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Abstract—Timing driven physical design, synthesis, and
optimization tools need efficient closed-form delay models for
estimating the delay associated with each net in an integrated circuit
(IC) design. The total number of nets in a modern IC design has
increased dramatically and exceeded millions. Therefore efficient
modeling of interconnection is needed for high speed IC’s. This
paper presents closed—form expressions for RC and RLC
interconnection trees in current mode signaling, which can be
implemented in VLSI design tool. These analytical model
expressions can be used for accurate calculation of delay after the
design clock tree has been laid out and the design is fully routed.
Evaluation of these analytical models is several orders of magnitude
faster than simulation using SPICE.
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1. INTRODUCTION

S the result of the scaling down of technology and

increase in transistor density, the cross sectional area of
wires has been reduced. With these trends, it is becoming
crucial to be able to determine which nets within high speed
VLSI circuit exhibit prominent inductive effects. To
accomplish this, it is necessary to analyze and model the
timing characteristics of the interconnects. An interconnection
can be described by means of its electrical parameters, and
today most extraction and delay analysis tools are limited to
resistor and capacitance. The increasing operation speed of
integrated circuits may have more important consequences on
the transmission line. Therefore RC modeling is not efficient
for global interconnection at high frequencies. Therefore, the
model chosen to describe and simulate the interconnection
should take effects of inductance into account. The most
complete description of the line is given by the RLC model.

Various techniques have been proposed for the delay
analysis of interconnects. These techniques are based on either
simulation techniques or (closed-form) analytical formulas for
voltage-mode (VM) signaling. Simulation tools such as
SPICE give the most accurate insight into arbitrary
interconnect structures but are computationally expensive.
However, with the increasing speed requirements in VLSI
circuits, current-mode (CM) signal transporting techniques
may provide an attractive solution to some of the challenges
caused by aggressive interconnect scaling.

The main objective of this paper is to find out when the
inductance of the line must be included in the model
considering a typical case of VLSI interconnections. The
closed-form delay expression presented in this paper provides

fast delay estimation including the inductance effect for long
global interconnection. A closed-form RC model for CM
interconnects has been derived using first order moment
approximation. The RLC model is derived using the concept
of absorbing inductance effect into equivalent RC model and
then recurring MNA (modified nodal analysis) is used to
obtain the equivalent resistance to model load delay.

The paper is organized as follows: section II presents the
derivation of the closed form current mode (CM) delay
expression for RC modeling; Section III presents the closed
form CM delay expression for RLC modeling of
interconnection. Section IV discusses the accuracy of
RC/RLC delay formula in various operation regions.

II. CLOSED-FORM RC DELAY FORMULA FOR CM SIGNALING

Long global interconnects can be modeled by distributed
RC transmission lines as long as the overall line resistance
dominates the response (i.e.R>>jwL). The key to current-
mode signal transporting is the low impedance termination at
the receiver which results in reduced signal swings and
increased bandwidth performance. The distributed RC model
for CM interconnects [1] is shown in Fig la. The driver is
modeled as a voltage source with source resistance R;. For the
sake of generality, the line is terminated with a resistor R; and
load capacitance Cp. For voltage-mode signaling the
termination resistance R is infinite and the output voltage
seen across Cp In current-mode signaling, the terminating
resistance R is finite.

(b)

Fig. 1 (a) Generalized distributed RC model (b) Approximate
effective lumped element model

A. Effective Resistance and Capacitance

Since Elmore's formulation is basically a first moment
approximation of the signal delay time, Moment- Matching
Methods [2][3] can be used to derive a first-order RC network
with effective lumped element parameters for voltage and
current mode signaling. It is well understood that a lumped,
linear, time-invariant circuit such as that of a generalized
distributed RC line shown in Fig. 1, can be conveniently
expressed in terms of state equations using the modified nodal
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Analysis (MNA) representation [4]. The generalized output
equation [1] can be expressed in the Laplace domain as:

[G+5C).[X(5)]=b(s) (1)

where G and C are the nodal conductance and capacitance
matrix, respectively; X(s) is the vector of node voltages; and
b(s) is the input source excitation. The NxN nodal
conductance matrix G for the circuit topology shown in Fig.
1(b )can be written as:

[Gg+G, -G, 0 ... 0
-G, 2G, -G, 0
0 -G, 2G, -G, 0 @)
[G]= :
0 -G, 2G, -G, 0
0 -G, 2G, -G,
K w 0 -G,G +G,]

G, is the segment conductance of the distributed
transmission line and Gy is the load conductance. In (2), Gs;=
I/(RstR,); where Rg is the source resistance and R, is unit
length resistance.

As described in [1][2], the node voltage vector X(s) is
expanded using the Taylor series and coefficients of similar
powers of s are equated to obtain the following expressions:

GM,=b 3)
GMq:—CMq,I q>0

where M, represents the moment vector of the transfer
function H(s) of Fig. 1(a). A general closed-form expression
for the q" moment and the k™ node voltage of X(s) is given
by:

N A
mfy =3 =Gk, ).Cj)mJ )
Jj=1

where N is the number of distributed segments and Gy,, is the
inverse matrix (G™') which can be expressed as:
(G, +(N-K).G 116, +(J—D.Gy]

Gy (K, J) = j<k
G, [G,Gs1 +(N-1).G G5 + GG, ]
_ [G, +(N-)).G 1[G, +(k-1).Gg] isk 5)
G, [G,G51 +(N-1).G,Gg + GG, ]
Similarly, we can express the 0" moment for the k™  nodal
voltage as:
o Gyl +(N-k)Gy] ©

"o =G, Gy +(N-1).G,Gs +G, G, |
From (4), (5) and (6) all higher order moments can be derived.
To obtain the effective resistance and capacitance of the
first order AWE approximation, we express the reduced single
order rational transfer function H(s) in terms of the
polynomial coefficients a, and by, calculated from the 0" and
¥ moments using (4) and (6), given as:

a,=m, by =-my/m, @)

Since the pole of H(s) is 1/(ReCer), the effective resistance
and capacitance is derived from (7), which can be written in

closed-form
R 'Z”Rmt(NHj' 1+&[N—lj
d-V L UN 3R, U N

R R, N-1
| 1 e 2 (8a)
) n\/z[ +2RL[ N j]
¢ oo Bt R (5b)
efj \/E Reﬁf
S
R, +Rg+R,, (8c)

Where R, and C,, are the total resistance and capacitance
calculated from the unit length components R, and C, and total
interconnect length /; N is the number of distributed segments;
Rs and R; are the source and 1o0ad resistance respectively.

Thus the lumped element resistance and capacitance in (8)
are the effective components that model the distributed
transmission line. The generalized effective lumped element
model is shown in Fig. 1(b). For current mode signals the
source voltage (Vp) is scaled by 1.

III. CLOSED-FORM RLC DELAY FORMULA FOR CM
SIGNALING

The distributed RLC model for CM interconnects [5] is
shown in Fig. 2. R, L and C are designated as unit length
resistance, inductance and capacitance, respectively, Ad is the
length of each lumped section; R, is source resistance; Cr, Ry
are load capacitance and resistance. The principle of current
mode signaling is that, by loading the line with finite
impedance, the dominant pole of the system shifts, resulting
which causes a smaller time constant and thus less delay.

pad mad{ T

i

Fig. 2 Current mode RLC analysis model

A. Absorbing Inductance into Effective Resistance

In modern technology, as the self-inductance of the line
increases, it affects both line delay and load delay. In order to
quantify the inductance effect, a Voltage Mode delay model is
expressed in terms of characteristic impedance Z,, which is
derived using both analytical methods and simulation
approximation in [6]. Fig. 3 shows the equivalent load delay
for the VM interconnects [5], where z, =/L/C , d is the total

length of the line. As shown in Fig 3, in the case of RC
model, the equivalent resistance is “R,+R.d”;  in the case
where inductive effect is considered the equivalent resistance
is “R.d+0.65R,+0.36Z,”, where the coefficient “0.65” and
“0.36” reflect the shielding effect of inductance.
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R-d+ R R-d+0.658, +0.36,

(2) (b)

Fig. 3 Equivalent interconnect delay model for VM- (a) effective RC
model (b) effective RLC model

B. MNA for Closed-form Derivation

A long transmission line is a linear time invariant (LTI)
distributed network that can be expressed in terms of state
equations by using the Modified Nodal Analysis
representation (MNA) [5][7], where G and C are the nodal
conductance and capacitance matrices, respectively as shown
in (9). X is vector of node voltages and b(s) is the input source
excitation.

[G+5C|.[X ()] =b(s) )

As described in part A, by absorbing the inductance effect into
effective resistance, the inductance matrix is not included in
(9) thus reducing the complexity; instead, the conductance
matrix contains the inductance effect by replacing the unit
length conductance G, as shown below. G, is equivalent
source conductance and G, the unit length conductance
including inductance effect.

[G,+G, -G, 0 .. 0
-G, 2G, -G, 0
0 -G, 2G, G, 0
[G]= :
0 -G, 2G, -G, 0
0 -G, 2G, -G,
0 0 -G,G,+G,]|

where
1 1

G, = ,G, =
0.65R, 0.36Z,.Ad + RAd

The vector of node voltages of X is expanded into a Taylor
series to obtain the moments M in (10), where the subscript of
M, indicates the order of the moments. By equating the
moments of same order on both sides of (10), a final recursive
relationship is obtained to derive the moment as shown in

(11).

[ G+sC J.[ M, + Ms + Mos® +...]=b(s) (10)
[G].M,=b
[G].M,=-[C].M,,  q>I (11)

From the 0™ and 1* moments, the distributed network can be
approximated into a 1* order transfer function as shown in
(12), where p is the dominant pole that determines the delay of
the line.

E

=
|
ERE
=|° =
Ne——

- Y (12)

(13)

| RARy +036Z,(R; +R, +§ Rel)+0.043272 +13R)R; +0465R0Rd+é(1ad)2

lcd

2 0.65R, +Rd+0.36Z,+R;,

¢y RLOGSR, 0367, +Rd)
LR, +065R0+0362, + Rd

The denominator of the pole is organized into two parts in
(13), the first term of the denominator represents the line
delay; the second term represents the load delay. The
expression in (13) can be still simplified by substituting for
line and load delay components.

When inductance effect is dominant, the line delay can be
expressed by the time of flight, /, =dLC, therefore the first

term is replaced by t; in final delay expression. The load delay
is expressed as the product of Cp and the effective resistance
of CM network in (14)

Ry 14
CrRyy ric =C1 |:1+RL R :l (14)
eq

where R, = R.d+0.65R,+0.36Z,

Therefore the total delay is obtained as (15). Also, this
result converges to voltage mode delay expression whose load
resistance is infinite.

R
¢ =t,+0.693C, | ——L (15)
RLC_CM = 1f L£1+RL /qu]

IV. METHODS TO FIND THE REGION OF OPERATION
(RC ANDRLC)

Identifying the nature of the line can help in predicting the
accuracy of the expression. We develop a design guideline for
the choice of the expression (RC/RLC) by observing the
damping ratio of the line[5].

For CM signaling, a lumped system model can be used for
the approximate evaluation of line inductance effect as shown
in Fig. 4.

R, Ld Rd
Vl‘ﬂ | I _I/O'NT
“dITTc3r
-

Fig. 4 The lumped system model for CM inductance effect evaluation

The inductance effect in current mode can be evaluated by
the system transfer function using pole-zero analysis in a
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similar way in the voltage mode derivation [8].The transfer
function is in the form of H(s)= w,/(s° + 2§ w,s + ) .

where { is the damping ratio and o, is the undamped natural
frequency. H(s) is given by (16) and the damping ratio is
given by (17).

(16)

amn

when { >1, the system operates predominantly in RC region;
when ( <1, the system will exhibit inductive effect; when {
<0.7, the system enters inductance dominant region [9], where
the RLC expression has the maximum accuracy.

Fig. 5 shows the delay versus load capacitance [5]. The
damping ratio increases as Cp increases. When = 0.7, the
expression has an error of 2% at point A where C;, is 350fF.
At point B, { =1, the accuracy of RLC model is equal to the

RC model. As C; increases further, the RC model becomes
more accurate. Given the nature of the line, the designer can
choose the appropriate model to estimate the delay.
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Fig. 5 50% delay versus load capacitance

Fig. 6 shows the comparison of HSPICE with RLC and RC
model when line length varies from Imm to 6mm. The
average error for the RLC expression compared to HSPICE
simulation is 2.7%, while the RC model has 20% error in this
case.

V. CONCLUSION

Simple closed form expressions for RC model and RLC
model is presented. These closed-form delay formulas are
compared with HSPICE. Finally RC and RLC regions are
identified based on the value of damping ratio. These current
mode closed-form expressions give more efficient results than
the voltage mode signaling expressions. Hence these closed
form expression can be implemented in VLSI design tool for
efficient modeling of interconnection in high speed VLSI
chips. These analytical delay formulas are much faster than
simulating using SPICE.

70.0p - ;
J = HSPICE .
&0.00 4 #  RLC Modal
o ] RC Modsl ¥ f
- =00p i
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| []
20 :hj =
wop{ *
0.0 T T T T T
1 2 3 4 5 B
Sweap Length (mm)

Fig. 6 Comparison of HSPICE simulation with the RLC and RC
model. The 50% delay is based on step excitation versus line length

REFERENCES

[11 R. Bashirullah, W. Liu, and R. Cavin, “Delay and power model for
current-mode signaling in deep submicron global interconnects”
Proceedings of IEEE Custom Integrated Circuits Conference, May
2002, pp. 513 -516.

[2] L.T. Pillage, R.A. Rohrer, “Asymptotic Waveform Evaluation for
Timing Analysis,”” IEEE Trans. on CAD, Vol. 9, No. 4, April 1990, pp.
352-366.

[3] R. Achar, M.S. Nakhla, “Simulation of High-speed Interconnects,”
Proceedings of the IEEE, Vol. 89, No. 5, May 2001.

[4] C.W. Ho, A.E. Ruehli, P.A. Brennan, “The modified nodal approach to
network analysis,” IEEE Trans. Circuits and Systems, Vol. CAS-22, pp.
504- 509, June 1975.

[5] A Closed-form Delay Formula for On-Chip RLC Interconnects in
Current-Mode Signaling Mingcui Zhou, Wentai Liu, Mohanasankar
Sivaprakasam Department of Electrical Engineering, University of
California at Santa Cruz, CA 95064, USA ©2005 IEEE.

[6] R. Venkatesan, J. Davis, and J. Meindl, “Compact distributed RLC
interconnect models ---part IV: unified models for time delay, crosstalk,
and repeater insertion,” IEEE trans. Electron Devices, vol.50, no. 4,
April, 2003, pp.1094-1102.

[71 H. B. Bakoglu, Circuits, Interconnections, and Packaging for VLSI.
Reading, MA: Addison-Wesley, 1990.

[8] Y. Ismail, E. Friedman, and J. Neves, “Figures of merit to characterize
the importance of on-chip inductance,” IEEE Trans. On VLSI System,
vol. 7, no.4, December, 1999, pp. 442-449.

[91 A. Oppenheim, A.Willsky, and S. Nawab, Signal and System (1997), 2™
edition.

Aswatha A. R. received B.E Degree from Mysore
University in 1991, M.Tech Degree from M.LT
Manipal in 1996, M.S. Degree from B.L.T.S. Pilani
in 2002, pursuing Ph.D degree in Dr. M.G.R
University. Currently he is working as Associate
Professor in Electronics & Communication
Department, Dayanand  Sagar  College of
Engineering, Bangalore, India. His main research
Interests include Analysis and design of Low Power
VLSI Circuits and Image Processing (e-mail: aswath.ar@gmail.com).

T. Basavaraju received B.E Degree from U.V.C.E, Bangalore in 1962, M.Sc
(Engineering) Degree from PSGCT, Coimbatore in
1967, Ph.D degree from Bangalore University,
Bangalore, India, in 1980. Currently he is working as
Director (Accademics) in Sri Revana Siddeshwara
Institute of Technology, Bangalore India. His main
research Interests include Analysis and design of
Device Technology.

Sandeep Kumar S. received his B.E. Degree in
Electronics and Communication Engineering in
2005. Currently Pursuing M. Tech (VLSI Design &
Embedded System) in Dayanand Sagar College of
Engineering, Bangalore, India.

e

223



