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LAYOUT DEPENDENT AND BIAS INDEPENDENT SCALABLE
SUBSTRATE MODEL FOR RF MOSFETS

1 INTRODUCTION

The past decade has seen a rapid pace of development in the communication

circuits market. This has driven IC design to higher levels of integration and

circuitry that operates at higher frequencies and low voltages. CMOS is the

preferred solution for integration. Significant work has been done on CMOS front

ends that can be integrated on a single chip. A critical issue in the design at giga

hertz frequencies is the availability of compact models to accurately predict the

MOS transistor behavior [l]-[4}. The distributed nature of the MOSFET at these

frequencies gives rise to non-quasi-static effects and the distributed nature of the

gate and the substrate. These effects should be correctly modeled for efficient RE

circuit design. Also, the scalability, accuracy and complexity of a model are three

important parameters in chosing the model. In particular, the effect of the substrate

on the performance of a MOSFET needs to be accurately modeled at these

frequencies. The influence of the substrate on MOSFET performance has been

studied in 5J-[lO] where the substrate effects have been incorporated into the

standard circuit models by attaching external resistances. These resistances are

dependent on the biasing and layout of the transistor.



n this thesis, the focus is on studying the dependence of the substrate

resistance, on the biasing of the MOSFET. Also, an efficient scalable model to

accurately predict the for transistors with multiple gate fingers from the

information available for a few fingers has been developed. The dependence of

on the placement of substrate contacts relative to the device active area has

also been studied. Eventually, the importance of incorporating the substrate

resistance in predicting the performance of a low noise amplifier has been shown.

The organization of the thesis is as follows. Chapter 2 presents an overview

of substrate network modeling and describes two methods of extracting the

substrate resistance. Chapter 3 discusses the bias dependence of Chapter 4

describes a method of extracting the substrate resistance for each finger of a multi-

fingered MOSFET and also presents a scalable model for substrate resistance as a

function of the number of fingers of the device. Chapter 5 discusses the dependence

of Rb on the transistor dimensions and distance of the substrate contacts from the

device active area. Chapter 6 presents results from three-dimensional simulations.

Measurement results are presented in Chapter 7. Chapter 8 discusses the effect of

the substrate resistance on the performance of a low noise amplifier. Conclusions

and future work are presented in Chapter 9.
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2 SUBSTRATE MODELING AND EXTRACTION OF SUBSTRATE
RESISTANCE

At GHz frequencies, the substrate has a significant effect on the output

impedance of the MOS transistor [10]. At these frequencies, the distributive nature

of the substrate needs to be appropriately modeled [11]. MOS transistor models

used for simulations must incorporate the effect of the substrate to get a good

agreement between simulations and measurements. It has been shown through

simulations in [10] that the phases of Y12 and Y22 are significantly changed due to

the presence of the substrate whereas y and y21 are virtually unaffected. In this

chapter, the various models for incorporating the substrate effects are reviewed. In

addition, methods for extraction of the substrate resistance are described.

2.1 Substrate Models

Recently, several models have been proposed to incorporate the effects of

the substrate. A few of the popular ones are shown in Figures 2.1-2.4. In

Figures 2.1-2.3 the substrate effects are incorporated as an external network with

the BSIM3v3 model [51-Fbi. Figure 2.4 shows the BSIM4 MOSFET model [121,

which has built in substrate resistances. The substrate model of [5] is similar to that

of [61 in that only a single RSb2 is used. The substrate models of [7] and [8] are

similar with the exception of additional capacitances in parallel with Rb for the



ri

model of [8]. The substrate model of [6] (Figure 2.2) is more complicated than that

of [7] (Figure 2.1) and requires a complex parameter extraction procedure. One

common feature in both of these models is the use of extrinsic capacitances to

account for the drainlsource bulk junction capacitances. The MOSFET model

junction diode capacitances are not used, as they are set to zero and a different

model is required for high frequencies. Therefore, the drawback is that a single

model cannot be used from low frequencies to frequencies in the gigahertz regime.

In Figure 2.3, a single lumped resistor is used to model the substrate. Here, an

external substrate resistance is added at the bulk node. This model is a

simplification of that in Figure 2.2 in that no external capacitances are required and

only one lumped resistor is used, i.e., This simple substrate network of

Figure 2.3 has been shown to be accurate up to 10 GHz [10], [13], [14], [15]. The

substrate resistances used in the BSIM4 model have complex extraction

procedures. For this work, the model of Figure 2.3 was used because of its

simplicity and ease of parameter extraction.
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subi R5Ub1

G
I B0

ThRSUb2

sub2

S

Figure 2.1: Substrate network model of [7]. C5b1 and C5b2 are external
capacitances.

The substrate resistances used in the various models discussed above are

dependent on the biasing and the layout of the transistor. Hence, the substrate

model used for circuit simulations must reflect this dependence. This is explored in

the subsequent chapters of the thesis.
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Figure 2.2: Substrate network model of [6J. Cb1 and CJSb2 are external
capacitances.
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Figure 2.3: Substrate network model of [10]. This model uses the transistor
junction capacitances.
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Figure 2.4: BSIM4 substrate network model. Cdb, Cb are the transistor junction
capacitances.

2.2 Extraction of Substrate Resistance, R,b

Figure 2.5 again shows a simple model for the MOSFET including the

substrate resistance, Rb has two simple methods of extraction called the AC

extraction method and the DC extraction method, respectively. In the AC extraction

method, the small-signal parameters, the DC parameters and y22 of the MOSFET

are extracted from measurements or simulations. Then, using the expressions for

the phase of Y22, an optimum value ofRb is obtained by doing a least-squares fit to



the phase of y22 [10], [16]. In the DC extraction method, the resistance between the

substrate region underneath the gate and the external substrate contacts is measured

on test structures [161, [17]. The two methods are described next.

G
p

Bext

Figure 2.5: Simple substrate model used for analysis and parameter extraction.

2.2.1 AC Extraction Method

The MOSFET in Figure 2.5 can be considered as a two-port network with

the source and bulk connected together. The input port is made up of the gate and

the source. The drain and the bulk constitute the output port. The small-signal

model of a MOSFET is shown in Figure 2.6.



ID]

G
Cgd D

Figure 2.6: Small-signal model of a MOSFET with substrate resistance.

The real and imaginary parts of y22, which is the output admittance for this

two port network, are given by Eqs. (2.1) and (2.2), respectively. The source and

bulk nodes are grounded while evaluating y22.

Re(y72) =
UbCdb(Cdb

(2.1)
1+t)2R2 C2

sub 'b
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Im(y22) WC'gd +
(1 +

+
w3RhCbCdb (Cgb + Ccb)

1+2RUbC 1+a2R2 2
(2.2)

sub b

The substrate resistance has a significant influence on the phase of Y22 than

any other y parameter [10]. Hence, the phase of y22 is considered to be a figure of

merit in comparing the substrate models. The substrate resistance, can be

obtained by knowing all the other variables in the above equations and performing

a least-squares fit to the phase of Y22 for different frequencies, o. To validate this

method of extraction, device simulations were performed using the two-

dimensional device simulator MEDICI [181. Figure 2.7 shows the structure of the

simulated device, which had doping profiles from a 0.5 tm CMOS process. The

device was 500 tm wide and had a channel length of 0.6 tm.

Figure 2.8 shows the phase of y22 obtained through MEDICI device

simulations. Rsb was extracted using the above procedure and this extracted Rsb

was used with a BSIM3v3 MOSFET model to get the phase of y22 from SPICE

simulations. The gate and drain bias for these simulations were 0.8 V and 1.0 V

respectively, while the source and the substrate were grounded. It can be seen from

Figure 2.8 that the SPICE simulations with the Rb extracted using the AC

extraction method match closely with the MEDICI device simulations up to

10 GHz. Thus, this model is accurate up to 10 GHz and the AC extraction method

gives a simple method of extracting RSLJb.
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13 Ii

Heavily doped 'F' Substrate with epi-layer

Figure 2.7: Simulated structure for AC extraction method.

CI)

a)
a)

0)
a)0
NN
>.

0
a)
CI)

a)

0.

1 0 1o, 10' 10

Frequency (Hz)
1 0

lou,

Figure 2.8: Phase of y22 vs. frequency from MEDICI and SPICE simulations.
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2.2.2 DC Extraction Method

In this method of extraction, Rb is extracted by measuring the DC

resistance between the substrate region underneath the gate and the external

substrate contacts. The gate is replaced by a P bulk-strap as shown in Figure 2.9. A

small voltage (0.1 Volt) is applied to this bulk strap while the substrate contacts and

the drain and source contacts are grounded. The current flowing out of the substrate

contacts is measured and the ratio of the applied voltage to the current through the

substrate contacts gives the DC substrate resistance, For the device used in the

simulations, the DC resistance was found to be 150 .

P+ bulk- strap

13 13

Heavily doped 'P' Substrate with epi -layer

Figure 2.9: Simulated structure for DC extraction method.
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This method is similar to the one proposed in [17]. However, for multi-

fingered MOSFETs the method of extracting Rb is slightly different from that in

[17] and is explained in detail in Chapter 4 [16].

2.3 Dependence of DC Rb on the Width of the Gate P Strap

Figure 2.10 shows the structure that was simulated to see how the DC

substrate resistance varies with the width of the gate strap. Here, the width w of

the p strap was varied from 0.2 tm to 0.5 tm for a transistor with a channel length

of 0.6 tm. Rb was then extracted for different w.

P+ bulk-strap

Ii
w

Heavily doped 'P' Substrate with epi -layer

Figure 2.10: Simulated structure to study the dependence of on the width of the
gate p strap.
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Table 2.1 shows the values ofRb for different values of w. It can be seen

that the width of the gate strap, w, is not significant in extracting the DC Rsb.

w
0.5 0.4 0.3 0.2

(pm)

Rb
150 152 153 155

(Ohms)

Table 2.1: Rsub for different values of w, the width of the gate p strap.

Rb extracted using the AC extraction method is clearly dependent on

transistor biasing while Rb extracted using the DC extraction method is

independent of biasing. The relationship between the two methods of extraction is

explored in the next chapter.
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3 DEPENDENCE OF RSUB ON TRANSISTOR BIASING

The substrate resistance extracted using the AC extraction method varies

with the biasing of the transistor. To develop an accurate model for the substrate

resistance, this bias dependency needs to be explored. Figure 3.1 shows the

structure, which was simulated to study the bias dependency. To study the

sensitivity of Rb to the gate and drain voltages, each of these voltages was varied

in steps while keeping the other constant and Rb was extracted from the simulated

and measured Y22 using the AC extraction method. The dependence of Rb on the

gate and drain bias is explored in the following sections.

13 13

Heavily doped 'P' substrate with epi -layer

Figure 3.1: Simulated structure to study the bias dependence of Rsub.
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3.1 Variation of Rb with the Gate Bias, Vgs

To study the dependence of Rb on the gate bias, the drain bias was fixed at

1.0 V, 2.0 V and 3.0 V, respectively. The gate voltage was varied from 0.7 V to

3.0 V for each of the drain voltages while the source and substrate contacts were

grounded. The device width was 500 tm and the channel length was 0.6 tm. Rsb

was extracted for each of the bias conditions using the AC extraction method.

Figure 3.2 shows the phase of Y22 for different gate voltages and a drain bias of

1.0 V.

8C
70 0.9V

H i.ivI 0
7 1.5V :... 0

60 V
1.9V

= .

0 2.2V 0
=

5OL__YJ .

..

0
40

v

30 0 U 0

,/
,xeo$

i. v:. .O
20 °

. :
x o0

0 o00&,
10

0

0
0 ¶7*44O

10 10 IO 10 10 10
Frequency (liz)

Figure 3.2: Phase of y22 vs. frequency for different Vgs, Vds = 1.0 V.
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The extracted values ofRb are shown in Figure 3.3 for three different drain

voltages. Table 3.1 gives the values ofRb extracted for each of the bias voltages.

It can be seen from Figure 3.3 and Table 3.1 that Rb has a weak dependence on

the gate bias for higher drain voltages.

240

2

2

E1
0
.0

1

1

I

0
i.ov

+ Vds=2.OvLL3.0vL

0

0
0

10 0

0
+ + + + + + +

+
A A A A AA

U' I I ________

A A

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

Vgs (volts)

Figure 3.3: Rsub VS. Vgs for Vds = 1.0 V, 2.0 V, and 3.0 V.



Vgs__________
(Volts)

Rb (Ohms)

Vd=l.OV Vd=2.0V Vds=3.OV

0.7 129 118 108

0.9 140 125 114

1.1 144 125 112

1.5 151 124 111

1.7 157 124 110

1.9 166 123 110

2.2 191 124 108

2.5 224 123 107

Table 3.1: Rb for different Vgs with Vd 1.0 V, 2.0 V and 3.0 V.

3.2 Variation of Rsub with the Drain Bias, Vd

To study the dependence of Rsb on the drain bias, the gate bias was fixed at

0.8 V, 1.1 V and 1.5 V, respectively. The drain voltage was varied from 0.3 V to

2.5 V for each of the gate voltages while the source and substrate contacts were
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grounded. The device width was 500 .im and the channel length was 0.6 .im. Rsub

was extracted for each of the bias conditions using the AC extraction method.

Figure 3.4 shows the phase of Y22 for different drain voltages and a gate voltage of

0.8 V.

Ut--

80

0.8V

70 1.2V

1.5V

1.8V

2.2V

vz__
j60

0)
v 2.5V if

a)

V50 V

40
a)
Ca
Ca

0.30

0 o.

*
0

10 106 108 1o9

Frequency (Hz)

Figure 3.4: Phase of y22 vs. frequency for different Yds, Vgs 0.8 V.

The extracted values of R5b are shown plotted in Figure 3.5 for three

different drain voltages. Table 3.2 gives the values of Rsub extracted for each of the

bias conditions. It can be seen from Figure 3.5 and Table 3.2 that Rs1b has a weak

dependence on the drain bias for smaller gate voltages.
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Figure 3.5: Rb vs. VdS for Vgs = 0.8 V, 1.1 V, afld 1.5 V.
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VdS

(Volts)

Rsb (Ohms)

Vgs = 0.8 V Vgs = 1.1 V Vgs = 1.5 V

0.3 104 123 186

0.5 116 131 181

0.8 131 140 153

1.2 139 144 149

1.5 133 136 138

1.8 127 129 129

2.2 121 122 121

2.5 117 118 117

Table 3.2: Rsb for different Vd with Vgs 0.8 V, 1.1 V and 1.5 V.

3.3 Bias Dependence of RSUb from Measured Data

To validate the trends observed for the variation of Rb with the transistor

biasing, measurements were done to extract the Y22 of a MOSFET fabricated in a
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0.5 im CMOS process. The device width was 405 tm and the channel length was

0.6 pm.

Figure 3.6 shows the phase ofy22 for VdS 1.0 V arid Vgs 0.8 V, 1.0 V and

2.0 V, respectively. Table 3.3 shows the extracted values of Again, it can be

seen that Rb has a weak dependence on the gate bias for higher drain bias.

w
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108
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Figure 3.6: Phase of y22 vs. frequency for Vgs 0.8 V, 1.0 V, and 2.0 V from
measured data.



Vgs

(Volts)

Rb (Ohms)

VdS = 1.0 V VdS 2.0 V Vd 3.0 V

0.8 44 53 58

1.0 53 59 65

2.0 26 63 68

Table 3.3: Rsb for different Vgs from measurements for Vds = 1.0 V, 2.0 V, afld
3.0 V.

Similarly, Figure 3.7 shows the phase of y22 for Vgs = 0.8 V and Vd 1.0 V,

2.0 V and 3.0 V, respectively and Table 3.4 gives the extracted Rb using the AC

extraction method. For low Vgs, Rsub has a weak dependence on Yds as observed in

device simulations.
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Frequency (Hz)

Figure 3.7: Phase of Y22 vs. frequency for VdS = 1.0 V, 2.0 V, and 3.0 V from
measured data.

Vd

(Volts)

Rb (Ohms)

V=0.8V Vgs 1.OV Vgs2.OV

1.0 44 53 26

2.0 53 59 63

3.0 58 65 68

Table 3.4: Rb for different VdS from measurements for Vgs = 0.8 V, 1.0 V, and
2.0 V.
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3.4 Phase of Y22 for Bias-Independent Rb

Figure 3.8 shows a plot of the phase of Y22 obtained by taking a bias-

independent value of Rb equal to 150 Q (the value of Rb from DC extraction).

The bias condition was Vgs 0.7 V, VdS = 1.0 V. Vb = 0.0 V and the extracted

value of Rb using a least-squares fit was 129 as shown in Table 3.1. From

Figure 3.8, it is seen that the error in the phase of y22 for a bias-independent Rb is

not significant. Therefore, the DC value of the substrate resistance can be used

without introducing a significant error.

Thus, it can be concluded that although the substrate resistance is bias

dependent, the error when using the DC value of is not significant. For this

reason, we only need to model the dependence of the DC Rb on the transistor

layout. The specific dependencies that need to be studied include the (i) number of

gate fingers, (ii) transistor width and length, and (iii) location of bulk contacts.
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Figure 3.8: Phase of Y22 vs. frequency from MEDICI, SPICE with Rb 150
(DC method) and Rsb = 129 c (AC method) for Vd = 1.0 V, Vgs 0.7 V.
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4 SCALABLE SUBSTRATE RESISTANCE MODEL FOR MULTI-
FINGERED MOSFETS

In Chapter 3, it was concluded that to study the layout dependence of the

substrate resistance it is sufficient to consider the DC Rb of the device. This

chapter discusses a method of extracting the device and finger substrate resistances

in a multi-fingered MOSFET and presents a scalable model for the substrate

resistance as a function of number of fingers.

4.1 Extraction of Device and Finger Substrate resistances in Multi-Fingered
MOSFETs

Figure 4.1 shows a two-fingered MOSFET. In analogy to the one finger

case described in Chapter 3, the Rb for the two-fingered MOSFET can be obtained

by replacing both the gates with corresponding bulk straps. Then, a small

voltage (0.1 V) is applied to both the p straps simultaneously and the current

flowing out of the substrate contacts is measured. The ratio of the applied voltage

to the current flowing out of the substrate contacts gives the device substrate

resistance, V / 'outS
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Heavily doped 'P' Substrate with epi-layer

Figure 4.1: Structure to calculate Rb of a multi-fingered transistor.

R11 R p+ Substrate

Figure 4.2: Structure to calculate the finger substrate resistance.
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Having seen how the substrate resistance of the device can be extracted, let

us see how we can obtain the substrate resistance for each finger in a multi-fingered

transistor. Figure 4.2 shows a two-fingered MOSFET with the various substrate

resistance components.

To obtain the substrate resistance for finger 1, we ground the bulk straps

of the other fingers along with the source, drain and the substrate contacts. Then, a

small voltage (0.1 V) is applied to finger 1 and the current flowing out of the

substrate contacts is measured. The ratio of the applied voltage to the output current

gives the substrate resistance for finger 1, . From this method the substrate

resistance of finger 1 is R11 R12. Similarly, the substrate resistance for finger 2 is

R21 R22. The device substrate resistance obtained from Figure 4.1 is equal to

(R11 1 R12) (Ri R22) (since we effectively short R) which is equal to the parallel

combination of the finger resistances obtained in Figure 4.2, i.e., Rhf,1 II Rbf,2.

This method of extracting the substrate resistance of the fingers is slightly different

from that proposed in [17]. In [17J, while measuring the finger substrate resistance

of a particular finger, the bulk straps of the other gate fingers are left floating. In

this case, say for finger 1, we would not be measuring (R11 R2) but some

combination of the resistances R11, R12, R, R21 and R22. Thus, the parallel

combination of the resistances for finger I and finger 2, i.e., (Rbf,I P Rsubf,2) will

not be equal to the Rb calculated in Figure 4.1.

Extraction of the finger substrate resistance allows one to obtain a scalable

model for the finger substrate resistances and hence Rb of multi-fingered
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transistors. A scalable model for the finger substrate resistances is discussed in

detail in the next section.

4.2 Scalable Model for Finger Substrate Resistances of Multi-Fingered
MOSFETs

The scalability of a model with the transistor dimensions is very crucial in

using it with circuit simulators. Hence, the model for the substrate resistance that is

developed should be scalable with the various layout parameters of the transistor.

In particular, we need to explore a method of obtaining the substrate resistance,

of multi-fingered transistors by knowing the substrate resistances of as few

fingers as possible. This section describes a method of obtaining theRb of multi-

fingered transistors by knowing the finger resistances for just six fingers.

Figure 4.3 shows the structure that was simulated to study the dependence

of the substrate resistance on the number of gate fingers for multi-fingered

transistors. ni is the number of the gate finger whose substrate resistance we are

interested in. nr is equal to (n-nl+1) where n is the number of gate fingers, i.e., nr is

one more than the number of fingers to the right of the finger of interest. The gate

fingers at the ends of the device contribute significantly to the total substrate

resistance [9J, [191.
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+P bulk straps

Figure 4.3: Simulated structure to study the dependence of Rb on multiple gate
fingers.

Figure 4.4 shows the finger substrate resistances for ni 1 for a device

width of 500 pm. It can be seen that the finger resistance for the first finger (ni = 1)

varies linearly with nr and hence we only need to know the first two points on the

straight line to obtain the linear model.
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2 3 4 5 6

nr

Figure 4.4: Rsub vs. nr for ni = 1.

Figure 4.5 shows the finger resistances for other values of ni. It can be seen

that these resistances also vary linearly with nr. Note that only three points on the

first two straight lines are required to obtain the finger resistances for all the other

fingers. The extraction of the complete model is explained using Figure 4.6. If

points 'A' and 'B' on the ni 2 line are known from simulations or measurements,

then the equation of the line can be obtained. On the ni = 3 line, point 'C' has the

same resistance value as point 'B' on the ni = 2 line. This is because point 'C'

represents the finger ni = 3, nr =2 which by symmetry should have the same finger

substrate resistance as the finger with iii = 2, nr 3, i. e., point 'B'. Next, if point
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'D' is known from simulations or measurements, then the ni = 3 straight line can be

determined. Similarly, from a symmetry argument, the points 'El' and 'E' have the

same resistance values as do the points 'F1' and 'F'. Hence, the line for ni = 4 can

be obtained.

E

0

C)
C

x

2

1.8

1.6

2 3 4 5 6
nr

Figure 4.5: Rb vs. nr for different ni.
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Figure 4.6: The extraction procedure for determining substrate resistances for each
finger using measured or simulated data (denoted by 'X') for points A, B and D.
O' denotes calculated quantities.

Thus, by obtaining the resistances for {(nl, nr)}={(l, 1), (1, 2), (1, 3), (2, 2),

(2, 3), (3, 3)}, the other resistances can be obtained from a linear model [16].

Figures 4.4 and 4.5 show that the finger resistances obtained from the model match

well with those obtained from device simulations. The equations describing the

linear variation of the finger resistances with nr for the first four gate fingers in the

process under consideration are shown in Table 4.1.
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ni Equation describing the linear model
for the finger resistance

I r(1,nr) [) * (368.8 * nr 105.2)

2 r(2,nr) = (1381.6 * nr 50.6)

3 r(3,nr) = *(16356 * nr + 740.8)

4 r(4,nr) = *(18485 * nr + 1696.6)

Table 4.1: Equations for the finger resistances. 'w' is the device width.

Figure 4.7 compares the phase of y22 obtained from device simulations,

using the SPICE model with DC Rsb from the scalable model and using the SPICE

model with Rb from a least squares fit to the phase of Y22 as described in [101 for

the case of four gate fingers with a device width of 500 m. It is seen that the phase

of Y22 obtained from the scalable model matches well with that obtained from

device simulations.

Table 4.2 compares the values of Rsb obtained from device simulations and

from the scalable model for a 500 tm wide MOSFET. The resistance values from

the model are in good agreement with the simulation results and the maximum

error between the simulation results and the model is less than 4%. The

mathematical equations describing the above extraction procedure for the scalable

mode! are described in Appendix A.
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Figure 4.7: Phase of Y22 vs. frequency from MEDICI, SPICE with Rb from the
scalable model and with Rb from the AC extraction method for four fingers with
VdS = 1.0 V and Vgs = 0.8 V.
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n
DC Rb from

simulation
(Ohms)

Rb from model
(Ohms)

2 316 316

4 518 512

5 599 590

7 740 730

8 806 780

10 909 878

ii 954 920

Table 4.2: from simulations and scalable model for different 'n', W = 500 jtm.

This chapter has presented a simple scalable model for the substrate

resistance of multi-fingered transistors for use in RF MOS transistor models. There

is good agreement of the output admittance obtained from device simulations and

SPICE circuit simulations using the substrate resistance obtained from the model.



5 DEPENDENCE OF RSUB ON TRANSISTOR DIMENSIONS AND
DISTANCE OF SUBSTRATE CONTACTS FROM ACTIVE AREA

To obtain a substrate model that depends on the layout of the transistor, we

need to study how Rb varies with the dimensions of the transistor, i.e., the width

and the channel length. This chapter explores the variation of RSLIb with the number

of fingers when the device width and the finger width are kept constant,

respectively and also presents the dependence of Rb on the distance of substrate

contacts from the active area of the device.

5.1 Dependence of Rb on Multiple Gate Fingers for Constant Device and
Finger Widths

The substrate resistance, RSUb,was extracted using the model described in

Chapter 4 for different number of fingers. Figure 5.1 shows a plot ofRb with the

number of gate fingers for a constant device width of 500 rn, i.e., as n increases

the finger width of the device correspondingly decreases.
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Figure 5.1: Rsub vs. number of gate fingers for W = 5OOtrn.

150

It can be observed that Rb increases with n and for large n has a linear

dependence on n. This can be explained by observing that for a larger number of

gate fingers, the resistance contribution of the interior fingers to the total substrate

resistance is insignificant. As the device width is kept constant, the width of each

finger scales inversely with the number of fingers. For large n, the substrate

resistance which is dominated by the first few fingers scales inversely with the

width of the fingers as n increases. Hence, an inverse dependence on the finger

width is observed, that translates directly to a linear dependence on n. In Figure 5.2,
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the resistance values are normalized for a constant finger width and it can be

observed that Rb decreases and saturates for large n indicating that the interior

fingers do not contribute significantly to the total substrate resistance. These results

are different from [19] which claims Rb to be almost constant with n and also that

Rb for transistors with an even number of fingers is larger than that for an odd

number of fingers. Clearly, the conclusions from [19] are not physically correct as

can be seen from device simulations and Figure 5.2.

0
E

0

0
cr

180

160

140

120

100

80-

60-

40-

nfl _______ I --

50 100 150
Number of fingers

Figure 5.2: Rb vs. number of gate fingers for constant finger width.



5.2 Dependence of on Channel Length

Table 5.1 shows the values of Rsb obtained from device simulations for a

MOSFET with a width of 500 tm and different number of gate fingers for various

channel lengths. For the typical channel lengths used in RF applications, Rb has a

weak dependence on the channel length. This has also been observed from

measurements on a single fingered device in [211.

Rs:(Ohms)

10

0.6 165 515 950

0.7 163 508 940

0.8 160 502 933

0.9 158 495 925

1.0 155 490 915

2.0 143 465 870

Table 5.1: Rsb for different channel lengths for devices with different number of
fingers, W = 500 tm.
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5.3 Dependence of Rb on the Distance of Substrate Contacts from the
Active Area

The structure shown in Figure 5.3 was simulated for different d to study the

dependence of Rb on the distance of the substrate contacts from the source and

drain regions. The simulations were performed for structures with different number

of fingers with fixed finger width as the distance d was varied from 2 m to 15 tm.

Figure 5.4 shows a plot of Rb vs. the distance d for transistors with different

number of fingers.

For typical transistor layouts in RF circuit design, the substrate contacts are

not placed beyond 15 tm from the active device area and for values of d up to

15 tm, it can be seen from Figure 5.4 that RSUJb has a linear dependence on d for

transistors with different number of fingers.



P bulk straps

LS

P+ Substrate

Figure 5.3: Simulated structure to study the dependence ofRub on the distance of
the substrate contacts from the source and drain regions, d.

Table 5.2 shows the equations describing the model for this linear

dependence.
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Figure 5.4: Rh vs. d, the distance of the substrate contacts from the source and
drain regions for different number of fingers, n.



Equation describing the linear

dependence on d ofRb

I r(1,d)=4.5642*d+166.l8

2 r(2,d)=3.4325*d+154.56

3 r(3,d)=2.7184*d+137.6

4 r(4,d)=2.2131*d+125.5

Table 5.2: Equations for Rsub vs. d.

A scalable model for Rb as a function of n and d can be obtained by

combining the results ofthis section with those in Section 4.2. In Section 4.2, it was

shown that for a given d, Rb can be expressed as a function of n by knowing the

finger resistances for just six fingers (Appendix A). From this section we found that

Rb for a given n is linearly dependent on d. As only two simulation points are

required to describe the linear dependence on d, by knowing the six finger

resistances described in Section 4.2 for two different d we can express Rub as a

function of n and d. This procedure is discussed in detail in Appendix B.
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6 THREE DIMENSIONAL DEVICE SIMULATIONS

This chapter presents the results of three-dimensional device simulations

done using the device simulator PROPHET [20]. These include the dependence of

Rb on transistor width for a fixed number of fingers and the dependence of Rsub Ofl

the placement of substrate contacts relative to the active area of the device. The

latter part consists of the dependence of Rsb on the substrate contacts placed

perpendicular to the active area and the dependence of Rb on the substrate

contacts placed all around the device. A complete layout dependent model for Rb

should incorporate all these cases apart from those discussed in the previous

chapters.

6.1 Dependence ofRb on Transistor Width for Fixed Number of Fingers

The simulations considered so far in the previous chapters have been two-

dimensional where it was assumed that the current scales with the width of the

MOSFET. However, a real device is three-dimensional and there could be edge

effects coming into picture due to the irregular current flow at the edges of a

device. This could make the current scaling assumption incorrect. To verify the

validity of these assumptions, three-dimensional simulations were done using

PROPHET [20], a three-dimensional process and device simulator.
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Table 6.1 shows the values of Rb obtained using PROPHET for various

device widths and a channel length of 0.6 tm for a single finger device. It can be

seen from Table 6.1 that the error incurred in Rb value on assuming that the

current scales with the device width is less than 6%. Thus, the edge effects in the

three-dimensional case do not significantly effect the scaling of current with the

device width.



RSb from Rb scaled from
Width

PROPHET the value for % error
(nm)

(Ohms) W = 1 Ojim

10 3800 3800 0

20 2014 1900 5.7

30 1335 1267 5.1

Table 6.1: Variation of Rb with finger width from 3D PROPHET simulations for a
one finger device.

In conclusion, the substrate resistance, of a multi-fingered MOSFET

scales inversely with the finger width of the device when the number of fingers is

fixed. Hence, making the transistor wider reduces its substrate resistance. This

result is in agreement with the trend observed by the measured data in [19].

6.2 Dependence of R11b on Substrate Contacts Placed Perpendicular to the
Device Active Area

So far, we have been considering the case where the substrate contacts were

placed parallel to the device active area as shown in Figure 6.1. However, in certain

applications the substrate contacts are placed perpendicular to the active area of the

transistor as shown in Figure 6.2. In such a case, the direction of current flow while
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calculating the DC substrate resistance is perpendicular to that in Figure 6. 1. The

source and drain regions block the current flow from the gate straps in the

direction parallel to the device. To extract the substrate resistance, we need to do

three-dimensional simulations. The structure shown in Figure 6.2 was simulated

using PROPHET for different number of fingers and the extracted values of the

substrate resistance are shown in Table 6.2 for a finger width of 10 tim.

Gate P+ straps

JU1

Parallel

T with substrate
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Figure 6.2: Representative layout of a two-fingered MOSFET with substrate
contacts perpendicular to the active area.
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Rsb scaled from
Rsb from

n single finger value % error
PROPHET (Ohms)

(Ohms)

1 3400 3400 0

2 1805 1700 5.8

3 1210 1133 6.4

4 893 850 4.8

Table 6.2: Rsub for different number of fingers when substrate contacts are
perpendicular to the active area.

It can be seen from Table 6.2 that Rb scales inversely with the number of

fingers and the error incurred on assuming this scaling is less than 5%. Thus, when

the substrate contacts are placed perpendicular to the device active area, then Rsub is

inversely proportional to the number of fingers for a given finger width.

Now let us see what happens ifwe change the finger width. Intuitively, we

would expect that as the finger width is increased, Rb decreases and eventually

saturates (this is similar to the case of increasing n in Section 5.1, where the finger

width was kept constant and the lateral dimension was increased by increasing n

and Rb eventually saturated for large n). Figure 6.3 shows that this is indeed the
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case and Rb decreases with increasing finger width and eventually tends to

saturate.

3500

300C

250C

E

0
.0

U)

200(

1501

N
4

1000--
10 20

1

1

30 40 50 60 70 80 90 100
w (Microns)

Figure 6.3: Rb vs. finger width for substrate contacts perpendicular to the device.

The equation describing the dependence ofRb on the finger width is given

by
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Rsub*3fi*2*6+1225 (6.1)

where, w is the finger width,

a = 3.655x109)'jnn3, /3 = 2.905x108Q'1uin2,

y 0.955x105cYprn1, ö = 3.63x10

It can be seen from Tables 6.1 and 6.2 that R1b is smaller when the

substrate contacts are placed perpendicular (3400 ) to the active area than when

they are placed parallel to the active area (3800 2). The difference in the Rb

values for the two cases is not large as observed from device simulations in

Tables 6.1 and 6.2. However, this is different from what has been observed from

measurements on test structures presented in Chapter 7. Measurements indicate that

Rb for parallel substrate contacts is significantly smaller than that for

perpendicular contacts. Intuitively, we would expect the Rb for parallel contacts to

be smaller than that for perpendicular contacts as the effective area of cross-section

for current flow is smaller for the latter case (as the area is determined by the

channel-length in the perpendicular case and the device width in the parallel case).

Hence, the discrepancy in the results between the device simulations and the

measurements needs to be investigated in future.
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6.3 Dependence of Rb on the Distance of Substrate Contacts from the
Active Area for Perpendicular Contacts

The structure shown in Figure 6.2 was simulated for different d to study the

dependence of Rb on the distance of the substrate contacts from the source and

drain regions. Figure 6.4 shows a plot of Rb vs. distance d for transistors for a

single fingered device. It can be seen from Figure 6.4 that Rb has a linear

dependence on d. The equation describing this linear dependence is given by

RcUb = 403 * d + 2756 (6.2)
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Figure 6.4: Rsub vs. d, the distance of the substrate contacts from the source and
drain regions.

6.4 Dependence of Rb on Substrate Contacts Placed Around the Device

Figure 6.5 shows the device structure where the substrate contacts are

placed all around the device. This structure was simulated using PROPHET for

transistors with different number of fingers and the extracted values of Rsub are

shown in Table 6.3. Table 6.3 also shows the Rb values obtained as a parallel
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combination of the resistances for perpendicular (Ri) and parallel (R11) contacts as

discussed in the previous two sections. It can be seen that there is a significant

difference in the Rb obtained from PROPHET simulations and that obtained as a

parallel combination of Ri and R11. This discrepancy is because Ri and R11 when

contacts are present all around the device are different from those obtained in the

previous two sections where the contacts were present either only parallel or only

perpendicular to the device active area. Hence, Ri and R11 should be evaluated

separately for this case. Also, as seen from measurements in Chapter 7, Rsub in this

case is dominated by R1 whereas device simulations seem to show that both Ri and

Rj) have similar contributions to Rsb. This is because of the discrepancy mentioned

in Section 6.2. Again, the different trends observed between device simulations and

measurements needs to be investigated in future work.



Substrate
Contacts

Gate P+
straps

6.5: Representative layout of a two-fingered MOSFET with substrate
ts all around the device.
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Rb from
Rub = (RL R1)

n PROPHET % error
(Ohms)

(Ohms)

2780 1795 12.2

2 1760 1570

1065

11.1

12.33 1215

Table 6.3: Rb for multiple fingers when substrate contacts are placed all around
the device.
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7 MEASUREMENTS

Various test structures were fabricated in the 0.35 trn TSMC CMOS

process to study the dependence of the substrate resistance on the layout of the

MOSFET. Figure 7.1 shows the layout of the test structures excluding the probe

pads. The portion of the die photograph that contains the test structures is shown in

Figure 7.2. The test structures can be divided into six different categories with each

category serving a different purpose as shown in Figure 7.1. Table 7. 1 describes

these categories.

Figure 7.1: Test structures to study the layout dependence of



with the test structures.
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Label Objective
Number of test structures

Rb with contacts all 5
A

around the device

Rsb dependence on 4
B

distance for 4 fingers

R11b dependence on 4

distance for 10 fingers

R11b dependence on 4
D

distance for I finger

E Rbwidth dependence

RSUb with contacts 15

F perpendicular to the

device

Table 7.1: Description of test structures.

7.1 Variation ofRb with the Finger Width for Fixed Number of Fingers

Table 7.2 shows the measured values of DC Rb for a single fingered device

for three different values of the finger width, Wj. Table 7.2 also shows the

simulation results using the Substrate Coupling Analysis (SCA) tool [22J. The

values of Rb from SCA are in the ball-park of values obtained from

measurements. It can be observed that Rb scales inversely with the width of the
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device as observed from simulations in Table 6.1. Thus, Rb for a device is

inversely proportional to the finger width as long as the number of fingers is

constant.

RSb scaled
Rb from the

(Ohms) value forWidth % error
(j.xm) w=25tm

SCA Measurement for
measured

data
25 165 202 202 0

50 90 106 101 4.7

200 23 28 25.3 9.2

Table 7.2: Variation ofRb with finger width for a single finger device.

7.2 Variation of Rb with Number of Fingers for a Constant Device Width

Figure 7.3 shows a plot of the substrate resistance with number of fingers

for a device width of 200 tm. It can be seen that Rsb has a linear dependence on n

for n > 2 and the linear model matches closely with the measured data. This

justifies the simulated results observed in Section 5.1. The equation describing the

linear dependence is given by
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Rçjj 14.47 * n + 26.75 (7.1)
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Figure 7.3: Rsb vs. number of gate fingers for W 200 tim.

The five finger resistances described in Section 4.2 which are required to

obtain the scalable finger resistances of the other fingers can be extracted from the

measured data for Rb shown in Figure 7.3 . The extracted values of the six finger

resistances are shown in Table 7.3.



(ni, nr) (1, 2) (1, 3) (2, 2) (2, 3) (3, 3)

Rung

(Ohms) 100 155 723 840 2755

Table 7.3: Finger substrate resistances for a device width of 200 pin.

Using the finger resistances in Table 7.3 and the method described in

Section 4.2, the Rsb for a 10 fingered device was calculated to be 184 . The

measured value of this resistance was 172 which matches closely with the

calculated value.

7.3 Dependence of Rb on the Distance of Substrate Contacts from the
Active Area

Figure 7.4 shows the plot of Rb with distance of the substrate contacts for

devices with 1, 4 and 10 fingers, respectively. The finger width was 25 pm. As

observed from simulations in Section 5.3, the measured values of Rb show a linear

dependence on d. The linear model obtained using the Rb values for d = 2 pm,

5 tm predicts the Rb values for other d which match closely with the measured

data as shown in Figure 7.4. The equations describing the linear dependence are

given in Table 7.4.



E

0
.0

l)

2 3 4 5 6 7 8 9 10 11 12
Distance (Microns)

Figure 7.4: Rb vs. d, the distance of the substrate contacts from the source and

drain regions for a finger width of 25 urn.
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ni Equation describing the linear model
forRb

1 RSUb *(16.33*d + 169.33)

4 RUh J*(151*d+14o82)

10 RVUb J*(1454*d+11o3)

Table 7.4: Equations for the finger resistances. 'w' is the device width.

The trends observed in Section 7.2 and Section 7.3 for are in agreement

with those observed from simulations in Chapters 4 and 5. This validates the

scalable model for

7.4 Variation of R11b with Substrate Contacts Placed Perpendicular to the
Active Area and All Around the Device

Table 7.4 shows the values of R11b obtained when the substrate contacts are

placed parallel and perpendicular to the device active area respectively for a single

finger device with finger width of 25 tm.
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Rb
(Ohms)

Parallel Perpendicular

Measured 202 626

SCA 165 717

Table 7.5: Rb for a single fingered device with device width 25 tm.

From Table 7.4, we can observe that the resistance for parallel case is

significantly smaller than that for perpendicular case. This trend is different from

what was observed from three-dimensional device simulations in Sections 6.1 and

6.2. As mentioned in Section 6.2, the measured results (which have the same trend

as SCA results) make physical sense over the device simulation results. This

discrepancy in results should be investigated in future.

Table 7.5 shows the values of Rb obtained when the substrate contacts are

placed perpendicular to the device active area for two transistors with different

number of fingers and a finger width of 100 pm. Measured data and simulation

results from SCA are included in Table 7.5.



n_____________
Rb (Ohms)

Measured

_____________

SCA

1 519 592

2 396 468

Table 7.6: Rb for perpendicular contacts with finger width 100 tm.

It can be seen from Table 7.5 that the value of Rb does not exactly scale with

the number of fingers for a fixed finger-width when the contacts are placed

perpendicular to the device. This result is not in agreement with what was observed

in device simulations in Section 6.2 and needs to be investigated in future.

Table 7.6 shows the values of Rb obtained when contacts are placed all

around the device for devices with different number of fingers and a finger width of

25 tm. It can be seen that Rb for this case is clearly dominated by the resistance

for parallel contacts case unlike in Section 6.4.
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n

Measured

Rsub

(Ohms)

1 183

4 130

10 100

Table 7.7: Rb with contacts all around the device for finger width = 25 pm.

In summary, the measurements done on the test structures revealed that the

trends observed in Rsub values match with those from device simulations when the

contacts are placed parallel to the device. Also, the resistance for the parallel

substrate contacts case is significantly smaller than that for perpendicular contacts

case and the former dominates the total substrate resistance when contacts are

placed all around the device. This trend was also observed from SCA simulations.

The discrepancy with the results from three-dimensional device simulations needs

to be explored.



71

8 EFFECT OF SUBSTRATIRESISTANCE ON THE P ERFORMANCE
OF A LOW NOISE AMPLIFIER

The substrate resistance, has a significant effect on the output

admittance of a MOSFET as seen in Chapter 3. In designing a low noise amplifier

(LNA), the various important design parameters are the gain, noise figure, output

reflection coefficient, reverse isolation and the input reflection coefficient. To

accurately assess the performance of a LNA at GHz frequencies, we need to

incorporate the substrate effects in the simulations. Figure 8.1 shows the circuit

diagram of an inductively degenerated common source LNA incorporating the

substrate resistance for each MOSFET. 231 describes the design procedure and the

various issues in designing a LNA.

To study the effect of the substrate resistance on the LNA performance, a

LNA was designed in the 0.35 tm TSMC CMOS process. Initially, the design

ignored the effect of the substrate resistance. The LNA was packaged using a low

inductance LPCC package. The effects of the layout parasitic, the bond-pad

capacitances, the bond-wire inductances and the package parasitic were considered

in the design. The drain inductance, Ld, was realized as an on-chip inductor and

was modeled using the electro-magnetic simulator ASITIC 24I. The source

inductance L, was realized using two bond-wires. The output of the LNA was

matched to 50 and so was the input. The gate inductor was realized using bond-

wires, package parasitic and an external inductor. External matching networkswere
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used to match the input and output to 50 . The cascode and the main devices were

laid out as 10 finger transistors with substrate contacts placed parallel to the device

active area on either ends of the device [23}. The devices had a width of 130 p.m

and a channel length of 0.7 p.m. A 3 volt supply was used. The current through the

LNA was 7.6 mA giving rise to a power dissipation of 22.8 mW

L9

EII

Vdd

Figure 8.1: Circuit diagram of an inductively degenerated cascode LNA.
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From Chapter 7, the substrate resistance for a 10 fingered transistor with a

finger width of 13 m and with substrate contacts placed parallel to the device is

nearly 235 . The designed LNA was re-simulated using a substrate resistance of

235 for both the cascode and the main devices. Figures 8.2-8.4 show the effect

of the substrate resistance on the output reflection coefficient, gain and the

noise figure of the LNA, respectively. The effect of Rb on the input reflection

coefficient and the reverse isolation is not very significant.
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Figure 8.2: S22 vs. frequency.
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Figure 8.3: S21 vs. frequency.
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Figure 8.4: Noise figure vs. frequency.

It can be seen from Figures 8.2-8.4 that Rb has a significant effect on the

output reflection coefficient of the LNA which in turn causes the change in the

gain, S21 and the noise figure of the LNA. This is because of the strong dependence

of the output admittance, Y22, of the MOSFET on Rsb. Hence, including the effect

of the substrate resistance is very important in matching the output of the LNA to a

50 load. Also, Figure 8.4 shows that the noise contributed by Rsub i.e., the epi

noise, causes the noise figure to increase. Hence, the noise contributed by Rb must
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also be included in circuit simulations. The simulated performance parameters of

the LNA are shown in Table 8.1.

Performance Parameter Simulated Value Simulated Value
without Rb with Rsb

Gain, S21
10.5dB 8.7dB

Noise Figure. NF 1.97 dB 2.41 dB

Input Reflection -11.5 dB -11.2 dB
Coefficient, S11

Output Reflection -16.6 dB -10.8 dB
Coefficient, S22

Reverse Isolation, S12
-43 dB -46 dB

Table 8.1: Parameters of the designed LNA.

Measurements on the LNA gave a value of -14.7 dB for S11, -12.2 dB for

S22, -21.9 dB for 512 and -2.0 dB for S21. The low value of the gain, S21, could

possibly be due to a problem with the on-chip spiral inductor used to realize the

drain inductor, Ld. The on-chip drain inductor is most likely behaving as a resistor

which can explain the difference between the simulations and measurements. Also,

re-simulating the LNA by shorting the inductor and using a resistance gave an S21
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of -4.8 dB which is close to the measured value. This supports the conclusion that

there is a problem with the on-chip inductor.

The coupling to the input from the substrate resistance can occur through

the gate-bulk capacitance. This capacitance is typically very low for MOSFETs

operating in saturation region and hence Rb does not effect the reverse isolation

and the input reflection coefficient significantly as can be seen from Table 8.1.

However, if we had considered a common gate LNA, then the drain-bulk junction

capacitance and the source-bulk junction capacitance form a T-network with RSUb,

thus having a noticeable effect on the reverse isolation and the input reflection

coefficient of the LNA [251.
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9 CONCLUSIONS AND FUTURE WORK

This thesis has presented the dependence of the substrate resistance on

transistor biasing and layout for CMOS RF transistor modeling. Although the

substrate resistance was found to be bias dependent, the error when using the DC

value ofRb is not significant. Thus, the DC resistance can adequately model the

substrate resistance. A simple scalable model for the substrate resistance ofmulti-

fingered transistors with substrate contacts placed parallel to the active area was

developed and shown to be in good agreement with simulations. The trends

observed from the model were validated with measurements on DC test structures

fabricated in a 0.35 tm TSMC process. The dependence of the substrate resistance

on the transistor width, channel length and the distance of the substrate contacts

from the active area has been presented through simulations and measurements.

Also, the variation of the substrate resistance with substrate contacts placed

perpendicular to the device active area and all around the device has been studied.

A low noise amplifier (LNA) was designed in the 0.35 tim TSMC process to show

the effect of the substrate resistance on the performance of the LNA.

Future work should focus on exploring the discrepancies observed in the

trends for Rb between measurements and device simulations for perpendicular

substrate contacts. Then, the bias and layout dependence of R1b for lightly doped

substrates should be studied. Measurements should be made on some RF transistors

to effectively validate the model and demonstrate that the DC model is sufficient.
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Also, the exact problem with the measured forward gain of the LNA should be

identified. A new test LNA may have to be fabricated to validate the effect of Rsub

on the performance of the LNA as observed from simulations.
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APPENDICES



APPENDIX A. Procedure for Obtaining the Equations Describing Rb as a
Function of n for a Given d

Rb for multi-fingered transistors can be expressed as

(A.1)
RVb(n,d=dj)=

,,

1&bf.)

where, Rbf,(n) is the finger substrate resistance for finger i with d d1 and n is the

total number of fingers. Rbf1(n) can be obtained as explained in Section 4.2 and

described mathematically below.

The equations describing the dependence of the finger substrate resistances

for ni 1, 2 and 3, respectively on nr are given in Table 4.1. The equation for any

ni 2 can be obtained by writing

Rflg (ni. nr) Rfl,,g (2, nI) Rflg (3, ni) Rfig (2, ni)

nr-2 3-2

where Rflng(fll, nr) Rbf1(n), ni = i, nr n-i+1.

(A.2)
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This equation is written by using the linear relationship in Section 4.2. The left

hand side and the right hand side of Eq. (A.2) are equal to the slopes of the straight

line describing the linear dependence. Eq. (A.2) can be simplified to

Rj1g (ni, nr) = {R
fing

(3, nI) Rfig (2, nl)} * nr + {3 * Rjig (2, ni)
fing

(3, nl)}_2*R

(A.3)

Substituting for Rflng(2, ni) and Rflng(3, ni) from Table 4.1 into Eq. (A.3) we obtain

R11;1g(nl,nr) = {(254* nl+ 832.5) *nr + (832.5 *nl _1633.4)}*()

(A.4)

where, w is the device width.

Noting that ni is the finger of interest and nr = (n-nl+1) we obtain from Eq. (A.4)



where,

R .(n)={(254*i+83Z5)*(n_i+1)+(8325*i_1633.4)}*I) (A.5)
subf,i w

Rsubf,I(n) is the finger resistance of the jth finger,

i is the finger of interest, i? 2,

n is the number of fingers, and

w is the device width

Fori= 1, we have from Table 4.1

RUh[l (n) {368.8 * (n i + 1) 105.2}* (A.6)

Note that Eq. (A.5) and Eq. (A.6) are for d =2 pm.
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APPENDIX B. Procedure for Obtaining the Equations Describing Rsb as a
Function of n and d

From Section 5.3, R1b has a linear dependence on d for a given n. Hence,

RSh(n, d) can be expressed as

Rh(n,d) rr1'"_=_d2)-R,(n,d_=_d])ld[d._*R h(n,'I)dj *RUh(fl,drrd2)
[ ] [ d7-d1

(B.!)

where, Rcuh (n, d = d) and R6b (n, d = d7) can be obtained from the equations

described in Appendix A.

To illustrate the above procedure, let us compare the R5b(n = 6, a) obtained

from the above method with those obtained from simulations. First, we extract the

equation describing the finger resistances for d 5 tm. Following a procedure

similar to that in Appendix A, we obtain



RUbfI(n,d 5) {(255.8* i+ 818.9) *(n_j+ 1) + (818.9* i_149O)}*)

(B.2)

where, Rsbf,(n) is the finger resistance of the th finger,

i is the finger of interest, i 2,

n is the number of fingers, and

w is the device width

For i = 1, we obtain

(5oo (B.3)R,(n)={412.4*(n_i+1)-IO7.8}*
w)

Using Eqs. (A.5), (A.6), (B.2), (B.3) and (B.1) we obtain

Rh(n= 6,d)r {1.67 * d + 108.7}*
(B.4)

Kw)

L$1$I
r'T

Figure B.1 shows a comparison of simulated values ofRb for n 6 with the values

obtained from Eq. (B.4). It can be seen that there is good agreement between the

two sets of values.
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Figure B. 1: Rsub(n = 6) vs. d. from simulations and Eq. (B.4).




