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Abstract—Branched traces are strictly prohibited in the
routing of printed circuit boards (PCBs) for high-speed data
transfer, because they cause serious degradation of the signal
integrity (SI) and excessive electromagnetic interference (EMI).
If this strong design constraint can be removed, the number of
degrees of freedom increases dramatically, and the operation
speed in PCBs is expected to be improved significantly. In an
attempt to overcome the SI degradation that occurs due to
characteristic impedance mismatching, we previously proposed
the bio-inspired segmental transmission line (STL), and we
demonstrated its effectiveness. In this paper, we apply the STL to
a branched trace for high-speed data transfer, and we use genetic
algorithms to try to simultaneously improve its SI and EMI.
Some branched STL prototypes are fabricated and evaluated;
the results, which include eye diagrams and electromagnetic
emission intensities, show a big improvement in SI and EMI in
branched traces.

I. INTRODUCTION

With the advent of the GHz era, the electrical wavelengths
of digital signals propagating in printed circuit board (PCB)
traces have become shorter, and they are now about the same
length as the traces. As a result, the traces for high-speed
signals (e.g., clock-signal distribution networks, data/address-
busses, and I/O links) must be designed as transmission lines,
because slight mismatches in the characteristic impedances of
the traces can cause the reflection of waves, which leads to data
transfer errors. Fig. 1 shows an example of a waveform
observed in a double data rate (DDR) memory bus trace
operating at 1 GHz; note that the waveform is seriously
distorted by reflection waves due to the -characteristic
impedance mismatching. Conventional designs for matching
characteristic impedances [1][2], however, do not work well in
the GHz domain (more precisely, from about 500 MHz), and
new techniques to counteract the waveform distortion have
been urgently desired.
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Fig. 1 Measured waveform in a DDR memory bus

This signal integrity (SI) degradation is now a serious
problem in PCBs but not yet in large-scale integrated circuits
(LSIs). However, it is expected to become a problem in LSIs
in the near future, because when the operating frequency
exceeds 10 GHz, the electrical wavelength (L) of the digital
signals become about the same length (/) as the connections in
the LSIs (Fig. 2).

In order to overcome the SI degradation problem in the
GHz domain, we previously proposed a novel trace structure
called the segmental transmission line (STL); its bio-inspired
design methodology uses genetic algorithms (GAs) [3]. We
demonstrated its effectiveness by applying it to various real
high-speed links, including memory bus systems and
backplane bus systems [4]. In these bus systems, stub traces
(Fig. 3(a)), which are very short branches, are used to connect
devices (e.g., LSIs and memory modules) to the main trace.
The stub and the device cause the mismatching of the
characteristic impedances, and this results in degradation of
the SI. Our previous applications of STLs to real bus systems
clearly demonstrated that the STL is very effective for real
link structures that consist of a main bus with stubs and
devices.
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A branched trace (Fig. 3(b)) or bifurcated trace is used to
split the main trace so that signals are distributed to other
routing paths; this has the same topology as that of the stub
trace shown in Fig. 3. However, stubs and branched traces are
completely different in terms of SI degradation and
electromagnetic interference (EMI). Stub traces are short
enough that they can be regarded electrically as a load
capacitance that is a lump component. No electromagnetic
waves (and thus no EMI) is emitted at the stub, because
compared with the electromagnetic waves, the stub is short
enough that it cannot become an emission antenna.

In comparison to a stub trace, a branched trace is much
longer, and its length is generally comparable to that of the
main trace, and thus it behaves as a transmission line instead
of a lumped load capacitance. Consequently, in addition to the
characteristic impedance mismatching, multiple reflections,
which cause serious SI degradation, occur in the branched
trace. As a result, fatal SI degradations frequently arise.

Furthermore, the branched trace, which has almost the
same length as that of the propagation signal, behaves as an
antenna and emits electromagnetic waves; if multiple
reflections occur, it creates EMI. Strong EMI affects not only
the LSIs mounted on the same PCB, but also those on other
PCBs, and it causes them to malfunction. The amount of EMI
is thus restricted under electromagnetic compatibility (EMC)
regulations, which are defined in each region or country; in
Japan, these are the Voluntary Control Council for
Interference by Information Technology Equipment (VCCI)
regulations.

Because of the serious SI degradation and strong EMI,
branched traces are strictly prohibited in the trace-routing for
high-speed data transfer, and this constraint has greatly
impeded the design of trace routes. If both of these serious
difficulties can be overcome simultaneously, and the
prohibition is lifted for using branched traces for high-speed
digital signals, the flexibility of routing designs will increase
significantly, and the system performance will improve
dramatically.

In this paper, we take on the difficult challenge of
simultaneously increasing SI and reducing EMI in branched
traces; we do this by applying the STL, which leads to
multiobjective optimization of the SI and EMI. Our goal is to
remove the restrictions on the use of branched traces in the
GHz era.
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Fig. 2 Relationship between electrical wavelength and signal frequency
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Fig. 3 Stub and branched trace

II. Basic IDEA OF STL

In the STL, a transmission line is divided into multiple (V)
segments, each with their own individual characteristic
impedance Z; (i = 1, 2, ..., N), as shown in Fig. 4 [3][4]. The
values of Z; in the various segments are adjusted to achieve an
ideal digital waveform at important points, such as the input
points, by superposing the reflection waves that are generated
at the interface between adjacent segments Z; and Z,. Fig. 4
shows an elevated view of a PCB trace that is designed as an
STL: the characteristic impedance Z; is a function of the trace
width W, so Z; is adjusted by adjusting W..
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Fig. 4 Basic idea of the STL and its application to a PCB trace

The adjustment of all of the Zs, however, results in a
combinatorial explosion: for example, if there are 10 segments
(N =10) and 100 characteristic impedance candidates (from 21
Qto 120 Q at intervals of 1 Q), the resulting search space
reaches 100'", and there is no deterministic search algorithm
that can find the optimized or semi-optimized set of Zis. We
thus proposed applying genetic algorithms (GAs) as a way to
manage this combinatorial explosion. The STL structure can be
easily mapped onto a one-dimensional array of parameters, as
shown in the upper section of Fig. 5 (here, the transmission line
is divided into 10 segments).

In an earlier design, we used only the characteristic
impedances Z; as genes in a simple chromosome (see the upper
example in Fig. 5). As a modification of this early design, we
proposed a hybrid chromosome, which was created by adding
segments of length L; as genes (see the lower example in Fig.
5). The segment lengths L; can adjust the timing of the
superposition of the reflected waves, and thus we expect that
the hybrid chromosomes result in greater SI than that obtained
from the simple chromosomes.
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Fig. 5 Simple chromosome (upper) and hybrid chromosome (lower)
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III. DESIGN METHODOLOGY BASED ON GENETIC ALGORITHMS

A. Fundamental GA operations

Initially, characteristic impedances are given randomly to
all the genes in a set of chromosomes or a population, as
shown in Fig. 6. After the population is generated, the three
operations of selection, crossover, and mutation are then
applied to the population, and this process is repeated until the
fitness (the score of the chromosome) is significantly
improved.

The waveform of each chromosome is simulated using a
SPICE circuit simulator, as shown in Fig. 6. Each
chromosome is scored according to the difference Diff
between the area of the ideal waveform I(t) and that of the
distorted waveform R(t), as shown in Fig. 7. For periodic or
clock signals, the reciprocal of Diff is used as the score
(fitness), so that the score increases as the waveform is
improved or as it approaches the ideal waveform.

In a crossover, randomly selected pairs of chromosomes
exchange parts of their genes at randomly chosen crossover
points. In a mutation, some randomly chosen genes are
changed to other values; this occurs with a rather low
probability.

SPICE simulation Waveform

/

/ >~ _score
Chromosome 1 |1129‘ 509‘ 259‘1209‘ 70:2‘ 809‘1109‘1300‘ 409‘ 6OQ| 73

Chromosome 2 | 359‘1509‘ 459‘ 329‘1119‘449‘ 399‘ 879‘ 600‘100(2' 98

Chromosome 3 | 939‘ 329‘ 47(2‘ 989‘ 899‘ 999‘1239‘1459‘ 549‘879 | 45

Chromosome 4 | 499‘ 769‘ 589‘1239‘1189‘ 47Q ‘ 789‘ 799‘560 ‘989 | 24

Chromosome 5 | 739‘ 949‘ 399‘ 509‘ 849‘ 659‘ xzo‘ 959‘1339‘499 | 69

Fig. 6 A population and evaluation of its chromosome
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Fig. 7 Fitness of a periodic signal



B. Modified Crossover

The crossover operation is the key to successful evolution
in the STL design, and so we have changed the simple
crossover operation to the minimal generation gap (MGG)
algorithm [5], which is a well-known genetic algorithm that
was initially proposed to ensure a diverse population. In the
MGG algorithm, parents are randomly selected from
individuals in the N-th generation, and their children are
generated by crossover operations, as shown in Fig. 8. From
each family, one chromosome is selected (based on quality or
chance), and it is exchanged with one chromosome in the N-th
generation to produce the N+1-st generation. Since the
waveform is very sensitive to the characteristic impedance and
the segment length of the STL, as the population evolves, it
generally becomes less diverse. We thus use the MGG
algorithm to avoid the loss of diversity when designing an
STL.
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Fig. 8 Crossover in the minimal generation gap algorithm used with the STL

It has been shown that, in the STL design, intervals of 1 Q
are sufficiently small that the Z; can be treated as integers.
Within each segment, the Z; are mutually independent, and thus
fatal genes cannot be generated by the simple crossover
operation. In a simple chromosome or the Z; part of a hybrid
chromosome, genes can be easily exchanged by a simple
crossover operation.

On the other hand, the crossover operation for the segment
length L; is not as easy as it is for the Z;, because there is a strict
condition that the sum of all segment lengths L; is fixed as the
trace length. Furthermore, the timing of the superposition of
the waveforms is very sensitive to the propagation time. We
thus have to treat the L; as real number genes with a fixed trace
length.

Fig. 9 shows a newly proposed crossover operation for the
L; genes; it is based on the BX-a crossover [6][7]. For example,
a 20 cm trace is divided into 5 segments, and before the
crossover operation, the segment lengths L; are normalized and
changed to the boundaries Al to A4 in chromosome 1 and to
B1 to B4 in chromosome 2. We then choose at random two
boundaries, say, A3 and B3, that have no other boundaries
between them. The range B3 to A3 is then expanded by o
percent (10 < o < 20). Finally, two new boundaries, A3* and
B3*, are chosen randomly from the expanded range, and their
lengths are changed. This expanded BX-o crossover has
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worked well in practical applications and has found excellent
solutions for the design of STLs.
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Fig. 9 BX-a crossover for a hybrid chromosome

C. Fitness for Random Signal (Data Signal)

For periodical signals, the fitness (score) is calculated
directly from its waveform, as described above (Fig. 7). For
random signals, however, we cannot use the same measure of
fitness, since by definition, they are not periodic. In order to
overcome this difficulty, we use impulse response theory: If
the ideal impulse propagates in the trace, impulse response
theory guarantees high SI. Therefore, we use an impulse, or a
long periodic signal of 1000000...1000000... as shown in Fig.
10, and the difference Diff between the area of the ideal
impulse waveform /(7) and that of its response waveform R(7)
is used as the fitness (score). Again, the fitness increases as the
response waveform improves and approaches the ideal impulse,
and the reciprocal of Diff'is defined as the fitness.

Ideal Wave Form [ (t)
1

0 0 0 0 0 0

Current Wave Form R (l‘)

Reflection Wave

Diff

L

1
Diff

Fig. 10 Fitness of random signals

IV. SIMULTANEOUS IMPROVEMENT OF SI AND EMI

In addition to improving the SI, we wish to simultaneously
reduce the EMI in the branched traces. In order to meet this
requirement, we extend the fitness function based on the
multiobjective optimization approach by adding a measure of
EMI fitness to the measure of SI fitness. In the EMI evaluation,
we use the Japanese EMI regulations (VCCI standards), in



which the emission limit is defined for both the MHz and GHz
frequency domains, as shown in Fig. 11.

To extend the measure of fitness, we simply sum the
emissions that exceed the VCCI limit (Fig. 11), and we then
use the reciprocal of this as the new measure of fitness. We
then add the emission fitness fitnessemi to the SI fitness
fitnesss;, defined above, as follows:

fitness =« (fitnesssi / fitnesssi_soq)

+ B (fitnessem / fitnesseem so) (D
where o and fare weighting parameters; and fitnesssi and
fitnessemi are normalized by fitnesssi soo and fitnessemi soo,
respectively, which are their values in a conventional 50Q
transmission line (this is done because fitnesss and fitnessemi
have different units). This measure of fitness, based on
multiobjective optimization, works very well, and its
effectiveness will be demonstrated below when evaluating the
prototype.

Emission Intensity == VCCI limit
T “: penalty
penalty ' TS
—_ ' ' |
\E penalty H 1 1 H
e e e i i i i
= [ B i ' '
C A AL A1
= H i L ) \ H
=l
&
| ‘ ‘ ‘
Frequency

Fig. 11 EMI regulations (VCCI) and the EMI score

V. PROTOTYE DESIGN AND EVALUATION

A. Prototype of a branched trace

Scaled-up prototypes, in which the lengths of the
transmission lines and the load capacitances are enlarged in
proportion to the ratio of the frequencies, are frequently used
to evaluate GHz waveforms in the MHz domain, especially if
there is a possibility that the measurement equipment will
affect the GHz waveforms. Such a scaled-up prototype for
branched trace routing is shown in Fig. 12; in the 250 MHz
(500 Mbps) STL scaled-up prototype for a trace length of 1
GHz (2 Gbps), the trace length and the load capacitor were
designed to be 60 cm and 7 pF, respectively, with a scale-up
ratio of 4 (the ratio of 250 MHz to 1 GHz). The prototype
consists of a 60 cm main trace and two 22 cm branch traces,
each end of which has a load capacitance equivalent to the
input capacitance of a device.

In the STL design, each branched trace (transmission line)
was divided into 5 segments (for a total of 10 segments). This
seemed to be an appropriate number of segments, based on the
target frequency. Currently, however, no deterministic design
principle has yet been established for the number of segments.
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We thus carried out some preliminary simulations in which
the number of segments was varied between 10 and 20, and
we determined that 10 segments was sufficient.

| 60cm
main line
. 20cm 24cm <— lécm —>|
random signal i | .
source = J— p—
500Mbps [ «—— branch line L 50 ohm
(2Gbps) 22cm 22cm
1.65V(3.3V
T l observation l
E “;L/ point X

7pFI 7pFI

Characteristic impedances of main line and branch lines are all designed to be 50 Q.
Fig. 12 Branched trace for scaled-up prototype at 1 GHz

B. Simultaneous Improvement to SI and EMI in the Prototype

We have designed several STLs in which we changed the
values of the weighting parameters « and £ in Eq. (1), and the
resulting EMI charts are shown in Figs. 13—17, in which the
emission intensity is calculated at each frequency as follows:

E= (Ehz + EV2)1/2’ (2)
where E, and E, are the horizontal and vertical emission
components, respectively.

Fig. 13 shows the EMI for a simulation in which the EMI
fitness was not added to the SI fitness (e.g., =1 and = 0).
Some strong emission spectra that exceeded the VCCI limit
were observed in the GHz range; this would affect the LSIs
mounted not only on the same PCB but also those mounted on
other PCBs.

On the other hand, as shown in Fig. 14, those strong
emission spectra are greatly suppressed when design of the
STL considers only improvement of the EMI (e.g., =0 and
p=1). Although there are still a very few emissions that
exceed the limit in the GHz range, they are small enough that
it is thought they will not affect the surrounding LSIs.

The EMI obtained under the equal weighting design (e.g.,
a=0.5 and f=0.5) is shown in Fig. 15. A strong emission
spectrum (over 60 dBuV/m) still remains at around 1.25 GHz.
This spectrum is not reduced even with o=0.33 and
P =0.67 (Fig. 16), but it is reduced to approximately the limit
when a=0.25 and #=0.75 (Fig. 17). Because of this, for the
design of a prototype for practical use, we chose o= 0.25 and
$=0.75.
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Fig. 17 EMI when o= 0.25 and f#=10.75

C. Impulse Response under EMI constraint

Simulation results for the impulse response in the
conventional 50 Q characteristic impedance (Fig. 12) are
shown in Fig. 18. An impulse with a voltage of 1.5 V and a
width of 2 ns was input, and the response was observed at the
end of the left branch of the trace. The response was very
different from the initial impulse. In the response, the input
impulse is deformed, and the amplitudes of the oscillations
exceed the voltage of the initial impulse; the first and second
amplitudes are 3.36 V and 1.86 V, respectively. This is due to
the multiple reflections at the observation point. These
oscillations continue for about 30 ns, which is more than
seven times the clock period. This large distortion greatly
increases the intersymbol interference (ISI) and can produce
fatal errors in digital systems.

Fig. 19 shows the resulting design for this STL. In the
chart in the lower panel, the vertical and horizontal axes
shows each segment’s characteristic impedance and length,
respectively (the impedance and length of the main trace are
also shown). It is notable that the characteristic impedances of
the segments on the left side branch, where the observation
point is located, are all a bit smaller than 50 Q (the
characteristic impedance of the conventional trace), while
those on the right side branch are all much larger than 50 Q.
This seems to occur because the waveform in a branched trace
is strongly affected not only by that trace but also by the trace
in the other branch.

Fig. 20 shows the improved response of this STL (Fig.
19). The severely distorted impulse response that was shown
in Fig. 18 is greatly improved in this STL: the large first and
second oscillations that were seen in Fig. 18 are now
suppressed to 2.22 V and 0.591 V, respectively, and the
oscillations converge within 20 ns. From the improved
response, the ISI is expected to be suppressed enough for
practical use, and thus the SI in the random signal is expected
to be greatly improved.
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Fig. 20 Impulse response in the STL
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D. Measured Results

Photographs of the fabricated 250 MHz scaled-up
prototypes based on the resulting STL design (Fig. 19) and the
conventional trace design (Fig. 12) are shown in Fig. 21. The
lower photograph in Fig. 21 shows the STL scaled-up
prototype, and the upper one shows a conventional trace
(transmission line) with a uniform characteristic impedance of
50 Q. The STL and the conventional transmission line both
run for a total of 40 cm with a U-turn, and the space between
the lines is designed to be sufficiently wide to prevent
crosstalk noise. Chip capacitors (load capacitances) of 7 pF
were connected to each end of the branch trace; these
represent the input capacitances of devices, such as LSIs.
When observing the waveform, we used a digital-storage
oscilloscope with a 2 GHz bandwidth and a 10 GS/s sampling
rate (WR204Xi, LeCroy Ltd.).

SMA  _
connector

capacitance ]
o

resistor

(a) conventional transmission line (50 Q uniform trace)

40 cm

capacitance
-

resistor

part of STL
(magnified)

() STL

Fig. 21 Branched trace prototype

An eye diagram, in which a random digital signal
sequence has been repeatedly sampled at the data rate, is
generally used to measure the interference in a random signal,
and the left and right panels in Fig. 22 show those observed in
the conventional transmission line and in the STL,
respectively.

As anticipated, the eye diagram for the conventional trace
is severely distorted due to the large oscillations in the
response (as shown in Fig. 18), and so no aperture is observed
in the eye diagram. This result clearly shows the well-known
fact that a branched trace is not appropriate for high-speed
data links. In contrast to that of the conventional transmission
line, the eye diagram in the STL clearly opens to a height of
1.01 V and a width of 1.66 ns, which is sufficiently large to be
used in practice.

We have designed and fabricated some other STL
prototypes for different branch lengths. Fig. 23 shows the eye
diagrams for STLs designed for 12 cm and 32 c¢m branched
traces. In these cases, the apertures clearly open to almost the
same degree as those shown in Fig. 22. Those results
demonstrate the high adaptability and generality of the STL
design methodology for branched traces.
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(a) conventional transmission line
(50 ohm uniform trace)

Fig. 22 Eye diagrams for branched trace prototypes

12 cm branch line

32 cm branch line
Fig. 23 Eye diagrams for the STL (12 cm and 32 cm branch traces)

We measured the -electromagnetic emissions of the
prototype inside of a certified electromagnetic shielded room.
Figs. 24 and 25 show the measured £, and F,, respectively;
these are as defined in Eq. (2). Unfortunately, due to the
limitations of the instruments, we were not able to measure
emissions above 1 GHz.

Under 1 GHz, the measured emissions are slightly less
than those for the simulation shown in Fig. 17, and a possible
reason for this is that the electrical loss in the trace suppresses
the emissions from the trace, and this loss was higher in the
prototype than in the simulation. We are planning to measure
the EMI in the GHz range, and it is expected that the
measured emissions will be less than those shown in Fig. 17.

VI. CONCLUSIONS

The use of branched traces are strictly prohibited for high-
speed data transfer in PCBs, due to degradation of the SI and
to excessive EMI. In order to simultaneously improve the
integrity and reduce the interference, we applied an STL to the
branched trace. The STLs were designed using a
multiobjective measure of fitness for the SI and EMI
Prototypes were fabricated for some systems with different
branched traces. In all cases, the SI was improved, and their
EMI was suppressed to within the limits of the VCCI
regulations.
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