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Abstract

Rf signal processing techniques for BPM are discussed, in-
cluding some aspects on the characteristics of the beam
position pick-up.  The methods
gle-bunch/single-pass applications, as well as for mult-

are suitable for sin-

bunch/multi-turn average position measurements.

1 INTRODUCTION

The beam position signal processing consists of a set of
electronics which interfaces the analog signal supplhed by
the beam position pick-up with the data acquisition of the
Its task is to extract from the signals,
supplied by the pick-up electrodes the horizontal or ver-
tical beam displacement with respect to the center of the
vacuum chamber. Thus ensues the beam posttion measure-

control system.

ment. The main goal is an intensity independent position
measurement with maximum resolution over a wide range
of beam currents.

The methods discussed require bunched particle beamns,
which excite signals with significant levels in the rf-range
in the passed through position pick-up.
position information, delivered by the rf-signal process-

The resulting

ing electronics, is an analog output signal which stays
constant (“quasi”-DC) for a specified time.
surement time varies with application (single bunch/pass

This mea-

position measurement, averaging over a specified num-
ber of turns/bunches) and accelerator conditions (mini-
mum /maximum bunch-to-bunch distance, wy.p, etc.). As
many control systems prefer to get their data in a digi-
tal format, digitalization and data buffering of the output
signal have to follow (not part of this report).

2 PICK-UP CHARACTERISTIC

Before discussing the rf signal processing techniques in de-
tail it is worth having a rough idea about the signals to be
analysed.

The position pick-up is a vacuum device acting on the
electromagnetic field of the passing bunch. It's electrodes
are usually arranged symmetrically in order to obtain a po-
sition measurement with respect to the beam pipe’s center,
as well as to separate the horizontal and vertical axes. For
our applications two pick-up quantities are important:

2.1 Transfer Function

The transfer function characterizes the coupling between
one pick-up electrode and a single bunch passing the pick-

electrode B~ “electrode A

Figure 1: Simplified horizontal position pick-up

up in it’s center. It can be written as transfer impedance:
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Zelertr (W» P) = (1)
and is the frequency-domain equivalent to the impulse re-
sponse h,jeerr (1, 7, p) of the pick-up in the time-domain.
The frequency independent factor k takes the beam

electrode coupling due to the transverse particle distri-
bution p into account (needs to be known only roughly).
Together with the single bunch current! we get the pick-
up electrodes output voltage vej.ci» (w0, p). This hasto be a
signal in the rf-range in order to be processed by the tech-
niques discussed here, i.e. w in vyeerr (@) Vetectr mar =
1/+/2 are radio frequencies. For a single-bunch/single-
pass processing, a broadband spectrum is further required,
whose time domain signal v .. (1), as an inverse fre-
quency transformation (Fourier, Laplace) of veecrr (w), 18
short (in time) compared {o the systems measurement time
(or minimum bunch-to-bunch time distance).

2.2 Position characteristic

For the estimation of the pick-up’s position characteristic,
all high frequency effects and other imperfections (skin ef-
fect, surface roughness, etc.) are negelected. The elec-
trodes are taken as infinitly thin isolated surfaces on the
beam pipe (negelecting their particular structure). Fur-
thermore we limit ourselves to a circular cylindrical vac-
uum chamber passed through by an infinitly small coast-
ing beam? (Figure 1). [2] applies the method of conformal
mapping to this electrostatic problem and gives the wall

3
Mpuncn{w) leam DC cxp1~(~%(l~] for gaussian longituninal
particle distributions.
2A finite uniform round beam [1] will give the same results, as

long as its radius is small comparacd with the beam pipes radius:

r< R.
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at the position ¢ on the vacuum chamber surface® R as

result, where (r = ilel/ = }{) is the normalized bheam

position. A pick-upelectrode integrates i,,,n overits width
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The signal ratio?

A - F('T' Y, ¢) - ‘F(.I', Y, '¢)
B F(*‘I, Y, d’) F(f‘rv v, "(f))

of two adjacent, symmetrically arranged electrodes A and

(2)

B of a horizontally® sensitive pick-up has to be formed in
the signal processing electronics to allow a beam intensity
independent position measurement. With restrictions to
. o 2
beam displacements around the pick-up center (27 .. +
¥2 .. 2 0.25) and electrodes of maximum width (¢mar «

7/4) eq. (2) simplifies to the compact approximation

A 1+ 2\’
5~ (%) (3)

which is independent of vertical beam displacement and
electrode width.
sensitivity of a beam position pick-up to dg/d.r ~ 4 at its
center (x = 0).

From this we estimate the normalized

3 RF-SIGNAL PROCESSING
METHODS FOR BPM

The signal processing electronics has ta create the signal
ratio {2) or (3) of the two adjacent pick-up electrodes A
and B, where each electrode generates a broadband signal
Teteetr. due to (1). It is sufficient to analyse the measure-
ment principles by exciting the electronics with a single
frequency (C'W operation).

3.1 Directional Coupler

Basic component is the directional coupler [4]. A symmet-
ric, single-element coupler is formed out of two electromag-
netically coupled, ideal (lossless, dispersionsless) transmis-
ston-lines. The transfer functions between the 4 ports are

signal into port A transfer function signal into port B

re . 0 - Ta
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3Results for beam pipes with different cross section (elliptical.

rectangular, eic.) arc available.

*There is some sign trouble in the same equation given in [3].
Sorry!

> Al equations arc given for the horizontal case., For vertical po-
sition measurement rotate the coordinate system by n/2

In our applications the coupling coeflicient k is set to 3dB
(ke == 1/3/2) and the couplers electrical length 8 = 2xl/A is
matched to the electronics eperational frequency (center-
wo /2 8 = n/2)% Ports A and B are
used as inputs, (" and D as output ports.

frequency wyq ==

Aexp(jwot) and vp
Bexp(jwot) into the A and B inputs and superposition

Supplving the signals vy

of the corresponding transfer functions results in
ve. e [wot = (v ; )}
vp = Relwot-(e=3)]

with K = /(A2 + B%)/2and ¢ = arccot%. In this config-
uration the directional coupler acts as an amplitude ratio-
to-phase difference (A-P) converter, because the phase dif-
ference

Yep T —2arccol—g- (4)
between the output ports (' and D is a function of the
signal-level ratio at the A and B inputs. For reasons of
“matching” with the phase comparator?, the couplers out-
put port €' is “delayed” by a transmission-line of same
electrical length 8 — n/2 to a new port called C.

Delaying one of the two input signals vy or vp by 90°
(done with a transmission-line of length 6§ = x/2 between
port B to the new input port B) causes an addition resp.
subtraction of their amplitudes:

A= B a5 5)
V2
A+ B
NG

A= e =

£ = vp ot = 3) (6)

In this “Power Summer” configuration® the coupler’s C
port is again %-delayed, so that the outputsignal’'s ve. = A

2
and vp = X are in phase.

3.2 Basic Signal Processing Method

This technique is used in many accelerators for beam po-
sition monitoring [5,6, ...]. The pick-up output signals A
and B of the two adjacent electrodes are connected via a
directional coupler acting as an A-P converter. Its phase
sensitive outputs are followed by the zero crossing detec-
tors and ends in a phase comparator circuit (Figure 2).
The detectors limit the converter’s output signal to a
constant amplitude, and thus realize a beam infensity in-
dependent position measurement (K = /(A% + B?)/2 ~
lheam OT ipunch). Over a large (dynamic) range of K
they turn the sinewave signals into rectangular (“logic-
level”) signals with edges set at t = (nx 1 ¢)/we. In this
way, modified C- and D-branch signals are mixed in the
phase comparator to a rectangular signal of T = 1/2uw,
whose pulsewidth is modulated by their time difference

6 Thesc couplers are ofien called 90°. or quadrature-hybrids
Tsee section “Basic Signal Processing Method”
8sometimes called 180% hybrid
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Figure 2:

lep = Yap/2ws. The low-pass circuit filters out the DC-
component (avarage), which is proportional to ¢y

Voyt = kmi:@’”("-[) (7>
The phase comparator’s fransfer characteristic ko, i$
rather linear for “digital” mixers {EXOR gates) but may
be nonlinear for double balance diode mixers.

Combining (4) and (7) leads to the position character-
istic

(8)

A
Vout = ~—2k,,,,v,arccot(E)

Using the approximation (3) for the pick-up's signal ratio
characteristic 4

B in (8), gives an estimation of the normal-
ized sensitivity®

.
1- =z

amp1+22.2(1_* QkZmp) + 4

dvou!
dx

(9)

=~ 4}"mi:k

Adding amplification at the output increases the sensi-
tivity but not the effective position resolution, which is
mainly limited by the noise produced in the input stage of
the zero-crossing detectors.

3.3 “Modified” Signal Processing Method

In order to overcome this noise limitation caused by the
ultra-broadband components'® (zero crossing detectors
and mixer) the argument of the arccot in (8) is “ampli-
fied™:

1

, 1) (1

(!
Vout =~ kml‘?(
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This is realized by extending the previous basic signal
processing set up'! with a L/A-Power-Summer arrange-
ment at the inputs (Figure 2). The signals of the A-
branch are amplified by a small-bandwidth, low noise rf-
amplifier kg, (its phase delay has to be compensated
in the ¥-branch). Increasing the systems sensitivity (9)
with amplification kemp - 1 results in a yc.p-range up to
360°% (for the total range of beam position displacements

1 <. r <0 +1). For technical and “linearity” reasons it

9Get I\'amy, = 1.

'®The wide bandwidth is needed to achieve a satisfactory phase
measurcment over a large range of beam intensity.

M The 5 -delayline at the coupler's port C is taken out.

x used only for Basic Signal Processing Method

Block diagram of the rf-signal processing methods

should be limited to 180°, which shrinks the beam diplace-
ment range to |x| < 1/2k,,, for ko, > 2, assuming

— 2arccot(2kgmpr )] (11)

3
Vout =~ Lnuz[ 3
as the estimated overall position characteric. This reserves
this processing method for the observation of small beam
position displacements. The sensible range in the pick-up
center may be changed by unbalancing the A or B input
branch with attenuators.

3.4 Bandwidth Requirements

The CW single frequency operation treated up to now is
equivalent to an average position measurement over many
turns/bunches in a ring accelerator. It is realized by in-
serting a matched pair of bandpass filters between pick-up
and processing electronics. They have to filter out a sin-
gle harmonic line wg = nw,.,. (including sidebands) from
the beam'’s picked-up frequency spectrum. The phase com-
parators lowpass has to supress all 2mwg-components aris-
ing in the mixer, its decay time should be similar to that
of the bandpass filters. Together they specify the measure-
ment time.

For single-bunch/-pass applications the filter character-
istics need to be optimized in frequency- and time-domain.
Their response has to realize quasi CW-conditions during
the measurement interval, but should decay after as fast
as possible — energy free - before the next bunch to be
measured “enters”. Some details on this subject are found
in [3], resp. has to be published.
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