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ABSTRACT: Interconnect parameters play an important role in signal propagation in VLSI
systems. In the paper we present the sensitivity analysis to parameters of typical on-chip
interconnects for ramp response. In the paper we show also the sensitivity to parameters for the
threshold crossing time. We compute the output response of the interconnect and the threshold
crossing time formulas based on the multiple scales method.

INTRODUCTION

The term sensitivity characterizes the influence of changing parameter value on system
functionality. Sensitivity analysis permits to estimate, which of system parameters affect more and
which one of them less on it. From the designer of VLSI circuits point of view this permits for
identification of the number of variables, which have critical influence on operation of the circuit. For
sensitivity analysis calculations numerical methods can be used. Changing value of various variables
in the circuit one determines importance and influence of each variable of the circuit [1]. The
problem of sensitivity analysis of single or coupled interconnects has been considered in paper [2].
The authors have proposed effective method of optimization permitting for selection of the trace
width in a way, which minimize the delay of the signal. The method is based on calculation of
sensitivity of interconnect delay using the method of moments. In [3] authors use the sensitivity of
the system for optimization of parameters. Sensitivity analysis is carry out in frequency domain. One
of the basic works concerning sensitivity analysis is [4]. The authors introduce equations describing
sensitivity from transmission line equations and build up the model for sensitivity simulation in time
domain.

Faster circuits, higher frequencies, smaller die sizes in VLSI modern technology causes new
problems in system designs. During that process there is a need to appropriate model assumption to
ensure that the simulation of the system will give good accuracy. Both the gates and interconnect
must be considered during system modelling. Due to the resistance of the modern interconnects are
smaller than the lossless line impedance Z; (1) there is no longer possible to model the interconnect
by RC transmission line, and the RLC transmission line must be considered [5,6]

R
E <1. (1)

Although the high growth of device speeds the on-chip interconnect has not been scaling so

fast. Especially global and clock wires could be 2-8x the minimum dimensions [5]. The higher level



clock interconnects might have total resistance 8.2-21.5€) for 1 mm line length. Most of the
application for simulation use only RC model, and that approach does not give good accuracy [5].
Typical simulation problems consider simulation of the one interconnect or more coupled
interconnects.

In previous our work [7] we derive the method for calculation the step and ramp responses
for clock and global wires assuming RLC transmission model and the global resistance less than
lossless interconnect impedance. That assumption allows treat interconnect as low-loss transmission
line with high inductance influence. For the system of transmission line differential equations with
initial and boundary conditions we could use the perturbation method of multiple scales, using the
&= ZR_:, as perturbation parameter (R, =R-d ).

In our work we present sensitivity analysis based on the previously derived, by the method of
multiple scales, relationships for the voltage at output of interconnect in the system inverter —
interconnect — inverter. Simulations used in our investigation of the interconnect response, both the
output response and threshold crossing time calculation can be highly sensitive to small changes in
the parameter values.

The paper is organized as follows: in the second section there we shortly present the method
of step and ramp response calculation and we show how to obtain the threshold crossing time from
the output response. In the next section we present the sensitivity analysis of the output response
and threshold crossing time for typical on-chips interconnects to interconnect parameters. We
conclude in the last section.

MODEL OF INVERTER-INTERCONNECT-INVERTER SYSTEM

In this section we shortly present the method of computation the step and ramp responses
for clock and global wires assuming RLC transmission model (Fig. 1) and the global resistance less
than lossless interconnect impedance. That assumption allows treat the line as low-loss line with high
inductance influence.
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Fig. 1 The system inverter-interconnect-inverter.
For the system of differential equation (2) with initial and boundary conditions (3,4) we could

. . . R .
use the perturbation method of multiple scales, using the g:Z—tas perturbation parameter
0

(Ry=R-d).
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where

R, L, C — line parameters, C, — input inverter capacitance, R; — output inverter resistance,
i(x,t), v(x,t) — current and voltage in line, respectively, d — line length, t, x — time and space variable,
respectively.

After scaling system (2) to obtain the perturbation parameter in the system, we can observe,
that resistance of the interconnect influence only for perturbation parameter value. After scaling we
have:
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Output response calculation

vV =—|ty,

(5)

The system (2-4) after scaling (5) can be rewritten as:
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The multiple scales method [6] requires expansion of the solution for differential equations
into a power series of perturbation parameter, which values are relatively small. Additionally, new
space variables are introduced. In our analysis we assume the line resistance in low resistance
interconnects is small compared to the lossless line impedance Z0 (ZO>Rt), the perturbation
parameter is g, and we limit the expansion to two terms and two space variables. For the system of
equations (6) we have

V(Y,7) =V (Yo, Y1.7) + & -V (Yo, ¥1.,7),
i(y,7) =ig(Yo, Y1, 7) + &-1(Yo, Y1, 7),
yO =Y, yl =&-y.



Than we obtain new systems of differential equation, the result of alternation equation
depend on previous equation. The method allows to compute the lossless line output step response
comply the losses parameter €. The way of calculating the step output response for such a system is
presented in [7]. For the first traveling wave we obtain:

Vg (d,t) =Voy(d, t) + £vyq(d, 1) =
Ey |, t-T —+(T) -2(t-T) t-T

A-—eT ~-B,-[1-e T +Cy— |- 1(t-T),

T Bl 2T 8)

for time O<t<3T
where:

A2_8e056‘ C —e ﬂ 82: £_2 e—0.58 ﬁ g
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The simulations show that the approximation gives good results, especially during the rise
time of output signal. When the aim is to calculate the threshold crossing time or to predict the
behavior of the interconnect in that range of time, the accuracy of formula (8) is enough.

The fast circuits generate the rising time of the input signal comparable to the time delay,
therefore in many on-chip interconnects we have to take into account the influence of the input
voltage rise time T.. We model such a problem with the ramp excitation:

v Eor i Eof 1 Vg
v.n(t)—Trtl(o - (t-T,)-2t-T,) 0

We must consider two cases — one for 0<t<T,, and the other for t>T,. Denoting the response
to ramp excitation at the end of the interconnect as ;.. and we have the final output voltage signal

[7]:
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The presented approach allows calculating the approximated ramp excitation response. The
exemplary ramp response is presented on Fig. 2.
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Fig. 2 Ramp response for the interconnect (Rt=25€Q, Lt=5nH, Ct=1pF, C0=0.1pF, Rw=25Q, Tr=30ps)
the output response calculated with (10) - b, compared with PSPICE simulation - a.

Threshold crossing time calculation

The computation of threshold crossing time is a challenge many authors try to deal with, e.g.
[6]. For the ramp response (10) we can calculate the threshold crossing time, during the ramp times
(t<Tr) solving (11) with respect to t:

~ _ R 2
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= 11
7 (31, )
where p is the threshold value (0+1).
Equation (11) can be reduced to the form
~ —af Cor _
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and then as:
z
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where

a,,and K, are constants, and z is the time function.

We can calculate the threshold crossing time using the iteration method of solving nonlinear

equation x=f(x), as:

z("+D) :W(ar2 - Krz(“)) )



Then the threshold crossing time will take the form:
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where z{(™ comes from (14), and for 72 we take 0, what gives Z(l) =W(ar2), where W(x)

is Lambert W function.

SENSITIVITY ANALYSIS

In our work we present sensitivity analysis based on the above derived, by the method of
multiple scales, relationships for the voltage at output of interconnect in the system inverter —
interconnect — inverter. Simulations used in investigation of the interconnect response, both the
output response and threshold crossing time calculation can be highly sensitive to small changes in
the parameter values. Due to generation by the presented approach the closed form formulas for
output response (10), we could calculate the sensitivity of the output response with the formula:

gi_ AV (
;===
vV 04 16a)
and for the threshold crossing time:
p_ A% (
v, oA 16b)

where A is a parameter with respect to which sensitivity is calculated.

In order to compare the results obtained analytically by means of the formulas (16) with
sensitivity obtained in PSPICE we introduce the following formula using the small perturbation of
parameter AL:

s _ (V(t, A) —V(t, A+ AL))- A + hot =
! v(t,A)-AA B
v(t,A)—v(t,1-1.01)
= 100 = Sv);PICE 17)
v(t, A)
where “hot” — means higher order terms, which has been neglected in further

considerations. The small perturbation of parameter A\ is chosen for simulation as equal to 1% of A.
Simulation conducted for each of parameters confirm, that for all calculations (except for L and C,
which change affect the time delay what will be analyzed later) value 1% is appropriate to obtain the
proper results for sensitivity calculations. Symbol v is the voltage at the end of interconnect and is
denoted as v, for step response and v, for ramp response. In the paper sensitivity of the voltage with
respect to set of parameters determining general features of circuit, such as perturbation parameter
€ responsible for losses, parameters a, B depending on supply and load parameters of circuit and
parameters RLC of the transmission line model will be presented. Applying definition formula (16)
and calculating relevant derivatives (with respect to relevant parameters) one can obtain formula in
time domain for sensitivity, which may be used to calculate sensitivity in fixed time point as a
function of various parameters or for fixed parameters as a function of time.



Sensitivity analysis of the step response with respect to losses and input/output
parameters

First of all we calculate sensitivity of the step response with respect to perturbation
parameter € and next we investigate influence of it on results obtained by the multiple scale method.
The change of this parameter, with the other parameters unchanged, denotes the change of
resistance of interconnect R on the same percentage value. Sensitivity of the step response with
respect to g is:
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v, 0 (BT,

AR B+ L2
dla t<T/T
~ ~ ~ . 2
si =2 0 & {Klfe-“‘TﬁCZ.T,t ~(K, T, - K, -T,e™ SCele g oag)

da t>T/T

where t = (t—T)/T . Finally, after calculation we obtain:
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The sensitivity to parameter € is the same as sensitivity to the line resistance R. In Fig. 3 we
can see COMParison of results obtained by formula (19) and during PSpice simulation (using formula
(17)).
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Fig. 3 Comparison of sensitivity of ramp response with respect to R calculated by formula (17) and
(16), for exemplary parameters of highly inductive interconnects (R=25€, L;=5nH, C=1pF, C,=0.1pF and
R.=25Q, < €=0.354, a=10, 8=0.354), a — sensitivity calculated in PSPICE, b — sensitivity calculated by means of
(19).

Using relationship (19) we can show dependence of sensitivity with respect to parameter R
for selected sets of parameters (Fig. 4).
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Fig. 4 Sensitivity of step response with respect to g, as a function of time, for exemplary parameters of
highly inductive interconnects (R=25Q, L;=5nH, C;=1pF, C,=0.5pF and R,=25Q, < £=0.354, a=2, 6=0.354) and
for various values of parameter ¢, equivalent to various values of resistance of interconnect. a — for £=0.177

=>R=12.5Q), b — for £=0.354 R=25Q), c — for £=0.631 => R=37.5Q), d — for £€=0.708 => R=50Q2.

For early times sensitivity with respect to € increase and for times close to 3T however
decrease. In principle on sensitivity values have influence all parameters of the interconnect. The
greatest sensitivities are caused by large values of R (Fig. 4), load capacitance (small o) and small

values of input resistance. For considered sets of parameters the worst case value of the sensitivity
0.8 was obtained fore=1,a=1, 3 =0.1.

The next parameter with respect to which we investigate sensitivity of the ramp response is
o, containing input capacitance of the load inverter. The change of this parameter, with remaining
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parameters kept constant, denotes relevant change of inverter capacitance Cy. The dependency is a
= C/Cy. We have:

dv, _0v, 0a v, 0f  Ov 0c vy O (
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derivative of the ramp response has form:
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Similarly to the case of perturbation parameter &, we can calculate ramp response sensitivity
with respect to a parameter from the formula:
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where A, B,, C;, are derivatives of A,, B, and C, with respect to a.

Comparison of results from PSpice and from (22) confirms usefulness of the applied method
of sensitivity calculation and the errors for the case of sensitivity to « are less than for the case of

sensitivity to &
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Fig. 5 Comparison of sensitivity of ramp response with respect to ¢, as a function of time, from PSpice
and from (22), for exemplary parameters of highly inductive interconnects (R=25%, L;=5nH, C=1pF, C,=1pF and
R.=25Q), <> €=0.354, a=10, 6=0.354), a — sensitivity calculated in PSpice, b — sensitivity calculated from (22).
Dependency of sensitivity to parameter a with respect to influence other parameters is
shown in (Fig. 6). Similarly as previously the plots are presented against normalized time t.
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Fig. 6 Comparison of sensitivity of ramp response with respect to ¢, as a function of time, for

exemplary parameters of hi inductive interconnects (R:= , Li=5nH, C;=1pF, C,=0. and R,= X
plary p f highly inductive i (R=25Q, L;=5nH, C;=1pF, C,=0.5pF and R,=25Q2

& £=0.354, a=2, 8=0.354) for various values of parameter «, equivalent to load capacitance changes of

interconnect.

a — sensitivity for parameter a =1 => Cy=1pF, b - for a =2 => Cy=0.5pF, ¢ — for a =4 => C,=0.25pF, d
—for a =10 => Cy=0.1pF.

Sensitivity to parameter o, in very small degree depends on changes of source resistance
however strongly depends on changes of load capacitance. Sensitivity value at the moment of signal

appearance

at the output of interconnect is always the same and equal to one, however at the end

of first wave duration is resoluteness lower (close to zero) for interconnects loaded by very small

capacitances. Dependence from interconnect resistance changes (Fig. 6) is resoluteness lower than

in the case

of changes of the load, yet one can see tendency, that increase of resistance of

interconnect (gis growing) entail increase of sensitivity.
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Now we consider the sensitivity of the ramp response to parameter S connected with the
sending inverter. This parameter is proportional to the output resistance of sending inverter and can
be calculated from the formula:

Céﬂ Ing e [ ' —at '
- (ZtZ—Bzﬂt+(Klﬂt—K2ﬂ)e t+K2ﬂ]

Eo
T, (B+1) i

(CZZFZ —B, T +(K,T-K,)e ™ + sz

(B+1)

dla t<T /T
C,,T? 23)
5 E | Kife T, +Cy, T —(Ky,T, —K[ TeM e -2 _g; T
S/=£==0 2 +
VT, (8+1)
~ N ~ 2
K, e T, +C,T.T —(K,T, - KT,e™ e — CZZT _B,T,
) (B+1f
da t>T /T

Where B;; and B;; are derivatives of B and C with respect to . The derivative of A with

respect to B is zero.

Additionally basing on formula (23) we can derive sensitivity of the ramp response to R,
directly and it appears that:

shw = sk,
24)
Hereunder it is shown the plot, which shows exemplary waveform of the ramp response
sensitivity calculated from formula (23) for typical interconnect parameters of highly inductive
interconnects. For comparison we present also the waveform from the PSPICE program. One can
notice, that sensitivity of the ramp response obtained on the basis of the multiple scale method,
which is approximate method, differ from the results obtained from PSPICE simulation (17).
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Fig. 7 Comparison of sensitivity of ramp response with respect to 3, as a function of time, obtained
from formula (24) and from PSPICE, for exemplary parameters of highly inductive (R,=25Q, L;=5nH, C;=1pF,
Co=1pF and R,=25Q, < £=0.354, a=10, 8=0.354), a — sensitivity calculated in PSPICE, b — sensitivity from

formula (24).
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Fig. 8 Sensitivity of ramp response with respect to 3, as a function of time, for exemplary parameters of
highly inductive interconnects (R.=25Q, Li=5nH, C;=1pF, C,=0.5pF and R,,=25Q, < £=0.354, a=2, 8=0.354) for
various values of parameter €, equivalent to changes of interconnects resistance. a — for €=0.177 => R=12.5Q),
b — for €=0.354 R=25Q), c — for €=0.631 => R=37.5Q2, d —for £=0.708 => R=50Q).

Sensitivity to parameter 8 or equivalently to source resistance R, as a function of time, reach
the maximal value for the time of the signal arriving to the end of interconnect depending on value
of R, (8) (Fig. 8) and reach the absolute maximal value 0.41 for R,=50Q2 (in considered range of
parameters).

Sensitivity analysis of the ramp response with respect to C and L parameters

The problem of sensitivity to changes of RLC parameters value connects with the exactness
of extraction method of interconnects parameter. Analytical formulas for calculating per unit of
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length parameters RLC of interconnect are still improved. The less the system is sensitive to small
changes of parameters, the greater can be inaccuracy in performance of traces, but also in RLC
parameter calculation. It is easy to show, that S} =S therefore we concentrate only on sensitivity

to C and L now. Sensitivity of ramp response to changes of per unit length capacitance C of
interconnect using the definition of sensitivity, takes the form:

sc_C v (
Ve -
Ve oC 25)

Using directly definition, it is necessary to remember, that normalized time is function of C
also. It results from this, that calculation have to be done in the not normalized time domain as
follow:

ft+1 C
(ﬂ |:_V3r —{Ru?r,[?-l_er:} Vrr 50 =
26)
1 t+1
_ce o _—[cF 5\ __TE- -
=58 +-(s% +5%) £
Taking into account that:
~ (t-T t t ~
oDttt =t =f(LC) (
T T JL-C 27)
We have:
dv, _ovda  9v.0f 0v,0c  Ovedf (
dC  da aC agac  de ac a8t ac 28)

and after simple but tedious calculations we arrive to formula:
560 = 2t -
TV () eC
_ _ A
_C 0| B [, t=ViC e o [ e |, o tvEC
v.t)oc| p+1| % JLC ?

On the following plots it is presented the dependence of sensitivity of the ramp response to
the per unit length capacitance C. The plot on Fig 15 (Fig 15) presents comparison sensitivity
obtained in PSPICE program and from formula (29). The sensitivity in the beginning phase of time-
duration of signal is very large and when £ —* T reaches the infinite value. In the case of using PSPICE
simulations and formula (16) the error for time close to T is very large, therefore we take constant
sensitivity equal to 1/A for the time range from Tto T = ,/LC(1 + 44) .
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Fig. 9 Sensitivity of ramp response to per unit length capacitance of interconnect, for exemplary
parameters of highly inductive interconnects (R.=25Q, L;=5nH, C;=1pF, C,=0.5pF and R,=25Q2, < £=0.354, a=2,
6=0.354) for various values of interconnect capacitance C. a — for C=1pF, b — for C=0.5pF, c — for C=0.2pF, d —
for C=0.1pF.

Inductance of interconnect understood as an inductance per unit length of transmission line
modeling interconnect is for top level interconnects very important factor, neglecting of which can
cause large errors in simulation. Inductance significantly affects on signal integrity, hence influence of

inductance on sensitivity of ramp response is very important element of top level layers of

interconnects analysis. Sensitivity of ramp response to inductance, according to definition, can be
written in the following form:

gt =L% (
Y v, oL 30)

Similarly as previously it is yet possible to exploit previously derived relationships on
sensitivity to parameters ¢, 6, €, for normalized time as:

dv, _0v,0a_ 09v,08 0v 0c  0vedi (
dL _ da 8L 8B AL ' 9z L ' 8t aL 31)

For not normalized time we obtain:

1 vie ot (
SL()=—=(SP () +5: (1)) -2 ——
0= =5(50 +55,0) Ve 24/IC 32)

ro. . . . . =
where ¥,.; is a derivative of ¥, to normalized time £.

Sensitivity calculated analytically (32) and in PSPICE program are in good agreement. To
calculate sensitivity in PSPICE program we use formula (17), therefore at the moment t=T we will


http://www.dict.pl/dict?word=exemplary&lang=PL

designate it value 1/AA. However in fact at t=T it takes infinite value (Fig. 9). This improper value of
sensitivity is designated in the time range 4/LC < t < ,/LC(1 + d4).

On the following plots we present sensitivity of ramp response to interconnect inductance
for various parameters of inverter-interconnect-inverter system as: R, L, C, Ry, Co.
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Fig. 10 Sensitivity of ramp response to per unit length inductance of interconnect, for exemplary
parameters of highly inductive (R=25%Q, L=5nH, C;=1pF, C,=0.5pF and R,=25L2, <> £=0.354, a=2, 6=0.354) for
various values of interconnect capacitance C. a — for C=1pF, b — for C=0.5pF, ¢ — for C=0.2pF, d — for C=0.1pF.

Analysis of ramp response, for which exemplary plots has been presented above, permits to
formulate the conclusion, that sensitivity of ramp response to interconnect inductance for early
times is very large, yet after time 2T (from the beginning of the time axis) is, in considered here range
of parameters, less that one. Very large values of sensitivity for times close to T are result of
dependence of T on inductance L (for t=T sensitivity achieves value infinity). As time is going down,
time delay caused by change of inductance has no such meaning. In this connection it seems very
important, form the point of view of threshold crossing time calculation, correct calculation of
interconnect inductance.

Sensitivity of threshold crossing time of ramp response

Sensitivity of crossing time over voltage threshold to interconnect parameters is equivalent
to relative change of the threshold crossing time to a change of parameter. In this section we present
the sensitivity analysis of threshold crossing time to per unit length interconnect parameters R L C
and to parameters connected with load and supply also. Time of crossing over voltage threshold,
what was shown above, can be determined on the basis of step or/and ramp responses for majority
of cases of low loss and highly inductive interconnects in the time range T,<t<3T. In this connection
the threshold value we calculate from formula. Sensitivity of threshold crossing time to parameter A
can be defined:

4 Ot A (

for g4 tor 33)

In general case, when it is essential to use iterative formula for threshold crossing time (15),
calculation of sensitivity from formula directly is impossible. Thus it is necessary to create the


http://www.dict.pl/dict?word=exemplary&lang=PL

method, which enable sensitivity calculation on the basis of threshold crossing time relationship. The
proposed method consist in differentiation of the both sides of equation:

_ _ 1, (
p(B+1)t, =K1e T + Cot,1— e (K, T, — Ky1,8%77) — 3 €12 — Bo1,
34)
and next calculation of sensitivity. Detailed formulas and derivations will be shown in the
next sections.

Sensitivity to interconnect model parameters
We start our calculation of sensitivity with respect to following parameters: perturbation

parameter €, load parameter a, supply parameter § and T,. Calculations of sensitivity to € require
differentiation of (34) with respect to € taking into account, that fp?. = '[tp,,—{ﬁ}hfﬁ depends

on €. After differentiation (34) we obtain:

e e

Ky . i Ot _ L e 7} - ac, . dt,,
0=—"tne e, + K1 e Ty + Kyt e P (—a) 5o 2t Tripy + Catr—o
. at :  (dK, aK 130,
+ —E‘.'tpri Kﬂ Tﬂ - H ETr ) — _Etpr (_‘ Tﬂ - _1 ECT;-) — =
e 5 (KeTa—KiT,e*r)—e ge 2 e ¢ 278s |
3B, 35)
oz T
Bt or Bt or
Denoting T;,E = % and solving the above equation with respect to :,:-., we have:
et (OKS aK. dKy - aCs - 1a4C, , @B,
I'Ifr_&ﬂ__l ary _ X4 L= =2 il P S i (
o T G T T TG, trT2) ~ 2 Trlor T 3786 T T g
are Hle_ErPrTz + Hlfpre—ﬂfpr(_ﬂ}jl‘z + C:T:,,. + QE_Erpr(Hz Tz - HlTFEETr} 36)

. 4 B BC
where derivative a—‘; , a—:iJ . =

Sensitivity to € will be described by formula:

could be easily obtained.

- . £
Stor= f,m.g (
37)

It is easy to show, that sensitivity of ramp response to € is equivalent to sensitivity to
interconnect resistance R. Finally we have:

1 R

£
R _ g _— = ! = 5= (
S =g thre s = e =S

arooEr 38)

The following plots present relationships of sensitivity of 50% threshold crossing time to
perturbation parameter € (resistivity of interconnect) for exemplary interconnect parameters.
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Fig. 11 Sensitivity of 50% threshold crossing time to perturbation parameter € (37), as a function of
interconnect inductance L, for various values of interconnect resistance. Sensitivity has been drawn for
parameters: a - R=12.5Q, C;=1pF, C,=0.1pF and R,,=25€, b - R=25Q), C;=1pF, C,=0.1pF and R,=25Q2, c - R:=50Q,
C=1pF, C,=0.1pF and R,=25Q.

The above analysis shows, that sensitivity of 50% threshold crossing time to interconnect
resistance depends, in very small degree, on load capacitance and rise time of the input ramp signal.
The largest influence on sensitivity has interconnect inductance and load capacitance. Large values of
interconnect capacitance in connection with small interconnect inductance cause the largest
sensitivity to interconnect resistance. Larger sensitivity have more lossy interconnects, similar
influence we can notice when interconnect is supplied from inverter with larger output resistance.
Sensitivity analysis for interconnect inductance changes, permits to come to the conclusion, that
larger inductance the smaller sensitivity to interconnect losses determined by parameter €.

Sensitivity of crossing time threshold of the ramp signal to parameter B can be executed by
differentiation of (34) with respect to f3:

At . . _ ac, At
o1, =K, a;,’"e aEor Ty + Kyt~ a} atprT, 4+ 55 —2 1,8, + C1, a;,’"
. ot ; [OK;
+ ae” % 2L (K, T, — f('lf.r,.e‘“'-'} — e~ e (—‘ T, — CI)
as ap
39)
138C, , 9B,
298 T @B T
derivative of crossing time over voltage threshold is determined by formula
_ dK, 1€y . @B,
ﬂ:r it 2
o Ptr— ﬂ,ﬁ’ rlor a8 2t35g o T (
prE Hil‘?._ﬂ:éprT: - Hitprﬂ'e_ﬂirpril‘g + C:T;.,."‘ e ﬂ:tp. {H:Tz - H:LT?..EE:T"} 40)

where
By , A;
k, 2(G+3) 1o,
ap ag T adf”

knowing (40) we can express sensitivity to [ as follows:
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R
tp;-— p?ﬂgtp?"

41)

Basing on sensitivity to B we can derive, like previously, sensitivity to source resistance R,,.
After some transformations we arrive to relationship:

she_ Lo Bw B _g (
for ZI} erB tpr' tpr erE For 42)

Obtained relationships permits for obtaining values of sensitivities to output resistance of
sending inverter for concrete interconnect parameters. The results has been compared with results
of simulation in PSPICE program. Exemplary values of parameters are presented on a plot in Fig. 12.
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Fig. 12 Sensitivity of 50% threshold crossing time to parameter Rw (42), as a function of interconnect

inductance L for 3 values of interconnect resistance. Sensitivity has been drawn for parameters: a - R;=25Q,
C=1pF, C4=0.1pF and R,=12.5Q, b - R,=25Q), C;=1pF, C,=0.1pF and R, =25, ¢ - R,=25Q, C;=1pF, C,=0.1pF and
R.,=50Q.

Simulations performed in order to make conclusions on influence interconnects model
parameters, in particular interconnect inductance, on sensitivity crossing time over given voltage
threshold, confirm, that the larger interconnect inductance and smaller resistance the smaller
sensitivity to output resistance of sending inverter. One can also to notice, that rise time of ramp
signal and interconnect capacitance have not large influence, if parameters fulfill conditions of
lowloss interconnect. On the plot we have shown exemplary values of sensitivity to output resistance
of sending inverter for selected interconnect parameters, which illustrate range of changes and
tendency of sensitivity to changes of parameter R,,.

Sensitivity crossing time over voltage threshold to load capacitance, will be calculated from
sensitivity to a parameter:

o

topr= fpr'n: t_

ar 43)




s - Cp Lo Zp e
tor C32 i S

o
=

derivative of crossing time over voltage threshold with respect to a. After differentiation of (34) we

have:
0Ky . e, Obpr oz, 2 _aiy s _az,, Otor
ﬂ = E tp,,.e P Tz + Hl aﬂ‘ = A Tz - a_:'i[{j.tp?" = P Tz - Hltpre P ETZ
~ —_ E a : atpr —_ % -
+ Kytyee “ pra + CQTPE +e7" P"tp,,(ffgi'"g — Ky1,e%7r)

.8t
+ e_“rﬂ-"aa—g"(ffg T, — Ky7,2%77)

—ain (OK2 T, dKy —
— g T ETQ‘FK:BQ a7t r— KiTre®r | —

8B,
da T

Derivative fp,n with respect to a is expressed by formula:

i (OHS aT, AaK. 5 aKy .
b o [VAL2 2_ Y oTy _ P it § "
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44)

where Srprcan be determined by differentiation of equation (34) and next solving it for

45)

Sensitivity to load capacitance for considered range of interconnect parameters is the largest
for large values of load capacitance and its maximal value is 0.5. Significant influence on increasing
of sensitivity have also large values of resistance, and small values of capacitance and inductance of
interconnect, and large values of source resistance. In Fig. 13 is shown exemplary results for
sensitivity to load capacitance (receiving inverter input capacitance) calculation for selected

parameters illustrating influence of values of these parameters on sensitivity.

46)
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Fig. 13 Sensitivity of 50% threshold crossing time to load capacitance C, (44), as a function of
interconnect inductance L for 3 values of interconnect resistance. Sensitivity has been drawn for parameters: a
- R=12.5Q, C=1pF, Cy=0.1pF and R,=25Q, b - R=25Q), C;=1pF, C;=0.1pF and R,=25Q, c - R=50Q2, C;=1pF,
Co=0.1pF and R,,=25Q.

Sensitivity of threshold crossing time to the last of parameters determining properties of
input/output, that is sensitivity to rise-time of the ramp signal can be calculate on the basis

derivative of threshold crossing time with respect to variable the rise-time. Differentiation of the
both sides of (34) give us:

=

at,,. : at,, ; . 8T,
+1) =Ky e, + Ky b (—a) == e "oy + Ky e %0 — + Oyt +
p(ﬁ } 1 ﬂr,. 2 1 pr( } ﬂr,, 2 1bgr ﬂr,. 2bkor
. Ot : a7,
+ nxe“‘“ﬂ-'a—pr (K,T, — Ky1,0%7) — e~ %tpr (h’z - — K& —KyT,. 0
T '
47
1 )
- E C:ZT?. - B:
Solving the above equation with respect to derivative, we obtain:
o plf+ 1)+ E'gl[f,,—jfp,,} + By + e %ereatr(4,(7, — fpr:} —B;) (
ArEr C:T?ﬂ+ E_Erpr{Bsz — Hlfp?‘gTZ — QH:LT?.EET":} 48)
and next sought relationship for sensitivity in the form:
T (
ST —
fpr— AT Ty t.l:l?" 49)

Sensitivity to rise-time of input ramp signal (49) in small degree depend on model of inverter-
interconnect-inverter system parameters, particularly to the changes of interconnect resistance R



and output resistance of sending inverter R,. Along with growth of inductance sensitivity value
diminishes, similarly for changes of interconnect capacitance C and load capacitance C, (Fig. 14).
The strongest dependence of sensitivity is for changes of the rise-time, and for changes of the rise-

time equal 70% the time delay T can reach value 0.6, while for 10% for the same interconnect
sensitivity is equal to 0.15.
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Fig. 14 Sensitivity of 50% threshold crossing time to rise-time input ramp signal (49), as a function of
interconnect inductance L for 3 values of sending inverter output resistance. Sensitivity has been drawn for
parameters: a - R,=25C, C;=1pF, C;=0.1pF and R,=12.5Q2, b - R;=25Q), C;=1pF, C;=0.1pF and R,=25Q, c - Ri=25Q,
C=1pF, C,=0.1pF and R,=50Q2.

We can calculate sensitivity of threshold crossing time to interconnect inductance L:

di,, 0i, 00 0,08 0i,0¢ (
dL  da AL 8f aL  dc alL 50)
where:
da _ 0= _ 1R c 86 1R, [C
aL ' aL ZLﬂL’ aL 2L L
Bt oy Btor Bfaor
inturn i, i, lpr can be easily calculated.

fa ' 88" 8=

On the plot is presented comparison of the results obtained by the analytical approach

determining sensitivity of threshold crossing time to interconnect inductance with simulation done in

program PSPICE. The results of analysis of sensitivity for various parameter values permits to say,

that the largest influence on sensitivity value have load capacitance. Since significance of

interconnect inductance on behavior of inverter-interconnect-inverter system sensitivity is the main
problem of this paper.

On the following plot we present sensitivity for various sets of interconnect parameter values
to illustrate the influence of these values on sensitivity.
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Fig. 15 Sensitivity of 50% threshold crossing time to interconnect inductance L, as a function of
interconnect inductance L for 3 values of load capacitance C,. Sensitivity has been drawn for parameters: a -
R=25Q, C;=1pF, Cy=0.1pF and R,=25Q, b - R=25Q), C;=1pF, Cp=0.5pF and R,,=25C, c - R=25Q), C;=1pF, Co=1pF

and R,=25Q.

CONCLUSIONS

Analysis of sensitivity values to various parameters permits for general conclusions
formulation. Sensitivity to the most of parameters decreases as inductance increase and resistance
decrease. The large load capacitance means larger sensitivity to the most parameters too. The
derived relationships as sensitivity functions permits for fast calculation of sensitivities for specific
interconnect parameters, without carry out arduous response simulations and next, basing on them,
using incremental method of analysis to calculate sensitivity. The presented analytical method, which
exactness was confirmed by simulations, has application in analysis of interconnect of higher layers
VLSI circuits, assuming, that losses of interconnect are small and can be treated as a small
perturbation parameter.
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