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Introduction

Topics

Consider a range of accelerations and noise in PDV data.
Look at errors and uncertainties in velocity.

Look at errors and uncertainties in acceleration.

Method

Determine a range of accelerations in actual shock physics experiments.
Build velocity profiles with appropriate ranges of acceleration.
Build beat waveforms with different amounts of noise.

Perform Fourier transforms, extract data, and compare to input values.
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Look at range of accelerations in HE-driven data

red = velocity
blue = acceleration

L S —— I R e — 4
Velocity vs Time |Acce|eration 'S Time|
SDRD Boom Box 11/19/2014| 0 e 3
1.6 Tmm Cu spall experiment 1.3 >
(o]
- ,.m-r"‘"" I | R | -2 8
3 Jf 3 slope = -1.73 3
g AT N AR e 12l | =t N N L =
E E S
s ! f Ny £ L O A A R & ) N . v -
g ///M—> g 1 g
> > NN L, 2
©
w
------------------------------------------------------------------------------------------------------ 1.0 ~
................................................................................................................ - _2
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 0-9 T T T T '3
2 4 6 8 10 12 14 3.0 3.5 4.0 4.5 5.0
Time (us) Time (us)

Accelerations range from —2 mm/us/us to +2 mm/us/ys.
Linear fits to velocity look good = constant acceleration.

Many thanks to Ed Daykin (MSTS) for permission to use this data.
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Other considerations for this study

Data could be shifted to different velocities in the spectrogram
(frequency multiplexing)

bSciitev @ 1024/512/8

Are the errors
and uncertainties

L in the upper part
I L : of the spectrogram
e / the same as in
i e the lower part?

0.00

Summary: Acceleration range of =2 to +2 mm/us/ps.
Constant acceleration.
Data could be frequency shifted.

Conclusion: Choose accelerations that range from =5 to +5 mm/ps/ps.
Limit study to constant accelerations.
Examine entire velocity range from 0 to near Nyquist.
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Build velocity profiles with constant accelerations :
(a=-5,-2,-1, -0.5, +0.5, +1, +2, +5 mm/us/us)

Accelerations have units of mm/us/us = 10° m/s? = 108 g

Positive Accelerations Negative Accelerations

2 g e — )

_____'_____. e e T e R

Nyquist Limit Velocity Vs Time Nyquist Limit

Negative Acceleration
(units of mm/us/us)

T o e A S 15 AN NI AT D7 TV HSTHS) [t
g Velocity vs Time E
}; 10 Pos.itive Acceleration| g 10~
-(_3 (units of mm/us/us) E
= =

O 0
30 40 0 10 20 30 40
Time (us) Time (us)
initial velocity = 0 mm/us initial velocity = 18 mm/us
final velocity = 18 mm/us final velocity = 0 mm/us

(Nyquist limit is 19.375 mm/us for digitizer sample rate = 50 GS/s.)
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Build beat waveforms using 8 different accelerations

1.0 e O e T T T
|Amplitude vs Time
| Acceleration = +1
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Amplitude (arb units)

ol T I AR Attt

Beat waveform parameters:
50 GS/s = 20 ps/pt
Lambda = 1554.13 nm (ITU29)

Process data using 1024/512 = 0.02048 ps FFT windows
Use QuickView to process data.

Start data at 0.2048 us (21t FT window)
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Beat Amplitude (arb units)

And 5 different SNR values = 10:1, 3:1, 1:1, 1:3, 1:10

These beat waveforms are for acceleration = +5 mm/us/us.
lgor: bOlev =sin(2*pi*d0lev*1e6/777.067)+enoise(0.1)

Beat Amplitude vs Time
S:N = 3:1, a=+5 mm/us/us

f

3:1

Beat Amplitude (arb units)
o
|

Beat Amplitude vs Time
S:N = 1:1, a = +5 mm/us/us

1:1
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305x10° 300

Beat Amplitude vs Time
S:N = 1:10, a = +5 mm/us/us
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We have 8 accelerations and 5 SNRs for each study
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Velocity Uncertainty
Acceleration Error
Acceleration Uncertainty

Velocity Error

Accelerations
(mm/ps/ps)

Signal-to-Noise

10:1

3:1

1:1

1:3

1:10

-5

-2

-1

-0.5

+0.5

+1

+2

+5

We will be looking at 160 values.
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Look at the change In frequency for each FT window

Constant accelerations = linear velocities

v=at+b
A =1.55413e-3 mm
Beat Frequency: dt = 0.02048 ps
2f 2

ﬁ,—TV——(at+b) 3 df,
(mm/us/us) | (MHz)

df, 2a 0.5 13

- 1 26

dt 21 ) 3

a
C#b _ Tdt 5 132

Larger accelerations broaden the frequency peaks in the spectrogram.
Does this increase the error or uncertainty of the extracted data?
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Example of negative acceleration (—0.5 mm/us/us)

bOpSevs @ 1024/512/8 021 bOpSevs @ 1024/512/8 erseirg 1

S:N=10:1

ry
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15,50 |
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775
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388
-60
0.00"
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Velocity vs Time
a =-0.5 mm/us/us

Velocity vs Time
a =-0.5 mm/us/us

Extre

Velocity (mm/us)
Velocity (m/s)

0 10 20 30 40 36.05 36.10 36.15 36.20 36.25
Time (us) Time (us)
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Define velocity error and uncertainty

This example is S:N = 10:1, Acceleration =—-0.5 mm/us/us

Measure of Error Measure of Uncertainty
0.4 e — e e — 0.4 R
| Velocity Error vs Velocity| Fit Error vs Velocity
‘| a=-0.5 mm/us/us a =-0.5 mm/us/us
Q
S »
~ N
5 E
i S
2 5
(%] =
o ic
)
> 1L
Coefficient values
: a  =-0.0054651
b =-0.0025768 stdev = 0.083 m/s
SO R S o ——— — -0. -
0 5 10 15 20 0 5 10 15 20
Velocity (mm/us) Velocity (mm/us)

Velocity Error = (extracted velocity) — (actual velocity)
Use a linear fit to the velocity error as a measure of error.

Fit Error = (Velocity Error) — (Fit to Velocity Error)
Use 1 standard deviation of the fit error as a measure of uncertainty.
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Velocity Errors
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Velocity Errors
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Velocity errors are functions of velocity
This example: SNR = 10:1 and Acceleration = 0.5, +1, +2, +5 mm/us/ps.

Velocity Error vs Velocity :
S:N =10:1 s

004 .

0.05 ___ .......................... — S —— Notes for this case
B | | f (SNR = 10:1):

0.00 _~.___ ........ i — : _
All slopes are negative.
For negative accelerations,

| all errors are negative for
------------------- all velocities.

Velocity Error (m/s)

[Red = 0.5

-0.10 —|Orange = 1| .. R = ..........
Green = 2 ||Dotted = + acceleration

Blue = 5 Solid = - acceleration ; :
1 [ [ I i

0 5 10 15 20x1 03
Velocity (m/s)

Accelerations have units of mm/us/us.
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Velocity Error vs Velocity O . Velocity Error vs Velocity 3 . 0.2 Velocity Error vs Velocity 1
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Could in principle determine velocity error for any velocity
with constant acceleration =5 to +5 mm/us/us and SNR = 10:1 to 1:10.
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Consider the magnitude of the velocity errors

(Would this make a good rule of thumb?)

There is no noticeable pattern
to the velocity errors—especially
as the SNR gets worse.

On the previous slide,
notice the range of the vertical scales
for the different SNRs.

Except for o =10,
the ranges are all less than 0.4 m/s.
Perhaps in most cases, it is good enough
to know the maximum
absolute value of the velocity errors.

Error <0.5 m/s is easy to remember.
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Noise Fraction
1

SNR

Magnitude of Velocity Errors

(m/s)
c Max ABS(Error)
0.1 0.1
0.3 0.1
1 0.2
3 0.4
10 4

Constant accelerations
-5 to +5 mm/us/us
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Velocity Uncertainties

Velocity Uncertainties
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Velocity uncertainties are independent of velocity

This example shows:
Acceleration =—-0.5 mm/us/us, SNR = 10:1

e
Fit Error vs Velocity

a =-0.5 mm/us/us

Note:

After looking at all

fit errors, it appears
that the uncertainties
are not functions

of velocity.

Fit Error (m/s)

0.4 . | | |
0 5 10 15 20
Velocity (mm/us)

Measure of Uncertainty

Fit Error = (Velocity Error) — (Fit to Velocity Error)
Use 1 standard deviation of the fit error as a measure of uncertainty.
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What would non-constant uncertainty look like?

| modified the amplitude of the following case:
Acceleration = -0.5 mm/us/us, SNR = 10:1

0.8 B B :
Non-constant uncertainty vs velocity|

a=-0.5mm/us/ps, SN = 10:1 |

0.6

0.0 iifrkm e i R e i

-0.2 Al R TR A .

Velocity Fit Error (m/s)

P e S 1 [

Example only.

“0-67INot real data.| """""""""""""""""""

-0.8
Velocity (m/s)

This example shows increasing uncertainty at higher velocities.
None of the actual uncertainty plots looked like this.
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Summary of Velocity Uncertainty versus Acceleration

Uncertainty does not vary with velocity. _ _
Noise Fraction

100 EE i : : 1
I Velocity Uncertainty vs Acceleration| & =
B R O S ER ...................... SNR

T o

Notes for velocity

10 4 -
] uncertainties:
NN, ot N NN IO SO NP c=3
_ ...................... ...................... ...................... . ...................... Uncertainties are
1 ' ' ' : : c=1 constant with velocity.

Standard Deviation (m/s)

Uncertainties increase
with increasing
noise fraction.

! I I 1 I I I |
6 4 ) 0 2 4 6 8 Uncertainties increase
Acceleration (mm/us/us) weakly with acceleration.
. . N i . Interesting
Velocity Uncertainty (m/s) = Noise Fraction | <—— . ..,
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Velocity uncertainty Is related to the noise fraction

REVIEW OF SCIENTIFIC INSTRUMENTS 81, 053905 (2010)
from Dan Dolan’s paper:

(egn. 9) Accuracy and precision in photonic Doppler velocimetry

D. H. Dolan?
Sandia National Laboratories, Albuguergue, New Mexico 87185-1195, USA

6 o A 16 1
ANf=|—— wmmhp Av= o
/ N nt 2\N 7zt

Many thanks to Ed Daykin
for reminding me of
Dolan’s analytic expression.

where: Av = velocity uncertainty
A = laser wavelength = 1554.13 nm

N = FFT sample number = 1024
o = noise fraction = inv(SNR)
T = FFT window length = 0.02048 us

We obtain: Av(m/s) =093c =0

(For this study with A = 1554.13 nm, N = 1024, t = 0.02048 ps)
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Acceleration Errors

Acceleration Errors

NEVADA NATIOMAL
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Differentiate the extracted velocity profiles .
to obtain the acceleration profiles

This example is for acceleration = —0.5 mm/us/us, S:N = 10:1.

=040 e
Veloo e | Acceleration vs Velocity
elocity vs Time a =-0.5 mm/us/us, S:N = 10:1

a =-0.5 mm/us/us 5 5 5

- : : :
ty 3
(2]
Q 5
£ E
> c
2 S
3 5
[ —
> ©
(8]
<

ave = -0.499999 mm/us/us
st dev = 0.0135467 mm/us/us
T _0.60 T T T
36.05 36.10 36.15 36.20 36.25 0 5 10 15 20x10°
Time (us) Velocity (m/s)

Acceleration = point-by-point derivative of the extracted velocity

vV —V
—_n__nl | used Excel to calculate

a =
[ —1 the accelerations.

n

a = a(mm/us/us)
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Acceleration errors and acceleration uncertainties N

are constant with velocity

This example is for a = —0.5 mm/ps/ys.

. Acceleration vs Velocit
10:1 Y

-0.50

Acceleration (mm/us/us)

a=-0.5 mm/us/us, S:N =10:1

fave = -0.499999 mm/us/us\>

st dev = 0.0135467 mm/us/us

‘060 [ e ———

5 10 15

NEVADA NATIONAL

NNSS
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Velocity (m/s)

20x10°

Acceleration (mm/us/us)

8_ .........................................................................
. Acceleration vs Velocity
6 110 a=-0.5mm/us/us, SIN = 1:10] i
4_ S U R O ) IR S S
2_.

o ...............
=4 | A PR L 1L T Y
Tave = -0.49988 mm/us/us N\ i

st dev = 1.59609 mm/us/us,

T i — i

Velocity (m/s)

Acceleration error = average acceleration — input acceleration
Acceleration uncertainty = 1 standard deviation of average
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Summary of acceleration errors versus acceleration

Acceleration Error (mm/us/us)

-80x10°

60

40 -

20

0

-20

,40 -

-60

S:IN=10:1

Acceleration Error vs Acceleration 1 O

SAS

\

1

-6 -4 -2 0 2

NEW

Acceleration (mm/us/us)

4

Acceleration Error (mm/us/us)

600x10" 7 Accel t E A vI ti
cceleration Error vs Acceleration .
S:N = 3:1 3 . ].
400 \
200
o4 ’—N_-H“.\
-200 -
-6 -4 -2 0 2 4

2 -
Acceleration Error vs Acceleration 1 . 3
— SIN=1:3 .
» 1+
N
[%2]
N
£ 0+
£
£ 14
w
C
o
® -2
S
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g 37
4x10 ™
-6 -4 -2 0 2 4

Acceleration (mm/us/us)

Acceleration (mm/us/us)

Acceleration Error (mm/us/us)

800x10°
600 -
400 -

200

-200+

-400 -

Acceleration Error vs Acceleration 1 . 1
SIN=1:1

|
N

S:IN=1:10

Acceleration Error vs Acceleration

.

-4 -2 0 2 4 6
Acceleration (mm/us/us)

1:10

\

5,
g

3 ol
<
£
E

2 -5
w
C
8
S
5

) 10
(8]
()
<

-15x10°

-6

-4

-2 0
Acceleration (m

2
m/us/us)

4 6

Acceleration errors are positive and negative, but extremely small.
Look at magnitude of errors (as we did with velocity errors).
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The magnitudes of acceleration error are negligible

1% error ———> 1 3

ABS(Acceleration Error) (%)

NEVADA NATIONAL

NNSS
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ABS(% Acceleratlon Error) vs Acceleration

0.1

0.01 =

0.001 .

0.0001

-6 -4 -2 0 2 4 6 8
Acceleration (mm/us/us)

Notes for acceleration
errors:

Errors are constant
with velocity, but not
constant with
acceleration.

Errors increase
with increasing
noise fraction.

Errors are extremely
small—especially
with small noise fraction.

Acceleration errors are generally less than 0.1%
for constant accelerations = -5 to +5 and o = 0.1 to 10.
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Acceleration Uncertainties

Acceleration Uncertainties
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Summary of acceleration uncertainties versus 27
acceleration

Noise Fraction
1

~ SNR

: Acceleratlon Uncertalnty VS Acceleratlon -

Notes for acceleration
uncertainties:

Uncertainties are constant
with velocity.

Uncertainties increase
with increasing
noise fraction.

Standard Deviation (mm/us/us)

-6 -4 -2 0 2 4 6 8 Uncertainties increase
Acceleration (mm/us/us) weakly with acceleration.

This looks similar to the velocity uncertainties.

Does the acceleration uncertainty scale linearly with noise fraction?
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Acceleration uncertainty might have

28

a linear relationship to noise fraction

Use the data at a = +0.5 mm/us/us
to determine a scale factor.

2.0

1.5

1.0+

0.5

Standard Deviation (mm/us/us)

Acceleration = +0.5 mm/us/us

Acceleration Uncertainty vs Noise Fraction

|Aa(rﬁm/us/us> = 0/6|

o

o

Coefficient values + one standard deviation

a  =-0.026721 £ 0.0251
b =0.16812 % 0.00534
0.0 -

Standard Deviation (mm/us/us)

NEVADA NATIONAL

T T
2 4 6
Noise Fraction

1
8 10

| Acceleration Uncertainty vs Acceleration|-

Scaled by 5.95

-4 -2 0 2 4 6 8
Acceleration (mm/us/us)

Aa(mm/us/ps) =

c/6

(For this study with A = 1554.13 nm, N = 1024, t = 0.02048 us)
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Reminder: Determining Signal-to-Noise Ratio

Reminder: Determining Signal-to-Noise Ratio

29
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Use the RMS amplitude of the digitizer record
to determine SNR(t,dB) for your PDV data

from: Low Noise Receiver/Scope Combinations For PDV,
Kirk Miller, et al., PDV Workshop, 6/24/2014

SNRmE.poman gs = 6.02*ENOB + 1.76 + 20 log (2A/V)

E = effective bits for digitizer, V = full scale range, A = RMS amplitude of applied signal
See Wiley Encyclopedia of Electrical and Electronics Engineering, Vol. 18, J. Blair

SNR; 45 = 6.02*ENOB + 1.76 + 20*log(2*RMS/V-g) + 10*I0g(N¢/2)

SNR(t,dB) = SNR in the time domain data (digitizer)
SNR(f,dB) = SNR in the frequency domain (spectrogram)
ENOB = effective number of bits for your digitizer

A = RMS = RMS amplitude of the time domain data

V =V = full scale voltage range of the digitizer setting
Ner = number of digitizer points in each FT window

NEVADA NATIOMAL
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Beat Amplitude (v)

31

This i1s what my ‘data’ would have looked like

These examples are for acceleration = +5 mm/us/ys.

Beat Amplitude vs Time Beat Amplitude vs Time Beat Amplitude vs Time l " 1
0.4 S:N =10:1, a = +5 mm/us/us, 0.4+ S:N =3:1,a=+5 mm/ps/ps| " 0.4 S:N =1:1, a = +5 mm/us/us .
0.2 > 0.2+ > 0.2+
[} [}
:
o = C R
< <<
© ®
0.2 & -0.24 & -0.2-
0.4 4|Vrms = 0.322 volts Vmax = 0.500 volts -0.4-{Vrms = 0.113 volts ‘|Vmax = 0.201 volts -0.44|Vrms = 0.0338 volts| |Vmax =0.074 volts|
- T T T T T T
0 ! 2 3x10° 0 ! 2 3x10° 0 L 2 10°
Time (s) X Time (s) Time (s) 310
Beat Amplitude vs Time . Beat Amplitude vs Time .
0.4+ S:N = 1:3, a=+5 mm/us/us 1 Ll 3 0.4+ S:N = 1:10, a = +5 mm/us/us 1 . 10
Z 021 S 02+
[} [}
el e
2 E
™2 0. O~ R T s 0.0
€ €
<< <<
® ©
& -0.2- & -0.2
-0.4[Vrms = 0.0113 volts] . [Vmax = 0.024 volts -0.44[Vrms = 0.00355 volts| - |Vmax = 0.0067 volts
T T T T T
0 L 2 3x10° 0 1 2 3x10°
Time (s) Time (s)

. (no detector noise included) oy
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Conclusions—PDV errors and uncertainties

Generally good news (-5 < a < +5 mm/us/us, 0.1 < o < 10)

Velocity errors are functions of velocity, acceleration, noise fraction.
Errors < 0.5 m/s for noise fraction < 3.
Errors < 4 m/s for noise fraction = 10.

Velocity Uncertainties are constant with velocity.
Increase weakly with acceleration.
Av(m/s) = Noise Fraction (for this study).
Agrees with analytic expression given by Dolan.

Acceleration errors are constant with velocity.
Errors are functions of acceleration.
Increase with increasing noise fraction.
Errors are negligible (<0.1%).

Acceleration uncertainties constant with velocity.
Increase weakly with acceleration.
Aa(mm/us/us) = (Noise Fraction)/6 (for this study).

(A final reminder: 50 GS/s, A = 1554.13 nm, N = 1024, t = 0.02048 ps)
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