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ABSTRACT 

Signal delay estimates for high-speed interconnection nets are formulated using 

analytical methods. The equations are suitable for estimating delay in intercon

nects of printed wiring boards and multi-chip modules where the resistance of 

wires is small. Effects of drivers, receivers, chip interfaces and wires on delay are 

considered by using simple models. The wires are treated as lossless transmission 

lines with capacitive discontinuities modeling receiver chip interfaces. Drivers are 

modeled as voltage sources with series resistance. Signal delay consists of line 

propagation delay and delay due to the change in rise time,and reflections at the 

discontinuities. Various commonly used net topologies are identified and wiring 

rules and delay predictors provided for each of them. It is shown that interconnect 

delay can be formulated as a non-linear function of the product of the line charac

teristic impedance and load capacitance. SPICE simulations are used to validate 

analytical derivations. 
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CHAPTER 1 

INTRODUCTION 

Designing an electronic system is a complex process dealing with multicomponent, 

multichip assemblies. With today's high speed systems, packaging has become 

an integral part of the design process. Every component in the system has to be 

properly interfaced to the package and interconnections to get satisfactory perfor

mance. Advances in semiconductor technology have resulted in a high speed of 

operation of semiconductor devices and integrated circuits. The off-chip signal rise 

times are moving toward the sub-nanosecond regions. At such speeds, the elec

trical performance of interconnections becomes a major issue in determining the 

overall system performance. The fast signal transitions of these circuits require 

that the conducting paths be treated as transmission lines. This models many 

electromagnetic phenomena that are important in determining the signal integrity 

and overall system performance. These phenomena form design constraints which 

include propagation delay, reflections, crosstalk and losses in interconnections. The 

list of design constraints in electronic packaging is quite large and spans geometric, 

mechanical, electrical and cost issues [1]. 

A very important design issue is the ability to predict the performance of 

the system. A performance metric is needed when comparing various systems or 

predicting the performance of a system. A global performance criterion takes into 

consideration the electrical, mechanical, cost, and reliability issues. In generating 

an electrical performance metric the key issue is to relate it to design parame

ters such as interconnect, driver and load characteristics. Various metrics have 
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been used in the literature to quantize electrical performance. System Clock Fre

quency, Functional Throughput, MFLOPS (Million floating point operations per 

second) and Effective System Dielectric Constant [2] are some of them. System 

clock frequency is the only metric that can be directly related to packaging design 

parameters as the others also depend on the system organization and architecture 

[3]. Hence clock frequency is the most suitable metric to quantize the electri

cal performance of a system at all levels of hierarchy (system, board, chip, etc.). 

The clock frequency depends on the maximum signal delay in the system and the 

signal delay in turn can be directly related to physical design parameters. In for

mulating electrical performance of packages, there exists a need for accurate delay 

predictors. Numerous software tools are now available for system performance 

prediction. These include SUSPENS [4], AUDiT [5], PEPPER [6], and SPEC [7]. 

Most of these tools use Donath style Rent's rule estimation of the average inter

connection length [8]. Package delays are computed assuming only time-of-flight 

and RC charging delays, neglecting delay effects due to noise and reflections. This 

work attempts at providing more accurate delay predictors that can be used in 

such software tools. 

Quick and accurate delay calculators are required in the initial stages of a 

design process. Circuit simulators like SPICE can be used to determine the delay. 

But simulators tend to be cumbersome to use and have a large time overhead. 

Moreover, these simulators do not produce an output that can be incorporated 

in a performance prediction software package. An alternative approach to design 

has been the use of nomographs, but these are hand calculation methods and do 

not lend themselves to computer aided design. Simple but accurate closed form 

approximations are required that can be easily incorporated in a computer package. 

The emphasis of this work has been to develop such approximations so that they 

can be used in a CAD package at a later stage. 

The results of this thesis can be applied in the electrical design of multichip 

assemblies in the areas denoted by the shaded regions of figure 1.1 published in [9], 
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A multi-chip assembly has certain physical parameters that affect the electrical 

performance of the system. These are the line lengths (/), widths (to), thicknesses 

(t) and separations (s), relative permittivity of the dielectric material (er) and the 

height of dielectric between ground planes (h). Of these parameters t. er and h are 

fixed by the manufacturing processes and materials. The remaining parameters /, 

w and s are normally limited by the capability of the manufacturing processes but 

can be varied within certain limits to produce desirable electrical properties. 

Once these physical parameters are known, an equivalent electrical circuit 

of the package can be constructed. This circuit is made up of resistances (/?), 

inductances (L), capacitances (C), and transmission lines with a propagation delay 

(To). 

The design process now branches into signal distribution design and power 

distribution design. Power distribution design involves the determination of the 

DC and AC drops in the system. Ohmic factors determine the DC drops while 

inductive and capacitive reactances determine the AC drops. These values are 

used in the calculation of the voltage tolerances that define the operating ranges 

for the circuits. The voltage levels and tolerances are combined statistically with 

temperature and process parameters to determine the properties of the receiver 

and driver circuits. 

The speed, voltage swing, terminal impedance and noise tolerance of the 

receiver and driver circuits are needed to design the signal distribution system. 

The characteristic impedance (Z0) is the transmission line parameter that affects 

net design, performance and noise levels. The driver terminal impedance, driver 

output slew rate and the line characteristic impedance are important design pa

rameters that should be selected to produce optimum design results while limiting 

power dissipation and area requirements of drivers and terminators and controlling 

reflections. 

In designing interconnections, the reflections caused by line discontinuities 
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have to be analyzed. These discontinuities are introduced by structural discontinu

ities like connectors and vias, multidrop nets, and intermediate loads on the line. 

These reflections cause signal undershoots at the receiver inputs and have to be 

limited to prevent their unwanted switching. 

Accurate delay predictions are possible if the nets are designed based on 

certain wiring rules. These wiring rules are derived for different possible net topolo

gies taking into consideration constraints such as reflections, noise and first inci

dence switching criterion. 

Typical signal delay components are logic delay, delay due to skewing of 

parallel signals and the interconnection net delay. The total delay 

t logic is the characteristic of the chip technology, the system architecture and im

plementation and is not dependent on off-chip packaging elements. tskew represents 

the delay introduced by the skewing of parallel signals. On other hand tnet is de

pendent on the packaging elements and is available to optimization at the board 

level. This paper deals with components of the chips and packages that can be 

designed to produce an optimum net delay. 

Figure 1.2 gives the definition of the net delay for a typical interconnect 

topology. The various components of a net are drivers, receivers, chip to intercon

nect interfaces and interconnects. All these components introduce delays in signal 

propagation. These delays are the internal driver delay (tj,.), the driver loading de

lay (tdi), the time-of-flight across the interconnect (tp) and the receiver load delay 

(tij). The total net delay is the sum of all these delays 

(1.1) 

^net — ^dr ~f~ ^dl ~l~ tp ~f" (1.2) 

Chapter 2 treats interconnects as transmission lines and considers the 

effects of capacitive discontinuities on the line. Approximations to signal delays 
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Figure 1.2: Pictorial Representation of Net Delay and its Components 

due to these discontinuities and magnitudes of reflections are developed. The delays 

and reflections are derived in terms of the input signal rise time, the characteristic 

impedance of the line and the capacitive load. Drivers and receivers are treated 

in chapter 3. Accurate transition delay equations and rise time equations are 

developed. Design criteria for driving transmission lines are discussed. Various 

net topologies that are generally used in packages are discussed and wiring rules 

to satisfy the requirement of first incidence switching are developed in chapter 4. 

•Optimum design procedures for drivers and interconnections of these net topologies 

are developed. Delay equations for these topologies are developed. In chapter 5, 

summary of results and conclusions drawn from this work are given. Limitations 

of the analysis and possibilities for further improvements are discussed. 
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CHAPTER 2 

TRANSMISSION LINE EFFECTS 

With device rise times in the subnanosecond region and operating frequencies in 

the 50 - 500 MHZ range, interconnects on printed wire boards and multi-chip mod

ules have to be treated as transmission lines. The effects of transmission lines like 

reflections, crosstalk, wave propagation are critical factors that affect the design of 

high speed digital systems. Reflections and crosstalk are the key contributors to 

electrical noise. Crosstalk introduces voltages on a line due to changes of currents 

and voltages in adjacent lines and may cause spurious switching. Signal reflections 

occur when the characteristic impedance of a line is interrupted or changed signif

icantly. Reflections may cause signal undershoot leading to spurious switching of 

receivers on the line. This chapter deals with transmission line issues as applied 

to interconnects. The effect of line characteristic impedance on electrical perfor

mance is studied. Discontinuities on interconnects that give rise to extra delay are 

modeled and equations to calculate the delays are developed. 

2.1 When to Use Transmission Line Analysis 

Electrical analysis of an interconnect can be divided into three ranges depending 

on the input signal rise time to time of flight ratio (Tr/TOF). Time of flight is 

the time taken by a signal to travel from the driving end to the receiving end 

of an interconnect. When rise times are sufficiently high, the interconnect can 

be considered as a wire with no AC elements. The far-end signal then changes 

simultaneously with the input with no change in waveshape. When rise times 
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Range Analysis 

T r /TOF > 100 DC 

100 > T rITOF > 4 lumped RC 

4 > Tr/TOF Transmission line 

Table 2.1: Ranges of Electrical Analysis 

become significant to consider AC analysis, the interconnect can be modeled as a 

lumped RC circuit. The interconnect now effectively behaves as a low pass filter. 

The far-end signal has a larger rise time. For very small rise times, transmission 

line effects are no longer negligible. The signal takes a finite time to propagate to 

the far end. The table 2.1 is based on observations by [10] and shows the ranges 

for these modes of analysis. 

Figure 2.1 gives a graphical representation of these ranges for some repre

sentative packages. 

2.2 Packaging Structures Considered 

Printed circuit boards and ceramic multichip modules act as nearly ideal trans

mission lines with near negligible losses [9]. The emphasis of this work is on such 

packaging structures where the line resistance and dielectric losses can be neglected. 

The forthcoming analyses was made under this assumption that interconnections 

are modeled as lossless transmission lines. 

2.3 Characteristic Impedance and Propagation Delay 

Signals take a finite time to propagate through a conducting medium. The prop

agation velocity depends on the permittivity of the material surrounding the con

ductor. In air, electrical signals in a conductor propagate at the velocity of light. 
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Figure 2.2: Conductor Configurations in Multichip Assemblies 

The two main configurations of conductors used in multi chip assemblies are the 

microstrip and the stripline (Figure 2.2). It has been experimentally shown that 

good qualitative and quantitative results can be obtained using the quasi-TEM 

theory on high speed interconnects [11]. 

The characteristic impedance ZQ and the propagation velocity v p  are given 

by 

1 1 

T p  s / l c  

(2 .1)  

(2.2) 

where rp is the unit propagation delay, I is the inductance per unit length, and c 

is the capacitance per unit length. 

The characteristic impedance depends on the dimensions of the conductor, 

the permittivity of the dielectric medium and its distance from the ground planes. 

These physical parameters are limited by the constraints of the manufacturing pro

cess and materials. Numerous closed form equations are available in the literature 

for Z0 [12]-[15]. 

The characteristic impedance is the single most important electrical pa

rameter in the design of interconnects. The choice of a certain characteristic 
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impedance determines the loading delay and noise levels on the line. The de

pendencies upon Z0 have been analyzed in [9]. The delay has' an upturn for both 

low and high values of Z0. The upturn for high values of Z0 is due to the capacitive 

load delay while the upturn for low values is due to the driver loading delay. The 

noise on the line is also dependent on ZO• At low values of Z0, the AI noise dom

inates, and at high values, the coupled noise dominates. There exists a minimum 

region for the noise as was the case for the delay adder. The noise tolerance of 

the receivers can also be established as a function of Z0 and this function forms 

the upper bound for noise. These three dependencies on Zo together define an 

acceptable design space for Zo- From nomographs depicting these dependencies, 

one can select the range of Z0 that will produce optimum line performance. 

Designing for a certain Z0  involves the selection of physical dimensions of 

the interconnects and the dielectric material. Usually, the dielectric material is 

selected for its thermal and mechanical properties. The thickness of the lines and 

the dielectric thickness are fixed by constraints on the manufacturing processes. 

The width of the conductor can be varied to achieve the desired value of Z0. There 

are many possible solutions for the line dimensions given a particular characteristic 

impedance. Since Z0 is a nonlinear function of line dimensions, one would require 

numerous iterations for synthesis. However the use of a database relating line 

dimensions to Z0 has been shown to greatly improve the response time of synthesis 

[16]. 

Some of the materials used in packaging and line dimensions are given 

below. Table 2.2 gives the relative permittivities of some of the commonly used 

dielectrics used in the manufacturing of printed wiring boards. The copper foil 

thickness of the conductors is usually specified in terms of oz/ft2, where 1 oz/ft2 

= 1.4 mil. Manufactured thicknesses are usually multiples of an oz/ft2. Minimum 

conductor spacing requirements are based on two factors - the voltage used and 

the level of crosstalk that can be tolerated. The military standard MIL-STD-275E 

specifies, for voltages less than 100V, a minimum spacing of 5 mils on surface layers 



Material Resin Fibre Dielectric 

Constant 

XXXP phenolic paper 4.1 

FR-2 phenolic paper 4.5 
FR-3 epoxy paper 4.3 

CEM-1 epoxy paper-glass composite 4.4 

CEM-3 epoxy glass matte 4.6 

FR-6 polyester glass matte 4.1 
G-10 epoxy glass 4.6 

FR-4 epoxy glass 4.6 
G-11 epoxy glass 1.5 

GT PTFE glass 2.8 

GX PTFE or polystyrene glass 2.S 

Table 2.2: Dielectric Constants of Typical Laminates 

and a minimum spacing of 4 mils on internal layers [17]. 

2.4 Discontinuities and Reflections in Transmission Lines 

When a signal encounters a change in the characteristic impedance, part of the 

incident wave is reflected back and part is transmitted. The change in impedance 

may be caused by a change in line dimensions, bends, vias, connectors and IC pins. 

These discontinuities can be appropriately modeled in terms of inductances, ca

pacitances and resistances. A capacitive discontinuity causes a negative reflection 

which may cause the voltage on the line to go below receiver threshold. Hence 

analyzing an interconnect with capacitive discontinuity gives the worst case result. 

This method gives acceptable accuracy for analysis of vias and IC pins where the 

capacitance is dominant. 

Discontinuities on the line cause changes in the characteristic impedance 

producing distortion in the signal waveshape. The effects of discontinuities due to 
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chips tapped to interconnects and their modeling issues are analyzed in the next 

section. 

2.4.1 Chip Packages 

The interface between an interconnect and the driver/receiver circuits on the chip 

is formed by the I/O pins of the chip packages. The materials used for these 

packages are usually ceramics (er : 8 — 10) and plastics (er : 4 — 5). Some of the 

families of chip packages are Plastic quad flatpacks (PQFP), Multilayer molded 

packages (MM), Ceramic quad flatpacks (CQFP) and Pin grid arrays (PGA). The 

MM, CQFP, and PGA packages can be designed with ground and power planes 

and are custom designed for each product. 

Capacitance of an I/O pin is determined by the (1) length of the leads, 

(2) distance separating the leads, (3) dielectric constant of the material between 

them, (4) lead thickness, and (5) number of leads involved. Larger leads have 

larger values of capacitance. Capacitance of package pins is classified as loading or 

lead-to-lead. The loading value represents the capacitance of a single lead in the 

presence of a system of conductors. It is greater than the lead-to-lead value, which 

represents the capacitance between two leads with all other conductors grounded. 

The loading capacitances of some representative packages are tabulated in table 

2.3. The electrical characteristics of a package I/O pin will be defined by its 

capacitance in all future analysis. 
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Source: INTEL Packaging. 

Family Lead Count C(pF) L (nH) R (mft) 

PGA 68 2-3 5-9 200-300 

PGA 88 2.5-6 5.8-8.6 220-350 

PGA 132 6-15 6-11 220-700 

PGA 168 4-9 9-22 220-800 

CQFP 164 4 5 800 

CQFP 196 5 6 900 

MM 132 2 14 100 

PQFP 132 2 7.3-8.5 70-80 
PQFP 196 2.3 9.0-15.5 70-80 

Table 2.3: Summary of Electrical Data for Various Families of Packages 

2.5 Transmission Line Theory - Traveling Waves on Finite Lossless 

Lines 

The dynamics of a lossless transmission line are defined by the ideal telegrapher's 

equation 

— = LC— (2 3) 
dx* dP (  '  

For the distortionless case and real terminations this equation can be shown to 

have the following solution [18] 

V ( X ,  * )  =  +  P T E ~ S { 2 ' - ^ U  +  P I P T E - S { 2 L + J : ) < U  

Zo + 

+pip2
te~3{ '"- r> / u  + pfp2e- s {4 l+x ) /u  ] (2.4) 

where, p,-, p t  are the near-end and far-end reflection coefficients and are defined as 

~ Zo / 0  r N  

" = zT+S (2'5) 

_ Z T - Z O  
P T  ZT  + Zo 

ZI being the near-end termination and ZT  being the far-end termination. This 

solution can be interpreted as a wave traveling along the line and being reflected 
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at the terminations with p times the amplitude of the incident wave. The first 

term represents the initial wave traveling in the forward direction, the second term 

represents the reflected wave due to the far-end termination, the third term, the 

reflected wave due to the near-end termination and so forth. In order that the 

first incidence switching be satisfied, a line has to be terminated with a matching 

impedance at the far end. Reflections due to capacitive loads along the line cause 

undershoots on the line. The first reflection has the maximum amplitude, with the 

amplitude of the successive reflections rapidly diminishing due to absorption by the 

resistive termination. Hence, for accurate delay analysis, it is enough to consider 

the effect of the first reflection. Evaluating the effects of successive reflections on 

delay will not yield to analytical solutions. The analysis carried out in this paper 

therefore deals only up to the first reflection. The solution then reduces to 

V( . r , s )  =  T ^C{v 0 ( t ) } [ e -" / u  + Pte~ s { 2 , - X ) / U }  
£0 + 

The solution V ( s )  at the far end of the line is obtained by replacing x / u  with r l  

V(s) = £{Uo(i)}[l + ̂ ]e"aW (2.6) 

The exponential term denotes the delay in the propagation of the wave along the 

line and is given by rl. The rest of the equation specifies the transmitted waveshape 

and can be used to determine the transmitted pulse amplitude and rise time. 

V(a) = £{«o(f)}ll + *]. (2-7) 

This equation can be used to study the effects of various types of discontinuities. 

Unfortunately the laplace transforms might not lead to a straightforward time 

domain solution. In the same manner the effect of an intermediate discontinuity 

can also be studied by considering the combination of the discontinuity and the 

rest of the line as a termination when we are not concerned with further reflections. 

The reflected signal from the far end is 

V r ( s )  =  C { v 0 ( t ) } p t .  (2.8) 
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Figure 2.3: Effects of an Intermediate Capacitive Discontinuity. 
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Figure 2.4: Equivalent Circuit of the Intermediate Discontinuity 

2.6 Analysis of an Intermediate Capacitive Discontinuity on a Long 

Line 

Equation 2.7 is now applied to the case of the capacitive tap. Figure 2.3 shows 

a single tap and its effects on the signal. Since the line is considered long and 

the distance between any two discontinuities is such that no reflections appear at 

a discontinuity during the transition, the line after the tap can be treated as a 

resistive termination of Z0. The equivalent circuit is shown in figure 2.4. The 

termination is given by 

ZT  

z .  U o 
(2.9) 

1 + ZQCvS 

The reflection coefficient at the point of discontinuity is calculated from the defi 

nition given by equation 2.5 

ZPCP 
pt = -

1 + %<£ZS 
(2 .10)  
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The input waveform depends on the source and previous discontinuities. For the 

purpose of this analysis, The rise(fall) time of the incident waveform can be lin

ear ized  and  the  s igna l  approx imated  as  a  ramp of  r i se - t ime  T r ,  

v0(t) = ^r{fu(0 - - T r )u ( t  - Tr)} (2.11) 

V 0  1  
£ W 0 }  =  ̂ r - 4 [ l - e - a v ]  ( 2 . 1 2 )  

T r  s  

Substituting for £{u0(0} an(i Pt in equation 2.8 and simplifying, the signal reflected 

at the discontinuity is given by 

v r [ s )  =  ~  e~ sTr) (2-13) 

and in the time domain by 

Vn ZnCr ,  2t / 2(t—Tr) 
v r ( t )  = • ——^[(1 - e z <> c p)u( t )  - (1 - e z ° °p  )u ( t -T r )] (2.14) 

r 

Using equation 2.7 the time domain solution of the transmitted signal is then 

v ( t )  =  ^ ( M O - C - W i - T r ) )  

Vn ZnC« 2i r2ft-Tr) 
— [(1 — e Z 0 C P )u ( t )  -  (1 - e Z°CP )u ( t  -  T r ) } .  (2.15) 

I f  

Figure 2.5 shows a graphical picture of the solution. In the figure, the dotted line 

represents the input signal, the dashed line, the reflected signal and the solid line, 

the transmitted signal. The symbol 6t represents the additional delay introduced 

by the discontinuity. 

2.6.1 Loading Delay Due to the Discontinuity 

The expression for 6 t ,  the 50% delay is now to be obtained from equation 2.15. 

There are two cases that will lead to different solutions. The first case is St < T,./2. 

In this case the terms delayed by Tr i.e., the terms containing u(t — Tr) are not 

considered. Equation 2.15 then reduces to 

~ Y  '  ~  e ~ ^ ' ) )  ( 2 - 1 6 )  



28 

Figure 2.5: Graphical Solution of Equation 

The second case is St  > Tr/2. In this case the whole equation has to be considered 

and can be rewritten as 

v ( t )  =  V 0 -
V 0  ZqC v  j .  JT r )  

¥~2  
'[e zo G ZQCP j (2.17) 

These equations show that the delay can be formulated as a function of TR /ZOCP .  

The limits of TT/ZQCP for which the above two equations are valid have to be 

obtained. The first case St < TR/2 is satisfied when V(TT) > V0/2. Solving equa

tion 2.16 for this inequality will produce the valid range of TR/Z0CP for this case. 

V 0 m  Vo.ZoC P y i  —Tr - — (—^)(1 - e ZOCP)> — 
Tr  

ZQC'P 

Solving iteratively for TR /ZOCP  

(1 — e z°cP) < 1 

> 0.8 
Z0CP  

(2.18) 

The ratio TrlZoCp is a design parameter and will be represented by k. The delay 

equations for the two cases, k > 0.8 and k < 0.8 are now formulated. 

Case 1: fc = TR /Z0CP  > 0.8 
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The 50% delay St  is found by setting v ( t )  =  V 0 / 2  in equation 2.16 and solving for 

t  =  T r / 2  +  S t .  

which gives, 

V., Vn Vn 7nnit 2fTr/2+ati 
- j  =  ̂ (T r / 2  +  S t ) -^ ( -^ ) ( l - e  zoc-p  )  

26 t  ,  (  2 6 1  \  T r  \ .  
= (1 — e ° cP zo ). 

ZoC'p  

Using the definition of k  in the above equation, 

-p— = 0.5(1 - e~( 2 S t + k ) )  for k  >  0.8. 
ZQC p 

Solving this equation iteratively and fitting a curve, the following solution gives 

less than 0.1% error. 

5t- = 0.5(1 - 0.35e°'2/A:-A:). (2.19) 
ZoCp  

Case 2: k  = TT /Z0CP  < 0.8 

Setting v ( t )  =  VQ/2 in equation 2.17 and solving for t  

1 1 ZF\C„ 2 t  2 (  t—Tr)  
-  -  i  _  _ e  z 0 c p ) _ ( l - e  

z o c P  ) ]  

which simplifies to 
1 2  TR  2( t -7Y)  2 (  
— . • ••-. — p 2(jCp p ZqCP 
2 ZqC 'p 

Applying i = + T,./2 leads to 

T _ 2( i t -7y /2 )  _  2( f l  +  Tr /2 )  
— g 20CP — g 2qCp 

2gt Tr Tr 
£  ZgCp^g i JoCp  £  z 0 Cp j  

Z0Cp 

Substituting k  for Tr/Z0Cp and solving for St  leads to the solution 

= 0.5 ln[^ sin' |^ . (2.20) 
ZoCp  

Figure 2.6 shows the plot of St /Z0 C p  for values of k  ranging from 0.01 to 10 on a 

logarithmic scale.  An often used approximation in the l i terature for St is  0.5ZQCP ,  

which as seen from the figure is valid for values of k greater than 3. For lower 

values of k, the error in using this approximation can be as large as 32%. 
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Figure '2.6: Variation of 8 t /Z 0 C p  with k .  
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Vdd Vdd / / 
Vriri A t/ 2 k 

Tr Tro t 

Figure 2.7: Dependence of the Transmitted Rise Time on Incident Rise Time and 
the Loading Delay. 

2.7 Transmitted Signal Rise Time 

The linearized rise time of the output can be calculated from Fig 2.7. 

T r o  = T r  + 28 t  (2.21) 

The formulas developed for 6 t ,  equations 2.19 and 2.20, can be used to express the 

r i se  t ime  normal ized  to  ZQC P  as  a  func t ion  of  k .  

=  k  + 1 - 0.35e°-2/*"* k  >  0.8 (2.22) 
C'p 

= k  + InPsinh(A-)] k  < 0.S (2.23) 

Figure 2.8 shows a pictorial view of the solution. For large values of k, as expected, 

TR O  approaches TR  + Z0CP .  

2.7.1 Magnitude of Reflected Undershoot 

The reflected signal travels back in the form of an undershoot. The magnitude of 

this undershoot (V r p)  can be computed from the equation 2.14 at  t  =  T r .  

. .  VOZOCP _-2£.  
v r p  -  - f — — ( !  -  e  0  p )  ( 2 - 2 4 )  
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Figure 2.8: EfFect of k  on the Transmitted Rise Time, T r o .  For large values of k  

T r o  approaches  T r  + Z 0 C P .  
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Figure 2.9: Variation of \V r p IVo \  with k  

= (2.25) 

Graphical solution of the undershoot magnitude normalized to the incident voltage 

for  d i f fe ren t  k  i s  shown in  f igure  2 .9 .  The  non l inear i ty  o f  V r p /Vo  with  respec t  to  k  

can be seen. For small values of k, the undershoot approaches the incident voltage 

magnitude. This is because, the load capacitance is large and the incident rise time 

is small and the incident signal sees an effective short-circuit at the tap and most 

of the energy is reflected. On the other hand, for large values of k, characterized 

by small capacitive loads and large rise times, the tap is insignificant and the line 

approaches the condition of an untapped, continuous line. 
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Figure 2.10: Capacitive Discontinuity at the Unterminated Far End of a Long Line 

2.8 Analysis of a Line with a Capacitive Termination 

Oftentime in packaging applications the far-end load is determined by the receiving 

gate which is designed without taking into account the transmission line effects. A 

line unterminated at the far end is also used in packaging. In this case the line is 

terminated with a matching impedance at the driver end, usually by the driver's 

ON resistance. The incident waveform is of half the magnitude of the source. The 

far end has a capacitive load due to the receiver package which is small enough for 

the far end to behave as an unterminated line. There is a doubling effect of the 

incident waveform. The rise time of the resultant signal at the far end is however 

affected by the capacitance of the load. 

Equation 2.7 is now applied to the case of a capacitance at the far end 

with no resistive termination. Figure 2.10 shows the schematic of the circuit. The 

termination impedance is 
z' = ĉ  

C- p i y  

The far end reflection coefficient (equation 2.5) is 

=  
1  ~ Z°CPS  (2.96) 

P  l  +  Z 0 C p s  K  1  

The input is approximated by a ramp of rise time T r  with a magnitude of Vo/2. 

where, VQ is the magnitude of the voltage level change at the source. 

"o(0 =  ̂ r { tu { t )  - ( t -  T r )u ( t  -  T r ) }  (2.27) 
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Substituting for C{VQ}( t )  and p t  in equation 2.7 and simplifying, the transmitted 

signal at the far end 

F(s) = £{t;o(f)}[l + p( t ) ]  

=  •  J j [ l +  / > < ( ) ]  

= ^ ~ (z°gP)(- - , If' Ml - e-T'\. (2.28) 
l r S  b  1 + Z QL > J) S  

The time domain solution is 

v ( t )  =  ̂ [ f u ( i ) - ( f -T r ) u ( / - r r ) ] -^ (ZoC p ) [ ( l - e -^ ) U (0 - ( l - e -^ ) t ia - r r ) ]  
1 r i- T 

(2.29) 

This equation shows the doubling effect of the incident signal at the far end. The 

linear terms in the equation are identical to the source signal. The exponen

tial terms are characteristic of the line and load and define the additional delay 

and increase in rise time due to these. This equation becomes identical to equa

tion 2.15 developed for the intermediate discontinuity if the term Z0CP is replaced 

by ZoCp/2. 

2.8.1 Loading Delay Due to Capacitive Termination 

The solution for loading delay is similar to the one developed in section 2.6.1 for 

the  in te rmedia te  d i scon t inu i ty .  Equa t ion  2 .29  can  be  wr i t t en  separa te ly  fo r  t  <  T r  

and t > Tr respectively. 

v(t) = ^-(t-ZoCp(l-e~^-p) (2.30) 

v ( t )  =  V 0 -  ̂ •Z 0 Cp[e z o c ' p  -  e~*oc^]  (2.31) 
1 r 

Each of these equations, will lead to different solutions of delay depending on 

whether St < TR/2 or St > TR/2. The limiting conditions of ZQ and Cp for these 

cases can be found by solving for Z0CP  at t  = TR .  For the first  case,  V(T t)  > V0 / '2 

^ T r - ^ ( Z 0 C p ) ( l - e - ^ ) > ^  
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ZQC'P  

~tT^ " " ' ' " 2 
Solving iteratively for T r /ZoCp ,  

TR  

(1 — e z°cP ) < -

> 1.6. (2.32) 
ZoCp 

Case 1: TR /ZOCP  > 1.6 The 50% delay is found by setting v ( t )  = VQ/2 in equation 

2.30 and solving for t  = T r /2 + St.  This results in a transcendental equation for St 

in the form 
Sf  i  6 t  ,  k  \  

=  ( 1 - e  ( z O c P + 2 ' ) .  ( 2 . 3 3 )  
Z 0 Cp 

Solving this equation iteratively and fitting a curve, the following solution 

= (1 - 0.35e°-4/*-o'5/:), (2.34) 
A) Cp 

gives less than 0.1% error. 

Case 2: T r /Z0Cp  < 1.6 

Applying t  = St + TT j2, equation 2.31 simplifies to 

1 Z^^__(2sinh(^i_r)j (2.35) 

Solving for 8t/ZoCp ,  and substituting k for TT jZQCv l  the above equation takes the 

form 

= ln[7sinh(|)]. (2.36) 
ZoCp  ix  — 

Figure 2.11 shows the plot of 6t/ZoCp  for values of k ranging from 0.01 to 10 on 

a logarithmic scale. It can be inferred from the figure that for values of k greater 

than 8, St can be approximated to Z0CP. This is equivalent to the response of an 

RC circuit, with the resistance replaced by the characteristic impedance. 

2.8.2 Signal Rise Time at the Receiving End 

The linearized rise time is calculated from the equation, 

T r o  = T" r  + 2St (2.37) 
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Figure 2.11: Variation of 8t/Z0Cv  with k. 
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Figure '2.12: Variation of T r o  with k  

Using formulas for 6t in equations 2.34 and 2.36, the rise time normalized to Z0CP  

can  be  expressed  as  a  func t ion  o f  k .  

^- = fc + 2 - 0.70e°-4/i"-°-5fc k  > 1.6 (2.3S) 
ZQC p 

• y— =  k  + 2 ln[^ sinh(^)] k  < 1.6 (2.39) 
p hi Z 

Figure 2.12 shows a pictorial view of the solution. 

2.9 Summary 

The capacitances of the Chip packages form discontinuities on the line. These dis

continuities were found to contribute to the signal delay and rise time. Expressions 

for the delay, rise time and signal undershoot were developed. It was found that 
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these parameters can be described as nonlinear functions of the product of the 

characteristic impedance and the load capacitance. 
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CHAPTER 3 

DRIVERS AND RECEIVERS 

3.1 Delay formulation for CMOS circuits 

Inverters are the building blocks of a digital system. In packaging, inverters make 

up the I/O drivers and receivers. To predict the delay of an interconnection system, 

it is therefore necessary to have an accurate delay formulation for inverters. 

Numerous works on delay formulation of CMOS circuits are available in 

the literature. The usual approximation of the switching delay of a CMOS inverter 

is based on the resistance model of the transistors. The delay through an inverter is 

approximated to the RC time constant of the output, where R is the ON resistance 

of the transistor and C is the load capacitance. This is useful for quick hand 

analysis and verification, but the delay calculated can have an error ot' 50% or 

more. This model also does not take into consideration the effect of input signal 

rise time on delay. There are also no methods available to calculate the delay of an 

inverter that is driving a transmission line. All the available delay predictors are 

based on the inverter with a capacitive load. For a sufficiently long transmission 

line, the reflections from discontinuities on the line arrive at the driver after its 

state transition. Hence, for the purpose of calculating the switching delay, it is 

practical  to consider the driver as driving a resistance of value Z0 .  

Thus there are two types of inverter structure that need to be addressed in 

a packaging environment (figure 3.1). One is an inverter with a purely capacitive 

load and the other has a capacitance and a resistance as its load. The former 
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Figure 3.1: The Two Inverter Structures Present In Packaging 

structure is found in the intermediate stages of a cascaded driver and in the receiver. 

The latter structure makes up the last stage of an I/O driver. This section deals 

with the delay formulation of the latter general structure. The case for the purely 

capacitive load is addressed by making the resistance infinite. 

An accurate method has been presented [19] for delay formulation of in

verters with capacitive loads where the rise time of the input is taken into account. 

The evaluation of delay has been formulated assuming mean charge conservation 

and has been shown to have more accurate results compared to the simple RC 

model. The development presented in this section is based on this method, but 

also takes into consideration a resistive load. 

The schematic of the general case and its step response is shown in figure 

3.2. The delay formulation for a step input is first developed. A correction factor 

is then added to account for the input slew rate. The 50-percent delay definition 

for the delay bounds is used throughout this paper to specify the delay times as 

shown in figure 3.2. 

With a resistance as part of the load, the output will not be able to swing 

from rail to rail. The output voltage is limited by the voltage divider consisting 

of the inverter output resistance and the load resistance . Let 7 be the fraction of 

Vdd that is available at the output of the inverter after a low to high transition. 

Vo = 7 Km (3.1) 
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Figure 3.2: The General Case and Its Step Response 

If Ri is the load resistance and RON is the ON resistance of the conducting tran

sistor, then 

7 = D % (3-2) 
RL + RON 

Using the current equation, defined by the first order gradual approximation [20], 

given a particular 7, RL can be related to the inverter technology parameters, 

1 RL = 
K( l-^Vd d-VTy l - 7 ; '  

(3.3) 

where I\ is the transconductance parameter (similar to KP of SPICE), and Vj is 

the threshold voltage. The nmos and pmos transistors of the inverter are assumed 

to be sized such that the UP and DOWN transition are of equal duration. I\ is 

then the normalized value of the individual nmos and pmos transistors. 

The delay time of the output response of the inverter resulting from a step 

input can be obtained [21] from the current equations of the inverter. Assuming 

mean charge conservation, 

I.St = C0 U t .SV (3.4) 

where 6t represents the physical time under evaluation, Co u t  is the total output 

load capacitance, 6V is the output swing, and I is the mean current imbalance 

across the structure under study. 
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Since the 50-percent delay time is to be calculated, the output voltage 

swing for the rise transition is from OV to 7^/2 

SV = |Vdd  (3.5) 

The average driving current of the inverter, considering the conducting device to 

be in saturation at V0 — OV, and in the linear region at V0 = ̂ Vddl'2 is 

V 2 
I*„g = j[(2 - ̂ )V*d + Vj - (4 - 7)VddVr\ (3.6) 

The average current through Ri is (iVdd)/{iRL)- Using this and equation 3.3, the 

average current through R.i can be computed as 

Iavg,RL  = — [ ( — 7̂ —Wdd. - (1 - l)VddVr\ (3.7) 

The average capacitor charging current is the difference of these two and is given 

by 

W = j [ { \  ~  \ l 2 Wdd + v? - (5 - 27)VddyT] (3.8) 

The step input delay time can now be calculated using equations 3.4, 3.5 and 3.8 

•  Cou t  27Vdd  ,,, 
ST  ~ K (| - f72)V£ + V? -  (5 - 27)VddVT  ^ 

Reorganizing equation 3.9, tsr can be written in terms of the effective ON 

resistance, the input capacitance, a correction factor CF and a fanout factor, FO 

as, 

tsr = Rejf •  C in  •  CF • FO = TST • FO (3.10) 

where, 

Re f I  K(Vdd-VT)WN/Lmin  
( 3 'U)  

CF = - VT) 
(10 - 37

2)Vl/
2

rf + 4Vy - (20 - 87)VMVT  
1  

FO = ^ (3.13) 
in 

Ci n  — 3 CoxW^Lmin (3.14) 
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where t s t  =  R e j j .C i n -CF is the transition time for unit fan out. The quantity t s t  

is a technological factor and allows the evaluation of delay times as a technology 

independent sum of fan-in and fan-out. In the derivation of these equations, it has 

been assumed that the threshold voltages of the pull-up and pull-down devices are 

equal in magnitude. The width of the pull-up pmos transistor (Wp) has been taken 

to be twice the width of the pull-down nmos transistor (WN). This is generally 

the case for inverters with equal up and down transitions. For a typical CMOS 

process, the transconductance parameter of the nmos transistor, Kn is twice that 

of the pmos transistor, Kp and so the width of the pmos has to be twice that of 

the nmos to produce equal transition times. The linearized rise/fall time of the 

inverter output is 

TT = 2rSTF0 (3.15) 

For an inverter with only a capacitive load, i. e. for 7 = 1, TST reduces to 

the value given in [19] 

-  p  r  8 V d d { V d d - V r )  1 f i >  
rsTh.1, - «.// • Cm • 7(a + 4V? _ 12VddVr (3.16) 

For an inverter driving a line with matching impedance, (7 = 1/2), TST reduces to 

_D ^ IVDD{VDD - VT) TO rsr(i=o.s) - R„, • C,-„ • 9 + iV? _ lf.VdjVr (3.17) 

The derivation of tsr until now has assumed a unit step input. The finite 

rise time of the input delays the onset of switching adding to the total delay. The 

effect of the input rise time on delay is shown in figure 3.3. The delay time of an 

inverter is composed of two components [19], described below 

1. the time necessary to generate current imbalance in the inverter, which is 

a characteristic of the input drive. 

2. the time t 0  spent to equilibrate the output load under the mean current 

imbalance, which is directly proportional to the output load. 
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Figure 3.3: The Total Delay Time of an Inverter 

It has been shown by SPICE simulations [22], that due to symmetrical 

control applied to the gates of the n and p transistor, there is no appreciable 

current imbalance in the structure as long as the two transistors are conducting. 

Charge or discharge is initiated when one of the transistors is nearly cut off. Then 

the time t{ is the time spent by the input to cut off the p or n transistor and t0 is 

the step response of the ON transistor, TST-

If TR is the input signal rise time, then from figure 3.3, 2, can be obtained 

from geometry 
TR 2VT 

This equation along with equation 3.10, formulate the total delay of the inverter 

(3.19) = + rsr-FO 

If the inverter is nth in a chain of inverters, then the input rise time depends on 

the rise time of the output of the preceding inverter. If td(n) is the delay time of 

the nth inverter, then using equations 3.15 and 3.19 

2 Vr 
td(n)  =  TST[(1 - ~WO(n -  1) + FO(n)] 

Vdd 
(3.20) 
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Parameter nmos pmos unit 

Threshold voltage, VTO 

Transconductance, KP 
Gate oxide, TOX 

0.827 

32.86 

500 

-0.895 

15.26 

500 

V 

LIA/V'2 

A 

Table 3.1: The SPICE parameters used for simulations to check the validity of the 

equation derived for td(n). These values are representative of a generic 3/t CMOS 
process. 

7 / LMIN TR{ns) FO SPICE Calcul. 

1 1 0.5 1 0.35 0.345 

1 100 1.0 1.5 0.54 0.598 

0.8 1 0.5 1 0..32 0.288 

0.8 100 1.0 1.5 0.52 0.512 
0.5 1 0.5 1 0.28 0.230 

0.5 100 1.0 1.5 0.47 0.427 

Table 3.2: Comparison of inverter delay values resulting from SPICE simulations 

and from the equation for td(n). Simulations were made for various combinations 
of input rise time, line impedance and fanout factors. 

SPICE simulations were performed to verify the accuracy of the delay 

equations. The 3/t MOSIS CMOS process parameters [23] were used in the simu

lations. Delay times were measured for various values of 7, FO, and input rise time 

Tfl. The circuit simulated is shown in figure 3.2. The resistance Ri used was based 

on the value of 7 given by equation 3.3. Table 3.1 lists the main SPICE parameters 

used and the results of the simulations are given in table 3.2 The calculated values 

compare reasonably to the actual values. 
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3.2 CMOS Drivers for Transmission Lines 

The delay encountered in driving off-chip loads from a minimum-sized inverter 

is unacceptable. A usual configuration to reduce the effective delay in driving 

large capacitive loads employs cascade of inverters with increasing current drive 

capability. For typical net constructs, it has been observed that the driver has 

to be designed to drive the transmission line impedance rather than the net load 

capacitance. This is because with typical line impedances and load capacitances, 

the driver designed for the line impedance typically is two stages more than the 

driver designed for the load capacitance. The number of stages required for a 

cascaded driver based on and having an impedance of A times the line impedance 

N- 1 + HRmin/^Zp))  
In a 

where, ZQ is the line characteristic impedance, Rmin is the ON resistance of the 

minimum sized inverter, and a is the stage scaling factor. 

CMOS drivers that are to be used in first incidence nets fall into two 

categories depending on the net termination method. If the net is terminated 

at the far end, then the ON impedance of the driver should be low enough to 

send a signal of strength enough to switch the receivers on the line. The higher 

the impedance, a more degraded signal is sent. The upper limit on the driver 

resistance is fixed by the amount of noise tolerated by the receivers. In addition 

to the signal degradation by the driver impedance, noise issues such as switching 

noise also has to be taken into account. A study of these issues has not been 

attempted. It is necessary to keep the driver impedance as high as possible. Lower 

impedance requires more stages and this has an adverse effect on area and delay. 

The driver delay varies linearly and the area varies exponentially with the number 

of stages. 

— = C\Na (3.22) 
tmin 
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Adrv n aN - I 
= ̂ 2 T~ (3.23) 

m«n 

where, tdrv is the total driver delay, tmin is the delay of the minimum sized inverter, 

A^V and AMIN are the total and minimum sized areas respectively, and C\ and C2 

are proportionality constants. There are advantages to using a low impedance 

driver. One is that the variations in the impedance due to process tolerances are 

not critical in determining the reliability of the net operation. The other is that, 

the line can have intermediate receivers and still be a first incidence switching net. 

The other type of driver has its output impedance equal to the line char

acteristic impedance (lambda = 1) and forms the net termination. This driver is 

suitable for point-to-point nets, i .e . nets with only one driver and one receiver. 

These drivers consume less area and have less delay. The major disadvantage is 

their reliance on process tolerance. Small changes is driver impedance can cause 

degradation of incident signal strength causing the net to fail the first incidence 

criterion. 

3.3 CMOS Driver Delay 

The delay of a CMOS driver consists of two parts, the driver delay, t,ir and the 

loading delay, tid-

tdr is the delay of the N — I stages of an N stage driver. The intermediate stages 

have to drive only gate capacitances. tdr can be obtained from equation 3.20 with 

7 = 1 and FO = a as, 

is the delay of the iVth stage and is due to the chip pin capacitance and the 

line impedance. For a driver with matching impedance, can be obtained from 

^drv — ^dr ^td (3.24) 

tdr  =  2(1 - y^) a (N  -  l )TSTh=D- (3.25) 
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equation 3.20 with 7 = 0.5 as, 

!H  =  w l (1-^ )a+^-1 '  (3-*> 

3.4 Summary 

The delay of an inverter is effected by the line impedance. Delay equation for 

an inverter driving a transmission line has been obtained by introducing a term 

7 that relates the line impedance to the inverter ON impedance. Delay has been 

formulated as the RC time of the load capacitance and inverter impedance, with 

correction factors for the line impedance and input rise time. This equation has 

been incorporated in the calculation of the delay of a cascaded CMOS driver for 

a transmission line. The next chapter deals with different net topologies and their 

delay formulation. 
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CHAPTER 4 

NET TOPOLOGIES AND WIRING RULES 

Interconnecting chips, modules, boards etc, in a modern digital system requires 

multidrop nets with various configurations. The nets contain many discontinuities 

and the resulting reflections have to be limited to prevent improper switching of 

the receiver circuits. The interconnect dimensions have to be properly designed to 

produce a characteristic impedance that will produce the optimum delay. A high 

speed system requires first incidence switching. All the receivers in a multidrop 

net should switch as the waveform propagates along the interconnect without their 

states being altered by subsequent reflections. 

It is the purpose of this chapter to list net topologies that are commonly 

used and to develop a set of wiring rules that determine the working limits of 

each type of net. Given the wiring rules, a set of delay equations can be written 

to predict delays between every send and receive point within the system. With 

valid wiring rules and delay equations, the system can be properly designed on 

paper, guaranteeing that the nets will perform as expected. This minimizes the 

debugging times associated with bringing up a machine. Some of the commonly 

used net topologies are given below. 

1. point to point 

2. near end cluster 

3. far end cluster 

4. discretely loaded 
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Point To Point 

Near-End Cluster 

Far-End Cluster 

Discretely Loaded 

Distributed 

Figure 4.1: Chip Interconnection Network Topologies 

5. distributed 

These nets are shown schematically in figure 4.1. 

The point to point net contains one driving chip and one receiving chip. It 

has no intermediate loads to create midline reflections, and is the fastest and the 

simplest to design. This net can either be terminated at the driver end or at the 

receiver end. Both forms of terminations produce first incidence switching. Even 

though the former method can produce a more reliable termination, DC standby 

power is dissipated in the termination. Moreover, it requires that the driver has a 
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low ON resistance, increasing the driver size. The second method is more elegant 

and suited for CMOS and BiCMOS applications. It is also first incidence switching 

because the receiver is situated at the far end and will always switch on the incident 

waveform. 

Near-end clusters are used to connect multiple receiving chips to a single 

driving chip. To be classified as a near-end cluster, all the receiving chips should 

be close enough to the driving chip so that the signal reaches them in less than 

half of the driver' transition time. The net then behaves as a lumped RC circuit, 

where R is the Driver resistance and C is the total net capacitance. A termination 

is not required to guarantee first incidence switching. 

A far-end cluster has a long interconnect, the far end of which is connected 

to a group of receiving chips. These chips should be close enough to the far end so 

that the signal takes less than half of its rise time to reach the receiver from the far 

end. This net then behaves similarly to the point to point net. The equivalent far-

end capacitance in this case is the total capacitance of the receiving chips and their 

stubs. This net again may or may not be terminated to guarantee first incidence 

switching. 

The discretely loaded net is one in which the subsequent loads along a 

long interconnect are spaced such that the reflections from various loads do not 

interfere with each other. The loads should be spaced at intervals such that their 

propagation delays are at least half of a rise time. This net requires a terminator at 

the far end to ensure first incidence switching. For this net the reflections at each 

load and the delay contributed by each load have to be considered individually. 

The distributed net has the same topology as the discretely loaded net. 

The loads are spaced at less than half a transition time. The reflections due to 

each load appear within the transition time of the driver. The capacitance of the 

loads can be considered to be part of the line capacitance and delay equations are 

based on the propagation delay of the signal through the modified line. This net 
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Figure 4.2: Electrical Equivalents of Net Topologies 

has to be terminated at the far end for first incidence switching. The electrical 

equivalents of the nets depicted in figure 4.1 are shown in figure 4.2. 

4.1 Design Considerations 

The electrical parameter of an interconnect that has a direct relation to the delay 

time of the net is the characteristic impedance Zo• Zo affects two components of 

the delay equation, 1) the driver delay and 2) the loading delay. A smaller value 

of characteristic impedance necessitates a driver with a correspondingly smaller 
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output impedance which results in more driver stages. The driver delay therefore 

increases as the characteristic impedance is reduced. On the other hand, the delay 

contribution of the loading capacitance Cp, is a function of ZQCP. The loading 

delay increases almost proportionately with Zo. A tradeoff between these two 

delay factors is necessary for an optimum design. 

Another design consideration is the magnitude of undershoot on the line 

due to capacitive reflections. The magnitude of these reflections has to be contained 

within the noise margin of the receivers. It has been shown that the magnitude of 

the reflections is dependent on the characteristic impedance, the loading capaci

tance, and the incident rise time. The undershoot has to be controlled by limiting 

the loads or by controlling the slew rate of the driver. In some of the net topologies, 

the slew rate of the driver is automatically controlled by the nature of the net. 

With these criteria in mind, the design of the nets and their delay formu

lations are described below. 

4.2 Point-To-Point Net 

As stated earlier, a point-to-point net terminated at the driver end is a first in

cidence switching net. Figure 4.3 shows the various electrical elements involved 

in the net. CPD is the driving chip pin capacitance, CPR is the receiving chip pin 

capacitance, Z0 is the characteristic impedance of the line, To is the unit propa

gation delay along the line and / is the length of the line. To be considered as a 

transmission line, the rise time of the incident signal should be less than four times 

the equivalent length of the line. 

TR < 4r01 (4.1) 

The net is to be designed such that the reflections from the far end reach the near 

end only after the driver transition. In this case the characteristic impedance may 

be treated as a resistance for calculating the incident waveform rise time. For the 
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Figure 4.3: Electrical Equivalents of Net Topologies 

output stage of the driver, the 10-90% definition results in a rise time of 

Trd = l-lZ0Cpd ' (4.2) 

At the receiver end, k - defined in section 2.6.1, is the parameter required 

to obtain the loading delay and the receiving end rise time. 

* = = 1-ItN («) 
^O^pr ^pr 

The loading delay is computed by using this result in equation 2.36. 

t id = Z0CPr ln[3.64^- sinh(0.55^^)] (4.4) 
C/pJ (spr  

The rise time at the receiving end is computed from equation 2.39. 

Trr =  Cpr (4.5) 

where the value of parameter /?, is given 

0 = 1.1 + 2^ ln[3.64^ sinh(0.55^)] (4.6) 
^pr ^pd ^pr 

The rise time of the reflected wave at the receiving end is also equal to T r r .  On 

reaching the driving end, this wave is reflected back due to Cpd in a manner similar 

to the discussion in section 2.6. This reflection appears as an incident undershoot 

at the receiving end whose value is doubled. The magnitude of the undershoot is 

given by equation 2.25 and can be rewritten with appropriate substitutions as 

VrV = ^{\-e-™] (4.7) 
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An important and interesting result from this equation is that the undershoot 

depends solely on the ratio of the pin capacitances. It does not depend on their 

individual magnitudes or on the characteristic impedance. There is a minimum 

for the length of the line i, defined by the constraint that reflections do not merge 

with the incident signals. 

Trr  < 2T0l (4.8) 

Substituting for Trr, the minimum length of line required for reliable operation can 

be computed. 

(4.9) 
2r 

A special and often used case is when the pin capacitances of both the 

chips are the same. The equations developed above then reduce to a simple form 

dependent only on ZQCP. 

TRD = 1.1Z0CP (4.10) 

tu = 0.744ZoCp (4.11) 

TRR = 2.6Z0CP (4.12) 

VRP = 0.19V = 0.95 volts for V = 5 (4.13) 

Lin = I.SZOCJT (4.14) 

Equation 4.13 shows that the undershoot remains constant at 0.95 volts irrespective 

of Z0CP. SPICE simulations for various values of ZQCP were performed (see Table 

4.1) and the observed results validate the derivations. 

4.3 Selecting an Optimum Line Characteristic Impedance 

It was stated in the first chapter that the choice of a characteristic impedance 

has a major role in determining the total net delay. The choice of characteristic 

impedance for a point-to-point net is now discussed. The number of driver stages 
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ZO (SI) CP(PF) ZOCP (ps) VRP volts 

25 1 25 0.86 
25 2 50 0.87 

50 2 100 0.87 
75 5 375 0.89 

75 10 750 0.89 
100 10 1000 0.89 

Table 4.1: SPICE Simulations Results of VUP for Various ZQ and CV 

required to produce a matched termination is 

N = i + \n(R t r /Zo)^ 

In a 

where RTR is the resistance of the minimum sized transistor, and A is the fanout of 

each stage. 

The four components of the net delay are given in equation 1.2. The driver 

delay, TDR is the delay of the N — 1 stages of an N stage driver and is formulated 

based on equation 3.25. The driver loading delay is the delay of the last stage of 

the driver with the pin capacitance and the line impedance as its load. This delay 

has been formulated by equation 3.26. The symbol, /p, is the wave propagation 

delay and depends on the length of the line and the permittivity of the dielectric 

medium. The receiver loading delay is due to the chip's pin capacitance and is 

given by the equation 4.11. 

Selection of an optimum Z0 can be made by plotting the individual delays 

against ZQ and selecting the Z0 where the total delay is minimum. To generate 

this nomograph, initially an approximate analysis of tdi is made by considering it 

to be equal to the RC time constant of the driver output i. e. Z0CP/2. TID is 

calculated to be 0.744Z0CP (see equation 4.11). Hence the total loading delay is 

tdi + tui = 1.244ZoCp. (4.16) 
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Figure 4.4: Effect of Zo on Net Delays 

The driver delay f^r remains constant for a given number of stages irre

spective of Z0. Except for the case when the output impedance is equal to the line 

impedance, a resistance has to be added in series with the output to match the 

line. For a typical 2/J process and a — 5, t,ir is calculated for various N. Figure 

4.4 shows the variations of these components of delay and the total delay. It is 

apparent that the minimum net delay occurs for ZQ = 590. Hence the line has to 

be designed to provide this characteristic impedance for optimum performance. 

4.4 Far End Cluster 

For this net, all the receivers and interconnection stubs are modeled as one load 

capacitance. That this approximation be valid, the time equivalent length of the 
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Figure 4.5: Normalized Loading Delay of a Far-End Cluster 

stubs should be less than half of the far-end rise time. The analysis for the point-to-

point net given in the previous section can now be applied to this case. Equations 

4.4.  4.5.  and 4.7 can al l  be used to model  the far-end cluster  performance with C p r  

equal to the total far-end capacitance. Figures 4.5. 4.6, and 4.7 plot the normalized 

loading delay,  r ise t ime and undershoot  for  different  rat ios of  C' p r  and C,,d-

4.5 Distributed Net 

A multidrop net has a series of receivers connected to the driving line at near 

equidistant spacings. When this spacing is small enough so that the reflections 

due to a receiver on the line reach the previous receiver within the transition time. 



Tfr^o^pd f 5 .0  

Figure 4.6: Normalized Far-End Rise Time of a Far-End Cluster 
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the net is considered distributed. Accurate delay calculations can be made by con

sidering the load capacitances to be part of the line capacitance. The time-of-flight 

of the modified line is then the signal delay for the net. Simple equations to calcu

late the delay in terms of the line's original time-of-flight (7j) and characteristic 

impedance (Zo), the capacitance of a load (Cp) and the number of loads (n) are 

now described. 

The total capacitive load on the line is nC p .  The load capacitance per 

unit length is then nCp/L, where L is the length of the line. If I and c are the 

line inductance and capacitance per unit length, c + nC-p/L is the capacitance of 

the modified line. The time-of-flight can be written in terms of inductances and 

capacitances as Tj — \/lc. The new time-of-flight (Tj) for the modified line can be 

calculated to be, 

The term Lc is the same as Z0/Td. Making the appropriate substitutions, the final 

solution normalized to ZQCP is obtained. 

A graphical solution of this result is shown in figure 4.8 for values of n = 5, 10. 15 

As mentioned earlier, the limiting case for this equation depends on the 

rise time of the signal. The rise time varies as the signal travels along the line. 

Simulations have shown that accuracy of 1% can be obtained by considering the 

rise time at the first receiver in developing the limiting conditions. Suppose the 

driver resistance RP is 7 times Z0. Then the rise time at the driver is the RC rise 

To obtain T' d  in terms of the quantities mentioned before, this equation can be 

rearranged in the form 

T'D = L\FTCJ 1 + ^i (4.18) 

(4.19) 

and 20. 
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Figure 4.8: Normalized Delay of a Distributed Net for Various Number of Loads 
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time due to its load capacitance and the parallel combination of Rp and Z 0 .  

T r d  = 2.2—y—ZoC p  (4.20) 
1 + 7  

The rise time at the first receiver is obtained using this result in equation 2.23. 

T r  1 T r , i  ,  ,  r2Z 0CP  .  T rd N 1  
+ ln[—H-sinhl——)] 

ZoCp ZQCj,  Trd ZQC'p 

= 2.2-1-+ ln[i±Isinh(2.2-4-)] (4.21) 
1 + 7 I.I7 1 + 7 

The limiting condition for the rise time can be mathematically stated as 

2T,I 
Tri  >  ~r (4.22) 

11 — 1 

where (Tj/n — 1) gives the time-of-flight between two adjacent loads. From the 

above two equations, the maximum value of TD allowed for this analysis is obtained. 

Td < n^2_2:^ + ln{l + 7ginh(2_2_L_)}] (4 23) 
Z 0CP  2  ' I  +  7  I . I 7  ' 1  +  7  

The locus of this condition can be plotted on the graph of T'D Vs. TD using equations 

4.19 and 4.23. For 7 = 0.1 and 0.2, equation 4.23 reduces to, 

= 0.45(n — 1); 7 = 0.1 (4.24) 

= 1.00(n-l): 7 = 0.2. 

The locus of these limiting conditions for various n have been plotted in figure 4.8. 

4.6 Summary 

Various net topologies were discussed. The rules to ensure first incidence switching 

were formulated. Net delay equations based on line, driver and load characteristics 

were developed. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Summary 

Prototypical Interconnect systems in digital systems were analyzed. These net

works are composed of drivers, receivers and interconnections. The interconnec

tions were treated as lossless transmission lines which closely approximate the 

behavior of printed circuit boards and ceramic chip modules. The chip I/Os con

nected to the network were modeled by their lead capacitances. Equations de

scribing the performance of tapped lines in terms of delay, risetime and reflection 

magnitude were developed. Accurate delay predictors for CMOS drivers used for 

off-chip signal drive were developed. Commonly used net topologies were identified 

and the developed equations were applied to these nets to generate delay predic

tors and wiring rules. SPICE simulations showed that these predictors accurately 

characterized the interconnect systems when applied within the constraints of the 

wiring rules. The interconnect delays are nonlinear functions of the product of the 

line characteristic impedance and tap capacitance. 

5.2 Suggestion for Further Research 

Interconnect resistance has been neglected in this work and interconnects have 

been treated as lossless. As integration density increases and line width shrinks, 

resistance will begin to have an effect on interconnect performance. Moreover, 

on-chip interconnections are lossy and have to be treated as such. It is probable 
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that these lines can be treated as low loss lines. A simple expression for the 

characteristic impedance of low loss lines has been given in [18]. On the other hand, 

simulations of lossy lines can be performed using available tools and correction 

factors added to the lossless derivations. 

Effects of coupling on propagation delay have been neglected. [10] has used 

the example of a memory card to use simulations to show the effects of coupled 

lines on propagation delay. 
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