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Part 1: Analysis




SI/Pl Challenges for IC Packaging
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Non-Ideal Component Behavior

— Measurement
— RLGC model

Electrically shofft interconnect:
Lumped RLC model
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Sources of Pl Issues

A As transistors in an integrated circuit (IC) start switching,
current needs to be supplied by the power delivery network
(PDN). Because of the current flow through the impedance
of the PDN, power-supply voltage fluctuates from its DC
value. The power supply noise eventually degrades the
signal quality of high -speed signals, limiting the clock
frequency of the system.
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PDN Example
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Noise Coupling In Multilayered

Structures
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Multi -Dimensional Electromagnetic Problem




Cavity Resonances in Distributed
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How do the Cavity Resonances Affect

Impedance

A a=b=250mm, (=4, d=0.2mm

A C=11.067nF,

A $10=f01=300MHz,f11=424MHz, Some resonances may
f20=f02=600MHz, f21=f12=671MHz, be suppressed
f22=849MHz, f30=f03=900MHz depending on the

location of the
impedance port. Close
resonances may merge.

4.00 |

3.80
High Impedance
gt

-,

3.20 4

2.80 {

2.40

2.00 {

1.60 |

Magnitude (| mpadancea) {2

1.20 |
0.80 {!

0.40 | %,

M Conog.
005 0140 045 020 025 030 035 040 045 050 055 060 065 070 075 080 085 090 085 1.00
Frequency (GHz)



Equivalent Circuit Model of a Single
Plane Pair Based on FDM

A Based on the 5-point finite -difference approximation of
Helmholtz equation
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Finite Difference Method

FDM results in a sparse block diagonal matrix
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Circuit Interpretations of FDM

A 5-point approximation results in the well -known bed-spring
model

A 9-point approximation includes diagonal inductances
More accurate representation of current paths
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Finite -Difference Time Domain
(FDTD)




FDTD Simulation Example
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FDTD Simulation Result
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Finite Element Method

FEM simulation done with the PDE toolbox in Matlab. Current source is in the
middle.
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Modeling of Multiple Plane Pairs
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Losses

The Debye model requires real (and positive) coefficients
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Skin Effect and Surface Roughness

Assume the Hammerstad model for the surface roughness:
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Examples of SI/PI Coupling via Return
Currents

Top View:
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Cross-sectional View:
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Modal Analysis 0 Key ldea of Efficient
Signal and Power Integrity Simulation

Astripline can be routed between a power and a ground plane.
Where is the return current in such a case?




Modeling of Transmission Lines

Considering Non -ldeal Supply Planes

A The signal line and the power/ground planes
can be regarded as a multiconductor
transmission line (MTL)

A Power/Ground planes can be modeled at
various levels of complexity
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Parallel -Plate and Stripline Modes

A The transformation matrices are defined such that
the two modes are the

A parallel plate mode (i.e., no current flows on the signal
line)
A stripline mode (i.e., both planes at the same potential)
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Summary of Modal Decomposition
Methods

Transmission line type Coupling Inhomogeneous medium (U 1
factor (k) different than ()
Microstrip referenced to ground k=0 Modal decomposition works
Signal
Power—»
Microstrip referenced to power k=-1 Modal decomposition works
Signal
Ground
Stripline k=- Capacitive coupling terms need
Power—s h1/(h1+h2) to be considered
Ground thl
Conductor-backed CPWG k can be Capacitive coupling terms need
: obtained to be considered
Signal
field solver

ronnd




Experimental Validation

A Model
A Measurement o

A S12: near-end coupling
between signal line and
power plane 45
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Modeling of Microstrip -Stripline Vias

A Solid Lines: Model 0
A Circles: Measurement 0
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Measurement of a PDN with a VNA

Since typical PDN impedance is very small, the probe inductance
has to be removed (or deembedded) from measurements

Assume we want to measure the input impedance of a PDN

Using a VNA we get the Sparameters of the setup in the figure
below including the probe inductance

We always use two probes. For the input impedance, they are
placed as close as possible to the input impedance port

It turns out that the transfer impedance is actually not affected by
the probe inductance (based on the T-model below)!
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Measurement of Input vs. Transfer

Impedance
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Part 2: Design




Concept of Target Impedance

A Frequency-domain target impedance is commonly used
to design power distribution networks

A 1tis based on the consideration that the power supply
will have less voltage noise than allowed ripple for the
given maximum current and power supply voltage .

(power supply voltage) x (allowed ripple)

Zmrgﬁ - current
i
' a ‘ Not always true
+V - but useful!
/
+ +
O ’ IC The concept of target impedance:
VDD V|c If mag(Z) < mag(Z;)
- - Then (V) < (Vdd x ripple)




How Robust is the Target Impedance
Approach?
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Possible Metric for the Goodness of a
PDN
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Problem Definition

A Assume the impedance is simulated at m distinct
frequencies f, f,, &, ,We want to minimize

0Q I A@H(Q| |
A Where the impedance at frequency f,isZ and w is

the target impedance at that frequency. The variables
h that can be controlled are the locations and values
of the decoupling capacitors.
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Example for Minimax Optimization

A The values of four decoupling capacitors are
optimized using the minimax algorithm to reduce
the input impedance of a 20 cm x 20 cm board
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Optimization Algorithms

A Heuristic: Simulated annealing, genetic algorithms, etc.

A Gradient-based: Needs efficient sensitivity calculations
for the impedance.
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Sensitivity

A Differential sensitivity

A I—': Needed to find the search direction to minimize the PDN

Impedance, or just have quick idea of which capacitors are not
effective at certain frequencies.

A | or 1L Is the PDN iImpedance really that sensitive to the ESL or
ESR of thedecaps?
A Exact calculation based on adjoint method.

A Large-change sensitivity

A Fast design-space exploration.

A What if some decaps are removed, added, or replaced? What if
the geometry is slightly modified? Can we do anincremental
simulation using previous data?

A Tracking sensitivity

A Simulated cavity resonances dondt
incorrect value of dielectric constant or loss tangent?

A Frequency-dependent behavior of complex permittivity.



Fast Design-Space Exploration

A In all optimization methods, the same PDN needs to be
simulated with only small changes (such as the location or
value of a decoupling capacitor) to explore design space

The simulation is typically restarted from scratch, without
using any information from previous simulations

This procedure can be greatly improved by applying an
Incremental simulation for fast design -space exploration




