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i Motivation
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= The stage delay in a VLSI circuit consists of the gate
propagation delay and wire propagation delay.

= This paper focuses on the problem of calculating the
gate propagation delay.

= For highest accuracy, we most carefully consider the

effect of the resistive shielding and the capacitive
coupling.
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i Motivation (Cont'd)
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= Because of the complexity of the problem, the
simplest way is to ignore:
= coupling capacitance between interconnects, and
= resistive shielding of the interconnects

= We only consider the capacitive loading on cell/gate
propagation delay.
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Gate Propagation Delay for Capacitive

Loa

ds

= Inthe

of:
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the gate propagation delay is a function %

case of a purely capacitive load,
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= output load.
= In commercial ASIC cell libraries, it is
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denotes the percentage of the output L
transition.

= t,is the output delay with respect to the

1(s)

« f,is the corresponding delay function.
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Gate Propagation Delay Algorithm: Capacitive
Load

Draw_Output_Waveform (J, 7,, C)

1. For a=10%, 50%, and 90% do
t,=Calc_belay (4, T,, C, Table(7, C, a))
2. Draw the output waveform according to above data.

Calc_Delay (g, 7,, C, Table(7,,C,a))

1. From Table(7,, G, a) according to 7,,and C,, find the 50%
input to a% output propagation delay, add dto this value,

and call it £,
2. Return ¢,
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Resistance Shielding and Effective Capacitance
Approach

= In VDSM technologies, we cannot neglect the effect of
interconnect resistances of the load.

¢ T

= Using the sum of all load capacitances as the capacitive load
provides an overly pessimistic approximation.

oy

T

Sum of all capacitive load
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Resistance Shielding

= A more accurate approximation for an nt order load seen by the
gate/cell (i.e., a load with n distributed capacitances to ground) is
to use a second order RC-1t model.

A S——

T T RC-mtload for effective capacitance algorithms

= For efficient and accurate gate delay calculation, we then convert
the second order RC-t model into an effective capacitance value
and use that value as the output load of the gate.

To T X R, i/_ \
—| Gae/Call —T—MA—] :> — Gate /Cell |—
T T™ T

Ce‘ff =Cl+kO2 where O<k<1l

cz{f
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Crosstalk Capacitance

As technology scales, the effect of coupling capacitances becomes
more noticeable.

Given a complex load with two types of capacitive couplings (load-
to-load and input-to-load couplinc?s%, one can use moment matching
techniques to model the load and the parasitic elements as an RC
network (see below).

Notice that the gate propagation delay calculation becomes
chglllenging, potentially requiring large multi-dimensional lookup
tables.

1
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A New Effective Capacitance Calculation
Algorithm

Consider a unit step voltage source that drives an RC circuit.
The current flowing into the RC circuit in Laplace domain is
calculated as: C

1(s) =V(s)Y(s) =

SRC +1
i R i(1)
/R
I C (*{l[/
T L e i 1
a) RC element b) Current waveform c) Effective capacitiance

By calculating the total charge induced into the capacitance up
to time T and equating with the total charge induced into the
corresponding effective capacitance, we can write:

Cet =C(1- e(_%C))
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Effective Capacitance Calculation (Cont'd)

= Similarly, the effective capacitance for an RC-t model load can

be written as:
Ceff = Cl + (1 _e(_ktout/RnCZ))Cz

= kis a dimensionless constant
« £, is the gate output transition time.

= As in Macys’ work, we define:

_C _ty _Cat
”‘%cﬁcz) B=%Rc, V= %(_‘1+C2)

= Based on Macy’s output-transition-time and gate-configuration
independent table that relates these three parameters, we can
rewrite the effective capacitance equation as:
Cest
G +C

=y=a +(1—e‘k'3)(1 -a)
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Effective Capacitance Calculation (Cont'd)

= If we replace the output transition time (¢,,,) by 50%
propagation delay we can rewrite the equation as:

C \
il =y=a+(1—e’kfﬂ )(1 -a)
C+C
= where £ is the ratio between the 50% propagation delay
and the R C, product.

= k. is a fixed value which can be obtained from a lookup table
(compiled from circuit simulation results), and which is
constant for the calculated a and B'.
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Effective Capacitance Calculation (Cont'd)

= This plot shows k; values for 50% propagation delays

for different a and B’ values in a 0.lum CMOS
technology.
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Advantage of The Proposed Equation to Macys’
Equation

= An analytical expression for effective capacitance

= Our approach results in a more stable effective
capacitance estimation.
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Advantage (Cont'd)

= This coefficient is always less than 1. Therefore our
output transition time equation is less sensitive to
parameter error

coeff
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Gate Propagation Delay Algorithm: RC
Load

Draw_for_RCrr Load (7,, Load Parameters)
1. For a=10, 50, and 90 do
Find_Transition_Point (7, C, R,, C,, Table (50%-a%),Table(k,))
2. Draw output waveform according to the results

Find_Transition_Point (7,,,C, C, R, Table(50%-a%), Table(k,))
1. Guess an initial value for C_.
2. Compute a value (Macys’ notation) from the load values
3. Obtain ¢, from Table(50%-a %) based on values of Cand 7,
4. Compute S'from ¢, and load elements
5. Find &, from 7able(k,) according to a and 5’
6. Calculate C
7. Find the new value of £, for the obtained C,,from 7able(50%-a %)
8. Compare the new £, with the old ¢,
9. If not within acceptable tolerance, then return to step 4 until £, converges
10. Return ¢,

Soroush Abbaspour ASP-DAC 2004 Massoud Pedram




Proof of Convergence

= Theorem 1: The iterative algorithm, always converges
independently of the initial guess. Furthermore, its solution is
unique.

= Proof: Because
M(e—ktﬁ“jcz ) Mgd&(e—&ﬁ')cz
dCeff dCo  dCqf

=k " dca (e‘kt,g'j D‘ktﬁ(e_k"g'j

< <1 forO (k 0
oCot (kB>

= Therefore,

L d ' L
) :M(e ")y
dCeff dCeff
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Experimental Results

Table 1: Simulation results for output waveform evaluation algorithm for RCrload (proposed in Section 2) for 0.1jum technologies (3 iterations).

. 10% propagation delay (from 50% of 50% propagation delay (from 50% of | 90% propagation delay (from 50% of
e o piugu% to10% of o(urpul) pinE)ugt t0.50% of olurput) piuI;))u; 10 90% of o(urpm)
To | WHR) . Our Approach | Hapice " Our Approach oo o, | Our Approach |  Hspice y
) WPL(?-J GF) | RO | GE 9 9 Error% 9 Hspice (pS) | Error% o) ) Emor%a
400 500 | 100 | 900 169 165 24 71l 703 L1 1705 1696 035
200 1500 | 200 | 400 147 144 21 640 635 08 1515 1491 1.6
100 250 80 1000 190 186 21 1186 1168 15 2060 2890 24
100 1000 | 500 | 1250 90 87 34 486 416 21 1825 1802 13
600 350 ] 150 | 1000 199 193 31 845 834 13 2005 2080 07
300 1000 | 450 | 1650 102 105 238 401 302 23 1650 1647 01
50 1500 | 650 | 2050 85 84 12 461 456 11 2047 2037 04
250 450 | 350 | 630 26 419 17 2586 )] 03 6420 6348 11
150 §50 | 1000 | 1500 86 82 49 4 336 39 1642 1621 13
550 1300 | 400 | 1900 185 181 22 71 07 20 2560 2405 26
350 1600 | 500 | 1500 203 203 09 1012 1000 12 345 3097 15
450 500 ] 100 | 600 149 142 49 515 503 24 1190 1149 37
Avg. 16 L7 14
#*A11 inputs are rising.
Soroush Abbaspour ASP-DAC 2004 Massoud Pedram

10



i Outline

Motivation
Background

Effective Capacitance Calculation
= RC Loads

= Coupled Capacitive Loads

= Coupled RC Loads

Conclusions

Soroush Abbaspour ASP-DAC 2004 Massoud Pedram

Problem Statement

inb)
i

= Two CMOS drivers, a and b, are given where their
corresponding input transition times are ¢,(a)and £,(b)

= J,and g, denote the 50% transition points of the input waveforms
of driver a and b.

= There is a 6=4,-J, delay between their input waveforms

= Furthermore, the output waveform of drivers a and b are t,(a)
and t,(b), respectively.

= The objective is to find the output waveforms of the two
drivers.
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Problem Statement (Cont'd)

= In fact, we must solve a nonlinear equation:

S(Tin.Cy..Ce. Tout) =0

where
7 2| tin@ T | tout(a) c :[ca} ce =[]
N~ tin(p) Ut = tout(h) L= cp c

which is a daunting task. So we must look for a different
approach.
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Miller Capacitance Based Solution

’m&[ M@ I

e e

= C. = &T Ttaw
y = =
liul[ Mt(bb b linz[ ﬂ‘w(w I,
. . 1

= Equating the current sources in grounded capacitance and the
coupling capacitance, we end up:

AV

Cora=CatG-y ) wiwe Ap G
th,a
AV,

Car o =G +Goll=y =) where AV, =V5 -V
th,

where Vy, , identifies the transition point of interest, say Vy, ,=0.5Vy4
and AV, is the output voltage transition of driver b from when the
output waveform of driver a transits from 0 to its transition point.
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Gate Propagation Delay Algorithm:
Coupled Capacitive Load

Find_Waveforms_Capacitive_Cross_Coupled(da), o(b),t,(a), t.(b), C, G, C)

1. Guess an initial value for output capacitive load as C,(a)and C,(b)

2. t,.~Draw_Output_Waveform(da),¢,(a),C,(a))

3. t,,.,=Draw_Output_Waveform(J(b),tin(b),C,(b))

4. Repeat until the output waveform converges

For (Vi o Vi, 1) ={(50%,50%),(50%,90%),
(90%,50%), (50%,10%), (10%,50%)} do
Find_OUtpUt(tout,artout,blvth,athh,brcL(a)r CL(b)rCc)

Find_oUtPUt(tout,altout,bthh,al Vth,bl CL(a)I CL(b)l Cc)

AV,
Vih,b

AV
1. Cia - Cua +Cc(1‘ﬁ) and C.y « Cigp +Cell- )
a

2. Update £,,.,and £,,,
3.1f ¢, ,and &,,, tolerance are within acceptable range, then return ¢, ,and &,
4. Find_OUtPUt (tout,altout,blvth,alvth,blCL(a)ICL(b)ICc)
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Proof of Convergence

= Theorem 2: The “Find_Waveforms_Capacitive_Cross_Coupled”
algorithm converges to its unique solution independently of the
initial guess for the value of the effective capacitance to ground.

= Proof: the algorithm can be written as :
Tout = F(Tin,CL +Cerr)
{ o _ LR = Tout = F(Tin,CL +G(Cc. Towr))
Cerr =G(Cc Tow)
= which is equivalent to prove:
0

out

<1l

(F(TinvCL + G(CC’Tout)))

= Wwhere:

1- kgltout(a)

G(Cc  Tow) = CC{

} F(Tin,CL +Cetr) {kfl(ca *Colt-ktoute ))]

1-Kgatou(b) kfz(cb +Ce (1‘kgztout(b)))
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Proof of Convergence (Cont'd)

= Therefore, it can be inferred :

oF, oF,

3 Otout(a)  Otout(h)
F(Tin,CL +G(Ce Tou)))| =

aTout( (|n L ( C out)))‘ an an

Otout(a)  Otout(n)

:| Fo o O O , O |:‘kf1kf2Cc2kglk92‘
|0t0ut(a) Otout)  Olout(h) atout(a)|

= The worst case values confirms above inequality, which
turns out the correctness of the theorem.
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Experimental Results

Table 2: Simulation results for capacitive load considering crosstalk (cf. section 3) for 0.1jm technologies (3 iterations).
Driver A Driver B Load Parameters 50% propagation delay of driver A | 50% propagation delay of driver B
Lol woy | %) Ly . o , O Hepiee ,
. i Coord. | % Coord. | Ca(ff) | Co(ff) | Cc(fF) | Appoach | Hspice (pS) | Emor% Approach Emror%
® W) ey | @ S 09 by | ¥
100 | 10050 | S0R) | 200 150 500 400 500 643 @37 13 463 458 15
100 | 10050 | SOR) [ 200 250 () 500 400 500 570 550 36 473 464 24
100 | 10050 | 50 | 200 150 (F) 500 400 500 21 m 37 185 17 45
200 | 15075 | 1000) | 350 7500 1000 900 1500 03 67 11 23 Ml 49
200 | 15075 | 100(R) | 350 750 1000 900 1500 602 503 12 681 670 L6
350 | 12060 | 175(F) | 150 650 R) 700 800 500 321 303 32 993 075 21
3350 | 120060 | 175R) | 150 650 (R) 700 800 500 415 403 25 40 301 28
400 | 250M25 | 200|)) [ 330 S00(R) | 1100 200 1000 M 325 49 286 m 25
400 | 250125 | 200F) | 350 900 R) 1100 200 1000 336 346 29 1189 1149 35
Avg. 17 19
***F: Falling mout, R: Risine mput
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Problem Statement

= Problem Statement: The problem statement is the same as the
one in for coupled capacitive loads, except that the load is now the
one that is depicted in following figure. We are interested in
determining the output waveforms at the near ends.

_\t_out.f(a)

b _\t_out,f(b)

C = C
L 1

1~
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Gate Propagation Delay Algorithm:

Coupled RC Loads

Find_Output_Waveforms (¢, , ¢, Load Parameters)

1. Model each coupling capacitance as a capacitance to ground

2. (tyun(a),t,uda))=Draw_for_RCr_Load(Z, , Load Parameters)
3. (Louen(b) by (b)) =Draw_for_RCm_Load(;, ,, Load Parameters)
4. Repeat

For (Vy, Vi, 2)={(50%,50%),(50%,90%), (90%,50%),

(50%,10%), (10%,50%)} do
Update_Voltage_Waveforms (Voltage Waveforms,
Vina Vinw LOad Parameters)

5. Until the output waveforms converges

1. Update equivalent Miller capacitance values
2. Draw_for_RCmt_Load (¢, Load Parameters)
3. Draw_for_RCr_Load (¢, Load Parameters)

4. If voltage waveforms are within acceptable tolerance, then return values
5. Update_Voltage_Waveforms (Voltage Waveforms, V,, ,, V;,, Load
Parameters)

Update_Voltage_Waveforms (Voltage Waveforms, V,, ., V;,, Load Parameters)
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Experimental Results

Table 3: Simulation results for general load cansidering crosstalk (cf. Section 4) for 0.1um technologies (3 iterations).
_— 50% propagation 50% propagation
Driver A Driver B Load Parameters el of dfver & el of dever B

) 0% ) 0% Our Qur
L 'f“:.-*’f)“‘ Cor, | B W Coor [ O | By | Co | G | By | G| €| O | Gy | Co | Ao H*p;“ B | gy | o) B
) | Wl i) ) | Wl ) ) e |0 #) w5 |t
100 | 10050 | S0 [ 200 ] 15075 [ 150) {300 [ 100 | so0 [ w0 [ 300 [0 [0 w00 |50 | en [ 60 |70 00] 00|56
100 | 10050 [ 5oy [ 200 [ 15075 [ 250) {00 [ 200 {400 ['500 [ 400 ['so0 [ 450 [eso [ o0 [350 [ o5 [ o5 Ja2[am | 4 |63
200 [ 1505 | 100F) | 330 | 250125 | TS0 | 500 | 300 | 400 | 600 | 200 [ 900 [ 350 [ 250 [ 300 [ 100 | 7 | 68 | 42 | 465 | 46 |4l
330 [ 10080 | 175 | 150 | sod0 | eso) | 600 | 300 [ 500 | 400 | 200 [ 500 | 450 [ 300 [ 350 |40 | B3| 51 |45 [ M0 ] 190 |29
400 [ 250125 | 200@) [ 350 | 12060 | sooR) [ 700 [ 350 [ o00 [ 500 [ 300 [ 600 [ 350 [ 0] 40 [0 33| 49 [43 ]| 45 |54
200 [ 1505 | doo) | 330 ) 250125 | 750 | 800 | 300 [ 950 | 450 | 350 [ 900 | 250 [ 450 [ 350 [ 300 | 3 | 4@ |45 [ 407 | W1 |40
400 [ 250125 | 200 | 350 | 12060 | ooom) | 250 | 150 [ 650 | 350 | 125 [ om0 [ a0 [ 30 [ 15 [ s | a2 | ool 2[5 ] 196 | 38
Avg. 51 16
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i Conclusion

= Gate delays can vary widely as a function of input
slews, driver sizes, input transition time skews, and
output loads.

= We presented three efficient iterative algorithms with
provable convergence property for calculating the
effective capacitance.

= The error for calculating the gate propagation delay
is quite small 1-6% depending on the complexity of
the load and coupling configuration.
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