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Signal Integrity Is All Around Us

Transmitter 5 i Receiver
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Signal Integrity in Digital Communication Channel

Cable On board video processor LED display
Interconnects

Signal integrity I1s about the problems interconnects
Introduce and how to avoid them.
— Dr. Eric Bogatin
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Guide to Signal Integrity in Simulation and Measurement

High Speed Digital Design

L4

Measurement

Simulation and measurement correlation

Sim. and Meas.
Comparison
: “Bad”
Comparison 4 Find out why
result
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Understand Signal Integrity Analyses with a Case Study

The case of the failing virtual channel

Simulate the channel

Find the root cause of
degradation

Explore design solutions
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Essential Signal Integrity Analyses in Simulation
Eye diagram

Mixed-mode S-parameters
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Essential Signal Integrity Analyses in Simulation
Eye diagram

Mixed-mode S-parameters
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Essential Signal Integrity Analyses in Measurement

Multi-channel eye: RX(port 2) signal s=aa sDDNM = SCD21

i =, 38 32 etz = nze m

P TDD11 - = Multi-channel eye: RX{port 2} signal
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Essential Signal Integrity Analyses in Measurement
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Understand Signal Integrity Analyses with a Case Study

The case of the failing virtual channel

Simulate the channel
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voltage (V)

Use Eye Diagram Simulation to Evaluate a Channel
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Construct Eye Diagram From PRBS

PRBS: Pseudo-Random Binary Sequence
By sending PRBS, we are testing how the channel affects all the possible transmitted data pattern.

PRBSX: The 2*-1 pseudo-random binary sequence combines every permutation of x bits.
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Partition PRBS Pattern by Unit Intervals
1.2

ADS
i 2UI 2UI 2UlI

| A -
02 h LJ \

0.4—
0.0—

-0.2_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
40 41 42 43 44 45 46 47 48 49 5.0

exsionT time (nsec)

Voltage (V)




Overlay Partitioned PRBS Slices to Create the Eye
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Closed Eye at the Receiver: Signal Integrity Problem

PRBS at the transmitter

voltage (V)
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Understand Signal Integrity Analyses with a Case Study

The case of the failing virtual channel
AN

Find the root cause of

degradation
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Use S-parameters to Investigate the Channel

 Transmission coefficient
 |Insertion loss

> S,, (Port 2 excited by port 1)

Freq =f,

Signal Integrity Convention:

LT (D) RL(dB) = 20loglS,
* Return loss
IL (dB) =20log|S,,
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Use Mixed-mode S-parameters for Differential Channels

Differential \Y i)(ed -M Od e Differential
Portl i Port2
B S-parameters RV
ingifs | i OULgiff
Vincomm i_ i VOUtbomm
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Stimulus and Responses in Mixed-mode S-parameters

Differential Signal Common Signal
[ mixed- mode] Stimulus Stimulus

DD11 DD12 DC11 DC12

Differential
Response

DD?21 SDD22 DC21 SDC22

Response

S S
S S

Common Scoir Scp1z Occ SCClZ
S S

CD21 SCD22 CC21 SCC 22
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Important Mixed-mode S-parameters

S Differential response at port 1, excited
DD11 by Differential input at port 1.

SDD11 Related to differential return loss.

SDD21 Related to differential insertion loss.
SCD21 Mode-conversion: EM generation.
S

Dco21 Mode-conversion: EM susceptibility.
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Rule #9: What Do We Expect with Given Channel?

Expectation Expectation
SDDll (d B) J :
- |

Freq (GHz) Freq (GHz)

microstrip stripline |
Estimated Loss
(dB at Nyquist)

Impedance
(Ohm)
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First Glimpse of the Virtual Channel

KEYSIGHT
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3-inch microstrip differential pair

Differential Via structure

3-inch stripline differential pair
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Cross-section of the Microstrip Differential Pair

SolderMask | |
| 1 | ? |
FR_4_Prepreg! i i
" 14 mil 42 mil 14 mil

Single-ended Microstrip Impedance

Rule of Thumb: W/H=2 - Z =50 Ohm
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0.5+ 0.7 mil

pcl
7 mi

pc2

Because of solder mask, we expect:
differential impedance <100 Ohm



Cross-section of the Stripline Differential Pair

i i i ! pc2
FR4 Core ! i . 9 mil
'1 1 | 1 p) : pc3
FR14_Prepreg | |9+ 1.4mi
: : i ~ocd
g mil 24 mil 8 mil

Single-ended Microstrip Impedance

Rule of Thumb: We expect:
08<W/H<1- Z~500hm differential impedance ~100 Ohm
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Rule #9: What Loss Do We Expect with Given Channel?

microstrip stripline |
Estimated Loss
(dB at Nyquist)
Impedance
(Ohm) <100 100
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Rule #9: What Loss Do We Expect with Given Channel?

Date Rate: 32 Gbps
Nyquist Frequency: 16 GHz
Estimated Loss: ~ 0.1 dB/in/GHz

microstrip stripline |
Estimated Loss
(dB at Nyquist)
Impedance
(Ohm) <100 100

KEYSIGHT

EEEEEEEEEEEE




Rule #9: What Loss Do We Expect with Given Channel?

Date Rate: 32 Gbps
Nyquist Frequency: 16 GHz
Estimated Loss: ~ 0.1 dB/in/GHz

_-
Structure
microstrip strlpllne
Estimated Loss
(dB at Nyquist) > dB
Impedance
(Ohm) <100 100
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Rule #9: What Loss Do We Expect with Given Channel?

Date Rate: 32 Gbps
Nyquist Frequency: 16 GHz
Estimated Loss: ~ 0.1 dB/in/GHz

_-
Structure
microstrip strlpllne
Estimated Loss
(dB at Nyquist) smal > dB
Impedance
(Ohm) <100 ? 100
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dB(SDD11)

Compare Expectation to S-Parameters Result

Expectation

Freq (GHz)

Differential Return Loss (dB)

5 10 15 20 25 30 35 40

freq, GHz
KEYSIGHT
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3-inch 3-inch
Structure
microstrip stripline

Estlmated Loss
(dB at Nyquist)

Impedance
(ohm) <100 ? 100

Not what we expect!

Small

dB(SDD21)

-60

EXxpectation

Spp2; (dB) \

-10 dB at 16 GHz

Freq (GHz)

Differential Insertion Loss (dB)

5 10 15 20 25 30 35 40
freq, GHz



Simulate Only the Transmission Lines

microstrip differential pair
-
mlcrostrlp strlpllne
Estimated Loss Smalll
(dB at Nyquist)

Differential Vitructure

stripline differential pair

Differential Insertion Loss (dB) Differential Insertion Loss (dB)
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Via Structure Consists of Transmission Line

KEYSIGHT
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~75 mil

Data rate: 32 Gbps
Nyquist: 16 GHz

Bandwidth: 5*16 = 80 GHz
Wavelength: 6 in/nsec/80 ~ 75 mil

/\ 75 mil
Transmission line:
Voltages and currents vary
In magnitude and phase
over physical length.

Sl



Impedance Discontinuity Creates Reflection in TLine 3

Top View

[": Reflection Coefficien?t

L,—Z,
L, + 7,

-1<I'<0 0>I'>1

I =
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What Can Reflected Waves Do?

Top View

Transmission line stub

Open
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Wave Propagation Path Not Through Stub

Top View

V
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Wave Propagation in the Stub Direction

A
Delay = —
y 2

['=1

KEYSIGHT
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Quarter-wave Stub Resonance Minimizes Transmission

' SN
"

Len:i
4

Quarter-wave stub resonance

At frequency where the physical length if the
stub Is a quarter of a wave length, it seems like
nothing is being transmitted (virtual short).

['=1
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Transmission Line Resonance Example

> Len~ 75 mil

<

> Len ~ 75 mil

Ien:&—>/1:4-len freS:X: v e
4 A 4-len nsec
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The Stub Is a Possible Root Cause of Degradation

3-inch microstrip differential pair

voltage (V)

| Differential Via structure

time (psec)

Differential Insertion Loss (dB)

3-inch stripline differential pair ]
~— o

-10-

15-

SDD21
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Perform Consistency Test with TDR Impedance Plot

1 F(t) T (t) _ Vreflected (t)

: 1-T°(t) Vincident (t)
- ) Wy

v -

Step incident
g - a@ma
Reflection reflected —
Monitor
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Expectation of Impedance Profile Before Simulation

Estimated Delay (FR4): 6 in/nsec

Structure SHInED Via SHlel
microstrip stripline
Round Trip Delay
(nsec) Small
Impedance
(ohm) <100 ? 100

KEYSIGHT
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Expectation of Impedance Profile Before Simulation

" _. : : Open
100 Ohm: <1000hm i i ~100Ohm :
100 Ohm — - ?i-
Estimated Delay (FR4): 6 in/nsec 0.5 nsec L& neec 1.6 sae o

3-inch 3-inch
Structure
microstrip stripline
Round Trip Delay
Impedance
(ohm) <100 ? 100
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Examine Via Structure to Estimate Impedance

Zdiffvia

A

Assume 100 Ohms

Zstub

Assume 100 Ohms

—o

ZdiffStripIineFeed

Parallel combination
IS about 50 Ohms.

42



Low Impedance Shown in TDR is Consistent
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Via Stub is The Root Cause of Eye Closure

Differential Insertion Loss (dB)
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Understand Signal Integrity Analyses with a Case Study

The case of the failing virtual channel

Explore design solutions
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Solution 1: Remove Stub with Back-drilling

P

l Expect eye to be more open.

time (psec) time (psec)

KEYSIGHT
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Solution 2: Add Equalization at the Receiver

Decision Feedback

Equalization

time (psec) But... How many tapS?

EEEEEEEEEEEE



Use Single Pulse to Identify Number of Taps Needed

Single pulse Single pulse response

-

* Rise Time
« Data rate (Unit Interval)
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Select Number of Taps for Decision Feedback Equalization

0.8

voltage (V)

] Cursor
0'7_- Decision Feedback Equalization
0.6—_
Sa 4 Symbol
04— & Detector
N Post-cursor <
037 Pre-cursor S
0.2- b
] Decision
0.1- Algorithm
0.0- P
01~ One Unit Interval (Ul) If | detect a “17,

' I I ' . A
31.18 3128 3138 3148 3158  emphasize the next 0"

time (nsec)
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Decision Feedback Equalization in Time Domain

Single Pulse Response After DFE

0.8
0.7-
0.6-
0.5-
0.4-
0.3-
0.2-
T

voltage (V)

0.0-
0.1

/\ Single Pulse

After DFE

r=

31.18
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31

| |
.28

| | | I |
31.38 31.48

time (nsec)

31.58

If | detect a “17,
emphasize the next “0”.



Solution 2: Add Equalization at the Receiver

‘., Decision Feedback
‘3\1& + Equalization
l ' 0.6
0.4

-0.2
0.4+
_0.6 | | I | T | | T | I T | I
0 10 20 30 40 50 60
time (psec) time (psec)
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Eye Mask Comparison Before and After DFE

C 0.20
'l 5 No equalization 0.15- With equalization
0.10 0.10
> 005 > 005
0.00 % 0.00-
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Understand Signal Integrity in the Ideal World

The case of the failing virtual channel

voltage (V)

time (psec)
0
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ADS Essential Signal Integrity Analysis Demo
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PCle Example: Simulate a Differential Channel

N N N PN

s RS Ve O\ /Y SO\ /s O\
{/ A\ {f \\ / Ny /f N\
f{ \ ) I WA

Stripline channel

85 Ohms
i 6 inches

. = P —
3 e =
O\ N
\\ {/
\ I
/| (|
// \\ /
</ - g
= = P — =
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PCle Example: Simulate a Differential Channel

KEYSIGHT
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Stripline channel

85 Ohms

6 Inches
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IBIS-AMI Simulation Setup and Result without BCI

EyeDiff Probe

EyeDiff PreEq
EyeDiff Probe _ B - B
= — —N, ——, — =
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IBIS-AMI Simulation Setup and Result without BCI

EyeDiff Probe
EyeDiff PreEq

EyeDiff Probe ‘ . — —

L

0.6 1

1 1T 1 T 1 1 1 T ]
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IBIS-AMI Simulation Setup and Result with BCI

EyeDiff Probe
EyeDiff src

=i

O 4a
s S §

—

TX_P

EyeDiff Probe
EyeDiff PreEq

== I

[=J =] m—

Eye Probe
Eve out

= =
[ O ) |

TX_N

KEYSIGHT
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IBIS-AMI Simulation Setup and Result with BCI

EyeDiff Probe
EyeDiff PreEq

EyeDiff Probe

EyeDiff_src ( j\l (f - ) f iﬁ‘}, If: /1,' ’*; ;!:! .

06 06
> 04— _
o <0
h 0.0- 0
! - =3 -
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=4 > ]
W -0.4 e -0.4-
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Critical Steps to Taking a Measurement in the Real World

Prepare

NENGIERIREI® - Calibration
NEERBIEINENIN < Fixture removal (de-embedding)

% — Anticipate the measured result

Acquire

channel data * Multi-port S-parameter

measurement
Establish a Robust Signal Integrity
Measurement and Simulation Workflow : : :
https://connectlp.keysight.com/DesignConKEF2018 Arr:alyzel ) Smgle._ended UnieliEEnileL
channe « Eye diagrams (NRZ, PAMA4)

performance . COM

KEYSIGHT
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https://connectlp.keysight.com/DesignConKEF2018

Comparison Between Calibration and De-embedding

Objectlve

Reference
Structures

KEYSIGHT
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Comparison Between Calibration and De-embedding

ObJeCUVe Move reference plane

Reference
Structures

KEYSIGHT
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Comparison Between Calibration and De-embedding

ObJeCUVe Move reference plane

Instrument Measurement

Reference
Structures

KEYSIGHT
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Comparison Between Calibration and De-embedding

ObJeCUVe Move reference plane

Instrument Measurement

« Short, Open, Load, Thru (SOLT)
« Thru, Reflect, Line (TRL)
* Thru, Reflect, Match (TRM)

Techniques « Mechanical Calibration  Automatic Fixture Removal
.  Electronic Calibration « Measurement-based Model

KEYSIGHT
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« 2x Thru
* 1x Open, 1x Short

Reference
Structures




Measurement Setup and Default Reference Plane

Reference Plane

1
1
1
I
1
1
i
1
I
L
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Calibration Moves the Instrument Reference Plane

B

Calibration

Reference Plane

o

KEYSIGHT
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Measure Device Under Test Through Fixtures

Reference Plane

Connectors Connectors

_U

T
w

r-----
r-_--_--

KEYSIGHT
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De-embedding Moves the Measurement Reference Plane

Reference Plane

KEYSIGHT
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Connectors

p1 ! i

Mo I
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PLTS Rapid Testing Demo



Rapid Channel Testing with IBIS-AMI

m Physical Layer Test System - [plts_w_IBIS_AMI.dut - Essential_Signal_Integrity_Analysis (4p):1]

B | File Calibration Measure View Utilities Tools Run Format Window

Qg d @ X @ @ EH BE B EpuEEF

Help

Measure |~

Data Browser ax

él Delay|C Units/Div| 100 mV il Ref Level| 0 mV il

Haorizontal
j Units/Div| 0

Ready

Marker * _¥ ﬂ Jl J

Measurement |[Continuous sweep |De-Embedding [Port Rotation |Hard

- Calibration ~ i Multi-channel eye: RX(port 2) signal o sDD11 = SCD21
B Template View Arpiute (Ve 250,350 Nuftchannel Sve Configuion. GenencTifl tBks o = e =
| Create New e o
% Create New for Multi-data | I
= USB3.0 Connector (12p) = ™ ==
[ USB3.0 Cable (12p) N e -
- HDMI 1_4 Category 1 (12p) " / ™
-5 HDMI 1_4 Category 2 (12p) = g, | L7 ==
--|% SATA 3_0 Internal Cable Connector (8p) . el dm
-7 DisplayPort 1_2 HBR (20p)
- COM (12p) == =
= COM 50GBASE-KR_postd1p0 (12p) e f o e =
- COM 200GAUI-4_and_400GAUI-8_C2C_d. "]
- COM 200GAUI-4_and_400GAUI-8_C2M_1 = e
- COM 200GAUI-4_and 400GAUI-8_C2M_1 o .
£ Essential_Signal_Integrity_Analysis (4p)
1 plts_w_IBIS_AMIl.dut: 1 v Tren o e o o Em om o om ow oz amEms e oo @ om o e em e o omn moEms
< >
|\ Data Bro... l"ﬁ;' Marker ... ‘)@( Limit Mas...lE Tabular Tr..“ .
s e TDD11 oz _ Channel with Tx FIR T Channel with Tx FIR and Rx DFE
i DT s A X | a= = e R =P ekl S g B g U e i, 0350 e e oo, Senere TR it
N g q
Bl == =S [ e [PASS e [PASS
[ Name I Result ] ==
Eye Level Zero (mV): -255.0364 e
Eye Level One (mV}): 2569853 mom 7
Eye Level Mean (mV): 09744 o e oo
Eye Amplitude {mV): 5120218
Eye Height (mV): -178.3254 =
Eye Height (dB): 0.0000
Eye Width: 62912 ==
Eye Opening Factor: -0.3502 == sore e
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Channel Before and After Equalization

FAIL

100 mV/div
Bit Pattern PRBS
Pattern Length (bits): 2410-1

FAILED

Multi-channel eye: RX(port 2) signal
Data Rate (Gb/s) 32 Rise Time (ps) 0
Amplitude (mV): -250 , 250 Multi-channel Eye Configuration:

GenericTxRx_32Gbps

PASS

100 mV/div
Bit Pattern PRBS
Pattern Length (bits): 2"11-1

PASS

Channel with Tx FIR and Rx DFE

Data Rate (Gb/s) 32 Rise Time (ps) 0
Amplitude (mV): -250, 250 Multi-channel Eye Configuration: GenericTxRxEQ_32Gbps

0.000 ps

6.152 ps/div

61.523 ps

0.000 ps

6.152 ps/div 61.523 ps
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Summary

N The case of the failing virtual channel &8 =

Eye diagrams

AAAA

Mixed-mode S-parameters mmmp

Time domain reflectometry

Single pulse response mm—p

IX P
W Auto-Negotiation
IX N

caszmen
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Resources

Physical Layer Test System (PLTS) 2019:
www.keysight.com/find/plts

SIGNAL INTEGRITY

CHARACTERIZATION Dlgltal |nterc0nnect TeSt System

TECHNIQUES

www.keysight.com/find/diref
Free Signal Integrity Book:
www.keysight.com/find/RessoBook

Establish a Robust Signal Integrity Measurement
and Simulation Workflow
https://connectlp.keysight.com/DesignConKEF2018

The Case of the Failing Channel

Microstrip

Advanced Design System (ADS) 20109:
http://www.keysight.com/find/ads
YouTube Video:
https://youtu.be/mpyMWuVrKKc
Workspace Download:

Via transition

P> »l o 458/10:50
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