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ABSTRACT

Performance of digital printed circuit board technology is currently limited by lransmission
line effects of PCB tracks. This paper presents a numerical method for delermining the transient
response of arbitrarily complex transmission line systems terminated with digital devices. The
technique convolves a time domain Green's funclion with the voltage/current characteristics of
experimentaily deveioped macromodeis of terminating digitai devices. This paper compares

experimental resulls to analyltic resulls and presents guidelines for design and simulation.

1.0 INTRODUCTION

The limiting faclor in improving the performance of digital systems is the interconnection
technology. The interconnection technology of interest for this paper is the copper tracking found
on muiti-layer printed circuit boards (PCB). For high density PCBs with high speed digital
devices, Lhe copper tracks appear as complex' coupled transmission lines with impedance
discontinuities. The digital devices present an additional complexity in that these devices
exhibit non-linear resistive and reactive termination characteristics. The purpose of this paper
is to present a numerical method for simulating transmission lines on PCBs terminated with
digital devices.

The basic circuit layout on a PCB contains discrete integrated circuits interconnected with
copper tracks over a dielectric laminante. For most high speed designs, a multi-layer PCB must be
used with buried power and ground layers. Thus, for high speed design, the copper tracks act as
microsteip (or siripline) transmission lines with multiple impedance discontinuities (bends,
vias, etc). For high densily boards, there may be non-negligible coupling between adjacent tracks.
Thus, a PCB layout can be described as a complex multi-port linear transmission line network.

The complexilies involved in simulating actual PCB tracking lerminated with digital devices
involve bolh describing the transmission line effects of the tracking as well as describing the

termination characteristics of the digital devices. To illustrate the complexities of describing the
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transmission line effects consider a typical layout of the copper tracking between two devices as
shown in figure 1.
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thickness

change . .

Via

. Figure 1: Complex PCB discontinuities

The complex transmission line discontinuities found for a PCB layout include:
* Conneclors
® Vias
¢ Bends
* Bends around a via
® Jogs

® Line thickness changes

In addition, the tracks exhibit lossy or dispersive transmission line behavior. This behavior
is due to both finite series resistance of the copper tracks as well as shunt conductance or field
losses due to dissipalive effects of the dielectric.

Finally, high density PCBs exhibit coupling or crosstalk.characteristics between adjacent
tracks, A

The complexities in describing the digital devices that terminate PCB traces are due 10 non-
linear loading characteristics. This means the resistance and reactance is a function of the device
state and the applied voltage. Table | illustrates the non-linear termination characteristics of
typical TTL digital devices:



Logi Resi R
siale (DC) (<100MHz)
Output fow fow moderately-
fow
capacitive
high moderate moderate
capacitive
Input either® high fow
capacitive
*Most device inputs have undershoot limiting diodes.
These diodes exhibit very low resistive impedance and
moderale capacitive reactance when forward biased.

TABLE 1: Device Characterization

Once the transmission line effects of the tracks and the terminatlion characteristics of the
devices have been described, there is a basic problem with simulating transmission
charactleristics of PCBs with digital devices. Namely that transmission line elfects are besl
characterized in the frequency domain while a solution to systems wilh non-linear terminations
can only be soived in the time domain.

This paper provides a complete solution to this problem. The solution invoives a numerical
technique that convolves a time-domain Green's function with the voitage/curcent characteristics
of experimentaily developed macromodels of digital devices.

The time domain Green's function is a matrix function with each elemenl being the impulse
response of the system at one node. The impulse response is derived from experimentally
determine frequency domain scattering (S) parameters.

This method has been implemented on a computer and the analytical results are compared

againsi experimental results.
2.0 BACKGROUND

Other papers have addressed <n:o.=m aspects of the problem of solving the complex
transmission line systems and solving transmission lines terminated with non-linear loads.

Shelton [1] simulated a multi-lap backplane using non-linear MSPICE models for drivers and
receivers and lumped parameter models (L and C) for transmission lines. While this approach

worked well for low speed backplane simulation, lumped parameter models of transmission lines

become grossly inaccurate at high frequencies. Furthermore, Shetton did not account for the
impedance discontinuities of nomann—o_.u which have a pronounced effect at high frequencies

Many authors have addressed the modeling of transmission line discontinuities. For example,
Gupta, Garg, and Bahl [2) provided an analyticai sotutions for microstcips and coupled
microsteips, but their work stopped short of providing an analytical un.:::o: for vias or coupled
lines with discontinuities.

Several authors have addressed the problem of simulating :,sn.....aaaon lines with non-linear
termination. Schutt-Aine and Miltra {3} provided a time domain solution to a single conductor
terminated with digital devices. This work is based on a scattering parameter flow graph approach
and addressed only uncoupled lines. This work used simplistic models for digital devices

Djordjevic, Sarkar, and Harrington [4] developed a technique based on the Green's function for
multi-conductor lines. The technique developed by Djordjevic is extended in this paper.
Djordjevic's paper is limited because it did nol address termination of transmission lines with re-
active devices. Both Djordjevic and Schutt-Aine’s work did not address the problems of numerical

convergence or of numerical calculus.
3.0 DEVELOPMENT OF METHOD

A complex multi-port transmission line network composed of microsirip transmission lines
with impedance discontinuities can be fully characterized in the frequency domain using
scattering parameters. Scattering parameters define the relative amplitude and phase of the for-
ward and backward travelling waves at each frequency with reference o a known impedance.

Figure 2 illustrates an N-port system terminaled with digital devices.
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Figure 2: Complex Transmission line system terminated with digital devices
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The digital devices that terminate the multi-port transmission line network have non-linear

termination characteristics.



The basic method for solving a complex non-linear transmission line systems Lerminated with RIv] must be a continuous and differentiable function. Figure 4 and 5 show the output IV

digitat devices involve Lhe following steps: characleristics for typical high speed TTL devices.

t} - Characterizing Lhe digital device terminations. v

2) Developing the scatiering matrix for :5 N-port system in the frequency domain. Output Low Voltage Output High Voltage

3) Developing a time domain Green's function from the scattering parameters. ! u.i .

4) Removing the elfects of the reference impedance associaled wilh the scatlering parameters. 08 3 :

5) Developing a sysiem of non-linear termination equations and convolution equations. 0.6 25

6) Solving Lhe system of equalions using a numeric technique. (V) ) 2

0.4 1.5

3.1 Termination Models of Digital Devices 0.2 o M

Most digital devices can be modetled by an EMF source, a series non-linear resistive element, cm _qo N.c ..w.c A.o Wc m.o u.o cc 20 40 60 a«c _Nc
a shunt non-linear capacitive element, and a series linear induclor as shown in figure 3. The same Output Low Current (mA) Output High Current (mA)
basic. model is used for both the input and the output port of most TTL devices; however, the ’ Figure 4: Output Low V/I Curve Figure 5: Output Iligh I/V Curve

functions that describe the non-linear characteristics is port and technology dependent. Figure 6 shows the inpul 1V characleristics for a typical high speed TTL device.
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Figure 3: Models of digital devices
The symbol Clv] in figure 3 indicates a non-linear relationship belween Lhe charge on the

The symbol RIv] indicates a nonlinear relationship of voltage across the resistive element to capacitive element and the applied voitage. A function Lhal can be used to describe the non-linear

current through the element. This function is oblained from either the IV curves found in the data capacitive characteristics of TTL devices is oblained from lhe reverse biased capacilance of a

books or by experimentation. For resistive elements the following constilulive relationship is graded PN junction.

used [5] for each port i. For capacitive elements, il is best to introduce charge as an additional variable to separate the

(1) RV, -
i

._ - _-: -0 constitutive relationship from the differential equation. Thus:
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(2a) cl <>__ -on.-c
dQc.
(2b) i =0

The function CIv} is a continuous and differentiable functlion of charge in terms of voltage at
each port i. .
The inductor, in figure 3, is linear for digital devices and due mainly to packaging Lechnology.

The current through the induclor is given by the following formuta at each port i:

t
(3) _r- ¢\T<>_.<.Ep
! 0
3.2 Development of Scattering Matrix
In order Lo incorporale arbitrarily complex layoults, this paper proposes the development of a
library of measure scattering parameters for PCB sub-structures (lines, bends, vias, coupled
lines, etc.). Sub-structures are then cascaded using lransmission line circuil theory to find the S-
parameters for a2 complex layout.
To find the scattering parameters for PCB sub-structures we used a neétwork analyzer and
measured aclual structures. The measurements were de-embedded 1o remove the effect of the
coax-lo-microsirip connectors {111112}] Other suitable methods to find the scatlering matrix for

sub-structures may involve field theory analysis.

u..u Development of Time Domain Green's Function.

For any linear system, the response at an.observation poinl can be found by the method of
Green's function. The theory associated with Lthe Green's function states thal Lhe total response of
a system for an arbitrary source can be determined by convolving the source wilh a Green's
function over the variable of interest. The Green's function is the response of the system at the
observation point to a unit delta source. Figure 7 illustrates a transmission line network with

known reference impedances and arbitrary sources.

362

Zrefl <_ V. Zcef

N-port
Complex . Vin
« [Fransmis-| - 2
= . sion . -
Zrefl V Line Zref
N-1] Network Y .
Vin Viny

Figure 7: N-port system wilth known Reference impedance and arbitrary sources

For transmission line systems the variable of interest is time and the convolution is over a
given period of time. The Green's function is the time domain impulse response at the porl of
interest.

The Green's function or impulse response is found from Lhe systiem scatlering paramelers
according to the following formula:
0.5(1+S ; O)NH( @)
c.wam.mnc:_:e- iej

(4) n::w - ~1|—

The term n:A: is the time domain impulse response al port j and at time t to a unil delta
source at port i and time zero. The function F~![ | is the inverse Fourier transform. Sij(®) is the
frequency domain scatlering parameters at radian frequency ®. H(®) is a fow pass lilter transfer
function at radian frequency O. Finally, At is the time step used in the numerical convolution
The factor of 0.5 is obtained from flow graph techniques.

The low pass filter is required to band limit the scattering paramelers. In general, low ioss
systems do not exhibit a rolloff characteristic of the S-parameters.-The LPF lorces a rolloffl in the
_...na:asn.< domain in order to reduce aliasing errors. Provided thal the band-stop frequency is
chosen high enough, the error introduced by the filler is small compared with the error inlro-
duced by aliasing. Aliasing errors can be particularly acute for low loss systems in which the
source has a short rise or fall time.

Once Lhe Green's function is obtained from the system S-paramelers, the response 1o arbitrary

sources can be found using the convolution equation.

Nport
t
(5) <x:. M %O__.:.avfsmﬁuaa
i=1 oo
Nport
- G. xVin,
1}
i=1



The symbol * denotes a convolution, Nport refers to the number of ports in the system, and

Vinj() is the source al node i.
3.4 Removing the Effect of the Reference Impedance

To remove the reference impedance from the system a negalive reference impedance can be
placed in series between the digital device and the reference impedance. This creates a virtual

shert circuit between the load and the transmission network as shown in figure 8.
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Figure 8: N-port transmission line network with reference impedances removed.

By using Lhe compensation theorem, the circuil shown in figure 8 can be separaled into a sel
of convolution equalions and non-linear termination equations as shown in figure 9. The

lermination of the devices are explicitly shown in figure 9.

Figure 9: Separation of non-linear Lermination from transmission line network
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The compensation theorem states that any impedance in a network may be replaced by a
generator of zero internal impedance, whose generated voltage at every instanl is equal to (he
instantaneous potenlial difference that exists across the impedance because of current flowing
though it. In figure 9, the zero impedance generator is designated as <4.: (designating a virtual

source).

3.5 Development of a System of Equations

To solve the N-port system we use basic circuit theory to set-up the equations at each port for
the non-linear termination. The transmission line sysiem is solved al each port using a
convolution equation. Thus, the system of equalions at each port i are:

:;;w::_.- Wl Ri-o
1

6y C©l <>.._ Q-0

dQci
(6¢c) o —
Iei at
t
(6ay L .- 1. i ~_‘:»m Vdt -0

-0

- 1 1
(6e} T, \_sA<>_;<m LS A/ Vyil=o0

-00

ori
6n " & SitVvi -0

3.6 Solving the System of Equations using & Numerical Technique

Since the system of equations at each port contain non-linear equations that do not have a

close form solution, a numerical method must be employed to find a solution.

The derivaltive in equation 6c can be estimated using a finite difference method:

(7) aoﬁao.u:: - Qci(t-1)
dt At

The integration of equation 6d and 6e can be estimaled using the trapezoidal rule.



t .
(8) h\_<> {0V, (WldL

~Lad
2 Dpv c_%.AE-%.?w:.A () + ¥ (p+1)l

Finally, the convolution of equation 6f can be estimated using Simpson's rule:

GV, . -
9) ji* Vi Oﬁ: d-<$~dv&
-00
q
= Mm:E.3< (p)At
" v
p=0
In general the initial value of a digital sysiem is not zero at all nodes. Therefore 10 obtain an
accurate solution with a non-zero initial value a circular convolution is used. Thus,

(10) o:- <$

ZO.u.
- A.Mo::.;Ef:;? + 2,6, (PN (0IAL
p=0 p-q+1

where Vyj(0) is the initial value of the virtual uor_‘no at port j and NOT is the number of time
points in the time period of interest.

The system of equations can be solved using a Newlon-Rapson method expanded to multi-
dimensions {6). The Jacobian matrix used in this method is generally sparse. An ilerative solution
to the Jacobian matrix produces the next iteration faster than a direct method (such as Gaussian
efimination and backward substitulion) for systems of six or more ports. For systems of few poris
a direct method is laster.

The initial iteralion value used for this method can be obtained from the linear interpolation

of the previous two values.
4.0 RESULTS

To test .:5 accuracy of this method we compared the analytic results against measured results
for two-port structures. We also present four-port simulations.

For the 1wo port setup we measured the S-parameters with a network analyzer across a
card-backplane-card configucation. The S-parameter readings were then de-embedded in order o
remove the effect of the coax-to-microstrip connectors. These connectors are required for

connecting the network analyzer to the structure.
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Results were then simulated for a SO% duty cycle clock pulse generated by F buffer/drivers
The analytic results were compared against experimental results. The experimental results
consisted of a 74F244 on each card of the card-backplane-card setup. Figure 10 shows the
analytic results. Figure 1| shows the measured driver response and figure {2 shows the measure
receiver response. .

volts

driver
line

~a

n.v(na line

N W A W

0O 10 20 30 40 S50 60 70 80 90
time in ns

Figure 10. Analytic results for 74F244 at either end of a card-backplane-card setup.
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Figure 11. Driver side measured response



Coupled microstrip victim line
o volts
o M 0.5 [
o 3 : 05 .
0.3 .
T 0.2
0.1
0]
-0.1
-0.2

Figure 12 Receiver side measured response. 0.3
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Similarty accurate resuits were obtained with a four-port setup. Figures 13 and 14 capture Figure 14. Crosslalk Line Response.

the transmission line elfects of two 12 inch coupled low loss lines lerminated with F
buffer/drivers. A device al port one outputs a 20MHz clock with a 50X duty cycle. The sub- 4.1 DISCUSSION

sequent ringing and crosstalk are displayed.

Coupled Microstrip Generator line For the four-port simulation, the ringing and cross-ialk due to the HIGH-10-1L.OW transilion 1s
Volts .
[

3

| state.

targer than the effect due to the LOW-to-HIGH transition. This is due to the fact that impedances

are more closely matched when devices are in the high state Lthen when devices are in the low

For the two port simulation, the difference between the analylic and experimental results are

very small, some of the discrepancies between the measured and analylic resulls are due 10 Lhe

\ W PN following factors:
?1 e Bandlimiting of the S-parameters Lo 3.0 GHz because of equipment limilations This

N O = NWLMOO

- bandlimit removed high frequency components from the final result.
S 10 _m._.:w:w. _.DMMw 3035 40 45 S0 * Low pass fillering with a pass frequency of 1.5 GHz. This reduced errors due Lo aliasing

(=]

but also reduced the high {requency components

Figure 13. Generator Line Response L. X . .

¢ Ringing due to oscilloscope probes. The probes of an oscilloscope introduce the greatest
amount of error in a time domain measurement. This ringing cannot be de-embedded

* Device models are only approximation to actual transistor lermination characteristics

e Numerical errors due 10 approximation of integrals and derivatives.

In general the problems of numerical mathematics fall into two general categories:
convergence and accuracy.

Provided the step size (At) is chosen small enough, the solution will generally converge. The

point were the solution may not converge is around the point where the negative voltage limiting
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diode of the input devices becomes forward biased. A further reduction of the step size generally
improves convergence around this point.

However, there are accuracy problems associated with a small values of At which include:

e Use of double precision numbers for calculations

e Long execution time

e Round off errors due Lo very small numbers .

e Large memory requirements

e Increased cumulative errors

In general the derivative in equation 7 is the most error prone portion of the numerical
method. Reducing the value of At generally improves the accuracy of the derivative but may
reduce the accuracy of the overall solution.

Finally. the inverse Fourier transform required to produce the tlime domain Green's function
generally introduces aliasing errors due to finite bandwidth of the S-parameters. Incceasing the
bandwidth of the S-parameters reduces the aliasing errors. Increasing the pass band of the low-

pass filter increases the bandwidth of the final results but can also increase the aliasing errors.

5.0 CONCLUSION

A numerical technigue 1o solve arbitrarily complex transmission line system terminated with
digital devices is presented. This technique convolves the time domain Green's function with the
voliage/current characteristics of macromodels of digital devices. The time domain Green's
function is derived from measured scaltecing parameters. The macromodels of digital devices are
derived from measured data, Good agreemenl was oblained between umac\_w—aa and experimental

results.
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