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Abstract—This paper proposes a model of PCB traces for high
speed digital systems. The adopted approach involves
predetermined geometry using direct discretization of
transmission lines. Initially, the proposed methodology involves
computing the line propagation delay by employing its geometry
with associated empirical equations. The initial procedure paves
the way to design a Lattice diagram which depicts multiple
reflections that the signal underwent due to impedance
mismatches between transmission lines and loads. Subsequent
computations of electrical model parameters were further done.
Simulation results using Multisim software illustrated a favorable
performance with a time delay of 1.42 ns and an equivalent
electrical model of 10 lumped LC cells. The time delay between
input and output signal obtained from the simulation was
approximately 15.152 ns corresponding to the time it took for a
transmitted signal to reach a steady state which further signifies
good performance of our proposed method.

Keywords—digital systems, transmission line modelling, PCB
traces, signaling, time delay, Lattice diagram

I. INTRODUCTION (HEADING 1)

Digital Systems are basically comprised of digital devices
interconnected (networked) on a Printed Circuit Board (PCB).
Majority of today’s electronic appliances/devices ranging from
DVD players, computers, radio, cookers, heaters etc. are all
made of PCB on which a number of components are soldered.
These components on the PCB perform complex activities and
render good services to users. As a result of the recent
technological evolution, especially the integration of
nanotechnology and the increase in device operation frequency
beyond 100 MHz, digital systems have faced numerous
challenges that were previously overlooked and ignored. The
bottom line being the ineffective transmission of Os and 1s that
form the basis of effective communication among devices on
the same PCB [1]-[3]. Kung and Chuah [4] stressed that the
increase in operating frequency of devices in excess of 100MHz
and switching speed of digital devices around nanoseconds can
cause electromagnetic interference, alter parameters of
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components and create inadvertent radiation that becomes a
major concern, affecting the integrity of a system. Hall et al. [1]
further argued that for systems that operate at high frequency,
conductors are to be considered as transmission lines with
parameters properly estimated to account for the level of noise
and timing induced.

Furthermore, Mandic [5] elucidated that conducting an
electromagnetic analysis of digital systems operating at high
frequencies is mandatory. Dally and Poulton [6] indicated that
noise beyond a threshold can be completely rejected by any
digital system and this situation can easily occur with high
speed digital systems if proper care is not taken at the
conception level. They further explained that the system level
engineering problems can be grouped in four categories
including: power distribution, noise management, signaling and
timing/synchronization. Power distribution deals with the
sharing of a certain Direct Current (DC) level across component
of the same system. Noise management deals with the
quantification and measures put in place to reduce or cancel
noise totally. Signaling deals with the methods of conveying the
signals over a transmission line at maximum speed and with
minimum power. Timing deals with sequencing of
communication among modules and synchronization help
coordinate the operation of two systems using different time
basis [6].

To address most of the digital system issues enumerated
above, knowledge of the model of the transmission line is
highly necessary and indispensable. In relation to digital system
reliability, the evident increase in the speed of digital systems
has paved the way for some challenging factors such as noise,
power distribution, signaling and timing. Consequently,
without an effective model for PCB transmission, the factors
enumerated above cannot be validated properly and this leads
to the design of ineffective or unreliable digital systems.

This paper therefore seeks to propose a model of PCB traces
for high speed digital systems. Our proposed method utilizes an
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approach that involves predetermined geometry using direct
discretization of transmission lines. The major contributions of
this paper can be summarized as follows.

e A model of PCB traces has been proposed for high
speed digital systems by utilizing an approach that
involves predetermined geometry using direct
discretization of transmission lines.

e  The proposed methodology involves computing the
line propagation delay by employing its geometry
with associated empirical equations and designing a
Lattice diagram which depicts multiple reflections
undertaken by a signal.

e A series of simulations has been conducted using
Multisim software to verify the effectiveness of the
proposed method.

The rest of this paper is organized as follow. Section II
describes related works to the study. Section III elaborates on
the details of our proposed PCB model. Simulation results are
presented and analyzed in Section IV. Finally, Section VI
concludes this paper.

II. RELATED WORKS

Many models of PCB transmission lines have been developed
in previous studies. Kung and Chuah [4] proposed a structural
approach to derive a system level equivalent circuit model for
digital PCB. Park et al. [7] worked on the modelling of thin and
flexible magnetic sheet, commonly used in modern digital
systems. Sayegh et al. [8] estimated the radiated emissions from
PCB traces. Additionally, Yook et al. [9] developed a 3D
electromagnetic field analysis tool to estimate system level
noise and optimize placement of decoupling capacitors in order
to minimize noise fluctuation on the PCB. The effect of
electromagnetic noise coupling on PCB transmission line was
further modelled by Xu and Mazumder [10] who developed a
new technique known as finite difference quadrature (FDQ).
Furthermore Liang et al. [11] quantified the effect of dielectric
and resistive losses by proposing a number of modelling
approach for high speed transmission lines on PCB.

A general summary of major methods used to model high
speed interconnects on PCB is provided in [12], [13]. They
explained that the exiting macro-modelling techniques include
numerical convolution of transfer function [14], method of
characteristic [15], [16], basis function macro-models, compact
finite difference-based approximation [17], integrated
congruence transform [18] and finally direct discretization of
transmission line which is of high interest in this paper. In the
direct discretization technique, transmission lines are
represented as series of cascaded lumped sections representing
an infinitesimal portion of the line often denoted Az. This
method best applies to short transmission lines similar to those
on PCB and this is the fundamental reason why it has been
selected for the developed model of PCB in this study.

Our review in literature shows that high speed can influence
signal propagation over PCB in several manners. Most effects
dealt with in the literature are signal degradation, attenuation,

crosstalk, skin effect, overshoot and undershoots. However, the
timing related effect like delay, ringing and reflection have not
been sufficiently modelled, despite their detrimental effects on
the overall performance of the PCB. Moreover, the limitation of
direct discretization of transmission line for not being accurate
in modelling long transmission line has also limited its
exploitation in modelling PCB traces though the method is very
efficacious and involve less complexity in modelling short
transmission lines like those encountered on PCBs. Inspired by
the enumerated open issue, this study investigates the reflection
and ringing effect on a PCB transmission line modelled with the
direct discretization using Lattice diagram. The study further
develops and simulates an electrical model of the line under
consideration using Multisim software to accurately provide an
estimate of the accrued delays.

III. METHODOLOGY

A simplistic high-speed digital system made of two
components C; and C, communicating through a transmission
line made of four-layer stack-up as depicted in Fig. 1 has been
considered. It is assumed that component C; has a characteristic
impedance of 40 Q, an edge rate of 150 ps and a signal swing
of 0 to 2V. It is expected that the traces on the PCB should have
an impedance of 60 Q and be 10 inches long. The insulation
material in the PCB is assumed to be FR4 which has a dielectric
constant of 4. Furthermore, it is assumed that the receiver
capacitance is insignificant and therefore can be neglected. Our
aim is to determine the model of the transmission line by
looking at the reflection phenomena and the delay accrued for
a transmission from C; to C».

The model of the transmission line with its propagation delay
and other parameters will be determined through the following
steps:

- Computation of the unknown Height (H) in Fig. 1. that
meets the line impedance of 60 Q

- Estimation of the propagation delay which consists of
the time for the signal to propagate from component
Cito Ca.

- Computation of the wave shape seen at C, when the
system is driven by C;.

- Creation of line model.

- Simulation of line model under Multisim software.

A. Computation of Height (H)

Hall et al. [1] proposed an analytical model to determine the
impedance of the geometry proposed in Fig. 1. It must be noted
that the lines are essentially microstrip and the model is
presented in (1).

5.48H ) (1)

87
o_microstrip e + 141 n 0.8W+ T
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In (1), Zy_microstrip 18 the impedance of the microstrip, H is
the height between the ground plane and signal layer and W and
T are respectively the width and the thickness as illustrated in
Fig. 1. & = Relative dielectric constant. T is the standard metal
thickness of microstrip layers on a PCB.

m( 5.48H ):m @

0.8W+T 87 ' Zo_microstrip
= (08W Al T) @ o_microstrip (3)
“\ 548 )¢ -
(0.8W + T) Jertiat )
=|————=) e 87
5.48
H = 4.54 mils 5)

Based on the values obtained, the final line geometry is
illustrated in Fig. 2.

B. Calculation of Propagation Delay

Hall et al. [1] proposed the fundamental model for
calculating propagation delay and propagation velocity as
shown in (6) and (7). This equation will be applied to determine
the delay of propagation from component C; to component Co.

N ©)
C

_c ™)
=7

Where 9 is the propagation velocity, in meters/second, TD
= time delay for a signal to propagate down a transmission line
of length x; x = length of the transmission line, in meters and C
= speed of light in a vacuum (3 x 108 m/s).

Owing to the fact that the lines adopted are microstrip rather
than stripline, there is a contact with air that plays in
determining the effective dielectric. The effective dielectric is a
weighted sum of the dielectric of the two materials the
conductor is in contact with. The models of (8) and (9) were
then used in this regard to compute the effective dielectric €, as
follows.

_sr+1+£r—1<1+12H)2+G (3)
e T 2 W .
—0.217(g; — 1) —

VWH

2

W
for — <1 (9)

H H

0.02(e, — 1) (1 - w)

0 fi W>1
or

Since W/H = 5/4.54 > 1.0, then G = 0. Therefore,

40+1 40-1 12 X 4.54\2
o=
2 2 5.0
+0
—0.217(4.0 (10)
) 1.0
V5.0 X 4.54
€. = 2.8 (11)

The propagation velocity is determined using (7) as follows

g C _30x10°m/s (12)
CJee V28
8 =18x10°m/s (13)

The time delay for the signal to propagate down the 10-in.
line connecting C; and C; is then calculated using (6).

_xy& 10.0in. (0.0254

TD = ) = 1.42
C 1.8 m/s \ 1.0 in. ns (14)

C. Wave Shape Seen at the Receiver

The Two popular tools have been used to monitor wave
shapes of bouncing signals: Bergeron and Lattice diagram. The
Bergeron diagram is most applicable in presence of non-linear
devices such as diode and transistors. Because of the absence of
those devices in the proposed model, a Lattice diagram is used
to plot the wave shape at the receiver. The use of the Lattice
diagram is based on the determination of the initial voltage
launched onto the line and the source and destination reflection
coefficient which are calculated with (15), (16) and (17) as
follow.

Z (15)
Vinitial = Vinput ' ZO—PE::RS
OPCB
0 _ Rs = Zopep (16)
source — | 7
Rs + Zopep
Rload - ZOPCB (17)
Pload =5 1~
Rload + ZOPCB

where Rg is the buffer impedance of C; and R},,4 is the open
circuit impedance seen at Uo.

Application: In the case of the network described in Fig.
LVinput = 2V, Zgpop = 600, Rg =400 and Rjpaq =+
since the line termination is in open mode.
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60 (18)

Vinitial = 2 50740 1.2v
40 — 60 (19)
Psource = m =-0.2
o — 60 (20)
Pload = o0 = 1

Fig. 3 represents a Lattice diagram which is used to show the
reflection that the signal has undertaken before reaching a
steady state regime. The two vertical lines in the diagram
represent respectively, the source and the load with their
respective coefficient as estimated in (19) and (20). Reflection
occurs as a result of impedance mismatch between the
transmission line and the load. A portion of the signal is always
reflected as far as the impedances are different; the portion of
the signal being reflected is proportional to the reflection
coefficient. The diagonal lines between the two vertical lines
represent the various reflections between the source and the
load. The respective reflection coefficient at various time are
marked on the two vertical lines. The lowercase letters
represent the magnitude of the reflected signal traveling on the
line, the uppercase letters represent the voltages seen at the
source, and the primed uppercase letters represent the voltage
seen at the load end of the line.

The time step of each reflection is equivalent to the time
delay estimated earlier and this presumes that it takes one TD
(time delay) for the signal to propagate from one end to the
other. The reflection phenomenon continues until the steady
state voltage of 2 is reached. The legend explains how the
various coefficients on the graph have been calculated.

Fig. 4 summarizes clearly the reflections obtained in the
Lattice diagram in Fig. 3. Fig. 4 actually shows the signals at
the load and the source side with their respective variations. The
shape of the waveforms is similar to a stair-case and the two
signal values converge after a duration of about 15.2 ns
corresponding to a duration between 10 to 11 times, the TD =
(10x 1.42=14.2 ns and 11 x 1.42=15.62 ns). The steady state
regime can therefore be considered as starting from the time
15.20 ns. The signal ringing on the line before 15.20 ns, which
is mainly due to several reflections can subsequently lead to the
occurrence of Inter-symbol interference.

The pattern of reflection illustrated in Figs. 3 and 4
correspond to the case of an undriven transmission line which
occurs as far as the source impedance is larger than the line
impedance. The next section explains the development of an
equivalent electrical circuit to model this transmission line,
which will be simulated with Multisim software.

25

Voltage(Volt)

05

| I
0 05 1 15
time (Second) %10

Fig.4. Waveform of voltages at C1 and C:

D. Creating an Equivalent Electrical Circuit Model

The equivalent model of the proposed digital system in Fig.
1 can be completely derived from the knowledge of the number
of LC segments needed to represent the line with almost the
same parameters because it is obvious that practically, an
infinite number of elements cannot be represented.

The selection of the finite number of LC cells to be cascaded,
is derived from the assertion that: the required minimum
number of segments should be cautiously selected so that the
time delay of the smallest segment model is lesser than one-
tenth of the system rise or fall time as illustrated in (21) [1]. To
apply this rule, the velocity determined earlier will be converted
to the units of inches/picosecond as in equation (22).

X 21
Nsegment =10- (E) D
=10
10in
-3 in
(150 x 10-3ns) (7.04 ns)
= 9.47
i X 10 in . (22)
9(in/ns) = D= 142ns - 7.04 in/ns
In (22), 9(in/ns) represents the velocity in

inches/nanosecond. In equation (21) Ngegmene represents the
total number of segments and T, is edge rate of the driver C;.

As a result, ten segment of LC cells will be used to develop
a precise model of the digital system shown in Fig. 1. With the
knowledge of TD and Z, the equivalent capacitor and inductor
values can be extracted as in (23) and (24) as follows.

TD 1.42ns (23)
C=—= = 23.7 pF
7o 60 P
L=TD-Z, =1.42ns X 60 = 85.2 nH (24)
Now, the capacitance and inductance per segment
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Csegmentand Lgegment are calculated as follows.

length-L 10in x 85.2nH/in (26)
Lsegment = N = 10

segment

c _length-C  10in x23.7pF/in (25) = 85.2 nH/segment
segment — -
Nsegment 10 . . L
= 23.7 pF/segment Fig. 5 shows the equivalent circuit diagram of the
transmission line which is made of 10 LC segments, a large
resistor of about 10 MQ is used to model the open circuit at the
end of the line. Also, the driving buffer C; is represented by a
voltage source in series with a source impedance R; of 40Q2.
R1 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
MU, Pty e e’ a Py e, Latala'yl L' P L,
400 85.2nH 85.2nH 85.2nH 85.2nH 85.2nH 85.2nH 85.2nH 85.2nH 85.2nH 85.2nH R2
Vi ct (ol c3 c4 c5 c6 c7 cs c10 ct1 10.0M0
;%HZ —=23.7pF —=23.7pF —=23.7pF —=23.TpF —=23.7pF —=237JpF —=23.7pF —=23.7pF —=23.7pF —=23.7pF

Fig. 5. Proposed equivalent model of the transmission line

IV. PERFORMANCE EVALUATION

The equivalent model presented in Fig. 5 has been
constructed and simulated under Multisim software and the
simulation results as well as parameters are illustrated in Fig. 6.
It can be observed that the output signal is a little deformed as
compared to the input signal. The main concern is the delay of
the output signal against the input. With reference carefully
selected on the two graphs (vertical lines in blue and red), the
difference of time which is the delay of the output signal over
the input signal is evaluated to be 15.152 ns. This is comparable
to the estimated time it took for the system to reach a steady
state. Referring to Fig. 4, it can be observed that at 15.152 ns,
the system has attained a perfect steady state regime. This
further confirms the effectiveness of the model and its
capability to predict delays resulting from high speed signal
being propagated on PCB traces.
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=+ 24.202us 2.000V 240.088 mV
£ - - Save
211 15.152ns 0.000V 1770V Ext. trigger
Timebase Chanrel A Channel B Trigger
scale: | B0 ns/Div 3~ Scale: | 2 V/Div Seale: | 2 V/Div Edge: [F|[X]|[a] B Ext
¢ pos.(Div): | 0 ¥ pos.(Div): | 0 ¥ pos. (Div): | 0 Level: [g v
YT ||Add | |BfA || AJB AC|| 0 ||DC L} acll o |[oc][- ® | Single | Normal | Auto | None

Figure 6. Proposed Equivalent Model of the Transmission
Line
It can be observed that the output signal is a little deformed

as compared to the input signal. The main concern is the delay
of the output signal against the input. With reference carefully
selected on the two graphs (vertical lines in blue and red), the
difference of time which is the delay of the output signal over
the input signal is evaluated to 15.152 ns. This is comparable to
the estimated time it took for the system to reach a steady state.
Referring to Figure 4, it can be observed that at 15, 152 ns, the
system has attained a perfect steady state regime This further
confirms the effectiveness of the model and its capability to
predict delays resulting from high speed signal being
propagated on PCB traces.

V. CONCLUSION

In this paper, we proposed an innovative technique for
modelling transmission lines on PCB especially in situations
whereby the signals are routed through high speed. Our
proposed model which consists of cascaded LC cells is well
applicable for short transmission line modelling. The proposed
model is also derived from an approach known as direct
discretization of microstrip with a predetermined geometry.
Reflection phenomena of signals on the transmission line,
mainly caused by impedance mismatches was investigated with
Lattice diagram. Furthermore, a total of 10 LC lumped network
has been cascaded to model the propose transmission line which
was evaluated with Multisim simulation software. Simulation
results show that the delay between the output and input signal,
approximately, 15.152 ns, was in conformity with the estimated
time it took for the system to reach steady-state.

In future, further studies in the same direction should explore
and investigate the level of intersymbol interference and
crosstalk caused by similar disturbances.
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