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Abstract. The beam orbimeasurementBOM) of the LEP collider makes use of aarrow-

bandnormalizer (NBN),based on ghase processingystem. Thisdesignhas been working
fully satisfactorily in LEPfor almost 10 years. Development work for thelC, requiring

beam acquisitionsvery 25 ns, hasled to anew idea of aso-called“wide-band normaliser”

(WBN), which exploits most of the pickupdifferentiatedpulse spectrum. In th&/BN, the

beam position information is converted into a time difference betteerero-crossing of two
recombined and shaped electrode signals. A prototype basedeoristiieg NBN unit hasbeen

developed and tested to prove fhasibility of this new idea.For this thebandpassilters and

the 90 hybrids are replaced by lowpass filters and delay lines.

INTRODUCTION

Beam position measurements have greatly evolved in the last few years with demand
for better performance itoth dynamic range and bunch-to-buniime resolution
(< microsecond). Since the number of BPMs is increasing with the sike afachines
and the spacing amorgunches iggetting smaller, acquisitiorsystemsbecome very
complex and expensive, unless a normalization process is employed.

A normalizationprocesswill produce the analog ratw/z required forthe position
measurement, whicHargely simplifies the digitizationprocess. The beam orbit
measurement (BOM)1) of the LEPaccelerator is good example of a normalization
process based on the “phase normalization” principle, associated with an 8-bit FADC.

The main advantages of this technique are:

Normalization using only passive components
Wide dynamic range (>50 dB) on the input signal without gain change

10 dB compression dhe position dynamic rangér 1/3 ofthe normalized
aperture

Higher sensitivity for centered beam, due to the arctangent transfer function
Reduction by a factor two of the number of digitization channels

Simplicity and reliability

Low cost electronics



The limiting point of this system concerns the minimum bunch spacing @<)afue to
the restricted bandwidth of the resonant filter, thelbrid and the settlingjme of the
transmission path. In order teduce the digitizatioime (25 ns for LHC),one has to
increase the transfer function bandwidth from the filter up to the ADC. Ifraheework
for the LHC development, a newormalization idea called ‘avide bandnormalizer”
(WBN) hasemerged2). The idea idbased on an evolution dfie “phase normalizer
principle where the “phase” is replaced by thime” and the applied signalas asingle
oscillation period.

FROM NARROW-BAND (PHASE) TO WIDE-BAND (TIME)
NORMALIZA TION PRINCIPLE

The position measurement is determined by the normalized differersignats on
opposite electrodes

Position = K * (V- Vi) / (Va+ Vp) = Ky * A/ 5 = K, * CR (1)

where CR \/Z is the normalization and,K{s the scale coefficient.

In phasenormalization(3) (Figure 1),the two electrodesignalsare applied, after
proper filtering, tothe inputs of a 99 Hybrid. Eachsignal is shifted by 90and then
added to theopposite in-phase signalrhe resultingphase differenced) of the two
outputs corresponds to their normalization

@ = Arc-tangent (\{/ V}) (2)

This relation is valid for a continuous wave or a single oscillation period afiper
settling time, which depends dhe bandwidth ofthe processing chain. For fixed
frequency §, the 90 phase shift phasean be realized by delayir{gn the time domain)
the signals using\ /4 length coaxial cable@t). Sinceall components arevide band,
there is no difference between a repetitive signal and a single osci(lati@bipolar
pulse). Figure 2 shows the block diagram of a delay normalizer.
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FIGURE 1. Phase normalizer schematic. FIGURE 2. Time normalizer schematic

The inducedsignals onthe button pickup are differentiated by tledectrode
capacitance and the resulting signal is a bipolar g&lgpire 4). For simplification, let
us assume knear pickup. Under this assumptiothe sum ofthe electrodesignals is
therefore constant with respect ttee position. The signals from both electrodes of a



plane are split ifwo and one branch melayed by théime T,. The delayed signal of
one channel is then added to the direct signal of the other channel, and vice versa.
At output C, thetime of passage through zemanvary up to amaximum of T
depending on the relationship of the amplitudes orpitieup. Atoutput D, the same
variation can beobserved but inthe opposite sensgFigure 3 right), hence the
maximum relative variation between @hd D is therefore 2T The transfer function,
measured as thi between théwo outputs forthe negative zergrossings, isalmost
linear and the sensitivity is proportional to tthelay. Inthe exampledescribed, Tis
fixed at 1.5 ns but can be any valushorter thanthe signal width T,. When

approaching , the transfer function gets more and more distorted and is no longer
exploitable.
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FIGURE 3. Signals at Normalizer inputs (left) and outputs (right) for three different beam positions.

Two fast comparators detect the zero passage and activate a flipaftagenerates a
pulse T, wherethe width will vary up to 2T. By integrating thispulse, the time

variation is transformed intamplitude and can be read by A converter. As has
beenshown, this solution offersall the advantages of th@hasenormalization and

extends the bandwidth of the transfer function by at least one order of magnitude.

SIGNAL ANALYSIS

The following considerationsare general but examples are related to the LHC
applications.The induced signahas a Gaussian distribution atiee pulse width can
change during the accelerating cycle. ForlthkC, it varies from1.0 to 0.5 nsand the
Fourier transformation shows the content difference of the two spectrums (Figure 4A).
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FIGURE 4. A: frequency spectrum and pickup response B: pickup output spectrum.



The capacitivemonitors (buttons, couplers, etc.) have, by definition, a low-
frequency cutoffwhich isdetermined by the geometricdimensions andhe resistive
load.

The LHC buttons show a 39%Hz low-frequency cutoff.The estimatechigh-
frequency cutoff is oveB GHz (Figure 4A “Pickup”). When combining thébeam
spectrum content and the butt@sponsethe output signahas a responsgmilar to a
band-pass filter, as can be seen in Figure 4B. As a consequence, all inducedvilignals
be differentiated and the average value is zaltgyrocessing chainare submitted to
these restrictionsThe transmission path betwedime electrode and the sigriedatment
unit should be free of reflections for a correct measurement and to avoid false triggering;
an acceptabldigure but quite difficult to obtainwould be =1% (40 dB). The
interconnecting cableshould have a lengthsuch that the reflection comes after the
measurement instant and before the pexse. Forthe LHC application,cablelengths
between 5 to 10 ns will besed.The filter at the receiving ershould bematchedover
the whole frequency spectrum.

LOW-PASS FILTER

In order to obtain an output signalthose shape isndependent of thdeam
dimensions,the high frequencies should Hemnited to a valuewhere the spectrum
content does not vary. For easy signal treatnieepulse response should correspond
to a bipolar pulse of a single oscillation having nearly symmetric amplitudes.

Choice of the cutoff frequency

Several contradictory criteria should be taken into account:

1. The output pulsshapeshould beindependent of theulse length For the LHC
beamthis corresponds to frequencies lésan 210 MHz for a signalamplitude
difference smaller than <10%.

2. The minimum pulskengthshould be used tobtain agood S/N ratio and alinear
transfer functionwhich can easily be handled by the active electronics. Sitoggca
(ECL lite) time jitter is=3 ps rms. aminimum full-scaletime excursion of 3 ns is
required, when using a 10-bit digitizer. This requires.mans delay line which
implies that theoutput spectrum central frequendy=@/T,) should notexceed 166
MHz.

3. The maximum pulseduration should be usedfor unaffected double-pulse
measurement. The BW and mateonglythe filter responsealetermine the residual
amplitude. A Gaussian ofinear phase filter is recommended.The LHC
specifications ask for a residual amplitude of <0.2% for a bunch spacing of 25 ns.



FIGURE 5. Filters frequency response. FIGURE 6. Pulse response formlot bunch.

Filter

The simplest filterthat can be implemented is single resonator, whichcan be
realized bysimply adding a serial inductance on the bufeigure 5, 80MHz BP).
However such aschemedoes notfilter properly the high frequency spectrum
contribution. The result is an asymmetric bipolar pulse whkithdepends orthe pulse
length (Figure 6 BP/W=0.5/1.0 ns).The best compromise is to addGaussian low-
pass filter to cut high frequencies sharply. The global transfer functiohasilhe same
central frequency=80 MHz), while the LP filter is computetbr 130 MHz (Figure 5,
130 MHz LP). The globalbandwidth corresponds tgreater than120 MHz. The
amplitudegets lower £20%) butthe pulse symmetry anthe variationsversusbeam

dimensions are much betté¥\(,<10%) (Figure 6, LP/W=0.5/1 ns).

NORMALIZA TION

While keeping the same normalizatipnnciple, a simplified version makingse of
an inverting transformer (Figure Has been developedor the realization of the
prototype. One of the two input signals is delayed pinVerted andapplied to the two

negative inputs of a dual differential amplifier. The second one is directly applied to one

of the positive inputs, then delayed by, 2ihd applied tdhe second positivenput. The
resulting output signal fronthe amplifier is the same der the original ideabut the
signal has twice the amplitude.

Since the delay ,£an be part of the interconnection cable and the dual amplifier is an
integral part of the comparateircuit, the normalizer components are reduced to an

inverter transformer and a coaxial cable f2T
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FIGURE 7. Inverter Normalizer.

ZERO-CROSSING DETECTOR

A dual ultra-fast comparator (AD96687) as in tB®OM NB acquisition system
providesthe zero-crossing actionThe input stage is a differential amplifigvhich
realizes part of the normalization action (recombination of the delayed signal$atcrhe
inputs are biased to generate a sniaisteresis (10mV) which will determine the
threshold of the comparator. Sinitee comparator gain isver 60dB, apositive-going
signal above 10 mV will switch the output of the comparator to its high state.

The inputoffset istrimmed tobias the comparatojust atthe lower edge of the
hysteresis cycle, in order to obtaimeal zero-crossing and to hetally independent of
the amplitude. The outpgiulse length depends dne selected LP filter frequency and
on the input signal ratio. In the LHC development it varies from 3 to 5 ns.

The useful input dynamic range is >50 dB, and correspontie tatio between the
maximum differential inpu(>3 V) and thethreshold (10 mV).The comparator input
noise is

3nV
Thz ©

over a bandwidth >200 MHz, which results itogal input noise of 5QuV (rms.). The
signal to noise ratio (S/N) corresponding to the pilot beam is >46 dB.
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FIGURE 8. Wide band normalizer block diagram.

The propagation delay is thmost critical point, since it depends othe signal
overdrive and carvary up to 1ns. It isvery importantthat the tracking between
channels is similampreviousexperiencenas shown amaverage figure of 30 ps over a
40 dB dynamicrange, which corresponds to an error of 1%hef full scale.Most of
this error is present on the first 6 dB overdrive from threshold.

PRESENT STUDIES ON DIGITIZATION

The position information is the time difference between the trailing edges tdhe
comparator outputs. A simple NOR function of the comparatoButl and the

complementary Out2@ut?2) signals produces an output pulse widtjual to thetime
difference. To avoid non-linearity problems due to overlapping of signal transitions the
minimum pulse width should be ~1.Bs. This is obtained by inserting @axial line
between théwo comparator inverting inputs and adding exira 1.5 ns onthe other
branch.The NOR outpupulse width will range froni.5 ns up to 4.5 nsSince it is
difficult to digitize a time of a few ns with a resolution in the picosecond range, the NOR
output pulse charge is digitized instead. To keep the circuit as simple as pibesie
outputs are filtered by a 50 MHZaussian low-pas§ilter and applied to a video
amplifier-buffer. The signal present at tDC input will vary both inamplitude and
time.
Two digitizing solutions have been explored:
a) Low resolution (8 bit) and high sampling rate (>500MS/s) FADC
A minimum of 12 samples per measurement is taken inwidow
synchronous withthe pickup signal. The data is averaged to improve the
resolution by a factor 3 to 4 according to the samptatg. It requireslltra fast
FADC and RAM, and a fast processor tieat thedata. The clock can be
synchronous with the signal, which offerstable data acquisitioand linearity
<+0.1% or asynchronouwith data deviation €0.1% and excellentlinearity.
This solution is quite complex and expensive.



b) High resolution (10 bit) and moderate sampling rate (>40 MS/s)
ADC.

The ADC samplingtime should befixed relative to the PUsignal and
delayed byl ns after thepulse peakThe amplitude varies as function of the
delay, hence a calibration is required. The aperture uncertaméy 10-bit ADC
should be <10 ps in order keep at least ENB. Underthese conditions the
linearity error is=+1%. This figure can be can be improved by a factousifg
a polynomial fit.

Both solutions require deeper investigation but the results are very promising.

MEASUREMENTS

Since thephase andime normalizer concepts are quite similar and they require the
same basiccomponents, it haveen quite simple to adapt an existiB@M NB
normalizer circuit to the WB version.

The LP 130 MHz circuit has replaced the BOM 70 MHz BP filter. On the normalizer
unit, an inverter transformer and delay cable have replaced th¢yBdd. Onthe “zero
crossing detector and the TAC” hybrid, a pin-to-pin compatible OR chip has replaced the
Ex-OR. The video LP filter is set to 50 MHz instead of 20 MHz and the \adgwifier
replaced by a faster and pin to pin compatible OPA644.

Set-up

A bipolar signal filtered a130 MHz is applied to a common attenuator (employed
for stability measurements), split intavo branches by a’Hybrid andapplied to the
unit under test via two high-resolution (0.25 dB) attenuaiidrs. attenuators have been
measured for a propagation delay differene&0<ps and an attenuation accuraegter
than two parts per thousand. From the attenuation ratio betiveésio branchegA/B)
we obtain the normalized ratio CR=(1-A/B}f/B). The measurements aiene with
a digital oscilloscope sampling at 1GS/s in a 20 ns window.

Output Stability versus Input Level

The variation on the output signébr different common attenuator values is
normalized to the full-scalaperture.The measuremertasbeen dondor 3 different
conditions corresponding to a centelehmand twosymmetricoffset positions. From
twice the threshold level up to 45 dB overdrive, the normalized output stays wiftin
of the full aperture.



FIGURE 9. Normalized out variation vs. FIGURE 10. Linearity errors at different
overdrive overdrive.

Linearity

Figure 10 showshe linearityerrorsrelative to astraightline versusthe normalized
aperture (over 80% range) for different overdrives above the comparator threshold.

The 10 dB overdriveeorresponds roughly tthe pilot beamjts slope is 3% less
sensitive than th@verage. From 20 up to 50 dB overdritre sensitivity remains
constant within a fraction of onpercent.The linearity error is <0.6% rmsand is
repetitive at different input levels. A second-order polynomial fit will reducestitoe to
the range of 0.1% rms.

Noise

Figure 11 shows the sigma of the output signal, normalizéuketéull-scale aperture
versus the input signal overdrive. A pilot beam corresponds 106 dB overdrive.

The measurement has been done foerdgered beamAEB) and for an offsebeam
(B=—25 dB ofA).
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FIGURE 11. Normalized noise vs. input level above threshold.



EXTENDED APPLICATIONS

The principle can be extended to a wide varietypedm lengthand pickup types by
properly filtering the induced signals and scaling the diateas. Abeam length ratio up
to a factor of 10 seems to be easily attainalitbe coupler electrodes associateith a
proper LP filter can also be used, therefore taking advantage of their larger sensitivity.
For particle accelerators having a large signal length variation dinéngcceleration
cycle or for accelerator bunches with different length (i.e., transfer lines $83p the
LP filter and the cable delay should be designed to work properly for the longest bunch.
A general circuit that could be exploited by a largenber ofparticle accelerators
should be designed to the have removabkxial delayand a large set dbaussian LP
filters. If wide band requirements are not needed, integration ovetitoageriods can
be simply obtained by increasing the output filter time constant.

CONCLUSIONS

The prototype performances fully satisfy the LHC specifications.

The buildingblocks of this systenare identical to th&.EP NB normalizer where
500 BPMshave been operatinipr almost 10 years with aexcellent reliability and
requiring aminimum number of human interventions. This expertise vatilitate the
LHC development and avoid basic errors.

The WB normalizersolution offers all the advantages reportetbr the NB
normalizer. Furthermorthe realization of the LP filterequires lesgritically matched-
paired units. The simplicity of theelectronics,the reduced number dfiigitization
channels associated withe reliability and thelow cost perchannel make the WBN
solution ideal for many BPM acquisition systems.
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