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Transient Analysis of a CMOS Inverter Driving Resistive Interconnect
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Abstract— Expressions characterizing the output voltage and derstanding of the device and circuit behavior when operating
propagation delay of a CMOS inverter driving a resistive-capacitive  within the deep submicrometer region.
interconnect are presented in this paper. The MOS transistors are  The propagation delay model based on [15] and [16] is not
characterized by thenth power law model. In order to emphasize physically intuitive, which involves curve fitting techniques and
the nonlinear behavior of a CMOS inverter,_ the interconnectis mc_)d— does not explicitly consider the device parameters. The MOS
eled as a lumpedRC load. The propagation delay of a CMOS in-  transistors are modeled as a linear resistor in [10], neglecting
verter is characterized for both a fast ramp and a slow ramp iNPUt  the nonlinear behavior of the MOS transistors.
5|gnal'. Thg wayeform of the output voItage based on these analytlc In this paper, an extension of previous work [17], [18] is pre-
equations is quite close to SPICE assuming a fast ramp input signal. . : : :
The accuracy of the propagation delay model for both fast ramp sented in which the interconnect is modeled_ as a lumpéd
and slow ramp input signals is within 7% as compared to SPICE Ioad._ The more accura‘.ﬁh power law model_ls used to Ch.ar'
simulations. acterize the deep submicrometer MOS transistors. Analytic ex-
pressions characterizing the propagation delay of both fast and
slow ramp input signals are presented. The output voltage of a
. INTRODUCTION CMOS inverter is based on a fast ramp input signal. The inter-
As integrated circuit technologies continue to improve, theonnect resistance shields the load capacitance in the saturation
feature size of MOS transistors and interconnect lines has degion as compared to a purely capacitive load [15]. The signal
creased. Since the chip size and the integration density h&glity is also degraded by the interconnect resistance, causing
increased dramatically, the average interconnect length has adgitional short-circuit power to be dissipated by the following
scaled down with feature size. Therefore, on-chip intercolpgic stage. The accuracy of these analytic equations is com-
nect has become increasingly important [1]. The delay ¢ared with SPICE simulations. The waveform of the estimated
these highly scaled circuits is now dominated by the intercofutput voltage based on these analytic equations is quite close
nect [2], [3]. Furthermore, up to 30% of the dynamic power i& SPICE for fast ramp input signals. The accuracy of the esti-
due to the interconnect [4]. mated propagation delay for both fast ramp and slow ramp input
Interconnect in CMOS circuits has historically been modelegignals is within 7% as compared to SPICE simulations.
as a capacitive load [5]. Analytic expressions characterizing theThe analytic equations describing the propagation delay of a
propagation delay and short-circuit power based on a capa@MOS inverter driving a resistive-capacitive load for both fast
tive model have been previously addressed in the literature [8nd slow ramp input signals, and the closed form expressions
9]. However, the parasitic interconnect resistance has increagaracterizing the output voltage of a CMOS inverter for a fast
significantly due to technology scaling. If the interconnect réamp input signal are presented in Section Il. The effects of in-
sistance is comparable to the effective output resistance ofeiconnect resistance on the propagation delay and short-circuit
CMOS logic gate, the interconnect impedance should be mdgpwer dissipation of a CMOS inverter are discussed in Sec-
eled as a resistive-capacitive load [10]. Furthermore, the intdion lll. The application of these analytic equations to circuit
connect parasitic capacitance does not decrease with scaling doalysis is presented in Section IV, followed by some conclud-
to fringing fields between neighboring interconnections. If thidg remarks in Section V.
length of an interconnect line increases linearly, the interconnect
impedance increases quadratically [2] due to a linear increase in - OUTPUT VOLTAGE AND PROPAGATIONDELAY
both the interconnect capacitance and resistance. Therefore, thehe propagation delay of a CMOS inverter depends upon the
effect of theRC interconnect impedance on the overall propaead conditions, device parameters, and input transition times.
gation delay is significant. In this section, the characteristics of a CMOS inverter driving a
The Shichman-Hodges model [11] for a MOSFET is widelyesistive-capacitive load is described based omthgower law
used in analyzing the characteristics of a CMOS circuit [12odel and the input slew rate. Closed form expressions charac-
[13]. However, the model is not accurate for short-channel traterizing the output voltage of a CMOS inverter are derived in
sistors because velocity saturation effects of the carriers are absectiond under an assumption of a fast ramp input signal.
glected. The alpha power law model [7] has been proposedThe temporal properties of a CMOS inverter are discussed in
fill the gap between the classical Shichman-Hodges model agwbsectionB for a fast ramp input signal. The propagation de-
more accurate, albeit complicated, I-V models. However, thisy of a CMOS inverter driven by a slow ramp input signal is
model is not sufficiently accurate in the linear region or to chadiscussed in subsectid@n
acterize the drain-to-source saturation voltage of a MOS transis-
tor. Animproved model, theth power law model [14], has also A. The Output Voltage
been proposed by Sakurai. Thth power law model is used in A circuit diagram of a CMOS inverter driving a lumpd®(C
this paper to derive tractable analytic equations to characterigg js shown in Fig. 1.R andC are the load resistance and
the behavior of the circuit, thereby maintaining an intuitive Ungapacitance, respectively. The input is assumed to be a rising
ramp signal, defined as
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NMOS transistor is OFF. No current flows through the PMOS8elow Vpsar. The solutions ofi, and the time constant

transistor because the drain-to-source voltage is zero. become
The output voltage of a CMOS invertér., V,, as shown in
Fig. 1, is based on theth power law model, the load conditions, Vo(t) = 2(Vpsar + 2RIpsar)Vpsar (6)

and a fast ramp input signal. The effect of the PMOS transistor (Vbsar — 2RIpsar) + Vee
is neglected based on an assumption of a fast ramp input signal,

where the input exceeds one-third of the output slope [5]. This _ (Vbsar + 2RIpsar)C
assumption is not valid if the input is slow as compared to the 2Ipsar ’
output signal.

t—Tgsat )
T

()

respectively, wherdpsar = B'V}4(1 — vr)® and Ve =

Vaa. Vbsar + 6RIpsar.
B. Propagation Delay Assuming a Fast Ramp Input Signal
EPMOS The propagation delay of a CMOS invertgr s is typically
defined as the time from th#% V4 point of the input to the
‘1 50% Vaq point of the output. The high-to-low propagation delay

Vi tp,, Of @ CMOS inverter is approximated as

Yol ANA—"
z T
Vin NMOS :|: NMOS C Vaa n+vr 1 (8)

(—— — RIpsar) +( 1l 5)7%,

" Ipsar 2

® ® wherelpsar = B'(Vaa = Ven)". .
Fig. 1. A CMOS inverter driving a resistive-capacitive load. (a) A circuit diagram Similarly, the IO.W_tO_hlgh propagat_lon delay of a CMOS in-
of a CMOS inverter driving a lumpe&C load. (b) A circuit schematic of verter can t_)e derived based on the time reqU|red to charge up a
an NMOS transistor driving aRRC load assuming the short-circuit current is l0a@d capacitor. Note that there are two terms in the delay ex-
neglected. pression in (8). The first term linearly depends upon the load
capacitance and the difference betwd&g/2 and RIpsar.
The second term is linearly proportional to the input transition
The relations amonyy,, V1, andIps as shown in Fig. 1 are timer,.

Vi =V, + RIps, (2) C. Propagation Delay Assuming a Slow Ramp Input Signal
c avi I 3) The analyses presented in subsectidrend B are based on
at . bs an assumption of a fast ramp input signa, the NMOS tran-

sistor remains in the saturation region before the input transition
Before the input voltage reach&sx, the NMOS transistor is is completed. Therefore, the fast ramp condition can be quan-
OFF and no current will flow. Therefore, the output voltage tified based on the previous analysis,, 7, is compared to the
remains a¥/44. time when the output signal reaches the saturated voltage

Once the input voltage reach&sn, the NMOS transistor If 7, is greater tham,,;, i.e., the NMOS transistor enters the

turns ON and starts to operate in the saturation region. @ncelinear region before the input transition is completed, the input
exceedd,,, V, drops below the initial voltag&us. The output should be treated as a slow ramp signal. A criterion for a fast
voltage is ramp input signal is

V() =V — DVdaT Lt e (@ f(r) = Toar =1 20, ©)
t Quantitatively, if f(r) > 0, the input is a fast ramp signal,
- RB'VdZ(T— —vr)" for 7 <t <, otherwise, it is a slow ramp signal.

" For a slow ramp input sigpal, vyhen the input signal is greater
wherevr = Vi /Vyq andr, is the time when the input voltage than Vr, the NMOS transistor is ON and starts operating in
reached/ry . T = VT . the saturation region. The output voltage can therefore be ex-

After 7,., the transition of a fast ramp input signal is complete@réssed as (4)rs,. for a slow ramp input signal is also deter-
and the input voltage is fixed &f4. The NMOS transistor re- Mined from (4) ) ) ,
mains in the saturation region. Therefore, the discharge current” the aforementioned analysis of a slow ramp input signal,
is the saturated drain-to-source current of the NMOS transistbte effect of the PMOS transistor is neglected. In order to ac-

i.e., aconstanfpsar. The output voltage is obtained based offUrately estimate the propagation delay for a slow ramp input
the condition at = 7, signal, some assumptions are necessary. The high-to-low prop-

agation delay is approximated as
B’delli n n+vr
— — Tr Tr
C 1—wvr)"(t Tn Tr) (5) topy = — to.s — 7), (10)

—RB'V(1 —vr)" for 7, <t < Teat,

Vo(t) =Vaq —

where the ratior, /7s4¢ Characterizes the degree to which the
where 744+ is the time when the NMOS transistor leaves thenput signal deviates from a fast ramp input signal. Betband
saturation region. Tsat Can be obtained from (4). Therefore, the propagation delay
The NMOS transistor operates in the linear region aftgr, for both a fast ramp and a slow ramp input signal is described
the input voltage remains af;; and the output voltage falls analytically in (8) and (10), respectively.
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Ill. EFFECTS OFINTERCONNECTRESISTANCE .
5

The waveform shape of the output voltage of a CMOS inverter Analytic Analytic —
as expressed in (8) is degraded with increasing interconnectre-  +- n:
sistance due to thl%;d — RIpsar termin (8), where the output
voltage decreases due to tRéps term in the saturation region
as compared to a capacitive load [7], [14]. Therefore, the ing
terconnect resistance reduces the time during which a CMGS
inverter remains in the saturation region. This effect is called
resistive shielding [15], where a portion of the load capacitance
is shielded in the saturation region when the load resistance is

3t

uaoltage )

2L

Output voltage (V)

1h 1L

0
comparable to the effective output resistance of a CMOS logic O o e (s 60° O ooe (90s % %0
gate.
The second effect of the interconnect resistance is the de< w, =0.9mw, =1.8um, (b)  Wn=0.9umW,=1.8um,

graded waveform shape of the output voltage. If the intercon- r=100Q, ¢ =0.5pF, andr, =1ns. R=1000, C =0.5pF, andr,. =0. 5ns.
nect resistance is comparable to the effective output resistance
of a CMOS inverteri.e., Vpsar =~ RIpsar, the time constant

T in region IV can be approximated as 5 5 —
nalytic —
SPICE -
_ 3Vpsar (11) ar 4t
2Ipsar

voltage (V)

The time constant increases by almo30% if the load is pri- 2
marily capacitive. Therefore, the signal quality has a deleteriods 27
effect on the following logic stage because the MOS transistofs
of the following stage cannot turn off quickly due to the slow
transition time of the input signal. Extra short-circuit power and .
subthreshold current at the following logic stage occur. There- 0 100 200 300 400 500 600 700 500 % 100200 300 400 500 600
fore, itis important to include short-circuit power in the analysis ¥ mutaton e (1065
of the total transient power consumption when the interconnect

. S - Wy, =9.0 um, W, =18.0 um, n =3. Wy =T. ,
is modeled as a resistive-capacitive load [17]. (1;):1009 c:?gp andry =2.01s g): 20?9 o :Gzl;rg :r[:gr ifgr:s

Output voltage (V)

IV. APPLICATION TO CIRCUIT ANALYSIS

. Fig. 2. Comparison of the output voltage to SPICE for a fast ramp input signal.
Closed form expressions of the output voltage for a fast ramp

input signal, as discussed in subsection II-A, are compared with
SPICE simulations in this section. Analytic expressions of the

high-to-low propagation delay for both a fast ramp and a slayiynal. These expressions avoid the computational complexity
ramp input signal, expressed in (8) and (10), respectively, 3guired by SPICE while providing intuition into the effects of
evaluated for different transistor sizes, input transition timege physical parameters and related circuit sensitivities.

and load conditions.

A. Output Voltage of a CMOS Inverter B. Propagation Delay Comparison with SPICE

The definition of a fast ramp input signal is based on the rela-| 1€ Nigh-to-low propagation delay of 2 CMOS inverter driv-
tionship between the input transition timg and the timer,q;. INg a resistive-capacitive load is shown in Table | under a va-

; : : i riety of transistor sizes, input transition times, and load condi-
There are two terms in the expressionrf. The first term is "€ IZES,
proportional to the load capacitance and decreases as the IoaH.Q%-s' The geometric width of both the NMOS and PMOS tran-

sistance increases. The second term is proportional to the inggi’S IS listed in the first two columns. The load resistance,
transition timer,.. To determine whether a?n irF:put is a fast ramfy2d capacitance, and rise time of the input signal, respectively,
signal, the input transition time, is not the only concern be- re listed in the following three columns. Results of the SPICE

cause the decision also depends upon the load conditions. EJSiations are listed in column six and in the seventh column,
for the same input transition time, different conclusions exist | € Ialgh-tﬁ—l?]w prhopagathn deflay estimated frlom éS)hor (10) 'Sf
under differont load conditions. isted. Whether the input is a fast ramp signal and the error o

For a fast ramp input signal, the output voltage of a Mt e delay model as compared to the SPICE simulations are listed

inverter based on these analytic equations is compared Ifithe final two columns.

ShPIFEjimulg_tipns_. The resuISt)s are shown in Fri]g. 2. In Fig. 2(;5).0 L‘% :thfthoef i:]T)it’t\:ynosistiOt;?ﬁsﬁggggéigzérgg?ogrg nts?_
tsit?or?f%[imceor 't'zonl'sr?s_a}]%%, ’ g _0 gzﬁf th?rl?r?i:té;ig For a variety of load conditions, the error of the high-to-low
Tsat = 1.89 ns, which is greater than., therefore the_ ir_1put protﬁ):rg];sanoNnO?:Iem 'S;ﬁf’csultgfﬁ% sscggéng?reit% gplrgiﬁém'
IS con5|dgred to be a fas; ramp 5|gnal. Fora large resistive ]o = 306 Q Whére the load résistance is gTrLeater ihgn the effec-
the resulting simulation is depicted in Fig. 2(b), while the sinj: e output resistance of the CMOS inverteg( ); the pre-

ulation in which the load is a large capacitance is i"us”ateddr(cted delay based on the analvtic model assuming a slow ram
Fig. 2(c). For a medium resistive and capacitive load, the res e y y 9 P

ing simulation is shown in Fig. 2(d). input signal is still quite accurate.
Note that the output voltage based on the analytic expression
is quite close to the SPICE simulation for each condition. The
relative accuracy of the analytic propagation delay model canThe assumption of a fast ramp input signal, which is widely
be found in Table I. These analytic expressions can therefarsed in the transient analysis of CMOS logic gates, is quantified
be used to approximate the output voltage for a fast ramp inputhis paper. A criterion for characterizing the input signal de-

V. CONCLUSIONS
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TABLE |
HIGH-TO-LOW PROPAGATION DELAY OF

A0.5 pm CMOS INVERTER

Transistor size tpyr (NS)

W, (um) [ W, (um) | R () | C (pF) | 7 (ns) | SPICE] Analytic | Fast Ramp Error (%)
0.9 1.8 100 0.5 0.5 151 1.47 Yes 2.6
0.9 1.8 500 0.5 0.5 1.32 1.27 Yes 3.7
0.9 1.8 1000 | 0.5 05 1.09 1.03 Yes 55
3.6 7.2 100 2.0 0.5 1.35 1.32 Yes 2.2
3.6 7.2 500 2.0 05 0.57 0.54 Yes 53
3.6 7.2 1000| 2.0 0.5 0.17 0.16 No 5.8
9.0 18.0 100 5.0 0.5 1.12 1.08 Yes 3.8
9.0 18.0 200 5.0 0.5 0.57 0.54 Yes 55
9.0 18.0 300 5.0 0.5 0.24 0.23 No 4.2
0.9 1.8 100 0.5 1.0 1.58 1.53 Yes 3.2
0.9 1.8 500 0.5 1.0 1.38 1.33 Yes 3.6
0.9 1.8 1000 | 0.5 1.0 1.16 1.08 Yes 6.9
3.6 7.2 100 2.0 1.0 1.42 1.38 Yes 2.8
3.6 7.2 500 2.0 1.0 0.68 0.64 No 5.8
3.6 7.2 800 2.0 1.0 0.37 0.39 No 5.4
9.0 18.0 100 5.0 1.0 1.17 1.09 Yes 6.8
9.0 18.0 200 5.0 1.0 0.70 0.67 No 43
9.0 18.0 300 5.0 1.0 0.42 0.42 No 0.0
0.9 1.8 100 0.5 2.0 1.72 1.66 Yes 35
0.9 1.8 500 0.5 2.0 1.53 1.45 Yes 5.2
0.9 1.8 1000| 0.5 2.0 1.28 121 Yes 5.8
3.6 7.2 100 2.0 2.0 1.57 1.38 Yes 3.8
3.6 7.2 500 2.0 2.0 0.89 0.90 No 11
3.6 7.2 800 2.0 2.0 0.62 0.64 No 3.2
9.0 18.0 100 5.0 2.0 1.28 121 Yes 5.4
9.0 18.0 200 5.0 2.0 0.90 0.90 No 0.0
9.0 18.0 300 5.0 2.0 0.67 0.68 No 15

Maximum error (%) 6.90
Average error (%) 3.96
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pressions characterizing the output voltage of a CMOS inverter
driving a resistive-capacitive load under the condition of a fas
ramp input signal are also presented.

Based on an analysis of the output voltage of a CMOS i
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pp. 285-289, September 1968.

The propagation de|ay for both a fast ramp and slow ramp i2] L. Bisdounis, S. Nikolaidis, and O. Koufopavou, “Propagation Delay and Short-Circuit

Power Dissipation Modeling of the CMOS Invertelf?EE Transactions on Circuits and

pUt Slgnal has also been presented' _The error (_)f the propagatlon Systems |: Fundamental Theory and Applicatiovisl. 45, No. 3, pp. 259-270, March
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