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Superheterodyne Architecture



Arctan
Nearly always integer math!!!

Digital Receiver

Each block is implemented, 
numerically

JLAB-TN-14-028. "Functional Description of Algorithms Used in Digital Receivers" 
https://jlabdoc.jlab.org/docushare/dsweb/View/Collection-21302

https://jlabdoc.jlab.org/docushare/dsweb/View/Collection-21302


System Linearity



  

Cal Cell Downconverter



  

Noise Calibration
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If loads are characterized, a 2-point calibration is possible:

Hot load: Room temperature (300 K), or noise source (3770 K)

Cold load: LN2 or room temperature (300 K)



  

Y-Factor Calibration Method
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Implementation: Calibration Cell

Gain≈log (N ON−N OFF )

NF≈log(
N ON

N OFF

)
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Stripline BPMs



  

Propagation of Errors
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Functional Form Uncertainty

“An Introduction to Error Analysis,” J. R. Taylor, University Science Books, 1982.

(A review!)
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At boresight....

Resolution Analysis
Difference-over-sum

(Rule #3)



  

Pn=kBT B=−174 dBm/Hz

Typical SL output power = -102 dBm - 100nA

Expected noise power = -160 dBm - 10 Hz

Note: Resolution is NOT accuracy!!

SNR = 58 dB (B = 10 Hz)

 σ = 10 um, I = 100 nA, B = 10 Hz





BPM Test Stand Stripline Electronics Testing

• Improving the signal-to-noise improves performance
• Filtering down to 1 Hz instead of 10 Hz gives an improvement 

factor of about 3 (excessive noise is due to algorithm)
• This square root of bandwidth improvement holds true as long as 

the noise is Gaussian
• Scan: 250 um/step, yielding 10s of um resolution (per calc)

~30 nA @ 1 Hz~30nA @ 10 Hz



  

Resolution

I ~ 100nA; B = 10 Hz

I ~ 800nA; B = 10 Hz I ~ 100nA; B = 100 Hz

I ~ 70nA; B = 10 Hz

Step = 250 um



  

Resolution (cont.)



  

Premature signal breakup mainly due to algorithm inefficiencies.....

Resolution (cont.)



Stripline BPM Testing

• Hall D current in black ramping from 0 to 75 nA
• The 5C07 and 5C09 BPM positions settle at ~7nA and accuracy 

improves as the signal-to-noise goes up (bandwidth of ~1Hz)

7

nA



Stripline BPM Software
Screen Shot of ~30Hz Oscillation (Time & Frequency Plots)

G2P Rastered Position



Cavity Modes

Bessel Functions



Cavity Beam Position Monitors
• Electromagnetic field excited by 

beam
● TM110 Mode
● Probe antenna picks up field
● Test also used to excite field
● Copper coated to increase Q
● Signal disappears at boresight!

• Tuning port for centering    at 
1497MHz
● Annually/vacuum broken
● Temperature stabilized

• 1497 MHz Probe signals   get 
down converted

• Positions go as X/I and Y/I
• IPM5C11A & IPM5C11C

Tuners

I

X

Y

Probes & 
Test Ports

P = - 92 dBm @ 100um - uA





X=
18.7⋅V meas

I beam

V meas=uVolts

I beam=uAmps

, microns

σ X=
18.7⋅dV
I beam

For NF = 4 dB, B = 10 Hz, I = 100 nA:

σ X=0.417 um

Cu plating improves Q by 10, with (theoretically) equal improvement in resolution

Performance scales as I, sqrt(B)

Dead-band at boresight = 2σ X

Resolution Analysis

Compared to stripline, cavity performance is 
potentially ~24 times better (100 nA, B = 10 Hz)

(k = 18.7 derived from MAFIA simulations, SS304)

“Baggage” imposed by non-linear phase detection
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Angular PDF vs SNR.

Phase Detection Penalty

~ 6-10 dB req'd to detect phase jump

(Tech Note pending...)





Cavity BPM Testing ('5C11)
• Behaves as expected 

vs. Stripline BPM
• Signal goes to zero at 

cavity center
● Phase shifts 180 

degrees
● Phase used to 

determine sign of 
position

• More commissioning 
time needed

• Aim to have valid 
positions down to 
100pA beam currents 
at 1Hz



Hall A BCM Commissioning Run, 4/15

<0.5% @ 40 uA

<0.5% @ 40 uA

“Double-Difference”

Linearity

SNR Convergence

σ I=
1
2
⋅
√2σV
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DD=
V I1−V I2

V I1+V I2

B = 10kHz

40 dB coupling

18-bit DAC

~40 dB eff. SNR





  

LMS 2-D Field Map Transformations



  

X scale factor=√αx
2+ βx

2

Y scale factor=√α y
2+ β y

2

θy=tan−1(
β y
α y

)

θx=tan−1(
βx
α x

)

Δ θ=θ y−θx

Physical Significance of LMS Residuals

X and Y “effectively” rotated individually 

Differences in thetas represents X-Y coupling

Scale factors for X and Y directions

Δ x ,Δ y Arbitrary field offset;

Not related to physical vs. electrical centers (obtained later)

Merely tells us where we “should” have started the scan



  

Algorithm Verification

Raw Field Measurement

Scaled, Rotated, Translated....

RMS Error Vector Magnitudes



  

SPM vs M15 Scans 

SPM M15

LMS per 1cm x 1cm

Step size = 250 um



  

LMS Fit: 1 cm2 (SPM 26)

Linear Fit Log Fit

Over-fitting...!



  

Position Accuracy (SPM) 

Ibeam ~ 100nA

B = 100 Hz

σ=100um

Ibeam ~ 100nA

B = 10 Hz

σ=85um

1cm x 1cm 1cm x 1cm

Rayleigh Distribution

Composite resolution



  

Ibeam ~ 100nA

B = 100 Hz

σ=100um

Ibeam ~ 100nA

B = 10 Hz

σ=85um

R = 133 umR = 158 um

Ibeam ~ 500nA

B = 10 Hz

σ=77um

R = 120 um

Position Accuracy (cont.) 

Step = 250 um



  

Conclusions
● SL BPM is a relative sensor, with resolution dependent on SNR
● Cavity system has better magnitude response, but contains phase detection “baggage” 
● Realized improvement at 100 nA, 10 Hz is ~8x (no Cu plating)
● Cavity calibration is rather involved, requiring additional beamline elements as fiducials
● New electronics are vastly more configurable:

– Resolution (NF), Lineartity (DR), and output BW are competing factors
● Important numbers:

– Pn = -174 dBm / Hz
– SL BPM -80 dBm @ 1uA (scales 20log for I, 10log forB)
– BPM Cavity -92 dBm @ 100um – 1 uA
– BCM cavity  -40 dBm for 1uA
–  Electronics: $5k per system
– Elements:

● SL ~$1K
● Cavity system ~$100k!

● SL BPM > 7nA (1 Hz)
● Cavity BPM >100 pA (1 Hz, Cu-plated)
● Cavity BCM already confirmed to 100s of pA (see Grames ELOG)
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