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Piecewise Linear Model for Transmission Line With
Capacitive Loading and Ramp Input

Jun Chen and Lei He

Abstract—Transmission line effects become increasingly significant for
on-chip high-speed interconnects. Efficient and accurate transmission line
models are required for analysis and synthesis of such interconnects. In
this paper, we first present an efficient model for the far-end response of
a single transmission line considering ramp input and capacitive loading.
Our model divides the time axis into a number of regions according to the
time of flight and the input rising time, and then approximates the far-end
response by piecewise linear (PWL) waveform in each region. We name the
resulting model as the PWL model. Experiments show that the waveform
from the PWL model differs from the SPICE simulation result with the av-
erage voltage difference less than 0.9% Vg4, and the PWL model is at least
1000 X faster than SPICE simulation. We further apply the PWL model to
calculate the delay, rising time, and oscillation amplitude of the coplanar
waveguide structure, and achieve less than 10% average error compared to
SPICE simulation. Combining the PWL model and decoupling technique,
we analyze the far-end response of bus structures and obtain waveform al-
most perfectly matching the SPICE simulation result.

Index Terms—Inductance, interconnect modeling, signal integrity, trans-
mission line, very large scale integration (VLSI) interconnect.

[. INTRODUCTION

Inductance effects in on-chip interconnects becomes increasingly
important with smaller transition time and lower wire resistance (as a
result of copper interconnect), especially in global interconnects such
as clock tree, power/ground network, and parallel buses [1]-[3]. Sig-
nificant inductance causes prominent transmission line effects such as
overshoot and undershoot. To accurately analyze these phenomena,
we need to model the high-speed interconnects by transmission line
models. Because of the high integration level, these models need to be
highly efficient for interconnect modeling and synthesis in very large
scale integration (VLSI) designs.

Existing work on transmission-line modeling can be divided into two
types. The first type is numerical simulation, such as the convolution
simulation [4], [5], state-based approach [6], and waveform relaxation
techniques [7], [8]. Although these methods can provide accurate so-
lutions, generally they are too time consuming for large-scale analysis.
To improve the efficiency, reduced-order modeling techniques, such as
asymptotic waveform evaluation (AWE) [9], [10], Pade approximation
[11], and Krylov subspace methods [12], have been proposed to model
transmission lines with a finite number of poles of the transfer func-
tion. Although these methods can provide solutions more efficient than
SPICE simulation, it is still time-consuming, if not impossible, to apply
them in VLSI interconnect synthesis.
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The second type of transmission line models is closed-form solu-
tions. This type of solution is usually much more efficient than numer-
ical approaches and can be used for iterative VLSI interconnect syn-
thesis. Based on two-pole approximation, [13] proposed a closed-form
solution to the far-end delay and noise of a single transmission line
with loading, but the model is unable to consider the distributed nature
of transmission lines with limited poles and therefore is not accurate.
Based on a series of modified Bessel functions, [14] and [15] provided
an accurate closed-form solution for the far-end response of a single
transmission line, but they only consider step inputs. Based on the re-
flection characteristics of the traveling wave in transmission lines, [16]
proposed a traveling wave analysis (TWA) model for the far-end re-
sponse of a single transmission line, but the model computes the wave-
form based on a three-pole model and an equivalent RC model, which
may lead to significant errors as will be shown in Section II. Based
on the solution from [14], a recent work [17] provided a closed-form
solution to the delay of the ramp response of an open-ended transmis-
sion line by linear approximation, but the model only works when the
far-end rising time is less than twice of the time of flight. In summary,
none of the existing efficient models [13]-[17] consider both ramp
input and loading capacitance with high accuracy.

To meet the demand of a fast and accurate transmission line model
for large-scale on-chip interconnect synthesis, we provide an efficient
model for the far-end response of a transmission line considering both
capacitive loading and ramp inputs. This model divides the time axis
into a series of regions according to the time of flight and input rising
time, and then approximates the responses by piecewise linear (PWL)
waveform. We call this model the PWL model. Experiments show that
the waveform computed by the PWL model matches the SPICE simu-
lation result with an average voltage difference less than 0.9% and the
model is at least 1000 faster than SPICE simulation. We further apply
the PWL model to compute the delay, rising time, and oscillation at the
far end of coplanar waveguide (CPW) structures and achieve less than
10% average error compared to SPICE simulation. Compared to the
existing methods [14] and [16], it reduces errors by 90% on average
with similar or shorter runtime. Then, with the decoupling model pro-
posed in [18], we apply the PWL model to analyze the far-end response
of bus structures. The waveform derived from the PWL model almost
perfectly matches those obtained from SPICE simulations.

The rest of the paper is organized as follows. In Section II, we present
and verify the PWL model. In Section III, we apply the PWL model to
analyze CPW structures and bus structures. We conclude the paper in
Section IV with a discussion of future work.

II. PWL MODEL FOR TRANSMISSION LINE

In this section, we present the PWL model for a single transmission
line. The PWL model includes three steps: 1) transform the transmis-
sion line to anew transmission line without loading capacitance based on
moment matching; 2) construct the step response based on the PWL as-
sumption and the solution to an open-ended transmission line from [14];
and 3) derive the ramp response based on the step response from step 2.

We first briefly review the solution for an open-ended transmission
line presented in [14], and then discuss the PWL model step by step in
Sections II-B-II-D. For a clear explanation, in Table I we summarize
the notations used in this paper. Generally, we use subscript “i”” for
the notations related to the input, subscript “ol” for those related to
the far-end step response, and subscript “02” for those related to the
far-end ramp response.

0278-0070/$20.00 © 2005 IEEE
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TABLE 1
NOTATIONS
R total wire resistance
L total wire inductance
C total wire capacitance

Ra driver resistance
C'r, | loading capacitance

tr; | input rising time
ty flight time of the original transmission line
L’f flight time of the transformed transmission line

tdo delay at far-end

tro rising time at far-end

Vi input waveform

Vo1 | voltage response at far-end with step input
Voo | voltage response at far-end with ramp input

R, R,L,C

Fig. 1. Single open-ended transmission line.

A. Accurate Solution for Open-Ended Transmission Line

The authors of [14] proposed an accurate transient solution for a
single open-ended transmission line with a linear driver as shown in
Fig. 1. The driver is modeled as a voltage source with a driver resis-
tance, and input is assumed to be a step input. Using the inverse Laplace
transformation, [14] first rigorously derived the accurate solution for an
infinite long transmission line, and the transient voltage at the position
x along the transmission line is

Z (—
1@4z¢)=1@d§;j§ae(R”Lﬂmxp-wVLC)

Iy ((7\/1‘2 — (m\/LC)2)
k=co —aLC k/2 < N <

X +ﬁ b1 (;Jrr—i\/_cc) I (0’1/# — (J,\/LC)Z) (D)

(4 1+ r)ZF’H)
where the characteristic impedance of the transmission line
Zy = +/L/C, the reflection coefficient at the near end I' =
(Ra — Zv)/(Ry+ Zv),0 = R/(2L),and I.(k = 0,1,2,...) is the
kth order modified Bessel function.

Based on this solution and the reflection theory, the transient solution
for an open-ended transmission line with a finite length ¢ is derived as
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The solution in (2) is accurate, but it does not consider loading or
input rising time.

R LC

]

Fig. 2.  Circuit model of a single transmission line.

B. Consideration of Capacitive Loading

In this section, we consider the capacitive loading at the far end of the
transmission line. As shown in Fig. 2, we model the driver by a voltage
source and a driver resistor, and the loading by a loading capacitor. The
input can be either step input or ramp input.

Assuming the total resistance, capacitance, and inductance for the
transmission line are R, C, and L, as in Fig. 2, the transfer function
according to [19] is

V. (s)
H(s) =
)= %0
. 1
(1+ sR.Cr)cosh(8) + (1;—; + sCLZU) sinh(9)
1
T+ YT bist ©)
where
= (R+sL)sC
Zy =+/(R+sL)/sC
RC
by = RaCr + - + RiC+CLR
LC R*C*?* RuRC.C R,C+ CLRYRC
by = — + 4 At (BC+CLE) + CLL.
2 24 2 6
4

The time of flight of the transmission lineist; = VLC. Itis difficult to
obtain the time-domain response by directly integrating the function (3)
with the loading capacitance. However, (2) provides an accurate closed-
form solution to a single open-ended transmission line. Therefore, we
propose to transform the original transmission line with C'y, [Fig. 3(a)]
to a new open-ended transmission line without C'z [Fig. 3(b)]. We
match the transfer functions of the two transmission lines. More pre-
cisely, we match the first two moments of the two transfer functions as
shown in Fig. 3. Assuming the C" and L' are the total capacitance and
inductance of the open-ended transmission line after transforming, the
transfer function of the transformed transmission line is

1
H'(s)=
() cosh(6#') + £ sinh(¢")
0
1
14U )
where
§' = (R+sL)sC'
Zy = /(R +sL")/sC"
!
by = % RyC’
L'/Cl RIZCIZ RdRch
[
by = ) + 21 + G . (6)

To obtain C’ and L', we match the first two moments of (3) and (5)
by setting
B, = b,
by = bs. @)
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Fig. 3.

Therefore, we have

C' = bil
Ri+ %
2 (by — 597 — RaRCZ
L'= ( = ) ®)

CI

The time of flight of the transformed transmission line can be seen in
(9), which can be seen at the bottom of the page. By matching the first
two moments, we map the effect of C';, into C" and L'. #/; can be viewed
as the effective time of flight considering the loading capacitance. Nor-
mally, t; > ¢, but when Cr, and in turn C" is sufficiently large, ¢
calculated by (9) may be smaller than ¢ . In this case, ¢ is not phys-
ically meaningful. Because of the large capacitive loading, the circuit
is capacitively dominant. Naturally, when z"f > ty, we can just match
the first moment and obtain

b;:b1
= C' — b—]
Rd+§
= t'fz vVC'L (10)

where L does not change in this special case and because ¢’ > C, t' >
tr holds.

C. PWL Model for Step Response

The open-ended transmission line after transformation can be
solved accurately by (2) originally developed in [14]. However,
without the loading, the resulting waveform has steep risings at
t = (2n — 1)ty (n = 1,2,3,...), which is not true with the loading
capacitance present. Furthermore, it is not efficient to compute the
entire waveform simply by time stepping as in [14]. Therefore, we
develop a PWL model to approximate the waveform.

In the open-ended transmission line after transforming, the signal
initiated at ¢ = 0 from the driver is reflected at ¢ = (2n — 1)t} (n =
1,2,3,...) at the far end. Correspondingly, the far-end response
changes rapidly around these time points, but changes slowly be-
tween these points. Therefore, the time axis can be divided into
a series of regions, (0,%}),(t},3t}), (3t},5t}),... according to
the time of flight. Two straight lines are used to approximate the
response in each region: one line with a steep slope for the first
rising/falling edge around (2n — 1)t}(n = 1,2,3,...), and the
other line with a relative flat slope for the plateau waveform be-
tween ((2n — 1)}, (2n + 1)t})(n = 1,2,3,...). The lines for
the rising/falling edges are determined by the voltages and slopes at
(2n — 1)t} and the lines for the plateau waveforms are determined
by the voltages and slopes at 2nt’.
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R, L, C

Transformation to an open-ended line. (a) Original transmission line with loading. (b) Transformed transmission line without loading.
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Fig. 4. Illustration of the PWL model.
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Fig. 5. Computation of the slope and voltage at ¢';..

Our algorithm works as follows. We first compute the waveform
voltages and slopes at nt’y, (n = 1,2,3,...). Then, we draw straight
lines passing through these points with the calculated slopes. Finally,
we obtain the crossing points of adjacent lines, and approximate the
waveform by connecting these crossing points. Fig. 4 illustrates the
process.

In the following, we explain how to compute the voltages and slopes
at nts(n = 1,2,...) for the PWL model. Without losing generality,
we assume input signal rises from 0 to Va. In Fig. 5, we illustrate the
computation of the slope at #';. At this time point, the voltage rises from
0to Vo1 (& + §), where 6 is a small quantity of time and chosen to be
0.001%¢ in our model. Because of the loading capacitance, the rising
of the voltage is not steep but slower with a finite slope. To determine
the slope, we approximate the time when the voltage reaches the 50%

ty = VL
2C? ! ) 207112 o
= \/(LC+ B R.RCLC+ w o0, - ng _ Rd-lic ) o
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Fig. 6. Computation of the slope and voltage at 2t;.

of the amplitude of the voltage rise by t';, which is the effective time
of flight with the loading. Physically, the signal reaches the far end at
time ¢, which is the real time of flight of the transmission line and the
starting point of the voltage rise. Therefore, we obtain the slope at ¢;
as
V(. +6 ~
PO V() 4 6)
2t —tr)

(1)

581 =
tho—ty

where the voltage V1 (¢ + &) is computed by the formula from [14].
The voltage at £y is approximated by half of the rise as

Voi () +6)

) (12)

v =

To solve the slope and voltage at 2t;, we approximate the waveform
in region (¢, 3t’;) by the response of the transformed open-ended line
directly. As shown in Fig. 6, by the finite difference method we solve
the slope at 2t as

dVo(2t}) _ Vor (2t 4 8) — Vi (2t — )

dt 26 13)

S92 =

and the voltage at 2t’; as

Vor (2t + 6) + Vor (2t — 6)

5 (14)

V2 =

In this case, the approximating line is the tangent line at 2t/;.

The slope at St’f is computed in the similar way as that at ff[. How-
ever, because the rapid voltage change at 3t in the far-end response
comes from the reflected wave which has traveled a round trip along the
line, we approximate the time to reach 50% of the falling by 2(¢; —t)
instead of (t; — t). Therefore, the slope at 3t/ is

Vo1 (3t 4+8) =V, (3t —6 .
(3t + )2 1 (3t —8) B "fol(gtlf +6)— ‘,,01(375}_ -6

2(t) —ty) At —ty)

83 =

15)

and the voltage at 3t} is approximated by

Vor (3t + 6) + Vor (3t — 6)

5 (16)
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Fig. 7. Transmission line structure used in experiments.

The rest of the regions are calculated in the similar fashion. Regions
((2n — 1)t} = 6,(2n — 1)t} + &) are similar to the region (3t} —
6,3t + 6), where the slope and voltage are

Vi, ((Qn — 1+ 5) — ¥, ((2n 1)t — 5)
A(t, —ty)
V ((Qn 1+ 5) — ¥, ((2n 1)t — 5)

V2n—1 = 2

S2p—1 =

an

Regions ((2n — 1)t}, (2n + 1)t;) are similar to the region ('}, 3t;),
where the slope and voltage are

¥ (enr+8) - Ve (o )

= 26
o Vor (@)t + ) —J)—V/'ol (2u)ty - ) .

After obtaining the slopes and voltages for all the regions, the PWL
waveform is readily constructed from all the straight lines determined
by these slopes and voltages.

To verify the PWL model, we compare the far-end responses from
the PWL model with the results of SPICE simulation [14], [16]. The
experiments are carried out on a transmission line with R = 1.92
m$/pm, C' = 0.302 fF/um, and L = 0.155 pH/pm. We obtain these
parameters by assuming that the transmission line has the structure
shown in Fig. 7. The wire dimensions are the same as those in the re-
distribution layer (RDL) in TSMC 0.13-zm technology [20], and R, L,
and C are extracted by FastHenry [21] and FastCap [22]. In SPICE sim-
ulations, the transmission line is modeled by uniform distributed RLC
segments. Each segment is 5 pm long. We experiment with different
wire lengths, driver sizes, and loading capacitances. We show an un-
derdamped waveform in Fig. 8 and an overdamped waveform in Fig. 9,
respectively. From the figures, the PWL model produces the best re-
sults that are very close to SPICE waveforms in both underdamped and
overdamped cases. The waveforms from PWL model deviate slightly
from SPICE simulation results around the knee points because of the
PWL property of the model. The waveforms from [16] deviate from the
SPICE simulation results greatly. This is because the waveform con-
struction in [16] is based on a three-pole model which is not a good
approximation when the transmission line effects are significant. [14]
gives better results than [16], but it still has large errors due to the lack
of considering capacitive loading. To quantitatively compare the wave-
forms, we also compute the average voltage difference compared to
SPICE simulation for the waveforms in Figs. 8 and 9 between t = ¢
and t = 300 ps (the voltage is 0 V before £ = t; and stable at Vq
after ¢ = 300 ps) and show the results in Table II. From the table, the
voltage difference of the PWL model is less than 0.9% Va4, which is
at least 3x smaller than those of [16] and [14].
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Fig. 8. Underdamped far-end waveform of a step input. I = 6000 pm, Ry =
16 Q,Cr = 0.2 pf.

12
1
I
08
o 1
g i/ “i» SPICEand PWL
5 1y
> 1
B —
3 08 [—sPicE |
g / |— —Davis-Meindl|
] i l---TWA |
0.4 . [—PwL
I
|
|
02
0 ‘
0 50 100 150 200 250 300

Time (ps)

Fig. 9. Overdamped far-end waveforms of a step input. I = 3000 pm, Ry =
60 Q,Cp = 0.2 pf.

TABLE II
AVERAGE VOLTAGE DIFFERENCE IN %V 44
Model [[ Fig8 [ Fig.9
Davis-Meindl || 0.025 | 0.013
TWA 0.030 | 0.027
PWL 0.009 | 0.004

D. PWL Model for Ramp Response

Based on the step response, we can further compute the ramp re-
sponse with a finite rising time ¢,;. As shown in Fig. 10, the input
waveform has two knee points at t = ( and ¢t = #,;. Correspond-
ingly, the far-end response waveform has knee points at (2n — 1)ty
and (2n — 1)ty 4+ t.;(n = 1,2,3,...) as shown in Fig. 10. There-
fore, according to the time of flight and input rising time, we divide
the time domain into a series of regions with the boundary points of
(2n—1)ty and (2n— 1)ty +1tr,, (n = 1,2,3,...) (The order of these
time points depends on the detailed values of  y and #,;). Similar to the
step response in Section II-C, we approximate the waveform in each re-
gion with a straight line. Based on this observation, we construct the
PWL waveform for a ramp input as follows. We first find the voltage

— Input

061 — Output

0.4 1

0.2 1

0

Y 1Y LN ™ T T
100 150 200 250 300

50
ettt 3t 3ttt 5t

b |
e

Fig. 10. Regions of ramp response.

and slope at the middle point of each region, and then approximate the
waveform by a straight line passing through the point with the com-
puted slope and voltage. The entire waveform is then approximated by
connecting the crossing points of adjacent lines.

In the following, we explain how to compute the slopes and voltages
for the ramp response. From the linear circuit theory [17], the ramp
response can be computed from the step response by the following

formula
o0 A —
Vio(t) = / V., (t)w.ﬁ
S
= — Vo (t) dt (19)
tri t—t

—tr;

where V,; is the step response. Because we have already obtained the
PWL waveform of the step response V,,; in Section II-C, we can com-
pute the slope and voltage efficiently without resorting to the Bessel
function-based formula (2). Taking the derivative of (19) on both sides,
we obtain the slope of the ramp response at time ¢ as

AV, (t) _ Vo1 (1) — Vor (t — 7))
dt t,; ’

(20)

Because V,(t) is a PWL waveform, the integration in (19) can be
computed easily as a sum and the voltage of the ramp response at time
tis

Val= 1 Y

trZ
(tistig1)C(t—tr;,t)

Vor (i) + Vo (tig1)
2

(tig1 — t;)
21

where (t;,t;+1) is a linear piece in the PWL expression of V;,; (¢) in
(t—t,;,t). Because of the simplicity of (20) and (21), the computation
of ramp response from step response is extremely efficient. We com-
pute the slope and voltage at the middle point of each region defined
above, and then construct the ramp response with the straight lines de-
termined by the slopes and voltages.

To verify the PWL model for ramp response, we compare the wave-
form from the PWL model with the results of SPICE [14], [16]. We
carry out experiments on the same structure shown in Fig. 7. We show
an underdamped waveform in Fig. 11 and an overdamped waveform
in Fig. 12. From the figures, the PWL model again produces the wave-
forms closest to the results of SPICE simulation in both cases. The
waveforms from both [14] and [16] deviate from the results of SPICE
simulation greatly due to both the lack of consideration of ramp input
and the inaccuracy of the models discussed in Section II-C. Table III
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Fig. 11. Underdamped ramp response. I = 4000 pm, Ry = 15 Q,C, =

0.1 pf. Input rising time is 20 ps.

1.2

i, SPICE and PWL

o
®

Normalized Voltage
o
o

—SPICE
— —Davis-Meindl
04 oo TWA
—PWL
0.2
0 ‘
0 50 100 150 200 250 300

Time (ps)

Fig. 12.  Overdamped ramp response. | = 7000 gm, Ry, = 30 Q,Cp =
0.3 pf, Input rising time is 30 ps.

TABLE III
AVERAGE VOLTAGE DIFFERENCE IN %V3q
Model [[ Fig.11 | Fig.12
Davis-Meindl 0.064 0.059
TWA 0.059 0.072
PWL 0.005 0.002

shows the average voltage difference for different models. From the
table the voltage difference of the PWL model is less than 0.5% Viq
which is much smaller than those of [14] and [16].

We further study the error margin introduced by the transformation
from the original loaded transmission line to an open-ended line In
Figs. 13-15, we show the far-end rising time, 50% delay and oscil-
lation amplitude computed from both SPICE and the PWL model with
different loadings and wire lengths. The geometry of the wire is the
same as in Fig. 7. The unit of loading is the minimum inverter size.
From Figs. 13 and 14, it is clear that the model is highly accurate com-
pared to SPICE in terms of rising time and 50% delay. The model has
relatively larger error when the loading becomes larger. However, the
maximum relative error is only 6.5%. With regard to oscillation ampli-
tude, the PWL model is highly accurate compared to SPICE when the

loading is less than 300, and the error is less than 10% according to
Fig. 14. When the loading becomes larger and the oscillation amplitude
becomes smaller, the relative error increases. However, the maximum
absolute error is less than 2% Vgq. Since the loading of an on-chip in-
terconnect is normally smaller than 1000x of the minimum inverter,
the PWL model can be safely applied to model on-chip transmission
lines with small errors.

III. APPLICATIONS OF PWL MODEL

In this section, we first apply the PWL model to analyze the CPW
and then multiple coupled RLC lines sandwiched between two ground
planes. We model the two interconnect structures by transmission lines
and use the PWL model to solve the transmission lines. We compare
the results with SPICE simulation under the distributed RLC circuit
models for the two interconnect structures. Clearly, the errors in the
experiments include those from circuit modeling and the PWL model.
This is different from the comparison in Section II where an transmis-
sion line is assumed and no error of circuit modeling is considered.

A. Analysis of CPW

1) Circuit Model: With increasing clock frequency, CPW clock
tree becomes common practice to overcome the issues of signal
integrity. As shown in Fig. 16, a CPW consists of a central signal wire
(S) sandwiched between two grounded shielding wires (G), where
[ is the length of the wires, h is the thickness of the wires, s is the
spacing between the signal wire and the shielding wires, and w and ¢
are the widths of the signal wire and the shielding wire respectively.
The CPW structure can be modeled by self and coupling parasitics
as shown in Fig. 17. R, C,, and L, are the self resistance, ground
capacitance, and self inductance of the signal wire. R, and L, are the
self resistance and inductance of the shielding wires. Csg and L, are
the coupling capacitance and coupling inductance between the signal
wire and a shielding wire. Ly is the coupling inductance between the
two shielding wires. Such a model is complicated to analyze. Noticing
that in a CPW structure most current on the signal wire returns from
the shielding wires, we can assume all the current returns from the
shielding wires and thus model the CPW as a single transmission line
as shown in Fig. 2 but with the parameters defined by the following
effective loop parasitics [23], [17]

R=R.+R,/?
L:Ls_Qng'i'%'i'%
C =20+ Cs. (22)

2) Calculation of Delay, Rising Time, and Oscillation Ampli-
tude: With the single transmission line model (22)—(22), we compute
the far-end response of CPW structures with the PWL model. After
obtaining the waveform, the delay, rising time, and oscillation ampli-
tude can be easily computed by linear interpolation. To achieve high
efficiency, we do not need to compute the whole waveform. Instead, we
take a need-based approach based on the PWL model. In this approach,
a knee point is calculated only when it is needed by the computation.
For example, the maximum overshoot will happen around Sf'f, SO
calculating the knee points up to 4t is needed. Similarly, maximum
undershoot will happen around 5t}, thus we only need to calculate
the regions up to 6t;. To compute the delay t4, and the rising time
t-,, we just need to calculate the knee points till the voltage meet the
corresponding bound, for example, 90% for ¢,.,,.

3) Runtime: The runtime of the PWL model is proportional to the
number of linear segments computed. The most time-consuming com-
putation in the model is the calculation of the modified Bessel func-
tions when constructing the step response. Four points need to be com-
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Fig. 14. Delay for different loadings. R, = 30 2. Input rising time is 20 ps.

puted based on the modified Bessel function for each region defined in
Section II. However, with the need-based procedure discussed in Sec-
tion IT1I-A2, we only need to calculate a few regions to obtain the delay,
rising time, and noise, thus the algorithm is very efficient as will be
shown in the next section.

4) Experiments: We carry out a set of experiments to compare the
runtime and accuracy of the PWL model to SPICE simulation and the
efficient models [16], [14]. In SPICE simulation, both the signal wire
and the ground wires are modeled by uniformly distributed RLC seg-

ments. Each segment is 5 m long. The coupling between wires is mod-
eled by mutual inductance and capacitance as shown in Fig. 17. The
wire thickness is 1 pm in our experiments. We present some sample
CPW structures in Table IV and summarize the experiment results in
Table V. According to Table V, both our model and [16] are at least
1000x faster than SPICE, and [14] is about 100x faster than SPICE.
The error of the PWL model is less than 10% for delay and noise, and is
less than 20% for rising time in the worst case. The PWL model some-
times obtains smaller rising time compared to SPICE simulation. This
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TABLE IV
SAMPLE EXPERIMENT SETTINGS (ALL GEOMETRIES ARE IN MICROMETERS)
setting 1 w | s | g | RiQ) | CL(fF) | tr:(ps)

1 3000 6 1 4 30 45 0

2 5000 100|215 40 45 0

| 3 10000 | 8 [ 2] 8 24 90 0

! 7 1000 | 8 | 1] 4] 60 90 30

5 5000 [ 10 [ 2 | 10 24 45 30

6 10000 | 10 | 1 | 10 24 90 30

R, L,
e
p Ly R,L,C, bt Ca

L cjc

i wCo T &

= R, L, =
[T+ ]

Fig. 17.  Circuit model of CPW.

is because the time point of 90% Va4 happens to be around the knees.
The error is normally less than 20% however. In contrast, both [16]
and [14] can introduce significantly large errors in delay, rising time
and oscillation amplitude. The PWL model reduces errors by 90% on
average compared to [14] and [16].

B. Analysis of Multiple Coupled Lines

On-chip global buses are normally long and wide. Because strong
inductive coupling exists between these wires, the signal integrity of
such structures is a great concern in modern VLSI designs. Because a
parallel bus cannot be modeled as individual transmission lines due to

the coupling between wires, we can not directly apply the PWL model
to analyze the bus structure. However, with the decoupling technique
in [18] we can transform multiple aligned lines to independent trans-
mission lines, on which we can apply the PWL model. In this section,
we combine this decoupling technique and the PWL model to analyze
multiple coupled transmission lines. According to the transformation in
[18], we first transform the coupled lines to the same number of decou-
pled lines with independent drivers and loadings, and then we analyze
each decoupled transmission line with the PWL model, and finally ob-
tain the response of the original coupled lines by linear combination of
the responses of the decoupled lines.

We carry out experiments on a five-net structure shown in Fig. 18. All
the lines are aligned and identical with the same drivers and loadings.
The length of the lines is 5000 xm and the spacings between the lines
are 1.0 pm. The driver resistance is 30 €2 and the loading capacitance
is 0.2 pF. The rising time of inputs is 30 ps. As an example, we show
the result of one experiment in Figs. 19 and 20. In this example, line 2
switches from ground to Va4, line 3 switches from V34 to ground and all
other lines are held to the ground at the near end. We compare the results
from the PWL model with those obtained from SPICE simulations. In
SPICE simulation, we model each transmission line with uniformly
distributed RLC segments. Each segment is 5 ym long. The coupling
between wires is model by mutual inductance and capacitance. Fig. 19
shows the responses of the two aggressor nets 2 and 3. The waveforms
from the PWL model and SPICE simulation match so well that it is
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Fig. 20. Far-end response of victim nets 1, 4, and 5.

hard to distinguish them in the figures. Fig. 20 shows the responses of
victim nets 1, 4, and 5. The PWL model still well matches the overall
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TABLE V
RUNTIME AND RESULTS FROM DIFFERENT MODELS. SPICE AND [14] CALCULATE UP TO 300 ps BY TIME STEPPING (1 ps/STEP)
Model runtime 50% delay rising time amplitude of oscillation
(O] (Ps) ®s) (%V dd)
setting_| type SPICE | PWL | [16] | [14] || SPICE | PWL | [16] | [14] || SPICE | PWL | [16] | (14] || SPICE | PWL [ [16] | [14]
1 underdamped 88.10 0.01 0.01 0.18 24 25 25 24 10 8 9 6 4.6 4.5 9.2 5.1
2 overdamped 148.10 0.01 0.01 0.18 42 42 42 41 83 83 46 80 0 0 0 0
3 underdamped 368.23 0.01 0.01 0.12 83 84 83 80 58 56 48 48 8.6 8.9 10.3 8.8
4 overdamped 23.23 0.01 0.01 0.73 33 33 12 9 47 47 26 26 0 0 0 0
5 underdamped 121.39 0.01 0.01 0.20 55 55 39 38 26 26 10 1 4.6 5.2 11.3 8.0
6 underdamped 34470 0.01 0.01 0.02 112 113 96 93 28 25 26 1 13.5 14.2 16.7 15.7
| Ground |  waveform shape with small discrepancy. The model deviates a little
4.0um from the SPICE simulation around the first knee due to the PWL nature
of the model, but it captures the rising edges, oscillation amplitude, and
0.9um { 2 | [ 8] [+ 5] failing tails of the waveform almost perfectly.
3.0um 1 10.0um 1.0um
I Ground | IV. CONCLUSION
We have developed an efficient model for the far-end transient re-
Fig. 18.  Five coupled parallel transmission lines. sponse of a single transmission line with capacitive loading and ramp
inputs for high-speed on-chip interconnect analysis. The model divides
! the time axis into a number of regions according to the time of flight
08 and input rising time, and approximates the response by PWL wave-
form. We call this model the PWL model. The waveform derived from
06 the PWL model matches SPICE simulation result with the average
o ——SPICE net 2 voltage difference less than 0.9% Viq. The PWL model is at least
o z‘:g;‘?ja 1000x faster than SPICE simulation. To the best of our knowledge,
ol . . . . . . .
g o2 PWL net 3 the PWL model is the first efficient transmission line model considering
2 both loading capacitance and ramp inputs. We have further applied the
2 .. . . . .
% 0 100 200 300 400 00 so PWL model to compute the qelay, rising time and oscillation a.mphtude
E o2 of the CPW structure. Experiments show the PWL model achieves less
= than 10% average error compared to SPICE simulation. Combining the
04 PWL model and the decoupling technique, we also have computed the
08 far-end responses of bus structures, and the resulting waveform almost
perfectly matches the SPICE simulation result.
08 In this work we only considered capacitive loading. We will extend
. our model to consider more general terminations such as RC and RLC
Time (ps) loading. Furthermore, we only considered linear drivers and receivers,
but for on-chip applications the drivers and receivers are normally ac-
Fig. 19.  Far-end response of aggressor nets 2 and 3. tive devices. The nonlinearity of the devices will impact the accuracy
of the model, and we plan to extend our model to consider the nonlin-
01 earity of drivers and loadings in our future work.
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Delay Analysis of CMOS Gates Using Modified
Logical Effort Model

A. Kabbani, D. Al-Khalili, and A. J. Al-Khalili

Abstract—In this paper, modified logical effort (MLE) technique is pro-
posed to provide delay estimation for CMOS gates. The model accounts
for the behavior of series-connected MOSFET structure (SCMS), the input
transition time, and internodal charges. Also, the model takes into account
deep submicron effects, such as mobility degradation and velocity satura-
tion. This model exhibits good accuracy when compared with Spectre sim-
ulations based on BSIM3v3 model. Using UMC’s 0.13-um and TSMC’s
0.18-1.m technologies, the model has an average error of 4.5% and a max-
imum error of 15%.

Index Terms—CMOS, delay model, DSM, logic gates, logical effort.

I. INTRODUCTION

The evolution of CMOS technology allows designs with millions
of gates to be integrated on a single chip. The performance of such
designs is greatly affected by the optimization process at each design
level of abstraction. This in turn is influenced by the used technology
library in terms of efficiency and proper driving strength [1]. Modeling
of cell performance is a crucial issue in circuit optimization. In partic-
ular, it is useful to characterize the performance of the cells of the newly
emerging virtual library technique [2]-[5]. In this technique, cells are
initially generated on the fly without defining transistor dimensions.
These dimensions are then determined in a subsequent phase based on
a user defined cost function. In order to achieve optimized transistor
sizing, an efficient technique to predict and characterize the perfor-
mance of these cells is needed.

Many authors have tackled CMOS gate delay modeling. Relying on
the nth power current model, a closed-form expression is developed
in [6]—[8] to model the delay in series-connected MOSFET structure
(SCMS). However, the nth power model depends on many extracted
device-dependent parameters which need to be determined through
simulation. The models in [6] and [7] depend on a degradation factor to
extend CMOS inverter delay to SCMS. The effect of the internal node
prarasitics on the degradation factor is introduced in [8]. Meanwhile,
in [9], the PMOS and NMOS structures are replaced by equivalent
transistors that have the same dc characteristics and parasitics. In [10],
a technique to reduce complex CMOS gates into equivalent inverters
is introduced. This technique depends on the o power model to predict
the transistor widths of the equivalent inverter, but it does not provide
a delay model for CMOS gates [8]. Another technique to model the
behavior of CMOS gates is presented in [11]. This model introduces
many parameters that need to be extracted by simulation such as the
drive ability of the transistors and the pseudo empirical coefficients to
account for the nonlinear relationship between the delay and the ramp
input duration.
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