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The Cockargr Instiute
CLIC requirement
o CLIC Crab cavity synchronization requirements

o RF Distribution options
o Planned solution for CLIC

Microwave Interferometry
o Test measurement and control scheme
o Signals with phase noise
o Estimation of phase measurement precision
o Results on phase measurement precision (problems encountered)

Development of RF front end, data processing
o Digital sampling and control
o Test boards
o Calibration and correction

Phase shifters
o Requirement and design
o Actuation
o Performance

Achievements
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fancaster®'  Synchronisation Requirement 4>

The Coskargrt Instiute
collision point has small displacement

late electrons ~< o timely positrons

If crab cavities are not synchronised then they completely miss

each other
Cavity to Cavity Phase 7206,f | 1
synchronisation requirement = cO ot —1 degrees
(excluding bunch attraction) ¢ s
Target max. luminosity f o, (nm) 0. O s At (fs) Pulse

loss fraction S (GHz) (rads) (deg) Length (us)

0.98 12.0 451 0.020 0.0188 4.4 0.156
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University %9 RF Distribution Options ¢>

Option 1:

Single klystron with high power
RF distribution to the two crab
cavities.

Klystron phase jitter travels to
both cavities with identical path
lengths.

BUT

Requires RF path lengths to be
stabilised to 1 micron over 40m.
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Option 2:

Klystron for each cavity
synchronised using LLRF/optical
distribution.

Femto-second level stabilised
optical distribution systems have
been demonstrated (XFELS).

BUT

Requires klystron output with
integrated phase jitter <4.4 fs.
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The Cockcroft Institute

of Accelerator Science and Technology

\\\ RF path length is continuously measured and adjusted //1

—————————————— 4kW 30ps pulsed AL
11.902 GHz Klystron _ L S

" Cavity coupler L I

repetition 2kHz 0dB or -40dB ¥

\  _C
____l _____
-5 \
\ .
"4 kzl I Cavity coupler

@ 0dB or -40dB
Forward Waveguide path length phase and Forward
power main Piezo amplitude measurement and control Mechanical power long
pulse 12 MW phase phase pulse 1 kW
shifter shifter
-30dB J-30dB
coupler i coupler LLRF
Magic
— L Tee N — r|
R(_eflected power Reflected power
main pulse ~ 600 W long pulse ~ 500 W
Single moded copper plated
Invar waveguide losses over - Y
- > p P <
35m = 3dB ®‘ shifter | Main beam
\ outward
- ] - 0t m-- e | pick up
Main beam From oscillator
outward 48MW 200ns pulsed
pick up 11.994 GHz Klystron ‘ | Vector 12 GHz
Control " modulation OSCIlIator

repetition 50Hz
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+30 dBm -10 dBm "
Atteyrﬁator < Diode Switch |+ @
short 7 ot | RF1 = 11.994 GHz
RF2 =11.902 GHz
27’ h IsoI;tor Piezo
phase , —
14— shifter hactlva:.—:-fcz 1 DC pulse
— phase shifter > IF (46 MHz)
Magic Tee — RF

control
— O

Directional coupler actuator| | voltage

Directional coupler; ;

control | |for pulse

channel 1 = IF signal from Magic Tee Delta Port
channel 2 = DC signal DBM (range ~ 20° )

L
/2? L} channel3=IF signal from right waveguide arm

channel 4 = IF signal from left waveguide arm

National Instruments PXI Crate
16 bit ADC at 120MS/s on 4 channels

LO =11.948 GHz

- WS
Circuit Board 1
WS
ws = Wilkinson splitter % L 4
Diode Switch Atten/u’a/tor
/

7 e

Research & Development

—

EUCARD Enhanced European Coordination for Accelerator

A

. ~)
‘ -10 dBm
@y @

~7

+20 dBm



[
hehcaster Electronics B D

U sckeroft Institute

slerator Science and Technology

mrassvassesusesssessisey

RF feed via
. amplifier and
| isolator

From
Magic Tee

NI PXI Spec.:
* 16bit ADC, 120MS/s, 4-channel digitizer
e 2.2GHz Celeron module with FlexR Pin diode
NI PXle- 1071 . o Sy ‘ = SWltCh tO

P [ ab pulse RF

. . ' Locked DI Instruments Oscillators
National Instruments PXI crate
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LabVIEW used for acquisition

* Front panel allows for control of calibration,
pulsing timings, piezo actuator and ADC
clocking frequency.

* GUI on host computer allows for real time
viewing of signal spectrums

NI PXle-1071

NI PXI Spec.:

« 16bit ADC, 120MS/s,
4-channel digitizer

« 2.2GHz Celeron
module with FlexRIO
FPGA module

7 EUCARD’
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Digital Sampling Hardware

The Cockcroft Institute

af Arreleratar Seience and Technnlogy

START STOP
»_»
A
]
Fnshed Lat? (1]
SET PARAMETERS , PIEZO CONTROL ERRORS
loop Period
Channel select A a0 Sample rate Samples per trigger  Elements Remaining in FIFO Sty Socot error out 2
y 4 P sats o
g A 2 + - | 5 n stat de
R Keration Duration # 28 4095 o g0 < b ‘5‘1
Clock Source = Intermediate Trigger Type phasein source T
& internal Clock PLL On = e " standard deviation 7 - source =
Resource name keopsime (re] @ 1002 [
Lroo = 0 o =
emorcins error ot 4
DATA INFORMATION CALIBRATION Procedure s code statos code
Start Calibration Finish Calibration| ciick start calibration o fo 4 fo
Data centre channel 0 AMPO (V{W degrees average per - ) source i
32962.71 167003 L9 Retum phase to prevous vaive j [
Ampl 136.94
Data centre channel 1 Phase - target MT - calstart  Scaled MT
i B Number of paints for DC 134208 s e ~
Data centre Mean magic tee moving average == C" i e Config Error dock @) Config Error h
33527.87 1582066 00 [ MT coeff  DC coeff kil @ conig Error @ config Eror cha
. 193631 336056 789.899 -101365
SWITCH PULSE CONTROL AND DC OFFSET RFON DATA SAVING
5 Q \T/ A
False = pulsed True = continuous ~ PXI Line i MEAN PER TRIGGER DATA
S s operston
> § pxi1Siotz/portoinel - T ) Haeeorrepace
Mean DC - pre-subtraction &
low cutoff freq channel name(s)in (Unitec) &
36174.53 e ¥
Offset
high cutoff freq Measurement name Measurement name
a2 #47000000.
Mean DC Post-subtraction fie path file path 2
340653 8 CWaveguide stabisation sams datalraw test 5 8 . piezo search for_best sVoffset 2vampo.3 005Hz2 -
file path ot file path o1t 2
B CAWaveguide stabilisation_sams_data\raw testtdms. %...\piezo_search for_best SVoffset 2vamp0.3.0.05Hz2dms

D

Loop timer |8.80
B 815
0.02
[1627.33 MTstd

00181  Phase std

sSampling rate for FFT
{12648

1680091
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HMitered bend

Test board l N=55.48%, Ush=2.16

L=2,781cm

Micrestrip H=l.1sm, 1n-sout gaps, L=l0cm

CPH, W=2,08@m, gap = 0.15mm, L=10cn

CB-CPH, H=l.1mm, gap = 0.B27mm, L=10cm

R043588
0.508mm
Mcrostrip H=l.1mm, gap = 3xH, L=10cm

Curved bend 45deq bend
L=3.194cm L=3.011cm

Microwave Transmission Lines

0,5mm Rogers RO4I508 test board

03-2016-Rev 1.0 Top

I//EIJEAR D2 Enhanced European i
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Test board 3

O
Test Boards ¢)

The Cockcroft Institute

of Accelerator Science and Technology

* Multiple test boards have been
developed to achieve optimum
performances at 10-12GHz.

+ Test board 1 examined:

U Choice of optimum transmission
line (Microstrip, CPW, GCWP,
Stripline, ...)

O Impedance matching and
transmission responses

0 SMA connector type, bends, etc.

O And measured wavelength

» Testboards 2 & 3 have:
s A mixer
s 2 TL lines differing in length by A/4
s A Wilkinson splitter
% Aring resonator

» Testboards 2 & 3 examined:
O The ‘real’ PCB ¢,
U The effect of soldermask
O Improved pads, via locations,
copper-to-edge, etc.

~7
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Connector Simulations ¢)

The Cockcroft Institute
of Accelerator Science a

Technology

* Excessive reflection from test tracks

e CST simulations model 3D configuration of
connectors, tracks and via positions.

* Track width and taper optimised to match
connector and launch pad minimising
reflection at operating frequency

Track width taper at launch pad

2 Enhanced European Coordination for Accelerator
7 EUCARD P
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. . . .. . The Cockeroft Institute
The phase board must split signal as with minimal reflection, track lengths are s S
careful set so that reflections cancel. The board must be compact and dimensionally
stable. g R O ersion mixers
ke, ‘

3 j;.. .
» 4 el

3 ""g‘v.» -

e, o e

3

966583

DO000007 0000
o
........ o

-

P L IF OUtpUt 1
RF inputl o
LO input
Mix to DC
RF input 2 IF output 2
IF filters .
Added to improve * Green Solder Resist removed from above CPW
isolation on DC mixer « Tappers introduced to PCB plan for improved connector matching
/E:JEAR D2 Enhanced European Coordination for Accelerator @
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DBM = double balanced mixer RFE LH — ?
_’OH 0 DBM2®'7|
I LO
@' DBM1
5 (==
* For synchronisation DBM1 controlled to zero. RF RH DBM3 ®' ¥

_’O< ———

« Corrections on phase measurements require knowledge of amplitudes.

* Measurement independent of oscillator phase noise.

« Very small ‘d.c.’ voltage pulses lasting the length of the RF pulse must be measured.
» Offsets can be determined between pulses and then removed.
« High amplification on DBM1 means that 360° cannot be measured (PXI input limitation).
* Direct sampling of DBM2 and DBM3 allows:-
» 360° to be determined
» course phase variation on each arm to be monitored
» phase differences to be brought to range of DBM1
» calibration of DBM1 output — tells us how close to zero we are
» monitoring separate arms of interferometer needs RF and LO to be locked

//é:)C—AR D2 Enhanced European Coordination for Accelerator y m
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Lancaster 23 Phase Determined from IF ¢)

University
The Cockeroft Institute
Choice of 16 bit 120 MS/s ADC forced use of asynchronous sampling

1.00

¢ ADC sample(1)
0.50 —IF(1)
0.00 —|F(2)

+ ADC sample(2)
-0.50 -
-1.00 * /

0.0E+00 2.0E-08 4.0F-08 6.0E-08 8.0E-08 1.0E-07 1.2E-07 1.4(-07  Time(s)

Deduce n)—vy,(n+1 n)—vy,(n+1
hase usin ¢=tan"" A=y )C —tan™ Yo(n)= Yl )C where C=cot n—f'F
P 9 yl(n)+ yl(n +1) y2 (n)+ y2 (n +1) fsample

Simulated ADC errors (assumes noiseless input to the ADC)

ADC Aperture jitter = 80 fs (rms) and noise =random +/-15

200
simulated phase error (milli-degrees)

.
. . .
100 |** ; o1 : . R TN
. . . . .
*e PN Sl § - .. "' . "ol TR oD 5 e . .
C S L . . . ® .o . & . o %5 4 * ,.
. a . . * .. . : L L

>4 -
SE Ly . e

.
.
. a

..

05 .
0 ‘q;ﬂ,&n‘&wm‘o‘wwé‘ '(&Y\‘v\' i ‘\0 .aw‘)w‘\‘ww \"K"?’"-?' f""ﬂ:\%}"‘éﬂ"&?‘ A\ &"‘"“'&)"' J\‘ "‘3“"’* & "‘"’3“ fe, 5‘.’-'»“
& W 2, ‘a . ..‘ 4 ¥
’l . "o s o '. e o 0.“". o'o"..' PX 3 o" o.. . "o '........ e

-100 .o .
.
> ® i X . . e e B AR A~ 3
0 . . . 2 .
.

-200
4 6 8 10 12 14 16

Time (us)

/——‘ 7 2 Enhanced European Coordination for Accelerator @
EuCARD Research & Development 7



Lancaster
University

52 Expected verses Actual Performance for IF ¢)

The Cockcroft Institute

of Accelerator Science and Technology

200
: simulated phase error (milli-degrees)
100 |3 a et Sy R R S e
o L% ’~ "' A e i ; R, R . ." . .'. J
. o,‘-o’. '-"‘ 3 - N’ 2 " Y Synost ' *. 5
. . 4+ .o o o 3 -y,
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Amplitude Determined from IF ¢)
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of Accelerator Science and Technology

Amplitude determined from adjacent sampled points y, and y; on IF waveform using

A=0.5 \/c]?(yo +Y1)2 +5$(yo —Y1)2 P

T

1 . f
St sample

Originally notch filters are applied to the raw data to remove the IF frequency of 46 MHz and

other spurious frequencies

14700

Measured amplitude on left arm

14650

14600

14550

14500

14450

14400

Digital Value in range 0-32768
Digital Value in range 0-32768

14350

5 10 15 20 25 30
Time (us)

14700
14650
14600
14550
14500
14450
14400
14350

14300

Measured amplitude on right arm

10 15 20 25 30
Time (us)

Expected spread on measured values ~ 35, actual ~ 60, (left slight more noisy than right)

/E’;EAR D2 Enhanced European Coordination for Accelerator
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%?nr,bce?g;teyr Magic Tee - Amplitude Dependence of Phase ¢>

The Cockeroft Institute
of Accelerator Science and Technology

The interferometer launches on port 1 has a E =4
return signals on ports 2 and 3 with slightly Left =3 Right =2
different amplitudes and phase.
We require phase difference 0,- 0,
H=1
For the perfect Magic Tee we have
01 1 o] [ 0 T [(A,c0s0, + Agcosts)+ j(A,sin0, + Agsin,)]
1 0 0 1| |Ay(coso,+jsing,)| 0
1 0 0 -1| |As(cosds+jsinds)| 0
01 -1 0] | 0 | [(A,cos0, — Azcos0z)+ j(A,sin0, — Agsin0z)

Measuring amplitude V, from port 4 we have

2 2
0, — 0, = 2sin ! | V4 ~(A2 A
2 3 4A,A,

The phase difference between ports 2 and 3 depends on input amplitudes to the
ports as well as output on port 4.

The accuracy of determining the phase difference between returning signals on the left and
right arms of the interferometer depend on accuracy of our measurement of amplitude

//éIJC—AR DZ Enhanced European Coordination for Accelerator y m
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Magic Tee and IF Measurements Compared
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Vertical range is 1 degree for both graphs
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The Cockcroft Institute

of Accelerator Science and Technology

0.60
Phase measured from mixing to DC and sampling (degrees)
0.40
, 020
o TN ot s P N NS S g 5 P PN D0 P a1 et g PN o T N A 0N N o iy 1
2 o000
-0.20
-0.40
0 2 4 6 8 10 12 14 16
Time (us)

DC signal with rolling average on 200 points

<20 milli-degrees within a single pulse achieved

Inter-pulse drift ~ 20 milli-degrees — phase shifter can be used to
remove this

DC and MT measurements are calibrated using the down converted
phase. ,
DC has less noise but its usefulness depends on amplitude correction "= = « « « s o

Time (us)

milli-degrees

DC Measurement inter-pulse drift for 5 pulses rolling average over 200 points

Phase (Milli-degrees)

1000 2000 3000 4000 5000 6000 7000 8000 2000 10000 11000 12000 13000 14000 15000 16000 17000 18000 19000 20000

0
/E’:JEAR 02 Enhanced European Coordination for Accelerator
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University 8.2 IF problems - Spectrums

IF phase spectrum
Unwanted frequencies at 18,28,56MHz

1200
- —_—
1000 —
$00 /

5
=
=
i 600
E 400
200 ]
0 1 . A 1 ", - o i ke 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 483 S0 32 54 36 53 60
Frequency (MHz)
MT spectrum
800
%; 600
=
i 400
2 200 1 l 1
0 - - ' Ol L] a
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 4 46 483 S50 52 54 56 53 60
Frequency (MHz)
DC measurement Spectrum Only IF (46MHZ) seenin DC Spectrum
23 /
_dg-? 20
= 15
E-m
5
0 AR
38 40 42 44 46 483 S0 32 54 56 58 60

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Frequency (MHz)

//E_TJCAR D2 Enhanced European Coordination for Accelerator

Research & Development
i ok



0
IF problems - solutions ¢)

The Cockeroft Institute
of Accelerator Science and Technology

Lancaster
University

Unwanted frequencies generated by
mixing between the harmonics of the
IF frequency and the 120MHz clock.
Other harmonics not present on DC as
50MHz filter is better than others.

IF frequency in DC removed with notch
filter.

_ 120 - (2x46) = 28MHz
100MHz filters on IF 50MHz filter on DC 120 - (3x46) = -18MHz

240 — (4x46) = 56MHz

Calculated Phase spectrum after bandpass filter

40
< 30
=
E_ 20
10
-
0 M AJ:&:
0 2 4 6 8§ 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 358 60
Frequency (MHz)
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IF problems + solution
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IF amplitude after data processing (bandpass filter applied)

Noise spread ~ 40
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IF phase difference after data processing (bandpass filter applied)
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Magic tee phase after data processing (bandpass filter applied)

Measured phase error ~
100 milli-degrees
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University o

Phase shifter must:

Work in high power conditions ~20 MW

* Give at least 4 degrees of fine tuning and
half a wavelength of coarse tuning

* Have fast response times — 2 degrees of
phase shift in 20ms and 0.1 degrees in
4ms (time between pulses is 20ms )

* Suitable for automation and integration
into a control loop

Highest
piston
position
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Lowest
piston
position

Prototype high power
phase shifter built at
Lancaster university, being

3dB Hybrid design — adapted from used for current testing

Alexej Grudiev
CLIC — Note — 1067

/‘ 2 Enhanced European Coordination for Accelerator @
EUCARD Research & Development -
\\_‘/




>

The Cockeroft Institute

of Accelerator Science and Technology

-800
1%
S .900 0 1 2 3 4 5 6 7 8 9 10 11
B
< -1000
2 -1100
~§—-1200
3
& -1300
o
-1400 Time (s}
DC Response to Piezo Sinewave Voltage of 100mV MT response to Piezo Sinewave Voltage of 100mV
80 80
70 » 70
%60 U4 "l‘ it LA 9 6o o’ i ' !
& IR Al L iwkl}ﬂw‘,h“n'[ @ I [T RN "n'. :
& 50 e TSR L ! , 250 i KA ; AT i
£ "»'H”I‘[ | A 1 1"} I C ik wlhlg et J Il |
= 40 1 gy ‘ . i = 40 A il A 1 I
s I ' 1l [ E 30 Wiy oLl L il
.;,30 | ll l'l'l lﬁwu\ = i >|'| | 1“‘ l ll‘l
%20 AUl ‘ | 820 IV
s | £ 10
10 e
0
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time (s) Time (s)

F 2 Enhanced European Coordination for Accelerator @
’ L EuCARD Research & Development -
\—’/



Lancaster
University &%

Lasted Phase Shifter Design
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ShortL = 10mm |

Converts waveguide TE10 mode to
two polarisations of the TE11
circular waveguide mode.

N

New high power phase shifter developed at CERN
for CLIC. Design allows for integration of a stepper
motor and piezo actuator giving solutions for the

fast and slow phase shifters required. i

Flange allows for 2
attachments — motor for
slow movements and piezo
actuator for fast response

Provides 20 degrees per mm, giving a piezo range
of 6 degrees, enough for expected thermal
expansion.

Drawings are finished and manufacturing will
begin soon.
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A PCB for mixing RF signals to d.c. and simultaneously mixing to an IF frequency
has been developed. A key feature of the board is the management of path lengths
to cancel reflections.

« An X-band waveguide interferometer has been set up with Piezo-activated phase
shifters to control arm lengths.

« A National Instruments PXI data acquisition and control system has been set up to
measure the phase difference and amplitude of signals returning on the
interferometer arms.

* Measurement of phase differences at the resolution of 10 milli-degrees for 30
micro second pulses X-band has been demonstrated.

* Drawings for high power phase shifter completed — will be manufactured soon
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Thanks for listening!
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