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What is a Dual IBIS-AMI Model?

e AMI file has:

* GetWave_ Exists = True
* Init_Returns_Impulse = True

* Best option for running both time domain and statistical analysis

Case # TX RX Convolution Input  |Statistical Time Domain
Getwave Exists |Init_Returns_Impulse |Meaning Getwave Exists | Init_Returns_Impulse |Meaning
1 FALSE TRUE Init-Only FALSE TRUE Init-Only 3 Static TX EQ, Static RX Eq
2 FALSE TRUE Init-Only TRUE FALSE Getwave-Only |1or2 Static TX EQ, Dynamic RX Eq
3 FALSE TRUE Init-Only TRUE TRUE Dual 2 Static TX EQ, Dynamic RX Eq
4 TRUE FALSE Getwave-Only FALSE TRUE Init-Only 3 No TX EQ Dynamic TX EQ, Static RX EQ
5 TRUE FALSE Getwave-Only TRUE FALSE Getwave-Only [1,2,0r 3 No TX or RX EQ
6 TRUE FALSE Getwave-Only TRUE TRUE Dual 1 No TX EQ
7] TRUE TRUE Dual FALSE TRUE Init-Only iFFT(FFT(3)/FFT(2))
P TROE QU JRUL s —— -
8’ TRUE TRUE Dua: ( TRUE TRUE Dual = Oinlv
~—— S ——
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Time-Domain Simulation

Analog Channel

° |nputs: AN = —
* Channel and buffer Impulse responses \ ﬂJ1| L T
* User-defined input stimulus S —— : M 'W‘IU \ UU]WM]W
* Algorithmic models (AMI_GetWave) '™ Res""“s"’- Useretﬂngs S il 1010 S
* Analysis Method: _ ' l
* Waveform processing & convolution >
Engine
« Outputs: I I .
* Not specified by IBIS my —
* Persistent SIS .dlagrams AMI_Getwave AMI_Getwave
* Eye height / width measurements AMI_ Init AMI_Init
* Eye contours @ probabilites o || _ee e

Equalized / unequalized responses

v Oid0Ft
o SiSoft
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Statistical Simulation

° Inputs: Analog Channel
* Analog channel impulse response

» User selections for model parameters
e Aleorithmic models
AMI_Init / impulse response processing)

Impulse Response User Settings . e e

« Analysis Method: | |

* Convolution engine (pulse response) . !

Statistical
Engine

v

* Outputs:
* Not specified by IBIS
 Statistical eye diagrams
* Eye height / width measurements
* Eye contours @ probabilities

Tx = E———
AMI_Init AMI In|t mre il
* Equalized / unequalized responses
\ -\\\ Qio0ft
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Impairments To Be Modeled

» Inter-symbol interference (ISI) Signal distortion (linear and nonlinear)
Crosstalk Electromagnetic coupling in passive interconnect
Receiver sensitivity Low signal amplitude causes decision latch to fail clock-data timing
Additive White Gaussian Noise (AWGN) Shot noise in receiver amplifiers

Clock Impairment Physical Cause

» Random lJitter (RJ) a. Shot noise in oscillator gain element
b. Power supply noise modulating gate delays

Duty Cycle Distortion (clock) (DCD) For half rate clock, duration difference between positive and negative
half cycles

Duty Cycle Distortion (data) Difference between data rise and fall times

Sinusoidal Jitter (SJ) Clock noise on power supply modulating gate delays

N e 0 SiSoft
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Inter-Symbol Interference (ISI)
Impairments

((
3 n SiSoff
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Step Response Analysis

i SiSof
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sisoft_serdes

SiSoft_AMI_Tx

SiSoft_AMI_Tx

100.0ps - SerDes... w4

None stripline_bp92

$W4:Length

Rx
sisoft_serdes
SiSoft_AMI_Rx
SiSoft_ AMI_Rx

=

10”, 10 Gb/s

Pulse Response
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Pulse vs. Step Responses

4 SiSofr

Tx

sisoft_serdes

SiSoft_AMI_Tx

SiSoft_AMI_Tx

100.0ps - SerDes... w4

None stripline_bp92
$W4:Length

Rx
sisoft_serdes
SiSoft_AMI_Rx
SiSoft_AMI_Rx

b

o

10”, 10 Gb/s

Pulse Response
SiSoft_AMI_RxInvalidSignature, SiSoft AMI_TxInvalidSignature

1491

“—  Reduced
height

¢ ] Sharp
| attack RC
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Channel Pulse Response

(Relatively) short rise time

\ Peak voltage < Step response voltage

/

1uu.u—_ Long tail

/ Rir:[ging

* Requires accurate Tx/Rx analog models to correctly
predict ringing due to reflections

y SiSoff
h\\ 100rk
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Aligned Pulse Response and IS

Hula hoop algorithm determines clock sampling time and main cursor height.
/ This is the maximum possible inner eye height.

Voltages at these points subtract from
the eye height at the sampling point. Inner Eye Height =

main_cursor — X |ISI_voltages|

* VVoltage and time scales show ISl contributions \ >4 Ul
e Useful in evaluating EQ & predicting eye opening

' SiSoff
-\\\ 1001t
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ISl Inner Eye Calculation Example

W SiSofr Pulse Response W SiSoft

SiSoft_AMI_Rx, SiSoft_AMI_Tx

70003 yl: (T43.969my)

3 0.40
600.03
500.0—5 0.20 4
s 3
S 000 £
& 3 £ 00
= — i=
= E >
300,07
E -020 1
200.073 y1:¢113.189mv)
100 0—E \ 10 (33.430 040
L \_, |Y( i) | Y1 () 6.859mv) |
3 — ”
0.0 T T LlIULTIII T | T T IIULTII T ‘ LI IULTII T | L Ig Lr” T | LI -0.60
1.0 0.0 1.0 20 3.0 4.0
Tirne Ul

Prediction: 580mV

Inner Eye Height = main_cursor — X |ISI_voltages|

= 0.60

Bathtub Curve Set
SiSoft_AMI_Rx, SiSoft_AMI_Tx

i I

y1: (-0.272V, 1.085E-15)

¥2: (D.278V, 5.874E-6)
ty: 0550V, 5.874E-6 i

Probahility

Tirne (LI

Simulated Actual: 550mV

A quick calculation gets us close, but small amounts of energy in the tail add up
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Time Domain ISl

* Time domain waveform
from impulse response

* Bit pattern modulated

Data Multiplier

il SiSofy

1 x 0.5 :#
* LTI assumed L % 0.5 im

* Linear superposition

g

uuuuuuuu

' SiSoff
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[ . A e
Each possible A ” — s
Stat I St | Ca | S | A amplitude s the d=didy
convolution of the data® A “‘ A 2 )
stream d, with the A d= {_1 1} >
% SiSoft Pulse Response cursors r, % ‘..\
0.4 | . Probability ~.
E A A A A o
< _?
Inverted pulse response Y F i
All equal probable combination of cursors E3 [ 1]
0.28 |
2
0.28v
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All Possible LTI Combinations Evaluated

[ —

Each possible
amplitude is the

f IV N N _»

A
convolution of the data A \
stream d_ with the ‘ d o {_1 1} e
: -

cursorsr,
Probability *.
-

A Al Al Al A

vhva'T_.
o A e
N

All equal probable combination of cursors

*[1] )
"W SiSoft
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annels, Pulses and Statistica

Short channel,
Minimal ISI

Medium channel,
Moderate ISI

Long channel,
Extreme ISI|
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Accounting for All ISI Scenarios

* A 28Gbps link may have a bit every 0.2 inches

* Many bits can be on the channel at once

* With reflections that number is multiplied

* Required impulse response may be many Ul in length
* The bit pattern affects how these interact

To completely model all possible ISI scenarios we must try
every possible bit pattern for the number of Ul needed to
capture all significant ISI

\ s o SiSofr
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Can We Account for All ISI Scenarios?

* Theoretically need to try 2N patterns, where N is the
number of Ul before ISI becomes insignificant

 Example: 24 Ul impulse response must simulate
224 =16,777,216 patterns, each 24 Ul in length, total of
402,653,184 bit computations e

* Time domain simulation ?Hﬁ\ Py \
* N-length patterns strung out sequentially # A%
* PRBS helps reduce redundancies e
e Often able to simulate only a fraction of cursor combinatior T .

e Statistical ana|y5i5 el T a-fam [N 1
* Directly calculates all 2N cursor combinations m “ -y
* Efficient computation of channel response, not a circuit ‘ HH‘ 7

* May still have a practical upper limit for N

o SiSoff
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Jitter and Noise Impairments

(.
A “
\ 1111111111111 AMI Dual Models 18

We Are Signal Integrity



Jitter and Noise in IBIS

* |BIS 6.1 provides multiple TX & RX impairments

e TXjitter directly modulates the TX output

* Simulators jitter the pattern sent to the TX in Gaussian Voltage Noise
time domain simulations
» Statistical analysis convolves jitter with eye diagram X \ RX
* RXjitter affects recovered clock behavior 0 systom
» Simulators combine jitter data with clock Package H— | [{Pectase
information returned by the RX SN
» Statistical analysis convolves jitter with eye diagram !
/
H : H TX Jitter RX Jitter
* RX noise affects sampling latch data input Di Ri. i, S| Freq, DCD Di.Ri i, DD

 Jitter and noise are handled by the simulator,
not by the models

o SiSoft
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Time Domain Eyes With and Without Tx Jitter

Random lJitter
(Tx_Rj)=0

Tx_Rj = 0.05UI

13 Sep 2017
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Only Impairment is
Inter-Symbol
Interference (ISI)
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Time Domain: How Many Bits to Simulate?

1,000 UI 10,000 Ul

TD Persistent Eye, Tx Rj=0.05U1

i} SiSofy TD Persistent Eye, Tx_Rj=0.05Ul W SiSofy
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What Maximum BER Can We Tolerate?

* |[EEE-802.3bj-KR4 FEC on le-5

* |EEE-802.3bj-KR4 FEC off le-12 if low latency required
* OIF-CEI-56G FEC on le-4

* OIF-CEI-56G FEC off le-20

* PCle-G3 le-12

* PCle-G4 le-12

 DDR4 le-12 eye mask rules

* DDR5 1BD

N e '\ SiSoff
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How Many Error-Free Bits for 1e-12 BER?

It’s Not 1e12

Maximum BER le-12 le-12 le-12
Error-free Bits Simulated *[2] 3.00e12 3.69e12 5.30el2
4% SiSofr 3.69e12 Bit Waveform

1 million bits
(you are here)

\

000000

|
|
|
keep going ... :
|
|
|
|
|

I
(=1
(=3
k=]
|‘|

TTTTTTTT

' SiSofr
W\ SiSoft
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Statistical Eye With ISI and Jitter

BER = 1le-6 BER = 1e-12
Contour Contour

Statistical Eye

i SiSoft

400.0
------ 1.8E-2
200.0
200.0 4. 7E-3
100.0
< z
= 2E-4%
5 0.0 E
S 2
= [
-100.0
11E-7
-200.0
BN i e ——— TR i _
o | @4 BE-55
40 e e W R ———
T T T T | T T T T | T T T T 1
0 50.0 100.0 150.0
) Time (0s)
W BER = 6.44e-21 \\q s's r,,,
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Corrective Measures
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Desired Pulse Response for Low ISl

Pulse Response

1% SiSofr
B Sampling clock position
i Pulse energy should be confined here
2 ]
| Any energy here causes
Inter-Symbol Interference (1SI)

-----
T T T T

Time (UN

' SiSofr
W\ SiSoft
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Tx Equalization

x[n] > -1 N L e — > 1
* Usually implemented as taps spaced Y Y i

at the signal data rate \/b, Vz Vbz VDN

e Can precede the signal (pre-cursor),
follow the signal (post-cursor), or both

* Typical configuration is 1 pre-cursor, 2 post-cursor taps

Ny "W SiSoft
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TX Equalization (15t post-cursor)

b SiSofr Step Response

() Goal: boost high frequency . SiSoft_Ideal_RxTechnolog v, SiSaft_AMI_Tx
content .

* Transition occurs at full strength, R ( \
then driver “pulls back” for lncreasmb\E\Q
subsequent bits E o

e TX EQ is often referred to as de- Aj

emphasis

* TX EQ always reduces the energy
sent into the channel

-% 3130 ﬁ
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AMI| GetWave Models Can Process
Equalization Directly in Time Domain

i SiSofy Time Domain: 02TX_a2_T
Waveform: BRX1

0.80

0.60 A

Ul

__\‘Q‘
13
-

e e
-0.40 7 L
_M %MN\J
0.60
Z0.80 1 AMI_GetWave can be used only for time domain analysis of equalization
| | T T T T | T T T T | T T T T |
o} 0.50 1.0 1.50 2.0
Time {ns)
Legend:
108:-1 107:-0.75 106 5 105:-0.25 1090 110:0.25 111:0.5 112:0.75 113:1

' SiSoff
h\\ 100rk
13 Sep 2017 IBIS-AMI Dual Models 29 We Are Signa/ Integrity



AMI Init Can Return Impulse Response for

Equalization

4% SiSofy

Statistical: 02TX_a2_S
Step Response: VTX1 to ARX1_Probe

0.80 7

0.60 7

0.40 7

Wolts ()
o

o

I

Assuming an LTI system, the impulse response can be used
for both statistical and time domain analysis of equalization

\ 13 Sep 2017
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EQ Example: 20 inch channel, 10 Gb/s

i SiSofr Transfer Function W SiSofr Pulse Response
SiSoft_AMI_Rx, SiSoft_AMI_Tx SiSoft_AML Ry, SISoft_AMI_Tx
"] 000 W SiSof statistical Eye Diagram
1 T SiSoft_AMI_Rx, SiSoft_AMI_Tx
7 ] 0.60
] J 4863
0.0 ]
1 300,07 0.40
- -15 2790k ] -
1 ] 020
2 b s ]
s = = 1
© ] = —
H ] z
] = 2 53
4 2 £
2 =]
] E £ 2
-30.0]
00—~y T e  se3s
! T H T T

Hertz (GHz)

15.3 dB loss 12+ bits of ISl No EQ = No eye

M\ ) . s.s rm
- h\\ 100rt
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Sweeping the 15t Post-cursor Pulse Response

i SiSof Pulse Response
SiSoft_AMI_Rx, SiSoft_AMI_Tx

Case Cursor 1stPost 4000
1 1.0 0.0
2 0.9 -0.1 05—
3 0.8 -0.2
4 0.7 -0.3 o
5 | 06 | -04 s

100.0—]

* Which case will give us the

best eye? ——

E -3, . 2.0 10.0
! SiSoff
-% 100rk
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Using Pulse Responses to Find TX Equalization

) Tictap_filter.0 Txtap_filter1 | Stat Eye Height (V)
Row i SiSof Statistical Eye Diagram
| (=) | (=) ||?@ SiSoft_AMI_RY, SiSoft_AML_Tx
1 0 0
- N E 200.0 S
g 4 00708835
ki i 0.166147
I o7 ] 0.126204 1000 5E-3
¥ SiSof Pulse Response

SiSoft_AMI_Rx, SiSoft_AMI_Tx

3.6E-4

0.0

Volts (mv)
Probability

4000

300.0

1.3E-7

2000 /

E 1.4E-45
1000 -200.0 ‘

—E | T T T T T T T T 1

] . 0 0.20 0.40 0.60 0.80 1

0.0
] \/ Time (LD

) " SiSoff
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AMI| GetWave Can Also Model Time-Variant
Effects

W DFE action visible in eye diagram

RX DFE taps :
* Adaptive corrections e g — > —
* CTLE w— — S — S—
* Non-Linear Impairments '

e Saturation

o SiSoft
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Using Both Time Domain and Statistical
Analysis

* No single analysis method i e P
models all impairments and all 1 Qg >
corrective measures well == S —— S
enough - C

* Many helpful techniques,eg..

get adapted settings from time
domain and apply to statistical

e Dual IBIS-AMI models are
required

TTTTTTTT

o SiSoft
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Conclusions

* |BIS-AMI time domain simulation with AMI_GetWave can model non-
linear effects such as DFE and saturation.

e But it can be impossible to simulate enough bits in time domain to prove the
low BER requirements of some technologies.

* IBIS-AMI statistical analysis can quickly evaluate very low BER.
e But can not see time-variant effects such as DFE and saturation.

* Well constructed dual IBIS-AMI models are required.

' SiSoff
-\\\ 1001t
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Thank You

* Much content copied from:

* Pragmatic Signal Integrity Boot Camp
* Donald Telian, SiGuys
* Michael Steinberger, SiSoft
e Tripp Worrell, SiSoft
* Todd Westerhoff, SiSoft
* Graham Kus, SiSoft
* Eric Brock, SiSoft
* DesignCon 2017, Santa Clara, CA
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