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Abstract-On-chip parasitic inductance has become an important Il. WAVEFORM SHAPE OF THEOUTPUT VOLTAGE

design issue in high speed integrated circuits. On-chip inductance . - . -

may degrade on-chip signal quality, affect transmission delay, and | -Ejh.e eqhuwale_nt '(::l_rcwlt of aLCMCC)iSCmvert(?‘r dr'i‘;f"ng_ ?RII’C d
cause additional short-circuit power dissipation. The effects of on- 102d IS shown in Fig. 1.R, L, and C are the effective load
chip inductance on the output voltage, propagation delay, and short- '€sistance, inductance, and capacitance of an interconnect line,

circuit power of a CMOS inverter are presented in this paper. Ana-  espectively. V, and V1 are the output voltage of the CMOS
lytic equations characterizing the output voltage are derived based inverter and the voltage across the load capacitéhcespec-
on an assumption of a fast ramp input signal. Closed form expres- tively. The input voltage is a ramp signal,

sions describing the short-circuit power are also presented. The ac-

curacy of these analytic equations is within 10% as compared to t

SPICé simulations. )Iitis d?emonstrated that large inductivg loads Vin(t) = T_Vdd for 0<t<m, @
and fast input transition times can increase short-circuit current. "

wherer, is the rise time of the input signal.

I. INTRODUCTION .
dd
As integrated circuit technologies continue to improve, the -
feature size of MOS transistors and interconnect lines has de-
creased. Since the chip size as well as the integration density PMOS
have increased dramatically, the average interconnect length has E
not scaled with feature size. On-chip interconnect has therefore

become increasingly important [1]. R L

If the transition times in high speed VLSI circuits are compa- Vo V1
rable to the time of flight of the signals propagating along a low + <
resistivity interconnect line (or the inductive time constant of an Iz

c
interconnection exceeds the resistive time constant), the induc- in I
tance should also be considered in the interconnect model [2-5]. T wmos
The interconnectin these high speed circuits should therefore be
modeled as a lumped or distribut&LC line.

In order to evaluate the effects of on-chip inductance on the = = =
behavior of a CMOS inverter, the interconnect is modeled here Fig. 1. A CMOS inverter driving alRLC load
as a lumpedrRLC, which is the load impedance of an inter-
connect line. Theith power law model [6] is used to charac-

terize the submicrometer MOS transistors. Title power law f ianal i d in this di . h h
model is more accurate in the linear region and in determin-A fast ramp signal is assumed in this discussion, where the

ing the drain-to-source saturation voltage as compared to t‘ﬁfQUt slope exceeds one-third of the output slope [9]. The effect
alpha power law model [7], avoiding any discontinuity betweef} the PMOS transistor is neglected based on this assumption of
the linear and saturation regions. Large inductive loads and f&J@St ramp input signal. .

input transition times can result in significant short-circuit cur- 1 the input voltage is greater than, , , the NMOS transistor
rents. The short-circuit power of a CMOS inverter driving & ON and operates in the saturation region. The output voltage
lossless transmission line is presented in [8], in which the dedtisfies the following KVL and KCL equations,

vice is modeled by the alpha power law model. The short-circuit

currentis included in the analytic expressions characterizing the Vi(t) =L dIps RI Vo (¢ 2
output voltage. Analytic expressions for the short-circuit power 1®) dt + Rlps + Vo (t), @
are derived based on the load conditions and the shape of the dvi(t)

input waveform. The waveform of the output voltage based on C P Ips. 3)

these analytic equations is quite close to SPICE for fast ramp
input signals. The predicted propagation delay is within 1090 sojution o is
and the estimated peak short-circuit current is less Waras Vo (t)

compared to SPICE. _ _ _ _
The closed form expressions characterizing the output voltage Volt) =Vaa — Ve(t) = V2 (t) - Vi(d),
and propagation delay of a CMOS inverter drivingRahC' load V() = Bty (iV Vv )nn+1
are addressed in Section Il. The effects of the inductive load on e C(np +1)Vyq " 7r dd w ’
the output voltage, propagation delay, and short-circuit power t (4)
are discussed in Section Ill. A discussion of the short-circuit Ve (t) =RBn(—Vaa — Von )™,
power is addressed in Section IV followed by some concluding Tr
remarks in Section V. Vi(t) =LBx nnTVdd (TLVdd B A
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(a) Dependence of the output voltage
on the input ramp time. The solid
line, dashed line, and dotted line are for
0.1ns, 0.2ns, and 0.4 ns, respectively.
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(b) Dependence of the output voltage
on the inductive load. The inductive
loads are 1nH, 5nH, 10nH, and 20 nH
from the top to the bottom line, respec-

tively.

Fig. 3. Dependence of the output voltage on the input ramp time and the inductive
load.
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However, the effective output conductance of the NMOS tran-
sistor in (8) depends upon the output voltage in the linear region,
changing fromy,e: t0 27vs4¢. Therefore, in order to accurately
characterize the output voltage, in (8) is chosen between
Ynsat and2')’nsat-

The output voltages predicted by these analytic expressions
are compared to SPICE simulations. The results are shown in
Fig. 2. Note that the output voltage waveforms are quite close
to the waveforms derived from the SPICE simulations.

The propagation delay can be determined from the waveform
Fig. 2. Comparison of the analytically derived output voltage with SPICE simpf the output voltage described by (5). The output voltage in
lations. the linear region is described by (7}9.5 can be determined

from (7) using a Newton-Raphson iteration. Howewey, is
typically much greater than,, therefore the output voltage can
be approximated as a single pole system in the linear region,

V, = Vnsate_QQ(t_Tnsat). )

&(Vdd SV (= 1) The high-to-low propagation delay,,, of a CMOS inverter is
C TN r
1
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(c) 7-=80ps, R=5, L=1nH,
andC =1pF.

(d) 7-=40ps, R=5Q, L=1nH,
andC =1 pF.

current of the NMOS transistatge., I,,sq4¢, Which is a constant.
The output voltagé/,(t) in this region is

Vo(t) =Vi(7) —

2V, + T
— RBy(Vag — Vrn)™, 5) Tour, = In VT';ZG + Tnsat = 5 (10)
where I1l. EFFECTS OF ANINDUCTIVE LOAD
B Vi — Viryg ) 1 ~ Aninductive load may cause large short-circuit currents if the
Vi(r) = Vg — nTr (Vag L)) (6) input transition time is short, as described by the t&fit) in

C(na + 1)Vaa (4). SPICE simulation results depicted in Figs. 3(a) and 3(b)

demonstrate that for a fast ramp input signal or a large inductive
load, the short-circuit current cannot be neglected. The spikes
shown in Figs. 3(a) and 3(b) are caused by large short-circuit

andr, <t < Tnsat. Tnsat IS the time when the NMOS transis-

tor leaves the saturation region and is determined from (5).
After V, drops belowl,.sqt, the NMOS transistor enters the rants

linear region. However, there is no tractable solution of (2) The ghort-circuit currents through the PMOS transistor re-

and (3) in this region. In order to derive an analytic solution, tl ces the discharge curreht as shown in Fig. 1. The PMOS

drain-to-source current of the NMOS transistor is approximat e

by the effecti tout duct Th tout volt ; nsistor operates in the linear region when the NMOS transis-
y the efiective output conductangg. 1he oulput voltage N 1o tyrns on initially (assuming a fast ramp input signal). The
this region is therefore

current through the PMOS transistor can be approximated by an
effective output conductance in the linear region,

Vo =Kie " + Kye™ 2" for t> Tneat, (7)
B t np—m
where Is ~ apfp(vdd — —Vaa - Vrp)"* ™" (Vag — Vo), (11)
P [d
LRy 4 f(1tRumy2 4 whereq,, is betweerl.0 and2.0 depending upoW¥, andVrp
ay =" Ln Lo is the absolute value of the PMOS threshold voltage.
2 ’ The relationship betweeW, (t) and the current through the
Ry, _ f(IRiaye _ 4 NMOS transistor]s, the discharge current, and the short-
N 7 Ln IC ®) circuit currentls is
2 ’ 2
I, dVo(t) dl d°I
_ - =R—+1L Tn St < Tposs, (12
K andK> can be determined frovi, (7,5q¢) andV,, (Trsat)- CL dt dt d2t St Tposs, (12)
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IV. SHORT-CIRCUIT POWER

A DC path fromVy4 to ground exists when the input sig-
nal transitions from low-to-high or from high-to-low. The short-
circuit current cannot be neglected because short transition times
and large inductive loads can cause a significant amount of
short-circuit current [8].

To develop an expression for the short-circuit power, the
NMOS transistor is assumed to operate in the saturation region
during most of the time when the short-circuit current flows.

Based on this assumption, the expressions listed in Table | can
0 W0 40 &0 0 1000 o 20 a0 eo o w0 beusedtoapproximate the output voltage to provide an expres-
’ me 9 sion for the short-circuit power dissipation. The short-circuit
power during the high-to-low transitiaR;.,, , is

Output voltage (V)
Output voltage (V)

(@) 7»=100ps, R=102, C=1pF, (b) 7»=150ps, R=2092, C =1pF,
andL =5nH. andL =10nH.

| | . N Prcws = Vs [ Tt)at (28)
Fig. 4. Comparison of the analytically derived output voltage with SPICE simu-
lations.
where f is the switching frequency of the inverter afiglt) is
the current through the PMOS transistor.
During the time interval fronr, to 7psaqt, the PMOS transis-

wherer,,f ¢ is the time when the PMOS transistor turns off. | ; ; :
order to simplify this analysis, the voltage across the load 3{9 operates in the linear regiofy,(t) can be expressed as

pacitanceVi (t) is assumed to remains B} when the PMOS
transistor operates in the linear region. To derive an analytic Ly(t) = Ipsat(2 — Vpse(t), Vpsp(t) (29)
solution of V,(¢), it is assumed thak, (t) changes sufficiently P psat

Vpsat Vpsat
slowly such thald%p can be neglected. The approximate so-
lution is listed in Table I. This integral does not have an analytic solution after substituting
If Vag — V,(t) is greater tha,,.:(t), the PMOS transistor Ip(t) from (29).

starts operating in the saturation regidf.is no longer assumed The peak short-circuit current occurs in the time interval be-
to remain aft/;4 afterr,sq:. The analytic solutions df,,(t) and tweenr, andr,.q: becausd,(t) decreases from,sq: 10 Tpos 5.
Vi(¢) during the input transition are listed in Table |, whé€g, The time when the peak current occurs can be determined from
K4, K5, andKg can be determined from the initial conditiong(29),
of V,(t) and Vi (¢), respectively. The output voltage based on
the analytic expressions listed in Table | is compared to SPICE / _

4 . o I, (tpear) = 0. (30)
for a large inductive load, as shown in Fig. 4. Note that these

analytic expressions predict the voltage spike during the inpyg . . . .
transition, permitting the peak short-circuit current to be acé)t-]{}."S equation can be solved by using a Newton-Raphson iter-
ation which requires only two to four iterations to obtain the

rately estimated. luti i itting th k sh SOt b
Similar to the analysis used in Sections.: is determined e%gtgtrlr%ri]n%épmk' permitting the peak short-circuit current to be

based ori/1 (). The propagation delay can also be determin .
by (10). The load inductance affects the propagation delay ofiowever, based on the assumption that the peak current oc-
a CMOS inverter as described in (10). These analytic expréd!'s near the middie of the input waveform for a balanced in-
sions are used to estimate the propagation delay of a CMOS Yg'ter [10], the peak current is

verter. The estimated delays as compared to SPICE simulations

g[)ee;sak}%\/\énrei}réi'rl;?ebsle Il. The error is within 10% for most of the Lok :Bp(@ Vi) (2 — Vpsp(%)
' 2 K, (Y — Vrp)me
TABLEII Vpsp(%) . (31)
PROPAGATION DELAY OF ACMOS INVERTER DRIVING AN RLC LOAD Kp(% — Vip)me
toyr (PS) Error

- Note, consistent with the literature [9], that the peak short-

7 (PS)| R () | L (nH) | C (pF)| SPICE] Analytic | % circuit current depends on both the input waveform shape and
50.0 | 50 | 1.0 1.0 | 377.0| 353.0 | 6.37 Knowing Ipeqx, the short-circuit currenf,.() can be ap-
50.0 5.0 2.0 1.0 | 350.0] 3230 | 7.71 proximated by the area of a triangle [10]. The short-circuit
500 | 100 | 5.0 10 | 3250| 3050 | 6.16 power during the high-to-low transition can therefore be approx-
£0.0 | 200 50 10 35501 3020 | 708 imated by the product of the area of the triangle &b i.e.,

100.0 | 30.0 | 10.0 1.0 | 325.0| 351.0 | 8.00 1
100.0| 20.0 | 10.0 | 1.0 | 322.0| 353.0 | 9.63 Pacyy = glpeak(Tposs — n)Vaaf, (32)
100.0| 10.0 | 10.0 1.0 | 322.0| 356.0 |10.56
100.0 | 20.0 | 10.0 20 | 678.0| 695.0 | 251 where f is the switching frequency of the inverter afil, is

150.0| 20.0 | 10.0 | 1.0 | 419.0| 390.0 | 6.92 detirminedkfrom (30)b0r (3dl)- A " o
- The peak current based on these analytic equations is com-
NLaxmum error 1605)6 pared to SPICE simulations and the results are listed in Ta-
Verage error : ble 111. The analytic results of the final three rows are calculated
from (30). The accuracy of these analytic expressions is within
7% of SPICE.
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TABLE |
ANALYTIC EXPRESSIONS OF THE OUTPUT VOLTAGE INCLUDING THE SHORTIRCUIT CURRENT

Time region Analytic expressions of the output voltabg(t) andV; (t)
RI LI}
Vo) = Vg — — 2T @)
14 Ryp — L)
BnnnV, t e —
=t Edd oy vt (14)
Tn <t < Tpsat "‘por " .
= Vagd — —Vaa — V. np—Mmp 15,
TP Ky (Vaq o Vad Tp) (15)
apBp(npg —m V, t
o= 2P p(np p) 4 (= S Vag = Vpp) PR 6)
Kprp o
Vo(t) = K3 — VO’TIG) — RV, 9(t) — LV, 3(t) )
Bptr t Bprr t
Vo 1(t) = —— (Vg — vp) D) TP (v - vy — vpp) (e D) L)
o (nm + V)Vggq = 34 ™ (np + 1)Vgq dd = Vdd TP
t t
Vo,2(t) = Bn(—Vgq — Vpy)™ — Bp(Vgq — — Vg — Vpp)™P (9)
Tpsat S < Tpofy BnnnVgg t (nn—1) , BpmpVdd t (np—1)
Vo,3(t)y = —————(—Vgqg — VN " + ——V4d — —Vaa — Vrp) P (20)
Vi) = Kq — 211 (21)
Bn T t By t
— nrr (nn+1) pTT (np+1)
% =— " (—vVg-V — P (Vgg— —Vga— V- P 22
1,1@) . +1)Vdd("7‘ dd TN) + oy + 1)VM( ad = ~Vad TP) (22)
Vo(t) = K5 — VO%(” — RV, 5(t) = LV, 6(¢) @)
Bptr t
Voat)= — 2" ( vy — Vpa) (et (24)
. (nm + )Vgq = 247 TN
BpnnV, t -
Tpoff <t < T Vo,e(t) = —— 2744 (v, — vppy)(mn =D (25)
Vi(t) = Kg — Vi,2() (26)
c
Bptr t
Vip(t) = —— " (—Vgq — Vppy)nnF) @)
, o DV 7y Vad T VTN

TABLE Il
PEAK SHORFCIRCUIT CURRENT OF ACMOS INVERTER DRIVING AN RLC'
LOAD. THE ASTERISKS DENOTE THE USE 0K30) TO ANALYTICALLY
DETERMINE THE PEAK CURRENT ALL OTHER VALUES ARE DETERMINED

presented to estimate the short-circuit power based on the peak
short-circuit current. Analytic expressions for the output volt-
age are derived for a CMOS inverter driving RLC load. The
propagation delay based on these analytic equations is within

FROM (31). . . .
(1) 10% as compared to SPICE simulations. The error of the esti-
Tyear, (MA) Error mated peak short-circuit current is less ti7af.
7 (ps)| R(2) | L (nH) | C (pF) | SPICE| Analytic| % REFERENCES
150.0| 20.0 10.0 1.0 2.04 1.92 5.89 [1] S.Bothra, B. Rogers, M. Kellam, and C. M. Osburn, “Analysis of the Effects of Scaling on
100.0| 30.0 10.0 1.0 2.70 2.62 2.96 T(;e;\;:on;ect DseglilySir;;Jl;wSI C:]rcllg;s?{EEE Transactions on Electron Devicel. ED-
, No. 3, pp. 591-597, Marc .
100.0 | 20.0 10.0 1.0 2.70 2.68 0.74 [2] A. Deutschet al, “Modeling and Characterization of Long On-Chip Interconnections for
High-Performance MicroprocessorlM Journal of Research and Developmeril. 39,
100.0| 10.0 | 10.0 1.0 2.70 256 | 5.19 NS, oo BArBT Semmbe: 1605
100.0 | 20.0 10.0 2.0 2.62 2.59 1.15 [3] A. Deutschet al, “When are Transmission-Line Effects Important for On-Chip Inter-
* connections,|EEE Transactions on Microwave Theory and Technigives 45, No. 10,
288 %88 28 18 ggg gig* Zgg pp. 1836-1846, October 1997.
. . . . . . . [4] F. Moll, M. Roca, and A. Rubio, “Inductance in VLSI Interconnection ModelingE
* Proceedings—Circuits, Devices, and Systevias 145, No. 3, pp. 176-179, June 1998.
40.0 5.0 1.0 1.0 4.2 4.01 4.52 [5] D. A. Priore, “Inductance on Silicon for Sub-Micron CMOS VLSPtoceedings of the
Maximum error 6.25 IEEE Symposium on VLS| Circuitsp. 17-18, May 1993.
[6] T. Sakurai and A. R. Newton, “A Simple MOSFET Model for Circuit AnalysitEEE
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