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2x pickups right of IP (Q8, Q10)

LHC transverse feedback system (ADT)
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Current performance and motivation for upgrade
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Current performance and motivation for upgrade

The TFB performance during the LHC Runs | and Il was
greatly sufficient for the LHC operation. Nevertheless:

* Recent studies showed that the TFB noise floor in the
LHC must be reduced by at least factor of two in order
to operate the machine with large beam-beam tune
shift as foreseen in the High Luminosity LHC [2] and
suppress the risk of loss of Landau damping by noise

[3].
 Improvement by factor of 4 is required to recover an

emittance growth rate in the order of 2% per hour as in
the present LHC.

 Also, the future feedback system foreseen to
suppress the LHC Crab Cavity noise in HL-LHC [4]
relies on improved noise performance of the upgraded
TFB.

o
[
o

______ E = 0_007, 5E!'F'M'

— §=0.02, 6ppm :
— &£=0.02, 6gpm/2
— £=0.02, 6gpu/4

o
o
©

o
o
o

o
o
Y

©
o
)

Emittance growth rate [1/h]

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Gain

FIG. 10. Extrapolation of the emittance growth rate based on
Eq. (1) and the parameters obtained empirically to a configuration
featuring a reduced beam-beam tune shift with respect to the
experiment. The potential impact of a reduction of the feedback
noise by a factor 2 and 4 is also shown. A vertical dashed line was
added to indicated the current operational feedback gain.

[2] Buffat, X. et al: “Modeling of the emittance growth due to decoherence in
collision at the Large Hadron Collider, in Phys. Rev. Accel. Beams 23, 021002 (2020)
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Few words on ADC performance...

1178 AD converter types from the Analog Device’s portfolio. Datasheet parameters.
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Few words on ADC performance...

1178 AD converter types from the Analog Device’s portfolio. Real datasheet performance.
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On ADC performance...

Very good reading with comprehensive ADC data:

Boris Murmann, Department of Electrical Engineering, Stanford University:
Energy Limits in A/D Converters

See [6] [7]
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New system

Our FPGA (XC7A200T-1FFG1156C) can interface maximum six, dual channel, 16-bit DDR ADCs
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Towards a new, very low noise hardware

Options considered and evaluated

1) Direct sampling of the raw A and B signals by low resolution, high speed digitizers.

2) Direct sampling of a band-pass filtered A and B signals by high resolution, medium speed digitizers.
3) Direct sampling of a band-pass filtered Z and A signals by high resolution, medium speed digitizers.

4) Continue using the super-heterodyne principle and high resolution, medium speed digitizers, like the
old beam position measurement system, but "super-optimize everything possible".
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Towards a new, very low noise hardware

1) Direct sampling of the raw A and B signals by high speed digitizers.

The pickup electrode signals are typically a 1 ns long pulses with not more than a 2 dB difference in
amplitude for a full scale bunch position movement. Effective number of bits (ENOB) of currently
available multi-Gsps digitizers is too low for our application...
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Amplitude [V]

Towards a new, very low noise hardware

2a) Direct sampling of a band-pass filtered A and B signals by high speed digitizers.
2.5 Gsps provides ~30 useful samples. With ENOB ~10 bits we gain only 2-3 bits. Not enough.
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Amplitude [V]

Towards a new, very low noise hardware

2b) Direct sampling of a band-pass filtered A and B signals by high resolution, medium speed digitizers.
240 Msps provides ~3 useful samples. With ENOB ~14 still not enough resolution for A-B calculation
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Towards a new, very low noise hardware

3) Direct sampling of a band-pass filtered Z and A signals by high resolution, medium speed digitizers.

Use analogue hybrid to calculate the A signal. Direct sampling by 16-bit (ENOB 13-14 bits), 240 Msps
converters would provide about the same performance as we have now.
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Towards a new, very low noise hardware

4) Continue using the super-heterodyne principle and high resolution, medium speed digitizers, like the
old beam position measurement system, but "super-optimize everything possible".
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Complete, multi physics model of the new system
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Features of the new system

Ideally connect the pickup directly to the ADC input...

« Use the maximum of available signal power from the pickups

« Eliminate all unnecessary components in between

« Thorough analysis and optimization of the signal levels for each beam type

New concept of fully differential, quadrature RF receivers

New ADCs. FPGA can interface up to six, dual channel ADCs (pin constraints)
« Was 40 Msps/16-bits (1 sample per bunch passing)

« Now 120 Msps/16-bits + interleaved sampling to obtain 240 Msps for £ and 480 Msps for A (6/12
samples)

New signal processing

« Use available information from multiple turns to further improve S/N of the position information

c\gﬁw D. Valuch et al. | Very Low Noise Receiver Technology for Digital Beam Position and Phase Measurement
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General digitizing RF recelver architecture

Mixer IF filter ADCdriver Clk
: , 120 MHz
A0S S \ poc [+
DDR data
16-bits
LO in Vem
400 MHz
Non-exhaustive list of things to consider:
Input RF level Mixer RF leakage IF amplifier IP3
Input matching Mixer LO leakage Back-biasing through IF amplifier
Gain switching time Mixer termination ADC input impedance
Gain control IP3 and noise figure Mixer wideband matching ADC input level (differential)
Mixer LO and RF levels IF amplifier frequency response ADC common mode voltage
Mixer 1P3 IF amplifier impulse response ADC driver settling time
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Input gain control:
Noise figure of a cascaded system

Noise figure of a cascaded system F,,.,, = F, + G,-{F,.; + G,.1:[ ... F3+Gs(F,+ G,-F)]}
Attenuat Attenuat Amplifier Amplifier Total Total NF Total NF
or gain or NF  gain (dB) NF(dB) gain (dB) ATTN+AMP AMP+ATTN
(dB) (dB) (dB) (dB)
0 0 +22 1.1 +22 1.1 1.1 w
AMB ATT
-2 2 +22 1.1 +20 3.1 1.112
-4 4 +22 1.1 +18 5.1 1.132
-6 6 +22 1.1 +16 7.1 1.163 w
ATT AMES
-10 10 +22 1.1 +12 11.1 1.287
-15 15 +22 1.1 +7 16.1 1.707
-20 20 +22 1.1 +2 21.1 2.817

But we need very high P1dB/IP3 amplifier to work in this configuration (we used
MiniCircuits TSS-13LN+, G = 22dB, NF = 1.1dB, P1dB = +24dBm)

C\EEW D. Valuch et al. | Very Low Noise Receiver Technology for Digital Beam Position and Phase Measurement
S Low Level RF Workshop 2022, 9.-13. October, Brugg-Windisch, Switzerland



IF filter+amplifier considerations

Whole signal chain much have impulse response shorter than the bunch spacing (<25 ns)

Good suppression of all mixing and leakage products. No ringing. ADC input is switched
capacitor type of load. IF filter is very difficult to impossible...
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Fast ADC driver with DC-coupled path

Single ended to differential driver with common mode shift functionalit

RN, 58 znﬁFﬂ,
Rg
26711 20000 l zunn.‘ ) 5-?-...%
SRR + — { |
i - L
X .
e — £ Vop
20041 >
\vy 20011 Reg
281} ;
AY

Input impedance is difficult. For proper treatment of both DM and CM we need
perfectly balanced circuit.

Back biasing of the source from V,, via the feedback resistors!

https://www.analog.com/en/analog-dialogue/articles/rules-for-high-speed-differential-adc-

"Rules of the Road" for High-Speed Differential ADC Drivers
drivers.html
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Fast ADC driver with DC-coupled path

Differential to differential driver with common mode shift functionality

REy
Ay
R lv
+ Vip o—awa AlL Von -
VIN, dm Vocwm 0— VouT. dm
- ViN — O Vop +
F'I-GI vﬂ f-ﬂﬁ::z I
Ay

Fully differential driver is much better. Input impedance defined by R5,/Rg, and no
signal power is wasted in termination resistors.

Still problem with back biasing of the source from V,, via the feedback resistors!

https://www.analog.com/en/analog-dialogue/articles/rules-for-high-speed-differential-adc-

"Rules of the Road" for High-Speed Differential ADC Drivers
drivers.html
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Noise contribution of the IF/ADC driver amplifier

LTC6409 10GHz GBW, 1.1nV/VHz Differential Amplifier/ADC Driver

Goal to keep the contribution of the ADC driver <0.5 LSBg,s

-> Gain must be very low (<6 dB)

We need high output level from mixers

Preferably use the Ri resistors as signal termination

2

i

Use 0.1% thin film resistors for good CMRR and lower I
current noise W@

—2
e 2
nRl Rl HF nRF
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Figure 4. Simplified Noise Model

"Rules of the Road" for High-Speed Differential ADC Drivers
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Fully differential receiver and interleaved ADC
driver
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Fully differential receiver and interleaved ADC
driver
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Fully differential receiver and interleaved ADC
driver
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Fully differential receiver and interleaved ADC
driver
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Fully differential receiver and interleaved ADC
driver
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Fully differential receiver and interleaved ADC
driver
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Fully differential receiver and interleaved ADC

driver
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Fully differential receiver and interleaved ADC
driver
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Fully differential receiver and interleaved ADC
driver

All this would work only if the impedances and delays are tightly controlled and everything is perfectly
symmetrical. Not an easy job for the PCB designer. Thank you William!
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Fully differential receiver and interleaved ADC
driver

All this would work only if the impedances and delays are tightly controlled and everything is perfectly
symmetrical. Not an easy job for the PCB designer. Thank you William!
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RF bandpass filter with tightly controlled impulse
response

Optimized for maximum transmission at fc. We have gained >10dB of pickup signal power.

Comb filter time response
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A full overview of the new Beam Position
Measurement system.

FPGA can interface maximum six, dual channel ADCs (pin constraints):
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New hardware
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But will it work with beam?

LHC beam test.

First circulating bunch after 3 years of shutdown.
19.10.2021, 19:36:51
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But will it work with beam?

25.10.2021 - The very first injection oscillation damping with all new ADT pickups fully set up.
It works, but how good is it?
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Obtained results: New BPM noise performance

N7

Position measurement under real noise conditions Position measurement under real noise conditions
old EDA-01427 beam pos module o = 1.378 um new EDA-04230 beam pos module ¢ = 0.219 um
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Conclusions

 Noise floor of the transverse feedback system in LHC must be lowered by factor of two to four to be
compatible with the beam operation in High-Luminosity LHC.

« TFB in LHC is fully digital, the noise is dominated by the beam position measurement noise.

« A new generation of very low noise receivers and redesigned signal path was researched and
iImplemented during LHC long shutdown 2 (2018-2021).

« Areduction of factor ~6.5 was achieved with the new generation hardware.
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