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Presenter
Presentation Notes
This presentation is about building advanced electromagnetic models for interconnects with data rates 10 Gbps and higher.
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Presenter
Presentation Notes
I will start with an overview of the basics of the de-compositional analysis of interconnects, proceed with the detailed analysis of the signal degradation effects and parameters extraction techniques for transmission lines. After this we will discuss how to design and how to build models for localizable via-holes.
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Introduction
Faster data rates drive the need for accurate 
electromagnetic models for multi-gigabit data 
channels
Without the electromagnetic models, a channel 
design may require 

Test boards, experimental verification, … 
Multiple iterations to fix or improve performance…

No models or simplified static models may result 
in complete failure of the design

Presenter
Presentation Notes
Faster data rates require advanced analysis and modeling. It is important at the interconnect budget exploration stage and at the verification stage as well. Without the modeling the results could be unpredictable and lead to complete design failure. The multi-gigabit serial standards require simulation both in time and in frequency domain. It means that your frequency-domain models have to be extremely broadband and causal because of the broadband spectral content of a serdes signal. Low, medium and high-frequency effects have to be accounted for in your RLGC models for t-lines and in multiport S-parameter models.
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Major signal degradation factors

Via-hole transitions and discontinuities:
Reflection, radiation and impedance mismatch

Transmission lines: 
Attenuation and dispersion due to physical 
metal and dielectric properties
High-frequency dispersion

Dispersion

Attenuation

Reflection

Presenter
Presentation Notes
Signal degradation factors can be formally separated into two groups. First, degradation in the straight segment of transmission line caused by losses and dispersion due to dielectric and conductor properties and high-frequency dispersion. Two graphs on the right illustrate typical dependencies of attenuation and delays p.u.l. for a PCB line. Second, discontinuities or transitions such as via-holes reflect the signal and electrically couple signal to parallel-plane structures and space around the board. One way to simulate all those effects is to throw geometry of the whole network into a 3D full-wave field solver and wait for few hours for the result if simulation is possible.
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Electromagnetic models for interconnects

Tx
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Package
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Vias 

Model

T-Line 
Segment

Split 
crossing 

discontinuity

T-Line 
Segment

Diff. Vias 
Model

T-Line 
Segment

Diff Vias 
Model

T-Line 
Segment

Driver 
Package

Tx 
port

Rx 
port

Decomposition

W-element models for t-line 
segments defined with 
RLGC(f) p.u.l. tables

Multiport S-parameter 
models for via-hole 

transitions and 
discontinuities

3D full-wave electromagnetic models 
are required for successful analysis 
of multi-gigabit channels!

Presenter
Presentation Notes
Another more effective way is to decompose the net into transmission line segments and discontinuities, build models for them with an electromagnetic solver and use a system-level analysis tool to recompose them back, attach driver and receiver models to estimate the performance of the whole net. Transmission lines can be characterized with per unit length frequency-dependent RLGC parameters and arbitrary discontinuities can be characterized with the multiport scattering parameters. A 3D full-wave solver has to be used to extract the models.
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De-compositional system-level analysis
Both early system exploration and system 
verification can be done on the base of de-
composition into elements with localizable 
electromagnetic models

System Exploration

Presenter
Presentation Notes
The de-compositional analysis must use one or more electromagnetic solvers as in the process illustrated on this diagram. The decomposition can be done by either by a system-level analysis tool or manually for a system exploration for instance. An electromagnetic solver takes geometry of the network elements and produces p.u.l. RLGC and S-parameter models, that later are recomposed by a circuit simulator and time and frequency responses of the network are computed. 
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Hybrid simulation technology is used to 
illustrate this presentation

Method of Lines (MoL)
More accurate than finite element method (FEM) and finite 
integration technique (FIT) for problems with multiple thin 
dielectric and metal layers
Provides conductor interior solution for metal planes

Trefftz Finite Elements (TFE) or Ultra-Week 
Discontinuous Galerkin’s Element (UWDG)

Can be used for any material and easy to interface with MoL
Used to model strip conductor interior with rough surface

Method of Simultaneous Diagonalization (MoSD)
Extracts modal and per unit length parameters of lossy multi-
conductor lines and periodic structures
Allows precise non-reflective de-embedding
Provides 3D observable definition of the characteristic 
impedance

Presenter
Presentation Notes
To illustrate the signal degradation effects, I used regular version of Simbeor solver from Simberian Inc. The solver engine is based on a hybrid simulation technology. Method of Lines is used to build Green’s function for multilayered dielectrics of stackup with metal planes. Trefftz finite elements are used to simulate the interior of strip conductors. Method of Simultaneous Diagonalization is used to extract modal and per unit length parameters of the transmission lines and for precise de-embedding of S-parameters.
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Presenter
Presentation Notes
Though, the conductor and dielectric  dispersion and loss effects can not be separated and work together, conceptually the effects can be investigated separately.
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Conductor attenuation and dispersion effects
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Presenter
Presentation Notes
Let’s take a closer look at the degradation effects related to the conductor properties. At low frequencies the current distribution is uniform across the traces and planes and at about 10 KHz current in plane concentrates below the strip. At the medium frequencies we observe a transition to skin-effect and current becomes larger near the conductor surface and near the corners. Finally, at high frequencies, current inside the conductors is almost zero and we can talk about well-developed skin-effect. Transition from low to high frequencies causes increase of R p.u.l. and decrease of L p.u.l. due to larger current near surface and smaller magnetic field energy inside the conductor.  If skin depth becomes comparable with the surface roughness, the roughness causes increase of both R and L. Dispersion due to presence of dielectric and edge-effect at high frequencies can case further changes in R and L. Picture on the left illustrates the skin-effect as the energy absorption by a conductor. Energy flows inside the conductor and not along the wave propagation direction.
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Current distribution in rectangular conductor

1.7 MHz, t/s=0.5, Jc/Je=0.999 28 MHz, t/s=2.0, Jc/Je=0.76

170 MHz, t/s=5, Jc/Je=0.16 1 GHz, t/s=12.2, Jc/Je=0.005

Current density distribution in 10 mil wide and 1 mil thick 
copper at different frequencies

t/s is the strip thickness to the skin depth ratio

Jc/Je is the ratio of current density at the edge to the current in 
the middle. 

( )1.7 2.67 0.11Z MHz i= + ( )28 2.95 1.71Z MHz i= +

( )170 6.44 6.22Z MHz i= +

Presenter
Presentation Notes
To quantify the medium frequencies or transition to skin-effect we can use either thickness of strip or plane to skin depth ratio (t/s) or equality of the real and imaginary parts of the internal impedance p.u.l. This is example of current density and internal impedance for a 10 mil by 1 mil strip. At thickness to skin depth 0.5, the current distribution is uniform and the imaginary part of the internal impedance is less than 5% of the real part. When the strip thickness becomes 2 skin depth at 28 MHz, the ratio of current density in the center to the current density at the edge is still high – 0.76, and the real and imaginary parts are not close to each other. Only at 170 MHz, when strip is 5 skin-depth thick, current in the center is relatively low and the difference between the real and imaginary parts of the impedance is a few %. 
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Transition to skin-effect and roughness

40 MHz
150 MHz

4 GHz

0.5 um

400 GHz

Account for 
roughness

No roughness 
effect

10 um

5 um

1 um

18 GHz

0.1 um

Transition from 0.5 skin depth to 2 
skin depth for copper interconnects on 
PCB, Package, RFIC and IC

Interconnect or plane thickness in 
micrometers vs. Frequency in GHz

RFIC

Package

IC

No skin-
effect

Well-developed 
skin-effect 

PCB

Ratio of skin depth to r.m.s. surface 
roughness in micrometers vs. 
frequency in GHz

Roughness has to be accounted if 
rms value is comparable with the 
skin depth

Presenter
Presentation Notes
Now we can defined the medium frequencies for different technologies on the base of the strip or plane thickness to skin depth ratio. The vertical axis on the left graph is conductor thickness in micrometers. The horizontal axis is frequency. Along the blue line the conductor thickness is half of skin depth and there no skin-effect below this line. Along red line, the conductor thickness is equal to five skin depth. Well-developed skin-effect area is above the red line. Transition to skin-effect occurs between those lines. We can see that different technologies may have transition at different frequencies. Conductor thickness for PCB technology may be from 50 um to 15 um. It means that transition frequencies may be as high as 500 MHz. With 5 um conductor thickness in packaging applications, the transition takes place from 40 MHz to 4 GHz – right in the middle of the multi-gigabit serdes spectrum. With 2 um thickness the transition takes place at 20 GHz. In addition, the conductor surface roughness can complicate the analysis. It must be accounted as soon as root mean square of the bumps is about one skin-depth. With 10 um roughness it means frequencies as low as 40 MHz, where the roughness can substantially change the attenuation. Typical PCBs or packaging applications may have roughness from 5 to 1 um, that is in the frequency band relevant to the serdes interconnects analysis.
Note that this classification is necessary only to understand the limitations of a particular solver. A static solver for instance always assumes well developed skin effect to estimate the resistance and internal inductance p.u.l
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Modeling roughness with the effective 
surface impedance

Rough surface may be characterized with two parameters and 
approximated as triangular bumps along the current flow

SR

RA
Roughness Factor: RF=L_rough/L_straight

L_rough
L_straight

RF=2 or 
RA=60 deg

RF=1.4 or 
RA=90 deg

SR (RMS value)

Roughness Angle:  RA=2*arcsin(1/RF)

1/28/2008

Strip-line, w=140 um, t=50 um, 
h=350 um, DK=3.4, copper,
all surfaces are rough. 

Zsurface

+100% +40%

Presenter
Presentation Notes
The roughness is a complicated subject and multiple papers have been written recently about it. A possible approach is to measure two parameters of the rough surface – rms value of the peak to valley distance and rms value of the path increase along the rough surface comparing to a straight line (roughness factor) and construct surface with the equivalent triangular profile. The impedance of such surface can be computed with the Trefftz finite elements similar to the original technique of Morgan developed in 40-s, that was later used by Hammerstad and Bekkadal to construct roughness model widely used in microwave engineering. These two graphs illustrate the dependencies of attenuation in a strip-line from the rms roughness at different frequencies. With the roughness factor 2, the attenuation can double at high frequencies, with the roughness factor 1.4 the attenuation can grow just 40%. The effect is just the increase of the surface area that absorbs the energy of electromagnetic wave travelling along the line. Note that this model is causal – it means that not only attenuation is changing, but also the propagation constant and complex characteristic impedance too.
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Effect of surface roughness on a 
PCB micro-strip line parameters

Rough

Flat
Rough

Flat

Lossless

Lossy

Transition to 
skin-effect

7 mil wide and 1.6 mil thick strip, 4 mil substrate, Dk=4 
(lossless), 2-mil thick plane. Strip and plane are copper.
Metal surface RMS roughness 1 um (plane and bottom 
surface of strip), rms roughness factor 2,

25 % loss increase at 1 GHz and 65% at 10 GHz

+65%

Presenter
Presentation Notes
To illustrate the conductor effect I generated few examples with the ideal dielectric. Here parameters of a typical PCB microstrip line with flat conductors and with rough bottom of the strip and plane. The model predicts 65% increase in attenuation at 10 GHz.
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Transition to skin-effect and roughness in a 
package strip-line

Rough

Flat
Transition to 
skin-effect Rough

FlatLossless

Lossy

79 um wide and 5 um thick strip in dielectric with Dk=3.4. 
Distance from strip to the top plane 60 um, to the bottom plane 
138 um. Top plane thickness is 10 um, bottom 15 um. 
RMS roughness is 1 um on bottom surface and almost flat on top 
surface of strip, RMS roughness factor is 2.

Transition is up to 2 GHz, 33% loss increase at 10 GHz

+33%

Presenter
Presentation Notes
Another example for a flip-chip packaging application. Top surface of the strip is flat. The roughness effect is smaller comparing to the previous example and gives only 33% increase of the attenuation. Though the small thickness of the strip shift the transition to skin-effect up to 2 GHz. It means that the models constructed with a static solver and based on the assumption that the skin-effect is well developed at 1 GHz will be not accurate in this case.



1/28/2008 © 2008 Simberian Inc. 15

Effect of RoHS metal surface finish on a 
PCB micro-strip line parameters

NoFinish – 8 mil microstrip on 4.5 mil dielectric 
with Dk=4.2, LT=0.02 at 1 GHz.

ENIG2 - microstrip surface is finished with 6 um 
layer of Nickel and 0.1 um layer of gold on top
Nickel resistivity is 4.5 of copper, mu is 10

~50% loss increase from 0.1 to 10 GHz

No Finish

ENIG2

No Finish

ENIG2

Gold
Nickel
Copper
Strip

No Finish

+50%

Presenter
Presentation Notes
A micro-strip line conductor may contain multiple layers of different conductors as in the electroless nickel immersion gold process (ENIG). Considering the recent increase in gold prices and green technologies you may wonder what is the effect of thinner gold layer on top of nickel. The effect of attenuation increase can be observed over relatively wide frequency band as illustrated here and at 1 GHz the attenuation may grow as much as 50% in addition to changes in the impedance and inductance per unit length.
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Dielectric attenuation and dispersion effects
Dispersion of complex dielectric constant

Polarization changes with frequency
High frequency harmonics propagate faster
Almost constant loss tangent in broad 
frequency range – loss ~ frequency

High-frequency dispersion due to non-
homogeneous dielectrics

TEM mode becomes non-TEM at high 
frequencies
Fields concentrate in dielectric with high Dk or 
lower LT
High-frequency harmonics propagate slower
Interacts with the conductor-related losses

100 1 .103 1 .104 1 .105 1 .106 1 .107 1 .108 1 .109 1 .1010 1 .1011 1 .1012 1 .1013
3.8

4

4.2

4.4

4.6

4.8

Re εlp j( )

f j

100 1 .10 3 1 .10 4 1 .10 5 1 .10 6 1 .10 7 1 .10 8 1 .10 9 1 .10 10 1 .10 11 1 .10 12 1 .10 13
0

0.005

0.01

0.015

0.02

0.025

tan δlp j

f j

Dk vs. Frequency

Loss Tangent vs. Frequency

At higher frequency

Presenter
Presentation Notes
Dielectric effects can formally be separated into two parts. The first one is related to the frequency-dependent polarization or dielectric property itself. Typical dependency of dielectric constant for FR4-type dielectrics is shown here (I explain it later). Dielectric constant decrease with the frequency and loss tangent is zero a DC, grows to some value, slightly grows over a wide frequency band and drops to zero at extremely high frequencies. Such causal wideband Debye model can be constructed from just one frequency measurement. Higher frequency harmonics propagate faster due to the dielectric constant decrease. Another phenomenon related to non-homogeneous dielectric is concentration of electromagnetic field in the dielectric with higher dielectric constant as illustrated here. TEM modes become non-TEM due to the longitudinal components of electromagnetic field. It can cause non-classical growth of attenuation and increase in the p.u.l. inductance. Full-wave analysis is required to simulate this effect. Higher frequency harmonics propagate slower and L p.u.l. increases. Technically the high-frequency dispersion is not separable from the conductor effects.
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Broadband causal dielectric models with 
dispersion are required
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2) One-pole Debye (1PD) model 3) Wideband Debye (WD) model

With one measurement of Dk and LT for PCBs the possibilities are 
1) Flat non causal (FlatNC) model

Presenter
Presentation Notes
To capture the dispersion and loss due to the polarization properties of dielectric, a frequency-dependent causal models of dielectric have to be used. For dielectrics used in PCBs, it is often to have measurement of dielectric constant and loss tangent at just one frequency point. The first choice is to assume them frequency-independent – it produces the flat non-causal model. One-pole Debye is the simplest case of causal model and wideband Debye is the model that is the closest to behavior of PCB-type dielectrics. Note that with multiple frequency measurement points the multi-pole Debye model may be the best choice.



1/28/2008 © 2008 Simberian Inc. 18

Effect of dielectric models on a 
PCB micro-strip line parameters

FlatNC – 7 mil microstrip on 4.0 mil dielectric with 
Dk=4.2, LT=0.02 and without dispersion

1PD – same line with Dk=4.2, LT=0.02 at 1 GHz and 
1-pole Debye dispersion model

WD – same line with Dk=4.2, LT=0.02 at 1 GHz and 
wideband Debye dispersion model

No metal losses to highlight the effect

FlatNC

1PD

FlatNC

1PD

WD

WD

Presenter
Presentation Notes
This slide illustrates how the choice of the dielectric model affect the complex propagation constant and characteristic impedance of a micro-strip line. Attenuation with the wideband Debye and flat non-causal models are almost the same (metal losses are neglected in this example). Though their effective dielectric constants that characterize the imaginary part of the propagation constant are dramatically different. The real part of the characteristic impedance with the wideband model slowly grow with the frequency and imaginary part changing accordingly to maintain causality. Both parts of the impedance with the flat model are not changing with the frequency at all. One-pole Debye model parameters are close to the wideband over just one decade in frequency band around the measurement point.
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Building transmission line models 
with a field solver

Effect  or 
Feature \ Solver

2D Static 
Solvers

2D Quasi-Static 
Solvers

2.5D MoM
Solvers

3D FEM 
Solvers

3D FDTD or FIT 
Solvers

Extracted 
parameters

C, L, Ro, Go
Rs, Gs at 1GHz

L(f), R(f) S(f), Y(f), Z(f) S(f), Y(f), Z(f) S(f), Y(f), Z(f)

P.U.L. RLGC(f) No R(f) and L(f) No No No

Thin dielectric 
layers

Difficult No Yes Difficult Difficult

Transition to 
skin-effect

No Yes No Difficult No

Skin and 
proximity effects

Approximate Yes with 
saturation

SIBC SIBC Difficult

Metal finishing No Difficult No No No

Metal surface 
roughness

No No No Resistivity 
adjustment

No

Dielectric 
dispersion

No No No 1 and 2-pole 
models

1 and 2-pole 
models

3D impedance No No Yes No No

SIBC – Surface Impedance Boundary Conditions, works with well-developed skin-effect

Presenter
Presentation Notes
To finalize the overview of advanced transmission line analysis, here is summary of different field solvers technologies and how they model a particular signal degradation effect. An ideal solver has to have yes for all rows. With a static solver you extract capacitance at DC, resistance and conductance at DC, inductance at infinity and loss matrices at 1GHz assuming well developed skin-effect. The intra-metal current redistribution effects cannot be simulated and no dielectric or high-frequency dispersion either. Magneto-quasi-static solver can be useful to simulate the conductor current redistribution with the frequency effects, but have multiple limitations too.  And even 3D field solvers have limitations. It is difficult to create accurate models with incommensurably thin layers, frequency-dependent effects require computationally expensive algorithms in time-domain to be valid over 5-6 decades. Typically there are no models to simulate conductor finish and very approximate models for roughness. No automatic extraction of RLGC per unit length and 3D modal impedance.
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Presenter
Presentation Notes
Another major obstacle to the high-speed signal on the board are via-holes. We will discuss only differential vias here, because of they essentially have better properties to transmit the signal through the board.
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Differential via-holes
Differential vias are two-via 
transitions through multiple 
parallel planes with possible 
stitching vias nearby
Two modes propagate independently trough a 
symmetrical pair

Differential (+-) – two vias are two conductors: Id=0.5(I1-I2), Vd=V1-V2

Common (++) – two vias one conductor and planes and stitching 
vias are another conductor: Ic=I1+I2, Vc=0.5(V1+V2)

Signal in differential pair always contain differential mode 
(useful) and may contain common mode induced by 
asymmetries in driver/receiver and by discontinuities

Presenter
Presentation Notes
Differential via-holes is a pair of vias with optional stitching via-holes nearby. In case if via-holes are symmetrical, we can separate solution into solution for differential mode and common mode with current and voltages defined as shown here.
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Differential mode in via-holes

Differential mode has two 
identical currents on the 
via barrels
The via-holes can be isolated from the rest of the 
board for the electromagnetic analysis with any 
boundary conditions (PEC, PMC, PML, ABC)

Distance from the vias to the simulation area 
boundaries should be large enough to avoid effect of 
sidewalls
In that case, the differential mode S-parameters are 
practically independent of the boundary conditions

+ -

+ -

BCBC

Presenter
Presentation Notes
The differential mode contains two equal currents flowing in the opposite directions – technically it cancels the fields at relatively short distance from the vias. The problem can be isolated from the rest of the board with any boundary conditions at sufficient distance from the vias. In other words the problem is localizable. 
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Common mode in differential via-holes 
going through multiple parallel planes

Planes are not terminated and the return 
current for common mode is the 
“displacement” current between the planes

The problem is non-localizable – may require 
analysis of the whole board

Planes are terminated with the decoupling 
capacitors and the return current is a 
combination of the “displacement” currents 
through capacitors and planes

The problem is non-localizable - decaps have 
low impedance only in a narrow frequency 
band

Stitching vias are used to connect the 
reference planes for the connected layers 
and the return current is mostly conductive

Problem can be localized (localizable) and 
solved with any boundary conditions 

+ +

+ +

BCBC

+ +

+ +

+ +

+ +

BCBC

BCBC

Presenter
Presentation Notes
It is not so simple with the common mode. In case if via-holes go through multiple planes – the return current is actually the displacement current of plane pairs. Without the planes the common mode causes radiation. The problem require simulation of the whole board with boundaries of the simulation area either at the edges of the boards or even outside. The problem is non-localizable. The same is valid for the problem with additional decoupling capacitors attached to the planes. Each decoupling capacitor provides low impedance in relatively low frequency band and at different frequencies capacitors at different locations on the board may be involved. It means that analysis of complete power distribution nets has to be done to predict the return path impedance for the common mode. Just one case is more or less localizable – case if ALL reference planes of the signal for the connected layers are connected or stitched with short-circuiting via-holes. Note that even in this case there will be some dependency on the simulation area and boundary conditions at high frequencies.
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Any 3D full-wave solver can be used to 
generate a model for localizable via-holes

# Hz S MA R 50
!Touchstone multiport model file <Project1_DifVias_Simulation1.s4p>
!Created with Simbeor 2007.05

!Frequency Hz |S[1,1]| arg(S[1,1]) |S[1,2]| arg(S[1,2]) |S[1,3]| arg(S[1,3]) |S[1,4]| arg(S[1,4])
!                     |S[2,1]| arg(S[2,1]) |S[2,2]| arg(S[2,2]) |S[2,3]| arg(S[2,3]) |S[2,4]| arg(S[2,4])
…
1e+007 0.00019967204037128 80.2602696805706 0.99996135358717 -0.0323490304593697 0.999961353587184 -0.0323490304593693 0.000199673211473872 80.2582768233478
0.000322468838468293 82.6000881350992 0.999950431873029 -0.0533202384129493 0.999950431873026 -0.0533202384194636 0.000322467239270051 82.6017028071304
...
...
2e+010 0.248547099289332 32.5237839600036 0.960378206732979 -58.1318674656129 0.960378206732979 -58.1318674656129 0.248469713303658 32.5058580236588
0.244570464339174 35.2840265413718 0.961777164971986 -55.3104068976763 0.961777164971987 -55.3104068976763 0.244498847955767 35.2671173277359
…

4-port
model

Port 1

Port 3

Electromagnetic solver generates Touchstone s4p file with tabulated scattering 
parameters:

Port 1 Port 2

Port 3
Port 4

Port 2

Port 4

Presenter
Presentation Notes
If the problem is localizable – any 3D full-wave electromagnetic solver can be used to simulate it and produce a 4-port Touchstone model as shown on this slide.
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Multiport parameters extraction with 
de-embedding and reference plane shift

Non-reflective transition 
from the excitation to 
multiconductor t-lines

4-port 
model

Port1

Port2

Port3

Port4

Phase reference plane 
shifted toward 
discontinuity

Distance to attenuate high-order modes 
reflected from discontinuity (near field)

“Pure discontinuity” is the 
result of de-embedding

Presenter
Presentation Notes
But what about the simulation area. How large it should be? The simulation area should be large enough to avoid interaction of the via-holes near field with the simulation area boundaries. It means that the excitation of the problem with wave-ports or lumped ports has to be done at some distance from the via-holes. Such excitation must launch transmission line modes (differential and common as in this case) or be non-reflective. If the wave-ports are non-reflective we can shift the phase reference planes of S-parameters closer to the vias – at the edges of the anti-pads for instance. Elimination of the reflection from the simulation excitation area and shift of reference planes called de-embedding.
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Effect of de-embedding on multiport 
parameters

S1D1D

S1D2D

S1D1D

S1D2D

De-embedded

Not de-embedded
De-embedded

Not de-embedded

Non-reflective excitation ports 
(lumped or wave-ports) 
increase the model quality

Shift of reference planes makes model 
electrically smaller and reusable

Presenter
Presentation Notes
The de-embedding increases the model quality, makes model electrically smaller, that is important if a reduced order model has to be constructed on the base of the “raw” S-parameters model, and finally it makes model independent of the transmission line segments attached to the via-holes during the extraction procedure – it makes the model easy to reuse. Note that the shift of the reference planes keeps the near field of the via-holes intact and when connected to other discontinuities the traces with sufficient length have to be added to avoid the distortion of the fields. If two discontinuities are close to each other (one discontinuity is in the near field of the other) they have to be simulated together.
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Estimation of the de-embedding quality
Analysis of a transmission line segment can reveal de-embedding 
defects
Analysis of 25, 50 and 100-Ohm benchmark strip line segments can 
be used for this purpose

Benchmarks from J.C. Rautio, IEEE on MTT, v.42, N11, 1994, p. 2046-2050.

S-parameters normalized to 25, 50 and 100 Ohm, segment length is  90 deg. at 15 GHz

No losses, no dispersion – |S21| must be unit |S11| must be zero

|S11| - defines 
dynamic range

Phase(S12) – deviation from 
90 is the de-embedding 
error

Exact value

Presenter
Presentation Notes
The de-embedding quality of your tool can be investigated with the analysis of a segments of transmission lines with exactly known impedances. Such benchmark examples were suggested by Rautio for instance. Three 90-degree segments of strip-lines with exactly 25, 50 and 100 Ohm impedances are simulated here. S-parameters normalized to 25, 50 and 100 Ohm have to have zero reflection, unit transmission and the phases of S21 have to be 90 degrees. The actual reflection defines the dynamic range of your tool (it is usually dependent on some meshing or accuracy parameters) and deviation from 90 will show the phase error of the simulator.



Design of impedance-controlled 
differential via-holes
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Effective impedance of via can be defined as the 
normalization impedance with minimal reflection 
|SD1D1| and maximal transition |SD1D2|
Optimal via-holes have effective impedance 100 Ohm

Original not optimal 
via-holes with pads 
in plane layers and 
small anti-pads 
(impedance 60 Ohm)

|S1D1D|

Optimal 100-Ohm 
via-holes without 
pads in plane layers 
and enlarged anti-
pads

Acceptable reflection 
below -25 dB

Large reflection loss

Presenter
Presentation Notes
Let’s assume that we have got through the model building process and extracted de-embedded S-parameters of the via-holes. The question is how to judge the quality of the transition. To do it an effective impedance can be defined as the impedance that provides minimal reflection and maximal transition for the differential mode over a given frequency band. According to this definition, via-holes with the effective impedance 100 Ohm is optimal for a channel with the differential impedance 100 Ohm. Here is an example of an optimal 100-Ohm via for a 6-plane board. Not-optimal via may have substantial reflection loss in a 100-Ohm channel.
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Not optimal via-holes can significantly 
degrade the signal at system-level

6-plane PCB

10-mil vias are 24 mil apart with 24 mil 
anti-pads and 16 mil pads in all layers, 
traces are 6 mil wide 10 mil apart

Pads in plane layers increase the 
capacitance and decrease the effective 
impedance of vias to 60 Ohm

Presenter
Presentation Notes
Even a single not-optimal via may cause substantial reflection and signal degradation for a 10 Gbps signal for instance as illustrated on this slide.
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Even the optimal via-holes are not ideal 
transitions and require models

6-plane PCB

8-mil vias are 24 mil apart with 32 mil 
anti-pads and 20 mil pads only in signal 
layers, traces are 6 mil wide 10 mil 
apart

The effective impedance of vias is close 
to 100 Ohm over a wide frequency band

Presenter
Presentation Notes
On the other hand, the optimal via is not ideal – such complicated geometrical structure can not behave a segment of 100-Ohm transmission line.  Thus an S-parameter models have to be constructed even for the optimal vias to estimate its effect at the system level. 



Conclusion: Transmission line models
Build broadband models for data channels with data 
rates 10 Gbps and higher
Use 3D full-wave solvers to extract RLGC(f) matrix 
parameters per unit length for W-element
Use broadband and causal dielectric models
Have conductor models valid over 5-6 frequency 
decades in general

Account for transition to skin-effect, shape and proximity 
effects at medium frequencies
Account for skin, dispersion  and edge effects at high 
frequencies
Account for conductor surface finish and roughness
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Presenter
Presentation Notes
Read the slide.



Conclusion: Via-hole models
Distinguish localizable and non-localizable cases

Dependence of S-parameters from the boundary conditions 
usually shows that the problem is non-localizable

Only localizable cases can be analyzed with a 3D full-
wave solver

Differential mode propagation even without stitching vias
Common mode propagation only with stitching vias nearby

Complete board analysis is required to build accurate 
models for non-localizable cases

Hybrid distributed analysis with transmission plane solvers may 
be the best choice for such problems considering performance 
and accuracy
Localized 3D full-wave differential via analysis can be embedded 
into the system-level hybrid solution to increase accuracy
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Read the slide.
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