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Introduction to CERN

The CERN accelerator complex
Complexe des accélérateurs du CERN
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EPC group, HPM section

EPC group mandate

Design, development, procurement,
construction, installation, operation and
maintenance of electrical power systems for
all accelerators, transfer lines, experimental
areas and tests facilities at CERN

HPM section mandate

Sections

Converter Controls Electronics (CCE)
Converter Controls Software (CCS)
Fast Pulsed Converters (FPC)

High Power Converters (HPC) —

Medium Power Converters (MPC)

Low Power Converters (LPC)

Operation and Maintenance Support (OMS)

High Precision Measurements (HPM) __|

Maintain/support operation of all DCCTs in the LHC
and injector chain

Maintain/support operation of all ADCs of the FGC
control platform

Provide high precision current measurement and
digitizing solutions for ongoing and future projects

Provide high voltage measurement solutions for
ongoing and future projects

Provide a consultancy service for the group on
measurement and control & regulation issues

Provide a calibration service for high-precision
equipment in the group

Operate and improve the DCCT and Standards
Laboratory

Follow the state of the art in high-precision
measurements




Some examples of EPC equipment
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Some examples of HPM equipment

DCCT chassis == :,; __ .
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HL-LHC Class 0 DCCT test rack 20 kA DCCT test bed




Some terms and definitions

- ADC - Analog-to-Digital Converter - integrated circuit or
discrete realization

- Digitizer — a complete system that contains an ADC plus
supporting circuits and sub-systems

- DCCT - Direct Current Current Transformer — magnetically-
coupled current transducer based on zero flux detection

> DCCT head — magnetics + windings + shielding

> DCCT chassis — electronic system (modulator, detector, power amplifier, controller, etc.)

> Burden — precision resistor that converts the secondary DCCT current to voltage

FGC — Function Generator Controller — a digital control platform
used for power converters at CERN

Reference

> Reference signal in the digital control loop
> Voltage reference (integrated circuit)
> Reference device or instrument (DCCT, voltage standard, current standard, etc.)

Circuit — magnet + power converter (accelerator jargon)
ppm — part per million




How much (or how little) is 1 ppm??

1% of 1% of 1%, or 1%o of 1%0 => °/,000

10 uV of 10 V
13 mA of 13 kA

10 cm of 100 km
150 km of 1 AU

120 dB

M, 3/M_7

10 V - typical voltage standard
13 kA - LHC main dipole magnet current

a golf hole 100 km from here (e.g. near Brno)
from here to Budapest / from here to the Sun

the total dynamic range of human vision and
hearing (with adaptation)

barely felt / very destructive earthquake
(1 ton /1 Mton TNT)




The need for high dynamic range

Some natural or artificial signals have intrinsically high dynamic range. For example:

> magnetic fields in the Solar system: from 5x10-"! T (interplanetary space) to 1.4x103 T (near Jupiter)
> ionization chamber-based beam loss monitors: /o, from 10-1°©Ato 10-3A

Workarounds are often used to match such signals to measurement systems

output

00 0.2 0.4 0.6 0.8 1 OO 0.2 0.4 0.6 0.8 1 GO 0.2 04 0.6 0.8 1 00 0.2 0.4 0.6 0.8 1
input input input input
Multiple ranges Sub-ranging, monotonic non-monotonic (folding)
compensation _
Linear Non-linear

i 1
more sensitive

output
output

less sensitive

In some cases, these techniques are not practical, e.g. in high-precision control applications
Therefore, a highly linear signal chain having high dynamic range is needed




Signal chain for high precision control

non-electrical
or electrical

measured
quantity

Limitations:

* Physics
» Sensor technology

sensor /
transducer

Signal domain
electrical - analog digital
felk
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signal L > transmission
conditioning ADC % > Clgl:'l/ Etir > storage
E P > control
1
1
Uref 1
1
felk 1
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= 1
_H_/_!_ conditioning, _H_/_I_ DAC (:? (tl_---------.:
driver, etc. %
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Analog signal processing

« Many limitations (physical, technical)
Sensitive to disturbances

Needs calibration

+ “Expensive” in terms of system

resources

Digital signal processing

Scalable, flexible, reliable, stable
Immune to disturbances

“Cheap” in terms of system resources
Needs interface to the outside “real
world”




The cost of analog performance

Technical and physical limitations:
> Supply voltages
> Noise

» Bandwidth, slew rate, settling

> Causality: only real-time signal processing
Non-ideality of components

> non-linearity, temperature dependence, limited voltage/current/power
ranges, aging, hysteresis/memory effects, excess noise, parasitics, .

High impact of component and material obsolescence

Niche, specialized, shrinking segment of electronics — limited
expertise and tools

} dynamic range

“Traditional analog signal processing carries with it a certain hopelessness with
respect to noise. As analog processing complexity grows, additive nOIse
sources grow in number, and system performance fades away.”

Eric Swanson [1]




High precision magnet powering
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Metrology lab vs accelerator tunnel

Metrology laboratory LHC tunnel

A. good EM environment A. not the best EM environment (noisy neighbours)
B. stable environmental conditions (T, RH) B. temperature variations due to machine operation,
C. easy access — frequent calibrations possible some seasonal variation of humidity

D. ample time to measure c. difficult access — limited calibration capabilities

D. precision measurements needed for real-time control
— low and constant latency needed

“Copper room”, Kopfermann-Bau, PTB-Braunschweig Service area near one of the LHC access points, CERN




Unique challenges

-  Environment

>
>
>

Underground tunnel — limited space
Impact of surrounding equipment (EMC, thermal)

Some (lower-precision) measurement devices are close to the beamline —
exposure to ionizing radiation

- Reliability

>

>

Many of the circuits are critical for machine operation. A single non-operational
device could stop the entire LHC operation

Power converters and magnets are protected against disturbances, but there
could still be negative impact (least of all a beam dump)

- Maintainability
Difficult access (time, effort, cost, operational constraints)
Large number of devices spread over a considerable area

Independent operation and tracking: common reference setpoint (digital) sent by
CERN Control Center, but each measurement device relies on its own local
electrical voltage reference

>
>
>
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Improvement of the local environment

» Temperature-controlled racks for the highest accuracy systems

> Uninterruptible power supply (UPS) — in case of power cuts and network disturbances
EMC robustness

» Shielding (system, rack, module, sub-module levels), differential transmission of analog
signals, optical fiber for digital interface, etc.

Redundancy
» Inspired by nature @® ®
» Some performance improvement when both channels operate (V2 lower noise)

> “First rule in government spending: Why build one, when you can have two at twice the
price?” Carl Sagan, Contact (1985)

Remote diagnostic and calibration tools

» For identifying faults, possible performance degradation, or post-mortem analysis

» Fixed and mobile infrastructure for in-situ calibration; self-calibration in some devices
Field support and management of spare units

> “Hot” spares in the tunnel — already calibrated and thermally settled, ready for quick
replacement

> In the lab (above ground) — device support for >20 years. Mitigation of obsolescence
(hardware, software, knowledge)




High Luminosity LHC ™

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

- Major upgrade of the LHC [3]

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab” cavities for
tunnels and 2 shafts near the ATLAS and CMS experiments to

ATLAS and CMS. tilt the beams before collisions.

- Target: ~10 times higher luminosity
for ATLAS and CMS

v
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ﬁ ALICE

- Installation and commissioning in
2026-2028

« Planned to run from 2029 till 2041

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing
of the beams before collisions.

- New NbsSn Inner Triplet magnets
(focusing at interaction points)
for ATLAS (P1) and CMS (P5)

- New power converters + need for

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS . . s
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the h Ig h e r p re CIS I O n m ea S u re m e n tS
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve —
high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.

N
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tunnels near ATLAS and CMS.




HL-LHC Requirements

Circuit Name

Irated [A]

PC class

<4—— New inner triplets

New separation/

<4— recombination

dipoles

Initial uncertainty Fill to fill Short term Stability Long term fill-to-fill RB 13000 1
after calibration repeatability stability during a fill stability RQ(D/F) 13000 1
] ated N ROX 18000 0
rated RTOX1 2000 2
Tnom e N S N T T -
Timing errog :Z:i 22%? ;
I RC(S/0)X 120 4
- RC(D/T)X 120 4
requested RD(1/2) 13000 0
Lgelivered RCBRD) 500 =
RQ(4/5) 6000 2
d u d J u U d U RCBY 120 4
L RQ6 6000 2
= = RCBC 120 4
Calibration 20 min ~12h fill ~ 1 year t RTE8 300, 3
PC REQUIREMENTS SUMMARY - ACCURACY CLASSES
0 1 2 3 4
Resolution [ppm] 0.5 0.5 1.0 1.0 1.0 =
Initial uncertainty after cal [2xrms ppm] normal 2.0 2.0 3.0 7.0 10.0
Linearity [ppm] [max abs ppm] uniform 2.0 2.0 5.0 8.0 9.0
Stability during a fill (12h) [max abs ppm] uniform 0.7 19 5.0 8.0 9.5
Short term stability (20min) [2xrms ppm] normal 0.2 0.4 1.2 2.0 5.0
Noise (<500Hz) [2xrms ppm] normal 3.0 5.0 7.0 15.0 19.0
Fill to fill repeatability [2xrms ppm] normal 0.4 0.8 2.6 4.0 5.0
Long term fill to fill stability [max abs ppm] uniform 8.0 8.0 19.0 40.0 45.0
Temperature coefficient [max abs ppm/C) uniform 1.0 1.2 2.5 5.5 6.5 -
12h Delta T for HL-LHC [max C] constant 0.5 1.0 5.0 5.0 5.0
1y Delta T for HL-LHC [max C] constant 0.5 1.0 5.0 5.0 5.0
—

New highest PC accuracy class

— isothermal

— T1C, AT




The complete measurement chain

T R modulator, detector,
primary ’ control loop, etc.
| ‘
callbrat/on secondary power amplifier E
2 or5A j !
N* turn§ g N turns 05o0r1V precision
amplifier
Rpurden diaiti code out
N*=N it lsecondary = 5A 0.20r0.25Q R
N*=2.5"Nif Isecongary =2A  busbar .
. electronics
(primary) chassis ™™
L J
T
DCCT
Accuracy class Circuits * lorimary (KA)  lsecondary (A) N turns Rburden (€)
LHC Class 1 main dipoles, main quadrupoles 13 5 2600 0.2
LHC Class 1 & 2 inner triplets, insertion quads, 4/5/6/7 2 2000/ 2500 /3000/3500 0.25
separation/recombination dipoles

HL-LHC Class 0  separation/recombination dipoles 14 5 2800 0.2
HL-LHC Class 0  inner triplet quadrupoles 18 5 3600 0.2

* all listed circuits are unipolar
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Measurement chain calibration
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secondary

20r5A

modulator, detector,
control loop, etc.

power amplifier

precision
amplifier

0.50r1V

g N turns
head

electronics
chassis >

N*= N if Isecondary = 54
N*= 2.5"N if Isecongary = 2A

busbar
(primary)

Rburden G=10

020rOZSQ

1

—

digitizer

code out

N

C

—
DCCT

1)
2)
3)

Primary current — fixed testbed; for testing, not calibration
Secondary current — test of R,,,4en + precision amplifier (excluding DCCT head)
Calibration winding — 5 A from the CERN DCCT Current Calibrator:

simulation of primary current, calibration of the entire DCCT

4)

Calibration is digital. Values are stored centrally in a database

E/RW

N4

Digitizer — voltage calibration — 3 points (-10 V, 0 V, +10 V), using a 10 V standard




The CERN current calibrator

1) Principle: Zero Flux Detector,
‘inverse DCCT”

2) Resolution: >24 bits

» coarse: binary-encoded windings (12 b) =
» fine: one-turn DAC (16 b) 2) E? 1) >
3) Ranges: +1A, +2.5A, +5A, £10A —_J

4) Current reference: 10 mA from PBC

- Part of the fixed calibration infrastructure
for LHC, but also mobile

- Used for traceable DCCT calibration

- Improved variant for

HL-LHC Class 0 DCCT testing
» hardware and controls upgrade
> 50 mA reference (5x new PBCs)
instead of 10 mA, for lower noise and
higher stability
(submitted to CPEM-2024)

10.00000 mA

4)

Y A i calibration

S AT

DCCT electronics

i

Zero-flux
detector

DCCT In-Situ

head B Standards
cern gl | @~
el PBC
calibrator Ll 1omaA

|
|

|

i

|

Power f
amp |
Current range |

1KY |

g !

3 ) selection

In-Situ

Precision
amplifier

10V@13kA

High precision

DVM - 8.5 digit

Hefl)(r)e\alnce International
Standards ::> Standards




The upgraded 20 kA DCCT testbed

Inverting Switch

Measuring Cell

Reference Cell

False Floor

for the 20 kA head ——

New electronics chassis !K‘

J

/




Analog-to-digital conversion

discretization
C [ -
§ ANALOG o 1, discrete-  CA .
= ‘ time analog S
o \ 2
C —
© . O g
3| quantized “A¢ DIGITAL S
analog DA
CT , DT
time
Discretization Quantization
x 1
x(t) = x[nT] 0(x) = A h + E‘
Shannon-Nyquist A
sampling theorem: Og = F=—

fS > 2fmax(signal)

(a.k.a. “quantization noise”)

amplitude

amplitude

1r =
051
0
-0.5+
—CT,CA
—— 100 Sal/period, 100 levels
-1 ||—©—10 Sa/period, 10 levels B
0 0.2 0.4 0.6 0.8 1
time
1
continuous signal
quantized signal
quantization residue
0.5+ J
0 MWW~ NIWWWWIMMAWWAN ="MW
-0.5 F
-1 . . , d
0 0.2 0.4 0.6 0.8 1
time
information loss
N bits or worse
(corruption)

—
L
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ADC architectures

Multi-slope

integratin . .. continuous / discrete-time
M99 Noise-limited

single / multi-bit
low-pass / band-pass

Resolution

[bits] : ReSelution
incremental
24 .
* cyclic
SAR—> « algorithmic
/ * interleaved
16

/Clock jitter-limited

+ folding / interpolating
* half-flash

* approximate « interleaved

b
»

103 108 109 Bandwidth [Hz]




ADC limitations

Sampling and aperture jitter AE-Af< L (LSB-T)’ -
worst case: Nyquist sampling, "R\ a4 )7
middle of sine wave

uncertainty
! # _ . .
Baperture = logs < \/gwfmp%) 1 ) kprmmple

I R

- apert:;a

20 - thermal |25 —
- e e AT
Bihermal = 10gy (¢) -1 . S ambiguity — 6.93 f oA
GkTReﬂfsamp 16 amb|QU|ty J—‘|T> . samp
. . 14 e . ; iy
In reality: multiple sources of | g B N N ] ' fr— transition frequency
white noise (thermal, shot . e - T=<__] | (transistor technology)
noise, etc.) lumped together | Z 10 " ——aporuro (2ps) \
. . . | —-—- aperture (0.5 ps) [ . A\ : . .
m;l? at?'ngle '.np“t're,fet"ed e aperture 0.2 ps) o] ambiguity — how fast a
6 - (fT=
\STeCIVE MOISETESISTANEE ) | T amason L3~ | comparator responds to
— - —- thermal (50 ohms) . 1
2 | | ——thermal (2000 ohms) ! N {/2 LSB step /
o | oo Hemsembergroots) 1 DN S
1E+4 1E+5 1E+6 1E+7 1E+8 1E+9 1E+10 1E+11

Sample Rate (Samples/s)

From Walden’s 1999 ADC survey [2]

ALL practical limitations are in the analog domain




High resolution ADCs

analog - digital
. Common features
+ || digital code
Vi” _ ADC : logic 7 out |e closed-loop topology
: e |ow-resolution ADC (or comparator) in the loop
DAC ‘y—‘ e DACin the feedback path
' e requires figic >> fample
basic structure
. Multif'OPe Sigma-Delta
. integrating ADC ADC SAR ADC
sample - fiogic " fiogic fampte flogic
V’le l V Vi \.[ : \|/
'”‘je >T—[% code in_+ digital N code D g/H digital N code
i digi'FaI out -8 ADC filter M7= out / 3 logic - out
LADC K 1o8€
k n—3A loop order N
J k<N DAC K — modulator bit depth DAC +
DAC —+ N k <N | M-decimation factor
J

©

=
)

fooooocy

0000¢,
googgoe

5 CEs@

Very wide range of ICs

>

A few with N>20 bits




The ideal digitizer

Ideal ADC

No excess noise
(only quantization)
No sampling jitter

Perfectly linear, monotonic,
no missing codes

No drift (temperature, time,
etc.)

No latency
Immediate step settling

Ideal Digitizer

Infinite Z,,,

Infinitely high power supply
Isolation

Perfectly stable and noiseless
voltage reference

Flexible operation

“‘Swiss army knife”




What we really need in a digitizer

Feature / parameter

Resolution

Monotonicity

Broadband noise

Short-term and mid-
term stability

Temperature
coefficient (TC)

Long-term stability

Linearity

Delay / latency

Need comes from

Capability for fine adjustment

Closed-loop control

Regulation performance (< 10 Hz),
resolving of tones above the noise floor (> 10 Hz)

Regulation performance (<< 10 Hz)
Regulation performance (<< 10 Hz),
temperature variations due to machine operation

Tracking of different magnets / powering sectors,
frequency of calibration

Tracking of different magnets / powering sectors

Real-time control

Ballpark

>22 effective bits (near
DC)

>22 effective bits (near
DC)

a few ppm in 500 Hz
~107 V Hz1/2

sub-ppm in minutes /
hours (106 to 10-" Hz)

< ppm/°C

few ppm/year

ppm

~ms
constant !




What we don't really need

Feature / parameter

Dynamic performance
(sampling jitter, aperture
uncertainty, settling time,
passband flathess, AC accuracy,
etc.)

Fast sampling
Low power dissipation

Functional flexibility
(measurement ranges, sampling
rates, interfaces, very high Z;,
wide operating temperature
range)

Why not important

quasi-DC signal, slow control loop (~ Hz)
AC measurement only for small tones, no need for
high accuracy

~kHz is enough

No practical limitations. A few W are negligible,
compared to other systems.

Not needed.
Only one fixed, well-defined application
environment




Development of high-performance

digitizers for power converters
at CERN

Nikolai Beev



DS22

Designed and developed at CERN in the 1990s

3rd order Sigma-Delta ADC built of discrete parts (no ADC IC)
> High precision Vishay foil resistors

> LTZ1000A-based voltage reference

> Temperature-stabilized using a Peltier element
Improved gradually over the years

Version 10.1 (2006) installed in LHC

Accuracy Class 1: main dipoles, main quadrupoles, inner triplets —
in total 24 circuits (48 digitizers) in operation

Excellent reliability record so far

Not compliant with HL-LHC Class 0 requirements for noise (low-
frequency and broadband), as well as fill stability

Contains obsolete components (e.g. 5V CPLD)
Has known problems (e.g. idle tones)
Difficult to build and tune




Sigma-Delta — frequency domain view

A
lfs Nyquist
Operation
—1 ADC
Oversampling
+ Digital Filter
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Sigma-Delta — time-domain view

flogic
n
Iqtegrators: the first one is a summing node; all integrators behave as Vin o [Gesa N code
distributed memory € AD T filter out
k n—ZA loop order

. . .. . DAC * K — modulator bit depth
SD modulator loop: the instantaneous error ¢ is not minimized k<N | M- decimation factor
(Each and every try is wrong, but over a longer time the
average of the error is minimized) Sigma-Delta bitstream
Quantization error is larger than the signal T i
Modulator action — “noise shaping” can be seen as “being more active” (same ° 20 40 5 o 10
mean value, more transitions) Pseudorandom binary sequence (PRBS)

. . . . 0t . .

Filter — not a simple moving average, where the number of digital code levels o 20 40 50 5 100

would be (N + 3)
Typically, sinc (sin(x)/x) filters are used. They can be cascaded (sinc")

zeros can be set for rejection at specific frequencies (50/60 Hz, N x f;, etc.)
N >> OSR =5
Group delay = [(N-1)/2] x Ts (for linear-phase FIR filters '

moving average FIR filter kernels

5¢———oN =1

i
o

N
-

e
@

filter coefficient value

One bit from the bitstream contributes to
many bits in the filtered and decimated output
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no
z
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Sin C fi Ite r ke rn eI filter coefficient number




Still, why Sigma-Delta?

Pseudorandom binary sequence (PRBS) 50
PRBS 1 j i ' |
modulator sl | | Of——r ‘
0 20 40 60 80 100
Sigma-Delta bitst 3 ¥ -
igma-Delta bitstream ® g
i = = = — k= -~ 60 dB/dec
Si nal > SIgma_DeIta 1 Mﬂ -L —|_' J ‘g 100 —— ke
g modulator 0 U0 LGNNI | B i
0 20 40 60 80 100 - -150 ’
Square wave, period = 10 samples - a—
pp— . s g . 00| PRBS
PWM Sigma-Delta bitstream
L L S U I [ L ——square wave
modulator Oo 20 40 60 80 100 2% ' '
107 10 102 107" 10°
sample normalized frequency

Disadvantages of PWM:
° Tradeoff In PWM freq uency VS tl me resol utlon IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 48, NO. 6, JUNE 2002

» Typically, fine/coarse scheme needed for >12 bits
* Modulator is less robust against component non-ideality

The Pros and Cons of Democracy

A. R. Calderbank, Fellow, IEEE, and 1. Daubechies, Fellow, IEEE

113 Finally, it should be noted that ¥ A-encoders have many other virtues 33 Invited
than the possibility of decoding their output democratically. One of ) o
. . . . . ) . —_— Abstract—We introduce the concept of “democracy,” in which the indi-
their amazing advantages 1s their robustness: 1mperfect10ns in the quan- vidual bits in a coarsely quantized representation of a signal are all given
. 3 . . “equal weight” in the approximation to the original signal. We prove that
tizer do not affect the rate of convergence in A given n (2)’ whereas the such democratic representations cannot achieve the same accuracy as op-
same imperfections would lead to a strictly positive lower bound on the gmalmondemopmaticiichemen:

error in a binary encoding procedure, regardless of A (see [2], [3]). Index Terms—Democratic decoding, sigma-delta quantization.




A quick information-theoretic view

. The goal: optimal (or at least efficient) encoding and decoding of information for reliable
communication

“Just about everyone who transmits digital bits tries to send those bits as far as possible, as fast
as possible, down the cheapest possible medium, until recovery of those bits becomes an

analog problem”
Eric Swanson [1]
w Encoder x1 Channel Yn Decoder wr

. : : —> > > —>

Establlshgd by Nqust, ngtley and Shannon |~ o X ey [ e [ >
. Average information quantity: entropy \sequence sequenci/ message

H=—- Z pi 1082 Di \ Encoder Channel Decoder /
i n(t) Discrete-

Baseband \7;n[n]
time analog —

l
. Communication channel capacity: fs l—— fter iy

S - If. I, o |
C =8B log 5 (1 + N) Bgnd—l/m/ted cha/7nel i e

. D 't | e . —hil Ry v
with white Gaussian noise ort LT i

Digital [ >

Estimation

DAC -~

. Every modulation / encoding scheme exists From [6]
between these two extremes, including Sigma-Delta

. Some schemes (e.g. Turbo codes) approach the Shannon limit. Others are optimal in
terms of other criteria (error rate, robustness, complexity of implementation, etc.)

. Despite the different goals, there could be valuable clues coming from Information Theory
regarding ADC operation, bottlenecks, and optimization at the system/architecture level




From DS22 to DS24

From GPLD From GPLD 1) Input buffer — autozero amp
_}ﬁ 2 2) DC stabilization of first
. . | integrator

— optimized circuit

3) Voltage reference
— ADR1000 instead of LTZ1000

4) Buffering and scaling of Uref
— autozero amps

4
2) q] |
Il | generator 5) Dither signal generator

| /DAC '_"»;::,ed 5) — PRBS instead of 480 kHz

\\ é%lresistors triangular wave
[Logic] |

Input

ouTPUT + replacement of obsolete parts

to fiber optic 4———— Clock JUL
link ((L;ggl;_ig) Saturation detection + new PCB IayOUt
Tointegrators | H H H
damp ¢ + some improvements in mechanical
design

<\ analog problems — analog solutions /?\\7




DS22 to DS24 — improvements

- LF noise improvement: >12 dB (hence DS24)
- Mid-term isothermal stability also much better; Class 0 - compliant

-100 .
C. A.DS24 at0V 10.000002
. & 105 F B.DS24 at+10 V| - >
Zero noise- < L G DS22 a1 0V ~ 10.000001
i T B.
dominated > 110 32 10t
. o, |
Uref noise = e 9.999999 Unit A Unit B
2 9.999998 ‘ '
(]
>12 dB lower 5120
zeronoise — ¢ > ‘ e ,
in DS24 5 125 iy T, S I R UnitA]
2 M’ i ‘ ‘ 202 Unit B
S 130 ‘ =
: v (J 5 0.1 &@Dﬂw&%
S 435 s | B g
i = Unit A: 0.093 + 0.015 ppm p-p
140 . | J . oy o 0 . Unit B: 0.107 + 0.022 ppm p-p |
103 102 107 10° 10 102 10° 0 50 100 150
Frequency [Hz] Time / h

- Unfortunately, TC could not be improved significantly without a
major redesign (bottleneck: TC of DAC switches). It remained on
the 0.2 ppm/°C level




DS22 to DS24 — improvements

input voltage set to +1 mV (+100 ppm)

-110 r 1 T -120
idle tones —A. DS22 O Unit#1, | tone
-115 B.DS24|7 *  Unit#1, Il tone
1807 O Unit#2, I tone
— 120 g x Unit#2, Il tone
g = o) O Unit #3, | tone
X2t & 1or i % Unit#3, Il tone
o e
S, A :
-130 °
% A:Y 2 |
= c
S 135} B: = |
s E- j
140 + T
[T
-145 50 Hz 150 Hz
-150 = - - g0
10 10 10 5 10 15 20 25 30 35 40 45 50
Frequency [Hz] Frequency (Hz)

Idle tones: first try of PRBS dither

Newest prototypes: even lower! PCB layout

> i .
15 dB improvement over DS22 improvements
1 T T T T 0.5 T T T T T T T T T T
497Un?t#1 04k iu::tA |
08 | nire * ol ] | — impact
£ o6 S FL £ oz of parasitics
z, = is dominant
S 4 H 0 %
% 02l g0 00
S 02 2 .02} '\d
0r -0.3 1
-04 1
-0.2
-10 -5 0 5 10 -0 8 6 -4 -2 0 2 4 6 8 10
Input voltage (V) Input voltage (V)

INL first try: similar to DS22 Newest prototypes: better!  _




LHC dipole circuit upgrade

. Beam optics studies suggested that the short-term stability of magnet powering
for certain dipole circuits would impact on the tune stability in HL-LHC

. Full upgrade of the dipole circuits to Class 0 was deemed too complex/expensive
. A partial upgrade was proposed and accepted. It has two parts:

> Replacement of DS22 with DS24 digitizers (full backward compatibility)
> Replacement of the precision amplifier (G=10) in the DCCTs

The upgrade targets mainly short-term stability/noise, but would also impact on
mid-term stability

P/N 322070 1K/10K, total 44 units

. 10
26 units 18 units ZF721: 280 NV g
ZF722: 314 0V o
new amp: 68 nV,

A) ZF721
B.) ZF722
C.) new precision amplifier

RMS

counts
Noise density [V Hz /%]
3

C.

|
|
|
R
|
|
L

.05 Tc(ﬁltracfi.rllz (pp(;Z/K) 0.25 0.3 10-10'3 102 Frequ:;:;y " 10° 10"
OPA189 VHD200 ~60% of units have LF noise (0.001-0.1 Hz)
t selected for TC tracking < 0.15 ppm/°C improved >4x
auto-zero amp lowest gain TC '




Other (lower-precision) digitizers

- Many applications don’t need extreme precision

- However, high bandwidth is needed for pulsed and cycled
applications (non-LHC — injectors)

- Need for multiple channels, analog outputs (DACs)

- Many boards / systems have been developed for use in
magnet and RF powering at CERN:

>

>

>

FGC3 ANA101 — based on ADS1274 (4-channel 6" order 1-bit
Sigma-Delta)

FGCLite analog board — radiation-tolerant, based on ADS1271.
Raw bitstream output, filter implemented in FPGA

PAM, PAMB (for POPS, POPSB) — also based on ADS1271 &
ADS1274

FGC3 ANA103 / 104 — based on LTC2378-20 (20-bit SAR, 500
kSamples/s). Very widely used (~71000 ANA104s arriving this year)

HV “analog optical link” for Marxdiscap — LTC2378-18 on ADC
side (floating at HV); 20-bit DAC (MAX5719) on the other end




ANA104 - overview
resistor networks

ADC channel (VPG SMN)

o FGC 31 ANA104 EDA-
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Voltage reference island
MUX  (heater-stabilized)




ANA104 - block diagram

ou| Analog domain Digital domain
Analog bus com g || LPF
< —
SWIN SWBUS
CH1 :z_‘: LPF ﬁ * buf CONDIT - ADC —o CH1
A '—c,/o-o
1 Lam ]l
L=
cH2 N o] LPF j. ol buf conDIT [ | LPF [ { ADC dig | | Jop
> 1@ buf
A LCIHP
Analog in 2 zl>:"’0 High speed ADC interface
cH3 N o] LPF f: ol buf conDIT [ | LPF [ { ADC dig | | ocns
o 7 buf
A LCIHD
3 Lanl
3!
o o -
CHa \* g || LPF [[3v2 ? buf CONDIT [ | LPF [ { ADC dig | | oo
T buf
A LCIHI
4 9
a>'
pAct QU+ ST LPF | ) buf [—| CONDIT DAC &g | e pact
1 Tt b
Analog out 4{>:.“0 High speed DAC interface
o= -
pAc2 Oif* LPF | ) buf [__| CONDIT DAC m_. DAC2
I e
:.—'—0
3>|
- > —ore 1" U REF
= d +10V
8 ;——.\:- =10 -0V ensor ® Tmeas (analog)
oo Temperature control loop
: [:-’*: P | offset heater | ® PWM
56 Law ]
6
- Enclosed temperature-stabilized island
CHIN- 989 | 1 common
1 T @19 mode measure
=' DS18B20 @ 1-wire ID & Temperature
CH2IN- o451 | cH2 common
mode measure
mexchtors || A Ut T
_MPXenable | MPX svzre) FGC3.1 Analog Board (ANA104)
=~

Block diagram

gl EDA-04495-V2-0
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Evaluation of commercial ADC ICs

- Started in 2007 as part of HL-LHC R&D for Accuracy Class 0

- Many candidates with nominal resolution =224 bits were
screened (datasheet information)

- Results presented at I2ZMTC-2018 [7]
« Some selected units were tested in the lab

spectral density [V Hz'“z]

Voltage noise

107
Frequency [Hz]

- Main finding: integrated ADCs had improved significantly:
the few best candidates beat DS22 in terms of noise




ADC resolution metrics

- Nominal resolution — number of bits at the ADC output interface for a single conversion
- Digital code resolution — log,(number of digital codes) —— Arbitrarily high

Signal-to-Quantization Noise Ratio (SQNR) *

P signal

SQNR [dB] = 10logo =6.02N +1.76

P quant. noise

Signal-to-Noise Ratio (SNR) *

Psignal

SNR [dB] = 10log 10

quant. noise + Pexcess noise

P
10[0g10 signal

excess noise

Signal-to-Noise and Distortion ratio (SINAD) *

hard to

measure
> 18 bits

P..
SINAD [dB] = 10log107 signal

noise +Pdistortion

“signal”: full-scale pure sine wave

—

To
equivalent
ideal ADC

Nominal resolution

SQNR [dB]—1.76
N[bits] = Q [60]2

SNR bits

SNR[dB] —1.76

SNR bits [bits] = 02

Ideal or low-resolution ADC

Practical high-resolution ADC

|

Effective Number of Bits (ENOB)

] SINAD[dB] — 1.76
ENOB [bits] = 02

Effective Resolution (ER)

0 Vinput

ER [bits] = logz(

FS(p-p) )
Vexcess noise(RMS)
Noise-Free Code Resolution (NFCR)

v,
NFCR [bits] = log, (V £5(pp) ) = ER — 2.7 bits*

excess noise(p—p)

*1000 samples of noise with Gaussian PDF

Nominal resolution ER

32Db

o

26 b at 50 Samples/s

23.3 b at 50 Samples/s

NFCR ENOB

00

L4

o0

\ =4

(<19 b at 1 kHz)

DC-accurate bits (AT=10 °C; int. Uref)
(<16 b)




Integrated ADCs - summary

165 U] e B M ARALY m e sl p A
AN
O0—¢6 SNR bits
160 =~ 2 15
..... \\‘Oob 26
\\
155 - H
N . Few having
.| —*—ADS1256 25 oo )
150 L ——ADs1259 - > 24 SNR b|tS
—A— ADS1262, sinc* filter
—%x— ADS128x =
145 H ——AD7176, sinc® filter 24 | o SNR bits — SNR [dB] - 1.76
—<—AD7177-2, sinc® filter, buffers disabled 6.02
E ] —8—AD7177-2, sinc? filter, buffers enabled P
o, 140 i —<— AD7190, sinc®, chop enabled 3 ]
o —>—AD7191 N
> | | —e—AD7787 . |
%) 135 11| —e—LTC2380-24 (SAR) 22 e
——LTC2508-32 (SAR) F ] | b d
—%— LTC2440 =
130 1 —x—1sL26102 ] alr y Ig Sprea
o MAX11210 ............................. 21 ......
—#— CS5532
125 A ..v- Ds22 - Pett (1999) . ]
| © Gaoetal (2016) S VT 20 o
----#--- Naiknaware, Fiez (2000) - N
120 1 .-¢- qu etal. (2015) N
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11 | | —B—3458A R i
S [ —9—ss88A
— — —white noise; Vg =10V, =3.54 Vo AN
1073 1072 107" 10° 10’ 102 10° 10%
\ J Bandwidth [Hz]

1
Typically no information for sub-Hz
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Integrated ADCs - summary

Nominal o ice floor  Offsetdrift  Gaindrift  INL (typ)
ADC Type resolution
[bits] [nV/vHz] [ppb/*C] [ppm/°C] [ppm]

AD7177-2 SD 32 302 18 10.4 11
ADS1256 SD 24 120 120 0.8 £3
ADS1262 SD 32 110 0.1 0.5 3
ADS1281 SD 32 110 6 04 0.6
AD7190 SD 24 2802 0.5 11 259
LTC2440 SD 24 70 12 0.2 5
CS5532 SD 24 70 11 12 +15
1SL26104 SD 24 120 +30 0.1 2
MAX11210 SD 24 250 b 5 0.05 +10
LTC2508-32 SAR 32 50 114 10.05 0.5
LTC2380-24 SAR 24 30° 9 0.05 0.5
AD7767 SAR 24 60 1.5 04
Estimated, assuming * BW = ODR/3; * BW = ODR/2 l l l
ODR = output data rate ppb (1) < ppm =1 ppm

This is a summary from 2017. Since then, some new parts with even better performance have appeared.
e.g. AD4630-24 — INL typical £0.1 ppm (!), max £0.9 ppm, gain drift £0.025 ppm/°C
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HL-LHC Accuracy Class 0

Power
; converter 2EED ALE -
% Resolution [ppm] 0.5 - 0.2
6 Initial uncertainty after cal [2xrms ppm] 2.0 1.0 1.0
@) Linearity [ppm] [max abs ppm] 2.0 1.0 1.0
E Stability durlng.a. fill (12h.) [max abs ppm] 0.7 0.5 0.3 _ isothermal
- Short term stability (20min) [2xrms ppm] 0.2 0.1 0.1
@® Noise (<500Hz) [2xrms ppm] 3.0 20 1.0
% Fill to fill repeatability [2xrms ppm] 04 03 0.1
_'G_,J Long term fill to fill stability [max abs ppm] 8.0 4.0 4.0 -
8 -|: Temperature coefficient [max abs ppm/C] 1.0 0.8 0.2 AT =0.5°C
)
7))

- Determined by operational experience from LHC and beam optics studies
- Improvement mostly needed in low-frequency noise and stability

- In particular, needed for K-modulation for the Inner Triplets
(K-modulation: a method to measure the focusing strength of quadrupole magnets)

- Some requirements are easier to be met by the digitizer, hence the unequal
splitting between DCCT and ADC




HPM7177 — strategy and timeline

In 2018/2019, it was decided to keep working on DS24, while in
parallel developing a new digitizer based on a commercial IC

Parts of the new digitizer were tested separately, before the first
full prototypes were built in 2019

Testing and characterization carried on through 2020-2021, with
many difficulties related to COVID and component shortages

The decision was eventually taken to use HPM7177 for HL-LHC
Accuracy Class 0, and to produce DS24 units for replacement of
DS22 only in the LHC main dipole circuits

In 2022, two HPM7177 units were tested at PTB - Braunschweig

Also in 2022, a contract was signed with Norcott Technologies Ltd.
(Widnes, UK), following a tender for >100 units for HL-LHC

In 2023-2024, the first series units were received, tested, and
installed in SPS (mains consolidation) and in prototype power
converters for HL-LHC




AD7177-2 internals

Flexible buffering options
(better performance without buffers)

Internal reference: 2.5V, +2 to +5 /°C
(still useful for CM biasing)

MUX — useful for

.

J

AVDD1 AVDD2 REGCAPA REF- REF+ REFOUT IOVDD REGCAPD
C 7\ M\ 7\
hd RAIL-TO-RAIL BUFFERED - |
CROSSPOINT | 1.8V REFERENCE PRECISION 1.8V
MULTIPLEXER | LDO INPUT BUFFERS REFERENCE LDO
I REF
AINo (OO—> VDD [ RAIL-TO-RAIL —
ANALOG INPUT Y ’ cs
BUFFERS
AIN1 O ’{Z; ! Ny / SERIAL SCLK
- V £-A ADC DIGITAL INTERFACE DIN
AIN2 O—» | S FILTER AND CONTROL
* 1> \ \ / DOUT/RDY
AIN3 -
4 — GPIO AND XTAL AND INTERNAL | ) SYNC/ERROR
MUX CLOCK OSCILLATOR
AIN4 a }Avss 1/0 CONTROL CIRCUITRY
K = /EMPERATURE AD7177-2
L | SENSOR
O O O— O O
AVSS GPIO0 GPIO1 XTAL1 XTAL2/CLKIO DGND

Digital filters + decimation
(reduced data rates)
we use the full 10 kSPS

‘internal short” test External 16 MHz oscillator

— has impact on INL




Building a digitizer around an ADC

/ test \
Input signal ) YTl s |nitialization, readout

I <:I powering

Voltage reference (= temperature stabilization

\_ !

Matching of input range to ADC range (noise and stability critical, high CMRR)
Matching of voltage reference to ADC (noise and stability critical)

Low-noise, stable powering of ADC and analog circuits

Digital logic — initialization and readout of ADC, control, diagnostics; interfacing
with other systems

Temperature stabilization — for TC << ppm/°C

Built-in test features to facilitate production and laboratory tests




HPM7177 block diagram

r from PSU
LPE\ —>to PSU
| j
I\ PWM
" LED | 1000 Q *_ '
indicators 1500 0 ADC <;sp|j S
— — 1 MUX
T A J
% ’ Peltier element ‘ |\
o
g ADC mezzanine [PT1000 sensor| [16 MHz clock]
L
5 EMI | | x ADC
[N
£ filter MUX attenuator, AD7177-2 < SPI over LVDS > FPGA
— module
11
_L_" C L 6.6V:47V:9.4V
ch;;sis circuit -
"earth" | ground
<-data—e optic fibre < UART
e—sync interface sync >
*#b USB '« » USB to UART |« > isolation <€«—— UART —>»

https://ohwr.org/project/opt-adc-10k-32b-1cha/wikis/home



https://ohwr.org/project/opt-adc-10k-32b-1cha/wikis/home

Fully differential circuits - basics

Single-ended Differential
one input, one output, same two inputs or two outputs, same
reference point reference point
Uin ET Ugui Ui~ ——- | . Uout+
Uin+ —t ™ ’ Uout'
; ref ref
4 4
difference amplifier differential driver
Fully differential

two inputs AND two outputs, (again) same reference point

e Uin* _:'T Uout*
Uout+
U ref
out” Upn- —:IT Uout- <

ref

AV

fully differential amplifier (FDA) non-coupled FD filter coupled FD filter




The differential amplifier

™~ _ -20 dB/dec

~

100+ R unbalance

CMRR [dB]

Uour = ApUin(D)+AcUin (CM) + Uy

60 | C unbalance

vin(cM) Uout

10° 10! 10? 10° 10*
Frequency [HZz]

i R1 R4
= 1+jwR1C1 1+jwR4C2
R1 + R4 ] ] ] R1 +R2+R3+ R4
4, —F1+R2"R3+R4 Differential gain A () = TIORICT T THORAC? (LPF)
,_R2 Can only be positive 2— g ——
R1+ R2 AC TTjwRicT R?
DC - R4 1 R4 R1
— - i 1+ jwR4C?2 1+ jwR1C1
. _F3+RE_RI+R2 Common mpde gain_ JoRtC2 __1ijo
c= R2 Can be positive, negative, or zero o R3 +1450racz T+jwricT T R2 HPF
RT+ R2 c(@) = R2 ( )
= R1
= T+joRIcT T R?
CMRR .. = A_D Common-mode rejection ratio
PA™ 4, Can be anything (+ , -, =0, co}—>

(not clear, with only magnitude given in dB)

Different CMR behaviour at AC and DC:
DC — matching of resistances; AC — matching of capacitances




The fuIIy differential amplifier

Ap1, Act

= |4 Ap2, Ac2
i
Uin(CM) I" vos Uout(CM)

Built of two identical DAs

140 & AC=0
¢
120 70
Foo == =X S
—_ ® S
o \‘8\\ de
S, 100 ‘®\\ 700)7\\
8:: e
Y
3 50l |-~ DA_A (simulated o,

= =

(
fffff DA_B (simulated
¢ DA_A (measured
60 - x  DA_B (measured
—6—FDA (measured)

— =

40 . . -
10° 10! 10% 10% 10*

Frequency [Hz]

>130 dB from DC to 5 kHz,
AC between the two DAs < 10 fF
(a really good prototype)

l Uouyr(D) ] _ lADD ACDH Uin(D) Uos(D)
Uoyr(CM) Apc  Accl LUy (CM) Uocm

Aransfer funCtlons\ -

- ADZ
App = Ap; + Ap; Acp = 2
differential - differential CM - differential
Aci +Aca
Apc = Ac1 —Ac2 Ace = 7
differential - CM CM-CM
ADD ADD
CMRRFDA = — D = —
ADC ACC

CMRRgp, depends on the Discrimination factor
difference between the two

DAs — can be higher than

their individual CMRRs



A fully differential signal chain

. Advantages
2x higher signal range for the same supply rails (high-resolution integrated ADCs use this)
More immune to interference (if well balanced), less sensitive to board-level stay currents
Possibility to achieve higher overall system CMRR
Possibility for cancellation of systematic errors
The natural way to go from differentially transmitted voltages to a differential ADC input
. Disadvantages
> Higher circuit complexity, more components needed
»  Higher noise (V2 increase)

vV V V VYV VY

A. B. —C.——D —
_ 20000 20 | 2 A. Buffers — non-coupled FD stage
o om0 [ |1 : ] i B. FDA — coupled FD stage, trimmable
- Pross os = 1w " DC CMRR, settable output DC CM voltage
1 H—pcno 10n
+25V AT
IEERERR R C. Filter — coupled FD stage
OPA189 * ; @ f " . . . .
+ zgp{‘: g l-vus D. ADC - differential input, high CMRR
e} N5 oy i (requires DC bias of +2.5V)




Voltage reference system

Based on ADR1000 (more about it later)
Burn-in performed on the ADR1000s (on-off cycling in oven)

Fully standalone circuit, no controls

Scaling from =7 V down to = 5 V to be compatible with ADC — achieved
using a “statistical” 1:1.41 divider made of six elements from an 8-
element resistor network (the same as in the input FDA)

The ratio was initially chosen for LTZ1000 (U,=7.0t0 7.5 V),

the Aypp of AD7177-2 was also increased to +5.2 V

The ratio was kept the same for ADR1000 (U, = 6.6 V), hence the lower
derived voltages

All DC voltages can be tested via the MUX, using a single external 10 V
standard for absolute-value scaling:

Raw Zener voltage (= 6.6 V)

ADC reference (= 4.7 V)

ADC reference x 2 (= 9.4 V)
Additionally, the Zener + voltage divider current (in total = 6.9 mA) is sensed using a
0.1 Q resistor (nhode REF_GND)

YV VY




Temperature stabilization

Sensor: PT1000 Peltier element

> Stable thin-film Platinum sensor in SMD package
> On the ADC mezzanine, 4-wire connection to mainboard

> Referenced to two fixed resistances: 1000 Q and 1500 Q
— measurement range for temperature: 0 °C to 130 °C

> Resolution = mQ/LSB — m°C/LSB
Actuator: Thermoelectric (Peltier) element
Can heat or cool
One side connected to ADC mezzanine, the other to heat sink
Driven with DC current, which is generated in the PSU module
At T, = 40 °C, cross-over from heating to cooling happens around 30-32 °C (normal air flow)
Control algorithm
Fairly plain and simple proportional-integral (P1) controller
Manually tuned (with some modelling help)
Implemented in Microblaze core firmware, using floating-point math
Control rate: 1 Hz
Mostly has to track changes in ambient temperature (self-heating is = constant)
End result: TC at full scale < 0.05 ppm/°C (>16 tested units, ongoing campaign)

YV V VYV V

VvV V VYV VY V




emperature stablilization loo

M

@

1D T(u)

Ao

Peltier £100 mA step at t=0

0

code
to Ipeltier

driver
limits

Plant

num(z)

1D T(u)

den(z) N\
TtoR
(PT1000) H — .
accumulator PT 1000 resistance
set point x1000 (PT1000)

integrator anti-windup

el

ADC mezzanine self warm-u
1101 45 30 T T T P
X 39.8596
__ 1100+ Y 1099.63 10l 529l
=1 X 19.8301 1 3
8 1099 i Y 1098.71 / S} | I
s | | + T © 350 Sogl
® | 2 kel
g 1098 ::< slope g set point stepped to 41 g
o | 1 . \L g— 30 - =27t
S 1097} | 1 x 201118 ) °
~ delay v 1097.31 = o
E '\ 25 L Cold start (measured) g 2 |
1096 - WEHTLL Warm start (measured) =
Y 1096.38 :
Cold start (simulated)
1095 ‘ ‘ ‘ ‘ : 20 ‘ ‘ s ‘ ‘ 251 ———2514 ‘
-10 0 10 20 30 40 50 0 500 1000 1500 2000 2500 3000 0 2000 4000 6000 8000
time [s] time [s] time [s]

Parameters for simple plant model
estimated from step measurement [8]

Models loop dynamics fairly well

Some effects (e.g. initial self-heating
of mezzanine) are not modelled

CE/RW
.

N4




HPM7177 — FPGA design

——sync_out:

main data flow path

Fiber optic out
»POF_OUT ===

5 Mbit/s

» PELTIER_PWM

>V_PELT_SIGN

} PWM for letier

»IN_CPL

1_LOOPBACK

C2_LOOPBACK

P> MUX A (6D) Status and

USB_PWR )
control signals

T_SHDN

PMOD_x (8 b)

> .
2 PTS_AX (3 bits)

PTS_ID

»LED_OE

» LED_DATA

LED indicators

» LED_LATCH

(shift register)

10 kHz sync in > POF N sync.vhd
—ext_sync_good
ADC_SCK_FB —adc_sck_good
adc_sck_check.vhd -
{ Teser |
Y Y
AD71 77_2 ADC_SCK< L g :
. ADC_CS < ) €—contro=—> —send—> |\ UART
ADC |nte rface ADC DIN < AD7177_interface.vhd —data_out—) _I main_control_fsm.vhd (ECE)
ADC D;)UT [ €——data_ir P =data_out==p
A A
e eme | AN M s
ADC_SYNC < adc_int_short—
> act i pos
* I t———————adc_in_neg——
GPIO 0 [16 -* peltier_pwm.vhd
force_periph_rst—
F POF_IN———]
—ext_sync_good—p|
———adc_sck_er—3»| <
reset > reset manager MICROBLAZE adc_iniialized—», L.
(BTNO) adc_saturated—p|
€——force_adc_init—]
€—adc_int_short <
UART-USB GPIO2 | <€—adcin_pos aux_io.vhd
USB_UART_TX < AXIUART | UART AXI <€—adc_in_neg——| <
(teSt/ d e b u g ) USB_UART_RX > interrupt interrupt GPIO 1 €—force_periph_rst— -
controller
100 MHz domain « [
1 2 MHZ CIOCk > CLK > clock manager tick (1 Hz) [x32b) @Eﬂ
(12 MHz)
10 MHz domain { E
TEMP_ADC_SCK<€ ; I—)
=control
te m pe ratu re TEMP_ADC_CS < LTC2450_interface.vhd - - indicators_fsm.vhd —data—) led_interface.vhd
>
measurement TEMP_ADC_SDO temp_read_fsm.vhd
SUb'SyStem TEMP_AO <

TEMP_A1<€

»LED_CLK




Component level

“When art critics get together they talk about Form and Structure and Meaning. When artists get
together they talk about where you can buy cheap turpentine.”

Pablo Picasso

“The practitioner will be aided in his task if he accepts two fundamental truths:

1) that no amount of wishful thinking will alter the laws of physics or the basic mathematical
relationships that describe them, and

2) that the most expensive way to meet most system requirements, considering the value of
the information converted over the life of the system, is to select low-cost components of

inadequate stability and reliability.“

Bernard M. Gordon [9]

19/02/2024 Nikolai Beev
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Precision resistors

Thin-film or metal foil

Mostly based on passivated NiCr films or NiCr-based alloys

Trimmable for highly precise absolute value, down to £0.01%

Very low TC in foil resistors (but also non-linear and not very repeatable)
Packaging: SMD or THD (THD is more stress-resistant)

Packaging: plastic or hermetic (hermetic — resistant to humidity)

To maintain precision and stability - should not be subjected to

stress (mechanical, thermal, humidity, corrosive chemicals, ESD,
etc.)

YV V V V V

It's better to operate well below the power rating, to avoid
significant self-heating (self-heating — non-linearity, faster aging)

Should be kept away from large thermal gradients and turbulent
air flow




Resistor networks

- Thin film or metal foil. Typically 2 to 8 elements per package

Fabricated on the same substrate (A), or selected foil chips packaged together (B)
> Case (A) — Inherent production matching, best for equal-value elements. TC and stability are
usually dominated by systematic effects, so can be improved by proper element selection
and interconnection (e.g. common centroid, interdigitation, etc.)

> Case (B) — Matching by selection. TC is random, but the distribution is non-Gaussian (can be
assumed rectangular)

> In both cases, random mismatch can be improved by statistics (use of multiple elements)

RS

A 7 x10 i ‘ ‘ i i i
( ) 1 U [IGaussian, N=100000
Uin ‘——- AR 61 —— Gaussian fit 1
lipped Gaussian 0.5, N=38234
- 2AR N pp s
5F li d G ian £10, N=68439
T N g L L B o - | ar s Eclpped Gaussian £10
VALUES®" (TYPICAL + MAX. SPREAD) RATIO MAX. ABSOLUTE MATCH
g etk S T I R - il Uout
1k to 10k #0.241.8 10 <R1/R2<100 | 2.0 ppm/°C £0.1% 0.05% e 5AR
Adfspdd -__| 64R 4R +184R
® - 4] e
& A g 3 ou
; AP - 84R
M| e | 8|l | TR Eoe | R
RES# m| +20 to +40° "
: i : Common centroid layout ’
R1 100 20K | 0.01% 5 ppm/°C 1-16 “CI. d G . ” d tb t
R2 100 3K5 0.01% 5 oC 2-15 . . B
B oo e gar |, | swe En cancels linear gradient 'Ppec \saussian cistribution:
Rs | 100 | 20k [oo01% | et 5 ppmjoc_—| 1 PP/ T . stricter selection —
e o ot e S (just an example!) more rectangular
R8 100 3K5 0.01% 5 ppm/°C 8-9




Resistor networks and statistics

Example: 7 V / 5 V Voltage reference divider in HPM7177

.options numdgt=8 =options numdgt=8
.step param x 0 10000 1 astep param x 0 10000 1
.op w0p
R4 .param RA = 20k <param RA = 20k
§ .param RB = 3k5 =param RB = 3k5
{RB} .param TC = 0.5e-6 aparam TC = 0.5e-6
R1 R3
{RA} {RA}
V1 §"2 w1
- (RB} -
6.62 6.62
o All 6 elements

o ‘ Single outlier

1000 T T T T 7 1000 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ .
Monte Carlo 10000 runs o _szr;fsetc(t:arr;:tching 900 1 Monte Carlo 10000 runs perfect matching | |
TC =+ 0.5 ppm/°C h TC=4+0.5ppm/°C — — —worst case
800 AT=1°C EE one outler (RS) MC || soo| AT=1°C [lall elements MC | |
All elements MC fit: Gaussian fit > Wh y’?
7001 =1.41176471 i
, 600F L 00 | @ = 1.0218303e-07 _—
< ! ! £ | < >
3 ! ' S 500 : -
° 400} | . ° ! % 35 !
| | 400 o o | ,
| |
: : 300F | | o
200f | _— ol | : 20->95%
| |
| | (o)
: : 10k | | 30 -> 997 /O
| |
0 | [ | L

1.4117644 1.4117646 1.4117648 1.411765 1.4117652 ‘ 1.4117644  1.4117646  1.4117648 1.411765 1_411I7652
division ratio division ratio




The Central Limit theorem

X, X,... X, — random variables with y < co and 02 < o, any probability distribution

Their normalized sum (u=0, o=1) is:
X1+X2+Xn—nu

="
The limit of the cumulative distribution function (CDF) for large n — standard normal CDF (Gaussian)
: 1 _u?
Tll_r& P(Z,<x)=®(x), xeR d(x) = Ef_xwe 2 du

“Under certain conditions, the sum of a large number of random variables is approximately normal”

An intuitive demonstration:

\ +‘. nII”H”““In

2y |||||| Q::?""‘:,.'/ .|I||“|I|. \.*' ..'"\" .|||”“|I|. +5+
\” 12 3458 g i 2 4 6 8 10 12 °,’ 3 6 9 12 15 18 +\-.,+\-.'°°1213243°36

Explains why the Gaussian distribution is so common (hence “normal”)
Also relevant for uncertainty estimation — combined uncertainty can be considered normal, in case
it is not dominated by uncertainties of type B (assumed rectangular), or type A based on just a few

observations (ISO GUM Annex G2)




Excess noise In resistors

All resistors have thermal (Johnson / Nyquist) noise. It can be expressed as:

T D v [4kpT A W
L‘," o 4k TR . — B Pﬂ p— k‘ T [—]
7 [VHZ] " R L/Hz] B Hz

(A) Voltage (Thevenin eq.) (B) Current (Norton eq.) (C) power (matched load)
. It does not depend on the resistor type, construction, condition, etc. Its power (C) depends
only on temperature. Voltage / current noise (A / B) depend on the resistance
. Fluctuations in resistance cause measurable excess noise when a resistor is biased

. Excess noise is a low-frequency phenomenon, typically 1/f (equal power per log(f)) or 1/f¢
. Excess noise depends on many factors related to the resistor technology

s 10 k(2 resistor networks from 20 different families NS

Carbon composition I I T I T
(in general) _
Brand X carbon composition
(hot molded) T T

4 decades spread
(and these are not —
even “noisy” types!)

Carbon film
(in general)

Brand Y metal film —_——

Brand Z metal film

100 @ TR TR
to 100,000 2 e T

above 100,000 2

—

Metal film —.
(in general)

thermal noise froeiail
(theoretical) " o From [10]

Frequency / Hz




Excess noise In resistors

Noise index

Vims [IJ«V]
VpelV]

> Not always specified in datasheets
> Standard method is good down to -40 dB

An improved method and test setup were developed in 2021-2022
Results presented at 2MTC-2022 [11]
Many resistor networks were tested (thin film, metal foil, 100 Q to 1 MQ)

Laminated Resistive Foil Element

NI = 20log1o ( ) [dB/decade]

Figure 1. VSM0805 100R (X10,000)

» Thin-film resistors on Si substrate are also good
»  With ceramic substrates — it depends!

10 : : . v NI[dB] NiCr . TaN  other
A NOMCA ....:AA.?J: ........................... 1
—&— AORN >.40 (__Nomca ) (T914 (Tetrinox®) ) |
¢ DIP-1999 : '(_AORN : :
T S
- o ‘(_PrA DFN ' (1999 ) | [ MAXS49x (CrS)
2 e -40t0 -60 1
o —6—LT5400 : [ vsor ]!
- —8-DFN | SCRM3216F ) TOMC )it
é — & —TOMC ( ) ( ) : -
2 — & - RM3216F | Nomc RIA [ owvas | [Lrs400 Crs) |
© -50 4 N — % —PRA : MORN ORN L SN SRy
3 \"7""" — % —ACAS <-60 [ osop ToP - pedshaibaty
2 & MORN : C 3 PRND
= ORN HTRN MPM g .
% ToP B veD
> MPM : ‘ ,
<t HTRN g
- NOMC substrate: [ si | (_A203 ) {Ap03 (oil); Figure 2. Thin film resistor 110R (X10,000)
@ RIA
% OSOP . . . H H fI AI O
---neimt| * FOIl resistors are very quiet Foil vs thin film on Al,O4

From [12]




Few words on capacitors

For power supply decoupling: high-K ceramic
capacitors are perfectly fine

For anything in the signal path: only NPO/COG
ceramic capacitors should be used — cannot be
very high-value

In our application: fairly low dependence on
capacitor non-ideality

(capacitors used for filtering, op amp compensation)
Most critical — filters at ADC signal and Uref input
pins

Just like precision resistors, should be kept away
from air flow, stress, etc.




Voltage reference ICs

Lowest noise and best stability — buried Zener

First HPM7177 prototypes: LTZ1000

»  Released in the 1980s

Two variants (LTZ1000 and LTZ1000A)

Used in high-end DVMs, voltage standards, calibrators
Considerable spread of parameters — selection
Burn-in helps with initial settling

ADR1000

»  Pin-compatible with LTZ1000

>  Lower unit-to-unit spread, lower 1/f noise
»  Very low thermal (on-off) hysteresis

» It was released just in time for the production of
the HPM7177 series for HL-LHC

Both require fairly complex external circuits

Both need scaling down of the Zener voltage
to the ADC U, srange (=7 Vto=5YV)

(ADR1001 has all supporting circuits built in
plus scaling to & V, but was unavailable,
and its performance is yet to be evaluated)

>
>
>
>

*SUBSTRATE DEVICES-DO NOT FORWARD BIAS

{1 8 5
ADR1000
¢
HEATER g L
Q2 1
2400
“

'O Js‘

*SUBSTRATE TO NEPI DIODE.

NOTES
1. PIN 4 IS THE SUBSTRATE AND IS CONNECTED
TO THE CASE.




Other design aspects

- Powering

> Good filtering, multiple LDO-stabilized voltages
> Separation of analog and digital supply rails
> Additional local filtering on the ADC mezzanine

- Ground planes

> Common ground planes on the mezzanine and on the mainboard
> Functional layout separation into analog and digital areas

- Digital interfaces
> Main ADC: SPI, converted to LVDS levels — to unload ADC digital outputs and to reduce
parasitic coupling
Auxiliary ADC for T measurement: SPI (non-LVDS)
Test & debug: UART to USB using FT232, galvanic isolators
Fiber optic: UART @ 5 Mbit/s, IP reused from another project
Synchronization input — 10 kHz pulses, plastic optic fiber
Front panel LEDs — shift registers
Some simple control signals (MUX control, status flags, etc.)
1-wire — for device identification and temperature monitoring

V V V V V VYV VY




Communication, integration, debug

The crate with two HPM7177s interfaces to FGC using optical fibers
TX: UART at 5 Mbit/s, reused from White Rabbit peripherals interface

One data package sent per ADC sample (10 kSamples/s).
In total 17 bytes per sample. Format:

word #1 word #2 word #3 word #4 checksum
ADC result status 0 0 CRC
32b 32b 32b 32b 8b

Status word:

>  Status of ADC operation

Fault flags (ADC readout errors)
Synchronization - present or not
Status of temperature control loop,
output of PI

RX: 10 kHz synchronization pulses

USB — extended debug information sent
out once per second in text format

Y YV V

First demo of proper operation
with FGC, ca May 2023




C

\

Complete ADC unit Mainboard only

Production testing

- Production tests (factory) and acceptance tests (CERN)

- Checks of basic functionality - voltages, currents, interfaces, sub-
systems, etc. Estimated 95% coverage of hardware functions

- Also, basic precision check of mezzanine with external 10 V standard
(at ~10s of ppm level, without T stabilization)

Tester chassis

2 |28-00000f282dc0 28-00000e4d6af2
3 |28-00000f282ded 28-00000edesdal 14.862  -14.948 4997 120.810  39.191 231.210 3.284 5.248 7.522

121310 39384 227.910 3.282

4 28-00000f282df6 28-00000e504808 14.860 -14.549 4997 120720  39.333 228.840 3.303 5.225 7.518
5 |28-00000f282e07 28-00000e4d401b 14.860  -14.549  4.997 121.800  39.266 231.140 3.287 5.203. 7.531
6 |28-00000f282e08 28-00000e4d3fe5 14.860  -14.952  4.997 119.440  39.731 229.970 3.295 5196 7.558
7 28-00000f282e19 28-00000e4d72b1 14.861  -14.951  4.997 120.550  39.531 228.870 3.287 5.198 7.535.
8 |28-00000f282e1a 28-00000e4d3fcl 14.867 -14.944 4999 120.530  39.359 229.130 3.283 5.202 7.521
9 |28-00000282e3f 28-00000e4e84b3 14.861  -14.949  4.997 120.670 22 3.296 5.195 7.545.
10 |28-00000282e63 28-00000e4e84cS. 14861 -14.948 4997 121410 3.204 5214 7.503

11/28-00000f282e64 28-0000004d4020 14.863  -14.947  4.998  122.050
12 [28-00000f286194 28-00000e4d3fd3 14.862  -14.949 4923 120.910
13 |28-00000f288466 28-00000e4faSbe 14.861  -14.949 4998  120.270

285 5.253. 7.539.
287 5.221 7.528
.283 5.200 7.508.

14

15 min 14.860  -14.952 4923  119.440 730 3.282 5.195 7.503.
16 max 14.867 -14.544 4999 122050 39.731 52§310 3.303 5.253 7.558
7 avera ge 14.862 -14.949 4991 120.873  39.368 254161 3.289 5.214 7.527
18| median 14.861 -14.949 4997 120765  39.332 224000 3.287 5.207 7.525

outlier

E/RW
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EMC testing

- As mentioned earlier, the EM environment can be a challenge
- Some typical EMC problems + common solutions:

Problem / offender Solutions

Magnetic fields Keep loops small (internal / cables)

Ground loops Floating PSU, differential transmission of signals,
optical fibers

Electrical fast transients (burst) Shielded cables, voltage clamps (TVS)

Susceptibility to conducted RF Shielded cables, filtering, grounding

Susceptibility to radiated RF Shielding, grounding

- Testing is indispensable for finding potential issues and solutions for them

- With high-precision devices, the aim is to ensure functionality and prevent
permanent performance degradation related to EMI

- ltis not realistic to maintain full DC accuracy during such aggressive tests
- Standards are a good starting point, but sometimes we have to go beyond




EMC tests — LFMF and EFT

" HPM7177 unit #1

Helmholz coil

—e—X axis

id probe

* No sensitivity to DC fields
* Low sensitivity at 50 Hz:
max 35 ppm rms at 2000 A/m
* Not a very big dependence
on orientation

10t ¢

100 ¢

50 Hz tone magnitude [ppm rms]

107!
10 10? 10°
H field [A/m]
HPM7177 unit #1, 100 kHz burst
T T T 12 -
test start
test #1
burst generator I test #2
§ . 10.00031 | 10 f test #3 | |
capacitive :
coupling clam L
p g p — 8 : one ADC input
Z E | switches to GND
9 10.000305 - © 6l I
8 8 I A
= S I )
> > s | both ADC inputs
Q ] | switch to GND
< 10.0003 F < |
ol |
I
I
ol I
10.000295 |
0 50 100 150 200 250 300 350
time [s]

(reversible) fault at -4 kV — fixed in V3




EMC tests — conducted RF

(|
]
|

RF
generator

L)
-ir X 2100000
Y -0.700045

attenuator attenuator BNC

6dB 6dB
short RF 200W long RF 200W short RF
cable cable cable
50 Ohm

M2S A001252
100 kHz - 100 MHz

R&S
SMA100B

Difficult to achieve wide frequency span
with good flatness of RF power level!
Even more difficult to keep RF signals tame

£
-2
=
G -3t
8
4t
Level 3 (10V )
5 X 2200000 Level 4 (20 VRMS) |
Y -5.89655 RMS
—6 T ° I
10° 108 107
Frequency [Hz]
CDN-S2

108



Summary: sources of error

System Element

DCCT Head

Burden resistor
Precision amplifier

Digitizer ADC

Frontend

Voltage reference
external cables

cables

environment

Error sources

External magnetic fields, return bar,
centering

Settling, TC, PC, self-heating
Offset / gain TC, noise, CMRR

Offset / gain TC, noise, non-linearity

Offset / gain TC, noise, CMRR

TC, noise, aging

thermal EMFs

EMI

variations in temperature and humidity

systematic / random / mixed

Mitigation solutions

careful positioning

TC compensation
auto-zero, CMRR trimming
auto-zero, active temperature

stabilization, INL correction

auto-zero, active temperature
stabilization, CMRR trimming

Auto-zero (for Uref scaling), active
temperature stabilization, burn-in

proper selection of cables and
connectors

careful positioning, shielding, EMC-
aware design

active temperature stabilization




Measurement error strategy

Main system-level goal: distribute the error, don’t let any
single source dominate

» ldeal elements are not needed (remember the chain)

> Statistics helps (remember the central limit theorem)

- Compensation/correction is only possible for known,
systematic effects

- Testing is unavoidable and indispensable, especially to
find subtle failure modes. Outliers are the first suspect.

- Specifically in our case:
> the stability of the burden resistor is usually the performance
bottleneck

» providing a “better than expected” digitizer helps relieve the
requirements for the DCCT, saving much effort and cost




Error vs uncertainty

Measurement error - the difference between a measured value of a quantity and its
(generally unknown) true value
>  Systematic or random / static or dynamic / instrument or environment
Control error — difference between the reference (setpoint) and the measured value
»  Goal of the controller — to minimize this error. It's usually negligible at DC
Measurement uncertainty — an expression of incomplete knowledge
"non-negative parameter characterizing the dispersion of the quantity values being attributed
to a measurand, based on the information used”
> Type A - based on statistical analysis of measurements
> Type B — based on non-statistical methods (accuracy class, calibration certificate, prior
knowledge)
In our context:
> Tests and characterization give the value of some performance parameter (e.g. noise or TC)
>  The uncertainty of this parameter is defined by the reference instruments (standards, DVMs,
etc.), or the properties of the tested device, or both
» The PC accuracy classes and ADC/DCCT guidelines are a broader target, but also a starting
point for defining of strategies and drafting of specifications
» We aim to guarantee that all devices of a given type fit into the target class, with a
reasonable safety margin




Proving performance

“Extraordinary claims require extraordinary evidence”
Carl Sagan

19/02/2024

Nikolai Beev
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Limitations of classical equipment

- General principle: to characterize any device, normally you need another
instrument with higher metrological performance

- e.g.voltage standard — DVM

- High-end DVMs and calibrators have
certain limitations:
»  Trade-offs of performance vs flexibility

»  Different accuracy for different
functions and ranges
(there is a “golden mean” / best range)

>  Impact of usage history, power cycling, etc.

Classical voltage standards are based
on buried Zener references, thus:
»  They have non-negligible noise, especially 1/f

»  They also drift - with time, temperature,
stress / power cycling, etc.
(even atmospheric pressure!)

- What if you don’t have an instrument with significantly higher
performance than your DUT? Do you just accept the high uncertainty?




DVM best specifications

- HP/Agilent/Keysight 3458A (1988)

Accuracy3 [ppm of reading (ppm of reading for Option 002) + ppm of range] Transfer accuracy/linearity
Range 24 hour* 90 day® 1 year’ 2 year’ R 10 min, Tref £ 0.5°C
9 (ppm of reading + ppm of range)

100 mV 25+3 5.0(35)+3 9(5)+3 14 (10) +3
1v 15+03 46(3.1)+0.3 8(4)+0.3 14 (10) + 0.3 100 mv 05+05

1V 03+01
10V 0.5+0.05 4.1(2.6) +0.05 8(4)+0.05 14 (10) + 0.05 10V 0.05+ 005 i
100 V 25+03 6.0 (4.5)+0.3 10 (6) + 0.3 14 (10)+ 0.3 oo Uor U

1000 V 1.5+0.05
1000 Ve 25+0.1 6.0 (4.5)+0.1 10 (6) + 0.1 14 (10) + 0.1

. Fluke 8588A (2019)

gooooe
nooooooy

Relative Accuracy | Absolute Accuracy
95 % Confidence + (LWVIV of reading + pV/V of range)]
" Transfer, 24 Hour 90 day 365 day 2 years 365 day 365 day 2year
Range Zin Full Scale 20min" | Tcalz1°C | Tcalz1°C | Tcal#1°C | Tcalz1°C | Tcalz1°C | Tcal:5°C | Tcalt5°C
Auto, 10 MQ,

100 mv o [202000000mv | 02+20 07+20 14+20 27+20 54+20 51+20 75+20 15420 N Ot su rp rl S | n g |y
y

Auto, 10 MQ,

1V 1MQ 2.02 000 00 mv 0.06 +0.3 05+03 14+03 27+03 54+03 28+0.3 29+03 58+03 1 O V . th
[ 10V "“'51* mo  [202000000v | 0.05+005 05+0.05 14+005 2.7+005 54+0.05 28+0.05 29+005 58+0.05 ] ran g e 1S e
OV U0, TO MG 202,000 000 V 08 T 0 TOT 03 o003 0T 00 B0 03 T 03 L REA) BT 00 & O I d e nm ea N ”»
100 V 1MQ 202.000 000 V 2.0+50 2.0+50 45+50 9.0+5.0 18 +5.0 9.0 +5.0 9.5+5.0 19+5.0 g
1000 V Auto, 10 MQ [1050.000 00 V 04+05 1.0+05 26+05 40+05 8.0+05 43+05 44+05 89+05

1000 V 1MQ 1050.000 00 V 4.0+25 40+25 45+25 9.0+25 18 +25 91+25 96 +25 19.2+25




Calibrators, voltage standards

Fluke 5700A Series Il (1995)

Datron/Wavetek 4808 (early 90s)

Option 10 - DC Voltage (Requires Option 30 for 1000V Range)

700A Series II secondary performance specifications and operating characteristics Voltage A y Relative to C ds
Temperature coefficient * Noise bandwidth Range = (ppm OUTPUT + Floor) (1) .
o2 = Calibration Temperature
Stability! +1°C 0°C-10°C 0.1-10 Hz 10-10 kHz 180D {¥awr Uncerteinty Coefficient
Range 24 Hours 10°C-40°C 40°C-50°C | Linearity + 1°C pk-pk rms 24 Hours 0 Days ays Ye 4 :
Stability 21 | Teenl¥=1°C | ToertPI£5°C | Tcent = s°C | (+topm Cutput) (*ppm/°C)
+ (ppm output + uV) + (ppm output + pV)/°C + (ppm output + uV) uv
220 mV 03+03 0.4+01 15+05 1+0.2 015+ .1 5 oy | GAsomV | s+oaw | 43+o0mv 7 4054V 6 1
2.2V 0.3+1 0.3+01 15+2 1+06 0.15+.4 15 i 5 34+ 04uV | 454+ 05V 7 + 0.5V 5 1
—_— 11V 03+25 015+ 0.2 1+15 03+2 015+2 50 1omv 0.4 + 0.3V 3+ 040V | 45+ 05uV 7405V 6 1
22V 04+5 0.2+0.4 15+3 03+4 015+4 50 ooy | G i 3404V | 45+ 08V 7+ 05V 6 1
220V 0.5+ 40 03+5 15+ 40 1+40 0.15 + 60 150 = 5+1uV 32 05
v 0.3 + 0.5uV 2 + D.BuV 3.5 + 1uV n 3
1100V 0.5 + 200 0.5+ 10 3 + 200 1+ 200 0.15 + 300 500 - 10v 03 + 1V 1+ 3uV 2+ 3V 3+3pV 24 0.15
! Stability specifications are included in the absolute uncertainty values in the primary specification tables. 100V 0.5 + 20uV 2 + 50uV 3.5 + 50uV 5 +50uv g g Z:
2 Temperature coefficient is an adder to uncertainty specifications that does not apply unless operating more 100CV 05 + 200pV | 3 + 500uV 5 + 500pV 7 +500uv = »
than +5°C from calibration temperature.
Table 1-2. 732A Specifications ‘
OUTPUT VOLTAGE ...............cuvnnn 10 volts, 1.018 volts, or 1 volt Standard stability
TRANSFER UNCERTAINTY ............. @18°C to 28°C — Stability (+ pV/V)
Time Interval E = 30 days 90 days 1 Year
Output Voltage
30 Days 90 Days 6 Months 1 Year > 10V 0.3 0.8 20
i 10V 0.5 ppm 1.5 ppm 3.0 ppm 6.0 ppm 1V 0.6 1.2 3.0
1.018v 1.5 ppm 4.0 ppm 8.0 ppm 12.0 ppm
Vv 1.5 ppm 4.0 ppm 8.0 ppm 12.0 ppm 01V 1.2 2.9 9.8
These specifications assume the unit has been continuously powered up with either ac or battery or both. The
specifications include effects due to line regulation. Temperature Coefficient (TC) of Output
From 15 °C to 35 °C, the temperature coefficient is bound by the information in the table below.
TEMPERATURE COEFFICIENT OF OUTPUT -
Output voltage Temperature Coefficient (+ pV/V per °C)
A Temperature Coefficient (ppm/°C) 10V 0.04
ange — .
0°C to 18°C 28°C to 40°C 1V ol
— 10V +0.05 +0.05 :
1.018V +1.0 +1.0 01V 0.2
v +1.0 +1.0




More on limitations

For linearity tests, DVMs are perfectly good for our purposes (0.1 ppm on
10 V range). They are also better than calibrators

All devices that use buried Zener voltage references (i.e. all classical
voltage metrology instruments) are limited by the 1/f noise of the reference

> It varies between types, and 10
I

25 Zener
standards

also between units 8

> Generally, in the range of
0.02-0.2 ppm rms

number observed

T T T 1T T 1T T

> Taking longer measurements doesn'’t 2
improve Type A uncertainty o1 lIl ——
» Cannot be mitigated with reversals, S et omio
because it's a gain error From [13]

Long-term stability of Zener standards is good enough for our purposes,
especially for frequently calibrated, well managed reference devices




Going beyond the specs — how?

Improve the local environment

> use a climatic chamber (reduce AT)

> use Faraday cage, special cables, etc.

> don’t stack many instruments, keep offenders away

Use more measurement / reference devices (statistics!)
> Works for random errors, e.g. noise

> Becomes less effective when correlations are present (e.g. similar TC x AT)

Correct or compensate for known effects

> Characterize your test equipment, count on the stability of some characteristics (e.g. TC)
> Measure and track environmental variables, use for correction
> ‘educated” Type B uncertainty vs manufacturer datasheet specs

Arrange reversals or auto-zeroing

> Not just DVM auto-zero; better somewhere early in the measurement chain
> Works for offset errors (offset drift, EMFs, zero noise), but not for gain or linearity errors

Exploit advanced measurement and signal processing
methods

> repeated measurements with ensemble averaging
> cross-correlation, cross-spectrum, etc.




Example: cross-PSD

When measuring noise, how do you call
the “signal-to-noise ratio” (SNR)?

. indistinguishable, but has different sources
. ‘noise signal” could be below the “measurement noise”

hay in ' haystack |

- The idea: use two identical devices to measure the same noise signal ® ®
. Each of the two has its own noise, which contributes to the measurement

- Part of the measurement is coherent (common for the two), because it
comes from the input signal
- This part can be estimated using cross power-spectrum density

> PSD is the Fourier transform of the autocorrelation function
> CPSD is the Fourier transform of the cross-correlation function

Sx(f) = fjozo Ry(v)e™"™"dr Sxy (f) = fj:,o Ryy(T)e ™ dr
\—'—l |_'_, \ y

PSD autocorrelation CPSD cross-correlation




Example: cross-PSD

Example from DS24 testing
The measurements contain noise both from the DUTs and from the 10 V source (PBC)

The same PSD processing (Welch method, 2000-point Hanning window)
> At 0.001 Hz — the estimated PBC noise is =3 dB below DUTs (A)
> At >0.1 Hz it's >10 dB below — more uncertain CPSD estimate (B)

Generally, works well for resolving up to 10 dB below the instrument noise floor, also for
finding correlated artifacts. (But be careful when connected instrument inputs in parallel!)

Long records (lots of averaging) needed for smooth plots and good frequency resolution

-6 Unit A
x10 | . ; -100 T T
27 (A) ——DS24 Unit A
> \6 — DS24 Unit B _ _
~ -110°% PBC #34 || Some kind of aliased tone,
g 2| o |_— originating in the PBC
: 0 1 2 3 4 5 LE 1201 |
S x10* .
o
-6 Unit B -130
.S %10 ' ‘ % (B)
= 2 ~
5 8 -140} Very little
A correlation here
-2 ‘ -150
0 1 2 3 4 5
Time / s x10* -160 — - -
(part of the full record) 10 10 10

Frequency [Hz]

Do you see any correlation?




Example: tests of upgraded CDC

The challenge: verify 12-hour stability of 5 A within 0.2 ppm p-p

The only feasible way: convert 5 Ato 10 V (best effort), measure 10 V (best effort) —
either against a 10 V standard, or using super stable digitizer(s)

In practice: use the whole bag of tricks

6x HPM7177
DUT Current reversal
H-bridge
50 mA w
current §
reference :
5x PBCs £
o s 10 oy D0 A | 1
A -0.2 L L L )
W T
L J More information in Valerio
Climatic 0.2 Q precision  G=10 precision  Nappi's MSc thesis [14]

chamber resistor amplifier (also at CPEM-2024)




Voltage calibration infrastructure at CERN

New PBCs

Fluke 732B

Fluke 732A

Typical uncertainty
for absolute 10 V

in the lab: £ 0.3 ppm
Traceable to METAS

regular PBCs

“reference PBCs”

New PBCs
(ADR1000-based)

Less noisy than 732A/B/C
Hardware average of 5 units:
the quietest 10 V we have

(submitted to CPEM-2024)

regular PBCs




Voltage quantum metrology

The Josephson effect — predicted theoretically by Brian Josephson in 1962, physics Nobel
prize awarded in 1973

Applications of Josephson junctions:

Superconducting Quantum Interference Devices (SQUID)
Single-electron transistors

Rapid Single Flux Quantum device (RSFQ)
Superconducing Tunnel Junction (STJ) detectors

Flux qubits (quantum computing)

Josephson voltage standards

AC Josephson effect: irradiation with microwave (GHz)
— quantized voltage steps (Shapiro steps)

Basically, a f — U converter. Good frequency references are common
One junction: exact since 2019
nf 26/ 9 -1
U=— K, = 7,(-4 483597.8484 ...x10° Hz V™ + - Josephson constant

Kj
(F=70GHz, n=+1 — U =144.7483693... uV)

without
le microwave

Voltage

with
microwave

YVVVYVYVYYV

Voltage

Current

Many junctions in series:

U(M) = %

(F=70 GHz, n=+1, M = 6909 — U = 1.0000664842... V)

The most stable and fundamentally accurate voltage source that exists
Adopted as standard of voltage in 1972, becoming the first quantum electrical standard
Since the 2019 redefinition of Sl base units, K, has an exact value (no uncertainty)




PJVS tests of HPM7177

0T T T T T T

PJVS - Programmable Josephson Voltage Standard ' transport ADCs powered week 1 break week 2
> Range: +10 V
> Flexible operation
> Extremely low noise (practically negligible)
>  DC stability limited by thermal EMFs in cables
- Tests conducted at PTB — Braunschweig in 2022

. Very stable environmental conditions o
(despite the unusually hot summer!)
. Two HPM7177 units tested: the first V2 prototypes
(ADR1000-based U, )
. In total =3 weeks (July 05 — July 22)
»  Most tests were carried out in week 1
»  Stability test: >10 days during break
»  Extra tests in the “safety margin” week 2
DUTs were powered for =20 days prior to the tests
Results published in IEEE Transactions on
Instrumentation and Measurement [15]
(open access)

logger LAB
logger CRATE

temperature / °C

40 —

RH /%

20

1
o
<
>
o
e}
o
]
3

tim

Jun 17, 12:00

Jun 23, 11:00 -
Jun 24, 10:30 -
Jul 08, 17:30 [
Jul 19, 09:00
Jul 22, 11:00 |

2022

(o]




PJVS test setup — block diagram

microwave bias

frequency current
control ‘.| control
: 19" rack
5 12v_[Tighiso Etht?rnet
bi > Psu U .
1as H
source low thermal EMF interface .
E connection block \ 4 card PXI chassis
: PXle-1071
: dat
(] HPM7177 72y
, unitA | Synci 3 Embedded
S OF. controller
|8 | ‘o “m PXle-8840
|Z ) . FPGA
| 3 a a\
' JJ array Hzm:;77 sync' PXle-7972R
. _EL — LVDS I/0
E 7<(>)u(t3 e Nt e = * optical fiber NI-6585B
§ ’ 72V | high-iso \ e’
PSU

microwave frof

Lees > i
synthesizer 10 MHz

Readout system ——

— PJVS —— —— DUT :




PJVS setup - pictures

DUT  cryoprobe o ,yq control T/RH loggers

PJVS LHe POF NI PXle LabVIEW
bias dewar to LVDS FPGA software

source




Broadband noise

|
Approximate Actual voltage [V] Number of JJs ADC mezzanine  [PT1000 sensor| [16 MHz clock|

voltage [V]
N\ |
\ | Emi ADC
1 1.0000664842 6909 filter MUX attenuator AD7177-2 SPI «
2 1.9999882200 13817 ]
5 5.0000429241 34544 (‘ ‘
6.6 6.5999466510 45597 7 e
10 9.9999410998 69085 S
6 Unit A, positive voltages
10° T T T 175 T r r : ;
—Oov —F—A) External (PJVS)
+1v —F -B) Internal
+2V o~
+5V <
+6.6V T
g +10V 2170-
> g
N 3
(,, 2 165 f
2
=
e
107" 10° 10" 102 10° 10% 10 8 -6 -4 2 0 2 4 6 8 10
Frequency / Hz Uinput/V
Slightly higher noise floor with Test with internal voltages: suppression

higher input voltages of correlated noise originating from Uref




Low-frequency noise, stability

9.999944 — T T T T

T
B) UnitB = = =PJVS —A) 0V

:
A) Unit A

9.999943 | A) 1 " C) ——B) 10V (PJVS) -
———C) 10V (Fluke 732B)
— — —HL-LHC Class 0 limit (500 nV

9.999942 |
RMS)

9.999941 H

UADC/V

9.999940

9.999939 —* ! ! ! ! !

2 T T T T T T T T T T

1.5F b

1r d

A) =3 dB difference

between 732B
and PJVS @ 10V

L Unit A: 0.105 + 0.016 ppm p-p i

/V Unit B: 0.137 + 0.021 ppm p-p

Stability over 12h
uV p-p
e
(9]

Toughest — & € £ & £ f £ £ £ £ 2 pgp wh 0
_ 3 3 3 3 3 3 3 3 3 3 3 10 10 10 10 10
HL-LHC spec: Absolute time 2022 Frequency / Hz — at 10 V HPM7177
0.2ppmin12h
, , , , , has equal level of
ig o) 1/f noise as
—F—C) 10V (Fluke 7328B) the 7325

NN

F [——a)ov ——B) 10V (PIvs) C) 10V (Fluke 732B) |+

B)

o

Allan deviation / V

Deviation from start / uV

day ]:0.1 ppm
—

2F

0V:no contributi(bl__mA ]
)
from Uref - N N A ol o s e

0 1 2 3 4 5 6 7 8 9 10
Time /s «10°

Measurement time / s

CE/RW
.

N4




Linearity

. Measured with different ramps from -10 V to +10 V
(plus ramps around 0 V to study the zero-transition kink)

. Three-point calibration —at-10V, 0V, +10 V
. Longer dwell time — lower Type A uncertainty of the mean level at each step

. Measurement of the same units one year later at CERN using classical equipment (PWM-based
voltage calibrator + 5 DVMs)

4 > 4
2 2t ;‘ 2|
o O S of
E 2F 2 g ; 2+
? 4} 04 a t o4t
g8 o[ o £ or
D< -8 | -0. g 8}
S0 L 1 -1 Zz 1oL . 1 1 1 1
| A) All JJs B)201steps ¢ C)41 steps —"—(F;Ei;l“;a;:srjg:; éf:‘jﬁliojgz)a)
4 : S 4 ; . . ‘ ‘ ; : — 0.4
Z 2t 2 ot
\(g 0 g ok
3 2t £ c L
S af : £ Ll -
g8 [ | £ o/ N
S ° g 8t 0.
-0 L : - ‘ l
0 8 6 4 -2 0 2 4 6 8 10 2_10-10 s © 4 2 0 2 4 6 8 10
UPJVS/V Uinput/V
[T Plot Number of | Step magni- | Step dwell | Uncertainty
steps tude (V) time (s) (nV) Very Small Change,
A) 139265 ~ 145x 100 | 0.1 121 vy . .
L — C— within the limits of uncertainty




Settling to large steps

. Three levels: -10 'V, 0 V, +10 V. Large positive and negative steps, return to 0
. Dwell time: 300 s on each step. Many cycles repeated overnight

. Ensemble averaging reduces noise by VN

. Earlier tests with the built-in MUX showed similar behaviour:
Predominant gain settling, = 0.1 - 0.2 ppm in 10-30 seconds, higher for | steps

. Tests with PJVS are more conclusive, because they exclude the MUX, and because
the voltage steps are not associated with changes in source impedance

or 1 | L 2RU0)D) ——A) Unit A; OV to +10V
: > 2f x_ ——B) Unit B; 0V to +10V |
- 0 A) B) ——C) Unit A; OV to -10V
R N D) Unit B; OV to -10V | |
5F =1 0 5 10 15 20
N
L L]
> 2
©
o 2 4. i
Q 0 E
< =
2 ©
2]
£
2 -0.
5F “E
S -0.2 - _
® ——E) Unit A; +10V to OV
s -03f 02 G)H) ——F) Unit B; +10V to OV |
3. 8 o4 04 ——G) UnitA;-10V to OV | |
10 . : Yo 5 10 15 20 |——H)UnitB;-10V to OV
05 ! . ! I I
0 200 400 600 800 1000 1200 1400 1600 0 50 100 150 200 250 300

time /s Time /s




Large steps — thermal response

- The ADC mezzanine dissipates =1 W

- There is a small dependence on the input
signal (worst-case AP = 1.5 %)

- Mostly due to Joule heating in the
resistor network RN2 (input signal path)

- When there is a large step in the input
signal, the response of the temperature
stabilization loop can be seen

increase in self-heating —

less heating from the Peltier element

AT (ambient) = +1°C — -720 counts (measured)
AP (self-heating) = +14.5 mW — -60 counts

=> AT (self-heating) = 0.083 °C (worst-case)
Rth = 5.75 °C/W - consistent with other tests

CE/RW
\

N/ S

25

RN2 power dissipation / mW

PI controller response (counts)

AP =145 mW

10 15

5
A%
input

Unit A - temperature controller response

Return from -10 Vto 0 V

Return from +10 Vto 0 V

Step from 0V to +10 V

Step from 0V to-10V

0 50 100 150 200 250 300

time /s




Resolving of very small steps

. The PJVS-generated voltage can be fine-stepped by modulating the 70
GHz microwave reference |

. Resolution: 4 kHz -> 8.27 pV / Josephson junction .

. At10V: 69085 JJs — 571 nV I

- At1V:6909 JJs — 57.1 nV — too small. 40 kHz steps used instead ] ez [0

- Repeated ramps (10x, 11 seconds per step) e

. HPM7177 output data downsampled to 1 Sa/s (10000:1)

. peak-to-peak noise on steps = step spacing

. Noise-Free Codes Resolution = 24 bits (of +10 V range) NFCR[bits] = logz(

JJ array |

fout
70 GHz £ N*4 kHz

Vrs (p-p) >

Vexcess noise(p—p)
Unit A; 1 Sals

9.999948 —— 20 . ; . . :
P . e ey e ey My Bt By oty ey 1000072 1 - 40kHzsteps p— 1 Up s = 1V: 40 kHz steps; bin width = 20 nv S
oo : : 40kHzsteps sl =
< 1 > ;.. ensemble : ; - E 8
© 9.999944 = 10000701 verage - SN ISV i B . £ " 52
2 S 3 RSN B .
9.999942 | <% 1.000068 [ |
...... 5 - 1
0.660940 . . . . . . e e e e e =
0 200 400 600 800 1000 1200 1400 1.000086 14 0 =
- 9.999949 —— step spacing = = =10V / 2% level
UnitB;18als Tl : i : : FARO SOSOUSRON SOUROONS SRR . 20 . ; - - - :evels
9:999948 ' ' ' ' 0009947 Lo i 4 KHz steps i Up s = 10 V; 4 kHz steps; bin width = 20 nV S
o 99seeas kg s L ensemble S - 15} GRG
> . [N A USSR o RN 4 USRNSSR \U 0.099045 f average \ g E 2
Q 9.999944 [} B Y A 8 B . 2 ' L 510 ;
= s e 2 g 999043 | & |
9.999942 | : : : A 5 oL |
9.999941 [PAFP !

9.999940 . ! ! t t L —L — L L L
0 200 400 600 800 1000 1200 1400 0 20 40 60 80 100 120 0 0.1 0.2 0.3 0.4 0.5 0.6

time /s Time /s Peak deviation from mean / p,V




Slow ramp test

- Test conducted with a slow ramp generated using Audio Precision APx555
- High-resolution DAC, fine steps (>20 bits)

« 20 minutes, from 0 V to + 10 V — similar to LHC ramp
- No artifacts seen on the ramp, only noise

1A .
\
Dump | 760 A 115 kW Coast
beam ]
11800 A 1 I S S S w» several hours
(~ 24 hrs)
22 MW
- +10 Afsec o
; 0 Acceleration / (~ 26 mins) /
d -2 [Z——A) 10000 Sa/s B) 5000 Sa/s C) 1000 Sa/s] i 1 | Injection .’
o - I I T I L {1 -10 A/sec | plateau :
8 (~ 20 mins) 500 W x
> _— - 0.1 A/sec
< i ‘//-/f ——-—
| 760 A 3-5 mins
350 A [ % e -
: -1 20 mins Vt
| D) 1 Sa/s E)01Sa/s < 8.(3)mV/s| E): re————
82 T T T T T 1: = { ]\ ]\ ]
0 200 400 600 800 1000 1200 | || 1
Time /s
no beam  beam beam

(setup) (physics)
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