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Piece-wise Linear Model for Transmission Line with
Capacitive Loading and Ramp Input
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~ Abstract—Transmission line effects become increasingly signif- approximation [11] and Krylov subspace methods [12], have
icant for on-chip high-speed interconnects. Efficient and accurate peen proposed to model transmission lines with a finite number
transmission line models are required for analysis and synthesis of poles of the transfer function. Although these methods can

of such interconnects. In this paper we first present an efficient . . . . . .
model for the far-end response of a single transmission line provide solutions more efficient than SPICE simulation, it is

considering ramp input and capacitive loading. Our model Still ime-consuming, if not impossible, to apply them in VLSI
divides the time axis into a number of regions according to the interconnect synthesis.

time of flight and the input rising time, and then approximates the  The second type of transmission line models is closed-form
far-end response by piece-wise linear waveform in each region. g4 ytions. This type of solutions is usually much more efficient

We name the resulting model as the PWL model. Experiments th ical h d b d for iterative VLS
show that the waveform from the PWL model differs from the an numerical approaches and can be used ior lierative

SPICE simulation result with the average voltage difference less interconnect synthesis. Based on two-pole approximation, [13]
than 0.9%Vdd, and the PWL model is at least 100& faster than proposed a closed-form solution to the far-end delay and noise
SPICE simulation. We further apply the PWL model to calculate  of a single transmission line with loading, but the model is

the delay, rising time and oscillation amplitude of the coplanar zape to consider the distributed nature of transmission lines

waveguide (CPW) structure, and achieve less than 10% average ith limited pol d theref . i te. B d
error compared to SPICE simulation. Combining the PWL model with limited poles an erefore 15 not accurale. based on a

and decoupling technique, we analyze the far-end response of busseries of modified Bessel functions, [14] and [15] provided
structures and obtain waveform almost perfectly matching the an accurate closed-form solution for the far-end response of

SPICE simulation result. a single transmission line, but they only consider step inputs.
Index Terms— Transmission line, inductance, VLSI intercon- Based on the reflection characteristics of the traveling wave
nect, interconnect modeling, signal integrity in transmission lines, [16] proposed a traveling wave analysis

(TWA) model for the far-end response of a single transmission
line, but the model computes the waveform based on a three-
pole model and an equivalent RC model, which may lead to
Inductance effects in on-chip interconnects becomes isignificant errors as will be shown in section Il of this paper.
creasingly important with smaller transition time and loweBased on the solution from [14], a recent work [17] provided
wire resistance (as a result of copper interconnect), especiallglosed-form solution to the delay of the ramp response of
in global interconnects such as clock tree, power/grouth open-ended transmission line by linear approximation, but
network, and parallel buses [1], [2], [3]. Significant inductancihe model only works when the far-end rising time is less
causes prominent transmission line effects such as overshibain twice of the time of flight. In summary, none of the
and undershoot. To accurately analyze these phenomena,ewisting efficient models [13]-[17] consider both ramp input
need to model the high-speed interconnects by transmissiand loading capacitance with high accuracy.
line models. Because of the high integration level, theseTo meet the demand of a fast and accurate transmission line
models need to be highly efficient for interconnect modelingodel for large-scale on-chip interconnect synthesis, in this
and synthesis in VLSI designs. paper we provide an efficient model for the far-end response
Existing work on transmission line modeling can be dividedf a transmission line considering both capacitive loading
into two types. The first type is numerical simulation, sucand ramp inputs. This model divides the time axis into a
as the convolution simulation [4], [5], state-based approaskries of regions according to the time of flight and input
[6] and waveform relaxation techniques [7], [8]. Althoughising time, and then approximates the responses by piece-
these methods can provide accurate solutions, generally thege linear (PWL) waveform. We name this model as the
are too time consuming for large-scale analysis. To impro¥®VL model. Experiments show that the waveform computed
the efficiency, reduced-order modeling techniques, such lasthe PWL model matches the SPICE simulation result with
asymptotic waveform approximation (AWE) [9], [10], Padan average voltage difference less than 0.9% and the model
is at least 1008 faster than SPICE simulation. We further
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I. INTRODUCTION



TABLE |

N line, and the transient voltage at the positionalong the
OTATIONS

transmission line is

R total w?re _resistance Ving(2,t) = Vaay iOR “RI2D (4 o /TO)
L total wire inductance ortd

C | total wire capacitance Io (U 12 — (zv LC)Q)

R, | driver resistance x k=oo [ t—u k/2
Cr. | loading capacitance D iy (;x%) Iy (a 2 — (x\/LC)Q)
tr; | input rising time (4— (1+T)20+ )
ty flight time of the original transmission line (1)
ty ];Illglht “T? of th; transformed transmission line where the characteristic impedance of the transmission line
Lo rigi%’ e end Zy = /LJC, the reflection coefficient at the near efd=
V; | input waveform _(Rd — Zo)/(Ra + ZO)_’_U = R/(2L), an_d]k (k=0,1,2,...)
Vo1 | voltage response at far-end with step input is the kth order modified Bessel function.
Vo2 | voltage response at far-end with ramp input Based on this solution and the reflection theory, the transient
solution for an open-ended transmission line with a finite
R, R,L,C length ¢ is derived as,
I n o0
Viin (t) = 2V“‘f(t) +2Vaa ZOiORd e (R/2L Z:l Zi:O ijo
S (—1)'T % — i+ j)uo(t — (2n + 1)VLC)

L (Samnee) 1oy, (o /i — (@0 + OVED)

t+(2n+1)eVLC AN
Fig. 1. A single open-ended transmission line. 1 k=oco ( t—(2n+1)¢VLCO (rth)/2
x4 T1=F 2k=1 iF@einevio

Ty, 2 — (2n+ 1D)VIC)" ) (4— (1 + )20+
in [18], we apply the PWL model to analyze the far-end e <G\/ (20 +1) ) )( ( ) :

response of bus structures. The waveform derived from the @
PWL model almost perfectly matches those obtained from S . . .
: . The solution in (2) is accurate, but it does not consider
SPICE simulations. Ioading or input rising time
The rest of the paper is organized as follows: In section i 9 P 9 '
we present and verify the PWL model; In section Il we appl ) . . .
the PWL model to analyze CPW structures and bus structur S_Con8|derat|on of Capacitive Loading
We conclude the paper in section IV with discussion of future In this section, we consider the capacitive loading at the far
work. end of the transmission line. As shown in Figure 2 we model
the driver by a voltage source and a driver resistor, and the

Il. PIECE-WISE LINEAR MODEL FORTRANSMIssIONLINE loading by a loading capacitor. The input can be either step

In this section, we present the piece-wise line&ii(L) Input or ramp input.

model for a single transmission line. THelW L model in-

. .. . R R L,C
cludes three steps: 1. Transform the transmission line to a d
new transmission line without loading capacitance based on c
moment matching; 2. Construct the step response based on T™
the piece-wise linear assumption and the solution to an open- = =
ended transmission line from [14]; 3. Derive the ramp respongg »  Circuit model of a single transmission line.
based on the step response from step 2.

We first briefly review the solution for an open-ended Assuming the total resistance, capacitance and inductance

transmission line presented in [14], and then discuss the PWJ the transmission line ar®, C and L as in Figure 2, the
model step by step in following subsections II-B to II-D. Fofransfer function according to [19] is,

clear explanation, in table | we summarize the notations used

o L . — Yo(s)
in this paper. Generally, we use subscript “i" for the notations H(s) = Vi(s) )
related to the input, subscript “ql” for those related to the far- = O4sR.Cn) cosh(0)+ (2= +5Cr, Zo) sinh(0) 3)
end step response, and subscript “02” for those related to the _ 1
far-end ramp response. L) 2, bist
where,

A. Accurate Solution for Open-ended Transmission Line ¢ = (R + sL)sC

[14] proposed an accurate transient solution for a singlé&Z, = (R+sL)/sC
open-ended transmission line with a linear driver as showh, = RyCp + ££ + R,C+ CLR
in Figure 1. The driver is modeled as a voltage source withy, — L& 4 ECZ 4 RaliCLC | (RaCHCLRIRC | oy L,
a driver resistance, and input is assumed to be a step input. (4)

Using the inverse Laplace transformation, [14] first rigorousiyhe time of flight of the transmission line iss = v LC.
derived the accurate solution for an infinite long transmissidnis difficult to obtain the time-domain response by directly
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Fig. 3. Transformation to an open-ended line. (a) Original trans-
mission line with loading. (b) Transformed transmission line without
loading.
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o o
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integrating the function (3) with the loading capacitance. <04
However, (2) provides an accurate closed-form solution to a

: B 02t
single open-ended transmission line. Therefore, we propose to

transform the original transmission line witly, (Figure 3(a)) 0
to a new open-ended transmission line with@ig (Figure 0 20 40 60 80 100 120 140
3(b)). We match the transfer functions of the two transmission Time(ps)

lines. More precisely we match the first two moments of th@g. 4. lllustration of the PWL model.

two transfer functions as shown in Figure 3. Assuming the

C’ and L’ are the total capacitance and inductance of the

open-ended transmission line after transforming, the transferdoes not change in this special case, and becatise C,

function of the transformed transmission line is, ty >ty holds.
H'(s) = L
(s) cosh(9’)+’§—g sinh(6”) ®) C. PWL Model for Step Response
= Ti- bs’ The open-ended transmission line after transformation can
' be solved accurately by (2) originally developed in [14].
where, ¢ = (R sLNeC" However, without the loading, the resulting waveform has
. (R+s )S/ : steep risings at = (2n — 1)t} (n = 1,2,3,...), which is
Z/O = ch,R +sL )//SC (6) hottrue with the loading capacitance present. Furthermore, it
by = 2 /Jr chZC . " is not efficient to compute the entire waveform simply by time
by = L& RO RaRC stepping as in [14]. Therefore, we develop a PWL model to

To obtainC’ and L', we match the first two moments Ofapproxmate the waveform. o .

(3) and (5) by setting _ In thg .o.pen-ended transmission I|_ne alter transforming, the
signal initiated att = 0 from the driver is reflected at =

by = b @ (2n — 1)t} (n=1,2,3,...) at the far end. Correspondingly,

by, = b the far-end response changes rapidly around these time points,

but changes slowly between these points. Therefore, the time

Therefore, we have axis can be divided into a series of regio(8,¢,), (¢}, 3t}),

c' = Rdbjrﬁ (3t;,5t%), --- according to the time of flight. Two straight
(b iw_ RdRclz) (8) lines are used to approximate the response in each region: one
I = ’ 0 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
The time of flight of the transformed transmission line is, flat slope for the plateau waveform betwe¢v(— 1)/, (2n+
P A 1)t ;) (n=1,2,3,...). The lines for the nsmg/falllng edges
ty = L are determlned by the voltages and slope&at— 1)t’ ', and
= \/(LC+ B2 4 RyRCLC + W the lines for the plateau waveforms are determined by the
420, L — ch/z Rdlgc&) voltages and slopes aut’;.
(9) Our algorithm works as follows: We first compute the

By matching the first two moments, we map the effectlpf Wwaveform voltages and slopessat;, (n = 1,2,3,---). Then

into ¢’ and L. t; can be viewed as the effective time ote draw straight lines passing through these points with the
flight considering the loading capacitance. Normailly> t, calculated slopes. Finally, we obtain the crossing points of
but whenC), and in turnC" is sufficiently large/ calculated adjacent lines, and approximate the waveform by connecting
by (9) may be smaller thaty. In this caset is not physically these crossing points. Figure 4 illustrates the process.
meaningful. Because of the large capaC|t|ve loading, the circuit/n the following, we explain how to compute the voltages

is capacitively dominant. Naturally, whef > ¢, we can just and slopes abt; (n = 1,2,...) for the PWL model. Without
match the first moment and obtain, losing generallty, we assume input signal rises from U ttl.

I In Figure 5, we illustrate the computation of the slop& atAt

R this time point, the voltage rises from 0 1Q, (¢, +J), where

= U=giz (10) ¢ is a small quantity of time and chosen to @601t in our
= t)= \/cT model. Because of the loading capacitance, the rising of the
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Fig. 5. Computation of the slope and voltagetét Fig. 6. Computation of the slope and voltage 2.
[ Ground |
voltage is not steep but slower with a finite slope. To determine aoum |
the slope, we approximate the time when the voltage reaches v y
the 50% of the amplitude of the voltage rise ij, which 4 0-9um
is the effective time of flight with the loading. Physically the P
signal reaches the far end at timg which is the real time S0um @7 10.0um

of flight of the transmission line and the starting point of the | Ground |

voltage rise. Therefore, we obtain the slope’ats o _ _
’ Fig. 7. Transmission line structure used in experiments
Vo1 (t)+6)

5 Vo1 (ty +0)
vt —t; 20t —ty) (11)
Fo FoH The rest of the regions are calculated in the similar fashion:
where the voltage/, (t}; + d) is computed by the formula Regions((2n — 1)t — 4, (2n — 1)t} + 6) are similar to the
from [14]. The voltage at’; is approximated by half of the region (3t} — 6,3t} + &), where the slope and voltage are

S1 =

rise as
v (t’ +6) Som_1 = VOl((2n71)t+627\/,31((2n71)t76)
vy = ol\lf (12) 4(t —tf) (17)
2 v _ Vo1((2n—1)t46)—Voy ((2n—1)t—3)
2n—1 2

To solve the slope and voltage at’,, we approximate :

. g f Regions
the waveform in region(t}, 3t};) by the response of the
transformed open-ended line directly. As shown in Figure
by the finite difference method we solve the slop@i@t as

((2n — 1)}, (2n + 1)t}) are similar to the region
g}, St}), where the slope and voltage are

Vo1 ((2n)t}+6) —Vo1 ((2n)t} —9)

S2n

;20 ) (18)
Vo 2n 8)+V, 2n -5
AVor (2t)  Vor (2t +8) — Vor (2t — 6) a3 vy, = —erlCritp >; 1)t} —6)
So = = . L. .
dt 20 After obtaining the slopes and voltages for all the regions,
and the voltage a2t/ as the PWL waveform is readily constructed from all the straight

, , lines determined by these slopes and voltages.
Vo1 (285 +0) + Vou (2t — ) (14) To verify the PWL model, we compare the far-end responses
2 from the PWL model with the results of SPICE simulation,
In this case, the approximating line is the tangent linétat  [14] and [16]. The experiments are carried out on a trans-
The slope at3t; is computed in the similar way as thatmission line with R = 1.92mQ/um, C = 0.302fF/um
at t’f. However, because the rapid voltage changét?tin and L = 0.155pH/pum. We obtain these parameters by
the far-end response comes from the reflected wave which l@suming that the transmission line has the structure shown
traveled a round trip along the line, we approximate the time Figure 7. The wire dimensions are the same as those in
to reach 50% of the falling bg(t; — ;) instead of(t’; — ). the redistribution layer (RDL) in TSMC 0.13n technology

Vo =

Therefore, the slope &/ is [20], and R, L and C are extracted by FastHenry [21] and
Vo (3t 18— ‘o FastCap [22]. In SPICE simulations, the transmission line is
01(3tf+5) V01(3tf é) ’ ’ . L.
55 — g _ Vou 3ty +6) = Vou (8t) — 9) modeled by uniform distributed RLC segments. Each segment
2(t% —ty) Aty — ty) is 5um long. We experiment with different wire lengths, driver
L ) (%) sizes and loading capacitances. We show an underdamped
and the voltage a3t} is approximated by waveform in Figure 8 and an overdamped waveform in Figure
Vor (3t + 8) + Vir (3t — 6) 9 respectively. From the figures, the PWL model produces

v3 = 5 (16) the best results 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 piece-wise linear
The waveforms from [16] deviate
from the SPICE simulation results greatly. This is because the
waveform construction in [16] is based on a three-pole model

property of the model.

TABLE Il
AVERAGE VOLTAGE DIFFERENCE IN%VDD.

Model [ Fig.8 | Fig.9
Davis-Meind! || 0.025 | 0.013
TWA 0.030] 0.027
PWL 0.009 | 0.004

which is not a good approximation when the transmission line

effects are significant. [14] gives better results than [16], but it 12
still has large errors due to the lack of considering capacitive
loading. To quantitatively compare the waveforms, we also ']
compute the average voltage difference compared to SPICE

simulation for the waveforms in figures 8 and 9 betweent

andt¢ = 300ps (the voltage is OV before = ¢; and stable at
Vdd aftert = 300ps) and show the results in Table II. From
the table the voltage difference of the PWL model is less than
0.9%Vdd which is at least:3 smaller than those of [16] and

[14].

SPICE and PWL
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Fig. 8. Underdamped far-end waveform of a step input. 60001,

Ry =169, C1, = 0.2pf.
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Fig. 9. Overdamped far-end waveforms of a step input. 3000m,

R4=60, C, = 0.2pf.

D. PWL Model for Ramp Response

Based on the step response, we can further compute Becausel,,(t) is a PWL waveform, the integration in (19)
ramp response with a finite rising timig,. As shown in Figure can be computed easily as a sum and the voltage of the ramp

— Input
— Output

0.6 1

SOO g 1 SOE 200 250 300
tt

Fig. 10. Regions of ramp response

10, the input waveform has two knee pointstat 0 and
t = t,;. Correspondingly, the far-end response waveform has
knee points af2n—1)t; and(2n—1)t;+t,; (n =1,2,3,...)
as shown in figure 10. Therefore, according to the time of
flight and input rising time, we divide the time domain into
a series of regions with the boundary points (@f — 1)¢;
and (2n — 1)ty + t,4, (n = 1,2,3,...) (The order of these
time points depends on the detailed valuest pfand t,;).
Similar to the step response in section II-C, we approximate
the waveform in each region with a straight line. Based on this
observation, we construct the PWL waveform for a ramp input
as follows: we first find the voltage and slope at the middle
point of each region, and then approximate the waveform by
a straight line passing through the point with the computed
slope and voltage. The entire waveform is then approximated
by connecting the crossing points of adjacent lines.
Following we explain how to compute the slopes and volt-
ages for the ramp response. From the linear circuit theory [17],
the ramp response can be computed from the step response by
the following formula

VoQ(t) dV (f ‘r)dt

f Vol

= V ()dt

tm t—tr

(19)

where V,,, is the step response. Because we have already
obtained the PWL waveform of the step resporigg in
section |I-C, we can compute 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 timas

dVOQ(t) — Vol(t) — Vol(t - tm’)
dt tri

(20)



TABLE Il
AVERAGE VOLTAGE DIFFERENCE IN%VDD.

Model [[ Fig.11 [ Fig.12 N
Davis-Meind! || 0.064 | 0.059
TWA 0.059 | 0.072 A
PWL 0005 0002 0.8 i, SPICE and PWL

SPICE
— —Davis-Meindl
.- TWA

response at time is

Normalized Voltage
o
>

0.4
Vool(t) = ti Z bt +QVOI(tiH) (tiyr —t;) e
" (tistit1)S(t—tr;,t) 021
(21)
where (¢;,t;,11) is a linear piece in the PWL expression of
Vor(t) in (¢t — t,.,;,t). Because of the simplicity of (20) and ° A 100 150 200 0 00
(21), the computation of ramp response from step response is Time (ps)

extremely efficient. We compute the slope and voltage at thig. 12. Overdamped ramp responge= 7000um, Ry=302, Cr. =
middle point of each region defined above, and then constret/, Input rising time is30ps.

the ramp response with the straight lines determined by the
slopes and voltages.

To verify the PWL model for ramp response, we compare
the waveform from the PWL model with the results of SPICE, **|
[14] and [16]. We carry out experiments on the same structure
shown in Figure 7 in section 1I-C. We show an underdamped._ ., |
waveform in Figure 11 and an overdamped waveform in Figure§
12. From the figures, the PWL model again produces thez
waveforms 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 11l shows the average voltage
difference for different models. From the table the voltage °, . a0 w w0 a0 o0 w0 w0 o0 a0
difference of the PWL model is less than 0.5% Vdd which is loading size (X minimum inverter)
much smaller than those of [16] and [14].
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£ 7000um

Fig. 13. Rising time for different loadingsks = 30€2. Input rising
time is 2(s.
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Fig. 11. Underdamped ramp responde= 4000um, Rqs = 159, ° WO e T e
OL — Olpf |npUt I’ising t|me |S20p8 loading size (X minimum inverter)

o Fig. 14. Delay for different loadingsR; = 30€2. Input rising time
We further study the error margin introduced by the transfgg 2qps.

mation from the original loaded transmission line to an open-

ended line In figures 13, 14 and 15, we show the far-end rising

time, 50% delay and oscillation amplitude computed from boffgures 13 and 14, it is clear that the model is highly accurate
SPICE and the PWL model with different loadings and wireompared to SPICE in terms of rising time and 50% delay. The
lengths. The geometry of the wire is the same as in Figumeodel has relatively larger error when the loading becomes
7. The unit of loading is the minimum inverter size. Fronfarger. However, the maximum relative error is only 6.5%.
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Fig. 17. Circuit model of coplanar waveguide

With regard to oscillation amplitude, the PWL model is highly
accurate compared to SPICE when the loading is less th(ﬁg signal wire and a shielding wird... is the coupling

300, and the.error Is less than 10% accordipg Fo Figurg 1|‘|1Tductance between the two shielding wires. Such a model is
When the loading becomes larger and the oscillation amplltu&%

) . mplicated to analyze. Noticing that in a CPW structure most
becomes smaller, the relative error increases. However,

. bsolut i | than 2% vdd. Si " rent on the signal wire returns from the shielding wires, we
maximum absolute error 1S 1ess than 27 - SInce r3:%m assume all the current returns from the shielding wires and

loading of an on-chip interconnect is normally smaller thal.rpws model the CPW as a single transmission line as shown

100% of the minimum i.nverter, the PWL mode_l can be safel}/n Figure 2 but with the parameters defined by the following
applied to model on-chip transmission lines with small eITorgeeo tive loop parasitics [23], [17]

[1l. APPLICATIONS OFPWL MODEL R = R.+Ry2
. . i L = L,—2Lg+ =2+ 22 (22)
In this section, we first apply the PWL model to analyze C = 20.,+C,

the coplanar waveguide (CPW) and then multiple coupled
RLC lines sandwiched between two ground planes. We mode| ) X N
the two interconnect structures by trgnsmission lines and E;Ude: With the single transmission line model (22,)'(22)’ we
the PWL model to solve the transmission lines. We compa?QmpUte the far-er_1d_ response of CPW structures W'.th the_PWL
the results with SPICE simulation under the distributed RLE'Odel' Afte_r obtamlng the waveform, _the delay, rising t_|me
circuit models for the two interconnect structures. Clearly the@qd OSC'I!at'On amph.tude can be_ gasny computed by linear
errors in the experiments include those from circuit modelifg{e"Polation. To achieve high efficiency, we do not need to
and the PWL model. This is different from the comparison i ompute the whole waveform. Instead, we take a need-based
section Il where an transmission line is assumed and no er?@rpro,aCh based on the PWL'modeI. In this approach, a I'<nee
of circuit modeling is considered. point is calculated only when it is neede_d by the computation.
For example, the maximum overshoot will happen aranf}d
] ) so calculating the knee points up Mf is needed. Similarly,
A. Analysis of Coplanar Waveguide maximum undershoot will happen arousd,, thus we only

1) Circuit Model: With increasing clock frequency, copla-need to calculate the regions up@t;. To compute the delay
nar waveguide clock tree becomes common practice to ovey; and the rising timet,.,, we just need to calculate the
come the issues of signal integrity. As shown in Figure 16,kaee points till the voltage meet the corresponding bound, for
coplanar waveguide (CPW) consists of a central signal wiexample90% for ¢,.,.
(S) sandwiched between two grounded shielding wir€3, (  3) Runtime:The runtime of the PWL model is proportional
where [ is the length of the wiresh is the thickness of to the number of linear segments computed. The most time
the wires, s is the spacing between the signal wire and theonsuming computation in the model is the calculation of the
shielding wires, andv andg are the widths of the signal wire modified Bessel functions when construct the step response.
and the shielding wire respectively. The CPW structure can Beur points need to be computed based on the modified Bessel
modeled by self and coupling parasitics as shown in Figufenction for each region defined in section Il. However, with
17. R, Cs and L, are the self resistance, ground capacitan¢le need-based procedure discussed in section IlI-A.2, we only
and self inductance of the signal wirB, and L, are the self need to calculate a few regions to obtain the delay, rising time
resistance and inductance of the shielding wifgs, andL,, and noise, thus the algorithm is very efficient as will be shown
are the coupling capacitance and coupling inductance betwéenhe next section.

) Calculation of Delay, Rising Time and Oscillation Am-



TABLE V
RUNTIME AND RESULTS FROM DIFFERENT MODELS SPICEAND [14] CALCULATE UP TO 300ps BY TIME STEPPING (1ps/STEP).

Model runtime 50% delay rising time amplitude of oscillation
(s) (ps) (ps) (%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 8.9 103 | 8.8
4 overdamped 23.23 0.01 | 0.01 | 0.73 33 33 12 9 a7 a7 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|| 344.70 | 0.01 0.01 | 0.02 112 113 96 93 28 25 26 1 13.5 14.2 16.7 | 15.7

TABLE IV Ground |

SAMPLE EXPERIMENT SETTINGS(ALL GEOMETRIES ARE IN m) 4.0um

setting I w S g Ra(Q) | CL(fF) | tri(ps) o.oum & 1 2 | | 3 | | 2 | | 5 |
1 3000 6 (1| 4 30 45 0 P
2 5000 | 10| 2| 5 40 45 0 3.0um y 10.0um 1.0um
3 10000 8 | 2| 8 24 90 0 [ Ground |
4 1000 | 8 | 1| 4 60 90 30
5 5000 [ 10| 2 | 10 24 45 30 Fig. 18. Five coupled parallel transmission lines.
6 10000| 10 | 1 | 10 24 90 30

decoupled transmission line with the PWL model, and finally

4) Experiments: We carry out a set of experiments toobtain the response of the original coupled lines by linear
compare the runtime and accuracy of the PWL model tmmbination of the responses of the decoupled lines.
SPICE simulation and the efficient models [16] and [14]. In We carry out experiments on a five-net structure shown in
SPICE simulation, both the signal wire and the ground wirgsgure 18. All the lines are aligned and identical with the
are modeled by uniformly distributed RLC segments. Eagfame drivers and loadings. The length of the lines is 5200
segment is pm long. The coupling between wires is modehnd the spacings between the lines areu#:0 The driver
by mutual inductance and capacitance as shown in Figure igsistance is 30 and the loading capacitance is §E2 The
The wire thickness is Am in our experiments. We presentrising time of inputs is 3fs. As an example, we show the
some sample CPW structures in table IV and summarize thgult of one experiment in figures 19 and 20. In this example,
experiment results in table V. According to table V, bothine 2 switches from ground to Vdd, line 3 switches from Vdd
our model and [16] are at leagD00x faster than SPICE, to ground and all other lines are held to the ground at the near
and [14] is aboutl00x faster than SPICE. The error of theend. We compare the results from the PWL model with those
PWL model is less than 10% for delay and noise, and débtained from SPICE simulations. In SPICE simulation, we
less than 20% for rising time in the worst case. The PWihodel each transmission line with uniformly distributed RLC
model sometimes obtains smaller rising time compared $egments. Each segment ig/s long. The coupling between
SPICE simulation. This is because the time point of 9%l wires is model by mutual inductance and capacitance. Figure
happens to be around the knees. The error is normally less th@nshows the responses of the two aggressor nets 2 and 3.
20% however. In contrast, both [16] and [14] can introduckhe waveforms from the PWL model and SPICE simulation
significantly large errors in delay, rising time and oscillatiomatch so well that it is hard to distinguish them in the figures.
amplitude. The PWL model reduces errors by 80% on averaggure 20 shows the responses of victim nets 1, 4 and 5. The
compared to [16] and [14]. PWL model still well matches the overall waveform shape
with small discrepancy. The model deviates a little from the
SPICE simulation around the first knee due to the piece-wise

linear nature of the model, but it captures the rising edges,

On-chip global buses are normally long and wide. Becauggi|jation amplitude and failing tails of the waveform almost
strong inductive coupling exists between these wires, the 5'9%|rfectly.

integrity of such structures is a great concern in modern
VLSI designs. Because a parallel bus can not be modeled
as individual transmission lines due to the coupling between
wires, we can not directly apply the PWL model to analyze We have developed an efficient model for the far-end
the bus structure. However, with the decoupling technique tiransient response of a single transmission line with capacitive
[18] we can transform multiple aligned lines to independeiidading and ramp inputs for high-speed on-chip interconnect
transmission lines, on which we can apply the PWL modednalysis. The model divides the time axis into a number of
In this section, we combine this decoupling technique and thegions according to the time of flight and input rising time,
PWL model to analyze multiple coupled transmission lineand approximates the response by piece-wise linear waveform.
According to the transformation in [18], we first transformiWe call this model the PWL model. The waveform derived
the coupled lines to the same number of decoupled lines witbm the PWL model matches SPICE simulation result with
independent drivers and loadings, and then we analyze e#ioh average voltage difference less than 0.9%Vdd. The PWL

B. Analysis of Multiple Coupled Lines

IV. CONCLUSION
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model is at least 1000 faster than SPICE simulation. To the
best of our knowledge, the PWL model is the first efficierit8]
transmission line model considering both loading capacitan §)
and ramp inputs. We have further applied the PWL model to
compute the delay, rising time and oscillation amplitude of the

coplanar waveguide (CPW) structure. Experiments show t %
PWL model achieves less than 10% average error compare

to SPICE simulation. Combining the PWL model and th&2]
decoupling technique, we also have computed the far-end
responses of bus structures, and the resulting waveform almest L. He, N. Chang, S. Lin, and O. S. Nakagawa, “An efficient inductance
perfectly matches the SPICE simulation result.
In this work we only considered capacitive loading. We will
extend our model to consider more general terminations such
as RC and RLC loading. Furthermore, we only considered
linear drivers and receivers, but for on-chip applications the
drivers and receivers are normally active devices. The nonlin-
earity of the devices will impact the accuracy of the model,
and we plan to extend our model to consider the nonlinearity
of drivers and loadings in our future work.
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