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I. Two SVD methods

A) Pseudo-inverse for position estimation

Resolution measurements: Model Independent Analysis 

cBPM measured values

stripline BPM measured values

correlation coefficients

To find the correlation coefficients:                               where the inverse of  is calculated using the SVD method: 

The residuals between measured position and estimated position are calculated as   

And the resolution is estimated do be the rms of the residuals:

Dk

BPMs taken:    up-stream:  ML1L …. ML15L, ML1P, ML2P, ML3P ;    down-stream: ML4P

Taking a long set of data in a unique beam position:

dk0

dk1
⋮

dkP

=

d00 d10 . . . di≠k,0 . . . dM0

d01 d11 . . . di≠k,1 . . . dM1

⋮ ⋮ ⋮ ⋮
d0P d1P . . . di≠k,P . . . dMP

⋅

v0
v1
⋮
vM

σk =
ΣP

i R2
ki

P

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used

k
P = 1000
M = 19

Dk−1 = VTT S−1UT

= V
1/σ1

⋱
1/σM

UT

dk = Dk ⋅ v
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I. Two SVD methods

A) Pseudo-inverse for position estimation



L. K. Pedraza - PhD33: Resolution analysis ATF May26 20/07/2026 5

With Saclay cBPM for position estimation:

With only striplines for position estimation: 4.26 μm
I. Two SVD methods

A) Pseudo-inverse for position estimation
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

Dk =

d00 d10 . . . dk0 . . . dM0

d01 d11 . . . dk1 . . . dM1
⋮ ⋮ ⋮ ⋮

d0P d1P . . . dkP . . . dMP

= U ΣVT = [ u1 | . . . | uM ] [
σ1

⋱
σM] [ v1 | . . . | vP ]T

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used

k
P = 1000
M = 19

 = singular values 
represent the strength of the 

different modes of the beam  motion 

 are arranged from higher to lower 
so the dominant modes are found 

first 

# modes  min( )

σi

σi

≤ M, P

 = beam spatial vectors 
columns of  describe a behaviour 

pattern along space  

every vector  describes the pattern 
of motion of mode  along the  

 BPMs

ui
U

ui
i

M

 = beam temporal vectors 
columns of  describe a behaviour 

pattern along time  

every vector  describes the pattern 
of motion of mode  along the  

 pulses

vi
V

vi
i

P

Taking a long set of data in a unique beam position:
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

D̃k = U Σ̃VT = [ u1 | . . . | uM ]
σ̃1

⋱
σ̃M

[ v1 | . . . | vP ]T

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used

k
P = 1000
M = 19

Beam coherent motion 
setting all singular values  to zero  

Allows the reconstruction of  keeping 
only the information of the beam jitter 

and betatron oscillations observed along 
all BPMs

σ̃ < σt

D̃k

Taking a long set of data in a unique beam position:

Reconstruction of   as:Dk
A threshold singular value  is defined such as 

  where singular values above  are 
attributed to coherent beam motion and 
singular values under  represent the noise

σt
σ1 ≥ σt ≥ σM σt

σt

Noise of the devices 
setting all singular values  to zero  

Allows the reconstruction of  keeping 
only the information of the measurements 

noise, individual for each  BPMs

σ̃ ≥ σt

D̃k

D̃k,dominant = U

σ̃1
⋱

σ̃t
⋱

0

V T D̃k,noise = U

0
⋱

0
⋱

σ̃M

V T
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

Singular values

Spatial vectors
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

Singular values

Temporal vectors
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

Singular values
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

Singular values
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

Singular values
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

Singular values
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

Singular values

Sin BPMs ML2P, ML3P y ML4P
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I. Two SVD methods

B) SVD analysis for beam coherent motion removal

Singular values

Resolution on IFIC BPM as a function of the modes removed:
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To find the correlation coefficients:                               where the inverse of  is calculated using the SVD method: 
The non dominant modes are removed when calculating the pseudo-inverse. 

The residuals between measured position and estimated position are calculated as   

And the resolution is estimated do be the rms of the residuals:

Dk

16

C) SVD analysis + Pseudo-Inverse
 : refers to the BPM under test 

 is the number of pulses 
 is the number of stripline BPMs used

k
P = 1000
M = 19

Taking a long set of data in a unique beam position:

D̃kdominant = U Σ̃VT = [ u1 | . . . | uM ]

σ̃1
⋱

σ̃t
⋱

0

[ v1 | . . . | vP ]T ⇒ D̃k−1
dominant = V

1/σ̃1
⋱

1/σ̃t
⋱

0

UT

cBPM measured values

stripline BPM measured values

correlation coefficients

dk0

dk1
⋮

dkP

=

d00 d10 . . . di≠k,0 . . . dM0

d01 d11 . . . di≠k,1 . . . dM1

⋮ ⋮ ⋮ ⋮
d0P d1P . . . di≠k,P . . . dMP

⋅

v0
v1
⋮
vM

σk =
ΣP

i R2
ki

P

Rk = dk − D̃k ⋅ ṽ

I. Two SVD methods

ṽ = D̃k−1dk

dk = Dk ⋅ v
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C) SVD analysis + Pseudo-Inverse

Taking a long set of data in a unique beam position:I. Two SVD methods
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II. Estimation of the resolution error

idea 2: 

Generate an  matrix keeping only the 
dominant modes, to which the noise is added as: 

 

 is Gaussian noise added independently to each 
channel:  for striplines. 

Perform SVD on   removing the dominant 
modes to obtain  and compute  

The systematic error provoked by the stripline 
limitations is  

Dcoherent

Dsim = Dcoherent + E

E
σstrip,i

Dsim
Dsim,noise σsim,cBPM

ΔσcBPM = σsim,cBPM − σcBPM

A) Adding artificial noise to a de-noised matrix
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II. Estimation of the resolution error

A) Adding artificial noise to a de-noised matrix
Resolutions from each BPM  are extracted from this:σstrip,i
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II. Estimation of the resolution error
Generate an  matrix keeping only the 
dominant modes, to which the noise is added as: 

 

 is Gaussian noise added independently to each 
channel:  for striplines. 

Perform SVD on   removing the dominant 
modes to obtain  and compute  

The systematic error provoked by the stripline 
limitations is  

Dcoherent

Dsim = Dcoherent + E

E
σstrip,i

Dsim
Dsim,noise σsim,cBPM

ΔσcBPM = σsim,cBPM − σcBPM

A) Adding artificial noise to a de-noised matrix

Measured resolution after removing 6 modes: 3.82e+00 um 
Simulated resolution after removing 6 modes: 5.76e+00 um 
The difference in resolution between the measured and 
simulated data is: 1.94e+00 um
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II. Estimation of the resolution error

Generate an  matrix keeping only the 
dominant modes, to which the noise is added as: 

 

 is Gaussian noise added independently to each 
channel:  for striplines. 

Perform SVD on   removing the dominant 
modes to obtain  and compute  

The systematic error provoked by the stripline 
limitations is  

Dcoherent

Dsim = Dcoherent + E

E
σstrip,i

Dsim
Dsim,noise σsim,cBPM

ΔσcBPM = σsim,cBPM − σcBPM

A) Adding artificial noise to a de-noised matrix

The difference in resolution between the 
measured and mean simulated resolution is: 
2.22e+00 um
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II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

destim

s td(destim) s td(Rk)or ?
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To find the correlation coefficients:                              

For a given bunch  and a simulation : We simulate a random noise with  in  which is added to  

The simulated estimation position is:                                where  

The simulated residuals between measured position and estimated position are calculated as: 

We observe the standard deviation of the estimated position and the residuals for a given bunch  across all  simulations:

i l σstrip,i El,i Dki

i L

Dksim,l,i ⋅ vi

Rksim,l,i = dki − Dksim,l,i ⋅ vi

24

II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

cBPM measured values

stripline BPM measured values

correlation coefficients

dk0

dk1
⋮

dkP

=

d00 d10 . . . di≠k,0 . . . dM0

d01 d11 . . . di≠k,1 . . . dM1

⋮ ⋮ ⋮ ⋮
d0P d1P . . . di≠k,P . . . dMP

⋅

v0
v1
⋮
vM

v = Dk−1dk

dk = Dk ⋅ v

 done for all bunches→

Dksim,l,i = Dki + El,i

σestim,i(Dksim,l,i ⋅ vi) σresiduals,i(Rksim,l,i) ⇒ Performing simulations over several bunches: σ̄estim σ̄residuals

INFLUENCE OF BPMs RESOLUTION:
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II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

?

Pseudo-experiment considering  obtained with SVD and only the last bunchσstrip,i

INFLUENCE OF BPMs RESOLUTION:
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II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

Pseudo-experiments considering  obtained with SVD and observing the stdv results over all bunchesσstrip,i

INFLUENCE OF BPMs RESOLUTION:
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To find the correlation coefficients:                              

We assume bunches are not correlated between each other. 
Bootstraping: procedure for estimating the distribution of an estimator by resampling (often with replacement) one's data. 

We perform  bootstrap simulations in order to quantify the statistical uncertainty of  due to finite 
sample size and random noise/jitter across the measured pulses: 

➡ how robust  is? For another set of  pulses under the exact same conditions, would likely fall within  
➡ how much  fluctuates due to random electronic noise in the BPMs, beam position jitter, or pulse-to-pulse intensity 

fluctuations.

nbootstrap = 1000 vi

v P vi ±σ (vi)
vi

27

II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

cBPM measured values

stripline BPM measured values

correlation coefficients

dk0

dk1
⋮

dkP

=

d00 d10 . . . di≠k,0 . . . dM0

d01 d11 . . . di≠k,1 . . . dM1

⋮ ⋮ ⋮ ⋮
d0P d1P . . . di≠k,P . . . dMP

⋅

v0
v1
⋮
vM

v = Dk−1dk

dk = Dk ⋅ v

 done for all bunches→

INFLUENCE OF CORRELATION  
COEFFICIENTS ERROR:
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BPM Reliability / 
Contribution: If a specific  
has a very large relative to 
its mean value, that particular 
BPM's contribution to 
predicting  is noisy or 
unstable. 

When performing 
bootstraping, it is possible to 
evaluate:

vi
σ (vi)

dk

28

II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
nbootstraps = 1000

INFLUENCE OF CORRELATION  
COEFFICIENTS ERROR:

SNR of v_i(bpm_1): 1.80, reliable?: Yes 
SNR of v_i(bpm_2): 0.81, reliable?: No 
SNR of v_i(bpm_3): 3.30, reliable?: Yes 
SNR of v_i(bpm_4): 1.60, reliable?: Yes 
SNR of v_i(bpm_5): 1.59, reliable?: Yes 
SNR of v_i(bpm_6): 0.69, reliable?: No 
SNR of v_i(bpm_7): 0.66, reliable?: No 
SNR of v_i(bpm_8): 0.84, reliable?: No 
SNR of v_i(bpm_9): 0.19, reliable?: No 
SNR of v_i(bpm_10): 2.67, reliable?: Yes 
SNR of v_i(bpm_11): 4.36, reliable?: Yes 
SNR of v_i(bpm_12): 3.98, reliable?: Yes 
SNR of v_i(bpm_13): 1.95, reliable?: Yes 
SNR of v_i(bpm_14): 2.52, reliable?: Yes 
SNR of v_i(bpm_15): 2.20, reliable?: Yes 
SNR of v_i(bpm_1p): 12.00, reliable?: Yes 
SNR of v_i(bpm_2p): 4.00, reliable?: Yes 
SNR of v_i(bpm_3p): 3.00, reliable?: Yes 
SNR of v_i(Saclay): 28.05, reliable?: Yes 
SNR of v_i(bpm_4p): 1.86, reliable?: Yes

|μ(vi)/σ (vi) | < 1

To know if  is reliable:vi

SNRi = |μ(vi)/σ (vi) |
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II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
nbootstraps = 1000

INFLUENCE OF CORRELATION  
COEFFICIENTS ERROR:

Comparison with theoretical formula:
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II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
nbootstraps = 1000

INFLUENCE OF CORRELATION  
COEFFICIENTS ERROR:

Comparison with theoretical formula:
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To find the correlation coefficients:                              

For a given bunch  and a simulation : We simulate the uncertainty on the correlation coefficients  in  which is added to  

The simulated estimation position is:                                where  

The simulated residuals between measured position and estimated position are calculated as: 

We observe the standard deviation of the estimated position and the residuals for a given bunch  across all  simulations:

i l σvi El,i vi

i L

Dki ⋅ vsim,l,i

Rksim,l,i = dki − Dki ⋅ vsim,l,i

31

II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

cBPM measured values

stripline BPM measured values

correlation coefficients

dk0

dk1
⋮

dkP

=

d00 d10 . . . di≠k,0 . . . dM0

d01 d11 . . . di≠k,1 . . . dM1

⋮ ⋮ ⋮ ⋮
d0P d1P . . . di≠k,P . . . dMP

⋅

v0
v1
⋮
vM

v = Dk−1dk

dk = Dk ⋅ v

 done for all bunches→

vsim,l,i = vi + El,i

σestim,i(Dki ⋅ vsim,l,i) σresiduals,i(Rksim,l,i) ⇒ Performing simulations over several bunches: σ̄estim σ̄residuals

INFLUENCE OF CORRELATION 
COEFFICIENTS ERROR:
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II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

Considering  obtained with Bootstraping for only the last bunchσv,i

INFLUENCE OF CORRELATION COEFFICIENTS ERROR:
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II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

Considering  obtained with Bootstraping for ALL BUNCHESσv,i

INFLUENCE OF CORRELATION COEFFICIENTS ERROR:
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To find the correlation coefficients:                              

For a given bunch  and a simulation : We simulate the noise with  and  in  which is added to  and : 

The simulated estimation position is:                                         where                                        and 

The simulated residuals between measured position and estimated position are calculated as: 

We observe the standard deviation of the estimated position and the residuals for a given bunch  across all  simulations:

i l σstrip,i σvi El,i Dki vi

i L

Dksim,l,i
⋅ vsim,l,i

Rksim,l,i = dki − Dksim,l,i
⋅ vsim,l,i

34

II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

cBPM measured values

stripline BPM measured values

correlation coefficients

dk0

dk1
⋮

dkP

=

d00 d10 . . . di≠k,0 . . . dM0

d01 d11 . . . di≠k,1 . . . dM1

⋮ ⋮ ⋮ ⋮
d0P d1P . . . di≠k,P . . . dMP

⋅

v0
v1
⋮
vM

v = D−1
k ⋅ dk

dk = Dk ⋅ v

 done for all bunches→

Dksim,l,i
= Dki + ED,l,i

σestim,i(Dksim,l,i ⋅ vsim,l,i) σresiduals,i(Rksim,l,i) ⇒ Performing simulations over several bunches: σ̄estim σ̄residuals

INFLUENCE OF BPMs RESOLUTION AND 
CORRELATION COEFFICIENTS ERROR:

vsim,l,i = vi + Ev,l,i
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II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

Pseudo-experiment considering  and  only the last bunchσstrip,i σ (vi)

INFLUENCE OF BPMs RESOLUTION AND CORRELATION COEFFICIENTS ERROR:
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II. Estimation of the resolution error

B) Pseudo-experiments on pseudo-inverse

 : refers to the BPM under test 
 is the number of pulses 

 is the number of stripline BPMs used 
 is the number of simulations

k
P = 1000
M = 19
L = 10000

Pseudo-experiment considering   and  observing the stdv results over all bunchesσstrip,i σ (vi)

INFLUENCE OF BPMs RESOLUTION AND CORRELATION COEFFICIENTS ERROR: Analytically: 
 μmσ2

res,BPMs + σ2
vi = 1.86



We gratefully acknowledge the ATF staff for their assistance during the installation and BPM measurements. Special 
thanks to Toshiyuki Okugi, Alex Aryshev, and Konstantin Popov for their support. We also thank Toshihiro 

Matsumoto and Hiroshi Kaji for providing the necessary equipment for the measurements. 

This work has the support of  "Plan de Recuperación, Transformación y Resiliencia (PRTR) 2022 (ASFAE/2022/013)”, 
funded by Conselleria d’Innovació, Universitats, Ciència i Societat Digital from Generalitat Valenciana, and 

NextGenerationEU from European Union. 
This work was partially supported by the European Union’s Horizon Europe Marie Sklodowska-Curie Staff Exchanges 

programme under grant agreement no. 101086276. 

laura.pedraza@ific.uv.es

Thank you for your 
attention

mailto:laura.pedraza@ific.uv.es

