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Oscillator Basics

FDN w/ 180-degree phase shift
Gain > 1 at desired frequency

Amplitude stabilization...non-linear element
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Digital SEL Implementation

70 MHz IF

———O

|+ Q+ I- - |+
I l
70/56 I I 70 MHz
- 5/4 . : | Sideband
1 1 1 1
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First SEL Block Diagram

AGC SEL

Legend

[, Q —>
| —
Q =

(Output) Automatic Gain Control” MO is implicit...56MHz ADC/DAC clock

Magnitude
Set Point | & Q must be allowed to tumble (AC)
| > IR Pole was necessary.....too slow
AGC was implemented in both directions:
B
Output regulation
“*Resonance-independent” Input regulation
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Polar Conversion Form

Setpoint

ADC R-P “f N P-R ' DAC
T =y ! hlag @
dormod) ﬁ?‘ NP O ﬁ?‘ S
o | &Y STy | Pl Wi Q FQ
_ ) - T
56 MSPS -i @ i 56 MSPS
1 i !
EEEe
SBAT Fl:eqqeqcy Microphonic
Discriminator Compensator
Downconverter 5 kW Kilystron Upconverter
Pl nty i MRV VA
g T T 4
1427 MHz LO 1427 MHz LO
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Present SEL Block Diagram... Detall

Magnitude
Set Point

Legend
Phase Phase ,Q —

Set Point Offset ’ | —
* 14-bit ADC: 56 MHz ADC and system clock Q —
 [& Q DE-MUX: Break into I and Q, data rate is now 28 MHz l\PAr?g ::
« FIR: Filter I and Q (13-tap Kaiser, M=7 =» 4 MSPS) >
« CORDIC: Cartesian to Polar coordinate transformation, 16-bit

. FPGA Resources:

* PID: Phase and magnitude control 11.9k LE
« Adder: Static phase shift 18 9-bit DSP Blocks

 CORDIC: Polar to Cartesian coordinate transformation
*  Microphonics Compensation: I’ =1+ (Q * Phserr), Q’ = Q - (I * Phserr)
I & Q MUX: Combine I and Q to reconstruct signal at 56 MHz
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CORDIC Digression.....

* Exploits the similarity Angle [ Tan() | Nearest | Atan ()
2N
between 45°, 22.5°,
11.1250, etc. and 45 1.0 1 45
Arctan of 0.5, 0.25, 25  |oM4 |05 |26
11.25 0.199 0.25 14.04
0'125’ ete. 5.625 0.095 0.125 7.13
. Multiplies are reduced 28125 | 0.049 0.0625 | 3.58
to shift-and-add 1406125 | 00246 | 0.03125 | 1.79
opera tions 0703125 | 00123 | 0.01563 |0.90
[Xv y']:[x Y]' cost)  sind ::> X =K KX Y 'di '2_|.
9 9 o [~ L
_—31116’ COSH_ Vi =K Yi T X 'di 12 I_
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Functionally.....

+1, 1fy <0
Binary search, linked to sgn(Y) d; = 1, ify >0

Successively add angles to produce
unique angle vector

¢ = Z d. -arctan(2™)

Z.., =2 —d -arctan(2™)

X

. Resultant lies on X (real) axis
' with a residual gain of 1.6
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SEL Firmware Optimization

Magnitude

e Reduce to one interleaved Set Point

FIR filter

 Interleave CORDIC
coordinate transformations

* Run all logic at 56 MHz  Phase
Offset ,Q —>
» Uses almost half as many | —
FPGA Logic Elements Man -
¢ Streamlined compared to Sl;h Sf)(ient FPGA Resources: Phs —
past architectures 6.8k LE

18 9-bit DSP Blocks
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“Tornado”

¢ Plpehned L e e EEEEE S EtEEEEEEEIEEEEEEIEEEFFE LISt EEEIEEEIEEEEEE

— Full data rate TS FFATEEYES 10815 TN o LSS FELE HELSE LS Y
— 28 MHz 1&Q and/or |||
Mag&Phs pairs

et MP_k_out

N I — 0 _keq R B

B ISP e g ol

A_W[i5.9 : Sl

clock p_ont[is.q

— 56 MHz clock ] Eewerram [T

— 150 o_onfis.g

....... C_h[I5.q A_ois.q

[ J Latency . 6.&._n[l5.ﬂ!

— One-way 16 clocks at
56 MHz =285 nsec

— Both ways 570 nsec

___________ ...a e e
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Cavity Emulator

Local Oscillator

f = arbitrary!
1497 MHz BW <2 kHz

h—tae—{>—@® 1>

Linear — in — dB Amplifier
Vin
2 VL Do
X < A%
L
+5V
1_ @ om Vout
(5 . 5 _E
f Gradient (eff.) L
/ — 10 Approx.
Vout vs Vin
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Cavity Emulator (cont.)

1 Active ChfTrace 2 Response 3 Stimulus 4 Merfdnalvsis S Instr State

FIEA 521 Log Mag S.000dES Ref -15.00d4E
10.00

4.4737 dB

C.o00 |eent: 43 z |
Tows L.ad *S aHz ’ ) [ Prink
high: 43 GHz

@bart Prinking

-5 .000
Printer Setup...

-10.00 Invert Image

ik

Durnp

Screen Image. ..

Multiport Test Set
Setup

Misc Setup

Backlight
oM

—————————————————————— |

Firmware
| Revision
-40.00 T
Center 1,497 GHz IFEM 70 kHz I
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CMTF Results...21 MV/m!

| o TN
VAR RN AVANIE VA=~ \
Y | Y N\
[ | Gme \ T )
o Lot A j , ] - 4
L ! J t
© / \ | \ __ i
= { f \ J
0p] \ / \ f “\“ ‘:"
21T A T AT A
CU e \. l \ I} “':.‘_____‘- r prg
(b - =
H f
n L
/
JI

21 MV/m
Turn-on

B4 &f"' ﬁF‘ i [
= i
Measure P1:freg(C1) P2 - - P3:freq(Z1) P4 - - PS5 - - PB:- - -
value y 1567 MHz

= y “re
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Fill Time, Renascence Cavity 1

0.025

0.020

0.015

0.010

Power (W)

0.005

0.000

Ptrans Waveform Renascence Cavity 1

JLAB SRF Institute

CMTF Test Data

0 5 10 15 20 25 30 35

time (ms
( ) RF reference

probe ". ¥ Stepper motor
» uner drive

Data courtesy of M. Drury, JLAB SRF Institute

Jefferdon Lab

HOM coupler (4)

Titanium
helium vessel

Warm ceramic F.
RF window t
i
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Compensation vs. Regulation
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A METHOD OF REDUCING DISTURBANCES IN
RADIO SIGNALING BY A SYSTEM OF
FREQUENCY MODULATION*

By
EpwiN H. ARMSTRONG

(Department of Electrical Engineering. Columbia University, New York City)

foguiahng Voltage (£ 1 F.appiied to Moawialor Grads) '-_____-"'_____"'-_____-"_____
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Microphonic Compensation
- Add just enough quadrature

component to restore amplitude
Lost from cavity envelope.....

Gain
|
’ Bk |
o =00
| l >
Phase _ L
Set Point Requlres d ncar-resonance COIldlthIlI

1Q-QI discriminator, Stepper + Piezo tuners

Restoring force results in frequency-lock




Cavity Magnitude vs. SEL Phase (FEL)

Relative Magnitude, SEL Frequency vs Loop Phase
250 : g 2
T | T L ° m
i L s Talal !
a-., L — o .; L _2 -E'
o : ;. L4 B
= : 150 ? £
o : . -6 £
i g =2 5
1 o 0 -8 =
w  Flat .ﬁ..rea | =] 100 T @
v, < < --10 2
= : L]
= ! . --12 @
T (14
1 2 . . - -14
— a : -16
-100 -50 0 50 100
Relative Loop Phase, degrees
Relative SEL Frequency
—m— Relative Magnitude
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Compensation

_Cavity Probe Signal  Cavity Drive Signal

| Measure P1:fregic1) P2 - - P3:freq(Z1) P4i- - - PSi- - - PE.- - -
: value 136671 kHz 5.5568 kHz
A
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i Agilent E5052A Signal Source Analyzer
FPhase Moise 10.004BS Ref 0,000dBc/Hz
0.000

Camier 1496992246 GHz  -14.4266 dBm Syskem

= Noize| =

Pralwsis Range #: Band Marker

Pralyziz Range ¥ : EBand Marker

Intg Moize: | -42.8625 dBc & 1 MHz

RMZ Mojze: 10,1716 mrad ‘

Primk

_ E52.792 mdag
FMZ | I1tter: 1.05141 psec
Fesidual FM: 20%.621 Hz

fbort Prinking

Printer Setup ...

Invert Image

Durup

een Image ...

‘ Misc Sefup

Backlight
iy

Service Menu

Cavity Probe, Compensation ON Product

Infarmation

‘ Instrument Setup

I‘ Return
IF Sain S0dB Freq Band [99M-1.5GHz] L Opt [=150kHz] F7Cpts
Phase Moise Start 1 Hz Stop 1 MHz

Phase Moise: Meas
) Thomas Jefferson National Accelerator Facilit
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SEL Output Stabilization / Compensation

SEL Generator Mode Magnitude
Set Point

(Constant Magnitude)

Phase
Offset

SEL Gen w/uPhonics Mode Magnitude
(Const Mag, uPhonics Compensation) Set Point

Phase
Offset

= Thomas Jefferson National Accelerator Facili
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Legend

[, Q —>
| —
Q =

Mag —>

Phs =—>
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Phase 2: PID SEL Input Regulation

SEL Mode Magnitude
Set Point

(Magnitude Control)

Legend

Phase
Offset

[, Q =—>
| =—

LLocked Mode Magnitude Q —

(Magnitude & Phase Control) Set Point Mag —>
Phs =—>

Phase Phase
Set Point Offset
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PID Controller... WIP

PID Controller

FPhas=
Bet Point

Kd-(de(t))

ult)=Kp-e(t)+Ki-[ e(T)dT+
dt

ulk)=ulk—=1)+Kl-e(k)+K2-e(k—1)+K3-e(k-

Linear path + non-linear path e

Kl=Kp+—~t—or-
2t T

E2=—Kp —ﬁ-l- E
T 2
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Summary

Successful all-digital SEL implementation for 21MV/m cavity system!

Demonstration of amplitude compensation, for near-resonance

Hardware not linked to application....truly SDR architecture

MATLAB modeling = AHDL Modeling, bit-for-bit

MATLAB dynamic cavity model in incubator
Cavity emulator useful for bench testing

SEL Self-starts easily
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