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Abstract

We propose single-loop multi-dimensional feedback with digital signal processing using finite
impulse response (FIR) filters. With this scheme, a feedback controls beam oscillations multi-
dimensionally with a single beam position signal and a single kick signal. This scheme simplifies
the feedback system and reduces the number of components, related tuning points, and cost. Single-
loop horizontal and vertical two-dimensional transverse feedback systems based on this scheme are
in operation at several storage rings. We also show a scheme of a longitudinal feedback with a
transverse feedback system which measures the position at a dispersive section to detect energy
shift and kicks transversely at a dispersive section to change the circumference of a ring. This
leads to an idea of a single-loop three-dimensional feedback including longitudinal motion and we
discussed the possibility of this scheme by showing the ratio of the transverse and longitudinal
dynamic range and required power. For the calculation of the coefficients of FIR filters for such
feedback systems, we developed a time domain least square fitting method and, with this method,
we can make FIR filters with arbitrary large number of taps with which we can reduce noise to
avoid saturation of the feedback system. This method is intuitive and easy to apply to actual
storage rings. We discuss several examples of feedback with FIR filters obtained with this method,
including the analysis of the stability of the feedback with FIR filters to show the available shortest

damping time, and the discussion for the reduction of noise with those FIR filters.



I. INTRODUCTION

A feedback system for transverse betatron oscillation or longitudinal synchrotron oscil-
lation of a storage ring is an effective device for suppression of beam instabilities that limit
the current and the quality of the stored beam. Moreover, the feedback system can rapidly
damp beam oscillations excited by injection perturbations [1, 2] that are harmful to user
experiments at top-up operation of light source storage rings. Also this system is discussed
as a device to suppress beam instabilities at energy recovery linacs [3]. The feedback system
detects transverse or longitudinal positions of a beam, processes the position data to create
a kick signal, and adds transverse or longitudinal kick to the bam to damp the oscillations of
the beam. Recent feedback systems [4-44] employ digital signal processing and most of them
use finite impulse response (FIR) filters as the algorithm for the digital signal processing.
Because of their simplicity, FIR filters are used in bunch-by-bunch feedback systems that
must process the beam position data at the bunch rate of hundreds of Megahertz within
hundreds of nanoseconds.

In this study, we propose single-loop multi-dimensional feedback systems, in which the
feedback uses a single position signal and a single kick signal to control the beam oscillations
multi-dimensionally. For the calculation of the coefficients of FIR filters for such feedback
scheme, we propose the time domain least square fitting method (TDLSF method) which
can calculate the coefficients of FIR filters with arbitrary large number of taps. Such FIR
filters can suppress noise to avoid the saturation of the feedback system. Also the TDLSF
method is intuitive and, thus is easy to apply to actual storage rings. The basic concept of
the TDLFS method is briefly described in Ref. [28] by the author; we will discuss the detail
in this study. The discussion of FIR filters for feedback including the TDLSF method is in
Ref. [45], for example.

Single-loop two-dimensional horizontal and vertical bunch-by-bunch feedback systems
based on the scheme have been successfully tested or are in operation in several storage
rings [30, 31, 34-37] with high-performance feedback processors [29] which are necessary to
process the many taps FIR filters required for such single-loop multi-dimensional feedback
systems. The coefficients of FIR filters for those systems are calculated by the TDLSF
method. In addition, the TDLSF method is also employed at the HLS ring [38] and consid-
ered at the APS ring [40].



To control the longitudinal motion, we can use a change in the circumference of a ring
produced by a kick at a dispersive section [46]. Based on this concept, several schemes
for single-loop horizontal-longitudinal feedback have already been proposed by Chao et al.
[47]. However, they did not show the possibility of the scheme of longitudinal feedback with
a transverse feedback system at a dispersive section, in which a transverse position and a
transverse kick are used as the input and the output of the feedback, respectively. Contrary
to their result, we show that such a system can be realized using a digital signal processing
scheme with an FIR filter, and we propose a single-loop three-dimensional feedback system
that can simultaneously control horizontal, vertical and longitudinal oscillations. First, we
describe the TDLSF method and then we discuss single-loop multi-dimensional feedback
with FIR filters obtained with this method.

II. TIME DOMAIN LEAST SQUARE FITTING METHOD
A. Position and Kick for Feedback

We will discuss FIR filters for feedback systems. An FIR filter has a form of

N

yln] =) artns (1)

k=0
where xy, is the k-th input data, y[n] is the n-th output data, ay is the k-th coefficient of the
FIR filter, and the number of input data, N + 1, is called the number of taps. For feedback
systems, the input xj is proportional to the measured beam position data at the k-th turn
and the output y[n] is proportional to the kick on the beam at the n-th turn as shown in
Fig. 1.

We propose the TDLSF method to calculate the coefficients a; of the FIR filter for
feedback. The position of a beam at the k-th turn, z[k], is produced by the betatron and/or

synchrotron oscillations of the beam and has the form of
M
z[k] = AY cos (A,(CO) + ¢(0)> + Z A cos ((1 + Al | w(m)> (2)
m=1

where M is the number of oscillations of the beam and the superscript (m) specifies these
oscillations; A™ and (™ are the amplitudes and the offset phases, respectively; ¢,(€m) and

(1 + A(m)) ¢,(€m) are the assumed and actual phase advances at the k-th turn, respectively;
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FIG. 1: An FIR filter for feedback on a storage ring. The filter produces a kick signal y[n| (dotted
line) turn-by-turn from the history of turn-by-turn beam position data zj (solid line). The figure
illustrates transverse feedback with a beam position monitor and a kicker placed at the same
location. In such a case, the required phase shift between the beam position and the kick is —90

deg.

and A,(CO) is the small phase change that represents the frequency response in the vicinity of
DC.
By defining

pm — Am) cosw(m) (3)
Q(m) — —Am) sinw(m) ’ (4)

we can rewrite Eq. (2) as
z[k] = P cos A,io) + QO sin A,io)

+ mi:l [PW cos ((1 + A<m>)¢§;”)) + Q™ sin ((1 + A) };”’)] . (5)

We assume that the shift of the actual phase advances from the assumed phase advances

are small as

A <<1 (6)
[AMGM| << 1. (7)

For the definition of A,(co) in Eq. (5), we have an ambiguity and we can set A,(co) = kA,
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Then we can express the first two terms of the R.H.S. of Eq. (5) as
PO cos A,(QO) + QY sin A,(CO) ~ PO 4 QOAOE = pO 4 O (8)
where we define

P = pO 9)
QY = QA (10)

With the assumption in Eq. (7), we can expand the other terms on the R.H.S. of Eq. (5)

as

P cos(1+ At g™ ~ PI™ cos ™ 4 PI™ gl sin g™ (11)
QU sin(1+ A" ~ Q" cos ™ + Qo™ cos ¢y (12)
where we define
p™ = ptm (13)
pm = _pm Al (14)
5" =Qm (15)
Q&m) = QMAM, (16)

Now, Eq. (5) can be expressed with them as
2[k] = " + QK

M
+ 30 (A7 cos o™ + P o™ singf™ + Q" singf™ + Qo™ cos o™ ) (17)

m=1
with the assumption of Eqs. (6) and (7).
For the feedback, the output of FIR filters (Eq. (1)) with the input z; = z[k] in Eq. (5)

should have the form of
ylk] = GO A cos <A,(€0) + w(0)>

M
+ ) G AM cos ((1 + A (™ 4 My 4 c<m>) (18)
m=1



where G(™ and (™ are the required gain and phase shift for the feedback, respectively,
and ™ and (1 + A™)p(™ are the assumed and actual phase advances from the beam
position monitor (BPM) to the kicker, respectively. We assume that the shift of this phase,
A M) s proportional to the shift of the phase advance, A qb,(cm). Without the loss of
generality, we can assume that £ = 0 and (b((]m) = ( at the current turn and obtain

y[0] = GO AO cosp@ 4 i G AM™ cos (14 A™)ptm) 4 M) | (19)

m=1

With the same treatment as for z[k], we obtain

+ Z G™ (Po(m) cos (1™ 4 PI™ o™ gin ¢0™) 4 Q((]m) sin ¢ 4+ Q™™ cos C(m)) . (20)

m=1

Now we need to find an FIR filter that connects z[k] in Eq. (17) and y[0] in Eq. (20) with
the required values of G, (™), qb,(cm) and ™).

B. Least Square Fitting

z[k] in Eq. (17) is the linear function of P\™, Q™, P{™, and Q™. If we assume that
Po(m), (()m), P and Q{™are all independent of each other, we obtain Po(m), Q(()m), pm.
and ng)as linear functions of measured position data zj by fitting the function z[k] to
with a least square fitting method. As we can see in Eq. (20), y[0] is also a linear function
of P™ QY P'™ and Q{™. Thus, we can represent y[0] as a linear function of z;, as in
Eq. (1) and the coefficients of z;, are coefficients of the required FIR filter.

In reality, the parameters Po(m), ((]m), P™  and Q™ are not independent as shown in
Egs. (13) to (16). However, if the position data x; is that of a sinusoidal oscillation, the
values of P\™, Q™ P'™ and Q!™obtained with this scheme automatically fulfill the
relationships in Egs. (13) to (16) in the vicinity of assumed phase advances ¢§j”) where
Eq. (7) is valid. In following examples, we will see the FIR filters obtained with this method

have the expected frequency responses.

Applying the least square fitting method to fit z[k] to xj, we obtan

oS _ oS _0 (21)
or™ Q™
t1=0,1Tand m=0,1,2,..., M (22)
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Applying z[k] in Eq. (17) to the above equations, we obtain a matrix equation:

CCTv =Cx

where we define vectors v and x, and a matrix C' as

B
0
QY
Y i
0
Q i
-1
pY i
ve|ol [x=] T
x_3
Fy” .
o
xT_
P "
(2)
1

(24)

(25)

(26)
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respectively, and
™ = cos p™
S = gin ¢\™.

The formal solution of Eq. (26) is

v =Dx
D = (cch~'c.
From Eq. (31), we obtain
N
Po(o) = Z Dy px_y,
k=0
N
ng) = Z Do g
k=0
N
Po(m) = Z l)]m kL —k
k=0




where we define j,, so that the ju,-th, (jm + 1)-th, (j,, + 2)-th and (j,, + 3)-th components
of the vector v are Po(m), (()m), Pl(m) and ng), respectively.
Then, inserting these to y[0] in Eq. (20), we can represent y[0] as a linear function of xy,

or the form for an FIR filter as

N
yl0] = axry (39)
k=0
M
ay = G(O)DL;C + Z G (Djm,k cos (™ + Djm+27kg0(m) sin ¢(™)
m=1

+ Djerlyk? sin C(m) +Djm+3,k90(m) COos C(m)) : (40)

Although we showed the case of first-order expansions on A in the above discussion,
the extension to higher-order expansions on A(™ is easy. In what follows, we define O™
to show the order of the expansions on A™).

The required conditions for an FIR filter can be represented with assumed phase advances
gb,&m), gains G(™) | phase shifts ('™ assumed phases from a BPM to a kicker ¢™ and orders
O™ The total number of constraints on the coefficients of the FIR filter is

Ne=> (1+0")(2 =60 (41)

where 6,, o comes from the fact that the frequency of m = 0 is zero where the phase advance

¢ does not exist. The number of taps must be greater than or equal to N,.

C. Discussion

We will discuss the FIR filter obtained by the TDLSF method and define several param-
eters for later discussion. First, we will show the behavior of large number tap FIR filters

obtained by the TDLSF method. If the input data has the form of

M/

T = Z <P(ml) cos ¢'™) + Q) sin qﬁ’]gm/)) (42)

m/=1
where ¢’,(€m/)(m’ = 1,2,...,M’') is far from the target phase advances qﬁ,im)(m =
0,1,2,...,M). If we assume that N is large so enough as ¢’§3"“) — ¢§Q”’ >> 27 and



¢ SG”/) >> 21, then we can use the following approximations:

1 & 1 &
RO RCCINR S LN =
k=0 k=0
1 & A
S RO~ =R ~ 0 (44)
k=0 k=0
1 & 1
N k=0 N k=0
1 & 1
TS~ NSO ~ o (46)
k=0 k=0
1 N 1 N /
¥ ACOT ~ 5 D oSS ~ 0 )
k=0 k=0
1 & 1 &
FOIUACE SRS DITASHER S (19)
k=0 k=0
where we define
'™ = cos ¢/™) (49)
S/,im) = sin qﬁ/,iml). (50)

Then, from Egs. (31) and (32) with the above approximations, we obtain
v =Dx =0, (51)

or P = Q¥ = 0 and B™ = Q™ = P'"™ = Q™ = 0 for m # 0. Thus, we obtain
the output of the FIR filter y[n] = 0 for the input of z; in Eq. (42). This results shows
that we can reduce the gain at phase advances other than the target phase advances just by
increasing the number of taps and this is the advantage of the TDLSF method. However,
the regions where the frequency response is insensitive to the tune shift around the target
tunes become narrower as N increases because the assumption A(m)qb(_% << 1 based on
Eq. (7) breaks even for small A™ for large N.

When the beam position is measured turn-by-turn as in a storage ring, we can set the

assumed phase advances to be

,(fm) = 2r AV (52)
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where Av(™ are the fractional part of the assumed tunes of betatron or synchrotron oscil-
lations. For this case, we can write the required condition to calculate the FIR filter with

the TDLSF method as a set of parameters of
{(GD,09) {(Av™ G ™ om0 m=1,2,3,...,M}}. (53)

In the following sections, we call Av™ the "target tunes” of an FIR filter. In the examples
shown in later sections, we assume that a BPM and a kicker are placed at the same location
(o™ = 0) and, in such cases, we omit (™ in the above condition. With the definition of k
in Eq. (52), the number of taps is the number of non-zero coefficients of a;, in this case.We
need to set ay = 0 for & < n — 1 for n-turn delay. Here, we use "n-turn delay” to show how
many turns for the kick signal from the feedback to catch the beam at the kicker after the
position measurements of which position data is used to create this kick.

If the input and output of the FIR filter, z[n] and y[n], respectively, are the oscillations

with the tune Av, then, we can set

z[n] = Rz 4] (54)
y[n] = R[ge™ 2], (55)

and we call £ and g the complex amplitude of z[n] and y[n|. For the such input and output,

we have frequency response of the FIR filter in Eq. (1) as
j=G(Av)i (56)

N
G(Au) = G(Ay)eiC(Au) — Z ape~K2mAY (57)
k=0

where the gain and the phase of the FIR filter are G(Av) = |G(Av)| and ((Av) =
arg[G/(Av)], respectively.

In some cases, noise in the output of FIR filters saturates a power amplifier for a kicker
or prevents us to observe the beam motion. Such noise is usually produced in front-end
circuits and passes through the FIR filter. The FIR filter for the feedback can be used also

for the filter of the noise. If we assume that the spectrum of the noise in the input to the

FIR filter is white, the noise power in the output of the FIR filter is proportional to

1 9 1| N '
P:/ G(Ay)’ d(Au):/ Zake_lk%m
0 0 |40

d(Av) =) a} (58)
k=0
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where |G(Av)| is the frequency response of the gain of the filter in Eq. (57). To reduce
the noise in the output of the filter, we need to reduce the gain at tunes other than the
target tunes. As shown above, the TDLSF method can produce any large number of tap
FIR filters without additional constraints and such FIR filters have small gain at tunes other
than target tunes, which make the feedback low noise.

In Appendix VII, we discuss the parameters to be specified for the TDLSF method for
the case with localized sources of tune shifts. And a comparison of the TDLSF method with

a frequency domain approach will be made in Appendix VIII.

III. ONE-DIMENSIONAL FEEDBACK
A. Transverse Feedback
1. FIR Filter

We applied the TDLSF method to obtain FIR filters for the one-dimensional transverse
feedback systems for horizontal and vertical directions at the SPring-8 storage ring [28].

The schemes of the transverse feedback with FIR filters are summarized in Appendix IX A;
we choose the transverse position of the beam as the input to the feedback and the transverse
kick as the output. Then we set K # 0 and F = 0 in Eq. (119) in Appendix IX A and the
number of oscillations M in Eq. (2) to one.

In the discussions in this subsection, we assume that FIR filters fulfill the DC condition:
(G”,09) = (0,0). (59)

With this condition, FIR filters suppress DC offset contamination in a position signal. The
DC offset is produced by several effects: closed orbit distortions (COD); unequal bunch
signal shapes from BPM electrodes; and reflection at cable connections. The DC offset
drives the kicker if we do not suppress it with the signal processing.

In the SPring-8 storage ring, the horizontal and vertical fractional tunes are 0.15 and
0.35, respectively, and the BPM and the kicker are placed at the same location. Then, from

Eq. (129), the required phase shift is -90 deg. (¢ = —7%) as in the case of Fig. 1. The
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conditions for the FIR filters are

(Av,G,¢,0) = (0.15,1, —%,1) (60)

for the horizontal feedback and
(Av,G,¢,0) = (0.35,1, —%,1) (61)

for vertical feedback and we use the 1st order expansion with Av. The gain of the FIR
filters are normalized to the gain at the each target tune. With the above conditions and
Eq. (59), the required minimum number of taps (Eq. (41)) is 5 for both directions.

We use 9-tap FIR filters with the position data at nine previous turns (k =
—1,-2,-3,...,-9), where we use one-turn delay: the coefficient of the Oth turn to zero
(agp = 0). The calculated coefficients of the FIR filters with the TDLSF method are shown

in Fig. 2 and the frequency responses of those filters are shown in Fig. 3.

9-tap FIR for 1D ( 0.15 and 0.35)

1 T T o
-~ o 0.15(v,)
N
SAER \@ 035 (v,) .
g oL oo e
é’ o o_x 2 © \ES
2-05 ¢ -
3 ¥

-1 | | | | ]

0 2 4 6 8 10
Tap (k)

FIG. 2: Coefficients of the 9-tap FIR filters for horizontal and vertical one-dimensional transverse

feedback. The horizontal and vertical target tunes are 0.15 and 0.35, respectively

For comparison, we show the frequency response of a possible 5-tap FIR filter (k =
—1,-3,-5,—7,-9) in Fig. 4. The coefficients of the 5-tap FIR filters for horizontal and
vertical feedback are coincidentally identical in this case. The 5-tap FIR filter have larger
gain than 9-tap filters at tunes other than target tunes because of one more passband
produced by aliasing effect, hence the noise that passes through the 5-tap FIR filter is larger
than that of the 9-tap filters as discussed in Section IIC. We also show the frequency
responses of 15-tap FIR filters with every single turn position data in Fig. 5. The gain at

tunes other than the target tune is smaller than the 9-tap filters, however, the frequency
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FIG. 3: Frequency responses of gain and phase of the 9-tap FIR filters for horizontal and vertical
one-dimensional transverse feedback. The horizontal and vertical target tunes are 0.15 and 0.35,

respectively.

response of the gain and phase are more sensitive to the tune shift and the acceptance to
the tune shift is narrower as we mentioned in Section IIB. To fulfill the requirements of
acceptance, stability and noise of the feedback, we need to compare several FIR filters with
different values of N and O, and sometimes we need to adjust the frequency response by

shifting the target tune itself. Adding to the above discussion about transverse motion, if

25 5-tap FIR for 1D (0.15 and 0.35 ) 180 ., >tapFIRfor 1D (0.15and 035)
R A B L
20 1.
L 1 o0 90 -
r v 18
=150 o Vy 13
R 30
(D 1¢C 1 E@
r 1 £
05 17-90 L
ot .1y -180 [ [P R
0 0.2 04 0.6 0.8 1 0 0.6 0.8 1
Tune Tune

FIG. 4: Frequency responses of gain and phase of the 5-tap FIR filters for one-dimensional trans-
verse feedback with the position data for 1st, 3rd, 5th, 7th and 9th previous turns. The FIR filters

for horizontal and vertical are coincidentally identical in this case.

a BPM and a kicker for feedback are placed in dispersive sections, such feedback also affects

the longitudinal motion and the consideration on it is necessary as in Section V.
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FIG. 5: Frequency responses of gain and phase of the 15-tap FIR filters for one-dimensional
transverse feedback with the position data of every single turn. The gain at tunes other than the
target tune is smaller than the 9-tap filter, however, the variation of the gain and phase to the

tune shift is larger and the width of the tune acceptance is narrower.

2. Stability

Following the discussion in Appendix IX C, we will analyze the stability of the horizontal
and vertical feedback. For the horizontal feedback for the target tune Avgy = 0.15, the tunes
of 0.056 and 0.24 are on the boundary of the stable region because the phases of the FIR
filter at those tunes are -180 deg. and 0 deg., respectively, as seen in Fig. 3. These are
the proper phases to drive the tune shift from 0.15 to 0.056 and 0.24, respectively, as the
discussion in Appendix IX C.

From Eq. (162) in Appendix IX C, the frequency response of the FIR filter is proportional

to

G(Av) = %ﬁf((Ay) sin ¢y (62)

where ¢y = 2w Avy, and is shown in Fig. 3 with the normalization of the gain to the value
at the target tune.

For Av; = 0.056, we obtain ‘é(AVO)/é(Ayl) = 1/1.65 from Fig. 3 and the maximum
stable feedback damping rate per turn from Eq. (166) is

G(Avy)
G(Any)

COS (1 — COS Py
sin ¢0

|¢1] = =0.43 x 1/1.65 = 1/3.8 (63)

where we set ¢, = 2rAv;. For Avy = 0.24, we obtain |G(Avy)/G(Aw)| = 1/1.1 and |¢;] =
1/1.7 which is larger than that for Ar; = 0.056. From those results, the maximum stable
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feedback damping rate is limited by the boundary at tune 0.056 and |¢;| = Ty /Trp = 1/3.8
or the shortest stable feedback damping time is 3.87y where Ty is the revolution period of
the ring.

A simulation was performed with Eq. (119) and the result is shown in Fig. 6, which shows
the emergence and growth of the oscillation of Arv = 0.0056 after the 520th turn for the
feedback damping time 3.67y. The damping time 3.87j is the threshold of the instability
because no growth of the oscillation of Av = 0.0056 is seen with this feedback damping time
and it is the shortest stable feedback damping time. This value agrees with the estimated
value above. The growth rate by other effects is set to zero in this simulation.

The results of simulation with finite growth rates are shown in Fig. 7. The figure shows
that the feedback with damping time 57y can suppress the growth of the growth time 67
and the feedback achieves a high damping rate at the target tune even with high feedback
gain near the edge of stability.

For vertical feedback (Avy = 0.35), the phase is 180 deg at the tune Ar; = 0.45 and the
maximum stable feedback damping rate is Ty /7rp = —1/3.3 and the simulation also shows

~1/3.3.

B. Longitudinal Feedback
1. FIR Filter

We will discuss several candidates of FIR filters for longitudinal feedback of the SPring-
8 storage ring. The schemes for longitudinal feedback are summarized in Appendix IX B;
we choose the timing position 7 as the input to the feedback and the energy kick U as the
output. Then, weset P # 0and W = K = F' = 0in Egs. (138) and (139) in Appendix IX B.

The synchrotron tune of the SPring-8 ring is v, = 0.007 and the required phase of an FIR
filter for the damping is 90 deg. as shown in Eq. (152). We use the 2nd order expansion
with the shift of the actual tune from the target tune to obtain wider acceptance to the tune

shift. Thus, the condition for the FIR filter with these parameters is
(Av,G,¢,0) = (0.007, 1, gz> . (64)

and we set (G 0©) = (0,0) for DC.
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Simulation (9-tap, Ve = 0.15)

1 T T T _
T = 3.6 T,
g 05 Ty =38 T, )
; T = 8.7 To
2 0 |
Rm
-0.5
-1 | | | | |

500 520 540 560 580
Turn
FIG. 6: Simulation result of horizontal feedback (Ary = 0.15) with Eq. (119) for several feedback
damping time: 3.67) (dotted line), 3.87p (dashed line), and 8.7T} (solid line). With the damping

time of 3.87y and 3.67), the oscillations of Arq; = 0.056 can be seen after the 520th turn.
Simulation (9-tap, vp =0.15)

4 T T T I T T
3

.‘:12

5 1L

= i
3L | y Feedback |
Y S

480 500 520 540 560 580
Turn

FIG. 7: Simulation result for horizontal feedback (Ayy = 0.15) with Eq. (119) with the growth of
the oscillation of two growth times: oo (solid line) and 67y (dotted line). The feedback damping
time is set to 57y. The growth is turned on at the 490th turn and the feedback is turned on at the
500th turn.

For the tune of 0.007, we need to treat the position data during more than one hundred
turns to reduce gain at tunes other than the target tune. If we directly apply FIR filters for
that number of taps, the required resources of digital signal processing devices are enormous,
much beyond the capacity of current devices; we must use a scheme to reduce the amount
of position data. For such scheme, we will discuss downsampling and decimation which are

easy to implement to digital signal processing devices by programing.
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FIG. 8: Scheme of decimation. The position data of a bunch during M turns (hatched circles)
are averaged to form an input datum (square boxes) to an FIR filter. From the output data

(non-hatched circles), the input data timing to the filter changes turn-by-turn as in Eq. (66).

With downsampling, an FIR filter samples every M turn position data to reduce the
number of taps. However, such a filter with a large M has many passbands other than the
target tunes by aliasing effect and passes noise in those passbands, as we already saw in the
responses of the 5-tap filters (M=2) for transverse feedback in Fig. 4.

With decimation, the position data of a bunch during M turns are averaged to form
an input datum to an FIR filter as shown in Fig. 8. We call M the factor of decimation.
Compared with downsampling, higher-frequency noise is averaged out by decimation and
the passbands seen in the downsampling FIR filters are suppressed. However, M should be
sufficiently small for the decimation not to averaged out the oscillation itself.

We will discuss the following FIR filters: a 256-tap FIR filter with the data of every single
turn (M = 1), a 16-tap FIR filter with decimation by a factor of 16 (M = 16), and an 8-tap
FIR filter with decimation by a factor of 32 (M = 32).

Since the TDLSF method cannot handle decimation directly, decimation is applied on
the coefficients of the downsampling 16-tap and 8-tap FIR filters, obtained with the TDLSF
method. The downsampling FIR filters have the form of

N
o) =3 arta—warra-n), (65)
k=1
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where d indicates a d-turn delay. The FIR filter with decimation is

yM ) = y M) (66)

m=n (mod M)

where

yMmp, Z ak— Z Tn—[(k—1)M-+d-+m’+m] (67)

form=20,1,2,..., M — 1.
For comparison, we will make an FIR filter by averaging y*™[n] over m as

M-1M-1

M-1
— % > yMmip) = ]\;2 Z W Y D T (k) Mdmim]- (68)
m=0

m=0 m/=0
This form of 7™)[n] shows that it is a linear interpolation of the FIR filter of yg\g) [n].
By decimation, a bunch is kicked by a different FIR filter y™™[n] as the turn number n
changes. However, the motion of the oscillation is much slower in the timescale of M turns,
therefore, the effect of those kicks on the bunch is averaged by m. Thus, we can expect that
the effect of those kicks is well approximated by the effect of the FIR filter 7*)[n].

The coefficients of y%‘? [n] and 7™)[n] for the conditions of Eq. (64) and (G, 0©)) =
(0,0) with one-turn delay (d = 1) are shown in Fig. 9.

The results of the simulation with the FIR filters yém [n] and 7™)[n] based on Eq. (138)

and Eq. (139) are shown in Fig. 10. We can see the good agreement between the results

of these two FIR filters and 3™)[n] are the good approximation of the FIR filters with
(M)

deci

decimation, y,...[n], as expected. The frequency responses of 7*)[n] at the vicinity of the
target tune Arv = 0.007 are shown in Fig. 11 and shows a tune acceptance as large as that
of a 12-tap IIR filter discussed in Ref. [48]. In Fig. 11, the gain or the feedback damping
rate at the target tune Av = 0.007 are reduced from the gain specified by the condition for
the FIR filters in Eq. (64), as the increase of the decimation factor M. This gain reduction is
caused by the averaging effect of the decimation and the actual damping time of the beam is
longer than that we expect from the condition Eq. (64). For the simulation in Fig. 10, this
reduction of the gain is compensated and the damping time shown are the actual damping
time.

The frequency responses of the gain of y%’ [n] and y™™[n] are shown in Fig. 12 and

Fig. 13, respectively, and the P values in Section II C which represent the noise power are
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TABLE I: Values for P in Eq. (58) for the FIR ﬁlters:yg\g) [n] and yM-")[n], with number of taps

(N) and decimation factors (M).

P
A ypg ]y ]
8 32 27 0.084
16 16 1.6 0.099
32 8 081 0.10
64 4 041 0.10

256 1 0.10

listed in Table I. The filters ™™ [n] do not have passband peaks seen in the the frequency
response of the gain of the downsampling FIR filters y%’ [n] and the P values of y™:™[n]
are M times smaller than those of yg\g) [n] and the noise is reduced with decimation.

In addition, in Fig. 10, we can see the emergence of an oscillation of tune 0.002 after the
1000th turn for the damping time 1427;. This oscillation is excited by the feedback itself,

which we will discuss later in this section.

Coefficients
T

0.04 | | ]
— @
B’* 0.02 //A\\ |
z 0 ° T
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20021 F 0 Lotap 16 4yt
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S — — 16-tap (M=16) | (M)
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| |
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FIG. 9: The coefficients of the FIR filters of yg‘g{) [n] and M) [n]. yg‘g{) [n] of a 256-tap with M=1
(solid line); a 16-tap with M=8 (circles); and an 8-tap with M=16 (triangles), and 7(*)[n] of a 16-
tap (dashed line) and an 8-tap (dotted line) are shown. The coefficients of y(]\g)[

Dg 1] are normalized
by M.
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FIG. 10: Simulation result of longitudinal feedback with Eqgs. (138) and (139) with 8-tap FIR

(M=32)
deci

filters with decimation by a factor 32: y [n] (dotted line) and FM=32)[n] (dashed line), with
a actual feedback damping time of 438 turns (7pp = 4387)) and 142 turns (7pp = 1427j). The
feedback is turned on at the 500th turn. The results of two filters agree well. The oscillation of
the tune 0.002 is observed after the 1000th turn for the damping time 1427}, which is excited by

the feedback itself.
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FIG. 11: Frequency responses of the gain and phase of the FIR filters 7(™)[n] in the vicinity of
Ayy = vs. A 256-tap with M=1 (solid line), a 16-tap with M=16 (dashed line), and an 8-tap with
M=32 (dotted line) are shown.

2. Stability

We will analyze the stability of longitudinal feedback by following the discussion in Ap-
pendix IX C. From Eq. (167) in Appendix IX C, the frequency response of the FIR filter is
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M=1 (solid line), a 16-tap with M=16 (dashed line), and an 8-tap with M=32 (dotted line). We

can see many passbands other than the target tune (Avy = 0.007) .
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FIG. 13: Frequency responses of the gain of the FIR filters of y™-")[n]: a 256-tap with M=1 (solid
line), a 16-tap with M=16 (dashed line), and an 8-tap with M=32 (dotted line).

proportional to

G = aT,P. (69)

As examples, we take a 256-tap FIR filter yc(lﬁiz 256) [n] = yg‘g:z%) [n] and a 8-tap FIR filter

with decimation yc(lﬁiz 32) [n] for the tune Avy = 0.007(¢9 = 0.044). The frequency response
of the 256-tap filter in Fig. 11 shows that the phase of the filter is 180 deg. and 0 deg.
at Avy = 0.002 (¢; = 0.013 ) and Av; = 0.012 (¢ = 0.075), respectively, and those are
the proper phase to drive the tune from Arvy to Av; as shown in Appendix IXC. For

Av; = 0.002, we obtain |G(Avy)/G(Awy)| = 1/2.2 from Fig. 11 and, from Eq. (171), the
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maximum stable damping rate per turn is

¢ — 6%
260

G(Awy)

G(Awy)

|61] = =0.020 x 1/2.2 = 1/111. (70)

For Ayy = 0.012, we obtain }G(AVO)/G(AIA)} = 1/2.3 and |¢;| = 1/54 which is smaller
than the value for Ayv; = 0.002 and the shortest stable damping time with this FIR filter is
1117} for Avy = 0.002.

The simulation with Eqgs. (138) and (139) shows that the oscillation is unstable for the
damping time shorter than ~ 1147y at Av; = 0.002 which is in agreement with the expected
value above. The results for several feedback damping rates are shown in Fig. 14; the growth
of the oscillation of Av; = 0.002 can be seen after the 1000th turn for shorter damping times.

For the FIR filter with decimation y{*=>?

deci In], we do not have definite frequency response

and we use the frequency response of 7M=32) in Fig. 11 instead. The phase of the filter is
180 deg. and 0 deg. at Ary = 0.002 and Ay = 0.012, respectively, and those are proper
phase to drive such tune shift. For Ayy = 0.002, we obtain |G(Avy)/G(Awy)| = 1/2.9 and
the maximum stable damping rate per turn is |¢;| = 1/148. For Ary = 0.012, we have
G(Ary)/G(Avy)| = 1/1.4 and |¢;| = 1/35 which is smaller than the value for Ay = 0.002,

and the maximum stable damping rate per turn is 1/148 or the shortest stable damping

(M=32)
deci

time is 1487 at Avy; = 0.002. The simulation result with y [n] shows that the beam
is unstable at Av; = 0.002 for the damping time shorter than 1487 as in the simulation

result in Fig. 10 for the damping time 1427j.

C. Longitudinal Feedback by a Transverse Kick at Dispersion

In the schemes shown in Appendix IX B, if we choose a transverse kick at a dispersive
section for the output of the feedback, we can control the revolution period, and the longi-
tudinal feedback is possible using not an energy kicker (longitudinal kicker) but a transverse
kicker. For the input to the feedback, we can use the timing of a bunch or the energy
shift measured as a transverse position at a dispersive section. In the latter case, we can
perform the feedback with the same setup as for the transverse feedback. However, we need
to prepare an FIR filter of the band elimination at the horizontal tune [49] or the filter with
proper gain and phase at the horizontal tune to control the horizontal motion.

We will show such an FIR filter in a later section.
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FIG. 14: Simulation result of longitudinal feedback with Eqgs. (138) and (139) for a 256-tap FIR
filter for Avy = 0.007 at several feedback damping times (7pp = 1107y, 1177y, and 217Tp): The
oscillation of the tune 0.002 is observed after the 1000th turn for the feedback damping times of
1107y and 11775.

In such a scheme, the feedback system cannot distinguish oscillation due to the COD
and the synchrotron oscillation through dispersion. If the COD oscillation exists, it excites
the feedback and drives the longitudinal motion. If this is a serious problem, we have to
use more BPMs to cancel the betatron motion signal by choosing the proper betatron phase
relationship between them.

Also the advantage of the scheme of the control of longitudinal motion by transverse kick
is that we can control the longitudinal motion of coasting beams because the frequency of
the kick is much lower than the longitudinal kickers with RF cavities or striplines that are

intrinsically high frequency devices for bunched beams.

IV. TWO-DIMENSIONAL TRANSVERSE FEEDBACK BY A SINGLE-LOOP

We propose single-loop two-dimensional transverse feedback with FIR filters. The ad-
vantages of this scheme is that one signal line, one processor, and one kicker are enough
for two-dimensional feedback, which make the system easy to setup and tuning, and low in
cost.

In longitudinal direction, the control of two oscillation of different tunes-a dipole and a

quadrupole modes- are already achieved at DAFNE[18, 50] with a single loop by adjusting
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FIG. 15: Single-loop two-dimensional feedback. For the configuration between the pair of BPM
electrodes and the kicker electrode, we have two choices: the case A (solid line) and the case B
(dotted line). The same setup can be used for single-loop three-dimensional feedback which is

described later in this study.

the response of an FIR filter at those tunes.
Using the BPM electrodes at skewed positions as shown in Fig. 15, we can detect the

horizontal and vertical betatron oscillations with a single signal as
Sin = Crry + Cyay (71)

where x5 and zy are the horizontal and vertical beam positions, respectively; C'y and Cy,
are the sensitivity of the BPM to horizontal and vertical positions, respectively. We use S;,
as the input to the feedback. For the kicker, we use electrodes at skewed positions as shown
in Fig. 15 and we can add a kick to the beam horizontally and vertically, by a single signal

Sout from the feedback processor to the kicker as
R = (Duyxy + DyXy)Sou (72)

where R is the kick vector; Xy and Xy are the unit vectors for horizontal and vertical
directions, respectively; and Dy and Dy are the kicker efficiencies to horizontal and vertical
directions, respectively.

Thus, if we have an FIR filter that has proper gain and phase at the horizontal and
vertical tunes, we can control those two-dimensional oscillations by a single signal, or single

feedback loop. We will show such FIR filters calculated with the TDLSF method.
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TABLE II: Transverse parameters of the Photon Factory ring at the BPM and the kicker. (H) and

(V) indicate horizontal and vertical values, respectively.

Fractional betatron tunes 0.60 (H) / 0.28 (V)
Betatron function / m 5.8 (H) / 5.8 (V)
Ratio of sensitivity of BPM (Cy/Cy) 3
Configuration A B
Ratio of kick strength (Dg/Dy) 1 -1

Single-loop two-dimensional transverse feedback systems with the scheme proposed here
are in operation at Photon Factory [30, 31], Taiwan Light Source [34], and SOLEIL [37].
As an example, we consider the Photon Factory ring of which the transverse parameters are
listed in Table II. As shown in Fig. 15, we have two choices in the configurations between
the pair of BPM electrodes and the kicker electrode: A) The kicker electrode placed at #1,
and B) The kicker electrode placed at #2. In case B, we must invert the direction of the
horizontal kick compared to case A.

To obtain the same damping rate in the horizontal and vertical directions, we compensate
the ratio of the position sensitivity of the BPM in horizontal and vertical by increasing the
gain of the FIR filter at the vertical tune by a factor of C'y/Cy = 3 in Table II. The BPM

and the kicker are placed at the same location. The required condition for the FIR filter is

(A, 60 W o) (A, GO (@ 0@)) =

{(0.60,1,-Z,0M), (0.28,3,-2,0®)}  for case A 73
{(0.60,1,2,0M),(0.28,3,-2,0®)}  for case B

DR

where O, O® and the number of taps are tuning parameters to obtain wider tune accep-
tance and less noise, and the phase is flipped for the horizontal direction in case B. If we
set O = 0® =1, and O©) = 0 for DC, the required minimum number of taps of the FIR
filter is 9. We assume that the feedback system kicks a beam with a one-turn delay: the
coefficient of the Oth turn is zero (ay = 0).

The coefficients of a 9-tap FIR filter with the position data of nine previous turns (k =
1,2,3,...,9) for cases A and B are shown in Fig. 16 and their frequency responses are shown

in Fig. 17. The filters have enough acceptance to the tune shift. However, in these figures,
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FIG. 16: Coefficients of the 9-tap FIR filters for the single-loop two-dimensional transverse feedback

for cases A and B.
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FIG. 17: Frequency responses of the gain and phase of the 9-tap FIR filters shown in Fig. 16, for
single-loop two-dimensional transverse feedback for case A (solid line) and B (dotted line). The

gain is normalized by the gain at the horizontal tune (Av = 0.60).

we can see that the gain at tunes other than the target tunes of 0.60 and 0.28 is nearly two
orders of magnitude higher than the gain at the target tunes. This raises the possibility of
the saturation of the system by noise or the beam position signal produced by a synchrotron
motion if the BPM is at a dispersive section. Moreover, if the BPM and the kicker both
are placed at dispersive sections, the feedback may drive a longitudinal oscillation as we
shall discuss in Appendix IXB. If we take the every other turn data (k = 1,3,5,...,17)
to make a 9-tap FIR filter, the gain at tunes other than the target tunes is lower however
the acceptance to the horizontal tune shift is too narrow for actual application as shown in
Fig. 18.

To suppress such high gain at tunes other than the target tunes, we can make more tap

filters with the TDLSF method. As examples, we show a 12-tap and a 17-tap FIR filters of
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FIG. 18: Frequency responses of the gain and phase of the 9-tap FIR filters with every 2nd turn
position data (k= 1,3,5,7,...,17) for case A (solid line) and B (dotted line). The gain at tunes
other than target tunes are smaller than the 9-tap FIR filter with every single turn position data

in Fig. 17. However the acceptance for the horizontal tune is much narrower.

which the coefficients and the frequency responses are in Fig. 19 and Fig. 20, respectively.
The frequency responses of those FIR filters have narrower acceptance to the tune shift
than that of 9-tap FIR filters in Fig. 17 and those acceptances are still not sufficient for the
practical application to the Photon Factory ring. Thus, we used a 20-tap FIR filter for case

B with the following ”tuned” condition:

[(Ap™, GO () o)y =1,2,3,4) =

{(0.58, 1, g o) , (0.61, 1, g 1) <O.26, 3, —g, o) , <0.28, 3, —g, 1) } (74)

Because the BPM are placed at a dispersive section at the ring, the contamination of low
frequency position signal produced by synchrotron motion is large and we set (G, O©) =
(0,2) for DC to remove this low frequency signal. The minimum required number of taps
N, ( Eq. (41) ) for this condition is 15 and we choose 20-tap by its moderate gain at tunes
other than the target tunes and moderate tune acceptance. The coefficients of the filter
are shown in Fig. 21 and its frequency response is shown in Fig. 22. The gain at tunes
other than target tunes are rather higher than the FIR filters shown in Fig. 20, however,
the acceptance to the tune shift is much larger.

In most transverse kickers for storage rings, four skewed position stripline electrodes are
employed and, if we use all of them, a feedback processor has to perform two FIR filters for

cases A and B simultaneously as done by the SPring-8 feedback processor([30].
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FIG. 19: Coefficients of the 12-tap and 20-tap FIR filters for the single-loop two-dimensional
feedback.
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FIG. 20: Frequency responses of the gain and phase of the 12-tap and 17-tap FIR filters for two-

dimensional feedback for cases B. The gain is normalized by the gain at horizontal tune (Av = 0.60).

The stability of the feedback with the 9-tap and 20-tap FIR filters is summarized in
Table III.

In addition, if we use an FIR filter which has zero gain at one of the transverse directions,
such feedback can operate as an one-dimensional transverse feedback.

We have to note the limitations of this single-loop two-dimensional scheme. It is difficult
to produce adequate FIR filters if the difference of horizontal and vertical tunes is small
and the difference of the horizontal and vertical betatron phase advances between the BPM
and the kicker is large [51] because the phase of such FIR filter changes so rapidly in the
frequency response therefore the tune acceptance is small. And also it is difficult to apply
this scheme if the difference of horizontal and vertical tunes is so small that the horizontal
and vertical oscillation are coupled to produce a diagonal oscillation mode which the skewed

position BPM and kicker can not detect and kick.
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FIG. 21: Coefficients of the 20-tap FIR filters for the single-loop two-dimensional feedback.
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FIG. 22: Frequency responses of the gain and phase of the 20-tap FIR filters for two-dimensional

feedback for cases A and B. The gain is normalized by the gain at horizontal tune (Av = 0.60).

TABLE III: Stability of 9-tap and 20-tap FIR filters for two-dimensional transverse feedback. In

the row for the directions, H and V indicate the horizontal and vertical directions, respectively.

9-tap 20-tap

configuration

A B A B

direction

Avy = ¢o/(27)
Avy = ¢1/(2m)
¢(¢1)/deg.

H v H V H \Y H v
0.60 0.28 0.60 0.28 0.60 0.28 0.60 0.28
0.95 0.17 0.84 0.16 0.55 0.21 0.50 0.21
180 0 0 0 0 0 180 O

G(Aw)/G(Avy)| 1/42 1/13 1/47 1/16 1/3.4 1/4.0 1/6.3 1/3.7

To/7rB|

14 18 21 21 14 89 19 8

simulation

14 18 21 21 14 9 19 8
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V. THREE-DIMENSIONAL FEEDBACK BY A SINGLE-LOOP

We will show that the scheme described above can be extended to single-loop three-
dimensional feedback that uses a transverse position and a transverse kick at dispersive
sections.

Single-loop horizontal-longitudinal feedback systems already proposed by Chao et al. [47].
However, they did not show the possibility of the scheme of longitudinal feedback with a
transverse feedback system of which input and output are a transverse position and kick at
dispersive sections, respectively. Contrary to their result, we show that the such feedback
systems can be realized with a digital signal processing scheme and show the possibility of
extension to single-loop three-dimensional feedback.

We assume that a BPM is composed of a pair of skewed electrodes (Fig. 15) and is placed

at a dispersive section. Then, the beam position signal from the BPM is
S = CH(ZL'H + 775) + Cvl’v (75)

where xy and xy are the horizontal and vertical position by the betatron oscillations, re-
spectively; and ¢ and n are the energy shift and the dispersion function, respectively. We
assume that only the horizontal dispersion function is non-zero. A transverse kicker with
skewed position stripline electrodes at a dispersive section can kick the beam horizontally,
vertically, and longitudinally by changing the circumference of the ring.

If we have an FIR filter that can simultaneously control the gain and phase at three
tunes (two betatron tunes and the synchrotron tune), the feedback can control the beam
three-dimensionally with a single signal. We will show such an FIR filter calculated with

the TDLSF method.

A. Required Condition for FIR Filters

We assume that a BPM and a kicker are placed at the same location; hence, the difference
in betatron phases between the monitor and the kicker is 0, and we set the horizontal and
transverse beta functions at the location to Sy and (y, respectively. We treat the case A in
Fig. 15 for the configuration of the BPM and the kicker.

To obtain damping of the horizontal and vertical betatron oscillations with the fractional

tunes of Avy and Avy, respectively, we use Eqs. (129) , (131), and (133) in Appendix IX A
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with setting F' = 0 and K(Avy) = Kre "% where Ky = ‘K(AVT)‘ and the subscript T
shows that the parameter attached is for horizontal (7" = H) or vertical (7' = V') directions.
The damping rate per turn of the betatron oscillation for the direction T'= H,V is

T 1
e 55TKT-

T

(76)
For the damping of the synchrotron oscillation with tune Av = vy, we use Eqgs. (152) ,

(154), and (156) in Appendix IX B with setting P = F = W = 0 and K (v,) = K.€'? where
Ky = |[K(v)

, and the damping rate per turn of the synchrotron oscillation is

Ty 11w,

= ) 7
T, 2 va L (77)
where 7, ws, v and « are the dispersion function, the angular frequency of the synchrotron
oscillation, the velocity of the beam, and the slip factor of the ring, respectively.

From Eq. (76) and (77), the requirements for the response of the FIR filter at the target

tunes are

- o 1 _.» i

K(Avy) =2=2— 75 = ¢ 5 Ky (78)
T Bu

~ T 1 s s

K(Awy) =2-2—¢73 = T—Hﬁ—He_lfKH (79)
v Bv v By

Rv,) =20 Y% ¢is = TH Y g cis gy, (80)

TL 1PWs L NPws

B. Ratio of Dynamic Range

We will compare the dynamic ranges of the system for the horizontal and longitudinal
directions. From Egs. (116) and (136), we obtain the relation of the complex amplitudes

of the transverse kick angle 9, the horizontal betatron position oscillation zy, and the
synchrotron energy oscillation § as

8] = 1Kl ] = K20 [3]

(81)
Thus, we have the ratio of the dynamic ranges as
o Kyl s
O\ |En ‘ _ | ws (82)
Ty Krn Tr br va

where we used Eqs. (76) and (77) and |6] ~ |(w,/a)7]| that is obtained from Eqs. (138) and
(139) and 7 is the amplitude of the synchrotron timing oscillation of the bunch.
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TABLE IV: Longitudinal parameters of the Photon Factory ring.

Parameters Symbol Value
Momentum compaction factor «a 5x 1073
Dispersion i 0.5 m
Revolution Period To 624 ns
Synchrotron Tune Vs 0.014
Velocity of the beam v ¢=3.0 x10® m/s

C. Example: Photon Factory Ring

We will discuss single-loop three-dimensional feedback with the parameters of the Photon
Factory ring shown in Table II and Table IV. In this discussion, contrary to Table II, we
set the ratio of the sensitivity of BPM to one (Cy/Cy = 1).

In most cases, the required longitudinal feedback damping time is rather longer than the

transverse feedback damping time. Therefore, we assume that
TH = Ty :0.2TL. (83)

We also assume that we use the kicker stripline at position #4 in Fig. 15; then we have
to flip the polarity of the FIR filter at the vertical tune.
Then, from Egs. (78) ,(79), and (80), the condition for the FIR filter is

{(Avm Gt ¢t OM) im =1,2,3} =
{(0.014,50, Z 01, (0601, -Z, On). (0281, . ov)} (39

where Oy, iy are the adequate orders of expansion.

The dynamic range ratios in Eq. (82) with the condition of Eq. (83) are

5 5
—|=|—|=4x10""° 85
. 7 X /mm (85)
or
Flo|F
— | =—|=14 .
. T ps/mm (86)

These ratios are typical values of longitudinal and transverse feedback systems, and the

required power for the kicker is the same as that for typical transverse feedback systems.
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6 128-tap FIR filter for 3D
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FIG. 23: Coefficients of the FIR filter for single-loop three-dimensional feedback with the tuned

condition shown in Table V.

We will show a 128-tap FIR filter with a one-turn delay as an example. For the calculation
of its coefficients with the TDLSF method, we use the tuned condition listed in Table V

instead of the naive condition of Eq. (84) to obtain wider tune acceptance.

TABLE V: Tuned condition for the TDLSF method to obtain the 128-tap FIR filter for single-loop

three-dimensional feedback

A(m) Gm) ¢(m) om)| Aym) Glm) ¢(m) o(m)
0014 5 T 2 [056 1 -I 1
024 1 T 1 [057 1 -T 0
025 1 T 0 [058 1 -I 1
026 1 T 1[05 1 -T 0
027 1 T 0 [060 1 -T 2
028 1 T 2061 1 -T 0
020 1 T 0 [062 1 -I 1
030 1 T 1 [063 1 -T 0
031 1 T 0 [064 1 - 1
032 1 I 1

The coefficients of the 128-tap FIR filter are shown in Fig. 23, and its frequency response

is shown in Fig. 24 and Fig. 25.

Following the analysis on the stability of the feedback in Appendix IX C, we obtained
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FIG. 24: Frequency response of the gain of the 128-tap FIR filter for three-dimensional feedback
shown in Fig. 23. The betatron and synchrotron tunes are indicated by the arrows. The gain is

normalized by the gain at horizontal and vertical target tunes (Av = 0.60,0.28).
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FIG. 25: Frequency response of the phase of the 128-tap FIR filter for three-dimensional feedback

shown in Fig. 23. The betatron and synchrotron tunes are indicated by arrows.

the maximum stable feedback damping rates for three directions and those are shown in
Table VI. The gain of the 128-tap FIR filter in the vicinity of the synchrotron tune is
much larger than the gain at the betatron tunes and this high gain drives vertical betatron
oscillations unstable in the vicinity of the synchrotron tune as seen in the simulation result
in Fig. 26.

In addition, if we can set the gain at the horizontal and /or vertical tune to zero, we can use
this as one-dimensional longitudinal feedback as previously discussed in Section III C, or as

two-dimensional horizontal-longitudinal or two-dimensional vertical-longitudinal feedback.
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TABLE VI: Transverse and longitudinal stability of 128-tap FIR filters for three-dimensional feed-
back. The polarity of the feedback is inverted for vertical and the required phase at Av; for the

tune shift from Ay is also inverted.

Direction Horizontal Vertical Longitudinal
Ay 0.60 0.28 0.014
JAVZ! 0.50 0.0042 0.0042

(1 /deg. 0 180 180

G(Aw)/G(Ar)|  1/18  1/114 1/2.3

Ty /75 1/54  1/94 1/57
simulation 1/54 1/94 1/57
3-D 128-tap 0.28
15 T T T T
1 T =100 T, |
T = 80 To

x /arb. unit

Feedback ON b

_1'5 L L L L L
500 1000 1500 2000 2500 3000

Turn

FIG. 26: The simulation result with Eq. (119) for the vertical betatron oscillation of Ay = 0.28
with two horizontal damping times:1007; (solid line) and 807y (dotted line). The 128-tap FIR
filter shown in Fig. 23 is used for the simulation. With the damping time time 807(,a the beam is

unstable at Av = 0.004 where the phase shift is 180 deg., as seen in Fig. 25.

D. Comparison of Transverse Kicker and Energy Kicker

In this scheme, we use a transverse kicker to control the longitudinal motion. On the
other hand, energy kickers are widely used for longitudinal feedback. We will calculate the
required drive power for both cases.

From Egs. (136) and (137), we obtain the required kick amplitudes for transverse kicker

36



6 and for energy kickers U as

Sy
I
=t
=
S

(87)

Il
o]
.\]z

E, (88)

If we set the phase of K and P for maximum damping as K = iK; and P = iP;, then,
from Eq. (152), we obtain

K = Z——¢1 (89)
77
for the transverse kicker and

~ 2w,

P =i 5 b1 (90)

for the energy kicker. Inserting these intoEqs. (87) and (88) yields the required amplitude

of the transverse and energy kick for damping rate ¢; and dynamic range 7 or 5 as

9
§=il 246~ —W (91)
N Ws
g 2u)s
Ey

¢I7' ~ —26,6 (92)

where we use #=7 ~ i6 obtained from Egs. (138) and (139).

Table VII lists the power required for several types of feedback kickers: a horizontal-
vertical kicker with four skewed positioned striplines; a horizontal dedicated kicker with two
striplines; and an energy kicker. The parameters of the kickers are listed in Table II and
Table IV remembering that we set the ratio of the sensitivity of the BPM to horizontal and
vertical directions to one (Cy/Cy = 1). The transverse kicker length is assumed to be 0.3m
long. The shunt impedance of the energy kicker is typical value for rings with RF frequency
~ 500MHz [31, 33, 52, 53]. The shunt impedances of the transverse kicker are scaled from
those of the skewed positioned stripline kicker installed in the SPring-8 ring and from the
dedicated horizontal kicker designed for the SPring-8 ring. Kickers dedicated to horizontal
direction usually have more impedance [54], however, the vertical betatron motion should
be controlled by another loop if necessary.

The result shows that feedback with the transverse kickers requires more power than with
the energy kicker; however, such power levels are commonly used in transverse feedback

systems.
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TABLE VII: Comparison of the required power of transverse kickers and an energy kicker (lon-
gitudinal kicker) for the timing dynamic range of |7| = 1 ps and the longitudinal damping time
e = lms (¢; = 6.24 x 10~*) with the parameters of the Photon Factory ring listed in Table II
and Table IV. The shunt impedance is defined as R, = % where V and P are kick voltage and

power, respectively.

kick direction horizontal and vertical horizontal energy
kick 0] =7.5x 1077 rad |U|/Ep = 3.5 x 1078
Voltage 1900 V 88V
kicker type four skewed striplines two striplines cavity
Shunt impedance 5.3 k2 25 k2 500 Q
Power /stripline 75 W / stripline 35 W / stripline TTW

VI. SUMMARY

We proposed single-loop two-dimensional feedback systems with the FIR filters that can
control the phase and gain at multiple frequencies/tunes and such systems are successfully
operating at several rings. We also proposed a scheme of longitudinal feedback by a trans-
verse feedback at a dispersive section, and with this scheme, we discussed the possibility of
the single-loop three-dimensional feedback that controls two-dimensional betatron oscilla-
tion and synchrotron oscillation, simultaneously. In this scheme, the setup is the same as in
the transverse feedback system, and no energy kickers are necessary.

We demonstrate a time domain least square fitting method to obtain the coefficients of
finite impulse response filters for feedback. With this method we can make longer tap filters
without additional constraints and with such filters we can reduce the gain at tunes other
than target tunes to reduce noise to kickers to avoid the saturations of power amplifiers.
Also we analyzed the stability of the feedback with FIR filters is analyzed and the scheme
to obtain the shortest stable damping time of the feedback
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TABLE VIIIL: Phase advance from a BPM to a kicker and the required parameters in Egs. (20)
and (40) for the calculation of an FIR filter. £, and £_ are the phase advances from the BPM to
the kicker counted with the directions shown in Fig. 27. (j is the required phase shift between the

beam position and kick at the kicker. The delay is n-turns.

phase advance from required phase parameters

configuration
BPM to kicker ® ¢
M-S-K-S (1+ A)(ng + ») © Co
M-S-K-O (n+1)(1+A)p—&- 0 —£- + o
M-0O-K-S n(l+A)p+ &4 0 §+ +Co
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VII. LOCATION OF SOURCES OF TUNE SHIFT

Storage rings usually have several sources of tune shift, such as quadrupole magnets or
wigglers for betatron oscillations. If the tune shift is produced by a change in the strength
of regular quadrupole magnets, the sources are distributed uniformly around a ring. On the
other hand, if a source is a strong wiggler without global compensation of its tune shift, the
source is localized in a ring. We have to choose proper phase parameters (™ and ¢ in
Egs. (20) and (40) for better compensation of the tune shift with these sources.

We will show the case of three configurations of the sources shown in Fig. 27; [M-S-K-S]
: Sources are uniformly distributed around the ring, [M-S-K-O] : Sources are localized from
the BPM to the kicker, and [M-O-K-S] : Sources are localized from the kicker to the BPM.
The proper choice of parameters for them are listed in Table VIII.
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FIG. 27: Configurations of the sources of tune shift. Each circle shows a storage ring with a beam
circulating clockwise. The elements flagged with M, K and S are BPMs, kickers and sets of sources
of the tune shift, respectively. We show three configurations- [M-S-K-S]: sources are distributed
uniformly around the ring, [M-S-K-O]: sources are localized from the BPM to the kicker, and [M-
O-K-S]: sources are localized from the kicker to the BPM. The phase advances from the BPM to
the kicker for the case with one-turn delay are shown below the pictures for the configurations.
Dashed lines show the paths to count the phase advance from the BPM to the kicker and £, and
&_ are the phase advances from the BPM to the kicker counted with the directions shown in the

figure.

VIII. COMPARISON OF THE TDLSF METHOD WITH FREQUENCY DOMAIN
APPROACH

We will illustrate a frequency domain approach for the calculation of the coefficients of
FIR filters and show that the FIR filters by the TDLSF method with a special number of
taps are the same as FIR filters obtained by this frequency domain approach.

We assume that the beam position has the form of Eq. (17) with (™ = 0 and we define

a vector @™ as
0 = (67,00, 6% - o). (93)
The response of the FIR filter for the phase advance ¢™ is

N
G(p™) =3 age®™ (94)
k=0

where ay are the coefficients of the FIR filter and m =0,1,2,---, M.
The constraints on H (™) to fulfill the gain and the phase at the target phase advance
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G(¢)(m)) — (m)gict™

(95)

where G and (™ are the required gain and phase for the feedback. We assume that
the shift of @™ can be represented as A™ @™ and the constraint that H(¢™) remain

unchanged against this small shift is

G ((1+AM)pm™) ~ G <™ for A ™ << 1.

Then, using Eq. (94), we obtain

N

. (m) - -(m)
E ape®-r = GMe
k=0

N
Z akewgz)(”A(m)) — Gm)eic™
k=0
The exponential function in the second equation can be expanded as
(6T AA0) 6T () A gy
and we obtain

N
k=0

al (m)
> arg}) ek =0,
k=0

or equivalently,

N
Z akC’(_TZ) = G™ cos (™
k=0

N
Z a8 = G sin ¢
k=0

N
> are) ) =0
k=0

N

Z akQS(_k)S( k) =0
k=0
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These are the equations for the coefficients of the FIR filter with a frequency domain ap-
proach. The number of constraints for ay in Egs. (102) to (105) are 4M + 2, thus, the
required number of taps of the FIR filter is 4M + 2.

We will show that the coefficients a; of a 4M + 2 tap FIR filter obtained by the TDLSF
method ( Eq. (40) ) also satisfy Egs. (102) to (105), therefore the coefficients with the
TDLSF method are the same as those with the frequency domain method. We set ¢(™ = 0
as in the case of the frequency domain analysis shown above. For 4M + 2 taps, the matrix
C in Eq. (28) is square and

= (o~ = (). (106)

Then, we obtain

(DCT, ; Z DixCip = (107)

As in the case in Egs. (35) to (38), we assume that P QO : m and Ql are the
Jm-th, (Jm + 1)-th, (j,m + 2)-th and (j,,, + 3)-th components of the vector v. Then, from the
definition of C' in Eq. (28), we obtain

c, =™ (108)
Coirk = S (109)
Cloak = 877 S (110)

(111)

Cooaie = ST CT.

On the other hand, from aj, in Egs. (40) with ™) =0 and (107), we obtain

N
ZakC»m,k = G™ cos (™ (112)
k=0

N
Z axCj, 1k = G™ sin (™ (113)
k=0
N
Z a'ijm+27k =0 (114)
k=0
N

> ayCi, k= 0. (115)

k=0

We apply Egs. (108) to (111) to the L.H.S. of the above equations and we obtain the
same equations as Eqgs. (102) to (105). Thus, the coefficients of the 4M + 2-tap FIR filter
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obtained with the TDLSF method fulfill the condition on the FIR filter obtained with the
frequency domain approach and the coefficients of them are the same.

This frequency domain approach can produce only a 4M + 2 tap filter for the constraint
on M frequency and DC. On the other hand, the TDLSF method can produce longer tap
filters of more than 4M + 2 without additional constraints. Such longer tap filters have less
gain at tunes other than target tunes and can reduces noise to avoid saturation of feedback

systems.

IX. FEEDBACK SCHEME AND STABILITY

We will discuss the feedback scheme and their stability.

To simplify the discussion, we discuss the case that the phase advance of oscillation
between sampling of the position data by a system is constant as ¢, = k¢ where ¢ = 2rAv
and Av is the fractional tune of the oscillation. This is typically the case for the storage

ring feedback.

A. Transverse Feedback

We begin by discussing transverse feedback systems.
To control the transverse oscillation, we have several choice of the input and the output
of the feedback [47]. Here, we choose the transverse position for the input and the transverse

kick or the longitudinal energy kick for the output as

N
O =K arzns (116)
k=0
N
U,
S b, 11
E, ; KTk (117)

where 6#,, and U, are the transverse angle kick and the energy kick at n-th turn, respec-
tively, and are calculated by FIR filters from transverse position data z,, ay and by are the
coefficients of the FIR filters, and Ej is the reference energy of the ring.

To simplify the discussion, we assume that the BPM and the kicker are placed at the same

location. For the ring with the fractional tune of Avg, a one-turn matrix at the location of
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the BPM and the kicker is

coS Qg + asin sin
a— [eomen 6o Bsingo i)
—y sin ¢g COS Py — ausin ¢

where ¢y = 21Avy, and 3,0 = —3'/2 and v = (1 + o?) /3 are the Twiss parameters.

The equation of motion of the beam just downstream of the BPM and the kickers is now

U, N
Tn Tn —n Tn —nF Y bpTy_
) = L e = M, T 2k Dkt

/ / 1Un / N /
Lyt Ty, HTL — "B, Ty, Zk:o (Kak -1 Fbk) Tn—k

g
(119)

where 2/, is the angle of the beam at the n-th turn and n and 7’ are the dispersion function
and its angle, respectively.

We assume that z,, and 2/, can be represented as
= A" (120)

Inserting this into Eq. (119), we obtain an eigenvalue equation for A as
N2 — (2 cos ¢ — (cos dg + arsin ¢ )nF + [ sin gbof() A+1—nEF=0 (121)

where we define

N
K=Y (Kag—nFb)\™" (122)
k=0
~ N
k=0

First, we will solve Eq. (121) considering that K and F are not the functions of A but
the constants.

We assume that solutions of Eq. (121) have the form of
Ay = ePeTi(Pr+idr) (124)
where ¢ and ¢; are real values and & is a complex value. Then, we obtain

M~ 1427 (125)
A+ A ~2(1+R)cospr — 2ig;sin g (126)
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where we assume that || << 1 and |¢7] << 1.
Comparing the above equations Eqgs. (125) and (126) with Eq. (121) and assuming that

InF| << 1, we obtain

- _gnp (127)
COS pp = COS Pg + % (BKRr — anFg) sin ¢q (128)
¢rsingp = —% (BK1 — anFy)sin ¢g (129)

where values with the subscript R or I are the real and imaginary parts, respectively, of
a complex value : Ap = R[A] and A; = J[A] for A = Ap +iA;. Then, the solution of
Eq. (121) is

A=), = R UPRTIOr) _ KR—1 i(KI+OR) (130)

and the solution for \ is obtained with the values of K and F. However, K and F are the
function of A and we need to use an iteration scheme to obtain the value of A\. The total

growth time 7,; and the shifted phase advance per turn driven by the feedback, ¢, are

T, T
0 =20 4 kr—dr (131)

Ttot TI

¢ = K1 + Or, (132)

where we include other growth rate of 1/7; and Tj is the revolution period of the ring. We
assume that the growth or damping of the oscillation is small and we can approximate the

functions of Egs. (122) and (123) as

N
K~ " (Kay — /' Fb) e "™ (133)
k=0
~ N
FrFY e ™, (134)
k=0

where we use Av = 5. We represent the above functions as K(Av) and F(Av), respectively.
In Appendix IXD, we will discuss the case that the growth/damping of the oscillation is
large.

If the feedback is strong so enough that the tune shift produced by the feedback in
Eq. (132) is sufficiently large to drive the tune ¢ to the unstable region where

1
— >0, (135)

Ttot
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the beam oscillation at the shifted tune is excited by the feedback itself and the oscillation

of the tune ¢ grows to the saturation of the feedback system.

B. Longitudinal Feedback

Next, we discuss longitudinal feedback systems.

We use n for the dispersion function at the BPM and the kicker, and 7 and ¢ for the
timing position of the beam and the relative energy shift, respectively.

We choose the transverse position x = 70 and the longitudinal timing position 7 for the
input to the feedback, and the transverse angle kick 6 and longitudinal energy kick U for
the output of the feedback as

N N
6, =W Z CkTrn—t + K Z ak(nén_k) (136)
k=0 k=0
U. N N
F” =P dpTu g+ F > b(nda_i) (137)
0 k=0 k=0

where ag,b,, ¢ and dj are coefficients of FIR filters, and 7, and ¢, are the longitudinal
timing position and the relative energy shift at the n-th turn, respectively.

We assume that an acceleration system and the longitudinal and transverse kickers are
placed at the same location. Then, the equations for the synchrotron motion just the

downstream of them are

N 9 N
Tt = o = Ty = 20, = 7 — alydy = TW D amus = =K Y ard (138)
k=0 k=0
W2T, U, w2, Al Al
Ops1 = O0p + O rit1 + EJOrl =0, + Ors1+ P Z Ak Tpy1—k + 0 F Z bidns1—r (139)

k=0 k=0

where o and w; is the dilution factor and the angular synchrotron frequency of the ring,
respectively. In the above equations, we use the fact that a static transverse angle kick 6
at a dispersive section produces a change in the orbit length:AC' = nf or a change in the
revolution period:AT = —AC/v = —(n/v)# where v is the velocity of the beam [46]. In
addition, we assume that the synchrotron frequency is so lower than the betatron frequency
that the transverse kick at the synchrotron frequency is adiabatic for the betatron oscillation

and we can treat such kick as static for the betatron oscillation.
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We assume that we can write
Ty = TA" (140)

S = OA™. (141)

Inserting them to Eqgs. (138) and (139), we obtain an eigenvalue equation for A as

2 2
A2 — (2 — W2+ (—2W+nﬁ> —aTyp - :ZTOK) A1 — gW—I—nF =0 (142)
where
N
K=K a\™* (143)
k=0
N
F=F) bpa™* (144)
k=0
N
W=W) ™" (145)
k=0
N
P=P> d* (146)
k=0
and we assume that |77F| <<1, ‘- ~14+ nF, and the second-order terms of W ,K,P and

1-nF —
F are negligibly small.

As in the discussion of transverse motion in the previous subsection, we will solve
Eq. (142) considering K, W, P, and F as constants.

As in the transverse case, we assume that the solutions of Eq. (142) have the form of

Ay = efeFirtion) (147)

Then, we obtain
AA_ >~ 142k (148)
A +A_~2 (1 + Kk —iprdr — %gbg) (149)

where we assume that |R| << 1, |¢g| << 1, |¢;| << 1 and |¢;| << |dr].

Comparing above equations Eqgs. (148) and (149) with Eq. (142), we obtain

-1 M.~ ~
- (=M F) 150
f=g (-2 4 (150)
2
2 2 2 7
— K T, P 151
Pr ¢0+¢OCWTO r+adoPp (151)
bor = — (g2 " Kyt aTyP (152)
= — «
D720 \PauTy ! 01
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where we set ¢y = w,1y. Thus the solution is

A=)\, = R UPRTISr) — oKR—1 pi(KI+OR) (153)

where K = kg + ik with real values of kg and ;.
Then, the solution for ) is obtained with the values of K, W, P, and F. However Those
values are the function of A and we need to use an iteration scheme to obtain the value of

A. The total damping time 7;,; and the shifted phase advance per turn driven by feedback,

¢, are now
T T
0 =% 4 kp— oy (154)
Ttot TI
¢ = Ry —+ (bR- (155)

As in the case of transverse, we assume that the growth or damping of the oscillation is

small and we can approximate the functions of Eqs. (143) to (146) as

N
K~KY ape s (156)
k=0
~ N
F~FY que kmav (157)
k=0
~ N
W= W ape*m8Y (158)
k=0
~ N
P~P Z e tkamay (159)
k=0
(160)

where we use Av = £. We represent the above functions as K(Av), F(Av), W(Av), and
f’(Au), respectively. In Appendix IX D, we will discuss the case that the growth or damping
of the oscillation is high.

As in the case of the transverse feedback, if the feedback is strong so enough that the
tune shift by the feedback in Eq. (155) is sufficiently large to drive tunes ¢ to the unstable
region where

1
— <0, (161)

Ttot

the beam oscillation at the shifted tune is excited by the feedback itself and the oscillation

of the tune ¢ grows to the saturation of the feedback system.
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C. Stability of Feedback

With the discussion above, we will discuss the stability of feedback systems to show
the available shortest feedback stable damping time without the instabilities driven by the
feedback itself. To simplify the discussion, we discuss the case only with feedback and
without other sources of growth and the target tune and the actual tune are the same. We
use Ay, for the target tune and Ay, for the tune on the boundary of the stable region of
the feedback where the growth/damping is zero. We define ¢ = 2mAvy ;.

First, we discuss the transverse feedback. We assume F' = 0 in Eqgs. (127) to (129) as in

the examples shown in the main part of the study, and we set
N
G = §6K sin ¢y. (162)

To simplify the discussion, we assume that a BPM and a kicker are placed at the same
location, and the phase of a FIR filter is optimized for maximum damping rate, thus the
phase of the FIR filter at the target tune Ay is -90 deg. and the phase at the boundary,
Avy, is 0 deg. or 180 deg.

Then, we obtain
G(Avy) = e 2 |Gy (Awy) | (163)

where G and G are the real and imaginary part of G, respectively. From Egs. (128) and
(129) with setting ¢r = ¢1, we obtain G(Awy) required to drive the tune from Avy to Ay

as

~ COS (1 — COS g

Avy) = Avy) = 164
G( Vl) GR( Vl) Sil’lqb(] ( 6 )
which defines the phase (0 deg. or 180 deg.) of G(Awy) for ¢ and ¢;.
From Eq. (129), the damping rate per turn with this G is
¢or = —Gr(Awp). (165)

From Egs. (163) to (165), we obtain the maximum stable feedback damping rate per turn

To/Trp = ¢ for the transverse direction as

G(Awy)
G(Av)|

COS (1 — COS ¢y
sin ¢y

|¢1] = (166)
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The value of |G(Ary)/G(Avy)| can be obtained from the frequency response of the gain of
the FIR filter because the gain is proportional to |G(Av)| as seen in Eq. (162).
For longitudinal feedback, we set P # 0, K # 0 and W = F = 0 in Egs. (150) to (152),
as in the examples shown in main part of the study. And we set
2

n
avTy

G = ¢ K + oT,P. (167)

We assume that the phase of a FIR filter is optimized for maximum damping rate, thus the
phase of G at Ay to be 90 deg. and the phase of G at Avy is 0 deg. or 180 deg. Then, we

obtain
G(AVQ) = e’%|G1(AV0)|. (168)

From Egs. (151) to (152) with setting ¢z = ¢;, we obtain G(Awy) required to drive the

tune from Aryy to Ay as
G(An) = Gr(An) = ¢} — ¢}, (169)

which defines the phase (0 deg. or 180 deg.) of G(Awy) for ¢o and ¢;.
From Eq. (152), the damping rate per turn with this G is

b1 = 2%50(;1 (Arg) . (170)

From Egs. (168) to (170), the maximum stable damping rate per turn for the longitudinal

direction is

G(Aw)
G(An)

¢l — 9

‘¢1| = 260

(171)

and |G(Avy)/G(Avy)| can be obtained from the frequency response of the gain of the FIR
filter because the gain is proportional to |G/(Av)| as seen in Eq. (167).

Usually FIR filters have several candidates of unstable tunes Ar; which are on the bound-
aries of stable regions and satisfy the relation of the FIR filter phase and the tune shift
direction shown by Eq. (164) and Eq. (169). In those tunes for Av;, the maximum stable
damping rate is limited by the tune which have lowest |¢;(Avp)| in Eq. (166) for transverse,
and Eq. (171) for longitudinal.
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D. Response of FIR filter for Growing/Damping Oscillation

Here, we will analyze the response of the FIR filters for the input of growing/damping
oscillations. We assume that the input and output of the filter at the n-th turn, z,, and y,,

respectively, are growing/damping oscillations of
x, = fem(@tie) (172)
Yo = gen@tio), (173)
where « is a growing rate per turn, ¢ = 2rAv is the phase advance with fractional tune Av,

and we take their real part as a physical quantities of them. Then, the response of the FIR

filter in Eq. (1) is

= G(¢ +ia)i (174)
G(¢ +ia) Z ¢tia), (175)

Expanding G(¢ + i) with o, we obtain
0G(¢) 1 ,0°G(9)

For the FIR filters for the target phase advance ¢g obtained with the TDLSF method, we
obtain
7G(9) =0 (177)
oop"
$=g¢o

where r is the order of the expansion with the shift of the phase advance A¢ as indicated
by O™ in Eq. (53). For FIR filters with r # 0, we have G(¢ + ia) ~ G(¢) for small o,
and the frequency response for growing/damping oscillations are the same as that for static
oscillations.

We will discuss the case of

IG(9)
Tqﬁ #0. (178)
p=do
We set
G(¢) = G(p)e (179)

o1



where G(¢) = |G(¢)| and ((¢) = arg(G(¢)) and we obtain

9G(¢)  [(9G(4) 1 OC(P) ~
0 _( 96 Go) ' 09 )G(¢)’ s

If @ << 1, we take the first order of a in Eq. (176) and obtain

o a(6) . aG(e) 1 )
G(d+ia) = G(o) (1 - a2 ;o2 ~ ) 181
(@-+i0) = Gio) (1- a2 1 ia 250 (181)
and, with the approximation:
8C(¢) - 8G(¢) 1 —aM iaaG(¢) i
11—« + i ~e " 9 e 99 G@) 182
99 ¢ G(o) (152)
we obtain
G+ ia) = G(g)e 58 58 olay (183)
Then, from Egs. (172) to (175), we obtain
jemei® = Gi(p)ge (=28 i(no a5 oley) (184)

This form shows that the amplitude growth of y,, has a delay g—i compared with the amplitude

growth of x,, and y, has a phase shift a%—ié compared with x,,. This amplitude delay is

the group delay of the FIR filter as expected by its definition for FIR filters. In addition,
the phase shift produced by ag—ié for growing/damping oscillation reduce the area of stable
region. We need to consider these effects if such FIR filters are used for feedback.

We will show two examples of transverse feedback with 9-tap FIR filters with 5-turn delay:
the input position data of k = —5, —6, -7, —8, -9, —10, —11, —12, —13 and the target tune
0.15 (¢o = 0.94). First example is a FIR filter with Oth order expansion ( r = 0 and

g_i‘fb:% = 8.5 in Eq. (177) ) with the condition for the TDLSF method:
(Av, G, ¢,0) = (0.15,1, —%,0) (185)

and this is the simple band-pass filter. The second is the FIR filter with first order expansion
(r=1and g_é|¢=¢o = 0) with the condition:

(Av,G,C,0) = (0.15,1, —5,1) . (186)
2
For both cases, we set (G, 0©) = (0,0) for DC.
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Their frequency responses are shown in Fig. 28. For the FIR filter with 8c = 8.5, the
variation of the phase to the tune shift is much larger, thus the tune acceptance is narrower
than those of the FIR filter with g—; = 0. Using Eq. (119) with setting F' = 0, we simulated
a feedback with a feedback damping rate 1/(15T}) for the growing oscillation with a growth
rate 1/(207}). The results are shown in Fig. 29 where the feedback is turned on at the 500th

turn.

9- tap ( 5- turn delay )
T

9 tap ( 5 turn delay )

—
e8]
(e

30 Av=0.15 ——dtidp=0 E i“\A ol 7dé/d¢ =0 |
L . i vV = U.
* dc/dg = 85; o N d@/dqb 85
S 2 0f l \
= L :
~ i 3
90 |- i
SR . ‘ g ] _180 LN ‘ N ‘, T ‘v"‘.f .7 ]
0 0.1 0.2 03 04 0.5 0 0.1 02 03 04 0.5
Tune Tune

FIG. 28: Frequency response of the 5-turn delay 9-tap FIR filters with C = 0 (solid line) and with

g_fz; = 8.5 (dotted line). The target tune is 0.15 which is shown by arrows.

9 tap (5- turn delay )

9 tap (5- turn delay )

1L Feedback ¢ ] Feedback i,
- On | ) l=2 1F  on
8= - 15 i
=] “A J . L
. ‘Q L
";g 18 o
y R ]
- Input (posutlon) , -1 - Input ( position )
i ‘ Output (k1c1‘<) - Output (lek) i
TR L L L L L L TR | |
460 480 500 520 540 560 460 480 500 520 540 560
Turn Turn

FIG. 29: Simulation result for the response of the 5-turn delay 9-tap FIR filters with g—g =0
and g—g = 8.5 for the oscillation with the growing rate 1/(207p) with the feedback damping rate
1/(15Tp). The feedback is turned on at 500th turn. The input (position) and the output (kick) of

the FIR filters are shown by dotted and solid lines, respectively.

For the growing part of the oscillation before the 500th turn in Fig. 29, we can observe
a delay in the growth of the amplitude, 8.47, for the FIR filter with g—g = 8.5 which is
close to the expected value. The delay is 1.17; for the FIR filter with g—; = 0 and is well
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compensated compared with the FIR filter with g—g = 8.5.

For both FIR filters, the simulations show that the maximum stable damping rate with
those filters are limited by the phase shift to an unstable region produced by the feedback
itself, and are 1/(8.07p) at the shifted tune Ay = 0.096 for the FIR filter with g—i =0 and
1/(3.1T}) at the shifted tune Avy = 0.10 for the FIR filter with g—g = 8.5. These values agree
well with those calculated in Eq. (166). This result shows that the effect of group delay on
such a stability limit is small as expected.

For the damping part of the oscillation in Fig. 29, we can observe an increase of the

damping rate with the FIR filter with g—i = 8.5 compared with that with the filter with

e
09

produces more output than a FIR filter without group delay for the damping oscillation.

= 0. The reason of this change of the gain is that the FIR filter with group delay

For a growing oscillation, such group delay reduces the feedback damping effect. However,
the necessary feedback gain to overcome the growth of the oscillation is the same in these
two FIR filters because the feedback damping reduces the total growth rate and the effect

of the group delay become smaller.
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