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Common Control Room Measurements

Particle Currents

o Total
e Current distribution ( bunch by bunch currents)

Orbits

Tunes

e Betatron

e Synchrotron
Bunch Profile

e Transverse

¢ Longitudinal

Bunch Motion, Signatures of Instabilities
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Fourler Transforms
Time and Frequency Domains

Fourier transforms
A function f(x) may be Fourier transformed into a function F(s),

F(s) = / F(x) e 2™l (™)
and likewise a function F(s) can be transformed into a function f(x)
f(x) = / F(s)e?™Sds (2)

The Laplace transform is related to the Fourier Transform but involves
an integral from 0 to infinity
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Signals in the Time and Frequency domains Fourier Transforms

Time and Frequency Domains

Discrete Fourier Transform

For systems involving discrete samples of data, such as from sampling
circuits or from samples taken from circulating bunches, the
discrete-time Fourier transform is similar

N-1

1 —i2m(v/N)T
Fiv) = Z; f(r)e2rt/N) (3)
N—1 '
f(T) — Z F(V)eIZW(V/N)T (4)
v=0

There is a related transform, the Z transform, which is the discrete-time
equivalent of the Laplace transform 1AL
d b M\
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Fourler Transforms
Time and Frequency Domains

Convolution of two functions
The convolution of two functions f(x) and g(x) is defined as f(x) x g(x)

00+ 90) = | w)g(x— u)du (5)

—0o0

In pictorial form

R
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[ iE
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Signals in the Time and Frequency domains Fourier Transforms

Common Transform Pairs ( from Bracewell)
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Linear Time Invariant Systems

If a system converts an input u(t) into an output y(t)

y(t) = Lu(t)] (6)
the system is linear if for two constants a1 and a2
Llaiur + aptp] = arL[ur (1)) + aolL [ua(1)] - (7)

The response of two inputs is the superposition of the individual
outputs. If an input is only a single frequency w, the output can only
contain that single frequency w.
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Linear Time Invariant Systems

A system is time invariant if for a time delay ¢ the output has shift
invariance, or that

Llu(t)] = y(t) (8)
Llu(t—d)] = y(t —9) (9)
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Impulse Response, Convolution
Impulse response of LTI system

The impulse response [(t) of a system is found by exciting the system
with a §-function in the time domain.

a(t)

T — LTI —»x/\/\/\'

5-2000
8545A1

for a general input u(t) the output is a convolution

y(t) = u(t) = I(t) (10)
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Impulse Response, Convolution
Frequency Response of LTI system
Frequency response H(s) is the transfer function in the frequency

domain. Measured by network analyzer via magnitude and phase vs.
frequency.

A(s) H(s)
W W
W\ —— LTI — W
W .

5-2000
8545A2

For a general input in the frequency domain /(s) the output O(s) is the
product
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Impulse Response, Convolution
Frequency Response and Time Response relationship

The time response is also the inverse transform of the product of the
Fourier transform of the input u(t) and the frequency response H(s)

y(t) = u(t)  I(t) (12)

y(t) = IFT[FT(u(t))H(s)] (13)

For an LTI system, we can measure in either domain, and compute the
response via appropriate convolutions, transforms or inverse
transforms
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Linear Time Invariant Systems Impulse Response, Convolution

The sampling function 111

| m(s)

EEEREEN

)
Fig. 5.4 The shak symbol III(z).

n=oo

m(x)= > d(x—n)

nN=—oo

The I1I is its own Fourier Transform

I1(S) = n_f 5(S - n)

n=—oo

For a sampling rate

m(S)=1/r S 6(S-n/r)

n=—0o0
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Impulse Response, Convolution
The sampling function III multiplied by a waveform

111(x)

IEEEEEEE

1
Pig. 5.4 The shah symbol 1M (x).

n=oo
M(x)= > d(x—n)
n=-—oo
f(=z) I(x)f(x)
: ' T OSLAE

Fig. 6.6 The sampling property of 11I(z).
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Impulse Response, Convolution
The sampling function III convolved with a spectrum (
replicating property)

I 11K(x)

EEREEEEE]

Pig. 5.4 The shah symbol 1II(z).

(=) 10I(z) & f(z)

x =
Fig. 5.6 The replicating property of IIl(z).
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A Quiz on LTI Systems

Consider this simple circuit - a voltage divider

W
O Wy O
2

in

out

5-2000
8545A16

Is this an LTI system? Is it ALWAYS an LTI system?
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A Quiz on LTI Systems

Consider this simple circuit - a high-pass filter

Vout

5-2000
8545A17

Here the output is frequency dependent. Is this an LTI system?
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A Quiz on LTI Systems

Consider this simple circuit - a diode clipper ( a limiter)

O AVAVAV O

in Vout
Is this an LTI system? When? What output frequencies are present for

an input at w?. Two signals wy and wo? Does it have an Impulse
Response I(t) ?
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Signals from Bunched Beams

Signals from Beams

Charged particles in a conducting vacuum chamber -
contracted longitudinal E-field

Lorentz

VAN ']
TN AN R

5-2000
8545A11
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Signals from a single bunch

e pick-up signal, time domain a series of impulses
¢ shape related to the bunch structure and the pick-up response.

f(t) = i 5(t — kTo), (14)

k=—o00
To is the revolution period of the ring.
e frequency domain -line spectrum, with spacing Awg = 1/27 Ty

F(w) = /OO f(t) exp(—iwt)dt (15)
F(w) = wo i d(w — Muwy) e|(1§)f~
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Signals from a single bunch - Frequency Domain

¢ Envelope related to F.T. of bunch distribution (and the pick-up

response).
e typical electron storage ring, the spectrum extends to 20 GHz and
beyond Alw)

ol AL

Aw,

8545A3
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Signals from Bunched Beams

Bunch Length Measurement

® Measure the spectrum of the bunch signal at two harmonics
® Requires bandwidth consistent with harmonics

Main Ring Bunch Length Monitor
K. Meisner and G. Jackson
Fermi National Accelerator Laboratoryl, Box 500, Batavia, IL 60510

1st harmonic heterodyne receiver channel

oo 53Mhz It Mixer 2nd Mixer 455Khz | M:BLMS3
BPF 10.7MHz IF 455Khz IF Detector [
RF Mixer Vi
42.3MHz Amp. l
10.7 MHz 10.245 MHz M:BLMON
Oscillator Oscillator K [Log(vl )
V3 Bunch
Length
RF Mixer T Out
148.3MHz Amp. )
V3
M:BUNAEnn
M:BLMI159
Tt Mixer 2nd Mixer 455Khz
455Khm i

10.7MHz IF

3rd harmonic heterodyne receiver channel

Figure 1: Bunch Length Monitor Block Diagram
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Bunch Length Measurement via spectrum of
superposition of two short pulses

® delay beam optical signal by = combine with itself
® Combined spectral envelope shows bunch length (function of )

A NEW FREQUENCY- DOMAIN METHOD FOR BUNCH LENGTH
EASUREMENT

M. Ferianis, M. Pros, Sincrotrone Trieste, Italy and A. Boscolo, Universita di Trieste-DEEI, Italy

FFT of the beam model and teorical curve (envelope) incident radiation
! N second mirror
08
8
Z 06 1 1 4
=
£
: ( I
Z 02 — ‘II “[
L O T,
0 3 10 15 2 23 3
Frequency (GHz) i .
Figure : 2 Comparison between theoretical pulse and MB irst mirror
eriodic structure pulses spectra. ﬁ
p p P separated rays b:_ A
Figure : 3 Schematic of the double mirrors assem by o - - mmm
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Signals from a multiple bunches - Uneven fills

Identical, uniformly spaced bunches - ring looks as if it is 1/M smaller.
Non-uniform spacing, or current variations, the time domain signal is
multiplied by a modulating function g(t)

oo M-1

f(ty = g(t) Y Y 6(t—kTg—nTo/M) (17)
k=—00 n=0

Hw) = G(w)x F(w) (18)

rectangular gap ( or current variation) is multiplication with a

modulating function, transform of the rectangular modulating function
will be of sin(x)/x form. A sin(x)/x envelope will be convolved with the
uniform line spectra, replicates information across many revolution
harmonics o1 AL
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Signatures of Betatron Motion
Signals from an Oscillating bunch - betatron motion

e Betatron Motion - amplitude modulation
o Position sensitive pickup

f(t) = Agcos(wgt) i d(t — kTp), (19)

k=—o0

frequency domain - a convolution of the cosine modulating function
with bunch spectrum

A o0
f(w) = ff2°”° S (0w — muwo + wg) + 8(w — Muwows)). (20)
m=—o0
e An
b M\
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Signatures of Betatron Motion
Signals from an Oscillating bunch - Betatron motion

Aw:mﬁ

<

T

[
J(rJn-1)u)o mw, (M+1)w, J

5-2000
8545A4

Every revolution harmonic has betatron sidebands at Awg away from
the revolution harmonics SLAL
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Signals from Bunched Beams Signatures of Synchrotron Motion

Signals from an Oscillating bunch - Synchrotron
motion

e Bunch oscillates about synchronous phase

" (1 4+ rsin(wst + 6)  KTo) (21)

k=—0o0

phase modulation of magnitude 7 at the synchrotron frequency ws.

) = wo Z e’ Jy(w,) Z §(w — lws — Muwg) (22)

|=—0c0 m=—o00

For small oscillation amplitudes we can just consider the lowest order
terms of the Bessel functions (the 1=-1,0,1 terms) SLAS
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Signatures of Synchrotron Motion
Signals from an Oscillating bunch - Synchrotron
motion

IR ‘H‘ 4
| I 1 1 |
([ [ [ 1 ff_>

(MmN, mao, (M+1)o,

5-2000
8545A5

Single bunch synchrotron motion is revealed in synchrotron sidebands,
each spaced /Awg away from the revolution harmonics. [ = —1,0, 1
sidebands shown, for small amplitudes the higher terms fall off in
amplitude. Amplitudes of I=0 and I=+1/-1 sidebands show the e1 Az
magnitude of the phase oscillation.
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Signatures of Synchrotron Motion
Signals from a multiple bunches- signatures of motion

Consider M coupled oscillators ( bunches coupled via impedances)
e M Oscillators - M normal modes

: ¢i+2

5-2000
8545A14

The phase between bunches is specified for each eigenmode m as

im
where the indexiruns i=0,1..M — 1 o AL
f b I\
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Signals from multiple bunches
Signals from a multiple bunches- signatures of motion

The lowest and highest frequency modes are 0, © between oscillators

¢! Yo Neo N o
h 0 Mode
N o I -0 N oo =0
1 1 1 1
7t Mode
5-2000
8545A15
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Signals from multiple bunches
Multiple bunch Betatron Motion Signature

Multi-bunch betatron motion, uniform fill M identical bunches, betatron
amplitude modulation

oo M-1
f(ty= >_ > cos(wst+ ¢n)d(t— (kTo + nTo/M)) (24)

k=—o0 n=0

Frequency domain sideband information for each mode exist as an
upper sideband, and a lower sideband. Across M revolution harmonics
are found the spectral information for the M normal modes. The
spectrum repeats this information every M revolution harmonics.
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Signals from multiple bunches
Multiple bunch Betatron Motion Signature

Multi-bunch betatron motion, uniform fill M identical bunches, betatron
amplitude modulation

_“‘4012340 Jff_o:

M x F 5-2000
rev 8545A6

Multi-bunch betatron spectrum, for the M=5 case. Motion of mode 2 is
seen as a lower sideband around the second revolution harmoni§ a8

an upper sideband of the M-2 revolution harmonic. -~ - - = ~o°
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Signals from multiple bunches
Multiple Bunch Synchrotron Motion Signature

Multi-bunch Synchrotron motion, uniform fill M identical bunches,
phase modulation

Awg | Awg Awg

0 1 2 3 4 0

M X Frey 5-2000
8545A8
Simplified spectrum for multi-bunch synchrotron motion, showing only
the first-order lines. The case M=5 is shown, with motion at mod&§p A%

NNNNNNNNNNNN L
and mode 1
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Signals From Beams - Gap Monitor

The most direct sensor for beam image charge

e measures charge in beam, longitudinal structure
¢ insensitive to position

e RC sets time constant, bandwidths of 5 GHz achievable

D4 Y

L J L
: |
i i
(.
1|

éx

H

!

|
S
)

1 A/
Physical implementation - spread lots of R’s around circumference
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Signals From Beams - Ring Electrode

Another sensor for beam image charge
e High-pass filter response
e measures charge in beam, longitudinal structure
¢ insensitive to position
¢ RC sets time constant, bandwidths of GHz achievable
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Signals From Beams - Position Monitors

Sensors for position in duct - capacitive coupling
e High-pass filter response
e RC sets time constant, bandwidths of GHz achievable
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Common Pickups and Beam Transducers

Signals From Beams - Position Monitors

Sensors for position encoded in relative amplitudes of electrode
signals

¢ Fields found via conformal mapping

Field Lines and Equipotentials

2
€0
o
>
-2
-4 -2 0 2 4
x (cm)
5-2000
8545A12
o1 A
f b I\
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Signals From Beams - Position Monitors

Computing position - normalizing for charge
e can be processed via Delta-Sigma circuits
e Sum signal encodes current
e can use independent channels, calculate difference/sum

numerically
A B
D (e}
A AGso) D (ay}CA AGso) D (aylAFD=B-C  AX
c & @) cofAte & @) | PtC-A-B  Av
B agse) o) 2=E A(80) D (a) M
D B+ D A > ~
Dl coEt B (0% copAtB+C+D F [ad] A_.
f b I\
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Signals From Beams - Stripline Monitors

Similar to a directional coupler

e Can be terminated, open or short circuited strips

e Signals taken on upstream port
Signal is two impulses separated by 2L/c
Frequency domain - response maxima at / = (2n + 1)%
Frequency domain - response minima at n\/2
Can be used as a kicker to drive the beam - feed power
downstream

=

— AANA—

Beam [ ad | A_q
5 = O
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Common Control Room Instrumentation

Most control rooms contain a mix of commercial, general purpose
instruments and lab-designed, specialized instruments

¢ Real-Time Oscilloscopes
 Digital or analog
e Data taken in single continuous triggered sweep
e Bandwidth to 2 - 8 GHz Common (gets expensive)
e Resolution ( dynamic range) 40 - 50 DB

Waveform Constructed
with Sample Points
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Common Control Room Instrumentation

Higher bandwidths can be achieved by taking several passes through
the data

e Equivalent-Time ( sampling) Oscilloscopes

¢ Digital or analog
Data taken over multiple triggered sweeps
Bandwidth to 50 + GHz Common (gets expensive)
Requires repetitive waveform
STABLE trigger ( what is risetime on logic signal?)
Resolution of sampler, averaging improves SNR
Related to boxcar integrator

Waveform Constructed
with Sample Points

2nd Acquisition Cyole H H -
3nd Acquisition Oycle H H FL ol A
nth Acquisition Gycle H H LR
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Common Control Room Instrumentation

Spectrum Analyzer and Frequency domain

e Tuned radio Receiver

analog heterodyned receiver with multiple IF stages

Dynamic Range up to 120dB or more

Bandwidth to 50 + GHz Common (gets expensive)

Requires periodic waveform

Can be set zero span, triggered sweep

Intrinsic relationship between resolution bandwidth, sweep time

Res. BW

Input Mixer Filter Detector

Filter

Video
Filter

Attenuator

p
Generator T

: 3
it 18

. -

Display
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Common Control Room Instrumentation

Spectrum Analyzer and Frequency domain

e FFT ( Fast Fourier Transform) spectrum analyzers

Time domain sampling data acquisition

Bandwidth to 10’s MHz Common (gets expensive)

FFT Band can be heterodyned from higher band

Numeric computation of DFT

Intrinsic relationship between resolution, sampling rate, length of
sequence bandwidth

o Make pretty waterfall displays
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Common Control Room Instrumentation

Network Analyzer - tool of frequency domain measurement
e Swept excitation, swept complex receiver

e Measures ratio of incident and reflected, incident and transmitted
e S parameter ( Scattering Matrix) representation

Incident Transmitted
@—? o [T Pa— Y
Reflected
SOURCE ‘
XX SIGNAL »
= SEPARATION %-
REHECTED TRANSMITIED
WCIDENT [R) L] L
— 1 |
| RECEIVER | DETECTOR |
| PROCESSOR | DISPLAY | =1 AR
wd e A\
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Signals From Beams - Tune measurement

Tunes can be seen in position monitor signals
« self-excited (often in colliders)
e excited by kicker
e measure BPM response, look at betatron sideband

AVERAGE IN PROGRESS
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Signals from Beams

Signals From Beams - Excited Tune measurement

Shaker Pickup

X 1700393 -008
Difference
Amplifier

«<_<—6?)m

Tracking
Oscillator
Shaker
Spectrum Driver Magnet éeum
Amplifier
|
Analyzer L | ¢ D "

vco LPF
12-82 “ '3’%\-3

the PLL technique is useful in a tune feedback system
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Signals From Beams - the DC current transformer

Resistor
Oscillator

The DCCT is a feedback technique that drives a reference current to
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A little knowledge is a dangerous t

choosing a medium power RF amplifier

Amplifiers - are they LTI systems?

FEd A

ZFL-1000HX(+) ZFL-1000H(+)

ZFL-1000H+
GAIN (dB)
325
32.0 145 =
Fa1s
z
=
gs10
205 | v —w oy
30.0 ‘
0 200 400 600 800 1000
FREQUENCY (MHz)

Can you determine the
time domain behavior
from network analyzer
data?

n D. Fox (SLAC)

Electrical

RE Model Shown

Parameter

@25°C

Frequency Range
Saturated Output Power
Power Output @ 1dB Comp.
Small Signal Gain
Small Signal Gain Flatness
1Ps
Input VSWR
Harmonics
Spurious Signals
Input/Output Impedance
AC Input Power
AC Input
RF Input
RF Input Signal Format
Class of Operation

IBIC 2012 - Learning From Beams

20 - 1000 MHz
120 Watts rated
70 Watts min
+52 dB min
+2.0 dB max
+55 dBm typical
2:1 max
-20 dBc typical @ 70 Watts
<-60 dBc typical @ 70 Watts
50 Ohms nominal
1500 Watts max
100 — 240 VAC, single phase

odBmmax
cwawFwPmPuse EXIL - A £o¥
AB o [ N\
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choosing a medium power RF amplifier
Impedance-Controlled LLRF architecture ( LHC
Example)

FFT Klystron output (LR42 Ibeam=1900mA)

Klystror
Klystron D

Polar Loop

- Digital RF o
h Feedback |+ |
80
Analog RF + . )

Feedback <—®<— Setpoint

* —100
1-Turn(comb) Beam

Feedback |+ o

-1000 -500 0 500 1000
freq (kHz)

A feedback technique where the beam-induced signals are cancelled
through the direct and comb loops, so that the effective impedance

seen by the beam in reduced. Dynamic range of signals within the loop
is 90 dB or more. o1 AL
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choosing a medium power RF amplifier
What does Linearity have to do with this?

Output

Power
(dB)

Output 1dB

Compression—
Point

1B ¥~

v

[ First-order ?
Output
N ‘S\Third-orrder M term
1. | » Input

‘Third-Order Intercept

I " Power
1d8 IIP3 (dB)

Klystror
Klystron :
Polar Loop D .

Digital RF

Feedback |~ |
Analog RF + . )
Feedback <—<i>+<— Setpoint
1-Turn(comb) Beaml
Feedback |+

The third-order intercept ( IP3) is a common amplifier specification for
communications purposes. Two equal amplitude signals at frequencies
wy and wy are applied, the nonlinear product terms 2w + w»> and

wq + 2w, are measured vs input power. Data is available - is this a
useful test for a LLRF amp in the block diagram?

What is the IP3 for an LTI amplifier?

John D. Fox (SLAC)

IBIC 2012 - Learning From Beams
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choosing a medium power RF amplifier
A little knowledge is a dangerous thing

HP4195A

Network Analyzer Mode
Set to Sweep from 47\ to 481 MHz
Pout at

C ST v?w §2$2%2

itter

»
B

ouT2
&
ouT1

Output Power set to achive
Approximately 20 W af oufpul of DUT

ooo O

ooo RF OUT
476 MH,
‘ ? Uz | 30dB

6 dB
HP Signal Generator | [—1] g -
— | LFTU{AEF i 500W Load
50
Var_atten L

RF COUPLER

Measuring small-signal transfer function in the presence of a
large-signal carrier o1 AL

John D. Fox (SLAC) IBIC 2012 - Learning From Beams October 2012 51/61



A little knowledge is a dangerous thing choosing a medium power RF amplifier

Does the carrier impact the small-signal frequency
response? Test a 50W amplifier

Amplitude Response

20W Carrier
14 No Carrier |+
@
8
S
3
%
8
g
g
g
+
©
=
3
°
g
S8
=
3
S 7
6
I 472 473 474 475 476 477 478 479 480 481

frequency (MHz)

Is this a useful amplifier for a
LLRF amp within the feedback
loop? What impact does this
behavior have?

Ver_aten

FFT Klystron output (LR42 Ibeam=1900mA)

1000 500 500 1000

[
freq (kHz)
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

A little knowledge is a dangerous thing

HP4195A
Network Analyzer Mode
SUL'Q%'S&%E fjé)én 471 to 481 MHz
L 7o EEd
ESA4408
Splitter
HP Signal Generator
oog O
ooo RF OUT
e MHZ? 6 dB1 u4 30dB1
l g ‘ DUT1 ’7
MBS0 5 S ot our e S T 2 0w Lo
Var_atten =
Measuring image responses from a two tone test ( large signal carrier,
swept small signal) en

A 7>
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

Does the carrier impact the image frequencies? Test a
S50W amplifier

AmpC (220V AC power) and AmpB

AmpC 20W Carrier]
———AmpC 60W Carrier]
———AmpB 10W Carrier| |
———AmpB 30W Carrier

Output Power (dBm)

\ ] Is this a useful amplifier for a

T s e s e anows w0 wo e LLRF amp within the feedback

loop? What impact does this
behavior have?
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choosing a medium power RF amplifier
LTl ideas, time and frequency domains

Amplifier input
Tek Run | —_—f Trig'd ot
T 0.05
% 0
Ch2 RMS >
463mv -0.05
-0.1
-50 o 50 100 150 200
Amplifier ca:;'\‘:\smo?\pu( (~50 dB)
0.1
0.05
% o
-0.05
24
70'—‘50 0 50 100 150 200
time (ns)
100mvQ Ch2° 1.00V <M 100ns ‘A Chd £ 1.84V 01 Amp G Input
‘07198.‘80!“15 0.05
. -0.05
Does the small-signal
-50 0 50 100 150 200
time (ns)
frequency response tell you o np O (1)
the large-signal pulse Lo
. A
response? Is this an LTI
Syste m ? Ok 0 50 100 150 200
time (ns)
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Summary

e Time and frequency domains, transforms

LTI formalism - but are accelerator systems LTI?
Oscilloscopes, Spectrum analyzers ( Network Analyzers, too)
Signals from Bunched Beams

Ideas on pickups and kickers

Common Control Room needs - tune measurements

Current Measurement - the DDCT

To learn more, look at the various courses of the USPAS ( US Particle
Accelerator School) , the CERN Accelerator School, the course
proceedings from the US-Japan-Russia-CERN accelerator schools,

also in the Beam Instrumentation Workshop ( BIW) and DIPAC
proceedings. The JACOW website has all sorts of reference material
from PAC, EPAC, APAC and IPAC meetings, as well topical meetgg_s’%‘_s
on Accelerator Science and Technology . = moemee
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Signals From Beams - Frequncy Domain BPM
processing

1-dB adi.

Attenuators " ug-in Phase Detector Phase Detector

Sample/ Hold

A
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5 ¢ ‘g
5 Y 21.4 MHZ r
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SH

- . . Reset—=
Ext. Clock . Automatic Gain AGC Peak/ Hold
i | |

Button Address Test Gate Control

A multiplexed system, uses single receiver to measure sequentially 4
signals. Can Measure at high harmonic of RF for pickup sensitivity.

Requires multiple turns, measures average orbit ( Bergoz)
[ ad |
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Signals From Beams - Time Domain BPM processing

HYBRID
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A self-timed system, uses pulse stretching gaussian filters to repllcateh
amplitudes, sample/hold . Applicable to single pulses ( Pellegp'rg.ﬁx'.
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Summary

Signals From Beams - AM/PM BPM processing

Splitters Combiners Limiters Phase
4 ¥ Detector
Bandpass| | 0° 0° 0 s Output
Filter Delay 0° 0° utpu
Low
BPM Gain Pass >
Filter
Bandpass 90° 0 0 A
Filter Delay 0° 180°

A frequency domain system, rings filter to make long quasi-cw pulse.
Measures relative amplitudes in AM-PM conversion, phase detector.
can be applied to single pulses ( Tobiyama)
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Signals From Beams - Log ratio BPM processing

Bandpass
Filter

BPM

Bandpass

Log Ito E
Amplifier  Converter

Timing

Detector

Filter

o

Differential
Amplifier

Output

Processing uses log technique, difference amp to compute ratio of
amplitudes. Frequency domain system, can be applied to single pulses

(Shafer)
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