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e+ source 

Ares RF cavity 

Belle detector 

e- (8 GeV)

e+ (3.5 GeV)

KEKB Accelerator

Peak Luminosity
    1.8 x 1034 cm-2s-1 !

The World Highest 
Luminosity!

B-Factory!

Operation: 1999. ~ 2010
Shut down : June, 2010

Injector

• e- (8.0GeV) × e+ (3.5GeV)
➡ Υ(4S) -> BB

• Circumference
~3018m
Use TRISTAN Tunnel

• RF System (CW)
fRF ~ 509MHz
ARES Cavities (LER)
ARES + SCC (HER)
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Upgrade to SuperKEKB
KEKB

(Achieved)
SuperKEKB
(Designed)

LER/HER LER/HER Unit

Beam Energy 3.5/8.0 4.0/7.0 GeV

Emittance εx 18/24 3.2/5.3  nm

Beta Function β*y 5.9/5.9 0.3/0.3  mm

Bunch Length σz 6/7 6/5 mm

Beam Current 1.8/1.5 3.6/2.6 A

Luminosity 1.71 80 1034 
cm-2s-1

# of Bunches 1293 2503

Beam Power 3.5/5.0 9.3/6.5 MW

RF Frequency 508.887 508.887 MHz

Harmonic Number 5120 5120

Revolution Freq. 94.4 94.4 kHz

RF Voltage 8.0/13.0 9.6/12.0 MV

# of Cavities 20/20 18/16

Klystrons : Cavity 1:2 1:1
RF Input Power 375 ~800kW kW / cav

Commissioning Start
FY2014 !

for low emittance 
injection

Nano Beam Scheme 
at IP (σy~50nm)

e- (7 GeV)

e+ (4 GeV)

Positron
Damping Ring
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Luminosity :  x 40 !

4



Layout of Acc. Cavity Location 

LER: 18 x NC (ARES) 
HER: 8 x NC +  8 x SC

( Design for SuperKEKB )

Each ring has 3 straight 
sections for acceleration.

One klystron drives one cavity
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SW

FBref.

out

SW

FBref.

out

FB

offset
out

FBref.

outFBref.

out
DL

Vc set

FBC
FBC

FBC

FBC

FBC

φ  det.

klystron

Direct RF Feedback

Phase Lock Loop for Vc

Amplitude Control for Vc

interlocks

combiner

beam

cavity

circulator

φ  det.

tuner

Low-level RF for KEKB Superconducting cavity

klystron out

pick up (Vc)

Tuning Control Loop

Gain Control 
for klystron

Phase Lock Loop
for klystron

from RF 
reference line

Tuner
Controllerφ  det.

KEKB-LLRF System (Present)

Present LLRF System of the KEKB
( for one klystron )

Amplitude & Phase
FB control modules

Phase 
Detectors

Tuner & Sequence
Controllers

KEKB LLRF systems are composed of 
combination of analog NIM modules.

The KEKB has been operated until 
2010, by using this system.

These were controlled remotely by 
using CAMAC systems with EPICS-IOC 
from central control room.
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LLRF Upgrade for SuperKEKB
Replace all preset analog systems to 
new digital LLRF Systems.

• with µTCA-based FPGA boards& PLC.

• performs as EPICS-IOC.

KEKB SuperKEKB : Lower emittance  
& Higher beam current

More accurate, More stable
& More flexible!

LLRF system 

1% in Amp. , 1 deg. in PhaseRequired Stability 

for LLRF System 0.3% in Amp.,  0.3 deg. in Phase
Our target value of the stability

for acc. gradient

Pb
Pc

≈ 5
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Prototype of New LLRF System

RF Interlock Unit

Linux-OS PC’s with EPICS

Arc Sensor

Distribution Unit
(LO & CLK generation and distribution) 

Down Converter Unit (IF out)

RF-Output Unit (IQ-Modulator & RF-SW）

µTCA-based Digital FB unit

PLC：EPICS Sequencer (F3RP61)

µTCA

for the SuperKEKB 

New LLRF System for one klystron
(EIA-19” rack)

A prototype of new digital LLRF system was 
produced for the SuperKEKB in this year. 
It is now under evaluation to fix the design 
for the quantity-production.

Operated via CA

GUI is composed by using EDM.
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uTCA-based Digital FB Unit

2010/11/25 3
KEKB_UG_LLRF-069B

1. LLRF

PM (Power Module)

uTCA CPU(+HDD)
Linux Server (tftp, nfs, DHCP, ntp)
FPGA Configuration boot loader

 
(3 )

Board - (B)
Tuner Control

Board - (C)
VSWR Monitor for I/L 

Board - (A)
Digital FB Control

FPGAボード

Each board has a CPU (PPC), 
and the Linux-OS is installed.
It behaves as EPICS-IOC.

16-bit ADC x 4ch,
16-bit DAC x 4ch

Board - (A)
Board - (B) Board - (C)

It consists of  3 FPGA boards.
It is common with the STF.
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RF Monitor Signals
(Down converted to 10-MHz IF)

!

µTCA Digital Unit

Down Converter

LO 519.5MHz

508.9MHz IF:10.6MHz

RF Monitor Signals

FPGA Board  
(A)

FPGA Board  
(B)

FPGA Board  
(C)

16-bit ADC
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Basic Technique of digital FB Cont.

FPGA

IF

Cavity

LO & CLK Distribution Unit

DAC

DAC

I

Q

Ref - I

ADC
I

Q

Ref - Q

-

-

IQ
Mod.

10.6MHz

508.9 MHz

1/61/8
CLK

42.4MHz
LO RF

10.6MHz

508.9 MHz

AD8345

519.5 MHz
508.9 MHz
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Evaluation of FB Control
FB control performance was evaluated 

by using a simulant cavity

Simulant
Cavity

Pgain=2, Igain=2.6x104

ADC

FPGA
DAC

DAC

IQ-Mod.

LO

IF

RF

Simulant Cav.
+26dBm-1 dBm

QL~3000

FB Cont

Tuner

( Coaxial Resonator )
QL~3000

KEKB ARES Cavity (Normal cond. ): QL~24000

This evaluation condition is more adverse than the 
real operation for the stability.
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FB Control Result

Amplitude Phase

 < 0.03% (rms) < 0.02 deg. (rms)

1.05MS/s, 4096 points
10 acquisitions are superimposed.

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.

(~ 4-ms duration)

( Monitored Data by FPGA acting FB cont. )
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RF

Temperature Dependency Eval.

ADC

FPGA
IQ-Mod.

IF

LO CLK

LO & CLK Distributor

SG

DAC

DAC
Out

Thermal Chamber
LLRF System

Agilent E5061B

E4428C

Vector Volt Meter

10-MHz Sync.
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さまざまなアプリケーションに
8508Aベクトル電圧計（VVM）
が使用されてきましたが、アプリ
ケーションのほとんどは、ネット
ワーク・アナライザによってカバ
ーすることができます。ここでは、
E5061A/62A ENA-L RFネッ
トワーク・アナライザ（1 . 5
GHz/3 GHz）によってカバーで
きるVVMのアプリケーションの
例をいくつか紹介します。

S11測定とS21測定
ベクトル電圧計（VVM）は、外部信号
発生器（SG）と組み合わせて、CW伝
送（S21）/反射（S11）測定に広く用いら
れています（図1aを参照）。代表的な
アプリケーションの例には、以下の
ものがあります。

● RFケーブルの電気長を基準「ゴー
ルデン」RFケーブルと等しくする
ため、オープン・エンド条件でそ
の相対S11位相値を測定し、ケーブ
ル長を物理的にトリミングする。

● 位相調整アレイ・アンテナをテス
トするため、基準構成要素に対す
る相対S21位相を測定する。ベクト
ル・ネットワーク・アナライザは、
こうした種類の測定用に設計され
ています（図1bを参照）。これまで
のVVMベースのテスト・システム
をENA-L RFネットワーク・アナラ
イザに置き換えると、以下の利点
が得られます。

● ENA-Lには、DUTへの信号入力用
の信号源が内蔵されています。外
部SGは不要です。

● ENA-Lによって、はるかに広いダ
イナミック・レンジ（最大115 dB）
が得られます。

● CW測定だけではなく掃引測定も非
常に簡単に行えます。

● ENA-Lに組み込まれたベクトル誤
差補正機能により測定確度が上が
ります。

さらに、ENA-Lに内蔵されたVBAプ
ログラミング機能を使用すると、
ENA-Lでカスタマイズしたコントロ
ール・パネルを作成し、VVMユー
ザ・インタフェースをエミュレート
できます（図2a）。これにより、従来
のVVM操作に慣れたテスト・オペレ
ータの変更に対する不安を緩和でき
ます（図2b）。

DUT

カプラ 

信号 
発生器 

8508A VVM

S11

CW 
入力信号 

S11

CWまたは 
掃引入力信号 

DUT

R1

T1 T2

ENA-L

図1. ENA-Lにより単純化されたS11測定

a）VVMとSGを使った従来型のテスト構成 b）ENA-Lを使った新しいテスト構成

b）VVMエミュレーション・コントロール・パ
ネル

図2. VVMエミュレーションVBAプログラム
の例（S11測定とS21測定の場合）

a）内部信号源とテスト・パラメータのセットア
ップ・メニュー

ADC

Ref

Ref-In (ch1)

( Measuring of Long Term Stability )

ch4

FB
Cont.

Ref.

• Temperature dependency of the total system was evaluated. 
• Output signal was directly returned to make FB closed loop with a digital filter.
• Output  amplitude and phase was monitored by using a Vector Volt Meter (VVM) .

I
Q
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Monitoring Result for 4 Days 

Amplitude

0.25 deg. / deg.C

Phase

0.6 % / deg.C
Temperature Coefficient

Not negligible!
PhaseAmplitude

Temperature dependency of the mixer is 
most effective.

This origins are RF devices in the LO 
generation and distribution, such as a 
band-pass filter, a balun, and so on.

LO phase driftMixer amp. change

15



Record Results for 4 Days

Amplitude

0.25 deg. / deg.C

Phase

0.6% / deg.C
Temperature Coefficient

Expected Value

Compensation with the Reference change

0.04 deg. / deg.C0.1 % / deg.C

PhaseAmplitude

still not enough
16



RF

Countermeasure for 
Temperature Dependency

ADC

FPGA
IQ-Mod.

IF

LO CLK

LO & CLK Distributor

DAC

DAC
Out

LLRF System

ADC

Ref

Ref-In (ch1)

ch4

FB
Cont.

Ref

( in near future )

TVA

TVA
−φref

φcav

I
Q

I
Q

For the amplitude stability, “Thermal Variable 
Attenuators (TVA)”  will be inserted to 
compensate the mixer temperature dependency.
Then it should be evaluated again.

For the phase stability, the FB-control will be 
calibrated with the reference in the FPGA. It will 
be implemented in this year and evaluated again. 
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Slow Beat in Phase

~ 650Hz slow beat

FB-OFF
 (open loop)

Amplitude Phase

1.05MS/s, 4096 points

superposition of 10 data
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Harmonics of AC power line 

Harmonic # of AC power line 

It is considered that the 650-Hz beat 
is caused by 13th harmonic of the 
AC power line.

13th 
harmonic
（650 Hz)

This effect is not so problem,
but , if possible, the countermeasure 
for suppression has to be studied.
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FB Cont.

Tuner Control Function on FPGA

ADC

LO

IF

Cavity

ADC
IF

DAC

DAC
IQ-Mod.ADC

Board-(A)

Tuner-Control

Board-(B)

ΔΦ

Motor DriverTuner

PTG
PTG: Pulse Train Generator

I,Q

I,Q

For SCC, also piezo will 
be controlled together by 
outputting analog voltage 
signal from DAC.

Piezo 
Controller

DAC

( Implementing now )
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Summary

Future Issues

• Prototype of the digital LLRF system for the SuperKEKB was developed, and 
Its performance was evaluated.

• Very good stability of 0.03% in amplitude and 0.02 deg. in phase is obtained 
in FB control.

• But, temperature dependency is not negligible: the temperature coefficients 
are 0.6%/deg. C in amplitude and 0.3 deg. /deg. C in phase.

• In order to reduce the temperature dependency, some countermeasures will 
be implemented.

• Tuner Control function in the FPGA is now under implementation. Its control 
performance should be evaluated soon.

• For very high current beam, beam loading compensation and detuning 
control should be verified. 
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Followed by Backup Slides
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ARES Cavity

• Large stored energy (ARES, SCC)
• Suppress the CBI associated with the accelerating mode.
• Bunch gap transient effect is reduced.

• Heavily-damped structure
• Suppress the CBI due to HOMs

• High stored energy in the storage cavity operating at TE013 mode. 
• Three modes for the three-cavity system

3-cavity system stabilized with theπ/2-mode operation

Acc. Cav.

Beam Line

HOM Damper

Storage Cav.

Coupling
Cav.
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Super Conducting Cavity

• Features
– Single-cell HOM damped cavity.
– Lower R/Q value and higher voltage than NC cavity: the CBI due to the 

accelerating mode can be suppressed. 
– Ferrite is attached inside the beam pipe by Hot Isostatic Press method. 

0 0.5 1m

LHe

GATE VALVE

GATE VALVE
FREQUENCY
       TUNER

HOM DAMPER
    (LBP)

HOM DAMPER
    (SBP)

N2 SHIELD ION PUMP

DOOR KNOB TRANSFORMER

INPUT COUPLER

Nb  
CAVITY

SSuuppeerrccoonndduucctt iinngg  DDaammppeedd  CCaavviittyy  ffoorr     KKEEKKBB
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CBI due to the accelerating mode
• Detuning in storage rings, 

– Resonant frequency of the accelerating mode 
should be detuned to match to beam (optimum 
tuning)

• In a large circumference ring with high 
beam current, 
– Large detuning due to high beam current
– Small revolution frequency
– High impedance of the accelerating mode

• CBI of -1, -2, etc. modes can arise, 
growth rate can be very high.

• To reduce the detuning frequency,
– Operate with high RF voltage
– High stored energy in cavity
– Reduce R/Q value of cavity

ω

Re(Z//)
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damp

growth
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4πU
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The -1 mode feedback

• Beam current was limited due to the -1 mode 
instability at 1 A in LER and 1.2 A in HER, much 
lower current than expected. 

• The -1 mode digital feedback selectively reduces 
impedance at the driving frequency. 

• After the -1 mode feedback was installed, the 
beam current could be successfully increased. 

1600
1400
1200
1000

800
600
400
200

0
3:30 PM
03.6.30

3:45 PM 4:00 PM

Date

Feedback off Feedback on

-120

-100

-80

-60

-40

-1 -0.99 -0.98 -0.97 -0.96 -0.95
Frequency Δƒ/ƒrev

ƒrf - ƒrev ƒrf - ƒrev + ƒs (a)

-100

-80

-60

-40

-1 -0.99 -0.98 -0.97 -0.96 -0.95
Frequency Δƒ/ƒrev

ƒrf - ƒrev

ƒrf - ƒrev + ƒs

(b)

FB OFF

FB ON -1 mode sideband

Stored beam current
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Zero-mode oscillation
• At the beginning we observed zero-mode synchrotron oscillation even 

at a low beam current. 
– The amplitude was about 0.5 degree p-p.
– It is probably caused by noise in the RF reference line system.

• The amplitude is reduced by 15dB by the zero-mode damper.

Beam phase
detect @5MHz

Filters & amps

Ring phase shifter

Sideband @fsZero-mode damper 
       (analog)
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0 500 1000 1500 2000
0

5

10

15

20

Δf ~ 256 Hz
524kHz

270kHz
FFT

-100 dBc

Due to the latency of the FPGA 
and DAC, which makes 650ns-
loop delay.
No problem for the ARES 
Cavity (QL~20000).

Amplitude
Phase

 < 0.03% (rms) < 0.02 deg. (rms)

1.05MS/s, 4096 points
superposition of 10 data
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10k 100k 1M 10M
Frequency �Hz�180

90

0

�90

�180

Phase�deg.�

10k 100k 1M 10M
Frequency �Hz�10

0

�10

�20

�30

�40

Amplitude �dB� Pgain=2, Igain=2.6x104
Δω = 0

Gain Mergin :
~13dB

Pmax  ~2.2

Loop Delay = 700ns

Closed Loop

Latency in the FPGA :
55 clock

Loop Delay : 
~650ns

Gain

Phase

Delay:400ns

QL=3000
Delay:700ns
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10k 100k 1M 10M
Frequency �Hz�10

0

�10

�20

�30

�40

Amplitude �dB�

10k 100k 1M 10M
Frequency �Hz�180

90

0

�90

�180

Phase�deg.�

QL=20000

Gain Mergin :
~18dB

Pmax  ~4

Loop Delay = 3us

Pgain=2, Igain=2x105

Δω = 0
Gain

Phase

Open Loop

Closed Loop
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LO signal phase noise
Agilent E8663D #UNY

508.9 MHz

1/61/8
CLK

84.8MHz
LO

10.6MHz

508.9 MHz

AD8345

519.5 MHz

RF

600~700Hz

LO & CLK Distribution Unit
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