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Abstract 
An analytical model of the coupling mechanism between 

the switching noises to signal traces has been successfully 
derived. The coupling mechanism was been rigorously 
analyzed and clarified. The analytical model was verified up 
to lOGHz by comparison with measured results and simulated 
results using a full wave simulator (HFSS). It has also been 
successfully applied to applications like the current memory 
modules (SDRAM DDR module). 

Introduction 
In today’s digital systems, both the power integrity and the 

signal integrity are major issues and challengeable problems. 
As the supply voltage is scaled down and the power 
dissipation goes higher, the switching current (dddt) makes a 
significant power supply noise with the increased clock 
frequency. The simultaneous switching noise (SSN) generated 
in t$e power system is getting more strongly coupled to 

. interconnecting lines, as the layout density of. digital circuit 
increases. Many signal traces are routed including via 
transitions, and some power/ground are partitioned to several 
island planes, as shown in Fig. 1. In these complex designs, 
the switching noise on powerlground planes is strongly 
coupled to signal traces. However, at the same time, the 
increasing speed of signal requires a more tight noise margin 
and strict signal integrity. Thus, the coupling of power/ground 
noise to signal traces gives rise to troublesome problems for 
signal quality and timing, and ultimately degrades the high 
speed performance. 

Fig. I Multi-layer design in current digital systems 

There have been some related works to investigate the 
switching noise coupling to signal traces. A circuit model has 
been proposed to describe the effects of switching noise on a 
signal trace [l], [2]. Several analytical approaches have been 
utilized to investigate signal via coupling to power/ground 
planes [3], [4], [5], [6]. However, the previous analytical 
approaches are too time-consuming or/and too complex to be 
adapted in most practical applications. Moreover, in the 
previous works, the whole structure of both the reference 

planes and the signal trace have to be solved to find how 
much the switching noise is coupled to the signal trace. This 
is mainly due to the fact that it is not known where andl when 
the dominant coupling will occur. 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. In this paper, the 
authors have theoretically derived analytical equations to 
describe the switching noise coupling from the reference 
planes to signal traces. A wave equation for the signal trace 
suffering from the electromagnetic field of switching noise 
has been derived and solved with proper boundary conditions, 
when the signal trace is terminated with arbitrary imperdance. 
Based on the underlying physics found in the analysis, it has 
been noticed that the switching noise on reference planes is 
coupled to signal traces by a simple and particular 
mechanism. The coupled noise voltage on the signal traces 
can be decomposed in three coupling constituents: one due to 
the direct impression of electromagnetic field generated by 
switching noise, second constituent due to the termination of 
the signal trace, and third constituent due to the signal 
discontinuities such as via transition and plane partitions. 

Theoretical Derivation 
When a signal trace is routed between power/ground plane 

pair, it is directly influenced by the electromagnetic field 
generated by the fluctuating voltage (SSN) that appears 
between the planes. The SSN field between plane pair and the 
field generated by the signal propagating along the trace 
coexist. Total electromagnetic field (E,fi) is the sum of the 
field generated by SSN ( in ,fin ) and the field propagating 
along the signal trace ( Ej,i,rli ) [7]. 

The voltage and current on signal trace is defined by, 

Here, the capital character V, I represent the voltage and 
the current from the SSN field, v, i represent those from the 
propagating wave along a signal trace, and vt, it represent the 
total voltage and current. The total voltage and current (vt, it) 
observed on a signal trace are equal to the sum of the V, I 
originated from SSN field, and v, i originated from the wave 
propagating along the signal trace. 

To investigate the effect of the SSN field on the 
propagation of wave along a signal trace, the transmission 
line equation of the signal trace with impressed SSN voltage 
and current (V, I) has been derived as Eq. (2) [7]. The field 
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generated by SSN can be considered as an external field 
impressed on a transmission line of the signal trace. 
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Fig. 2 Transmission line between a noisy plane pair 
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[n the above equations, ‘v’ and ‘i’ represent the voltage 
and current by the wave propagating along the signal trace. 
‘Vn‘ represents the SSN voltage between the power plane and 
the ground plane, and ‘V’, ‘I’ represent the voltage and 
current impressed on the signal trace by the SSN field. 

.4ssuming the electromagnetic field associated with SSN 
is constant along the z-axis, the voltage ‘V’ is obtained as a 
part of total SSN voltage between the power and ground 
plane, and the current ‘I’ is zero. On the other hand, the 
capacitor ‘Cl’, ‘(22’ can be thought to be inversely 
proportional to each distance. These conditions lead Eq. (2) to 
a common homogeneous wave equation as Eq. (3). It is 
noticed that the propagating wave (v, i) depends only on the 
parameters of the signal trace (L, CI, C2). 

aZv a 2 V  

ax2 at 
.- - L(C, + C2)? = 0 (3) 

a. Boundary condition at signal terminations 
‘The boundary condition has to be selected carefully to 

solve the wave equation (3), when external field is impressed 
on ii signal trace [7]. Fig. 3 shows a signal trace when it is 
terminated with arbitrary admittance Y1 and Y2. Iteml and 
Iad!  represent the currents on the signal trace at terminations. 
The voltages at terminations on the signal trace are given as 
vt( O:I=V( O)+V( 0) and v,( a)-( a)+V( a), respectively. Then, the 
boundary condition is given as 

power 

Pig. 3 Signal trace terminated to the ground plane with 
arbitwary impedances 

Solving the wave equation Eq. (3) with the boundary 
conditions (4), the voltage ‘v(x)’ propagating along the signal 
trace can be found. Remarkably, it is noticed that v(x) is not 
zero, which means that the SSN field at the termination (V(O), 
V(a)) is acting as a electromagnetic sources and inducing a 
propagating wave along the signal trace. The general solution 
of the voltage ‘v(x)’ has been derived in following equations. 

( 5 )  v(x) = Acosh p + Bsinh p 
where, 

A =  
V,w2L2Y,Y2 s inhp-  jwLY,V,ycoshp- j d Y 2 y V ,  

-V,w2L2Y,Y2 coshytz+ jwLY,V,ysinp +w2L2Y,Y2Va 
A 

A 7 

B =  

A =  jwL(Y, +Y2)ycoshp+y2sinhytz-w2L2~Y2sinhp , 
y = J ( R  + jwL)(G + j d )  , Vo = V(o),  V, = V(a)  

The total voltage ‘vt(x)’ on the signal trace induced by 
SSN field is the sum of ‘v(x)’ and ‘V(x)’ from Eq. (1 a). 

The voltage on the signal trace at different positions and 
with different termination impedances can be obtained as 
solution of Eq. (5) for the general case, when the impressed 
SSN voltage V(x) is known. When the signal trace is openly 
terminated (Yl=Y2=0), the propagating voltage v(x) becomes 
zero. In that case, the total voltage ‘v,(x)’ observed on the 
signal trace is determined only by the impressed voltage 
‘V(x)’. 

b. Boundary condition at signal discontinuity 
Boundary conditions should also be given at signal 

discontinuities when an external electromagnetic field is 
impressed, because the field can give rise to wave 
propagation at the discontinuities. Layer transitions of signal 
traces through vias are very prevailing discontinuities in 
current designs. The via transition of a signal trace can also be 
analyzed well with the methodology presented for the signal 
terminations [7]. When a signal trace with length ‘a’ changes 
layers at position ‘by as shown in Fig. 4, the boundary 
condition of each section is obtained as shown in the 
following paragraph. 

Power p p q  Y&) 41 
s2 

ground -+ X 
0 b Q 

Fig. 4 Signal trace changing layers through via 
transition and terminated with impedances Y,, Y, 

The voltage on the signal trace should be continuous at the 
position of layer transition. Defining the voltage on the signal 
trace in layer S1 as vtl(x) and the voltage on the signal trace in 
layer S2 as vt2(x), 

V,l (b) = V*Z (b) . (6) 

Then, the voltage propagating along the signal trace is 
given at the transition point as Eq. (7). 
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v,1(x) = v 1 W  + q (4 Y v,2 (4 = v2 (XI + v2 (4 
:. v2 (b) - v1 (b) = VI (b) - v, (b) (7) 

Because the current is continuous at the transition point, 
the derivative of the propagating voltage should also be 
continuous. 

S 
ground 

0 n 
Fig. 5 Part ofpowerplane is cut-out. 

If the power plane has a discontinuity as depicted in Fig. 5 
(part of power plane is cut-out), a new set of boundary 
conditions have to be set at the discontinuity wall. The signal 
trace is influenced directly by the external SSN field only in 
the region of O<x<b. Just like the case of via transition, the 
voltage and current on signal trace should be continuous even 
when the signal trace goes out from the plane pair. 

:. v2 (b) - VI (b) = v, (b) , VI ' (b)  = v2 '(b)  (9) 

Thus, for the both cases of the via transition and the plane 
cut-out, the boundary conditions for voltage vI(x), vZ(x) are 
consistently given as Eq. (lo), if the propagation constant (y) 
is assumed not to be changed after a discontinuity. 

v, '(0) - jwLT (v, (0) + v,) = o 
VI'@) = V 2 V )  (10) 

v2'(a)+ jwLY2(v2(a)+V,)= o 
,where vb = v, (b) - v2 (b) for the case of via transition, and 

v2 (b) - VI (b) = v b  9 

v, = V, (b) for the case of plane cut-out. 

Here, it has been understood that the coupling from via 
transition and the coupling from the plane partitioning have 
basically same mechanism and both of them can be solved 
with the same equation. 

The solution of wave equation with the boundary 
condition of (10) can be obtained by considering separately 
the voltage induced at terminations and the voltage induced at 
signal discontinuities. If we define ~ ( x )  as a solution with 
boundary conditions defined in equations (1 l), and 4(x) as a 
solution with boundary conditions defined in equations (12), 
then the sum of ~ ( x )  and @(x) , v ( x )  = ty(x)+ @(x) , is a 
solution with the boundary condition defined by equations 
(10). 

( 1 2!) 

The general solution of ~ ( x )  has already been given as 
Eq. ( 5 )  and the general solution of 4(x) is given as follow. 

@l (x) = A cosh p + B sinh p , 
42(x)=Ccoshyx+Dsinhyx (13) 

V,y2 sinh y(b -a)-  jwLY2V, y cosh y(5- a )  
A 

A =  

A 
jwLY, B=- 
Y 

C = A + V b c o s h f i  
D=B-V,  sinhfi 

A =  j d ( q  +Y2)ycoshp+y2s inhp-m2L2&Y2 sinhp 

Therefore it is possible to obtain the general solution v(x) 
of the voltage propagating along a signal trace induced by 
SSN field, when the signal trace has discontinuities. The 
solution is the sum of the voltage induced at terminations 
~ ( x )  and the voltage induced at signal discontinuities $(x). 
More generally, in the case that a signal trace has many 
discontinuities in the SSN illuminated area as shown in Fig. 6, 
the voltage v(x) propagating along the signal trace and the 
total voltage vt(x) measured on the signal trace are given as 
following equations. 

. .. . .  ,. ; \J ... .f : . ..... 
term1 vial via2 v'ib pia'Acut tern2 

ly h 4 2  4 3  4 4  v 
Fig. 6 Signal trace including discontinuities 

V(X) = v ( x >  + 4, (XI + 4 2  (4 + ... 
V, (4 = V(X)  + W ( 4  + q+W + 4 2  (x) + * * *  

V(x) represents the voltage impressed directly on the 
signal trace by SSN field, ~ ( x )  represents the propagating 
voltage induced by the SSN field at the terminations, and 
$ n ( ~ )  represents the propagating voltage induced by the SSN 
field at discontinuities. The powertground noise coupling to 
signal trace can be described as a few components such as: 
direct coupling by SSN field 'V(x)', coupling induced at the 
termination in SSN field ' ~ ( x ) ' ,  and the coupling induced at 
signal discontinuities '&(x)'. 

Above analysis method can also be simply applied to the 
case when the signal trace is outside of a plane pair [7]. 
Although the 'electromagnetic field between a plane pair 
cannot affect directly a signal trace at outside of plane pair, 
the signal can be still affected by the field at terminations and 
at via transitions. In any cases that the signal trace at outside 
of plane pair is referenced to the power plane or referenced to 
the ground plane, the voltage on a signal trace is measured 
referenced to the ground plane. Using the Eq. (la), the 

(14) 
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voltage on the signal trace is given as vt =v+V, for the 
power reference, while the voltage is given just by vt = v for 
the ground reference. The boundary conditions at each case 
are same as (10). The only difference is that V, =V,,(O) , 
Va =: V,(a) for the power reference and V, = Va = 0 for the 
ground reference. 

Model to Measurement Correlation 

1.3 

G' I 

Probing pad 
'5 

4 

(b) 
Probing pad 

. . 
i 

. 
Pad for termination 2.2 

(4 (d) 
Fig. 7. Test vehicle structure. All measurements are in 

mm. (a) Layout (b) Cross section (c) Tob view of probing 
pad-for Port I (d) Top view ofprobingpad for Port 2 

Test vehicles were designed and fabricated and S- 
parameter measurements in frequency domain have been done 
to verify the analytical model presented in the previous 
section. Fig. 7 (a), (b) illustrates the layout and cross section 
of one of the test vehicles. It consists of three layers with 
dimcnsions of 50mmx50mm and FR4 was used as dielectric 
material with permittivity .q=3.8. A signal trace exists on an 
inner layer between power plane and ground plane. Port 1 is 
connected between the powerlground planes, and port 2 is 
connected between the signal trace and the ground plane. S- 
parameters were measured up to lOGHz and then the 
impedance parameters were extracted. To verify the model, 
we have calculated the transfer impedance (ZzJ and 
compared it with the measured transfer impedance (Zzl). The 
transfer impedance describes the ratio of the coupled noise 
voltage at the signal trace (vt) to the switching current at 
power/ground plane pair (I,). The SSN coupling to a signal 
trace: can be represented as this transfer impedance. 

To obtain the value of y = ,/(R + j , d ) ( ~  + j d )  in Eq. (5) 
and (13), the widely-used formulas for parameters (R, L, C, 
G )  of microstripline and stripline are utilized [SI. And the 
caviiy resonator model has been used to calculate the voltage 
V(x) impressed on signal traces, which is generated by the 
switching current [9], [ 101. Substituting the impressed 
switching noise voltage V(x) into Eq. (5), (1 3), and (14) leads 
to the final voltage v,(x) on the signal trace induced by SSN 

field. Consequently, the transfer impedance is calculated as 
the ratio of v, to I,. 

Fig 7 (c) (d) show the pad structures for G-S-G probing 
and termination. It has been found that the pad structure for 
probing has strong effect on the measured results. The 
distance from the probing point to ground vias and the signal 
line is quite long, which will increase the current loop 
significantly. In addition, the SSN field is heavily dependent 
on the position of the observation points. Non-ideal probing 
pads with finite area give non-ideal effects on the measured 
results. In real package or PCBs, such unrealistic pads don't 
exist so the effect will not be presented. To capture 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. Fig. 8 shows the comparison between the 
measurement, simulation, and proposed model for the test 
vehicle of Fig. 7 when both ends of the signal trace are open. 
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 proposed analytical model. With this procedure, the 
analytical model has been verified. 

- Measurement J - Proposed model I i o0  I 

01- 01- 

(a) (b) 
Fig. 8. (a) Comparison of measurement and HFSS 

simulation with pad structures (b) Comparison of HFSS 
simultaion without pad structures and the proposed model 

1 2  3 4 5  6 7 8  9 1 0  1 2  3 4 5 6 7 8 9 10 
Frequency [GHz] Frequency [GHz] 

I I 

I m i  I 
(a) (b) 

Fig. 9. Test vehicle for a general case. A signal trace is 
routed changing layers through via transition, and its ends 
are terminated with different impedances. Also, some part of 
the upper power plane is cut out. (a) Lay-out (b) Cross 
section. Each coupling constituent are clarified. 

Fig. 9 shows a quite general case including via, plane cut- 
out edge, and different terminations. A signal trace is routed 
changing layers through via transition, and it is terminated 
with 50 R resistor and lOpF capacitor, respectively. The 
50ohm resistor and lOpF capacitor can be thought as 
impedance of a driver and a load in some linear'region. In 
addition, some part of the upper power plane is cut out. 
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- (Voltage at port 2) lbm1 - - - (Voltage at port 3) kM1 

100 100 

- 10 - 10 

N- 
c - c 
!i 

- 
I 

0 1  0 1  
1 2  3 4 5 6 7 E 9 10 1 2  3 4 5 6 7 B 9 10 

Frequency [GHr]  Frequency [GHz] 

(a) (b) 
100 Coupling from via (0,) 100 Coupilng from cutsut edge (t2) 

1 ’ 2 3 4 5 8 7 8 9 1 0  1 2  3 4  5 6 7 8 9 1 0  
Frequency [GHz] Frequency [GHz] 

Fig. 10. Solid lines represent the coupling impedance at 
port 2, and dashed lines represent that at port 3. (a) 
Transfer impedance related to coupling by directly 
impressed jield (3) Transfer impedance related to coupling 
from terminations (e) Transfer impedance related to 
coupling from via transition (d) Transfer impedance of 
coupling from cut-out edge 

( 4  ( 4  

- Proposed model 
-**. HFSS 

io0 Total colpling (vt) at port 2 lo0 Total coupling (vt) at port 3 

I 2 J 4 s 6 7 a B i o  1 2  3 4 6 6 7 8 9 10 

Frequency [GHz] Frequency [GHzJ 

(a) (6) 
Fig. 11. Comparion of results from HFSS simultaion 

and results from the proposed model. In the model, sum of 
all the coupling constituent results in the total noise 
coupling. (a) Coupling impedance at port 2 (6) Coupling 
impedance at port 3 

Based on Eq. (14) of the proposed model, the 
powerlground noise is coupled to the signal trace from the 
direct coupling by SSN field ‘V(x)’, from the coupling 
induced at the termination in SSN field ‘~(x) ’ ,  and from the 
coupling induced at signal discontinuities ‘$(x)’. Each 
coupling constituent are clarified in Fig. 9 (b), and are 
calculated in Fig. 10 using Eq. (9, (13). Solid lines represent 
the coupling impedances at port 2, and the dashed lines 
represent those at port 3. Sum of all coupling constituents 
results in the total noise coupling observed at each end of 
signal trace. The total coupling impedance is compared with 
the full-wave simulated result in Fig. 11. Even in this 
complex case, the proposed model gives exactly same results 
as the full-wave simulation. 

Practical Application 
The proposed analytical model can be applied to several 

important practical applications. Firstly, today’s 
powerlground planes are often partitioned in order to supply 
multiple dc powers in a layer or in order to separate the 
powerlground noise. The powerlground noise is likely to be 
coupled to signal traces routed over the cut-out edge of 
planes, and the characteristics of the coupled noise can be 
estimated using the proposed method. Secondly, considering 
the layout of a current memory module (SDRAM DDR 
module), some of data lines are routed without via transition 
and others are routed changing layers through via transition 
because of the limited area for module pins, as shown in Fig. 
12. 

Memory Chip 

To cozector  

Fig. 12. Current memory module with data buses 

All memory chips in a module can act as a switching noise 
source, and the noise is coupled to data lines routed between 
the chips and module pins. When a switching noise occurs on 
the reference planes in the memory module, the noise is more 
likely to be coupled to the data lines that are changing, layers 
than to those that are not changing layers. Fig. 13 shows the 
conditions that are used to investigate the Characteristics of 
noise coupling. Power and ground planes in the memory 
module are connected to a VRM outside through power pins 
and ground pins in the real operating condition. For the 
simulation set-up, the connection between powerlground 
planes and VRM through powerlground pins was replaced 
with inductors that simulate the inductance of the current path 
between the VRM module to the power planes. The signal 
trace is terminated with 50R resistors. The coupling 
impedances in this condition were computed using HFSS and 
the proposed model. 

In order to obtain an appropriate solution of the 
electromagnetic problem using the full wave simulator, the 
whole structure of the memory module with 4-layers has to be 
built and solved. For such a complex multi-layer structure, the 
solving time will be very long. However, applying the 
proposed model, the powerlground layers and signal layers 
can be separately analyzed. It is enough to solve only 
powerlground structure with 2-layers in order to find the 
noise field distribution between planes, if it is assumed that 
the effect of signal trace is negligible on the distribution of the 
switching noise field between planes. Once the noise field is 
found on powerlground planes using any full-wave simulator, 
the noise coupling to signal trace can be calculated using Eq. 
(14). In this real case, the simple cavity resonator modcel for a 
plane pair cannot give the noise field distribution generated 
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by i:he switching current, so a full-wave simulator is still 
needed to find the noise distribution. 

swltchlng 

PIG DC 
connection 

132 
(a) 

I. 

(6) 
Fig. 13. Conditions to investigate the noise coupling in a 

current memory module. Power and ground planes is 
connected with some inductors, and the signal trace was 
terminated with resistors. (a) Cross section view (b) Lay-out 
view. Switching current is incident as I, , and the coupled 
volttzge is observed as VI, V ,  V3, and V4 

!Solving only the power/ground structure with 2-layer 
redu.ces enormously the time to obtain the coupling of 
switching noise to signal trace. It has been found that it takes 
lhoim 40minute using the proposed model in addition to full- 
wave simulator, while it takes 47hours using only full-wave 
simulator in the same machine. Fig. 14 shows the coupling 
impedances obtained using full-wave simulator only, and 
using both full-wave simulator and the proposed method 
together, respectively. It is found that the proposed method 
gives very accurate result as well as reduces the computation 
time greatly. As shown in the Fig. 14, the characteristics of 
coupling are quite different among different signal traces, 
which should be an important reason of the skew between 
data buses. 

1 1 - 
I 

- 
I 

a - 
E 0.1 0.1 

o m  081 

0.Wl 
0 OA 1 1.6 2 2 4  3 

Frequency [GHz] 

( 4  

0 OA 1 1.5 2 25 3 
Frequency [GHz] 

(6) 
Fig. 14. (a) Coupling impedance at each signal trace 

obtained using full-wave simulator only (b) using both full- 
wave simulator and the proposed method together 
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On the other hands, the noise coupling impedance given in 
frequency domain can also be used for the time domain 
analysis. If a periodical switching current source is (t) is given 
in time domain, its frequency spectrum I , c f )  can be 
calculated by Fourier transform. And then, the frequency 
spectrum of coupled noise voltage vaup,e(j-) is equal to the 

multiplication of I ,  cf) and the coupling impedance zcouple(f) . 

Consequently, inverse Fourier transform of vcoup,e (f) 

results in the periodical noise voltage v,uple ( t )  in time domain. 

If a switching current source i,(t), as shown in Fig. 15 (a), is 
incident in the memory module, then the coupled noise 
voltage vz(t) on a signal trace is calculated as shown in Fig. 
15 (b). This noise voltage will be superposed to signal 
voltages, and then will make skew, jitter, and logic fault in 
data transmission. 

I 
0 2 4 6 8 10 0 2 4 6 8 10 

40L . . 

Time Ins] nine [ne] 

(a) (b) 
Fig. 15. (a) Profile of assumed periodical switching 

current source (6) Calculated noise voltage on a signal trace 

Conclusion 
The analytical model of power/ground noise coupling to 

signal traces has been successfully derived. Power/ground 
noise coupling to a signal trace has been classified as the 
coupling from the directly impressed field, the coupling from 
terminations, and the coupling from signal discontinuities. All 
of them make up the total coupled voltage on the signal trace 
together. The proposed model allows that power/ground 
layers and signal layers can be analyzed separately. Once the 
noise field between power and ground is known, the noise 
coupling to signal trace can be calculated using simple 
equations. It makes the estimation of coupling much easier 
and the estimation time much shorter. The proposed model 
has been verified up to lOGHz by comparison with measured 
results and simulated results using HFSS, and successfully 
applied to the application of current memory modules. Using 
the proposed model, 47hours remarkably reduced to lhr 
40min with almost no degradation of accuracy. By knowing 
the main culprits and the most sensitive parts of the system 
using the proposed model, the switching noise coupling to 
interconnets can ultimately be suppressed by optimizing the 
locations for signal terminations and discontinuities. 
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