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Abstract: For improved efficiency, static timing analyzers rep- R

resent the interconnect driving point with a reduced order

model so that the gate and interconnect delays can be calcu- VVV

lated separately. Traditionally, the pi-circuit has been used to C1 Cc2
model the driving point of RC interconnect. As process technol- $ $
ogies have improved, it has become necessary to include on-chip ) )
inductance during the timing analysis of high performance Fig. 1. The pi-model
designs. However, the pi-model breaks down for interconnect

with inductance. In this paper, we discuss the behavior of RC
and RLC one ports in a circuit theoretic framework and char-

acterize when the pi-model is not synthesizable for RLC cir-
cuits. We then present a synthesis procedure for RLC circuits
that guarantees a realizable reduced order circuit using the first
four moments of the input admittance. We demonstrate the effi-

newer materials such as copper, on-chip inductance can no
longer be ignored [3]. In this paper, we present a new driving
point model, similar in spirit to the RC pi-model, for on-chip
interconnect wires with inductance. Our model is valid pro-
vided there is no DC path to ground and the interconnect is

cacy of the proposed model for on-chip RLC interconnect with ~ elatively damped, a reasonable assumption for on-chip

several examples. We see the proposed model serving the same interconnect.

purpose for RLC circuits that the pi-model did for RC circuits. ] )
For precharacterized gates, however, we still need to map

the driving point model to an “effective” capacitance value
so that the lookup-tables can continue to be used without
It has been well established that interconnect effects mushodification. The effective capacitance methodology for RC
be accounted for to ensure accurate static timing analysisaterconnects introduced in [12] has been extended to RLC
Traditionally, gate level static timing analyzers have brokennterconnects by Arunachalam et al in [2]. This approach
down the path delay as the sum of the gate delay and the wirgyoids the synthesis dilemma by modeling the driving point
or interconnect delay. Since the interconnect is a linear Cirwith a reduced order pole-residue approximation, obtained
cuit, model order reduction techniques based on momenrtom the moments of the input admittance of the intercon-
matching, such as [11, 6], have been employed to computgect. While the method is effective, the lack of a circuit
its delay efficiently. However, since gates are non-lineaimodel makes the procedure expensive since a Padé approxi-
devices, two distinct approaches have been used for faghation has to be performed in the inner loop of Bey
computation of gate delay: 1) The gate delay is precharactefteration.
ized in terms of input transition time and output load capaci-
tance using detailed circuit simulators such as SPICE [8] and In addition to improved efficiency, there are other compel-
implemented using lookup-tables, or 2) The gate delay iding reasons for a circuit model to be used in Dgy calcu-

obtained “on the fly” using fast timing simulators such aslation. While the issues of stability and passivity that have
[14],[4]. plagued Padé approximations have been recently overcome

with more advanced methods [10], the circuits realized from
Regardless of the method used to compute gate delays, #fese techniques are complicated. They contain controlled
accurate characterization of the loading due to the intercorngsgyrces which must be stamped into the MNA matrices of a
nect at the output of the gate must be made. While a simplgp|CE-like simulator. In contrast, the synthesis method
approach would be to lump the total capacitance of the interdescribed in this paper works directly off the first few
connect at the OUtpUt of the gate, the resistive Sh|9|d|ng remoments of the input impedance, does not require any con-
ders such a model inaccurate. O'Brien and Savarino [9}rolled sources or transformers, and is simple to implement.
presented a more accurate model for RC interconnect, the $ssides, our circuit model also provides some degree of intu-
called pi-model (see Fig. 1), that has been used in many timtion in terms of inductive and resistive shielding, something
ing analysis and physical design tools for modeling the drivthat a complicated model fails to do. As we demonstrate with
ing point load. However, the pi-model can no longer be useghumerous examples in the paper, matching the first few

if the inductive effects are Significant; and with faster Signalmoments is sufficient for typ|Ca| On_Chip interconnect.
transition times, increasing die sizes, and the advent of ) _ ] ) o
Permission to make digital/hardcopy of all or part of thiswork for personal or classroom useis granted without fee provided that copies are not made or distributed
for profit or commercial advantage, the copyright notice, thetitle of the publication and its date appear, and notice is given that copying is by permission of ACM,
Inc. To copy otherwise, to republish, to post on serversor to redistribute to lists, requires prior specific permission and/or afee.
DAC 2000, Los Angeles, California
(c) 2000 ACM 1-58113-188-7/00/0006..$5.00

|. INTRODUCTION



We note that the driving point synthesis for RLC(]M:jr— +
cuits has been studied earlier by Brune, Bott-Duffin and oth- Vde 7(s)
ers [15]. Brune’s synthesis method assumes that the input
impedance is known in the form of a rational function. While
conceptually simple, his method requires the use of trans- Fig. 2. Determining the sign o
formers to guarantee positive elements, something that is not ] ]
practical for realizing on-chip circuits. Bott-Duffin’'s method, Z(9) ¢an also be written in terms of moments as:
on the other hand, avoids the use of transformers, but a stiff z, )
price is paid in the number of components required. This Z(s) = i +Zy+2;S+ %S +... (4)
method is therefore largely of a theoretical interest.

This paper is organized into five sections as follows. In theThe moments oE(s) are related to thoseré) by:

next section, we provide the circuit theoretic background that 1

. . . 2 z, == 5
shows why the pi-model is realizable for RC circuits and -1 Y1 ©)
when it breaks down for RLC circuits. In Section 3, we
present the procedure to derive a realizable reduced order Yo

C ) : = = (6)
model for RLC circuits. In Section 4, we present experimen- 2
tal results that show the effectiveness of the proposed model. Y1
Finally, we conclude and summarize the paper in Section 5.
_ Y2=Y1¥3
Il. THEORETICAL CONSIDERATIONS 2 = —5— (7)
Y1

Suppose thalY(s) , the input admittance of the intercon-
nect loading the driver, can be expanded absut 0

8%ince the interconnect is modeled with a lumped, passive
follows:

RLC circuit, Z(s) satisfies a necessary and sufficient condi-
tion, known as the Positive Real (PR) property, stated in the
following two equivalent forms [15]:

The coefficientsy,, y,, ... are the moments 6t . Effi- * Z(s) isa _rational functio_n ofs with real coefficients so
cient computation of moments has been described in [11] thatZ(s) isrealwhers is real.

and therefore will not be considered in this paper. Note that R Z9]20 if Rg§20.

Yo = O if there is no DC path to ground, a condition we ’
will assume in the rest of the paper. By matching the first,
three non-zero moments of the admittance of the original
interconnect with the pi-circuit shown in Fig. 1, O'Brien and
Savarino [9] derived the formulas for synthesizing the ele-
ment values of the pi-circuit using the first three moments of
Y (9 . While not explicitly stated in their paper, it can be
shown [15] that the first three admittance moments of gen-
eral RC circuits satisfy: Since there is no DC path to ground(s) has a pole at the

y;>0,y,<0,y5>0 @) origin and is of the form:

2 3 4
Y(9 = Y S+ V¥,S +Y3S +Yyss +... Q)

Z(s) is a rational function ols with real coefficients so
thatZ(s) is real whers is real.

For allrealw ,Rq 4 jw] =0

All poles of Z(s) are in the closed Left Half Plane (LHP)
of the s plane i.e. inside the LHP or on thieyv  -axis. All
jw -axis poles are simple with positive real residues.

n
a+a,s+...+a.s
2 _ 0 1 n
Y1Y3—Y,>0 (3) Z(s) = 8)
s 2 S(1+bys+... +b_s")

This in turn guarantees the realizability of the pi-model for ) o
RC circuits. However, as we show later in this section, whileVhere n< m . Separating out the pole at origin, we have:
y,>0 andy, <0 do hold for RLC circuits, nothing can be a +a,s+.. +as t—agh, —agb,s—... —agh " !

a,
said about the sign of; and the inequality (3) which Z(s) = l+bst +bs" +§0(9)
depend on the inductance in the circuit. Thus, the pi-model v
may beunsynthesizableven if the line is mildly inductive. Z(s) = a_o +7'(s) (10)
- S
To facilitate the subsequent development, we shall center
our arguments around the input impedanegs) = % The PR property assures us that>0 thus implying

1. M stands for mutual inductance which we do not consider in Z_—l >0.As We_ S,hOW next.Z (S) satisfies the PR prpperty
this paper. sinceZ(s) satisfies the PR property. From eq. (9), itis clear



that Z'(s) is arational function o that is real when is y, = 0 and the next three moments as:
real. Next, Rq 4 jw] = Rg Z(jw)] . Since, for all real

n
w, Rq Z4 jw]=0, this implies that Rd Z(jw)] =0 . y; = z C, (15)
Finally, note thaZ(s) can be written as: it
k k. a
29 = S+ Yoy T 520 (11) "0l O
s 4&(s-p) s Y, =-5 GOy Rjicjg (16)

i=1 H=1

wherea, = k, andk;, p; could be complex. Note that all

the poles and residues &'(s) are the same as the poles n gn o n.pgn 0
and residues oZ(s) , except the pole at the origin. There- Y3 = Y GOy R;C;m”"0- % C,0O% L;C,O (17)
fore, we can say that all poles @ (s)  are in the closed Left i=1 =1 0= q =1 0

Half Plane (LHP) of thes plane i.e. inside the LHP or on the
jw -axis. All jw -axis poles are simple with positive real res-
idues. As aresultZ'(s) also satisfies the PR property.

where mﬁl) is the first moment (Elmore delay) Ifh‘j and is
given by:
n
Since the PR property is both a necessary and sufficient mﬁl) = z Rijk (18)
condition for the realization using lumped RLC(M) ele- k=1
ments,Z'(s) is the inputimpedance of some passive circuit.

This observation in fact ensures trgt  is also positive. Con:rhIS analysis clearly shows that: the first two moments of

sider a step current source drivir#j(s) as shown in Fig. 2.Y(S) are independent df , the first moment is positive and

The voltage at the driving point is given by: the second is negative th(_ar_eby imp_lying_l >0 and

z,>0, and thaty; though initially positive, becomes nega-

) tive when the inductive effects start dominating. It is clear
from eq (17) and (7) that though ~ is negative for small val-
ues of interconnect inductance, if we increase the inductance

: - . . _(or decrease the resistance) in all the branches of the tree, it

turns out to bez, which must be positive sing(s) becomes positive and stays positidote that by virtue of

passive. In fact, this is no surprise since the and . . o .
moments ofY(s) are independent of any inductance in thénequahty (3). & pi-circuit can not be synthesized when

Zy
Vdp(s) = ‘S“"le"'--- (12

Applying the Final Value Theorem, the final value

- . N >0.
circuit. That is, even for RLC circuitsy; amg,  behave as 2,0
if the interconnect was a pure RC circuit. This makgs> 0 To summarize, while we know the signs of; arg
andy, <0 and thereforgz, = -y,/y;)>0 . we cannot say much about the signszfz,  ‘eipwever,

uz%s the inductance starts dominating the resistance in the cir-

To _get a better feel for the above fact and_ tQ reason ?‘bO Cuit, z; becomes positive, arey ~ which was positive for RC
the signs ofz; andz, , we now derive explicit expressions

; ; circuits, becomes negative. In the limiting case, when the
for the f|rs_t three moments af(s) for an arbitrary RLC interconnect reduces to a pure LC circuit, all the even-num-
tree. Consider a general RLC tree being driven by a voltag

X : | VOA9B o red momentsz .25 ... become zero and the odd-num-
source. We assume that the only capacitors in the circuit ar, 0 "2

; . dﬁered moments alternate in sign witgh  being positive. Any
capamtqrs to ground anc_j that there is no DC path to 9rouNGe quced order synthesis method, using the first four moments
If Y(9 is the input admittance of the tree ands) is the

inout voltage source. we have: should, therefore, produce a realizable circuit for the four
P 9 ' ' possible sign combinations @  amj . We shall describe
n . .
Y(9V(9 = 19) = 53 OV, one such method in the next section.

=1 (13) lll. SYNTHESIZING THERLCDRIVING POINT MODEL
n n
=sy C.{V(S)—s > (Ri+sLy)CV; Consider the expansion oF(s) into the first four
=1 =1 moments:
where (Rji +sL,;) isthe total impedance of a path common z, 5
toi andj , as defined in [13]. Z(9) = D47+ 7S+ 23S = Z(s)+ Zy(s)  (19)
n n Z
Y(9 =5y q{l—sz (Rji+sLji)chj} (14)  where Z,(s) = —‘1+zo and Z,(s) = z;s+ 2252
i=1 j=1 Z,(s) canbe realiZed as a resistance in series with a capac-

whereH ; is the transfer function of thjéh node. Expand-'tance' SUPPOSer(s) = s Yot Z(9) Cross multi

ing Y(9 in powers ofs and matching like powers we get

1. Note that z, = (~=2yY,~2yY3—2Z_1Y4)/ V1



R2 = z,
1
2 C = —
Z
RL = _% I Z
%
Fig. 3. One possible reduced order circuizif > 0 ansi< 0
L1 C
R2 Cl=(1-k3
_ C
A Ci1 c2 C2=(1+ k)2

< 7

Fig. 4. A realizable reduced order circuit for all four sign combinations

plying and equating the like powers, we ggf = 1/z, and
Vo1 = -2/Z . Thus, Z(s) can be implemented as Fig. 3 by
matching the first four moments with the original intercon-
nect circuit. However, whild&R2 an@

tive, for L1>0 and R1>0 we must have; >0  and

z,<0 which as we saw in the previous section cannot be

guaranteed for RLC circuits.

However, if we modify the reduced-order circuit to the

one shown in Fig. 4, then realizability is assured regardless

of the signs ofz, andz, . Although we are still matching
four moments, by introducing a fifth parametkr,

are guaranteed posi-

- the real-

Table 3-1: Choosing the value of  x
z) z, X
>0 <0 Any positive realk . We arbitrarily
setx =0
>0 | >0 x> 2,/ (22C?)
<0 <0 x>-2/(CZ)
<0 | >0 x>max-3/(C%), 2,/ (%C"))
R 5
ne

v_/’é)

Fig. 5. ComparingV o withe and/ o with;/fe in experiments

izability parameter introduced in [5] - we have acquired the

added flexibility in assigning positive values to the elements

of the reduced order circuit. Note thatl <k<1
Cl>0 and C2>0 .Fork = 1 , this circuit reduces to the
one shown in Fig. 3. As in [5]k provides us with a family

of circuits all having the same topology and matching the
same number of moments. This enables us to choose a par-
, based

ticular circuit by assigning an appropriate valuekto
on the signs of; and,

The first four moments of the reduced order circuit in Fig.
4. are given by:

1
z,= c (20)
2

1+K)°R2
gy = Ml (21)
z = Ll—IléC(l—k)(1+k)3R22 22)

1 2 2 4 .3 L1°

22 = aC (1—k) (1+k) R2 —ﬁ (23)

To ensureL1>0 , using eq. (21) and (22), we obtain:

Z

1
x> ——
2

C%

(24)

since Wherex = (1-k)/(1+Kk) . Note that-1<k<1

implies

0<x<ow with x=0 when k=1 and x - o as
k - =1 . Similarly, to ensureR1>0 , we obtain:
2% -2,>0 (25)

Now consider all the possible sign combinations zf

and z, and the constraints they place on the valua of as
summarized in Table 3-1. Wheny >0  amg<0 ,eq.(24)
and (25) are satisfied for any positive real . When this case
occurs, we choosex = 0 (which correspondsko= 1 )
and our reduced order circuit reduces to the one shown in
Fig. 3. Whenz; >0 andz,>0 , eq. (24) is still satisfied;
however, satisfying eq. (25) requires that some of the total
capacitanceC be moved from capacio2 Q& . For the
remaining two sign combinationg, <0  and one can there-
fore either synthesize an RC pi-circuit (which matches the
first three moments) or the circuit shown in Fig. 4 (which
matches the first four moments). For all the other cases when
the pi-model is not synthesizable, the driving point wave-
form when the driver is loaded by the circuit in Fig. 4
matches well with the driving point waveform when the
driver is loaded by the original interconnect.

IV. EXPERIMENTAL RESULTS

In the following, we compare the driving point waveforms
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(a) Near and far end waveforms when R = 206m (c) Near and far end waveforms when R = QJém

Fig. 6. A 5mm uniform RLC line with varying resistance

predicted by our model with the driving point waveform . . . .
when the original interconnect is present at the output of the —orig
driver. We also compare the far-end (sink) response when the! | = e model
interconnect is driven by the actual waveform (produced
when the original interconnect loads the driver) at the drivingO ,
point and when the interconnect is driven by the waveform ne waveforms

produced when our model loads the driver (see Fig. 5). This fe waveforms
is done to illustrate the fact that even if the near end wave-,; | .
form does not capture all the details of the true near end
waveform, it does not impact the far end response signifi-
cantly. In each example, ASX [1], a commercial SPICE-likeo.2s | ]
circuit simulator was used. The interconnect and driver
parameters were taken from a representative high-perfor- . . . .
mance, commercial microprocessor process. We used®o 02 04 06 08 1

Table 3-1 to choose the value kf to synthesize the reduced Fig. 7. Near and far end waveforms for an asymmetric RLC tree
order circuit. Unless otherwise noted, interconnects Wer?hat 2 low-order model such as ours is unsuitable for model-
modeled by lumped RLC elements with 10 segments repre- - . : :
senting a 1 mm wire, where each segment is made of R, ng the dnvmg point of very low-loss interconnects like
and a C tgyround and the buffer driving the interconnect wast ose found in MCMs and PCBs.

driven by a ramp signal having a 50ps transition time. We | Fig. 7, we show the waveforms for an asymmetric tree

present the plots in terms of normalized time (the x-axis) andyith 9 sinks. The closest sink was 1.5 mm from the driver

normalized voltage (the y-axis). In all of the following exam- ang the farthest sink was 9 mm away. There were a total of
ples, the pi-model was not synthesizable. 285 elements in the tree. The R, L, and C values were ran-
domly varied between 50-100/cm, 5-7 nH/cm, and 3-4 pF/

In Fig. 6, we show the driving point waveforms when a 5 tivelv. The f d f h d
mm uniform line of varying resistance (200 and 1Qftm) cm, respectively. The larend wavetorm shown corresponds
0 the sink that was 9 mm away from source. It is clear from

is driven by a buffer. The inductance and capacitance Wer%]e fiaure that even thouah our model does not caoture all of
6.44 nH/cm and 3.28 pF/cm respectively. The buffer was 'gu v ugh ou ptu

sized to provide satisfactory source termination when thihe detalls_ of_th_e dnymg point waveform, the far end wave-
line resistance went to zero. In Fig. 6(a), when line resistanc prms are indistinguishable.

was 200Q/cm, our model agrees well with the interconnect |y Fig. 8, we show the waveforms for a daisy-chain like
waveform at both the near and the far ends. However, whegypology with four sinks. The nearest sink was 3 mm away
the line resistance was reduced to 1Q@&m our reduced gand the farthest sink was 6.5 mm away. The R, L, and C val-
order model deviated significantly from the interconnectyes were randomly varied between 50-1Q@&m, 5-7 nH/
waveform at the near end. The source of this error is them and 3-4 pF/cm. Clearly, the driving point waveform due
inability of the reduced order model to capture time-of-flight to the reduced order model captures the essential characteris-

effects. This shows that as the inductive effects start to domiﬁcs of the actual waveform. We also show the waveforms at
nate, four moments are no longer sufficient. This also showghe sink that was 6.5 mm away.
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Fig. 8. Near and far end waveforms for an RLC daisy-chain topology Fig. 9. Near and far end waveforms of a clock H-tree with inductance
In Fig. 9, we show the output waveforms of a clock driver. ' ' ' ' S

. wi
The clock tree was laid out as a two level H-tree and mod- | | without L

eled using a frequency-dependent circuit model [7]. The
clock tree was designed to operate at frequencies over 1 GHz

and contained 5981 elements. As the figure shows, the pro=s

posed driving point model comprising of just four elements
(sincek was chosen to be one) is sufficient to capture the

essential features of the waveform. We also show the wave®® |

forms at one of the leaf nodes. Note that the waveforms are
indistinguishable when the waveform generated by the pro-
posed model is used to drive the clock tree. In Fig. 10., we'
show the near end and far end waveforms for the clock tree,

modeled with and without inductance. As can be seen, ,

inductance improves the transition time of the waveforms.

fe waveforms
ne waveforms

0.2 0.4 0.6 0.8

1

Fig. 10. Waveforms for the clock tree with and without modeling inductance

V. CONCLUSIONS

6
The proposed model captures the essential features of tr[1el

driving point waveform for on-chip RLC interconnects. 71
Therefore, it provides a reasonable alternative to the pi-
model, which is not synthesizable in most cases wher?g]
inductive effects are sufficient to affect timing. While some
high frequency components in the signal are not captured biy!
our model, their impact on timing is expected to be minimal

as shown by the close agreement of the far-end waveforms(10]
[11]
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