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Agenda

* Calibration and De-Embedding Concepts
* Selecting a Suitable Measurement Approach

* Examples
— SOLT measurements
— TRL measurements

* Creating a TRL calibration kit, step-by-step
* Measures of Calibration accuracy
* Examples of 3D field solver measure-based

correspondence B
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Typical Measurement Objective:
Measure S-parameters of a Very
Specific Structure
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Reality is that there is more to the
picture — The Fixture

RESONATOR

Lossey Transmission Line

Launch Lossey Transmission Line
Launch
We only want to
structure TERASPEED
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Methods of Removing the Fixture

e Calibration — Removal of unwanted measurement
portion using known standards
— SOLT Short-Open-Load-Thru
— TRL Thru-Reflect-Line

* De-Embedding — post process removal by
mathematically removing fixture artifact with
known response of fixture

— T-matrix de-embedding (will not deal with here)

* Error Correction

— Normalization, gating B
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Calibration Standards

* |n both SOLT and TRL standards are
required

* In the Case of SOLT, the standards often
look like:

Load
Thru

Open

Short
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For SOLT calibration each standards
needs to be carefully modeled

X

— |dentification

Kit Murnber 3

Kit M ame

kit Degcription |3.5 i Calibration kit

4 THRU

3 BROADBAND LOA. .
14 BROADBAMND LOA. .

3.5 mm male broadband load

— Connectars Clazz Azzighments
D ezcriphian:
|4PC 3.5 male ~|  AddorEd..
—_— I SOLT "I i |
Farmily: Bl
PFE 25 Charge Farnily. ..
D | Standarnd | D ezcriphion |
2 OFEM -b- 3.5 mm male open
15 OFEM -F- 3.5 mm female open
1 SHORT -M- 3.5 mm male shart
7 SHORT -F- 3.5 mm female short

3.5 mm female broadband load

Inzertable thru standard

add..

| Edt. | Delete | Deletza |

Ok

Cancel |

Help |

Establishinga SOLT cal
kit is tough in that it
requires very careful
modeling of each
structure to BW of
interest using
polynomial functions
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SOLT Short (similar for Open, Load,
Thru)

Page 8

shorts x|

— Identification
Standard ID 7 Label | R
Short Dezcription |3.5 i female short
— Freguency Fange Connector
Min {0 MHz [4PC 3.5 female =]
Max 399000 tHz
— Short Characteristics
L0 [2.0785 Hle-12) L2 [2.1705 Hie-33)/Hz"2
L1 |.1 02,54 Hle-24)/Hz L3 |.|:|,|:|1 Hle-421/Hz"3
— Delay Characteristics
Delay |31.785 pSec  Loss [23g Giohms/s
Z0 |5|:| ohims
Clear ] 4 Cancel Apply | Help |
ak. Cancel | Help |
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SOLT - Most often used to calibrate
out to VNA cable ends, we LOVE the
ECAL, it has saved our fingers

SOLT is an excellent method for
coaxial calibration where the cal
kit is pre-defined so that the
models are already available

\ Calibration Plans /
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Page 9 CONSULTING
GROUP



dB(S(1,1))

dB(S(2,1))

Example: SOLT Calibrated, Offset
Resonator

RESONATOR

OFFSET RESONATOR

Offset Resonator - SOLT calibration

0
-10 — .
] Recall that this
220 — measurement reference
| planes are at SMA’s
-30
4
~40 —] S21 includes loss of SMA,
_ |.75inch trace on each side
-50 — of non-insertable DUT
-60 T T 1 1 " " " T T
0 2 4 6 8 10 12 14 16 18 20
freq, GHz TERASPEED
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Moving the Measurement Reference
Plane = Assuming a SOLT calibration to
the end of Coaxial VNA cables

RESONATOR

RESONATOR

A
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Normalization (all measurements are
SOLT calibrated, ref plane at SMA’s)

Normalization:

» corrects for loss and phase delay of test fixture

« will not correct for resonances

» should only be used when test fixture and DUT have low n

return loss
TERASPEED
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THRU SOLT calibrated measurement

dB(S(2,1))
dB(S(1,1))
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THRU - SOLT calibration

-10—

-20

-30

-40 —|

-50

-60

6 8 10 12 14

freq, GHz
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Comparing Normalized Result of Offset
Resonator with SOLT measurement

Normalized Offset Resonator with SOLT calibrated Measurement

—~

dB(S(3,4)
_dB(S(2,1))+dB(S(4,3))

Page 14

00—

-10—

=20 —

-30—

_40—

-50

freq, GHz
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TRL Calibration

* TRL does not have significant demand for
modeling each structure

* Makes it much better for on-board calibration,
moving reference plane to DUT

* Requirements:

— Launch must be good (low S| I, no resonance) — good
launch design

— Connector repeatability from SMA to SMA — TDR
confirm

— Line lengths accurate — layout, etch
— Impedance variation across board low — etch, fibre

TERASPEED
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TRL Calibration Kit (hand out TRL
board to audience)

U:qnmmﬁsornﬂlh: Tuﬂllcﬁ-r’ﬂ.gs(:hkmlpll-:ﬁo{)s“;IP : 3 < 8’\ TRL CALIBRATION BOARD - k-

¥ f' CcORSUL T [RG

VIA . MICROSTRIP

Ny

MATCHED¥ - corresponds to LRM, Line- SHORT #** TRL only requires short

. e TERASPEED
Reflect-Matched,similar to TRL, but has OR open, not both CONSULTING
Ma¥cHéd Line
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Basic Concept for TRL: THRU+DUT

 Structure to calibrate out is THRU, leaving
the DUT

DEVICE

TERASPEED
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aB(S(2,1))
dB(S(1,1))

10
20—
-30 —|
-40 —|
-50 —|

-60 I | I | I | I | I | I | I | I | T | I

Compare SOLT Calibration with TRL
Calibration measure of THRU

THRU - SOLT calibration

freq, GHz
TRL calibrated THRU

Notice the difference between
SOLT versus TRL calibration.

For Solt calibration it will be
necessary to mathematically
subtract the insertion loss = called
Normalization. This de-
embedding method doesn’t work
in a general case since it does not
deal with all the error terms

TheTRL measured THRU, as
expected,shows 0dB S21,or
insertion loss and very good Sl |1, or
return loss. Adding a DUT to this
exact structure will provide only

the DUT response,and not

fixturing
TERASPEED
CONSULTING
GROUP



dB(S(6,5))
~dB(S(2,1))+dB(S(4,3))

Offset Resonator comparison between
Normalized and TRL calibrated- close

but not exact!

Comparing Normalized Offset Resonator with TRL Calibrated

00—

10—

20—

30—

40—

-50

Red trace is TRL calibrated
Offset resonator, blue is
Normalized
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Basic Primer on Error Models

al

PORT]I o Fort PORT2

bl — —— 22
N S21

> 2 4N ISEE s12) ol

X
SIl + A S22 RSO SO gD

bl < a2

SI12 TERASPEED
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Normalization Method of De-

 Provides calibration when THRU is available

Embedding Test Fixture

 Does not correct for some errors such as source
mismatch (E¢¢) and directivity (Ep)
Will first consider flow diagrams of Short and Thru

al

bl

b2

a2

For a reflect signal

flow graph, Gamma is
either +1 (an open), or

-1 (a short)

TEI:\SPEED
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Signal Flow Diagram of THRU

al b2

Edf Y e

a2

bl

Erf

General Signal Flow Diagram
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Normalization of THRU

TERASPEED
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TRL Calibration = Problem Definition

|.  Highest Frequency: determine highest frequency of
interest (example is using 24GHz for 20GHz VNA)

2. Establish THRU length. This relates to size of test
board, and structure. Keep as short as possible.

3. Material properties, propagation velocity, cal board
stack up, define traces (will you be using microstrip,
stripline?)

4. Determine TRL calibration cal kit structures —lines,
open, thru with equations or equivalent Excel tool

TERASPEED
CONSULTING
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TRL Calibration - Details

Establish Cal kit Definitions in VNA or Agilent PLTS

Structures
|. Open
2. Thru
3. Lines - Load

Perform User Global Delta Match

3. Create TRL calibration with measurements of TRL
structures, save and apply cal file

4.  Final Step: Confirm TRL calibration with THRU

TERASPEED
Page 25 CONSULTING
GROUP



Concepts related to THRU and LINES
1,2, and 3 for TRL calibration

* Recall that the THRU in TRL represents
zero-length structure:
— 0dB insertion loss
— 0° of phase
* AIlI LINES are related to the THRU

— LINES increase in length, and this delta length
relates to the calibration frequency span of the

line
— LINES cannot span multiples of 180° B

TERASPEED
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Building a Simple model of a THRU,
lets say it is 52o0hms

+¥ Term ] o ¥ Term
Term1 TLIN Term2
Num=1 TLA1 Num=2
Z=50 Ohm Z=52.0 Ohm Z=50 Ohm
= E=Eline =
—i— F=1 GHz —i—
23| S-PARAMETERS
yar VAR
VAR1 _ S_Param
Eline=1GHZ*360*Delay _line SP1
Delay_line=453psec Start=1.0 MHz
Delay line1=453psec+85psec Stop=3b.0 GHz
Eline1=1GHZ*360*Delay line1 Step=1.0 MHz n
TERASPEED
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-unwrap(phase(S(2,1)))

Phase, S| 1, and S22 of THRU with
Length of 453 psec

1200
i mb
1000+ =1.105GHz
i P'gﬁeﬁ%? rap(phase(S(2,1)))=180.204
800
| m3 m7
600_ / freq=2206GHZ
i - ' _
400 m. unw rap(phase(S(2,1)))=359.754
. mb
200 md
. freq=3.315GHz
O T 1T | T | TTTT ‘ T | rTTT ‘ T T | rTTT ‘ T TT ‘ T | T 1T -unW rap(phase(8(2’1)))=540'61 1
05 00 05 104 15 20(25 30 35 40 45
freq, GlHz
S| | An actual THRU has resonances
0 at every 180degrees. Lines |,2,
1 and 3 cannot overlap on at these
20 v v | frequencies. Typically30 to 150
7 A
= 40 degrees are good offset
= il frequencies.
o -60
=]
-80_ B
-100 FTTT | T ‘ ITTT ‘ T | IR | ITTT ‘ T ‘ FTTT | FTTT | T 1T
-0.5 0.0 05 1.0 15 20 25 30 3.5 4.0 45 TERASPEED
freq, GHz
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LINEI (blue trace), |8psec longer than
THRU (red trace)

1200

i m1
1000 | freq=1.105GHz
-unwrap(phase(5(2,1)))=180.204

800 — g

| m2
600i -;gﬁf;!ffif;Jggf freq=2.206GHZ
-unw rap(phase(S(2,1)))=359.754

400 —
8 m1
200 — m3

. freq=3.315GHz

0 R e e R R e -unw rap(phase(S(2,1)))=540.611

-05% 00 05 10 15 20 25 3. 35 40 45

freq, GHz
— No overlap

-unwrap(phase(S(4,3)))
unwrap(phase(S(2, 1))}

0 /
20| L :
. R
= 40— & :
O "
ww
oo -60
T T
=80
-100——71 [TT T T TI T T[T T [TT T T[T I T [TT T [TTTT[TT T TIT1
-0.5 0.0 05 1.0 15 20 25 30 35 40 45
freq, GHz TERASPEED
CONSULTING
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LINE | 30 to 150degrees corresponds
to 4.66GHz to 23.08GHz calibration
span for this line

Note: LINEI phase is subtracted from THRU

&
=t
e 0
% 1 md
@ |
g_ 4
& 907
g
= B
c J
I -100 i
5 ] "6 1))+ unwrap( phase(S(4,3)) )=-30.202
. 150
@ J
©
< | T
g ] o L

-200 SH= AT da
E I\II‘II\I‘\I\\|\\\\|\I\\|\\I\ e
2 0 5 10 15 20 25 30 - UIFi#ES i 3+unwrap(phase(8(4,3)))=-‘149.574
7 freq, GHz

TERASPEED
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Line Definition

* We chose 30° and150° and computed:

— Linel = 18 psec
] Line Frequency Ranges
— Line2 =91 psec
: — 180
Line3 = 454 psec w ] /]
140 Line 1
= 101} Line 2
o 10 Line 3
e 80 F .
“ s/ | Hgh Phase
woll/, e Low Phase
20 [/ 7
0
0 5000 10000 15000 20000
Frequency (MHz)
TERASPEED
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Optionally use Molex Excel spreadsheet
(used with permission)

TRL Calibration Calculator for Microstrip

Reference
Length( | Frequency
Inputs: Effective Dk | Reference Length(mm) in) Ratio Low Phase High Phase
3.2 4445 |.75 30° 150°
Start

Freque

ncy Time Delay Line Length Line Length
Outputs (Ghz) Stop Frequency (Ghz) (ps) (mm) (in)
Short/Open 0 44 .45 .75
Load 0 183.31 0 44 .45 1.75
Line 3 183.31 916.55 45461 165.0873 64995
Line 2 91792 4589.6 90.79 104.1146 4.099
Line | 4585.76 229288 18.17 91.94546 3.6199
Thru 0 88.9 35 \PEED

-TING
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Design of Cal Kit TRL Structures

* Linesare T, Plus Tp,

Delta Line length are defined so that the
time delay of the line fits between 30 and
|50 degrees of the band of frequencies

o If Ty, Was |8psec

— Low frequency
« 30/360 * I/F_, = I8psec

— High frequency

* 150/360 * I/F,, = I8psec z

TERASPEED
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Editkit x|
— ldentification
e Define Cal Kit Standards o EERR
kit Dezcrption |5I‘-1fl'n Calibration kit from PLTS
. — Connectors Clazz Aszignments
® S ave It Dezcriphion:
S | AddorEdt.. ] e |
. Farmily: - Bt
. U S e It |5 KA, Change Family...

TRL Calibration Kit Definition

Page 34

idd.. | Edit... | Delete | Deleteﬂ.lll
Ok Cancel Help
TERASPEED
CONSULTING
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Thru Definition

Thru/LinefAdapter x|

— Identification
Standard 1D 3 Label |EYERETD
Thru Description ISM.& Thru

— Freguency Fange

kir ||:| tHz

M ax Ignnnn MHz

— Delap Characternistics

Drelay ||] pSec Lasz |0 [3ohmz/z
20 |50 ohms
— Connectors
Fort [Sha x| Port [sM& |
Clear ] 4 Cancel Apply Help
] Cancel Help

TERASPEED
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Linel Definition

Thru/LinefAdapter x|
— Identification
Standard ID 12 Label |
Thru Description ILine'I
— Freguency Fange
kir |4|:||:||:| tHz
b ax Igmnn MHz
— Delap Characternistics
Drelay |'| [ pSec Lasz |0 [3ohmz/z
20 |50 ohms
— Connectors
Fort [Sha x| Port [sM& |
Clear ] 4 Cancel Apply Help
] Cancel Help

© 2008 Teraspeed Consulting Group LLC
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Line/Match Class

S50ohmTRHLKt7_28_03: Modify TREL Calibration Class Azzignments

— Calibration Kt Class — Calibration Reference £0—
* TRL THRU © 130LATION ™ SYSTEM 20 Ok
~ " |INE Z0
VL HEALECT — Testport Reference Plane— Lancel
* THRU 5TAMDARD
" REFLECT STAMDARD Help

— Calibration Class Label
|THL LINE AMATCH ILinES

¥ LFL line auto characterization

— Unszelected Standards — Selected Standards

1] | Label | D ezcriptian ] | Label | Dezcrphion
3 SkA Open Sk Open vy 12 Linel Lire1
| ShA& Thru Skddsy Thiu 15  Line? Lire?

18 Line3 Litie3

e 24 SMA Load ShA Load

4 | i

4| | _PI Move Lp | Mowe Diown |

The arder of the zelected standards iz used to determine which standard i used when multiple standards are
vald at a given frequency. Standards listed first have prionity.

] Cancel Help

TERASPEED
CONSULTING
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What makes a good TRL calibration kit
design?

* Consistent RF Launches
* Consistent Line impedance

TERASPEED
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Goal is Consistent Zo through system

NS & Bl |/ F=TE0 8= B E|@m s zee

TORAT |
150ps 200ps Z00ps 300ps 050ps 400ps

-]

BBcy

Cable

el - : I N
50 Ohms CEEEEEERT EE - |
) ssssannas 48 Ohms

’4
Launch Board Zo

44e3

425

< 1

= Time  aTiz
Curzar 1: | 188pe
Cuwsor 2: [ 182ps
u [ B T

TERASPEED
CONSULTING
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Performing the actual TRL/LRM
Calibration

* Follow the prompts from the VNA

— Measure Reflect

— Measure Thru
— Measure Lines and Load

* We have generated 2 and 4 port TRL
calibrations

TERASPEED
CONSULTING
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Calibration Comparison

THRU A with No Calibration
THRU A with SOLT Calibration ’ ‘
!'\H \' i.
THRU A with TRL Calibration

Page 41 © 2007 Teraspeed Consulting Group LLC
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o
e | L e TR e LTl e  REGE R EEEEEEEE R
L}
B R ET T B Lt TR e e L R T TP P
.
A R
i T N Uy S
50
0.oo 2.00 4.00 6.00 .00 10,00 12.00 14.00 16.00 18.00 20.00
Freq [GHz)
AESTA] W S[21] 51 2] 2 5022
TERASPEED
CONSULTING
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Thru A with no Calibration

Thrud, MO Cal s2p

A0 e : I E N - : vl }LW.'J;'-f-"IH,#L.&ﬂ..*‘
B Ak i
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Thru A with SOLT Calibration

ThrudA_S0OLT_Cal.s2p

[SI(dE)

T e el E

L | ;

-0
n.og 200 g0 o.u0 1000 1200 14.00 16.00 1a.00 2000
Freg (GHz)
R IAA] W E20] 4512 %522

TERASPEED
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Thru A TRL Calibration

th s2p
: H N - - H N N
R L e T L e CETEEEERE T S S A R S N
o e e o e R R e oo R
24

=32

% 40
-48
4 b
T2 A :
=30
o.ao 2.00 4.00 .00 500 10,00 1200 14.00 16.00 18.00 20.00
Fret (GHz)
S ] W ERA] w50 2] k522
TERASPEED
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-0

-0.0z

-003

| | ' ' ' ' ' ' '
SO e L e weE LWL WL L ML R . T L PP T TR L L R T T P ST T TR TR T LT L L T ST ST L P T T LT AL L T T ST T TS T T
- ' ' ] ] ] ' ] ' ]

-0.05

[Efltel=)

-0.06

-0.o7

-0.05

-0.09

Thru A TRL S21| detail,
0.04dB error to 20GHz

Thrua, TRL_Cal.s2p

0.0dB

. .0.04dB

-------------------------------------------------------------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------------------------------------------------------------------------
'
_________________________________________________________________________________________________________________________________________________

...............................................................................................................................................
v

04

0.00 2.00 4.00 B.00 g.00 10.00 12.00 14.00 16.00 18.00 20.00

5[]
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Line 2 S| 1 anomaly - low reflective
structures similar to line standards

Line2 TRL Cal.s2p

25dB
I‘I IIIII

________________________________________________________________________________________________________
v

a0
000 2.0 4.00 5.00 G.00 10,00 1200 14.00 16.00 1800 20,00
Fren (GHz)
S]] WS0,2] . E22
TERASPEED
CONSULTING
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Relate system Zo to sl | variation for
TRL

Impedance, ohms |s11]in % |s11| dB

38 13.6 -17.3
40.0 11.1 -19.1
42.0 8.7 -21.2
44.0 6.4 -23.9
46.0 4.2 276
48.0 2.0 -33.8
50.01 0.0 -80.0
52.0 2.0 -34.2
54.0 3.8 -28.3
56.0 5.7 -24.9
58.0 7.4 -22.6
60.0 9.1 -20.8
62.0 10.7 -19.4
64.0 12.3 -18.2

Page 47

Impedance Match Goals

* Well matched is -20dB

* Good match is -30dB

+ Difficult to achieve is -40dB

Recall:
* S| 1=(Zdut-Zo)/(Zdut+Zo)
* dB representation of SI | is
20*log(s! 1)

TERASPEED
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Explanation for low-reflective structure
S| | anomaly

* Line 2 was used to calibrate
in the 760 to 4600 MHz

band

e Zo not calibrated outside of
cal kit defined frequency
range

e Variation of Linel,2,3
impedance in relation to

TRL algorithm z

TERASPEED
CONSULTING
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Impedance Profiles THRU, LINEI,2,3
variation approximately 10%

55o0hms,or 10%
impedance
variation

b=l &

T ST Y — IX {5r 4 & = £ EF | @aM@|| 8 Z E2

Which agrees
with S11 of -25dB

Page 49

Tektronix
-

© 2008 Teraspeed Consulting Group LLC
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dB(S(2,1))

TRL Performance Measures:
Start with THRU measurement

THRU should have

Insertion Loss THRU 0dB of magnitude

dB(S(1,2)

0.005
loss, 0dB of phase,

0000 — Opsec of Group Delay

-0.005 —

-0.010 —

-0.015 —

-0.020 —

_0025 I I I I I I I I I | I I I I | I I I I

0 5 10 15 20
freq, GHz
TERASPEED
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Very Low Reciprocity MAG Error,

dB(S(2,1))-dB(S(1,2))

Page 51

0.005

0.004

0.003

0.002

0.001

0.000

-0.001

less than 0.005dB

Reciprocity Error THRU $21=512, Delta in dB

0 5 10
freq, GHz

20
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phase(S(2,1))
phase(S(1,2))

0.1

Insertion Loss Phase

o
Y
[ . ‘ L L1 | [ | [

phase(S(2,1))-phase(S(1,2))

o

Page 52

-0.02 I | I | I ‘ I | I ‘ I | I | I ‘ I ‘ I

(=]

freq, GHz

Reciprocity PHASE Error and
Reciprocity for THRU Insertion,
less than 0.4 degrees

Insertion Loss Phase Reciprocity Error, Delta in Degrees
0.08

0.06—

0.04—

0.02—

0.00—

freq, GHz
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Group Delay and Box Car Average of

Page 53

avggroupdelay
group_delay_ picoseconds

2.0

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

THRU

Group Delay THRU in psec
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Return Loss THRU

Return Loss THRU

-50

- p vrw",t\//‘df"\lw!\‘v*“ “’

-70 —

: }. i‘f\\"\' M\Au,,

'80 —_

dB(S(2,2))
dB(S(1,1))

-90 I I I I I I [ I I | I I I I | I I I I

° 5 10 5 o
freq, GHz z

TERASPEED
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Improving TRL De-Embedded
Data

Given a simple structure such as Beatty standard:

left half } 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

[ S ]=

TERASPEED
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Initial non-symmetric data (S[1,1]!=5[2,2])

—#— Project1.tl_28akm_beatty_s2p. Simulation, 5[1.1]
———— Project].tl_250hm_beatty_s2p Simulation, 5[2.2]

RealS), []

Example of Symmetry
Enforcement for 25-Ohm Beatty

After enforcement of symmetry (S[1,1]=5[2,2])

—#%— Project] trl_25akn_beatty_z2p Simulationt, 5{1.1]
—#—— Project] tl_25chm_beatty_z2p Simulation, S[2.2]

RealS), []

02371

025 1

A57

A0 Dec 2008, 10:06:00, Simberan [ne.

—#— Project].trl_25ahn_beatty_z2p Simulationt, 5{1.1]
—#— Project].tril_25chm_beatty_z2p. Simulation?, 5[2.2]

Imaginary(S], []

25 5 75 10 125 18  1FE 2 25 5 76 10 126 18 17§ 20
Frequency, [GHz] 30 Dec 2008, 10:07: 21, Simberian Inc. Frequency, [GHz]

—#—— Project] tl_25chm_beatty_:2p. Simulationd, 5[1.1]
—#—— Project] tr_Z5aokm_beatty_=2p Simulation, 5[2.2]

0251

0751 F

Imaginary(5). (]
025 4
). %}.
0251 .'
2?5 é ?-IE 1=|:| 1 2=-5 1=5 1 ?I-E 2=|:| 2?5 é ._'".!5 'Ill:l 1 2!.5 1!5 1 ?5.5 Ell:l
30 Dec 2008, 10:05:37, Simberian Inc. Frequency. [GHz] 0 Dec 2008, 10:07:42, Simberan Inc. Frequency. [GHzl ERASPEED
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|-volt TDR calculated from the
original measured S-parameters

25-Ohm Beatty TDR After Data

Quality Restoration

0.5-50 Ohm, 0.35 - 25 Ohm

Ivolt TDR calculated from the
measured S-parameters with
restored symmetry

0.3

0.2

01

a

=
|

—T[1,1]

—T[2,2]

a ZE-10 4E-10

6E-10

BE-10

1E-05 1.2E-09

0.6

0.5

04

0.3

0.2

01

—

About 25 Ohm

2E-10

4E-10

6E-10

BE-10 1E-09 1.2E-09

Used by permission, www.simberian.com
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Examples of measurement-based
electromagnetic analysis

* Identify frequency-dependent dielectric properties

* Fit electromagnetic analysis results with dispersive
dielectric model and measured de-embedded S-
parameters for line segments and resonant structures

* More on that at Track 12-WAI

 Use identified dielectric model to build full-wave models
of the other structures on the board

* Over 30 different typical PCB structures have been
investigated

TERASPEED
CONSULTING
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Offset Stub Resonator

* Magnitude of S-parameters

—#—— Meas.til_aoffset_resonatar_s2p Sirmulationd . 5[1.1]
—*— Meaz.til_offset_rezonator_s2p. Simulation, 5[1.2]

——#—— Meastl_offset_resonator_s2p Simulation1, 5[21][ Measured (stars ~1 RP2
—— M222.th_EffESt_iEiEQEtELEEE_sEQEEJE&, 52,2] ( ) RP1 342 mil 750 mil
—=— Set5. TwolffzetStubs Simulation, 5[1.1] . .
—e— SalS TwoDffsetStubs. Simulation], 5(1.2] Simulated (circles)
b agritudel5]. [dE]
DK=4.0,LT=0.02 @ | GHz
! transmission
a0t ) reflection
a0t
\ Double resonances is the effect of
4u ] \ : high-order modes between two
~ SN, .
‘i VN | " tees (can be captured only with
=0 % «v.y the full-wave analysis)
“‘g%x -

07 . i i 3
25 5 75 10 12,5 15 175 20
14 Sep 2008, 12:33:14, Simberian [ne. Frequency, [GHz]

TERASPEED
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25-Ohm Beatty Standard

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

w=1T7 mil w=46 mil w=I17 mil
LT250 mil L=1.0 in L=250 mil

Reference

Reference
plane 2

plane |

TERASPEED
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25-Ohm Beatty Standard

Good correspondence!

Reflection coefficients magnitude Reflection coefficients phase
—#— Meaz tl_ZSohm_beatty_s2p. Simulationd, 5[1.1] Measured - stars, Meastl_28ohm_beatty_s2p Simulationd, 5[1.1] —#% —
——— Meaz.tl_25okm_beatty_:2p. Simulation, S[2.2] . . Meaz.brl_25chm_beatty_s2p. Simulationl, 5[2.2] — % —
—&— SetB Beatty25 Simulationl, 5[1,1] simulated - circles SetB. Beatty25 Smulation], S[1,1] — & —
M agnitude(5], [dE] Angle[S], [deq)
-- et A e 100
07
enee L 0
2013 L300
'3':' [ '4':":'
500
40T
600
B0 l F 1700
25 5 75 1 125 15 175 25 5 75 10 125 15 175 20
14 Sep 2008, 09:55:24, Simberian Inc. Frequency, [GHz] 14 Sep 2008, 09:55:44, Simberian Inc. Frequency, [GHz]
*  Wideband Debye model: DK adjusted to 3.9 @ | GHz to have 1% error in
phase of transmission coefficient and in position of the resonances in
reflection coefficient
TERASPEED
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25-Ohm Beatty Standard

Good correspondence!

Transmission coefficients magnitude Transmission coefficients phase
- . . Measured - stars kMeaz.tl_250hm_beatty_s2p Simulationd, 5[1.2] — % —
e o e oialas Moo 250 besty 520 Smatont 5121) —#-
_ S_etEl_Elea_tt}IEE.Si_mulatiDM,5[2,1] simuiateq - Circies SetB . Beattp25 Simulationd, 5[21] —&- — Angle(S, [deg]
nalels], [deg

Magnitude(5], [dB]
0 1% welZmll =6 mil w=17 mil
L:}SUm\I g o L

Tt~._ Reference
plane 2

F-100

- -200

a3t
300
25 5 75 1 125 15 176 20 2=5 5 ?}5 1=D 155 1=5 ”55 :zln
02 Oct 2008, 10:1:3:47, Simberian Inc. Frequency. [GHz] 14 5ep EDDE, 095404, Sirherian [nc. : Frequenc_l,l, [GHz]
*  Wideband Debye model: LT adjusted to 0.018 @ | GHz to minimize the
difference in measured and calculated transmission coefficient
TERASPEED
CONSULTING
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Thank You

* Tom Dagostino

— 503-430-1065
* Al Neves

— 503-718-7172
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