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A New Twisted Differential Line Structure on
High-Speed Printed Circuit Boards to Enhance
|mmunity to Crosstalk and External Noise

Dong Gun Kam, Heeseok L ee, Jonghoon Kim, and Joungho Kim

Abstract—Differential signaling has become a popular choice
for high-speed interconnection schemeson Printed Circuit Boards
(PCBys), offering superior immunity to external noise. However,
conventional differential transmission lines on PCBs have prob-
lems, such as crosstalk and radiated emission. To overcome these,
we propose a Twisted Differential Line (TDL) structure on a mul-
tilayer PCB. Itsimproved immunity to crosstalk noise and there-
duced radiated emission has been successfully demonstrated by
measurement. Theproposed structureisproven totransmit 3Gbps
digital signals with a clear eye-pattern. Furthermore, it is subject
to much less crosstalk noise and achieves a 13 dB suppression of
radiated emission.

Index Terms—Crosstalk, differential signaling, radiated emis-
sion, transmission line, twisted differential line, twisted pair.

|I. INTRODUCTION

HE operational frequencies of high-speed digital systems
have increased at such arapid pace over the past few years
that nowadays high-speed PCBs have to transmit and receive
digital signals whose spectral contents can reach tens of giga-
hertz. To ensure reliable operation at such a high data rate, dif-
ferential signaling has become a popular choice for multigigabit
digital applications, such as Serial-ATA, Fiber Channel, Inifini-
band, OIF, RapidlO, and XAUI [1]. Thisis because the differ-
ential signaling is more robust, in that it is less susceptible to
external noise. Conventional differential line structures on mul-
tilayer PCBs include coupled microstrip, coplanar strip, or strip
lines. However, these conventiona differentia lines still have
problems, such as crosstalk and radiated emission. To overcome
these problems of conventional differential lines, we propose a
new Twisted Differential Line (TDL) structure, which is appli-
cable to high-speed and high-density PCBs. Asis well known
in the field of cable interconnection, a twisted pair provides a
simple means of reducing the susceptibility to external noise
[2]. The concept of the twisted pair can be readily applied to the
differential lines on PCBs, which further enhances immunity to
crosstalk and other external noise.
Fig. Lillustrates the proposed TDL structure, where the con-
cept of the twisted pair is realized in a multilayer PCB. It is
comprised of two-segmented conductor traces on afirst and a
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Fig. 1. Schematic and the photograph of the newly proposed twisted
differential line (TDL) structure on high-speed PCBs. The proposed TDL is
proven to have an improved immunity to crosstalk and external noises.
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Fig. 2. Test PCB layout of the TDL pairs for the eye pattern, crosstalk, and
radiated emission measurement.

second layer of the PCB, crisscrossing each other using many
vias. The TDL has several advantages because of its physical
configuration. The electromotive force (EMF) in aloop, which
is generated by an external time-varying magnetic field, is can-
celed out by the EMF of the subsequent loop. The advantages of
the TDL become obvious when several differential pairsrunin
parallel on a PCB as shown in Fig. 2. By using TDLS, we min-
imize the crosstalk between the differential pairs because the
TDL increases the effective spacing between two adjacent
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Fig. 3. Measured eye pattern of the proposed TDL with adatarate of 3 Gbps.

pairs, therefore reducing the average mutual capacitance and
inductance between the pairs [3]. Furthermore, if we offset all
the neighboring vias, each trace of a differentia pair is equally
influenced by adjacent traces of the next differentia pair. This
balanced crosstalk [4] cancels out by virtue of the differential
signaling.

The improved immunity of the proposed TDL to crosstalk,
and the reduced radiated emission have been successfully
demonstrated by measurements. The TDL is proven to transmit
a 3 Gbps signal with a clear eye-pattern. Furthermore, it is
demonstrated that it suffers much lower crosstalk and achieves
13 dB suppression of radiated emission.

Il. MEASURED EYE, CROSSTALK, AND RADIATED EMISSION
FrRoM PrROPOSED TDL

Fig. 2 shows the layout of the test differential line structures
on the PCB. The test PCB has both conventional coupled mi-
crostrip lines and the proposed TDL, which were fabricated on
a 0.6-mm-thick FR-4 substrate (¢, = 4.5). The coupled mi-
crostrip lines have the same dimensions asthe TDL.

First, we measured the eye patterns for the proposed TDL
with a 3 Gbps data rate. As shown in Fig. 3, the clear eye-pat-
tern of the TDL demonstrates successful digital data transmis-
sion over 3 Gbps. Because the TDL contains many vias and
segmented traces, it has greater conduction loss and reflections
at discontinuities compared with the conventional differential
lines. However, as we use more twists on the TDL we increase
the noise immunity. Therefore, the number of twists should be
determined to make an optimal tradeoff between the transmis-
sion bandwidth and the noise immunity.

Second, we measured the far-end crosstalk (FEXT) voltage
waveform of two differential pairs with TDR/TDT measure-
ments. The FEXT between neighboring differential pairsis of
interest when the differential pairs runin paralel on PCBs. An
input pulse of 500 mV height and 330 ps rise-time was stim-
ulated on one pair, and the FEXT was measured at the end
of the other pair. The measured FEXT voltage waveform is
shown in Fig. 4. The FEXT of the TDL is significantly re-
duced, to 5.2 mV, compared with the coupled microstrip lines,
a 40.3 mV. This is a remarkable achievement in high-speed
PCB design, even maintaining the transmission bandwidth. It
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Fig. 4. Comparison of the measured far-end crosstalk (FEXT) voltage
waveforms of the two differential line structures.
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Fig. 5. Measured radiated emission spectrum from the differential lines on a
PCB. (a) Radiation from the conventional differential lineand (b) radiation from
the proposed TDL.

should be noticed that the offset scheme of the via positioning
(Fig. 2) improvesthe crosstalk immunity further. With the offset
scheme, each trace of adifferential pair isequally influenced by
the adjacent traces of the next differential pair. A lineon adiffer-
ential pair isinfluenced from one line of the next pair, and it is
influenced from the other line of the next pair after aquarter of a
period. Therefore, every lineis properly balanced, and therefore
this balanced crosstalk can be canceled out by virtue of differ-
ential signaling.

Third, we also measured the radiated emission spectrum from
thetest differential lines using an anechoic chamber. The digital
periodic signal wasapplied using aclock generator of 100 MHz,
and the spectrum was composed of the harmonics of 100 MHz.
Fig. 5 shows that the TDL achieves 13 dB suppression of radi-
ated emission compared with the coupled microstrip line. Thisis
because each current loop on the TDL produces an electromag-
netic field, which is canceled out by the electromagnetic field
from the next loop. Asthe number of twistsisincreased, the re-
duction of the radiated emission is enhanced.
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Fig. 6. Unit cell transmission line model of the differential mode propagation
and crosstalk on PCBs.

TABLE |
EXTRACTED MODEL PARAMETERS OF THE DIFFERENTIAL LINES FROM THE
S-PARAMETER MEASUREMENT AND SUBSEQUENT MODELING PROCEDURE.
THE MODEL SCHEMATIC IS SHOWN IN FIG. 6

Coupled Twisted
Microstrip Differential
Line Line
Nun;:lb;!:;(;) il;]tl:'ists 0 twist 16 twists 10 twists 6 twists

R; [m&/mm] 066.6 88.7 87.3 90.4
L, [nH/mm] 0.541 0.777 0.803 0.799
C, [fF/mm] 61.0 701 58.6 1.1
Ly [ 94.2 105 117 125
Lmdp [pH/mm] 12.4 1.12 1.64 2.99
Cpgp [fF/mm] 4.08 0.35 0.31 0.34
o [x10-/mm] 3.54 4.21 3.73 3.61
taeray P51 620 780 725 670

*) calculated at 1G11z

I1l. CROSSTALK MODEL PARAMETERS OF A TDL

In the test PCB, the number of twists on the TDL varies
from 6 to 16 in a 100 mm line. We determined the equivalent
circuit model of the TDL, depending on the number of twists,
as well as the coupled microstrip line, as shown in Fig. 6. Ry
(resistance), Cy (capacitance), and Ly (inductance) represent
the differential mode propagation in each pair. The crosstalk
between the two adjacent differential pairs is represented by
Lngp (mutua inductance between the adjacent differential
pairs) and C,,qp (Mutual capacitance between the adjacent
differential pairs). The entire coupled lines of 100 mm length
were described by a cascaded connection of 100 unit cells.
The model was obtained from S-parameter measurements and
a subsequent parameter fitting process for frequencies up to
3 GHz [5].

Table | presents the fitted model parameters. The differen-
tial line impedance of the TDL ranges from 105 €2 to 125 €2,
depending on the number of twists, which is calculated from
Zaisy = v/ La/Cy. The enhanced crosstalk immunity of the
TDL isobvioudy reflected in Ly, 4, and Cy,,q;. First, the mutuel
inductance (L;qp) is considerably smaller in the TDL. Thisis
because the magnetic fields generated by two consecutive loops
in the TDL cancel each other. Second, the mutual capacitance
(Crap) isalso greatly reduced by applying the offset scheme. A

quarter of aperiod offset schemewasfound to be the most effec-
tive, whichisillustrated in Fig. 2. The offset schemeonthe TDL
enablesthetwo linesin adifferential pair to be equally affected
by the lines of adjacent pairs, reducing the crosstalk between the
pairs, which run in paralel on a PCB. As aresult, the mutual
capacitance of the TDL is only 10% of that of the coupled mi-
crostrip lines. Third, for the TDL, the number of twists does not
change L4, and Cy,q, significantly. However, when the total
length of the line is increased, the number of twists will more
strongly affect the crosstalk immunity. At design, the number of
twists should be carefully determined to optimize the tradeoff
between the transmission bandwidth and the noise immunity.
Fourth, it was found that adding more twists also increases the
time delay and the attenuation constant. This is because the
physical length of the line is increased. In Table I, the time
delay (tgeiqy) Was measured from TDR/TDT measurements,
and the attenuation constant («) was calculated from the ex-
tracted model parametersasa = Re{\/(Ry + jwLa)(jwCy)}.

IV. CONCLUSION

Since the adoption of differential signaling, crosstalk noise
has remained the major problem as the required data rate has
continually increased. It was demonstrated that the proposed
TDL deliversapromising solution for high-speed and high-den-
sity digital interconnection designs on PCBs. The differential
line impedance of the TDL is easily controllable over a wide
range by changing the number of twists and by changing the
dimension of the line and via. Although the number of layers
may be increased, depending on the layer stacking and the as-
signment of the ground plane by using the TDL scheme, the
routing area does not increase. Therefore, we can achieve im-
proved noise immunity while keeping the same routing area.
Furthermore, becausethelinesof aTDL pair aretightly coupled
to each other and the electromagnetic fields are well confined,
the effect of the reference plane discontinuity becomes minimal
[6]. Even without a ground reference plane, the TDL can sup-
port the data transmission at a very high datarate. Even though
our consideration in this paper was limited to the PCB level in-
terconnections, the TDL can be readily applied to other level
interconnections including packages, connectors, and chips.
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