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Abstract tunesand a thirdfor the longitudinal tune. FOkPSthe same
The Advanced Photon Source (APS) at Argonne Natiordigital transversal filter design can be usedaibthree tunes.
Laboratory will be a 7-GeYhachine. It is anticipated that forThis paper deals with the design of filter coefficients.
beam operations beyond the baseline design of 100 mA storedt is natural touse a single pickup fdhis type of system.
beamcurrent, a transversand longitudinal dampingystem One stripline can readily be&ised to measurghe two
is needed to damp instabilities. Key part of this digital transverse displacemenend longitudinaphase of each
damping system isdigital signal processing. This digitalbunch on eackurn. Two turns of information can besed to
system will be used to process sampdd®en from thebeam calculate the kick which needs to be applied to the bunch in
and determine appropriate correction values to be appliedamler to cancel its transverse velocity. Let
the beam. The processing will take the form of a transversal y, =Asing 1)
d|g|ta| filter with adaptable filter WelghtS Samphng will b%e the disp'acement of a bunch on tuma. On the nexturn
done at 176 MHz with a possible correction bandwidth of §8e displacement will be
MHz. Thl_s paper concentrates on the d|g|m10ce33|r}g v, =Asin(2nv+(p), )
involved in this system, and especially onthe adaptive

algorithms used for determining the digital filter weights. Wherev is the fractional tune. The transveragocity of this
bunch at the kicker will be

. INTRODUCTION Y3 = Beod2m +¢+x), @3)
wherek and B aredetermined from the betatron amplitude
If there are no interactiorsetweercirculating bunches of and phase considerations. It is straightforward to show that

a synchrotron, the motion of each bunch camldecribed by (AIB)y; =ayy; +a,y,, (4)
three harmonic oscillators corresponding to the three tuggere

frequencies. In real synchrotrons, coupling will be present, a =[sir(2nv+K)— co(2mv) co$2nv+K)] (5)
and proper description is in terms of the nornmabdes. If i

there are N bunches, there will bendbdesand N tunes. It a, = cog2m +k) /sif2m) . (6)

turnsout howeverthat inmany practical casee tune shift Thus, a two-term transversal filter is adequfate dealing

from the non-coupleftequency iseither nearly the same forwith the transverse motion.

all modes, or vernysmall. Thus, allcoupled modegan be There are a number of reasomsy morethantwo terms

taken as having the sarfrequencyAll coupled bunches canare desirable. One that the detrimentaffects ofnoise and

thus be described, as in the uncoupled case, as three harntligitizing granularity can be reduced. A seconthit offset

oscillators characterized by the same three tune-shif@sgiors can be reduced.third is that greatefiexibility in the

frequencies. coefficient set is achievethus allowing a greater amount of
This is thecase inthe APS storageing [1]. In one adaptability due to the larger number of coefficients.

simulation of the resistive wall instability, Senly spaced

bunches were assumeilculating in thering to achieve the [I. TRANSVERSAL FILTER

maximum design current of 300 mA. The fractional vertical

tune,v,=0.3, was reduced by an average of 6%ther 54 A. Theory

modes.The tune spreadowever, was onl).7%. Under the A generalway toarrive at a useful set afoefficients is

same circumstances, a growth rate of 400/s in tbaggested byhe following. Supposehere is a continuous

longitudinal motion due to a singtavity higher-ordermode  signal

(HOM) will result in a maximum of 2% tune shift in an s(t) = s, Cos(mt.g.(p)_ 7)

affected coupled bunch mode. In the Afrty), HOM-induced

longitudinal growth rates arexpected to usually beelow

200/s resulting in a maximum tune spread of 2%. %0)= % cos((p) : (®)
Sinceall bunches can be treated as having the same thie@rder to phase shift the value of the signal at t=6,lmne

tune frequencies, a bunch-by-burtdmpingsystemcan be can take a second signal

implemented with one filter for each tfie two transverse

At t=0 this will have the value
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_2 perfect DC offset cancellation;({d Eq. (16)). The problem is
r(t)-?cos((ot+e) ' ®) that D in Eqg. (16) is nokknow and must belerived from
where w=21/T (T is the period of theosine wave). Now Multiple measurements of[x]. At leasttwo measurements

compute the integral would be required andprobably more would be used in
0 practice. Unfortunately, it will takéoo long to solve for D
|=J's(t) r(t) dt=socos((p—6) (10) and synthesize jh]. This leaves some sort of real-time
L filtration of x[n] to produce xn].

and the desired phase shift is accomplished. By chan@jng ~ 1he transversal filter h‘?’_‘i‘ take the form of
the amplitude of | can also be controlled. X [n]=5 b x [n— ] (18)
If the signal is sampled, one caachievethe phase e ZO pxln=lp

J:

shifting by a sum of products. Thisascomplished by using ) _ ) i
a transversal filter. Thus, if a signalere taken for N where N is the number of filter weights. The filter operates on

revolutions, data from pasturns aswell asthe presenturn (assuming

_ (N N>1). Each bunch in theing will have to be dealt with
xn] = Dc_os(2nvn+(p) n=-(N-1....0 (11) separately, but will use the same filter.
and we use weights The goal now is to design the filter weights (tis in Eq.
b; =Ecos(2nvj+6), (12) _(18)) in order to mpdeIEq. (17). The fjlter mus&ffgctively
N implement the gain, the phase shift (thatso includes
then transforming thecosine to a sine)and the DQoffset
0 rejection. From the derivation in thevious section, a sine
I = an x[n] (13) wave inthe filter coefficients will be used. Frogs. (12)
n=-(N-1) and (15), take the weights to be
should give ushe desired phase-shifted signal. To calculate ) T
the proper kick, oneimply chooseshe appropriat® and b; =NC°%WV+§_K§' (19)

adjusts the amplitude to take theta function into account.
Thus, suppose the transverse velocity at the kicker is

_ . _ Tt , _ 2 & LT
V =V, sin(2rvn+@+k) = v, co%nvnﬂpﬂ(—gﬁ .(14) x;[n]=D; FS ,-:ZOCO%_ZTUV +§—K%
The phase shift is

Using Egs. (16) and (19), Eq. (18) becomes
os(2r[(n —jv+o )E
*E H
. (20)
=——K. (15) If Eq. (20) is simulated using a digital computer, iséen
2 that the chosen filtereffectively accomplishes the desired
goal. Note that the sum of jbover all jproduces the

attenuation factor for E In other words ifall the filter

L ) ) weights summed to 0.2, the Ddifset would bereduced to
B. Application of Filter Design 20% of its previous value.
The maingoal of the digital signal processing, or DSP, is

to develop aransversal filter to procedbe incoming data
[2]. The filter should be adaptive in order to deal with
changes in the bearBpecifically,tune shifts couldvarrant
an update to the filter. Thenain goal of the filter is to
providethe proper phasandamplitude shift to the incoming
signal that will produce the desired outputttoe kicker. Any
DC offsetmust also be minimized. The input signal is of th
form

The term /D is determined from thbeeta functions at the
pickup and kicker.

[Il. SIMULATIONS AND RESULTS

Figure 1 showghe calculate@nd simulated data using
four weights with P=F=1.0, ¢=0.0, k=0.7, andv=0.3. The
graphsshowthe actual calculatelseam position athe kicker

alculated) versushe filtered prediction at the kicker
simulated). This result iypical inthat smallbut significant
errors result by using weights defined By. (19).These
x;[n] = D; cos(2nnv+cpi)+Ei , (16) errors can be eliminated by introducing an additional
where i is the bunch number, n is then number,v is the Multiplicative constant, B, for eadtoefficientand requiring
fractional tune,@ is the reference phasand D and E arethat the calculated and simulated results be equal. In
constants. It is desired fohe filter toproduce some output Particular, letting n=0, BF=1.0, E=0.0, and@=¢, one gets,

xi[n] such that using Egs. (14), (17), and (20),
N-1
X'i [n]: DiFEtlr(Znanpi +K). (17) CO%P"’K_E%:EZBJ' CO%—ZTI]-V +E—K§ CdS'ZTiV"'(P) .
. . . . 20 N &£ 2
F is knowna priori and so ix. The value ok is related to 1=0
the change in the betatron phase from the pickup to the (21)

kicker. It is possible to synthesize[§ independently from Expanding this and requiring that this be tfoe anyk and
xi[n] if @ is known accurately enougfihis would allow for any@ one gets three equations:



ZB' cosz(ZTwi)zﬂ, (22) smgl_e f|_|ter deS|g_n caraccommodate both transverse and
! 2 longitudinal damping.
Z B, sin®(2mvi) = N (23) i i i
2 Calculated versus Simulated Data (4 filter weights)
Z BI S|[‘(4T|_V|) - 0. (24) , ©  calculated Data O simulated Data

Thusfor N=2, Egs. (5pand(6) areused for calculating the
weights. For N=3, Eqgs. (22), (23) and (24) are used. B&; N
the aboveexpressions, combined with additional condition 1
would be used. Iparticular,for N24 one canimpose the

additional condition that j ﬁ ﬁ
. T
S B co%—vaHE—K%:O. (25) 2 o

This assurescomplete DC offsetcancellation. Figure 2 u fl
compares the calculatenhd simulated results for N=4 after
solving forthe Bs from Egs. (22), (23), (24and (25). As
expected, there is complete overlap.

As discusseearlier, the largestxpectedune spread will
be about 2% ahe fractional tune. Figure\8as generated by -2
using the same weights as in Figurev2(.3), but letting
v=0.3x98% for generating the measured positions of tr
bunch (forthe simulated data). The ratio of the sum of tt
magnitude of thedifference at eaclurn, over the sum of
magnitudes is 6%.
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Figure 3. Corrected Calculated versus Simulated Data

Figure 1. Calculated versus Simulated Data (4 filter weights) (v=0.3x98%)
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Multi-tap programmable transversal filters argeful for
calculating the required kick in dampisgstemsThe larger
the number of taps (or filter weights), the greater the
flexibility. In particular, four or more tapsan beused to
assure the elimination of the detrimenédlects associated “
with DC offsets. Effects of noisand digitizing granularity
can be reduced. Large tune shifts canabeommodated. A



