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Abstract

Beam position is one of the most important parameters in a
particle accelerator. The more accurate and precise the mea-
surement system is, the more features of the beam dynamics
could be revealed. A method called model-independent
analysis (MIA) takes advantage of multiple beam position
monitors (BPM) on the storage ring to obtain the actual
beam positions by removing the random noise of each BPM.
Inspired by MIA, the original voltage waveforms obtained
from the electrodes of a single BPM can also be decomposed
to get the beam position information. This article discusses
the results of the experiments and the evaluation of the per-
formance of the BPM at the Shanghai Institute of Applied
Physics.

INTRODUCTION

BPMs are commonly used in modern light sources. The
calculations and the simulations of the electrodes have al-
ready been studied. Although the fabrications are mature, the
individual differences in frequency response are inevitable.
Nevertheless, the impedance matchings along the cables are
difficult. Thus, the original signals from different electrodes
are slight different, and these signals have been mixed with
parts of their reflected ones. If we still use the traditional
signal processing procedures, systematic errors will be in-
troduced in the measurements.

The induced signal from the ith electrode can be written
as:

Vi(0) = pi(x) - Q1) * Ui (1), (D

where p; (x) is the position factor, Q(¢) is the bunch charge
distribution factor and Uj; (¢) is the impulse voltage response.
Ideally, the responses U;(s)’s are identical, so the linear
approximation of a two-pickup BPM is

Vi=(1+Ky-x)-K4-q- Uy, ()
Vo= (1- Ky x) Ky q-Us. 3)
Thus, the position of the bunch is
1 Vi-VW,
> 4
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Including the response deviations and the random noises,
the final signals are

Vi=(+Kx-x)-Kg-q-Up+Ap)+ Ny,
V22(I—Kx'x)~Kq-q~(Uo+A2)+N2.

&)
(6)

The best linear approximation for the calculated posi-
tion (higher order terms like N; - N, or Aj - N; have also
been omitted after the Taylor expansion) will be

Vi-V,

Vi+V,

Kxquq(ZU() + Al + Az) + qu(Al — Az) + N1 - N2
CKyq(2Up + Ar + Ay) + KxxKyq(Ar — Ay) + Ny + N>

~K, - x

KﬁxQ—l
T 2Up+ A+ Ay (A= A2)
. K, - x-1 N
Kq'Q'(2U0+A1+A2)
K, x+1

n - N>.
K, q-QUo+A +4Ay) 7

(N

The system resolution can only be improved by removing
the last three terms of the r.h.s. of the above equation.

MODE SEPARATION

The area of the envelope of the signal is used in Equa-
tion (4) to minimize the influences of the random noise and
the lag differences between cables. This method will im-
prove the accuracy of the measurement, but the response
differences between electrodes and the reflection in the ca-
ble are still there. Since these response deviations, signal
reflections and random noises are linearly mixed into the
final signal in Equations (5) and (6), a singular value decom-
position (SVD) can potentially separate them as different
modes. [1,2]

Rather than calculating the integrals of the envelopes of
the raw ADC waveforms, We will create a waveform matrix
and the SVD of the matrix will give several—as many as the
number of electrodes—modes, some of which are, hopefully,
unrelated to Ay, Ay, Ni or N,. The spatial vectors of the Uy-
related mode(s) will be used to calculate the bunch position.

Since the signals are narrow-banded sine waves, there will
be two principal components we’re interested in: a sin wt
mode and a cos wf mode. The rest modes can all be regarded

MOPTY019
975

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2015). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



6th International Particle Accelerator Conference
= ISBN: 978-3-95450-168-7

VC D

Figure 1: The 4-pickup BPM layout.

as noise modes. The result of the SVD may look like:

(@ v Va(0))

= (usin (1) Ucos(t) Unoise, 1 ()

X diag(Ssin» Scoss - - -

mxn

Unoise,m—2 (t))mxm

2 S )mxn

T
Vnoise,n—2 (l)) nxn

®)

X <Vsin(i) Veos (1) vnoise,l(i)
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g 2 The Pythagorean additions of the corresponding spatial
= vectors \/ (SsinVsin)? + (ScosVeos)? are proportional to the in-

duced signal strength V;’s and can be used in (4) to get the
e < beam positions. For example, the horizontal position mea-
3 & sured with a four-pickup BPM (as shown in Figure 1) can
= be written as:

1 Va+Vp -V -V

= — s 9
TR Vit Vet Ve +Vp ©)

where V; = /(s1v1(i))? + (s2v2(i))2.

SIMULATIONS

After collecting signals from different electrodes in ac-
S tual measurements, we selected one of the reflection-free
“%’ waveforms as a perfect input u(¢) (the blue line in Figure 2).
2 To simulate a normal four-pickup BPM, a predefined po-
2z sition was chosen and the scales of the signals from the
E electrodes were calculated. Delayed and scaled waveform
§ Buo(t — 1) (the red, dashed line in Figure 2) was added to
= the signals to simulate the imperfection of the transmission.
= Different narrow-band signals were used to simulate the
£ response differences between electrodes. Random noises
= were also added to simulate other disturbances, such as ADC
‘q"é truncation errors. The 4 final signals (as shown in Figure 3)
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were generated as:

Va(@®) =(1 + Ky - xo + Ky - yo) (uo(t) + a1ni(t))

+ Biuo(f — T1) + YNrandom (1), (10)
V() =(1 = Ky - xo + Ky - y0) (uo(t — 12) + azna(t))

+ Baug(t — 72) + YArandom (1), (1)
Ve () =(1 = Ky - xo — Ky - yo) (uo(t — 13) + azns(1))

+ Bauo(t — 73) + Ynrandom (1), (12)
Vp (1) =(1 + Ky - xo — Ky - yo) (uo(t — t4) + aang(t))

+ Baug(t — 74) + YArandom (1), (13)

where (xg,yo) is the coordinate of the beam, n;(¢)’s are
narrow-band noises, 7;andom (¢) is the random noise and K,
K, a;’s, Bi’s and y are constants. These signals will be used
to evaluate the validation of the SVD method, to estimate
the performances of different methods, and to compare the
accuracies of different algorithms.
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Figure 2: Samples from real measurements and its shifted,
scaled reflection signal.

Traditionally, the signal strength in Equation (4) was ob-
tained by adding up the absolute values of all sample points.
This algorithm is a little sensitive to the sampling phase if the
sampling rate is not high enough. The in-phase and quadra-
ture components of the signal are robuster, so we chose the
Hilbert transformation as another competitive algorithm.

The random reflections and noises were recursively gener-
ated and randomly contributed to the “perfect signals.” The
positions were calculated using equation (4) in which the
signal amplitudes were obtained with the aforementioned
algorithms:

1. the sum of the absolute values along the waveform;

2. the sum of the absolute values of the Hilbert transfor-

mation of the signal;

3. and the Pythagorean addition of the spatial vectors of

the SVD results.
The chosen coordinate and the results of the simulation are
shown in Table 1.

As can be seen, the mean values and the standard devia-
tions of the first two results are very close. This is because
the two algorithms are basically the same idea, except for
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Figure 3: Signals were calculated with the following param-
eters: Ky = Ky, = 1, (x0,y0) = (0.2,0.1), and other time
lags and coefficients were randomly chosen at exaggerated
intervals to amplify the measurement errors.

some detailed optimization. The sum method is slightly
more accurate than the Hilbert method. The reason is that
the Hilbert transformation always gives a positive-definite
noise envelope, while the expected value of the noise in sum
method is zero. The sampling rate is adequately fast so the
variances of the positions in the sum method do not visibly
different from those in the Hilbert method.

The SVD method, on the other hand, has a great advan-
tage in both the accuracy and the resolution measurements,
simply because the common part of the responses of the
electrodes were mostly extracted. Hence, no disturbances
were introduced when using Equation (4).

CONCLUSION

The inconsistencies in the electrodes, the imperfection of
the transmission cables and the pervasive random noises will
contaminate the accuracy and the resolution of the position
measurement system when no extra processing is applied.
This article has studied the possibility to get rid of these
environmental defect without upgrading the hardware.
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Table 1: Performance Comparison between Different Algo-
rithms

Algorithm Parameter Value
definition X0 0.2
Yo 0.1
sum X 0.1705
|Ax|/xg 14.75 %
std(x) 0.0484
y 0.0916
lAYl/yo 8.4 %
std(y) 0.0517
Hilbert x 0.1703
|Ax]/x0 14.85 %
std(x) 0.0484
y 0.0914
lAyl/yo 8.6 %
std(y) 0.0517
SVD X 0.2010
|Ax|/x0 0.5%
std(x) 0.0103
y 0.1067
|[Ay|/yo 6.7 %
std(y) 0.0073
CONCLUSION

The inconsistencies in the electrodes, the imperfection of
the transmission cables and the pervasive random noises will
contaminate the accuracy and the resolution of the position
measurement system when no extra processing is applied.
This article has studied the possibility to get rid of these
environmental defect without upgrading the hardware.

The SVD method was used to find the global modes which
are related to the beam position. Simulations have been made
to estimate the performance of this method. As comparisons,
the traditional methods have also been evaluated using the
same set of signals. As a satisfying result, the SVD method
has obvious superiority in both accuracy and resolution.
The relative errors and the standard deviations have been
improved by almost one order of magnitude when using the
new method.

REFERENCES

[1] JohnIrwin, Chun xi Wang, Yiton T. Yan, Karl L.F. Bane, Y. Cai,
Franz J. Decker, Michiko G. Minty, Gennady V. Stupakov, and
F. Zimmermann. Model-independent beam dynamics analysis.
Phys. Rev. Lett., 82(8):1684—1687, 2 1999.

[2] Chun xi Wang. Model Independent Analysis of Beam Cen-
troid Dynamics in Accelerators. PhD dissertation, Stanford
University, Stanford, CA 94309, US, 9 1999.

MOPTY019
977

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2015). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



