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Abstract- Power integrity is one of the important issues of 

system design. Power and current levels are expected to increase 

with a corresponding to decrease in the voltage and increment of 

I/O number. Based on these factors, system designer faces the 

challenge on power delivery network. The power/ground (P/G) 

ball is often used as a link between the package and printed 

circuit board (PCB). It relates to the system power distribution 

from the voltage regulator module (VRM) to Ie. When 

considering the power delivery network (PDN) design, 

power/ground balls position is the key point for complete power 

delivery. In this research, the assignment of the power/ground 

balls at different places and improvement of resonance 

impedance with different decoupling capacitors have been 

investigated for the impact of power integrity. The proposed 

arrangement of power/ground balls position is presented. The 

parasitic effects for different conditions of system design are 

extracted for comparison. The simulation results confirm with 

our theoretical analysis. 

1. INTRODUCTION 
The shrinking of the device feature sizes and the 

increasing complexity of ICs require higher operating 
frequencies with faster clock rates. The ball grid array (BGA) 
package becomes an important technology to shorten 
propagation delay of signal. The package is the 
interconnection between one die circuitry and another die or 
the printed circuit board (PCB). Its electrical function includes 
signal transmission and power delivery, known as signal and 
power integrity. For the high-pin-count package, signal 
integrity and power integrity have become the critical 
challenges that must be treated carefully at the system level 

considering the parasitic effects of package and PCB [I ]-[4]. 
The induced effects include ringing, crosstalk, ground bounce 
and other related issues. As devices scale and more transistors 
are integrated into a single IC continuously, power and current 
levels are expected to increase with a corresponding decrease 
in the voltage and increase in I/O number [5], [6]. It increases 
the importance of power integrity design. The ability to supply 
clean power to the transistor circuits becomes very critical. So 
the design of PDN received much attention. 

Simultaneous switching noise (SSN) and cavity 
resonances are major issues for power integrity. The 
interconnections have resistance and inductance in them, are 
used to establish this connection. The current flowing through 
these paths creates both a DC drop and time-varying 
fluctuation of the voltage across the power and ground 
terminals of the Ie. The voltage fluctuation across the power 
supply of the IC is called power supply noise, or SSN, since it 
occurs only during the switching of the transistors [6]. This 
issue can be improved by adding the decoupling capacitor. 
When the VRM is unable to respond because of its high 
output impedance, the current should be supplied by an 

alternative source for maintaining the voltage. In other words, 
when the output impedance of the VRM exceeds the desired 
impedance, then an alternative approach is necessary to pull 
down the impedance. Decoupling capacitors perform this 
function. However, since ESL and ESR parasites of the 
decoupling capacitor affect high frequency response, the 
power supply noise should be resolved by more power/ground 
plane. 

In this paper, the power integrity effect results from the 
power/ground balls and decoupling capacitors assignment and 
decoupling capacitors values are studied. In the BGA package, 
the number of power/ground balls is limited. Therefore, for 
worst PDN case consideration, only one available pair of 
power/ground balls is discussed in this paper. The power 
integrity effect is investigated by virtue of PDN equivalent 
circuit. 

IT. TEST STRUCTURE 
As shown in Fig. I (a). An 81-pin 4cm x 4cm BGA package 

is electrically mounted on a test PCB of 10cm x 8cm through 
solder balls of 561 urn diameter. Fig. 1 (b) shows the cross 
section of the test sample. The BGA package consists of four 
copper layers with a total substrate thickness of 420um. The 
inner two layers are ground and power layers with 180um 
spacing. A two layer PCB with substrate thickness 700um are 
the power and ground planes on the PCB [I]. 
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The research has been execution by SI-wave simulation 
completely. The S-parameter of PCB and package has been 
measured respectively. The measured result of electrical 
properties is compared with simulation, as shown in Fig. 2. It 
can be observed that the measured and simulated results are 
consistent below 30Hz. The simulated result of the integrated 
structure with multiple power/ground balls connection in Fig. 
I is shown in Fig. 3. It can be observed that the simulated 
result of combined structure contains both PCB and package 
characteristics. This structure IS used In following 
investigation. 

(a) (b) 

Fig. I (a) Test sample structure. (b) Cross section of the test sample. 
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Fig. 2 The measured and simulated results of (a) Package (b) PCB 

TIT. EFFECT OF SYSTEM DESIGN 

The interaction between the PCB and package include 
resistance, capacitance and inductance. The transient current 
flowing through an inductor causes voltage drop. A positive 
dl/dt through the inductor causes a voltage drop across it, 
resulting in a reduction in the supply voltage across the IC 
terminals and causing a performance problem due to a 
negative spike in the IC supply voltage. Similarly, a negative 
di/dt through the inductor increases the supply voltage across 

the IC terminals, resulting in a positive spike, which causes 
reliability problems. It can be improved by reducing the 
current path on the PCB due to the lower inductance on 
package. 
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Fig. 3 Simulation result of integrated test structure. 

In the resonant circuit, capacitance and inductance change 
with frequency. The inductance interacts with the capacitance, 
causing it to resonate. The decoupling capacitors are 
capacitive below the resonant frequency and become 
inductive above the resonant frequency. The resonant circuit 
can cause a large anti-resonance in the impedance profile of 
IC. Large voltage fluctuations can occur if the operating 
frequency of the chip coincides with the chip-package anti­
resonance frequency [6]. To study the power integrity effect 
of package power/ground balls assignment and decoupling 
capacitors, various cases are considered as below. 

(a) (b) 

• Ground ball o Power ball 
• Port 

Fig. 4 (a) Power/ground balls assignment on four corner. (b) Power/ground 
balls position assignment for the same distance. 

TABLE I 
THE EQUIVALENT INDUCTANCE FOR DIFFERENT 

POWER/GROUND BALLS POSITIONS 

PIO ball location Equivalent inductance 

Upper left 6.809nH 

Upper right 6.001nH 

Lower left 6.157nH 

Lower right 5.893nH 

A. Power/Ground Balls Assignment J 
This case is setting measured portl as the VRM on the PCB 

lower-right position. Port2 is set as the power port of Ie. 
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Power/ground balls are assigned in the four corners of 
package between the package and PCB in turn. Let the power 
balls is close to the ground ball, as shown in Fig. 4(a). The 
four equivalent inductance data can be obtained from Sl-wave 
simulation result, as shown in Table 1. The better 
power/ground balls position is on lower-right, because the 
distance is shortest between portl and power/ground balls. 

B. Power/Ground Balls Assignment 11 

For power/ground balls assignment, the preferred design is 
a power ball in the vicinity of a ground ball. But it is not 
always feasible for practical design. The noise effect will be 
increased by longer distance between the power ball and 

ground ball. For the cases in Fig. 4(b), the power ball and 
ground ball with identical distance and different position is 
considered. The three equivalent inductances are obtained 
from simulation, as shown in Table IT. The shortest current 
path is the ground ball in the vicinity of port2 due to its lower 
parasitic inductance on the package. 

TABLE II 
THE EQUIVALENT INDUCTANCE FOR DIFFERENT GROUND BALLS 

POSITIONS 

G ball location 
G ball I 
G ball 2 
G ball 3 

(a) 

• Ground ball 
o Powerb.n 
• Port 

Equivalent inductance 
7. I 67nH 
7.611nH 
7.515nH 

(b) 

eGroundball (., Power ball 
OCapacltor 
.POrl 

Fig. 5 (a) Diflerent ground ball position. (b) System with decoupling 

capacitor. 
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Fig. 6 Simulation Z 11 of ground ball position. 

C. Power/Ground Balls Assignment III 

In the case of the fixed power ball, different ground ball 
locations on the package are considered, as shown in Fig. 5(a). 
Table TIT shows the five equivalent inductance data for 
different ground ball locations. Their system impedances ZII 
are given in Fig. 6. The ground ball I in Fig. 5(a) is the better 
choice since the package has lower unit equivalent inductance 
compared with PCB. 

TABLE III 
THE EQUIVALENT INDUCTANCE FOR DIFFERENT GROUND BALLS 

POSITIONS 

G ball location Equivalent inductance 
G ball I 5.893nH 
G ball 2 6.415nH 
G ball 3 6.783nH 
G ball 4 7.028nH 
G ball 5 7.167nH 

D. Decoupling Capacitors with Different Values 
It is known that the decoupling capacitor can be used to 

lower the noise level. For fixed power/ground balls and 
decoupling capacitor locations, capacitors with different 
values are considered, as shown in Fig. 5(b). The system 
impedances Z21 for different decoupling capacitance are 
shown in Fig. 7. 

'" 

1 6 --r--------;;;1-�===:::;l 
.J m1 

14 

12 

10 

m4_10nF cap ----­

m3_1nF cap ---- •• -. 

m2_0.1nF cap ---­

ml_bare 

E 8 
... 
� 6 

4 --=-==-::,,..,,. 
2 

O ����--.-�����--��� 
1 E8 1 E9 

freq. Hz 

Fig. 7 Diflerent values decoupling capacitor simulation result. 

As shown in Fig. 7, decoupling capacitor (ESL=OAnH, 
ESR=O.IO) alters the resonant impedance. If this resonant 

impedance Z21 is less than the designed target impedance, the 
system power integrity will not be degraded. The choice of 
decoupling capacitor value depends on resonant impedance 
band. From Fig. 7, it can be observed that the InF decoupling 
capacitor attains the better noise effect to suppress the 
impedance of bare structure. The 10nF capacitor can be used 
to suppress resonant impedance on lower frequency band, but 
it causes the larger resonant impedance on 100 MHz. 
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Fig. 8 Different decoupling capacitors location. 
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Fig. 9 (a) Simulation result of decoupling capacitors on PCB. (b) Simulation 
result of decoupling capacitors on package. 

E. Decoupling Capacitor Location 

As shown in Fig. 8, a InF decoupling capacitor 
(ESL=OAnH, ESR=O.I Q) is added on PCB or package with 
different location. The decoupling capacitor C l-C4 is added 
on PCB in turn with different locations. The C5-C7 is added 
on package in turn with different locations. The simulated 

impedance Z21 is shown in Fig. 9 for different conditions. For 
the case of decoupling capacitors is added on PCB, C2 is the 
better choice for system due to its lower impedance and 
inductance, as shown in Fig. 9(a). In the comparison of Figs. 
9(a) and (b), it is observed that the adding of decoupling 
capacitor on package has lower Z21 and better impedance 
suppression of bare structure. From Fig. 9(b), it is found that 
the C5 is the better choice for system due to its lower 
impedance and inductance. So the distance between the power 
ball and decoupling capacitor should be as close as possible. 

IV. CONCLUSIONS 

The various power/ground balls and decoupling capacitors 

assignments causing system power integrity impacts have 
been studied in this paper. To enhance power integrity, the 
best arrangement of power/ground balls location is both power 
and ground balls in the vicinity of VRM for reducing current 
path. If ground ball is not in the vicinity of power ball, the 
power balls should be close to VRM and ground ball should 
be designed to reach shortest current path for reducing 
parasitic inductance on the PCB. Also, the arrangement of 
decoupling capacitor location should be considered along with 
the power/ground balls location to attain lower impedance and 
inductance. Furthermore, the choice of decoupling capacitor 
values should depend on different system characteristic, such 
as operating frequency, to achieve the lowest noise effect. 
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