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MULTIPLEXAGES

APPLICATIONS CRYOGENIQUES




Arrays of sensors are required for fast & sensitive maps

We must be ed to be sensitive

are needed to do maps — images
AND/OR

integrate signal — sensitivity again
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Cryogenic Detectors "Moore’s Law"

The number of cryogenic detectors is increasing over the past years :
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Basic multiplexing

Multiplexing general

Transmission of N signals over 1 channel

INFORMATION TRANSMISSION

:n%

Several transmission (analog signals) may be carried using
one wire (or one antenna)
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First multiplexing systems

Introduced for transmission at the end of the 19°" century and widely applied in MULTIPLEX
TELEGRAPHY AND TELEPHONY, as for radio broadcast during the 200 century
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Basic multiplexing

Channel capacity & Information theory

W - Messages Y y X" -Encoded Y Y"-Received W - Estimated

N data/signals Overlaped Mult‘iplexed Demult.iplexed
Messages Signal Signals
1 E E —_—
- 5 e ! g . §
v | “ Q —
! = I = = % ‘
! =} I o SRS |
: g 1 > g = |
1 = ! 87 A g |
' — | /2 3 ——

W Signals to be transmitted & multiplexed
X" Coded Signal with "* showing the "complexity" of coding
Y™ Output of a "noisy" channel : multiplexed signal
W Signal reconstruction : demultiplexed signals
1w Channel capacity is additive — combined independent channels
provides same capacity as used independently
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Basic multiplexing

Multiplexing general

N data/signals =~ Multiplexer = One channel

That is not a real multiplexer, because this need to reduces - Data
compression - the transmitted informations to use the same output
channel capacity
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Basic multiplexing

Multiplexing general

Transmission of N signals over 1 channel

INFORMATION TRANSMISSION

|
! I
! I
| .:: >
1
I
1
|
I

A To transmit N signals via One channel, the "channel" must

provides better performances than for a single signal transmission.
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Basic multiplexing

Multiplexing notice

A To transmit N signals via one channel, the "channel" must
provides better performances than for a single signal transmission.
= The increasing of the required performances is directly linked
to the number N of multiplexed signals.

= The affected performances are both :

> Band Width
> Dynamic / Signal to Noise Ratio

the multiplexing divides the capacity of the high-level communica-
tion channel into several low-level sub-channels, one for each mes-
sage, signal or data to be transmited.
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Basic multiplexing

Multiplexing as a modulation

There are intersections between modulation and multiplexing
Multiplexing = modulation of input signals by orthogonal signals:

Modulation by
orthogonal signals
N input signals lT o Multiplexed output
~° \XJJ\ Modulation =Higher BW
> O \)(/
1 > >
. o & 2 =Higher Dynamic/SNR

Orthogonal : boxcar functions or carriers at different frequencies.
Orthogonality = demultiplexer able to recover each input signal without
interference from the other.
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Basic multiplexing

Example of "orthogonal" functions
sampling, modulation, convolution, coding :

x boxcar functions = sampling I ren
LI I L
| S
M I T,
x carriers = modulation

/\/ -
/\/\_/FT—A—
NN — ————
AVAVAVAVAVAVAVAV —Nf

. . N
* time constant = convolution
— T
6(t) % e tit; N—
—_—

X

Walsh Hadamard code = coding L

x x row - column encoding — 2 functions / "wires" per signal
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Basic multiplexing

limitations
Multiplexing = modulation/sampling/coding + summation

» Frequency modulation — cross-talk between two carriers /

bandwidth margin required
NAN

‘1 €2 3

» Nyquist-Shannon sampling* theorem — aliasing'/noise
margin required and cross-talk

0B fs

> Summation — increasing of the amplitude range : dynamic
margin required

NN N+ =y

A time domain multiplexer do not "see" the input signal all the time

THigh frequencies are mixed with low frequency / White noise increase
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Basic multiplexing

Requirement for multiplexing

To multiplex a signal, the readout system (multiplexer) must have
better performances than to read-out a single pixel.

If the readout channel has performances better than what it is needed for

the readout of a single pixel, a multiplexing can be performed without
signal degradations.

The multiplexer must have better :
» bandwidth,
» dynamic range and/or

> noise performances.

than for a readout of one pixel.

The increasing of the needed performances for a N to 1 multiplexer
must be better by a factor of about VN fo few N ...
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Basic multiplexing

Multiplexing type vs standard modulations

» Multiplexing
> Time Domain Multiplexing

»> Boxcar modulation (TDM)
> Coded Division Multiplexing (CDM)

> Frequency Domain Multiplexing

> Modulation of the detector biasing itself (FDM)

> Microwave SQUID multiplexing with DC detector bias (uMUX)
> Modulation of the detector "biasing" itself in RF (KIDs)

» Wavelength Domain Multiplexing for optical fiber (WDM)

» Coding
> Amplitude Shift Keying (ASK)
> Binary On-Off Keying
> —— _——— .—. ... . code
> Coded Division Multiple Access (CDMA)

> Frequency Shift Keying (FSK)
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Basic multiplexing

Code as a third dimension ?

code code

TDM t FDM t

Code is represented as a third dimension even if this is

CDM is usually used to of the
multiplexed signal. But the code dimension is often a

repartition both in time, in frequency and some times in
amplitude.
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Basic multiplexing

Time Domain Multiplexing (TDM)

Time slot of limited duration of each input signal (Sy) is summed

S1

S1 x boxcary
h_. t h_, t
So Sy x boxcary
h_. t I_l_. t

S3 S3 x boxcary

- | m

» Requires a specific boxcar (time shifted) modulation / signal

MUX
h_, ¢

boxcar modulation
summation

» Limited duration = sampling

= increasing of the bandwidth
=risk of noise aliasing
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Basic multiplexing

Frequency Domain Multiplexing (FDM)

Frequency transposition of each input signal (Sy) is summed

S1 S1 x carriery

: L
L - i

)

So ,‘_q S x carrierp g MUX
=} =
2 <
& g

f f| g f

—

S3 g S3 x carrierg a
-
<
o

> Requires a specific frequency carrier / signal

> Summation = increasing the bandwidth and the dynamic
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Basic multiplexing

Sine waves multiplexing

until now, signal has been represented as a time or freq. "tophat”

from now, signals will be represented as 4 sine waves
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Mux/Demux of fones

Time Domain/Division Multiplexing - TDM

Modulation - Sampling

-1 bser
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Mux/Demux of fones

Time Domain/Division Multiplexing - TDM

Summation - multiplexing

pMod? . . q pMod2 . . 1 pMod3 . l’ A

.
L
M
=}
<

Amplitude [Arb.U.]

0 1 2 Time [ms]
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/Demux of tones

Time Domain/Division Multiplexing - TDM

Spectrum occupancy : BWrpps >N x fs>2 x N x BWg; ¢

2
<
8oL ] p— i . 1
_g Tsignal Ts TsN
o
<E: 1 LSig? ) Loart ) LMod1 ) Ltop-hat .
0 1 2 Time[ms] 0 1 2 Time[ms] 0 1 2 Time[ms] 0 1 2 Time [ms]
T fsignal il
—— FFT Signal 1
Carrier 1
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Mux/Demux of fones

Time Domain/Division Multiplexing - TDM

Shannon-Nyquist Unsatisfied = Alias the unfiltered white noise

Amplitude [V]

0 200 400 600 800 1000 1200

Amplitude [V]

0 200 400 600 800 1000 1200
Frequency [Hz]
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Mux/Demux of fones

Time Domain/Division Multiplexing - TDM

demultiplexing before sample & hold and filtering

-

Amplitude [Arb.U.]
- o

o ; -
i

0 1 2 Time [ms]
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Mux/Demux of fones

Frequency Domain/Division Multiplexing - FDM

Modulation - Frequency transposition
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Mux/Demux of fones

Frequency Domain/Division Multiplexing - FDM

Summation - multiplexing

g boaz |,

Wi

EE ] N
0 1 2 Time [ms]

Amplitude [Arb.U.]

o
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Mux/Demux of tones

Frequency Domain/Division Multiplexing - FDM

Increasing of the amplitude of the multiplexed signal

Amplitude [Arb.U.]

80 85 90 95

Time [ms]
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Mux/Demux of fones

Frequency Domain/Division Multiplexing - FDM

Spectrum occupancy : BWrpy >2 x N x BWg;g

5 E
2
z Multiplexi
° ultiplexing
©
2
g
<0 e
DC 100 Freq. [Hz]
I —
Cart
Car2
Car3
Car4
DC Frequency [kHz]
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Mux/Demux of fones

Frequency Domain/Division Multiplexing - FDM

| I | ! — FFTFDM |
{l{ E“i — Cart
EI: Ei = Car2
i! E; -ees Car3
i s E e Card
i i i

L il 1 H

DC 1 2 3 Frequency [kHz]

As for TDM, there is a "Shannon-Nyquist" law (modulation vs
sampling) which need to limit the signal (and noise) to a bandwidth
below an half of the carriers frequency separation
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Mux/Demux of fones

Frequency Domain/Division Multiplexing - FDM

demultiplexing before filtering
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Mux/Demux of fones

Frequency Domain/Division Multiplexing - FDM

demultiplexing in the frequency domain
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Mux/Demux of fones

Frequency Domain/Division Multiplexing - FDM

demultiplexing in the frequency domain

A —A' FFT FDM
T

— Dem1
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s n g n
T T .<_(. -—= Dem2
ﬁ (0]
i ; 3 :
| [ A =
I S Mom o F | [iWiie se A A A
%o
--- Dem3
; DC
i TR b Pt P
-r""" :'.‘\___I__,:'." N i o LA J

prele@apc.in2p3.fr



p

Mux/Demux of fones

Coded Domain/Division Multiplexing - CDM

Modulation - ”COdil’lg" (not the Walsh code)

of 1 /\ r
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Mux/Demux of fones

Coded Domain/Division Multiplexing - CDM

Summation - multiplexing

o
T

| Mod1 ] [Mod2 ] [Mod3 ] [ Moa:

'
-
T

U'

0 1 2 Time[ms]

_.
;

8

2

Amplitude [Arb.U.]
=)
~—
1 F
L
|
s
|

prele@apc.in2p3.fr DRTBT 2024 - A - du 25 au 29 mar


p

Mux/Demux of fones

Coded Domain/Division Multiplexing - CDM

Increasing of the amplitude of the multiplexed signal

Amplitude [Arb.U.]
. o

CDM . \ L
80 85 90 95 Time [ms]
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Mux/Demux of fones

Coded Domain/Division Multiplexing - CDM

iy |

Spectrum occupancy : BWrpp >2 x N x BWg;

2
0
= — FFT Sig1 . .
- sz Multiplexing
'5 Sig3
E_ Sig4
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Mux/Demux of fones

Coded Domain/Division Multiplexing - CDM

Spectrum occupancy : wide "spread" spectrum
5-1 F T T 3
e
z FFT Sig1 . .
. sz Multiplexing
-g Sig3
':—é_ Sig4
<0
D Freq. [Hz]
A N — Cart
, i N .\ -- Car2
£ ';: i Car3
L S Gard .
A Y | o — com
DC 2 3 4 5 6 Frequency [kHz]
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Multiplexer 1D

TDM vs FDM "ultra basic" principle

4 controlw

Carl, Car2, Car3 and Car4

‘v iout 4 -
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Carl + Car2 + Car3 + Car4



p

TDM vs FDM with SQUID 1D

Multiplexer 1D

2
=
=
£
L
-
S
3
=
>
-
s
3
§
=
s
3
=
=
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Techno. review

Cryogenic TES time domain multiplexer - QUBIC

R

I Vout FB

viasrgs

mux(4: 1)LNA+Integmtbx

SQUIDpN

A

= i

=
N

AAA

|
[

CRia
TES L{ I_ TES L{ I_ TES
{}< : 2 80
{ TEb TES L{ TES
I

\ x32

Ql”

/mux(SZ:l]diff. N

L

AM
L N L __1 N
]
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Cryogenic TES time domain multiplexer - QUBIC

QUBIC readout chaine : TES (300 mK) + SQUID (1K) + ASIC (77K)

r ®
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Techno. review

SiGe ASIC for cryogenic 1:128 TD SQUID M [ |

en [nVAVHz]

01 -
10Hz 100 Hz 1kHz 10 kHz 100 kHz

P
=
3
8
o)
o
@
N
o

x

=]

=

z

1)

=
1

frequency

Serial link

mux output 1:128
O

\/

input (from SQUID)

PUS PPA

BiCMOS SiGe ASIC

350nm AMS technology

1. SQUID rows addressing:
Biasing through
capacitors with AC
multiplexed current
sources (1:32)

2. Low noise amplifier with
multiplexed inputs:
FLL preamplifier
column mux. (1:4)

3. Digital addressing circuit
controlled by external Ck
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Techno. review

Multiplexed time line
1:128 multiplexing rate

Mux TES1
2v | Cycle
Line
ok
TES128
-2V -

L L
T T v

-0.02 0 0.02 0.04 0.06 time [s]

The ASIC allows to reduce the part of the array readout

L : ' T 5 — _— . * A 5
0_\/- L_ \n : TES1 N N — f SRR T !

| ESET—  ——
I D I I T
0.018 0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 time [s]
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Techno. review

300 mK CMOS 1:16 TDM - PACS/Herschel satellite

Double correlated sampling to remove 1/f readout noise

Differential measurement with blind pixels to remove the
external collective perturbations.

300mK 2Kelvins

e
1st electronics stage 2nd stage

cold electronics layer

P. Agnése, L. Rodriguez, L. Vigroux et al. - CEA
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16*16 50 mK CMOS 16->1 TDM

256 pixels / array, 4 readouts / pixel for polarization

The readout circuit is the base of the detector structure

sensors, absorbers, suspension beams added layer by layer on IC wafer L. Roariguez et a1. -
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Signal
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TDM by NIST 2D

SQUID Multiplexer

- G. Hilton, R. Doriese, et al - 2006

Column 1

SQ2 flux bias

Column 2

SA flux bias
vt‘l'
5 Vg
2
3
Row address
currents:
Row 1 L\k
g on L) il
A JULD
~ = Y
—>off § =
Row 2 5\\&
g on g m I
k|
off
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Techno. review

TDM SCUBA2 SQUID Chip - 1300 channels

Wafer-scale processing assembled with indium
bump-bonding on a TES array of 40x32 pixels
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TDM with flux activated switch (FAS)

SQUID turned on applying a row address current IRA "opening" the flux actuated switches

. sai Column 1 Column 2
bias TAA A
Ppias SQA = v = v
b TES— 3B3RYL — 3R
& P; & P,
=} =]
unit = ol g Veg) =+ 3 L Ve
pixel @ B
Row 1 $R TES| 4 S BTES
on sh B O Device Current vs Row Address Current
mdfsake\ | 3{sa)t
Q 079
Ly, | 16
1 1
How 2 $ TES I 5 TES
lRaz 0 o
K= offﬂ—ﬂ QD \ %.- § § 10
t 210
‘ I @0perational SQ1 Bias = 28.5 yA
8
200 400 600 800 1000
- = = = = I (WA

M. Durkin et al., Demonstration of Athena X-IFU Compatible 40-Row Time-Division-Multiplexed Readout

C. Reintsema et al., High-Throughput, DC-Parametric Evaluation of Flux-Activated-Switch-Based TDM and CDM SQUID Multiplexers - IEEETAS2019
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0. review

TDM with SQ1/FAS 1level

Readout of 2kTES arrays - ACTPol

11-row MUX chip

SAOUT

32 columns of 64 TESs 17} simplified
Each SQ1 is shunted by a flux activated switch (FAS) = SQ1 BIAS p
ﬁ readout column
(%] schematic
)
w
<
%)
SSA SQ1B+ ) ) SQIFB+
= fox & sQ1
activated
switch (FAS)
row select 0 } input 0
x33
)

o é
w
row select 1 } b=t % input 1
x33 %)

i N
.
. o x11 feedback
.
)

inductor

S. W. Henderson et al., Readout of two-kilopixel tramsition-edge sensor arrays for|Advanced ACTPol
row select 10 } input 10

x33

6X Iy
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TDM with SQ1/FAS 2levels: 10+8 address lines for 80rows

Readout of half a million of TES for CMB-S4
Each SQ1 is shunted by 2 FAS

C M B' S4 Room Temperature

simplified readout column schematic

ko) 4K Stage
10 Channel 10 Channel
MUX Nyquist xible TES Detector
SQ1FB Chip Chip b Wafer
N 100 mK Stage
Roo
— # Rueso
Livyeuis
e v | e 03]
Rews
# Rres
Liyaist 1
o — A [
= & =0 =
— # Rreso
M e
I\ . .
1) )] ] * *
e 1 re |
wirebond to seven wirebond fo seven
more chips more chips

D. Barron et al., Conceptual Design of the Modular Detector and Readout System for the CMB-S4 survey experiment
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TDM with SQ1/FAS 2levels: 10+8 address lines for 80rows

=
=
S
g
=4

MUX

enclosure

QUID &

~ Micro-D for S
‘& TES biases

]
b
it
9]
]
';E

D. Barron et al., Conceptual Design of the Modular Detector and Readout System for the CMB-S4 survey experiment
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Techno. review

TDM with SQ1/FAS 2levels: 10+8 address lines for 80rows
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TDM control and front-end electronics using SiGe IC

i ,.nx...n|1|| it
Er |I||lll|“11IlI'I'""l""lIIIII

Blsotruge

©QOOO 0wy

S. Chen et al., Warm ASIC for the SQUID/TES Readout of ATHENA?s X-IFU Instrument LTD2021
D. Préle et al. , X-IFU Warm Front End Electronic Demonstrator Model measured performance, SPIE 2024

M. Gonzalez et al. CMB-S4 SiGe ASIC-based daughter board for low temperature detectors front-end ana]cg readout, SPIE2024
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FDM with BaseBand FeedBack
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K. Mac Dermid et al. The performance of the bolometer array and readout system during the 2012/2013 flight of the E and B experiment - 2014
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FDM with BaseBand FeedBack

50mK Focal Plane Assembly Warm digital electronics

' modulate 0o struction feedback
H 4 filter
H \( voltage
i '“-II (0 * divider i [Trecon |
: iiIstruction
) '} filter
H . .

" -

L -
1] g S
Hel
. l% : anti
H N TES] i o
: W filter
iCeouple

C'I“ef

event processing

SRON for SAFARI SPICA and ATHENA X-IFU

prele@apc.in2p3.fr


p

Techno. review

FDM with BaseBand FeedBack ATHENA X-1FU
demonstrator

SQUID C N
ﬁ]rlcr TES 10? Example of network lezer s‘can‘ 2
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Superconducting
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Development of FDM for the X-ray Integral Field Unit (X-IFU) on the Athena - H. Akamatsu et al. - 2016
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FDM with BaseBand FeedBack for the far-infrared
satellite mission SPICA

prele@apc.in2p3.fr 49 / 65 R 2024 - Aussois - du 25 au 29 march 2024


p

Techno. review

Micro-wave multiplexing
KID vs TES Multiplexer

Jane B D s DS
SR

P. Day, Nature, 2003

J. Mates,
HW SQUID Mux
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Kraft et al., Superconducting Quantum Interference Device, 2017
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Beckera, Bennett et al., Working principle and demonstrator of microwave-multiplexing for the HOLMES experiment micro-calorimeters - JINST 2019
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Micro-wave multiplexing takes advantage large BW to combine signals of hundreds

of sensors
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Tl Ty
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microresonator

f-SQUID //Sﬁjjj

Filter \\:/\?

Bonding pads

1521 [4B]

B 55 56 51 58 59 Freuenoy[Grizl
Beckera, Bennett et al., Working principle and demonstrator of microwave-multiplexing for the HOLMES experiment micro-calorimeters - JINST 2019
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a Micro-wave multiplexing Cryogenic detection chain

SMuRF output SMuRF input

Schematic Symbols
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20 dB HEMT 4 K+ 10dB 50 K (2 amplifiers : better linearity allow
more tones). Bias tee heat sinks HEMT to 4 K. Room-temperature

amplifier boosts the gain 20 dB
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Cukierman, Ahmed et al., Microwave Multiplexing on the Keck Array - JLTP2020
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a Micro-wave multiplexing homodyne readout - 2
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a Micro-wave multiplexing heterodyne

Up/Down ADC/DAC
Cryostat Conversion Board ROACH2 Board

RAMPyy

Detectors PowerPC 1Gbit
ey 512 MHz 440EPx Ethemnet
12-bit ADC
VSN
— 16-bit DAC Xilinx Virtex-6 10Gbit
f SX475T FPGA Ethernet
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16-bit DAC
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Beckera, Bennett et al., Working principle and demonstrator of microwave-multiplexing for the HOLMES experiment micro-calorimeters - JINST 2019

software-defined radio techniques also used for MKIDs readout
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a Micro-wave multiplexing

with four-pixel implementation of spread-spectrum SQUID multiplexer (SSMux).

Flux-ramp modulation

port 1

TES
dc Bias
Rom & OS::HF
e S::HF
SL”:HF
Ripmt & O
Ros & GEET}__HF

port 2
The current from each TES couple to all four SQUIDs shown, with
coupling polarities modulating in a Walsh code = CDM topology.
Improve the BW efficiency bandwidth utilization under low count
rate conditions by the implementation of a spread-spectrum
multiplexing
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CDM with "TDM"
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G. M. Stiehl et al., Code-division multiplexing for x-ray microcalorimeters
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KID multiplexing
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B. Mazin, Microwave Kinetic Inductance Detectors: The First Decade
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NIKA2

260 GHz NIKA2 arrays, 1140 KIDs via eight feed-lines
Sweep over four feedlines of the 150 GHz array

11 12
Frequency (Hz)



p

KIDs readout

including digital electronics, RF electronics and cryostat with MKID array
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J. van Rantwijk et al., Multiplexed Readout for 1000-pixel Arrays of Microwave Kimetic Inductance Detectors - TMTT2016
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Thermal Mux with TES- "hydra"

Absorbers connected to a single TES via varied thermal conductance G1, 2, ...n ... then the
TES is weakly thermally coupled to a heatsink via a common conductance Gb

N — Pixel 1
L — Pixel 2
—— Pixel 3

Pixel 4
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X-ray Microcalorimeter Technology Roadmap

Allows dense pitch pixels in the center of the focal plan, where
routing is particularly complicated
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Thermal Mux with TES- "hydra"

Absorbers connected to a single TES via varied thermal conductance G1, 2, ...n ... then the
TES is weakly thermally coupled to a heatsink via a common conductance Gb

Thermal Absorber Absorber-link
Link outline contact region

roup s PR 22

p
Group 3  Pixels 16-20
Pixels 11-15

Group 2
Pixels 6-10

Group 1
Pixels 2-5
125 pm /7777 Heat bath

S. Smith et al., Toward 100,000-Pixel Microcalorimeter Arrays Using Multi-absorber Transition-Edge Semsors
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Thermal Mux with TES- "hydra"

Absorbers connected to a single TES via varied thermal conductance G1, 2, ..n
TES is weakly thermally coupled to a heatsink via a common conductance Gb

... then the
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S. Smith et al., Toward 100,000-Pixel Microcalorimeter Arrays Using Multi-absorber Transition-Edge Sensors Rise-time scatter showing 25 separate

regions with the different groups of pixels identified

61 /65


p

Thermal Mux "hydra" with MMC

One sensor with four absorbers, connected with four different thermal links
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Row and column SQUID readout
+ 2 polarity in the SQUID + hydra with four different thermal links
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D. Schulz, Development and characterization of MOCCA, a 4k-pixel molecule camera for the energy-resolved detection of neutral molecule fragments
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Conclusion

» Multiplexing for the readout of large arrays
Reduction of the wiring

» The multiplexer must have better :
> bandwidth > 2 x N x BWg;g,
> dynamic range and/or
> noise performances o v/N.

than for a readout of one pixel

» Multiplexing is like a modulation + summation
> TDM is based on "boxcar" modulation
Switchs or shift
» FDM is based carrier modulation
LC filters
> +lot of "new" Mux as CDM, yMux, Thermal Mux ...

= Many new applications mix different "multiplexing" technics
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