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Austin, Texas sufficient quiet supply to the MPC8260 PowerQUICC II™ family of integrated
communications processors, and highlights issues that arise with systems that are based on a
high performance processor such as the MPC8260.

Power distribution issues are discussed first, followed by asurvey of techniques and methods.
This document isintended as a guideline for new designs aswell as areference that may help
in fixing existing designs. The following topics are addressed:

Topic Page
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Section 3, “Previous Work Study” 3
Section 4, “ References’ 17

The MPC8260 PowerQUICC |1 family consists of the devices shown in Table 1.

Table 1. MPC8260 Family Devices and Silicon Revisions

Silicon

Device Process 0.29 um (HiP3) 0.25 pm (HiP4)

Revision| A1 B.1 B.2 B.3 c.2 A.0 B.1 c.0

MPC8260(A) * + + + + = = =
MPC8250 2 N 22 2
MPC8255(A)! + | + | + | - | - = -
MPC8264 + -
MPC8265 + = -
MPC8266 + + +
1

“A” designates HiP4 revisions of a device that was originally available in a HiP3 version.
2 Also available in 516 PBGA (VR or ZQ) package in HiP4 Rev B.1 and Rev C.0 only.
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1 Introduction

One important step for designing a high speed digital system is to pre-plan for the power distribution
strategy. The strategy should cover the following aspects:

»  Power supply circuit design

*  Power supply delivery network

* IC decoupling networks

* Noiseand EMI issues

In thefirst item, designers should plan for an efficient supply that is capable of providing the following:
» Accurate output voltage levels at different loads
* Protection to the load from the main conducted emissions and surges
» Protection to the load from shorts and surges
o  Stability under various overall supply network, i.e., no oscillations, minimum drift, and so on
*  Enough bypass circuit for sudden demand from the load
e Capability to sense loads when the loads are remote from the supply
» Isolation of the main from the load
» Fast dynamic response to load changes to stay within limit of the specified output levels

This document does not discuss power supply circuit design. The main assumption isthat the supply circuit
is a nearly ideal DC source. This assumption simplifies the analysis by de-correlating supply circuit
dynamics from the network dynamics. Instead, this document’s main focus is the supply delivery network
and use of capacitorsto bypassthe supply network. When the supply circuit is planned, designers must plan
for placement of thiscircuit relative to the loads. In general it is always preferable to have the supply circuit
closer to the load. When that is difficult, a power delivery circuit is needed to reach far loads. The study of
delivery network characteristics as well as its interaction with the processor load, for instance, is vital to
understand and to design aminimum noise delivery system. To see the whole picture of our power network,
we must include most of the parasiticsin the power distribution network aswell asin theload chip packages.
In addition, we should include al the bypass caps in the model. Figure 1 shows conceptually the power
circuit of asingle-chip load.

i Bypass
Power supply circuit Pomeert\(livilrl\lzery network | MPC8260

Figure 1. Power Circuit

2 Statement of the Problem

From the perspective of the decoupling capacitor, the problem is that the following are not known:
*  Bypass capacitors count
» Bypass capacitors type
» Bypass capacitors location
»  Bypass capacitors orientation
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»  Bypass capacitors connection to load

Also from the perspective of the power delivery network, answers to the following are not known:
* What isthe optimal topology of the supply and ground layers, given a set of physical constraints?
*  What isthe nature of the interaction of this network with the load package?
*  How can we minimize the noise and EMI and at the same time meet the power demand
requirement?

This document addresses these topics. Figure 2 shows a scope capture of MPC8260 power input from a
non-optimized system.

Measurements NEEITEEY| Scales

A—I(11 = -100.000000 p=
B---11] 100000000 ps

200.000000 pz
5.0000000 kHz

Figure 2. MPC8260 Power Input from a Non-optimized Source

In this case, the MPC8260 supply power dropped to below 1.9 V. The measurement was taken as close to
MPCB8260 pin as possible. We can conclude that early planning isimportant for the distribution network as
well as bypass capacitor network.

3 Previous Work Study

Because the design challenge is a circuit optimization problem, we need to address it in a way that covers
most of the aspects mentioned in Section 2, “ Statement of the Problem.” We want to study the following:

* How do we estimate the load?

* How do we model the load?

* How do we model the BCP delivery network?

* How do we optimize the response with non ideal caps?

MOTOROLA  MPC8260 PowerQUICC Il Family Power Distribution Trends: A Survey 3
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* How doweincorporate EMI reduction to our effort?

To do this, we need to summarize what others have done so far.

3.1 How to estimate bypass capacitors?

Different systems consume different amounts of power even if they use the same processor. It might be
difficult to predict beforehand the amount of power a new system will consume. Many factors contribute to
this ambiguity. One of them isthat it is hard to have a clear idea about the complexity of the software that
the processor are run in the early stages of the project. In [11] for example (see Section 4, “References’) a
project is made to correlate system processor measured power consumption with periodic events estimating
system usage and performance monitors. Many other similar techniques are used to produce an
energy-aware computing systems. Modern super-scaler processors like the MPC8260's 603e core have
many units running in parallel while computing. Thus the amount of power consumed by the processor is
directly related to the sequence of codethat isfed toit. Although there are simulation techniquesto estimate
the power that processes consume, these simulation-estimation efforts are still tied to the sequence of
instructions that are fed to the simulator. This might be why in [11] they took direct measurement of the
power consumption rather than simulating the micro-architectural detailed power consumption. What
matters is the ability to predict the code and base on it an estimation of how much the processor is utilized.
For example. we could ask about:

» Datacache utilization like hit/miss ratio

* Instruction cache utilization, hit/missratio

» Register file utilization, usage

» Branch prediction unit events

* Integer/floating unit utilization
One easy way might be to assume worst-case power consumption when the chip is running at its extreme
power limit aswell. But this approach has its shortcomings, such as the following:

»  Too much expected current demand means undesirably stronger power supply circuit.

» Too much expected current allows adding more generous copper estate, which is expensive.
As in any engineering challenge, there has to be a reasonable compromise and an educated guess. For
example, in the MPC8260'’s core current demand estimation we must know first the speed at which the core
operates. After that let us take the case when the process starts a heavy load execution. We must estimate
the number of core clock cycles needed to draw that much current and stay there steadily.
The following sets of equations are useful:

» Corefreguency = Fin Hertz.

» Coresingleclock cycle time = 1/f in seconds.

* N isthe number of cycles needed to fill keep the processes working hard

e liscurrent in Amps consumed when the processor is working hard

Therefore, the rate of current change can be stated as the following:

Qo

| | X

E
t N

Qo

In our example, if the MPC8260 isrunning at 2.0V, | isestimated 1.2 A, F = 200MH, and N = 2, then:
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Al _ 1.2x200e6 _
Kf = > = 1.2e8

This excessive amount of current change definitely creates a huge stress on the power delivery network,
especialy if it was not properly designed.

So far we have seen some description of load current consumption and have had a rough estimation of its
rate of change. Imagine the current demand curve asit is shown in Figure 3.

Current

Time

I clock cycles I

Figure 3.

Note that the current exact profile depends on the code. If I(t) isthe exact current profile, our assumption is
the following:

max(l (t)) xF

di(t)
gt N

dt

<

The first technique to roughly estimate the bypass capacitors is based on the following set of equations:

AV
X = —
max Al

Xmax
F =
PSW 2nlL psw

1

Cbypass = 2nFpswX max

In this case:

AV = VCC x tolerance

Based on our example, if Vcc = 2.0V and tolerance is 5% (aso the current assumed is 1.2A), it could be
stated as follows:

AV = 2.0x0.05 = 100mV
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The Xmax that is maximum common path impedance we can tolerate at the consumed current is the
following:

Xmax = = 83mOhms

100mV
1

As shown in the following equation, Fpsw is the frequency below which the power supply wiring is
adequate, and L psw isthe power supply wiring inductance. The supply inductance valueisafunction of the
power track’s geometry. Assume a system with 100nH:

Xmax _ 0.083

ZanSW - 271 x 100N = 132165 = 132kH

Fpsw =

Thus, the bypass first bypass capacitor to add is the following:

_ 1 _ 1 _
Chypass = e swXmax ~ 2nx 0083 x 132k “+°uF

Because bypass capacitors have inductance in series, we must estimate afrequency Fbypass after which this
bypass capacitor is not adequate. In the following equation, L is the series inductance of the bypass
capacitor.

_ Xmax
Fbypass = Snl
Now, let L = 5nH.
Fbypass = 2MaX _ 0083 _ 55/3315= 2 6Mhz

2nL ~ 2mx5nH

This result tells us that the 14.5pF capacitor is adequate from 132 KH to 2.6 MH.

The next step is to add more capacitors to take care of the higher frequency range. In this analysis, the
frequency that is proportional to a digital signal rise time frequency is called Fknee, and is defined as the
following:

Fknee = ———
2Trise

In our case, let Trise be as follows:

Trise = 2—2—— = 0.01us

00M
Therefore:
_ 1  _ 200M _
Fknee = Trise - 2x2 - 50Mhz

If we want to add m small capacitors with L inherent inductance per each, then:

L _ Xmax _ 0.083 _
m -~ ZnFknee ~ Zxmx50M _ 0-2043nH
6 MPC8260 PowerQUICC Il Family Power Distribution Trends: A Survey MOTOROLA

For More Information On This Product,
Go to: www.freescale.com



Freescale Semiconductor, Inc.
Previous Work Study

If we use astandard SMT capacitor, the series L isaround 2nH, which means we need m as follows:

2nH

M = 526a3nn = (4~ 8

This result tells us that we need at least eight capacitors to maintain an adequate bypass till 50MH. Now it
is necessary to calculate the capacitance of each of these eight capacitors.

1 1

€= 2 X X mxXmax x Fbypass: 2mx 8x 0.083 x 2.6€6 0.922nF

Also note that the power supply delivery plane has the following capacitance (where Aistheareaand dis
the separation height all in inches):

0.225erA

Cpowersupply = q

Let us say Cpower plane = 300pF. The overall circuit model, then, will resemble Figure 4.
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I mainhypass:c'ap::::::::::::::m]::::::::::F:::::::::::::::::::::::::::
o R RS I
T :::::::::::::::::::::::::::::::::::::::::Tvn:lﬁ::.
I s N Lz ... aLl3.a04 .. .. La . Ziiizi
DR 1 I 0.28n 40260280 40260 4 0260 40280 0.28n L@
................ - . |1.
o e w2 Lea Lea Les des Ler Lea Lea | 0]
D B ﬂnf:::"]'ﬂ.nf."l'ﬂnf: :T:1.nf. :T:Tnf. :T:1.nf: :Tﬂ.nf: :T:W. T

Cpower SUpply

Cplain pardsitics

Figure 4.
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Using alntusoft simulator, the following (Figure 5) is the voltage measurement as we sweep the AC current
source frequency. Note that the AC amplitude is JZAmp, which makes the curve an impedance reading as
well.

fi0.0

0.0

PAAVA
w7
e

wdb(21 in dB DFolts]

-100.0

1K 10K 100K 1MEG 10MEG  100MEG 1G 106G
WEMA wdb(2) e, frequency in Hz
Figure 5.

Now using the same power supply network equivalent circuit let us see (Figure 6) the transient response to
acurrent step pulse with arise time equal to the following:

. _ 2 _
Trise = S00M 0.01us
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Figure 6.
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To increase the accuracy of the circuit model, include the effective seriesresistance of each capacitor aswell
as including some wiring resistance, which acts as a damping factor. We expect to see a different transient
response from what we have seen so far. For example, if we assume atotal resistance of 0.01 Ohm for the
series of al capacitors aswell as for the power plane, the schematic resembles Figure 7.
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Figure 8 shows the same circuit model that we have so far, but with additional damping resistors that are
inherent in each bypass capacitor as well as the power supply delivery network. The step response will
resemble Figure 8.

2.60
2.20
1.80
1.40
1.00
1.00U 3.00U 5.00U 7.00U 9.00U
WFM1 y1vs. timein
Figure 8.
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Also, the AC response to the 1 Amps sweeping AC at the current source of the load will resemble Figure 9.
Note how the damping resistance changed the AC response.

30.0
10.00
-10.00 i — M HHHH
-30.0
-50.0
1K 10K 100K 1MEG 10MEG  100MEG 1G 10G

WAV vdb(4) vs. frequency in Hz

Figure 9.

3.1.1 Analysis Summary

The analysis of the problem so far can be summarized as follows:

DC power drop is not taken into account across the network.
All vias models are ignored.
Very short power plane is assumed as well as no load, chip, package parasitic are included.

The approach of calculating the bypass capacitor did not take into account the accurate model of
bypass capacitor.

5. Theanalysis dealt with the system as a pure circuit in terms of AC and transient., which is not
accurate because we have an inherent transmission line model that behaves differently for the
higher frequency signal transients.

6. The effect of EMI circuit model behavior was not analyzed.

AwWwdNpPE

3.2 How to model the load?

Digital chips consists of millions of transistors. When we design our power system model we do not care
about the detailed model of the internal blocks of a chip. What we care about are the following:

* How many power levels should we provide the chip, 1/O, core, Analog, etc.?
*  What isthe chip package parasitic?

12 MPC8260 PowerQUICC Il Family Power Distribution Trends: A Survey MOTOROLA
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* Isthere any coupling between different power pins?

» Isthereany coupling inside the die itself between different power blocks?

*  What isthe block power demand circuit model ?
Asmentioned earlier, the scope of this application noteisthe core power delivery network, even though the
ideasin this application can be extended and applied for the |/O and PLL aswell. The board designer should
create an integrated environment for the chip so that all power pins have a good supply and minimum
interference occurs between these rails. We started with an attempt to model the power side of the chip so
that we can use it in our simulation, analysis, and so on. It isimpractical to introduce the complex circuit

model of the internal chip blocks in the power model. The most frequent modeling technique is to model
the chip power side as a set of the following:

»  Current source that switches from min to max, to include the worst case scenarios.
* Internal die capacitance.

e Internal dieresistance.

» Package parasitics, inductance resistance and some capacitance.

The simplified power module would resemble Figure 10:

r———""—"—-"———— |
r-—-—— - -------=- = A
| \/\/\——Q m ) [NV I
| | - I
| | | Die |
Package | |

| |
I || I
| [ I
| 1 I
L o e e — —_——_ - L U U, -

Figure 10.

Asshown in Figure 11, the MPC8260 has three main power inputs:

1. Core supply inputs around 2V
2. /O supply input around 3.3V
3. PLL supply input less noisy 2V inputs

For the grounding, the MPC8260 has the following:

1. Mainground pinsfor 1/0O and Core current return
2. PLL ground current return pins

MOTOROLA  MPC8260 PowerQUICC Il Family Power Distribution Trends: A Survey 13
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Figure 11. MPC8260 Power and Ground Pins

A fair distribution of power and ground around the chip creates asort of symmetry intermsof current paths.
Note how most of the ground pins are placed inside the rim of the package. This consideration isimportant
becausein the board layout it is easy to extend routes from these pinstowards the center of the chip direction
and then to viasto the ground plan, for example. Thisarrangement makesit easy also for the layout engineer
to do the bypass coupling pads directly under the chip in the other side of the board, thus locating the
capacitorsin avery close vicinity to the chip.
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3.3 How to model the power distribution network?

Designing, modeling and analyzing the power distribution network involves many considerations, such as
the following:

*  How many power planes are needed and why?

e What isthe stack up arrangement?

» What isthe DC capacity of my power plan? Can it handle enough current whithout overstressing?

* What are my mechanical and physical constraints? Do | have enough estate to deliver generous

currents?
e Dol want to take care of EMI issues up front?
e What about coupling? What constraints do | have for signal integrities?

Derive a clear view for these issues and an optimal solution that satisfies al the requirements. When the
layout isdone, verify if itisgoing to achieve all the goals. Modeling can be donein many different methods,
all dependent on the following:

1. How accurate isthe model?
2. What isthe computing capacity?
3. What kind of results are desired?
Two main methods can simulate the 3D structures:

1. Full wave analysis, such asthe following:

— Finite element Method FEM

— Method of Moments MoM

— Finite difference time domain method, FDTD
2. Partial element equivalent circuit method, PEEC

Many available commercial tools can do all of these methods.

The main ideais based on Maxwell’s equations that deals with E, D, H, B in real time. Then an attempt is
made to put constraints, boundary values, based on the 3D geometry that the layout engineer provides.
These equations are made discrete in both time and space, with an accuracy level that is consequently lost.
When the tools have the discrete equation that can be represented in a matrix format, the tools attempt to
solve these matrices given an input and a desired output. Many results can be obtained and used to study the
behavior of the design aswell asto do the ‘what if’ analysis to optimize the design.

Many methods can simplify the simulation analysis by reducing the amount of computation time. Some of
these techniques are based on the TLM method where the power plan is a mesh of transmission lines. A
SPICE-like smulator solves the system equation accordingly (see Figure 12):

Each segment of the y A4 )4 ) A Z 7
mesh is a transmission
line circuit model.

Figure 12.
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3.4 \What can be done with the PDN model?

When acircuit model is extracted from the layout, the design engineer can do the circuit analysis needed to
proof that the layout comply with constraints. For example, the model of the board can generate a system
equation like the following:

VvV = ZI

Where V is the node voltages across the mesh thus from the circuit designer’s point of view, the power
distribution system resembles Figure 13:

DC/DC
convert Chip die
output P P and package
model
Z
Bypass capacitors network > ~&—»| Bypass capacitors network
Figure 13.

Layout and circuit designers are interested in the overall circuit behavior, including the supply, DC/DC
converter for instance, model, and bypass capacitors network that are close to the chip and the supply and
in the PSD network.

The circuit engineer might be interested in achieving the following constraint, for example, where Vi isany
voltage node in the PDSfor al times:

[Vi(t)| < constant

. The design challenge is how to achieve this goal using the following:
»  Selection of optimum number of bypass capacitors
»  Selection of optimum location of the bypass capacitors
* Moadification of layout geometry

3.5 Where to place the decoupling capacitor?

The issue of placing the decoupling cap involves the following:

e Capacitor model
»  Decoupling route model
* Viamode

16 MPC8260 PowerQUICC Il Family Power Distribution Trends: A Survey MOTOROLA
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Placing a decoupling capacitor on the power distribution network changes the overall impedance profile of
it. When we identify the main peaks of the PDN impedance, wetry to add bypass capacitorsthat are capable
of suppressing those peaks as much as possible. If the capacitor is placed in a board surface opposite to the
chip board surface, a via must be in series with the bypass capacitor, which weakens the efficiency of the
bypass. The reason isthat the viait self has an inductance that is approximated as the following (where L is
the inductance of viain nH, H isthe height of the inductance, and d is the diameter in inches):

L = 5.08><h><|n(4%h+1)

Also vias have capacitance that depends on the viatype. Bypass capacitors can be placed asclose aspossible
to the nodes Vi that exhibit higher |Vi(t)], implying that we are trying to keep the absolute value of the node
voltage below a certain constant and enabling us to budget for noise that is superimposed over the constant
DC value.

Many techniques automate the bypass capacitors placement process. As in any optimization problem, we
must have an energy function that we are to minimize. Then we have to descend across this energy surface
via changing the bypass capacitor |ocations. Each time the bypass capacitor location is changed, a new Z
matrix is generated for the PDN. The process continues until the goal of keeping all |[Vi(t)| less than a
constant is reached.

3.6 How can the via cause EMI problems?

We must be aware of the effects of vias not from the bypass capacitor only but also from the power feed
point of view. Vias are used to provide current pathsto inner layers of the system board. The problem isthat
the current at the via must pass normally down the surface of the board. This direction change causes
electromagnetic coupling with other vias, signals, or power, and radiation potential.

The electromagnetic coupling between vias is an important factor of cross-talk between signals that have
vias close to each other. Vias have two types of inductances:

» Sdf-inductance, afunction of the via geometry
e Mutual inductance with each neighboring via

To model the PCB more accurately, vias self- and mutual inductances must be taken into account. The
radiation from Via accruesif the viais carrying a high frequency signal, and the via happens to be close to
two parallel conductors. the emission is towards the PCB edges parallel to the PCB surface.
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