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Mechanical requirements: 
Mechanical fit of the BPM and the SC quadrupole magnet. 
Cryogenic and UV conditions have to be met. 

Measurement requirements: 
Spatial resolution < 1 μm. 
Temporal resolution < 369 ns. 

Development of a re-entrant cBPM for future colliders. 
To guide and stabilise the beam, we require high-resolution beam 
position monitors (BPM) with spacial resolution < 1 μm. 

Project in collaboration with KEK and CIEMAT: development of 
the cryostat for a BPM and a super-conducting quadrupole. 

The designed BPM was initially tested at ATF (KEK).

• Design of the BPM • Design of DAQ • Beam test
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➔Output signal on the time domain: 
The position signal oscillates at the dipole mode resonance frequency and 
decays exponentially with decay constant .τ

Monopole mode: 
Reference signal

Position signal on x Position signal on y

Proportional 
to the beam 
charge .qbunch

Proportional to the 
beam charge  
and the beam 
position  or .

qbunch

δx δy

Vposition(t) = V110,0 sin(ω110t + φ)exp (−t/τ)

V110,0 ≃
qbunchω110

2
Z

Qext ( R
Q )

110
∝ δx or δy

exp(−t/τ) where τ = 2QL /ω110Need to measure the amplitude and  the phase to determine 
the beam position .

Dipole mode:

[1]

[2]
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B) CST electromagnetic simulations
•Resonance frequency :  Operation frequency of the BPM (two modes)  Mainly determined by the electronics and size of the BPM. 

•Loaded quality factor : Determines the coupling of the cavity with the exterior but also the length of the waveforms in time. 

•Normalized shunt impedance : Evaluates the effect from the beam in the cavity. This factor determines the sensitivity of the 
observed output signals.  

•S-parameter  (at the dipole mode frequency): Determines the coupling between orthogonal ports. A high coupling will produce a reading 
on one axis when there is beam shifted on the orthogonal axis, known as cross-talk. 

fm →

QL

(R /Q)m

S21

5

1.610 < fdip < 1.638 GHz

10 ns × πfm < QL < 100 ns × πfm10ns < τ < 100 ns ⇒

|S21( fdip) | < − 30 dB

Because of filters and LO specifications: 

To have the right length of signals:

(R /Q)dip > 0.27 Ω                 (at 5 mm from the pipe center)  
increases the sensitivity of the measurements 

→(R /Q)monop should be minimised 

To keep the cross-talk to a minimum:
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lup

lstep

ldown

l

dag

r3

Adaptation of the 
re-entrant cBPM to 
the commercial 
feedthrough.

eigenmode solver frequency solver

Allows to evaluate: 
fm QL,m (R /Q)m

Allows to evaluate: 
S-parameters

[3]

➡  Parametric studies and the CST optimization tool allowed to reach an 
optimal design.
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l

da

g

r3

Influence of individual parameters: with increments of 25 μm. 
Variation of da:

In order to build the proposed model, we 
have conducted tolerance studies to 
determine the precision required at 
construction.

The same analysis was performed with other dimensions.

Tolerances analysis:
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Tolerances analysis: Other tolerances studies: 
Eccentricity of the cavity, misalignment when welding parts, effect of crooked 
feedthroughs, among others… 

With small lengths and angles variations, there was no significant alteration on the 
RF parameters of the BPM. 

After evaluating the tolerance study and weighing the cost-benefit trade-off, it was 
decided to manufacture the BPM with tolerances of 50 µm for the critical 
dimensions.

Multi-parametric variation: manufacturing 
tolerances with  = 50 μm 
20 cases with different variations in all 
parameters simultaneously.

σ
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Cross-talk: 
Between the 4 consecutive ports

Transmission: 
Between the opposite ports

Reflection: 
At the same port

cBPM

1

2 

3 

4 

Vector Network Analyzer (VNA):

Metrology:

Vacuum test:  Approved.

All BPM dimensions were according to 
specifications. 
Tolerances were according to specifications.
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These parameters depend primarily on the resonant cavity
geometry and the coupling between the cavity and the output
ports.

Commercial software CST Studio Suite can be employed
where the eigenmode solver allows the evaluation of RF
parameters of the oscillation modes for a given geometry
and the frequency solver can be used to extract the scattering
parameters (S-parameters) on all the ports.

Parametric studies using CST simulations to vary key
geometric dimensions determined that the cavity length 𝐿,
the distance from the antenna to the resonant cavity 𝑀𝐿,
and the cavity gap 𝑁 (Fig. 1) are critical for optimizing
the RF characteristics. These dimensions were selected
to maximize sensitivity and coupling to commercial ports
while minimizing production cost.

Progress on ML cavity BPM tests at ATF and new cavity BPM design 02/03/2026

A) Simulated RF parameters

8

II. New cBPM prototype and measurements 

l

da
g

r3

Parameters 
optimisation   
(mm): 

 
 
 

r3 = 51.75
l = 53.3
da = 47
g = 10.25

Figure 1: CST eigenmode simulation of the cBPM and key
geometric dimensions.

Manufacturing and measured RF characteristics
The prototype was manufactured by the Spanish

company Neptury Technologies. Based on multiparametric
simulations, the design was adapted to accommodate
minor mechanical constraints and fabricated from stainless
steel with dimensional tolerances of 50 𝑂m. The RF
characteristics were measured using a 4-port vector network
analyzer (VNA), and the oscillation frequencies, loaded
quality factors, and S-parameters were compared with CST
simulations. A plot with the measured S-parameters is
shown in Fig. 2, with the results presented in Table 1.

Figure 2: VNA measurements on the cBPM for reflection
(left) and transmission between orthogonal ports (right).

The oscillation frequencies and quality factors were
obtained from reflection measurements at the four BPM
ports. Very small deviations from simulations were observed
in the experimental results. Notably, the monopole mode
quality factor is slightly higher than predicted; however,
this is not problematic since a longer signal duration is
actually beneficial, since after analog down-conversion,
at intermediate frequency (IF), very few osillations are
observed in such a small decay time. The S-parameter
between orthogonal ports (𝑃21) is also slightly higher than

Table 1: cBPM RF characteristics from CST simulations
and VNA measurements.

𝑄
(GHz) 𝑅𝑀

𝑆/𝑅(ω)
@ 5 mm

𝑃11
(dB)

𝑃12
(dB)

Monopole mode
Sim. 1.118 34.91 14.50 -5.48 -6.52
Meas. 1.125 46.98 - -5.70 -6.89

Dipole mode
Sim. 1.620 64.09 0.350 -20.2 -30.8
Meas. 1.631 57.84 - -20.76 -24.30

expected, but the measured level is adequate to prevent
leakage of dipole mode polarizations between the orthogonal
ports and prevent cross-talk.

DAQ AND EXPERIMENTAL PROCEDURE
The cBPM was tested with an electron beam at the ATF

Linac. Due to the high resonance frequency, the oscillating
signals must be down-converted to a lower frequency for
acquisition with a 2 GS/s oscilloscope. The readout system
thus consists of an analog down-conversion stage followed
by digital signal processing to extract amplitude and phase
information. These measurements enable evaluation of the
cBPM and readout system performance and estimation of
spatial resolution following calibration.

Read-out system
The readout system was designed to extract both position

and reference signals from the same cBPM [4]. After
separating monopole and dipole signals using 180 → hybrid
couplers, both signals are processed identically. A selective
band-pass filter (BPF) centered at the dipole frequency
rejects higher-order modes (HOM) while retaining the
monopole mode tail (on the reference signal). The signals
are then down-converted to 200 MHz and digitized for digital
signal processing.

A digital down-conversion (DDC) algorithm [5] is
employed to extract the amplitude and phase of both signals.
The algorithm requires accurate identification of the IF to
digitally down-convert the position and reference signals to
baseband. After normalization, in-phase (𝑇) and quadrature
(𝑅) components are obtained and, following calibration,
converted into a position signal (𝑈) that varies linearly with
beam o!set.

Beam-test at the ATF Linac
The cBPM is installed at the end of the ATF Linac

extraction line. The beamline layout is shown in Fig. 3.
The tested cBPM (IFIC) is positioned adjacent to a CEA-
Saclay cBPM prototype [6], which was previously used
to validate the readout system concept, described in the
previous section. Stripline BPMs ML3P and ML4P, along
with upstream and downstream profile monitors, are used
for calibration. Additional 19 stripline BPMs are used for
resolution measurement, whose synchronous readings are

Construction was carried out in collaboration with Spanish company Neptury Technologies.
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180  
Hybrid

cBPM

Σ

2 GS/s 
Oscilloscope

Δ

RF = 1.631 GHz

LO = 1.428 GHz

Att BPF Amp Mixer LPF

IF = 203 MHz

180  
Hybrid

Σ Δ

Att BPF Amp Mixer LPF

Att BPF Amp Mixer LPF

RF = 1.125 GHz

X line

Y line

REF line

TUNNEL

3 identical lines of down-conversion to ~200 MHz: 
-two for x and y signals (with RF = 1.631 GHz). 
-one for reference signal (with RF = 1.125 GHz) 
(the tail of the monopole mode is taken).

Reference signal 
is taken from 
the same BPM 
and the same 
LO is used for 
the 3 signals.

A digital down-
conversion (DDC) 
algorithm is 
employed to extract 
the amplitude and 
phase of both 
signals.

[4-5]
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B) Beam tests at the ATF Linac

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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Beam lattice at the end of the ATF Linac (after extraction line).

Calibration:  

The horizontal and vertical steering magnets (ZH2P and ZV2P) were used 
to induce a range of beam offsets in the 𝑋 and 𝑌 planes for calibration.  

The cBPM measurements were converted to estimated beam positions 
using linear interpolation of stripline BPM readings from ML3P and ML4P, 
along with upstream and downstream profile monitors (MS2P and MS3P).

Resolution: 

A set of 𝑃 = 1000 pulses was acquired at a fixed beam 
position, and simultaneous measurements from 19 
stripline BPMs and the CEA-Saclay cBPM were used to 
remove coherent beam motion, and evaluate the system 
noise.

[6-7]
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A systematic offset was observed due to mechanical 
misalignments during the cBPM installation.

A small dynamic range was employed for this calibration, of 
around 2 mm to maximise the bit per volt from the 
oscilloscope and improve the conditions of the resolution 
measurement.



L. K. Pedraza - Development and characterization of a high-resolution re-entrant cBPM system at the ATF Linac

B) Resolution estimation

III.Preliminary characterisation results

16

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
⋮
vM

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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R = d − D ⋅ v

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

 is the number of pulses 
 is the number of BPMs used 

bunch charge = 0.74 nC/bunch

P = 1000
M = 20

2.98 μm
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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

[9]
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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.σ̄residuals

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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Designed, built and tested a 1.631 GHz re-entrant 
cBPM using commercial stainless steel feedthroughs 
suitable for cryogenic operation.

➡ System achieved ~2.98 µm Y-axis resolution (at 0.74 nC/bunch) with a 2 mm linear 
dynamic range. 

➡ Current stripline BPMs resolution limits the measurements:  
higher-precision monitors are needed to prove sub-micron capability for future 
colliders. 

➡ A cryogenic test will be carried out in collaboration with STF (KEK) to further validate 
the new prototype.
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