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Abstract- We present an accurate analyt-
ical expression to compute power and delay
of domino CMOS circuits from a detailed de-
scription of internal capacitor switching and
discharging currents. The expression ob-
tained accounts for the main effects in com-
plex sub-micron gates like velocity saturation
effects, body effect, device sizes and coupling
capacitors. The energy-delay product is also
evaluated and analyzed. Results are com-
pared to HSPICE simulations (level 50) for
a 0.18m CMOS technology.

I. INTRODUCTION

Power dissipation has become an important concern
in circuit design during the last decade due to heat-
ing problems in high-density /high-performance cir-
cuits and to the power saving required for portable
applications [1]. Domino CMOS is widely used in
digital VLSI circuits with the advantage of small
area and delay when compared to complementary
static logic [2]. The pMOS transistor network is
removed and replaced by a single pMOS charging
transistor to reduce layout area and interconnect
capacitance, thus increasing further circuit speed
and reducing power dissipation. If the timing at
the inputs is such that they are not asserted until
after the precharge clock has been deserted, then
there is no short-circuit current during the output
transition reducing power dissipation and increas-
ing througput. Power consumption is also decreased
due to glitch-free operation. However, the large
clock loads and signal transition activities due to the
precharging result in an excessive power dissipation
[3]. Since power consumption has become one of the
biggest challenges in high-performance VLSI design
[4], reducing power dissipation in domino CMOS
1Cs is critical for these applications. In this work
we present analytical models to accurately compute
power and delay of domino CMOS circuits from
process parameters. These models can be used for
fast timing and power estimation and circuit opti-
mization. This paper is organized as follows. Sec-
tion II presents an accurate and simple model of
power dissipation in domino CMOS circuits. Sec-
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Figure 1 — 2NAND domino CMOS gate

tion IIT develops the delay model, while Section IV
presents a practical example of a 2NAND energy-
delay optimization. The conclusions are in Section
V.

II. ENERGY EVALUATION

Power consumption in domino circuits is mainly due
to the charge/discharge of internal capacitors. This
dynamic power is dissipated at the clock distribu-
tion network, the output buffer, the output load and
the internal capacitors. The energy dissipated by

domino CMOS circuits in one precharge/evaluation
period can be expressed in a general from as £ =
QVpp, where @ is the charge provided by the supply
voltage during the cycle, and Vpp is the voltage dif-
ference through which the charge flows. The power
consumption in a domino CMOS gate is related to
this energy dissipated as P = afF, where f is the
frequency of the clock, and a is the switching activity
factor. In this work we analyze the power dissipa-
tion of the NAND gate of Fig. 1 when the output
is charged and discharged. This analysis can be ex-
tended to gates with more than two logic transistors
in the discharging path. The total energy dissipated
by the NAND gate is:

Eiot = Eek + Eioad + Eint + Ebugy (1)

where Fgy is the energy dissipated due to the clock,
Ejoqq 18 due to the capacitor at the logic output,
Eint to internal switching capacitors, and [y, ¢ to
the output buffer.



A.  FEnergy dissipated by the clock

This energy component is obtained computing the
charge transferred per clock cycle by the clocking
buffer. When the clock node is high the charge in
this node is:

i, = (Car +CH gbnT1 T cl gsnT1 T

CHyory + ngpd) Vip @
where Vpp is the supply Voltage, Clix is the output
load of the clock buffer, C Jbnr1 and cH gsnT1 are the
gate-to-bulk and gate- tcrsource capamtances of the
nMOS transistor driven by the buffer (Tl in Fig.1)
when the clock is high, and CH, ganT1 a0d ch gdpa are the
gate-to-drain coupling capamtances of the nMOS
and the pMOS transistors driven by the buffer eval-
uated when the clock is high. When the clock is low,
the charge stored at the clock node is:

Qo = — (Cgspd +C} ‘gbpa + C dpd) Vbp (3)
where CZ Gspds C’ngpd and CL gapa are the gate-to-
source, gate-to-bulk and gate-to-drain parasitic ca-
pacitance values of transistor T'pd when the clock
is low. The gate capacitance of transistors 71

and Tpd is Cng - CgbnTl + C gsnT1 + C gdnT1 and

Cyrpd = Cgspd + CL Sopd T ngpd respectively. These

two components are dependent on transistor size as:

Comedeff ( peff + 2LAPP> (4)
ComWnleff ( nef f + 2LAPn)

Cngd

CgT 1 —

where C,; is the gate oxide capacitance, Wpq, £r and
Whi.,, are the effective pMOS and nMOS channel
width, Lap, and Lap, are the process bias on the
channel length of nMOS and pMOS, while Ly sy and
Lneyy are the effective pMOS and nMOS channel
length respectively. Capacitance C'Z vdpd 11 €. (2) is
due to the side-wall capacitance between the gate
and the drain of transistor T'pd, and is:

ngpd ComWPdeffLAPp (5)

From egs. (2) and (3) we evaluate the charge pro-
vided by the supply node (¢4, — ¢%4,) and then the
energy dissipated per cycle:

Ear = (Car + Cyr1 + Cyrpa + Colpa) Vop  (6)
B. Power dissipated at the logic output

The power dissipated at the logic output is com-
puted similarly. We assume that both gate inputs
are at the high level when the clock pulse arrives
(the worst-case in power dissipation). Under these

conditions the charge stored at the output node of
the domino gate is:

Upaa = (C anTs + CoTppt

Coamp + ngpd) Vbp

(7)
qllzad - (Cdpd + CdnT3 + Cngb+
Coly + Cngpd) Vbp

Therefore, the energy dissipated due to the
charge/discharge of the gate output is:

Fioad = (Capa + Cants + CH, vinT3 + CgTnb
+Cyrpy + O gdpb T ct gdnb T ch wapa + C dpd) Vip

(8)
where Cgpq and Cynprs  are the drain capacitances
of transistors T'pd and 13, Cyrny and Cyrpp are
the gate capacitances of transistors T'nb and T'pb re-
spectively. Finally, C’gdnTg, Cgﬁpb,Cgfdnb, Cgﬁpd and
ngpd are the gate-to-drain capacitances of transis-
tor T'3, T'pb, Tnb and Tpd respectively when their
gate voltage are at the state defined by their su-
perscripts. These capacitances have a linear depen-
dence on the channel width of each transistor and
can be easily evaluated.

C. Power dissipated by internal capacitors

If before precharge both inputs are high, then the
internal nodes are grounded and the transistors of
the chain are in the linear region. During precharge
these nodes are charged until the upper transistor
(T'3 in Fig. 1) is off. The final value of the volt-
age at internal nodes is Vini1 = Vinee = Vbp — Vs
where Vg3 is the threshold voltage of transistor 7'3.
As in the previous steps we evaluate the charge pro-
vided by the supply voltage to compute the energy.
The charge stored at the internal capacitors when
all inputs are high and the internal nodes are low is:

Gint = (C sT3 T Cg%Tz + C;TZ + Cdel) VD[E9)
where CH GsTi and ch Jari are the gate-to-source and
gate-to- dram capamtances of the i-th transistor eval-
uated when the input is high and their drain and
source are low (that is, when they are in the lin-
ear region). The value of these capacitances can be
expressed as:

ngT’L CgsTl C Wnleff ( neff/2 + LAPn)
(10)
where Way,,, and Lpeyy are the effective channel

width and length of the i-th transistor.
The charge stored at the internal nodes when they
are charged through the pull-up pMOS transistor is:



Uy = — (ngTZ + Cgﬁn) Vop+

(Cl + 02 + C;ZTQ + C!%TQ) Vint

(11)

where (' is the drain capacitance of transistors
T1 and T2, and C, is the drain capacitance of
transistors T2 and T'3. The side-wall capacitances
of transistors T'1 and T'3 are neglected in eq.(11).
Based on eqs. (9) and (11), the energy associated
to the charge/discharge of this internal node capac-
itances is:

Eine = (C;ZT?; + CgﬁTl) Vip + (12)
(Cl + Coy + C;éTg + C£T2> Vint VDD

D.  Power dissipated by the buffer output

Neglecting short-circuit currents, the charge at the
buffer output when the output is high is:

Gon s = (Cout + Caps + Canb + Cogpy + Coap) VD

13)
where Cy,; is the capacitance due to the gates driven
by the buffer, Cgpp and Cgnp  are the drain capaci-
tances of the pMOS and the nMOS transistor of the
buffer, and C’ngpb and C'ngnb are the gate-to-drain
coupling capacitances of the pMOS and the nMOS
transistors when the input voltage of the buffer is
low. Similarly, the charge at the buffer output when
it is low is:

(]bLuff = (Cgl}qdpb + Cg%nb) Vbp (14)

From egs. (13) and (14) the energy dissipated by
the buffer is:

Ebuff - (Cout + Cdpb + Cdnb + C;dpb_‘_

15
Cngnb + Cg}épb + Cg}énb) Vip (15)

III. DELAY MODEL

Gate level energy reduction is always considered un-
der timing constraints. There are several works that
model delay in CMOS buffers [5, 6]. The analysis
of multiple input gates is more complex due to the
body effect at intermediate devices, and to charge
distribution through the internal gates [5]. In this
section we present a simple analytical model for de-
lay evaluation in domino CMOS gates. We reduce
the nMOS chain to an equivalent transistor. This
device is then included in a simple model to com-
pute the gate delay (tq,) and its output transition
time (¢). Finally, this simple delay model is applied
to the CMOS output buffer to compute the whole
delay.
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Figure 2 — Two seriessMOSFET collapsing tech-
nique

A.  Current modeling of Stacked-MOSFET circuits

The alpha-power law MOSFET model [5] provides
a simple expression for short-channel devices:

o (Vas < Vru)
Ip— (? — V_D/)?)WZ%IBO (Vps < VL:)O) (16)
"o (Vbs 2 Vo)
with
Vas — VTH>a
g (Yas —Vru 17
DO DO (VDD o VTO ( )

where Vs ,Vbp, Vg and Vg are the gate, supply,
saturation and threshold voltage respectively. The
threshold voltage Vrp is expressed as:

Vre = Vro+ Ve (18)

where Vpg is the threshold voltage with no sub-
strate or drain bias, v is the linearized body ef-
fect coefficient, and Vg is the source-to-bulk volt-
age. Ip is the drain current at Vos = Vps = Vpp.
The parameter « is the velocity saturation index
that ranges between 2 (long-channel devices) and 1
(short-channel). Parameters Ipg, Vg, Vro and «
are extracted from the I-V data [5].

1. Two stacked transistors

Fig. 2 shows two series-connected nMOS transistors.
We define the parameter Igéz> as the charge that
flows through the two transistors when V3 = Vo =
Vpp. In this state, transistor 72 is saturated while
T'1 is in the linear region. To compute 1862> we
assume that the internal node voltage V’/ is small
compared to the supply voltage Vpp and equate the
drain current of both transistors. Using Vo = Vpp,
a first order Taylor expansion of 72 drain current is:

sV (1+9y)
I ~ T l- = 19
b = ooy (1- 2522 )

Since transistor 7'1 is in the linear region, its drain
current when V; = Vpp is:



| % \ %
Ips, = Ipo, (2 > (20)

Vbo: / Vpo,

Equating egs. (20) and (19), and solving for V"

V2, T
V' =V, (1 1 20 D0 DOZ) (21)

Ipo, Vo'
where:
az (1 +72) V3o, Ipo
Vo = Vpo, + 2 22
O P TS (Vb — Vo) Ipo, (22)
Igéz> is computed substituting eq.(21) in eq.(19).

We observed through SPICE simulations that
when varying the gate voltage at transistor 72, the
threshold and saturation voltage and also the ve-
locity saturation coefficient of the chain were equal
to the values of these coefficients for transistor 71°2.
Therefore, the drain saturation current equation of
the two series connected transistors when varying Vs
can be expressed as:

w2 [ Va—Vro, \**
Ip=1 _ 23
D DO (VDD o VT02> ( )

2.  Three stacked nMOS transistors

In a three stacked transistors, the pair of transis-
tors at the top of the chain (say T2 and T3) are
collapsed to a single transistor 72 with parame-
ters I DOy — Ig63>, V1o, = Vros, ary = az and
Y19 = 3. Then, transistor 72" and T'1 (T'1 being
the transistor at the bottom of the chain) are col-
lapsed to an equivalent transistor 7'1’. The drain
current when Vi = Vo = V3 = Vpp is computed

as Ipop, =1 1<)1(;2 > We define this current as Igé?’>

1,3) _ 172'
Ul = 1.

3. mn-stacked nMOS transistor

This scheme can be applied to a series of n-stacked
MOSFETs. The drain current when varying the
gate voltage of the n-th transistor in the chain (the
upper transistor) is:

{1,n) Vi — VTOn >an
Ip=1 _— 24
D DO (VDD o VTOn ( )
where Igém is the drain current of the chain when

Vi = Vbop Vi € (1,2,...,n). Fig. 3 compares eq.
(24) to HSPICE simulations for 4 series-connected
nMOS transistors in a 0.35um technology. Fach in-
put V; is increased from 0V to Vpp with an input
rise time of 300ps (The other three gates are fixed to
Vpp). The current is fitted correctly when varying
the top transistor 74 even for this dynamic simula-
tions. Current values when varying the other three
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Figure 3 — Drain current of four series-connected
nMOS transistors when varying each input(V1,V2,V3
and V4).

inputs provides a more complex behavior due to cou-
pling capacitor and saturation effects.

B.  Delay model

The pull-down network is simplified to a single tran-
sistor following the process described previously.
The parameter gdm represents the maximum cur-
rent that can be driven by the chain of transistors.
We compute the gate delay when the upper nMOS
transistor switches. The input voltage is:

t—1n

Va(t) = V1o, + Vbp — Vr0,,) P—

(25)
where {p, is the time when the nMOS chain starts to
conduct (tn, = Vo, tin/Vpp) and £y, is the input rise
time. At the beginning of the transition the nMOS
chain is off and V,,; = Vpp. At ¢ = ¢,, the nMOS
chain starts to conduct. An analytical expression
for the output voltage is obtained solving:

dvout o
g =

where (7, is the total output capacitance of the gate,
and I is the current of the chain. An analytical
solution to eq. (26) from eqgs. (24) and (25) is:

—Ip (26)

(1,n) an+1
I t—1 tin —
Vour = Vop — 29 n m_ R (97
tTPP e (tmtn> antt 20

Eq. (27) is used to obtain the delay from the input
at 0.5Vpp to the output at 0.5Vpp (tdl)-

1
(o + 1 I+on o Lin
tg, = tn+ % (tm,tn)anﬂ ,17
Ipg

(28)



where Q; = CrVpp/2 is the charge transferred
by the nMOS transistors when the output reaches
Vbp/2. Eq. (28) is valid when tq, < tin/2. If Vy is
defined as the value of eq.(27) at time ¢ = ¢;», then
eq.(28) is valid in the interval V; < Vpp/2.
Otherwise, if the input node reaches the supply
voltage before the output is at Vpp/2 then eq. (28)
is not valid. The solution of eq.(26) when V,, = Vpp
is straightforward and in this case 4, is given by:

N e )
tay = — + T&") (29)

Eq. (29) for tg, is valid when V; > Vpp/2.
The slope of the output voltage at Vpp /2 can also
be obtained as:

dvout | —
dt Vpp/2 .
74Lm) Qs(ant1) an+1
e ((tmftn)lg(;”> (Vy <Vpbp/2)
74Lm)
T (Vs > Vbp/2)

(30)

In calculating the output fall time of the dynamic
gate (ty), the output waveform slope is approxi-
mated by 70% of its derivative at the half-Vpp point
[5].
The delay of the output buffer in Fig. 1 is ob-
tained similarly using the alpha-power law parame-
ters of the pMOS transistor of the buffer obtaining:

1
ey _ep _ ty
lay = tp + @ (ap +1) (tp —tp)>r¥t — =
DO, 2
(31)
where t, = t¢;|Vrp|/Vpp is the time when the

pMOS device starts to conduct, ap and I, are the
velocity saturation index and the parameter I, of
pMOS. Eq. (31) is valid when V. > Vpp/2, where
Vi is the voltage at the buffer output when ¢ = ¢;.
Ifv, < VDD/2 then:
Vop
tdz _ % + Cout <I2 ‘/r>
DO,

The input fall time to the CMOS buffer is given
by the value of ¢y provided by the nMOS chain.

Short-circuit current contributions are neglected
in this analysis while overshooting effects are con-
sidered. ~We include overshooting by computing
the charge that must be transferred through the
pMOS transistor to reach Vpp/2 at the output
of the buffer. This charge is Qr = @uss(Vo =
Vbp/2) — qk, 7> Where V5 is the output voltage of
the buffer and the charge guurs (Vo = Vbp/2) can be
approximated by g;! /2 (see egs.(13) and (14)).

Thus, the total delay is computed as the sum of
this two delays (tqg = tq, + ta,)-

(32)
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Figure 4 — Energy-delay product vs. Wy; and Wy
predicted by the model proposed.

IV. ENERGY-DELAY EVALUATION

The energy-delay relationship of each gate in an IC
is controlled through design by device sizing. In the
device description considered, the geometry depen-
dence comes through parameters Ipon, and Ipop
(that are the parameter Ipg of transistors T and
Tpb respectively). Since Ipg is linearly dependent
to the channel width, we use:

Ipo = JpoW + 61pg (33)

where Jpg and 61pg are technology-dependent para-
meters. Applying eq.(33) to the energy and delay ex-
pressions derived previously we compute the energy-
delay product (EDP). The channel width of the se-
ries connected MOSFETSs (we assume that all tran-
sistors in the nMOS chain are equally sized) and the
nMOS transistor of the buffer (Wy; and Wy) can
be optimized to obtain a minimum EDP. The pMOS
channel width of the buffer is fixed to Wy = 2Whp,.

In the simulations performed we compute the en-
ergy dissipated when the output is charged in the
precharge phase and discharged in the evaluation
phase when the gate voltage of any of the transistors
of the chain (V;) changes. The delay is computed as
the time from Vpp /2 at the rising gate voltage V; of
transistor T; to Vpp /2 at the output of the CMOS
buffer. Fig. 4 is a plot of EDP as a function of
parameters W; and Wy for a 0.18um CMOS tech-
nology. A minimum is obtained for W,; = 6m and
Whe = 3.5um.

Fig. 5 compares model predictions to HSPICE
simulations for EDP when varying Wy, for a fixed
value of the buffer nMOS width W,,;, = 3.5um.
HSPICE simulations are reproduced by the model
that predicts the position of the minimum.

Fig. 6 compares the model to HSPICE when vary-
ing Wpp with W, evaluated at the minimum EDP
obtained previously (Wp; = 6pm). A minimum at
W = 3.5um is obtained in accordance to HSPICE.
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Figure 5 — Energy-delay product vs. nMOS channel
width of series-connected transistors for a 0.18um
technology when varying Vi, V2 or Vs.
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Figure 6 — EDP vs. Wy for a 0.18um technology
when varying V1, V2 or V3.

Finally, Fig. 7 plots EDP vs. supply voltage when
Whne = 3.5um and Wy, = 6pm. As can be ap-
preciated, a minimum EDP is obtained at 0.9V as
predicted by HSPICE simulations

V. CONCLUSIONS

We presented a simple and accurate analytical ex-
pression to compute power and delay of domino
CMOS circuits from a detailed description of in-
ternal capacitor switching and discharging currents.
The expression obtained account for the main effects
present in complex sub-micron gates like velocity
saturation effects, body effect, device sizes and cou-
pling capacitors. The energy-delay product is also
evaluated and analyzed showing a good agreement
with HSPICE simulations for a 0.18ym technology.
Although second order effects like short-circuit con-
tribution are not included, the results obtained sug-
gest that their contribution is not significant when
computing the minimum EDP. Additional work is
required to model EDP when any of the gate inputs
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Figure 7 — Energy-delay product vs. supply voltage
for a 0.18um technology when varying Vi, Vs or Vs.

makes a transition.
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