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Goals of the Project
0 High Confidence Design Method for 10 Gb/sec

= Material extraction DK and LT versus frequency

= Build 3D electromagnet models and confirm with measured data,
compare with very simple schematic models

O Build pristine measurement de-embedding capability

O Models versus measurements

= 1% correspondence performance up to 20GHz
= No “cheating” with manipulation of final data
|
|

Models must be easy to develop

Allow for weave and material variability, make study realistic and
represent practical design
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Challenges

O Design of interconnects on PCBs for 6-10 Gb/s data rates requires
electromagnetic modeling from DC to at least 20 GHz

0 Manufacturers of low-cost FR-4 PCBs typically provide values for
DK and LT either at one frequency or without specifying frequency
value at all

m The properties of the composite dielectrics is frequency-dependent and
needs to be modeled accordingly

O Build software with suitable dielectric and conductor loss models
Build suitable measurements de-embedding methodology

o Design a PCB test vehicle with 30 test structures to validate the
extraction methodology and to verify possibilities to predict
Interconnect parameters with electromagnetic analysis on low-cost
FR-4 boards

O
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Dielectric Identification Technigques

O Measurements
= S-parameters measured with VNA (de-embedded or not)
= [TDR/TDT measurements
= Combination of both

O Correlated with a numerical model

= Analytical or closed-form
= Static or quasi-static field solvers

m 3D full-wave solvers

O For test structures
= Transmission line segments

= Patch or parallel-plate resonators
= Resonators coupled or connected to a transmission line

© 2008 Teraspeed Consulting Group LLC 7 TERASPEED
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PLRD-1 Physical Layer Test Vehicle

o 30 test structures — all equipped with SMA connectors with optimized launch

Differential via-holes Coupled via-holes

Differential line
AN

Meander
Beatty resonators Strip lines and
via-holes
Low-pass filter
Single via Bends in
differential lines
Stub resonators Matched
T-line

Channel with 6

single vias ARl
9 & mm "~ segments

* o (RS Tt A o ey e B 8 S P e S ST U T S B e L e e
T-line segment Short Open
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Step 1: Materials and Stackup

E‘Efl- Materials

- JE "Copper", RR=1, SR=0.5

E "FR4", Dk=4.z, LT=0.02, PLM=wWD

are", Dk=4.7, LT=0.02, PLM="%D

acuun”

olderMask”, Dk=3.3, LT=0.02, PLM=WD

E ¢ LU=[mil], ML=4, T=62.2[mil], SML={"SalderMask", 1.75[mil])
mmm 1| Signal; "signall”, T=1.35, Ins="vYacuum"

I 2| medium: T=8.9, Ins="FR4"

g 3| Plane: "Planel”, Mat="Copper", T=1.35, Ins="FR.4"

. 4| Mediurm: T=39, Ins="Core"

- 5| Plane: "Planez", Mat="Copper", T=1.35, Ins="FFR.4"

- ¢l Medium: T=8.9, Ins="FR4" ,
- 7| Signal: "signalz”, T=1.35, Ins="vYacuum" ‘ﬁkﬁ- ianalz

lanes

07 Mov 2008, 14:06:01, Simberian Inc.

o Start with properties provided by board vendor:

m  Copper bulk resistivity 1.724e-8 Ohm meters, roughness 0.5 um (roughness
factor 2 is guessed)

m  Solder mask: DK=3.3, LT=0.02
m FR-4 core dielectric: DK=4.7, LT=0.02

m FR-4 dielectric between signal and plane layers: DK=4.2, LT=0.02 — will
be adjusted on the base of measurements and simulations

m Measurement frequency for all dielectrics is guessed to be 1 GHz
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Step 2: Selecting Dielectric Dispersion
Model

o Simplest Model: Constant DK and LT versus frequency
= Simple, easy to measure, included in all microwave software
m Model is non-causal and does not corresponds to the observed
behavior — although very popular model, non-causal, BAD!

O Multi-pole Lorentzian (used in some researches)
= No evidence of complex poles for composite dielectrics — not acceptable

o Multi-pole Debye
m Perfectly suitable with 4-5 poles over the investigated frequency band

= Complicated fitting: At least 4-5 coefficients have to be identified by

comparison — not good
0 Wide-band Debye (Djordjevic-Sarkar)
= Close to observed behavior of composite dielectrics (supported by
multiple publications)
= Requires only two coefficients to fit - we like it!
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Step 4. Review Electromagnetic Analysis
Requirements and Select Software

o 3D full-wave analysis of t-lines and discontinuities

o Causal dispersive dielectric model —multi-pole or
wideband Debye

O Broadband conductor loss and dispersion models
valid and causal over 4-5 frequency decades (skin,
edge, and proximity effects, conductor plating)

Conductor surface roughness
High-frequency dispersion effect
Extract de-embedded S-parameters for discontinuities

Extract frequency-dependent RLGC per unit length
parameters for transmission lines

O O O ad
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Step 4 - Deal with Surface Roughness

O No roughness model: observed LT may be overestimated — not acceptable

o Conductivity adjustment (Grios): overestimates conductor losses — not
acceptable

o Hammerstad-Bekkadal or Morgan’s models: do not account variation of
roughness on opposite surfaces of strip — not acceptable

O Local conductor surface impedance adjustment during electromagnetic
extraction: versatile and accurate - we use it!

—#— 10 GHz, Mode[1]
—=— 20 GHz, Mode[1]

Two parameters SR and RF have to ——— 30 GHz, Mode[1]

_ —8— 40 GHz, Mode[1]

be measured on microphotograph for  auenuation, [dem] ED-;E

instance 207 )/za———— ' i 4
Zsurface oL 1

40
vy _

L_rough W :, SR (RMS) | / /k““ﬁ_

L_straight e > %y -~ 24.67

— 1 t

101 %‘

H 05 1 15 2 25 3 35 4
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Step 5: Making Measurements — Developing
the Approach

1. Delta Match Calibration (applies to Agilent N5230A 4
port)

2. Create TRL/LRM cal kit using defined cal set

3. Confirm de-embedding using THRU

4.  Measure S-parameters of LINES 1,2,3, THRU, OPEN,
LOAD, and all test structures

5. Restore passivity, reciprocity and symmetry and filter
the measured S-parameters to increase accuracy of the
multiport model conformance
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TRL/LRM Design Approach

1. Decide on a maximum frequency — we typically like to
make max frequency higher than the VNA

2. LRM (Load-Reflect-Match) makes low frequency de-
embedding easier, you don’t need long lines, just
matched load line.

3. Measure Low Band matched 50ohm load S11, it needs
to have good return loss past frequency of longest line
(typically100 to 200MHz) in your cal kit (surface mount
resistors also work).

4. Determine frequency span of either 6 or 8

Use the Molex spreadsheet for TRL calculation of
lengths (be careful, this chart uses effective Dk, don't
use 4.2 with FR4 for Microstrip!)

Simberian
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Molex

TRL/LRM Spreadsheet

TRL Calibration Calculator for Microstrip

Reference
Length(in | Frequency
Inputs: Effective Dk Reference Length(mm) ) Ratio Low Phase High Phase
3.2 44.45 1.75 30° 130°
Start

Frequen Time Delay Line Length Line Length
Outputs cy (Ghz) Stop Freguency (Ghz) (ps) (mm) (in)
Short/Open 0 44.45 1.75
Load 0 183.31 0 44.45 1.75
Line3 183.31 916.55 454.61 165.0873 6.4995
Line2 917.92 4589.6 90.79 104.1146 4.099
Line1 45385.76 22928.8 18.17 91.94546 3.6199
Thru 0 88.9 3.5
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Caveat on Lengths for TRL/LRM Cal Kit

Carefully determine all lengths in pre-layout verification

using a Gerber or Allegro viewer
Make sure all lengths are measured consistently

1.

2.

Start at

boundary of

VIA pad for
all cases

TERASPEED
CONSULTING
GROUP




Tuned SMA launch used in BLUE

Insertion Loss - Mdex versus Teraspeed Launch, red is Molex Retum Loss Conrparisons
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Used TDR to Insure SMA Connector

Repeatability
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Caveat — Relieve TRL reference plane

2. Relieve reference planes by 100-250mils

D, Y2 Line,
FO? Jinches
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Line Length Frequencies Stripline, 30 and

50 Degrees — From Molex Spreadslieet

Line Frequency Ranges

Line 1
Line 2
Line 3

------- High Phase

-------- Low Phase

0 10000 20000 30000
Frequency (MHz)
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Line 1,2, and 3 Unwrapped Phase — from
ADS2008 Initial Model

Line 1 and Line 2 Phase Delay vs. Frequency

330
300
INE 2

2404

2104

180 m
nwr@ (p ase 8(2 1)unwrap(phase(S(6,5)))=149.212 frpfq: 34 11GHz

1 unwrap(phasrggstlﬂ)} ap(phase(S4 3)))=148 137
150+ \

120
m3

1 freq=1. BOGHz
90| unwraptphase(S(2,
60 \

m1

1 freqer .00 sz

30| m unwr (2,1)))-unwrap{phase(S(4,3))=30.401
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‘$ Simberian

Nunwrap(phase(S(6,5)))=30.728
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Verification of LINE delays in ADS2008

Group Delay Stripline

E-101]
E-10]

E-10]
E-10]

Group_Delay_Line2
Group_Delay_Line1

p)
)
i
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)
)
.
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E-104 Start top

E-111

Simberian

Electromagnetic Solutions

14 16 18 20 22 24 26 28 30 32 3

freq, GHz

Short/Cpen

Frequ
ency
(Mhz)

Frequ
ency

Time Delay
(ps)

Load

160

Line 1

160

960

Line 2

960

5760{

Line 3

5760

34560\

Thru

TERASPEED
CONSULTING
GROUP



TRL/LRM Measurement of THRU

THRU should have

Insertion Loss THRU 0dB of magnitude
0.005
loss, 0dB of phase,
0000 — Opsec of Group Delay
—~—~ -0.005 —
<&
o . _
ah 0.010
m o
©TT 0015 —
-0.020 —
-0.025 I I I I I I I I I | I I I I | I I I I
0 5 10 15 20
freq, GHz
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Very Low Reciprocity MAGNITUDE Error,
less than 0.005dB

Reciprocity Error THRU $21=512, Delta in dB
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o |
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0002
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Reciprocity PHASE Error and Reciprocity
for THRU Insertion, less than 0.4degrees

Insertion Loss Phase Insertion Loss Phase Reciprocity Error, Delta in Degrees

o
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Group Delay and Box Car Average of THRU

Group Delay THRU in psec
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Return Loss THRU

Return Loss THRU
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Step 5: Improving TRL De-Embedded Data

Given a simple structure such as Beatty standard:
left half i right half

Port 1 m Port 2

*Structure has 1st order geometric symmetry if (left half)=(right half), or
reflection coefficients are equal: S$11=S22

«Structure is reciprocal if no anisotropic materials used or $21=S12

«Structure is passive if no energy generated of eigenvals(S)<=1.0

-
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Pain-Free Dielectric Properties Extraction

o0 Measure and de-embed S-parameters of two classes of
structures:
= Line segments - low reflective structure, very low S11
= Resonator Class - high reflective structure, periodic S21, S11

O Create full-wave model of the structure with wideband
Debye dielectric model

0 Fit model at one frequency (1 GHz for instance):

= Sweep DK @ 1 GHz and find value with the best
correspondence of resonances, transmission coefficient phase
and group delay

= Sweep LT @ 1 GHz and find value with the best
correspondence in transmission coefficient magnitude
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Dielectric Identification: Start with Simple T-
line Segment

o 17-mil wide and 3-inch long micro-strip line, TRL de-embedding of the fixture

o Wideband Debye model: DK adjusted to 4.15 @ 1 GHz to have 1% error in
phase and LT is adjusted to 0.018 @ 1 GHz to have 1% deviation in
magnitude of S[2,1]

Transmission coefficients magnitude and phase

—#—— SetB.kl_line3_s2p Sirmulationd, 5{1.2] Measu I’Ed — sta I’S, SetB bl_lne3_s2p Sirulationd, 5[1.2] —# —
—%—— SetB.kl_line3_s2p. Simulation, 5[2.1] . _ SetB kl_lned_s2p. Simulationd, 5[2,1] — % —
& Setf Line3 Simulation], 5[2,1] simulated - circles Seff Line3. Simulation], 5[21] — & —
kagnitude(S], [dB] Angle(3]. [deq)
R
T -100
24
a4t T -200
41 ;
&| +-300
25 5 75 m 125 15 175 20 25 5
13 Sep 2008, 16:44: 26, Simberian [he. Frequency, [GHz] 13 Sep 2008, 16:44:57 . Simberian [ne. Frequency, [GHz]
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TRL Post Processing Improvment

0 Reflection coefficients magnitude of 3-inch micro-strip line

After passivity, symmetry and reciprocity
is enforced and data are filtered with
16t order filter

Original measured data - noise
and non-symmetry of extracted
S-parameters

—— Setf bl lne? s2p. Simulationd, 5[1.1] Measured - sta rs, —#—— SetB.tl_line3_s2p Simulationd, 5[1.1]
———— SetB hl_ine3_s2p. Simulation1, 5[2.2] : , —— Setl bl lined_s2p Simulation] , 5[2.,2]
——&— SetB Line3 Simulationt, S[1.1] simulated - circles ——&— 5B Line3 Simulation, 5[1,1]
kd agnitude(S]. [dEB] kagnitude[S], [dB]
_2|:| 1 1 I I 1 I | -25 1 | | | |
0T 3751
401 50
a0 I:> 6251
/ a
0 : : 751
= - " )
Eﬁe:e‘_nces in 5[1,1] and . Good correspondence in
701 87T .
SLz,2] i level of the magnitude!
25 . 75 10 128 15 175 : : : : : : : =
2 25 5 75 0 125 15 175 20
13 Sep 2008, 1B:47:22. Simberian Inc. Frequency. [GHz] 17 Sep 2008, 15:45:20, Simberian Inc. Frequency, [GHz]
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Dispersion Model Confirmation:
Insertion Loss and Phase Delay

o Magnitude and angle of the transmission coefficient S[2,1]

of 3-inch micro-strip line

Measured

Substrate DK=4.15, LT=0.018 @ 1

—#—— SetB bl_lned_s2p Simulationt, 5[21] — %= —

Magnitude[3], [dE]

—=—— SetB.Line3 Simulation?, 5[21] —& —
—— FlatMC. Line3d. Simulationd, 5[2,.1] — * —

——+— SefBhlined sZpSimulation. 5121 —* — GHz; solder mask DK=3.3, LT=0.02

@ 1 GHz; roughness 0.5 um, RF=2

Angle(5], [deq]
L& 8 BOE & A N jro Wideband Debye
| a3 ik t- S S | — model is on top of
::| Ik "-i;-'i } ::1 110 measured data
T hw Y | Il 15 0. B
N Pl R IS SITE TRNE
Ll (N T ST ST t 150 Flat non-causal
AL BRI T TR Yt WA i |
:l 3 0% o Byl &% 1] S ] model
ﬂ E S T~ TR AT A I
af = % % ey W 3 _
B =| IR TR i % T tsn 64 deg. error in
YR R VL Y A ' 1 hase with the flat
| LS SR 1E T VI e 1 P
B LY ;: I:I all | T, 11 non-causal model
3 5 3 i i
a r b of dielectric!
125 25 375 5§ 625 75 8/ 10

1625 175 18.75
Frequency, [GHz]

11.25 125 1375 15
11 Sep 2008, 11:43:14. Simberian [nc.
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Dispersion Model Confirmation:
Group Delay

O Group delay in 3-inch micro-strip line

Substrate DK=4.15, LT=0.018 @ 1
Measured {—*— SetB bl _line3_s2p Simulationd, 5{1.2] GHZ; Solder maSk DK:3.3’ LT:0.02

—#— SetB bl_line3_:2p. Simulation, S5[Z.1]

—%— SelB Line3.Simulationt, 5[1.2] @ 1 GHZ, roughness 05 um’ RF=2

—— FlatMC. Line3. Simulation, 51.2]
Group Delay, [pz]

480 1%
e 3D full-wave model| with flat Errorjis 10 pg or B85 mil in
non-causal dielectric model trace[length with|flat non-
\ causal dielectric mmodel!
470 {3 - \ /
T 3D full-wave model with \ - L= Measured and
) ) ) y
el W|d:(Iab|a nd Debye dielectric mi.—x“““f «? / de-embedded
mode 2 .
L L e / data (filtered)
| %MM”W‘
485+
s T S A S NN N N N SR S N S S S S S N
1.25 25 375 ] B.25 75 BT 10 1125 125 137 15 1825 175 1875 20
11 Sep 2008, 10:16:43, Simberian Inc. Frequency, [GHz]
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Dielectric Identification with
S-parameters of Resonator (Beatty 25 Ohm)

Reference

w=17 mil . _ ;
. w=46 mil w=17 mil
L=250 mil . = '

Reference

250-mil

Port 1 —
segment

Step | 1-inch Step

discontinuity segment ] discontinuity

| 250-mil

segment

—  Port 2

O 1-inch segment of micro-strip line with lower impedance connected
with two segments of 50-Ohm micro-strip line

Simberian
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Dielectric Identification with Beatty 25-Ohm
Resonator (TRL)

0  Wideband Debye model: DK adjusted to 3.9 @ 1 GHz to have 1% error in phase of
transmission coefficient and in position of the resonances in reflection

Reflection coefficients magnitude Transmission coefficients phase
—#— Measz trl_25ohm_beatty_s2p Simulation1, 5[1.1] Measu red — stars bMeaz trl_25ohm_beatty_s2p Simulation, 5[1.2] — % —
—4— Meas.iil_25ohm_beatty_s2p. Simulation, 5[2.2] . . f bMeasz bl_25chm_beatty =2p Simulationd, S[2,1] — 4 —
—=— SetB Beatty?5. Simulstion, 5[1,1] simulated - circles SelB.Beatty25 Simulation, 5[21] — & —
M agnitude[51, [dE] Angle(S), [deq)
1074
2013 g% 1100
BT 3
% 200
407
T-300
01 l

25 5 75 10 125 15 175 25 5 75 1 125 15 175 20

14 Sep 2008, 09:55:24, Simberian [nc. Frequency, [GHz] 14 Sep 2008, 05:54:04. Simberian Inc. Frequency. [GHz]
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Dielectric Identification with Beatty 25-Ohm
Resonator (TRL)

0o  Wideband Debye model: LT adjusted to 0.018 @ 1 GHz to minimize the difference in
measured and calculated transmission coefficient

Transmission coefficients magnitude Reflection coefficients phase
——4—— Meas.til_2Fokm_beatty_:2p. Simulationd , S[1,2] Measured - stars ’ Meas.bl_2Bokm_beatty_s2p Simulationd, 5[1.1] —+ —
—#—— Meas.tl_25ohm_beatty_s2p. Simulation?, S[2.1] : A beas bl_250hm_beatty_s2p. Simulation], 5[2.2] — %= —
—&—— SetB. Beaty?5 Simulation, 5[2,1] simulated - circles SetB Beattp2h Simulation?, 5[1.1] —&- —
M agnitude(S ], [dB] Angle(S). [deg]
0T% 1-100
Good correspondence!
1-200
a1+
1-300
2] 1 -400
1 -500
21
1 -600
! . ! ! ! ! s ! % & 1700
25 5 75 10 125 15 175 20 : : : ; : : : :
02 Oct 2008, 10:13:47. Simberian Inc. Frequency, [GHz] 28 a 7.8 10 125 15 17.5 20
14 Sep 2008, 09:55:44, Simberian [nc. Frequency, [GHz]
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S-parameters Quality Improvement

0 Group delay of Beatty 25-Ohm resonator

Measured - stars, simulated - circles Good correspondence!
—F—— Meaz.il_25chrm_beatty_z2p Simulationd, 5[1.2] —F—— Meaz.il_25chrm_beatty_z2p Simulationd . 5[1.2]
—#—— Meaz.tl_25chm_beatty_sZp. Simulation, S[2.1] ——— Meaz.trl_25chm_beatty_zZp. Simulation, S[2.1]
—%—— SetB Beaty25 Sirmulation, 5[2,1] —%—— SetB Beaty25 Sirmulation, 5[2,1]
Group Delay, [ps=] Group Delay, [ps]
¥ ] .
Original measured data Filtered with F#R 0f‘ 16t order
ROOT 2E2 5 TH ;
L i "'“ "l 1:51.\ .l 1
275+ 200 + & l‘l'ill'I I A & f. 4
. : 3 is
L ? iiJ 1:? Ei?
e L 23757 P ‘- ',i. k¥ 3
d e L F 3 .
1251 220t i b i' B
YRTA'R'E
ot 21251 0 "! .‘ Ed i
1251 2007 ' | | |
' % ' ' ' ' ' ' ' ' ' P ' ' ' ! '
25 5 7h 10 125 15 175 20 25 A 75 10 125 15 17.5 20
14 Sep 2008, 10:00:21. Simbenarn Inc. Frequency, [GHz] 14 Sep 2008, 09:593:49, Simbenan Inc. Frequency, [GHz]
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Dielectric Loss and Dispersion Model
Extracted with the Beatty 25-Ohm Resonator

0 DK=3.9and LT=0.018 @ 1 GHz — this is all we need to restore

frequency-dependent loss and dispersion!

Dielectric constant (DK)

4.6
~10% variation over
. the frequency| band
4.2
3.9@ 1 GHz
4 /
38 /
4.2 @ 1 MHz 7
3.6
34 /
3.77 @ 20 GHz
32
3
1.0E+02 1.0E+04 1.0E+06 1.0E+08 1.0E+10 1.0E+12
Frequency, Hz
4/5/2010

Simberiarm

Electromaghe

tic Solutions

Loss tangent (LT)

0.02

= TN\

0.014 /r / \

0.alz / / - \

001 / 0.018@ 1 GHz

0.008 k‘

SR \

0.002 / \
Ny

1.0E+02

1.0E+04

© 2008 Teraspeed Consulting Group LLC
© 2008 Simberian Inc.

1.0E+06

1.0E+08

1.0E+10

10E+12

Frequency, Hz
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Dispersion Model Confirmation

Stars — measured, circles — simulated with wideband Debye model for substrate and solder
mask with DK=3.9, LT=0.02 and DK=3.3 and LT=0.02 @ 1 GHz, crosses — simulated with flat
non-causal models with the same DK and LT not changing with frequency.

It is 1-inch resonator! The difference will be up to 1 GHz in 3-inch structures.
(see E.L. Holzman, IEEE Trans. on MTT, v. 54, N7, p. 3127)

—#— Meaztl_Z5ohm_beatty_sZp Simulation. 5[1.1] Meas.brl_Z5ohr_beatty_s2p Simulation, 5[1.2] — % —
—#— Meaztl 25ohm_beatty_s2p. Simulationt, 5[2.2] Meaz.til_25ohm_beatty_:2p Simulation, S[21] — % —
—— SEtE.Eeatt_l,lIZE.Simulatil:_ln'l, s[1.] SetB Beatty2b Sinulation, 5[21] — & —
_ —— FlatMC. Beatty25.SimulationT, 5[1,1] FlatMC B eatty25 Simulationd, 5[2,1] — = —
b agnitude[5). [dE] Angle(s], [deg]
af— 8
: ¢ 4 i} ] o
014 This re
lower by 35
1-300
4071 : .
4 This resonance is OK
25 5 75 W0 125 15 175 25 & 75 10 125 15 178 20
17 Sep 2008, 13:3%:59, Simberian Inc. Frequency, [GHz] 17 Sep 2008, 13:33:34. Simberian nc. Frequency, [GHz]
. T Phase is larger by 40
The effect is stronger for strip-lines (no dearees g y
compensation with high-frequency dispersion)! 9 n
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Results of Dielectric Identification with
T-Line Segments and Beatty Standards

o Wideband Debye model confirmed to be best dispersion model

O Established 2 corner values of Dk and LT using Lines
= DKranges from 3.9 to 4.25 (about 8%)
m LT ranges from 0.018 to 0.02 (about 10%)
O Extraction with S-parameters of 4 resonators (2 Beatty and 2 stub)

= Extracted DK ranges from 3.9 to 4.0 (about 2.5%)
m Extracted LT ranges from 0.018 to 0.02 (about 10%)

O Possible sources of variations in identified parameters

m Fiber and resin mixture is different below each structure — TDR shows
different impedances and variation of impedance along the lines

m Differences in investigated samples and de-embedding fixtures

m Differences in physical dimensions of the actual and investigated
structures

0 2R
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Open End: Comparison with TRL De-
Embedded Measurements

o Line width 17 mil, FR4 Wideband Debye, Dk=4.0, LT=0.02 at 1 GHz
o  Solder mask: Wideband Debye, Dk=3.3, LT=0.02 at 1 GHz
o RMS roughness 0.5 um, roughness factor 2

Good correspondence!

—#—— SetB kl_chl_opena_chZ_openb_s2p.Simulation], 5[1.1] — % —
—=— Seth withLine. Simulationd, 5[1.1] — = —

M agnitude(5]. [dB] Angle(S). [deq]
-J% §1 1% ||, — Radiation loss!
0251 - Pofode
0
051
15

0787
rasured — s 110
simulated - ¢
J+ L Sy ng' -
‘ 145 16 Sep 2008, 14:43:33, Simberian |n.
25 5 75 10 125 15 17.5 20

16 Sep 2008, 14:33:54, Simberian [nc. Frequency, [GHz]
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Offset Stubs: Comparison with TRL De-
Embedded Measurements

0 Magnitudes of S-parameters

—*— Meaztr|_offset_resonator_s2p Simulationd . 5[1.1]
—*— Meas.til_offset_rezonator_z2p Simulationd, 5[1,2]
—#—— Meas.bil_offset_resonator_s2p. Simulation, 5[2,1] Measured (Sta rS) RP1
—#—— Measbr_offzet_resonator_s2p. Simulation, 5[2,2] 342 mil

—2— Set5. TwolffzetStubs Simulation, S[1.1] . .
—&— SetS. TwolffsetStubs Simulation?, 5[1.2] Simulated (circles)

750 mil RP2

M agritudelS], [dB]

DK=4.0, LT=0.02 @ 1 GHz

RS .
104 ftransmission
a0t ) reflection
a4+
Double resonances is the effect

407 ] i of high-order modes between
‘i | ,/ two tees (can be captured only

-ED"I % I with the full-wave analysis)

G0 T T I > ]

S = = 5  Good correspondence!

i

A4 e T

14 Sep 2008, 12:33:14. Simberian [nc. Frequency, [GHz]
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Meandering Line: Comparison with TRL De-
Embedded Measurements

0 Magnitudes of S-parameters

—#—— Meas.tl_meander_s2p. Simulation?, 5[1.1] 10 mil
—#—— Meas.tl_meander_s2p Simulationd, 5[1.2] i
——#—— Meas.tl_meander_s2p.Simulation, 5[2.1] Measured (stars) Y[
——#—— Measz.tl_meander_z2p Simulation?, 5[2,2] 300
—=— Project? MeandefafithLines. Sirmulation, 5[1.1] . .
— & Pioject? MeandenwithLines Simulation1 51 2] 1 SimMulated (circles)
Magmtude[S] [dE]

AR I e I Tl e iy e T 200
1o} transmission 180 mil
.i 100
207
1. ti_._i:": %
-0 a Tnput?: port
';r Works as a| band-stop filter % il
-4']' n!ﬂl ‘- i
R i . 5 350
T & ¥ reflection 14 Sep 2008, 15:15:35, Smberiar Inc.
50 3
g 17-mil micro-strip, 390 mil of
07 | | | | | | | straight line on both sides,
25 5 75 10 125 15 17.5 DK=4.0, LT=0.02 @ 1 GHz
14 Sep 2008, 15:40:05, Simberian Inc. Frequency, [GHz] !
Acceptable correspondence!
Simberian 4/5/2010 © 2008 Teraspeed Consuiting Group LLC 43 %
Electromagnetic Solutions © 2008 Simberian Inc. CONSULTING

GROUP




Multiple Via-Hole Transitions Through Board

O 6 through via-holes with 4 stitching vias, separated by 1 inch segments of
17 mil micro-strip line, de-embedded to reference planes RP1 and RP2

w=17 mil w=17 mil

: w=17 mil
L=250 mil L=1in L=250 mil
1 M 2
RP2

Single via geometry:

Top and bottom substrate: DK=4.0,

L T=0.02 @ 1 GHz

Core: DK=4.7, LT=0.02 @ 1 GHz
Diameters of all vias are 12 mil

Pad diameter for all via is 22 mil
Antipad diameter is 40 mil

Distance between signal and stitching via
is 40 mil

e o 10al 1

13 Aug 2008, 030355, Simberian Inn:
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Multi-Via Transition: Comparison with TRL
De-Embedded Measurements

O Transmission coefficients magnitude and phase

w=17 mil w=17 mil w=17 mil
L=250 mil L=1in L=250 mil

1 M 2
RP1 RP2

—*—— Meas.tl_multi_transitior_microstip_s2p. Simulation] . S[1,2] Measured - sta rs, mEEIS.:r:_mu::i_iransi:iun_micms:ri|:|_sgp_gimu:a:iunl . 3[12,12] — : -
——#—— Meas bl_mult_transition_microstip_s2p.Simulation . 5[2.1] eaz.trl_multi_transition_microstip_sap. SimulationT ., 5[2.1]

——&— Project] MultTransition Simulation], S[2.1] simulated - circles Project] MulkiT ransition. Simulation, 5[2,1] —@—; 51, [dea]
ngle=]. [deqg

kM agnitude(S], [dE]
1-100
a1
251 1-200
'1 D T I ¥ iy
300
1251 .. %
| | | } | | | ki | ; i y ’ ’ y ’
25 5 7.5 10 12.5 15 175 20 25 5 @& 10 - 20
15 Sep 2008, 08:07:57. Simberian In. Frequency, [GHz] 15 5ep 2008, 08:08:18, Simberian ne. Frequency, [GHz]

Acceptable correspondence! n
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Differential Micro-Strip Line Segment (TDR)

. . . [ =15 |
1—_|nch long _coupled m|cro—str|p line RP1 <22 mil .
with 250-mil segment of 17-mil L inan
micro-strip lines w=17 mil - w=17 mi
B L=250 mil L=250 mil
LEW[S| 4 aB(«]§ > F=Z{Eqg 8 = 8| |anEE]s 26|
rrrrr |
™ f T RP2 RP4
i [Startof caupled hrea | | —
: ‘Endulwupledarca |
’ R WW«WWW From 93 to 95 Ohm instead
—+ of expected 100!

Possible effect of plating, wider
traces and conformal solder

J.l
|
i

-

\\L / mask layer
Teklrun/ix o
| | o
2 e ate BLre o2 Zline cd
[T [siza o
” e
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Effect of Strip Width on Differential
Impedance

o Metallization is 3 mil thick (instead of expected 1.35 mil), strips are wider

——+— Diff M5L Elements DiMSL1 0025 imulation] . Model2], Pattem[+] — % — The variations 1.5 mil are
—=—— Diff M5L Elements. Dift5L100b.S imulation’, Mode[2], Pattem[+] — & — L .
———— Diff MSL Eloments DifMSL100c Simuation . Madel2], Pattemfs] — % — within the manufacturing
b agritude(Zmm], [Ohm] EpsEffective, [] |
_ _ 1, tolerance!
c w=14.5 mil, s=23 mil
E |
O 1001 \ w=15-mil; s=22 mil—
- 1375
)] E\&Qﬁe@_& #
[
c = 2]
©
g5 {
kS 135
o RV
-
-
— ED 1
(1] ap 4
S mil 3%
c g
Q . ;
O o identical ﬁ*ﬁ
= effective DKs ﬁmﬁ 13 :
O Fa . . .
: — — — — #Ew We will use w=15 mllr s=22 mil
0.001 0.01 0.1 1 10
30 Sep 2008, 15:57:08, Simberian Inc. Frequency. [GHz] as the closest to measured on

the board and to TDR profile and

Simberian  4/5/2010 © 2008 Teraspeed Consulting Group LLC 47 TERASPEED
Electromagnetic Solutions © 2008 Simberian Inc. CONSULTING
GROUP

DK=4.25, LT=0.02 at 1 GHz




Differential Segment. Comparison with TRL
De-Embedded Measurements

0 Magnitudes of single-ended S-parameters (1 row)

—#—— Meaz.bl_diff_micro_s4p Simulationd, S5[1.1]
—#— Meaz.til_diff_micro_sdp. Simulation, 5[1.2]

% Meas b_diff_micro_s4p. Simulation, 5[1.3] Measured (stars)

1 3 —#—— Meaz tl_diff_micro_sdp. Simulation1, 5[1.4]
2 4 —=— Project].DifS egmenfis/Lines, Sinnulationd, 5[1.1] . .
—&— Project] DifSegmentwiLines Simulation?. 5[1.2] | Simulated (circles)

— = Project].DifSegmenfsLines. Sinulationd, 5[1.3]

——=—— Project] DifSegmentwLings. SimulationT, 5[1.4] . :
Magnitude(S). [.;|E=] Transmission (g reen)

[ oSy R S S R B, T e L ?////
1251 ™S FEXT (brown)
251 = -‘ - .-;“;, 2 .
S Reflection (red)
wstEE \
NEXT (blue)
A TH :1
g5 {n o
f Good correspondence!
75 {
2?5 5 ?‘f5 1:III 12:.5 1:5 1?5.5 2:0
30 Sep 2008, 16:10:27, Simberian Inc. Frequency, [GHz]
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Differential Segment. Comparison with TRL
De-Embedded Measurements

0 Magnitudes of mixed-mode S-parameters

Differential mode transmission
magnitude and phase:

—%— Meas hl_diff_micro_sdp Simulation?, Smm[D1.02] —#% —
—#—— Measz. bl_diff_micro_sdp Simulationz, Smm[D2.01] — + —
—=— Project1 . DifS egmenta/Linez_sdp. Simulationd, Smm[D1.02] — 5 —

magnitude and phase:

Common mode transmission

—¥— Meaz.bl_diff_micro_zdp Simulations, Smm[C1.C2] — % —
—#—— Meas bl_diff_micro_sdp Simulation?, Smm[C2,C1] — + —
—%— Project] .DifS egmentwLines_sdp Simulationd, Smm[C1.C2] — & —

Magnitude(S], [dE] Angle(S). [deal  pagnitude(S), [dB] Angle(S), [deg]
! ! | WL I% 5 |
051 | . 05T o g R % Ik |
| Ill : 1qm 1‘!&4% LI | il T | 100
1 Sk % %
| | R Tah [y
| 4 Ga‘;: | % 1
15+ | | | 1200 -18% } 3 i‘ =3 ' "-,31 : W1 200
| |I | | ' ; s I 1{:1 |
|| | I | > | Pesta
| | | S | 21 1oy g
: | | I I Teecges
A L HAA
|| -25 1 |I i IL‘.““ 3
257 , . . . , . . 8 Mees,
258 5 _ .h 10 125 15 17.5 20 2:5 5 ?:5 -|'|:| 1 2'5 1'5 1 ?I.E 2'|:|
11 Naw 2008, 19:20:31, Simberian Inc. Frequency, [GHz] 11 Nov 2008, 15:22.43, Simberian Inc. Frequency, [GHz]
Measured - stars; Simulated - circles n
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Differential Bends: Comparison with TRL
De-Embedded Measurements

O Two bends in differential micro-strip line with 250 mil 17-mil micro-strip
segments (DK=4.25, LT=0.02 @ 1 GHz, 15 mil strips, 22 mil separation)

RP3

—#—— Measztl_dual_bend_z4p SimulationZ, Srm[01.C1] Measured ;:iSSOrmrl w=17 mill
Meaz bl_dual_bend_sdp Simulations, Smm[01,C2] s=22 mil L=250 mil
—#%—— Meaztl_dual_bend_s4p. SimulationZ, Srm[C1.01] (Sta I'S) Rp4
—#— Meaztl_dual_bend_s4p SimulationZ, Srm[C2,01] S lated RP1
—=— Project] DoubleBend_sdp Simulation], Smm[C1,01] | >!Mulated o o
=117 mil

—&— Project].DoubleBend_sdp. Simulation], Smm[C2.01] (Ci I’C|ES) L=250 mil
M agnitude(S], [dB]

w=15 mil
RP2 5=22 mil

-2hT
¥ —#— Meaz. bl_dual_bend_zdp Simulation2, Smr(01,02)
Al i ——#—— beaztl_dual_bend =dp. SimulationZ, Smm{02.01]
4 —%—— Project1.DoubleBend_s4p. Simulation, Smm[D1.02]
- k agnitude(S], [dB]
TR e
? D1 to C1 (near end)
00T
§ Theoretical and experimental
1261 . . : . . ..
differential to common| conversion Differential mode transmission
despite the |identical lengths] i
1507 5t
D t t t t t t t t t
0 245 3] FAs 10 125 15 17.5 20

25 5 7.5 10 12.5 15 17.5 20 5
Frequency, [GHz] 02 Oct 2008, 03:58:45, Simberian Inc. Frequency. [GHz]

07 Oct 2008, 14:48:30, Simbenan Inc.
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Differential Via-Holes

L=497 mil L=497 mil
RP1 w=15 mil w=15 mil
s=22 mil s=22 mil

RP3

w=17 mil
L=250 mil

w=17 mil

————— L=250 mil
" »
RP4

Substrate DK=4.25, core DK=4.7,
LT=0.02 @ 1 GHz

RP2

ignall

el 15 mil strips separated by 22 mil

lane Diameter of vias is 12 mil
Pad diameters are 22 mil

<L

01 Oct 2008, 16:12:19. Simbernian Ine.
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Differential vias: Comparison with TRL De-
Embedded Measurements

0 Magnitudes of mixed-mode S-parameters (DD block)

—#—— Meaz.bl_diff_+ia2_s4p Simulation2, Smm{01.01]

——— Meaz.til_diff_via2_sdp. SimulationZ, Smm(01.02]

—#—— Meaz.bl_diff_viaZ_s4p Simulation2, Smm{D2.01] [

—#—— Meas bl_diff_viaZ_s4p Simulation2, Smm{D2,02] M €asu rEd (Sta rS)
—=— Project] ViawithLines_s4p. SimulationT, Smm[07.01] 7

—=— Project] VidWwithLines_sdp Simulation?, Smm[D7.02] ¢ i i
MagritudelS], [dE] | Simulated (circles)

D TG
—%— Measz.bl_diff_viaZ_sdp Simulations, Smm{01.02]
1071 —#—— Meaz.tl_diff_viaZ_sdp Simulationz, Smm{D2.01]
—S— Froject] ViawithLines_z4p Simulationd, Smm{D1.02]
agnitude(5], [dB]
2071
N
EF N = —
AntE
A 2871 _ -
5013 Differential mode
’ transmission
: Good correspondence!
ot 0 25 5 75 10 125 15 175 20
, , , , , , ; ; 01 Oct 2008, 16:26:10., Simberian Ine. Frequency, [GHz]
25 ] 7.5 10 1258 15 175 20
07 Oct 2008, 16:24:31, Simberian Inc. Frequency, [GHz]
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Differential vias: Comparison with TRL De-
Embedded Measurements

0 Magnitudes of mixed-mode S-parameters (CC block)

—#—— Meas bl_diff_wviaZ_sdp.Simulations, Smm{C1.C1]
—#— Meaz brl_diff_viaZ_sdp SimulationZ, Smm{C1.C2]
—%— Meas bl_diff_via2_s4p. Simulation2, Smm{C2.C1] Measured (sta rs)
——— Meaz.tr_diff_viaZ_z4p Simulationz, Smm{C2,C2]
—=— Project] ViawithLines_sdp. Simulation?, Smm[C1,C1]

e Fioeet VidwitLineeotb simaation smmiczen [ Simulated (circles)
Magritude(5]. [dB]

RS Common mode
0 - ‘ transmission
AP RN alhe w kN P
5 E £ g i £ g:l r'-r" AR i -3&
| &% ;.;;;i_*%* b 15 ol %5
W | I
A0 Common mode
oLt reflection
Good correspondence!
-6
I t t t t t t t t
25 5 7h 10 125 15 175 20
01 Oct 2008, 16:28:11, Simbenan Inc. Frequency, [GHz]
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Conclusion

O The main result of this investigation is a simple and practical
methodology to identify properties of low-cost FR-4 dielectric on the
base of two key components:

= Precisely de-embedded S-parameters of resonators or line segments

= Accurate full-wave electromagnetic analysis with wideband Debye
dielectric model and with conductor-related and high-frequency loss and
dispersion effects included
O Itis shown that behavior of interconnects on low-cost PCBs can be
reliably predicted by electromagnetic analysis with the identified
material properties

O Future work:
m Practical methodology to identify conductor parameters (roughness), core
dielectric parameters (vias and strip lines), effect of fibers, ...

= |nvestigate possibilities of extraction without de-embedding of launch to
create simple on board coupons
5 22
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Be Sure to Visit Us:

O Simberian Inc
m Booth #919 — Simbeor software and PLRD-1 board

= www.simberian.com
O Teraspeed Consulting Group

= Booth #
= www.teraspeed.com
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Dielectric properties of composite materials

O Multiple researches show considerable decline of DK and slight
increase of LT with the frequency from DC to 20 GHz

o A.R. Djordjevic at al. (UB+SU), Wideband frequency domain characterization of FR-4 and time-domain causality,
|IEEE Trans. on EMC, vol. 43, N4, 2001, p. 662-667.

o A. Deutsch at al. (IBM), Extraction of eps(f) and tand(f) for Printed Circuit Board Insulators Up to 30 GHz Using the
Short-Pulse Propagation Technique, — IEEE Trans. on Adv. Packaging, v. 28 N 1, 2005, p. 4-12

o E.L. Holtzman (Northrop), Wideband Measurement of the Dielectric Constant of an FR4 Substrate Using a
Parallel-Coupled Microstrip Resonator, IEEE Trans. on MTT, v. 54, N7, 2006, p. 3127-3130

o Z. Zhang at al. (UMR-Apple), Signal Link-Path Characterization Up To 20 GHz Based On A Stripline Structure, -
in Proc. of EMC symposium, 2006

m} H. Shi, G. Liu, A. Liu (Altera), Accurate Calibration and Measurement of Non-Insertable Fixtures in FPGA and
ASIC Device Characterization, - DesignCon2006

o W.Kim at al. (Rambus), Implementation of Broadband Transmission Line Models with Accurate Low-Frequency
Response for High-Speed System Simulations, - DesignCon2006

o D.-H. Han at al. (Intel), Frequency-Dependent Physical-Statistical Material Property Extraction for Tabular W-
element Model Based on VNA Measurements, - DesignCon2006

o  A.E. Engin at al. (GaTech), Dielectric constant and loss tangent characterization of thin high-K dielectric using
corner-to-corner plane probing, Proc. of EPEP 2006, p. 29-32.

o J.Miller at al. (Sun), Impact of PCB Laminate Parameters on Suppressing Modal Resonances — DesignCon2008

o B.O.McCoy at al. (Mayo), Broadband Resonant-Plate Permittivity Measurement Technique for Printed Wiring
Boards Aided by Electromagnetic Simulations — DesignCon2008

o C. Morgan (Tyco), Solutions for Causal Modeling and A Technique for Measuring Causal, Broadband Dielectric

Properties — DesignCon2008
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De-embedding methods

Aditya P. Goswami, Implementation of Microwave Measurements Using Novel Calibration Techniques, Masters

m|
Thesis, NC State University, May 2003
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Wideband Debye dielectric model
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O Suggested in two papers independently and confirmed by multiple researchers

= Djordjevic, R.M. Biljic, V.D. Likar-Smiljanic, T.K. Sarkar, Wideband frequency-domain characterization of FR-4 and
time-domain causality, IEEE Trans. on EMC, vol. 43, N4, 2001, p. 662-667.

[ C. Svensson, G.E. Dermer, Time domain modeling of lossy interconnects, IEEE Trans. on Advanced Packaging, May
2001, N2, Vol. 24, pp.191-196.
O Can be specified with DK and LT at one frequency only!
= Reproduces causal frequency-dependent dielectric loss and dispersion
= Very convenient for measurements and fitting the experimental data
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3D full-wave analysis with Simbeor software

Solve Maxwell’s equations in 3D to find frequency-dependent matrix RLGC per unit
length parameters for transmission lines and S-parameters for discontinuities:

Vxl?:—l'a) H (a)) L(a) —
. G(o). Clo)

VxH=iwelk+ock+J
Plus additional boundary conditions S (a)) \ "

at the metal and dielectric surfaces

O Method of Lines (Mol ) for multilayered media
= High-frequency dispersion in multilayered dielectrics .

m Losses in metal planes including roughness
m Causal wideband Debye dielectric polarization loss and dispersion models

O Trefftz Finite Elements (TFE) for metal interior
= Metal interior and surface roughness models to simulate proximity edge effects,

transition to skin-effect and skin effect in rough and plated conductors
O Method of Simultaneous Diagonalization (MoSD) for lossy multiconductor

line and multiport S-parameters extraction
m Advanced 3-D extraction of modal and RLGC(f) p.u.l. parameters of lossy multi-

conductor lines
= Precise numerical de-embedding of extracted S-parameters
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