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| ptroduction

S-parameter models are widely used to model highs  peed

Interconnects and connectors
— Model accurately frequency dependent behavior (Skin effect, resonances, filter

effects, ...)
— Easy to generate: NWA measurements, Full wave simulators

— Accurate simulations require high-quality S-parameters

— Practical considerations




Causality

Causality is a simple, intuitive concept.
— Cause and effect
— There can be no response of a system before the system is excited.
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Causality for continuous signals

with an infinite bandwidth




width

Causality for continuous signals with infinite band

Time domain condition for causality

vit) =0 t<0

or

Vo en(t) =sIgn(t).v 44(1)
V, 4q(t) =sign(t).v,,..(t)

sigN(t). Veyen(t)
| 1
7 t
-1 t<0
sign(t)= 0 t=0
1 t>0




Causality for continuous signals with infinite band width

Time domain condition for causality

vit) 0 <O

or

Veven(t) ' Sign(t)'vodd(t)
Vodd(t) ' Sign(t)'veven(t)

v(t) is not causal
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Causality for continuous signals with infinite band

Time domain condition for causality

Frequency domain condition for causality

vit) =0 t<0

or

Vo en(t) =sIgn(t).v 4(t)
V, 4q(t) =sign(t).v,,..(t)
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Fourier Transform

REAL and IMAGNINARY PART of the FREQUENCY DOMAIN REPRESENTATION
OF THE SIGNAL are LINKED through the HILBERT TRANSFORM




Causality for continuous functions with infinite ba

ndwidth

VC&US&| (t) = Veven(t) + Slgn(t) Veven(t)

Vcausal (t) = Vodd(t) + Sign(t)- Vodd(t)

Veausal (f) = Vr(f) +].SIGN(f)*V ()
Veausal () = SIGN(f)*V(f) + J.V/|(f)

v(t) Veven(t) Sign(t). Veyen(t) (t)
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Non-causality is shifted to positive time!




Causality for continuous functions with infinite ba ndwidth

Vcausa,leven(t) + Vcausal,odd (t)
2

Vcausal(t) =

(t) (t) (t)
Tk IO FaVa N I T I
t
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Veausalt) = U(t).v(t) (Blind causality enforcement)
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Causality for discrete signals

with a limited bandwidth




0 t *— > [® 0 t

v(t) =0 t<0
Discrete bandwidth limited
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- For discrete signals: time domain response = periodic response limited to one period T,
- To avoid time domain leakage duration impulse response (T,,.,) < T,



How to check for non-causalities

Causal or non-causal?

i

Non-causal Causal




Causality for discrete bandwidth limited signals
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Time domain condition for causality

vit,) =0 - T—2° <1,<0

- To avoid time domain leakage, duration time domain response T, .. <T,

T

- To be able to check causality, duration domain response T, < -2
2



Similarity with Nuiquist’s sampling theorem

« Time domain: Nyquist’s sampling theorem:

Dtz Lo 1 with F., = the bandwidth of the sampled function
K 2F.. = the frequency duration of the signal
1
T .......... S T “Dt :F_O
Fmax 5 f t
2

* Frequency domain: dual of Nyquist sampling theorem:

1 1

Df =—< with T, ., = the time duration of the sampled signal
T, 2T,
1
T T ..... |%=7,
0 T max To t



Causality for discrete bandwidth limited signals

Continuous, infinite bandwidth

Veven(t) = Slgn(t) 'Vodd(t)
Vodd (t) = Slgn(t) 'Veven(t)

Discrete, bandwidth | imited

Vs,even(tk) = SignTO (tk)'v spdd(tk)
v s,odd(tk) = Slg nT0 (tk)'vs,even(tk)
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Causality for discrete bandwidth limited signals

FREQUENCY DOMAIN CONDITION

Continuous, infinite bandwidth

Ve(F) = SIGN(F)* V(F)
V,(f) =SIGN(f)* V, (f)

Discrete, bandwidth | imited

Ve(fi) = SIGNTO(fk)@VI (fy)
Vi) = SIGNTO(fk)@VR(fk)

CAUSALITY ENFORCEMENT

Vcausal(t) = u(t) V(t)

Vs causal tk) = U (t,)-ve(ty)

Blind causality enforcement




Calculation of time domain

responses




Calculation time domain response

Time domain convolution
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Spectrum pulse
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Frequency domain multiplication
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Causality issues due to

bandwidth limitation




Time domain convolution
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Bandwidth limitation of an S-parameter model

Amplitude [dB]
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Frequency domain multiplication

. Excitation pulse S(2,1) Pulse response
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Freguency domain multiplication vs. time domain

convolution

0.8
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Pulse response
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Methods do not match perfectly!




Freguency domain multiplication vs. time domain

convolution
Time domain convolution 6 oFrequency domain multiplication
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Freguency domain multiplication vs. time domain

convolution
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Freguency domain multiplication vs. time domain

convolution

Impulse response
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Freguency domain multiplication vs. time domain

convolution
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Time domain sampling, when not done properly (Nyquist theorem) will introduce
frequency domain leakage or aliasing




Bandwidth limitation causes ringing and loss of res olution
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e e _ samles
Bandwidth limitation causes ringing and loss of res olution )

To reduce the ringing: need more bandwidth

To have more time points per bit: need more bandwid  th

How much bandwidth is needed ?

Minimum N points per bit required: F 3 N.B;[rate

Up to which frequency is actual data required?
When can | apply zero-padding? J




Max bandwidth required

0 i T i 0.05
1 20 GHz ——— 20 GHz
Infinite bandwidth = Infinite bandwidth
5L 1 0.8
Q
& £ 06 8
= & 2
=-10 & g 0 v vn“
o %04 ©
7] 2 8
o a
15 0.2
0
54 | | | | | | | L | ] 1 ) ] | | S
0 5 10 15 20 25 30 35 40 45 S0 -1 08 06 04 02 0O 02 04 o0& 08 1 -1 08 06 -04 02 0 02 04 06 08 1
Frequency [GHz] Time [ns] Time [ns]

0.05

A Pulse response
o

008 | | | | | [ |
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Time [ns]

Notice: Main part of ringing in causal part of pulse response!




Max bandwidth required
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Max bandwidth required
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Max bandwidth required

PERFECT CHANNEL

DataRate = 1.0 Gbps
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Maximum model frequency > 300 GHz for data rate = 25 ,40 Gb/s

Perfect channel defines upper limit for bandwidth.




Max bandwidth required

CHANNEL WITH LOSSES - Data rate = 25 Gbh/s
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Maximum model frequency F,, ., drops significantly if channel is lossy.



Max bandwidth required

PERFECT CHANNEL, BANDWIDTH LIMITED BY BUTTERWORTH F ILTER - Data rate = 25 Gb/s
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Techniques to minimize ringing

Discrete Fourier Transform vs Fourier Transform
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Techniques to minimize ringing - method 1
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Techniques to minimize ringing - method 1

Impulse response
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Techniques to minimize ringing - method 1

Pulse response
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real(S(2,1)) [abs]

Frequency [GHz]
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Frequency [GHz]

Techniques to minimize ringing - method 2

Bandwidth =20 GHz

imag(S(2,1)) [abs]
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Techniques to minimize ringing - method 2
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Techniques to minimize ringing - method 2

Impulse response
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Techniques to minimize ringing - method 2

Pulse response




Extrapolation to 100 GHz



Impulse response

D Impulse response = (Infinite bandwidth — extrapolated signal)



Pulse response

D Pulse response = Infinite bandwidth — extrapolated signal



Causality issues due to

discretization




S(2,1)

J— Z = 66 ohm J—
T Length = 12" T

0.2 pF 0.2 pF




Impulse response



Continuous, infinite bandwidth

Blind causality enforcement

0
.,
0
0 .,
Q v,
.
»
A\

.,
.
g
g
.
.
o,

o
. $ | 1 i
Smart causality enforcement
+ ; - — —




Continuous, infinite bandwidth

Blind causality enforcement
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Step response




Time domain convolution
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S(1,1) Impulse response



S(1,1) Impulse response



S(1,1) Step response

Step response Step response



Time domain convolution

Step - ramp
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stedt) = | impulset).dt
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impulsdt) = dstegt)
Time domain convolution {4 scn e
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step dstep/dt

Impulse response of the step response

step response



Impact on DC value

when causality is enforced




Impulse response
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DC = impulseresponsg) dt
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Measurement of connector and footprint: impedance is not-causal



Step 1) Reduce ringing: make signal continuous at F:



Step 2) Enforce causality



Impulse response Impulse response

A

Step response f‘ Step response

pc DC

> >
Ty/2

—

DC-value does not change if causality is enforced



DC value and causality enforcement






