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Abstract
A fast power delivery system input impedance evaluation methodology for printed circuit board decoupling
capacitor placement study is presented in this paper. The methodology is based on electrical network admittance
matrix properties. The admittance matrix methodology described in this paper is rigorously validated by comparing
the decoupling capacitor placement evaluation of a real printed circuit board by both impedance matrix and results
from commercial electromagnetic field software.
Introduction
In order to ensure a noise-free, stable power delivery to the electronic devices (IC chips) mounted on a printed
circuit board through packages, hundreds of different types of decoupling capacitors are placed on board.
Efficiently selecting and placing decoupling capacitors on a printed circuit board for cost effective design of the
power delivery system is a critical task for power integrity engineers [1~5].
Traditionally, printed circuit board power delivery system has been represented as multi-stage lumped circuit.
However, as frequency increases, the lumped circuit models suffer from the inaccuracy because the board dimension
becomes comparable with the wavelength of the frequency range. The wave propagation effects must be accounted
in the analysis and design of a power delivery system.
There are several critical issues related to the printed circuit board decoupling capacitor placement, such as 1)
optimal type of a decoupling capacitor; and 2) overall cost of different types of the decoupling capacitors. In order to
solve these issues, a fast evaluation of power delivery system input impedance is necessary.
In general, for a post-layout performance optimization of the input impedance or for a new product design based on
old designs, the decoupling capacitors mounting locations are already defined on the printed circuit boards.
Therefore, in this paper, it is assumed that all the decoupling capacitors mounting locations on the board are predefined. The network parameters such as impedance matrix for the power delivery system can be obtained from the
frequency domain simulation results using a commercial electromagnetic field solver [6]. The input impedance for
different number and types of decoupling capacitors at locations of interest can be obtained from these impedance
matrix parameters. It is important to note that for simulation using such field solvers, electrical ports are defined at
those pre-defined locations of the decpoupling capacitors or at any other locations at which the power and ground
input impedance are interested. The input impedance for different number and types of decoupling capacitors on the
printed circuit board can also be easily computed by combining the impedance matrix of the power delivery system
obtained from the field solver without any decoupling capacitor on the board and the impedance matrix
corresponding to the number and types of decoupling capacitors mounted on the board. However, such iterative
computations of the power delivery input impedance becomes time consuming for large number and types of
decoupling capacitors placed on board. Based on the admittance matrix properties, a fast and simple input
impedance computation methodology for such type of situations is introduced in this paper. The input impedance
computational methodology described in this paper is applied to a real printed circuit board and is validated by
comparing the input impedance with that obtained directly from the electromagnetic field solver.
Principle
Consider a post-layout printed circuit board as shown in Fig. 1, which consists of several locations for IC devices,
where the input impedance between power and ground is of interest, voltage regulator modules and decoupling
capacitors at pre-defined locations. By defining ports at decoupling capacitor locations and at other critical
component locations on the board, an impedance matrix for the power delivery system can be obtained by using a
commercially available field solver [6], as:
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where V1 … Vn and I 1 … I n are the voltages and currents respectively at the locations of the components at
which the ports 1 to n are defined on the board. Similarly, Vn+1 … Vn+ m and I n+1 … I n+ m are the voltages and
currents respectively at the decoupling capacitor locations where ports n+1 to n+m are defined. Equation (1) can be
expressed in the blocked matrix form, as:
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where, V2 and I 2 are the voltage and current vectors respectively, corresponding to ports defined at the decoupling
~
~
capacitor locations. Similarly, V1 and I 1 represent the voltage and current vectors respectively, corresponding to
~
~
ports defined at all other locations of interest. Also, Z 11 and Z 22 are defined as the blocked self impedance
~
~
matrices and Z 12 and Z 21 are defined as the blocked transfer impedance matrices relating the voltages and currents
at the port locations on the printed circuit board of Fig. 1.
Notice that the voltage and current relation for the decoupling capacitors on the board, can be expressed in the
matrix form as
~
~
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By combining equations (2) and (3) a new input impedance matrix [ Z ]n × n , of reduced order n, can be obtained as

[Z ]n × n = Z~11 − Z~12 (diag ( Z decap ) m×m + Z~ 22 ) −1 Z~ 21
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Figure 1. A printed circuit board with several ICs, VRM, and many decoupling capacitors mounted
However, such input impedance computation becomes very time-consuming as the number of decoupling capacitors
placed on board increases. The input impedance computation process using equation (4) involves large matrix
inverse with several large matrix multiplications at every frequency point. Also, as the impedance of a decoupling
capacitor is embedded into the matrix operations, it becomes difficult to select a decoupling capacitor of appropriate
capacitance, ESR (equivalent series resistance) and ESL (equivalent series inductance).
In order to alleviate these problems, a fast and simple computational methodology for power delivery systems, based
on the properties of electrical network admittance matrix is described next. The basic idea of the methodology can
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be illustrated using Fig. 2.
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Figure 2. Illustration on admittance utilization
In Fig. 2, Y represents the power ground admittance matrix for the printed circuit board without any decoupling
capacitors mounted and Yc is the admittance of a decoupling capacitor mounted at Port i. From the admittance
matrix property, the resultant power ground admittance matrix Y’ can be calculated by adding Yc to the diagonal
matrix Y, such that,
⎧ 0 others
Y ′ = Y + diag ( ⎨
)
(5)
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If there are multiple decoupling capacitors mounted at other ports, then the diagonal elements of matrix Yc will have
multiple non-zero entries corresponding to the admittance of the decoupling capacitor at the location of the ports.
Therefore, equation (5), in matrix form can be expressed as
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If there is no decoupling capacitor connected at the port location, the corresponding Yc matrix element is 0.

(6)

Therefore, the procedure for the fast power ground input impedance computation could be described as follows.
1. For a given printed circuit board, an admittance matrix can be obtained using a commercially available
field solver. Next, by rearranging the entries of the admittance matrix, a blocked admittance matrix similar
to equation (2) can be generated as,
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2. A decoupling capacitor admittance matrix YC can be generated as a diagonal matrix. If at port i, a
~
decoupling capacitor is connected, then the ith entry of the matrix YC is Yci, where Yci denotes the
admittance of the decoupling capacitor connected at the port location on board. Similarly, the ith entry of
~
the matrix YC is 0, corresponding to no decoupling capacitor connected at the ith port location.
3. The resultant power and ground admittance matrix can be calculated as
~
~
[Y ] = ⎡⎢YY~11 YY~12 ⎤⎥ + ⎡⎢00 Y~0 ⎤⎥
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4. Finally, the impedance matrix can be obtained from equation (8), as
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of the impedance matrix of equation (9) represent the power ground input

impedance at the port locations i (i = 1…n).
Simulation and Numerical Results
A six-layer, 100 mm by 60 mm printed circuit board, as shown in Fig. (3) is used as an example to illustrate the
input impedance computation methodology for a power delivery system described in the previous section. The
microprocessor package on the board, where the power ground input impedance is of interest is shown as U17 in the
top view of Fig. 3. The voltage regulator module located at the edge connector on the board feeds power to the
microprocessor. In this paper, the voltage regulator module is assumed as an ideal voltage source and is modeled as
a short circuit for the purpose of frequency domain analysis of the board using the commercially available field
solver. There are eight decoupling capacitors (C21~C28), each of 0.022 µF, mounted on the topside of the board.
Also, mounted on the bottom side of the board, are twenty (C1~C20) decoupling capacitors, each of 0.01 µF and
eight (C29~C36) decoupling capacitors each of 1.0 µF.
The input impedance characteristic of the power delivery system looking from the location of U17 is obtained by
two different methods. First, the input impedance is obtained from simulation using a commercial field solver with
a single port connected at the location of U17, between all lumped power pins and all lumped ground pins. Figure 4
shows the input impedance characteristics of the board looking from the location of U17, with and without 36
decoupling capacitors on the board.
Next, simulation is performed using the same field solver, with a port connected at each of the 36 decoupling
capacitor-mounting locations on the board, and a port between all lumped power pins and all lumped ground pins at
location of U17. With 37 ports defined on board, and with no decoupling capacitors, an admittance matrix is
obtained from the field solver. Using this admittance matrix of the board, the input impedance matrix for 36
decoupling capacitors mounted on the board is computed from equation (9) described in the last section. For the
purpose of comparison, Fig. 5 shows two input impedance magnitude plots generated by these two methods. One
can see that the two curves shown in Fig. 5 are identical.
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Figure 3. Top (left) and bottom (right) view of the printed circuit board used for numerical testing

Figure 4. Input impedance with and without
decoupling capacitors mounted on the board

Figure 5. Input impedance obtained from
commercial software, and admittance approaches

Conclusion
A fast power ground input impedance evaluation methodology for the printed circuit board with decoupling
capacitor placement study is introduced in this paper. Simulation using a commercially available field solver and
numerical computation of input impedance using the admittance matrix approach shows that the methodology
presented in this paper can accurately estimate the power and ground input impedance up to gigahertz frequency
range, which is typically high enough for board level power delivery system with decoupling capacitors.
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