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Abstract

A simple, general and realistic MOSFET model is introduced. The model can
express the current characteristics of short-channel MOSFETs at least down to 0.25um
channel-length, GaAs FET, and resistance inserted MOSFETs. The model evaluation
time is about 1/3 of the evaluation time of the SPICE3 MOS LEVEL3 model. The
model parameter extraction is done by solving single variable equations and thus can
be done within a second, being different from the fitting procedure with expensive
numerical iterations employed for the conventional models. The model also enables
analytical treatments of circuits in short-channel region and makes up for a missing
link between a complicated MOSFET current characteristics and circuit behaviors in

the deep submicron region.
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1. Introduction

The SPICE LEVELI model[1], which is based on the Shockley model, is widely
used in circuit analysis However, the I-V characteristics reproduced by the model is far
from accurate in the short-channel region as shown in Fig. 1. There is a discussion
that even if it does not model the individual MOSFET characteristics accurately, it
might predict the relative gate delay comrectly. However, it has been shown that this is
not true in the submicron region[2]. For example, in the submicron region, an 8-input
NAND shows only 4°5 times longer delay compared with an inverter when the input
is fast and an output capacitance is very large. This is because the series-connected
MOSFETs structure used in the NAND structure mitigates the Vps and Vgs of each
MOSFET and this in turn reduces the severe velocity saturation effect observed in the
submicron region. The simulation with the Shockley model always shows more than 8
times longer delay for the 8-input NAND gate compared with an inverter, because it
does not include the velocity-saturation effects at all. So even for first-order approxi-

mation, SPICE LEVELI1 model is not sufficient.

On the other hand, there are more precise MOS models like SPICE LEVEL3
model[3], BSIM[4], table look-up models[5], and so on[6,7). However, some of them
are time-consuming in evaluating models[3] and some of them needs special system
with hardware/software combination for extracting model parameters[4,5,6] and the
number of parameters is huge. Moreover, most of the precise models[3,4,6,7] need a
model parameter extraction procedure with expensive numerical iterations[8,9] and
once the extracted model parameters happen not to give a satisfactory results, there is
no way to know whether the problem lies in the model itself or in the extracting pro-

cedure. Sometimes it takes hours to struggle with the parameter set. In a word, they
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lack of the easy-to-use feature.

In order to fill the gap between the too simple LEVEL1 model and the more pre-
cise models, a new model is proposed in this paper. The new model offers a fast,
easy-to-use, general and realistic feature at a cost of rough approximation near and
below the threshold voltage. The near- and sub- threshold region modeling is not
important in calculating delay of most VLSIs. The modeling of the region is impor-
tant in estimating the charge decay characteristic of charge storage nodes but in this

case a statistical model should be used since it is very sensitive to process variation.

The fast model is suitable especially for timing simulators and electrical-logic
simulators(17,18], where the model evaluation is the most time-consuming part of the

program and the use of the complicated model greatly reduce their attractiveness.

The model is presented in Section 2. The model parameter set is compact and
can be used for exchanging MOSFET information among institutions instead of
LEVEL3 model parameter set. The model parameter extraction is done easily as is
explained in Section 3. Section 4 is dedicated for the property of the proposed model
implemented in SPICE3.

The proposed model also enables an analytical treatment of circuit operation,
which helps the general understanding of circuit behavior in the submicron region.

The analysis is described in Section 5 followed by the conclusion in Section 6.
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2. Model Description

The proposed model equations are as follows. Ip is the drain current.

V= Vro+Y (V20r=Vas ~V2¢) (2.1)
Vpsar=K (Vgs=V)™® 2.2)
w n
Ipsar= o B (Vos=Vu) (2.3)
eff

Ip=Ips=IpsaT (1 +AVps) , l=7\.0‘-7~1V35 (Vps 2 VDSAT : saturated region) (24)

Vps Vps ) .
2 (Vps < Vpsar : linear region) (2.5)
Vpsart

Ip=Ip3=Ips Voo

where Vgs, Vps and Vgs are gate-source, drain-source, bulk-source voltages, respec-
tively. W is a channel width and L& is an effective channel length. Vqy denotes a
threshold voltage, Vpsat a drain saturation voltage, and Ipsar a drain saturation
current. Vo, ¥ and 2¢r are parameters which describe the threshold voltage. Parame-
ters K and m control the linear region characteristics while B and n determine the
saturated region characteristics. Ag and A, are related to the finite drain conductance in

the saturated region.

The model is reduced to the Shockley model if K=1, m=1, B=0.5Kp, and n=2.
The model can also express an I-V characteristics where Vpgar is proportional to
(Vas— Vmi)®® and Ipgar is proportional to (Vs — Vi), which is predicted by a short-
channel MOSFET theory[10]. An application of the model to 0.25um MOSFETSs[6] is
shown in Figs. 2-7. The results are satisfactory. The model parameters are listed in

TABLE 1. The primitive version of this model is seen in Ref.[11] but the linear

L2
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region modeling was very coarse.

In the submicron devices, the contact resistance drain/source diffusion resistance
and hot-carrier induced drain resistance[12] are indispensable. So it is better for the
contemporary MOS model to incorporate these resistance effects in current parameters.
If the series resistance is modeled by resistors, it is practically difficult to separate
these resistance component and the resistors increase number of nodes and hence cal-
culation time. Since the present model is quite general, it can reproduce the I-V
curves of resistor-inserted MOSFET only by changing parameters. An example is
shown in Fig. 8, where resistors whose value is 10% of the effective MOSFET resis-

tance are inserted in the drain and the source.

To demonstrate that the model is quite general, the model is applied to GaAs
FET[13] in Fig. 9. The salient feature of the GaAs FET is that Vpgst is constant and

not a function of Vg;s.

3. Parameter Extraction

The model parameter extracticn: starts by selecting fitting points on the I-V

curves like in Fig. 10. Then the following formulas give all the parameters. The

" i"

subindex ",i" (i = 1-11) corresponds to the fitting point number in the figure.

_ Ip2=Ip,
Ip1Vps.~~Ip2Vps.

3.1)

Iz3=Ip3/(1+XgVps3) » Tza=Ipa/(1+2Vpsa) , Izs=Ips/(1+2AgVpss) (3.2)

Then, Vyo can be obtained by solving the following equation. The bisection

method[14] is the best choice for the solution since it finds out the root without fail
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within 10 iterations.

23
Iz, Vas.s—Vro Izs Vas.a—Vo

: Vasa—V I Vgs =V
vaw):log[—]log[_M]_log ﬁ]log[ GS.3 m]=0

= log (Izy/1z4) Be Iz3
log ( (Vas3=V1o) / (Vassa~V0) ) (Vgs.3=Vo)®

E¢=Ips / (B (Vase~V10)" (1+2AgVDs.6)}
E;=Ips/ (B (Vgs=V10)" (1+2Vpse))
Vpsars= Vps.s (1+V1-Ee)/Es, Vpsar7=Vpss (1+V1-E7)/E;

me= log (Vpsat.é/ Vbsat.7) __ Vpsats
log ( (Vase=V0) / (Vas=Vro) ) (Vas.e~ Vo)™

A, is obtained from the following equation.

Ip1-Ip.1o

=A=MYV
Ip.10Vps.1=Ip,11 Vps.10 Ao=MVBs.10

Ips/(1+AgVpss—M VpssVpss) =K ( Vs s—Vus)®

Ipg/(1+AoVDss—MVas9Vpse) =K ( Vgso=Vmo)"

(3.3)

34

(3.5)

(3.6)

3.7)

(3.8)

3.9

(3.10)

(3.11)

After obtaining Viyg and Vg usi:ig the above equations, 2¢r is obtained by solving

the following equation with the bisection method.

£p(20F) = (V207 Vis s~V 20F) (Vrio~Vro) = (V20r—Vas s=V20F) (Vrs—V10)=0

(3.12)

Even if the fitting results are not satisfying at the first trial it is easy and fast to
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try again with slightly different fiting points, since the model parameters are
appearance-oriented, that is, they have a direct meaning in controlling I-V curve shapes
and they are non-degenerate. It is different from the other models where parameters
are physics-oriented and thus some of the parameters have no direct connection to the

shape of the I-V curves like VMAX parameter of LEVEL3 model.

Usually, from two to four retries were enough for the satisfactory results for
2um, 1.2um, 0.8um and 0.5pm MOSFETs. It is even possible to extract model

parameters from an I-V plot without any on-line data.

The extracted parameter set is valid only for a narrow range of channel-length
but usually the shortest channel-length is used for almost all the MOSFETs in a VLSI
and two or three sets of parameters are enough in designing a whole VLSI. The
separate parameter set is also required for a very narrow width device and a shallow
V1 device and an i-type device if they are employed. Even for more precise models,
it is a good practice to use them near the condition where the model parameters are
extracted, otherwise the model prediction is not guaranteed. And then several parame-

ter sets are required with the more precise models.

4. Application to Circuit Simulation

Some of the computational properties of the model are listed in TABLE 2. The
coding is straight-forward and the model evaluation time is about 1/3 of the LEVEL3
model. The codes are extracted from SPICE3. If the precision is not so important, the
use of approximated formulas for log and exp functions[15] is effective and 30%

further reduction in time is possible.
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The simulation time when implemented in SPICES3 is listed in TABLE 3. The
capacitance model used is the same model as LEVEL1, LEVEL2 and LEVELB. capaci-
tance model based on the Meyer’s model which can be improved further{16]. The
present model usually shows faster total simulation time than the LEVEL3 model.

The simulated waveforms are compared in Fig. 11.

The fast model is suitable especially for timing simulators and electrical-logic
simulators[17,18], where the model evaluation is the most time-consuming part of the

program and the use of the complicated model greatly reduce their attractiveness.

5. Application to Circuit Analysis

As an application of the model to the circuit analysis, CMOS invernter delay is
analyzed here. The derivation begins by setting up the differential equation which
governs gate operation. This equation is then solved for the very fast input case and
for the very slow input case and the two solutions are connected smoothly. The ramp
input waveform is approximated by Vin,ap in Fig. 12 using the logic threshold Vv
(See Fig. 13). The detailed derivation can be found in Ref.[2]. First, define a critical

input transition time try.

(n+1)(1=-vp)® 1 N
—_— — A
(1=v ) vy —vp)et! [2 M ] Gh

where vr=Vyy /Vpp, vv=Vw /Vpp, T = CoVpp/Ipo, A" = AgVpp. and vpo=Vpg /Vpp.
Co is an output capacitance and Vpp is an applied power voltage. Ipg is defined as the
drain current observed when Vgs=Vps=Vpp and is good index of drivability of a

MOSFET (See Fig. 1). Vpy is defined as the drain saturation voltage when Vgs = Vpp.

7
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These two quantities together with the velocity saturation index n play an essential role

in determining circuit behavior.

Then the delay t,, the delay from 0.5Vpp of input to 0.5Vpp of output, and the
effective output transition time, trour, can be expressed as follows. In calculating
trouT, the output waveform slope is approximated by 70% of its derivative at the half

Vpp point[19]. trour can be used as tr for the next logic gate.

(t1 < tro : for faster input)

1- —pyn+l ’
ty=tr % r, v LR (£.2)
n+l  (a+1)(1-vo)® 2 7
2 ’
T 4vpe‘(1+1)
t = 53
TO770.7 (4vpe=1) 2+1) ¢
(tr > tyo : for slower input)
. -
(n+1)(1-vr) ’ | |n+1
tg=ty "1--;— + {(vv—v-r)“”+—m—'r-— [% +—7;-]} (5.4)
n
T J-vq 2+2)
tTouT =37 [td/tr+ 1/2=vg ] 242 (5.5)

The formulas are valid in wide range of tr and the channel-width ratio of PMOS and
NMOS (Wp / Wn) as shown in Fig. 14. The logic threshold voltage, Vpgy, was calcu-

lated by the following expression.

by = Viw _ Iom Vin + 1o (1-v,) o n, +1, 56)
Voo I3 + I8 (1-vg)/(1-vyy) 2 '

where subindex n and p denote NMOS and PMOS, respectively. The accuracy of the

l0
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formulae is shown in Fig. 15. An application of the model for the analysis of series-

connected MOSFET structure is seen in Ref.[2].

6. Conclusion

A new MOS model is proposed. The model offers the following features:
e simple yet realistic
e fast in evaluation
e easy and fast to extract model parameters
e general
e good for analytical treatment
The feasibility and effectiveness of the model are demonstrated by using 0.25pum

MOSFETs and SPICE3.

Using the model, analytical expression is derived for CMOS inverter delay,

which includes the CMOS effects and the velocity saturation effects.
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TABLE 1. Model Parameters for 0.25um MOSFETSs

Parameters | NMOSFET | PMOSFET
B 4.9721e-05 1.1151e-05
n 1.0484 1.3649
K - 0.83496 1.0541
m 0.6193 0.74003
Ao 0.066265 0.128
M 0.0038573 0.012923
Vo 0.85502 -0.87241
Y 0.29648 0.26074
20F 0.20556 0.21691

TABLE 2. Computational Characteristics

Item LEVELI1 | Proposed Model | LEVEL3
Coding lines in C! - 40 - 60 =210
Time required for 3.4s 7.5s 21.1s
current/derivative calculation2

1) Including derivative calculation and excluding comment lines
2) loop for -3V<Vps<0 step 0.5V, 0sVgs<5V step 0.05V and 0<Vps<5V step 0.05V

TABLE 3. SPICE3 Simulation Time

Circuit# | # of MOS’s | LEVEL1 | Proposed Model | LEVEL3
1 14 2.7s 6.4s 6.9s
2 68 33.3s 34.5s 118s
3 640 227s 171s 184s
4 1060 303s 372s 808s
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Abstract

The CMOS gate delay is analyzed using a new realistic short-channel MOS model. Closed-
form delay formulas are obtained which includes short-channel effects and CMOS effects. The
analysis is extended to series-connected MOSFET structures (SCMS). It is shown that the ratio
(delay of NAND/NOR) / (delay of inverter) becomes smaller in the submicron region. This is
because the Vg and Vg of each MOSFET in the SCMS are smaller than those of an inverter
MOSFET. The smaller voltages in turn mitigate and relax the severe carrier velocity saturation in
miniaturized MOSFET's. This result encourages more extensive use of NAND/NOR/complex gates,
cascode voltage switch logic[6] and hot-carrier resistant logic[1] in submicron circuit design. The
result also prompts re-examination of circuit design/optimization in the submicron region. The delay

dependence of input terminal position for SCMS structures are also described.
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1. Introduction

The series-connected MOSFET structure (SCMS) appears in NAND/NOR gates, complex
gates, PLAs, and cascode voltage switch logic[6] and is widely used in VLSI designs. However,
little has been known about the behavior of the SCMS because of its relatively complicated nature and
the non-linearity of MOSFETSs. The naive understanding is that N connected MOSFET shows N
times as long a delay as a single MOSFET. Is this correct? Main purpose of this paper is to shed
light on the behavior of the SCMS and give an answer to this question. It is shown that the ratio
(delay of NAND/NOR) / (delay of inverter) becomes smaller in the submicron region. There are
cases where N series connected MOSFET's shows only N/2 times as long a delay as a single

MOSFET.

In order to analyze the CMOS gate in the submicron region, a realistic yet simple MOS model
is required. So the other objective of this paper is to give a simple short-channel MOS model suitable
for analytical treatment and using the model to obtain closed form delay formulas for CMOS gate

delay.

In section 2 and 3, the description of a simple, yet realistic, short-channel MOS model, delay
expressions suitable for analyzing the SCMS are derived. The derived delay expression is then
applied to a logic circuit and the }imitations éf RC-based models in the submicron region are
identified in section 4. Section 5 describes the delay ratio of SCMS and an inverter for a simple case,
and in the following chapter the more complex case is presented. In section 7, delay dependence on

input terminal position is described. The final section is dedicated for conclusions.
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2. A Short-Channel MOS Model

The Shockley MOS model has been used extensively for the analytical treatment of MOS circuit
behavior. However, the model is not capable of reproducing short-channel I-V curves of the form

shown in Fig.1.

There are two main discrepancies, both of which are induced by velocity saturation effects in
the short-channel MOSFET. First, the measured Iy, — V5 characteristic of a short-channel MOSFET
is approximately linear while the Shockley model predicts a square-law dependence[3,4,11]. Second,
the drain saturation voltage Vg1 is not (Vgg = V) but is lowered in short-channel region[3].
Considering these issues, the following model is proposed and is used in this paper as a short-

channel MOS model.

Vru=VTo-Y; Vas (1)
Vpsatr =K (Vgs = V) @ 2

(Vps 2 Vpsar : saturated region)

w
Ip=Ipsar=p__BV6s ~ V)" @)

_ Vbs \ Vps
Ip = Ipsat (2 B VDSAT) VpsaT @

This simple model can reproduce the measured characteristics even in short-channel region, as
shown in Fig.2. Comparisons have been made with a wide variety of short-channel devices. The
model reduces to the Shockley model for K =1, m = 1, B = 1/2°Kp, and n = 2. The body-effect is
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approximated by a linear form, the meaning of which is illustrated in Fig.3. The back-gate bias is
normally less than 2.5V in analyzing the SCMS.

In Figs. 1, 2, Iy is defined as the drain current observed when Vgg = Vpg = Vpp and is
good index of drivability of a MOSFET. Vypy, is defined as the drain saturation voltage when Vg =
Vpp- These two quantities together with the velocity saturation index n play an essential role in

determining circuit behavior.

3. A Delay Expression for CMOS Gates

Using the above model, delay formulae for a CMOS inverter can now be derived. These
formulae are also effective in analyzing the SCMS because the MOS model is general enough to

express the equivalent I~V characteristics of the SCMS as shown in Fig.4.

The derivation begins by setting up the differential equation which governs gate operation[5].
This equation is then solved for the very fast input case and for the very slow input case and the two
solutions are connected smoothly. The ramp input waveform is approximated by Vin,ap in Fig.5
using the logic threshold Vny,. The detailed derivation can be found in Appendix A. First, define a

critical input transition time tyy,

_CoVpp ___ (@+l)(1-vpe
2Ipg (1-vp)a*! = (vy-vp)n+l ’

‘1o (5)
where v = V14 /Vpp and vy = Vny /Vpp. Then the delay t4, the delay from 0.5Vpp of input

to 0.5Vpp of output, and the effective output transition time, 1o, can be expressed as follows. In

calculating troyT, the output waveform slope is approximated by 70% of its derivative at the half

Vpp point[7]. tyou can be used as ty for the next logic gate.
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(tr < tyg : for the faster input)

1 1-vp  (vy-vpotl 1CoVpp
t,=t - + +5 6
d T{ 2 m+l (agy(1-vpn| 2 Ipo ©
CoV 4vp,2
_CoVpp _4vpo®
TOUT= 0TIng (4vpy -1) ®

(tp>tyg - for the slower input)

1
(n+1)(1-vp)m }ﬁ]

1
td= tT[VT -3 + {(VV‘VT)B+I* 2t-rl DOICOVDD '(8)

t. = %Q _._l__v_T_ , )
TOUT™ 0.7Ipg | tyftrt12-vp

where C, is an output capacitance and vpy = Vpo/ Vpp-

4. Application of the Delay Expression
and Assessment of an RC model

To apply the above-mentioned formulae to a circuit of the form of Fig.6, quantities including
effective Iy, n and Vp,, are required for the N series-connected MOSFET structure. One way of
obtaining these values is by extracting them by fitting models to all possible compound I-V curves, as

in Fig.4.
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A more approximate approach is also possible but since the description is lengthy (see
Appendix C for full description) only the results are shown here. In Fig.7, the calculated waveforms
using the approximate approach are compared with simulated waveforms from SPICE[8] for the

circuit given in Fig.6.

Fig.8 shows a delay comparison for the same circuit, as well as the dual-slope RC model
calculation of Crystal[9]. Such RC models of MOSFET networks[2] are used extensively in MOS
timing simulators[9] and timing verifiers (the input slope effect is often included in such models). As
seen from the figure, in long-channel region, the RC model predicts the delay fairly well. However,
in the short-channel region, the RC model prediction is particularly poor for SCMS's such as NAND
and NOR gates.

5. Step Input with Large Output Capacitance

For the simple case where the input is a step waveform and Co is large, a straightforward
analytical treatment of the SCMS delay is possible. Such an analysis is helpful in understanding the
essence of SCMS operation in the submicron region. A waveform example for this simple case is
shown in Fig.9, where the SCMS delay normalized by an inverter delay becomes smaller as the
channel gets shorter. Overall output waveforms are similar for both long and short channel MOS

models; only the time constant is different.

To begin the analysis, let Inq); represent the effective I for N series-connected MOSFET's.
When the output capacitance C, dominates the logic gate capacitance itself and ty = 0, then t4 is
inversely proportional to Iy as can be seen from Eqn.(6). In consequence, the delay degradarion
factor FD, defined as (delay of a SCMS) / (delay of a single MOSFET) can be calculated as Ip,

Mpon-
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The expression for FD is obtained by using a linear approximation (lines LL and LU) of the
actual MOS current curves (L and U respectively), as illustrated in Fig.10. It is clear by inspection
that FD improves (becomes smaller) as channel length is reduced. That is, in shorter channel
MOSFET's, both Vp and n decrease which leads to the larger Ip,. It is also worth noting that as n
tends to O for the "ultimate” short-channel MOSFET, Ipgn tends to Iy, and hence FD approaches

unity.

Although only the N = 2 case is described in this figure, the N-connected MOSFET case can
be treated similarly by reducing the value of LL to LL / (N-1), since (N-1) of the MOSFET's are
o :-ating in the linear region and so can be added linearly. The following expression for FD can thus

be zerived (the detailed derivation is found in Appendix B):

_delay(SCMS) _ , . 1-2712 vy, :
FD = Selay(inverter) = ! *T - 5-17a 1-vT‘““"N 1) (10)
1 v
=1+50-R%(1+y) N-1) (11)
l-VT

An RC model would predict N series-connected MOSFET's would show approximately N
times the delay compared of a single MOSFET, when Cg is dominant. This is accurate for ideally
long MOSFET's without body-effect, where n = 2, vy = 1-vy, and v,=0, because FD becomes
exactly equal to N. However, for shorter MOSFETs the approximation is far from accurate.

For a long-channel MOSFET without body-effect, the relation FD = N can be shown in a more
rigorous way as follows. In this ideal case, the drain current I, can be decomposed into f(Vp)-
f(Vg) [10], where Vp and Vg are the drain and source potential respectively, and f(V)=1- V2,

Using the notation of Fig.11, the following equations hold:
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Ipon=fOVN) - f(Vn) (12)
ID0N=f(V2) 'fvl) (13)
Ipon=f(Vy) - f(Vp) (14)

Summing these equations leads to:

N'IDON=f(VN)-f(Vo)=Im, - FD=N (15,16)

The relation Fp = N is rather surprising considering the non-linear nature of MOSFET's.

In Fig.12, calculated results using Eqn.(10) are compared with simulated data for various
generations of MOSFET's and excellent agreement can be seen. The figure clearly shows the
improvement of Fpy in submicron region. Eqn.\ (11) can be used as a simple index to estimate the
delay degradation of the SCMS over a single MOSFET and provide insight into SCMS operation in

the submicron region.

6. The General Case and Physical Interpretation

In the general case, where C may not dominate and the input waveform has a finite slope, the
analysis becomes more complex. prever, the claim that Fp, decreases in submicron region is still
true, an example of which is shown in Fig.13. This is because the capacitance ratio of the SCMS and
the single MOSFET is basically unchanged even if the feature size is changed, while the current ratio
of the SCMS to a single MOSFET is improved in the submicron region.

The physical interpretation of the improvement in the current ratio is as follows. In the SCMS,

Vpgs of each MOSFET is smaller than that of an inverter MOSFET since the output voltage is spread
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across multiple MOSFET's (see Fig.11 for an example in case of 5V power supply). Vg of each
MOSFET is also smaller because the source voltage is raised from ground (or lowered from Vpp, in
PMOS case). '

Because of the reduced Vg and Vg, the carriers feel less electric field both parallel to and
perpendicular to the channel. Consequently, velocity saturation is mitigated in the SCMS compared

with an inverter an a relatively large current flows in the SCMS in the submicron region.

The situation might change because the SCMS but not the inverter suffers from the body-
effect. However, as shown in Fig.12, the current improvement induced by the mitigated velocity
saturation dominates the current degradation induced by body-effect. Moreover, there are
technologies like p-pocket which can suppress the body-effect while suppressing velocity saturation

seems to be impossible.

The reduction of the electric field in the SCMS suppresses the hot-electron generation, too.
This is a principle of HOt-carrier REsistant Logic family (HOREL)[1,12], where additional normally-
on enhancement NMOS is inserted at the top of a NMOS logic tree to reduce VDS. In the submicron
region, the HOREL shows good performance because the higher Vp, can be applied while
maintaining the same reliability and the speed degradation by the inserted MOSFET becomes small.

7. Delay Dependence on Input Terminal Position

Which input of a 4-input NAND has the shortest delay to the output? Consider the series
NMOS case (i.e. NAND) since the series PMOS case follows from symmetry. When the output
capacitance C, is very large compared with the capacitance of the logic gate itself, the lower (nearer
to ground) terminal shows the shorter delay. This is because n becomes smaller for these lower
terminals, as shown in Fig.4. This means that the drain current quickly approaches to its final value
when changing Vg and enables the faster discharging of the output capacitance.

3
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If the output capacitance Cg, is small, there are two cases to consider, depending on the value
of ty, as shown in Fig.14. When tr is large, the lower terminals show faster operation because the
logic threshold is lowered and is achieved faster (n is smaller and only small Vg is needed to turn
the device on hard). When ty is small, the lower MOSFET must discharge upper MOSFET's'

capacitances so the upper terminal shows a faster delay. These situations are illustrated in Fig.15.

8. Conclusion

A new realistic short-channel MOS model is proposed and using the model closed-form delay
formulas are obtained which includes short-channel effects and CMOS effects. In these formulas, the

logic threshold, the velocity saturation index n, I, and Vp, play an essential role.

The analysis is extended to the SCMS. It has been shown that the ratio (delay of NAND/NOR)
/ (delay of inverter) becomes smaller in the submicron region. There are cases where N series
connected MOSFET's shows only 1/2 times as long a delay as a single MOSFET. This result
encourages more extensive use of NAND/NOR/complex gates, PLA's, CVSL[6] and hot-carrier

resistant logic[1,12] in submicron circuit design.

The result also suggesis the re-examination of the VLSI design/optimization in the submicron
region. For example, the logic threshold of a NAND gate becomes much lower than 0.5V, in the
submicron region, if Wp / Wn ratio is chosen the same as in a long-channel MOSFET generation. It

has also been shown that the accuracy of an RC-based model is deteriorated in the submicron region.
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Appendix A : Derivation of the Delay Expression

In most practical cases, the channel-length modulation effect is small because MOSFET's are
usually engineered in such a way that the channel-length modulation is minimized. However, in some
cases the channel-length modulation is eminent, the effect is included in the Appendix through the

modification of Eqs.3,4 as follows.

Ip=Ips=IpsaT(1+AVps) (Vps2 Vpsar: saturated region) (A1)
Iy =T, = Ing (2 - DS} VDS (Ve < Vpsat : linear region) (A2)
D= 'D3 = 'D5 Vosat) VDsaT DS * VDSAT* gon),

where A is a widely-used channel-length modulation parameter.

In the Appendix, the discharging of an output capacitance through NMOS's is explained since
the discussion for the charging by PMOS's is just symmetric. As seen from Fig.5, a CMOS inverter

with a ramp input can be approximated by an NMOS circuit with an input waveform like Vin,ap.
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Vin,ap is the same as the real ramp input except that it remains zero until the input reaches the logic

threshold voltage.

For the extreme cases, this approximation is exact. That is, for the ultimately fast input case,
the ramp input becomes a step function and Vin,ap also becomes the step function and the current
through PMOS can be completely neglected. For the extremely slow input, the output changes
abruptly and comes down to 0.5Vpp when the input goes across the logic threshold. The
approximated circuit shows the same delay. The intermediate case is shown in Fig.5 and This
approximation greatly reduces the complexity of the system make it possible to treat the CMOS

inverter delay analytically.

The key strategy for solving the differential equation which governs the discharging process
is to solve it for the very fast input case and for the very slow input case separately as is mentioned in

the text. The two solutions for the two extreme cases happen to be connected smoothly.

In the following, voltages are normalized by Vpp, currents by Ip,, and time by T =
CoVpp/Ipo- The normalized voltage is denoted as v instead of V, the normalized current i instead of
I, and the normalized time t' instead of t. First, consider the very fast input case as shown in Fig.Al
(see this figure for notations below). There are three regions: Region 1, the time before input reaches

Vpp- Region 2, the time before output reaches Vp,, and Region 3, the time after output reached
Vpo-

In Region 1, the differential equation which governs the discharging process can be written as

dVO . t'/t.T - VT n 1+ )\'Vo
ar =" is —-( , (Al)

I‘VT 1 + A'

which should be solved with the initial condition of v =1 at t'=t'y. The solution is
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1 + A' 1+ A'VO t' t'
Iu = T { -_— - +] o - n+l}
At 1A (1= v+l (tr "T)" (Vv = Vo) (A2)

v, is obtained by substituting t' by t'y.

In Region 2, the differential equation is simple since the input is constant V.
G =-ig =—r. (A3)

The initial condition is vo = v; at t' = t'T and the solution is

1 + }\' l+}\.V0 t'T tl
1;7 = FORSS +1 - - n+ll— (¢ = ¢ A4
(A3)

t'yo is obtained by letting v, to vy, and is written as follows.

1-v (vy-vp)otl 1+X 0 1+Av
td=trl-n+1'r+ v T — 1 ; (AS)
(n+1)(1-vq)P A 1+
In Region 2, where MOSFET is operating in the linear region,
ooy =-[2 - Y)Y Lt Mo (A6)
VpolVpo 1 + A’

is the differential equation to be solved with the initial condition of v = vp at t' = t'p,. The solution

is
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t = t'DO + (1+A')VD0 { A V?O In l+)\' Vo + 1 : 2 Vo -%ln } (A7)
142 Vpo 1+A Vpo 2(1“’2A VDO) VDo VDo
Therefore, the delay t'y (= t'pH].) can be expressed as follows.
' N _tr_ . J1_1-vqg (vy-vpet! 1 N
td=tlvg=5|-5= t'ri5 - + ty ot A8
( o 2) 2 T {2 n+l (n+1)(1-vp)o 2 17 (A3)

To derive this expression, the complicated term of vp, and A'is approximated by (1/2 + A'[7). The
error of this approximation is less than 2% when 0.5 < vpy < 0.7, 0 <= A'< 0.25, and less than 4%

when 0.4 < vp, < 0.8, 0 <= A'< 0.4, as shown in Fig.A3.

The transition time of the output waveform, t'rqy is calculated as

- 8VD02(1+7\')
Volvg=0s  (4vpo~D@+)

' l dt'

When the input is very slow, the output crosses 0.5Vpp in Region 1 as shown in Fig.A2. In

this case, using Eq. A4, the delay t'y (= t\gs = 1/2 ty) is expressed as:

1

1-vp)B(n+1) 147" 2+)' |o+1
td-t‘r[v'r l {(Vv"v.r)n+1 ( th).’:n ) ;' in 2:2)\.}3 } (AIO)
=ty [VT' % . {(VV'VT)NI (l-v'r)n(n-rl) 1+7\v (2 7')}n l] (All)

The error of the approximated formulae is less than 2% when 0 <= A’ < 0.25, and less than 4%

when 0 <= A'< 0.4. 'y is calculated as

4o



VDO, Lambda Factor

Nromalized Voitage

vin vo
l-l% Il c
0.5
wW tpHL \
vo
vin \
]
0 tv t12 t'05 t'T
Normalized Time
- t
1 2
Region

Fig.A2 Input/output waveforms of slow input case

I 2% error bar
0.58 | .o'." '0." «
lambda.VDD= .. P
3 004 o oo * + K ."' .:
unf.#. =) ....v r
| ' 0.3 ...... i ) )
0054 o » ppprer ;2 J - |
. L
e essesssns i o 1 J ...o" """" un
" H. - Noooo**" .'. 3
.: o 3; 0000000000000 o
LIYTTTTITTY ) Exact
0.46 ‘ . ' Y 2
0.3 0.5 = |
VDO / VDD

Fig.A3 Approximation of Vp, and A term

%I



20 v v v v v v  —
e o Simulation by SPICE3
| = Model Calculation
4
- 10
[/}
= 2
g
8
-:‘ v° 1
g 0 'vm..{:
Lp=1.2um Wp=ratio x Wn 0.25
-10 A " N _ N N " " N
° 50 100

{T : Input Transition Time [ns]
Fig.A4 Comparison of simulated and calculated delay for a CMOS inverter with various ty and

Wp/Wn

5 -
0‘..'
Z 4 K -
[} o
s Y
IE 3 °'-" <
3
: it
= 2 9 o ..-”' L
% o 7 o 0.5um Design Rule
a -
; ,,-" o 1.0um Design Rule
2 1] _.’ e 2.0um Design Rule
> _." Vinv is varied by changing
s Wp/Wn ratio.
o o ok I 1 re
0 1 2 3 4 5

Vinv by Simulation [V]

Fig.AS Approximation of Vpyy



T.Sakurai & A R Newton CMOS Gate Delay Analysis in the Submicron Region and ...

t'

o
V0 Jy =0.5&1'=t'ps=t y+t'/2

. 1 1-v " 2422
UTouT =97 =( I ] - (Al2)

€ gtp+12-vy] 2+

The solution for the fast input case Eq. A8 and that for the very slow input case Eq. A12 can
be connected at the critical input transition time t'r, given below. The first derivative of the both

equations also coincide at the critical ime.

(n+1)(1-vp)"
1-v)R*! - (vy-vp)a+l’

1
Equations A13, A8, A9, A1l and A12 correspond to Egs. 5, 6, 7, 8 and 9 of the text,
respectively. An example of a calculation using these formulas are demonstrated in Fig.A4. The
formulas are valid in wide range of t and the channel-width ratio of PMOS and NMOS. The logic
threshold voltage, Vyyy, was calculated by the following expression.

1/n 1/n
Vi Ioon VTN * Tpop(i-vev) 0+ A
Vy = = , = N
Vo IRy + 1pgp(i-vn) / (1-vip) 2

where the subindex N and P denote NMOS and PMOS, respectively. The accuracy of this formula is

shown in Fig.AS for various generations of design rules.
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Appendix B : Expression for the Delay Degradation Factor

Here, the case where the channel-length modulation is not negligible, that is, A # 0 See

Fig.10 for the notation. For the upper MOSFET, the drain current Iy, is written as

1=Vp V=Y,V © 1+ (1-v )
= M YTTn'M M’ Bl
Ip IDO( — ] TURE (Bl)

This curve (curve U in Fig.10) goes through (v, Iy;) defined as

1-v 1 1 1+A'(1-vy))
VM=V = ﬁ(l - Evﬁ) , Iy= 3 IDOT . (B2)
1

The line LU in Fig.10 is drawn to pass (0, ID0) and (vM, IU).

For the lower MOSFET, I, is expressed as

Ip = IDOM (2.&.) M . (B3)

1+’ vYDo/ YDo

Therefore, the curve L goes through (v, I; ) defined by the following expressions.

1 1+A'v
VMTVYL =(1—V_§) Vm ’ IL= _]"'.'T.l'lm.
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The line LL is chosen so as to pass (0, 0) and (v, I;). the N-connected MOSFET case can be
treated similarly by reducing the value of LL to LL / (N-1), since (N-1) of the MOSFET's are
operating in the linear region and so can be added linearly.

By solving the intersection of the line LU and the line LL, Ipqy can be obtained:

| (| L v
Im‘%uVM=V‘LL§%=IDon- (B4)
Elimination of vy, leads
Fp=i20=1+D0U YL ) (BS)
Ipon w I

With the assumption that A is small and and (vy; = vp) << 1, for Fp, is reduced to

1-2-12 v
Fn=1+ —DO_ (1 +y,)(1+2) (N-1 B6
D=1+ i 1oy (P WM ND (B6)

This formulae corresponds to Eq. 10 in the text.

Appendix C : Approximated Expressions for the SCMS

In order to use the delay formulas derived in Appendix A for the SCMS, Ipgn, Vinys Vo
and n for the SCMS are required. In this Appendix, an approximated way of obtaining these
parameters is described. As for Ingy and Viny, they have already been given by Eq.B6 and
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Eq. A14, respectively. The effective drain saturation voltage Vp of the SCMS is essentially
unchanged from the VDO of the single MOSFET, as seen in Fig.C1.

The remaining quantity is n. Let ny; denote the velocity saturation index n observed when the
J-th input terminal counting from the output of the N series-connected MOSFET's is chosen as an

input. The NMOS case is explained here, but the PMOS case is symmetric.

First, the case of N = 2 and J = 2 is discussed. Suppose 0.5Vpp, is applied to the lower
MOSFET gate, the drain current, Ips,,, is expressed as follows because the lower MOSFET is
operating in the saturated region.

w

Knowing that the drain current is I, at Vgg = Vpp and Ippg at Vgg = 0.5Vpp, 0y, is
calculated as

__In(lpgy / Tpypo) )

"2 In (1=vg) 1 (0.5-vq))

The next case is N =2 and ] = 1. In this case, the drain current, Ipy\,,, flowed when the gate

voltage is set to 0.5V can be calculated using the similar technique used in Appendix B.

1 v
IDM21=IDM22/{1 t5n 05’2#“\!;)}- (C3)

Then, the following expression holds.

fpp = In (Ing3 / Ipmay) _ (C4)
In ((1-vyp) /(0.5-v))
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For the general N and J, the following empirical formulae can be employed.

Ny Noo (CS)
(ngy = ngy) (J-1) + nyy

Ny =
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