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SUMMARY

An efficient analytical method for calculating the propagation delay and the short-circuit power dissipation of CMOS
gates is introduced in this paper. Key factors that determine the operation of a gate, such as the different modes of
operation of serially connected transistors, the starting point of conduction, the parasitic behaviour of the short-
circuiting block of a gate and the behaviour of parallel transistor structures are analysed and properly modelled. The
analysis is performed taking into account second-order effects of short-channel devices and for non-zero transition time
inputs. Analytical expressions for the output waveform, the propagation delay and the short-circuit power dissipation are
obtained by solving the differential equations that govern the operation of the gate. The calculated results are in excellent
agreement with SPICE simulations. Copyright © 1999 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Efficient design of digital integrated circuits requires tools that can perform accurate and fast timing and
power simulations. Generally, accurate simulations are obtained by means of simulators such as SPICE
which are based on numerical methods for the solution of the differential equations that describe the
operation of a circuit. However, numerical methods are very slow and their use for multi-million transistor
designs is practically impossible. For this reason, research is being conducted on the modelling of integrated
circuits in order to extract analytical expressions for the propagation delay and power dissipation of CMOS
gates, which are much faster than numerical methods and close to SPICE accuracy.

During the last decade much effort has been devoted to the investigation of the CMOS inverter and
analytical expressions for its performance have been obtained.!”> However, research results on more
complicated gates such as NAND/NOR gates are rather poor because of the intrinsic difficulties in analysing
complex structures such as the transistor chain. All previously reported efforts can be divided in two main
groups according to the approach that has been followed.

In the first group are all attempts that are trying to employ the analytical expressions for the inverter and
are based on the hypothesis that every CMOS gate can be collapsed to an equivalent inverter which has the
same performance. The accuracy of this approach is limited, mainly due to the fact that collapsing serially
connected transistors to an equivalent transistor fails to model accurately the behaviour of the chain.
Nabavi-Lishi and Rumin® introduced a method for replacing NAND/NOR gates by an equivalent inverter
using a collapsing technique which aims to the extraction of an equivalent transistor of serially connected
transistors but ends up in the conventional width reduction (i.e. the equivalent transistor width is equal to the
width of a transistor in the chain reduced by the number of the transistors, W,, = W/n) and presents large
errors. A more efficient method for collapsing the transistor chain to an effective single equivalent transistor
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has been presented recently in Reference 7. Applying the nth power law for submicron devices, Sakurai and
Newton® developed expressions for a CMOS inverter and extension to gates was made either by fitting
models to all possible compound I-V curves of the transistor chain in order to extract the corresponding
effective parameters or by proposing a delay degradation factor. In the same way, Daga et al.” developed
their analysis for an inverter macro-model and gates were treated by defining an equivalent drivability factor
using simplified assumptions for the operation of the transistors in the chain.

The second approach corresponds to a fully mathematical analysis of the operation of the gate structure
based on the fact that within a transistor chain all transistors except for the one which is attached to the
output node, operate always in the linear region. Based on this observation, in References 10 and 11 the
differential equations at the nodes of a transistor chain have been solved by replacing the non-saturated
devices by equivalent resistors. However, resistors fail to reproduce the dynamic behaviour of the non-
saturated transistors and furthermore these methods were developed for quadratic long-channel current
models and for ideal step inputs which result in significant deviations from the real performance where the
applied inputs have non-zero transition time.

Shih and Kang in Reference 12 presented a fully mathematical solution of general MOS circuit
primitives and in Reference 13 a tool named ILLIADS has been developed on this solution. How-
ever, this method is based on quadratic form current models such as the Shichman-Hodges model and
therefore depends on their deficiencies. Moreover, serially connected transistors are collapsed to an equiva-
lent transistor using a conventional simple width reduction, resulting in limited accuracy. An improved
method has been presented in Reference 14 where current expressions for short-channel devices are
transformed to the required quadratic form expressions. However, their analysis requires the solution of
non-linear algebraic equations in order to obtain the time point of region crossings, thereby making the
method inefficient.

An efficient and accurate method for modelling CMOS NAND/NOR gates is introduced in this paper.
According to the proposed analysis parallel transistor structures are replaced by a single equivalent
transistor with its width equal to the width of one of the parallel transistors multiplied by their number (for
equal transistor widths). Then, two cases are considered according to the role of the transistor chain in the
gate operation. When the chain drives the conducting current which charges or discharges the output load,
i.e. during discharging of the output load of a NAND gate, the operation of the gate is accurately captured by
solving the corresponding differential equations taking into account the mode of operation of each transistor
in the chain and without the simplifying approximations of previous approaches. When the transistor chain
acts parasitically, i.e. during charging of the output load of a NAND gate, the transistor chain is modelled by
a single equivalent transistor and an equivalent coupling capacitance. In this way the gate diminishes to an
equivalent inverter and the well-known analytical expressions for the inverter can be employed. The
proposed method is developed for non-zero transition time inputs and for short-channel devices. The key
factors that determine the output response and the dissipated power such as the plateau voltage, the starting
point of conduction and the form of the voltage waveforms at the internal nodes of a gate are considered and
properly modelled. More complex gates can be treated by collapsing them to the equivalent NAND/NOR
gate according to the method developed in Reference 15 while the problem of misaligned inputs can be
handled using the input mapping algorithm presented in Reference 16. It should be mentioned that the
proposed method has been developed for purely capacitive loads. This is reasonable since in the case of large
interconnect loads the driving gate is usually a buffer and not a NAND/NOR gate. The field of CMOS gates
driving RC interconnect loads needs further investigation and some previous works can be found in
References 17-19.

The gate operation when the transistor chain drives the conducting current is described in Section 2 while
in Section 3 the time point when the gate starts conducting is calculated. The output voltage expression is
obtained by solving the corresponding differential equations in Section 4. The parasitic behaviour of the
transistor chain is modelled in the next section and in Section 6 the short-circuit power dissipation of
a CMOS gate is estimated. Finally we conclude in Section 7.
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2. GATE OPERATION DURING TRANSISTOR CHAIN CONDUCTION

Since NAND/NOR gates consist of parallel and serial combinations of transistors, each of these structures
has to be treated and modelled accordingly. It has been found that parallel connected transistors can be
modelled with sufficient accuracy by an equivalent transistor with its width equal to the sum of all transistor
widths. That is because parallel transistors operate under the same conditions (in case they receive the same
input), and the resulting equivalent transistor also operates under the same conditions and therefore its
current is the sum of all transistor currents. However, serially connected transistors present a higher
complexity due to the multiple nodes and the different mode of operation of the transistors. First, the
conducting behaviour of an nMOS transistor chain within a NAND gate will be examined (Figure 1(a) where
the pMOS transistors have been replaced by an equivalent one), when the output load of the gate is
discharged through the chain. Charging through a pMOS chain is symmetrical. Let us assume that a rising
input ramp with input transition time 7 is applied to the gates of all transistors:

0, t <0
|2
V=1 -2t 0<t<rt (1)
T
VDD, t>7

In order to take into account the carrier velocity saturation effect of short-channel devices, the o-power law
model? is used for the transistor currents:

0, Vgs < Ven: cutoff region
Ip =1 ki(Vgs — Vl‘N)a/Z Vbs, Vps < Vpsar: linear region )
k(Vgs — Vn)*s Vbs = Vpsar: saturation region

where Vpsat is the drain saturation voltage,? k;, k, are the transconductance parameters which depend on the
width to length ratio of a transistor, o is the carrier velocity saturation index and Vryy is the threshold voltage
which is expressed by its first-order Taylor series approximation around Vgg = 0.2Vpp:

Vin = Vinlve=0-2va + (Vin) vy = 0.2, (Vog — 0-2Vpp) =0 + 0Vsp (3)

where Vgg is the source-to-substrate voltage.

While the input is applied and assuming that the internal node capacitances (shown in Figure 1(a) are
initially discharged, the topmost transistor in the chain (M, begins its operation in saturation mode and then
enters the linear region when its Vpg = Vpgarn. The rest of the transistors operate in the linear region
without ever leaving this region.!! For the time interval during which the topmost transistor is in saturation
and the input is rising, its current and consequently the voltages at the internal nodes are increasing. When
the input reaches Vpp and until the topmost transistor exits saturation, its current and therefore the internal
node voltages remain constant. That is because a further increase of the internal node voltages would
decrease the gate-to-source voltage (Vgs) of the topmost transistor and therefore its current, leading in
a decrease of the node voltages. On the other hand a decrease of the node voltages would increase the Vg of
the topmost transistor and consequently its current, leading in an increase of the internal node voltages.
Therefore, these voltages remain constant until the topmost transistor exits saturation. During this time
interval the parasitic currents due to drain/source node capacitances and gate-to-drain/source coupling
capacitances are eliminated because the voltages at the corresponding nodes remain constant. Therefore,
during this state, which is known as the ‘plateau’ state,'® the same current flows through all transistors in the
chain. According to the previous analysis, the plateau state is apparent only for fast input transitions
(Figure 2). Fast and slow inputs are determined according to the position of the time point, ¢,, when the top
transistor in the chain exits saturation: in case t, < 7, the input is slow, otherwise it should be considered fast.
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Figure 1. (a) NAND gate and (b) equivalent NAND gate with a two transistor equivalent circuit replacing the chain. The parasitic
internal node capacitances are also shown

6 6 —
Vi Vin
| Vout
4 4 |
Vout |
L
) g I
g 5
B > |
plateau
I
2 — v 2 —
| !
|
| | VM
| | ! |
| I |
] 1 0 !
N R - l ' 1 Tl T el O ' |
0 3 0 1 2 4 5
Time (ns) Time (ns)

(a) (b)

Figure 2. Output and source voltage waveform of the topmost transistor in the nMOS transistor chain of the gate in Figure 1(a), for (a)
fast and (b) slow input ramp

Copyright © 1999 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl., 27, 375-392 (1999)



ESTIMATION OF PROPAGATION DELAY AND SHORT-CIRCUIT POWER DISSIPATION 379

In order to calculate the plateau voltage at the source of the topmost transistor in the chain, V,, let us
consider the circuit of Figure 1(a). Although the analysis here refers to fast input ramps where the plateau
state appears, the derived results are also valid for slow inputs. A first approximation is used for the width
Wy, of the equivalent transistor M, in Figure 1(b), which replaces all non-saturated transistors of the chain
and is given by

P! + ! + .+
Wo. Wi W, 7 Wi,

(4)

The plateau voltage, V,,, occurs at the end of the input ramp (V;, = Vpp) when the discharging current ceases
to increase. Thus, V,, can be calculated by setting the saturation current of transistor M, in Figure 1(b) equal
to the current of the bottom transistor (M, ) which operates in linear mode:

ksu( VDD —0— (1 + 5) Vp)u = kl.ml( VDD - VTo)u/sz (5)

The above equation can be solved for V, with very good accuracy using a second-order Taylor series
approximation for the left term of the equation.

In the following analysis the source voltage of the topmost transistor in the chain, V}, is considered linear
for the interval between time ¢, where the chain starts conducting and time 7 (fast inputs) or time ¢, (slow
inputs) where the top transistor exits saturation. This observation is based on SPICE simulations and leads
to highly accurate results (Figure 2). Time points ¢4, t, are calculated in Sections 3 and 4, respectively. Since
time t; and Vy[t,] are estimated (see Section 3) and for fast inputs the plateau voltage occurs at time 1, the
slope of Vy can also be estimated. For slow inputs the slope of V} can be calculated in a similar way:
Although for slow inputs the plateau voltage is not present, it has been found that if in a chain which receives
a slow input the output load is increased, the slope of V; remains almost the same. Therefore, considering
a sufficiently larger load capacitance, the input would become fast, V, would occur at time t = v and would be
calculated as previously by equation (5). Since the slope remains unchanged, the calculated slope is valid for
the initial load as well. The independence of ¥}, on the load capacitance which is required in order for the
previous proposition to be valid, is obvious from equation (5). It should be mentioned that the derivation of
an expression for the voltage waveform at the source of the topmost transistor in the chain is the key point in
analysing a CMOS gate.

In addition, all internal nodes of the chain are considered to be discharged at time t = 0. In case some of
the internal nodes are initially charged, the output waveform of the gate which will result by the proposed
method should be appropriately shifted,'® since the charges in the internal nodes cause an additional delay in
the output response.

3. STARTING POINT OF CONDUCTION

In a transistor chain with initially discharged internal nodes and the same input applied to the gates of all
transistors, the closer to the output transistors start conducting later because of a gradual increase in their
source and threshold voltage. The starting point of conduction of the chain which is actually that of the
topmost transistor, is estimated in this section. A first approach for the calculation of the starting point of
conduction has been presented in Reference 7. This method is improved in this work and more accurate
results are derived.

Let us consider the example of a six transistor chain with all internal nodes initially discharged, where the
same input is applied to all transistors. Figure 3 shows a representation of the drain voltages of the five lower
transistors together with the common input. Because of coupling capacitance between transistor gates and
the drain/source nodes, drain voltages tend to follow the input ramp until all lower transistors start
conducting. Initially, the transistors are in the cut-off region and the coupling capacitance is calculated as the
sum of the gate-to-source and gate-to-drain overlap capacitances of the upper and lower transistors
respectively, in each node. These overlap capacitances are given by Coyerrap = Cv = W[ Cgao + Coso] Where
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Figure 3. Intermediate node voltage waveforms until the transistor chain starts conducting

W is the transistor width and Cg4,, Cg, are the gate-to-drain and gate-to-source overlap capacitances per
micron which are determined by the process technology. Until the time when the transistor below the ith
node starts conducting, the voltage waveform of that node, V;[t], as it is isolated between two cut-off
transistors, is derived by equating the current due to the coupling capacitance of the node, I, with the
charging current of the parasitic node capacitance Ic:

dv, — dv; dv; Cy,
Cy, = Cy, di C; di Vilt] Cur + CiVm[t] (6)

After the time at which all transistors below the ith node start to conduct (¢,) and until the time at which
the complete chain starts to conduct (t,), this node is subject to two opposite trends. One tends to pull the
voltage of the node high and is due to the coupling capacitance between the input and the node and is intense
for fast inputs and high coupling to node capacitance ratio. The other tends to pull its voltage down because
of the discharging currents through all lower transistors and is more intense for nodes closer to the ground.

When a transistor starts to conduct, e.g. transistor #1i, it operates initially in saturation. Therefore, since its
gate-to-drain coupling capacitance is very small, the second (except for the case of very fast inputs) from the
above mentioned trends dominates after time ¢, and the voltage at node i decreases. This continues until time
t,,., when transistor #i + 1 starts conducting and enters saturation. Transistor #i, since its Vgg continues to
increase after time t;, while its Vpg decreases, will enter the linear region close to ¢, . From this point on, the
gate-to-source coupling capacitance of transistor #i + 1 increases by 3 C,,WL and the gate-to-drain
coupling capacitance of transistor #1iincreases by 3 C,,WL. Because of this increased coupling capacitance at
the ith node, the two previously mentioned trends after time t,  are almost counterbalanced and for
simplicity the node voltage is considered constant and equal to its value at ¢, . This observation has been
verified by SPICE simulations. The node voltages start to rise again when the complete chain starts
conducting at time ¢,. Additionally, the slope of the voltage waveform during [, t,, ]isconsidered the same
for each node and the voltage expression of node 1 during this interval can be calculated by solving the
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differential equation which results from the application of Kirchhoff’s current law at node 1 (Figure 4):

dVi, dV1> c dv,

e de tde

inl = iCMl - iC1 :ks(Vin - VTO)M = CM,( (7)
where the transconductance k, is measured on the I-Vpg characteristics for very low values of Vgs( &~ V7o) and
Vos (= (Cy/(Cy + C,)) Vo) and for simplicity the velocity saturation index o« is considered one, which is
a reasonable approximation for short-channel devices.

Since t,, = Vrot/Vpp is known and V[t ] is given by equation (6), the expression of V;[t] during [, t,,] is
derived and can be used in order to calculate the time when the next transistor further up starts conducting,
by solving Vgs,[t,,] — Vin,[ts,] = 0. Having time points ¢, ¢, and the corresponding drain voltage values of
the bottom transistor, Vi[t; 1, Vi[t,] the slope r of each node voltage waveform during [¢;, t;, ] can be
obtained.

According to the above analysis, the time point at which the #i transistor in the chain starts conducting
can be found by solving

Cy,
VGS,-[ts,-] - VTN,-[IS;] = 0 = Vin[ts,] - 90 - (1 + 50) <Chilc Vin[ts,-,,] - r(ts,- - ts;1)> = O (8)
M, i—1

which results in the following recursive expression:

C‘M, VDD
Op + (1 + o) ————— 2 47 )1,
t, =1 o O)<CMH+Ci—1 T r) B

' VDD + (1 + 50) rt

, 122 )

From the above expression, the time at which the chain starts conducting t; = t;, can be easily obtained.
Constants 0, d, result from equation (3) by calculating the Taylor series approximation of the threshold
voltage around Vgg = V¢ for higher accuracy in this region. According to the previous analysis, the starting
point of conduction of the transistor chain can be calculated with very good accuracy as shown in Figure 5

Vin Mi+1
I cutoff
ClE/Ii ICMl Vj ICi
Lo
. M;
Vin | ]
1 I: In, -

Figure 4. Currents at the ith node of the transistor chain during [¢;, . ]
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Figure 5. Comparison between the simulated and calculated starting point of conduction for several input transition times and for (a)
4-transistor chain and (b) 6-transistor chain

which is a comparison between the calculated and the actual time t; as it is obtained from SPICE
simulations.

4. OUTPUT WAVEFORM ANALYSIS

The operation of the NAND gate during discharging of the output load is examined in this section. The
output waveform of the NAND gate shown in Figure 1(a) will be extracted when the input of equation (1) is
applied. The case of a NOR gate during charging of the output load is symmetrical. Although many cases can
be considered according to the relative times when the topmost transistor in the chain and the pMOS
transistor exit and enter saturation respectively, one case, the most common, will be presented for the sake of
simplicity. The output waveform expression can be found for each of the following operating regions by
solving the differential equation at the output node of the gate:

iL =i, — i, +ic, (10)

The coupling capacitance between input and output, Cy (Figure 1(a)), for each region is calculated taking
into account the mode of operation of the pMOS and nMOS transistors attached to the output node.?°

Region 1.0 < t < ty: The transistor chain is cut-off and the pMOS transistor operates in the linear region.
Equation (10) can be written as

dVoul

Co dt

dt dt

(11)

dI/in dVO“
=k (1Vin — Vopl — IVrel)? Vou — Vopl + CM< l>
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In order to solve the above differential equation, V;, in the term that is powered to a,/2 should be
approximated by its value at t,/2. The solution of the differential equation is

_ CMS + kIVDD

VOU
t k L

+ C[l]e_(kl/(CL+Cn1))t (12)
where s is the slope of the input (s = Vpp/1), ky = ki (Vpp — st1/2 — [Vip)*'? and C[1] the integration
constant and can be calculated easily by setting V,,, at time t = 0 equal to Vpp.

A small voltage overshoot appears at the output node which is due to the coupling capacitance Cy, and

during this overshoot current is flowing through the pMOS transistor towards Vpp.
The minimum value for the pMOS transistor current occurs at t = t; (Figure 6) and is given by

Ipwe = — ki, Vil 211 — Vool — [Vie)™? [Voult11 — Vool (13)

Region2.t; <t < t, ,: After time point t; the topmost transistor in the chain operates in saturation and the
pMOS transistor in the linear region. According to SPICE simulations, the pMOS current can be approxim-
ated with very good accuracy by a linear function i, =i, . + c;(t — ;) as shown in Figure 6. (Reference 5).
Consequently, (10) becomes

dVou
L de

= ipmm + Cl(t - tl) - ksn(l/in _— 0 - (1 + 5)VM)a" + iCM (14)

where Vy according to Sections 2 and 3 can be written as Vy = Vy, + mt where

V, — Vult V, — Vult
VM, = VM[tl] - —p T I\:[ 1] [1 and = 71’ T I\;[ 1].
- u -4l
1p
1pIY)ElX
t
1
ts_p tp t
1
pmin

Figure 6. Representation of the pMOS transistor short-circuit current
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The above equation can be solved for V,,, as a function of ¢y, V,,, = f(cy):

1 Cq
Vi =———| kot + —1¢2 t C[2 15
out CL+CM<2+2 +g[]>+ [2] (15)

where k, =i, + Cys—city, ka=s—m(l +90), ko =0+ (1 +0)Vu, glt] = ks ((kat — ka)"/(k3(1 + a,)))
(ks — kst) and C [2] is the integration constant.

Since the exact expression for the pMOS current is known, the approximated current expression can be set
equal to the exact expression for one point in this region (e.g. t,/2 where t, is the time when the pMOS
transistor becomes cut-off) in order to obtain the slope c;:°

a,/2 t
- |VTP|> Voul |:Ep:| - VDD

t t
Ipun T C1<§I7 - t1> = klp< I/in|:5p:| — Vob

The calculated value for ¢; can be substituted in (15) in order to calculate the output voltage expression in
this region.

The time point ¢, , when the pMOS transistor enters saturation is obtained by equating the drain
saturation voltage of the pMOS transistor to its actual drain-to-source voltage:

(16)

kg .
Vbsatp = VDS,,:>k—"(|Vin — Vool — [Vrel)*'? = [Vou — Vool (17)
!

P

Now, the maximum value for the pMOS transistor current can be found as

I = Ippe + C1ltsp — 11) (18)

Region 3. t; , <t < t,: Both the pMOS and the topmost nMOS transistor operate in saturation. The
pMOS current expression after time t,_, is again assumed linear (Figure 6) and since its value at t = ¢, is
almost zero (where t, = (Vop — | Vrel)/Vop) 7 is the time when the pMOS transistor ceases to conduct), it can
be written as

: . i max
(1) =i, — " (t =ty ) =11 —Tat (19)
Ip —Lop

where ry = Ipoe T T2ls p and r, = ip.mx/(tp - tsfp)'

Equation (10) can be written as

AV, . ,
Cy n C= i) — ky(Via — 0 — (1 + 0)Va)™ + ic,, (20)
which has the solution
v 1 (r1 + Cus)t — 262 + g[1] | + €3] (21)
out = Cy + Cy rq mS 3 g

The time limit ¢, of this region, when the topmost nMOS transistor exits saturation, can be found by solving

ks
Vbsat~y = Vos, :f(n —0—-(1+ 5)VM)a"/2 = Vou— Wu (22)
L,
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Region 4.t, <t < t,: The pMOS transistor operates in saturation while all the nMOS transistors in linear
mode. In order to solve equation (10) for this region, the value of the input in the i, expression is
approximated by its average value in this region. Additionally, in the i, expression the value of the source
voltage of the topmost transistor in the chain is approximated by its value at the beginning of this region.
Since all transistors in the chain operate in the linear region, the transistor chain can be considered as
a voltage divider and Vpg of the topmost transistor equal to (1/n)V,,, where n is the number of the transistors
in the chain (for equal transistor widths in the chain). According to this, equation (10) can be written as

dv, t, +1t -1 a,/2
CL = i) — ko Via| 22 [ 0= (14 0) " Voulta] ) Ve + i, (23)
dt 2 n n
resulting in
Vo= ks(Cys + 11) + 1(CL + Cy) _ + C[4]e ts/CutCat (24)

k3 ks

where

sty +t n—1 @l
R B IE = vA |

Region 5. t, <t < t: The input is still in transition and all transistors in the chain operate in the linear
region. The pMOS device is cut-off. Equation (10) becomes

dv,, t, + -1 “21
CL o ko (Vi 25— 0= (1 + ) 2Vl ] ) = Vow + i (25)
dt 2 n n

where the same type of approximations with that of the previous region have been made, employing the fact
that all transistors in the chain operate in the linear region. The solution of the differential equation in this
region is

Vout = @ + C[5]e” /€t (26)
6
where
t -1 a2 1
ko =k (Via| 200 | =0 — (1 + 8 —Vault,]) -~
, 5 p -

Region 6.t = ©: The input has reached its final value and all other conditions are as in the previous region.
Consequently, equation (10) is the same with that of Region 5, without having to approximate the input
voltage. Its solution is of the form

Vout — C|:6:| e—(k7/(CL+C“))t (27)
where

n—1 @2 q
ky = kl,,<VDD —0—(1+ 5)7 out[T]> P

The previous analysis has been performed for a specific sequence of time points ¢, ,, ¢, t, and 7. However
the same methodology is valid for every possible combination of input transition time, transistor widths and
output load (which means different sequence of the above time points), since the differential equation at the
output node can be solved in all the resulting regions, if the form of the source voltage of the topmost
transistor is treated as in this paper.
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In Figure 7, a comparison of the output voltage which is calculated according to the previous analysis to
that obtained by SPICE simulations is shown for a 4-input NAND gate with W, =8 um, W, = 3 um,
C. =100 fF and a 0-5 um HP technology for two input transition times.

Once the output voltage expression for each region is known, the propagation delay of a CMOS gate can
be calculated as the time from the half-Vp,p point of the input to the half-Vpp point of the output. Using this
definition analytical expressions have been developed and propagation delay was calculated for
NAND/NOR gates with several configurations and input transition times. It was observed that in all cases
the calculated propagation delay is very close to SPICE simulation results. In Figure 8, a comparison of
calculated and simulated propagation delay values is shown for a 4-input NAND gate with W, = 8 um,
W, =3 um, C, = 100 fF and a 0-5 um HP technology for several input transition times. In the same figure
the propagation delays which are obtained when the gate is replaced by an equivalent inverter using
conventional width reduction are also shown. The superiority of the proposed method is obvious.

It should be mentioned that in case the inputs which are applied to the gate are not normalised, that is if
they do not have the same starting point and equal transition times, an input mapping algorithm should be
applied in order to map all inputs to a set of equivalent normalised ones. Such an algorithm has been
proposed in Reference 16 and presents high accuracy for a wide range of input transition times and relative
distances in time of their starting points.

5. MODELLING THE PARASITIC BEHAVIOUR OF THE TRANSISTOR CHAIN

In this section the parasitic operation of an nMOS transistor chain, i.e. during charging of the output load of
a NAND gate, is examined. The parasitic behaviour of the chain results in a short-circuit current which
reduces the rate of charging of the output load.

® SPICE

Calculation

Output Voltage

Time (ns)

Figure 7. Output voltage comparison between calculated and simulated results for a 4-input NAND gate and (a) t = 1 ns and (b)
T=13ns
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Figure 8. Propagation delays for a 4-input NAND gate measured using SPICE and calculated values using the proposed approach and
that based on the conventional equivalent inverter, for several input transition times

Let us consider a NAND gate where all pMOS transistors have been replaced by an equivalent one as
previously. The parasitic behaviour of the nMOS transistor chain will be modelled by an equivalent
transistor. Consequently, according to the proposed method, in the case of charging output, the NAND gate
diminishes to an equivalent inverter and the corresponding formulas can be used in order to calculate the
output waveform, the propagation delay and the short-circuit power dissipation. A falling ramp input with
transition time 7 is considered to be applied to the gates of all transistors:

VDD) t<0

Vie =1 W Yoo, h<i<

in — DD_Tty SIST (28)
0, t>1

The pMOS device starts conducting when the input reaches the threshold voltage (V;, = Vpp — |Vrrol) at
time t = t;,. From this time on, current is flowing through the pMOS device and the load capacitance
C,. charges. Since the nMOS devices are on when the pMOS transistor starts conducting, a short-circuit
current is flowing through the gate from Vpp, to the ground until time t¢, (tr, & (Vop — Van)/Vbp) T) When the
nMOS transistors cease to conduct. First, because the output voltage is small while the gate-to-source
voltage of the NMOS devices is large, all these transistors start their operation in linear mode. As the output
voltage rises, the voltages at the internal nodes of the chain are also increasing. All nMOS transistors have
almost equal Vg (voltage divider) while the topmost is biased by the smallest Vg (since its source voltage has
the largest value from all internal nodes). This means that this transistor at some time point will enter
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saturation and after this time, the current in the chain will decrease and consequently the voltages at the
internal nodes of the chain will also decrease, keeping all other devices in linear mode.

A significant amount of the parasitic current is also flowing through the coupling capacitances between the
gates of the nMOS transistors and the corresponding drain/source diffusion areas. In order to perform an
accurate modelling of the gate when the chain behaves parasitically, an equivalent capacitance that would
draw the same current as the coupling capacitances at all nodes of the chain has to be inserted between the
input terminal and the output node of the corresponding nMOS transistor in the equivalent inverter.
Although the dual operation of the topmost transistor is also present during the parasitic operation of the
chain, conventional estimation of the width of the equivalent transistor as W,, = W/n, for equal transistor
widths, (W is the width of the transistors in the chain) has been found to give sufficiently accurate results if the
effect of the parasitic capacitances is modelled properly.

Since the pMOS transistor starts its operation in saturation, the output load will start to be charged by
a current of the form I, = ky(Vgs — |Vrp|)®. If we ignore the parasitic contribution of the nMOS transistor
currents, the rate of the output voltage increase during [, t.,,] is given by

dVoul _ dVout _ Is(t)
a M= =

where tg, is the time when the top transistor in the nMOS transistor chain enters saturation and is
approximated by %(tfp + t¢y)- It should be mentioned that the pMOS transistor until time ¢, operates in
saturation, since the time point when it exits saturation for most of the cases is larger than t,,,. Considering
the whole chain as a voltage divider for the interval ¢, to t.,, the slope of each internal node voltage can also
be calculated assuming a uniform distribution of the output voltage slope.

The current that each coupling capacitance is drawing during time interval [f;,, t,,] is equal to

dI/l_I/m .'IC
L= CM,% = Cy, (’n + s> (30)

where n is the number of the transistors in the chain, s is the slope of the input and i I°/n the slope of the
voltage waveform at the internal node i assuming equal transistor widths.

By summing the currents through all coupling capacitances of the chain and equating the sum with the
current that must flow through the equivalent coupling capacitance (Cy ) of the equivalent transistor, Cy_ is
obtained:

Co = I(t) (29)

n

Y I =Cy (I° + ) (31)
i=1
A constant value for Cy can be obtained if an average value for I(¢) is calculated by integrating the pMOS
current I over [y, ts,.]. This value corresponds to the average slope of the output voltage waveform until ¢,,.
When the node voltages are decreasing during [, s, ], the equivalent coupling capacitance can be found
in a similar way. By symmetry, the same slope (with opposite sign) results for the voltage waveforms of the
internal nodes.
Setting

- 1 b T (2
c,=zv=7j g,
tsal - tfp CL

tp
the equivalent coupling capacitance for the two time intervals can be written as (assuming equal coupling
capacitances)
c ne, + 2n—1)s
Ma = ™M 2(c, + )

(n—1)(s —c/2)
(e +5)

> [tfp, tsat] (32)

CM :CM

eq

B [tsab tfn] (33)
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If the contribution of the gate-to-drain coupling capacitance of the topmost transistor in the chain is
neglected during [t;,, t.,] and the average slope of the output node is taken equal to the input waveform
slope (with opposite sign) the above equivalent capacitances diminish to

30— 1)

CMEq = CM 4 > [[fpa tsat] (34)

n—1
CM = CM 4 > [tsata [fn] (35)

eq

which express directly their dependency on the number of transistors in the chain.

The improvement that is gained by inserting this coupling capacitance to the equivalent inverter model of
a gate is significant as shown in Figure 9 which is a comparison of the output response of a 4-input NAND
gate and that of the corresponding equivalent inverter with and without the calculated coupling capacitance.

It should be mentioned that in case the applied inputs to the parallel transistors, when these transistors
drive the conducting current in a gate, are non-normalized, a mapping algorithm such as the one proposed in
Reference 21 can be employed in order to map the applied input ramps to an equivalent normalized ramp
that will be applied to the single equivalent transistor. Whenever a mapping algorithm is used for the inputs
of the conducting part of a gate, the resulted input ramp should be applied to the transistor which replaces
the short-circuiting part of the gate as well.

6. ESTIMATION OF THE SHORT-CIRCUIT POWER DISSIPATION

During the output switching of a gate and while both nMOS and pMOS transistor blocks are conducting,
a path from Vpp, to ground exists and causes short-circuit power dissipation. Short-circuit current and thus

6 ] —@— Complete gate

—  Eq. withCmeq
- —&—  Eq. without Cmeq

Output Voltage

0.0 04 0.8 12 1.6
Time (ns)

Figure 9. Output waveform comparison between the complete gate and the equivalent inverter with and without the equivalent
coupling capacitance
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short-circuit power dissipation appears during both charging and discharging of the output node of a gate.
For complex CMOS gates these two cases (charging-discharging) are not symmetrical and consequently
different approaches have to be followed for each one of them. Considering for a NAND gate the case of
charging the output node, when the transistor chain operates parasitically, an equivalent inverter has been
derived which models with high accuracy the behaviour of the gate. In order to estimate the short-circuit
energy dissipation, ES., the corresponding formulas of the CMOS inverter can be directly applied.™ In
Figure 10 a comparison between the short-circuit energy dissipation of a 4-input NAND gate (W, = § um,
W, =3 um, C; = 100 fF and 0.5 pnm HP technology) when the nMOS transistor chain operates parasitically
to that of the equivalent inverter is shown. The obtained accuracy is obvious.

For the case of discharging the output node, a method for calculating the short-circuit energy dissipation,
EY, based on the analysis presented in Section 4, is proposed. The short-circuit energy dissipation begins
when current starts flowing from Vpp towards the source node of the pMOS transistor at time point
t, because until then no current path exists from Vpp to ground.

In Section 4 the pMOS current was assumed linear during [¢4, t,_,] and [, ,, t,] and the current expression
for each of these intervals was found. However, the current that is causing the short-circuit power dissipation
is not the pMOS transistor current but the current that is flowing from Vpp towards the source of the pMOS
transistor (is ). In order to calculate this current, the Kirchhoff’s current law has to be applied at the source
node of the pMOS transistor (Figure 1a), which gives

Is, =1, — igs, (36)

igs, 1s the current through the gate-to-source capacitance Cgs, and is given by igs, = Cgs, dV;,/dt. Since the
input slope and i, are known, the form of i; and time points ¢, and t., when i, starts and ceases flowing from
Vbp to ground (is, = 0), can be obtained. The dissipated short-circuit energy during output discharging is
calculated as

t
Egc = VDD\[ is,,(t) dt (37)
t

The calculated energy for a single output transition according to the above method lies very close to the
energy which is measured from SPICE simulations. In Figure 11 a comparison of the calculated and

DGate-
;l Eg. Inv.

Energy (pJ)
(=]

3 5 7 10
Input transition time (ns)

Figure 10. Comparison between short-circuit energy dissipation of a 4-input NAND gate and its equivalent inverter, when the
transistor chain acts parasitically (falling input ramp), for several input transition times
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Input transition time (ns)

Figure 11. Comparison between calculated short-circuit energy dissipation during output discharging and that measured using SPICE
for a 4-input NAND gate and for several input transition times (rising input ramp)

simulated short-circuit energy values during output discharging is shown for a 4-input NAND gate with
W, =8um, W, =3 um, Cp, = 100 fF and a 0-5 pm HP technology for several input transition times. Using
SPICE, the short-circuit power dissipation can be obtained by integrating the current at the source terminal
of the pMOS transistors or by using a power meter.?2

Consequently, the short-circuit energy dissipation during a complete transition at the output node
[0—-1-0]is E, = E, + E! and the corresponding power can be calculated simply by multiplying the
calculated energy with the frequency of transitions at the output of the gate.

According to the proposed method the output waveform, propagation delay and short-circuit power
dissipation can be calculated for NAND/NOR gates. Complex gates can be treated by collapsing them to the
equivalent NAND/NOR gates using algorithms such as the one proposed in Reference 15.

7. CONCLUSIONS

In this paper a complete modelling technique for the calculation of the propagation delay and the
short-circuit power dissipation of CMOS gates has been presented. The proposed method examines the gate
operation during output charging and discharging and takes into account second order effects such as the
carrier velocity saturation of short-channel devices, the body effect and the coupling capacitance and is
developed for non-zero transition time inputs. The starting point of conduction of a gate is efficiently
calculated and the parasitic behaviour of the short-circuiting part of a gate is accurately modelled. In case the
conducting path consists of serially connected transistors, the output waveform has been obtained through
an analytical approach which leads to expressions for the estimation of the propagation delay and the
short-circuit power dissipation. In case the conducting path consists of parallel connected transistors an
equivalent inverter model is proposed and the corresponding formulas which have been developed for
the inverter can be applied. The calculated results for the output waveform, the propagation delay and the
short-circuit power dissipation match very well SPICE simulation results.
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