCs (4.23)

Rb

One final important assumption in this analysis are that Rd, which is in series with

Z,1,, has a negligible effect on the output admittance. Assuming a value of 2.7 Q for

Rd from the layout estimations, the effect on the output admittance is small for this

example. Figure 4-22 shows the output admittance versus frequency along with the

results from the circuit model in Figure 4-21.

4.3 Noise Characterization

4.3.1 Test Setup

The combined input isolator and tuner has been characterized across the corre-

sponding isolator frequency ranges (2-4 GHz and 4-6 GHz). Figure 4-23 shows the

S-parameters for the 2-4 GHz range tuner/isolator combination. The curve labels

(2.25, 0.50, 0.00) correspond to the probe depth on the tuner, where 0.00 corresponds

to the maximum depth. The tuner/isolator is clearly not reciprocal (IS12 1 :A S 21 1)

because of the isolator. Also, notice that the isolator maintains a good input match

even when the tuner is set for a high reflection coefficient at port 2. Another interest-

ing property illustrated in Figure 4-23 is that the insertion loss of the tuner increases

as the magnitude of the reflection coefficient it presents at port 2 increases.

An example of the results of the S-parameter calculation for the input and output

cables and probes is presented in Figure 4-24. These results are consistent with those

expected. The return loss at the input of the cables and probe tips (Si, and S22) are

both fairly high corresponding to a good 50 Q impedance match. The insertion loss

is also reasonable based on values from the cable and probe data sheets.

Figure 4-25 shows S-parameters for the 2-4 GHz output isolator. The return

loss(ISI,| S22) of the input and output ports is better than 20 dB over the frequency
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range, and reverse isolation(IS121) is also better than 20 dB. The insertion loss (I S21)

is less than 0.25 dB over the frequency band.

4.3.2 Extracted Noise Figure Data

The noise de-embedding system has been verified using input data from simulation.

The measurement setup was simulated using Agilent's EESOF simulator (libra). The

use of simulation to generate data required for de-embedding scripts provided a sit-

uation where results were known a priori and conditions could be easily modified to

be ideal. The following is a brief discussion of problems encountered to date.

While trying to simulate the noise figure of a simple Tee network attenuator(Figure 4-

26),7 it was noticed that the noise figure was not exactly equal to loss in the circuit.

This turned out to be due to the default simulation temperature being 27 C and not

16.85 0C, which corresponds to the standard noise temperature of To 290 K[51],[52]. 8

An often used rule of thumb in noise analysis is that the noise figure in decibels of an

attenuator is equal to the amount of attenuation in decibels. This can be understood

as follows. Noise figure is the measure of the degradation in the signal-to-noise through

a device. For example, in a 6 dB attenuator, the signal power is decreased by 6 dB,

but the noise power available from the output of the attenuator at T = T" = 290 K

is still kT Af. Therefore, the signal-to-noise ratio is degraded by 6 dB, which is the

noise factor. At temperatures other than 290 K, the noise power available at the

output is higher, and the noise figure of the device is also higher. The difference in

7The resistor values R 1 , R2 , and R3 are determined from the amount of attenuation (A) and the
input and output impedance requirements. For the case where Z2ji = Zin2 = Z0 , the attenuation
is the magnitude of S2 1 , and the design equations are

R1 = R2 = Zo A
(1 + A

R3 = Zo 1 A2)

8 Quoting Dr. Friis, "...it makes little difference whether the noise figure be defined for a tem-
perature of 290 degrees Kelvin or 300 degrees Kelvin. I chose the value 290 degrees merely because
it makes the value of kT a little easier to handle in computations"
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Figure 4-26: Tee-Network Attenuator

temperature can be corrected for using the following general expression for the noise

factor of a passive device

F =1) - + 1 (4.24)
(GA TO

where GA is the available power gain of the device. For example, if the physical

temperature of the attenuator is 300 K ~ 27 C, then the noise figure is 6.1315 dB

rounding to four decimal places. 9

Another important place that the reference temperature To appears is in the on-

wafer probe structure de-embedding. To correctly account for the ambient tempera-

ture of the pads, the four noise parameters of the device with pads must be converted

to a correlation matrix using T because the noise parameters are always defined with

reference to To.

Rn Fmin - RnYO*
CAd.t 2kT Fm-1 2 (4.25)

RnYot Rn|Yopt 1

The noise of the resistive parasitics in the pads must be calculated using the ambient

temperature.

Cypen = 2kTie {Yopen} (4.26)

9Remember that a 6 dB attenuator is actually 6.0206 dB, which corresponds to a one-quarter
attenuation in power.
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Finally, the four noise parameters of the intrinsic device are determined with reference

to T,

R = CAT" (4.27a)
2kTO

opt2 CA221"* (4.27b)
2kTORn

B CA2.t - CA12 i"t (4.27c)
-j 4kToRn

Gopt = Yt 2 - Bo2, (4.27d)

Fmin =1 +2 CA 21 n" + RnYopt (4.27e)
2kTO

See Appendix A for the full de-embedding procedure.

Care must also be used in the implementation of short-open-load calculations for

determining the cable and probe S-parameters. The calculation of S 21 = S12 requires

a square-root operation. If the data used has a phase that varies from (-7 to +7T),

after the square-root is taken the phase varies from (-7r/2 to +7/2).

(Ad)1/2 - AC4/2 (4.28)

This does not yield the desired results if the resulting S21 is interpreted as a continuous

function of frequency for interpolation purposes. The solution to this problem is

perform the square-root operation as indicated in Equation 4.28, where the square-

root is taken of the magnitude, and the phase of the result is one-half of the continuous

phase. In Matlab, the unwrap function has been used to obtain the continuous phase

of the variables.

At this time, no device noise figure data has been successfully extracted from

measurements.
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Chapter 5

Conclusions and Further Work

A graphical derivation of the intrinsic noise sources in a square-law MOSFET tran-

sistor that includes drain noise, gate noise and their correlation is presented. The

insights gained in the process point to further work in modifying the theory for scaled

devices where velocity saturation and mobility degradation are significant. Model-

ing of the device when the carriers are velocity saturated is also discussed. More

work needs to be done in this area once measured data is available to compare with

candidate theories.

The fundamentals of high frequency noise analysis using the noise figure approach

were discussed, and some comparisons were made to the assumptions typically used

in analog circuit design. Further study is required to determine the impact of the

complete noise theory on broadband analog design.

Initial characterization data of 0.15 tm devices show the expected behavior for

scaled CMOS transistors. One exception that requires further investigation is the

apparent departure from the 1/ID behavior of the output resistance for minimum

length device. The deviation of gd from gm in saturation is also presented for a

velocity saturation limited device.

Further study is required on the measurement and extraction of device noise

sources. Presently, the methods outlined in this thesis correctly extract noise param-

eters from simulated data generated with idealized models. Successful application
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to measured data has not been achieved. One possible cause is the series parasitic

extraction procedure currently used. As discussed in Sections 4.2.3 and 4.2.4, the

procedure used does not correctly account for effects of the drain-to-bulk capacitance

and substrate resistance. A new approach needs to be adopted to obtain better es-

timates for the extrinsic parasitics which are critical to the ultimate accuracy of the

noise de-embedding.

Another problem that has been encountered in the de-embedding of the test setup

blocks A and C, is that the resulting noise figure is very small (~ 0.4 dB), and when

the pads and extrinsic component noise is removed the resulting noise figure is less

than 0 dB. This obviously impossible result points to an error in either the post-

processing or the data itself.

After the successful acquisition of device noise data, the results need to be com-

pared to proposed models for short channel MOSFET noise performance. Based on

these comparisons, general trends in the noise behavior of scaled CMOS suitable for

application to low noise design should be summarized. Finally, these results should

be applied to a low noise design for verification and illustration of their applicability.

96



References

[1] H. Statz, H. A. Haus, and R. A. Pucel, "Noise characteristics of gallium arsenide
field-effect transistors," IEEE Trans. Electron Devices, vol. ED-21, pp. 549-562,
September 1974.

[2] R. A. Pucel, H. A. Haus, and H. Statz, "Signal and noise properties of gal-
lium arsenide microwave field-effect transistors," in Advances in Electronics and
Electron Physics (L. Marton, ed.), vol. 38, pp. 195-265, Academic Press, 1975.

[3] K. Lundberg, "Become one with the transistor for solid state circuits." Depart-
ment of Electrical Engineering Massachusetts Institute of Technology, January
2002.

[4] A. van der Ziel, "Thermal noise in field-effect transistors," Proc. of the IRE,
pp. 1802-1812, August 1962.

[5] A. van der Ziel, "Gate noise in field effect transistors at moderately high fre-
quencies," Proc. of the IEEE, pp. 461-467, March 1963.

[6] A. van der Ziel, Solid State Physical Electronics, ch. 18, pp. 436-462. Prentice-
Hall, third ed., 1976.

[7] A. van der Ziel, Noise: Sources, Characterization, Measurement. Prentice-Hall,
1970.

[8] M. Shoji, "Analysis of high-frequency thermal noise of enhancement mode MOS
field-effect transistors," IEEE Trans. Electron Devices, vol. ED-13, pp. 520-524,
June 1966.

[9] H. Johnson, "Noise in field-effect transistors," in Field-Effect Transistors:
Physics, Technology and Applications (J. T. Wallmark and H. Johnson, eds.),
Series in Solid State Physical Electronics, ch. 6, pp. 160-175, Prentice-Hall,
1966.

[10] B. Wang, J. R. Hellums, and C. G. Sodini, "MOSFET thermal noise modeling
for analog integrated circuits," IEEE Journal of Solid State Circuits, vol. 29,
pp. 833-835, July 1994.

97



[11] G. Knoblinger, P. Klein, and M. Tiebout, "A new model for thermal channel
noise of deep-submicron MOSFETS and its application in RF-CMOS design,"
IEEE Journal of Solid-State Circuits, vol. 36, pp. 831-837, May 2001.

[12] D. P. Triantis, A. N. Birbas, and D. Kondis, "Thermal noise modeling for short-
channel MOSFET's," IEEE Trans. Electron Devices, vol. ED-43, pp. 1950-1955,
November 1996.

[13] C. G. Sodini, P.-K. Ko, and J. L. Moll, "The effect of high fields on MOS device
and circuit performance," IEEE Trans. on Electron Devices, vol. 31, pp. 1386-
1393, October 1984.

[14] C. T. Sah, S. Y. Wu, and F. H. Hielscher, "The effects of fixed bulk charge
on the thermal noise in metal-oxide-semiconductor transistors," IEEE Trans. on
Electron Devices, vol. ED-13, pp. 410-414, April 1966.

[15] C. T. Sah and H. C. Pao, "The effects of fixed bulk charge on the characteris-
tics of metal-oxide-semiconductor transistors," IEEE Trans. on Electron Devices,
vol. ED-13, p. 393, 1966.

[16] Y. Tsividis, Operation and Modeling of the MOS Transistor. McGraw Hill, sec-
ond ed., 1999.

[17] D. P. Triantis, A. N. Birbas, and S. E. Plevridis, "Induced gate noise in MOS-
FETS revisited: The submicron case," Solid-State Electronics, vol. 41, no. 12,
pp. 1937-1942, 1997.

[18] J.-S. Goo, C.-H. Choi, F. Danneville, E. Morifuji, H. S. Momose, Z. Yu, H. Iwai,
T. H. Lee, and R. W. Dutton, "An accurate and efficient high frequency noise
simulation technique for deep submicron MOSFETs," IEEE Trans. on Electron
Devices, vol. 47, pp. 2410-2419, December 2000.

[19] J.-S. Goo, C.-H. Choi, A. Abramo, J.-G. Anh, Z. Yu, T. H. Lee, and R. W.
Dutton, "Physical origin of the excess thermal noise in short MOSFETs," IEEE
Electron Device Letters, vol. 22, pp. 101-103, February 2001.

[20] G. Knoblinger, "RF-noise of deep-submicron MOSFETs: Extraction and mod-
eling," in ESSDERC 2001, September 2001.

[21] G. Gonzalez, Microwave Transistor Amplifiers: Analysis and Design. Prentice
Hall, second ed., 1997.

[22] Standards on Receivers: Definitions of Terms, 1952, vol. 40, December 1952.

[23] IRE Standards on Electron Tubes: Definitions of Terms, 1957, vol. 45, July 1957.

[24] R. Pettai, Noise in Receiving Systems. John Wiley & Sons, 1984.

98



[25] H. A. Haus, W. R. Atkinson, G. M. Branch, J. W. B. Davenport, , W. H. Fonger,
W. A. Harris, S. W. Harrison, W. W. McLeod, E. K. Stodola, and T. E. Talpey,
"IRE standards on methods of measuring noise in linear twoports, 1959," Proc.
of the IRE, pp. 60-68, January 1960.

[26] H. A. Haus, W. R. Atkinson, G. M. Branch, J. W. B. Davenport, , W. H.
Fonger, W. A. Harris, S. W. Harrison, W. W. McLeod, E. K. Stodola, and T. E.
Talpey, "Representation of noise in linear twoports," Proc. of the IRE, pp. 69-74,
January 1960.

[27] R. A. Pucel, W. Struble, R. Hallgren, and U. L. Rohde, "A general noise de-
embedding procedure for packaged two-port linear active devices," IEEE Trans.
on Microwave Theory and Tech., vol. MTT-40, pp. 2013-2024, November 1992.

[28] M. W. Pospieszalski, "Modeling of noise parameters of MESFET's and MOD-
FET's and their frequency and temperature dependence," IEEE Trans. on Mi-
crowave Theory and Tech., vol. MTT-37, pp. 1340-1350, September 1989.

[29] J.-S. Goo, High Frequency Noise in CMOS Low Noise Amplifiers. PhD thesis,
Stanford University, August 2001.

[30] G. Dambrine, H. Happy, F. Danneville, and A. Cappy, "A new method for on
wafer noise measurement," IEEE Trans. on Microwave Theory and Tech., vol. 41,
pp. 375-381, March 1993.

[31] G. Dambrine, J.-P. Raskin, F. Danneville, D. Vanhoenacker-Janvier, J.-P.
Colinge, and A. Cappy, "High-frequency four noise parameters of silicon-on-
insulator-based technology MOSFET for the design of low-noise RF integrated
circuits," IEEE Trans. on Electron Devices, vol. 46, pp. 1733-1741, August 1999.

[32] A. van der Ziel, Noise in Measurements. Wiley, 1976.

[33] M. C. A. M. Koolen, J. A. M. Geelen, and M. P. J. G. Versleijen, "An improved
de-embedding technique for on-wafer high-frequency characterization," in Pro-
ceedings of the 1991 Bipolar Circuits and Technology Meeting, pp. 188 -191,
IEEE, 1991.

[34] J. P. Raskin, G. Dambrine, and R. Gillon, "Direct extraction of the series equiv-
alent circuit parameters for the small-signal model of soi MOSFET's," IEEE
Microwave and Guided Wave Letters, vol. 7, pp. 408-410, December 1997.

[35] Noise Figure Measurement Accuracy - The Y-Factor Method (AN57-2).

[36] A. C. Davidson, B. W. Leake, and E. Strid, "Accuracy improvements in mi-
crowave noise parameter measurements," IEEE Trans. on Microwave Theory
and Tech., vol. MTT-37, pp. 1973-1978, December 1989.

99



[37] J. K. Hunton, "Analysis of microwave measurement techniques by means of signal
flow graphs," IRE Trans. on Microwave Theory and Tech, pp. 206-212, March
1960.

[38] N. Kuhn, "Simplified signal flow graph analysis," Microwave Journal, vol. VI,
pp. 59-66, November 1963.

[39] S. J. Mason, "Feedback theory-some properties of signal flow graphs," Proc. of
the IRE, pp. 1144-1156, September 1953.

[40] S. J. Mason, "Feedback theory-further properties of signal flow graphs," Proc.
of the IRE, pp. 920-926, July 1956.

[41] R. Q. Lane, "The determination of device noise parameters," Proc. of the IEEE,
pp. 1461-1462, 1969.

[42] H. Hillbrand and P. H. Russer, "An efficient method for computer aided noise
analysis of linear amplifier networks," IEEE Trans. on Circuits and Systems,
vol. CAS-23, pp. 235-238, April 1976.

[43] C. G. Sodini, S. S. Wong, and P.-K. Ko, "A framework to evaluate technology
and device design enhancements for MOS integrated circuits," IEEE Journal of
Solid-State Circuits, vol. 24, pp. 118-127, February 1989.

[44] R. R. Troutman and A. G. Fortino, "Simple model for threshold voltage in short-
channel IGFET," IEEE Trans. on Electron Devices, vol. ED-24, pp. 1266-1268,
October 1977.

[45] R. R. Troutman, "VLSI limitations from drain-induced barrier lowering," IEEE
Journal of Solid-State Circuits, vol. 14, pp. 383-391, April 1979.

[46] A. Chatterjee, K. Vasanth, D. T. Grider, M. Nandakumar, G. Pollack, R. Aggar-
wal, M. Rodder, and H. Shichijo, "Transistor design issues in integrating analog
functions with high performance digital CMOS," in 1999 Symposium on VLSI
Technology Digest of Technical Papers, pp. 147-148, 1999.

[47] D. Buss, "Device issues in the integration of analog/RF functions in deep sub-
micron digital CMOS," in IEDM Technical Digest, pp. 423-426, 1999.

[48] W.-C. Lee and C. Hu, "Modeling CMOS tunneling currents through ultrathin
gate oxide due to conduction- and valence-band electron and hole tunneling,"
IEEE Trans. on Electron Devices, vol. 48, pp. 1366-1373, July 2001.

[49] S.-H. Lo, D. A. Buchanan, Y. Taur, and W. Wang, "Quantum-mechanical mod-
eling of electron tunneling current from inversion layer of ultra-thin-oxide nMOS-
FET's," IEEE Electron Device Letters, vol. 18, pp. 209-211, May 1997.

[50] B. G. Streetman, Solid State Electronic Devices. Prentice Hall, fourth ed., 1995.

100



[51] H. T. Friis, "Noise figures of radio receivers," Proc. of the IRE, vol. 32, pp. 419-
422, July 1942.

[52] H. T. Friis and D. 0. North, "Discussion on noise figures of radio receivers,"
Proc. of the IRE, vol. 33, pp. 125-127, February 1945.

101



102



Appendix A

De-embedding with Correlation

Matrices

S- =S S

S21 S

S - Y

Sopen = ±Y
S 2 10

12

22 _

S12o

S2 2o

Sopen a Yopen

Cy.pen = 2kT91e {Yopen}

Sshort =
SS1

S21s

S12s

S2 2 s

Sshort -± Yshort
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(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)

(A.7)



Cyshort =2kTtef Yshort}

CAd.t = 2kTOFF - 1 
min n opt

TAy -
-Y21

Fmin - 1 -

2

R1 yopt 2

0

Cyd.t = TAy x CAd.t x TAyt

where At is the conjugate transpose of matrix A.

Yx = Y - Yopen

Cy. = Cyd.t - Cyopen

Y 2 2x -Yl 2 x

IYx Yx

-y 21x __x

YXI YX|

Ysh

Tyz = ZI Z12x

Z 21x Z2 2x J

Cz. Tyz x Cy x Tyzt

Z22short -Z12sho

r Zshort Zshort
ort -Z2lshort Z11shor

short I Zshort

rt

t

(A.11)

(A.12a)

(A. 12b)

(A.13)

(A.14)

(A.15)

I (A. 16)
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I (A.9)

(A.10)

(A. 8)

zX



11lshort Y12short

T21short 22short

CYshort = Tzy x CZshort X Tzy

Yy = Yshort - Yopen

Cyy = Cys.hrt - Cyepn

- 22y -y2y

2y Iy

- |Yy| Y| .

Tyz = Zlly Z12y

Z21Y Z22y

C = Tyz x Cy, X Tyzt

Zext = Zx - z y

CZ.. = CZ. - CzY

= [R + Rs

L Rs

RsR

Rd + Rs

Cz, = 2kT9ie {Z,}
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(A.17)

(A.18)

(A.19a)

(A.19b)

(A.20)

(A.21)

(A.22)

(A.23a)

(A.23b)

(A.24)

(A.25)



Zint Zext - Zo-

Czi. =Cz.x1 - Cz,

Yint

Z 22int

Zintj

-Z21nt

Zintj

-Zl2int

IZint

Zllint
IZint

I
Tzy Yi1int Y12int

Y2lint Y22int

Cyint = Tzy X CZint X Tzyt

Zint - Aint

TZA =
1 -A 1 i" 1
0 -A 21 inj

CAint = TZA X Cz1 nt X TZAt
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(A.26a)

(A.26b)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

(A.32)



R CA1 ""i1t

2kTo

2ot 2 "CA"
2kToRn

Bopt - CA21 i~t - CA12i"t
-j4kToRn

Gopt Yopt2 - Bo2t

Fmin 1 +2 (CA 21 .+ RnYop
(2kTo ot

NFmin = 10 log10 (Fmin)

Yp

-opt O

1+i opt
YO

2~ +2

= 2 Cy22 in

2C2
g Cyiiint

Cint = Cy12i"t

0Cy7i. * Cy
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(A.33a)

(A.33b)

(A.33c)

(A.33d)

(A.33e)

(A.34)

(A.35)

(A.36a)

(A.36b)

(A.36c)



2 CA 11 nt (A.37a)

.j2 -2 CA 2  (A.37b)

V, ni'n 2CA2n (A. 37c)

CA = C A 1 2 int (A.37d)
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Appendix B

Transconductance versus Drain

Current

This appendix gives mathematical justification of the claim that the slope information

of a graph of log (gin) versus log (ID) is identical to that of a graph of log (gmo) versus

log (IDo)-

If

ID Do (I +
VDS)

(B.1)

then to the extent that
a VA _

AVGS =

9 ID
Ym&V

(9 8 1 Do + VD S

aVGS VA

( VD S1 + VA )

(B.2)

(B.3a)

(B.3b)

(B.3c)
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Therefore,

(B.4)

(B.5 )

ID =IDoA

gm g o A

where

A = I +VDS
VA

However, it is log (g) and log (ID) that are of interest

log ID - log -Do + logA

log gn = log gno + log A

(B.6)

(B.7)

(B.8)

In order to show that the slope information is identical, some functional dependence

between gmo and IDo must be assumed. Because the slope of a curve at a point can

be used to estimate the curve in the region of that point,' the curve on log-log graph

paper can be estimated with its slope or on linear graph paper its exponent.

gmo = DoG (B.9)

(B.10)log gmO = n log IDo

Substituting this expression for log (gio) into (B.8), results in

log g, = n log IDo + log A

Solving (B.7) for log (IDO), and substituting into (B.11)

log gm = n log ID + (log A - n log A)

'In other words, a first order Taylor expansion.
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(B.12)



which shows that the plot of log (g,) versus log (ID) preserves the slope information

of log (gino) versus log (IDo).

Unfortunately, the assumption (B.2) that VA is independent of VGS is not true

(Figure 4-8). As mentioned in Chapter 4, further investigation of the dependence of

VA on VGS is required.
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