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Abstract. The ContinuouslectronBeam AcceleratoFacility (CEBAF) is a high-intensity
continuouswave electroracceleratofor nuclearphysicslocated atThomasJefferson National
AcceleratorFacility. A beam energy of 4 GeV iachieved byrecirculating theelectronbeam

five times through twanti-parallel 400 MeV linacs. In the linacshere there igecirculated

beam, the BPM specifications must be met for beam intensities betvaelQ00 pA. In the

transport lines the BPM specifications must be foetbeam intensitiebetween100 nA and

200 pA. To avoid acompleteredesign ofthe existing electronics, wiavestigated ways to
improve the noise figure of the linac BPBvitched-electrodelectronics (SEE) sthat they

could be used inthe transport lines. Wdound that the out-of-band noise contributed

significantly to the overall system noise figure. Thiaperwill focus on thesource of the
excessive out-of-bandoise and how it wasreduced.The developmentcommissioning and
operational results of this low noise variant of the linac style SEE BPMs as wethaiues
for determining the noise figure of the rf chain will also be presented.

INTRODUCTION

The switched-electrode electronics beam position monitor (SEE BPM) system, which
was developed and installed ih993-1994, waslesigned to operate ithe CEBAF
accelerator linacwherethe designedbeam intensity range isgA to 1000 pA (1). In
most of the remainder of the machine, which is collectively known asahsportlines,
the nominal beam intensity range is betw&6f nA and 20QA. The exception is the
Hall B transportine wherebeam intensities dsw as 200 pAareused.Because these
beam intensities are below the limits of the existing Bgtems used at CEBAF, two
new systemsave beerdeveloped.The system which is used dhe very low-beam
intensities, known ashe 1 nA beamposition monitoringsystem, is acavity-based
system which makegse oflock-in amplifiers to providesynchronousdetection of the
position sensitivesignals. This system ifully described in(2). The secondsystem,
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which will be described in thipaper, is known athe transportline switched-electrode
electronics syster(iTrL-SEE). It is a low-noisevariant of the linacstyle system which

makes use of GaAs switches aratiable gain amplifiers to cover the required dynamic
range while maintaining a precise gain balance between the plus and minus signals of the
X and Y electrode planes.

SYSTEM PERFORMANCE

The system performance for the linac style and tran$iperstyle SEE BPM system
is summarized in Table 1. The dynamange is defined as the range aofrrents for
which the system operates within all other specified limits. The lower end of the dynamic
range islimited by thermalnoise andhe detectivity of the ildown-conversion circuit.
The high end is limited by signal compression in the electronics.

TABLE 1. Summary olinac Style and Transport Line Style Performance Specifications

Performance Specifications Linac Style Transport Line Style
Dynamic range 700 nA — 200QuA 70 nA — 200uA
Nominal measuring rate out of control system 1 meas./s 1 meas./s
Beam position range Xl ] <5 mm K, ¥l <5 mm
Resolution (rms fluct. at nominal meas. rate)< 0.1 mm < 0.1 mm
Current dependence < 0.1 mm < 0.1 mm
Multipass capability "snake" pulse Not required
if bandwidth 1 MHz 50 kHz
Analog bandwidth 70 kHz 7 kHz
Maximum measurement rate 114 kS/s 7.1 kS/s

SYSTEM DESCRIPTION

Both types of SEE systems use VME based if, acquisition, and control modules. The
VME crates are located in the service buildings approximately 10 metersthbdweam
line. Each channel consists of a BPM detector, an rf mddadged in the tunnednd an
if module located in th&/ME crate. The beamlinesensor has fouwire-type stripline
antennas previously describ€d). Each pair ofopposingelectrodes is time-domain
multiplexed into one-signal conditioning chain at tfient end of the rf module
(X+X=X+X~-... and Y+Y=Y+Y-...). This is done to insurelbmlanced gain independent
of gain variations in the remainder of the system. These sigraalamplified andlown-
converted to 45 MHz before transmission to the if module. In the if matielesignal is
amplified using a three-stage amplifier which has digitally controlled gain with a dynamic
range of 84 dB. The signal is filtereitien down-converted to baband,filtered again
and further multiplexed before it is transmitted tooanmercial datacquisi-tion module
as X+Y+X-Y-X+Y+... data.Each cratehas atiming module which is used to
synchronize the system to the accelerator and to generate specificdigmnaty required
by the if and rf modules. THEME cratealso contains threeommercial data acquisition



modules and a single board microcomputer wlachused toacquire andorocess the
position signals prior to transmitting them to the machine control system.

The system has twinndamentakoftware interfacesrhefirst is a once-per-second
average position readout whiphovidesthe averageposition and its rms noise to the
machineoperators.The second is &eamoscilloscope program which providdisne
domain and frequency domain measurements obdaenposition and intensity modu-
lation at any location of theachine. Additionally, ashown in Figure 1the program
provides a measure of energiter’ based orbeamposition readings in any dive
different high dispersion regions of the accelerator. The measurshmemnh in Figure 1
was madeusingfive transportine BPMs whosedatawas acquiredsynchronously and
processed off line usingpachineoptics information fronthe CEBAF modekerver(4).
This energy modulation was due to a problem whthphase control loop of one of the
330 superconductingavities which are the accelerating elements GEBAF. The
problem was quickly rectified once it was identified by the BPM system.
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FIGURE 1. (a) Time domainand (b) frequencydomain plots of theenergy “jitter” in the Hall C
transport line. The 50 Hand 29 Hz frequencgontent wasdue to anSRF cavity with an operphase
control loop.

BACKGROUND ON NOISE FIGURE CALCULA TIONS

The noise factor of aevice is thesignal-to-noise ratio ahe output of thedevice
divided by thesignal-to-noise ratio ahe input. The noise figure isthe noise factor
expressed in units of dB.he noise figure ighe specification that is normalprovided
in the component data sheet. One of the standard ways to defmashdactor ) and
noise figure NF) is:

£ = S/N _ N, +KIBG, 1)
SN, KT,BG,

NF = 10 x log(F) )

HereN, is the noise power introduced by the deviggjs the powegain of thedevice,
To is 290 K,B is thebandwidth ofthe system,andk Is Boltzmann’'s constantypical



noise figures for inexpensive roaemperature amplifiers ate5 to 10 dB.Amplifiers
with noise figures as low &9 dB are commercially available. Thaoise factor of a
passive two portlevice 5, < 1), which does notcontain noise source®ther than
thermal noise, is equal to the loss of the deuice 1/G,,.

When two or more deviceme cascaded, including passidevices,the noisefactor
for the network is given by the following equation:

R-1,R-1 3)
G GG

HereF,, F, andF, are the noise factors for the first, second and third stagpsctively
and G,, G,, and G, are the availableyains of the first second and third stages
respectively. Thus, once the first gain stage is accomplishethe noise figure
contributions to the overatioise figure by subsequent devicesaduced. This is the
reason that the most important noise figurthaég of thefirst stageamplifier andthat the
passive devices befotbe first amplifier stageshouldavoided ifpossible. However, if
the front endamplifier gain is nothigh enough,additional lossesmay be such that
subsequent devices may contribute significantly to the overall noise figure.

There arefour contributions tahe noise figure when anixer is used as a down
converter(5). Thefirst is equal to theconversion loss athe mixer. The second is the
effect of the local oscillator phase noise. The third is the noise generateddbgcttanic
devices, (i.e., FETs for square law mixers and diodes fgpical switching-mode
mixers). Typically the “electronic’noise adds one or two dB tiee noise figure of the
circuit. The fourth contribution isthe noise atthe imagefrequency of the rfsignal.
Considerthe signalshown in Figure 2. Ifthere is equahoise power athe image
frequencythe outputnoise power athe if frequency is equal to theum ofthe noise
power atthe signal frequencylus that at the imagéequency. Thismage frequency
noise adds3 dB tothe system noise figure independenttbé gain of theprevious
stages. In thixase thenoise power is addedyecause thdwo noise signals are
uncorrelated.
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FIGURE 2. Contribution of image noise to if noise at the output of a mixer.

Measurement Techniques

There are several ways to measure the noise figure of a de\sgstem.Thefirst is
to plot the output noise power with a 50 ohm soumggedance at different temperatures
(typically 300 K and 77 K)(6). The P-intercept of a straight-line plot of measured output



power as a function of temperature is the value of the noise powéthe devicaunder
test. The second approach is to usecalibratednoise source, a low-noisemplifier
(LNA) and noise figure meter, or spectrusmalyzer with anoise figure personality
module. In this techniquehe spectral characteristics of theise source antiNA are
measuredthe deviceunder test (DUT) is inserted betwettrem, andthe instrument
calculates the gain ambise figure ofthe DUT. The third methodequires an LNA, a
spectrum analyzer and a 50 ohm termination. Inldtter two techniques the LNA is
used toincrease the sensitivity of the measuring instrumenorater to increase the
measured noiseoltage above thaoise floor oftheinstrument.The last technique has
the added advantage that “man-madgfjnal sourcesbecome apparentvhen the
measurement is being madad one maymake compensations, whil¢he first two
systems provide only a noise figure at specific frequencies.

The noise factor of an amplifier can also be written as:

F=_P_
KTBG (4)

HereP is the output noise power with the input terminafed; the absolute temperature

of the terminationk is Boltzmann’s constant, aélis the amplifiergain. For a 50 ohm
system with goreamplifier inserted between the DUT and the spectrum analyzer this
equation may be written as:

2

NF(dB) = 10 log VF — 10 log B — 10 log (G, + G,) — 10 log KT (5)

Here G; is the gain of the preamplifie¥/ is the rms voltage reading, andB is the
measurement bandwidth. The reading is done using the voltage soadienro increase
the resolution. This equation can be further reduced to:

NF(dB) = 20 logV — 10 log BW — 10 log (G, + G,) — 187.27dB  (g)

HereBWis the 3 dB bandwidth dhe spectrunanalyzer, and.87.27 is aesult of the
sum of four numbers: —10 log 5hms, —10log kT, —10 log 1.2 (an approximate
correction factor to go from noiggwwer bandwidth to Gaussi@dB bandwidth), and
+1.05 dB (detector correction factor7). In order to make accurate voltage
measurements, strong video averaging is applied typibal averagingactors of1000.
Additionally, one must be careful to keep the psighals,without averaging, below the
saturation levels of the instrument by adjustingubsical scalevith averagingoff and
turning averaging on before making a measurement.

IMPROVEMENT TO THE NOISE CHARACTERISTICS

Four fundamental changes weneade to thesystem to improvehe low current
operations.Three changes wemnade to the rf modulevhich improvedthe noise
characteristics at lowdream intensity by3 dB or afactor of 2.5. Improvements were
made to the if module which increased the sensitivity by 13 dB, or an additional factor of
4.4 lower in beamintensity. These improvemenshould have extended the dynamic



range at low currents by a factor If, from 700 nA to64 nA. Aswill be shown, the
actual increase in sensitivity was only a factor of 10, or down to 70 nA.

Intermediate Frequency Module Improvements

The function of the if module is to amplify the if sigmabvided bythe rf module
and down-convert it to a baseband sighat can be digitizedith a commercial ADC
module. A simple schematic diagram of the linac style if module is shown in Figure 3. A
detaileddescription of the function of thinac style if module may bdound in (1).
Three changes wermade to improve thenoise characteristics ahe system: the
1 MHz BW at45 MHz LC filter was changed to a 5@Hz BW at45 MHz crystal
filter; the 860 kHz low-pasdilter was changed to 400 kHz low-pasdilter; and the
integration time of the gated integrated filter was changed froms3t@ 30us. Thislast
changewas donebecause thswitching clock frequencwyasreduced fron248 kHz to
14.2 kHz so that the plus-to-minus modulated if signalse#tted sufficiently before the
integration process is initiated. The settling time for the 1 MHz BW filter is 500 ns while
the settling time of the 50 kHz BW filter is 2&. The changewhich weremade to the
baseband section of the if module improved the noise characteristics of thesayutput
while the low-current limitation of the system remained the ability of the video detector to
lock on the if frequency in the presencemafise. Thusthe only improvement which
impacted thdow-currentlimit wasthe reduction of théandwidth ofthe 45 MHz band
pass filter.
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FIGURE 3. Simplified schematic diagram of the linac style if module.

Radio-Frequency Module Improvements

A detailed functional description of the rf module carfdoend in (1). The rf chains
for the two systemareshown in Figure 4Three changes weraade to the linac-style
system in order to improvihe low-current performancelhe first change ishat the
1497 MHz band pass filter was relocated to just before the mixer in order to improve the



overall noise figure by6.8 dB. Forthe second changehe two-stage rfamplifier was
changed from two MAR-6 amplifiers to onAR-6 amplifier and one ERA-3 amplifier.
This increasedhe rf gainfrom 23 dB to 32 dBwithout degrading the&oise figure.
Thirdly, the gain was adjusted on the output stagenplifier to provide an overall gain
of 38 dB in contrast witlthe 25 dB settingused inthe linacstyle system. Thisalong
with increased overall gain prior to theection, hadhe additional benefit of decreasing
the overall noise figure by another 1.5 dBe range of inpupowerlevelsfor the linac
style rf module is —77 dBm to —4 dBm, whielquates to an intensity range @0 nA
to 2 mA. The range ofinputs for the transferline-style rf module is97 dBm to
—27 dBm, which equates to an intensity range of 70 nA tqu200
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FIGURE 4. Switched-electrodelectronics rf chain schematitagramsshowing the linaaconfigura-

tion and the low-noise, transport line, configuration. The nfigees within parentheseare measured
values while the other noise figures, as well as the gainsw@g calculated based aypical measured
values.

Relocating the filter hativo expected and one unexpectdtects. The first effect is
the reduction of the overatloise figure by 2 dB (the in-barattenuation of the filter)
because the filter was moved to a point afteriniigal gain stage. Thughe contribution
to the noise figure due to thess wasreduced by K;.—1)/G, whereG, is the combined
gain of theswitches,the circulator and thewvo-stage amplifierThe secondeffect was
the reduction of the overall noise figure by 3 dB because the filter rejected the noise at the
image frequency of 1542MIHz. The third effectwas one of thetwo more subtle
improvements associated with the changes.

When performing thenitial system noise figure measuremertkg circuit, at the
mixer output, had 2 dB of unaccounted-for noise figure. Figwskasvsthe normalized
noise power as a function of frequencythet input of the mixefor both circuits. The
noise power at the image frequency toe circuitwith the filter prior to the amplifier is



1.8 times the power level at the signal frequency. By adding this to the in-band noise you
would get a noise figure increasextiB asopposed tdhe 3 dB that is expecteffom

an SSB down conversionith uniform noise in boththe imageand signal frequency
bands. Further investigation of the characteristics of the band pasmdiitated that the
filter doesrejectsignals atthe imagefrequency by more thaB80 dB. However, the
output port ofthe filter is almost totally reflective at the imafyequency. Areflective
source willreflect anynoise powercoming out of the inpuport of the amplifier circuit
back into the amplifiefor amplification. Thesecond subtlety ithe noise figure of the
ADG603 variable gain amplifier, which is the last stage of the cirshitsvn in Figure 4.
Thefirst page ofthe specification sheet indicates that the inmise spectral density is
1.3 nV/HZ", which corresponds to a noise figure of 9.5 dB for the amplifier bandwidth
of 50 MHz and a gain of 3@B. However,the variable gain function ahis amplifier

was implemented by aRR-2R ladder network followed by a fixed-gain amplifier. This
ladder networks, in effect, avoltage-controlled attenuatorhus, ashe overall gain is
reduced by 10 dB, the noise figuretbé AD603increases by 1@B. By increasing the
gain of the if stagérom 18 dB to 23dB, the noise figure ofthe if stagewas reduced
from 21 dB to 16 dB anthe overallnoise figure ofthe rf modulewas reduced by
0.85 dB.

image 'lo rf image o rf
25 ¢ ¢ ¢ 2.5 ¢ ¢
@ o}
%2.0 gz.
a a
- 1.5 -1.5
(] (]
N N
©1.0 a 1.
: : /
205 205 \
O-O LI B I | LI B I | LI LI 0- _'_I_'_I_I

1.35 1.40 1.45 1.50 1.55 1.35 1.40 1.45 1.50 1.55
Frequency (GHz) Frequency (GHz)

g HOHoA{>— g O

@) (b)

FIGURE 5. Normalizednoisepower as dunction of frequencyfor two different circuit topologies.
The first is the topology used in the linac style system while the second is that used in the transport line
system.

RESULTS

During the production testing thew-currentcapability of all of the rimodules was
determined. Fopracticalreasonsthis low-currentlimit is defined by therms value of
the position noise. As is shown in Figure @he low-current beam position is valid
(within 200 um of the maximum value)henthe rmsvalue of the instantaneoulmam
position readings is leskan 1mm. Further analysis dhe production testatashows
that position readings athe minimum current value oall of the channels used to



generate Figure 6(b) were within +/— 420 of the maximunvalue. Anadditional 12%
reduction in beam curremias required before any of the modules varied by more than
200 um from the maximumposition. Figure 7 showkistograms otthe results of this
analysis. Only two of the transport line modullest were analyzed had a measured low
current limit above 70 nA while most die modulesnade itdown to 60 nA. Thiglata

is shown in Figure 7(b). An analysis of the productiatafrom the linacstyle modules
indicates that the low-current limfibr this style is700 nA with most moduleshaking it
down to 550 nA. This data is shown in Figure 7(a).
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FIGURE 6. Typical plots of(a) beamposition as a function obeam intensityand (b) standard
deviation of the 14Qs beam positioreadings as &nction of beanintensity. Both sets oflatawere

taken using transport style electronics in the laboratory. The data indicated with a “+” is for the high gain
setting and an “0” is for the low gain setting.
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FIGURE 7. Low currentlimitations of (a) 48 linac-style rf modulesand (b) 46 transport line If
modules as measured during production testing.

CONCLUSION

A description ofhow the noise figure is measured as welltas basic formula for
calculation of thenoise figure of a multi-stage system have bgesentedApplication
of these principles to improve thaw current operation of the SEE BP&ystem was
also described. By changirige bandwidth ofthe if section,the judiciousswapping of



circuit elements in the ection, andhe adjustment of thgains inthe rf module, the
low-currentcapabilities have been improvéidm 700 nA to below 70 nA. This was
accomplished without doing a major redesigrnihafsystem packagingligital interface,
or software.
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