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Abstract 
A study of the resonance phenomenon between power and 

ground planes is presented, focusing on the signal integrity 
due to a change in reference plane for multi-layer PCBs. The 
resonance characteristic is inherent in electronic packages that 
use solid power and ground planes because a pair of 
powdground planes behaves like a resonant cavity with 
induced currents from signal transitions or switching noise. 
This resonance degrades the signal integrity at the resonant 
mode frequencies, depending on the location of the reference 
change location, and introduces jitter to the digital signal, 
depending on the clock frequency. It has been observed that 
the use of decoupling capacitors does not improve the signal 
integrity but instead generates additional resonance attributed 
to parallel resonance between capacitors and the 
power/ground pair. 

1. Introduction 
The recent advancement in deep submicron technology 

through reduction of feature size is strongly driving the 
demand for broadband and internet applications. The 
operational frequencies have increased at such a rapid pace 
over the past few years and will continue to rise. This trend in 
high performance computing systems is driving toward higher 
clock speeds, more switching circuits, and lower operating 
voltages [l] and multilayered printed circuit board (PCB) is 
more than often adopted to achieve higher performance and 
high density interconnect system. Multi-layer PCBs have to 
deal with signals whose spectral content can easily reach 
gigahertz region and they serve multiple functions. Among 
them are integration of a complex system into a smaller real 
estate area as well as to provide better system stability by 
offering increased power and ground areas which are also 
used as power distribution network over a large frequency 
spectrum. These requirements in higher performance and 
highly complex system are causing multilayered PCBs to gain 
popularity despite its higher cost. To enable the growth of a 
higher performance system, the powdground planes are 
becoming a major bottleneck of the evolution due to its 
unwanted phenomenon such as resonances between power 
and ground planes. There have been many attempts to explain 
the phenomenon occumng in multilayer planes, especially 
between power and ground plane, mostly in the view of 
simultaneous switching noise (SSN), ground bounce and 
powerlground impedance P I ,  PI,  [41. [SI, [61, VI, PI, P I ,  
[lo]. On the other hand, using decoupling capacitors has 
become a most common way to control the impedance 
between power and ground, and indispensable in high speed 
system to stabilize the power distribution network (PDN). 

In this paper, we investigate the power/ground plane 
resonance phenomenon on the view of the integrity of signals 
that change reference plane and the effect of decouplmg 
capacitor on signal integrity (SI) of those traces. In section II, 
the power/ground plane resonance and the reference plane 
change of a signal in multilayered PCB are discussed. In 
section III, the SI of traces that change reference plane is 
investigated with measurement and simulation in frequency 
domain and time domain, and also the effect of decoupling 
capacitor on this situation is investigated. 

lI Background 
11-1. PowerIGround Plane Resonance 
In multi-layer PCBs, power and ground planes are used as 

parallel planes and figure 1 shows the two plane structnre 
representing the typical PDN in multi-layered system. A 
typical PCB is more complex but the plane pair structure will 
serve to illustrate resonance characteristics. 

l h  = 0.4 cm 

a = i o m  

Figure 1: Parallel planes representing a PDN 

A pair of closely spaced parallel planes behaves much like 
an ideal resonant cavity with two PEC (perfect electric 
conductor) and four PMC (perfect magnetic conductor) 
boundaries. The top and bottom walls are the PEC boundaries 
and the four side walls are the PMC boundaries. The high 
dielectric constant of the substrate relative to that of the 
surroundmg air creates a reflection coefficient around the 
perimeter of the planes that is near unity. Since a resonant 
cavity is approximated, many properties can be extracted 
from existing resonant cavity literature. An example is the 
standing wave pattern between each pair of oppositely facing 
boundaries. These pattems will occur at frequencies given by: 

where m and n are mode numbers (0. 1. 2 ... ) and a, b are the 
dimensions of the plane in Figure 1. The resonance due to the 
thickness of the dielectric (h)  is ignored in the simplied 
equation since it is much smaller than the lengths of planes (a, 
b) in real application and normally not interested to the 
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frequency which it becomes important. Table 1 summarizes 
the frequencies calculated from (1) for each mode m, n up to 
2.5GHz. [9] 
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Figure 2: Field distribution of resonant modes (flh fol, 
fll, fm) 

n-2. Reference Plane Transition 
In a multi-layer PCB, a signal frequently transits from one 

layer to another due to the restricted routing area on top or 
bottom layer. The transition in the routing layers causes a 
change in the reference plane, degrading the quality of the 
signal as a result of return current path discontinuity. A non- 
ideal return path for a signal, which switches its reference 
planes, is sometimes overlooked. Any current injected into a 
system mnst return to the source and it does so by following 
the path of smallest impedance, which in most cases means 
the path of least inductance [9]. Figure 3 shows the current 
path of signal when a driver locates at the top of the PCB and 
a receiver locates at the bottom of the PCB. In this case, a 
signal changes a reference plane from ground to power plane 
in a 4-layer PCB. 

Sina l  Lina - 
Receiver 

Power Plane / 
Current Path 

Figure 3: Current return path at 4 -layer PCB 

As shown in figure 3, the signal transits from the top layer 
to the bottom layer to transmit the signal to a receiver but the 
return current path is interrupted by the power plane. Some of 
the retum current flows through the power plane according to 
the rule of the least impedance path [ll],  and causes the 
power and ground planes to behave as a cavity resonator, 
supporting radial wave propagation between the plane pair. 
This phenomenon will create resonances due to reflecting 
waves at the plane edges, affecting the integrity of the signal. 

HI. Reference Plaue Change and SI 
m-1. Test Vehicles 
The test vehicles fahricated and measured are shown in 

figure 4. Two kmds of via transitions, which are used in 
typical multi-layer PCBs, are investigated. Figure 4-(a) 
shows the case when a driver and a receiver are located at 
opposite sides. In this case, the signal line changes its 
reference plane only once. And figure 4-(h) shows the case 
when a driver and a receiver are located on the same layer hut 
the signal line is routed through the other signal layer. In this 
case, the signal lime changes its reference plane twice. 

(0) Onc traodtion (b) Tro  rranritium 

Figure 4: Signal reference plane transition cases for 
the measurement 

For the each case of one and two transitions, the effect of 
reference plane transition length and the effect of transition 
location are investigated. The structure of each test vehicle is 
shown in figure 5 ,  7, 9, 11, 13. The test vehicles consists of 
four layers: two signal layers on top and bottom, power layer 
and ground layer. 

The dimension of the planes is lOcm by 6cm, the same as 
the simulation structure used for the calculation of resonant 
mode frequency. FR4, which bas a dielectric constant of 4.2, 
was used as the dielectric material and the dielectric thickness 
is 400pm. The frequency domain measurement was 
performed up to 1.8GHz with the HP4396B VNA. 
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III-2. One Reference Plane Transition 
The structures of one transition test vehicles to see the 

effect of reference plane transition length are shown in figure 
5. Short length (transition near port 2, figure 5-(a)), medium 
length (transition at center, figure 5-(b)) and long length 
(transition near port 1, figure 5-(c)) reference plane transitions 
are considered. All the signal lines of the test vehicles are 
located at the center of the n mode resonance direction along 
the m mode resonance direction. 
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Figure 5: One transition test vehicles for the effect of 
reference plane transition length. 

Figure 6 shows the signal transfer characteristics (S?,) of 
test vehicles. The resonant modes are observed at 0.73 and 
1.46 GHz (flo and f20mode each) from the measured SZI of all 
signal l ies.  The measured resonant frequencies matches the 
resonant mode frequencies calculated with the parallel plane 
cavity equation with the exception of the resonant frequency 
due to n mode. The resonance due to n mode doesn't affect 
the signal transfening because the potential between the plane 
pair is zero along the center l i e  at this mode, as shown in 
figure 2. The longer reference plane change shows a sharper 
resonance characteristic at the resonant frequency since the 
longer reference plane change brings the higher current 
induced into the power/@onnd cavity. 
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Figure 6 Signal transfer characteristics &) of test 
vehieles for the effect of reference plane transition length. 

The structures of one via transition vehicles to evaluate 
the effect of transition location are shown in figure 7. 
Reference plane transition at center (figure 7-(a)), transition 
near edge 1 (figure 7-(b)) and transition near edge 2 (nearer 

the edge than edge 1, figure 7-(c)) are considered. All the 
signal line transitions are located at the center of the m mode 
resonant direction for the test vehicles. 
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Figure 7: One transilion test vehicles for the effect of 
reference plane transition location. 

ligure 8 show the signal transfer characteristics of 
rest vehicles. .Ihe resonant modes are found at 0.73. 1.22 and 
1.12 G i b  ( f l , , t  I and near 1;, mode each) from the measured 
S!, of 811 signnl lines. 'lhe resonant frequencies fijund from 
the S1l matches the resonant mode hequencirs calcitlated with 
the panllel plane cavity equation including the resonant 
lrequency due to n mode missing tiom the previous result 
except the test vehicle shown in figure 743) (signal lines 
locatcd dong the center line of n mode). For the signal lines. 
not located along the center line of the n mode direction. 
shows resonance at the n mode frequency since the potential 
ot'the plane along the signal line stays non-iero. Also. for the 
signal line located nearer the edge the shaper resonant 
characteristic is found since the higher potential difference 
exists nenr to the edge as slio~vn in figure 2. 
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Figure 8 Signal transfer characteristics (Sll) of test 
vehicles for the effect of reference plane transition 

location. 

111-3. Two Reference Plane Transitions 
The structures of two transitions test vehicles to see the 

effect of reference plane transition length are shown in figure 
9. Short length (figure 9-(a)), medium length (figure 9-(h)) 
and long length (figure 9-(c)) reference plane transition are 
considered. All the signal lines of the test vehicles are located 
at the center of the o mode resonant direction along the m 
mode resonant direction. 
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Figure 9: Two transitions test vehicles for (be effect uf 
reference plane transition length. 

lno reference plane transition shnws \'cry similar signal 
transfer characteristic with one relerence plane transition. 
Figure I O  shows the signal transfer charactenstics (SI) of test 
vehicles. The resonant modes u e  found at 0.73 and 1.16 GH7 
( t l  and f? mode each) from the measured SII of all signal 
lines. Ihe resonant frequencies found from the SI[ exactly 
matches the resonant mode frequencies calculated with the 
pwallel plane cavit). equation with the esception of the 
resonant frequent) due to n mode. i.e. the same as the one 
transition iase. Also. the longer relerence plane change shows 
the sharper resonant characteristic at the resonant frequency 
like thc one transition case. 
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Figure 10 Signal transfer characteristics (Szl) of test 
vehicles for the effect of reference plane transition length. 

Figure I I shows the shllctures of two transitions vehicles 
to see the effect of transition location. Reference plane 
transition at center (figure 11-(a)), transition near edge 1 
(figure 11-(b)) and transition near edge 2 (nearer the edge 
than edge 1, figure II-(c)) are considered same as the one 
transition. 
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Figure 11: Two transitions test vehicles for the effect of 
reference plane transition location. 

The measured result also shows very similar signal 
characteristic with one reference plane transition. Figure 12 
shows the signal transfer characteristics of test vehicles. 
The resonant modes are found at 0.73, 1.22 and 1.45 GHz (flo, 
fol and near fZomode each) from the measured Szl of all signal 
lines and they match the resonant mode ikequencies calculated 
with the parallel plane cavity equation including the resonant 
frequency due to n mode except the test vehicle shown in 
figure 1 I-(a) (signal l i e s  located along the center l i e  of n 
mode). For the signal lines, not located along the center line 
of the n mode direction, shows resonance at the n mode 
frequency same as the one transition case. Also, for the signal 
line located nearer the edge the sharper resonant characteristic 
is found. 
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Figure 12: Signal transfer characteristics (Szl) of test 
vehicles for the effect of referenee plane transition 
location. 

N. Decoupling Capacitor and Reference Plane Change 
In this section, the effect of decouplig capacitor on signal 

integrity is analyzed. 'Iluee different values of capacitance are 
used: 22pF, InF and 22nF. Each capacitor is located near the 
signal transition point. 

Figure 13 and 14 show the measured signal transfer 
characteristics of test vehicles (one transition and two 
transitions each). Additional resonances (190, 230 and 820 
M H z )  due to the decoupling capacitor (22nF, 1nF and 22pF) 
are found for each case and the same signal transfer 
characteristic with the test vehicle without any decouplig 
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capacitor is shown from the measurement as well. The 
additional resonant frequency due to the decoupling capacitor 
varies according to the value of the capacitor. 

0 11.2 0.4 (1.6 0.8 I 1.2 1.4 1.6 1.8 
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Figure 13: Signal transfer characteristics (Stl) of test 
vehicles for the effect of decoupling capacitor. (One 

transition) 

l:i 1.6 1,s 

Figure 14: Signal transfer Characteristics (SZ1) of test 
vehicles for the effect of decoupling capacitor. (Two 

transitions) 

The effect of decoupliig capacitor location is also 
investigated. Figure 15 shows each location of test vehicles. 
All three locations for the decoupling capacitor were 
considered as shown in figure 15. A capacitor of 22nF was 
used for all cases. 

(a) t.oration I (111 Lec;mt,n 2 (rl Ltmiitm 3 

Figure 15: Test vehicles for the effect of decoupling 
capacitor location. 

Figure 16 shows the measured signal transfer 
characteristics (S,,) of test vehicles. Additional resonant 
frequency (near 190MHz) due to the decoupliig capacitor 
(22nF) is found for all transition cases. And, it is observed 
that the resonant frequency due to the power/ground plane is 
shifted and differently shifted frequency is found according to 
the location of the decoupling capacitor. For the transition 
case at location 2, the fust resonant mode (flu) was shifted to 
the higher frequency, and for the transition case at location 3 
the second resonant mode (fol) was also shifted to the higher 
frequency. 
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Figure 16: Signal transfer characteristics (SZ1) of test 
vehicles for the effect of decoupling capacitor location. 

V. Time-Domain Characteristic 
Eye-diagram simulation was done to see the effect of 

powedground resonance in the time domain characteristic. 
Figure 17 shows the simulated eye diagram when PRBS 
(Pseudo Random Binary Sequence) is applied to the 
interconnection. The one via transition (Figure 17-(a), (c), (e)) 
is compared with case without any transition (Figure 17-(b), 
(d), (9). The test vehicle shown in figure 1 I-(c) was used for 
the transition case. The dimension of power/ground plane 
structure used is 6cm by 4cm which has resonant frequencies 
at 1.22GHz (fin), 1.83GHz (ful), 2.2GHz (f1J and 2.44GHz 
(fzn) through 3GHz. From the simulation result, it is observed 
that the reference plane transition adds jitter, overshoot and 
undershoot to the time domain characteristic as expected from 
the frequency domain measurement depending on the clock 
frequency. At the clock frequencies closer to the resonant 
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frequencies of power/ground plane, the resonance mode effect 
is greater. 

.,~.i.____I^.._ :... .... .. -2 
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VI. Conclusions 
This paper presents the resonance phenomenon caused by 

parallel power and ground plane structure and the signal 
integrity of traces that change reference plane in that PDN 
and the effect of decoupling capacitor on signal integrity in 
application with reference plane change. 

According to the s-parameter measurement and eye- 
diagram simulation, it is observed that the power and ground 
plane resonance greatly affects the quality of signals at the 
resonance frequencies depending on signal’s reference plane 
changing location and causes jitter. How much the resonance 
affects the signal integrity at resonant frequency is closely 
related to the field distribution and the via transition location 
of a signal line. Also, it is observed from the s-parameter 
mewurement that a de-coupling capacitor commonly used to 
improve the power integrity does not improve the quality of 
signals that change their reference plane but instead generates 
additional resonances. 

Power and ground plane resonance is an inevitable 
phenomenon in the typical system using planes as power 
distribution network. So far, this resonance has not been 
considered seriously in determining the location of critical 
signal limes and the size of plane. By carehlly designing 
PDN the additional jitter from the power and ground plane 
resonance can be reduced and the signal integrity will be 
enhanced. 
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