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Abstract
Calibration with stretched wire on a test bench is widely

used for beam position monitors. Addressing impedance
mismatches at both ends of the system is difficult, especially
at high frequencies exceeding 100 MHz. Tapered pipes are
sometimes utilized for better impedance matches which is
difficult for applying to the BPMs, because the wire position
moves in horizontal and vertical directions. To eliminate
mismatch effects more efficiently in this system, we pro-
pose applying 2x Thru de-embedding and demonstrate its
effectiveness through electromagnetic simulation using CST
Studio Suite.

INTRODUCTION
Stretched wire calibration on a test bench is important

in quality verification of manufactured devices, and in de-
termining the actual beam position sensitivity coefficient.
Conventional methods make it difficult to address the effects
of impedance mismatches between the cables from/to a net-
work analyzer and the wire. This problem can be solved by
the 2x Thru de-embedding method using the proposed con-
figuration. We explain this problem with the stretched wire
calibration bench for the J-PARC MR BPMs. Next, the 2x
Thru de-embedding method is introduced for a 4-port system
having two wire input/output ports and two signal pickup
ports. The method is simulated using the electromagnetic
simulator CST studio suite, with a rectangular diagonal-cut
BPM and a rectangular beam pipe. The position responses
in the frequency domain were obtained, demonstrating favor-
able behavior at lower frequencies and degraded behavior at
higher frequencies.

STRETCHED WIRE CALIBRATION
TEST BENCH FOR J-PARC MR

As an example of stretched wire calibration test bench,
we explain the system for J-PARC MR (Fig. 1) [1, 2].

In Fig. 2 the configuration of measurement and the re-
sponses from the wire input to the signal output (S param-
eters) are plotted, in the case with outer matching loads.
Frequencies below 10 MHz seem usable.

In Fig. 3 the configuration of measurement and the re-
sponses from the wire input to the signal output (S parame-
ters) are plotted, in the case with series matching loads at the
wire. This matching method was proposed by F. Caspers [3].
The RF finger contacts are installed at the pipe ends to con-
tact the end-plates, allowing the DUT to slide on the end-
plates. Frequencies below 100 MHz seem usable. This ap-
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Figure 1: Stretched wire calibration system for J-PARC MR.

Figure 2: Frequency response with outer matching loads.

proach was successfully applied to the BPMs for the RIKEN
superconducting LINAC [4].

To access frequencies higher than those mentioned above,
further solutions are required. The 2x Thru de-embedding
method appears to be a promising candidate.

2X THRU DE-EMBEDDING METHOD
FOR BPMs

The 2x Thru de-embedding method evaluates the S-
parameters of each adapter by measuring the S-parameters of
two adapters connected in series, and removes those effects
from the full S-parameters of the DUT [5,6].
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Figure 3: Frequency response with series matching loads at
the wire.

This method is implemented in devices from various man-
ufacturers [7, 8], while the calculation procedure is detailed,
for example, in [5].

We formulate 2x Thru de-embedding procedure for a 4-
port system. As shown in Fig. 4, this system consists of two
wire input/output ports (𝑎′

1, 𝑏′
1 and 𝑎′

2, 𝑏′
2), and two signal

pickup ports (𝑎3, 𝑏3 and 𝑎4, 𝑏4).

Figure 4: Block diagram of DUT and two adapters.

Writing signal transfers at the adapter1 and adapter2 as
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the S parameter of the DUT, S, can be derived from full S
parameter, S′,

S = (𝜏22S′ + 𝜏21)(𝜏12S′ + 𝜏11)−1, (3)

using matrices,

𝜏𝑖𝑗 =
⎛⎜⎜⎜⎜⎜⎜
⎝

𝑇𝑖𝑗 0 0 0
0 𝑈𝑖𝑗 0 0
0 0 𝛿𝑖𝑗 0
0 0 0 𝛿𝑖𝑗

⎞⎟⎟⎟⎟⎟⎟
⎠

, (4)

where 𝛿𝑖𝑗 is the Kronecker delta, and 𝑖, 𝑗 = 1, 2. 𝑇𝑖𝑗 and 𝑈𝑖𝑗
are obtained from 2x Thru measurement.

As indicated by the equation, no direct coupling is as-
sumed between the adapters and the signal pickup ports. In
other words, the adapter must be long enough to ensure that
the HOM is sufficiently attenuated.

SIMULATION WITH CST STUDIO SUITE
To verify the effectiveness of this method, we devel-

oped the following computational model using CST Studio
Suite [9]. The BPM with a total length of 100 mm and the
beam pipes, a square cross-section with sides of 140 mm,
connected upstream and downstream of it, and the BPM
employs a diagonal-cut design similar to that used in the
J-PARC MR (Fig. 5(a) and (b)). A 50-Ω port was installed
at both the input and output ends of the wire. For the 2x Thru
de-embedding, we used the geometry shown in Fig. 5(c).

(a)

(b)

(c)
Figure 5: CST simulation models: (a) DUT+2x. The total
length is 2 m. (b) Diagonal-cut BPM is displayed in enlarged
view. (c) 2x-Thru. The total length is 1 m.

The simulation results are shown in Fig. 6: (a) presents
the S-parameter magnitudes for the 2x Thru, (b) shows the
full S-parameters for the DUT and 2x Thru, and (c) displays
the results for the de-embedded DUT.

Calculating

Δ/Σ = (1 − |𝑆41|/|𝑆31|)(1 + |𝑆41|/|𝑆31|), (5)

for the wire or beam at 0, ±10, ±20 mm, frequency domain
responses, Fig. 7, Fig. 8, and Fig. 9 are obtained.

The position sensitivity 𝜅 in the frequency domain is
obtained by calculating the linear coefficient

𝜅𝑥 = Δ/Σ, (6)
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(a)

(b)

(c)
Figure 6: S-parameter amplitudes for the 2x Thru (a), pickup
responses without 2x Thru de-embedding (b), and pickup
responses with 2x Thru de-embedding (c), all for a centered
wire. In (b) and (c), the red and blue lines correspond to
|𝑆31| and |𝑆41|, respectively.

from a third-order polynomial fit at each frequency; these
results are presented in Fig. 10.

Figure 7: Calculated pickup responses (raw S-parameters)
for wire positions at 0 mm (black line), ±10 and ±20 mm
(red lines for positive and blue lines for negative offsets).

SUMMARY AND OUTLOOK
In this paper, we demonstrate the effectiveness of the

2x Thru de-embedding method for calibrating BPMs with
stretched wires via EM simulation. The full S-parameters
are de-embedded using the 2x Thru of each corresponding
wire position. This process eliminates the effects of position-
dependent characteristic impedance as well as impedance

Figure 8: Calculated pickup responses (S-parameters with
2x Thru de-embedding) for wire positions at 0 mm (black
line), ±10 mm, and ±20 mm (red lines for positive and blue
lines for negative positions).

Figure 9: Calculated pickup responses for beam positions at
0, ±10, and ±20 mm (black line for 0 mm, and red and blue
lines for positive and negative positions, respectively).

Figure 10: Position sensitivity 𝜅 in Eq. (6) of the pickup in
the frequency domain. The wire and beam results are shown
by the solid black and dotted blue lines, respectively.

mismatches at the wire input/output ends. The results for
the wire method agree well with those for the beam at fre-
quencies up to approximately half of the cut-off frequency.

As a precaution, direct coupling must not exist between
the adapters and the signal pickup ports. Specifically, the
adapters should be sufficiently long to ensure sufficient atten-
uation of HOMs; alternatively, electromagnetic absorbers
may be used.

The next steps include a precise evaluation of errors, the
application of this method to BPMs with step-in/step-out
beam pipes, and testing with practical devices.
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