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Cavity Field Control
- RF Signal Detection and Actuation

LLRF Lecture Part3.4
S. Simrock, Z. Geng
DESY, Hamburg, Germany



,'.,IE Outline

 Requirements to RF field detector

* RF field detection methodology

 Reduce the noises and compensate the drifts in RF
field detection

 RF actuation
o Appendix
— Typical hardware for RF field detection

o Mixer
* Analog to Digital Converter (ADC)
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Requirements to RF Field Detector
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".,IE Context of the RF Field Detector

Klystron Cavity

Reference  + 1~ Error
Input I-\k/ » Controller | Actuator mm

Field Detector |-=

A(t)-cos|at + p(t)]
1(t)- cos(wt)+Q(t)-sin(at)
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Low frequency noise of
detector is transferred
directly to the cavity
output; high frequency
noise is filtered by
closed loop bandwidth
and detector bandwidth

Reducing the detector
noise will be essential to
get highly stable cavity
field!
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",IE Requirements to the RF Field Detector

 The requirements of the RF field detector should be
derived from the overall requirements to LLRF system

* Functional requirements: detect the amplitude and
phase of RF field for each cavity in real time

* Quality requirements:
— Field detection bandwidth
— Amplitude and phase error
— Non-linearity

~ Example for FLASH: T

* Field detection bandwidth: 10 MHz
 Amplitude and phase error: < 10"-4
* Non-linearity: at full scale of the measurement, the amplitude compression
should be less than 1% and phase shift should be less than 0.5 degree

~_ -
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RF Field Detection Methodology
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,'.,IE Direct Amplitude and Phase Detection

Cavity Mixer input:
ooooon Ve (1) = Age Sin(wt+¢o)
H = Amplitude

—— = Phase

LPF

&

) i Vio(t) = Ay COS(a)'[)
i Mixer output:

________________________________________

Viixer = Pre Sln(a)’[ + (po) A, COS(a)t) ARF Ao
Ace ALO Ace ALO

sin g, ~

[sin @, +sin(2et + @, )]

LPF{V @, (forsmallg,)

mixer }

e Simple system structure
e Linear for small phase errors

 Phase measurement is influenced by the amplitude error of the
RF or LO signal
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Vio(t)=Ag COS(a)'[)

I Analog I/Q Detection
Inputs: !
Ve (t) = Ae cos(at + ¢, ) L S Dﬂgo;"—%—m

outputs: i  —*a |
_ ﬁ .h _ ARF ALO A
| = LPF{ N cos(at + ¢, ) > cos(a)t)} —E e cosg,
TS Ao gin(at)h = A Ao °
Q= LPF{ T cos(at + ¢, ) > sm(cot)} =—F esing,

gooztanl(%j A=12+Q? |
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".,IE Analog I/Q Detection

e Phase measurement is linear for the
whole range of 360°

» Low efforts of digital processing

« Disadvantages:
— Phase and amplitude imbalance
— DC offset

Amplitude
imbalance

Phase
imbalance
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e |

T 1Q Sampling

(00000000 Clock e IF and clock signal should be
l, e synchronized

|
|
|
> ADC | > |« Alternating sample give | and
|
|
|
|
|
|

« Digital I/Q detection

&

T LPF o Q components of the cavity
Jeior = 415 field

IF Signal

Sampling
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mixer
RF local oscillator (LO)
1300 MHz $ 1300.25 MHz
IF
250 kHz

» downconversion of cavity field
to IF frequency at 250 kHz

« complete phase and amplitude
information of the accelerat-
ing field is preserved.

IQ Sampling at FLASH

amplitude

« sample IF signal at 1MHz rate

» subsequent samples describe

real and imaginary component of
the cavity field.
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,',IE IQ Sampling

Advantages

— Get rid of the imbalance effect i
compared with the analog I/Q |
demodulator |

RF < IF
Problems —>®—>;"d—@ .
— DC offset caused by the mixer T e Af
— Nonlinearities in the analog front- | Lo Tetocr = 4] 1r

end or the ADC generate harmonics,
which will be aliased to the IF ,
frequency AV

ANANNN

ot

-0.5¢

VYV VU

-1.5

I I I I I I I I I
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,',IE IQ Sampling

-
LT
bl

.-
0 A 2w 3 W S o T S o )
ﬁ}’qmﬂ ﬁ 3ﬁ'~£}'¢:|uist Zﬁ

Vectors of * The phase of nth harmonic changes

Aliased n times faster than the fundamental
Harmonics h
Vector of 1st phase
Harmonic _ * Phase shifts in the cavity due to
~ . .
_ = " Measured mlcrophonl_cs and Lorenz force
~ Vector of 1st detuning will lead to a time
Harmonic dependent error
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,'.,IE Non-1Q Sampling

« Compared with 1Q sampling, non-IQ sampling is aimed to avoid the
harmonics aliasing by shifting the sampling frequency slightly from
4 times of the IF frequency

____________________________________

ﬁ

___________________________________ Example: m=4, n=15

‘\;\U/\\/W\ AN

Stefan Simrock, Zhegiao Geng 4th LC School, Huairou, Beijing, China, 2009 LLRF & HPRF 15




,'.'IE Non-1Q Sampling

« Fourier series decomposition of the RF signal
s(t)= Asin(2zf .t + @)= | cos(2zf .t)+Qsin(2xf .t)
s(t)= % + i la, cos(k2zf -t)+D, sin(k2xf . t)]
k=1
s(t)cos(k 2f -t Mt

, k=12,..
s(t)sin(k2zf .t )t

A

[|
—|ro —|ro

Ot o

b, =

 Demodulation algorithm:

n-1 n—1
I :%in cos(iAp), Q =%in sin(iAp)
i=0 i=0
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,'.,IE Non-1Q Sampling

* Most harmonics no longer line up with IF frequency. Influence
due to the higher order harmonics and DC offset can be
reduced with band pass filter.

 The algorithm for demodulation need more computation power
and will cause larger latency

. e - = o
_..:-il‘l_;:i:::""-_r } q*h*
‘i:‘gi,i’ " J' ‘15. . )
[} ] [ 1 [ | [ |
L] L] ¥ 1 [ | [ |
] ] I 1 L] L]
L] [ ] [ 1 [ | [ |
L] L] ¥ ] [ | ]
L] L] L 1 L] L]
() fi¥ 2fi¥ 3fix 4fi¥ 5fiv bk Tfir

_ﬁ*-l:.:.l|u:i5| f&. 3fﬂjrll|uibl 2}‘.,
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,'.'IE Direct Sampling

|
' |
' |
' |
' |
' |
' |
' |
' |
' RF |
I |
| = ADC :
|
| I
' |
' |
' |
' |
' |
|

 Example for available ADC: ADS5474, 14 hits,
400MSPS, 1.4GHz bandwidth

e Under-sampling
* Non-1Q sampling (m,n have the same meaning as the
discussion of non-1Q sampling)
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,'.'IE Direct Sampling

« Advantage: no down converter needed

« Essential problems: ADC measurement noise is sensitive to the
clock jitter due to the high input RF frequency

SNR iitter — _20 |0910 (ZﬂfRthitter_rms)

J

90
| LT
30 0SC JITTER
q- . T 11
HIGHER FREQUENCY \“-m."‘_“--.ﬁ -~\§Emh ~-~\-~\ng
b, \u ™ b, lhl""ln. e |
INPUT SIGNAL 70 \\ h \\ n \\. UL
"‘h Y
LOWER FREQUENCY = NN TNUINON PRUIN NN
= 60 500fs
INPUT SIGNAL = N i N A i N N i
% N \“'\ \\ ™ \"‘\ \\ ™ 1ps
[#5] ED h '\ ) '\ [
N .\"H N ™. [2ps
0 NN IS I
NN TIRORRS
30 NN \\ N Ops
M \‘N@ﬂps
20 100ps 50ps ||
1 10 100 1000

dt = CLOCK JITTER

INPUT FREQUENGY (MHz)
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:|n - .
o Digital Down Conversion

o
E=3
&
o
Q
=
= |
0
o
3
=
4]
B,
=]
3

Lo |
| sin[a:rnT_,]T cos(@nT, )
Clock I = NCO
T ] i
___________________________________ :_______6;_Viit;_______i:_______i:_________i_;;;__________
Principle same as analog I/Q demodulator |{000000000 ~—
NCO: Numerical Controlled Oscillator """""""""""""""""""""""""
Digital mixer: multiplication operation in | N 7 o
processors (in FPGA can be multiplier | eV S0 T
cores) : ;
Digital low pass filter, can be IIR, FIR or | i &
CIC filter i I/Q Demodulator 'fo
I ~~—
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Reduce the Noises and Compensate
the Drifts in RF Field Detection
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",IE Noise and Drift Sources for RF Detection

Cavity

00000000 S

Digital Part

|

I

RF IF . |

| Digital |

— / 0 'c? ’ |%_>@ Demodulation =
I

|

. -
I BPF I
Master e BT T EE B T TP

Oscillator LO
1.3GHz |

LO and Clock CLK
( ) ' Generator

« Slow phase and amplitude drifts:
— Cavity pick up cables
— Down converter
— LO low frequency phase noise

« Fast phase and amplitude jitters:
— Thermal noise
— LO high frequency phase noise
— ADC noise
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T Reduce the High Freqguency Noise
S(7) A
LPF |
— :
e Select components of ;
down converter with i .
low noise level 0 Pyauist |
i F|Iter|ng in RF Side @{double the sampling frequency)
« ADC oversampling S04
LPF |
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,'.,IE Drift and Fluctuation Correction

Reference tracking

Cavity
000000000 e :
' Down Converter | Digital Part
Cable aF | - N
| = - Digital
— /{ O0—— ®1 > [% AELC " | Demodulation
| BPF )
Master I B R — |
Oscillator LO :
1.3GHz | :
@ LO and Clock CLK : \{ept‘ur
Generator | Division '
|
|
B S e ST
! Down Converter ||
: Y Y L
Ref RF | I B Digital
! %_@ ™| Demodulation
| |
| |
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o Drift and Fluctuation Correction
Measurement chain drift calibration
Cavity
000000000
' DownConveter | ! DigtalPat |
Cable RF | F » " |
y : ¥ ! igita
Calibration i < ADC e Demodulation [ i
Ref. RF : BPF N |
Master |
Oscillator LO and Clock CLK
1.3GHz Generator
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RF Actuation
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ilp
o RF Actuator
 Change the amplitude and phase of RF driving signal
and perform frequency up-conversion

e Widely used solutions:
— Direct up-conversion

— |IF up-conversion
— Single sideband up-conversion

I Klystron Cavity

Reference  + T Error
Input | Controller - Actuator mm

Field Detector |-=
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- b
Base Band |
Spectrum :
' >

0 fearrier f

Carrier: |
cos{wot) !
.

------------------------------------------------

RF = 1 cos(m,t)—Qsin(w,t) = Acos(amyt + @)
Vector Modulator

2.2 4 Q
Base Band Q A= I2+Q2’ ¢:tan 1(T

e Easy to implement

« Suffer from the DC offset in I/Q base band signals
and the phase and amplitude imbalance of the vector

modulator
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o IF Up-conversion
" BaseBandl x| L0
(from controller) cos(wLot)

cos{wirt)

DAC o~ F®—>%—h RF

BPF1 Mixer BPF2

-sin(wirFt)

i Base Band Q |
+ (from controller) Digital Part |

______________________________________________________
——

——————
"
,
A

0 fIF fLo-fiF  fLo  fLO+fIF

* Band pass filter after the DAC can remove the DC offset
« Band pass filter after the mixer is necessary
o If IF is small, filter design will be critical
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,'.,IE Single Sideband Up-conversion

I: Acos(wirt - @)

YRS s
—= DAC > -
__________________________________________________________________ BPF
: BaseBandl <> ! L
! (from controller) ] g 1
cos(wirt) S ot ; o o !
0 cos(wot) ! 0 0 . »
° ! 90° 0° :
; sin(wirt) 90 5 ! RF
Base Band Q Y W
' (from controller) —>® Digital Part Vector Modulator

Ly
—= DAC ™

Q: -Asin(wirt - @)

h . - ;
0 fiF fLO-fIF fLo

RF = Acos(w,ot)cos(w,-t — @)+ Asin(w,ot)sin(@,.t — @)= Acos|(w,o — o Jt + @]
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,'.'IE Summary

In this part, we have learnt:

* Principles and characteristics of several RF field detection methods
* Ideas to correct the noise and drift of the RF field detector

 Principles for several RF actuation (up-conversion) methods
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Appendix:
Typical Hardware for RF Field
Detection
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,'.,IE Mixer

Yrr(t) = App « SI(Wept + @rp) 'HJF(?L-) — '.U}?FH) ' ffff.r:l“}

H:.f;“]‘ — A.’.:J " ['{:'H{"-b'r,uf -+ *-r-:'f.fjljl

mixer: linear time varying circuit, non-linear circuit (diodes...)

o — .
= :"fu-'{?l} = Exqf_-zhjlm-" HIII[{;,U‘;“.- — '-JJLU:' t+ (FJH-' — ;FL-:::'] lower sideband

] Hsin[(wrp + wWio) t + (Crr + Cro) ) upper sideband

P

=) ecven ideal mixers produce two sidebands
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Mixer

+ ideal mixer: output is the multiplication of ’_[he two input signals

# down conversion:

RF, LO are high frequency inputs
IF: lower intermediate frequency output

RF

X

I

LO

[F

# Up conversion:
IF is input, RF is output

[F —@)— RF

I

LO

Stefan Simrock, Zhegiao Geng 4th LC School

signal
amplimde

fofe ¢ Iw fiotth
[NAGE
signal
amplitude
m f
Larer UPpsT
sidehand sideband
l . frequency
f;F fI_U-fIF fm_frF

, Huairou, Beijing, China, 2009 LLRF & HPRF
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,'.,IE Mixer

down conversion:

1 . . ;
Yir(t) = E-"l}_.-:} App ( lel['[.‘.dm.- —Wro )t + (@ar — ?L:}}] + 5171[':"-&?111: +weo) t + (Prr + "?LUJJ )
low pass filtering the upper sideband:

— ‘U_”'I:f} — .:’1.!;.' . Hi“ ( I'.,Lr!_r;.'t + I"l"'T-rI")

Wip = Wgrr —Wro . .

| 14 4 1 b constant A ) basic properties of RF
r = = - Fa . [ Fy g WILI nstant H

" . . , “? L signal are conserved
Pix = Prr—Pro ~ pre With constant ¢, | (ampl./phase)

important properties:
+ phase changes/jitter are conserved during down conversion,
egd 1" @f=1.5CGHz «~ 1° @ fz=50 MHz

+ comparison: sampling IF or RF (direct sampling)?
timing jitter results in different phases!
(e.g. 10 ps @ 500 MHz — 1.8%; 10 ps @ 50 MHz — 0.18%)

mm) tougher requirements for direct RF sampling !
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,'.,IE Mixer

real mixers = non linear devices
mmp Many undesired harmonics in frequency spectrum

=) non-linearities in IF signal

signal I-V curve of a diode
amplitude I
% g s ]
IF harmonics at: mf,.+ nf,, e o e |
LO Bowmllm e :
=ik RF 210 B e b
{3”’1 M ‘jRT—]D T1 T 3LD I — j’[]{ﬁl-.-'ll'-i _ ]-l‘.l
P atits +[1[s i+T+‘.,_ N—_— [““.—“+§[’£]"+l.[i)"+..)
frequency br 2 W Wl 60y

=) filtering the output of a mixer might be necessary

!
mm) take care about the introduced group delay by the filter trade off

Stefan Simrock, Zhegiao Geng 4th LC School, Huairou, Beijing, China, 2009 LLRF & HPRF 37



e -
T Analog to Digital Converter

n, —<IN ADC out— JUL"

ELECTRICAL SYMBOL FOR ANALOG TO DIGITAL CONVERTER (ADC)

What is an ADC?

- Mixed-Signal Device
Analog Input
Digital Output

- May be Considered to be a Divider
Output says: Input is What Fraction of Vg?
m) Output=2"xXG X A,/ Vree
- n = # of Output Bits (Resolution)
« G = Gain Factor (usually “1%)
« Ay = Analog Input Voltage (or Current)
* Veee (Irep)= Reference Voltage (or Current)
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o Analog to Digital Converter
Least Significant Bit (LSB) and Most Significant Bit (MSB)
O11001O0. Weight
\ Least Significant Bit 2(n-?)
7th Most Significant Bit  2("7)
6th Most Significant Bit  2("-6)
5th Most Significant Bit  2("5
4th Most Significant Bit  2(™4
3rd Most Significant Bit 2("3
2nd Most Significant Bit 2("-2)
Most Significant Bit 2(n-1)

Bit Weights of an 8-Bit Word

MSB LSB
B7 Bé B5 B4 B3 B2 B1 BO
128 64 32 16 8 4 2 1
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L Analog to Digital Converter

‘/ Signal

SNR of Ideal ADC = 6.02n + 1.76 dB

Amplitude (dB)

T ettt

FREQUENCY (Hz)
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e -
L Analog to Digital Converter

ADC noise source: Quantization noise

- Quantization Produces Noise
- Quantization Noise Is Inversely
- Inversely Proportional to ADC Resolution

+1/,LSB ——
0

Y,LSB ——
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L Analog to Digital Converter

ADC noise source: Clock jitter

SNR jitter — —20 Ioglo (ZﬂfRthitter_rms )

J

90
L LT
80 0SC JITTER
1‘ . LI
HIGHER FREQUENCY \Q-E'--.\ -~\“‘*--"5;~~.\ -~\--..\gfs
P, \"n ‘\ b ‘\u h\ |
INPUT SIGNAL 70 N N I Seoos
LOWER FREQUENCY _ N ‘\.f“-\ '\-..:“-\ Wi
= 60 500fs
INPUT SIGNAL 3 SN RN RN
LC ™ \"\‘ \\ ™ \‘\~ \\ M 1ps
[ #] ED h Tyl ) T [N
N N\\ N ™, 2ps
N N NN I
40 \\\\ " \\ \Eps}
30 NI \\ Syl0ps
" \N@D|Js
20 100ps 50ps ||
1 10 100 1000

dt= CLOCK JITTER INPUT FREQUENCY (MHz)
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L Analog to Digital Converter

ADC noise source: Noisy components or circuitry

« ADC Input Signal Conditioning is Common
* Noisy Amplifiers
- Resistors
Noise
Use Low Values
« High Frequency Coupling
- Resistor Packs

Bandpass Characteristics
Oscillation
D.C. Offset
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Analog to Digital Converter

Signal to Noise Ratio (SNR) of ADC.:

‘ 2 /(1+¢€ 2 2\/31,-"' 2
SNRqp = —20log,, (gﬂ'fatjf T 3 ( N ) T ( N ?1)

fﬂ-
£

J
€

N

Vi

[ [=

i

input frequency |[Hz]

rms clock timing jitter [s]
differential nonlinearity, DNL [LSB]
number of bits

equivalent input noise [LSB|.
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Analog to Digital Converter

Differential Non-Linearity (DNL): “small scale” code to
code errors

1117

110 7

101

100 H

011 4+

Digital Output

010 _L

001 |

000

0.3 LSE;
DML = —0.7

— Ideal

m— Actual

; <«— Missing Code (100)

1.2 L5B;
DML = +0.2

! 2.2 LSB:;

CML = +1.2

1
1 1.3 LSE;
1 DML = +0.2

Vo = 2.0V

1.0 LSE;

| ElHL—D | ] ] ] ] ]
| 1 | 1 | | | |

250 500 750 1000 1250 1500 1750 2000
INPUT VOLTAGE (mV)

3 Bit ADC
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Integral Non-Linearity (INL): “large scale” overall transfer
function error

Analog to Digital Converter

ADC Transfer Curve
Full-Scale

End Boint

| Straight line ’ t
Between End Points .~ Best Fit F
e o Straightline
Output Vd Qutput -
Code Code
_— Equal maximum deviations from
%ﬂﬁ; %if'ﬁ;‘g”s straight line (high INL) give
(high INL) . minimum INL mdmaﬂan
/ Input Voltage Input Voltage
Zero-Scale
End Point

“End-Point” INL Measurement
Indicates Worst Case INL

“Best-Fit” INL Measurement Provides
Best Possible INL Specification
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