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Abstract

A new charge injection error analysis of MOS analog switches is developed
in this work. Second order effects are included in the new analysis in order
to obtain a more accurate prediction of the final charge injection error. The
second order effects to be discussed in this work are the subthreshold current,
gate-source capacitance variation and drain current in the moderate inversion
regionn. Also, a comprehensive study of the importance of each effect with
regard to the most important electrical and process parameters involved with
switch charge injection error is performed. The results show that the second
order effects studied in this work can have a significant impact on the final
charge injection error calculation and therefore, they need to be considered
in the simulation of switching circuits.

An analytical model is also developed for the simple case where input
source resistance and capacitance are ignored. This model provides excellent
physical insight into switch charge injection with regard to the subthreshold
current and gate-source capacitance variation effects.

In addition, a new dc model for MOS transistors which provides excellent
results for the drain current calculation in all regions of operation including
the moderate inversion region is proposed. The new model is simple and
provides a smooth transition in the moderate inversion region between the
subthreshold and strong inversion regions of operation. This model is used
to improve the accuracy of the new charge injection model discussed in this
work.

Finally, the comprehensive model developed for the general case of switch
charge injection can be used for accurate prediction of the final error voltage



for various combinations of electrical and process parameters.
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Chapter 1

Introduction

1.1 MOS Analog Switches

One of the most important elements in analog MOS switching circuits is the
MOS switch. This element is particularly important in widely used appli-
cations such as sample and hold (S/H) stages, analog to digital (A/D) and
digital to analog (D/A) converters, switched capacitor filters and switched
current circuits. In these applications, the performance of the analog switches
can have a significant impact on the overall circuit accuracy.

MOS technology is well known for its capability of implementing high
performance analog switches. In this technology, a single transistor can be
used as an analog switch with its gate voltage controlling the resistance
between its source and drain. In addition to simplicity, an MOS switch
can provide high impedance between the input and output when off, and
zero offset voltage when on. However, an MOS analog switch is not an
ideal switch. The injection of parasitic charges from the channel and gate-
source/gate-drain overlap capacitances into the source and drain terminals
degrades the circuit performance. This is one of the major limiting factors in

high precision and fast analog switching circuits. Because of its importance,



1.2 Switch Operation

an accurate analysis of this effect is critical in the simulation of switching

circuits and the development of error cancellation techniques.

1.2 Switch Operation

The operation of an analog switch can be demonstrated by the simple sample
and hold circuit shown in Fig. 1.1. This arrangement is also encountered in
switched capacitor and switched current circuits. In this circuit, the MOS

transistor performs as an analog switch between the input source (V;,) and

capacitive load (Cp).

Figure 1.1: A simple sample and hold circuit.

At high gate voltage (Vo = Vi), the transistor is ON and behaves as a
resistor provided that Vg > Vi, + V. The on-resistance can be expressed as

1
pinCor - (Vos — Vr)’

Bom = (1.1)

where p,, is the electron mobility in the channel, C,, is the gate-oxide ca-
pacitance per unit area, W and L are the effective width and length of the

transistor, respectively, Vgs is the gate-source voltage and Vr is the threshold



1.3 Clock Feedthrough and Channel Charge Injection

voltage. Provided that the gate voltage stays at Vg long enough, the load
capacitance is charged completely and the output voltage (Vo) reaches the
input voltage. This is referred to as the sampling state in sample and hold
circuits.

R, and C|, determine the acquisition time and as a result the maximum
sampling rate in sample and hold circuits. They also limit the speed and
accuracy of switched capacitor and switched current circuits. Therefore, high
speed and high precision applications require large transistor sizes and small
load capacitances in order to minimize the circuit time constant (RenCp)
and maximize the speed for a given accuracy. R., can also be decreased by
increasing Vgs. However, this voltage is limited by the power supply voltage
that is small in modern standard processes.

At low gate voltage (Vg = V), the transistor turns off provided that
Vi < Vip + V. When the transistor is OFF, a large resistance is introduced
between the input source (Vi) and the load capacitance (Cr) which isolates
the output node from the input node. Therefore, the output voltage is held
by the load capacitance (Cy). This phase of operation is referred to as
the holding state. Any error caused during the switch turn-off transient
can change the sample signal at the output and degrade the overall circuit

performance.

1.3 Clock Feedthrough and Channel Charge
Injection

In the sampling circuit of Fig. 1.1, the transistor carries a certain amount of

charge in its channel that can be expressed as

Qe = WLCo: (Vos — V7). (1.2)
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Figure 1.2: MOS switch charge injection.

When the transistor turns off, this charge leaves the channel through the
source and drain terminals (Channel Charge Injection) and substrate (Charge
Pumping Effect). The charge pumping effect is negligible in most practical
cases [1]. The injected charge changes the total charge stored on the sampling
capacitor and introduces an output error voltage. The amount of charge
transferred to the holding node depends on the gate voltage falling rate from
high (Vi) to low (V). At low gate voltage falling rates, most of the channel
charge returns to the source (Vi) so that the output error voltage due to
the channel charge is negligible. At high falling rates, however, almost half
of the channel charge is directed into the holding node. This causes an error
voltage (Q.x/2CL) at the output.

Another source of error in MOS switches is clock feedthrough, caused by
the finite overlap capacitance between the gate and source or drain terminals.
As shown in Fig. 1.2, when the gate control voltage (Vi) changes state from

Vg to Vi to turn off the switch, the overlap capacitance (C,) changes the
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voltage stored on C; by an amount equal to

Col
AV, = ———.(Vg — V). 1.3
ot Oy (Ve — V) (1.3)

This error is independent of the input signal and appears as an offset error
at the output.

In the literature, the term Charge Injection often refers to both channel
charge injection and clock feedthrough.

1.4 Charge Injection Error Analysis

Because of the importance of the charge injection error in MOS analog switch-
ing circuits, many attempts have been made to cancel or decrease this error
in different circuit configurations. Some of the most widely used cancel-
lation techniques are the fully differential circuit approach [2], the dummy
switch compensation technique [3] and replacing single transistor switches
with transmission gates. These techniques cancel switch charge injection
only to first order.

Comprehensive understanding and detailed analysis of switch charge in-
jection are required for the development of cancellation techniques and design
of the appropriate circuits to improve the accuracy of MOS switching circuits.

Most of the analyses proposed in the literature take into account only
first order effects. Therefore, they are capable of characterizing the charge
injection error to the first order which is sufficient in some applications. To
design high performance integrated circuits, however, a precise model for
charge injection error which also includes second order effects is required.
For instance, in high precision A/D converters [4,5] and sample and hold
circuits where absolute error is of prime interest, using an accurate model

for charge injection error can help determine the optimized switch sizes in
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the presence of other error sources. In addition, this model can be used
to examine the efficiency of charge injection cancellation techniques. The
accuracy of the model is particularly important in simulation and analysis of
new generation of IC designs where low power supply voltages and smaller

holding capacitances are used.

1.5 Literature Review

The charge injection error problem was identified in the very first publica-
tions on switched-capacitor circuits [3]. Attempts have been made to model
switch charge injection error using the simplified circuit of Fig. 1.1, to which
most practical charge injection problems can be reduced. A qualitative obser-
vation regarding a simplified case assuming infinite source capacitance, Cs,
was made by MacQuigg [6]. Sheu and Hu proposed an analytical model for
this simple case which takes into account the strong inversion characteristics
and gate-source overlap capacitance of the MOS transistor switch (7]. Equa-
tions for the general case of Fig. 1.3 were derived and solved numerically by

J.H. Shieh et al. [8,9]. This model was also validated with experimental evi-

Figure 1.3: The general case for the charge injection error problem.
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dence and its limitations were delineated by G. Wegmann et al. [1]. By using
the continuity equation, this study also showed that an equivalent lumped
model for the transistor provides satisfactory results for practical situations.
The negligible influence of substrate current, which simplifies the model to
a unidimentional model, was also shown. The charge injection problem in
transmission gates was studied by Eichenberger et al {10]. This analysis is
based on the analytical model presented by Sheu and Hu [7].

All aforementioned analyses take into account first order effects such as
the channel current and gate-source capacitance in the strong inversion re-
gion. Second order effects such as the subthreshold current and gate-source
capacitance variations in the MOS transistor switch are ignored. Also, the
drain current model used for these analyses is not accurate enough particu-
larly in the moderate inversion region where the gate-source voltage is near
threshold. Different charge conserving non-quasi-static (NQS) models have
also been proposed for the transient analysis of a transistor and used for
the charge injection error calculation [11,12]. Although these models guar-
antee node charge conservation [12] and the results are found to be in very
good agreement with the experimental results, they are very complicated and
computationally inefficient.

Second order effects such as the subthreshold current and weak inversion
channel charge have recently been observed and studied [13-16]. It has been
shown that the contribution of these effects to the final charge injection error
can be comparable to those of the channel charge in strong inversion and gate-
source overlap capacitance. Y. Gu et al. [15] recently derived an expression
to take into account the weak inversion channel charge effect. This model can
only predict the final error and therefore it cannot be used for transient time
analysis. Also, an analytical expression cannot be derived due to an integral
function evaluation in the model. This makes the model inappropriate for use

in circuit simulators. In addition, the subthreshold current and gate-source
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capacitance variations are ignored in this analysis. The model also cannot
be applied to the general case where the source resistance and capacitance

are finite.

1.6 Research Objective

The importance of charge injection error analysis and accurate modelling of
this effect were discussed previously. The lack of a charge injection error
model which takes into account the second order effects was also explained
in Section 1.5.

The objective of this work is to develop a comprehensive switch charge
injection model which can accurately predict the error due to this effect in
MOS analog switching circuits. The following issues need to be considered

in the development of the new model.

Subthreshold Current The drain current below the MOS transistor
threshold voltage needs to be included in the model. This current

has not been considered in previous work.

Weak Inversion Channel Charges The inversion layer charge of the
switch transistor fades as the gate-source voltage drops below the thresh-
old voltage. However, in most of the charge injection error analyses this
variation is ignored and the weak inversion channel charge is assumed

to be zero.

Gate-Source Capacitance Variations in Strong Inversion In all the
charge injection error analyses reported in the literature, the MOSFET
gate-source capacitance is assumed constant in the strong inversion
region. However, as accurate MOSFET models show, this capacitance
varies with respect to the gate-source voltage. This variation needs to

be taken into account in a precise switch charge injection model.
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Modelling of the MOSFET Drain Current The drain current of the
switch transistor compensates part of the charge injected from the tran-
sistor channel and the gate-source overlap capacitance. Therefore, ac-
curate modelling of this current in all regions of operation is of great

importance to the switch charge injection error analysis.

Applicable to the General Case Although most of the charge injection
problems can be reduced to the simple case of Fig. 1.1, the switch
charge injection model should be capable of modelling this effect in the
general case where the switch is connected to an input with non-zero

capacitance and resistance.

Computation Time To use the model for the simulation of large switch-
ing circuits, the proposed charge injection model should be computa-

tionally efficient.

Compatibility with Circuit Simulators To avoid the need for devel-
oping a new circuit simulator, the model should be compatible with

one of the widely used programs such as SPICE.

Analytical Expression for the Final Error An analytical equation for
estimating the final error can provide physical insight into the switching
errors and possible compensation techniques. This analytical expres-
sion can be very useful even if it can only be derived for the simple

switch arrangements.

The proposed analyses in this work cover all of these requirements.
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1.7 Overview

To prepare a background on switch charge injection error analysis, the sim-
ple model proposed by Sheu and Hu [7] is explained in Chapter 2. The
shortcomings of this model are also discussed.

Chapter 3 is devoted to the analysis of the subthreshold effects in analog
switches. A new analytical model is developed based on Sheu and Hu’s model
which also takes into account the subthreshold current and weak inversion
channel charges as well as the gate-source capacitance variations in strong
inversion.

To improve the accuracy of the drain current calculation in the proposed
model in Chapter 3, a new MOSFET dc model is developed in Chapter
4 which provides excellent results in all regions of operation including the
moderate inversion region. Due to modelling difficulties, most MOSFET
models fail to provide accurate drain current predictions in this region. The
new model is compared with other models and experimental data.

Utilizing the proposed dc MOSFET model in Chapter 4, the model in
Chapter 3 is modified in Chapter 5. This modified model is used to study
the effect of switch transistor drain current on the charge injection error
prediction. This effect is discussed especially with regard to the moderate
inversion current. The validity of this model is also confirmed with experi-
mental data.

In Chapter 6, the comprehensive model explained in Chapter 5 is used
to study the general case of switching problems where the input source has
a finite capacitance and resistance.

Finally, in Chapter 7 a summary and conclusion of this work is presented.



Chapter 2

Analysis of Charge Injection

Error

An overview of the charge injection error analysis in different switch arrange-
ments is given in this chapter in order to prepare a background for developing
the new charge injection model in Chapter 3.

Various cases of switch charge injection are explained in Section 2.1. The
charge injection model proposed by Sheu and Hu for the simple case where
the source resistance and capacitance are ignored is discussed in Section 2.2.
The results and shortcomings of this model are also reviewed. In Section
2.4, Sheu and Hu’s model is applied to the special case where finite source
resistance is assumed. The case with finite source capacitance and large
source resistance is discussed in Section 2.5. A set of differential equations
is also derived in Section 2.6 for the charge injection error prediction in the
general case where both the source resistance and capacitance are taken into

account. A summary is given in Section 2.7.
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Figure 2.1: Circuit schematic in the general case of switch charge injection.

2.1 Various Cases of Switch Charge Injection

2.1.1 General Case

The circuit schematic corresponding to the general case of switch charge
injection is shown in Fig. 2.1. In this figure, C; is the load capacitance at
the holding node, Rs and Cs are the input source resistance and capacitance,
respectively, Vs is the input source and M, is the switch transistor. Rs and
Cs could be the resistance and capacitance associated with the output of an
operational amplifier.

When the transistor turns off, the channel charge and the charge on the
gate-source/gate-drain overlap capacitances is divided between the drain and
source nodes (A and B) depending on the values of Rs, Cs, CL and the gate
voltage falling rate (U). The charge injected into the output, node A, causes

an error in the sampled voltage on C;.
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2.1.2 Special Cases

Figure 2.2 illustrates the special cases of switch charge injection. The case
where the switch transistor is connected to the input source, Vs, with no
resistance or capacitance is shown in Figure 2.2(a). In spite of its simplicity,
most practical charge injection problems can be modelled in this way. An
analytical expression for the final charge injection error at the output can be
found in this case.

Figure 2.2(b) demonstrates the case where only the effect of input source
resistance is taken into account. This case is not usually encountered in
practice because when the source resistance is important the capacitance
between node B and ground, which holds the voltage at node B, should also
be considered. This capacité.nce is at least equal to the parasitic capacitance
at node B.

Another special case where the input source resistance, Rs, is large
enough so that the time constant RsCs is much larger than the switch turn-
off time, is shown in Fig. 2.2(c). In this case the channel charge is shared
between Cs and Cy. For instance, when Cs = C|, and the switch transistor
is assumed symmetrical, half of the channel charge will be deposited to each
capacitor. Otherwise, the amount of charge deposited into C; depends on

the ratio of Cs to Cf.

2.2 Sheu and Hu’s Model

2.2.1 Analytical Charge Injection Model

This model was developed based on Fig. 2.2(a), assuming zero source resis-
tance so that the switch transistor is connected directly to the ideal voltage
source Vs [7]. The model is simple and provides analytical results for the out-

put error voltage during the switch turn-off transient. It can also be modified
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Figure 2.2: Special cases of charge injection. (a) No source resistance and
capacitance. (b) No source capacitance. (c) Infinitely large source resistance.
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to analyze the general case of switch charge injection (Fig. 2.1).

The fraction of the channel charge that escapes to the substrate (charge
pumping effect [17]) is neglected in Sheu and Hu’s model. This charge is due
to trapping at the gate-channel interface and to recombination in the channel
and in the substrate. In the practical case of switch transistors where short
devices are usually used, this charge can be neglected. More specifically,
the charge pumping effect is negligible when the channel transit time, To, is

smaller than the gate voltage fall time [18,19], where

nL?

" u(Ves— Vo)’ &1

To

L is the transistor channel length, n is the subthreshold slope factor, p is the
carrier mobility and Vr is the threshold voltage. As equation (2.1) shows, the
channel transit time is small in short channel devices and therefore the gate
voltage fall time can be easily larger than Tp. For example, for the typical
values of n = 1.5, L = 5um, p = 500cm?/V.s, and Vgs — Vr = 2.5V, Tg =
3 x 10~1%s. However, the gate voltage fall time (Vi /U) even for U = 10°V/s
is 3.3 x 1079 for Vy = 3.3V

In Sheu and Hu's model, two phases of operation are considered during
the turn-off transient as the gate voltage decreases. The two phases of op-
eration correspond to the time periods (0 — ¢o) and (fo — t5) where £ is the
time at which the switch enters cutoff. Also, a ramp function is assumed for
the gate voltage as shown in Fig. 2.3.

In the first phase, the transistor is ON (Vg > Vs + Vr) and the chan-
nel current iy contributes to the cancellation of the charge injected by the
gate-axide capacitance (C,,) and gate overlap capacitance (Co). The circuit
schematic to be analyzed in this phase is shown in Fig. 2.4(a). It should be
noted that the gate-source and gate-drain capacitances are modelled by two
constant capacitors %" and C,. In other words, the clock feedthrough and
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channel charge injection are modelled by C; and -C-"g*, respectively.

In phase 1, Kirchoff’s current law (KCL) at the output node requires

dvg o Coz \ d (Ve — Vg)
CL-d_t— = —1q + (Col + = ) 7 , (2.2)

where vy is the error voltage at the drain end (output node) at time ¢. The

gate voltage, Vi, can be written as
VG = VH - Ut, (2.3)

where U is the gate voltage falling rate and Vg is the gate high voltage.
Equation (2.3) is valid until Vi reaches the gate low voltage Vi (see Fig.
2.3).

In the switching problems encountered in practice, it can be assumed that

|dVg/dt| > |dvg/dt|. This simplifies (2.2) to

d . C
CL%:- = —ig— (c,,[ + ?“) U. (2.4)
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Figure 2.4: Equivalent model for the analog switch. (a) Transistor is ON.
(b) Transistor is OFF.

When the switch transistor operates in the strong inversion region (Vs+Vr <

Ve € Vg), i4 can be written as

=0 (VHT - Ut) Ud, (2.5)

assuming vq is small so that the transistor operates in the linear region. In

equation (2.3),

W
= — 2.
:8 .ucoz L’ ( 6)
Var = Vg — Vs — V7, (2.7)

and

Vr = Vro + Y(V/20F + Vsg — V20F) (2.8)

where C,_ is the gate-oxide capacitance per unit area, ¢ is the Fermi po-
tential, Vsp is the source-bulk voltage, Vrp is the threshold voltage at zero

source-bulk voltage, and + is the body effect coefficient.
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Substituting equations (2.5) to (2.7) into (2.4) and solving for v4 gives

. Co + Sz 2
) = -\ [ (S22 o { 22 (+- 2}
. {erf ” 2U6CL VHTJ —erf HfjﬁC—L (VHT - Ut)jl } . (29)

where “erf” is the error function defined by

erf (z) = \/QE /OI eV dy. (2.10)

At the end of phase 1 (t; = Vyr/U), when the threshold condition is

reached (Vg = Vs + V1), the error voltage can be written as

_ ,WUCL Co[ + Qg; / ,B
Vd (to) = - 25 ( CL erf 2UCL VHT .

In phase 2 (V, < Vg < Vs + Vr), if subthreshold effects are ignored, only

(2.11)

the gate overlap capacitor (Cy) continues to contribute to the error voltage
(see Fig. 2.4(b)). Therefore, the differential equation describing this phase
is given by

dvd

CL-Et— = - o[U. (2.12)

This equation is valid for the time period when f; < t < t; where fg = ‘—’g—'ﬂ
and t; = Y=Y Using (2.11) and (2.12), it can be easily shown that when
the gate voltage reaches its final value V;, the total amount of switch charge

injection error voltage on the load capacitance C becomes

_ WUCL Coz+£g‘ ,3
=T\ 28 ( o) |V aue, e

The second term in (2.13) is due to the charge injection in phase 2.

C,
—'C"l'(VS'i'VT"VL)-
L
(2.13)

Equation (2.13) can be simplified under two extreme cases of fast and
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slow gate voltage falling rate by using the well known approximation for the

“erf” function as follows [20]

il ! if z>1 210
€ T)~= .
2(1-%) if z<1.

At slow gate voltage falling rates when .5_2"’61,2!22 > U,

‘)TUC Co +£2: Co ,
v,,,=_1/ 2{;( ICL 2 )— CLI (Vs 4+ Vg — V1) (2.15)

2
and at fast falling rates when %thiz < VU,

C, + &= V3 C,
’Udf=_<—l——2—-) (V l HT) “E.'f(VS‘*'VT—VL)- (2.16)

C; HT —8sUC,

2.2.2 Dependence on Process and Electrical Parame-

ters

Equation (2.13) verifies that the switch charge injection error depends on var-
ious process and electrical parameters such as the gate voltage falling rate,
input voltage level, substrate doping, oxide thickness and switch transistor
size. The simulation results of Sheu and Hu’s model showing the effects
of these parameters are presented in this section. The model parameters
of a commercial CMOS 1.5um process were chosen as the simulation para-
meters unless otherwise specified. In this process Ny = 1.405 x 10€cm ™3,

T = 26.1Tnm, V@ = 0.8486V, u = 526.7cm?/V.s and the gate overlap

capacitance is 2.771 x 10712 farads per transistor width (cm).

Dependence on Gate Voltage Falling Rate

At low gate voltage falling rates, most of the channel charges return to the
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Figure 2.5: The output error voltage variation with respect to the gate
voltage falling rate for different input signal voltage levels.

input source and the channel current compensates the charge injected from
the overlap capacitance during the time the transistor is ON. Therefore,
the final charge injection is primarily due to the clock feedthrough of the
overlap capacitance (C,;) after the switch is turned off. This error saturates
at (Vs + Vr — V1) Cot/Cy, for very low falling rates.

At high falling rates, almost half of the channel charge is deposited on
the load capacitance C. Therefore, the output error voltage can be written
as c

Vg = —VuT (Q’%——i) - % (Vs+Vr—V1). (2.17)
L L
Figure 2.5 shows the variation of the absolute value of the output er-

ror voltage as a function of the gate voltage falling rate for different input
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Figure 2.6: The output error voltage as a function of the load capacitance
with gate voltage falling rate as a parameter.

voltages.

Dependence on Load Capacitance

Figure 2.6 shows the output error voltage variation with respect to the load
capacitance for different gate voltage falling rates. As can be seen, the error
voltage increases significantly at lower load capacitances. This confirms that
the charge injection error of analog switches is an important issue in modern

integrated switching circuits where small capacitor sizes are used.

Dependence on Input Voltage Level

Figures 2.7 and 2.8 illustrate the variation of the output voltage with
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Figure 2.7: The variation of the output error voltage with respect to the
input voltage level for different substrate doping levels at high gate voltage
falling rates.

respect to the input voltage level for various substrate dopings. As can
be seen from 2.7, the final error is a strong function of the input voltage
particularly at higher substrate doping levels when the gate voltage falling
rate is high. However, Fig. 2.8 shows that this variation is quite nonlinear
at moderate gate voltage falling rates where the output error voltage varies
significantly with the gate voltage falling rate (see Fig. 2.5). Asthe substrate
doping increases, the variation of the threshold voltage due to body effect
also increases which in turn makes the final error more sensitive to Vs.

In addition, equation (2.13) confirms that the switch charge injection
error consists of two components, one signal dependent and the other signal

independent. The signal independent component can be treated as an offset
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Figure 2.8: The variation of the output error voltage with respect to the
input voltage level for different substrate doping levels at moderate gate
voltage falling rates.

and it is not important in many applications. However, the signal dependent
component causes distortion in applications such as sample and hold and

A /D converters.

Dependence on Oxide Thickness

In modern MOS processes as the process feature size decreases, the oxide
thickness is also reduced. As a result, the relationships between some of
the parameters and capacitances in charge injection error analysis remain
constant. For instance, if the axide thickness of the load capacitor and the
axide thickness of the gate are reduced by the same factor, (Co + Coz/2) /CL

and 'c% remain constant. Therefore, vy calculated from (2.13) does not
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change as axide thickness changes. Otherwise, the variation of oxide thickness

changes the final charge injection error.

Dependence on Channel Width and Length

Figure 2.9 shows the final error voltage variation with respect to the channel
length for different channel widths. This figure confirms that the larger the
switch transistor is, the higher the output error voltage will be for a fixed
load capacitance. This may conflict with the requirement of low on-resistance
which requires a large W/L ratio in the switch transistor. Therefore, in
applications where charge injection is a concern, optimizing the size of the
switches by considering other factors such as the switch on-resistance can

improve the circuit performance.
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Figure 2.9: The final error voltage variation with respect to the transistor
channel length for different channel widths.

2.3 Shortcomings of Sheu and Hu’s Model

Sheu and Hu’s model discussed in previous sections takes into account first
order effects in switch charge injection. These effects are the channel charge
injection when the transistor is in the strong inversion region, the charge on
the overlap capacitances and the channel current in strong inversion. The
model is simple and provides excellent insight into the switching problem.
However, it does not take into account second order effects whose importance
was discussed in Chapter 1. One of the most important second order effects
is the channel subthreshold current. In Sheu and Hu’s model no channel cur-
rent is assumed below threshold. However, it is well known that this current

fades exponentially in the subthreshold region. Their model also ignores the
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injection of channel charge in the weak inversion region by assuming zero
gate-source/ gate-drain capacitance in this region. However, in a practical
device, the inversion layer does not disappear spontaneously at the thresh-
old voltage. Another important effect which has been ignored in Sheu and
Hu'’s model is the variation of the gate-source capacitance in strong inversion.
This capacitance is modelled by a constant value of -C—é" above threshold, but
accurate MOSFET models [12] predict a variable behavior for this capaci-
tance particularly around the threshold voltage. In addition, a very simple
and inaccurate model has been used for the MOSFET drain current calcula-
tion in Sheu and Hu's model. As discussed in Chapter 1, error in the drain
current calculation can cause significant error in the final charge injection
error prediction. Therefore, Sheu and Hu’s model is not appropriate for pre-
cise prediction of switch charge injection where second order effects are also

important.

2.4 Analysis in the Presence of Source Resis-
tance

Sheu and Hu'’s model can be used to analyze the charge injection problem of
Fig. 2.2(b) where the input resistance is taken into account. KCL at nodes

A and B in Fig. 2.2(b) requires

d‘Ud _ . Coz d(VG—‘Ud)

CL & = "t (Coz+ 5 ) — (2.18)
vs _ . Coz d(VG—vs)
R = zd+<Coz+ 2) T (2.19)

Assuming |dVg/dt| >> |dva/dt]|, (2.18) and (2.19) can be simplified to

dug . Coe
ot = - U a-v) - (Cat E) U 20
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2o p(Vir U w-u) - (Cat SE)T. 22D
S

It should be noted that vg and v, are the voltage variation from Vs at node
B and node A, respectively.

A first order differential equation can be derived by eliminating vs from
(2.20) using (2.21) as follows

C dyg _ _ B(Vur— Ut)
gt = 1+BRs (Var —Ut)
C

1
(e, +&=) . |2- (222
(C‘+ 2) [2 1+,3R5(VHT—Ut)]U (2.22)

Ve

The output error voltage can be calculated by solving this differential
equation and adding the clock feedthrough due to the gate-drain overlap

capacitance when the switch transistor is OFF. The final answer is given by

Co Co + &= Vi
0 = G0 (B ) o [ ]

Vur/U 2
. / (1 4+ BRs (Vi — Ut)|H/CePYRs
0

t 1
o (o) (2~ Tpmms o) (2.23)

Since the integral function in (2.23) requires numerical evaluation, a closed-

form expression for the final error voltage cannot be obtained.

Figure 2.10 shows the variation of the output error voltage as a function
of the input source resistance Rg for different load capacitances.

This figure also confirms that most of the channel charge returns to the
input source at low source resistances (Rgs) which reduces the output error

voltage.



2.5 Analysis in the Presence of Source Capacitance

28

35.0 —— . . ‘ .
30.0 —CL=IPF
3 e C=5pF
E 250 | L =P
;§
% 200 W/L = 10/1.5 um
3 V=33V
-
5 150 V,=0
':’ VS =1V
S 100 U=5x1Vs
S
SO -
0.0 u‘, 1 L .
101 10 10} 104 105 106

Input Source Resistance R; ()

Figure 2.10: The output error voltage variation as a function of the input
source resistance for different load capacitances.

2.5 Analysis in the Presence of Source Ca-

pacitance

In the case where Rg is large so that the time constant RgCys is much larger

than the switch turn-off time (Fig. 2.2(c)), KCL at node A and node B

requires

CLﬁ = -—id+< 01+C ) (Vc_v“) (2.24)

dt

dt dt

csa i¢+<Coz+ 5 >d G—”S) (2.25)
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Under the practical conditions where [dVz/dt| > |dve/dt| and |dv,/dt|, equa-

tions (2.24) and (2.25) can be written as

Cor
CL% = —B(Viar — Ut) (va — vs) — (co, +T) U (2.26)
dv, Coz
CSE = .B(VHT - Ut) (‘Ud - ’l}s) - Co[ + ‘T U. (2-27)

Combining (2.26) and (2.27), the following differential equation for (vq — vs)

can be obtained

CL_(%?U_) = —G(Var - Ut) (1 + "cﬁ) (va — vs)
Coz CL

The solution to this equation when the gate voltage reaches the threshold

condition (¢t = Vgr/U), is given by

. _ ’K'UCL Co: l—CL/Cs]
YTt = \/2B(1+CL/CS)'[<C°'+ 2)' 2C,,

B(1+CL/Cs)
erf (\/ ST VHT) : (2.29)

If the subthreshold region is ignored, the transistor channel between the drain

and source disappears below threshold so that the charges at nodes A and B
cannot communicate. Therefore, the charges injected to the drain and source
sides due to the overlap capacitances are equal below the threshold condition.
These charges correspond to (Vs + V3 — V) % and (Vs + Vr — VL) %;‘- error
voltages at the output and input nodes, respectively.

At low gate voltage falling rates, the right side of equation (2.29) ap-
proaches zero and as a result v = vs. This indicates that at slow falling

rates, the communication between the charge at the input source side and
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the charge at the output is so strong when the transistor is in strong inversion
that it makes the final error voltage at both sides equal. This shows that the
majority of the channel charges move to the node with larger capacitance.
At fast falling rates, however, there is not enough time for the charges at
the source and drain to communicate. Therefore, almost half of the channel
charge is deposited to each side.

Figure 2.11 shows the percentage of the channel charge injected into the
output node for various Cy,/Cs ratios. The dimensionless quantity
(Vi — Vi) \/-Ug:L has been used as the variable in this simulation. As can
be seen, at high gate voltage falling rates, this percentage approaches 50

whereas at low falling rates, it depends on the Cr/Cs ratio.

Y
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W/L = 10/1.5 pm 3
03 F Vg=33V i
VL=0 0
Vs=IV
C, =1pF L
01 - - s .
10° 10" 10° 10* 10°

(Vi V(BUCY"™

Figure 2.11: The percentage of the channel charge injected to the output
node for various C/Cs ratios.
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2.6 Analysis in the General Case

Referring to Fig. 2.1, KCL at node A and node B requires

dva . Coz\ d (Ve — va)
CL?t— = 1q + <Col + 5 ) Tt (2.30)
Vs du, . Coz\ d (Ve — vs)
-3 = 2.31
R T “+(c"‘+ 2) d (2:31)
where
id = ,3 (VHT - Ut) ('Ud bt U,) . (2.32)

Under the conditions |dVg /dt| > |dvy/dt| and |dv,/dt|, equations (2.30) and
(2.31) can be simplified to

CL% = —B(Var — Ut) (va — vs) — (Col + %) U (2.33)
B eosPs — B (Vur —Ub) (wa—vs) - (C +—C-°£>U (2.34)
RS s dt - HT IT\ld 3 ol ) . .

Equations (2.33) and (2.34) can only be solved numerically. Figures 2.12
and 2.13 show the percentage of the channel charge injected to the load ca-
pacitance (Qr/Q.x), for various Cr/Cs ratios. Since the relative magnitude
of the falling rate compared with the signal time constant RsCs is an im-
portant factor in switch charge injection, two cases where Vyr /URsCs = 1
and 5 have been plotted in Fig. 2.12 and Fig. 2.13, respectively. Therefore,
the source resistance at each point in Fig. 2.13 is five times smaller than the
one at the similar point in Fig. 2.12. It can be seen from these figures that
a small source resistance can reduce the output error voltage significantly.

This case will be discussed further in Chapter 5.
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Figure 2.12: The percentage of the channel charge injected to the load
capacitance for various Cp/C ratios where Vyr/URsCs = 1.

2.7 Summary

Different cases of switch charge injection were introduced and discussed in
this chapter. Sheu and Hu’s model for the charge injection error analysis
and its shortcomings were also explained in detail. Based on this model. a
different equation was derived in each special case of switch charge injection
as well as the general case. Also, the dependences on various electrical and
process parameters were illustrated to obtain a good understanding of the
switch charge injection problem for developing the modified model in the

following chapters.
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Figure 2.13: The percentage of the channel charge injected to the load
capacitance for various Cp/C| ratios where V1 /URsCs = 5.



Chapter 3

Subthreshold Analysis of an
MOS Analog Switch

Second order effects such as the subthreshold current and weak inversion
channel charges have not been considered in the simple Sheu and Hu’s model
for the charge injection error analysis described in Section 2.2.

In this chapter, the subthreshold current and weak inversion channel
charges are added to this model in order to study subthreshold effects. An
approximation is used to find an analytical solution for the final charge in-
jection error. The modified model is simple, computationally efficient and
provides physical insight into the switching errors in the weak inversion re-

gion.

3.1 Introduction

Sheu and Hu’s analysis [7] described in Section 2.2 shows that a smaller
gate voltage falling rate and transistor size produce a lower output error
voltage if the load capacitance is fixed. However, lower on-resistance requires
a larger transistor size. In high accuracy applications where low on-resistance

is essential, a slow gate voltage falling rate can decrease the error. It will be
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shown that second order effects which are not considered in Sheu and Hu's
analysis play a significant role at low gate voltage falling rates.

The modified model to be described in this section takes into account
the subthreshold current and inversion layer charge variation effect in the
weak inversion region. The variation of the gate-source capacitance above
the threshold voltage is also taken into account. An exponential equation is
used to model the subthreshold current. A new model using two exponential
equations is developed to include the gate-source capacitance variations.

The modified model is explained in Section 3.2. The analytical model
for the final error is derived in Section 3.3. The dependence on process and
electrical parameters is considered in Section 3.4. Section 3.5 is devoted
to a brief explanation of a charge conserving non-quasi-static (NQS) model
[12] which will be referred to as the NQS-model throughout this chapter.
This accurate but complicated model is used to verify the validity of the
proposed model. The simulation results comparing the modified model with
the NQS and SPICE models are presented in Section 3.6. The effect of source

capacitance is discussed in Section 3.7. A summary is given in Section 3.8.

3.2 Modified Sheu and Hu’s Model

As described in Section 2.2, the fundamental equations for the output error
voltage calculation in the simple Sheu and Hu’s model are given by (3.1)
and (3.3). In phase 1, when the transistor gate-source voltage is above the
threshold voltage

CL@. = —ig — (Co, + %—’5) U (3.1)

where

id = ﬂ(VHT - Ut)vd. (3.2)
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and in phase 2, when the transistor gate-source voltage is below the threshold

voltage
d’Ud

Cror=- U (3.3)

In the modified model, the gate-source capacitance variation is added
to the analysis in phase 1 by substituting <= with C,, in (3.1). Cg, is an
exponential function of the gate-source voltage. In Phase 2, however, both
the subthreshold current and variation of the gate-source capacitance need
to be added to (3.3). To accurately include these effects into the model,
appropriate models are required for the subthreshold current and the gate-

source capacitance variation.

3.2.1 The Subthreshold Current Model

The diffusion current in a MOS transistor is significant compared to the total
drain current when the gate-source voltage is below the threshold voltage.
When Vgs < Vz, the drain current can be modelled accurately with an
exponential function. We assume that the I-V characteristics of a MOS
transistor in the subthreshold region can be described by [21]

Vs — V.
Isus = Ipexp (-———Gsnv “) (3.4)
t

where V,,, is the modified threshold voltage, given by

Vin = Vi + 1V, (3.5)

and n is the subthreshold slope factor,

gqNFrs + Y (3.6)

Che 2/¢5+Vsg

n=1+
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where C', is the axide capacitance per unit gate area and V; is the thermal
voltage, kT'/q. Nrs is the fast surface state density, Vsp is the source to

substrate voltage and

V2qesN,
-—g,—. (3.7)

I, is the current in the strong inversion region for Vgs = V,p, [21], given by
Iy = B(Von — V1) Vi = nBV, V4. (3-8)

Equation (3.8) is derived from the simple transistor drain current equation in
the triode region by ignoring the V35 term. Iy depends on process parameters

and transistor size.

3.2.2 The Gate-Source Capacitance Variation Model

In Sheu and Hu's simple model, the gate-source capacitance is considered to
be %‘ above threshold and zero below threshold, respectively. The variation
of Cys around threshold is therefore ignored and inversion layer charge is
assumed to be negligible. In the modified model, two exponential functions
are used to model the C,, variation above and below the threshold voltage

as follows (see Appendix A),

Co - Cgsmexp(v n;/tv“) cs < Von 3.0
=l ) o (39
2 —( 2 gsm)’exp T TRV, GS Z VYon ,

where C,n, is the gate-source capacitance when Vgg = Von.
Fig. 3.1 shows that (3.9) is a better approximation to the Cy, variation
than what has been used in Sheu and Hu’s model.
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Figure 3.1: The gate-source capacitance appraximation.

3.2.3 The Analytical Models above and below Thresh-
old

As in the analysis in Section 2.2, two phases of operation are considered
during the turnoff transient. The new C,, variation model (Equation (3.9))
is used in both phases. In phase two, the subthreshold current effect is also
added to this analysis.

Substituting Cy, from (3.9) for ¥ in equation (3.1) will lead to the

following differential equation in phase 1 (Vgs > Vo)

d’Ud _

CL?{ = —tqg — (Coa + Cys) U (3.10)
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where
Coz Coz VGS - Von
= _ - . ——ls___om ) 11
Cys 5 ( 5 Cg_,m) exp( A% ) (3.11)

It can be easily shown that the analytical solution to this equation after

some simplifications is given by

[xUC, (&= +C, U Var\?
wl(t) = — 7‘-25[‘(2;; l)exp|:2ﬁ—cz<t——g—7')
{erf [\/QUﬂCLVHT -erf{ QUﬁCL (VHT—Ut) }
aUCy gn_cgsm pU h 2]
7 (2 T )e"p['ﬁ(t— U)_
| B _(UCL

{erf[ UG, (k—‘/t—ﬁ-'i‘VHT)

\/-Q'v‘%l"(g‘f—;+VgT—Ut) } (3.12)

Comparing (3.12) with (2.9) shows that including the C,, variations in the
modified model adds an extra term (the second term in (3.12)) to the final

—erf

ertor voltage at the end of phase 1. This term is less significant at smaller

k.

In the second phase (Vgs < V,a), the circuit to be analyzed is shown in
Fig. 3.2.

Using (3.4), (3.8) and (3.9), the differential equation describing the circuit

can be derived as

dva _ (Coz Cysm exp (Vcs - Von)) U— BnV; exp (Vcs — Ven

2 - \a T, v L nv, )"
(3.13)

The gate-source voltage is given by

Vcs = VH - Vg - Ut (3.14)
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Figure 3.2: Circuit model in the subthreshold region.

Substituting (3.14) into (3.13), the error voltage can be found from the

solution of the differential equation

0 L3103 V -_—
2ve = _< U - <C’ U+ an‘w) -exp <———HT nVZ) exp (-ﬂ)

dt | Cy CL CL nV, nV,
(3.15)
where
Viar = Va — Vs — Vi (3.16)
Equation (3.15) has an exact solution of the form
va(t) = 2o Ei(Z,) ~ Ei(Z)]
CL
CoemlU - _
—Tgn-‘—/t— [1 - eZ Zo] + eZ Zo‘Ud (to) (317)
where )
_ B(nV) < U )
Z= Uc, P\ nw (t—1to) ), (3.18)
V 2
ZO = m (3.19)

uc, '’
and vy4(tp) is found from equation (3.12). Equation (3.17) is valid in the
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subthreshold region (¢ > to) until the gate voltage reaches Vi, (t = ty), where

to = _V;‘”'_—"'_V_" (3.20)
U
and
Ve -V,
= 2
ty T (3.21)
Ei is the exponential integral function defined by [20]
o o] e—y
Ei(z)= | S—dy, (3.22)
z Y

where y is a dummy variable.

Evaluating the exponential integral at the point associated with time ¢
(t > to) gives the output error voltage caused by the transistor in this region
of operation. The final output error voltage can be calculated by substituting
ts into (3.17) and (3.18).

3.3 Approximate Analytical Model

An exact solution using the exponential integral requires numerical calcu-
lations. To obtain a simple analytical equation for the final output error
voltage, an approximation is developed for [Ei(Z)-Ei(Z)).

From (3.22), it can be seen that

Z eV

[Ei(Z0) ~ Bi(2)] = | =—dy. (3.23)

It turns out that approximating §§1 with e and % for y greater than and

less than unity, respectively, gives an excellent appraximation to the exact

solution of (3.23) for Z « 1. Making these approximations results in the
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following limits

[Ei(Zo) — Ei(2)] ~ In(Z) + (e % —e!) Zo>1

3.24
[Ei(Zo) — Ei(Z)] ~ In (%) Zo< 1 (3:24

which are valid provided Z < 1.
A smooth transition between the two solutions given in equation (3.24)

can be made by using the following form to express the integral of (3.23)
[Ei(Zo) — Ei(Z)] = In [(1 + -ZL) Z] re € _e (3.25)
0

For our region of operation, Z, can be greater or less than unity, depend-
ing on the value of U. However, the value of Z at t; (Zy) is always much
less than Z, and unity since

-Z—f—exp (_V5+VT+TL‘/¢—VL>. (3.26)
nV;

Fig. 3.3 shows the numerical evaluation of the exponential integral func-
tion along with (3.25) for the required values of Zy and Zy when Z; is ob-
tained using (3.26). It is seen that (3.25) is a very close approximation to
the exponential integral function over the range of Zy usually encountered in
practice.

Substituting (3.25) into (3.17) and evaluating the time it takes for the gate
voltage to reach Vi (t = tf), the final output error voltage is determined to
be

_ n‘/;Co[ 1 _e—Zo -1
Ve = . {ln [(1+ Zo) Zf] +e e

—%ﬁ’% [1 - e72°] + e %ouy(to). (3.27)
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Figure 3.3: [Ei(Zy)-Ei(Z;)] and its approximate function.
Substituting all the parameters, equation (3.27) can be written as

— e—(n":)25/2Uchd(t0)

Vgf

Col

_CL(VS-{-VT-{-th— Vi)
Cal B(nV;)?

+CLth {ln [1 + UCy

+exp (_e—<nvl)2ﬁ/ucn) _ e—l}
CosmU -(nV:)28/UCL
‘Bn‘/t (1 € ) ] (3'28)

where v4(to) can be calculated from (3.12).
The first and second terms in (3.28) correspond to the errors caused by the

gate-axide overlap capacitances and channel charges when the transistor is in
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strong and weak inversion, respectively. The third term is the contribution
of the subthreshold current to the cancellation of the error caused by the
overlap capacitance in weak inversion. The last term is the error due to the
inversion layer charge injection in the weak inversion region which decreases
at the lower gate voltage falling rates. At high voltage falling rates, since
the channel charge is divided equally between the source and drain, this
term saturates at 9—"%":—"‘ Equation (3.28) then provides a simple and quite
accurate analytical model for switch induced error voltage. The model is
useful in describing the functional dependence of the error voltage on circuit
and process parameters.

Equation (3.28) can be further simplified at high and low gate voltage
falling rates. At high falling rates (V3;8/2C, < U):

V2
vy ~ _'VHT (Co::/2+col> (1 _ .B HT)

CL 6UC)
Coz /2 - Cgsm ,3
+Var ( . > (1 ~8UC,
vc,\? UcCy o
| [3 (7p) +3var <kw) * Vi
Col
—‘CTL'(VS +Vr+nV,— V)
Cgsmn‘/;
- CL b (3'29)

and at low falling rates (VZ;8/2CL > U):

C,
C;(Vs +Vr +nV, - V)

+Cot {m [Mﬁ] } . (3.30)

Uy = —

Ct UucC,

A comparison of (3.30) with Sheu and Hu’s results at low falling rates [7]
shows that the first term of (3.28) corresponding to the error caused by the
injected charge above the threshold voltage has disappeared. In addition, the
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Figure 3.4: A comparison between the simple and modified Sheu and Hu'’s
models.

second term of (3.30), which is also due to the subthreshold current, decreases
the final error voltage. At high falling rates, the subthreshold current effect
is negligible and the contribution of the channel charges in the subthreshold
region to the final error saturates at 9’%‘:&

Figure 3.4 shows a comparison between the simple Sheu and Hu’s model

results with those of the modified Sheu and Hu’s model (equation 3.28).
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3.4 Dependence on Process and Electrical Pa-

rameters

In the weak inversion region, the effects of the subthreshold current and
inversion layer charges on the charge-induced error depend on the circuit
and process parameters. In (3.28), the third term, which represents the
subthreshold current effect, is independent of the input voltage signal level.
As a result, at higher input voltage signal levels, as the total charge-induced
error decreases, the subthreshold effect becomes more important. The last
term in (3.28) indicates that the effect of the inversion layer charge in the
weak inversion region is more significant at moderate gate voltage falling
rates. In general, the exponential terms in (3.28) show that the lower the
gate voltage falling rate, the more significant are the effects of the weak-
inversion characteristics of the transistor.

Fig. 3.5 shows the contribution of the last two terms of (3.28) to the final
charge induced error as a function of gate voltage falling rate. As can be
seen, at all substrate dopings, the subthreshold current effect and the weak
inversion channel charge effect cancel each other partially. However, as the
falling rate decreases, ignoring the subthreshold effects can cause a higher
error in the output voltage than that calculated using Sheu and Hu’s model.
The subthreshold effects for various gate oxide thickness values are shown in
Fig. 3.6.

The importance of the subthreshold effects with respect to the load ca-
pacitance is depicted in Fig. 3.7.

As can be seen in Figs. 3.5 and 3.6 , the subthreshold effect in an analog
switch is important when larger transistor sizes, lower load capacitances,
lower substrate dopings, smaller gate oxide thickness values and lower gate

voltage falling rates are used.
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Figure 3.5: Normalized subthreshold effects with respect to the gate voltage
falling rate for different substrate dopings.

3.5 A Non-Quasi-Static(NQS) Model

It has been shown in [11] and [12] that a non-quasi-static model can accu-
rately predict the channel charge injection error. To check the appraximate
method proposed in the previous section, an NQS model based on [12] was
used. All models were evaluated numerically using MATLAB. This model is
not used in circuit simulators due to its complexity. The implementation of
this method required a lot of effort and took a substantial amount of time.
In the NQS model, the transistor current continuity equation is solved
approximately and analytical equations are derived for the node charges using
the charge-sheet formulation. All the voltages and currents can be derived

from these charges. This model includes the subthreshold current since the
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general partial differential equation for the channel inversion charge layer

is solved. Excellent agreement has been reported between this model and

various numerical simulators [12].
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Figure 3.7: Normalized subthreshold effect with respect to the load capac-
itance for different transistor widths.

3.6 Simulation Results

Fig. 3.8 shows the transient analysis of an analog switch with W =
100pm and L = 5um. The model parameters of a commercial BiCMOS
0.8um process were chosen as the simulation parameters where N4 = 3.23 x
10%em=3, T,, = 17.5nm, Nps = 820 x 10°%ecm 2V "1, Vpg = —0.425V and
the gate overlap capacitance is 2.74 x 10~12 farads per transistor width (in
cm). The SPICE and simple model suggested by Sheu and Hu begin to
deviate from the modified and NQS models in the subthreshold region (¢ >
0.5us). Figure 3.9 illustrates a similar transient analysis which compares the
BSIM3v3 model [22] with the NQS and modified models. In this simulation
a different set of parameters that was available for BSIM3v3 has been used.
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As can be seen, even the most recent SPICE models such as BSIM3v3 do not
provide accurate results in terms of the charge injection error voltage. The
final output error voltage for the different gate voltage falling rates is shown
in Fig. 3.10. The modified and NQS models are in very good agreement
at low and high gate voltage falling rates. At moderate falling rates, there
is some discrepancy between the modified model and NQS model results.
This is due to the inaccuracy of the MOS transistor model in the moderate
inversion region. Chapter 5 has been devoted to the details of this effect. As
will be seen in this chapter, this discrepancy can be even more significant
under some conditions. In addition to the inaccurate modeling in moderate
inversion, the SPICE model (Level-3) considers only subthreshold current

and ignores the inversion layer charge in the weak inversion region. Therefore,

0 prmere—— . .‘.
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------------ SPICE (Level=3) |
10+ — — - Simple Model ]
: —-— NQOSModel 1
S 20t 4:
S |
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S 30+ O 4
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Figure 3.8: Comparison of the output error voltage using different models.
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Figure 3.9: Comparison of the output error voltage using different models
including BSIM3v3.

it fails to correctly predict the final output error voltage at moderate gate
voltage falling rates.

Figs. 3.11 and 3.12 compare the experimental and simulated results pub-
lished in [13] with the modified model presented in this paper, and show
the capability of this model to predict the charge induced output error
voltage. The 2D simulation results have been obtained using the program
MEDICI [23] which is a two dimentional device simulator.The model parame-
ters used were those presented in [13]. Since Ngs and Vpg were not specified,
the abovementioned process values were chosen for these parameters. Since
the results are not particularly sensitive to the values chosen. The sharp

drop in the drain current in Fig. 3.12 occurs when the gate voltage reaches
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Figure 3.10: Comparison of the different model results of the output error
voltage as a function of the gate voltage falling rate.

the low voltage V. At this time charge injection of the gate-source overlap

capacitance disappears and as a result the output current drops to zero.
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Figure 3.11: Comparison of simulated and experimental results [13] (Out-
put voltage).

3.7 Effect of Source Capacitance

The general equations for the output error voltage in the presence of finite
source capacitance have been derived in [7], (8] and [9]. By following the
derivation described in Section 3.2, the subthreshold effects can be added to
these equations. However, the final differential equations can only be solved
numerically. Fig. 3.13 shows the contribution of the subthreshold effects
to the final error for various Cs/Cy ratios. The source resistance, Rg is
assumed to be infinitely large. As can be seen, the subthreshold effects are
more significant for higher Cs/C| ratios where a relatively higher voltage is

developed between the source and drain of the transistor.
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Figure 3.12: Comparison of simulated and experimental results [13] (for
the output current).

3.8 Summary

A simple model based on Sheu and Hu’s model for analysis of the charge
injection error which takes into account subthreshold effects has been de-
scribed. An approximation has also been proposed to simplify the final error
voltage calculation. The model was compared to SPICE and NQS models
as well as recently published experimental results. Excellent agreement was
achieved in most cases. The modified model provides physical insight into

the effects of varying parameters in switching circuits in the weak inversion

region.
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Chapter 4

A New DC Model for MOS

Transistors

As discussed in Chapter 1, error in the drain current calculation of the switch
transistor can lead to significant error in the final charge injection error pre-
diction. Therefore, an accurate MOS transistor model is required for the
charge injection error analysis. In the literature, the computationally efficient
charge injection error analyses [7-9,13,16] are based on a simple quadratic
equation for the MOS transistor [24] which introduces large errors into the
drain current calculation in the moderate inversion region [24, 25].

In this chapter, a new dc model for MOS transistors is proposed which
provides accurate results in the moderate inversion region as well as other
regions of operation. This model is computationally efficient and can be used
in the charge injection error analysis (see Chapter 5). The motivation for
this work came from the fact that at the time of developing the new charge
injection model, the only available set of parameters for a commercial process
was the one for the SPICE level 3 model. As discussed in the previous chap-
ters, the SPICE level 3 model is not accurate, particularly in the moderate

inversion region. Therefore, the developement of this model was required to
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improve the accuracy of the new charge injection model. The main advan-
tages of the proposed model are simplicity and the small number of required

model parameters.

4.1 Introduction

The MOSFET model required for circuit simulation consists of a steady-
state or dc model and a dynamic or ac model. The dc model is used to
calculate the quiescent operating points of the circuit. The accuracy of the
dc model is therefore critical in simulating transient and ac responses in ap-
plications such as evaluating charge injection error in analog switches [4,16],
etc. The classical long-channel model proposed by Pao and Sah [26] is de-
vice physics based but requires a double integration and is computationally
too inefficient for use in circuit simulators. The charge-sheet based models
established by Brews [27], Pierret and Shields [28] and Boothryod et al [29]
avoid double integration, reduce computation time substantially, and are a
good apraximation to the Pao-Sah model. They do, however, still require two
surface potential calculations and are therefore not commonly used in SPICE
simulators [30]. The most commonly-used models in circuit simulation pro-
grams are piece-wise multisection models which have low computation times.
Various assumptions for producing a smooth join between the subthreshold
and strong inversion regions are used as, for example, in the SPICE level 3
model [21]. Although continuous transitions can be achieved in this model,
there are relatively large errors in the moderate inversion region [24]. Several
continuous MOSFET models have been reported (22, 31,32]. These models
are generally more complicated than the simple SPICE level 3 model, but
good agreement between their predictions and experiment results have been
reported. BSIM models provide more accurate results in the moderate in-

version region by increasing the number of model parameters and the com-
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putation time. BSIM3v3 is the most recent and popular MOSFET model
which was published in early 1997 [22]. In this model, continuity is obtained
by introducing a new function which results in continuous channel charge
characteristics from subthreshold to strong inversion (22]. The accuracy of
the BSIM3v3 model is obtained at the expense of increasing the complexity
and the number of parameters. Qur variable threshold technique can also
be incorporated into BSIM3v3 as an alternative to the proposed function
introduced in this model. In summary, the proposed model in this chapter
may not be as sophisticated as the BSIM3v3 model in all aspects of circuit
simulation, but it is an effective, simple and accurate enough model to be
used for charge injection error modelling and therefore, in this application
it is prefered to more complicated models such as the BSIM models. Per-
haps most importantly, the BSIM3v3 model still fails to accurately predict
injection error as indicated in Fig. 3.9.

The new model is based on a simple piece-wise model with exponential
and quadratic equations in the subthreshold and strong inversion regions,
respectively. Also, a variable threshold voltage method is used to provide
more accurate results in the moderate inversion region. In this model, the
surface potential calculation is not required in the subthreshold region. In
the strong inversion region, only one approximate boundary surface potential
calculation is required and this can be obtained using a small number of
iterations. The model produces accurate results in the moderate inversion
region, is compatible with SPICE models and can be easily incorporated
into these programs. The dc results are in very good agreement with those
of the Pao-Sah [26], MISNAN [29] and BSIM3v3 [22] models in all regions of
operation.

The simple piece-wise model is described in Section 4.2. The variable
threshold voltage method for the strong inversion region is derived in Section

4.3. The compatibility of this model with the SPICE models is discussed in
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Section 4.4. The details of the implementation of this model are discussed in
Section 4.5. The simulation results comparing the new model with the Pao-
Sah model, MISNAN model, BSIM3v3 model and experiment are presented
in Section 4.6. A summary is given in Section 4.7.

4.2 Simple Piece-Wise Model

An approximate piece-wise model for a MOS transistor is described in this
section in order to prepare the basis for developing the variable threshold
voltage method in the next section. This simple model is suitable for hand

calculations as well as for fast computer simulation of large circuits [24].

4.2.1 Strong Inversion Region Model

The current in a MOS transistor channel involves both drift and diffusion.
The diffusion component is due to the concentration gradient of the inversion
layer charges. The movement of electrons and holes in the channel as a result
of the applied potential between the drain and source terminals characterizes
the drift component of the current. In the strong inversion region, the current
is mostly due to drift [24], while in the weak inversion region, the current is
mostly due to diffusion.

Using the general charge sheet model and ignoring the diffusion compo-
nent, the drain current in the strong inversion region due to drift is given
by

W [vs
Ip = f/'v"so p(—Q7) - dvs (4.1)

where W, L and u are the channel width, channel length and surface carrier
mobility, respectively. In equation (4.1), @} is the channel inversion layer
charge per unit area and ¥4 is the surface potential at a particular point
along the channel. The surface potentials corresponding to the source and



4.2 Simple Piece-Wise Model

60

drain are represented by %s, and ¥g;, respectively.
Using a charge balance equation for the gate charge, it can be shown that

Qr=-C;: <VGB ~ Ve —¥s+ ‘CQv,—I) ) (4.2)

where C’

' .» Vo and Vrp are the gate-oxide capacitance per unit area, gate-

to-bulk voltage and flat band voltage, respectively. The depletion region

charge per unit area, Q%, is given by
Qs = —YCor\V/¥s, (4.3)

where

v 2q€5NA
o/

To calculate the drain current in terms of the terminal voltages, the re-
lation between ¥ g and the terminal voltages must be known.

Assuming sufficiently high gate-source and gate-drain voltages, both chan-
nel ends can be considered in the strong inversion region. With both channel
ends strongly inverted, it is usually assumed [24,26,33] that the surface po-
tential, ¥, varies linearly along the channel from source to drain. Therefore,

it is reasonable to define a quantity Vg () such that

Ys(z) = ¢g + Vea (2), (4.4)

where

Veg (z = 0)
Ves(x=L) = Vps

Vsp

are the values of Vg at the source and drain, respectively. Vg represents

the channel to bulk voltage. ¢ is the channel surface potential at the source
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Figure 4.1: The channel surface potential variations with respect to the
gate-source voltage in different regions of operation.

when the source-bulk voltage is zero. At the onset of strong inversion, ¢g
is assumed to be 20 + @5 [24] where ¢ is the Fermi potential and ¢,
is several ¢, (¢, = kT/q). As the gate-source voltage increases, the value
of ¢p increases from 2¢p + ¢5. Fig. 4.1 shows the typical variations of the
surface potential with respect to the gate-source voltage in different regions of
operation [24]. For an approximate analysis, often a constant value between
2¢r and 2¢5 + ¢, is chosen for ¢g as a compromise [24]. However, this
assumption cannot provide accurate results for all gate-source voltages in
both moderate and strong inversion regions.

Assuming a constant ¢p and substituting (4.4) into (4.2) and (4.3), Q5
and Q) are given by

Qs =—-1Co:/05 + VeB (4.5)

and

Qr=-Co (Vaa - Ve —¢g—Vea + 2?) . (4.6)
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Since %—“1 = d}; , it can be shown from (4.1) that

w [Vos

Ip = T p(—Q1) -dVes. (4.7)

Vs

Using (4.5) and (4.6) in (4.7) and calculating the integral by assuming

constant u, the drain current is given by

W 1
Ip = T#C;z {(Vc:s — Veg — @5) Vps — §V,§s

2 ,
—37 [(<P3 + Veg + Vps)*? — (65 + Vss)s/z] } . (4.8)
In the derivation of (4.8) the following relationships have been used:

Veg = Vgs+ Vss

Vo = Vps + Vss.

Although the model developed so far provides fairly good results, it is
still complicated due to the 3 powers involved [24]. These powers originate
from the square-root term in (4.3).

Figure 4.2 shows the variations of the quantity —25- with respect to Vp.
As can be seen, this quantity does not change SIgmﬁcantIy with Vg [24].
Therefore, as a further simplification, it is reasonable to approximate —%ﬁ-

by the first two terms of its Taylor expansion around the point Vg = Vss.
Thus,

C" ~v\/¢p + Vs + 6 (Vcs — Vss) (4.9)
oz
where § is the slope of — =& vs. Vg evaluated at Vg = Vsp. The value of
6 is given by
5 = __7—.. (4.10)

2\/¢s5 + Vss
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Figure 4.2: The variations of —g—,'a- in the strong inversion region. The solid
line is the accurate calculation and the broken line is the approximation using
a Taylor expansion at Vg = V.

Using Q'g from (4.9) in (4.6), it can be shown that

Qr(Ves) = —C..Vog — Vs — Vs — g — Y/ 95 + Vsa
—(1+6)(Ves — Vsg) . (4.11)

A simplified drain current equation can be derived by using (4.11) in (4.7)

as follows
w 1
Ip = T-U’C;z (Ves — V1) Vps — 5 (14+68) Vs (4.12)
where
Vr=Vrg + @5 +7Vdp+ Vsa (4.13)

is the threshold voltage. It is important to note that in the derivation of
(4.12), all the approximations have been made at the source, therefore, the
threshold voltage defined in (4.13) is taken at the source and this cannot be
an accurate representation for the threshold voltage at every point in the

channel or for different gate-source voltages.
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The drain current for large values of Vps is assumed to be independent
of Vps and can be found by calculating the maximum value of Ip in (4.12).

This maximum occurs at Vps = V¢ where

, Ves — V3
bs =S5 (4.14)
and the corresponding value of the drain current is given by
W (Ves — Vr)? -
Ip=—uC ~—2=2——-7., 4.1
D= H 31 +0) (4.15)

Thus, the complete model for the strong inversion region becomes
w 1 2 /
T/-“Coz (Vos = V1) Vos — 5 (1+6) Vps| Vs < Vbs

Ip = W, (Ves—Vr)°
L ="3 1+ )

(4.16)
VDS > VLI)S

Channel length modulation effects have not been taken into account in equa-
tion (4.16).
Figure 4.3 shows the Ip — Vpg characteristics obtained from this approx-

imate model [24].

4.2.2 Weak-Inversion Region Model

In the weak inversion region, the drain current is mostly due to diffusion.
Ignoring the drift component, the drain current in this region was described

by Barron [33] and can be written as follows:

. ByV¥? -2\ _oup—£5 Us
ID_Q\/USTl(l—e "t)e .e’s. (4.17)

In (4.17), B is the transistor conductance coefficient (uC,, %), V; is the ther-
mal voltage (kT'/q), Ur is the normalized Fermi potential (¢z/V;), and Us
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Figure 4.3: Ip — Vps characteristics as obtained from (4.16).

is the normalized surface potential at the source and {5 = Zéf- The surface

potential can be calculated by using [24]

Ug = Us +7 (e9s72F~%s 4 Us — 1) (4.18)
where
0
v = (4.19
A )
and
Ves — Vrs

Ug = SE_"FB (4.20)

To find the drain current in terms of the terminal voltages, Us in (4.17)
can be replaced by its value from (4.18) which results in a complicated ex-
pression for Ip. To derive an approximate but simple expression for the drain

current, a Taylor expansion of Us around an appropriate point (Us) can be
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used. The Taylor expansion of Us is given by

dU,
Us =Us + —= .(Us-Ug) (4.21)
dUqly,
where
Us = Us ++' (e¥6720r~8s 1 Ug — 1), (4.22)

The slope of Us vs Ug, %, can be found from (4.18) as

dUs| 1 1
= = —. 4.23

v (eY5-20F~¢s11) n

1+ -
2\/eVs~2UF~¢s yz—1

Substituting (4.21) and (4.23) into the exponential term of (4.17), the drain

current is given by

BV SYBS\  _oyp_e. pselasPi
Ip=————r—e— (11— F=8s gUs+=5", 4.24
D=3 T ( e ) e e ( )
The channel surface potential at the source and at the beginning of the weak

inversion region (U§ = 2Uf + £g) can be chosen as an appropriate value for

U which simplifies (4.24) as follows:

3/2 1% -UA
Iy =2 (1-¢7%) el (4.25)

2V/TUs — 1

Using (4.20) and (4.22) in (4.25), the drain current can be written in the

following simple form:

BAV*? _Yps\ Yas-vr
Ip=——m—ou|(1— Vi nVt 4.26
D=7 Te=1 ( € ) € ( )

where

Vr = Veg + 2UrV: + v 2UFV; + Vsp (4.27)
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and

B
n=1+—m—m————. 4.28
V2UrV; + Vsp (4.28)

Since the exponential term in (4.26) (el’ars:;_z"z) is the dominant term, the
variation of Us in the square-root term in (4.26) can be ignored without
affecting the accuracy significantly. Using Us = Ug in the square-root term
and considering the fact that for practical Ur values 2Ur > 1, the drain

current in subthreshold is given by

Ip = 2\/—%%_’);/%—@ (1 - e-x‘%&) eza'S';TVz (4.29)
where Vr and n are calculated from (4.27) and (4.28), respectively. Equation
(4.29) is valid for Vgs < Vr when Vs = Vr is the switching point from the
strong inversion equation to the weak inversion equation. Equation (4.27)
is the same as the derived equation for Vr in the strong inversion region
(equation (4.13)) when ¢g is chosen to be 2UrV;.

In choosing different joining techniques between the strong and weak in-
version regions, a slightly different switching point may be used. For a general
switching point between the strong inversion and subthreshold regions when

Ves = Von, equation (4.29) can be written as follows:

ByV;? _Yps\ YascVen
Ip=———m—————=(1—e % v . 4.30

P=3 2UFV;+VSB( ) e (4:30)
For instance, in the SPICE level 3 model V,, = Vr + nV, is chosen as the
joining point and the drain current at the beginning of the weak inversion
region is matched with the current at the end of the strong inversion region

to maintain current continuity [21]. Thus,

Veag = Von

Ip=1Ie ™%, Vgs < Von (4.31)
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where I is calculated from (4.16) at Vgs = V,.. In this model, equation
(4.16) is used to calculate the drain current for Vgs > Vin.

4.3 Variable Threshold Voltage Method

Although the model presented in Section 4.2 is very simple and computa-
tionally efficient, it generates large errors especially around the joining point.
Figure 4.4 shows the comparison between the Pao-Sah model [26] and the
SPICE level 3 model which is based on equations (4.16) and (4.31). The
Pao-Sah model was chosen because it utilizes the original equations derived
from device physics, and therefore, it is very accurate in terms of the drain
current calculation. The NQS model explained in Chapter 3 which is de-
rived from the original device equations after some simplifications can also
be used as the reference model. As can be seen, large errors occur in the
drain current calculation around the transition point. These errors originate
from the approximations made in the derivation of (4.16). The most inac-
curate approximation is the approximation of a constant ¢g in (4.4) that
resulted in a constant threshold voltage. As discussed previously, ¢ varies
with gate-source voltage and thus for more accurate results the value of ¢g
corresponding to each value of Vs should be used in (4.4). However, for
each value of Vs, the derivation procedure of (4.16) is valid and (4.16) can
be used for the drain current calculation. In the final form, the effect of (4.4)
appears in the values of § and V7 (Equations (4.10) and (4.13)).

In the new variable threshold voltage method, an appropriate ¢z is cal-
culated for each value of Vs and the corresponding values of 6 and Vr are
found from (4.10) and (4.13). The resulting values of 6 and Vr can be used
for the drain current calculation in (4.16). In other words, the surface po-
tential is used to shape the threshold voltage function in the strong inversion

region to achieve more accurate results.
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Figure 4.4: Comparison between the Pao-Sah and SPICE level 3 models.

In the new model the drain current in the weak inversion region is calcu-
lated from (4.30). It is important to note that (4.30) is more accurate than
(4.31) since it results directly from the exact Barron equation [33]. However,
in (4.31) the accuracy of the current in the weak inversion region depends on
the accuracy of the model in the strong inversion region.

As will be shown in Section 4.6, the result of this newly proposed model

is in excellent agreement with very accurate models.

4.3.1 Finding The Appropriate Value of ¢g

Assuming a linear variation for the surface potential in the linear region of

operation (Vps < V,5) [24,33] and evaluating (4.4) at the source, it can be
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shown that
¢5 = s — Vs = (Us — £5)Vi, (4.32)

where Us and £ are the normalized values of 5 and Vsg, respectively. Using
(4.32) in the threshold voltage equation, (4.13), Vz can be calculated from

Vr = Vrg + (Us — &€5)Vi + 7V UsVa. (4.33)

Vr is the modified threshold voltage. For each value of the gate voltage, Us

can be found from the solution of the exact equation for Us [24], given by
Ug = Us + ' (e¥s~207=¢s 4 Ug — 1)'/* (4.34)

where v = v//V;, Ur is the normalized Fermi potential and

_ Ve — Vrs

Ug 7

(4.35)

Making an appropriate initial guess along with the second order Newton-
Raphson procedure, the surface potential from (4.34) can be calculated fairly
quickly [29] (Appendix B). The simulation results in Section 4.6 show that
only one iteration can provide sufficient accuracy for most purposes. If the
fast surface state charge density is not zero, it can be considered in equation
(4.35) by adding ggﬁi

In this model, V,, which is the switching point (joining point) between

the subthreshold and strong inversion regions, is chosen to be

Vor = Vip + 205 + 7/ 20 + Vs (4.36)

This value of V,, is equal to the gate-source voltage corresponding to the
value of Us = 2UF + &5 in equation (4.34).
The drain current can be calculated from (4.16) and (4.26) by substituting
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V¢ and V,,, for V¢ and V,,,. From (4.16) for Vgs > Vo

B [(Vcs - Vr) Vps — Ll_;“ﬂvgs] Vbs < Vps
Ip = Ves V)2 (4.37)
B 179 Vbs > Vps
and from (4.26) for Vgs < Vin
2 Vee—Von
Cal? (1- e Vos/Ve) em nv (4.38)

Ip=—E2Lr
2\/¢p+ Vsa

In the derivation of (4.38), Us in (4.26) has been replaced by its value from
(4.32) (Us = (¢5 + VsB)/V2)-

The threshold voltage corresponding to the value of Us calculated from
(4.34) does not necessarily guarantee the continuity of the dramn currents
calculated from (4.38) and (4.37) in the subthreshold and strong inversion
regions, respectively. To maintain current continuity, Vr can be adjusted by
adding a parameter Vr(shist to (4.33). The threshold voltage is then given
by

Vr = Vs + (Us — £5)Vi + 7/ TUsVi + Vrisnisey- (4.39)

VI (shift) is determined so that r provides continuity for the drain current
when substituted in (4.37) and (4.38). In other words, Vr(snift) adjusts the
threshold voltage so that at the joining point the drain current calculated
from (4.37) is equal to the drain current calculated from (4.38).

In order to obtain more accurate results, the continuity of the derivative
of the drain current with respect to Vgg can be achieved by adding another
degree of freedom to the equations. To accomplish this, £ in (4.34) and
(4.39) can be replaced by £ where £ is treated as a fitting parameter. Thus,
(4.34) and (4.39) can be written as

Ug = Us + 7 (eUs~20F = 4 Ug — 1), (4.40)
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|

Usg=Us+% (eUs—2U;--$ +Us — 1)
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|

Vr = Veg + (Us — E)Vi + 7V UsVe + Vr(snin)
Equation (4.41)
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Equations (4.37) and (4.38)

Ip
Figure 4.5: The variable threshold voltage method procedure.

Vr = Vrg + (Us — )Vi + 7V Us Vi + Vr(shigy)- (4.41)

Physically this means that instead of calculating the threshold voltage at the
source in the conventional method, it is calculated at a point corresponding
to £ in the new model. The method for finding § and Vr(shist) is shown in
Section 4.3.2.

Once the values of £ and Vr(snife) are determined, the procedure for cal-
culating the drain current using the variable threshold voltage method can

be summarized as shown in Fig. 4.5.
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4.3.2 Calculation of Vrsnp) and £
Calculation of VT( Shift)

As discussed previously, the drain current continuity at the joining point
(Ves = Von) can be preserved by adjusting the value of Vr(sair) so that (4.41)
provides an appropriate threshold voltage (V = Vr(om)) When Vgs = Vo
(Us = Us(on))- Von is the threshold voltage that results in the same Ip
values in the evaluation of (4.37) and (4.38) when it is substituted for Vr in
(4.37). Using (4.37) and (4.38) and solving for Vr(om)

1 [Ipion 1+6) V3 21p(on
T |52+ ] ves <1
VT(on) = (4'4-2)
— \/2(1 +6) In(on Vos > | 2Ip(en)
on 3 (1+6)8

where

ByVi2 _Yps
Togom = =222 (1 - ).
D(on) 2 ¢B T VSB )

Once the value of Vr(gn) is known, Vr(snir) can be calculated by evaluating
(4.41) at the joining point. Thus,

Vr(snisy = Va(on) — Vee — (Usony — &) Ve — 7/ Us(em) V2- (4.43)

Calculation of &

The value of £ is found so that the drain current slope continuity is maintained
at the joining point. The drain current slope can be calculated from the
derivatives of (4.37) and (4.38). From (4.38) for Vs < Von

dl _Yps\ Yos-Yem
D O (1) (4.44)

dVes 2n/dg + Vss



4.3 Variable Threshold Voltage Method

74

and from (4.37) for Vgs > Vo

dVr d
B (1 -z Us ) Vs Vps < Vps
dlp _ dUs dVgs (4.45)
dVes (1 dVr dUs 2p_ , vy '
dUs dVes ) \\Ba+6) 2°7 P8

It should be noted that dVgs = dVgp in the derivation of (4.45). The value
of V},s is also modified corresponding to the new threshold voltage.

The derivatives in (4.45) can be calculated from (4.40) and (4.41). From
(4.41)

dVr g
— =1 4.46
= v (1 7577 (4.4
and from (4.40) it can be shown that
:‘I/Js - : /(1+a (4.47)
o2V, (1+ o)
where )
o = eVs—2r-¢ = (297—2% —-Us + 1. (4.48)

At the joining point, Vgs = Von and the corresponding values of Us
and Ug can be represented by Ug(on) and Ug(on) (UG(on) = Ef:!m) It is
important to note that the appropriate value of Us(n) along with Ug(on)

must satisfy equation (4.40) as follows:
Ug(on) = Us(on) +7' (eUS(“‘)'zU“"*'5 + Us(on) — 1) 1z (4.49)

Evaluating (4.44) and (4.45) at the joining point by using (4.46) and
(4.47), the drain current slope at the joining point for both sides can be
found. Forcing the slope to be continuous at the joining point when switching

between (4.44) and (4.45), the following equations can be derived depending



4.3 Variable Threshold Voltage Method

75

on the value of Vpg. For Vps < Vg

[1 ) 1+‘;2 f_u;w } Ve (1_6-193) (4.50)
1

v/ (1+con) = - Ver
M 7y 2nVps\/¢p + Vss

and for Vpg > V¢

| - e )

- 2 (racn) 21 + Vsg) 2n
1+ N o D(on) (68 + VsB)

(4.51)
In (4.50) and (4.51), Ip(on) is the drain current at the joining point which
can be calculated from (4.38) when Vgs = V.. as

ByV2 _Ygs
Ipon) = —mmmtee— (1 — ™% (4.52
D(on) > r——¢3 ¥ Ven ( ) )
and
U —Up—-£ LrG(on) - US(on) 2 -
Qo = € Slen) TEVFTS = ( o ) - US(oﬂ.) + 1. (403)

The only unknown parameter in (4.50) and (4.51) is Us(on). Therefore, by
solving (4.50) or (4.51) (depending on the value of Vps) Us(on) can be calcu-
lated. Once Us(on) is known, £ can be found from (4.49) as follows

&= US(on) —2Up —In (aon) . (454)

Using the values of £ and V(snis) that are calculated above in the proce-
dure of Fig. 4.5, the drain current can be found at any value of Vgs.

It should be noted that a set of £ and Vrshi) values must be calculated
for each value of Vps. However, at values of Vps such that Vps is several
times larger than V;, £ and as a result Vr(snp) are independent of Vps and
therefore it is not necessary to calculate them for each Vps value.
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4.3.3 Approximate Values of Vr(spifr) and §

Since the exact solution of (4.50) and (4.51) requires numerical calculations,

an approximation is developed to obtain simple equations for £ and Vr(shift)-
For practical values of the device parameters, U?f:’; K landy (1 4+ aem) K

QW . Therefore, in equations (4.50) and (4.51) it can be shown

that ,

1 7-7——

Y, .Y (4.55)
Tt : ~'(1+Con) Qm

@on+Us(on)—1
Using (4.55) and assuming that Us(en) = 2Ur + £s, equations (4.50) and

(4.51) can be simplified to

Vi - . Vs )
1-— Ve ) Vpe < VI
nVDs ( © bs = *bps

Gon = (1 + 5) vV ¢g + Vse --‘-’{}7- z / (456)
ny (1 e ) Vbs > Vs

An approximate value for Us(on) can be found from (4.49) by assuming

2. & 1, given by

Us(on)
2
_.fy’ ,yl 2
Us(on) = (-2— + \%) + UG(on)) . (4.57)

The simple equations (4.56) and (4.57) can be used to calculate £ and Vir(shif)
from (4.54) and (4.43).
These approximations significantly simplify the procedure for finding ¢

and Vr(swin)- In Section 4.6, the appraximate values of £ and Vr(sni) have
been used for the new model calculations. The results show the validity of

these approximations.
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4.4 Compatibility with SPICE Models

Since this new model uses the same fundamental equations (equations (4.37)
and (4.38)) as most SPICE models such as the SPICE level 3 and BSIM
models, it can be easily incorporated into SPICE programs. All other effects
such as short channel and saturation effects can then be taken into account
as before. For instance, in Section 4.6 the SPICE level 3 model has been
modified using the new variable threshold voltage technique to produce an
improved comprehensive model. The implementation of the modified SPICE

level 3 model is described in Section 4.5.

4.5 Implementation

The details of how the new variable threshold voltage method is incorporated

into the SPICE level 3 model are presented in this section.

4.5.1 The SPICE Level 3 Model

In the SPICE level 3 model, the drain current is given by [34]

We 1+ -
Ip = pes5Coy 7 ;; Ves — Vr — 5 fb'vde] Vde (4.58)
e

where Ls; and W, are the effective channel length and width, respectively.

f» is determined by the following sequence of equations:

GAMMA.f,

=fu+ 4.59

o=t Pl + Vi) (4.59)
TEgi

fa = DELTAsmra— (4.60)

. X |LD+w. w, \Y* LD
fi=1 Le,,[ XJ (1 XJ+w,,) - XJ (4.61)
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Wp = ITq PHI + Vsp
Y
4=\ ¢.NSUB

w. = XJ |0.0631353 + 0.8013929—% — 0.0111077 (ﬂ)2
¢ ' ‘ XJ XJ

PHI = QE-I:-ln <NSUB)
q n;

V2e;NSUB

GAMMA = Co

The effective carrier mobility, p.;;, is defined by

fofs = 25— VMAX >0

+
3

Bepf = Hs VMAX =0
where VM AX is the maximum drift velocity of carriers and

Uo
Hs = T¥THETA (Ves — V7).

In equation (4.67), v is given by

_ VMAX.Le;
R ’

Ve
and vg. is determined by
vge = min (Vps, Up(sat) »

where

1/2
Up(sat) = VUsat + Ve — (v.zat + vf) / ’

and
Ves — Vr

Vgat = 1+ fb

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)
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In saturation, the drain current is given by

Ip

Ip(sat) = T AL (4.74)
Less
where Ip is calculated from (4.58) and
ep.z? ep.z2\? V2
AL = ——él + [(-2—4) + KAPPAx: (Vps —vpsay)| - (4.75)

ep is the lateral electric field at the pinch off point given by

U ('Uc + 'UD(sat))

ep = (4.76)

Lefs-Up(sat)

If the value of AL calculated from (4.75) is larger than L.s/2, AL is modifed

to

2
AL = Lesy — (L—géﬁ (4.77)

In the conventional SPICE level 3 model, the subthreshold region is de-
fined as Vgs < Von and V,, is given by

Von = Vr +nlt. (478)

The subthreshold slope factor, n, is calculated from

L WNFS  GAMMA, fo/ PHT ¥ Vg + fo(PHI + Vsg)

o 2(PHI + Vsg) (4.79)

n=1

where NF'S is the fast surface state density. The subthreshold current is
calculated as follows

Ves — Von
Ip(sus) = IDo- €xp (LSnT/:_> . (4.80)

In equation (4.80), Ipo is the drain current at the beginning of the subthresh-
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old region (Vgs = Vin) calculated from (4.58).
The most important parameter in the new model is the threshold voltage

defined by

Vp = Vep + PHI + GAMMA.f,./PHI + Vsg — 0Vps + fu(PHI + Vs5)
(4.81)

where
_ ETAx8.15x 1022

o=
3
telers

ox

(4.82)

4.5.2 The Modified SPICE Level 3 Model

In the modified SPICE level 3 model, we keep all the parameters which have
been used in the conventional model in order to take advantage of the effects
that have been taken into account in this model. The only parameter to be
modified in the new model is the threshold voltage (equation (4.81)). The
first three terms in equation (4.81) correspond to the first three terms in
equation (4.41). To apply the variable threshold technique to the SPICE
level 3 model, these three terms can be replaced by the terms in equation

(4.41). Thus, the new threshold voltage, Vr, is defined by

Vr = Veg+ (Us - f)‘/t -+ GAM‘MA.fs.\/ UsV; + VT(Shift) (483)
-—O'VDS + fn(PHI + VSB)-

It should be noted that f, has been added to the third term in equation
(4.83) to take into account the effect of the short channel. Also, v has been
replaced by GAM M A to be consistent with the SPICE level 3 terminology.

The calculation of the drain current in the modified SPICE level 3 model
can be performed using the following steps:

1. For the specified values of Vsp and Vpg, calculate n, fa, Za, Wp, We,

fs, fo and Vr from their appropriate equations given in Section 4.5.1.
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Vr is the conventional value for the threshold voltage calculated from
(4.81).

. For the specified value of Vg, calculate u.sf, Ve, Vsat, UD(sat)s €Ps AL,
and vg. using the conventional value of the threshold voltage V7. These
parameters are required for the variable threshold voltage method cal-
culations. Later these parameters can be calculated again using the
modified threshold voltage.

. Calcuate & and Vp(shist) using the procedure described in Section 4.3.2.
. Calculate the modified threshold voltage from equation (4.83).

. The parameters calculated in step 2 may be calculated again using the
new threshold voltage. The new threshold voltage does not change
these parameters significantly. Therefore, this step can be ignored.

. Calculate the drain current using equation (4.58) when Vggs > Vin- The

drain current in subthreshold where Vgs < Vo is given by

Vps Ves-Vm

2
Weff GAMMA"/t 1 _e— Vi ) e ™ (4.84)

I = Cl — ="
Dlsub) u'eff oxLeff 2\/PHI+V$B (

where V,, = Vr given by equation (4.81).
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4.6 Simulation and Experimental Results

Figure 4.6 shows the drain current of an NMOS transistor as a function
of the gate-bulk voltage for different drain-source voltages. As can be seen,
the results of equations (4.37) and (4.38) along with the variable threshold
voltage method (equation (4.41)) are in very good agreement with the Pao-
Sah and MISNAN model results. However, the SPICE model which is based
on a constant threshold voltage introduces large errors around the turn-on
region. The drain current calculation error with respect to the gate-bulk
voltage using different models is shown in Fig. 4.7. In this plot the Pao-Sah
model has been chosen as the accurate reference model.

Figures 4.8 and 4.9 compare the new model results with those of the other

10 ,
. —— Pao-Sah Model
10° + - ---- SPICE (Level=3) .
=~ — - Variable V. Model . Vo=ovV
10° == MISNAN Model _ L e
< _
1~
oy 104 L
g _
S e
S 107
§ N, = 5x10" cm’”
Q 10" L Tax =25nm -
W/L = 100/5 pm
107 } V=0 .
10'8 : 1 ]
0.5 1.0 L5 2.0 2.5
The Gate-Bulk Voltage (V)

Figure 4.6: Comparison of different models for various drain-source volt-
ages.
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Figure 4.7: Comparison of drain current obtained using various models with
that given by the Pao-Sah model.

models for various substrate dopings (NV4) and oxide thickness values (T ),
respectively.

The experimental and the new model results are compared in Figs. 4.10-
4.12 using a commercial 0.8 um BiCMOS process. In this process, Ny =
3.23 x 10%em=3, T,, = 17.5nm and the SPICE level 3 parameters used
for the simulations are ETA = 1.069, THETA = 0.063V~!, KAPPA =
8.348V ! and py = 502.9cm?/(V.S). As can be seen, the model provides
very good results for different terminal voltages in all regions of operation.
The experimental data was obtained by accurate measurement of the drain
current in a transistor array fabricated in this process.

This model is also less sensitive to the number of iterations for the surface
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potential calculation than the MISNAN model. Simulation shows (Fig. 4.13)
that at large values of Vsp and small values of N4, the MISNAN model
requires more than one iteration to provide a smooth transition between the
weak and strong inversion regions.

Figures 4.14 to 4.16 compare the results of the new model with those
of the SPICE level 3, BSIM3v3 and experiment. In this simulation, the
parameters of a commercial 0.8um CMOS process have been used. In this
process, Ny = 1.846 x 10'%cm~2 and T,; = 17.7nm. This was the only
available set of parameters with experimental data for the BSIM model. As
can be seen, very good agreement has been achieved between the new model
and the BSIM3v3 model. The experimental data also verifies the accuracy
of both models particularly in the moderate inversion region.
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Figure 4.8: Comparison of different models for various substrate dopings.
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Figure 4.9: Comparison of different models for various cxide thickness val-
ues.
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Figure 4.11: Comparison of the experimental and new model results for
various source-bulk voltages.
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Figure 4.12: Ip—Vps characteristics of a MOS transistor using the variable
Vo model.
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Figure 4.13: Comparison between the new model and MISNAN model when
only one iteration is used for the boundary surface potential calculation.
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Figure 4.16: Comparison of different models for Vps = 5.1V.
4.7 Summary

A new dc model based on the simple piece-wise model for a MOS transistor
has been described. The model has a continuous transition between the
subthreshold and strong inversion regions and provides accurate results in all
regions of operation. The model was compared to the Pao-Sah, MISNAN,
BSIM3v3 and SPICE level 3 models. Very good agreement between the
new model and Pao-Sah model was achieved in all cases. The agreement
between the new model results and experimental data was also illustrated.

The advantages of the new model can be summarized as follows:

1. This new model is compatible with SPICE models such as the
SPICE level 3 and BSIM models and can be easily incorporated
into SPICE programs. Due to this compatibility all other effects
such as short channel and saturation effects can be added to the



4.7 Summary

90

model by SPICE.

2. For Vps values several times larger than k7'/q, only one surface

potential calculation is required in the strong inversion region.

3. The surface potential calculation is not required for the subthresh-
old region.

4. The model is also less sensitive to the number of iterations in the

surface potential calculation.

Therefore, due to the advantages in terms of the surface potential calcu-
lation, this model is computationally more efficient than the MISNAN model
while providing accurate results. Because of its compatibility with SPICE
models, the new model can easily be incorporated into SPICE programs by
modifying only the threshold voltage calculation procedure.



Chapter 5

Moderate Inversion Modeling

in MOS Analog Switches

The simple Sheu and Hu’s model and its modified model presented in Chap-
ters 2 and 3, respectively, both utilize a simple MOS transistor model for
the analog switch. This piece-wise model is based on a constant threshold
voltage with quadratic and exponential equations in the strong and weak
inversion regions, respectively. Although this model is simple and computa-
tionally efficient, it introduces large errors into the drain current calculation
in the moderate inversion region where the gate-source voltage approaches
the threshold voltage. Error in the drain current calculation can cause sig-
nificant error in the final charge injection error prediction.

This chapter presents a new charge injection error analysis using the accu-
rate dc model discussed in Chapter 4 for the MOS transistor in the moderate
inversion region. The importance of accurate drain current modeling in the
final error calculation is studied. It is shown that this effect is less significant

at very low and very high gate voltage falling rates.
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5.1 Introduction

The analysis in this chapter focuses on the special case of switch charge
injection where the input source resistance and capacitance are small (Fig.
2.2(a)). This analysis will be extended to the general case in Chapter 6.
Also, since the charge injection error occurs during the turn-off transient,
the analysis is only performed during this period of time. The behavior of
the switch during this transient is studied here by developing a new analysis.

Section 5.2 explains the moderate inversion current effect in charge injec-
tion error analysis. The charge injection error equations using the accurate
MOS dc model are derived in Section 5.3. Simulation and experimental re-

sults are discussed in Section 5.4. A summary is given in Section 5.5.

5.2 Moderate Inversion Effect on Charge In-
jection Error

The accuracy of the transistor model is not critical for the prediction of
the output voltage at the end of the turn-on transient. This is because
the output voltage finally reaches the input voltage in the sampling state.
However, during the turn-off transient, an accurate prediction of the sampled
voltage depends on the accuracy of the drain current calculation. During the
turn-off transient, the drain current cancels part of the injected charge into
the output node and decreases the final charge injection error. Therefore,
an accurate dc model for all regions of operation including the moderate
inversion region is important in the analysis of the charge injection error in
analog switching circuits.

In the literature, the computationally efficient charge injection error analy-
ses [16] are based on a simple quadratic equation for the MOS transistor [24].

However, this model introduces large errors into the drain current calcula-
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tion in the moderate inversion region [24,23]. It will be shown in Section 5.4
that this simple model underestimates the final charge injection error due the
high drain current prediction in the moderate inversion region. The error in
the charge injection prediction can be significant depending on the switch
transistor size, load capacitance, process parameters and transistor terminal

voltages.

5.3 The Charge Injection Error Equations

As discussed in Section 2.2, in the simple model developed by Sheu and
Hu [7], the output error voltage (v, = V, — Vin) due to charge injection is

described by

(5.1)

dv, —ig— (82 + Ca)U Vs 2 Vem
L p—
dt _(%z + Col)U Vas < Ven

where C| is the hold capacitance, C,, is the gate-axide capacitance, Co 1s
the gate overlap capacitance, U is the gate voltage falling rate, Von is the
transistor turn-on voltage and iy is the channel current when Vgs > Von.

In order to take into account second order effects such as the subthreshold
current and gate-source capacitance (Cys) variations, following the method

developed in Chapter 3, (5.1) can be modified to [16]

dvo —'id - (Cgs + Col)U VGS 2 Von -

CL at = (02)
—td(sub) — (Cys + Co)U Vgs < Vop
where t4(syb) is the subthreshold current and
Vo= Von

S — (S — Cyom) P Ves 2 Ven a

Cgs = Vos=—Von . (03)
Cgs-m-e nv Ves < Von
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C,sm is the gate-source capacitance when Vgs = Ven [16], n is the sub-
threshold slope factor, V; is the thermal voltage (kT/q), B is the transistor
conductance coefficient (¢C,,%) and k is a fitting factor.

In the model, the conventional quadratic equation for MOS transistors is

used to model the channel current, ¢4, where

ia=0 [(VGS ~ Vr) Vps — %Vgs} : (5.4)
To simplify the analysis, the second term in (5.4) is usually ignored for the
small output error voltages. This increases the inherent inaccuracy of (5.4)
in moderate inversion.

In this new analysis, equation (5.2) along with the modified version of
the SPICE level 3 model (equations (4.37) and (4.38)) are used to calculate
the charge injection error. Equation (5.2) can be solved using numerical
methods. At each time step, the MOS transistor threshold voltage is adjusted
corresponding to the terminal voltages.

The model proposed in this section takes into account the subthreshold
current effect and gate-source capacitance variation effect and also utilizes
an accurate model for the MOS transistor drain current calculation in all

regions of operation including the moderate inversion region.

5.4 Simulation and Experimental Results

5.4.1 Simulation Results

The results of the charge injection error analysis using both the modified
SPICE model and the SPICE level 3 model are shown in Fig. 5.1. The per-
centage of the error due to the inaccuracy of the moderate inversion current
in the SPICE level 3 model has been plotted in Fig. 5.2. The model para-

meters of a commercial 1.5-um CMOS process were chosen as the simulation
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Figure 5.1: The effect of accurate modeling in the moderate inversion region
for different input voltages (Vin).

parameters where Ny = 1.345 x 10*® cm™3, T, = 26.7nm, Vo = 0.8204 V
and the gate overlap capacitance is 2.716 x 10~!2 farads per transistor width
(cm). As can be seen, the error in the charge injection error prediction can
be as high as 25% if an accurate model for the moderate inversion current
is not used. This error decreases at higher input voltages where the channel
current effect is generally less important. The moderate inversion considera-
tion is also less significant at high and low gate voltage falling rates (see Fig.
5.2). At high falling rates, the channel charges contribution to the final error
is dominant. At low falling rates, most of the channel charges return to the
source. This reduces the output error voltage and as a result the drain-source
voltage. The lower the channel current at small drain-source voltages, the

lower the effect of this current on the final output error.
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Figure 5.2: The effect of accurate modeling in the moderate inversion region
for different input voltages (Vi) as a percentage of the final charge injection
error.

5.4.2 Experimental Results

Figure 5.3 shows an on-chip test circuit for measuring charge injection error.
This circuit consists of an NMOS switch transistor, a load capacitance (Cy)
and a buffer. The buffer is realized using a single-stage cascode operational
amplifier in unity-gain feedback and has a linear transfer characteristic for
input voltages between 1 and 2.5 volts [13,35]. In this range, the amplifier
output represents the voltage at the load capacitance node with reasonable
accuracy. A chip containing four versions of the circuit in Fig. 5.3 for different
load capacitance sizes was designed and fabricated in 1.5um CMOS P-well
technology. The layout of the chip is shown in Fig. 5.4.
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The comparison of the experimental data and simulation results using
the modified SPICE model and the SPICE level 3 model is shown in Figs.
5.5 and 5.6 for C, = 1pF and C, = 2pF, respectively. As can be seen,
there is excellent agreement between experiment and simulation with the
modified SPICE model over a wide range of gate voltage falling rates. The
discrepancy between the experimental data and the simulation results using
the SPICE level 3 model is due to the inaccuracy in moderate inversion
modeling. The overestimation of the drain current by the SPICE level 3
model in the moderate inversion region gives rise to the inaccuracy in the

prediction of the final charge injection error.
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5.5 Summary

A new charge injection error analysis using an accurate switch transistor
model has been described. The subthreshold effects were also taken into
account. The effect of the moderate inversion current on the final charge
injection error calculation was discussed. The results of this analysis were
compared to those of the analysis with the SPICE level 3 model and ex-
perimental data. Excellent agreement between the new analysis results and
experimental measurements was achieved. It was shown that an inaccurate
transistor model can cause error in the final charge injection error prediction.
The magnitude of this error depends on the transistor size, load capacitance,
process parameters and transistor terminal voltages. This error is particu-

larly important at moderate gate voltage falling rates.



Chapter 6

Comprehensive Analysis of the

Charge Injection Problem

In previous chapters, the importance of adding second order effects into the
switch charge injection error analysis was discussed. The most important
second order effects such as the transistor subthreshold current, gate-source
capacitance variations and accuracy of the drain current in the moderate
inversion region were also explained. In addition, appropriate modelling
techniques were developed to take these effects into account.

In this chapter, a comprehensive model based on the simple model de-
scribed in Section 2.6 is proposed. The model is capable of accurately predict-
ing the switch charge injection error in the general case, where both source
resistance and capacitance are present, by taking into account second order
effects. To numerically solve the differential equations, the Transmission Line
Matrix (TLM) method is used. The TLM technique is a computationally ef-
ficient method for solving ordinary differential equations [36-39]. Using this
method reduces the computation time by a significant factor.

The comprehensive charge injection model is developed in Section 6.1.

Section 6.2 is devoted to introducing the TLM method. The TLM repre-
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sentation of the charge injection error problem is given in Section 6.3. The
simulation rsulté, which show the effects of the most important parameters

involved with charge injection error, are discussed in Section 6.4. A summary

is given in Section 6.5.

6.1 Comprehensive Charge Injection Model

In Section 2.6, equations (2.30) and (2.31) were derived for the general case
of switch charge injection error shown in Fig. 2.1. It can be easily shown
that under the practical conditions {dVs/dt| > |dva/dt| and |dvs/dt], these

equations can be simplified to

d X C
CLgvts = —1q— (Col + —202) U (61)

Vs dv, . Coz
Te + Cs & - u (Col += > U, (6.2)

where the switch transistor is in strong inversion (Vg > Vs + Vr) and to

d’b‘d _
CLE’ = olU (63)
Vg dv,
R—s. +Cs 7t —-CyU, (64)

where the switch transistor operates below threshold (Vg < Vs + V7).

6.1.1 Adding the Subthreshold Current

To add the subthreshold current into the model, the drain current model
explained in Section 3.2.1 can be used. This model predicts the following

drain currents above and below the threshold voltage:

(6.5)

L B(Ves — Vr)Vps Vps < Vps, Ves 2 Ven
d — Vgs—VYen
BnV,Vpse™ % Ves < Vo
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where V,, is the modified threshold voltage given by equation (3.5).
Using this model in equations (6.1) to (6.4), the charge injection error
differential equations to be solved in the presence of the subthreshold current

are
dvd
CL— = = —B(Ves — Vr) (va — vs) — { Cu + - (6.6)
dv, Coz
By os®e = B (Vos— Vo) (=) - (Cu+ T) v 6
for Vg > Vs + Vr and
CL% = —BnV; (ug —vs) e T — CuU (6.8)
= +Cs d”t’ = BnVi (va — w)e I — CuU (6.9)
S

for Vo < Vs + V7.

6.1.2 Adding the Gate-Source Capacitance Variations

The gate-source capacitance model developed in Section 3.2.2 can be used to
include the gate-source capacitance variation effect into the equations (6.8)

and (6.9). The final equations are given by

d
CZt = —B(Vos - Vi) (ve—vi) = (Ca+ Co) U (6.10)

du,
Rs CS-LE- = B(Ves —Vr)(va—vs) — (Ca + Cgs) U, (6.11)

where Vg > Vs + Vr and

d s von
Cigt = —BnWi(ve—w)e ™ ~(Ca+Co)U (612)

d S on
Rs +Cs— = B (Va—vs) & %= _ (Cu+Coo)U  (6.13)
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where Vi < Vs + V. In these equations, Cys is given by equation (3.9).
This C,s model introduces a smooth transition from £ to zero for the
gate-source capacitance compared to an abrupt change from %ﬂ‘ to zero pro-
posed in the simple Sheu and Hu’s model. In the new model, the non-zero
value of C,; below threshold represents the weak inversion channel charges
which contribute to the final error. However, the new model predicts a
smaller value of Cy, in strong inversion compared to %‘ in the simple model,
especially near the threshold voltage. This reduction in Cys introduces less
charge injection in strong inversion. Therefore, adding the new gate-source
capacitance model can increase or decrease the final error depending on the

other electrical and process parameters.

6.1.3 Using an Accurate Drain Current Model in Mod-

erate Inversion

In order to improve the accuracy of the proposed charge injection model, the
accurate transistor dc model developed in Chapter 4 can be used to calculate
the channel current during the switching transient. In this case, the charge

injection error equations can be simply written as follows

CL-‘%"— = L= (Cu+Co)U (6.14)
Vs dvs -
Rs +Cs T = I;— (Coz + Cgs) U, (6.10)

where I; can be calculated from (4.37) and (4.38) at each time step of the
numerical integration of equations (6.14) and (6.15). Also, the appropriate
value of Cys can be calculated from (3.9) depending on the terminal voltages
at each time step. Since equation (4.37) also gives the drain current in the
saturation region, the condition where 14 and v, have to be small in order

that the switch transistor remains in the triode region is not required in the



6.2 The Transmission Line Matrix Method

new model.
Equations (6.14) and (6.15) along with the new models for I; and Cj
provide an accurate model for the prediction of the final charge injection

error for the general switching circuit case.

6.2 The Transmission Line Matrix Method

Solving differential equations (6.14) and (6.15) requires numerical calcula-
tion. There are different numerical methods for solving a set of ordinary
differential equations such as Runge-Kutta, Adams-Bashforth and Adams-
Moulton method. The well known Runge-Kutta method was initially chosen
in this work to solve the switch charge injection differential equations. To
implement this technique, the optimized function embedded in MATLAB
was used. This method was found to be computationally very inefficient par-
ticularly at low gate voltage falling rates. Therefore, it was not practical to
use this method for a wide range of electrical and process parameters.

In order to reduce the computation time while preserving the accuracy of
the final answer, the Transmission Line Matrix (TLM) method was chosen for
solving the switch charge injection differential equations. The TLM method
is one of the most recent developments in numerical methods and was first
introduced by Johns and Beurle [36] to solve time-space scattering problems.
This method was first used to solve ordinary differential equations (ODE)
by Saleh [37] using his multi-compartment (MC-TLM) model. It was also
extended to give a general solution to arbitrary order, nonlinear ODE’s with
variable coefficients [38]. This technique uses a constant time step which
must be found by using some dummy runs. Since preliminary testing to find
the appropriate value of step size is time consuming, an automatic time-
stepping technique was added to the MC-TLM method (see Appendix C).
This technique provides an adaptive step size capability which is based on
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estimation of the error of the answer at each time step [39)].

Using this method, a general purpose simulator was developed which
is capable of solving different sets of equations including the switch charge
injection problem. A user interface was also developed in MATLAB partic-
ularly for the charge injection problem. The results in Section 6.4 have been

generated using this simulator.

6.3 The TLM Representation of the Charge
Injection Problem

Equations (6.14) and (6.15) have three different forms depending on the ter-
minal voltages which determine the operation region of the switch transistor.

The TLM representation of each case is given in this section.

6.3.1 The Switch Transistor in Saturation

In the case with the transistor in saturation, equations (6.14) and (6.15) can

be written as follows

dva (Vos — Vr)? U

dt bsaToe, Cat Coo) &1 (6.16)
dvs _ (VGS - -‘TT)z (2 _ U ,

= - B3 11805  RsCs (Cot + Cys) o (6.17)

where C;; is given by (3.9). Following the method described in Appendix C,
the TLM representation of equations (6.16) and (6.17) can be summarized

as shown in Table 6.1.
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6.3 The TLM Representation of the Charge Injection Problem
UVd Vs
d, 0 TCs
do 0
V -V V —Vr)
n  AgEGE B
92 —(Col + Cgs)c (Col + Cgs)
1’4 -1 1
Vi 1 1

Table 6.1: The TLM representation of the charge injection problem when
the switch transistor is in saturation.

6.3.2 The Switch Transistor in Triode

When the switch transistor operates in the triode region, equations (6.14)

and (6.15) result in the following equations.

d — -, U
'&?’ - —c% [VGS —Vr- (2_1;(.,1_11;7))] (va = vs) = (Cot + Cys) oA (6.18)
du, _ ﬁ (va — Us)
% - Ca [VGS Vr - ———2(1 " 5)} "R C ol + Cg,) . (6.19)

Table 6.2 summarizes the TLM representation of these equations.

Vd Vs
d, 'E:é[ [Vcs - Vr— S;—(dl;—t;’)lj -c% [VGS -Vr—- (;a:?))J + Rslcs
d2 0 0
a £ [VGS - Vr - g—-;{;?))] = [VGS -Vr— ‘-——1;’{11”;) ]
g2 _(Col + Cgs)FUL' —(Col + Cgs)&%
Vi —Us Ud
Vo 1 1

Table 6.2: The TLM representation of the charge injection problem when
the switch transistor is in triode.
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6.3.3 The Switch Transistor in Subthreshold

In the case where the switch transistor is in the subthreshold region, equa-

tions (6.14) and (6.15) are reduced to

dug ByV2 _rz=ve\ Yos-Ven U
—_——_—————— (] — t e —(Coq+ Cys) — 6.20
& TR L ) GG 60
dv, ByVE ~ig-ve\ Vos=Vem s U
=P (11— e — (Cot + Cys) =
(6.21)

The TLM representation of these equations is given in Table 6.3.

Vd Vs
1
Zl g Rst_g
2
5’YV2 ( - tu;'u. ) V(:Z;tVon ﬁ'sz ( - vd;tv. ) Vnz;vo,,

)] 7‘_2 CoooVen l—e t e _7_&__205 o l1—e e r
g2 _(Col + Cgs)&% "(Col + Cgs)cis
i -1 1
Vs 1 1

Table 6.3: The TLM representation of the charge injection problem when
the switch transistor is in subthreshold.

6.4 Simulation Results

The simulation results of the new charge injection model developed in this
chapter are presented in this section. These results cover the effects of the
important parameters under different terminal voltage conditions.

In this section, the model paramteters of a commertial CMOS 1.5um
process were chosen as the simulation parameters unless otherwise specified.
In this process Ny = 1.405 x 10*%c¢m™3, T, = 26.17nm, Vo = 0.8486V,
p = 526.7cm?/V.s and the gate overlap capacitance is 2.771 x 10~!? farads

per transistor width (¢m). In all the figures shown in this section, the contri-
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bution of the parameters have been calculated based on the following equa-
tion .

Result without the effect — Result with the effect

Result with the effect x 100%.

% Contribution =

6.4.1 Subthreshold Current and Gate-Source Capaci-

tance Variation Effects

Figure 6.1 shows the subthreshold current (I.;) and gate-source capaci-
tance (C,s) variation effects with respect to the input source resistance (Rs)
for two load capacitance values. At large Rs values where the input source

time constant (RsCys) is large compared to the gate voltage fall time (Vg /U),

10 ey v ——rrry . T e
< ZZ " Subthreshold Current Effect
——= C,, Variation Effect

B T s P L L S— C,=5pF A

[ _-———_-_‘_‘_‘_‘.‘_‘_

g L ~ -7 ’ 7 -

: -10 = = - \\ -7 - I, 7

S T T .

8 FIIIIIIITNS e il

5 RN

2 20 ~

3

pg

g W/L=50/5 pm

Q C=2 pF

-30 S s .
U=5x10" Vs
V=33V
V=1V
.40 e Ak raarere PR ol .
100 10° 10 10° 10’

Source Resistance Rg ()

Figure 6.1: The subthreshold current and gate-source capacitance varia-
tion effects with respect to the input source resistance for two different load
capacitance values.
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the input source, Vs, cannot compensate the charge injection to the input
node and recharge this node to Vs (node B in Fig. 2.1) fast enough. There-
fore, the voltages at both output and input nodes (nodes A and B) are
reduced, which in turn reduces the drain-source voltage and as a result the
channel current is reduced. This causes the subthreshold current to be less
important at large values of Rs. Also, because of the lower charge com-
munication between the input and output (smaller channel current) at high
Rgs values, the Cys variation effect saturates at a value corresponding to the
difference between the charge injection predicted by the simple and accurate
C,s models. The total effect is more significant where the time constant
RsCs and the gate voltage fall time values are close (RsCs = Vy/U). The
negative value indicates that the-effect tends to reduce the error from: the
value predicted by the simple model.

I.us and C,, variation effects with respect to the gate voltage falling rate
for different Rs values are shown in Fig. 6.2. As can be seen, the subthresh-
old current is more important at low gate voltage falling rates. At low falling
rates, when the gate voltage fall time is larger than the time constant RsCs,
the input source has enough time to compensate the charge injected to the
input node (node B). This causes more voltage to be developed across the
transistor drain-source terminals. This in turn increases the channel cur-
rent including the subthreshold current. The Cgy, variation does not have a
significant effect at low gate voltage falling rate where most of the channel
charges injected by the gate-source capacitance in strong inversion are com-
pensated by the channel current. The total effect is more important when
the time constant RsCys is close to the gate voltage fall time Vg /U. There-
fore, the maximum total effect occurs at lower gate falling rates as the source
resistance increases.

The percentage of the Iy, and C,, variation effects as a function of the

input source voltage are illustrated in Fig. 6.3. As can be seen, at high
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Figure 6.2: The percentage of I, and Cy, variation effects as a function of
the gate voltage falling rate for two different source resistance values.

input source voltages where the switch transistor is mostly in the turn-off
region, both effects approach zero. The most important effects occur where
the transistor is already in moderate inversion at high gate voltage (V).

Figure 6.4 shows the total subthreshold current and C,, variation ef-
fects with respect to the dimensionless quantity (Vg — Vr) U—g.; for different
Cs/Cy values. In this case, a very large value has been chosen for the source
resistance. Therefore, the transistor switch is connected between two capac-
itors Cs and Cp. This figure also confirms that second order effects are less
important where the ratio between the input and output capacitance is close
to unity.

The percentage of the I, and the new C,;; model effects with respect
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Figure 6.3: The percentage of I, and Cys variation effects as a function of
the input source voltage for two different channel width values.

to the dimensionless quantity (Vg — Vr) I_f%:.' for various Cs/C| values are
shown in Figs. 6.5 and 6.6. In these figures, Rs is finite with a value of F4&
and 5—‘{]% in Figures 6.5 and 6.6, respectively. In other words, the source
resistance at each point in Fig. 6.6 is five times smaller than the one at
the same point in Fig. 6.5. As can be seen, the percentage of total effect
varies significantly at large values of Cs/C. However, this variation does not
change much with the source resistance at high Cs/Cy values. On the other
hand, at Cs/Cy values closer to unity the variation of [as and Cys effects

change significantly with Rg value.
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Figure 6.4: The total subthreshold current and gate-source capacitance
variation effects for different Cs/Cy values.
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6.4.2 Moderate Inversion Current Effect

Figure 6.7 shows the effect of the accurate drain current modelling in
switch charge injection analysis with respect to the input source resistance
for different load capacitances. To show the zero-crossing points, the zero
line has been shown using the dashed line. As explained in Chapter 4, the
accurate transistor model is particularly important in the moderate inversion
region. Therefore, the modelling effects illustrated in Fig. 6.7 are mostly be-
cause of the better drain current prediction in moderate inversion. As can be
seen, at small source resistances, using the simple transistor model underesti-
mates the final error whereas at high source resistances, it overestimates the
error. In other words, the final error predicted using the accurate transistor

model increases and decreases from its corresponding value using the simple

10 . S ——————rrrr

The Accurate Transistor Model Effect (% of final error)

W/L=50/5 wm
Ce=2 pF
e U=5x10" V/s
V=33V
Vs=1 Vv
1010’ 10° 10 10° 10

Source Resistance R (Q2)

Figure 6.7: The effect of the accurate drain current modelling with respect
to the input source resistance for different load capacitances.
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Figure 6.8: The accurate transistor model effect as a function of the gate
voltage falling rate for different source resistances.

model at low and high source resistances, respectively. The zero crossing
point occurs when the drain current is zero which in turn occurs when the
transistor drain-source voltage is zero. The drain-source voltage remains at
zero if the charge injection errors at the input and output nodes (nodes A
and B) are equal during the gate voltage transient time. At higher load
capacitances, the output error voltage decreases, therefore, the zero-crossing
occurs at lower values of the charge injection error at the input node (node
B) which corresponds to smaller source time constant values RsC's (smaller
source resistances).

The accurate transistor model effect with respect to the gate voltage

falling rate for different source resistances is illustrated in Fig. 6.8. As can
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be seen, the application of the accurate transistor model tends to increase
and decrease the final predicted error voltage at low and high gate voltage
falling rates, respectively. It should be noted that at very high gate voltage
falling rates, the charge injected by the gate-source capacitance is the dom-
inant term in the final output error voltage. Also, the amount of predicted
channel charge is smaller using the accurate transistor model compared to
the one using the simple model. This is because the accurate transistor model
tends to have a larger threshold voltage. Therefore, estimating the charge
injection error by using the new transistor model results in smaller error
voltages. However, at low gate voltage falling rates, where the drain current
cancelling the output error voltage is significant, the analysis using the accu-
rate transistor model predicts a larger output error voltage. This is because
the lower drain current predicted by using the accurate transistor model,
particularly in moderate inversion, leads to lower output error cancellation
and as a result to higher estimate of the final error voltage. The zero-crossing
occurs where the drain current effect and the gate-source capacitance charge
injection effect are equal. Therefore, at higher source resistances which cor-
responds to lower drain current effects, the zero-crossing occurs at lower gate
voltage falling rates where the gate-source capacitance charge injection effect
is also lower.

Figure 6.9 shows the effect of the accurate transistor model as a function of
the input source voltage for different transistor channel widths. In this figure,
the source resistance Rg has been chosen so that the time constant RsCs
remains equal to the gate voltage fall time. As can be seen, the application
of the accurate transistor model is most important at signal levels closer to
Vi — Vr where the moderate inversion current is significant compared to the
switch current in strong inversion.

Figure 6.10 shows the accurate transistor model effect for different Cs/Cy,
values when the source resistance is very large. The results have been plot-
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Figure 6.9: The accurate transistor model effect as a function of the input
source voltage for different transistor channel widths.

ted as a function of the dimensionless quantity (Vg — VT)\/:—?;L. In this
simulation, the gate voltage falling rate, U, has been varied from high to low
values corresponding to low and high values of (Vg — V) 3%:, respectively.
As can be seen from the figure, at Cs/C = 1 the total effect is negligible
because of the small drain-source voltage during the gate voltage transient
time which allows small drain currents to flow through the transistor chan-
nel. The drain-source voltage is small since the charge injections into the
input and output nodes (nodes A and B) are almost equal. The total effect
saturates at both ends because the final charge injection error saturates and

is independent of the gate voltage falling rate in the extreme cases of U.

The effect of the accurate transistor model for various Cs/C values is
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Figure 6.10: The accurate transistor model effect for different Cs/Cr values
when the input source resistance is very large.

shown in Figs. 6.11 and 6.12. In these figures, Rs has been chosen to be

Vur Muz
UCs and -

resistance at each point in Fig. 6.12 is five times smaller than the one at the

in Figs. 6.11 and 6.12, respectively. Therefore, the source

same point in Fig. 6.11. As can be seen, the accurate transistor model effect
varies significantly at large values of Cs/C\. However, this variation does not
change much with the source resistance at high Cs/Cy values. On the other
hand, at Cg/C values closer to unity the variation of the transistor model

effect changes significantly with Rs value.
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6.5 Summary

A comprehensive switch charge injection model was developed in this chapter
for the general case of the switching problem. This model takes into account
second order effects such as the subthreshold current, gate-source capacitance
variation and uses as accurate transistor model for the drain current. The
use of an accurate transistor model is particularly important in the moderate
inversion region.

To solve the differential equations, a modified TLM method was used.
This method was found to be computationally very efficient for solving charge
injection equations.

The effects of the most important parameters involved with switch charge

injection were illustrated and a detailed discussion was given in each case.



Chapter 7

Conclusion

7.1 Summary

A new charge injection error analysis for analog switching circuits was de-
veloped in this work. In order to obtain more accurate prediction of the
final charge injection error, second order effects were also added in the new
analysis. The second order effects discussed in this work are the subthreshold
current, gate-source capacitance variation and drain current in the moderate
inversion region. Based on this analysis, a comprehensive study was per-
formed on the importance of each effect with regard to the most important
electrical and process parameters involved with switch charge injection er-
ror. The results show that the second order effects studied in this work can
have a significant impact on the final charge injection error calculation and
therefore, they need to be considered in the simulation of switching circuits.

The analytical model developed in Chapter 3 provides an excellent insight
into the switch charge injection problem with regard to the subthreshold
current and gate-source capacitance variation effects.

The accurate transistor model proposed in Chapter 4 is not only useful
for precise modelling of the channel current in the switch charge injection
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problem but also it can be used as an accurate MOS transistor dc model in
circuit simulators.‘ This model is simple and provides a smooth transition in
the moderate inversion region between the subthreshold and strong inversion
region of operation.

The comprehensive model developed for the general case of switch charge
injection in Chapter 5 and 6 can be used for accurate prediction of the final

error voltage for various combinations of electrical and process parameters.

7.2 Contributions

Some of the contributions of this work include:

e Introducing the importance of second order effects in charge in-

jection analysis of MOS analog switches.

e Proposing a new analytical model for switch charge injection which
takes into account the subthreshold current and gate-source ca-
pacitance variation by developing appropriate models for these

effects.

e Developing a new dc model for MOS transistors whicn provides a
smooth transition as well as accurate drain current calculation in

the moderate inversion region.

e Developing a comprehensive model for the general case of switch
charge injection which includes second order effects and utilizes

the accurate MOS transistor model.

e Introducing the application of the newly developed transmission
line matrix (TLM) method for solving the differential equations

involved with the switch charge injection problem.

e Developing a new error estimation procedure for automatic time-

stepping technique in the TLM method.
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7.3 Future Work

The validity of the new model was verified by designing a test circuit for
the special case where the input resistance and capacitance are negligible. It
would be interesting to compare the results of this model with the experi-
mental data in the general case. This requires designing a similar test circuit
with different resistance and capacitance values connected to the input node.

In this work, a new user interface program was developed to use the new
charge injection model. This model should be eventually incorporated into
a circuit simulator in order to use the model for analyzing switch charge
injection error in more complex circuits. This can be easily done since the
model has been developed to be compatible with the SPICE models. An
example of this work was explained in Chapter 4 for the SPICE level 3
model. Also, further comparison between this model and the BSIM models
is required to investigate the advantages and disadvantages of this new model.

In applications where the switch on-resistance is important, analog switches
are replaced by transmission gates. The new model can also be used to study
the charge injection problem in transmission gates. It would be useful to in-
vestigate the importance of second order effects in these switches.

In the proposed MOS transistor dc model in Chapter 4, the SPICE level
3 model was used as the base model. Since the final model inherits the
charactristics of the base model, more improved models such as the BSIM

model can be used to develop a similar MOS transistor dc model.



Bibliography

[1]

2]

8]

(4]

(5

[6]

G. Wegmann, E.A. Vittoz, and F.Rahali, “Charge injection in analog
MOS switches”, IFEFE J. Solid-State Circuits, vol. SC-22, no. 6, pp.
1091-1097, Dec. 1987.

R.C. Yen and P.R. Gray, “An MOS switched capacitor instrumentation
ampliier”, IEEE J. Solid-State Circuits, vol. SC-17, pp. 1008-1013,
Dec. 1982.

R. Suarez, P. Gray, and D. Hodges, “All-MOS charge redistribution
Analog-to-Digital conversion techniques-Part II", IEEE J. Solid-State
Circuits, vol. SC-10, pp. 379-385, Dec. 1975.

F. Sabouri, A CMOS High-Performance Analog-to-Digital Converter,
Ph.D. dissertation, The University of Calgary, Canada, 1996.

F. Sabouri, F. N. Trofimenkoff, and J. W. Haslett, “A High-Performance
Calibration-Free Charge-Balancing Analog-to-Digital converter”, IEEE
Trans. Instrumentation and Measurements, vol. 45, no. 5, pp. 847-853,
Oct. 1996.

D. MacQuigg, “Residual charge on a switched capacitor”, IEEE J.
Solid-State Circuits, vol. SC-18, pp. 811-813, Dec. 1983.



BIBLIOGRAPHY

127

[7]

t

[10]

[11]

[12]

[13]

[14]

B.J. Sheu and C. Hu, “Switched-induced error voltage on a switched
capacitor”, IEEE J. Solid-State Circuits, vol. SC-19, pp. 519-525, Aug.
1984.

J.H. Sheu, M. Patil, and B.J. Sheu, “Modeling charge injection in MOS
analog switches”, IEEFE Trans. Circuits Syst., vol. CAS-34, pp. 214216,
Feb. 1987.

B.J. Sheu, J.H. Shieh, and M. Patil, “Measurement and analysis of
charge injection in MOS analog switches”, IEEE J. Solid-State Circuits,
vol. SC-22, no. 2, pp. 277-281, Apr. 1987.

C. Eichenberger and W. Guggenbuhl, “On charge injection in analog
MOS switches and dummy switch compensation techniques”, IEEE
Trans. Circuits and Systems, vol. 37, no. 2, pp. 256-264, Feb. 1990.

H.J. Park, P.K. Ko, and C. Hu, “A non-quasi-static MOSFET model
for SPICE-transient analysis”, IEEE Trans. Electron Devices, vol. 36,
no. 3, pp. 561-575, March 1989.

H.J. Park, PK. Ko, and C. Hu, “A charge conserving non-quasi-
static(NQS) MOSFET model for SPICE transient analysis”, IEEE
Trans. Computer Aided Design, vol. 10, no. 5, pp. 629-642, May 1991.

M.J. Chen, Y.B. Gu, T. Wu, P.C. Hsu, and T.H. Liu, “Weak inversion
charge injection in analog MOS switches”, IEEE J. Solid-State Circuits,
vol. 30, no. 3, pp. 604—606, May 1995.

M.J. Chen, Y.-B. Gu, T. Wu, P.-C. Hsu, and T.-H. Liu, “New observa-
tion of charge injection in MOS analogue switches”, Electronics Letters,

vol. 30, pp. 213-214, 1994.



BIBLIOGRAPHY 128

[15] Y.-B. Guand M.-J. Chen, “A new quantitative model for weak inversion
charge injection in MOSFET analog switches”, IEEE Trans. Electron
Devices, vol. 43, no. 2, pp. 295-301, Feb. 1996.

[16] S. Aghtar, J.W. Haslett, and F.N. Trofimenkoff, “Subthreshold analysis
of an MOS analog switch”, IEEE Trans. Electron Devices, vol. 44, no.
1, pp. 89-96, Jan. 1997.

[17] J. S. Brugler and P. G. Jespers, “Charge pumping in MOS devices”,
IEEE Trans. Electron Devices, vol. ED-16, pp. 297-302, March 1969.

(18] C. Turchetti, P. Mancini, and G. Masetti, “A CAD-oriented Non-Quasi-
Static approach for the transient analysis of MOS IC’s”, IEEE J. Solid-
State Circuits, vol. SC-21, no. 5, pp. 827-836, Oct. 1986.

[19] J. B. Kuo, R. W. Dutton, and B. A. Wooley, “Turn-Off transient in
circular geometry MOS pass transistors”, IEEE J. Solid-State Circuits,
vol. SC-21, no. 5, pp. 837844, Oct. 1986.

[20] E. Kreyszig, Advance engineering mathematics, John Wiley & Sons,
1967.

[21] R.M. Swanson and J.D. Meindl, “lon-implanted complementary MOS
transistor in low-voltage circuits”, IEEE J. Solid-State Circuits, vol.

SC-7, no. 2, pp. 146-153, April 1972.

[22] Y. Cheng, M. C. Jeng, Z. Liu, J. Huang, M. Chan, K. Chen, P. K.
Ko, and C. Hu, “A physically and scalable I-V model in BSIM3v3 for
Analog/Digital circuit simulation”, IEEE Trans. Electron Devices, vol.
44, no. 2, pp. 277-287, Feb. 1997.

[23] “TMA MEDICI: Two-Dimentional device simulation program”, Tech-
nology Modeling Association, Inc, 1993.



BIBLIOGRAPHY 129

[24] Y.P. Tsividis, Operation and modeling of the MOS transistor, New York,
McGraw-Hill, 1987.

[25] S. Aghtar, J.W. Haslett, and F.N. Trofimenkoff, “A DC model for MOS
transistors using a variable threshold voltage method”, To be published.

[26] H.C. Pao and C.T. Sah, “Effect of diffusion current on characteristics
of metal-axide-semiconductor transistors”, Solid-State Electronics, vol.

9, pp. 927-937, 1966.

[27] J.R. Brews, “A charge sheet model of the MOSFET", Solid-State Elec-
tronics, vol. 21, pp. 345-355, 1978.

[28] R.F. Pierret and J.A. Shields, “Simplified long-channel MOSFET the-
ory”, Solid-State Electronics, vol. 26, pp. 143-147, 1983.

[29] A.R. Boothryod, S.W. Tarasewicz, and C. Slaby, “MISNAN- a physi-
cally based continuous MOSFET model for CAD applications”, IEEE
Trans. Computer Aided Design, vol. CAD-10, pp. 1512-1529, 1991.

[30] H.J. Park, PK. Ko, and C. Hu, “A charge sheet capacitance model of
short channel MOSFET’s for SPICE", IEEE Trans. Computer Aided
Design, vol. CAD-10, pp. 376389, 1991.

[31] M. Shur, T. A. Fjeldly, T. Ytterdal, and Lee, “An unified MOSFET
model”, Solid-State Electron, vol. 33, pp. 1795-1802, 1992.

[32] N. D. Arora, R. Rios, C. L. Huang, and K. Raol, “PCIM: A physically
based continuous Short-Channel IGFET model for circuit simulation”,
IEEE Trans. Electron Devices, vol. 41, pp. 988-997, 1994.

[33] M.B. Barron, “Low level currents in insulated gate field effect transis-
tor”, Solid-State Electronics, vol. 15, pp. 293-302, 1972.

[34] Meta-Software, Inc, HSPICE User’s Manual, 1990.



BIBLIOGRAPHY 130

[35] P.J. Lim and B.A. Wooley, “A High-Speed Sample-and-Hold technique
using a Miller hold capacitance”, IEEE J. Solid-State Circuits, vol. 26,

pp. 643651, 1991.

[36] P. B. Johns and R. L. Beaurle, “Numerical solution of 2-dimentional
scattering problems using a transmission line matrix”, Proc. IFE, vol.

118, pp. 1203-1208, 1971.

[37] A. H. M. Saleh, “A multicompartment TLM model for solving First-
Order rate equations®, Int. J. Numerical Modelling: Electronic Net-
works, Device and Fields, vol. 2, pp. 5360, 1989.

[38] A.H.M. Saleh and D. De Cogan, “Numerical solution of inhomogeneous
and nonlinear ordinary differential equations using the TLM multicom-
partment model”, Int. J. Numerical Modelling: Electronic Networks,
Devices and Fields, vol. 3, pp. 215-228, 1990.

[39] X. Gui, S. Aghtar, J. W. Haslett, and D. De Cogan, “Error estimation
and control in the multicompartment TLM model for Initial-Value prob-
lems in ordinary differential equations”, Proceeding of the 2nd Interna-
tional Workshop on Transmission Line Matriz (TL M) Modelling- Theory
and Applications, Munich, Germany, pp. 126-134, Oct. 1997.

[40] S. H. Pulko, A. Mallik, R. Allen, and P. B. Johns, “Automatic timestep-
ping in TLM routines for the modelling of thermal diffusion processes”,
Int. J. Numer. Model. : FElectron. Netw. Devices Field, vol. 3, pp. 127—
136, 1990.

[41] P. W. Webb and X. Gui, “Implementation timestep changes in
Transmission-Line matrix diffusion modelling”, Int. J. Numer. Model. :

Electron. Netw. Devices Fields, vol. 5, pp. 251-257, 1992.



BIBLIOGRAPHY 131

[42] S. Y. R Hui, K. K. Fung, M. Q. Zhang, and C. Christopoulos, “Variable
time step technique for transmission line modelling”, IEE Proc.-A, vol.
140, pp. 299-302, 1993.

[43] S. Y. R. Hui, K. K. Fung, M. Q. Zhang, and C. Christopoulos, “Variable-
Time-Step TLM algorithm: A unified approach”, Electron. Lett., vol.
29, pp. 978-979 and 1232, 1993.

[44] C. W. Gear, Numerical Initial Value Problems in Ordinary Differential
Equations, Printice-Hall, Englewood Cliffs, NJ, 1971.



Appendix A

The Gate-Source Capacitance

Variation in a MOS Switch

Charge neutrality in a MOS transistor results in

Qe = Qr +Qs, (A.1)

where Qg is the total gate charge, Q; is the inversion layer charge and @B

is the total bulk charge. Q¢ and Qp are given by

QG = —Coz(VG - VFB - ¢s)
QB = —Cor7V¥s- (A.2)

Vrg is the flat band voltage and 5 is the surface potential at the source

given by

Y5 = Vo — Vis — 1/ ¥s + VieWs=2r-Va)/%, (A-3)

Based on the drain-source voltage, Q is divided into source and drain charges
(Qs and Qp). For small Vps where Qs ~ Qp, the gate charges can be written

as

Qe =2Qs + Us- (A.4)
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The gate-source capacitance is defined by

_ dQs

093 - dVG . (A.5)
Substituting (A.1)-(A.4) into (A.3), yields Cys at the threshold voltage where
ws =2¢F+VS to be

1 Coz
Cum =t =200+ = e () 49
F

Above the threshold voltage C,, increases with respect to the gate-source
voltage and saturates at %‘ However, the inversion layer charges decrease
exponentially with respect to the gate-source voltage in the weak inversion re-
gion [24]. Assuming the variation of the depletion region charges is negligible
below threshold where the gate-source voltage is still close to Vr, the total
gate charges and consequently the gate-source capacitance (Cys ) decrease
exponentially with respect to the gate-source voltage in the weak inversion

region. In other words, in weak inversion

Ves — V;n
Cys X €Xp <_—G§n—Vt_) . (A.7)

The exponential behavior is assumed throughout the weak inversion region
although at lower gate-source voltages, the depletion region charge varia-
tion is not negligible. The error due to this assumption is not important in
the final results since in this region the value of Cys is very small and can
not change the overall answer significantly. Therefore, (Cys) can be apprax-

imated by two exponential functions above and below the threshold voltage

as follows,
Cysm €xp (_‘fﬁ‘%“_’m) Ves < Von
Co=93 o .o S (A.8)
_222 - (—é‘ - Cgsm) - €Xp (_ kV; n) VGS > ‘/on .
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In (A.8), k is a fitting factor between 5 and 10 for the practical range of
substrate dopings and gate axide thickness.

A comparison of (A.8) and the accurate NQS model results for different
substrate dopings (Fig.A.1) shows that (A.8) is a good appraximation of C'gs
for small drain-source voltages. Equation (A.8) can be used to model the
gate-source capacitance variations above and below threshold in the charge

injection error analysis.

0-6 ¥ i T T T
....... NQS S
- - - - Approximation
=05k - To.appro ]
[~
e W/L=100/5 pm
&) V=1 |4
$ 04 - t,=1752nm
g E=6
.§ ol /
So03r /
\) {3
V L
g
S 02+ /N =10"
®
S T f
o {
& {
=

12 15 18 2.1 24 2.7
The Gate-Bulk Voltage

Figure A.1l: The gate-source capacitance appraximation for different sub-
strate dopings.
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Surface Potential Calculation

Equations (4.34) can be rearranged to the following form:
eUS_E—zUF = 0.2 (UG - U5)2 - Us + 1, (Bl)

where
S (B.2)

1

Y
An intial guess can be made for Us depending on its value above and

below € + 2Ur. For Ugm < €+ 2UF

1 1\?
Us=Usm=UG+ﬁ (UG+§-G7> —Ué, (B.3)
and for Ugm > € + 2UF
Us =&+ 2Ur + In [a® (Us — € — 2UF)* — £ — 2UF] . (B.4)

Usm corresponds to the condition when the channel charge-sheet density is

zero and defines the maximum possible surface potential value Usn, for a

given gate voltage. Usm is the value of Us for which (B.1) equates to zero.
The initial guess calculated from (B.3) and (B.4) may not be accurate
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enough. To improve the accuracy of Us, the second-order Newton-Raphson

iteration can be used which gives

. . F FF" 7t
i+l __ ot _
Ust =Us - & [1 P F')2] : (B.5)
where
F = d®*Us-Us)?-Us—F, (B.6)
F’ = —af-':—QGz(UG—Us)—l—Fe, (B.7)
aUs
Ui azF 2 v
F = 573' = 2a° — Fc, (B-g)
and
F, = eVs=%-2UF, (B.9)

The surface potential calculation can be summarized as follows:

Us = UG+1/(2*a"2)-sqrt((UG+1/(2*a"2)) "2-UG"2);
Usm = Us;
if (Usm > 2*UF+€)

Us = £+2*UF+log(a~2*(UG-£-2*¥UF) ~2-£-2*UF);
end
for (I = 0; I < Num__ Iteration;)

Fe = exp(Us-2*¥UF-€);

F = a~2(UG-Us) ~2-Us-Fe;

F1 = -2a~2(UG-Us)-1-Fe;

F2 = 2a"2-Fe;

Us = Us-(F/F1)/(1-(F*F2)/(2*F1°2));

end
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Transmission-Line Matrix
(MC-TLM) Method for Solving
Ordinary Differential Equations

We start with a single rate equation given by !

av ,
e G Vi +g2Va + gaVa+gaVa —di Ve —doVz —dsVe —dsV:  (C.1)

where V] to V; are the neighboring compartments, g; to g4 are the rate
constants representing the effects of V; to V; on the compartment V; , re-
spectively, and d; to d4 are the decay rates of the compartment V; into the
compartments V] to Vj, respectively.

In the general form, a set of first-order equations can be written as follows

_=ZgJV7—ZdJVm (m=1721°"7n)' (C'2)

1The Appendix is a summary of references [36-39] regarding the MC-TLM algorithms,
which is included here to give the reader an outline of the model. More detailed information
can be found in the references given.
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Figure C.1: The equivalent circuit of a single compartment.

In equation (C.2), n is the number of neighboring compartments and the
equation describes the mth compartment.
Now let us consider the analysis of the circuit shown in Fig. C.1. The

voltage V, across the capacitor C is given by

Ve WVi—-V. Ww-V, Va-=-V, V,-V,
d _n L2 L+ J -V

= R A Ra 2 + I;. (C.3)

C

Equation (C.3) can be rearranged to the following form

av, I, V|1 1 1 1 Vi Va |% Vi
z=—-.---.-— _+—+___+_ + 1 2 3 4

2o CIETETE TR TEc T B TR TR (CY

As can be seen, equation (C.4) has a similar form to equation (C.1) where

1 1
C = 11 Rl == R2 = iv R3 = R4 = ‘1—1 (C-5)
g1 g2 gs 9a

and

II = gm‘/z’ (C.6)
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where .
gm =D _(g; — dj). (C.7)
Jj=1

Therefore, equation (C.4) can be written as follows

dv;
i Vi +g2Vo + g3Va + gaVa — Ve (dy +d2 + d3 + dy) (C.8)

The constant rates for the general form of equation (C.2) are given by

1 .
gj=-R7 ji=1--n (C.9)

where

: gm=-z(g,- —d;). (C.10)

j=1

To solve a set of differential equations with the TLM method, each equa-
tion is modelled by its equivalent circuit representation shown in Fig. C.1.
Therefore, solving the set of equations (C.2) is reduced to the problem of
solving the circuit representation of each equation for the corresponding ca-
pacitor voltages.

In the TLM representation of the electric circuit in Fig. C.1, the capacitor
C is replaced by an open-circuit transmission line stub as shown in Fig. C.2.

The stub capacitance is defined by

At
C = ys7, (C.ll)
where y, is the stub admittance and At is the time required for the pulse to
reach the end of the stub and return. For C =1,
1 2
Yys = — = K-t- (C.12)

2g
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Figure C.2: The TLM representation of a single compartment.

C.1 The Scattering Algorithm

In Fig. C.2, first a voltage pulse is sent by each voltage source which gen-
erates a current in the corresponding resistor. The resulting pulse which
appears at node V;, travels along the stub and returns within At second
time period. The reflected pulse scatters at the junction due to the mis-
match of impedances. Then, the combination of the scattered pulse and the
new pulse generated by the sources travels along the stub and returns to
node V; again.

Figure C.3 shows the equivalent circuit of the stub for the pulse scattering
problem. V;} and V are the incident voltage pulse returned from the stub
and the reflected pulse to the stub, respectively. I: is the incident current.

The equivalent circuit for pulse scattering analysis of a single compart-
ment is shown in Fig. C.4. To find V, as a function of time, an iterative
method can be used by employing the principle of superposition at each time

step. At iteration interval k, the node voltage due to the voltage sources is
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I =-\Z§- <t> A
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Figure C.3: Stub equivalent circuit for the pulse scattering problem.
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é L@ @ |
v,(2) v, v,() v, vi

Figure C.4: The equivalent circuit for pulse scattering analysis of a single
compartment.

given by
4 .
> Vilk)g; + Viys

Jj=1

gj+ys

4
=1

7
and the node voltage due to the current sources (I = gmVz and I} = y, V)

is given by .
gm Ve + ys VS (k)

4
_Z 9i tYs
j=1

V; is the node voltage at the previous time step. Therefore, the final node
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voltage V, at iteration interval k, V;(k), becomes

S V;(K)g; + 20sVi(K) + Va(k = 1)gm
Vi(k) = = (C.13)

4
Z g; + Ys
j=1

The returned voltage to the stub at iteration interval k, V] (k), is given
by
V7 (k) = Valk) — Vi (k). (C14)

VI (k) becomes the incident voltage into the stub at the next time interval
after travelling along the stub and reflecting back. Therefore,

Vi(k + 1) = V7 (k). (C.15)

The node voltage V; can be calculated iteratively using equations (C.13)
to (C.15).

The initial value of the compartment V, can be included in this method
as an initial voltage across the capacitor C in Fig. C.1. To set the initial
value of the voltage controlled current generator I, a pulse voltage can be
sent through the stub at time ¢ = 0. If the compartment V; has an initial

condition Ay, it can be shown that the stub-charging voltage at ¢ = 0 is given

by
LY
AO Z:lgj + Ys
V; 0) = .2y . (C.16)

In the general case of equation (C.2), the node voltage of the mth com-

partment at iteration interval k is given by

> Vi(k)g; + 2ys Vi (k) + Vin(k — 1)gm
zgj + Ys

Vin(k) = (C.17)
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and

V7 (k) = Vm(k) — V3 (k) (C.18)
Vilk +1) = V7 (k). (C.19)

The initial value of each compartment can be incorporated in the analysis as

V;(O) — Vm(o) (%sgj + ys) . (C20)

Equation (C.17) is the form which was used by Saleh {37]. An explicit ex-

pression independent of the previous value of V; can be derived [39] as follows

_ ZVik)o; + 20 Vi(k) _ ZViklgs + 20 Vi(K) gy

Vm(k
( ) Zgi'*'ys—gm Zdj+ys

If equation (C.21) is used for the analysis, a slightly different expression for
the initial value condition needs to be used which is given by

P ACIe g; +Ys = gm) _ Vin(0) (223::' + %) (C.22)

C.2 Variable Time-Step

In the new variable time step TLM method, pulses are scattered from nodes
and half-way through their transit the impedances of the lines are altered
and the incident voltages are modified. This is a similar approach to the
one used in TLM diffusion modelling [40,41]. In this case the requirement of
the incident voltage pulse at each iteration is dictated by equations (C.17)
and (C.21). Although equation (C.19) cannot be used directly if a time-step
change occurs between the kth and (k + 1)th iteration, equation (C.18) is
still valid. This means that a new reflected pulse can be calculated by

Vi(k+1) = VJ'(k) = Va(k) — V5' (k) (C.23)
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where the prime is used to denote the revised parameters after a time-step
change.
The net current in a stub with a pulse V}(k) incident on the node is given

by
Vi (k) — 2V (k)

8

(C.24)

I;(k) =

It is a requirement of continuity that both the voltage, Vin(k), and the cur-
rent, I,(k), be unaffected by the time-step change. Thus

‘/;I(k) — Vm(k) ;IS(k)zs. (C-25)
Inserting equations (C.24) and (C.25) into (C.23) yields
i/ 4 l+a i
Vik+1)=V(k) = Vin(k) — 2V{(k) (C.26)

where a is the ratio between the new and the old time steps. It is also the
ratio (reciprocal ratio) between the new and old impedances (admittances).
These outcomes are consistent with the time-stepping techniques of Hui et

al [42,43].

C.3 Error Analysis

The error of a pth order accurate numerical technique can be predicted using

Richardson extrapolation [44]

Vik+1) — V@Y (k +1)

~ op-1
Tkt D) —VERk 1) 2 (C.27)

or

Ve (k1) = VO (4 1) = 5:7—1—

T (V& (k +1) - vk +1)] (C28)
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where V*(k + 1) is the exact solution at the (k + 1)th iteration. V(2% and
V(At/2) are the TLM results based on time steps (At) and (At/2), respec-
tively. Equation C.28 provides a practical way to estimate the error without

the need for the exact analytical solution as follows:
A= [V(A‘/z)(k +1) = VAN + 1)| . (C.29)

The basic time-step control mechanism is to execute computation one
step with At and two steps with At/2, and to perform an accuracy test.
For a given tolerance value € > 0, the magnitude of At is halved if A >e,
otherwise it is doubled. The computation proceeds this way at each iteration
according to the solution variation with time so that the requirements in both

accuracy and efficiency are hopefully satisfied.

C.4 Time-Step Control

To implement the above procedure, a tentative time step with a small value
is used at the beginning of the computation [39]. This initial time step may
be enlarged according to a prescribed tolerance (¢) and a reasonable value
can be found quickly to continue the computation. As discussed above,
the information at the end of one time step and two half-valued time steps
may be stored for Richardson error estimation. However, this would require
performing the nodal potential calculation three times for a single iteration.
An alternative way of estimating the error and controlling the time step is
to consider the deviation of nodal potential with respect to time step. From

equation (C.21), we have

AVin(k) _ 2Vi(E) = Vinl(k) %,  dVi(k)
dys - ;dj + ys(k) Z dj + ys(k) dy, (k)

(C.30)
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where the Vi(k) variation with y, can be obtained from equation (C.26) as

follows
dV;(k) _ ys(k - 1) i _ _ Vm(k - 1) 3
du(k)  2(R) (V;(k -3 ) R
Also, we have
dVm(k) _dVm(k)dys(k) _ 2 dVm(K)
a(AD)  dy,(k) d(AD) - (ADE dy(k) (C32)
Therefore,
A = |V(k) = V@) = [V (k) - VA (k)| = %‘%’“A—(-;-)-(At — 2At)

) = Vlk)

. Wik —1) — Vu(k —1)
Zdj'*'ys(k) ° .

Zd-+ys(k) ys(k —1){. (C.33)

Here, Richardson extrapolation V(%) (k) — V(?4t)(k) is approximated by
the differential of the nodal potential. For error estimation at the first it-
eration (k = 1), initial conditions are used for calculating the second term
on the right-hand side of equation (C.33). Owing to this equation, the data
storage and computational effort for estimating errors are minimized and the

procedure of time-step control is greatly simplified.

C.5 Example

An MC-TLM general-purpose program for solving initial-value problems in
ODEs employing a constant time step (CTS) or a variable time step (VTS)
has been written and tested for a range of differential equations. To explain
the details of this method, solving the Van Der Pol equation with the TLM
method is discussed here.
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The Van Der Pol equation is given by

d%z

dz
—— 2 — —— fd -
7 T e(z® —1) =t 0. (C.34)

This equation can be reduced to two first order rate equations as follows

dr

_ 35
— y (C.35)
_‘:g = —e(z?-1)y—1. (C.36)

The TLM representation of this equation has two compartments, £ and
y. The parameters of this representation are summarized in Table C.1.

z y
d]_ 0 6(1'2 - 1)
ds 0 0
9 1 1
g2 0 0
Vi y -z
Ve 0 0

Table C.1: The TLM multicompartment representation of the Van Der Pol
equation.

The decay rate d; of the compartment y at the iteration interval k depends
on the value of the compartment z at the iteration k — 1. Figure C.5 shows
the answers for z and y as a function of time when € = 1, z(0) = 2.5 and
y(0) = £|,_, = 0. The variation of the time-step is plotted in Fig. C.6. As
can be seen, in the variable time-step TLM method, the time step is adjusted
automatically to preserve the accuracy of the answer and maximize the speed

by increasing the time step where it is possible.
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x(t) and y(1)

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Time (Second)

Figure C.5: The solution to the Van Der Pol equation using the variable
time-step TLM method.
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Figure C.6: The time-step variation in solving the Van Der Pol equation
using the variable time-step TLM method.
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