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Power delivery system design affects the performance of high-speed printed circuit 
board (PCBs). Good design strategy in a high-speed system not only provides clean 
and stable power supplies to the components, but also helps reduce design cycles and 
manufacturing costs. As the signal spectrum reaches the multiple megahertz to 
gigahertz range, power delivery design problems can no longer be ignored. It is evident 
that the results of power delivery and EMI research will soon lead the technology trend 
in the fields of high-speed analysis and simulation. 

 
In recent years, methods of plane modeling in power delivery design for high-speed PCBs have been proposed. With these modeling 
and analysis methodologies, EDA tools have been developed to aid in power delivery design and analysis. However, there are still a 
number of problems in power plane modeling and analysis that must be addressed. One particular concern is how to accurately 
model and analyze via effects, especially in cases where there are many dense via areas on a board.  

 

This paper investigates and discusses the effects of via density on power delivery systems designed for high-speed PCBs, the 
decoupling effect of discrete capacitors, and the precision of simulations conducted with the Allegro PCB PI option 610 
(SPECCTRAQuest SQPI) power plane module (determined by correlating simulation results with measurements). For the purpose of 
this experiment, evaluation boards were specially designed and manufactured. Results of frequency responses between VNA 
measurements and Allegro PCB PI simulations were then compared. It was confirmed that vias shift a plane’s resonance frequency 



and that via effects on a board change the capacitance and inductance of plane pairs. In addition, via placement density has an 
impact on board decoupling designs. It was determined that when there are enough decoupling capacitors, the effects of densely 
placed vias can be ignored in the frequency range below 400MHz (where most discrete decoupling capacitors are at a high-
impedance state before the first plane resonance occurs).The agreement between VNA measurements and Allegro PCB PI 
waveforms verified the modeling and simulation accuracy of the software, which can be used to guide power delivery designs for high-
speed PCBs. The decoupling effect of discrete capacitors was also analyzed, and design guidelines are given in placing these 
capacitors.

INVESTIGATING VIA EFFECTS 

Research has already revealed that via effects change a plane’s capacitance and inductance and cause a shift of resonance 
frequency points on a plane pair. However, there was insufficient study on other via effects, especially when many areas on a board 
have high via density. An evaluation board was designed for the purpose of this investigation. To eliminate manufacturing variations, 
the board was segmented into four identical areas, as shown in Figure 1. Each area was assigned a different configuration of vias and 
via pads. Area (1) was a solid power plane with no via, noted as Novia; area (2) was a solid power plane with only anti-pads, noted as 
Antipad; area (3) was a solid power plane with both anti-pads and signal vias, noted as Signalvia; and, area (4) was a solid power 
plane with vias connecting to the power plane, noted as Powervia. The four sections had identical stackup parameters. The numbers, 
sizes, and positions of vias and pads in areas (2) through (4) were also identical. To investigate decoupling capacitor effects on vias, 
four types of capacitors were used: 0.01µF (X7R), 0.1µF (X7R), 1000pF (X7R), and 560pF (NPO). Five testing boards of this design 
were manufactured. No capacitor was placed on the first board. Placed on each of the four boards were 50 decoupling capacitors of 
each type. 

(1)No Via (2)Antipad

(3)Signal Via (4)Power Via

 
Figure 1: Evaluation board design 

The measurements were taken using network analyzer E5071B with a full 2-port calibration. Simulations on power integrity using 
Allegro PCB PI were also performed. A 16 x 16 cell mesh of transmission line method [1] was used for plane modeling.  

 

Figure 2 presents the frequency spectrum of the testing board 1. 
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Figure 2 (a): Measurement results of testing board 1 (bare board) at 50MHz – 2GHz 
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Figure 2 (b): Detailed measurements of testing board 1
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Figure 2 (c): Detailed measurements of testing board 1 up to 1GHz 

Figure 3 displays the measured and simulated frequency responses of testing board 2 with 50 0.1µF (X7R) decoupling capacitors. 
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Figure 3 (a): Measurements of testing board 2 with 50 0.1µF (X7R) decoupling capacitors 
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Figure 3 (b): Comparison of SQPI simulation results to the measurements of testing board 2 with 50 0.1µF (X7R) decoupling capacitors 

 
Figure 4 shows the measured and simulated frequency responses of testing board 3 with 50 0.01µF (X7R) decoupling capacitors. 
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Figure 4 (a): Measurements of testing board 3 with 50 0.01µF (X7R) decoupling capacitors 
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Figure 4 (b): Comparison of SQPI simulation results to the measurements of testing board 3 with 50 0.01µF (X7R) decoupling capacitors 



Figure 5 presents the measured frequency responses of testing board 4 with 50 1000pF (X7R) decoupling capacitors.
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Figure 5 (a): Measurements of testing board 4 with 50 1000pF (X7R) decoupling capacitors 
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Figure 5 (b): Comparison of SQPI simulation results to the measurement of testing board 4 with 50 1000pF (X7R) decoupling capacitors 

Figure 6 displays the measured and simulated frequency responses of testing board 5 with 50 560pF (NPO) decoupling capacitors. 
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Figure 6 (a): Measurements of testing board 5 with 50 560pF (NPO) decoupling capacitors 
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Figure 6 (b): Comparison of SQPI simulation results to the measurements of testing board 5 with 50 560pF (NPO) decoupling capacitors 

 
 
Note: In all the curves of measurement and simulation, the red curves represent an inductance of 1.0nH, while the blue curves 
correspond to an inductance of 1.37nH. 

 

Based upon our analysis of the measurement results from the five testing boards, we determined that, in the frequency range lower 
than 400MHz, there is no significant difference in plane behavior between the bare board and the boards with sufficient decoupling 
capacitors. Therefore, the planes with dense vias can be treated as solid planes when sufficient decoupling capacitors are in place. 
Equipped with correct capacitor models, Allegro PCB PI simulation results demonstrate the same conclusion with the measurements 
in agreement. 

In larger planes, the first resonance frequency point moves lower and the via effect on resonance shifting becomes even more 
invisible due decoupling capacitors. At approximately 400MHz, the plane begins to resonate, and via effects are observable since 
decoupling capacitors behave as higher impedance. 

 

CONTROLLING CAPACITORS’ LEADING WIRES 

Our investigation on via density also shows that the inductance caused by the capacitor leading wire has significant effect on the 
plane impedance. Therefore, limiting the length and width of leading wires plays a significant role in the success of power delivery 
system designs. It is difficult, based on simulation results, to identify the inductance problems caused by decoupling capacitors’ 
leading wires. The best design practice here is to set up design rules in advance and apply the corresponding checking during 
placement and routing. Allegro PCB SI (SPECCTRAQuest) provides the functionality, EMControl, to automatically check problems 
which cause the EMI test failure. One of its rules is to control leading wire parameters of decoupling capacitors. It checks and limits 
the trace width and length of the following types of capacitors: bulk capacitors, tantalum capacitors, and ceramic capacitors, as Figure 
7 indicates. By employing this rule in our designs, we are able to minimize the inductance effects on plane impedance and to best 
utilize all decoupling capacitors for power supplies. 

 



Capacitor leads 

 
Figure 7: Using EMControl rule to control the leading wire parameters of decoupling capacitors 

 

 

STUDYING DECOUPLING CAPACITORS 

In this section, we examine the decoupling scheme of power and ground planes at high frequency range. We can compare the 
decoupling effect according to our measurements conducted in the previous section. Figure 8 presents the frequency spectrums of 
the boards with no capacitors and with 50 different capacitors, respectively. The measurement results indicate that: 

 a. as ESR goes up and capacitance goes down, the X7R capacitors do not have a good decoupling effect at higher frequencies, 
and 

 b. for the capacitors with equal capacitance values, the NPO capacitors give smaller ESR, which results in a better decoupling 
effect at higher frequencies. 
 b. for the capacitors with equal capacitance values, the NPO capacitors give smaller ESR, which results in a better decoupling 
effect at higher frequencies. 
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Figure 8: Comparison of decoupling effect of different capacitors 

 
 
 
Our test results also show that the frequency range where planes are well decoupled can be extended up to 400MHz by means of 
correctly selected capacitors. When decoupling capacitors at high frequencies are used, anti-resonance can occur due to the variation 



in spectrum between capacitors and power plane pairs. All of these require a solid understanding of plane capacitances. In the 
following section, we measure the plane capacitance of the four plane pairs from Figure 1. 

 

At low frequency, the dimension of the plane pair is less than the wavelength. Therefore, the plane pair can be treated as one 
capacitor, as Figure 9 illustrates. 

 
C
C1

Term
Term2
Z=50 Ohm

Term
Term1
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Figure 9: S-parameter representation of a capacitor 

 

The two-port network consists of one capacitor. The following equations represent the relationship between S-parameters and 
capacitance impedance: 

25
21

+
=

x
x

Z
ZS  

1

1
Cj

Zx ω
=  (1) 

 

From the above equations, it is obvious that when Zx is small, Zx can be well represented by S21. When Zx is too large, S21 is close to 
1. The change of Zx cannot be derived from S21. In addition, Zx becomes larger when the frequency is lower. In order to measure the 
capacitance of a plane pair, we need to choose a suitable frequency point that satisfies the following conditions: 

 a. The frequency must be low enough that the plane pair can be treated as one capacitor, but 

 b. The frequency cannot be too low because then the plane’s capacitive impedance is too large. 

 

Here, we set the frequency to 50MHz for our measurements. Figure 10 presents the S21 measurement results of four plane pairs at 
the symmetrical positions: S(1,2) for the no via area; S(3,4) for the antipad area; S(5,6) for the signal via area; and, S(7,8) for the 
power via area. 
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Figure 10: S21 measurements in four areas 

 
 
 
 



Table 1 provides the S-parameters and corresponding Z and C values. 

 
Table 1 

 S21(db) S21 Z C (nF) 
Novia -27.84 -0.0406 -1.015 3.14 
Antipad         -27.35 -0.0429 -1.073 2.97 
Sigvia -27.52 -0.0421 -1.053 3.02 
PwrVia -28.02 -0.0397 -0.993 3.21 
 

The capacitances obtained here reflect the resonance frequency of the plane pairs, which can be extracted from the measurements 
provided in Figure 2. The corresponding resonance frequencies are: 465.6MHz in the novia area, 449.8MHz in the antipad area, 
445.7MHz in the signalvia area, and 436.6MHz in the powervia area. 

CONCLUSIONS 

This paper investigated an important aspect in power delivery system design: the effect of vias. The measurements and correlated 
simulation results provide the design guideline that such effect can be ignored in the frequency range where decoupling capacitors 
are effective, under the condition that enough decoupling capacitors are correctly selected and placed. The paper also suggests to 
designers that applying design rules to restrict the geometry of decoupling capacitors is a better practice to improve the quality of a 
power delivery design. 
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