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Abstract

Four different CMOS inverter delay models are derived and compared. It is shown that inverter
delay can be estimated with fair accuracy over a wide range of input rise times and loads as the
sum of two terms, one proportional to the input rise time, and one proportional to the capacitive
load. Methods for estimating device capacitance from HSPICE parameters are presented, as well
as means of including added delay due to wire resistance and the use of series transistors.

Key Words and Phrases: CMOS Delay Models, Inverter Delay, Capacitance Models, Wire
Delay



Copyright (© 1995
by
Grant McFarland and Michael Flynn



Contents

1 Introduction

2 Estimating Capacitance

3 Analytical Delay Models

4 One Region Model

5 Two Region Model

6 Three Region Model

7 Alpha-Power Law Model

8 Model Summary

9 Buffer Delay

10 Series Transistors Delay

11 Wire Delay

12 Conclusion

Appendix A — HSPICE Models

Appendix B — Limits of the Two Region Model

Appendix C — Curve Fitting the Three Region Model

iii

12

13

16

19

21

23

24

24

25



List of Figures

1

10

11

12

13

14

15

16

17

18

Current for 1 Region Model . . . . . ... ... . 5
Voltage for 1 Region Model . . . . . .. ... o 5
Current for 2 Region Model . . . . . ... ..o 8
Voltage for 2 Region Model . . . . . .. . ... L 8
Current for 3 Region Model . . . . . . .. .. L 11
Voltage for 3 Region Model . . . . . .. ... . L 11
Delay vs Tin (Falling Input) . . . . . ... o o o o 14
Delay vs Tin (Rising Input) . . . .. ... .. .o o oo 14
Delay vs Fanout (Falling Input) . . . ... ... ... ... ... . ... ... ... 15
Delay vs Fanout (Rising Input) . . . ... ... ... ... .. 0 0L 15
Buffer Delay (Falling Input) . . . ... ... .. . o 17
Buffer Delay (Rising Input) . . . .. ... .. .. . o 17
Buffer Delay (Falling Input) . . . ... ... .. . o 18
Buffer Delay (Rising Input) . . . .. ... .. .. . o 18
NAND Delay vs Fanout . . . . . . ... o e 20
NOR Delay vs Fanout . . . . . . . . . e 20
Wire Delay (Falling Input) . ... ... ... .. o 0 o 22
Wire Delay (Rising Input) . . .. .. ... o o oo 22

iv



List of Tables



1 Introduction

Modern computer design would not be possible without the extensive simulation tools employed
by today’s engineers. These tools allow enormously complex circuits to be designed entirely by
simulation with reasonable hope that the first fabricated version will work correctly. However, these
design tools always make tradeoffs between speed, accuracy, and easy of use. Circuit simulators
such as HSPICE are commonly used when accuracy is needed, but these simulators are very slow
when dealing with large circuits and often difficult to use. Switch level simulators may be fast and
easy to use, but they often lack sufficient accuracy to make them truly useful.

This gap creates a need for simple yet relatively accurate analytical models for circuit delay. Fast
and easy to use models can allow computer designers to quickly assess the impact of different
architectural choices where delay is a factor. Simple delay models also can identify a small number
of critical paths to be simulated in more detail and allow CAD tools to perform basic optimization
and sizing of many circuits. Compared to empirical models or simulations analytical models often
provide a deeper understanding of the tradeoffs in a particular circuit.

To perform these functions delay models need sufficient accuracy to base design decisions upon,
but they need not replace more intensive simulations. A model should be as simple as possible
in order to reduce computation time and should include a specific scheme for choosing values of
curve fitting parameters. This paper presents derivations for four different circuit delay models and
compares these models using these criteria.

2 Estimating Capacitance

An important part of any circuit delay model is a means of estimating the various capacitances of the
circuit. The capacitance of MOSFET devices is due to the gate capacitance and the source/drain
junction capacitance. The gate capacitance is composed of the capacitance due to the gate oxide
overlap of the highly doped source/drain regions and the capacitance to the inverted channel region.
The gate capacitance varies with the transistor’s region of operation which determines what fraction
of the channel is inverted. For fairly well balanced circuits in the time for an output to change
by Vbp/2 NMOS devices driven by a rising signal are primarily in the saturation region, and
PMOS devices are primarily in the linear region. For a falling signal these regions are reversed.
In the linear region the entire channel is inverted, and its capacitance is assumed to be shared
equally between the source and drain. In the saturation region approximately two thirds of the
channel is inverted, and it is entirely controlled by the source. The gate to source and gate to drain
capacitances per unit width of a device of length L are estimated using these assumptions and
the HSPICE parameters for the gate oxide capacitance (COX) and for the overlap capacitances
(CGSO and CGDO).

Cas = CGSO+ %COX x L Linear Region (1)
Cas = CGSO + %COX x I, Saturation Region (2)



Cps = CGDO + %COX x I, Linear Region (3)
Cps = CGDO Saturation Region (4)

The junction capacitance of the source and drain is due to the bottom junction area (C'Jarga),
the sidewall junction perimeter (C'Jpgrrar), and the gate-edge sidewall junction (C'Jgarg). These
capacitances are modeled as functions of the bias voltage (V4) and the HSPICE parameters for
bottom junction capacitance (C'J), bottom junction grading (M.J), sidewall junction capacitance
(CJSW), sidewall grading (MJSW), gate-edge sidewall capacitance (CJGATE), and the bulk
junction potential (PB).

CJagpa = CJ(1+Va/PB)™™M/ 5
CJprry = CJSW(1+4Vy/PB)~MISW (©)
Claare = CJGATE(1+Vy/PB)~M5W )

At a node rising from 0 to Vpp/2 NMOS diffusion goes from a bias of 0 to a bias of Vpp/2, and
PMOS diffusion goes from a bias of Vpp to Vpp/2. At a falling node these biases are reversed.
The effective junction capacitance for rising and falling transitions is estimated by averaging the
capacitance at each of these biases.

Another means of estimating effective capacitances is to compare the delays of circuits with parasitic
capacitances to those of circuits with the parasitic capacitors removed and replaced with discrete
capacitors. The values of the discrete capacitors which give equal delays are used as the effective
capacitances. The following table shows both the calculated values and the simulated values for
the device models used in this paper. In all cases the calculated and simulated values are within
10% of each other.

Rising Voltage Falling Voltage

NMOS PMOS NMOS PMOS

Calc Sim Calc Sim Calc Sim Calc Sim

Cas+ Cap(fF/um) || 1.54 | 1.56 2.21 | 2.25 2.09 | 2.22 1.66 | 1.54

CJIarpa(fF/um?) 0.158 | 0.142 || 0.247 | 0.244 || 0.104 | 0.103 || 0.388 | 0.350

CJperm(fF/pum) 0.338 | 0.318 || 0.237 | 0.236 || 0.258 | 0.256 || 0.329 | 0.306

CJoare(fF/um) 0.262 | 0.246 || 0.184 | 0.183 || 0.200 | 0.198 || 0.255 | 0.238




3 Analytical Delay Models

The basic approach of each of the four delay model derivations presented in this paper is the same.
For a given load capacitance (Cf), the output voltage (Vu(t)) is related to the output current
(1,ut(t)) by the following differential equation:

dvout (t) _Iout (t)

dt - ', (8)

Each model chooses a different analytical expression for the output current of a device and solves
this differential equation for the output voltage as a function of time. The expression of output
voltage is then solved for an equation of delay.

All the following derivations are for a simple inverter driven by an input which begins to rise at
time 0. All of the expressions of voltage are normalized to the supply voltage so that V., (t) = 0.5
indicates that the output voltage is at half the supply voltage. Delay is always measured from
the time the input begins to change to when the output has changed by the fraction AV,,;. The
equations for output voltage as a function of time are only valid for a rising input, but the equations
for delay as a function of AV,,; are identical for rising and falling inputs. All the models in this
paper are fit to the HSPICE Level 3 device models found in Appendix A.



4 One Region Model

The simplest way to model the delay of a CMOS gate is to replace each transistor with an equivalent
resistor. This is called the one region model because each device has only one region of operation.
The current drawn by a device of width W is written as the output voltage across an equivalent
resistance Rp/W.

Vour )W

Lo (t) = Ry (9)

For a given load capacitance C'y, the characteristic time constant Tr and differential equation are
written as follows:

. RrCT,

Tr W (10)
dvout _ _Iout (t) _ T VYout (t) W _ _Vout (t) (1 1)
dt —  Cp —  RpCr, —  Tr

Solving this equation for the output voltage as a function of time and delay (tp) as a function of
AV,,: gives the following:

Viue(t) = exp (;—;) (12)
tp = T log (ﬁ) (13)

Vout(t) is a decaying exponential function normalized to Vpp, and the delay tp is measured from
the time the input begins to change to when the output has changed by a fraction of Vpp equal to
AV,y:. The one region model completely ignores the shape and slew rate of the input signal.

To fit the single curve fitting parameter Rp, the delay to when the output has changed 50% of Vpp
(written as T50) is measured and equation 13 is solved for Rp.

_ T5oW
- Crlog?2

F (14)

This gives the following values for the device models used in this paper.

Rpn = 18.28kOhm - um Rpp = 33.00 kOhm - um

On the following page figure 1 shows the one region model current compared to that of the HSPICE
model. This model does a very poor job of accurately matching the output current. Figure 2 shows
the rising input voltage and the falling output voltages of the one region model and the HSPICE
model. The poor match of the model output current to HSPICE makes the model output voltage
a poor fit and only accurate for a narrow range of AV,,,. Since the one region model ignores the
slope of the input signal, changes in the input increase these inaccuracies.
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5 Two Region Model

The accuracy of the one region model can be improved by noting that the output current of the
inverter initially increases as the input voltage increases, while the output current of the one region
model is always decreasing. Making the output current first proportional to the input voltage and
then proportional to the output voltage gives a better match of output currents and a more accurate
model. This is the approach taken by Horowitz [1] and is called the two region model because each
device is now assumed to have two regions of operation.

In the first region the output current is proportional to some input waveform. For simplicity this
paper assumes a normalized ramp input which goes from 0 to 1 in time Ty

Vi (t) = t/T[N (15)

The first region roughly corresponds to when the switching device is in the saturation regime.
The output current is written as a function of the device width W, the input voltage V;,(¢), an
equivalent resistance Rps, and the gate’s switching voltage V7. The second region corresponds to
when the switching device is in the linear regime, and the output current is modeled by a simple
resistor just as in the one region model.

(Vin(t) = V)W Vout(t)W)

Iyt (t) = mi
(1) mln( R Ry

(16)
Solving for the output voltage and delay gives solutions with two regions in terms of two charac-
teristic time constants Thy and Tr, and the time ¢, when the output current first becomes greater
than 0.

t, =TinVr TM:RMCL/W TF:RFCL/W (17)
2
1 % ty <t <t
125 v A ty <t
( QTMT[N ) xp ( TF ) <
to + V2T TINAV, e 0<tp <t
tp = 19
; ts+Trl ( (Lo = L) T ) ty <t .
s TAR08 TvTrin(1 — AV,y) s P

In the first region V., (¢) is a quadratic function, and in the second region it is a decaying exponen-
tial. The time t;, when the model switches from the first region to the second, is found by setting
equal the two expressions within the minimum operator of equation 16 and setting V., (¢) equal to

the first region solution.
ts =1, + \/T}% + 2Ty Tin — Tk (20)

In equation 15 there is no limit on the value of Vj,(¢). This approximation treats Vj,(f) as a
continually increasing function. This leads to poor approximations if ¢, is greater than Trn, and



the model current continues to increase after a real input voltage would have reached Vpp and
stopped increasing. However, if Ry and Ry are chosen appropriately ¢ is always be less than Typ
(see Appendix B).

Horowitz approximates both regions of the equation for delay with the following [1]:

tp &ty +\/(Trlog (1 = AVyu))? + 2118 Ty AV (21)

To fit the two region model V7 is set to the logic threshold of the gate while Rys and Rp are varied
to find the minimum percent error over a wide range of input slew times and fanouts. This gives
the following values for the device models used in this paper.

Vry = 0.5 Vrp = 0.5
Ryny = 3.96 kOhm - pm Ryp = 1010 kOhm - pm
Rpyn = 10.63kOhm - um Rpp = 22.88kOhm - pm

On the following page figure 3 shows the two region model current compared to that of the HSPICE
model. The model current now increases linearly as the input increases and then drops off expo-
nentially. This is a much better fit to the HSPICE model which shows the device current increasing
until the input voltage reaches its maximum and then decaying. Figure 4 shows the rising input
voltage and the falling output voltages of the two region model and the HSPICE model. The
two region does a much better job of approximating the output voltage than the one region model
(compare figure 2). Also since the two region model takes into account the slope of the input signal,
it retains better accuracy as the input waveform varies.



DI DO

-

—“ro<

—_r

*%% COMPARISION OF DELAY MODELS xxx
2-MAYSS5 15:34!53

5 0N 10.0N 15 .0N
TIME CLINJ 20 .

Figure 3: Current for 2 Region Model

*%% COMPARISION OF DELAY MODELS xxx
2-MAYSS5 15:34!53

MODEL .TRO
ISPICE

Figure 4: Voltage for 2 Region Model

MODEL .TRO

INPUT
a—

\ -
L N
pRY =

W -
A -
\ :

% =
\ -
\ :
\_\\ -
\\\ -
AN -
AT -
LN -
\ ~ -
\\ T -
\ N -
\\ \x.,\ -
N ~. -
~ S —
S o
~— =
[ SO R T R S A B e 1
0.0N 15.0N
TIME CLIN)J 20 .0N



6 Three Region Model

The two region model can be further improved by looking again at the HSPICE current in figure 3.
After reaching its maximum the current does not immediately begin to decay exponentially as is
assumed by the two region model. For a short time after it reaches its maximum, the device current
is relatively constant. This corresponds to the time period when the device is in the saturation
regime, but the input waveform is no longer changing. A more accurate model is created by adding
another region corresponding to this period. This is the approach taken by Sakurai [2] and in this
paper is called the three region model.

To model three regions the input voltage is written as a function which goes from 0 to 1 in time 17y
and then remains constant. The explicit maximum value for V,(¢) is the only initial assumption
which is different from the two region model.

Vin(t) = min (¢/Tyn, 1) (22)

The output current is written as being first a function of the input voltage and then a function of
the output voltage. This expression is identical to the one used in the two region model, only now
Vr corresponds more closely to the switching device threshold than to the gate’s logic threshold.

Vi (t) — VT)VV7 Vout(t)W) (23)

Iout (t) = min <( RM RF

Solving for the output voltage and delay gives solutions with three regions in terms of the time
constants t,, Ths, and Tr. The three regions roughly correspond to the saturation regime with
an increasing input voltage, the saturation regime with a constant input voltage, and the linear
regime.

t, =TinVr TM:RMCL/W TF:RFCL/W (24)
(t—t,)?
1— —>+ t, <t<T
2Ty TN i
_ 1- 2t — Trn(1
Vour () = L A=V iv(1+ V7)) T <t <t (25)
2T
(1_ (1—VT)(QtS—T[N(l—I—VT)))eXp (ts —t) L <1
2T Tr

to + V2T TINAV, 0<itp <Trn

Tin(14+ V- TV,
v(1+ V) o Tu ¢ Ty < tp < 1, (26)
2 1-Vr

2T — (1 — Vi) (2ts — Tin (1 + VT)))
2T (1 — AV

ts <1ip

ts + Trlog (



In the first region V., () is a quadratic function. In the second region, which is the region not
found in the two region model, V,,(t) is linear. In the third region it is a decaying exponential. The
transition from the first to the second region occurs at time Trn, when the input voltage reaches
its maximum. The time ¢t; when the model switches from the second region to the third is found by
setting equal the two expressions within the minimum operator of equation 23 and setting V. (¢)
equal to the linear region solution.

o Tin(1+ Vr) T

) -7 p
2 1w T (27)

When approximating delays to Vpp/2 (AV,, = 0.5), the result most often falls in the linear
region. Therefore, as a simple approximation the other two regions are ignored and the linear
region equation is used alone.

_Tin(1+ V) n Ty AV,

t
b 2 1—Vr

(28)

To fit the three region model Vi, Rys, and Ry are all varied in order to minimize percent error in
delay over a wide range of input slew times and fanouts. This gives the following values for the
device models used in this paper.

Vrn = 0.313 Vrp = 0.308
Ryny = 1151 kOhm - um Ryrp = 2741 kOhm - um
Rry =5.31kOhm - um Rrp = 1424 kFOhm - pym

On the following page figure 5 shows the three region model current compared to that of HSPICE.
The model current now increases linearly, then remains constant for a time, and then decays
exponentially. This is a better fit to the HSPICE current than the two region model, and figure 6
shows that this current gives a voltage curve which is an excellent approximation of the HSPICE
voltage.

10
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7 Alpha-Power Law Model

The three region model assumes that the output current is a linear function of the input voltage.
This is actually only the case for a completely velocity saturated device. For a device with no
velocity saturation the current is a function of the square of the input voltage. Most modern devices
with fall somewhere in between these two extremes. This is taken into account by introducing a
new curve fitting parameter « and writing the output current as follows:

1<a<? (29)

Tout(£) = min ((m (t) = Vi)' W vout@)vv)

Ry Rp

This is the approach used by Nabavi-Lishi and is called the alpha-power law model [3]. The same
input wave form is assumed as for the three region model, and V,,(¢) and delay are solved for in
the same way. The use of « in the expression for current is the only initial assumption which is
different from the three region model.

t, =TinVr TM:RMCL/W TF:RFCL/W (30)
(t — t,)ot
1 - t,<t<T
1+ o) (1= Vi) 1Ty Toy w
Vour (t) = L G= Vi) (A + o)t = Tyn(a+ V1)) Ty <t <t (31)
(1 + a)TM
(1_ (1—VT)((1—|—04)t5—T[N(Oé—I—VT)))eXp (ts—t) L <1
(1 + a)TM T
t, + °f (1 + a)(l — VT)O‘_lTMTIaNAVOM 0<itp <Trn
_ Tin(a+ Vi) TyAV,
tp = IN T MAV T " " (32)
1+a 1—Vr IV ip<ts
(1+aﬂM—%1—Vﬂ@1+aﬁf4BNm+W%D)
ty +Trl t, <t
+irlog ( (1 + Q)TM(l - A‘/out) <
T T
[ = n(a+ V) T V. (33)

1+« 1-Vr

For the case where o« = 1 the alpha-power law model is identical to the three region model. When
approximating delays to Vpp/2 (AV,, = 0.5), the result most often falls in the linear region.
Therefore, as a simple approximation the other two regions are ignored and the linear region
equation is used alone.

_Tin(a+ V) | Ty AV

1+« 1-Vr

This single equation and the three region approximation given in equation 28 are both are simply the
sum of two terms, one proportional to the input slew time, and one proportional to the capacitive

tp

(34)

12



load. For any value of « the only difference between these equations is the values of Vi and Ry used
to fit a given set of data. Therefore, when using this single equation approximation the alpha-power
law model and the three region model are identical.

8 Model Summary

One Region Model

tp =~ TF log ( (35)

)
1 — AV

The one region model is simple, easy to use and requires only a single curve fitting parameter
(Rp). However, it fails to take into account the slope of the input waveform, and therefore
has very poor accuracy.

Two Region Model

tp &ty +\/(Trlog (1 = AVyu))? 4 2118 Ty AV (36)

The two region approximation is a more complex equation which requires three curve fitting
parameters (Vr, Rar, Rp), but it includes the effect of the input slope and gives better
accuracy than the one region model.

Three Region Model
_Tin(1L+V7) n T AV,

t
b 2 1—Vr

(37)

The three region approximation (which is identical to the alpha-power law approximation)
is a simple equation with only two curve fitting parameters (Vr, Rar). Like the two region
model it takes into account the input slope to provide better accuracy.

For anything but the most general estimations the one region model does not have sufficient accu-
racy. To choose between the two and three region models their accuracy is compared over changing
input slopes and capacitive loads. In the following two pages figures 7 through 10 show that the
two and three region models have roughly equal accuracy, with the two region model doing slightly
better for large input slew times and fanouts, and the three region model doing slightly better for
small input slew times and fanouts. The three region model provides roughly the same accuracy
as the two region model with a simpler equation and fewer curve fitting parameters. This makes
curve fitting the three region model much easier, and therefore it is used in the rest of this paper.
A simple method for fitting the three region model is presented in appendix C.

13
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9 Buffer Delay

Predicting the delay of a buffer comprised of multiple stages of inverters requires using the input
slew time and delay of one stage to calculate the effective input slew time into the next stage. If
Trn1 is the input slew time into the first stage, then the output of the first stage begins to change
after a time Vi X Trny1. Let Tpy represent the delay from when the input to the first stage begins to
change to when the output of the first stage reaches Vpp/2. If the output were changing linearly,
the input slew time to the next stage would be twice the interval between Tpy and Vp x Ting.
However, the effective input slew time is less than this because the output begins by changing
quadratically. To take this into account a curve fitting parameter Syy is used to calculate the
effective input slew time to the second stage (T7n32). In this paper a value of Sy = 0.79 is used.

Tine = 2(Tp1 — VTN ) SN (38)

Another concern in real circuits is that delay is often greatly reduced by using circuits with reduced
noise margins. The delay of static CMOS circuits is greatly reduced by setting the ratio of the
PMOS and NMOS devices to favor a single transition. However, this reduces the noise margin and
the circuit’s cycle time. Timed circuits such as domino or post-charge logic use timed reset devices
to improve the circuit’s cycle time, but they are still making the same tradeofl of reducing the
delay of a single transition by reducing the noise margin. In this paper the noise margin of a gate
is defined as the minimum voltage from either Vpp or ground which produces an output voltage
of Vpp/2. The greatest noise margin possible is achieved by the ratio of device widths where an
input of Vpp/2 produces an output of Vpp/2. Expressed as a faction of Vpp this corresponds to
a noise margin of 0.5. Figures 11 through 14 show a good match between the delay of the three
region model and the delay found with HSPICE for an optimum number of inverters of various
noise margins and fanouts. The ratios of the inverter stages alternate so that if one stage favors a
rising transition the next stage favors a falling transition.

16
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10 Series Transistors Delay

To predict the delay of logic gates besides simple inverters the three region model is made to fit the
delay of series transistors [4]. This is done by making the effective resistance Rp; and the effective
threshold Vr functions of the number of series devices. First N transistors in series of width W are
given an effective width of W/N. This is sufficient and no new values for Ry; and Vr are needed
if the devices display no velocity saturation or body effect.

With velocity saturation the reduction in Vpg caused by connecting devices in series fails to reduce
the device current as much as expected. This tends to reduce the effective resistance Rps. The
body effect causes an increase in the magnitude of the device threshold. This tends to increase
the effective threshold V7 needed to fit the three region model. Both of these effects are difficult
to model analytically. The simplest approach is to use HSPICE simulations to find new values for
Ry and Vg for each number of series devices which is to be used. For the HSPICE models used in
this paper the following values are found (Rjs has units kOhm - pm, and Vr is unitless):

NMOS PMOS
Ry Vr Ry Vr
1 Series | 11.51 | 0.313 | 27.41 | 0.308

2 Series | 9.13 | 0.372 | 21.70 | 0.414

3 Series | 8.26 | 0.404 | 19.22 | 0.484

4 Series | 7.78 | 0.430 | 19.69 | 0.488

These values give a reasonable fit of the delay of NAND and NOR gates with various numbers of
inputs as shown in figures 15 and 16. These figures assume that all the NAND inputs are rising
simultaneously and that all the NOR inputs are falling simultaneously.
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Figure 15: NAND Delay vs Fanout
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Figure 16: NOR Delay vs Fanout
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11 Wire Delay

Real systems also require the modeling of the added delay of driving a load through a wire of
significant resistance. First the delay for no wire resistance (tpo) is estimated by using the three
region model and adding the capacitance of the wire (Cyy) to the load capacitance.

TM:RM(CD—I—CV[/—I—CL)/W (39)
TN+ V) Ty AV
tpo = 2 1—Vr (40)

If the wire resistance (R ) is not zero but much less than the transistor resistance (Rpz), a simple
7 model is used. This model places half the wire capacitance at the driver output and half at the
load separated by the wire resistance. Differential equations are then written for the voltage at the
driver output (Vir(¢)) and the voltage at the load (V,,:(t)).

dVoui(t) B Vi (t) = Voue ()
dt - Rw (0.5Cw + C)

(41)

V() Voul) =Viel) Vi) =Vp
dt - Rw(0.5CW—|—CD) RM(0.5CW—|—CD)

Using the same input as assumed for the three region model, this system of differential equations
is solved to give the an expression for delay in the linear region as follows:

Ty = RM(CD + Cw + CL)/W Twi = Rw(0.5CW + CD) Two = Rw(0.5CW + CL) (43)

(42)

TN+ V) Ty  Twilwa Tw1Tw
D= =tpo+ 77— — (44)
2 1-— VT TW1 + TW2 TWI + TW2

The added delay due to the wire resistance (Tywrg1) is simply the final term.

TwiTwo
T =" R R 45
WIRE1 Tors + Tora w < Fpr (45)

If the resistance of the wire is much larger than the equivalent resistance of the transistor driving
it, the added delay is approximately that of a step input driving a distributed RC. For a wire with
capacitance Cyy tied to a load of capacitance C'f, the added delay to the 50% point is [5]:

Twire: = Rw(0.4Cw + 0.7C71) Rw > Ry (46)

An equation for the general case is created by combining these two cases. The term Twrrg: is
multiplied by a faction estimating the percentage delay due to device resistance, and the term
TwirE2 is multiplied by a fraction estimating the percentage delay due to wire resistance. Adding
together both these factors gives a general equation as follows:

tpo TwrIRrE1 Twirg2 + tpo
tp =tpo+Twire (—) +1TwIRE (—) =ipo+ 47
"\tpo + Twrre: *\tpo + Twire: 1+ tpo/Twrirm (47)

Figures 17 and 18 compare the model delays through a 20mm wire with and without wire resistance
to HSPICE simulations for a wide range of driver sizes.
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Figure 17: Wire Delay (Falling Input)
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Figure 18: Wire Delay (Rising Input)
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12 Conclusion

This paper derives four different CMOS inverter delay models and shows that inverter delay is
simply and fairly accurately modeled over a wide range of input slopes and capacitive loads using
an equation of the form:

tp = KiTrv + KoCroap (48)

where K; and Ky are curve fitting parameters. Logic gate delay through series transistors is
estimated by the same equation with different sets of curve fitting parameters for each number of
series transistors. Methods for estimating the added delay due to wire resistance are also presented.

Simple analytical models such as this do not replace independent verification by more accurate
simulations, but they do possess sufficient accuracy to be used in high level design choices and
basic circuit optimizations.
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Appendix A — HSPICE Models

.OPTIONS DEFL=0.8u DEFW=1.6u

.MODEL TN NMOS LEVEL=3

+ VI0=0.77 TOX=1.65E-8 U0=570 GAMMA=0.80
+ VMAX=2.7E5 THETA=0.404 ETA=0.04 KAPPA=1.2
+ PHI=0.90 NSUB=8.8E16  NFS=4E11 XJ=0.2U0

+ PB=0.80 DELTA=0.0 LD=0.00010 RSH=0.5

+ ACM=3 HDIF=1U MJ=0.389 MJISW=0.26
+ CGS0=2.1E-10 CGD0=2.1E-10

+ CJ=2E-4 CJSW=4.00E-10 CJGATE=3.1E-10

.MODEL TP PMOS LEVEL=3

+ VT0=-0.87 TOX=1.65E-8 U0=145 GAMMA=0.73
+ VMAX=0.0 THETA=0.233  ETA=0.028 KAPPA=0.04
+ PHI=0.90 NSUB=9.0E16  NFS=4E11 XJ=0.2U0

+ PB=0.80 DELTA=0.0 LD=0.00010 RSH=0.5

+ ACM=3 HDIF=1U MJ=0.420 MJISW=0.31
+ CGS0=2.7E-10 CGDO=2.7E-10

+ CJ=bE-4 CJSW=4.00E-10 CJGATE=3.1E-10

Appendix B — Limits of the Two Region Model

The two region model does not explicitly limit the value of the input voltage V;,(¢). The function
Vin(t) increases linearly from 0 to 1 in time 77y, but then continues to increase. Therefore, it is
important to choose values for the equivalent resistances Rj; and Rp such that the model current
stops being a function of V;,(t) before time Tjy. This is true if the time ¢; which marks the
boundary between the first and second regions of the model (see equation 20) is less than Tyy for
any value of Try. This requirement is written as:

ty ++/TE +2TmTin — Tk <

. ls .
lim (—=— )= lim <
Trn—0 TIN Trn—0 TIN

(49)

In the limit both the numerator and denominator of this fraction are zero. Applying L’Ho6pital’s
Rule by taking the derivative of the numerator and the denominator with respect to Tty gives the
following:

Ty T Ry

=Vr+ —=Vr+ =<1 (50)
TF

lim Vir + 0
F

Tiv=0 VITE+ 2T TN
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This limit gives the relation:

< Ty for SM oy, (51)
Rp

Therefore, if the ratio of Rays to Ry is less than 1 — Vp, no limiting value for V;,(¢) is needed.

Appendix C — Curve Fitting the Three Region Model

Any model which uses empirical parameters requires a scheme for choosing the values of those
parameters. To fit the three region model first an input slew time 77y and a capacitive load C'p,
typical of the circuits to be modeled are chosen. Then V., (T7n), the normalized output voltage at
time Trp, and Tsg, the time from when the input begins to change to when the output has changed
50%, are measured. Solving the quadratic region equation for V. (T1n) gives:

T[N(l — VT)2
(T =]-————— 2
Vout (T1N) 5Ty, (52)
This is rewritten as follows:
(1- VT)2 _ 2CL(1 = Vo (T1n)) (53)

Ry TinW

The slope of V,,(t) in the linear region of the model is equal to —(1 — V) /Ths. Assuming that Tsg
falls in the linear region gives:

_(1 - VT) . Vout(TIN) - Vout(TE)O) . Vout(TIN) - 0.5

= = 54
Tn Trn — Tso Trinv = Tso (54
This is rewritten as follows:

1-Vr _ Cr(Vou(Trnv) — 0.5) (55)

Ru (Ts0 — TIN)W

Dividing equation 53 by equation 55 and solving for Vr gives:

2(1 = Vot (T Tso—T

Vp=1-— ( (Tin))(T50 — TTN) (56)

(Vout(Tin) — 0.5)T 1N

This equation for V contains only the value of T7x chosen and the measured values V.. (T7n) and
Ts0. Having found a value for Vi, equation 52 is solved for Rjy.
TinW (1 — Vp)?

o1 = S U= Vo T1) 0

These last two equations allow values for Vy and Rjs to be quickly found with a simple simulation.
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