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Abstract

Demand for higher speed digital signal processing is notable today in the electronics industry. To meet this demand, circuit
designsthat employ coplanar structure, either for both single-end and differential transmission, are increasing. The purpose of
coplanar structure is mostly cross-talk (noise) reduction. It is mostly the case that guard-earth lines are added to microstrip
line or strip line structure to make coplanar structure. However, electro-magnetic field tends to be very complicated for such
structures, and so how the structure is related to characteristic impedance or cross-talk is not well understood yet. For
example, there are some cases where characteristic impedance would be 30% or more different by adding coplanar lines to
simple micro-strip line structure. In these cases, conventional methods will not work well to predict characteristic impedance
with sufficient accuracy. What is making it so difficult is the complicating relation between the signal line references to the
ground layer and to the coplanar lines, and so understanding the electro-magnetic reference mechanism with coplanar
structure is essential to achieve good enough control of characteristic impedance, noise, and cross-talks. We made a detailed
analysis on a coplanar structure and worked out an explanation as to the mechanism with a simple, practical coplanar
structure. In this paper, details of our study on coplanar structures shall be reported, with some proposals as to the design of
coplanar pattern in terms of cross-talk reduction.

Introduction

In the field of high-speed digital signal processing, the use of printed wiring board (PWB) designs that employ a coplanar
structure is increasing. The probable reason is cross-talk noise: circuit designers must pay attention to cross-talk noise when
they design a high-frequency circuit. Today, signal speed is getting much higher, while the operating voltage of electronic
devices continues to drop.

In general, there are several ways to solve cross-talk noise problems, such as maintaining adequate separation between
adjacent signal conductors, abbreviating the length of parallel signal conductors (modifying signal traces), adding a ground
trace to a parallel signal conductor (coplanar structure), and so on. However, in practice it is difficult to keep enough space
between parallel signal conductors and/or to modify traces within most PWB designs. This is the case because at present,
most PWBs do not contain enough space for signal traces. The situation is the same with a coplanar structure, which requires
one or two signal conductors to be provided with parallel ground traces, resulting in a circuit that would need more space
than a simple microstrip-line or strip-line structure. These methods employ structures that all take up space. Why then do
PWB designers employ coplanar structures? Probably, the reason is that such structures are the most effective solution to
cross-talk noisein PWB designs.

A coplanar structure with characteristic impedance control can be employed in order to avoid noise problems. However,
characteristic impedance control on a coplanar structure circuit is not an easy task. With such a circuit, characteristic
impedance would be more of a factor than for the case of a simpler structure, such as a strip or microstrip. Interaction
between the signal conductor and the ground trace makes the electric and magnetic fields much more complicated. The
situation is the same withthe cross-talk noise mechanism. Thus, conventional simulation methods may not work.

This paper shall report the details of the analysis, a proposed formula for characteristic impedance control, and some remarks
asto the parameters with respect to cross-talk noise

Cross-Talk Noise

Solutions to PWB aoss-tak noise must address a two-fold problem: near end cross-talk and far end cross-talk. A typical
cross-talk noise model is shown in Figure 1. Cross-Talk noise is induced by mutual capacitance and mutual inductance
between asignal conductor and a parallel signal conductor.>?3
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The near end voltage is given by

Vn: (icn + iI )XZO )kn (1)
t. £2/l

The far end voltage is given by

V, =(iy - i, )52, A xdv/dt X, @
t. £1/1 t,:Inputsignal risetime, | :signal conductor length, | : transmission speed.

Signal Input...,

ic : Current by mutual capacitance (Cm)
icn: Current by inductive to Near End
Far End CrossTalk  Icf : Current by inductive to Far End

it : Current by mutual inductance (L m)
Near End Cross Talk

Figurel - Typical Cross-Talk Noise Model

If cross-talk voltage exceeds thresholds, it will result in malfunctioning of the circuit. A successful PWB design requires an
understanding of which type of cross talk (near end or far end) most affects the circuit performance. Near end cross-talk is
not influenced by signal conductor length and input signal rise time, while far end cross-talk is influenced by these factors.

M easur ement
Measurements of characteristic impedance and cross-talk noise on a coplanar structure were made on a number of
experimental boards with different layer structures, conductor widths, space between signal layer and ground layer, and space
between parallel conductors (See Figures2 and 3).
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Figure 2 - Measurement of Characteristic Impedance Structure
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Figure 3 - Schematic of Experimental Board for Characteristic Impedance

Figure 4-7 show the relationship between characteristic impedance and conductor width for both microstrip-line and strip-
line structures. The material used in the experimental boards was FR-4; the microstrip-line (with solder resist) and strip-line
conductor thickness (t) was about 0.040mm (microstrip) and 0.032mm (strip), respectively; the dielectric thickness (h or hl
and h2) was in the 0.100-0.500 mm range; and the space between parallel conductors (s) was approximately in the 0.100-
1.000 mm range.

Figure 4 and 5 show the microstrip-line coplanar case one and case two. Case one has one signal conductor, one parallel
ground conductor in coplanar, and ground layer. Case two hasadditional parallel ground conductors.
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Figure 4 - Characteristic Impedance vs. Conductor Width for MicrostripLine Coplanar CaseOne
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Figure5 - Characteristic Impedance vs. Conductor Width for Microstrip-Line Coplanar Case Two
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Figure 6 and 7 show the strip-line coplanar cases one and two.
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Figure6 - Characteristic Impedance vs. Conductor Width for Strip-Line Coplanar Case One
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Figure7 - Characteristic Impedance vs. Conductor Width for Strip-Line Coplanar Case Two

Figures 8 and 9 show the characteristic impedance of a microstrip-line coplanar without aground layer. The meterial forming
the experimental boardswas Fr-4, t isabout 0.040 mm, h was about 0.760 and 2.400 mm, and sin the range 0.100-1.000 mm.
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Figure 8 - Measurement of Characteristic Impedance Structure
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Figure9 - Characteristic Impedance vs. Conductor Width for a MicrostripLine Coplanar Structure without a
Ground L ayer

M easurement of Cross-Talk Noise

Figure 10 shows the measurement of cross-talk noise structure and Figure 11 shows a schematic of experimental board for
cross talk noise Figures 12-15 show the relationship between near end and far end cross-talk for simple and coplanar
structures. The experimental board material was FR-4, the microstrip-line (with solder resist) and strip-line conductor
thickness (t) was about 0.040mm (microstrip) and 0.032mm (strip), respectively, and the dielectric thickness (h or hl and h2)
was in the 0.100 - 0.500mm range. Thisyields a space between the parallel conductors (s) in the 0.100- 1.000mm range. The
length (I) of the parallel signal conductors was 315mm. The input step signal was a square wave with 35ps rise time at
200mV and 500kHz.
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Figure 10 - Measurement of Cross-Talk Noise Structure
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Figure 11 - Schematic of Experimental Board for Cross Talk Noise
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Figure 12 - Near End Cross-Talk vs. Space between Signal Conductorsfor the Microstrip-Line Structure
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Figure13 - Near End Cross-Talk vs. Space between Signal Conductorsfor the Strip-Line Structure
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Figure 14 - Far End Cross-Talk vs. Space between Signal Conductorsfor the Microstrip-Line Structure
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Figure15 - Far End Cross-Talk vs. Space between Signal Conductorsfor the Strip-Line Structure

Resultsand Discussion

Based on the measurements, we studied the characteristic impedance of a microstrip-line coplanar structure. The parameters
that determine the characteristic impedance of this structure are conductor width, conductor thickness, dielectric constant of
the substrate, and layer-to-layer thickness, particularly the space between the signal conductor and the coplanar ground
conductor. The space between parallel conductors is greater for a mcrostrip-line with a coplanar structure than that without
such a structure (Figure 16). Initially, we examined the characteristic impedance relationship between the signal conductor
and the coplanar ground conductor.
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Figure16 - Simple Microstrip-Line and MicrostripLine with Coplanar Structure

Figure 17 shows the relation between the characteristic impedance of a microstrip-line coplanar without a ground layer
(Z0cmn) and the ratio of signal conductor diameter to space (rd/s). In this case, we note that the characteristic impedance
(Z0cmn) is almost independent of dielectric thickness (h), and is proportional tothe ratio of the signal conductor diameter to
the space between conductors (rd/s).

Therd/swould be given by:
rd/s=d/(s+d/2) 3)

where d is the signal conductor diameter. However, the signal conductor does not have a circular cross section. The above
discussion is based on an assumption of a signal conductor on the PWB that is circular in form This paper focuses on very
high signal speeds, so signals should propagate only along the conductor surface due to the skin effect.

We propose that d would be given by:
d =k, wx/p
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Figure17 - ZOcmn vs. the Ratio of Signal Diameter to Space between Conductorsfor a Microstrip-Line Coplanar
Structure without a Ground L ayer

In thefigure, the blue curve represents an approximation of the relation between Z0cmn and rd/s.
This curve isof the form of anatural logarithm, so ZOcmn is given by:

Zoem = Ko/ e, dn(d/(s+d/2)) + K, (4)

Figures 18 and 19 show the relationship between the ratio of characteristic impedance (Z0Omf) to characteristic impedance
(Z0cm) and the ratio of space between parallel conductors to the layer-layer thickness (rs/h). ZOmf is defined as the
characteristic impedance of asimple microstrip-line by formula®® while ZOcm i's the measured characteristic impedance of a
microstrip-line with a coplanar structure. The neterial for these experimental boards was Fr-4, t was about 0.040mm and
0.055, h was 0.100mm to 2.400mm range, and sranged from 0.100mm to 1.000mm. The data indicates that the ratio of ZOmf
to Z0cm is almost proportional to theratio of sto h (r/h), while the ratio of ZOmf to Z0cm approaches zero % whentheratio
of sto h(rs/h) istwo and over.
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Ratio of ZOmf to ZOcm: (ZOmf - ZOCm)>§.OO/ Z o
Ratio of sto h: (s +d/2)/(h+d/2)
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Figure 18 - Ratio of ZOmf to Z0Ocm vs. rg/h for Microstrip Linewith a Ground Coplanar Structure: Case One
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Figure 19 - Ratio of ZOmf to Z0Ocm vs. rg/h for Microstrip Linewith a Ground Coplanar Structure: Case Two

In reality, the ratio of ZOmf to ZOcm is not zero, and appears to have been under-predicted based on the considering the
characteristic impedance mutual influence in the microstrip-line and the microstrip-line coplanar structure. Although the
graph shows the ratio of ZOmf to ZOcm to be zero and under, these values are probably due to measurement deviation and
formulaaccident error.

Near end cross-talk noise model of simple microstrip-line structure is shown in Figure20 and cross-talk noise model for a
coplanar structure is shown in Figure 21.

We note that the near end cross-talk noise is amost proportional to rs/h. Therefore, the near end cross-talk noise was
determined from the ratio of space betweenthesignal conductors (s) tothat between the signal layer and the ground layer (h).
The result is that the values in Figure20 are very similar to those in Figurel8. Therefore, the near end cross-talk noise is
proportional to the ratio (ZOmf -Z0cm)/Z0mf.

The near end cross-talk noise of asimple microstrip-line would be given by:
V, (%) =ax{(s+d/2)/(h+d/2)y
)
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Figure2l - Cross-Talk Noise Model for a Coplanar Structure

The near end voltage with aground coplanar structureis given by thisformula:

Vcn(v)= (icnz +icn3 - iI2 +i|3)xZO >4(nc (6)
t £21)]

The near end voltage (Vcn) value can be derived from this formula, albeit with some difficulty. There are more factors of
Vcn then is the case with the simple cross-tdk model. From a different viewpoint, we examined the cross-talk noise model
using a coplanar structure. Figure 22 shows the relation between Vn(%)—-Vcn(%) and rs/h. Vn(%) is the near end voltage
between the ground conductor and signal conductor from formula(5), Vcn(%) is the near end voltage measured for the
coplanar conductor structure, and rs/h is the ratio of space between the coplanar ground conductor and the paralel signal
conductor (the layer-layer thickness). The values of Figure 22 arevery similar tothose in Figure19.

The value of Vn(formula G-s)-Vcn(measurement) of the microstrip-line for aground coplanar is given by:

V, - Vo, (%) =a, A{(s, +d./2)/(h, +d./2))* 7)
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In view of formulas (5) and (7), Vcn of the microstrip-line with ground coplanar is given by:
— b b:

Ven (%) =aX(s, +d,/2)/(h, +d./2))" - & (s, +d./2)/(h, +d./2)) ®)

S, : Space between the signal conductor and coplanar ground conductor, dC : the ground conductor diameter,

hc : the layer-layer thickness, @andb : the modulus from formula (5), a_and bC : the modulus from formula (7).

The measured value of Vcnisvery similar to the values of Ven from formula(8), as shownin Figure 23.

The foregoing discussion has focused on a microstrip-line coplanar structure in near end mode, but it is possible to make the
same analysis of other structures such as the strip-line. However, the analysis should be applied to the strip-line case
carefully, sinceit is more complicated than the case of microstrip-line structure.
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Conclusion

By using the formula of characteristic impedance presented here, and by maintaining precise control of manufacturing
tolerances for each parameter, we believe it is possible to control a coplanar gructure with good accuracy. Moreover, by
understanding the mechanism of near end cross-talk noise and by setting the parameters appropriately, one can design a
quality printed circuit in terms of minimizing the near end cross-talk noise problem. However, the issue of far end cross-talk
noise mechanisis remains to be studied, and warrants future work. Nonetheless, it is evident that far end cross-talk noiseis
dependent on parallel conductor length, input signal rise time, and the parameters that determine characteristic impedance.

Recommendations on parameter setting are:

1. Thecoplanar structure is more advantageous than a simple structure for both the microstrip-line and strip-line cases;

2. The g/hratio should be made aslarge as possible to minimize the near end cross-talk. This presumably also appliesto far
end cross-talk.

When designing a PWB for high-speed transmission, as in the case where the coplanar structure is employed, it is necessary
to consider the parameters totally. One must consider not only the characteristic impedance and cross-talk noise, which | have
discussed in this paper, but also other parameters such as dielectric constant and tangent loss of base material.

Having both simple and coplanar structure on one circuit would make the design more complicated. Various parameters have
to be considered in the design of a high-speed transmission circuit, and the overall capability of the PV B designer and
manufacturer will become important.
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