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Abstract

This paper discusses the effectiveness of on-chip, on-
package and printed circuit board decoupling capacitors
(DECAPS) used in the power delivery network (PDN) of high
performance microprocessor systems for reducing the core
power and ground noise over a wide frequency range. A
novel method of system level broadband PDN modeling by
using the impedance characterization is described. Simulation
results are presented to support the validity of the PDN
modeling with special emphasis on the optimization of the
system level PDN impedance over a wide frequency range.

1. Introduction

The design of a noise-free power delivery network (PDN)
to supply large amount of power at low voltages to
microprocessor systems operating at very fast slew rate with
large dynamic load and high clock frequency is a challenging
task. A printed circuit board with multiple power/ground
planes is commonly used in the PDN for high performance
microprocessors based communication system. In general, a
PDN consists of microprocessors with on-die capacitance and
grid resistance, microprocessor packages, multi-layer printed
circuit board (PCB), with or without DECAPS on it and
voltage regulator modules (VRM). High-speed digital devices
operating at low power supply voltages and high clock
frequency with fast switching currents induce mid and high
frequency noise into the system due to the power ground
input impedance, especially due to inductance associated with
the PDN loop through the package and the board. For a
poorly designed PDN, the power ground noise voltages
generated due to microprocessor IC circuits switching will
exceed the maximum allowed noise voltage margins. As a
result, the maximum operating frequency of the high-speed
system reduced. Meanwhile, as the signal transmission paths
share the same PDN environment, the noise will also be
coupled into signals transmitted inside the PCB and package.
Therefore, it is imperative to accurately model and efficiently
simulate the complete PDN for designing the resonance free
PDN with flat or close to flat power ground input impedance
over a sufficiently wide frequency range. Since DECAPS are
commonly used on PCBs and packages to eliminate the
impedance resonant peaks and to lower power and ground
input impedance, efficiently selecting the optimum number
and types of DECAPS is a critical issue in the noise free PDN
design with reduced manufacturing cost and fast design cycle.
Also, in order to realize the optimum resonant free impedance
over a wide frequency range using optimum number and type
of DECAPS on the PCB and packages, it is equally important
to perform comparative study of effectiveness of on-chip, on-
package and on-PCB DECAPS by using a broadband model
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of the PDN. In general a broadband model of the PDN system
is the circuit or electromagnetic field based model, which
exceeds the frequency range of fixed value single-lumped
model. A broadband PDN model can be obtained as a ladder
network with frequency independent components synthesized
by fitting the S/Z/Y data of the complete PDN or PDN
components such as PCB and package using a rational
function approximation.[1][2].

This paper presents an efficient frequency domain
simulation and analysis methodology for comparative study
of the effectiveness of DECAPS in optimizing the impedance
of the PDN consisting of packages and on-die circuits of
microprocessors on a multi-layer PCB. First, by using an
available frequency domain full wave electromagnetic field
solver, for example [3], network representations of the PCB
and the packages are generated. The frequency domain
network  characterization  through the full wave
electromagnetic field solver takes into account the
electromagnetic field propagation and interaction properties,
such as the coupling, between different components inside the
PCB and the package structures. An efficient and novel
methodology developed for assembling these network models
of PCB, packages and die for evaluating the power ground
input impedance at different microprocessor locations on the
board is described in this paper. The combined PDN model is
also used to evaluate the effectiveness of different DECAPS
placements on the PCB, the package and the die. Different
VRM models, package models, or the on-die interconnect
models can also be substituted easily in the composed power
delivery model for fast and accurate "what-if" analysis. In
order to realize the optimum parameters of the DECAPS,
based on the methodology presented in [4], a broadband
equivalent circuit model for PDN components, such as PCB
and package is synthesized by using the input impedance data
[5][6]. Finally, the paper presents correlation between the
input impedance obtained based on the analytical
methodology described in the paper and from the simulation
of cascaded SPICE compatible broadband behavioral model
of the PCB and packages realized by using the network
parameter data from the commercially available field based
simulator.

Section 2 focuses on modeling a generalized PDN in
terms of multi-port network; section 3 mainly describes the
methodologies for computation of the power ground input
impedance of the different components of the PDN and also
for the complete PDN. Section 4 presents simulation and
analysis results for input impedance at microprocessor core
location and comparative study of different DECAP mounted
on the PCB, package and on die for core power ground noise
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reduction. Time domain simulation results are also presented
to provide further visual information about the performance
of the PDN.

2. Power Delivery Network Modeling

A generalized PDN commonly used in a high-speed
digital systems consists of a multi-layer PCB mounted with
VRMs, IC-packages including on-die interconnects and a
number of DECAPS mounted on the top and/or bottom of the
board and packages. The multi-layer PCB and packages are
the critical part of the PDN for delivering the noise free
power to the IC-devices. Figure 1 illustrates the block
diagram of such a generalized PDN model.
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Fig. 1. Generalized PDN model

Using a commercially available electromagnetic field
solver, a multi-port network representation for the PCB and
packages with pre-defined locations of the DECAPS can be
generated in terms of the frequency domain Z parameters. In
order to study the core noise in the mid and high frequency
range, the VRM used in the PDN can be represented by an
open-loop, small-signal lumped circuit model. A closed-loop,
small signal model of the VRM with voltage/current feedback
sense point and an appropriate compensator model is required
to study the core noise issues in the low frequency range. For
the purpose of comparative study of effectiveness of the on-
PCB, on-package and on-chip DECAPS in reducing the core
noise, the VRM is considered as an ideal voltage source in
this paper. The DECAPS are modeled traditionally as a one-
port series RLC network with specifications provided by
vendors. In order to represent the complete PDN of the high-
performance digital systems, a network cascading
methodology has been used for merging the multi-port-
network models of PCB and packages with pre-defined
locations of DECAPS. Based on the Z-matrix representation,
the input impedance computation at the IC locations of the
multi-port PDN is discussed to efficiently perform the "what-
if" analysis for the effectiveness of on-PCB, on-package and
on-chip DECAPS.

3. Input Impedance Analysis Methodology

The input impedance computation by using Z-matrix
approach of a multi-port PDN is shown in Figure 2. The
printed circuit board is modeled as a multi-port network.
Some of the ports on the PCB are connected with the multi-
port network representation of the packages, and a VRM
model. The remaining ports are connected with the DECAPS
models.
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Figure 2. Z-matrix connection approach

The impedance matrices of the different components of
the PDN shown in Figure 2 can be merged by matrix
manipulation. Then, the power and ground input impedance
at the package or die can be obtained from the resultant Z
matrix of the combined PDN of the system. This hybrid
modeling and analysis methodology takes into account the
interaction of the electromagnetic field between different
components of the PDN, without increasing the overall
complexity. A flow diagram for the modeling, simulation and
analysis methodology for this comparative study of the
effectiveness of different types of DECAPS in the PDN is
shown in Fig.3.
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Fig. 3 PDN modeling, simulation and analysis methodology
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Also, by using this hybrid modeling, simulation and
analysis approach shown in Fig. 3, following “what-if”
analysis can be efficiently performed:

(1)  Self power and ground input impedance of the PCB
(with and without DECAPS) looking into the microprocessor
locations, with and without microprocessor package, as well
as with and without on-die interconnections.

(i) Transfer power/ground impedance of the PCB (with
and without DECAPS) between any two microprocessor
locations, from the microprocessor package, or from the die
side.

The impedance characterization of the PDN components
and computation of input impedance at the microprocessor
core for different configurations of the PCB mounted with
packages, on-die interconnections DECAPS and VRM is
described next.

3.1 Impedance Characterization Method for Multiport
Systems

Using Z-matrix approach, the voltage and current relations
for an N-port system, in general, can be described as:

Vl le le "'ZIN Il
Vz _ Z21 Zzz "'ZZN Iz (1)
V, ZNI ZNZ "'ZNN IN

Note that the Z-matrix in (1) can be generated from an
electromagnetic field solver. An N-port system represented by
(1), for example the PCB of Fig. 2, can be terminated by

(1) M (M < N) number of one-port terminations,
such as DECAPS or VRMs, or
(ii) K number of ports of an M-port systems, such as

an M-port package with pre-defined locations of
DECAPS, and ICs.
For an N-port system terminated by M number of
impedance, Zy (k=1....M), (1) can be expressed as

[y v I

Notice that in equation (2), the impedance matrix is grouped
as a 2 x 2 matrix equation corresponding to group of M ports
of the N-port system terminated by Z; (k=1....M) and the
group of remaining N-M ports not terminated. The
termination conditions for the M-ports can be defined as

[¥: ], =-[ding(2)],,. [1. ], ©)

Using (3) in (2), the new (N-M) x (N-M) impedance
matrix corresponding to (N-M) ports, which are not
terminated, can be obtained as

(20 ]=[20]-[2:)([die(z0)] [ 2:]) (2] @

Next, considering K number of ports of an M-port system
A, such as a package with pre-defined locations of DECAPS
and die, is connected to K number of ports of an N-port
system B, such as a PCB with pre-defined locations of
DECAPS, packages and VRMs. Using the 2 x 2 block matrix
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representation, similar to (2), the impedance matrix for
multiport systems A and B, respectively can be expressed as

e

[ZZIAJKX(N—K) [ZZZA]KXK [iZA]K
and

wifei mir]

As it is assumed that K ports of N-port system A are
connected to K ports of M-port system B, the voltage and
current relations for the connected ports can be expressed as

l\leA JK = [\N]zB JK
[ = = [T ?

Using relation (7) in (6), the (N+M-2K) x (N+M-2K)
impedance matrix for the connected system can be derived

as
ol o]
[Zow L [ Jascor
where
[21 lAB](N —K)x(N-K)~ [21 1A]_ [zle K[zzzA]Jf [ZZZBD_I [zzlA]
[zleB](N —K)xM-K)= [zle K[zzzA]+ [2223 D_l[zle] )

[zzlAB](M —K)x(N-K)~ [21213 K[zzzA]Jr [22213 ]Tl [ZZIA]
[zzzAB](M —K)xM-K)~ [21 IB]_ [2123 K[zzzA]Jf [ZZZB ]Tl[zzua]

This methodology of connecting K ports of two N and M
port systems can be extended to connect several ports
between three multi-port systems. As an example, consider
three multi-port systems A, B, and C of ports N, M and O
respectively. Assuming K ports are connected between
systems A and C and L ports connected between systems B
and C, the 2 x 2 block representation of these systems can be

expressed as
[ZZIA:.KX(N—K) |: 22A:|K><K .:IZAJ

[WAL_K}
(%
{[\7 JM L] [Z“B}(M—W(M—L) [Z'ZB}(M—L)XL ﬁ[TIBJML],and
[ || [Zoodeury [Zoedis || [T,

{[Vm]m} F A —— [chlmm{mm} (10)
[Pec)e | [ [2 [l

The expressions for system A and B in (10) can be
combined as

[Z“AJ(ka)x(ka) [Z‘ZAJ(N K)xK [[ilA]N K:I

C] +L)x(0-K-L)

[ZZZC ](Kﬂ_)xmﬂ_) i
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Note that equation for system C in (10) for connecting
three multiport systems is similar to (6) for connecting two
multiport systems. Also, (11) for systems A and B together, in
the 2 x 2 block matrix representation, is similar to (5). As
described earlier in case of connecting K ports of two systems
of N-ports and M-ports respectively, the impedance matrix
similar to (8) for the resultant (N + M + O - 2K - 2L) ordered
system as a result of connecting systems A and B to system C
can be derived using following conditions:

_[I72A]K_ 8
o =V,

_[st ]L_K+L [ 2C]K+L

_[7 ] _ - -~ (12)
[]~2A N = _[IZC]K+L = [I ]K+L

LU 2BIL Jk4r

3.2 Application to PDN of Microprocessor Systems

The impedance characterization method for multiport
system described in the previous section can be applied to the
PDN of microprocessor system consisting of die, packages
with pre-defined locations for DECAPS and PCB with pre-
defined locations for VRMs, packages and DECAPS. As an
example the method has been applied to a PCB with pre-
defined location for VRM, DECAPS and a package with pre-
defined locations of die and DECAPS. The model for the die
on a package can be described using a 2 x 2 matrix, such as

{zfr zf;e}
zs 2%,
The impedance matrix for the package, assuming that the
first port is at the die location, usually at the top of package,
the second port is at the C5-balls location at the bottom of the
package, and remaining ports are at the pre-defined nd pkg

number of locations for DECAPS, at the top or bottom of the
package, can be represented by an nk x nk matrix:

(13)

pkg pkg pkg

Zn Z]z Z]nk
pkg pkg pkg

Z2l Z22 Z2nk ( 1 4)
pkg pkg . pkg

anl an2 annk nkxnk

Note that the order of the matrix, nk =nd_pkg + 2.

For several packages at the pre-defined n_pkg number of
locations mounted on the PCB, the impedance matrix for the
k-th package becomes:
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Zi’:(g(k) Zf’;g(k) . pkg((k))
Ink(k
ke(k ke(k ke(k
Zglg ) Zgzg S Zgni(k)] (15)
gvke(k)  Zpke(k) pkg(k)

nk (k)1 nk(k)2 T mk()9k() L ek

where, k = 1...n_pkg. Note that, as the number DECAPS
on each package is different, the order of the impedance
matrix (15) for each of the packages may not be same.

Next, the overall impedance matrix for a PCB with pre-
defined n_pkg number of locations for packages, nd pcb
number of locations for DECAPS on PCB and the pre-defined
location for a VRM can be represented by an np x np matrix:

PCB PCB PCB
Z 11 Z 12 Z Inp
PCB PCB PCB
Z 21 Z 22 Z 2np
PCB PCB PCB
an] anZ annp npxnp

(16)
where, np=n_pkg + nd pcb + 1.

Using the process of merging K ports of two systems
described earlier, the merging or connection of die with
package can be performed first using the matrices (13) and
(15) followed by merging the resultant package with the PCB.
Finally, the package and the PCB can be terminated at the
desired pre-defined locations for DECAPS and VRMs using
the process of terminating an N-port system with M number
of one port terminations described earlier. The impedance
matrix of DECAPS used on PCB and package is the diagonal
matrix of the order equal to number of DECAPS with
diagonal entries as the impedance of a DECAP, which is the
series combination of Ry, the equivalent series resistance
(ESR), Ly, the equivalent series inductance (ESL) and Cy, the
capacitance.

One can see that the Z-matrix approach to model the
different components of the PDN described in this paper
provides a broadband mathematical model of the PDN of a
microprocessor system. This broadband mathematical model
of the complete PDN system is used efficiently to perform
frequency domain comparative study of effectiveness of on-
PCB, on-package and on-chip DECAPS for core noise
reduction and the performance optimization of the overall
PDN impedance of a microprocessor system over a wide
frequency range.

3.3 Broadband SPICE Compatible PDN Model

It is important to note that a SPICE compatible broadband
behavioral model of the PCB and packages, separately or
combined can be generated by using a commercially available
circuit model generator/extractor, such as [BBS-Sigrity]. The
Z-parameters obtained from the simulation of package or PCB
structure from the field solver can be imported in the
broadband SPICE tool to generate a SPICE compatible,
multiport sub-circuit model of the PCB and package. These
sub-circuit models with input output ports and ports to
connect the DECAP model can be cascaded easily as shown
in Fig. 4 for the frequency domain and time domain
simulation of the complete PDN by using a SPICE simulator.
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Fig. 4 Broadband SPICE models of PDN components

Although, such PDN models are very useful in analyzing
the design options for the resonant free PDN, the non-
transparent topology and complexity of the generated model
makes it impractical to apply certain techniques such as
described in [4] to estimate the optimum size and types of
DECAPS to be added at the PCB and packages. In order to
alleviate this problem, it is needed to efficiently synthesize a
broadband equivalent circuit model from the frequency-
dependent response of the PDN components obtained in this
paper from the commercially available field solver.

3.4 Broadband Equivalent Circuit Model of PDN

A systematic methodology for the synthesis of a SPICE
compatible broadband equivalent circuit models from the
frequency-dependent data is presented in [1]. Based on the
vector fitting procedure described in [5], the rational transfer
function approximation of the input impedance parameter
data obtained from the simulation of PCB or package using
commercially available electromagnetic field solver is used in
this paper. Next, by applying the procedure of synthesizing
the real and complex pole pair of a transfer function as
discussed in [6], a broadband equivalent circuit of PCB or
package is obtained as shown in Fig. 5.

L, R, L. Ry Ly Ry Ry, np
!! C C
Z(s) Ca Can s "

Fig. 5 Broadband equivalent circuit model of PCB or package

Using the synthesized broadband equivalent model of the
PCB and package as shown in Fig. 5, a broadband equivalent
PDN model of a microprocessor system with circuit model of
DECAPS at different stages is shown in Fig. 6.
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Fig. 6 Broadband equivalent PDN model

The broadband equivalent PDN model of Fig. 6 is suitable
for the procedure described in [4] to estimate the optimum
ESR, ESL and capacitance of the DECAPS to realize the
resonant free, close to flat input impedance of the PDN. Note
that, unlike the broadband PDN model described in sections
3.1 and 3.3 respectively, the disadvantage of the equivalent
model synthesized from the rational function approximation
of the frequency dependent response is that the information
about locations of DECAPS on the PCB and package
disappears. However, using the optimum DECAPS estimated
from Fig. 6 and the process described in section 3 for
estimating the input impedance, the effectiveness of on-PCB,
and on-package DECAPS, along with on-chip capacitance on
reducing the core noise in the PDN of a microprocessor
system can be investigated efficiently. Also, the model can be
used for efficient time domain and frequency domain
simulation.

4. Simulation and Analysis Results

For the purpose of demonstrating the PDN modeling,
simulation and analysis methodology described in section 3, a
typical 8-layer system board mounted with a BGA package
and a VRM on the top layer, and pre-defined locations for
DECAPS on the top and bottom layers is considered as an
example in this paper. Different configurations of the system
board have been used to evaluate the input impedance
characteristics at the locations of the microprocessor core.
These configurations are different in the number, and the type
of DECAPS placed on the PCB and package, around the
microprocessor, in order to realize the overall power and
ground input impedance close to a specified target impedance
over a wide frequency range. Also, different configurations
are considered to perform the comparative study on the
effectiveness of on-chip, on-package and on-PCB DECAPS
for core noise reduction.

First the multi-port impedance matrices for the board and
package without DECAPS at the predefined locations are
obtained from the frequency domain simulation of the system
board and the package separately by using a full wave
electromagnetic field solver.

Next, at the microprocessor core location, the input
impedance characteristic for different configurations of the
PCB, the package and the package merged or cascaded with
the PCB is obtained by the following procedures:

(1) using the analytical methodology described in
section3.1
(i1) using the vector fitting method
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(i) using the SPICE simulation of the broadband

models of the PCB and package, and

using the SPICE simulation of the broadband equivalent
circuit of the PCB and the package synthesized from their
respective input impedance characteristics obtained by (i) or
(i)

Finally, for the purpose of the comparative analysis, the
DECAPS are selected and placed at the pre-defined locations
on the top and bottom layer of the PCB and also on the top
layer of the package as close as possible to the
microprocessor core. It is important to note that for the
process (i) and (iii) the full wave electromagnetic field solver
is used only for the simulation of the PCB and the package
with pre-defined locations of DECAPS and to obtain the
corresponding Z-matrix data. Once the Z-matrix data from the
field solver is obtained, it can be used for further comparative
study of the different types of DECAPS on the PCB, package
and die using process (i) or (iii). Therefore, simulation using
the field solver need not be repeated to obtain the input
impedance at the microprocessor core location with different
number and values of DECAPS on the top and/or bottom
layer of the board and package.

At the microprocessor location, the self-input impedance
of the PCB with pre-defined locations of DECAPS, obtained
using process (i)-(iv) are shown in Figure 6.

Input Impedance of the PCE with pre-defined location of DECAPS

Using analytical method

Using SPICE simulation of the Broadband model

Using Broadband equivalent model
based on Yectrofit method

Impedance (1)

Frequency (Hz) wi?

Fig. 6 Input impedance of the PCB without any DECAPS
at pre-defined locations and VRM shorted.

Note that the plots shown in Fig. 6 for the input
impedance at the location of the microprocessor obtained
using the process (i)-(iv) matches very well. This validates the
analytical methodology developed and described in this paper
for estimating the input impedance.

The self input impedance for the package with 20 pre-
defined locations for DECAPS is obtained using process (i)-
(iv). The graphic plots for of these self-input impedances are
shown in Fig. 7, which shows that the input impedance
obtained using process(i)-(iv) are well matched.
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i Input Impedance of the Package with pre-defined location of DECAPS

Using analtical method

Uzing Vectarit method
Using SPICE simulation of the Broadband model

Impedance ()
=
1

4 5 5
Frequency (Hz) g

Fig 7. Input impedance of the package without any decaps
mounted at 20 pre-defined locations.

Using the analytical method described in section 3.1, the
overall self input impedance at the microprocessor location
for the package without any DECAPS at the 20 pre-defined
locations merged with the PCB without any DECAPS. Figure
8 shows good correlation between the overall self-input
impedance obtained using the process (i)-(iii).

Input.Impedance of the merged PCE and Package with pre-defined location of DECARS
10 T T T T T T T T T 3

LUzing SPICE simulation of cascaded Broadband models

Using analytical method

Using Vectarfit method

Impedance (L)
=)

10 1 1 1 1 1 1 1 1 1
u] 1 2 3 4 5 4] 7 =] 9 10

Frequency Hz) w107

Fig. 8 Input impedance of the PCB without any DECAPS
at pre-defined locations plus package without any DECAPS at
pre-defined location and VRM shorted

The input impedance plots of the PCB without DECAPS
and with optimized DECAPS obtained from the broadband
equivalent circuit of Fig. 2 are shown in Fig. 9. These plots in
Fig. 9 are obtained based on the analytical method by
distributing the DECAPS at 31 location and also by using the
DECAPS as a lumped model in the broadband equivalent
circuit model of Fig. 5.
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Fig. 9 Input impedance of the PCB without and with
optimized DECAPS at pre-defined locations and VRM
shorted

Next, the effectiveness of DECAPS added on the PCB, the
package and the die capacitance on the input impedance at the
microprocessor location is investigated for the following
configurations:

(1) Considering die capacitance of 20 nF with no
DECAPS added at the pre-defined locations on
the PCB and the package

(i1) Considering die capacitance of 20 nF with 31
DECAPS of value C = 4.82 nF, ESL = 297.2 pH,
ESR = 0.787 Q added at the pre-defined
locations on the PCB and no DECAPS on the
package

(i) Considering die capacitance of 20 nF with 20

DECAPS of value C = 270 pF, ESL = 300 pH,

ESR = 1.49 Q added at the pre-defined locations

on the package and no DECAPS on the PCB

@iv) Considering die capacitance of 20 nF with 31
DECAPS of value C = 4.82 nF, ESL =297.2 pH,
ESR = 0.787 Q added at the pre-defined
locations on the PCB and with 20 DECAPS of
value C = 270 pF, ESL =300 pH, ESR =1.49 Q
added at the pre-defined locations on the

package.

v) Considering die capacitance of 20 nF with 31
DECAPS added at the pre-defined locations on
PCB and package with optimum value obtained
using the broadband equivalent circuit of Fig. 5
as C = 40.654 nF, ESL = 282.58 pH and ESR =
0.2765 Q.

The impedance magnitude plots for these configurations,
(1) — (v) are shown in Fig. 10. In Fig. 10, it can be noticed that
the resonant peaks above 200 MHz has been eliminated by
the die capacitance with no DECAPS at the pre-defined
locations on the package and the PCB. The addition of
DECAPS on the package reduces the resonant peaks in
around 50 MHz. The DECAPS mounted at the pre-defined
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locations on the PCB, in addition to the DECAPS on the
package further reduces the resonant peaks at 50 MHz.

Impedance for DIE+VRM +HPCE+HKGiwvith/without DECAPS)

Far
PCEB No DECAPS) + WBM +PKG Mo DECAPS) + Mo DIECARP

Far
FCE (No DECAPS) + WEM
+PKG Mo DECAPS) + DIE-Cap
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PKG (Mo DECAPS) + DIE-Cap
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=

For
PCE (with 31 DECAPS) + VRM +
PKG (20 DECAPS) + DIE-Cap
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FCE (Mo DECARS) +VEM +

PRI (20 DEGAFS) + DIE-Cap
-3

107k 1 1 1 1 1 1 1 1 1

1 2 3 4 5 4] 7 g 9

Frequency Hz) v 107

Fig. 10 Input impedance of the PCB without/with any
DECAPS at pre-defined locations plus package without/with
any DECAPS at pre-defined location and VRM shorted

5. Discussions and Conclusions

Based on a network representation of different
components used in a PDN, an efficient simulation and
analysis methodology for optimizing the PDN performance of
a system board mounted with microprocessor packages, VRM
and DECAPS has been presented in this paper. The method
provides a capability of fast, accurate modeling of the
physical structure and efficient computational algorithm for
performance optimization of DECAPS required for a PDN.
An efficient analytical matrix computation schemes is
described for the input impedance computation of the PCB
merged with packages and terminated by DECAPS and VRM
models at the pre-defined locations on the PCB. Simulation
results that are efficiently obtained by using the analysis
method described in this paper are presented for different
DECAP configurations of the PCB and package for
comparative study of the effectiveness of on-die capacitance,
on-package DECAPS and on-PCB DECAPS. These
simulation results are further correlated with those obtained
from the cascaded broadband model as well as the broadband
equivalent circuit model realized using the vector fitting
method. The utility of this broadband equivalent circuit
model in computing the optimum parameters of the DECAPS
to be placed on the PCB and package to realize the resonant
free and close to flat impedance magnitude is also
demonstrated.
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