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Modeling the Transistor Chain Operation in
CMOS Gates for Short Channel Devices

Spiridon Nikolaidis,Member, IEEE and Alexander Chatzigeorgio8fudent Member, IEEE

Abstract—A detailed analysis of the transistor chain operation nonsaturated transistors of the chain by an equivalent resistor
in CMOS gates is introduced. The chain is modeled by a transis- which fails to reproduce their characteristics, thus limiting
tor pair, according to the operating conditions of the structure. the accuracy. Moreover, gate delay is calculated by assuming

The system of differential equations for the derived chain model . .
is solved and analytical expressions which accurately describe the St€P inputs. In [6] pull-down delays of nFET chains are also

temporal evolution of the output voltage are extracted. For the determined using an RC tree model as a modeling technique,
first time, a fully mathematical analysis without simplified step based on the Elmore delay formula. Kang and Chen [7] used
inputs and linear approximations of the output waveform, and — |inear approximations for the output voltage waveform of the

without resistors replacing transistors, is presented. The width of . . . . .
the equivalent transistor that replaces all nonsaturated devices transistor chain, attempting to model the propagation defay in

is efficiently calculated, eliminating previous inconsistencies in domino ga_tes, and onI_y_ step inpUtS_and long channel devices
chain currents. A mapping algorithm for all possible input pat- were considered. Additionally, the-times transconductance

terns to a scheme that can be handled analytically is also derived. reduction for the equivalent transistor, which later is replaced
The final re_sults for the calc_ulated response and the propagation by a resistor, results in inconsistency of the currents, as
delay of this structure are in excellent agreement with SPICE - . . .
simulations. will be shown in this paper. Applying theth power law

for submicron devices, Sakurai and Newton [8] developed
expressions for a CMOS inverter. Extension to gates was made
either by fitting models to all possible compoufdl” curves
of the transistor chain in order to extract the corresponding
|. INTRODUCTION effective parameters, or by proposing a delay degradation

FFICIENT design of digital integrated circuits requiredactor which states that the ratio of the delay of a transistor
the advance estimation of gate delays. Circuit simulato@)ain to the delay of a single MOSFET can be calculated

such as SPICE, that can provide a detailed and accuragethe ratio of the corresponding drain currents ¥og =
analysis are based on numerical methods and, therefore, e = Vpbn. Cherkauer and Friedman [9] performed their
prohibitively slow for large designs. The alternative is to usanalysis, using a simplified long-channel model and applying
analytical expressions which take into account the most criticgiep inputs in order to optimize channel widths for low power
factors that influence the system behavior and are orderscohsumption. Effective resistance for each of the nonsaturated
magnitude faster than SPICE. Much research effort has bedsgvices is calculated, assuming negligible body effect and a
devoted during recent years to the modeling of the CMQgiform distribution of the voltage across a voltage divider,
inverter behavior [1]-[3], but little has been done on morehich results in inconsistent currents. Nabavi-Lishi and Rumin
complicated gates because of their multinodal circuitry ar@i0] presented a semi-empirical method for collapsing the
multiple inputs. In this work, series connected MOSFET s;omplete transistor chain to a single equivalent transistor.
which form a basic structure in digital circuits since thefhe equivalent transistor width approximation is based on a
are used in the implementation of NAND/NOR gates, amimplen-times transconductance reduction, resulting in limited
examined. Their operation is substantially more complicatedcuracy. In the same manner, Dagal.[11] developed their
than that of parallel transistors and is complicated by thmalysis for an inverter macromodel and gates were treated
fact that differential equations that govern the behavior of thg/ defining an equivalent drivability factor, using simplified
circuit must be solved for several nodes and input patternsassumptions for the operation of the transistors in the chain.

A qualitative description of the behavior of serially con- Some of the secondary effects which are present in the
nected transistors in domino CMOS gates was given by Shgfieration of the transistor chain have been mentioned in
[4]. An attempt to study the MOSFET chain was madgj2], where a chain collapsing technique based on a nonlinear
considering a long RC chain and without taking into accouRfacromodel is proposed. However, parameters are extracted
any second-order effects. Pretories al. [5] simplified the from dc analyses and applied on transient phenomena. More-
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across a load capacitance that discharges through the chain, is
examined. The case of a PMOS transistor chain is symmetrical.
Instead of the simplified step-input pattern used in all previous
works, a common ramp input, applied to the gates of all
transistors, is considered which corresponds to the worst case
(slower) for the output response. Tagower model proposed

in [2], which takes into account the carrier velocity saturation

| effect of short channel devices, is used for the transistor

‘ currents of the chain

fb_l Cy 1+ 0, Vas < Vpn: cutoff region
Ma - V2 _ a/2
I ki(Vas — Von)* “Vps,
- Ip= Vbs < Vp_sar: linear region Q)
o ks(Vas — Von)®,
ki 011+ Vpbs > Vp_gar: Saturation region

- where Vp-sar is the drain saturation voltagé;, k. are the

transconductance parameters which depend on the width to
(@) length ratio of a transistoky is the velocity saturation index,
and Vry is the threshold voltage expressed by

Vin= V5o + ’7(\/2<PF + |Vsp| — \/2<PF) (2)

where Vo is the zero bias threshold voltage, is the
body-effect coefficientr is the bulk potential, and/sg

is the source to substrate voltage. In order to transform the
expression for the threshold voltage into a simplified one
that can be treated mathematically, a first-order Taylor series
approximation around’sg = 0.2Vpp is satisfactory

Vi = Ven|ves =0.2vip + (Vo)
. (VSB — 0-2VDD)

connected transistors, where the one closer to the output =0+ 6VsB. 3)
remains unchanged and the other is the equivalent of the rest
the transistors in the chain. In this way, differential equatiorb
can be solved analytically, obtaining very good agreeme
between simulated and calculated results. This is the first ti g
transistors are treated without replacing them by resistors
for inputs with nonzero transition time. In addition, all possibl?ra
input patterns that can be applied to the gates of the transistI%r
in the complete chain are mapped onto the two gate inputs‘9
the equivalent circuit. b
The two-transistor equivalent circuit, which gives th
opportunity to treat the transistor chain equations analytical
is presented in Section Il. The mathematical expressiog

hich d be th out f luti deri ual to the current of the saturated top transistor. From this
which descnibe the oulput wavetorm evolution are derveg, on, the structure remains at this state until the charge
in Section Ill, while in Section IV, the calculated results

-across the load capacitance is no longer adequate to keep

are qompared with SP.|CE S|mula_t|on§. The input mappinge, topmost transistor in saturation. During this time interval,
algorithm for transforming all possible input patterns to noty

. . : . - the voltage at the source of all transistors remains constant.
malized input ramps, which are handled in the mathemahﬁaf g

Fig. 1. (a) Complete transistor chain and (b) two-transistor equivalent chain. 58=0.2VpD

0'f'he topmost transistor in the chailV(.,) begins its
eration in saturation mode, since its drain to source voltage
s is initially Vpp. As the load capacitanc€’() discharges
the internal node capacitang charges, transistov/,, .1

ers the linear region whéfhs = Vp-sar . The rest of the
nsistors operate in the linear region without ever leaving this
ion. That is because after the chain starts conducting, their
s never exceeds the drain saturation voltage [9]. Since the
current of the transistors that operate in linear mode increases
s the voltage at the intermediate nodes rises, there will be a
me point where the current of the bottom transistors will be

sis. is d ibed in Section V. Section VI is dedicat is is the state which Kang and Chen [7] refer to as the
f:)nigighslisonsscn €d In Section V. section IS dedicaleffateau voltage and is apparent for fast input transitions, since

intermediate nodes remain at this potential for a reasonable
time [Fig. 5(a)].

Since the number of differential equations that must be

Our analysis is performed for a chain of serially consolved in order to obtain an analytical expression for the output
nected NMOS transistors, as shown in Fig. 1(a), where theveform of a transistor chain is prohibitive, the number
capacitances attached to the intermediate nodes corresponaoftdransistors must be reduced. A good approximation is
the parasitic capacitances formed by the diffusion region tf replace all transistors that operate in linear mode by an
the transistors. The temporal evolution of the output voltagguivalent one and to solve the problem for the case of two

Il. TRANSISTOR CHAIN MODEL
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transistors [Fig. 1(b)], where the upper operates initially im order to solve the above equation, a first-order approxima-
saturation and then in linear mode and the bottom only tion of the Vs, term inside the parenthesis on the right-hand
linear mode. side of (7) is used. Considering the part of the transistor chain
In order to calculate the plateau voltage of the chain, lathich contains the nonsaturated devices as a voltage divider,
us consider the circuit of Fig. 1(a) and assume that the sathat term,Vpg,, can be set equal tg,/n (when all transistors
ramp input is applied to all transistors. Although the analysismve the same width) and (7) can be solvedJa@esulting in

here refers to fast input ramps where the plateau state appears, a/2

the derived results are also valid for slow inputs. A first Viop — 6

approximation is used for the width,, of the equivalent v = (8)
transistor M., in Fig. 1(b), which replaces all nonsaturated Vop — 0 — (1 +96) Fp

transistors (their number is denotedsgsand is given by .
Consequently, the plateau voltage of the chai¥jjs= (1 +

11 P 1 (4) v+ Vps, . Equating the current that flows through
Wi, Wi W, W, the equivalent transistorM., in Fig. 1(b)] with the current
through the closest to the ground transistor of the chadh [
in Fig. 1(a)], the width of the equivalent transistor is obtained

The plateau voltage at the source of the top transistpr,
occurs at the end of the input rampi{ = Vpp) as it is

explained in the next section. Thuk, can be calculated by g = Wi (9)
setting the saturation current of the top transistuf, ] equal l+v+---Font

to the current of the bottom transista¥/(,), which operates which is used in the mathematical analysis. In case of a
in linear mode tapered transistor chain, the factor and the width of the

" )2 equivalent transistor can be easily extracted following the
ko(Vop — 8 = (1 +6)Vp)* = ki, (Voo = V2o)*“V,. (3)  apove procedure.
t should be mentioned that the drain-to-source voltage

The above equation can be solved with very good accurac s . .
9 y 9 odulation factorv is not constant. This has been observed

using a second-order Taylor series approximation ardgne . . .
g y PP from SPICE simulations and can be explained as follows.

: ¥He approach of previous works, where transistors awe factc_;rv incre:?\ses for nodes closer to the o_utput sin_c €
replaced by resistors, is based on the assumption that th%t%”ther increase in th_e source voltage of a tran5|s_tor requires
is a uniform distribution of the source voltage of the to urther increase in its drain-to-source voltage, in order to
transistor among the drain/source nodes of the rest of gep the current through the transistor constant. For operating
transistors in the chain operating in linear mode. However, tgdions away from the plateau state, the faatoreduce;.

er the plateau state, the closer to the ground transistors

is not a valid assumption as the gate-to-source voltage and N duct | ts. due to the discharai  th

threshold voltage of each transistor in the chain are diﬁere_rlll?ve 0 conduct farger currents, due to the discharging of the

and, consequently, the transistors would not be able to dri\r)éernal capacitances and the current sourced by the coupling
' : pacitances between input and each internal node, resulting

the same current if they had equal drain-to-source voltaggg

This is the primary source of errors in existing modelin an mc(rje::\setr:n thle'tVDS' Tthl:s, Epﬁ value o_i; IS fr]edlljdce:,
techniques [13]. For example, equating the currents throu pmpared fo e plateau state. 1€ opposite should happen

the two closer to ground transistors (for the same transis #ring the charging of the internal nodes before the plateau

width) for Vi, = Vip and setting the saméps for each state. However, charges are injected to each internal node
transistor gicles bb bs which, if the effect of the coupling capacitances is intense,

not only compensate for the charging currents of the parasitic
L =0L=kVh— 9)“/2VDS node capacitances, but also contribute to the currents flowing
=k (Von — 0 — (1 +8)V1)*?Vis (6) through the lower transistors in the chain. Again, since each
transistor below a node must also conduct these extra currents,
which results in(1 + §)V; = 0 whereV; is the drain voltage its Vps is increased, resulting in a reduction in the value of
of the bottom transistor. This is an invalid expression because The estimation ofv, using the equations which describe
alwaysé > 0. Trying to keep the current of each transistor ithe current through the two bottom transistors at the plateau
the chain constant, the reduction ¥s and the increase in State, gives an average value which is sufficiently valid for the
Vi of a transistor closer to the output is compensated by aamplete region of operation of the chain.
increase in itdbs. Considering a gradual increment¥dhs by The SPICE circuit model used for simulating the two seri-
a constant factor(v > 1), called thedrain-to-sourcevoltage ally connected transistors so that the bottom transistor always
modulation factor, as we are moving closer to the output resuftgerates in linear mode, independent of the intermediate node
in very good agreement with SPICE simulations. This meansltageVy,, is shown in Fig. 2. Since in the current expression
that for two adjacent transistors it ips,,,,, = v - Vs, for the linear region of a transistor, it is equivalent to reduce
where the index shows the position of the transistor in ttige k; term or theVpg term, the width of the bottom transistor

chain [Fig. 1(a)]. In this way, (6) can be rewritten as is kept unchanged; and its Vs is reduced, respectively,
o/2 by setting the controlled voltage source, shown in Fig. 2.
ki(Vbn — 0)**Vps, Since the transistor chain starts conducting later than the two-

= k(Vop — 0 — (14 8)Vis, ) v - Vs, . (7) transistor equivalent circuit, for proper simulation, the input to
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Fig. 2. SPICE equivalent circuit model of the complete transistor chain.
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7 Fig. 4. Comparison between the output waveform of the complete chain and
@  Complete chain the two-transistor chain model where the nonsaturated devices are replaced
using thev factor, then-times transconductance reduction and a resistor, for

a six-transistor chain.

v reduction

by (4) and when the nonsaturated devices are replaced by
a resistor [7], are also presented in Fig. 4. The superiority of

the proposed method is obvious. Consequently, the multinodal
analysis problem is now diminished to a two-node analysis,

which decreases the complexity of the solution significantly.

Output Voltage
1

I1l. OuTPUT WAVEFORM ANALYSIS

The input applied to the gate of the transistors is assumed
to be a ramp

0, t<0
’ Vi
0 1 2 3 4 Vin = ﬂ~t, O0<t<r (20)
Time (ns) T
VDD7 t>7

Fig. 3. Output waveform comparison between complete chain and
two-transistor chain model, for = 3, b = 4, ¢ = 5, d = 6 transistors where 7 is the input rise time. In the following analysis, all

in the chain. internal nodes of the chain are considered to be discharged

) ) _ ) at timet¢ = 0. The effect of initially charged nodes in the
be applied to both transistors of the equivalent chain shoyfsin operation is discussed in Appendix A. The differential
remain at 0 V until the transistor chain starts conducting ghyations that describe the operation of the circuit in Fig. 1(b)
time ¢, and then abruptly rise up and coincide with the inpWre derived by applying Kirchhoff's current law at nodes two
applied to the nonsaturated devices of the chain. In additiofhg one

the voltage at the source node of the top transistor in the qv
chain (,+1) at timet; should be set as an initial condition I, = —1Ip,, =Cf out _ ~Ip,, (11)
to the intermediate node of the circuit in Fig. 2, and simulation ’ dt qv ’
should be performed thereafter. Iy, =Ipy., +1cy = —Cp out
The accuracy of the proposed width for the equivalent av. dt
transistor is validated by comparison between the output =1Ip,.. +Cy d;w (12)

responses of the complete chain and the two-transistor chain
model, as shown in Fig. 3 for an HP O.%n technology. In where V,, is the voltage at the intermediate node afig
addition, a comparison with the output response when tisethe lumped capacitance of all diffusion capacitances of the
equivalent transistor width is calculated in the way describéaternal nodes in the chain. Each node capacitarigg. can
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Fig. 5. Regions of operation for (a) fast and (b) slow input ramps.

be calculated as a function of the base area and sidewsdlrce of the top transistor and is considered to be linear, as
periphery [14] is explained in the next region. The output voltage remains at
Voo [Fig. 5(a)]. This is also validated by SPICE simulations.
(13) No overshoot is observed because of the very small gate-
to-drain coupling capacitance of a transistor in cutoff or in
saturation [15].
more precise estimation af, which takes into account
effect of coupling capacitance between the transistor
gates and the intermediate nodes of the chain, is given in

Chode =W -d-CJ+2-d-CJSW

where W is the transistor widthd is the spacing between
two adjacent polysilicon lines that form the gates, and,
CJSW are the SPICE parameters for the base and sidevvtzP,II
capacitance, respectively.

The lumped capacitanc€y in the equivalent circuit in endix B
Fig. 1(b) is calculated so that its charge will be equivalent {?\)pp )

the overall charge, which is stored in all intermediate nodes fRegion Two: The upper transistor is saturated and the bot-
the complete chgai'n at anv time and is given by the foIIowint%m operates in linear mode. This region extends from time
P y 9 y Gntil ¢t = + when the input reaches its final value. Since the

equation: system of differential equations that describes the operation of

-1 the circuit cannot be solved analyticallyy; is considered to
Zvﬂ be linear, which is a valid assumption as confirmed by SPICE
R i=0 simulations.
Cn = ; Ci T4+v+-- 4 on—t (14) The plateau voltagd], will occur when the input reaches

its final value, where the current of the top transistor ceases to
where 4 corresponds to the internal nodes of the circuit iincrease. For very fast input ramps and because of system in-
Fig. 1(a) (numbering starts from the drain of the bottorertia, the plateau state occurs after this time point. However, in
transistor),C; is the diffusion capacitance at each node of thiais case the effect of coupling capacitance between input and
chain and the terrljzz;%J v /14+wv+---+v"~1) corresponds internal nodes becomes significant (see Appendix B) imposing
to the ratio of the voltage at each node to that at the sourgg; to obtain its maximum value dt= . Although a voltage
of the top transistor. However, it should be mentioned that thwershoot appears, considering the plateau voltage to extend
influence of this lumped capacitance for short channel devidesm this time point results in a very good approximation.
is not significant. Thus, V,, can be calculated from (5), which is obtained from
Two cases, fast and slow input ramps are considered. KdR) for timet = = wheredVy,/dt = 0. SinceVj, is linear,
the fast (slow) case, the intermediate node volteigeattains it can be written ad/y;[t] = m - t, wherem = V,,/7.
its maximum value when (before) the input ramp readhigs. SubstitutingV,[t] = m-¢ into (11) and solving the resulting
equation gives
A. Fast Input Ramps i

0
Region One: The top transisto],, is cut off. This region Vour = c1 +(g-t—6)" m [; - t} (15)
extends from timet = 0 until ¢ = ¢; when transistord/,, ’

starts conducting and enters saturation. Timés calculated whereq = (Vpp/7) — (1 4+ 6)m andc¢; = Vpp.

by solving the equatioVgs, [t1] = Vrw,[t1] = Vialt1] — Region Three:The input ramp has reachéd,p, the top
Vimlti] = 6 + & - Viy[t1] where Vi, is the voltage at the transistor is in saturation, and the bottom is in the linear
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mode of operation. The limit of this region is tinte when 5 —
the top transistor exits saturation and, until that time, the
intermediate node remains at the plateau voltage. Sifice- .
V,, differential equation (11) gives

ks a
Vout:C2—C—L[VDD—9—(1+5)Vp] -1 (16)

wherec; = Voug|t=r + (ks /COr)[Vop — 0 — (1 4+ 6)V,]* - 7. 3 —
The limit of this region is computed by soIving&
Vb_sarn[t2] = Vowlte] — V, for the upper transistor,£ .
where Vo_satn[t] = (ks/k)(Vas — Vin)/? [2]. g
Region 4: Both transistors operate in linear mode. The 2
system of differential equations becomes

d‘/out
dt

] V(€ =300fF)

= — kp(Vop — 0 — (1 + 8)Va)¥/?
“(Vout — Vir) 17

=ku(Vop — Vro)®*V + Cy dg;w (18)

where k;,,, ki, specify the linear region coefficients for the 0 1 2 3 4 s
upper and bottom transistors, respectively. Since the above Time (ns)

system cannot be solved analyticallyy; in (17) in the term Fig. 6. Intermediate node voltage waveforms for the same input and different
that is powered tav/2 is replaced by its average valg /2. output loads.

Solving (17) forVy,, substituting the resulting expression in
(18), and setting; = ki, (Vop — 6 — (1 + 6)(V,,/2))*/? and

)2 ) . . The limit of this region {;) can be calculated by solving
g2 = /?'lb(VDD._ Vro) result; in a second-order dlfferentlaIVD_SATN[t2] — Vi [t2]— Vs [t2], using a second-order Taylor
equation which has the solution

series approximation around= 7.
5 Region Three:Both transistors operate in linear mode and
—p2 + p3 —4p1ps t) (19)

- Vp(Cp =1001F)

dvvout
dt

—Cr

Vour = ¢3 -exp< the input is still a ramp. The system of differential equations

2ps at nodes two and one, becomes
wherep; = Cn-Cr./g1, p2 = (Cr.-g2/91) +Cr,+ Cn, p3 = o Wour _ Fta(Via — 6 — (1 + 6)Viy)*/?
go and ¢z is calculated by equating the above equation for dt
t = t, with V,u[t2], which is obtained from the previous “(Vous = Vi) (20)
region. oy, Wour _ ki (Vin — Vo) ?Vay + Cn W (o)
dt dt
B. Slow Input Ramps In order to solve the system, the inpl, is replaced by its

Region One:As in the case of fast inputs, the outpufiverage valu&i, = (Via|t=t, + Vpp)/2 and Vi, in the term
voltage remains ab/pp until time ¢ = ¢; where the top Of (20) that is powered tav/2 is replaced by its value at
transistor enters saturation [Fig. 5(b)]. t = t», since the duration of this region is short. Setting=

Region Two: The top transistor is saturated and the bottovu[Via — 6 — (14 §)Var[t2]]*/? and hy = ki (Via — Vro)*/?
operates in linear mode. This region extents from time (20), (21) result in
until the top transistor exits saturation at time < 7. In
order to solve the system of differential equationg,; is Vit =2 64,exp<_7’2 + /7§ —drirs t) (22)
again assumed to be linear. This time, the plateau voltage 2r
cannot be calculated as previously and the currents of the toR
and bottom transistor cannot be set equal ¥y = Vpp. WHer€n = On-Cp/hi, 72 = (Cp-ha/h) +Cp + O, 13 =
However, it has been found that when the output load fig andcy is calculatgd b,y setting the above equat!ontfef t2
sufficiently increased (which corresponds to the case of a f& a! tc_)V"‘“' [t?]’ Wh.'Ch 1S obtained from t_he previous region.
input ramp where plateau voltage occurs), the slopd/gf The I'm't of-th|s region '_St = T where the 'Up”t reachds,p.
does not change significantly (Fig. 6). Therefore, considerir_lr(";Reg_|I0n 4: Both transistors gperate in ".”ear mode and the
a larger load capacitancé},, would occur at time! = 7 and Nput is Vop. .The system can be SOIVed. n (_axactly the same
would be calculated, as previously, by (5) where there is NEY as Region Three, without ap'pro>.(|mat|on of the input
dependence on the load. In this way, it is possible to obta?llgnal' The output voltage expression is
the slope ofV,, for the case of a slow input. The differential . S TR
equation at the output node is the same as in the case of fast Vout = cs ~exp<_J2 + 2‘{,2 — 41y t) (23)
inputs andV,,,. can be obtained in the same way. J1
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Fig. 7. Output waveform comparison between simulated and calculated values for fast and slow input ramps and for (a) 0.5-;andHB)téehnology.

where TABLE |
C C C APPROXIMATION ERROR (%) IN CALCULATION OF A FOUR-TRANSISTOR
. N UL . L W2 . -
1= R - 10+ CN, j3 = wo S?HAIN OuTPUT RESPONSE FOR THETWO: TRANSlSTOf& ANF)
w1 w1 NGLE-TRANSISTOR EQUIVALENT APPROACHES AT Vi1 /2
2 =0.5ns =Ins =2ns
Varlta] \ -
wp = k'lu <VDD — 60— (1 + (5) % Proposed | Conv. | Proposed | Conv. | Proposed | Conv.
o2 L=0.5u | W=4.5u | 4.751 7.852 5769 | 5897 | 7.168 1.477
w2 = klb(VDD - VTO) W=9u 4200 18.202 5.794 16.887 7.655 21.204
. . . L-lu | W=12 0979 | 20333 534 : . ,
and ¢; is calculated by setting the above equation equal to “ 4 B | B | 2O | 6302 | 19316
Vowlr] for ¢ = 7 W=18u | 1.771 | 42511 | 3.050 | 39.580 | 4.446 | 36.564
out — I
. . . 1=0. = 1.996 347 1169 | 434 : !
Whether an input ramp is slow or fast can be determined by 057“’ oo 6 A I B
. . a=u.
solving Vb_satN[tsat] = Vout[tsat] — Vi [tsat] I the second
. . , : . [=Tu, | Wb=18u | 2072 | 3780 | 4032 | 6652 5.000 5.980
region. If the top transistor exits saturation before the input o
. . . . . a=u.
reaches its final valug ; < 7), the input is slow; otherwise,

it should be considered fast.

The importance of the aforementioned method is that it

makes it possible to reproduce the voltage evolution at eaKHD pomt fpr the two approaches when the same ramp
ut is applied to all transistors are presented. Moreover, a

node in the circuit, thus enabling an in-depth and comple'féD ) AN )
analysis of the transistor chain. comparison for the case of tapered chains is also given. From

this comparison, it is obvious that the proposed two-transistor
equivalent chain models the behavior of the complete chain
with excellent accuracy and is much more reliable than the
The calculated output waveforms of the two-transistaase of a single transistor. Not only is the average error of the
equivalent chain, match very well the SPICE simulatioproposed model (4.1%) much smaller than the average error
results of the complete chain, as shown in Fig. 7, which isia the single-transistor model (15.5%) but, in addition, the
comparison between calculated and simulated output voltdgst method presents significantly lower dispersion of error
waveforms for slow and fast input ramps, for the HP 0.5- andilues. Another important drawback to the single-transistor
1-um technology. The small error that can be observed provasain model is that the shape of its output response deviates
the accuracy of the extracted expressions and the validity sifinificantly from that of the actual chain response.
the proposed reduction of the transistor chain to two equivalentSince the output waveform expression for each of the
transistors, according to their mode of operation. regions of operation is known, propagation delay for the
A comparison of the chain output response, calculatelischarging casetfyr) can be calculated as the time from
according to the proposed method with the output resportbe halfVpp point of the input to the haligp point of the
produced by the approach followed in [10] where the chamutput. The region in which’pp /2 of the output occurs can
is replaced by a single transistor with its transconductanbe found by comparing it with/,,:[t2] and Vo,:[7]. Using
reduced by the number of the transistors in the chain (cas definition, delay results for several input waveforms and
ventional method), is also given. In Table I, approximatiotransistor chains have been calculated and compared with
errors in the calculation of the output waveforms at the haléimulation results. It was observed that in practical cases, the

IV. RESULTS AND DELAY CALCULATION
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propagation delay computed using the analytical expressions TABLE I

is within 3.5% of that computed by SPICE when the same WEIGHT COEFFICIENTS FOR AFOUR-TRANSISTOR CHAIN. THE INPUT
. . . NUMBERING STARTS FROM THE ONE CLOSEST TO THEGROUND (L = 0.5 pm)
ramp input was applied to all transistors.

Changing Inputs Cweight

1,2,3,4 1
23,4 0.93
V. INPUT MAPPING ALGORITHM 1,3.4 0.89
. . . . . 1,24 0.85
In the previous sections two transistors in series were used 123 0.92
for analyzing the operation of a transistor chain and the same 3.4 0.82
input ramp was considered to be applied to both transistor & o
gates. Thus, in order to obtain the expressions for the output 23 0815
response in the general case, all possible input patterns that 1.3 0.775
. . . 12 0.8

can be applied to the transistors of the chain must be mapped 3 -
efficiently into two ramps that have the same transition time 3 0.67
and start at the same time (normalized ramps). One method for f 066:

deriving a single effective signal was given by [10] and states
that for all signals that are in transition after the starting time of

the latest one, the equivalent ramp starts at the initial point 9 transistors, the evolution of the output will be the same. In
the ramp that starts first and ends at the last ending point of @i way, a look-up table is obtained by simulating each case,
ramps. This scheme introduces unacceptable errors for mos§Qén as the one given in Table Il for an HP @uSrtechnology,
the cases, especially when some signals have a much smalggre input numbering starts from the one closest to ground
transition time than others or when signals start at time poif§ad each number declares that there is a transition in the
which differ significantly. In [16], for transistors connected irborresponding transistor input. For the special case where only
series, the input to be applied to a single effective transistorjs top transistor has an input ramp applied to its gate and a dc
chosen as the one which reaches the threshold level last §Blage is applied to all others, no coefficient need be derived,
the same kind of errors as in [10] are present. because this case can be mapped on the same input ramp for
The method that is proposed in this paper for mappiRge top transistor in the two-transistor equivalent chain and a
transistor input ramps to two normalized ones avoids large yoltage applied to the bottom transistor. This is a special
errors in cases that deviate from the ideal ones and preseise of the analytical solution described in Section II.
higher accuracy. The influence of each input signal depends orfrpe algorithm for mapping every input pattern to two
many factors. First of all, the starting point of the last changingyrmalized ramps consists of three steps.
input is important since the transistor chain starts conductingso[ep One:In order to have an input pattern which consists
after this time. Consequently, the further the distance of “@ﬁ%ly of ramp inputs and’p, voltages, the input ramps which
starting point of each input from the last starting point, the leggfectively act as dc voltages must be defined. This is obtained
influence this signal has on the output evolution. In additioBy examining the value of all inputs at time= t,,, where
the influence of each input depends on the position of thgs |ast ending input ramp reach®sp /2. Every input ramp
transistor that it is applied to in the chain. Since the gat@mich att = ¢,, has a higher value thaf2/3)Vpp should be
to-source voltage reduces and the body effect becomes mgk@sidered adpp. If more than one inputs end at the same

severe further up in the chain, inputs in higher positiongne point, the input for which,, is selected is the one that
generally result in a slower output response, especially fgfarts |ast.

submicron devices where internal node capacitances are Vergtep Two: The m input ramps that remain from Step One
small. In addition, the influence of a signal depends on ihould be transformed into equal ramps. The initial time of
slope, the relation of its slope to the slope of other signalfe equal rampst§) is taken asnax(ty, tg, - -, tpy1) Where

and its relative position in time to other signals. Obviously, ip 4, ... t.41 are the starting points ddll inputs. This is

an analytical method that extracts equivalent waveforms whighasonable since no current flows through the chain before all
start at the same time, have equal slopes and can replacgglsistors start conducting. The equivalent transition time for

inputs, it is not possible to take into account all these factolife , remaining inputs is calculated by the following formula:
In Section Il it was stated that the ramp input, which is

applied to all transistors in the chain, is also applied to the " 1 Vilto] y y
two-transistor chain model. In this way, the problem focuses Z " Vbp (fe; o)
on how to mapn + 1 input signals (ramps and dc inputs) of Iog = =1 (24)

an (n + 1)-transistor chain to: + 1 input ramps which start m

at the same time point and have the same transition time.whereV;[t] is the value of each of the inputs that participate in
order to find the weight of each position in the chain, some dfis step at the initial time antl, is the ending time point for
the inputs are set t&pp and equal ramps (ramps which haveach of thesen inputs. The above formula takes into account
the same starting time point and the same transition time) d@ne time during which an input is in transition after timg
applied to the rest of the transistors. For each case of in@utd also their slope. The input(s) that start@awill have the
patterns, a coefficient is derived with whom the applied rampajor influence, since the corresponding multiplication factor
must be multiplied so that when the resulted ramp is appliedto- (V;[to]/Vhn) will be one.
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Step Three:When Step Two is completed, the input patteravhere ¢ denotes the internal node€§};, V;[t;] the node ca-
consists of inputs with equal ramps and of dc inputs. Usimgacitance and initial voltage and(n + 1) is the ratio of the
the coefficients which take into account the weight of eaatevices through which each node is actually discharged over
input position in the chain, this pattern can be mapped orttee total number of transistors in the chaip.is a Boolean
normalized ramps which are appliedtat ¢, to all transistors variable which takes the value zero if transistb#sl to n+ 1
in the chain. Thus, the effective transition time will be receive aVpp input and value one in any other case. That
T e T (25) is because.if all transistors gpove a node are cor}ducting, the
eff = Cwelght * Leq- corresponding nodes are initially charged and this case was
The normalized ramps are finally applied to the two-transistt#ken into account when the relevant weight coefficients for
equivalent chain. each position in the chain were obtained.
The above algorithm was found to be very efficient in In this way the time shift. is extracted by
mapping every possible input pattern of+ 1 inputs to a
pair of input ramps which start at the same time and have Q.
the same slope. The algorithm presents accurate results, even te = QL
when the transistors in a chain are tapered.

In Fig. 8, a comparison of the output response for the The above shifting of the output waveform gives very
initial and the final input patterns obtained from the mappingood results for a wide range of input transition times and
algorithm is shown, validating the accuracy of the proposeghnsistor widths (maximum output voltage error Tébp /2
algorithm. The first pattern is the actual set of inputs applied fproximately 4%). A discrepancy was observed close to the
the chain and the second is the set of the obtained normalizge point where the chain starts conducting. This is due to the
Inputs. fact that a chain with initially charged nodes starts discharging

the output load later and this delay is greater than the average
VI. CONCLUSIONS time shift of the output waveform.

A detailed analysis of a transistor chain as it appears
in CMOS gates has been introduced. Accounting for real
operation conditions, analytical expressions for the output APPENDIX B
response of a discharging chain have been derived. Using §/hen the same ramp input is applied to the gates of the
chain model that reduces the number of transistors in the chaénsistors in a chain, each transistor starts conducting at a
to two, it has been possible to solve the differential equatiogferent time, because their source and threshold voltages
that describe the structure without simplified approximationgre different. In order to find the exact time at which the
A mapping algorithm has been developed in order to transfot®o-transistor equivalent chain has to start conducting, the
all possible input patterns to ramps which start at the sag@mplete chain will be examined. Let us consider the exam-
time and have equal transition times and which can be treaigid of a six-transistor chain with all internal nodes initially
analytically. Output voltage and propagation delay resulischarged, where the same input is applied to all transistors.
derived by the proposed analytical method, match very wellg. 9 shows the drain voltages of the five lower transistors

to (A2)

SPICE simulation results. together with the common input, in a simplified manner.
Because of coupling capacitance between transistor gates and
APPENDIX A the drain/source nodes, drain voltages tend to follow the input

In case some of the internal capacitances in the transist8fP until all lower transistors start conducting. Initially the
chain are charged at timg when the last starting input is transistors are in the cutoff region and the coupling capacitance
applied, the overall propagation delay of the chain increas&s.calculated as the sum of the gate-to-source and gate-to-
However, the shape of the output waveform remains almd¥gain oyerlap capacitances of the upper and lower transistors,
unchanged compared to that of a chain without Chargé%epectlvely, in each node. These overlap capacitances are
internal nodes, which receives the same input pattern exc8}EN Y Covertap = W[Cido + Cgso] WhereW is the effective
that its transition edge is shifted [7]. This time shit Width of the transistor and’suo, Cgso are the gate-to-drain
corresponds to the overhead time required for the interrf]d 9ate-to-source overlap capacitances per micron, which are
nodes to be discharged and is estimated as followst L éte determme_d by the process technology. Unt|l_the time where
the output transition time, i.e., the time needed for the chari¢ transistor below a node starts conducting, the voltage
Q. stored in the load capacitance to be discharged through H@veform of that node, as it is isolated between two cut-
chain. #,, is calculated by connecting the 10 and 90% poinff transistors, is derived by equating the current due to the
of the output waveform [2]. Also, lef. be the charge which, CouPling capacitance of the nodk:,, with the charging
when set to the output node, requires the same time to @&rent of the parasitic node capacitanice (Fig. 10)

discharged with the time needed to remove the charge stored

in the internal nodes. This effective char@e is obtained as Ie,, =1lc, = O, - — o = Vil
= i
Qe = Z r; —— C; Vi[to] (A1) — _COwm Vo T4, B1
o et Cm, +C wlt] (B1)
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Fig. 8. Comparison between the output responses of the transistor dhain §.5 pm) for actual inputs (dots) and for normalized ones. The starting
point and the transition time of each input ramp is given in nanoseconds.

After the time at which all transistors below thith node ratio. The other tends to pull its voltage down because of the
start to conductt, ) and until the time at which the completedischarging currents through all lower transistors and is more
chain starts to conducty(), this node is subject to two oppositeintense for nodes closer to the ground. Tedious mathematical
trends. One tends to pull the voltage of the node high and is dusalysis is required for the extraction of the correct voltage
to the coupling capacitance between input and the node andvaveform in each node. For simplicity, here the two trends are
intense for fast inputs and high coupling to node capacitancensidered to be counterbalanced, which gives good results in
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where the index corresponds to the position of the transistor
in the chain and starts counting & 1) from the bottom
V5 transistor {,, = 0). From the above expression, the time at
which the chain starts conducting ,, = #;, can be easily
Vin va obtained.
Voltage s In case timet; is calculated as in Appendix By, will
have a valueV, at time ¢; and the expression o¥,; for
Ve the time intervalt; — v becomesVy,[t] = V, + m - ¢, where
Vo =Vi=((Vp=Va)/(r—t1))tr andm = (Vo= V5) /(7 —11)).
V1
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