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Why Self Excited Loop?

« Lorentz force detuning

— Cavity frequency is a function
of gradient

— High Q upgrade cavities
 Generator Driven Resonator
— Presently used in CEBAF

— Slowly ramp gradient while
mechanical tuners compensate
for cavity tune

« Self Excited Loop (SEL) | ' ' ' |
-1,000.00 -800.00 -600.00 -400.00 -200.00 0.00 200.00
— Tolerant of cavity mistuning Detuning (Hz)
— Quickly bring up cavity gradient
without running the tuners

3
— Recover faulted cavities in N %);’)/ -
milliseconds instead of minutes $ hard to catch a greased pig

Gradient vs. Cavity Tune
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Algorithm Independent Hardware

——————————————————————————————————————————————————————————————————————

Field Control Module

' |
' |
' Legend |
Reference | | 56 MHz | _ 7O Mz |
70 MHz | PLL l Dig 1&Q =» 1427 MHz => | |
| 56 MHz =» 1497 MHz => | |
' |
' |
Probe | |
—> 1497 ——>{x ) LPF | ADC >—» FPGA —»<{ DAC > | BPF | ( x = HPF —t—
MHz | |
: I |
' |
' |
' |
LO _| |
1427 MHZ | j

Clav ity €—_KLY €

 Down convert 1497MHz to 70MHz  « Apply control algorithm in FPGA

« Sample 70MHz IF with 56Msps * Produce 70MHz IF with DAC
ADC to get In-Phase and «  Up convert 70MHz to 1497MHz
Quadrature (1&Q) components and send to klystron/cavity

i Thomas Jefferson National Accelerator Facilit
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Harmonic Sampling

Sample 70 MHz IF at 56 Msps Create 70 MHz from 56 Msps 1&0

56 - J— — 96
Msps Msps
70 I I
I I I DAC
; ; , Output

T

Q+ - Q- I+

S AViIVAVAVAY]

I+ Q+ I- Q- I+

Create 14MHz from 56Msps 1&Q
- I’ Q! -(|), _(Q)i |1 Q! '(I)’

« Any odd multiple yields &
Y bie Y < — Also has the effect of mixing

— 1/[(2n + 1) / (4 * 7T0OMHZ)] 14MHz with 56MHz

B 28(_)’ 93.3, 56, 40, ... MSPS * Spectrum includes translation
* Breakinto 28 Msps 1&Q chains products at 42MHz and 70MHz

= 1+, -(), 1+, -(1), - » Filter and amplify the 70 MHz
- Q+,-(Q-), Q+, -(Q-), ... component

- Thomas Jefferson National Accelerator Facilit 3
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Field Control Hardware
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Field Control Hardware
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Field Control Hardware
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Digital Signal Processing Tools

— > > >
R1 2

Co

FIR (Finite Impulse Response)

« Stable and linear phase

« Symmetric coefficients allow
for “folding”

— Addtwo delayed samples = v { v w
together then multiply by e é)@@

common coefficient
— Half as many multipliers

- Thomas Jefferson National Accelerator Facilit
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Digital Signal Processing Tools

uu +Dq z! +4E12.z"2 +..+byz

IR (Infinite Impulse Response)

« Most like analog filter but can be

unstable due to recursion

« Single pole embedded IIR

— Uses 1-2% as coefficient and 2
for bit growth scaling (bit shifts)

— Dynamically configurable k

— Cutoff goes as

Jefferon Lab

B2 ,

~ factors of 2

2k

“':I X :I—POLIT

A

FULL-SCALE
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TAELE T NORMALIZED BANDWIDTH AND
RISE TIME FOR VARIOUS VALUES OF k

k | Bandwidth (normalized to 1 Hz)

= O N = L P =

0 (none)
1
2
3
4
5
6
7
8
9

10
11

-M

0.1197
0.0466
0.0217
0.0104
0.0051
0.0026
0.0012

4.7 MHz
3.8 MHz
2.3 MHz
1.2 MHz
560 kHz
290 kHz
140 kHz
71 kHz

35 kHz

18 kHz

8.8 kHz
4.4 kHz

1

l+ayz * +azz™=+..tayz~

13
14
15
16
17
18
19
20
21
22
23

Rise time (samples)

N

Three
Eight
16
34
69
140
280

2.2 kHz
1.1 kHz
548 Hz
275 Hz
137 Hz
69 Hz
34 Hz
17 Hz
9 Hz

4 Hz
2Hz
1Hz
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CIC (Cascaded Integrated Comb)

Digital Signal Processing Tools

0

Input

Good for decimation

Sign extend for bit growth, G=(R* M) *N =
Pick a combination that gives a factor of 2 _

-20
-30
-40
-50

-70
-80

-100

- R:4 M:2 N:3 G:512 (Sh|ft 9 b|tS)/ Noormalizled OuztputS:jampleleate

— R=8, M=1, N=2, G= 64(sh|ft6b|ts)\ 10

Integrator %eutlon

Stage 1

x(n)

Comb Section 20

Stage 1~ wreeseeenens Stage N -0

-80
-90
-100
0 1 2 3 4
Normalized Output Sample Rate
Output
y(n)

Decimating cascaded integrator-comb (CIC) filter; N stages, R decimation, M delays

Jefferon Lab
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Cartesian vs. Polar Coordinates
« Hard to control SEL in 1&Q due to

spinning phase (frequency detuning)
« Magnitude & Phase preferred
— More intuitive
— Simpler equation

@espondlng Quadrature Modulation >

Type qf Mapping Functions
Modulation glm]) x(t) y(t)
AM 1 + mr) 1 4+ mlr) 0
DSB-SC m(r) mit) 0
PM P add cos{D m()) sin[D,m(t)) 53
™M r’fJ' smio)do ;:‘,s[l), I_‘ i (7)110] sml D, f m(md-:rl
SSB-AM-SC* m(r) = pmle) m(t) = finlr)

SSB-PM* PN ¥ r”’:".'”\"m[l)',,m(nl 3 ("'-"'"un[[),,ml.']i

SSB-FM* O xlm(a) 2 o &> 0" widoi cus[l), "_ 3 m{nm’u] ™A oMo G D, f . Mmoo
SSB-EV* r"“’"‘""-':’r""’” [l + mir)] cos (ﬂxll + mi2))} =[1 + m(r)] sin (fnll + m(e)]}
SSB-SQ* VDm0l T+ mie) cos{d In[1 4+ m(e))} VT + oD s_mu in[] +

QM 2 m(r) + m’:_,(;)i m(1) mz)

.{effegun Lab

S

Corresponding Ampmude and
Phase Modulation

R(t) ot) Linearity Remarks
It 4+ min)| 0, mi) > =1 L* m(t) > ~ | required for envelope
180°, mit) < —1 detection
|eng )] 0, mit)>0 L Coherent detection required.
180°, m(r) < 0'
1 D mit) NL D, is the phase deviation constant
(radian/volts)
} ’ D, is the frequency deviation constant
! Dy [ . mlo)da L. (radian/volt-sec).
Vim(n)F + [(mOF tan ™ '[ = m{t)/m(1)] L Coberent detection required
=0 Dmit) NL
m
o D' whtorde D, I ) mio)do NL
1 + m(2) * I;\[! + mi) NL mit) > — 1 is required so that the In ()
will bave a real value.
V1 + mi:) ;!:ﬁ[l + mir)] NL mlt) > =1 is required so that the In (*)
\ will have a real value.
tan ™ '[m(e)/m ()] L Used in NTSC color television; requires

Vii(e) + min)

coherent detection.

Thomas Jefferson National Accelerator Facility
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Digital Signal Processing Tools

Rotation Matrix
« Cartesian (1&Q) phase shifter

* Look-up-tables for sin(6) & cos(0)

« LUT and multipliers can be reused if
multiple clock cycles are available
(sin(B) & cos(6) are 90° apart)

by k - cos§ —sing
)= ’y—_sine cosd
X'=XC0S@+YysIing
y'=YyC0Sg—Xsing

Jefferon Lab

X > X = 4+ = ¥
X | T
sin(0) cos(0)
= LUT ™) LuT

o

X
2
y DX P - Py

Thomas Jefferson National Accelerator Facility @ @_ﬁq



Digital Signal Processing Tools

COordinate Rotation
. 45 1.0 1 45
v 4 Dlgital Computer 25 o414 05 26,57
11.25 0.199 0.25 14.04
. . 5.625 0.0985 0.125 7.125
] Ite_ratlve bln_ary search for 2.8125 0.0491 0.0625 3.576
finding magnitude and phase ;062 00245 | 003125 1700
0.703125 0.0123 0.015625 0.8952

, Divide accumulated X&Y values by 2- (right
™ shift by i) then add or subtract to/from the
Resultant lies on X axis opposing Y&X depending if the rotated vector
with residual gain of 1.6 due was positive or negative for that iteration

to approximations (Kj) _ Tcosd sing

$=>d -arctan@™) . ky=Fky | .
— q {+1, if y <0 —-sing cos@
L if 20 Xi, = K ii_yi'di°2_i_
Yia =K I'i +x-d;-2" ]

Add the positive and
negative angle rotations
to calculate the vector angle

N Thomas Jefferson National Accelerator Facilit
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Digital Signal Processing Tools

PID Controller

o(t) =koe(t) +k, je (7)
c(n)=k e[n]+—Ze[m]+

set

mes = -

Jefferon Lab

Proportional

] e Classic method

Integral

Derivative

—> Z1 = -

dr+k, —e(t) works well
at « Only P and|
(e[n]—e[n—1]) have peen L!SGd
) but D is available
! * Firmware
> X Implementation
can be more
‘i' ——] efficient

——> + > 2t 4> | > X 2+ > c[n]

)

sk

G \
/

—_—> X >
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Analog Cavity Emulator

Local Oscillator
Down and up convert to

accommodate crystal
frequency

Change LO frequency to
detune the cavity

f = arbitrary!
BW <2 kHz

1497 Mz

s —{>——R 1>

2

X T

- Thomas Jefferson National Accelerator Facili
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Analog Cavity Emulator

1 Active ChfTrace 2 Response 3 Stimulus 4 Mkrfanalysis S Inskr State
Pl 21 Log Mag 5.0000B/ Ref -15.00dE

10.00 4 Mkr/onalysis S Inskr Stake
=1 1.492699535 GHz 4.4737 dE

BW: 2.861000000 kHz =]
cent: 1.436333280 GHz Save/Recall
Tow:  1.4565996545 GHz
high: 1.496399711 GHz 3

0:  E231E0
Toss: 44757 dB

‘ Save State

BW = 2.86 kHz
Qert = 525,000

&
1 Center 1,497 GHz IFEW 70 kHz Span 20 kHz [EIEd
Meas | Stop | ExtRef | Ready | Sv

-40.00

Non-symmetric due to crystal

Return
=45 .00 1

1 Center 499 MHz IFEW 100 Hz Span 10 kHz S5 )! |
Meas | Stop | ExtRel | 5w | 2007-02-16 05:41 |

Thomas Jefferson National Accelerator Facilit T
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Digital Cavity Emulator
|

—>C|Ci—>F|R—>H—>F|R—>l: IR >
| | 1&Q
ADC = &Q | | De ><{DAC
' Mux

|
|
|
|
|
|
i
Mux : |
|
|
|
|
|
|
|
|

| |

| |

I |

- |

| |

| |

| |

| | | |
>{cci> FR = ) {FrR > | > IR > |
: |

| |

| |

| |

| |

| |

| |
| |
| |
56 Msps 28 | 7 Msps | 700 ksps 37.2 ksps
| |
| |

« CIC: N stages=2, R decimation =4, M delays=1
egend | ¢ FIR: 33 taps, ~0.05 normalized cutoff

"FZ « Sample rates are dynamically adjustable for each

Q = stage as well as IIR (k=8: 0.0007 normalized cutoff)

« Tweak the sample rate of the last section (37.2 ksps)
to give exactly a 45 Hz filter (Q,,,4eq=3-3X10")

- Thomas Jefferson National Accelerator Facilit 3
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Digital Cavity Emulator

PIEE 521 Log Mag 3.000dB/ Ref -25.00dE

Tr2 521 Phase 30.00°/ Ref 100.0°

-10.00

*1 1.4370000 GHz -12.14% dB

BW: 45.00000000 Hz
cent: 1.497000000 GHz
Tow: 1.4969399978 GHz
high: 1.4970000232 GHz
0: 33097000
Tosss: =12.14¢6 dB

BW =45 Hz
Qe = 33,097,000

-40 .00

'1 Center 1,496999999 GHz IFBW 70 kHz Span 500 Hz IS5 !

Thomas Jefferson National Accelerator Facility
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Digital SEL Algorithm Development
Analog Self Excited Loop

—————————————————————————

Cav ity €—<_ KLY <€

* Noise amplified by klystron then filtered by the cavity
« Limiter amplifies and clips the cavity tone

« Loop phase shifter provides positive feedback to
build resonance

 Digitally implement what is in the dashed box
— Limiter (AGC, Normalizer, or Phase Pass)
— Loop phase shifter (Rotation Matrix or CORDICs)

- Thomas Jefferson National Accelerator Facilit W
._Ijeffer?un Lab ! @ @JSA



Digital SEL Algorithm Development

Automatic Gain Control

i M et ii P ot i
: HI
~>{ CIC = FIR =>{ X - 3 > ™ 120
ADC H>—>f 1&Q i ' IR <+ PID = 1&Q To M&P il Rotation || | pe L3<pac
Mux | - 1] Matrix | Mux
> CIC [=>{ FIR > X i\ > >
i . | Loop |
e | Phase |
Legend « PID Control to stabilize output magnitude
e * Tuning the PID control loop was problematic
M‘;g" « Worked as a proof of concept
Phs = « Slow lock time

i Thomas Jefferson National Accelerator Facilit
Jefferdon Lab " @



Digital SEL Algorithm Development

Normalizer
| | P |
| JP -
- =~>» CIC =>» FIR : ¢ > / > X FET _— T) 120
ADC —> Mux i 1&Q To M&P | v |\/|set v ii Matrix i l\l/?uexe—) DAC
> CIC = FIR 1 T > | > X >
| . | Loop |
o phase
Legend « Divide by the magnitude to normalize to 1
0o . . . .
e Multiply 1&Q by the magnitude set point
M‘;g* * Fixed point division causes errors and noise

Phs = « Limited operating range, setup dependent

i Thomas Jefferson National Accelerator Facilit
Jefferdon Lab " @



Digital SEL Algorithm Development

4 Phase Pass &

Mset
=> CIC =>| FIR > . —
1&Q M&P 1&Q
ADC = &Q To To De —><{DAC
Mux M&P 1&Q Mux
=> CIC =>| FIR => > 4+ > —
Poff

Legend « 2" CORDIC converts Mag & Phase to 1&Q
Q= « Set Magnitude directly

| >

oy « Pass frequency info (phase) w/ loop delay

Phs = « Fast, stable, intuitive, and simple

o Thomas Jefferson National Accelerator Facilit
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Digital SEL Algorithm Development

4 Phase Pass &

M

set

t@ M&P 1&Q
ADC >—> '&Q I De ><{DAC

Rux

Hing

Legend « 2" CORDIC converts Mag & Phase to 1&Q
Q= « Set Magnitude directly

| >

oy « Pass frequency info (phase) w/ loop delay

Phs = « Fast, stable, intuitive, and simple

> CIC = FIR >

i Thomas Jefferson National Accelerator Facilit
Jefferdon Lab y @ A



Digital SEL SRF Cavity Testing

 Measured magnitude, phase, I, and Q sent to diagnostic
DACs and plotted on scope

— When SELin’, phase rolls and magnitude is constant

— | & Q are sinusoidal with a 90° phase shift
. Detuned caV|ty +/-50 kHz and tracked it with the SEL

18

Digital SEL Steady State

Jefferon Lab

Spinning vector at
fixed magnitude

Thomas Jefferson National Accelerator Facility

Speed and
direction of
spin
dependent
on detuning

Phase, I,
and Q all
flatten out If
the cavity is
tuned to
1497 MHz

Can excite
other pi
modes by
changing LO
frequency

@ &



Digital SEL SRF Cavity Testing

« CMTF Tests on Renascence 0to 21 MV/m in 7 ms!
» Turn-on of detuned cavity | |

limited by cavity fill time | |
— No excessive power S

needed . External Diode Detector
| e

N Ptrans Waveform Renascence Cavity 1 [ U

% 0.015 l R fammee

0.005 4 m____'!'/ 2 ms/div |

5 0 5 10 - elfzms) 20 25 30 35 |(— ~7 ms —)|

N Thomas Jefferson National Accelerator Facilit
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Digital SEL SRF Cavity Testing

« Map cavity
using loop
phase

o +/-45° shift
corresponds
to 3dB points

« Cavity BW
~45Hz
(Q=3.3x107)

 Easy way to
measure
cavity Q

Jefferon Lab

Relative SEL Frequency, Hz

Relative Magnitude, SEL Frequency vs Loop Phase

250 2
| |
AL °
- 28 — L5 B
: : ; 4 3
450 oo - E
- g8 = [T
o™ ©
- | an ~| B
Plot Area | O\ | 106 O_| Q
L | 2 10 2
Y | ST S
' co +. -12 @
1 waw | o
) : : -14
: | 8 d -16
-100 -50 0 50 100

Relative Loop Phase, degrees

Thomas Jefferson National Accelerator Facility

Relative SEL Frequency

—a— Relative Magnitude
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Dlgltal SEL Flrmware

b EJI{E—.;.mr— == o= =

“Tornado”

=>» FIR =—> CORDIC > 120
ADC H—>| 1&Q &Q ToM&P || pe |5 pac
Mux and Mux
! FIR > M&P To 1&Q L
* Pipeline implementation Q )
Legend to increase clock rate
I’|Q:>> * Interleave CORDICs Poﬁ
MQ - — Reuse adds and subtracts, different decisions
ag
Phs > — 56 MHz clock (1&Q to M&P on even clock

cycles and M&P to 1&Q on odd clock cycles)

i Thomas Jefferson National Accelerator Facilit
Jefferdon Lab " @



Frequency Discriminator Algorithm

arrier Weep 9910 : Z  leCroy

Probe Phase | T | Frequency is the
derivative of phase
Pmes I:err[n] = Pmes[n] - Pmes[n'l]
| Discrifrlinatoi (PZT Drive) | 100 ms/div Fer

Probe Phase " ! ‘ I|||“|IIM.rI||Le_|CIr°nY Register update rate is adjustable (dt)

Measure the phase
difference over time

)isCrimihator(PZT Drive)? | 10 mé/div « Configurable via EPICS
| | —— — +/-40Hz to +/-2.5MHz

S
TR 7\ RATRHEREIMAR PN '|"\ (i« Stepper Motor Channel
(IR ™ AR P A MH i pp
ﬂu,‘l”u”uUMUM‘ \/m,u'ﬂu'«m\m%v ‘\ H l” il _ +/-150 kHz range

' | | | — +/-1.5 kHz range
) ~ Discriminator (PZT Drive) 500 us/div

- Thomas Jefferson National Accelerator Facili
.geffgiznn Lab o e @




Microphonic Compensator

| mes A+ 2> 1, Measured Compensation
|
Pset -1 = X = X V I\ I
Y S
Pres ™\ - M X )
Result
Q
galn A
Qmes "+ ) erv I

« Based on the phase error

Legend — Rotate the vector to compensate for detune
('3 Z — Add magnitude correction
Phs —>

* Idrv - Qmes * [Pgain * (Pset — Pmes)]
erv mes * [Pgain * (Pset _ Pmes)]

i Thomas Jefferson National Accelerator Facilit
Jefferdon Lab " @



Control Algorithm Development

Microphonic Compensation & Magnitude Lock

k IVlset IVlmax Pgain
} L l
=> IR > | PID - {Clamp )| > —>
1&Q M&P Micro- 1&Q
ADC >—> 1&Q l, To To phonic De —<{ DAC
Mux M&P 1&Q Comp Mux
—> IR => —r>_ + -> —->
T A
Poff
Legend * Microphonic Compensator locks phase (~.5°)
e * PID control of Magnitude needed
M‘g\g* * Fought magnitude regulation issues (~.1%)

Phs > « Need 1&Q clamp, yields up to 22 magnitude

N Thomas Jefferson National Accelerator Facilit
.!effegun Lab ! @ @m



Control Algorithm Cavity Testing

Cavity Probe Cavity Drive Vector
G Q |
i | Microphonic
P Compensation

P.es & G,oc are flat and
drive is compensating
for microphonics

Measured Compensation

T

-

Result

. 0.49° RMS Phase Noise
J&; Gain S0dB Freq Band [99M-1.55Hz] Cr Oopt [=150kHz

| Phase Moise Start 1 Hz
Set RF ATT 0d6 Phase Moise: Meas (R [NIORR] (Sl =

- Thomas Jefferson National Accelerator Facilit 5
Jjeffergun Lab ! @ @J&\




Control Algorithm Development
Magnitude & Phase Lock

k M set M max
> IR => | PID - {Clamp) >
18&Q M&P| | 1&Q
ADC = 1&Q l, To To De —><DAC
Mux M&P 1&Q Mux
=> IR => =>» PID=> 4 M —>
I:)set I:)off

PID control of Magnitude and Phase

Legend

"FZ * Phase rollover requires PID to be centered
we | Logarithmic magnitude control needed to
Phs > decouple performance from signal strength

N Thomas Jefferson National Accelerator Facilit
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Control Algorithm Development

4 In-Phase & Quadrature Lock &

k Iset Mmax
—> |IR > PID = A Clamp) —>
18&Q M&P| | 1&Q
ADC H>—> &Q l, To To De —><DAC
Mux M&P 1&Q Mux
—> IR => PID —> = 4+ = -
$ t
Qset I:)off
Legend * PID control of In-Phase & Quadrature
e * No phase rollover or logarithmic magnitude
Q = control issues

Mag

Phs > « Stable and meets specs (0.5°, 0.04%)

Thomas Jefferson National Accelerator Facility

Jefferon Lab
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1&Q Lock Testing

% Agilent E5052A Signal Source Analyzer TRACE A: Chil PSD

-:ScalefDiv 100 din g: % Renascence ?29 MorkerChnt 30,4910 3 Hz -57.659 dEmiSH=z

FPhaze Moize 10,0048 Ref -40,00dBcHz dBn/Hz
40,00 ’ Carier 1,496999F8F (aHZ fH-lEv.UUES dBrn 6 T h A
: 12 H=z -E4.,8386 dBc/Hz —
: 17 Hz | -54.8509 dBc Mz Q —8_6X1O mjcropnonics
T 20 Hz 40,4175 dEcAH= L
@ &0 Hz ~45.5947 dBc/Hz
»5i 120 Hz | -6712003 dBc/Hz
— Nojse —
Analysis Range Xi Band Marker
Analysiz Range ¥i Band Marker
Intg Moise: -37.2308 dbc 4 29.99 kHz
RMS Modise: 19.4524 mrad
1.11454 deg
RMS Jitter: 2.06581 psec
Residual [FM: 3.15314 Hz

microphonics Unregulated

Open loop
13.6% amplitude noise

Open loop
1.10 phase nOISG dﬁa}ﬁgsﬁns:.%g.z? TS

3 Agi i TREACE RA: Ch1l PSD
i+ Agilent E5052A Signal Source Analyzer . Chi PSD I T
Scale / Div ps/=gsl

PPhase Moize 10.00dBS Ref -30.00dBc/Hz

3000 g s;:ai 1496999771 GHz _ -7.2934 dBr C | ose d I 00 p

Analysis Range X: Band Marker
Analysis Range ¥: Band Marker

Intg Moisze: -61.4663 dBc /1 MHz O = =

T e 0.0097% amplitude noise
RMS 1itter: 126,599 fzec
Residual FM: 2£.5838 Hz

—a0
dBr/Hz

Regulated

Closed loop
0.068° phase noise

dErn/Hz
5

RMS: 255.71 UM rrs

Thomas Jefferson National Accelerator Facility

.{effegun Lab



1&Q Lock Testing

RenaSCenCG TeStlnq ¥ Agilent ES0524A Signal Source Analyzer
PPhase Noise 10,00dB/ Ref -20.,00dBc/Hz
o EXpeCt 4 HZ rmS -20,00 } Suppressed _ ijE:J.IE:T;‘IB:I%I::‘::I‘It;g::'Hz -4.4729 dBm
mlcrophonlcs for . 40,00 /450 detuning 4: ;bl de-— /99,99 kHz
C100 upgrade cavity | 2 Ne ad
. " RMS Jitter: 975,09 fsec.
— Worst case Six - Residual FM: 6.81664 Hz

sigma (24 Hz rms)

corresponds to i JL

45° detuning for L | IM(JM P o,

upgrade cavity 1104 &
— Piezo induced 45°

microphonics on " ) . _
Renascence 45° rms phase noise

reduced to 0.525° rms
e System latency

measured as 1.3 us oo | ] |
— Hardware 600 ns 'IF Gain ZﬁdB Freé Band [300M-7GHz] LO Opt[c:lSOk»l-rlz]

IPhase ise Start 10 Hz Stop 100 kHz ||
— Firmware: 700 ns Set RF ATT 0dB Phase Noise: Meas [ [SRUNAN S FYT0YET:] S S

) Thomas Jefferson National Accelerator Facilit 5 N
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Other Features

Tone Mode
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 Need to add phase spin so the

output frequency can be

adjusted, 1497 MHz +/-14 MHz
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Cavity Emulator
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Turn any LLRF module into a
cavity for testing

Loopback or test another module
k=18, BW =34 Hz (Q = 4.4x107)

Need to add Lorentz Force
detuning effects
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Field Control Architecture
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— More...
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Dlgltal SEL to I&Q Lock Transmon

‘ Grnes SEL Mode | " I&Q Lock Mode
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« Spinning phase (smusmdal 1&Q) while in SEL mode

« Forward power spikes and G, droops as 1&Q lock
pulls the arbitrary | .. & Q.. 0 the set points

« Firmware SELs until the spinning phase aligns with
desired |&Q set points then switches to 1&Q lock

« Eliminates forward power spike and G, droop
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Field Control Firmware
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Any Questions?
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