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Abstract: A power distribution network (PDN) is a network that provides connection between the voltage source supply
and the power/ground terminals of a microprocessor chip. It consists of a voltage regulator module, a printed circuit board,
a package substrate, a microprocessor chip as well as decoupling capacitors. For power integrity analysis, the board and
package layouts have to be transformed into an electrical network of resistor, inductor and capacitor components which
may be expressed using the S-parameters models. This modeling process generally takes from several hours up to a few
days for a complete board or package layout. When the board and package layouts change, they need to be re-extracted
and the S-parameters models also need to be re-generated for power integrity assessment. This not only consumes a lot
of resources such as time and manpower, the task of PDN modeling is also tedious and mundane. In this paper, a block-
based PDN modeling is proposed. Here, the board or package layout is partitioned into sub-blocks and each of them is
modeled independently. In the event of a change in power rails routing, only the affected sub-blocks will be reextracted
and re-modeled. Simulation results show that the proposed block-based PDN modeling not only can save at least 75%
of processing time but it can, at the same time, keep the modeling accuracy on par with the traditional PDN modeling
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methodology.
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1. Introduction

The power distribution network (PDN) comprises all the
electrical and physical elements that form the electrical
interconnects between the voltage source supply and the
individual input/output buffers in a microprocessor chip. As
shown in Figure 1, a typical PDN consists of a voltage
regulator module (VRM), a printed circuit board (PCB), a
package substrate (PKG) where the micro-vias and plated
through holes are used to connect the different power and
ground planes together, a microprocessor module as well as
decoupling capacitors.'”

In an electronic system, current that flows through the
PCB and PKG from the VRM to the microprocessor chip
creates a fluctuated voltage which is time-varying across the
power and ground terminals of the chip. This not only
affects the quality and stability of the voltage supply, it also
affects the performance of the microprocessor in terms of
operating frequency as well as power consumption. Thus, it
is very important that a power integrity analysis be carried
out to ensure that the designed PDN provides a well
regulated voltage for the required current to be supplied to
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the microprocessor over a specified time period.'™

For a power integrity analysis, the PCB and PKG layouts
first need to be extracted and transformed into an electrical
(RLC)
components which is called the S-parameters models. The

network of resistor, inductor and capacitor
Simulation Program with Integrated Circuit Emphasis
(SPICE)” analysis is then carried out to study the
impedance profile and transient performance of the PDN.
The process of S-parameter modeling can generally take
from several hours up to a few days for a complete PCB or
PKG layout. When the PCB and PKG layouts change, they
need to be reextracted and the S-parameters models also
need to be re-generated for power integrity assessment.”
Hence, during the pre-maturity stages of a layout routing
where power rails routing are often revised iteratively for an
improved power integrity solution, it is necessary for the
process of layout extraction, layout modeling and power
integrity assessment to be repeated frequently. This is a
waste of resources such as manpower and time. Besides, the
task of PDN modeling is also tedious and mundane. In this
paper, a block-based PDN modeling is proposed. Here, a
PCB or PKG layout of WxDxH dimension is first
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Fig. 1. Cross sectional representation of a typical power distribution network.
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Fig. 2. Distributed equivalent model of a power distribution network.

partitioned into W/KxD/KxH blocks where K = {2, 3, 4 and
etc.}. Each of these layout sub-blocks is then modeled
independently. Should there be a subsequent change in
power rails routing, only the affected subblocks will be re-
extracted and re-modeled.

Using the proposed block-based modeling approach, it is
shown that the simulation time of PDN modeling can be
significantly reduced without sacrificing the performance of
the existing power integrity solution. The remaining of this
paper is organized as follows. Section 2 describes the
evaluation process of a PDN design followed by a discussion
of the proposed blockbased modeling approach in Section 3.
The simulation results and discussion are presented in Section
4 and finally, Section 5 concludes this paper.

2. Evaluation of Power Distribution
Network Design

In a PDN, the VRM is the main power supply to the
electronic system. Electric signals and power are routed
from the board to the package through ball grid array joints.
These electrical signals and power are then distributed in the
package substrate and are subsequently routed to the
microprocessor chip through the controlled collapse chip
connections. In general, the PDN shown in Figure 1 can be
represented by distributed equivalent models of resistors,
inductors and capacitors as shown in Figure 2.
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Here, the bulk capacitor is modeled as an equivalent
lumped circuit of a resistor, an inductor and a capacitor (R1,
L1, C1) of 6 mQ, 1.8 nH and 330 uF respectively. The PDN
models (R2, L2) and (R3, L3) are the Sparameter models of
the PCB and PKG respectively. All these resistance and
inductance are contributed by interconnects as well as
electrical parasitic on each of the system components. In
addition, board decoupling capacitor (C2) of 22uF and the
package decoupling capacitor (C3) of 1uF are assumed. It
should be noted that this circuit will be used in the
simulation presented in Section 4.

In a real world, current that flows through the PCB and
PKG from the VRM to the microprocessor chip creates both
a direct current drop and time-varying fluctuation of the
voltage across the power and ground terminals of the chip.
This will greatly affect the performance of the microprocessor
as the large voltage fluctuation across power and ground
terminals can potentially impact the transistor's switching
frequency which can cause timing margin errors. Besides,
the increase in voltage across the power/ground terminals
induces risk of transistor reliability issues. In view of this, it
is very important that a power integrity analysis be carried
out to ensure that the designed PDN provides a well
regulated voltage for the required current to be supplied to
the microprocessor over a specified time period."

Figure 3 shows the process flow of how a PDN is being
evaluated in most microelectronic designs. Firstly, the power
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Fig. 3. Evaluation flow chart of power distribution network.

rails that are to be evaluated are extracted from the .brd and
.mcm files for PCB and PKG design respectively using the
SPDLinks software. The extracted .spd files are then fed
into a commercial simulation tool such as Sigrity's PowerSI
or Ansoft's SiWave for the PCB and PKG model extraction.
From a high level point of view, these tools use internal

— Full Layout

field solvers to calculate the S-parameters of the path from
the VRM to the microprocessor chip, including the power
and ground planes along with the vias and plated-through-
holes (PTHs).

Following this, the extracted S-parameter model of the
PDN is then converted to a sub-circuit model using the
Broadband SPICE tools. Once the sub circuits of both PCB
and PKG are obtained, the SPICE simulation tool is then
used to generate the impedance and transient noise profiles
of the designed system where they are in the frequency and
time domains respectively. Analysis in the frequency
domain enables the PDN designer to understand all the
resonances and anti-resonances in the system produced by
the interaction of inductances and capacitances in the PDN.
On the other hand, the time domain analysis allows the
designer to evaluate the response of switching circuits in the
PDN from the transient noise voltages generated across two

nodes in the system.*®

3. Block-based Modeling

Traditionally, when the PCB or PKG layout changes, the
new layout needs to be re-extracted and the Sparameters file
also needs to be re-generated for power integrity assessment.
This process can take as long as several days for a complete
PCB or PKG layout modeling. In addition, during the pre-
maturity stages of a layout where power rails routing are
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Fig. 4. Power distribution network modeling using block-based approach.
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*//VRM model:
VRM1 SOURCE1 1)
VRM2 SOURCEZ2 0

1.0
1.0

*//++++ PDN Modeling ++++//:
*/K = 1:

Comments:

% Voltage source is seta 1V.

% PDN extraction using full layout.

.model smodelpkg § n=4 tstonefile='Layout_Kl_Passive.S4P' type=s z0=50
smpkg SINK1 SOURCEl SINKZ SOURCEZ % There are two power rails routing in‘this layout.

+ 0 mname=smodelpkg

*//K = 2:

% PDN extraction using block-based approach, K=2.

.model smodelpkg § n=14 tstonefile='Layout K2 Passive.S14P' type=s z0=50
smupkg SINK1 SOURCELl SINKZ SOURCE2 Portla Portlb Port2a Port2b Port3a Port3b

+ Portda Portdb 0 mname=smodelpkg

Rtempl Portla Portlb 100u
Rtemp2 Port2a Port2b 100u
Rtemp3 Port3a Port3b 100u
Rtemp4 Portd4a Portdb 100u

*//Impedance Profile:

.ac dec 1000 1 10G

Jacl SINK1 0 AC=1.0

TacZ2 SINK2 0 AC=1.0
.probe Vm{SINK1l) Vm({SINKZ)

Fig. 5. SPICE simulation scripts for block-based modeling.

often revised iteratively for a better power integrity solution,
this process of layout extraction, layout modeling and power
integrity assessment has to be repeated frequently. This is
time consuming and a waste of valuable manpower.
Furthermore, the task of PDN modeling is also tedious and
mundane.

In view of this, a block-based PDN modeling approach is
proposed. Here, a PCB or PKG layout of WxDxH
dimension is first partitioned into W/KxD/KxH subblocks
as shown in Figure 4 where K = {2, 3, 4 and etc.}. Each of
the layout sub-blocks are then fed into Sigrity's PowerSI or
Ansoft's SiWave for model extraction. Here, connection
ports are made at the edges of the layout sub-blocks as
shown in Figure 4 so that they are able to be linked together
during the SPICE simulation stage to form a complete PDN
model. Figure 5 shows an example of SPICE simulation
scripts used for PDN modeling using the proposed work. It
can be seen that the S-parameters models of each layout
sub-blocks are linked together by resistors of 100 uQ.

The proposed block-based approach has the key advantage
in that it can speed up the modeling time of a PDN
significantly. In the event of a change in power rails routing
or vias and PTHs connections are added or removed, only the
affected sub-blocks are required to be re-extracted and re-
modeled since each of the layout sub-blocks is modeled
independently. This is extremely beneficial especially during
the power routing performance investigation and debugging
stages where layout changes are common.

4. Simulation Results anD Discussion

In this study, a PCB layout of dimension 64 mmx94 mm
x1.6 mm is used. It contains two power rails routing and
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% Ports connection are made to link the layout sub-blocks together.

% The impedance profiles are plotted.

Table 1. Power distribution network modeling time for K = {1, 2,
3} when one of the layout sub-block is modified.

PDN Modeling Method

Modeling Time

Full layout (K=1) 34.2 mins
4 Layout sub-blocks (K = 2) 8.7 mins
9 Layout sub-blocks (K = 3) 3.5 mins

one ground plane. The PDN circuit diagram shown in
Figure 2 is connected using the SPICE scripts presented in
Figure 5. In these simulations, three PDNs are modeled: one
with full layout extraction (K=1) and two with the full
layout partitioned into four (K=2) sub-blocks and nine
(K=3) sub-blocks for the proposed block-based modeling.
Impedance values are then measured at each of the power
rails for each PDN model.

Figure 6 shows the impedance profiles comparison at
power rails no. 1 and no. 2 for the three PDN models. From
the simulation results, it can be seen that the proposed
block-based PDN modeling gives a comparable impedance
plot to the PDN modeling using a full layout extraction. For
the worst case scenario, the resonance peak is shifted by
0.48 MHz and the amplitude delta is only 23 mQ.

In Table 1, the PDN modeling speeds are recorded. Here,
only one layout sub-block is assumed to have changes at
any one time and the power routing complexity is also
assumed to be about the same for each layout sub-blocks.
As anticipated, the proposed work can improve the
modeling time of a PDN by a ratio of approximately K2.
Furthermore, by eliminating the tedious tasks such as full
layout re-extraction and re-modeling, the power integrity
engineers can benefit from a more constructive and
beneficial work experience.
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Fig. 6. Impedance profiles comparison for layout extraction with K = {1, 2, 3}.

Finally, it should be noted that there is an on-going
research work to define a tuning module aimed at
improving the correlation of PDN models using a full layout
extraction and the proposed work. This tuning module will
be located in between the layout submodels' connection
ports. With tuning, it aims to provide an almost identical
impedance plot for PDN modeling using the proposed
block-based approach and the one using a full layout

extraction.

5. Conclusion

This paper proposed a block-based PDN modeling
approach where the board or package layout is partitioned
into K2
independently. If there is a subsequent change in power rails

sub-blocks and each of them is modeled
routing, only the affected sub-blocks will be re-extracted
and re-modeled. Simulation results show that the proposed
block-based PDN modeling can improve the processing
time by a ratio of K2 and at the same time, keep the
modeling accuracy on par with the traditional PDN
modeling methodology using a full layout extraction.
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