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Radio measurements of CR pulses

Cosmic ray (CR) initiating a shower
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This talk: how to determine the signal in the presence of noise
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Figures adapted from K. D. de Vries, O. Scholten, K. Werner, Macroscopic geomagnetic radiation model; polarization effects and finite volume calculations, Nucl. Instr. Meth. A 662, Supplement 1 (2012) S175 - S178.



Radio measurements of CR pulses

This talk: how to determine the signal in the presence of noise

______________________________ -
|_Radio measurements of CR pulses have both an amplitude and a phase | arge S
* The CR signal and the random noise can add up constructively or
destructively %

* Recovering of the underlying signal for small signal-to-noise ratio
(SNR) is non-trivial

LW IR

small SNR




Radio measurements of CR pulses

This talk: how to determine the signal in the presence of noise
(_ ______________________________ A
_______________________________ ) large SNR

* The CR signal and the random noise can add up constructively or
destructively %

* Recovering of the underlying signal for small signal-to-noise ratio
(SNR) is non-trivial

(——————— ] MM”W/\W

| Energy fluence |
N ——— small SNR

* Energy deposit per unit area [eV/m?]

* Typically reconstructed by noise subtraction (Auger, LOFAR...)




Energy Fluence Reconstruction: Noise Subtraction Method
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* Method unbiased for SNR>10 (cut)
How does the method work?

* Uncertainties underestimated



6 Energy Fluence Reconstruction: Noise Subtraction Method
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| n-th pol. |—I Definition of the search-signal |
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Trigger constrains the signal search
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7 Energy Fluence Reconstruction: Noise Subtraction Method
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| n-th pol. T
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Definition of the noise window |
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8 Energy Fluence Reconstruction: Noise Subtraction Method

r— — 7 /N
| n-th pol.
|
. ) Pulse Finding Algorithm (e.g. maimum of
— Find the peak in the search-signal window | . 5 A8 -5 o
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Energy Fluence Reconstruction: Noise Subtraction Method

————n Around the peak
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10 Energy Fluence Reconstruction: Noise Subtraction Method

r— — 7 /N

f ~ sum over the amplitudes squared
| n-th pol. I +—>
| 25001 Measurement |-+

E\ — Signal window
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11 Energy Fluence Reconstruction: Noise Subtraction Method

F————n f ~ sum over the amplitudes squared
| n-th pol. I < >
e

= 2000 -
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Norm.
(e —_——— l A ta /
——1 Subtraction of the noise fluence | fPol — ¢, CAt( Z A(tj)por — -— r— Z A(t; )pol)

tj=ts tJ =t1

(uncertainty model: backup) . )
The estimator can be negative!



12 Energy Fluence Reconstruction: Noise Subtraction Method
— — T /2
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Can we do better than this?




13 Radio Measurements: Phasors Formalism

* Our measurement can be expressed as the sum of
constant known phasor s and a random phasor
sum (Rayleigh-distributed noise).

randon.or sum =
r

Reference: Chapter 2.9 from J. W. Goodman, Statistical Optics (2015)



14 Radio Measurements: Phasors Formalism & Rice Distribution

* Our measurement can be expressed as the sum of
constant known phasor s and a random phasor
sum (Rayleigh-distributed noise).

* The marginal p.d.f. of the measured amplitude is
the Rice distribution.

% - exp (—“22:232) - Iy (%) a>0
palals,o)= _
0 otherwise

Reference: Chapter 2.9 from J. W. Goodman, Statistical Optics (2015)



15 Radio Measurements: Rice Distribution

A a ~ Rice(s,o)
i
— 5 — ().
0.5 — 1.5
s=1205
o ] — 55
' — 5 — ()
’3;0.3 1 oc=1
5
0.2 1
0.1 1
0.0 1
0 9 4 6 8 10 12 14
v a [au]

Reference: Chapter 2.9 from J. W. Goodman, Statistical Optics (2015)
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Radio Measurements: Rice Distribution

No signal

Reference: Chapter 2.9 from J. W. Goodman, Statistical Optics (2015)

a ~ Rice(s, o)

Rayleigh
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Radio Measurements: Rice Distribution

No signal

1
l ." Large signal

Reference: Chapter 2.9 from J. W. Goodman, Statistical Optics (2015)

a ~ Rice(s,o)

Rayleigh
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Radio Measurements: Rice Distribution

e ————————
\

Time Domain
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Hanning window

a ~ Rice(s,o)
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Radio Measurements: Rice Distribution

Time Domain

a ~ Rice(s, o)
22500 Measurement
= — bSignal window S — 05
= 0+ Hanning window 0.5 - — s — 15
= s =25
3200 3400 3600 0.4 m— 5 = 5.5
Time [ns] — s = 9.0
£ 031 o—=1
P \ o
| Fourier Transform |
(after some signal processing) | /
0.14
20
\g\ 0.0 4 | . . . . , , y
= 0 2 4 6 8 10 12 14
=101 a [a.u.]
= —— Hanning
Hanning + clipping
0L | | | e . )
20 40 60 80 | Formalism valid for both time and frequency domains |
Freq [MHz] -
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Radio Measurements: Rice Distribution

a ~ Rice(s, o)

0.5 1

| ol AT 0.4 1
TRYING TO MAKETHE. =

PRESENTATION INTERESTING AND FUN| <034
— e g E: :
0.2 1
0.14
= ol | y 0.0 4
JPUTTING 30 SILDES FULL OF FORMULAS 3 0 5 A G 3 10 12 14
a [a.u]

How can we use this theory to build a better estimator of the fluence?




21 Building a New Fluence Estimator
(™" ———————- - ————————— N-1 Ay M1
| n-thpol | Evaluation of the fluence in the frequency domain ) Pl = ¢ e At Z A(t)20 =260 ¢ o7 |D(v})por|”
—_——— - ———— §=0 §=0

(Parseval’s theorem)

!

Fourier Transform



22 Building a New Fluence Estimator

F— T T T
| n-thpol |
L 20
(S . . | El
Definition of signal window j =
e — — — — — — — — — — — —10
M Hanning
Hanning + clipping
O,
= 9500 Measurement 20 40 60 S0
= —— Signal window Freq [MHz]
f 01 Hanning window
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23 Building a New Fluence Estimator

F— T T
| n-thpol |
| 201
=
~
Z
__________________ _ =101
r I ) M-1 R M Hanning
Fluence estimator ~ sum over the frequencies | fP°! = K E f , Hanning + clipping
—_————— - J=0 20 40 60 80

Freq [MHz|



24 Building a New Fluence Estimator
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| n-thpol |
e/ 201
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R M-1 . = Hanning
Fluence estimator ~ sum over the frequencies fro! = g Z f; Hanning + clipping
O,
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F— — /O
| j-thbin F— a ~ Rice(s,0)
C ———_)

0.5 1
0.4
E« 0.3 1
0.2

0.14

0.0 4




25 Building a New Fluence Estimator

T T T2
| n-thpol |
| 201
g
~
<
._‘10,
R M-1 . = Hanning
Fluence estimator ~ sum over the frequencies prI =K Z fj Hanning + clipping
O,
7=0 20 40 60 80
Freq [MHz|
— — T /2
| j-thbin I
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26 Building a New Fluence Estimator

A
| n-thpol |
| 201
=
~
Z
._‘10,
A M-1 . = Hanning
Fluence estimator ~ sum over the frequencies fpol =K Z f Hanning + clipping
O,
Jj=0 20 40 60 80
Freq [MHz|
"
| j-thbin FH—
|\ |
— fxa? a?~7?
Derivation:

b = a/o Change of variable by scaling the measured amplitude by the noise level of the bin

Adimensional



27 Building a New Fluence Estimator

r—— ==
| n-thpol |
| 201
=
~
2
._410,
A M-1 . = Hanning
Fluence estimator ~ sum over the frequencies P! = g Z /i Hanning + clipping
O,
Jj=0 20 40 60 80
Freq [MHz|
r———="
| jthbin
C ———_)
— fxa? a?~?
b=a/o

snr = (s/0)?  snratbin level, to not be confused with the SNR of the full measurement!



28 Building a New Fluence Estimator

A
| n-thpol |
| 201
=
~
Z
._‘10,
A M-1 . = Hanning
Fluence estimator ~ sum over the frequencies fpol =K Z f Hanning + clipping
O,
Jj=0 20 40 60 80
Freq [MHz|
"
| j-thbin FH—
|\ |
— fxa? a?~?
b=a/o >

b ~ Rice(\/snr,1)= xnc(DF = 2, = \/snr)

snr = (s/0)? | N

Degrees of Freedom Non-centrality
parameter



29 Building a New Fluence Estimator

A
| n-thpol |
| 201
E
Z
.—10,
A M-1 . = Hanning
Fluence estimator ~ sum over the frequencies fPC" =K Z f N Hanning + clipping
Jj=0 20 40 60 80
Freq [MHz|
"
| j-thbin FH—
|\ |
— fxa? a?~7?
Derivation:
2 2 . L. .
b=a/o > b " ~xi.(DF =2 )\ =snr) Well-known distribution!

snr = (s/0)?



30 Building a New Fluence Estimator

A
| n-thpol |
| 201
&
Z
._‘10,
A M—-1 . = Hanning
Fluence estimator ~ sum over the frequencies fPC" =K Z f N Hanning + clipping
Jj=0 20 40 60 80
Freq [MHz|
"
| j-thbin FH—
|\ |
— fxa? at~ 7?
Derivation:
b=a/o —> b~ x2(DF =2,\=snr)

snr = (s/o0)?

E(b®) =2+ snr  Expected value

Var(b*) =2(2+ 2snr) Variance



31 Building a New Fluence Estimator

A
| n-thpol |
| 201
=
Z
._‘10,
R M-1 . = Hanning
Fluence estimator ~ sum over the frequencies fPOI =K Z f N Hanning + clipping
Jj=0 20 40 60 80
Freq [MHz|
"
| j-thbin FH—
|\
— fxa? a?~7?
Derivation:
b=a/o —> b~ x2(DF =2,\=snr)
snr = (s/o0)? , .
E(*) =2+ snr b* =a”/o E(a®) = 20% + 5*
R

Var(b*) =2 (2 + 2snr) Var(a?) =20%(2+ 2 snr)



32 Building a New Fluence Estimator

A
| n-thpol |
| 201
E
Z
._‘10,
A M-1 . = Hanning
Fluence estimator ~ sum over the frequencies fpol =K Z f Hanning + clipping
O,
Jj=0 20 40 60 80
Freq [MHz|
"
| j-thbin FH—
|\ |
— fxa? a?~?
Derivation:
5 o > A a? — 202 a2 > 20°
E(a):2a —+ S - > f:

_ Always positive-valued!
0 otherwise



33 Building a New Fluence Estimator

A
| n-thpol |
| 201
E
Z
._‘10,
A M—-1 . = Hanning
Fluence estimator ~ sum over the frequencies fpol =K Z f Hanning + clipping
O,
Jj=0 20 40 60 80
Freq [MHz|
"
| j-thbin FH—
|\ |
— fxa? at~ 7?
Derivation:
5 o > A a? — 202 a2 > 20°
E(a,):2a —+ S > f: _
0 otherwise

Var(a®) =20*(2 + 2 snr) Var(f) = Var(a?)



34 Building a New Fluence Estimator

r———="

| n-thpol |

) f— a2 — 202 a2 > 202

7 o otherwise
) M-1
Fluence estimator ~ sum over the frequencies (P! = K )" f; Var(f) = 2042 + 2 snr)
=0 |

p————n snr = (s/0)? » s*xf
| j-thbin F——

|\



35 Building a New Fluence Estimator

r———="
| n-thpol |
) f— a2 — 202 a2 > 202
I otherwise
,\ M-1
Fluence estimator ~ sum over the frequencies (P! = K )" f; Var(f) = 2042 + 2 snr)
=0 |
p————n snr = (s/0)? » s*xf
e ]



36 Building a New Fluence Estimator
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| n-thpol |
|
- - - - - 3\
——| Definition of noise windows |
e e e o o J

Nhioise windows along the whole trace

Signal window excluded

3

—2000

Measurement
Noise windows

E [pV/m
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Time [ns]



37 Building a New Fluence Estimator

f—— ="
| n-thpol |
|
c - - - - ]
— ] Noise estimator over the windows |
.

FFT in the i-th noise window

. 3
Repeated for all the v, . . windows :
C

. 29

L g

= 2000 1 Rfléasurément . "Y E
Noise windows = =N

1 PP AL ¥0

~
=
= 0 | | |
o —— Hanning
e Hanning + clipping
O-‘ OO‘ ")," ")rl Q ‘ 2] ( 2 ‘ 2 y O’
3200 3300 3400 3500 . 3600 3700 3800 3900 50 m 0 30
Time [ns]

Freq [MHz|



38 Building a New Fluence Estimator

f—— ="
| n-thpol |
« e
f————"
/I j-th bin |77 g2~ ?
Noise estimator over the windows ey p—) )
Derivation:

FFT in the i-th noise window

E(a®) =20% + 5° =
2
s=0 Mo /

. —— Hanning
9 g
0-2 — E((L ) e Hanning + clipping
-2 01 |
20 40 60 80

Freq [MHz|



39 Building a New Fluence Estimator

A
| n-thpol |

|

f————"
/I j-th bin |77 g2~ P
Noise estimator over the windows S e——) )

FFT in the i-th noise window

Derivation: .
E(a®) =20% + 5° _2|
Sample mean of the statistic over the noise windows: =
s=0 - =
1 NII()IS(:‘ 1 Mo /

1
9 g = — a: —— Hanning
2 E((L ) 2 NIlOiSE ’ e Hanning + clipping
O,

o =73 i=0
20 40 60 80
Freq [MHz|




40 Building a New Fluence Estimator

f—— ="
| n-thpol |
« e
f————"
/I j-th bin |77 g2~ P
Noise estimator over the windows S e——) )
Derivation:

FFT in the i-th noise window

E(a®) = 20% + 5° _2|
Sample standard deviation over the noise windows: 5;
s=0 =
. 1 ) /
‘ §(6%) = 53(@?) /v Nuoise  (small)

—— Hanning
9 g
0-2 — E((L ) e Hanning + clipping
-2 01 |
20 40 60 80

Freq [MHz|



41 Building a New Fluence Estimator

f——— "
| n-thpol |
| f— a2 — 202 a2 > 202
7 o otherwise
M—1
i ~ i rpol 3 R
Fluence estimator ~ sum over the frequencies Pl =K Z f; Var(f) =2 e (2 + 2 snr)
j=0
———— snr = (s/o)? » s>~ f
/I jthbin FH———
Noise estimator over the windows S 62 =

Nnuise —1
( 1 2)
as
7
Nnoise .7
=0

We have all the ingredients at bin level



42 Building a New Fluence Estimator

A
| n-thpol |

|

- - - -"-—"—--"--""""""—""=""""7"- I M—-1
Fluence estimator ~ sum over the frequencies | f pol — | Z f

=0

We can now evaluate the fluence at trace level ...



43 Building a New Fluence Estimator

A
| n-thpol |

|

e N L .
station ol
>I ante.nl‘la I f tat _ E :fp
 Station

—_—— pol

... and at the antenna level

Now we can compare the new method and the noise-subtraction method
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Simulated RD Mesurements

RD Simulations

e 8000 proton/iron/nitrogen/helium
CORSIKA/CoREAS simulations

* RD simulation (antenna response
folded and unfolded back)
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Simulated RD Mesurements

RD Simulations

RD traces recorded over one year from
the stations of the Engineering Array

* Cleaned from the showers
signals and corrupted traces

RD Noise
Library
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Simulated RD Mesurements

RD Simulations

Simulated RD
Measurements

RD Noise
Library
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Simulated RD Mesurements

RD Simulations

Simulated RD
Measurements

—» New method jfrol _ N I

=0

RECONSTRUCTION

. p» Noise subtraction method

t4 t2
- ty—t
ool — ggcAt< > At~ tf > A(tj)iol)

tj=t3 2 tj=tl



48 Simulated RD Mesurements

RD Simulations

M-1
New method —» < New method  frel _ g Z f;
M-1 3=0
pol K Z
REFERENCE VALUES vs RECONSTRUCTION
7=0
Noise subtraction method Ly < Noise subtraction method
tq t ta
prl = EocAt( Z A(tj)go]) prl = €o CAt( Z A(t pol — 3 Z A pol)

tj=t13 ti=ts

Different reference values for different methods
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Simulated RD Mesurements

RD Simulations

New method

Noise subtraction method

N

47

REFERENCE VALUES vs RECONSTRUCTION

47

Quality cuts:
 Stations affected by thinning artifacts from simulation
 Stations where the pulse-finding algorithm “fails” (>2ns)

New method

Noise subtraction method



50 Comparison of the Methods

Noise subtraction method New method
0.5 ] 0.5 3 ;
- % ‘
oopzzzzE:: 1-} ;--.+.--+z S 3.-- oo SE et S R e e e e
A —0.5 - A 0.5 |
1 | | | | | | |
—1.0 k === 10% —~1.0 === 10%
| J | a a i 3 { i 3 { § ;
5 10 15 20 25 30 35 5 10 15 20 25 30 35
— Station SNR Station SNR
s N\
| SNR cut |
«——_—_J)

On average the new method is unbiased even at small SNR



51 Comparison of the Methods
Noise subtraction method New method
0.5 ] 0.5 3 3 5
=== %1? ;___+___; = 3___ o -::#::#::}:::+:::;::$:::+:::£::§:::+:::£:
£ 05 ' ‘ 205
1 i |
~1.0 : === 10% 1.0 ——— 0%
] : .
o ¢ oy
" 0.5 ¢ N 6 S
e T e o
2 * | | | ; | | = % e e
SV B R SR T T B I [Tt h ey
‘ 5 10 15 20 25 30 35 0.0 5 10 15 20 25 30 35

Station SNR

The relative errors are smaller than the
reconstruction resolution of the same bin

Station SNR

The relative errors of the new method
reflect better the reconstruction resolution




52 Comparison of the Methods
Noise subtraction method New method
0.5 ] 0.5
0.0555::———%3 ? ;----::; 1-- 0.0E ::+E # :*::_::: izzi:: }:-- -
g I 2
i ? ;
~1.0 - -== 10% ~1.0 -== 10%
| i ;
o ¢ N/ R V75,
,§ 051 ¢ o O § 0.5 @ ‘ ® 0.
& | = ¢
T ) : i ‘ ; L (] ¢ ; : i
St e e e ! | | SR AL I IR T
00 A SR B IR R 0.0 | ; | i i i
R N Wl e R S P
S P T T T S S e
“ ool | j | © 00 | | |
‘ 5 10 15 20 25 30 35 ' 5 10 15 20 25 30 35

Station SNR

The noise subtraction method underestimates the uncertainties

Station SNR

Coverage of the errors fluctuates around 68%



53 Comparison of the Methods
Noise subtraction method New method
0.2 i i | — 5% - 0% 021 — a% —— 0%
g 00T {“i“* :.:i::ff:_‘f__*__‘_f__‘__‘_f_‘__‘f: g 00¢ '“{“}-“ﬁ ___'__‘_?_T_:f:_'_:}::_‘_fi_‘_}__‘_:ﬁ:::f_:
—0.2 ! | i —0.2+1 ! ! i ] | ) 1
02 ' T : 0.2 i i ] ' f ] i
. ¢ WH e e | | o SN e o
0.1 3 | 3 0.1 B . | | 3
5 ¢ 5 | ¢ ¢ |
= o = | | ® o 9+ e @
. i i 1 .
LRI IR | ¢ @
0.0 0.0
2 ©0 75 | | | | | 1
L T s LT Tor Tup = 18D AP g g -—g-—e w9 - - —g g~ & ¢
= 0.50 i | = 0.50 i i i i : S
> ®o | ® e © o © o e o o o | O dr . : . . : ‘ 15D
0.25 : : : : : : ; 0.25+ : ; ; | a | 1
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Station SNR Station SNR

The noise subtraction method strongly underestimates the uncertainties at any SNR.
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Conclusions

* The new fluence estimation shows a smaller bias than the conventional method for small
SNR values (on average less than 10%)

* At higher SNRs, the bias is comparable (on average less than 5%)

* The new method correctly estimate the uncertainties at any SNR (coverage about 68%)

... & Outlooks

Paper soon

SNR cut can be lowered/removed

Improvements on the elm. Energy reconstruction

Possible employment of frequency spectrum modeling






Monte Carlo toy: intrinsic bias

Y2.(DF=2 A=snr) distributions, o°=1 . Estimators of f=s”
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2400 E
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- 109
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0.0% Jy.@@w@-aggéﬁagea o e - - -@ o ) o
Frrors 3(f) Repeating by fixing snr to several values
L ey | | 1SD
g |
£08]
2 .
ol . .- | : j
0.6{ 9°°0000° %%
0 2 4 6 8 10 12 14 16

snr = s2/a?



57 Results (trace level)
Noise subtraction method New method
oE3zzz ::T 5+==E+E """"" €24 $-- 0E¥=ZZ zz+ #"5%“#“ "5+E“¢ 35:: =
& | 7 | | !
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e = e —
- ¢ N 2 e ¢ S
S| & ° o g ® o
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Trace SNR

Trace SNR



58 Results (trace level)

Noise subtraction method New method

5% === 10Y% _— 10%

® - -

02 ¢ N e o | 0o ¢ . ¢ AN e o
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Sl T % e e o o ol o o So1 e e ., L )
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0.0 ' ‘ ‘ 0.0
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AugerPrime & EAS

CR initiating EAS

elm. component => radio emission

Loma Amarilia

.........

Los
Morados |

—10

Los Leones

Pierre Auger Observatory

AugerPrime Upgrade, Radio Detector (RD)

AT
I

1

\H‘
T

Not in scale ;)
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AugerPrime & EAS

CR initiating shower
elm. component => radio emission

BB

e

i

Industria TV Argentind ————

——

oo e Portadora Video: 67.25 MHz
Portadora Sonido: 71.75 MHz
55 afios
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AugerPrime & Mass Composition Studies

CR initiating shower
elm. component => radio emission

lg N .
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LJ ......:-. e®
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lg E

Mass composition studies:
RD + WCD
(Water Cherenkov Detector)

Works well with inclined air showers (65° < 8 < 85°)
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AugerPrime & Mass Composition Studies

CR initiating shower
elm. component => radio emission

Goals: improve the signal estimation to
recover the excluded radio data; correctly
evaluate the uncertainties

logyo(E/eV) =19.4, 0 = 72.32°
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Application: LDF fitting of the radio energy fluence
[eV m™ ] to estimate the elm. Energy of the shower

CR radio signal

large SNR

small SNR




63

Noise Subtraction Method: Uncertainty Model

Reference: C. Glaser’s PhD thesis

5.5.2 Uncertainty of the energy fluence

We estimate the uncertainty of the energy fluence by assuming that the measured electric-field ampli-
tude A(t) is the sum of the cosmic-ray radio pulse S(¢) and noise e(¢). Furthermore, we assume that
the noise e(t) is Gaussian distributed with mean p = 0 and standard deviation ¢ = .. The energy
fluence of A is then given by the equation

FA) = et 3 A(L)? = egeat Y [S(t:) + e

i1

r—s{)rAfZ 2428t ](]-i—e(f]]

(5.16)
and the expectation value of f(A) is
ta
(f(A)y =encAt Y A(ti)? —f{)rAfZ )3+ 2(S(t:)e(t)) + e(ti) )]
t1
_f{,fmz Y2+ Var(S(t:)) +2(S(t:)) (e(t:))
=0 =0
(5.17)

+ 2C00(S(t),e(t:)) +(e(t:))? + Var(e(t:)
—_—

=0 =0 a2

ta
=e{1r.‘.Afz [{S(h]}z + o’f] .
51

Hence, the best estimate of the energy fluence of the radio signal S is indeed
ta
F(8) = egelrt Y [A(t:)? - o7] (5.18)

as defined in Eq. (5.8) where o7 is also calculated from the electric-field trace in a part where no signal
is present. Following a similar calculation we can estimate the uncertainty of f(.S) by computing
crf =Var(f) = {f2 — (f>2. After several lines of calculation it follows that

:’J’f—-lfF{)(Aft'J' +2(F{)(] (fg—f]_]Af:'J' (5.19)
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