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Features of New LLRF System

Preset analog systems will be replaced by new digital ones step-by-step. |

e |t consists of yTCA-based FPGA boards & PLC (EPICS-Sequencer).
e EPICS-IOC on Linux-0OS is embedded in each of them. They can be

operated remotely via EPICS-Channel Access.

e Hardware is common for both of ARES & SC Cavity. (Also both
softwares are much the same.)
e EPICS record names will be consistence with the present systems.

e Klystrons (LLRF) : Cavity unit=1: 1 (SuperKEKB)

Center console

EPICS OPI EPICS control on FPGA core and PLC
LLRF EPICS console unit
o EPICS
H/W: PC
uTCA-platform 05: Lini
S/W: EPICS OPI
FPGA Boards [S/W: EPICS OPI
‘ e Digital LLRF unit Main PLC unit
CPU module
AMC CPU H/W: CPU module
H/\{V: AMC CPU board 0OS: Linux
(S)/S W:LIE;'(CS OP) W Eg:gg Is%((q:uencer

"AMC board ||AMC board ||AMC board %L\
H/W: FPGA board || H/W: FPGA board ||H/W: FPGA board
OS: Linux OS: Linux OS: Linux 1/0
S/W: EPICS 10C || S/W: EPICS 10C | | S/W: EPICS 10C rodule

with CPU (PPC) running
Linux-OS for EPICS-IOC.
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Prototype of New LLRF System

for the SuperKEKB
A prototype of new digital LLRF system
(a-version) was produced in last year. A A
And the performance was evaluated. o New LLRF System for one klystron /

:

£ B (EIA -19” rack) i
: . :

PLC : EPICS Sequencer (F3RP61) s

| — @ . |
“ Linux-OS PC’s with EPICS @
Wil ¥

RF-Output Unit (IQ-Modulator & RF-SW) ..la Operate via CA g

MTCA-based Digital FB unit

Down Converter Unit (IF out) w4l

RF Interlock Unit __; &

Distribution Unit
(LO & CLK generation and distribution) ’




uTCA-platform Digital Control Unit

common with the STF.

PM (Power Module) Board - (A)
AC/DC CPU MMC-DFB02-B Board - (B) Board - (C)

HDD DVI MMC-DFB03-B , MMC-MONO02-B

T —— e  —
% MIEIVIRIN VIV ¥ - e
‘@ | e
W - e - b
- g - o
3
1 ‘ o

" FPGA Board

RlR ¥ 8 ATV

i I h_,,,‘
16 bit ADC x 4ch,
16-bit DAC x 2ch

Each board has a CPU (PPC), and the
s EPICS-IOC on Linux-0OS is embedded.

Board (A)

Digital FB Control
= Board - (C)
Board - (B) /L Control
Tuner Control| g vSWR Monitor
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Block Diagram of FB&Tuner Cont. (ARES)

LLRF System g

PTG : Pulse Train Generator Tuner Driver

ARES Cavity

S
§ -1 Mode FB
3
(8]
A-Cav

508.8MHz W

1/Q Mod. l

RF Reference
508.9 MHz
RF : 508.9 MHz

B
v
|

PTG PTG
(S) (A)

Inter Lock

Combiner

Q

Driver
Amp

P-gain ] [ P-gain ] ‘
LO & CLK AO A® Zef::gf Pl - Cont. uTCA-based onitor Signals

Distributor | (s-% (a-f:)£4- Re”f E_Q |FI?GA boards —1 508.9 Mz

AA A ] L L
BOE' BOt.' 1E! U /ﬂ\\

|,Q |,-Q Vo 7

84.8 MHz

CLK . ,
1
1/4| 42.4 MHz

Phases can be easily calibrated by
LO ~— ' calculation of I/Q-rotation.

E < it &~ .+ KLYout FWD

LO : 519.5 MHz

“ Cav-nput(g)
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Block Diagram of FB&Tuner Cont. (SC)

Piezo Cont. Voltage

LLRF System |

: Pulse Train Generator Tuner Driver

-1 Mode FB  _
© 508.8MHz 0&}

cw/ccw

RF Reference

508.9 MHz RF - 508.9 MHz IIQod.

\ Y
S
k 7\
k: o
N ‘/"

—116-| |
CLK sy
84.8 MHz

Inter Lock SCC

Combiner

Driver

LO & CLK
Distributor

Monitor Signals
508.9 MHz

uTCA-based
FPGA boards |

1/2

.|| Rot. || Rot.

,Q || 1,Q
ADC] ‘ADC’

‘ Rot.
CLK mamsast] 1.Q
[ |

14| 424 MHz \ADC
-« '

LO

LO : 519.5MHz

.

y
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Evaluation of FB Control

FB control performance was evaluated
by using a simulant cavity

Tuner
| P : Pgain=2, |gain=2.6X1 04 RF

LO

FPGA
FB Cont

et Simulant Cav. «—-
-1 dBm +26dBm

e ! ant Q.L~3000
Im n
u_a . This evaluation condition is more adverse than the
CaV|ty real operation for the stability.
e
( Coaxial Resonator ) 1 ARES Cavity: Q.~20000 (g-~5)

QL~3000
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Amplltudel

FB Control Result
( Monitored Data by FPGA acting FB cont. )

——1.05MS/s, 4096 pomts}(~4ms duration) —

20040

M

10 acqmsmons are superlmposed

Amplitude

20010 4’4 | 45.05 | ':’f II ,.. ,"l , . "..—
g

Y
-2 b LSS A B
20000 2 45.00 | e
i — [ m |',_:1:3'. e 3
19990 it’ﬂ —C 1, ﬁ:} __8
¥ E " | “ss P 7
19980 |- F A I, e ... =

10970 |- < 0 03% (rms) : “ol < 0 02 deg (rms)

41

19960 ' ' ' ' ' 44.85 i i i i i i i
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Time [us] Time [us]

Very good stability was obtained.
The amplitude and phase stabilities are 0.03% and 0.02 deg., respectively.

The FB control performance satisfy the requirements very well in short term

stability.
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Long Term Stability or
Temperature Dependency

for acc. gradient

_ 40/ ; i
Required Stability | T~ 17 In Amplitude

+/- 1 deg. in Phase

Our target value of the stability +/- 0.3% in Amplitude
for LLRF System | +/- 0.3 deg. in Phase

(Pk-pk)

Ambient Temperature Change : about +/- 2 deg.C |

Acceptable 0.1%/deg.C in Amplitude
Temp. Coefficient 0.1 deg./deg.C in Phase

LLRF system total

Measured Result } AmplltUde 0.5%/ degC
Phase: 0.25 deg. / deg.C

Requirements are not satisfied.
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Countermeasure for Temperature Dependency

From the evaluation of each RF element device,

It was found that the BPF property is main factor for the temperature dependency.
However, BPF is essential in the LO generation and pick-up RF monitoring.

508.9 MHz @

[

T SO

LLRF System

Appropriate BPF, of which
temperature coefficient is
lower, will be selected as
much as possible.

“Thermal Variable Attenuators (TVA)” will be
inserted here to compensate amplitude change.

Amplitude

LO & CLK Distributor|

112

ef |

BPF L 1/8 we CLK .

gt 519.5 MHz g 424 MHz
IF 4’

FPGA|

508.9 MHz ¢

RF

< & 19-Mod.

\

! 508.9 MHz 7

Phase

For the phase stability, Directly reference signal
is monitored together on FPGA, and the FB-
control will be calibrated with the reference.

0.09 %/ deg.C| Expected Value | 0.04 deg. / deg.C

Improvement will be verified in next test model.
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ARES 100W Drive Test for FB & Tuner Control

LLRF System g

Tuner Driver -

-1 Mode FB

~ o ARES Cavity
508.8MHz wsiwmsd

A-Cav

RF Reference

S98.9MHz -t 508.0MHz 'Q Mod.

| o Q
(S) (A)

A
- FF- | FF-Q
CLK P-gain ] [ P-gain ] -> oxo
_84.8MHZ Detune

(—
LO & CLK AOD AO ::ffset Pl - Cont. ‘ ?;"
Distributor , (S-% (a-c) Ref f @Ref-Q |
. Rot. [Rot. < Monitor Signals
CLK i —— Selector 508.9MHz

, ,Q A 'y
1t ADC
1/4 | 42.4MHz ‘ Rot. Rot.

1,Q

cw/ccw

Inter Lock

ol R L s,
™ Sy [T

100W
Driver Amp

B

Jéu!qwoo

Tuner

116-| l

. .~ KLYout FWD .

Lo | —
!

LO:519.5MHz

| >Inpu() R
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Running Test of ARES Auto Tuning
by 100W Driving  (not High Power,
Trend graph for 2 days

Cavity Temperature

’ Tuning Phase |

( Cavity Transmission Phase)
' Tuning-Phase (S-Cav) [deg.]

——S-Cav Temperature

22 A-Cav Temperature| ! ? | >.8 — -— Tuning-Phase (A-Cav) [deq.] , . 5.8 -
p— ; - - :

r 1 it =
O 218l - - == S-Cav Tuner Position| = ’ — S-Cav Tuner Positiony 2
A S-cav Tuner Pos. || _ -Cav Tuner Positionl ™ o Bocitio 2
= 216 | e 56 "g o 0.5 S-cav Tuner Pos. s ;c

— ! ! ! r£. o . . .
2 = =) _-—-—%'—" ——— =
5 214 S > 155 ¢
— - b =
: S 3 s
g- 21.2 g é 54 <
= - . =
E L0 e ot Tuning Phase g
= = - S-Cav&A-Cav [ &
Q 20.8 = ﬁ ; 52 =
> a e
S o ~
O 20.6 f , : - 151 2
' A-cav Tuner Pos. | | '2 —_
20.4 1 1 | I 1 5_0 [S— > c i 5_0 5

0 4 8 12 16 20 24 0 4 A-cav Tuner Pos. 20 24
Time [h] Time [h]

Cavity temperature change is small. (It is maybe due to ambient temperature.)
Also tuner moved slightly to keep tuning. This tuner position change
corresponds to about 15 degrees of the storage cavity.

Auto tuner controller of FPGA board worked successfully. 1317



RF Reference Distribution
The details are under consideration now.

Design Concept

b
i \ e Optical Distribution (Master OSC. -> E/O -> O/E)
\ e Phase Stabilized Optical Fiber (PSOF) will be
11 used.
Central e The PSOF cables will be transferred in the acc.
Control Bldg. |D tunnel. (Temperature stability : +/- 1 deg.C)
e Distributed by means of “Star” configuration.

3 e Phase FB control will be implemented to
compensate temperature drift of the cable if
necessary.

Opt. Receiver System Damping Ring

Opt. Transmitter System

Present reference system is maintained for the backup.
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Optical Reference Transmitter & Recelver

_ Opt. Signal

Central Control Bldg ssof ——> Elec. (RF) Signal
Optical ey,
Temp. Chamber - Delaybine ¢¢ 33
508.9MHz Optical 2 A .
Master OSC. Ampp"fier o * RF Station
Y | s _ (LLRF Cont. Room)
|4 = WDM : WDM )\1
WIS . S S— o O/E LLRF
J I d -
O/E - - O/E
O/E ¢ A2
—
) i 200 y |§\ Temp. Chamber
S .
— > — P/D P/
2 02 —
o T WDM : Wavelength Division Multiplexing
PSOF : Phase Stabilized Optical Fiber
L ODL.: Optical Delay Line (like a trombone)
. E/O : Optical Transmitter
O/E : Optical Receiver
o P/D : Phase Detector
—
\—/ As the phase detector, digital direct sampling method is proposed.

Temperature of the transceiver system should be stabilized.

Validity of these method and components will be studied and
the specification will be fixed next fiscal year. 15/17



Schedule of Production and Installation

FY2012

FY2013

FY2014

3

4 5 6 7 8 9101112 1 2 3/ 4 5 6 7 8 910 11 12 1

2 3

4 5 6 7 8 910 11 12

Acc. Operation

Total Operation Test

I
Beam Commissioning ---

LLRF System

B-version Production

B-version Test @ D4
Quantity Production

Installation & Op.Test @ D5 ( 6 Systems)

Damping Ring LLRF

Design
Basically same as MR one, Production
3-Cavity Vector Sum Cont. Installation & Op. Test
Reference Distribution
R&D of Transmitter & Receiver System
Opt. Cable Installation
Production

Installation & Op. Test

I
I
I
I
The other stations depend on the budget. ~|
I
I
I
|
I
I
I
I

e B-version (final test model) is under production now and will be evaluated at D4 from April this year.
e 6 new systems (actual operation model) will be produced and installed in D5 station in FY2013.

Additional production & installation for the other station will rely on the budget.

e DR-LLRF system also will be designed next fiscal year and will be produced in FY2013.

e For the reference distribution, the design detail will be studied and fixed next fiscal year, and the

installation will be in FY2013. Optical cables will be installed next year.
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Summary

Prototype of the digital LLRF system for the SuperKEKB was

developed, and Its performance was evaluated.

Very good stability of is obtained in FB control. (0.03% in amp. & 0.02
deg. in phase)

But, temperature dependency is not negligible. Some countermeasures
should be studied.

Auto Tuner Control given by the FPGA works successfully. ( Piezo tuner

control is not yet tested.)

Optical RF reference distribution system is under consideration. The

detail specification will be fixed next fiscal year.

Next model for the quantity production ( version)

is in the process of fabrication now.
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Thank you for your attention !

18/17



Followed by Backup Slides
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KEKB-LLRF System (Present)

interlocks

Phase Lock Loop
for klystron
»

from RF
reference line

combiner Klystron cjrculator

Tuning Control Loop

' (X > 3 e —
ey T
out . I
e e o o det] |
ref] |FB = M ref] |FB out oo Jdo - I
et ref |FB l_q)Jd_ef.' FBC ( KLY cont. ' Tuner : :
| “1°T s LOp '-C?Iltf-'o-llgr-' :
cﬁf&vout _H IY :
_E;_BS | klystr(Ell out /E‘_l-ef | E
Present LLRF |1 | peamT 2 _\_:_/_ — : :
. cavl y I
System of the KEKB Direct RF Feedack ) I

( for one klystron ) - B—<anFt .

2 pick up (Vc)
| Amplitude cont. Loop “ I_

N T a7 4
——Phase Lock Loop— o o
ouplin -cav

. cavity
_ RF |nput=/ S-CaV \
)
ARES Tuner Control ]
. . c-damper
Configuration e [a-tuner
(RF ON) [BPF] [BPF]
beam signal [u] _:\C iii | O
2 (RF OFF) s
for ALC and PLL

.

20/17



The -1 mode feedback

e Beam current was limited due to the -1 mode S . ——
instability at 1 A in LER and 1.2 A in HER, much S o Stored beam cument.../
£ 800 /’WL/L'V
lower current than expected. L X ;
e The -1 mode digital feedback selectively reduces o wl [ Tl L Fediken
iImpedance at the driving frequency. 03650 DM o
ate
o After the -1 mode feedback was installed, the
beam current could be successfully increased.
FB OFF
— 10 foe foi- foon+ f.
g { /\ (a)
RF reference Klystron Circulator Cavity -~ ra / \ H _
— é -80
:")'_‘";. oD { | £ »100@/ WMW WNM WMH
I NS : ll ‘l 120 -1 —0I99 —OI98 —0I97 —OI96 —OI95
=l o SO N .Frequ.enc .f/frev. .
.;j_ﬂ Phase shafter \
FB ON -1 mode sideband
o, LPF | () = /
i i Pickup O R (b)
0 0 0 0 0 0" Electrode 'y 0 / \ Fot= Frev + s
B L Yigital i Bl B ElR
0 Ck«0 B8 «-00 o i ey
0 -90) -90 - -90 0 - 1 -0|99 -0I98 -0|97 —0|96 —0|95
!. ! ‘ Freqﬁency Af/ frev . '
® LPF )
Up conv. Down conv.
SSB filter Beam
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KEB RF Reference System

Tsukuba
Belle;Bl7E 2%

RX] [TX] 3
‘[_'jwo} ~ LLRF [_'jp/ol} ]- LLRF
™ [Rx] %] [Rx]

Nikko 240m Control Room 240m Oho

= LLRF

Linac

om
\{ngJ \

— Master OSC.

Fuji

(7x] Transmitter
[Rx] Receiver

Phase Detector
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20040

M

DFT of the waveform

< o 03% (rms) wso

~1.05MS/s, 4096 pomts}(~4 -ms duration) —

- 10 acqmsmons are superlmposed

Amplltude ‘.

o diZle =X it UE eI . *Q mllm Al MRS SO CERL R TV R ORI D¢ [
el . ce .y o ey - - ss o . Coute e e P . . .
- . S . . B . e . = = - AN - o .
o v . .. Lt . - o -
- LR ».
n- 5y o s I : ISPl of T I ¥ ] A

I 9
44.95 (-

———— i ' ' ' 44.85

< O 02 deg (rms)

] i i i I i
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
20

'ﬁ'nme [us] 9

Time [us]

OkHz
FFT 1

”MN“\L W ll M
bl WM Mllﬂn wl bl MMIIH‘

b"*www IMRRLIUAIL LA

—» Due to the latency of the FPGA
and DAC, which makes 650ns-
loop delay.

No problem for the ARES
Cavity (Q.~20000).

524kHz
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Bode Plot for the Simulant Cavity

(QL~3000)
Pgain=2, lgain=2.6x104
et Q.=3000| Aw=0
10 10k 100k Tim L iow ey
. .Delay:700ns |
Loop Delay = 700ns|

Ga i De'ay-“ﬂﬂi' Latency in the FPGA :
55 clock

s Slosed LOOP[ Loop Delay :

—40 il I - ~650ns

Frequency [Hz
ot y [Hz]

Gain Mergin :
~13dB

Pmax ~2.2
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Bode Plot for the ARES
(QL~20000)

P in=2,| in=2X1 05
ga ga B Q|_=20000| Aw=0

1()bk ‘ MFr
e | (Q0=120000, Coupling=5)
Closed Loop|

Loop Delay = 3us|

y | Gain Mergin :
Plllgge[deg-] 10k 10 11 gy Frequency [Hz| ~1 8d B

Pmax ~4




RF & ARC Inter Lock

a version

DET
RF I/L|

X 8ch

PD

Analogue comparator is used for I/L

Alarm to RFSW-OFF

..........................................................

Alarm to RFSW-OFF

.,

Detector output is sampled by
ADC at 42-MHz Clock on FPGA.

ARC I/L | %ptical Fiber
x 8ch
B version | /
DET
RF I/L| . | ‘C
s B ADC
X 8ch

ARC I/L Optical Fiber

PD
4[>__)|< ADC | comp. =t————————— Alarm to RFSW-OFF

Sampled waveform can be read as
EPICS record.

FPGA (for RF-I/L)

comp. =) Alarm to RFSW-OFF

x 8ch ADC

FPGA (for ARC-I/L) |

x 8ch ADC J
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