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Signal Integrity

Signal Integrity is critical,

The Tx to Rx connection:
» Digital standards refer to it as the
Physical Layer or “the PHY" for short.
» Simulation tools call it the channel
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Typical 100 Gbps Telecom System

Components ‘ _g >
o O

Modules
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Line Cards
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Eetwork Elements &
ystems Trunk Fiber
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Backplanes are a Critical Link
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Backplane Connectors Are Advanced

High Precision
Molded
Components

1]

Differential
Signal Traces

Surface Mount Terminals

Double sided shield
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Why Do | Need Signal Integrity?

Backplane Connector and Via Field

TX =— RX

What | Simulate  \What | Measure

NIRRT E; f 1) |should find a new job.
! i 2) What is the fixture?
P '; : 3) As-fabricated materials?

ol || 1S it 4) How can | tell what is

o3 ! ; | wrong?

R iy 5) What should I fix first?

A Transparent Connector Connector + Fixture
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Eric Bogatin's Rule #9

Rule # 9: Never do a measurement or simulation
without first anticipating what you expect to see.

« Simulationsand measurements minimize risk
 Knowing what to expect saves time and money
« If you get it right you feel good

« If you get it wrong you will learn something

Signal and Power Integrity expert Eric Bogatin is the author of:
Signal Integrity and Power Integrity Simplified,
Prentice Hall, 2" edition 2010
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Signal Integrity Basics

 Material Loss :

e Conductor
* Dielectric

* Impedance Loss and S-Parameters

* Reflections
* Crosstalk
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Frequency Dependent Channel Loss from Materials

)
|
)
J

aYa
S /

P
v

k::<‘
9/ OO Frequency
, : ejeje loz Copper Loss = \/7 tand dB/inch
Dielectric Loss = 2.3 f \/&. tand dB/inch "
r 36 :
, example : . v1GHz = 0.07 dB/in
example : 2.3 (1GHz) v/4 (0.02) ~0.092 dB/inch (10mils)(50Q2)

Losses from materials:
. Dielectric loss caused by dipole movement with rapidly changing
fields. Proportional to frequency.

. Conductor loss with skin effect pushing currents to lowest
inductance path. Proportional to square root of frequency.
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Example: Channel Loss with PCB Materials

dB(S(2,1))

dB(S(2,1))

_5_:
-10]
15

20

. 04

Application

Microstrip Loss vs. Frequency

Length=40mm
LossTan=.006
Width=0.3 mm
Cu=5.6e7S
dK=3.6

0

e
10 20 30 40 50
freq, GHz

Worst Case vs Width

0.1mm to 0.5mm

Microstrip Loss vs. Frequency

_5{
-10]

15

Stop 0.5mm

0.1mm

20—

0

—_—
10 20 30 40 50
freq, GHz
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Worst Case vs Length Worst Case vs Loss Tangent

100mm to 25mm 0.02 to 0.002
Microstrip Loss vs. Frequency 0 Microstrip Loss vs. Frequency
: 07 Stop 25 mm ]
5] 5 Stop 0.002
% —10; % 104
. SR
15 15
T W W W s BTN 0 0 4 k0
freq, GHz freq, GHz
Worst Case vs Conductivity Worst Case vs dK
1e7 S/m to 1e8 S/m 3.0t0 4.4
Microstrip Loss vs. Frequency Microstrip Loss vs. Frequency
5 Stop 1e8 S/m 57
% 10 %-105
° 15+ N -154
1Start 1€7 S/m Start 4.4
'207HH\‘H‘\HH\HH\H"\ .2(}_HH‘HH‘HH_H,‘HH
0 10 20 30 40 50 0 10 20 30 40 50
freq, GHz freq, GHz
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PCB Material Loss in the Time Domain

Step Response

Eye Diagram
Socket Appllcatlon

Single Bit Response (SBR)

10 Gb/s

40 Gb/s

Best Case PCB Material

40 Gb/s PRBS9 Waveform
Worst case PCB Materials

05
0.4
0.3

2 02

= 0.1

§ 0.0

Z -0.1

E o2
-0.31
-0.4]

-0.5 T T T T T T T T T T T
16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

time, nsec

Worst Case PCB Material

06
[ O-GJ T ] 04 |
I — A ———— : K = -~
0 04 \\\\\‘ i N\ ’;’7 L] 0-441 h ‘[ £
3 02 N 3 02 g 02 N
g ¥ ‘ g
g 0.0 S 0.0 ‘ 3
5 = a £
0.4 4" N . <
A N i = -~ n — - | 04 "
05(') 5 10 15 20 25 30 35 40 45 50 " - 06|
T
5 10 1520 25 30 35 40 45 50 05101520253035404550
time, psec time, psec
time, psec
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Real World PCB - Effective Loss Tangent

Leveraging old
PCB technology

New Sl requirements
for the PCB fabrication
document:

-Glass Weave

-Copper Profile

-Test Structures for as-
fabricated PCB losses.

Pictures from Lee Ritchey of
Speeding Edge, “13-TU2 Breaking
the 32 Gb/s Barrier: PCB
Materials, Simulations,
Measurements”, DesignCon2015
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Copper Foil Profile — surface roughness
Supplier # 1 Oxide

customer axide

507614 mils 0335409 mils 676813 mils

copper vendor tooth

Good Loss

Supplier # 2 Oxide

customer oxide
N . o
528 mits 13536l 135538 mils

copper vendor tooth

Poor Loss

Glass Weave - dK variation
Two Common Glass Weaves Styles

;::;;-ﬁill
-

b o bl

.z- i:i‘:|l

1080 GLASS WEAVE
(very open weave)

A 3.5MIL WIRE IS SPREAD ACROSS THE WEAVE TO PROVIDE SCALE OF A TYPICAL TRACE

T O
[ (s  UEE. WL
P T G Y

wa

TN L T 7 T S

3313 GLASS WEAVE
(uniformly spread weave)
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Via Stubs Create Capacitive Loads

How is a Via Stub Created?

* Signal current splits in
two directions and sees Good
two 50 ohm lines in (no stub)
parallel (25 ohms)

* Excess capacitance is
created by a 25 ohm
segment of equivalent
circuit

* Reflections and poor
signal integrity results

A A b & & &b obaA
[ - - - -
LA . B B B B B N K § |

¥V Y Y Y Y Y YRY

£ —
-~ -G
‘Ihlb
“lmmj}.
-\'[_I.
"‘:l_l-
= ey,
- I} -
= |} ==
<1l om
a8 LN
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Backplane Data Rates are Increasing

100
Risetimes get faster
10 /
» —:/: —
s
'3
)
" 1
0.01

T - T ; . Via stub
1985 1990 1995 2000 2005 2010 2015 reflections get

larger
Frequency domain data is now required .

—
Ma._

GRL
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Impedance Reflections

“Reflections are the reality when time traveling is not allowed”

Vin Time Delay Vout
B B BB

Vin does not show up instantaneously at Vout, and therefore Vin requires a round trip delay
fo adjust to the Vout termination. Initial Vin only sees the “characteristic impedance” Zo.

Thought Experiment for Impedance Reflections

OPEN - Positive Voltage Reflection “Current must flow back to the source”

+2V
—0 Vv

=
SHORT - Negative Voltage Reflection “Voltage must go to zero” me

> v

High Speed SI
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Telegrapher’s Equations

Voltages and Currents are changing with Time and Distance
(Magnitude and Phase)

 Create a simple model of a
transmission line.

« Utilize calculus to analyze the
model when summing a series of
incremental length sections.

Oliver Heaviside

UEiHEse Sinusoidal Input Resulting Relationships
ForsmallR and G E = E, e w1 : ~
_ 7o =
1 PV () VI || Ve
- 1 = i ! 2 . _
5 " ICa" gz W LO-V(z) =0 .
21 8 PI(z) r_Zt=2%s
FI = ESIEI D2 | -.’.:.-‘ELC . .“:33) =0 ZL | ZS
KEYSIGHT ‘ e aure
Seminar Page 16
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Characteristic Impedance Z,

KEYSIGHT

TECHNOLOGIES

Derivation from Telegrapher
Equations:

L
Zy =~
C
Derivation from transmission
line charging: 1
Independent Ly = C
of Length 1457

C=Cur , 1=2, Q=cV =2

At V

CLAXV—VCV and Z—K:L

A I vC,
y

then I =

High Speed SI
Design & Measure
Seminar
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Time Travel is not Allowed

1.5¢cm 7.5cm 15 ¢cm
X |
P b B R R R
| I |
—~1.01 &— ;
E’ af /N | [
VIR % | | |
a QQI \ 02 | [ Transient.avi
£ Y= | 100nS |
V source V receiver
Step Edge Voltage Along the Signal Path
The Channel has finite length: Rise Time, . — 022
" Frequency,,,

« Speed of Tx : Signal Rise-time 1
« Type of Data : Data Rate Gb/s = Uriterval= e —(v)
 Speed of Channel: Time Delay 12 ('"”SJ

velocity = E —
ps

High Speed SI
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Magnitude of the Reflection

1 inch Discontinuity

Reflection :

_ZO
Z, +Z,

0.6

Time/ ns

0.1 inch Discontinuity

80

70

60

50

40

30

20

77

500hms

0 02 0.4 06 0.8

Time/ ns

Time Delay :
TDlinch = VL
_VakK ns
12 mil
Example FR4 :

N

=—(100)=17ps
e

12
< 25ps Rise time

Bit Rate ~1/10th Rise Time Feature Size High Speed Feature Size

1 MBit 3 m (10 ft) Matched Termination

10 MBit 30 cm (12 in) T-Line Zo
100 MBit 3cm (1.2 in) Connector Zo

1 GBit 3 mm (120 mils) Passive SMT Zo

5 GBit 0.6 mm (24 mils) Via Zo

10 GBit 0.3 mm (12 mils) Die, Package, PCB Co-sim
40 GBit 0.075 mm (6 mils) Machining Tolerances

High Speed SI
KEYSIGHT Design & Measure

TECHNOLOGIES
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Reflections from a Stub Resonator

w=11 mils 250 mil w=11 mils
| L= .75 1in L=.75 in

<

2.92mm 2.92mm
342 mil 250 mil
High Speed SI
KEYSIGHT ‘ Design & Measure
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Stub Resonator (L=N/4)

L= "4 of the wavelength or electrical length p/4

— OPEN
et

:{>:t L=-r
p) <=

p= time to travel 1 wavelength
A (_j Given: p =—*%
2

2, /L L, Y
NP4

Destructive Interference

A

High Speed SI
Design & Measure
Seminar
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Parallel Stub Resonator (L=N4)

et BALANGED quu; ENDED: .

LSTRIRLINEY | nuunnmu

# O Quarter-wavelength stub (L=A/4

_ T 1. Destructive interference

- 20- 2. Virtual short

" 0] 3. Cancellation of waves
wl o N = 4. Minimum transmission (S21)

0 510 15 20 25 30 35 40
Freq (GHz)

High Speed SI
Design & Measure
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Stub Resonator (L=N/2)

L="> of the wavelength or electrical length p/2

— OPEN

D
N —

=P
N

Given: p =—*%

Vp

Constructive Interference

KEYSIGHT

TECHNOLOGIES

p= time to travel 1 wavelength

High Speed SI
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Parallel Stub Resonator (L=N2)

Half-wavelength stub (L=A/2)

£ 1. Constructive interference
107 2. Virtual open
20- 3. Addition of waves
o 4. Maximum transmission (S21
-4o:....I ............................

0 5 10 15 20 25 30 35 40

Freq (GHz)
KEXSIGHT




Full-Path Simulation to Measurement Correlation

Parallel Stub Resonator ADS Line-Type Model with Embedded Fixture
Test Structure |
Embed Fixture_plus_DUT Embed
L — %ww =
Measurement vs. Simulation in ADS
CMP-28 Stripline Resonator 10 Gb/s , PRBS 9

3 -5—§ Simulated Data ' Y @ <
5 -104 - M v %D\,_.,._-‘-, }y
t : j—-"w"_"'_ o -
@ 1 Measured Data fy i T T s P A A,
(_CD -1 5—_ e time, peac
OSTTE 10 15 20 95 30 38 40 SIMULATED MEASURED
freq, GHz N4951A Pattern Generator
High Speed SI
KEYSIGHT Design & Measure
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Circuit Model with Reflections

Scattering Parameters Behavioral Model

P —_—>
Return Loss S11 S21 Insertion Loss
2-Port
M /\ A - S-Parameter I (-A\ H /\
O Behavioral Model PORT 2
—— —_>
Insertion Loss S12 S22 Return Loss

Vreferenced to the return path

S-Parameters (S11, S21, $S12, S22) .s2p Touchstone file

High Speed SI
Design & Measure
Seminar
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Transmission Lines are Differential

Two traces carrying complementary data, commonly used for high
data rates

Why?
Receiver can reject any signal that is common to both lines
Radiation reduced (cancellation of fields)

Impedance measurements have slightly different meaning compared
to single-ended measurements

High Speed SI
Design & Measure
Seminar
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Single Ended Parameters

Port 3 Port 4

Stimulus
Pot1 | Pot? | Portd | Portd

5 S11 S12 S43 Sy
@ = S S S
il 22 23 24
2
e 5 S31 Sz Si3

5 Sy Sp Su4

Four-port single-ended device

Return Loss or TDR

Insertion Loss or TDT
Near End Crosstalk (NEXT)
Far End Crosstalk (FEXT)

Response

Portd | Portd | Port! | Portl

Stimulus
Pot1 | Pot? | Portd | Portd
vy v v v
Ty T2 Tz Ta
Ty Ty Tz Ty
T3y Tz Ta3
Tar Ta Taa

Frequency Domain Parameters \/ Time Domain Parameters

KEYSIGHT

TECHNOLOGIES

FFT or IFFT

High Speed SI
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Single-ended to Differential S-Parameters

Single-ended
Port 3 Port 4
Stimulus

3
- Sy S Siz Sy 3

()
% Sy Sp Si Sy =
§ Sy Sy S Sy <
X S, Sp Si Sy §

O

Naming Convention:

.
Smode res., mode stim., port res., port stim.
N— A

KEYSIGHT

TECHNOLOGIES

P

Mode

Mode

N
- Balanced

Balanced
——

ort 1

S —

7

Port 1

Port 2

Port 1

Port 2

Response Response

Differential-
Mode Stimulus

Port 1 Port 2

S S

DDI1 ~DDI2

D1 D2

CDi1 ~CDi2

»n 0O _oum

S
S
S

Ck1 ~C[2

High Speed SI
Design & Measure
Seminar

Balanced

port 2

_UQ..

Common-Mode

Stimulus

Port1  Port2
SDCI1 SDC12
SDC2’I SDQZ
SCCI1 SCCI2
SCC21 SCC22

Page 29



Differential S-parameters

Differential in, differential out:
Behavior of differential signals

Stimulus

Cornrmon Signal

=

Part 1 J Part 2

nSDC’I’I SDC‘IE
?_SDCE1 SDC 22
SCCH SCC’IE
SCCE‘I SCCEE

Differential Signal
o> 1 A ) Port 1 Port 2
- 1 |5
% ‘E_ SDD11 SDD‘IE
@[§ o
%5 E S0 Sopoo
alz = | S S
25 |3 cD11 co12
E . Scoor Scpo
L

2

Differential in, common out:
Behavior of mode conversion

(EMI Emissions)

Lo S
-+ 1 Ao

KEYSIGHT

TECHNOLOGIES

\

Common in, common out:
Behavior of common signals

“o S
o I S

High Speed SI

Seminar

Design & Measure

Page 30




Crosstalk for Microstrip vs Stripline Analysis

NEXT
Near End Crosstalk FEXT EMsi lation
ST e Far End Crosstalk simuia IO.n _or
L complex radiation
Nl and crosstalk.
Input
Microstrip Loss
Identical
12mil Traces, Smil o
Gap : |
R Microstrip
0‘07 T
0 10 L
Frequency (GHz)
10 3 R
z | o \ A
¢ "Stripline Loss - \ -
I P i Stripline
£, 051 | LA
i g | 5Gbps Eye
. /Stripline FEXT AV '/ -
0.0~ - e B 4 A
0 10 20 —
Frequency (GHz) Hiah S d Sl
KEYSIGHT DSsignpzeMeasure
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Differential Standard Through Vias vs. Short Microvias

10.00d8f

20.00

40 .00

30.00

20.00

10.00

0.00

-10.00

-20 .00

-30 .00

-40.00 |f

-3a0.00

SDD21 and SDD11

S-Parameters

=

e

Vi AR “1‘___. .

|

ey

Differential
Return Loss of
standard via

Differential
Return Loss of
microvia

Differential
Insertion Loss of
microvia

/ Differential

Insertion Loss of
standard via

10.00 M He(Step 10.00 M Hz) 1992.00 hMHzS

KEYSIGHT

TECHNOLOGIES

20000 .00 MH=z
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Differential Standard Through Vias vs. Short Microvias

a0 mvr Standard via @ 10 GbpS S0 Microvia @ 10 GbpS

Bit Pattem PRES Data Rate (Ghs): 10 .
Bit Pattem: PRES Data Rate (Gh's) 10

Rise Time (per 0 Pattern Length (bits) 2#9-1
Rise Time (ps): 9] Pattern Length {bits): 2°9-1

440.00

19.5890 psf 198 901 ps 0000ps 19.892 ps/ 198 . 925ps

aomvs Standard via @ 20 Gbps aomvs Microvia @ 20 Gbps
Eit Pattem: PRES Data Rate (Gh/s): 20 Bit Pattem PRES Data Rate (Gh's): 20
Rise Time (ps): (o] Pattern Length (bits), 2G-1 Rise Time (ps) 4] Pattern Length (bits): 276-1

! _40000 000ps 9917 psf Q9167 ps 0.000ps S.91aps 99194 ps
KE T<oIuar i High Speed SI
Design & Measure Page 33
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Cascading S-Parameters

Cascading Two 2-Port Networks

_ - —a
Port 1 aAl A B b2 Port 2
, Network WSS Network |[EESNgS
Multiplying S-Parameter Matrices Doesn’t Work
S, #8,5,
Convert to Normalized Incident and Reflected Wave T-Matrix
FromStoT TT — TATB FromTto S
—det(S - S
Til:% I, = S22 Sllzi S21=L
21 21 T, T,
S 1 _
T,=—"+ Iy =-— S, = det(T) S,, = Ly,
S Sa T i
High Speed SI

KEYSIGHT

TECHNOLOGIES
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Simulation to Measurement Correlation
"Down to the last ripple”

Full Path Fixture + DUT Insertion Loss

AD 0_
-5-
m -
©
o 107 —-- Model with AFR Fixture
3 ]
157 — - Model with MBM
Fixture
-20- . _
0 5 10 15 20 25 30 35 40 Measured Fixture + DUT
SOLT Cal

freq, GHz

High Speed SI
Design & Measure
Seminar
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Do | trust the Simulation or the Measurement?

‘ SIMPLE CHANGE IN PCB TRACE WIDTH |

| w 3*W W I
|—”l’¢_”l’—| PCB Strioline
B o P

<

> I

I
‘ Which one is correct? ‘ | ~2.54 cm (1in)

| SIMULATED | __ MEASURED|

& G G ED R ¢

' & &
c 0.1
| 03—F A Sl A

0.5 i mme T S e e

7 R o
S L I R R I

5 15 25 35 45 55

time,psec S
' High Speed SI

KEYSIGHT sign asure
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Measurement “Fixtures’

A “PCB Fixture”
transitions from
the coax
connector to the
planar PCB
transmission
line.

KEYSIGHT

TECHNOLOGIES

Standard coaxial SOLT
Calibrations only calibrate to the
end of the coaxial cable!

W 3*W
!
i

Series Resonant Beatty Structure :

W

~2.54 cm (1 in)

$1 X Fixture A

N
r g

I ‘ Coaxial Interface |

! | X o
T s
|

} 1x Fixture B
|

‘ Planar PCB Footprlnt

| w

High Speed SI
Design & Measure
Seminar
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Short Length Fixture

| Can | ignore the fixture losses if | shorten the length?

KEYSIGHT

TECHNOLOGIES

Series Resonant Beatty Structu
W 3*W
el o :
N r oA >
Fixture A | ~2.54 cm (1in) |_Fixture B

0_

1] | INSERTION LOSS
o] . .
m 1
T -3
o 4 Short 20mil
] _5_
c J
S 6 ]
5 7. Long 700mil
0 ]
£ ]

1'3__ Shorter fixture can be worse! |

0 5 10 15 20
freq, GHz _
High Speed SI

Design & Measure

Seminar Page 38



What is the “Reference Plane”

Step 1

Splitting of the
S-Parameters

1x ‘x“w ' Agilent PLTS
AFR

Reference Plane | Algorithm

. | SeriesReso“a“tﬂeaWStfuc‘f“"eI ! Series Resonant Beatty Structure !

* i hes Pl FIXTURE oW W
e sssss——— ]

ouyg 1 1 gl DE-EMBED (S T

I

2sdem(lin) !
1x Fixture A “Z.24¢em (lin 1x Fixture B | € > |
! ! | ~2.54 cm (1in) '

MA

| Reference Plane |
High Speed SI
KEYSIGHT DSsignp& Measure
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Fixture Removal Benefits

! ] }
I

: Series Resonant Beatty Structure : eries Resonant Beatty Structure
: | w W w p— I
S ! % ]l FIXTURE W W
e ———
g 1 o dll DE-EMBED imma: —
1x Fixture A | ~2.54 cm (1in) | 1xFixture B I <€ >
1 I

< I
. ~2.54 cm (1lin
T-Matrix | (Lin) |

I
7]

TR FIXTURE ~ ]
S -5_ |
g 1 DE'EMBED % -5
| | § ]
| T-Matrix -
104 i
0 5 10 15 20 25 30 B O S L T B A |
Frequency (GHz) 0] 5 10 15 20 25 30
Frequency (GHz)
High Speed SI
KEYSIGHT Design & Measure
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Fixture De-Embedding with S-Parameters

De-Embed Simulation using S-Parameters

De-Embed Fixture_plus_DUT De-Embed

Make sure that P2 is the

) ] g i same physical reference
Fixture A Fixture A DUT  Fixture B Fixture B B e T

p1\/_\_v_ P1\/_\'\/—/\/—VN2 _v_/_\i'z and the Port 2 Fixture DeEmbed File.

- Term N . - . N . e Term
Term1 Term?2
MNum=1 MNum=2

Z£=50 Ohm - — Z=50 Ohm
De_Emhed2
= SNP2 S2P De_Emhbed?
= File="Nelco_40001351_3p8p8_Fix_1 ds' =N/ ! o Sl o
Type=Dataset File="Melco_400013S1_3p8p7_Beatty 3w _Tin.ds File="Melco_400013S1_3p8p4_Fix_2.ds
Type=Dataszet Type=Dataszet

Output De-Embedded DUT S_Parameters

High Speed SI
KEYSIGHT ‘ Design & Measure




Using TDR to Verify Fixture Port 1

S21
Through
. . o Port 2
Time Domain Verifies DUT o
Fixture Data Matches

with the DUT Fixture

Fixture A that you want to remove from the data...
65
60-
55— Fixture_Port1

50 WA
45—
40
35 T | T | T | T | T | T | T | T | T | T | T | T
-02 00 02 04 06 08 10 12 14 16 18 20 22
time, nsec

Fixture A TDR S11

TDR from S11

; v

=

55 Fixture_Port1
45
35-
25+
15_ T | T | T | T | T | T | T | T | T | T | T | T
-02 00 02 04 06 08 10 12 14 16 18 20 22
time, nsec ot Soeed
igh Spee
KEYSIGHT Design & Measure
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s DUT_TDR_S11

DUT_plus_Fixture

Fixture A TDR S11

Fixture_plu
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Using TDR to Verify Fixture Port 2

Time Domain Verifies
Fixture Data Matches
with the DUT Fixture

S21
Through
Port 1
O DUT
S22

TDR from S22

KEYSIGHT

TECHNOLOGIES

Fixture_B_TDR_S22

Fixture_B that you want to remove from the data...

N
. 65
i D:I 60—

O 55— Fixture_Port2

|_

| 50+

M, 45-

% 40—

E 35 T | T | T | T ‘ T | T | T | T | T | T | T | T
L 02 00 02 04 06 08 10 12 14 16 18 20 22
§| time, nsec

I— 55

- e e e e 2

B 45—

o) 35+ DUT plus__Fixture

%_ 25+

ml 15 T | T | T | T ‘ T | T | T | T | T | T | T | T
é 02 00 02 04 06 08 10 12 14 16 18 20 22
i time, nsec

High Speed SI
Design & Measure
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s DUT S21

Before and After Fixture Removal

DUT_S21

Fixture plu

Frequency Domain Time Domain
| DUT = Shorter Electrical Length
: ©1 " after Fixture Removal
1 -0
| 25 60
B = ]
] EBI 501
1 DUT_plus_Fixture =g
'10 T T | T T T | T T T T ‘ T T T T ‘E 30_ DUT_plus_le‘ture
0 5 10 15 20 " 205
freq, GHz 020002040608 101214161820 22
time, nsec
DUT with Fixture Removed in RED
DUT with Fixture in Blue
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Fixture Measurement-Based-Model (MBM)

“Model matches in the frequency and time domains”

Insertion Loss

T T T T T T T
5 10 15 20 25 30 35 40
freq. GHz

Phase (Electrical Delay)

T T T T T T T N
5 10 15 20 25 30 35 40
freq. GHz

KEYSIGHT

TECHNOLOGIES

Port 1 Impedance vs Electrical Distance

55
54—

o Fixture Left- : Fixture Right

51 id I Side
50 B
49| I

48]
47|

] Easy to adjust

e 04 os o PCB routing
\ length for flexible
fixture length.

PCE
Refe

PCB Routing to a TEM
Mode Reference Plane

MBM Thru_tdr

Meas Thru tdr

LI S BRI L
oo 01 02

Fixture A Measu ent Based Model (MBM)

PCB Connector 2.82mm
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Full Path Embedded Fixture + DUT Simulation

250" STRIPLINE 25 OWN . 250"

PLANE 1.000 [wcwes

BEATTY srmumo,-' :

1 |

2.92mm mz_gzmm
I

Fixture Left-Side

Full Path Fixture + DUT Insertion Loss

| :F'lxture Right-Side - 0 )
ok, ;
| -5
Embed Fixture_plus_DUT Embed % : L ‘
Fixture A DUT Fixture_B & -1 0_' “A\
1\ A A § : J
154
[ = I
Sz l]‘_-J j :
A A - 20t e e
e 0 5 10 15 20 25 30 35 40
. freq, GHz
lecl;ufre S-(I;aram?ter[rc;r;\‘l/;gl;/ll? ——Measured Fixture + DUT
ana rrom aeconstructe .
= = Model with MBM
Fixture
==+ Model with AFR Fixture
KEYSIGHT High Speed SI
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Stellar Measurement to Simulation Correlation
with Accurate Fixture Calibrations

00
"~

250

| Looking Good ! ‘

=1

y

Rx In.Densit

' SIMULATED |

1 X
BSS2S

time, psec

KEYSIGHT

TECHNOLOGIES

STRIPLINE 25 OHN 2.'5
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| MEASURED |
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The Future: The Internet of Things (IOT)

Automotive
Wearables
1oT
More Data Centers

Apps
Security

25GE traffic density

Next Gen Data Center EthE[

Technology Summit
GRL

GRANITE RIVER LABS

High Speed SI
Design & Measure
Seminar
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Example: DDR2 Device Fixture

DDR2 BGA probe adapter for
oscilloscopes and logic analyzers

DDR2

KEYSIGHT

TECHNOLOGIES




DDR2 Fixture De-Embedding

File Control Setup Trigger Measure Analyze Utilities Help 16 Oct 2008 8:16 PM

o on — B F'.In . F'.‘ln . Cln -

N
e
+—

fam| ma

i

Probe at BGA

BEEEE

Mora 1 | [ | Follsilo ™ SN
(o2 RTBGA= 390 ps
Dc-llr_itr: RTVIA=183 Ps 75 65 p:.l' "i.::;tti.ﬁga . M:zut;:ﬁ;»”
A 75.65 ps 83.11 ps 3%0.05 p:
RT De-embed= 175 ps 17565 b 18301 ps  390.05 e
175.65 ps 183.11 ps F98.85 ps
Scope performs de-embedding
High Speed SI
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SATA De-embedding Example

How to measure S4P
from A to C?

High Speed SI
Design & Measure
Seminar

GRL

GRANITE RIVER LABS
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De-embedding fixture and Calibration board

De-embedding fixture Calibration Board

High Speed SI
Design & Measure
Seminar

GRL

GRANITE RIVER LABS
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USB Type-C High Speed Cable Fixture

TRL Calibration Calculator

electrical Low
Inputs Length Propagation Velocity Phase | 1gh Phase
(cm) _

Er
Line 1 6.634 30.02 150.11
Line 2 3.55 1.561 1.5911E+08 30.02 150.11
Line 3 0.332 30.02 150.11
Start Stop Frequency | Line PCB line
QOutputs | Frequency |Frequency Length length (mm)
(GHz) (GHz) f2/f1 =8 (mm) =
Short/
Open 37 37
Load 0.200 v v
Thru(1x) v v
Thru(2x) T4 T4
Line 1 0.200 1.000 416.96 5.00 66.343  140.343
Line 2 0.850 4.250 98.11 5.00 15.610  89.610
Line 3 4.000 20.000 20.85 5.00 33T T3y
Calibration

Structures
D -

Through ReflectLines (TRL)

High Speed SI
Design & Measure
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Error Correction Techniques

Most .
S-Parameter De-embeddin
Accurate A Thiu Reflect.Li TRLg A Automatic
O Thru-Reflect-Line (TRL) Fixture
O Line-Reflect-Match (LRM) Removal
O Short-Open-Load-Thru (SOLT)
© Normalization
o Reference Plane Calibration
A\ Port Extension
A\ Time Domain Gating
Most Simple
KEYSIGHT emign & Voasure
TECHNOLOGIES Seminar Page 54




High Frequency Probing

S21

0 dB

When connectors are not
an option.....

« PCB channel has no
connectors: chip to chip.

e Directmeasurement of
the in-situ path is
required.

-2.5d8B

* Reduced cost for
repetitive production

teStmg- Soldered Cable - SMA

-5dB

2 GHz 4 GHz

High Speed SI
Design & Measure
Seminar
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Tools and Accessories

TCS60

Calibration  Mylar Fine-tip
Optical Microscope Substrate  Tape Sharpie pen
(~ 90 x magnification)

e Using a good
microscope is essential.

e You might damage the
probe if you cannot see
its tips well.

AM4113TL Dino-Lite Premier

USB Digi
(~ 90 x magnification)
(Make sure to use a long working range (5 cm @ 90x) microscope!)

(@PACKETMICRO



Example GHz Probes and Probe Stations

Agilent
E5071C

GGB Prohe ' |

'

Simultaneous Horizontal/Vertical Probing

High Speed SI
Design & Measure
Seminar

@ PACKETMICRO
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....In Summary

“A theory is something nobody believes, except the person who

made it. An experiment is something everybody believes, except
the person who made it.” — Albert Einstein

“A simulation is something nobody believes, except the person
who made it. A measurement is something everybody believes,
except the person who made it.” — Paul Huray

“Always verify simulation and measurements with standards”
Full Path Fixture + DUT Insertion Loss
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