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Background

* High speed serial design becoming very common

* |ncreased reliance on s-parameter models in circuit
simulation

e S-parameters can have subtle (and often not subtle)
problems in simulation

e How can we best discover or avoid these issues
before circuit simulation?

© 2014 ANSYS, Inc. 2



Agenda

nation
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Data Bandwidth
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ax Frequency Study
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Max Frequency Test

* QuickEye analysis
— Convolution based fast transient
— PRBS15 pattern

* VerifEye analysis
— Statistical eye analysis

* Both take advantage of LTI assumption
— Characterize linear channel with step response

© 2014 ANSYS, Inc. 7



1000.00

-1000.00

Max Frequency Sweep: Step Responses

Step Responses

sl ge max freq 2

Curve Info
—— Rise<AEYEPROBE(50qgig)=
QuickEyeAnalysis
— Rise<AEYEPROBE(45gig)=
QuickEyeAnalysis
—— Rise<AEYEPROBE(40gig)=
QuickEyeAnalysis
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QuickEyeAnalysis
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QuickEyeAnalysis
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Y1 [mV]

Max Frequency Sweep: Step Responses

Step Responses

sl ge max freq

900.00 —

Looking closer
we see a little
more variation
between models

Curve Info
—— Rise=AEYEPROBE(®0gig)=
QuickEyeAnalysis
—— Rise<AEYEPROBE(45qgig)=
QuickEyeAnalysis
—— Rise<AEYEPROBE(40qgig)=
QuickEyeAnalysis
—— Rise<AEYEPROBE(35qgig)=
QuickEyeAnalysis
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QuickEyeAnalysis
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QuickEyeAnalysis
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QuickEyeAnalysis

T
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AEYEPROBE(50gig) [mV]

Max Frequency, QuickEye Results, 50GHz

Eye 50gig sl ge max freq &

1000.00 N - - -
Curve Info MinEyeWidth MinEyeHeight

—  AEYEPROBE(50gig)
QuickEyeAnalysis 57.4000 4014111

250.00

-250.00

-500.00

-750.00

-1000.00 — T
100.00
Time [ps]

© 2014 ANSYS, Inc.

10



Max Frequency, QuickEye Results, 35GHz

Eye 35gig sl ge max freq 2

1000.00

750.00

250.00

AEYEFPROBE(35gig) [mV]

-250.00

-500.00

Curve Info MinEyeWidth

—— AEYEPROBE(35qiq)
QuickEyeAnalysis

MinEyeHeight

T T T | T T T T | T
50.00 75.00 100.00 125.00
Time [ps]
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ANSYS Max Frequency, QuickEye Results, 15GHz

AEYEPROBE(15gig) [mV]

Eye 15gig sl ge max freq 2.
1000.00
Curve Info MinEyeWidth MinEyeHeight
— AEYEPROBE(15qgig
QuickEveAnalysis 59,6000 339.2191
75000 —
500.00
250.00
0.00
-250.00
-500.00 —im
?.?: 7 AEYEFROBE(1Sgig) [m\] |0
_,.'F 5= o Qui_c_kEyeAnalysis
75000 — 0 e
-10000 4—F——7—————J—————— ] —————— [ [ [
25.00 50.00 75.00 100.00 125.00 150.00 175.00 200.00
Time [ps]

© 2014 ANSYS, Inc.

12



ANSYS Max Frequency, QuickEye Results, 5GHz

AEYEPROBE(5gig) [V]

EYE 5 Gig sl ge max freq &
1.25
Curve Info |

AFYFPROBE(5qiq)
QuickEyeAnalysis

o
=]
=]

-0.63

T, _—

__.-""'--_

T e T Taske T sabe | 7sho No eye @ 5GHz max frequency! 0.00
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Max Frequency vs. Eye Opening

QuickEye Results

Eye Width (ps)
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equency vs. Eye Opening
VerifEye Results

Eye Width @ 1le-14 BER
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0.4650
0.4600
0.4550
0.4500
0.4450

Eye Width (ns)

0.4400
0.4350
0.4300
0.4250

50 45 40 35 30 25 20 15

Max Freq (GHz)

Eye Height @ 1le-14 BER

300
250
S 200
S
=
=) 150
[}
I
=
& 100
50
0
10 50 45 40 35 30 25 20 15 10

MAX Freq (GHz)

35/trise = .35/10ps = 35GHz

© 2014 ANSYS, Inc.




Frequency Step

“Why do | care about low frequency data
for a SERDES application? Doesn’t
encoding take care of that?”



Frequency Step

* Tendency to focus on bandwidth and max
frequency

e Remember to check if there is enough low
frequency data in the model

— Low frequency info required in order to reconstruct
the propagation delay in the model
— Remember Nyquist:
* Ts=.5/ Fmax
* Fs=.5/Tmax

© 2014 ANSYS, Inc. 19



Nyquist and Sampling

* Traditionally taught as the time domain sample rate required

to achieve a certain frequency domain bandwidth

)

Ts = .5/ Fmax

Fmax

© 2014 ANSYS, Inc. 20



Nyquist and Sampling

* Given that frequency and time are duals of each other, there
is a frequency domain sample rate requirement for

reconstructing time delay

NN
\J \VAR YA

Tmax

Fs =.5/ Tmax

© 2014 ANSYS, Inc. 21



hannel for Sampling Experiment

ion line s-parameters
50GHz, 10MHz step
er frequency step sizes

@ L
;

Name=step R11
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Step Responses

Step Response vs. Sample Rate

sl step

Y1 V]
=1
=
=
|

-0.25

-0.50

3x Time of Flight
~12.75ns =» ~39MHz

Time of Flight
~4.25ns = ~117MHz

Curve Info
— W(in)
MexpdmTransient

— V{10meg)
MexximTransient

— Vid0meg)
MexximTransient

— Vis0meq)
MexdmTransient

— V{100meg)
MexximTransient

— Vi125meq)
MexximTransient

— Vi200medq)
MexximTransient

— Vi250meqg)
MexdmTransient

— V{400meg)
MexximTransient

00meqg

e mLVranment

10.00 12.50
Time [ns]

|
17.50 20.00
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Frequency Step Guidelines

* When considering your frequency step size,
determine the actual delay time you need to
capture

* Depending on terminations, you may need to
account for multiple reflections

 Essentially the settling time for the step response
of the model is the tmax that should dictate the
sample rate

© 2014 ANSYS, Inc. 24



guency Step Guidelines

reflection at the far end to make an
trip to the near end and back

R10

@ pSARE
i

Namea=step R11

© 2014 ANSYS, Inc. 25



ANSYS Model Concatenation

“Do | have to do this for every single
model if | need to make a single set
of s-parameters for my whole
channel?”

© 2014 ANSYS, Inc. 2



ANSYS Model Concatenation

e Sometimes there is the need to concatenate part
or all of a channel into a single s-parameter
model

* The step size in the new model is governed by
the overall delay you need to capture

* This will require you to oversample each of the
individual blocks in order to get the overall delay
right

© 2014 ANSYS, Inc. 27



ANSYS Model Concatenation

. Connector Connector HFSS Via
HFSS Via Model Model Model
Model
@_| pn [ | BN st [ | monz m [ |ow porss [ ] pomt Al I X ':."‘_'“ 5
il I pd | a2 I ard f :4_:—;‘_‘ artd I are? P4 I il i =
Microstrip Stripline Cable Model Stripline Microstrip
Model Model Model Model

* Max frequency still dependant on rise time
* You can use the same 3x time of flight rule

e Better yet, look at the step response of the circuit for
a more accurate view of the settling time

© 2014 ANSYS, Inc. 28



Model Concatenation

Step Response Channel Example .-

[mV]
|

Rise<AEYEPROBE(far)=
|

. )

Curve Info

—— Rise<AEYEPROBE(far)>
QuickEyeAnalysis

000 " 10bo

" 2000

3000 "a00 0 7 7 T soo 777 eoloo
__InitialTime [ns]

«3x t.0.f would be 30ns, ~17MHz sample rate
*Real settling time closer to 50ns, 10MHz step needed for

full accuracy
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Passivity

“My simulation just failed! What do these
warnings mean?”

#~ L modelss element(status): 519 - Final error 0 23527 (10-09-54 AM Mar 23 2011} -
— ' models:s_elementiwaming): 520 - Passivity violation: worst value 1.00255 atfrequency 0. (10:09:54 AM Mar 23 20071 —
# L models:s_element{status). 20 - Using convolution (10.09.54 AN Mar 23, 2011)
/1L models:s_element(status): s20 - Final error; 0.23527 (10:10:02 AM Mar 23, 2011)
i license checkouttook 0.11 seconds (10:10:02 AM Mar 23, 2011)
i) analysis(status): linear circuit detected. (10:10:02 AM Mar 23, 2011)
i) analysis:dc(status): Trying DC conv=1 (10:10:02 AM Mar 23, 2011)
i) analysis:dc(status); Total DC newton iterations =4 (10-10-02 AM Mar 23 2011)
. I analysisitranfwaming): circuit voltage exceeds 1000V (10:10:11 AM Mar 23, 2011) —

© 2014 ANSYS, Inc. 30



Passivity

 What is Passivity and why do | care?
— Models must not create power/energy
— Known source of inaccuracy in s-parameter models
— Causes simulations to fail via non-convergence
— |s a function of the entire matrix

— Can check passivity using Singular Value Decomposition
(SVD)

* Max singular values of the s-matrix at each frequency point in the
model must be <=1

© 2014 ANSYS, Inc. 31



k at Maximum Singular Value

Passivity

..... d

o)

Circuit Options. (1:14:41 PM Mar 19, 2011)
----- i) Analyzing...D:jedn/passivity. adsnresults/Circuit] ftemp/DV17_S15_V18.cir (1:14:41 PM Mar 19, 2011)

Mar 19, 2017)

2099 ency (GHA°

MNezoaim simulation will use local parameter scoping. To change this option, please go to Tools>0ptions=Nexxim

----- dJ (status): Nexdim version: 6.1.1 WIN32, build time: Jan 24 2011, 04:41:34 (1:14:41 PM Mar 19, 2011)
----- ﬁa} models:s_elementiwarning): s1 - Passivity violation: worst value 1.00007 atfrequency 0. (1:14:45 PM Mar 19, 20171)

models:s_element(status): 51 - State-space system file
----- q) 'D:fedn/passivity. adsnresults/Circuit] temp/sss_f52fc1d075b3a7d225aed1d5a33bafi0_4.sss' not found. (1:14:45 PM

status): s1 - Fittina state-space svstem usina TWA. (1:14:45 PM Mar 19. 2011

ty

Y
1.00007

1.00007

1.00007

1.00006

1.00006

1.00006

1.00006

1.00005

1.00005

1.00005

1.00004

1.00004

1.00003

1.00002

1.00002

1.00001

1.00000

0.99999

0.999935

0. GHz

0.99997

0.10000GHz
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0.10500GHz
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0.99994
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0.99993

0.99992

0.99990

0.99989

0.99988

0.99986

[0.14500GHzZ

0.99985

|0.15000GHz

0.99983

GO

[ |

4
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Passivity

e s it OK if my model is “a little” non-passive?

— Short answer: No
— Long answer: No, but you might be lucky

|t can be hard to say if non-passive data will stay stable long
enough to get good results in simulation

* |t might just be a matter of stop time

* Termination can mask non-passivity by absorbing the extra energy
produced by the matrix

© 2014 ANSYS, Inc. 33



Non-Passive Data

—0
c3 |
trace1_T1 tlace1 1f012farad
trace2 Tl trace2 T2
| Circuit! ..
c4 |
1e-012farad |
_10 n
| v U
: Curve Info
Exim"gﬁgu)ent !
i Exim"gﬁ;u)ent u
1 Rt
T | net15)
255.00 5.00 270.00 275.00 280.00 28321

Time [ns]
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Termination Can Absorb Extra Energy

—0
c3
trace1_T1 trace1 M0 12Redd b'
trace2_T[1 trace2_T2 R22 : . b'
c4 50 Circuit! adser

1e-012farad

! .|‘||‘..]J'|1|.| il f ) a:,',j ‘ ""’j th ||‘|, J

r\-l

bl

I D.éS I I I I D.é? I I ‘ I O.Jﬂ) I I I I ﬂ.h ‘ I I I 0.#5 I I ﬂlf?

Time [us]

g
°8||||||\|
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Passivity

So what do | do?

— Passivity Enforcement
* Convex optimization
e Perturbation

— Drawbacks

v Enforce Passivity
[ Use passivity by perturbation algorithm

N-port data

M-Part Data Snurce] Moise Data  Options ] Symbol]

Metwiark. Data at DC is needed for harmonic balance and transient analysis. If the
data at DT is not given, select the behavior of this NPORT.

{* Mexim (" Designer System

" HSPICE
Interpalation |Linear ﬂ
Extrapolatian |I:Dnstant magnitude, linear phaze extrapolation ﬂ
DC Behavior |E0nstant magnitude, linear phaze extrapolation ﬂ
Methiod |State Space Model ﬂ

[~ Usze reciprocal

Maise Model  [External (il

Enforce Pazsivity iz supported if state-zpace method iz selected for TR analyziz.

Metwork. D ata Explarer |

ar. | Cahcel

e Can result in worse fit to the data

* Not always successful

— For field solver models, consider tightening the error
tolerance and re-simulating

© 2014 ANSYS, Inc.

36



Passivity Enforcement

XY Plot 1 Circuit1 &
20000.00
— Curve Info
_ Wim_n)
MexximTransient
] W(in_p)
] MNexximTransient
15000.00 — Viout_mn)
| NexximTransient
| Viout_p)
MexximTransient
roo0000 Non passive data, w/o passivity
] enforcement. S-element error 2.15%.
E 5000.00 —_
T i
0.00 |
-5000.00 —_
-10000.00 | T T T T T T T T T T T T T T T T T T T T T T T T
0.00 50.00 100.00 150.00 200.00 250.00

Time [ps]
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Passivity Enforcement

XY Plot 3

Circuitl &

ANSOFT

/\ L

Wﬂ | Nj w
LI

Y

— |

Y

Curve Info —

NexximTransient

Non passive data, with passivity
enforcement. S-element error 4.35%.

= V(in_p)-V(in_n)
NexximTransient

T I T
21.50 21.67
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Causality

“Why do | need to care about
causality, and how do | know if | have
a problem?”



Causality

ns

2cede effects

e is 0 before t=0

ravel faster than the speed of light

XY Plot 1 Circuit2 &,

lov
]

|
- [

L. all [\f\nf\/\f\ N ~

Vi bvyy U" V A

-0.50 0.00 050 100 150 2.00 250
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Causality

* What can cause non-causality in S-parameter
models?
— Bad dielectric models in fieldsolvers
— Loose convergence criteria in fieldsolver

— Under sampling leading to interpolation/extrapolation
error

— Measurement noise

© 2014 ANSYS, Inc. 41



Causality

e Detection of non-causality is not as simple as
non-passivity
— Need to use Hilbert relationship

* For LTI structures, the real and imaginary parts are
even/odd complements in the frequency domain

* The Hilbert transform allows the real or imaginary parts
to be reconstructed from each other

* |n theory this should be straightforward, but sampled
bandlimited data add significant numerical complexity

He(w) = SIGNUM (@) ® Ho(w)
SIGNUM(w):i

o

Re[sij(f e mci = Im[sij(f )
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hich Model is Causal?

Ansatt LLC Insertion Loss VIA L
0.00

Curve Info
— S-param 1
Setup1_1: Sweepl
—— S-param2
= Imported

-5.00

-10.00

XY Plot 1 Differential35Gtouchstone 4
- Curve Info
— V(net_79)
Transient
spacing="0.3mm"
= —— V(net_80)
Transient
spacing="0.3mm"
—— V(net_87)
Transient
spacing="0.3mm"
—— V(net_g9)
Transient
spacing="0.3mm"
—— V(net_79)_1
HSPICETransient
spacing="0.3mm"
—— V(net_80)_1
HSPICETransient
spacing="0.3mm"
—— V(net_87)_1
HSPICETransient
spacing="0.3mm"
—— V(net_s9)_1
HSPICETransient
-100.00 pacing="0.3mm"

468.94

400.00

275.00

15000

10.00 1250 15.00 17.50 20.00
Freq[GHz]

:
4//&%%\“

-225.00

-350.00

-475.00

T T T T — T T : = T T
010 020 030 040 050 060 070 0 089
Time [ns]
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Causality Checking

Selectby: (% Frequendes (& Makrix entries view: ( Table & Plot
.
N MHonecausal
E 3 Ineznclusive
¥ selectal :
Causal
=
1| 1 | v
v selectal
E O Messages "
= ﬂ C:fUsers/mhou/Desktop/fcsr_55xx_8xddr3_sL_20130913_package_20130827_noRL.s45p
Preparing data for causality check...
Checking Causality. This process could take a long time,
Checking causality. Reconstruction error tolerance: 0,01
Causality check is inconclusive: Please add more frequency samples.
Reading causality data...
¥ Causality check is done
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800.00

400.00

200.00

AEYEPROBE(far) [mV]
s
8

-200.00

-400.00

Causality Checking in State-Space

Causal Model Statistical &

Curve Info MinEyeWidth | MinEyeHeight |

—— AEYEPROBE(far)
o ysis 192.0000 1078.1683

ickEyeAn

200.00
Time [ps]

AEYEPROBE(far) [mV]

Non-Causal Model Statistical Bad &

800.00
Curve Info MinEyeWidth | MinEyeHeight |

—— AEVEPROBE(far)
QuickEyeAnalysis 162.8000 1050.5502

600.00

400.00

200.00

-200.00

-400.00

o
=
8

ol b b b g

200.00
Time [ps]

r:J I, models:s_element(warning): s41 - Causality violation: Worst error relagveg threshold for $(2.2) is 1.00483 percent (12:01:09 PM Mar 23, 2011)
,-l).i,i models:s_element{status): 541 - processing row 3 of 4 ofthe scatteri
21 models:s_elementiwaming): s41 - Causality violation: Worst error relative to threshold for $(3.1) is 0420155 percent. (12:08:20 PM Mar 23, 2011)
: I models:s_elementiwaming): s41 - Causality violation: Worst error relative to threshold for $(3,2) is 0.778083 percent (12:15:31 PM Mar 23, 2011)
: I, models:s_element(warning): s41 - Causality violation: Worst error relative to threshold for $(3.3) is 0.410643 percent (12:22:14 PM Mar 23, 2011)
,-l).i,i models:s_element{status): 541 - processing row 4 of 4 ofthe scattering data matrix.. (12:22:14 PM Mar 23, 2011)
7 I models:s_elementiwaming): $41 - Causality violation: Worst error relative to threshold for S$(4.1) is 0.77204 percent (12:28:37 PM Mar 23, 2011)
: I models:s_element{waming): s41 - Causality violation: Worst error relative to threshold for $(4.2) is 0.415145 percent (12:35:11 PM Mar 23, 2011)

In general, violations greater then 0.25% are usually cause for concern.

i models:s_element{warning

:541 - Causali

violation: Worst error relative to threshold for 5(4.3) is 12.2196

i3 matrioe.. (12:01:09 PM Mar 23, 2017)

12:41:52 PM Mar 23, 2011
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NANSYS Causality Detection and Enforcement

 Enforcement
— Use causal reconstruction instead of original data
e |ssues with causality enforcement

— If a model is non-causal it is not necessarily true to
assume that either the real or imaginary part is
“correct”

— Essentially throwing away half of the s-parameter data

— If the issue can be addressed in the fieldsolver tool,
that will always be a more accurate option than
enforcement

© 2014 ANSYS, Inc. 46



NWSYSHE Non-causal Data (purple) vs. Causal Reconstruction (red)

XY Plot 1 Circuit2 4
Curve Info
1% — dB(S(Port3Port1))
- LinearFrequency
] Ensc:EEE:;:E?LT:ESIE%Z?;EP#LQ independant material_p75_500meqg : microstrip_hfss_HF...
025
050
Qﬂ__
100 Enforcement succeeded, but
. results still look a little
. strange. Best to go back and
! redo model in the field solver.
2150 ™ L L s L R R EL L A R R UL L B
0.00 250 5.00 7.50 10.00 1250 15.00 17.50 20.00
F [GHz]
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Going Back to the Fieldsolver

Edit Sweep

Sweep Mame: |Sweep [+ Enablzd

° A feW t h i n gs to t ry: SweepType:  |Interpolating =l

Frequency Setup

| Count | Frequency

— Causal dielectric models, e.g. | » e

0 3 . Start o Display >
Djordjevic-Sarkar w o e

Step Size 0.005 GHz -

— Tighten convergence criteria

— Minimum solved frequency

Tirme Domain Calculatiar... |

Interpolating Sweep Options DC Extrapalation Options
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Causality and Passivity

* Non-causal data can lead to non-passive
simulation results
— Loss of accuracy with non-causal models
— A bad fit to non-causal data can be the cause

— Remember that both passivity and causality are
requirements to ensure stability
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Conclusions

at the model data is accurate and appropriate

pling

lity can be enforced, but this can affect

integrity is key for good signal integrity
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