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A) Resolution calculation with Pseudo-inverse
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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 with the rms of the residuals:

D

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

Taking a long set of data in a single 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
⋮
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σ =
ΣP

i R2
i

P

D−1 = VTTS−1UT

= V
1/σ1

⋱
1/σM

UT

d = D ⋅ v

v = D−1 ⋅ d SVD(D) = USVT

R = d − D ⋅ v

 is the number of pulses 
 is the number of BPMs used

P = 1000
M = 20

[8]
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First 400 bunches

Full measurement
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Last 600 bunches

Full measurement
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S5_res_001_IFIC_Y_1DC S5_res_002_IFIC_Y_1DC S5_res_003_IFIC_Y_1DC

ML4P was removed

S5_res_004_IFIC_Y_1DC S5_res_005_IFIC_Y_1DC S5_res_006_IFIC_Y_1DC

Calculated with 
np.corrcoef(matrix), 
from the Covariance matrix

Based on correlation coefficients
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S6_res_004_IFIC_Y_1DC S6_res_005_IFIC_Y_1DC S6_res_006_IFIC_Y_1DC

S6_res_007_IFIC_Y_1DC S6_res_008_IFIC_Y_1DC S6_res_006_IFIC_Y_1DC

Based on correlation coefficients
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S5_res_006_IFIC_Y_1DC

After removing BPMs 
ML1L, ML11L, and ML4PBased on correlation coefficients
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Based on the BPMs resolution

BPMs ML2P and 
ML4P are the ones 
consistently 
presenting a 
resolution above 25 
μm for this shift and 
others.
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Based on the BPMs resolution

After removing BPMs 
ML2P and ML4P

with similar errors
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A) Pseudo-experiments
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Contribution of the resolution of other BPMs: 

Uncertainties on the correlation coefficients from MIA:

The previous method is employed for all BPMs:

Stripline BPMs showed resolutions between 7 𝜇m and 25 𝜇m, while 
the CEA-Saclay cBPM has shown to have a resolution of 3 𝜇m under 
these beam conditions.

• Analytically: 
from the square root of the diagonal elements of the covariance 
matrix , where 

assuming measurement noise in the cBPM is uncorrelated across 
pulses. 

• Via Bootstrap method: 
resampling pulses from  and  with replacement and 
recalculating 

Cov(v)

d D
v = D−1 ⋅ d

Cov(v) = σ2
̂d [DTD]−1 =

R
2

P − 1 [DTD]−1
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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 residuals for a given bunch  across all  simulations:

i l σstrip,i σvi
El,i Di vi

i L

Dsim,l,i ⋅ vsim,l,i

Rsim,l,i = di − Dsim,l,i ⋅ vsim,l,i

 done for all events→

Dsim,l,i = Di + ED,l,i

σresiduals,i(Rsim,l,i) Performing simulations over several bunches,                       determines the expected resolution error.

vsim,l,i = vi + Ev,l,i

Influence of BPMs resolution and correlation coefficient errors on the resolution 
estimation:

dk0

dk1
⋮

dkP

=

d00 d10 . . . di≠k,0 . . . dM0

d01 d11 . . . di≠k,1 . . . dM1

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

⋅

v0
v1
⋮
vM

d = D ⋅ v

v = D−1 ⋅ d

Figure 5: Resolution estimation with MIA. cBPM measured
positions (left), estimated positions from other BPMs
(center), and residuals (right).

residuals for each monitor. This calculation was performed
on a separate dataset to avoid bias. Stripline BPMs showed
resolutions between 7 𝐿m and 25 𝐿m, while the CEA-Saclay
has shown to have a resolution of 3 𝐿m under these beam
conditions [4].

The error in the correlation coe!cients was estimated both
analytically (through error propagation from noise variance)
and via bootstrap resampling.

• Analytically, the correlation coe!cients are computed
as:

v =
[
D𝐿D

]→1 D𝐿d (6)

The standard error for each coe!cient is the square
root of the corresponding diagonal element of the
covariance matrix 𝑀𝑁𝑂(𝑂), where

𝑀𝑁𝑂(v) = 𝑃2
𝑀

[
D𝐿D

]→1
=

↑R↑2

𝑄 → 1
[
D𝐿D

]→1 (7)

Here, 𝑃2
𝑀

is the variance of the estimated positions,
assuming measurement noise in the cBPM is
uncorrelated across pulses.

• A bootstrap method [9] is implemented by resampling
pulses from d and D with replacement and recalculating
the correlation coe!cients as in Eq. 4. This
is repeated for 1000 resamplings to obtain the
standard deviation of each correlation coe!cient𝑃(𝑂 𝑁 ),
allowing quantification of the statistical uncertainty
due to finite sample size and random noise/jitter across
measurements.

Figure 6 shows a comparison of the correlation coe!cients
and their error computed with the SVD method+Bootstrap
uncertainty; and the analytical result, which show a high
agreement.

Figure 6: Correlation coe!cients estimation and erros using
SVD+Bootstrap and analytical methods.

The influence of correlation coe!cient errors and other
BPM resolution on the measured cBPM resolution is

assessed through pseudo-experiments. For each event
𝑅, 𝑆 simulations are performed, recalculating R𝑂𝑃𝑄,𝑅,𝑃 =
d𝑃 → D𝑂𝑃𝑄,𝑅,𝑃 · v𝑂𝑃𝑄,𝑅,𝑃 , where random noise matrices
corresponding to 𝑃(𝑂 𝑁 ) and 𝑃𝑆𝑇𝑈 , 𝑁 are added to v and
D𝑃 respectively, yielding v𝑂𝑃𝑄,𝑅,𝑃 and D𝑂𝑃𝑄,𝑅,𝑃 . The standard
deviation of residuals across all 𝑆 simulations is then
computed and simulations over all bunches determines the
expected resolution error.

Table 2 summarizes the preliminary results of this
analysis, showing the expected resolution error produced
with the influence of the other BPMs resolutions only, the
influence of the correlation coe!cients errors only, and
the combined e"ect of both contributions in the pseudo-
experiments. This is perfomed including the CEA-Saclay
cBPM and excluding it, to evaluate the influence of this
high-precision monitor on the final resolution error.

Table 2: Resolution error contributions breakdown from
pseudo-experiments method (in 𝐿m).

Meas. res Resolution error
𝑃 𝑃𝑉𝑊𝑊 ,𝑆𝑇𝑈𝑂 𝑃𝑉𝑊𝑊 ,𝑋 𝑃𝑉𝑊𝑊

Striplines
only 4.17 3.30 0.78 3.44

with Saclay
cBPM 2.98 2.34 0.59 2.46

The estimated resolution error is comparable to the
measured resolution. The measurement system is
significantly limited by the performance of the other
monitoring devices (notably the stripline BPMs), indicating
that higher-precision monitors are necessary for accurate
determination of the cBPM resolution.

Furthermore, lower resolution was consistently achieved
on the 𝑇 axis, where beam drifts were consistently observed.
The origin of th di"erence in resolution between the two
planes is currently under investigation.

CONCLUSION
A high-resolution re-entrant cBPM system has been

successfully designed with operation frequency of
1.631 GHz, manufactured using commercial feedthroughs
in stainless steel, suitable for cryogenic operation. The
agreement between RF simulation predictions and
experimental measurements validates the design approach.

A preliminary characterization of the system revealed an
estimated resolution of 2.98 𝐿m on the 𝑈 axis at optimal
bunch charge of 0.74 nC/bunch and a dynamic range of
2 mm with good linearity. However, the resolution error
analysis indicates that the current measurements are limited
by the resolution of the stripline BPMs used for the beam
coherent motion substraction using the MIA, thus, higher-
precision monitoring devices are necessary to demonstrate
the feasibility of sub-micron resolution capability for
future collider applications. Future work should focus on
improving the measurement system by including 2 or more
high-precision cBPMs.

Estimated lower limit resolution:
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Runs no. 1 to 9 on shift 5 
consisted on resolution 
measurements at different 
beam positions for both BPMs 
simultaneously. 

The estimated resolution + the 
uncertainty on the resolution is 
plotted here. 

To be studied: why Saclay 1DC 
and Saclay 2DC yield different 
positions for a similar run?
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Runs no. 1 to 9 on shift 5 
consisted on resolution 
measurements at different 
beam positions for both BPMs 
simultaneously. 

The estimated resolution + the 
lower limit on the resolution 
estimation is plotted here. 

We are also investigating the 
effect of the beam angle of 
attack on the resolution 
measurements.
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Runs no. 10 to 14 on shift 5 
consisted on resolution 
measurements at different 
bunch charges for both BPMs 
simultaneously. 

The estimated resolution + the 
uncertainty on the resolution is 
plotted here. 
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Runs no. 10 to 14 on shift 5 
consisted on resolution 
measurements at different 
bunch charges for both BPMs 
simultaneously. 

The estimated resolution + the 
lower limit on the resolution 
estimation  is plotted here. 

Differences between 1DC and 
2DC are still under 
investigation via simulations. 
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S5_res_006_IFIC_Y_1DC



E) Resolution as a function of the angle of attack
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The angle is calculated for each of the steering 
magnet values to include the angle of attack on the 
calibration



E) Resolution as a function of the angle of attack
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The component T is plotted against the position, and angle of attack:
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Runs no. 1 to 9 on shift 5 
consisted on resolution 
measurements at different 
beam positions for both 
BPMs simultaneously. These 
can be used for evaluating 
the angle of attack 
dependency as well. 

The estimated resolution + 
the lower limit on the 
resolution estimation is 
plotted here.
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III. Calibration corrections

A) Compensating for stripline electronics amplitude difference
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The beam position is reconstructed as follows: 

Having the ADC raw data (and pedestals) and the measured position, 
the Scaling factor can be determined.  

23

x = Sx
x1 − x2

x1 + x2 + y1 + y2
y = Sy

y1 − y2

x1 + x2 + y1 + y2

Sx = x
x1 + x2 + y1 + y2

x1 − x2
Sy = y

x1 + x2 + y1 + y2

y1 − y2

stripline

y2

x2x1

y1
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Procedure to compute the scaling factor for a given BPM: 

• The measured position from the BPMs is extracted:        is the “x_pos” registered in EPICS 
                                                                                                       is the “y_pos” registered in EPICS 

• The ADC values are cleaned with the pedestals (the pedestals are constants per ADC channel): 

 

• An array containing the Scaling Factor per pulse is computed as: 
 

• The mean value  and standard deviation  of the Scaling Factors are computed. 

‣ The standard deviation  shouldn’t be zero? Why the relationship between the ADC counts and the measured positions 
varies along the pulses? 

‣ The following slides show how the Scaling Factor changes as a function of the pulse number.  
This is particularly noticeable for  of ML2P.

x →
y →

x1 = ch2 − ped2 x2 = ch4 − ped4 y1 = ch1 − ped1 y2 = ch3 − ped3

ν(Sx,y) σ(Sx,y)

ν(Sx,y)

Sx

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1

Sx = x
x1 + x2 + y1 + y2

x1 − x2
Sy = y

x1 + x2 + y1 + y2

y1 − y2
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How is the Scaling factor?

Sx = x
x1 + x2 + y1 + y2

x1 − x2

Sy = y
x1 + x2 + y1 + y2

y1 − y2

ML2P

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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How is the Scaling factor? ML3P

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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How is the Scaling factor? ML4P

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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How are the BPMs connected?  
Different connection configurations are evaluated to see how the channels are connected to the BPM. 
The relative error (in %) of the scaling factor can be evaluated (  ) for the different connection configurationsσ(Sx,y)/ν(Sx,y) * 100

ADC configuration
X: ch1 and ch2 
Y: ch3 and ch4

X: ch1 and ch3 
Y: ch2 and ch4

X: ch1 and ch4 
Y: ch2 and ch3

X: ch2 and ch3 
Y: ch1 and ch4

X: ch2 and ch4 
Y: ch1 and ch3

X: ch3 and ch4 
Y: ch1 and ch2

BPM ML2P 
σ(Sx) in %

204.4 202.7 220.9 209.7 351.9 241.6

BPM ML2P 
σ(Sy) in %

14.1 21.4 14.7 7.1 1.3 5.4

BPM ML3P 
σ(Sx) in %

2.4 2.5 3.7 1.7 0.7 4.3

BPM ML3P 
σ(Sy) in %

2.2 3.5 1.7 5.3 1.4 4.1

BPM ML4P 
σ(Sx) in %

1.7 2.5 9.3 10.8 0.8 2.0

BPM ML4P 
σ(Sy) in %

0.7 1.8 8.8 7.4 0.3 1.1

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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The stripline electronics have slightly 
different gains for the 4 channels. 

So for same RF input voltage, the ADC 
readout gives different magnitudes. 

This can be compensated on post 
processing by applying the correction 
factors  to each ADC channel, 
compared to the channel that gives the 
highest gain. 

From the example of ML2P: 
  

 
 

CF

ch1,corr = ch1
ch2,corr = ch2/0.783547
ch3,corr = ch3/0.655341
ch4,corr = ch4/0.889269

Correcting the electronics gain:

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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The stripline electronics have slightly 
different gains for the 4 channels. 

So for same RF input voltage, the ADC 
readout gives different magnitudes. 

This can be compensated on post 
processing by applying the correction 
factors  to each ADC channel, 
compared to the channel that gives the 
highest gain. 

From the example of ML3P: 
  

 
 

CF

ch1,corr = ch1/0.991049
ch2,corr = ch2
ch3,corr = ch3/0.784026
ch4,corr = ch4/0.855764

Correcting the electronics gain:

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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The stripline electronics have slightly 
different gains for the 4 channels. 

So for same RF input voltage, the ADC 
readout gives different magnitudes. 

This can be compensated on post 
processing by applying the correction 
factors  to each ADC channel, 
compared to the channel that gives the 
highest gain. 

From the example of ML2P: 
  
 
 

CF

ch1,corr = ch1/0.815460
ch2,corr = ch2/0.716157
ch3,corr = ch3/0.855236
ch4,corr = ch4

Correcting the electronics gain:

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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Procedure:     

• The pedestals are removed from each channel: 
                                                                                                                        

• The scaling factor is calculated with the “clean” ADC channels: 
                                                                                                                                             

• The correction factors are applied to each channel: 
                                                                                                                    

• The corrected position is calculated from the “corrected” ADC channels and using the mean value of the Scaling Factors: 

                                                      

xi = chi − pedi yi = chi − pedi

Sx = x
x1 + x2 + y1 + y2

x1 − x2
Sy = y

x1 + x2 + y1 + y2

y1 − y2

xi,corr = xi /CFi yi,corr = yi /CFi

xcorr = ν(Sx)
x1,corr − x2,corr

x1,corr + x2,corr + y1,corr + y2,corr
ycorr = ν(Sy)

y1,corr − y2,corr

x1,corr + x2,corr + y1,corr + y2,corr

Corrected beam positions:

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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ML2P ML3P ML4P

X axis

Procedure:                                       xi = chi − pedi ⇒ Sx = x
x1 + x2 + y1 + y2

x1 − x2
⇒ xi,corr = xi /CFi ⇒ xcorr = ν(Sx)

x1,corr − x2,corr

x1,corr + x2,corr + y1,corr + y2,corr

Corrected beam positions:

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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ML2P ML3P ML4P

Y axis

Procedure:                                       yi = chi − pedi ⇒ Sy = y
x1 + x2 + y1 + y2

y1 − y2
⇒ yi,corr = yi /CFi ⇒ ycorr = ν(Sy)

y1,corr − y2,corr

x1,corr + x2,corr + y1,corr + y2,corr

Corrected beam positions:

stripline

y2 → ch3

x2 → ch4x1 → ch2

y1 → ch1
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Y axis

Calibration results without correction: Calibration results with correction:

Only applying  to ML3P and ML4PCF
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Y axis

Resolution results without correction: Resolution results with correction:

Only applying  to ML2P, ML3P and ML4PCF

2.97 μm 5.97 μm
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Y axis

Calibration results without correction: Calibration results with correction:

Only applying  to ML2P, ML3P and ML4PCF
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Y axis

Calibration results without correction: Calibration results with correction:

Only applying  to ML2P, ML3P and ML4PCF
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Y axis

Resolution results without correction: Resolution results with correction:

Only applying  to ML2P, ML3P and ML4PCF

3.04 μm 4.60 μm
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B) Including the profile monitors
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Position estimation with stripline BPMs Position estimation with profile monitors

IFIC ML BPM - Preliminary measurements and firsts shifts plans 22/05/2026 5

 distance from the last element cm

ZH2P ZV2P

ML2P

ML3P

ML4P
MS2P

MS3P

IFIC 
cBPM

Saclay 
cBPM

quadrupoles 
steering magnets 
stripline BPMs

profile monitors 
our cavity BPMs 
korean cavity BPMsZH1P ZV1P

QF1P QD1P QF2P QD2P
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IFIC ML BPM - Preliminary measurements and firsts shifts plans 22/05/2026 5

 distance from the last element cm

ZH2P ZV2P

ML2P

ML3P

ML4P
MS2P

MS3P

IFIC 
cBPM

Saclay 
cBPM

quadrupoles 
steering magnets 
stripline BPMs

profile monitors 
our cavity BPMs 
korean cavity BPMsZH1P ZV1P

QF1P QD1P QF2P QD2P

Position estimation with stripline BPMs Position estimation with profile monitors
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IFIC ML BPM - Preliminary measurements and firsts shifts plans 22/05/2026 5

 distance from the last element cm

ZH2P ZV2P

ML2P

ML3P

ML4P
MS2P

MS3P

IFIC 
cBPM

Saclay 
cBPM

quadrupoles 
steering magnets 
stripline BPMs

profile monitors 
our cavity BPMs 
korean cavity BPMsZH1P ZV1P
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❖ Calibración: 
- Mejorar calibración con información de los ADC (striplines) 
✓ Hacer calibración con desplazamiento en pantallas 
✓ Hacer calibración quitando puntos de los extremos (res. pasa de 2.97 a 2.96) 
✓ Sacar la información de T = f(α) 
- Comprobar valores de f_DDC (comparar con resultados de código de JC) 

❖ Verificar medidas 2DC: 
- Verificar: calibración (rango dinámico y errores), medidas a baja carga, comparar medidas 1DC y 2DC 

❖ Pseudo-inverse resolution: 
✓ Evaluar coeficientes de correlación y eliminar BPMs con coeficientes bajos. 
✓ Comprobar la estabilidad de la resolución de los striplines para varios runs. 
✓ Hacer plots de resolución en función de: posición, carga, angle of attack, time window 
- Seleccionar distintas time windows (desplazadas) y ver efecto 

❖ SVD mode análisis: 
- Incluir información de la carga como una nueva columna 
- Observar el lag puntual de cada BPM y corregirlo para ver si el análisis mejora (casi todos los lags son = 0) 

❖ Medir la carga con el BPM: 
- Usar medidas de q_bunch (EPICS) y comparar con señal del monopolo

Análisis de datos ATF
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❖  Que resolución se puede medir con 3 o 4 cBPMs de 1 um de resolución? 
- RF track 
- Datos sintéticos 

❖  Datos sintéticos: SVD mode análisis 
- Crear matriz artificial con medidas de BPM (con resoluciones de cada monitor)  reconstruir resoluciones con SVD 
- Insertar un drift o jitter  reconstruir resoluciones con SVD 
- Simulaciones con 2 o 3 BPMs muy ruidosos  reconstruir resoluciones con SVD 
- Simulaciones con 1 BPM muy bueno  reconstruir resoluciones con SVD 
- Comparar resultados con pseudo-inversa 

❖ RF Track: 
- Coger el código de RF track del Linac de ATF 
- Hacer análisis de Pseudo-inversa con y sin jitter del 10% 
- Hacer análisis de SVD modes con y sin jitter del 10% 
- Ver efecto de datos de datos desicronizados 
- Hacer plot de correlacion = f (lag) entre dos BPMs con efecto del jitter y comparar con medidas ATF 

→
→

→
→

Simulaciones con datos “artificiales”
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