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SUMMARY

A new general modelling method for E/D NMOS logic is proposed and applied to the case of inverters. In this model,
non-linear device currents in the large-signal equivalent circuit are reformulated by the curve-fitting technique. Then
output voltage wave-forms are analytically solved region by region from the equivalent circuit. From the derived
formulae, the rise/fall time and delay time can be calculated. Wide-range comparisons with SPICE simulation results
were performed to verify the accuracy and the general applicability of the developed model. Two examples are given
to demonstrate the applications of the developed timing model to timing analysis. It is shown that the model has a
good accuracy for E/D inverters with a wide range of beta ratios, gate sizes, capacitive loads, input voltage wave-forms
and device parameters. Moreover, the required CPU time and memory are small. These make the proposed modelling
method an interesting approach to model E/D NMOS gates for CAD applications.

1. INTRODUCTION

As VLSIJULSI MOS devices are scaled down to increase chip density, circuit complexity and operation
speed, circuit design becomes a challenging task to retain the full benefit of scaling down while optimizing
performance for a highly complicated circuit. Since signal delay is one of the fundamental characteristics
of a digital MOS IC, many valuable approaches' "2” have so far been taken to develop sophisticated timing
models or macromodels which can aid the circuit design in many ways. They are:

(1) to provide a solid base for circuit optimization and automatic sizing2-8:'13

(2) to provide CAD models for efficient timing analysis or verification on complicated VLSIJULSI
circuits with reasonable speed, computer memory and accuracy>®!%13.16.21

(3) to improve the accuracy of delay calculations in logic simulations*'!

(4) to provide a deep insight into the speed nature of digital MOS ICs.”*"*

One interesting approach recently developed' ' is to derive delicate analytical timing models or
macromodels for MOS digital gates using suitable device equations and equivalent circuits. In this
approach, some models were specially developed for static CMOS gates >%?:'3:!% or domino CMOS, ® while
others'3=3719~12 were developed for E/D NMOS logic gates. Unlike the conventional analytic models in
textbooks, they all characterize output responses under non-step input excitations, rather than ideal step
input, using different modelling methods.

For E/D NMOS gates, the delay was modelled by considering charging and discharging of capacitive
loads'*!" with averaged currents'' or fixed currents,’* by deriving accurate formulae from SPICE
simulation results'> or the gate transfer curve,’® or by piecewise linearized circuits.’ Specifically, the two
modelling methods proposed by Simmons and Taylor'® and Etiemble et al.® are based on the large-signal
model with determined device resistances for the characterization of submicrometre oscillators and with
simple device equations and linearized device parameters and wave-forms® respectively.

Other approaches for gate delay modelling are RC models which treat transistors as effective
resistors '*'¢ and bounding algorithms which seek upper and lower bounds for output responses of gates
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or interconnects. """ ** Generally, these approaches make a trade-off between speed and accuracy of timing
analysis.

All these works are important stages in timing model development. However, it is found that some key
problems still have to be solved to achieve the four goals mentioned above. First, accurate device equations
are required in a timing model to improve its accuracy. Secondly, the accuracy has to be definitely verified
for a wide range of NMOS device dimensions and parameters. Thirdly, the modelling method has to be
applicable to complex NMOS gates. Finally, the predetermined model parameters from either experimental
measurements or fully transient circuit simulations have to be eliminated so that the model can be applied
to optimization or autosizing. It is the purpose of this study to develop a new modelling approach for the
E/D NMOS logic, which provides a direction to solve the above problem. Before introducing the new
models, the inherent difficulty in modelling the E/D NMOS logic will be described.

According to our observations, the modelling work for E/D NMOS logic is far more difficult than that
for CMOS, even in the case of a simple inverter. The difficulties originate from:

(1) wide ranges of device beta ratios and sizes which require a high model generality

(2) slower rising wave-forms which increase the latency and the initial delay®'® of the output falling
wave-forms and complicate the timing behaviour

(3) faster falling wave-forms which enhance their sensitivities to input rising wave-forms.

We have tried to develop models of E/D NMOS inverters using the same method as in CMOS®*® and
failed to obtain satisfactory accuracy for inverters with wide ranges of device dimensions and excitation
inputs.

The new modelling method to be presented here overcomes the above difficulties partly by using the
curve-fitting technique to accurately calculate the drain currents in transient operations and partly by
modelling the initial delay which is related to the device subthreshold characteristics. In the characteristic
wave-form case, the developed models have shown an error of less than 21% for the rise/fall time and
a maximum error of 12% for pair delay times larger than 2 ns and 20% for pair delay times smaller than
2 ns. They have also shown an error as small as 4% for the total delay of a string of 12 inverters with
arbitrary input excitation. Moreover, the models can be applied to E/D NMOS inverters with different beta
ratios, device sizes, capacitive loads, device parameters, channel lengths (1-0 and 3-5 um) and input
excitations.

In the following sections, the new models are described. In deriving the models, characteristic wave-
forms”>%'® which are close to the actual internal chip wave-forms are considered, but the models are shown
to be applicable to arbitrary input cases. To check the model accuracy, extensive comparisons with SPICE
simulations and error analysis were performed. Finally, two example circuits are analysed to demonstrate
the model application.

2. TIMING MODEL

The notation used is given in Appendix I.

2.1. Formulation method

The general procedure to develop a timing model for the E/D NMOS logic starts by obtaining
characteristic wave-forms’*''®2! from SPICE?' simulations. The operating regions of each MOSFET
during the rising or falling period are then determined. According to the change of operating regions, the
whole rising or falling time period is further divided into several regions. In each region, the large-signal
equivalent circuit of the logic gate is constructed. To obtain analytical timing equations, the device current
in each region is re-expressed as a simplified equation obtained by curve fitting to the theoretical current.
The corresponding voltage-dependent capacitances are also linearized as the fixed capacitances at the
centre point of each region. Using suitable boundary conditions, the whole expression for the output
voltage during the rising or falling period can be solved. Rise/fall times and delay times are then solved
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and extensive comparisons with SPICE simulation results are made to verify the accuracy. In the following
subsections, the timing model of an E/D NMOS inverter will be derived as an illustrative example.

2.2, Fall time

Consider a string of identical E/D NMOS inverters as shown in Figure 1. If the input of the inverter
string is excited by either a fast or a slow input, the output wave-forms after three or four stages gradually
converge to the same shape, which is independent of the input excitation wave-forms. This repetitive wave-
form, called the characteristic wave-form, has been noted in developing NMOS timing models. ** Typical
SPICE-simulated falling characteristic wave-forms for 1-0 um E/D NMOS inverters are shown in Figure
2. It is seen that when the input voltage V; rises from its undershooting valley voltage V., towards the
supply voltage Vpp, the output voltage V,, first overshoots to a peak voltage Vyr and then decreases
towards the voltage V1 of logic ‘0’. Also indicated in the wave-forms are the fall time T¥, the fall delay
Trur and the initial fall delay Tpir. This initial delay plays a very important role in determining the pair
delay of a logic gate, as will be seen later. Besides the input—output wave-forms of the driving stage, the
wave-form of the output voltage V5 in the load stage is also shown in Figure 2. The change of V,; leads

1. A chain of identical E/D NMOS inverters
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Figure 2. Typical simulated falling characteristic wave-form of a string of identical E/D NMOS inverters and its region partitions
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to different device capacitances of Mg, and thus to different loading capacitances of the driver stage, and
must be considered.

According to the operating regions of the MOS devices in the driving stage, the falling wave-form of
Vor from ¢t =0 to r =ty (i.e. Vo1 = Vo)) is divided into four regions as shown in Figure 2. In region I,
where V; rises from V., to Voni,2! the enhancement NMOS Mg, of the driving inverter is operated in the
subthreshold region because its gate—source voltage (= Vi) is smaller than its turn-on voltage Von;. The
depletion NMOS Mp; is operated in the inverse linear region with its upper n* region connected to Vpp
and the lower n™* region connected to V,,, which is higher than Vpp in region I because of overshooting.
Thus, the source/drain nodes of Mp, are interchanged and it is operated in the linear region with a small
Vps. In the load stage, the MOS Mg is in the linear region since Vo (= Vgs2) is much higher than V,;
(= Vos2).

In region II, the final boundary is set to the point where V, falls back to Vpp after overshooting. In
this region, the operating region of the NMOS Mg is changed from the subthreshold region into the
saturation region, while those of Mp; and Mg, remain unchanged. Regions I and II are two specific regions
with abnormal device operation and distinct transient behaviour. The pair delay, however, is dominated
by these two regions and the corresponding regions in the rise time case. Thus they have to be carefully
characterized. Regions III and IV also have their own device operation regions which, together with those
of regions | and 11, are given in Table I. The boundary between regions 111 and IV is at V,, = Vg, where
Vi is the saturation drain/source voltage of the depletion NMOS Mp,; under the substrate bias. It can be
calculated by using the suitable model equations in SPICE.

Generally, the large-signal equivalent circuit of an E/D NMOS inverter can be drawn as shown in Figure
3, where the device capacitances Cin (unused), Can and Coyu as well as the device currents Ipp and Ipe
have different expressions in each of the four regions. The output capacitance Co, has three different
parts, namely the device capacitances of Mg, and Mp,, the fixed external load capacitance C; and the
equivalent input capacitance of the load stage. Through the equivalent input capacitance in the load stage,
the large-signal equivalent circuit for the fall time calculations can be decoupled and reduced to that of
an inverter with a suitable Cou,.

The wave-form of the input voltage Vi can be approximated by an exponential function with a single
effective pole Py, as

Vi(t):‘Dlr exp(_Plrt)+D2r (1)

where Py, Dy, and Ds, are determined to match the wave-form at Vi = V,,, Vo.1 and Vy within the first
three regions in Figure 2.

Region I. Based on equation (1), the time interval ¢; of region I, i.e. from V= ¥, to Vi = Voni, can
be expressed as

1 Voni — Da;
f= — — In{ZONLZ P 2
' TP, “( Dy, ) )

Table [. Operating regions of the associated MOSFETs in E/D NMOS inverters

Regions [ I |48 v
Rise time case ME,; Linear Saturation Cut-off —
Mp, Saturation Saturation Linear —
Mg; Subthreshold Saturation Saturation to linear —
Fall time case Mg, Subthreshold Saturation Saturation Saturationt
Mp, Inverse linear Inverse linear Linear Saturation
MEg> Linear Linear Linear Saturation

t For the long-channel model (Luask = 3+5 pm) this is replaced by the linear region.
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Figure 3. Large-signal equivalent circuit of an E{D NMOS inverter
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According to the large-signal equivalent circuit of Figure 3, we have

d d
Cleld_[(Vol—Vi)+C<)l|(a Vol+IDE_IDD:0 (3)

During ¢;, the change of V,, is much slower than that of Vi, so the term dV,/ds can be neglected as
compared with dV;/ds. The drain current /pg at f= 1, is calculated by using the subthreshold current
equations listed in Table II. The drain current /), of the depletion NMOS Mp, at 7 = ¢, can be calculated
by using the linear region current equations in Table I1. Since Vgs = Vs = Vo (#1) — Vpp in Mp, and their
values are very small, /pp can be simplified as

Ipp(f) = — [BaVor (1) + Cy] (4a)
where
B: = — Bt [ Voina: + 241 Qa1 + Vop)**) (4b)
C> = Bar [ Vot Voo + 31t Q®rar + Vop)' 3 Vop) (40)
W,
ﬂ(ll = 1 ,usdlCorIl (4C)
L(II

From the above considerations and using equations (4) and (1), equation (3) can be used to solve Vy,(f;),
which is

Vor (1) :3% [Cant Pr(Das ~ Vot) — Ipe (01) — Cs ] )

where Cant = Cydovet Wer. It should be noted that when Vi = Vony at £ = 1, Vo has not yet reached the peak
point, i.e. Vo1 (f1) # Vpr.
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Table 1. MOSFET current equations and junction capacitance equations used in the SPICE program

MOSFET current equations
(1) Subthreshold region:

Ips = B{[Von = Vein — (1/2)Vs) Vs = 3vs[ (265 + Vs — Vas)¥'? — (25 ~ Vas)*?] )
exp(g(Vos — Von)[nkT]

(2) Linear region:

Ips = B{ [ Vas — VBin = (9/2)VDs] Vbs — Zys[ 2F + Vbs — Vas)*? — 2¢5 — Vas)*'?])
(3) Saturation region:

Ins = B{ [ Vas = Vain = (1/2) Vasad] Vasae = 375 [ 2r + Vasac = Vas)¥? = (265 — Vas)*?1)

where
= Wer p €si0,
Leﬁ“ ) Tox
MOSFET junction capacitance equations
AS PS
Coy=C] ———F + CISW ———MM
bs (1 _ VBS/PB)MJ (1_ VBS/PB)MJSW
Coa=CJ AD + CISW PD
(1 — Vpp/PB)™ (1 — Vap/PB)M/S¥

Note: The parameters in this table are from SPICE level-2 device models. 2!

Region II. In region 11, the device capacitances Caq; and Cou can be expressed by using Meyer’s model, '
which is also used in SPICE. The expressions are given in Table III. In equation (2a) of Table III, the
value 1 + | Av] is the factor used in Miller’s theorem to calculate the equivalent input capacitance due to
Canz of the load stage. In the load stage, although the MOS Mg; is operated in the linear region, its output
voltage is nearly unchanged during the whole interval of region II and can be treated as shorted to ground
in the large-signal analysis. This means Av =0 in the capacitance calculation. The voltage-dependent
source/drain junction capacitances in the above expressions are linearized by a fixed value calculated at
a constant junction bias. This bias is chosen to be that at the central point of each region. The linearized
junction capacitances Cyder and Cpaq: in region II can be calculated from the SPICE equation with the
reverse junction bias fixed at Vpp for linearization. Now, C,; and Cou become linear capacitances.

The MOS Mg is operated in saturation and its drain current equation in SPICE is given in Table II.
This equation is too complicated to be used in obtaining the analytic solution for V,;(¢) from equation
(3). Here we use a least-square curve-fitting method to model the current with a simplified formula which
has a good accuracy and can be treated analytically in equation (3). In this method, the ranges of Vs
and Vps for current calculations are determined first. In region I, the initial boundary is Vi = Von, and
Vo1 = Voi(t1) and the final boundary is V,; = Vpp. The value of V; at the first boundary of region 1I is
greater than Von: and is unknown. For the purpose of current calculations, we assume that the value of
Vi at the final boundary is 2Von1, which is a good approximation. Then the above range is equally divided
and four sets of Vi and V,, (i.e. Vs and Vps) can be obtained. Using the four sets of voltages in the
saturation current formulae to calculate the drain current and then using the least-square fitting method,
we have

Ipe(t) = A2 VZ(t) + AVi(t) + Cis (6)

where the constants Ay, Az and Cys are determined from the least-square fitting method with a typical
error of 7%. In equation (6), the term A V7 (¢) is mainly contributed by the term VgsVasae in the
expression of the saturation current; since Vysae is dependent upon Vgs = Vi, it is V¥s-dependent or
V?-dependent. Another current, Ipp(?), has been characterized in equation (4) with ¢, replaced by 1.
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Table 111. The corresponding output capacitance of an E/D NMOS inverter in the individual regions of rising/falling

tme period
Fall time
Region I1:
Cant = Crdover Wer 1
Cout = Codet + Cysdt + Cysovat Wat + Cavovd1 La1 + Coaat + (Cgdover Wez + Cadea) (1 + | Av|) + Cyvover Le2
+ Cysove2 Wez + Cgsez + CL (2a)
ngeZ = % Coe2[1 - Vglsaer/(z Vasate2 — VL)2] (2b)
Caser = Coea[1 = (Vasatez — V1)?[(2Vasate2 — V1) (20)
Cysa1 =05 Comn (2d)
Av=0 (2¢e)
AD., PD,,
Coaer = Clet Vo PBay ™ + W (T3 Voo PRy 5% 0
Region III:
Cout = Codet + Cadat + Coaovat War + Cybovar Lar + Cosat + (Cdover Wez + Cyae2)(1 + | Av|) + Cybovez Lea
+ Cgsovez Wez + Cyse2 + CL (3a)
ngeZ = % Coe2 (3b)
Ceser = 12 Coex (39
Caaa1 = 2Coar {1 = Visaa1] [2Vasarar — (Voo — Vbs)] 2} (3d)
Vps=0-5(Vpp + V) (3e)
Av=0 3f)
Rise time
Region I:
Cout = Codet + Caad1 + Cyaovat War + Cgbova1 Lai + Cosat + (Cgdover Wez + Caae2)(1 + | Av|) + Cepover Lez
+ Cygsove2 Wer + Cysez + Cope2 + C1L (4a)
Av=0 (4b)
ngdl =0 (4C)
Cyae2 =0 (4d)
Cysez =3 Coez —§ [(Vonz — Vas2)[20¢e] Coez (4e)
Civez = [ (Vonz — Viss2)[205e ] Coez (4f)
Vasz = Vor =0:5(V1L + Vonz) (4g)
Region I1I:
Cydez = ; Coe2 (5a)
Cgsez = %(% Coe2 + % Coe2) (Sb)
Cyaar = 1 Coa <1 - Visuan 2) (5¢)
{2Vdsara1 — [Vop — 0-5(Vo.9 + V)]
Av=—1 (5d)

The V,: in the s-domain can be solved from the equivalent circuit. The detailed procedure is given in
Appendix II. Taking the inverse Laplace transformation of V,,(s), Vo1(?) in region II is solved as

Vor(t) = Fle 2P + Foe P 4 Fie P4+ F,y )

Letting dV,1(f2)/dt =0, the time £, when V., reaches the overshooting peak Vys can be obtained.
Therefore the initial fall delay Tn;F can be expressed as Tpir = £ + £2. Additionally, the input voltage used
as the initial value V{9 of region III is calculated at Vo, = Vpp.
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Region 111, In region i, the MOS Mp, returns to normal operation with its gate and source shorted
together and provides a current to charge the output capacitive load. However, the pull-down current Ipg
has exceeded the pull-up current /pp and their difference becomes more and more prominent, leading to
an output voltage falling down faster than rising up. This is because the driving capability of the MOS
ME, is larger than that of Mp, owing to the larger beta ratio which is necessary to retain a reasonable noise
margin. As seen in Figure 2, the MOS Mg, is operated in the saturation region whereas the MOS Mp;
is operated in the linear region during the time interval of region III. The value of | Av| is empirically
fixed to be zero according to the changes of V51 and V,: in region III.

The large-signal equivalent circuit is similar to Figure 3 and the Kirchhoff’s Current Laws (KCL)
equation is the same as equation (16) of Appendix II except that Ipp is expressed as

By 1Voi1(t) + C31  (linear region) (8a)

Ipp(t) =
po(f) {st Voi(t) + Cos  (saturation region) (8b)

The least-square current-fitting method is also applied to model the depletion MOS current with Vgs = 0.
The currents in both saturation and linear regions can be linearized by straight lines whose equations are
given by (8).

With four different sets of voltages within the range from Vi= V¥ to V= Vs +2Voni, another
current, Ipg, is expressed by using the curve-fitting method in the same way as for equation (6) in region
11. Although the final boundary of V; may deviate slightly from the chosen value, equation (6) can still
accurately characterize the drain current of Mg,. In other words, the approximation of the device current
is less sensitive to the final boundary condition. The induced error is then tolerable.

Except that the gate—drain capacitance C,; can still be expressed by equation (1) of Table III, the
contribution of device capacitances to Coy is different from that in region 11, mainly caused by the MOS
Mp; now with its gate shorted to its source. Cou is expressed as listed in Table II1. Note that the value
of Vps at the central point of region II is taken to linearize Cgdai, Coder and Cosar. In addition, Av is set
to zero as discussed before. It should be noted that Meyer’s capacitance model in SPICE has been adopted
to express the gate—drain capacitance Cyyq1, Which changes continuously from the highly linear region to
the slightly linear region of Mp;. On the other hand, the capacitances Cgee2 and Cysez are assumed to be
1 Coe2, @ good approximation for the MOS Meg: in the highly linear region with a large Vgs. After
capacitance linearization, all capacitances become linear. The output Vo, (r) in region III is then expressed
as equation (7) with Pr= — By[Cr. The time Ty, from V.o to Vg is then calculated from Vo, (¢).

Region IV, In region 1V, the operation of inverters with short-channel devices (Lmask = 1-0 pgm) is
different from that of inverters with long-channel devices ( Lmask = 3-5 um). From SPICE transient data,
we find that even though Vi is raised to a high level in region [V, the saturation voltage Vysaier for short-
channel devices is still very small. Thus in region 1V, the MOS Mg, is mostly operated in saturation.
However, for long-channel devices, the MOS Mg, changes its operation region from the saturation region
to the linear region instead. From SPICE DC analysis, the saturation voltage Vi of 1:0um
enhancement NMOS at Vgs = Vpp is about 0-67 V, implying that the MOS Mg, is always operated in
saturation even when the output voltage has fallen to Vp.;. But for 3-5 um enhancement NMOS, the
saturation voltage Vgsace is about 2-3 V when Vgs = Vpp. Thus the MOS Mg changes its operation region
to the linear region when the output voltage falls below 2-3 V. In developing this timing model, both the
above cases were considered, but only the short-channel case is discussed in the following analysis.

According to the output response derived in region III, the value of V; at V1 = Vi can be obtained,
which is the initial boundary of region 1V. Because of the same operation region of the MOS Mg in both
regions III and 1V, equation (6) is still used to approximate the pull-down current Ipg. The pull-up current
Ipp has the same form as equation (8b).

In region IV, the expression of Co,; is similar to equation (3a) of Table IIl except that Mp, is operated
in the saturation region and the voltage gain Av should be considered. The gate—drain capacitance Cyaai
is now equal to zero. The voltage gain Av is empirically determined to be —0-5. In addition, because the
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MOS Mg; is in saturation, we have
ngel =0 (93)
Cgsez = % Cer (9b)

For the input voltage V;, the expression of equation (1) is used but with Dy, D>, and P, replaced by E\;,
E>;and P,,. These three new constants can be obtained from the calculation of the rise wave-form in region
I1. The resulting formula is the same as equation (7) but with Py = — Ba/Cr. From the formula, the time
interval Ty from Vg to Vo1 can be determined.

Combining both output responses in regions 111 and IV, we obtain the fall time T as

Te=Tei+ Te2 (10)

Note that T is a function of the rise poles P;; and P»,.

2.3. Rise time

In the rise time case, the simulated characteristic wave-forms are shown in Figure 4 with three divided
regions. The operation regions of the associated MOS devices in each region are listed in Table I. Note
that the MOS Mg, in the driver stage is turned off for most of regions Il and III. Thus the input waveform
has only a limited effect on the rising output, as already recognized in Reference 10.

Region 1. The purpose of defining region I is to calculate the initial rise delay. From Figure 4, it is seen
that when V; falls quickly from Vs to Vi, the output voltage of the driver stage initially at Vi first
undershoots to a valley voltage V., and then rises slowly towards Vpp. This undershoot is related to the
inital rise delay Tpir. Because all the device currents in this region are extremely small, the input wave-
form near the peak point is fairly importnat for the initial delay calculation and has to be accurately
modelled. Thus the wave-forms in regions II and III of the falling wave-form are taken into account and
approximated by the following single-pole response:

Vi(t) = (Vpr — Vi)exp(— Put) + Vi (11a)

Il
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Figure 4. Typical simulated rising characteristic wave-form of a string of identical E/D NMOS inverters and its region partitions
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To find the effective pole Pir, we choose the point at 7 = tg when V; = V3 as the matching point. Thus Pis
can be solved as

L (V= Wi
Pip=—In(-2
= "(VB—VL) (11b)

where Vg and fp have been modelled in the fall time case. It is found that this approximation can
dramatically improve the accuracy of the initial delay calculation.

In region I, the depletion current of Mp; is still the same as equation (8) in the saturation region. Because
the MOS Mk; in the load stage is cut off, its output voltage is nearly unchanged so that the miller effect
can be neglected (i.e. Av =0). On the other hand, the MOS Mg, is in the linear region and its drain current
as shown in Table II includes the ViV, (VesVps) term. This term has to be linearized to obtain the
analytical expression for the output voltage. It is found that simple linearization of A, V;+ BuVe is
unable to linearize the ViV, term with a good accuracy. Instead, the following expression to decouple the
ViVo: term is proposed and has proved to be satisfactory:

Ipe(s) = AuV? + AnVi+ BuVoi + Cufs (12)

where the coefficients A1, A2, Biiand Cy are calculated by using the least-square fitting method with four
sets of (Vi, Vo1) equally divided in region I. In equation (12), the V¥ dependence is caused by the strong
dependence of the output wave-form V,; upon the input V; during the voltage undershoot.

The large-signal equivalent circuit in the rise time case is the same as shown in Figure 3 but with different
device capacitances according to the different device operation regions. The general form of the total
output capacitance is given in Table III. For accurate calculations, the weak inversion of the MOS Mkg»
should be taken into consideration. Its gate—source and gate—bulk capacitances?’ are also listed in Table
I11. In equations (5b) and (5c) of Table 111, Vs represents the midpoint of the output wave-form in region
I, which is used for linearization. Substituting equation (4) of Table IlI, equations (8) and (12) into
equation (16) of Appendix II, we obtain an expression of the output voltage wave-form similar to that
in equation (7). The initial rise delay Tpir can be obtained by taking dV,i(Tpir)/d? = 0. Thus the pair
delay is expressed as

Tep = Tpir + ToIr (13)
Additionally, the input voltage at V51 = Vonz is found, which serves as the initial value of region II.

Region II. The MOS Mg, in region II is not always off. For inverters with a particular beta ratio, it
may be operated in saturation. Thus the MOS Mg, is assumed to be in saturation and its current equation
is approximated by equation (6). If the device is off, the resulting equation (6) will be very small. Thus
the above two cases can be characterized as well. From Table I, the MOS Mp, is in saturation. Its current
expression is given in equation (8).

In the calculations of regions II and III, the fall pole in equation (11a) is replaced by P, which is
determined as

1
Py = T In(9) (14)

As seen in Figure 3, the capacitance Csy is the same as that in region I. The output capacitive load Cou,
can be expressed as equation (4a) of Table 1II without the terms Cgpez, Cpaar and Cggez. The term Av is
set to — 1. Since the MOS Mg; is operated in the saturation region, the gate—source capacitance Cy.: is
estimated to be 3 Coe2. Then the output expression can be solved similarly to that in equation (7). The time
interval from V,, = Vp.1 to Vo, = Vg, which is called Try, can then be obtained.

Region III. The analysis of region III is much simpler than that of any other region. The MOS Mg,
is definitely cut off; only the MOS Mp,, operated in the linear region, charges the output capacitive load.
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Its current is expressed in equation (8). As may be seen from SPICE transient data, it is found that the
MOS Mg, in the load stage is operated in saturation first and then in the linear region. To simplify the
analysis, the capacitances in the two regions are averaged. The resulting expressions are listed in Table III.
The calculated output response is solved similarly to that in equation (7). Thus the time interval Tg;
between Vo = Vg and Vo1 = Vo.9 can be calculated. Finally, the rise time Tr is obtained as

Tr=Tri+ Tr2 (15)

Note that T is a function of the fall poles Pi¢ and P»¢. Numerical iterations are thus required to solve
Tr and Tr. The iteration method is described below.

2.4. Calculation method

Since the rising output wave-form is nearly indpendent of the input wave-form, we can roughly calculate
the rise time T and the rise poles P, and P>, by assuming that the MOS Mg, is off and only the MOS
Mp; charges the output capacitive load with a step input excitation, i.e. Py, P2y — . The solved rise poles
are then used as the initial guess in the fall time calculations. After the fall time 7F has been obtained from
the calculation, it is transformed into the fall poles Py and P»; in equations (11b) and (14) respectively.
These are then used in the rise time calculation to obtain a new Tgr. The iterations are stopped when the
error between two successive iterations has been reduced to a specified value. Then all the timing data
(Tx, Tr, Toir, Toir, Tep, TPiu, TPuL, €tc.) can be obtained. Generally, the number of iterations is less than
three with a final error of 5% between two successive iterations. Thus the computer time consumed is quite
small.

3. COMPARISONS WITH SPICE SIMULATION RESULTS

To verify the accuracy of the modelling method, we used the same device current and capacitance
equations as in SPICE, and SPICE simulations were performed for comparisons. Wide-range comparisons
are given to verify the generality of the models in characterizing inverters with different beta ratios, sizes,
device parameters, input wave-forms and capacitive loads. Some of the comparisons will be presented in
this section.

There are three kinds of error sources in this timing model. The first is due to the linearization on various
voltage-dependent MOSFET channel capacitances and p—n junction capacitances. The second arises from
the single-pole assumption for the input wave-forms used in the calculations of output responses. The last
is due to the drain current approximation. The effects of these error sources will be investigated later.

In Figure 5 we show the rise time, fall time and delay time of characteristic wave-forms in 1-0 um E/D
NMOS inverters with different capacitive loads. Similar data for 3-5 yum E/D NMOS inverters are listed
in Table 1V for different size factors S. It is seen from these comparisons that for large fixed capacitive
loads Cr (Cr 2 0+1 pF for 1:0 um and Cr > 0-5 pF for 3-5 um) and S = 1, the calculation errors of rise
time and pair delay are below 12%, while those of fall time are below 8%. This is because all the internal
device capacitances become negligible compared with the load capacitance Cp. Thus the error in this case
is from the drain current and input wave-form approximations. It is also shown that for small-size
inverters with S = 1 and large Cy, the errors remain nearly the same for different Cy values. However, for
S =10 the internal device capacitances contribute another error source and the errors deviate when CL
changes.

Listed in Table V are the calculation results of this work and the model developed by Auvergne et a/.!!
for 3-5 um inverters. It is found that the errors are comparable in the two models for o = 3, but for small
and large values of « the error of Reference 11 is worse. The possible cause is the assumption of a ramp
input, the oversimplifying expressions of device currents and the rough definition of device operations as
discussed in Reference 11.

It is known that process variations in E/D NMOS are quite large. Thus the accuracy of a timing model
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Table [V. Errors of rise/fall/delay times in the case of characteristic wave-forms for 3+5 yum E/D NMOS inverters with
different sizes and different capacitive loads

S 1-0 10-0
a 2:0 4-0 1-0 160 2:0 4-0
Dimension e 2:0 4-0 160 1:0 2:0 4-0
Error (%) 0 pF Tx 1-65 5-27 -4:92 20-78 10-57 14-87
Te 2:03 -8-35 ~14:76 1-08 ~4-09 0-73
Teo ~1-65 2-16 -17-46 -7-91 ~13:77 1-48
0-5 pF Tx 2-79 7-69 0-35 11-21 9:74 15-10
Tr 4-63 -4-23 ~7-69 ~2-96 0-20 0-57
Trp 3-90 ~1-62 -10-79 ~505 ~10-87 —1-44
2:0 pF Tx 3:10 821 1-14 10-13 9-15 1287
Te 4:71 -3-63 ~5-42 -3-10 4-94 2:02
Tep 4-20 -9:96 -8-22 - 11-66 -6-90 315

ag= La|Wy; ce = WefLe; S= Lef3+5 pm = Waf3-5 um.
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Table V. Comparisons of SPICE simulated pair delay times with
those calculated by the models in Reference 11 and this work

Type Pair delay Tpa (ns)
o S SPICE Ref. 11 This work
2 1 53-03 37-05 55-26
3 1 69-33 80-16 64-10
4 1 83-53 123-32 75-12
2 10 139-59 83-31 129-96
3 10 204-34 203-96 195-27
4 10 279-89 364-47 28869

a=La|Wa= LefWe; S= Le/3+5 ym = W/3-5 um; Cp = 2-0 pF.

has to be retained under these variations. To test the capability of the developed timing model in this
respect, extensive comparisons between SPICE simulation and model calculation results were made for
inverters with different values of the device parameters. Some of the comparisons are listed in Table VI
for a 3-5 um E/D NMOS inverter with a beta ratio of 9. In this table, the variations in V1o, Tox, Uo and
Vmax (SPICE?! parameters) as well as two different variation cases, called the fast case and the worst case,
are considered. The resulting error is similar to that in the normal case. Thus the developed model is still
applicable under these inevitable process variations. This generality comes from the fact that all the SPICE
device parameters are considered in the timing model.

In the developed timing models, although the equations are derived from consideration of the
characteristic wave-form, the effect of input wave-forms is considered through the use of the least-square
curve-fitting method. The timing models can therefore handle the non-characteristic wave-form cases
mentioned above. To show the capability of this timing model to deal with step input excitations, examples
are given in Table VII for inverters with different beta ratios and capacitive loads. In this table, we
calculate the propagation rise/fall delay instead of the initial rise/fall delay, because it is the delay of the
stage connected to the external input. As shown in Table VII, the maximum error is less than 33% for
rise/fall times and less than 29% for propagation rise/fall delays.

The simulated and calculated signal timings for the exponential input as a function of the normalized

Table VI. Errors introduced from variations of threshold voltage; gate oxide thickness, mobility and maximal drift
velocity for an E/D NMOS inverter with different load capacitance, including fast-speed case and worst-performance

case
AVio(V) ATo(A) AUo (m?|V —s) AVmax (ms™h)

Error Fast Worst
(%) -0-16 +0-16 - 60 +60 —-50 +50 —-2x10* +2x10* case case

0 pF Tx 4-83 457 4-44 504 4-81 4-69 542 5-08 4-69  5-01
Tr —4-71 -2-81 —4-30 -3-01 -3-26 —3-60 -3-82 -3-63 —5-49 —1-85

Tep —8-04  2-51 —11'59 —12-00 -11-88 ~—11-47 —11-14 —11-89 —8-19  3-76
0-SpF Tk 6-78 7-28 7-50 7-48 7-34 7-39 6-78 7-54 7-15 7-33
TF -1-10  0-31 —0-80 0-06 0-04 —1-29 —1-40 -0:97 -1-19 096

Tep —-870 -0-41 —-7-95 —7-50 —806 —7-39 —6-54 —7-81 9-83 0-44
2:0pF Tx 7-49 7-87 7-29 7-74 7-90 7-64 709 817 769  6-80
Tr —0-58 144  —0-37 1-06 111 0-54 0-67 0-17 -0-80  0-25

Tep  9°93 -2:90 —-7-75 —7-35 -7-43 —7-33 -5-93 -7-73  10-81 —2-23

Li=10-5pum; Wy=3-5Spum; Le=3-5um; We=10-5pum.
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Table VII. Errors of rise/fall/delay times of E/D NMOS inverters with different load capacitances and driven by a

step input
o 2 4
CL (pF) 0 0-5 1-0 2:0 0 0-5 1-0 20
Tk (ns) SPICE 2:32 23-63 44-91 87-53 8-10 54-91 101-80 195-40
Theory 2-11 23-23 44-19 86-46 7-87 57-47 107-05 206-70
Error(%) -9-15 -1-68 ~1-61 -1-23 -2-80 4-67 5-15 5-78
TF (ns) SPICE 0-746 7-43 14-16 27-63 0-44 2-79 5-32 9-78
Theory 0-501 5-19 9-86 19-19 0-41 2-77 5:12 9-80
Error(%) —32-82 -30-15 -30-37 -30-56 ~6-87 -0-79 -3-88 0-17
ToLu (ns) SPICE 0-920 9-46 17-93 34-86 4-68 25-78 47-40 90-62
Theory 1-136 11-72 22-27 43-29 4-53 30-24 56-08 107-57
Error(%) 14-48 23-86 24-19 24-17 —4-81 17-32 18-30 18.70
Tpny (ns) SPICE 0.270 2.67 5.04 9.82 0.200 1.27 2.32 4.55
Theory 0.194 1.92 3.64 7.08 0.157 1.01 1.86 3.55
Error(%) —28.20 —28.25 -27.82 -27.90 -21.41 —20.78 -19.99 -21.90
o= Ld/Wd = ngLc; Le= Wd =3-5 pum.

Table VIII. Timing data obtained from this work and SPICE for a chain of 12-stage E/D NMOS inverters with
different capacitive loads and driven both by a step input and a ramp input (7¢ = 80 ns)

Step input Ramp input

Stage SPICE(ns) Theory(ns) Error(%) SPICE(ns) Theory(ns) Error(%)

0-2 pF Tr 18-58 19-13 2-98 30-55 20-14 ~34-08
Toir 0-20 0-00 - 100-00 0-56 1-64 192-22

0-4 pF T 9-33 7-91 —15-24 13:09 8-64 —34-03
Toir 1-10 1-06 -3-78 59-84 69-81 16-67

0-6 pF Tk 45-78 47-27 3-25 46-10 47-16 2-30
Toir 1-40 1-69 20-88 59-84 70-49 17-80

0-8 pF Tr 19-01 1734 -8-79 18-62 17-38 —6-65
Toit 14-30 15-44 7-98 85-84 85-01 -0-97

1:0 pF Tr 73-11 75-33 3-04 7317 75-13 2:68
Toir 14-30 16-49 15-33 85-84 86-09 0-29

2-0 pF Tr 34-66 33-01 —-4-76 35-13 33-06 -5-89
Toir 4160 43-83 5-36 111-30 113-44 1-92

1-0 pF Tx 73-74 75-47 2-34 73-92 75-50 2-14
Torir 41-60 45-25 8:77 111-30 114-88 3-22

0-8 pF TF 25-05 22-90 - 8-58 25-00 22-87 -8-53
Toir 89-60 94-74 5-74 161-20 164-51 2-05

0-6 pF Tx 46-58 47-11 115 46-77 47-03 0-55
Toir 89-60 95-98 7-12 161-20 165-74 2-82

0-4 pF T 15-70 13-44 —14-42 15-92 13-44 ~15-55
Toir 125-60 126-86 1-01 192-40 196-58 2-18

0-2 pF Tr 19-97 18-94 -5-16 20-08 18-94 -5-70
Toir 125-60 12765 1-63 193-00 197-37 2-26

1-2 pF T 14-26 13-03 —8:63 14-53 13-03 -10-35
Toir 146-10 141-20 -3-35 216-15 216-90 0-35

Tor 163-10 157-80 -3-25 18350 177-49 -3-27

CPU time (s) 78269 11-48 818-66 12-80

Lg=10-5pum; Wyg=3-5um; Le=3-5pum; W.=10"5 pm.
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transition time 7/7o are shown in Figure 6. Similar error characteristics are also found in the ramp input
case. The normalized transition time, which ranges from 0-1 to 10, incudes both the fast input and the
slow input excitations. The calculation method is similar except that the input wave-form function is
known. In the case of exponential inputs in Figure 6, less than 17% error is obtained for /10 < 1.
However, when 7/7o > 1, the error in the rise times increases to —39% because of the inadequate device
operation assumed in region III of the rise time. The magnitude of the propagation fall delay in the case
of 7/7o0=2 in Figure 6(b) is too small and thus introduces a large error (160%). Fortunately, the
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contribution of this term to the pair delay is negligible and can be ignored. From the above comparisons,
it is shown that the proposed timing models can be applied to any input wave-forms up to 10 times as
fast or slow as the characteristic wave-form.

4. APPLICATION EXAMPLE

As an application example of the developed timing models in timing analysis, the signal timing of a chain
of 12-inverter stages with different capacitive loads is calculated. The signal timings under both step input
and slow ramp input (7F = 80 ns) excitations are shown in Table VIII. It is seen that the rise/fall times
in these two cases have an error of less than 16% except for the first two stages in the ramp input case.
In the case of step input excitations, the total initial delay 7pyt introduces an error of — 100% in the first
stage; this then gradually converges to below 9% after the sixth stage and finally the error of the total
propagation delay reduces to less than 4% at the output. Similar error characteristics are found in the case
of ramp input excitations.

The consumed CPU time on a personal computer is also listed at the end of Table VIII. Obviously,
timing analysis or simulation using the timing models is about 65 times faster than that using SPICE.
Moreover, the required memory is also quite small compared with that for SPICE.

5. CONCLUSION AND DISCUSSION

Based upon the large-signal equivalent circuit and s-domain analysis, a general method is proposed to
model the signal timing of E/D NMOS logic analytically. Since the E/D NMOS logic has a wide range of
device sizes and beta ratios, the device currents are characterized by the least-square curve-fitting
technique. This increases the accuracy of the device current calculations and leads to an analytical timing
model. In addition, the initial delay, which has a wide range of values even for inverters, is modelled in
detail by considering the small device current.

By applying the proposed modelling method to E/D NMOS inverters, their rise time, fall time and delay
time have been successfully expressed by analytical equations. Extensive comparisons with SPICE
simulation results have shown that the derived general models have a good accuracy for inverters with
different device dimensions, inverter sizes, capacitive loads, beta ratios, device parameters and input
excitation wave-forms. The required CPU time and memory for the calculation are quite small. Two
examples are given to demonstrate the applications of the derived methods in timing analysis of E/D
NMOS inverters.

Although the proposed modelling method is only applied to the case of E/D NMOS inverters in this
paper, it can be applied to other E/D NMOS gates such as NAND, NOR, etc. Since the timing models
derived from the proposed method are analytical, their applications to automatic sizing and optimization
of E/D NMOS logic gates are highly expected.

APPENDIX I: NOTATION

Av voltage gain
Codecari bulk—drain p—n junction capacitance of an enhancement (depletion) n-channel MOSFET in the
ith inverter stage
Cuvsecayi  bulk—source p—n junction capacitance of an enhancement (depletion) n-channel MOSFET in
the ith inverter stage
Cavove(ari  gate—bulk overlap capacitance of an enhancement (depletion) n-channel MOSFET in the ith
inverter stage
Ceaoveayi  gate—drain overlap capacitance of an enhancement (depletion) n-channel MOSFET in the ith
inverter stage
Cusovecayi  gate—source overlap capacitance of an enhancement (depletion) n-channel MOSFET in the ith
inverter stage
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fixed load capacitance of an inverter stage

channel oxide capacitance of an enhancement (depletion) n-channel MOSFET in the ith inverter
stage

mask channel length of an enhancement (depletion) n-channel MOSFET in the ith inverter stage
effective channel length of an enhancement (depletion) n-channel MOSFET in the ith inverter
stage

mask channel length of the MOSFET

size factor of an E/D NMOS inverter

the time when Vo, = V3 in the fall time calculation

time interval from undershooting valley (overshooting peak) of the rising (falling) input to
overshooting peak (undershooting valley) of the falling (rising) output

total initial delays from the first stage to a referred stage in Table VIII

total propagation delay between the point the input voltage changes to V5.5 and the point the
output voltage of the last stage changes to Vy.s in Table VIII

time interval from the rising (falling) input voltage at Vp.s to the falling (rising) output voltage
at Vos

fall (rise) time defined as the interval of a falling signal from Vp.9(Vo.1) to Vo 1(Vo-9)

the time when the output voltage is equal to V.

the output boundary of the saturation and linear regions for the gate—source-shorted depletion
n-channel MOSFET in an inverter

power supply voltage

saturation voltage of an enhancement (depletion) n-channel MOSFET

voltage level of the logic state ‘0’

initial voltage in region x of the falling characteristic wave-form

turn-on voltage of an enhancement n-channel MOSFET in the ith inverter stage

voltage at overshooting peak (undershooting valley) of the falling (rising) characteristic
wave-form

the voltage Vi +0-1(Vpp — V1)

the voltage Vpp — 0-1(Vpp — V1)

the voltage ,(Vo-1 + Vo.9)

mask channel width of an enhancement (depletion) n-channel MOSFET in the ith inverter stage
effective channel width of an enhancement (depletion) n-channel MOSFET in the ith inverter
stage

beta ratio of the E/D NMOS inverter, Binv = (We[Le)/(Wa[La)

square root of the beta ratio, i.e. a = Binv

the ratio Lg/Wa of a depletion n-channel MOSFET

the ratio W,[L. of an enhancement n-channel MOSFET

Fermi potential of the enhancement (depletion) n-channel MOSFET in the ith inverter stage
transition time of an input signal

transition time of the characteristic wave-form

effective surface mobility of the enhancement (depletion) n-channel MOSFET in the ith inverter
stage

APPENDIX II

As seen in Figure 3, substituting equations (1), (4) and (6) in equation (3) and taking the Laplace
transformation with the initial values of V; and V,; as Voni and Vo1(f:) respectively, we have

Com{s(Vi=Vo1) = [Voni = Vo1 (1)1} + Top(s) = Ipe(8) + Cou[sVo1 = Vor(11)] (16)

It should be emphasized here that in finding Ipe(s), VZ(¢) is first calculated from equation (1) and then
transformed into the s-domain. Thus V2(s) in Ipe(s) is not Vi(s)Vi(s). The solved and factored Vo(s)
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from equation (16) is

Fl Fz F3 F4
Voi(s) = + + +—= 17
° s+2P, s+ Py, s+ P s an
where
L= AZsD%r (18)
Cr(2Pi ~ Pr)
F2=Der2n1P1r+2A25Der2r+Aller (19)
Cr(Pi— Py)
1 Cy — AxD3, — AsDy~ C
F3 - ((Dlr + D2r)C2nl + QO _ 2 ZSDZI' 15&72r Is DeranPlr + ZAZSDerZr + Alth
CT Pf P]r - Pf
AzD}
_ 25/ 1r (20)
2'Plr - Pf
C> ~ Ay D3 — AyDy, — C
F4= 2 2sd/2r 1s&/2r ls (21)
Cr Py
CT = Cout + C2nl (22)
Pr= —B,/Cr (23)
Qo=CrV® ~ Com VY (24
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