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Absfract- An efficient and consistent model for the signal trace 
with reference discontinuities has been devised. It has been 
verified that the signal trace model can be used to compute the 
noise conpling between signal traces and reference planes. 
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I. INTRODUCTlON 

The increasing speed of digital circuit and the increasing 
density of printed circuit board (PCB) layouts often results in 
more challenging signal integrity problems. The increasing 
speed of signal requires a more tight noise margin and strict 
signal integrity. At the same time, the increasing density of 
layout of digital circuit increases the difficulty in routing of 
signal traces. In today's high-speed multi-layer designs, it is 
very common that signal traces change reference planes several 
times. The discontinuities of signal return current at the via 
transitions and terminations of signal traces are very prevailing, 
as shown in Figure 1. The signal reference discontinuities 
affect the signal quality and the timing of the signals flowing 
through the traces significantly, and also induce noises on 
reference planes and on other nearby signal traces. Therefore, 
the reference planes and signal traces are getting more coupled 
each other. This is becoming a bottleneck in high speed digital 
systems. 
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Figure 1. Noise coupling befwem signal W C ~ S  and powerlgmund planes 
in current multi-layer system 

Previously, several analytical approaches such as the 
method of moments (MOM) and the fmite difference time 
domain (FDTD) have been utilized to investigate signal via 
coupling to power/ground planes 111, [2]. The underlying 
physics has been analyzed and solved within the framework of 
radial transmission lines [3], 141. Also, several circuit models 
have been proposed to describe the coupling between power 
systems and signal traces [5], [6]. Power systems in the circuit 
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models have been represented as the cavity resonator model or 
a simple SPICE model. However, the previous analytical 
approaches are too much time-consuming and too complex to 
he adapted in most practical applications. Moreover, in any 
approach of those analytical methods and circuit models, it is 
not known where and when the dominant coupling will occur, 
and the whole structure of both the reference planes and the 
signal trace has to be considered simultaneously to find how 
much the reference planes and signal traces are coupled each 
other. If the factors and the mechanism associated with the 
coupling phenomenon are revealed, the estimation of coupling 
will be much easier and the estimation time will be much 
shorter. 

The coupling of the simultaneous switching noise (SSN) 
voltage on power/ground planes to signal traces has been 
rigorously investigated and clarified, based on analytical 
equations in our previous work 171. It has been noticed that the 
proposed model allows that poweriground planes and signal 
traces can be analyzed separately in order to estimate the 
coupling. Now, in this paper, it has also been found that the 
signal current flowing through via transition induces noise 
voltages on power/ground planes, just as the switching current 
does. And then the noise voltage on poweriground planes 
induces noise voltages sequentially on nearby other signal 
traces. Using a simple and consistent model of a signal trace 
with reference discontinuities, the impact of reference 
discontinuities on the coupling to the power/ground planes and 
nearby other signals has been investigated. 

11. NOISE COWLING THROUGH REFERENCE 
DISCONTINUITIES 

A. Noise Coupling from Signal Traces 
to Po uer/Ground Planes 
To estimate the effect of reference discontinuity in signal 

traces, an efficient and consistent model for reference 
discontinuity is required. Figure 2 (a), (b) show the 
discontinuities of return current paths at the termination of a 
signal trace referenced to power plane, and at the via layer 
transition. When a return current path is broken by a reference 
change, the return current path is completed by displacement 
current. The displacement current suffers from the high 
impedance between plane pair, and the effect of reference path 
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'discontinuity can --be  considered :as -a kind of impedance 
.mismatching:In Figure 2; the broken return current paths have 
been simply modeled as self impedances between plane pair at 
the location of reference changes. The self impedances at via 
transitions and terminations referenced' to a power plane have 
to be given individually, and added to the model of the signal 
trace. This simple model can be used to compute the noise 
 coupling from a signal trace to reference planes as well as to 
estimate signal inte&y in the.signil trace itself. 
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v figure 2. (a) Model of sjgnal trace routed with referenced to power plane 
(h) Model of signal trace with changing laycrs through via m i t i o n  

A vertical current flow through a signal trace at the location 
of a reference change induces electromagnetic fields and noise 
voltages between a reference plane pair, just as a switching 
.current does. To obtain the coupled noise voltage to reference 
planes by a vertical signal currenf it is important to obtain the 
exact quantity of the vertical current. 

(b) (C) 

Figure 3. (a) Noise coupling to reference planes hy signal cumnts 
(h) Calculation of cumnt flow through a via Vansition 
(c) Calculation of cumnt flow through a termmation 

The simple reference .discontinuity model was used to 
derive the quantity.of the vertical signal current at the reference 
changes of via transitions and terminations. In Figure 3, the 
current into a signal trace fiom a signal source is represented as 
'Is', and the vertical current through via transition and through 
termination were represented as 'I,ia' and 'I,-', respectively. 
The via current can be obtained from the reflection 
.constant 'P before via transition, as shown in Fjgure 3 (b). On 
the other hands, ABCD matrix wasmade up.to .calculate the 
current through the. termination with :a reference .change in 
Figure 3 (c). ,The.termination .current 'I,-' istequal to 'Is' 
divided by 'D' parameter.-Eachhvertical current-flow.at the via 
transition and~at the termination is calculated with Equation (1). 

The.coupled noise:voltage on'the reference, plane pair can 
-be obtaind by.consideriqg the vertical currents through a via 
transition and a termination-as~switching currents. Then, the 
total coupled noise voltage on the reference. plane pair is equal 
to the sum of the noise voltage induced by the.current through 
the via transition ' V,,g(Iv,o)' and the noise voltage induced by 

the current through the termination"V,,R(I,,,) ', as shown in 
Equation (2). 

B. ,Voise.Coupling from Po u.er/Ground Planes 
to Signal Traces 
After noise voltages are induced on reference planes by a 

switching current or a signal trace, the noise voltages on 
reference planes induce noise voltage on other signal traces 
again. When a signal trace is routed with referenced to a noisy 
power/ground plane pair, the boundary condition of the signal 
trace has to be selected carefully [7]. 

Figure 4. Signal mce changing layen through via m i t i o n  
.and terminated with impedances Y L Y 2  

Figure 4 .shows.a signal trace between a noisy plane pair 
when it changes layers through a via transition and . is  
terminated with arbitrary admittance Y, and Yz. I,,,, and Iim2 
represent the currents on the signal trace at terminations. If the 
impressed noise voltages on the signal trace by noisy reference 

.planes are represented as V(O), V(a), and V(b) at terminations 
and the via transition, then the boundary condition for the 

.signal transmission is given as Equation (3):It is noticed that 
1the.noise on reference planes at the termination and the via 
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transition (V(O), V(a), and V(b)) is acting as a electromagnetic 
sources and inducing a propagating wave along the signal 
bace. 

v,’(o)= j d y , ( v ( ~ ) + V ( ~ ) ) ,  

v, (b) + VI (b) = v2 (b) + V2 (b), 
v,’(b) =v2’(b) 

v,’(a) =-jdY,(v(a)+ ~ ( a ) ) ,  (31 

The solution of wave equation with the boundary condition 
of Equations (3) can be obtained by considering the voltage 
induced at terminations and the voltage induced at the via 
transition separately. If we define ~ ( x )  as a solution with 
boundary conditions defined in Equations (4), and @((x) as a 
solution with boundary conditions defined in Equations (5). 
then the sum of ~ ( x )  and Kx), v ( x )  = v(x)+ fix) , is a 
solution with the boundary condition defmed by Equations (3). 

(4) 
~ ‘ ( 0 ) -  joLY,(V(O)+ V(O))=O 
~ ‘ ( a ) +  joLY2(V(a)+ V(a))=O 

w(x)= Acoshp+Bs inhp  
where, 

A =  
V,,u’L.’V,Y,sinhp- juLY,V,,ycoshp- juLY2+’“ (6) 

- V,02L2Y,Y2 cosh p + juY Y, V,,ysin p + 02L2YlYIVo 
A 

A 

E =  

el (x) = Acosb p + Bsinh p 
(x) = Ccosh p+ Dsinh 

where, -. 

The parameters y, Vu, V,, Vb, and A are given as Equations 
(8). 

y = ,/(R + jaL)(G + jK) 

V, = V(O), V, = V(a), Vh = C;, (b) - V: (b) (8) 

A =  j d ( Y ,  +Y2)ycosbp+ y’sinhp-o’L’Y,y2sinhp 

Therefore it is possible to obtain the general solution v(x) 
of the voltage propagating along a signal trace induced by the 
noise voltage on reference planes. It is the sum of q(x) and 
@(x), where ~ ( x )  is the voltage induced at termination and @(x) 
is the voltage induced at the via transition. Consequently, the 
total voltage v,(x) measured on the signal trace is the sum of 
v(x) and the voltage V(x) directly impressed by noisy reference 
planes, as shown in Equation (9). 

v, (4 = QX) + w(x)  + fix) (9) 

Above analytical equations are simply applied to the case 
even when the signal trace is outside of a plane pair. Although 
the noise field between a plane pair cannot affect a signal trace 
at outside of plane pair directly, the signal is still affected by 
the field at terminations and at via transitions. 

111. NUMER~CAL REsu~rs 
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(b) 
Probing pad 

V,? sinh fib- a) - judY,V,ycosh fib-a) ( I )  Figure 5 .  Test vehicle SI~NCBTC. All mcaSurementS ax in mm (a) Layout (b) 
A =  Cmss section (c) Tob view of pmbmg pad and termination pad at ports 

A 
E = -  j d y ,  A 

Y 
C = A+ Vb cosh )6 
D = B- Vh sinh )6 

In order to verify the model of signal nace with reference 
discontinuity, some test vehicles were designed and fabricated 
and Sparameter measurements have been done up to lOGHz in 
ffequency domain. Figure 5 (a), (b) illustrates the layout and 
cross section of one of the test vehicles. It consists of four 
layers with dimensions of 5ommX50mm and FR4 was used as 
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dielectric material with permittivity &,=3.8. A signal trace 
exists on inner layers between power plane and ground plane, 
and has the characteristic impedance of 500. Both ports are 
connected between the signal trace and the ground plane. 
Figure 5 (c) shows the pad structure for G-S-G probing and the 
signal termination. It has been found that the pad structure for 
probing has strong effect on the measured results. The distance 
60m the probing point to ground vias and the signal line is 
quite long, which will increase the current loop significantly. 
Non-ideal probing pads with finite area give non-ideal effects 
on the measured results. To exclude the effect of the probing 
pads, a full-wave simulation using HFSS has been done with 
and without the non-ideal probing pads, respectively. In the 
simulation without probing pads, the ports with very small size 
have been placed precisely at the observation point. 

current flows at via transitions and terminations are calculated 
using Equation (I). From the values of the via current and 
the termination current 'I,,,', the induced noise voltage on the 
reference plane pair is computed using the cavity resonator 
model. It is h o r n  that the noise voltage induced on a 
rectangular plane pair by a switching current is given by 
Equation (11). By suhstihlting the value of 'Iv,; and 'Item' to 
Equation (1 I), the noise voltage induced on the reference plane 
pair YPs' can be computed. Secondly, the voltages impressed 
on other nearby signal traces by the reference noise voltage are 
calculated at the locations of the signal terminations and via 
transitions. Knowing the values of Yo', 'V;, and 'Vb' in 
Equation (6)-19) leads to find the noise voltages induced on 
other signal traces. 

0 1 2 3 4 6 6 7 8 0 1 0  0 1 2 3 4 5 6 7 8 9 1 0  
Frequency [GHq Frequency [Gnq 

(a) (b) 

Figure 6. (a) Comparison of mcasurcment and HFSS simulation with pad 
slmchlres (b) Comparison of HFSS simultaioa without pad smc~res and the 

devised model for rcferencc discontinuities 

Figure 6 shows the comparison hetween the measurement, 
simulation, and the model for the signal trace with reference 
discontinuities shown in Figure 2 @). From the model, the 2- 
port ABCD parameters of the signal trace model were 
computed using Equation (IO) and converted to S-parameters. 
It is found that the simulated results with probing pads agrees 
well with the measured results and the simulated results 
without probing pads agrees well with the results calculated 
from the model of Figure 2. With this procedure, the model of 
a signal trace with reference discontinuities has been verified. 

[ A  C D B]-[wshZ l:,sinh# z,,~&Z]~[l m h f l  0 "'3 1 
- (10) 

WShZ z , , ~ t W ] ~ [ l  G] 
];,sinhi( cosh$ 0 1 

Next, to compute the coupling between signal traces and 
reference planes using the model of signal trace with reference 
discontinuity, two test samples have been considered. A signal 
current flow through a signal trace induces the noise voltage 
hetween reference planes, and the noise voltage between planes 
induces sequentially the noise voltage on other signal traces. 
When a signal current 'Is' is incident to a signal trace at portl, 
the noise voltages induced on the reference plane pair and on 
nearby another signal trace are observed at port 2 of samples in 
Figure 7 (a) and (b), respectively. The noise transfer 
mechanism is summarized in Figure 7 (c). Firstly, the vertical 

@) 
F - ? T  ........................................................ 
f j  Noise ;. Noise \ 

< ...................................................... 
d 

Figure 7. (a) Test sample to estimate the noise voltage 'Vm' induced on 
reference plane by a signal @ace (b) Test sample lo estimate the noise voltage 
'V,?' induced on anothn signal trace by a signal trace (c) Noise m f e r  
mechanism (a signal w e  + reference planes + another signal nace) 

,IW, nm,. n7m, "7m,, n?, sincnm,, 
sin c-cos- xcos-sinc -cos- 

h 2h a 20 b 2h 

where, (x,, y,) and (x,, y,) are the coordinates of the port 1 
and port 2, respectively. k = k'-jk" with k'= w& and 

k " = w f i ( t a n Y + y  2 2d ) ,  k',,,, = ( n ~ r r / 2 ) ' + ( , w i 2 ) ' ,  where 
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m, n are propagating modes in the cavity, p, E ,  tan6 are the 
permeability, permittivity and loss tangent of the dielectric 
materical, respectively, r =,/m in which d is the 
conductivity of the metallization, and E,, %=I for m , n 4  and 
d, otherwise. 

We have calculated the transfer impedance (ZZl) and 
compared it with the simulated transfer impedance using a full- 
wave simulator (HFSS), as shown in Figure 8. The lransfer 
impedance describes the ratio of the coupled noise voltage (V,,, 
Vr2) to the signal current incident into a signal trace (Isl). The 
coupling between signal traces and reference planes can be 
represented as this transfer impedance. From Figure 8, it is 
noticed that the transfer impedances calculated using the model 
of the signal trace with reference discontinuities show very 
good agreement with the results 60m the full-wave simulation. 
It has been verified that if a current flow through a vertical 
signal path between reference planes is known, the noise 
voltage on the reference planes induced by the current can be 
computed by considering the current as a switching current. 
Also, the coupling from the reference plane to other signal 
traces is given as derived in Section Ill-B. 

l o o .  
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0.01 L ’ I 
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(b) 

Figure 8. Comparison between results calculated from the model equation 
ami the results simulated using HFSS 

(a) Trmrfrr mprdmcc m the test sample 01 Figure 74a) 
(h)  Transfn mpcdanx m the test sample of Figure 74b) 

N. CONCLUSION 

An efficient and consistent model for the signal trace with 
reference discontinuity has been devised. It has been shown 
that the model can represent the reference discontinuity effect 
on the signal integrity quite well. The signal trace model has 
been used to calculate the current flow at signal discontinuities, 
and by considering the vertical current flow across reference 
planes as a switching current, the noise coupling between a 
signal traces and reference planes has been estimated. With 
these procedures, the effects of reference discontinuities on the 
coupling between signal traces and reference planes have been 
investigated, and the coupling mechanism has been illuminated. 
The model for noise coupling through reference discontinuities 
of signal traces was verified up to lOGHz by comparison with 
measured results and full-wave simulated results. 
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