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detection

Photon detectors

N
N
y0/1

electronics optics
1106 199 1012 1015 Frequency
. (Hz)
radio uwaves

O(I)Ol | Oll 100 10° Temperature

RoomT (K)

quantum domain

kpT < hwl 2
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detection

Photon detectors
y %
electronics optics
100 199 1012 1015 Frequency

(Hz)
radio uwaves
0.001 1 0.1 100 10 Temperature
dilution fridge (K)

quantum domain RoomT

superconductors
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detection

Field (Quadrature) detectors Photon detectors
RO
energy + 10° y A
electronics optics

|

100 1(|)9 1012 1013 Frequency

(Hz)

radio uwaves

CM.Caves, PRD (1982)  Quadrature detection (X)

Bergeal et al, Nature (2010) Malnou et al, PRA (2018)
Zhong et al, NJP (2013) Wurtz et al, PRX (2021)
White et al, APL (2015) ADMX collab & al, RSI (2021)
Macklin et al, Science (2015) Jiang et al, PRX (2023)

All Quadrature detectors: JTWPA, JPA, JRM...
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photodetection

Microwave photon detectors

S T Photon detectors
RO
. 5

electronics optics
100 1(.)9 1012 1013 Frequency

(Hz)

radio uwaves

| —
Energy detection (V)

Y-F Chen et al.,, PRL (2011) R. Lescanne et al., PRX (2020)

K. Inomata et al, Nature (2016)  E. Albertinale et al., Nature (2021)
S. Kono et al.,, Nature (2018) L. Balembois et al., PRApp (2023)
J-C. Besse et al,, PRX (2018) R. Albert et al, PRX (2024)

G. Lee et al,, Nature (2020)
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Outline

Photon Detection vs Field Detection
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Field detector wave-like

>

quantum light

particle-like

Photon detector
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wave-like

Field detector

>

vacuum

vacuum fluctuations

particle-like

W click
>1

r 4

Photon detector
noiseless
absence of clicks
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wave-like

Field detector single photon

excess fluctuatiol

Single Photon PP TO [ T AOERRY
[T
‘ 1 Excess fluctuations
particle-like
click
Photon detector >t

single clicks
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Coherent superposition

0) + e'?|1)

V2
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101

Field detector

Photon detector

wave-]ike

~
7’ R\
o\

particle-like

T click
> 1

noisy clicks
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weak & incoherent photon source

emission rate: Pphoton

emission bandwidth: Af

integration time: {

temperature: gy —
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Quantum Optics 101

Power
weak & incoherent photon source density
ot
/N MW
emission rate: thoton

frequency
emission bandwidth: /A f

integration time: {

temperature:
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Quantum Optics 101

Power :
weak & incoherent photon source density
ot
/N MW
emission rate: thoton

frequency
emission bandwidth: /A f

integration time: {

temperature:

GDR DI21 2025



Quantum Optics 101

M
Power : ANV ‘
weak & incoherent photon source density i
o as
/TN ~\/\/\[V\r> !
emission rate: thoton

frequency
emission bandwidth: JAN f

integration time: {

temperature:
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weak & incoherent photon source

emission rate: I’

emission bandwidth:

integration time: {

1
ehw/kT +1

temperature:  p, =

GDR DI2I1 2025

Field detector

Photon detector
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weak & incoherent photon source

emission rate: I’

emission bandwidth:

integration time: {

1
ehw/kT +1

temperature:  p, =

GDR DI2I1 2025

Field detector

Photon detector

Integrated Power

S = mrphotont

S = hwrphotont
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Field detector

Integrated Noise

weak & incoherent photon source

N = hw/ (1 4+ new ) 2Af x t

(Dicke radiometer equation)

emission rate: I’

emission bandwidth:

N = h&]\/nth(l + nth>Af X 1

integration time:
9 ¢ (Shot noise due to thermal fluctuation)

1 Photon detector

temperature:

Nth —

ehw/kT +1

GDR DI2I1 2025
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Field detector

Signal-to-Noise Ratio

ﬁ thoton\/?5
N /(1 +nw)?Af

weak & incoherent photon source

emission rate: I’

emission bandwidth:

integration time: {

1 Photon detector

temperature:

Nth —

ehw/kT +1

GDR DI2I1 2025
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Field detector
Photon Detector

weak & incoherent photon source

emission rate: I’

emission bandwidth:

integration time: {
1 Photon detector

temperature:
ehw/kT +1

Nth —

20
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Field detector

weak & incoherent photon source

emission rate: I’

emission bandwidth:

integration time: {

1 Photon detector

temperature: ., —
th
ehw/kT -1
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photon detector speedup

linear amplifier

10° 3
10° 3
10 3

107 5

Speed Enhancement

107 3

107 3

@ 7 GHz

25

I I I I
50 75 100 125
Noise Temperature (mK)

!
150
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Field detector

photon detector speedup

linear amplifier
weak & incoherent photon source
10° 3 Speedup
] experimentally limited
£ 10 by detector
E ]
i
§ 10 3
. . . =
emission rate: ' photon =
. . . = lﬂ3 .
emission bandwidth: g .
un ]
107 3
integration time: l Lol -
1 Photon detector - . . . . .
temperature: ., = 25 50 75 100 125 150

ehw/kT +1 Noise Temperature (mK)

=S
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Il. Superconducting Qubit-based Single
hoton Detector ( )
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Circuit QED for Quantum sensing

25 years of superconducting quantum circuits
pioneered by the Quantronics/CEA, Yale, NEC...




Artificial atoms

~energy
L Cf +0/2 N
o —— \_ % /
—Q/2 \_# /
N
P, Q| =ih Q° @’
7N H=56"%31
flux charge

«position» «momentum»
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Artificial atoms

Josephson junction
dissipationless non-linear inductor

superconductor - insulator - superconductor

) T W

tunnel barrier ~ nm

X = 0

GDR DI21 2025




Artificial atoms

Capacitance

Nonlinear
Inductance

energy \ /
N ~ \\ ;I -
AW == 4
A\ - )/
Eﬂ o \N_ £ /

— \N_ % /
N

Q2 (I)Q
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Artificial atoms

Capacitance

Nonlinear

Inductance
energy \ /
N ~ \\‘ I’I -
AW 4
\\ // ) .
\ / < >
Eﬂ I \ / 1 mm
]
1)
0) single shot measurement
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Single MW photon detector

Pump
R. Lescanne & al., PRX (2020)
Il 5x 1021 W/VHz

¥y Vo= Y
iy Q-] ()

Buffer Qubit Waste

g Eba W' + gj€h 6w

ep | A

Buffer mn

_ Ncycles

Readout

Qubit

GDR DI2I 2025 *NEP @ 7 GHz



Single MW photon detector

Pump
R. Lescanne & al., PRX (2020)
Il 5x 1021 W/VHz

¥y Vo= Y
2 -] (L

Buffer Qubit Waste

g5 W + ga¥h oW

ep | A

Buffer mn

_ Ncycles

Readout

Qubit

GDR DI2I 2025 *NEP @ 7 GHz



Single MW photon detector

Pump
R. Lescanne & al., PRX (2020)
Il 5x 1021 W/VHz

2rSNA
iy (-] (v

Buffer Qubit Waste

g Eba W' + gj€h 6w

ep | A

Buffer mn

_ Ncycles

Readout

Qubit

GDR DI2I 2025 *NEP @ 7 GHz



Single MW photon detector

% f U R. Lescanne & al.,SPI:<X 1(:)()_2201) W/\/m *
—T V7 gl
s

Buffer Qubit Waste
g,Eb0 W + gy &b Tow

Pump

_ _ Ncycles

ep | A

Buffer mn

Readout

Qubit

GDR DI2I 2025 *NEP @ 7 GHz



Single MW photon detector

Pump
Buffer

Readout

Qubit

GDR DI2I 2025

YY y
l[ .\

i

Buffer Qubit Waste

g5 + g

A

1
ﬂ

R. Lescanne & al., PRX (2020)

dissipation !

_ Ncycles

5x 1021 W/VHz

* NEP @ 7 GHz




Single MW photon detector

Pump
Buffer

Readout

Qubit

GDR DI2I 2025

YY y
l[ .\

i

Buffer Qubit Waste

g5 + g

A

1
EQ:

R. Lescanne & al., PRX (2020)

dissipation !

_ Ncycles

5x 1021 W/VHz

* NEP @ 7 GHz




Single MW photon detector

Pump OFF

Readout

%, [
— Yzl Y
iy e gy

R. Lescanne & al., PRX (2020)

5x 1021 W/VHz

=i

Buffer Qubit Waste
_ _ Ncycles
Pump
Buffer
Readout __._
Qubit .

GDR DI2I 2025 *NEP @ 7 GHz



Single MW photon detector

Qubit reset
% R. Lescanne & al., PRX (2020)
' 5x 1021 W/VHz
Buffer Qubit Waste

_ _ Ncycles
Pump

Buffer

Readout

if e
M

GDR DI2I 2025 *NEP @ 7 GHz




Single MW photon detector

Pump
R. Lescanne & al., PRX (2020)
HE 5x 1021 W/VHz
j Y j E. Albertinale & al., Nature (2021)

2x10°2'w/VHz

=

L. Balembois & al., PR Applied (2023)

9x 102 W/VHz

ES

Buffer Qubit Waste
St~ _ . L. Pallegoix & al., under review PR Applied (2025
N 3x10"%2 W/VHz ¥

_ _ Nceycles N
rump | A
Buffer n
Readout
Qubit

GDR DI2I 2025 *NEP @ 7 GHz



Single MW photon detector

Pump Range of applications:
% « Axion search

On going collaboration with QUAX consortium
(INFN Padova)(in preparation)

C. Braggio & al., PRX (2025)

j! ‘ .{ EE « Small ensemble of electronic spins ;
L A B §e

E. Albertinale al., Nature (2021)

Buffer Qubit Waste . . .
« Single electronic spin

Z. Wang, L. Balembois & al., Nature (2023)

 Single nuclear spin
O’Sullivan & al, Nature Physics (2025)

Travesedo & al, Science Advanced (2025)

GDR DI21 2025



Designh & Packaging

frequency
tuning

Sample holder JAWS

by Marius Villier (ENS Paris) microwave

photons
% pump

click out

Key ingredients
« Tantalum sputtered on sapphire
- SQUID for frequency tunability
« Purcell filters to protect the qubit from external environment

GDR DI21 2025



as a detection mechanism

qubit
# qubit
#
e %TQ:’T —
Pe Pe
0.00 0.05 010 0.15 020 0.25 0.00 0.05 010 0.15 0.20 0.25
T 6.890 T 6.890
<) 2
@ 6.888 5 6.888
W. + = wW.+ w 3 6.886 3 6.886
P @ W -
[l Q
g_ 6.884 g_ 6.884
£ £
~t STt 6.882 6.882
g, Ebo’w 3 3
= =
= 6.9810 6.9815 6.9820 6.9825 = 6.9810 6.9815 6.9820 6.9825
photon frequency w,/2m (GHz) photon frequency wy/2m (GHz)

GDR DI2I1 2025

Average detection time: 10 ps
Average cycle time: 12.5 us
Average cycle rate: 80 000 /s

42



Efficiency & Dark count rate calibration

/
e‘“@{? Dark-count rate : a =40 c/s
click

0 — mmmmm) 43 clicks/s

photon/s

detected count

0.0 1.0 2.0
times(s)
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Efficiency & Dark count rate calibration

Dark-count rate : a =40 c/s

650 —

photon/s

mmmmm) 487 clicks/s

detected count

0.0 1.0 2.0
times(s)

GDR DI21 2025



Efficiency & Dark count rate calibration

é§9

Dark-count rate : a =40 c/s

0.0 1.0 2.0
times(s)

|

detected count

2000
photon/s

GDR DI21 2025



Efficiency & Dark count rate calibration

Dark-count rate : a =40 c/s

TR TV TN =y 2555 s

3800
photon/s

0.0 1.0 2.0
times(s)

22222222222



Efficiency & Dark count rate calibration

/
e\“w Dark-count rate : a =40 c/s
w click

7000 photon/s mmmm)

22222222222

4
=

o
=

Q
!

)
2
@
=

0.0 1.0 2.0

timés[s)

mmmmm) 4872 clicks/s




Efficiency & Dark count rate calibration

|
e\“w Dark-count rate : a =40 c/s
ok Efficiency : n = 75%

power (zW)
0 0 8o
L]
= =
= =
o o
[ [
@ @
C C
..3 _.3 2000 1
= =
D- L] L] L]
0.0 | . 0 4000 8000 N

times(s) input power (photon/s)
GDR DI2I1 2025



eff ~ 40 mK

"‘ ‘

Efficiency & Dark count rate calibration

Buffer Qubit Waste

Dark-count rate : a =40 c/s
Efficiency : n =75%
. _ —23
Power sensitivity: hV\/a/U = 3x107" W/vHz
Most sensitive power detector at mw freqs , Powerw)
L. Pallegoix et al,
PRApplied (2025) “
a— . 4000 1
S c
(1NN O RO
LT T My
v @
o o
{0 RRDEA IR 0 P
0.0 . ) 0 4000 8000

times(s) input power (photon/s)
GDR DI2I1 2025



Dark count rate vs Temperature

Temperature | Pump state Kq/2m One-second click sequence Click rate

10 mK Oft Not relevant | ‘ 8/s

10 mK Detuned | Not relevant ‘ ‘ | ’ ‘ ’ 10/s

10 mK Tuned 170 kHz ’ ‘ ‘ ‘ ‘ H | ‘ 31/s

somk | Tuned | trokiz | WIDMMENRIAIHION] | 5.

60 mK Tuned 170 kHz HH u ‘ ’ ’ ‘ ‘ 621/s
;RFXJF')'SEJ;;X étog'é) 90 mK Tuned 170 kHz 3614 /s

==

=== Background counts, at
— BE fit plus background, a:»
103 4

azp (/5)

102 4

20 40 60 80
GDR DI2I 2025 Temperature (mK)



A freguency tunable, Narrow band, Spectrum analyzer

Narrow band... .. but Frequency tunable
71.76
0.8 1 Kgl2m =
P: ® 394 KHz
"? Kgl2 = 1.75 1
531 kHz =
0.6 Py T 7.74
g ¢ S
5 0.4 [ = 7-731 | 60 MHz
- ? e N
¢ | = 7.72
0.2 J ! 3
0.0 - \—. 7.70
7.705 7.706  7.707 0.0 0.2 0.4
L. Pallegoix et al,
PRADRISd (2025) Photon frequency (GHz) dp (do)
Thermal dark counts scales with bandwidth Qth X N A f

GDR DI21 2025



Sensitivity improvements, years after years

A Measurement Power sensitivity (W.Hz "2) A
10°{ speed _
f [May et al,, - 1023
] arxiv 2502.14804] Y&
10° -
83‘( o
] qe(\] Y [Pallegoix et al.
104 - *,L_s 2 arxiv 2501.07354] |
sQeeé‘ © [Balembois et al. 10722
- ((\ef“ PRApplied 2024]
103 + s\)‘(e
~ [Albertinale et al., Nature 2021]
102 - ® [Lescanne et al., PRX 2020]

_ 10—21

_ Superconducting click detectors
101 - [Kono et. al. Nat. Phys. 2018
1  Besseetal, PRX2018
Opremcak et al., Science 2018]

1 1 1 1 1 I I I |
2018 2019 2020 2021 2022 2023 2024 2025 2026
year
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Outline

lll. Counting Photon for Axion Dark Matter Search
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Axion search with Haloscope + Photodetection

QCD Axions could solve two problem at a time: Annual Review of Nuclear and Particle Science Vol. 65:485-514 (2015)

o o .- : QCD: Quantum Chromodynamics
85% of the mass is missing in the visible universe EDM: Electric Dipole Moment

S CP: Charge/Parity symmetries
« Absence of electric dipole moment for the Neutron ge/ y sy

CP violating term in QCD —} implies a non-zero EDM for neutrons

@ n2EDM

Lesr = Locp + 6 ﬁ eP Gy Goo

‘
o
2 2
LLLAAR ALY

From lattice calculations: d,, = —0.00152(71)60 e. fm
Experimental upper limit: |d,| < 2.10713 e.fm

0 <1010

GDR DI2I 2025



to solve the strong CP problem

After QCD transition

New pseudo-scalar field V with Higgs Mechanism

(Peccei/Quinn 1977)

Re(¢)

(PN

U(1) Symmetry breaking |V| > 0

Vi(x,t) = \V\ei“($’t)

55
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Axion search with Haloscope + Photodetection

QCD Axions could solve two problem at a time: Annual Review of Nuclear and Particle Science Vol. 65:485-514 (2015)

Absence of electric dipole moment for the Neutron axion-2photon coupling

106

The theory is quite predictive . .~ X7 10° GeV g

. ) _ mg ~6eV | ———— s G
Essentially all of the physics of the axion depends on a large unknown energy fa
scale f,, at which Peccei-Quinn symmetry is broken. g,

a ————————
Gy

The axion has a two photons coupling, Jay~ =
and g, is model dependant. ?Tfa o: G

85% of the mass is missing in the visible universe

The axion is a well motivated dark matter candidate
Axion density relative to the critical density of the universe

7
G
0, = (6,ueV> ~ Oy = 0.23 (my = 20 pueV)

Mg

Entire dark matter density

GDR DI2I 2025




Axion search with Haloscope + Photodetection

Primakoff effect

QCD axion coupling leads to an
axion - photon decay channel
under strong magnetic field

. -
.
u

g, models

|ayy| [GeVT!]

KSVZ: Kim-Shifman-Vainshtein-Zakharov
DFVZ: DineFischler-Srednicki-Zhitnitsky

GDR DI2I 2025

https://github.com/cajohare/AxionLimits

axion — photon coupling

SHAFT
]_0_10 DSNALP

Fermi-SNe
10_11 Hydra /' &

v D
& Fermi v 3 o
— L5 ulsars
M87 ot MWDol

10—12 Chandra > 8%

1014
10~15
10~16
10~ 17
1018
1071

S

Solar v

Globular clusters

SAB

®
A uondeiy
UOIJESIUO]

SN1987A
(1)

Diffuse-

S\,
47\]2974
@, ~ C/
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https://github.com/cajohare/AxionLimits

Axion search with Haloscope + Photodetection

https://github.com/cajohare/AxionLimits

Primakoff effect
axion — photon coupling

QCD axion coupling leads to an 106

axion - photon decay channel &
under strong magnetic field 1077
107 ' SN1987A
Vi 1?87
a 109 < CAST Solar 1 )
. ‘_"—| 1010 BV et v Globular clusters ?iff“se”}’
\\ I Fermi-SNe® = SYAD) d /\,]99\
: —11 Jie AR i e ‘ = Ol
-l\\ g > 10 = L\:\\‘;‘N Fermi Q\, ? = 0 a ’ §§ 9, ()
\\ Gf')/ 0) 10_12 Pl \~<;‘\$1 MWDIPoI :1 g g_
P O = &
Y ':::'\'\/\/\[V\I*b ’Y — 10-13 %
7 10714 &
S 2
&0 10715 p
B
10—17
10—18
9y models 10~19
. . . . A o A8 9 & 6 B kS 9 A A S o A G 8
KSVZ: Kim-Shifman-Vainshtein-Zakharov 407407407 107 107107407 407 407 407407407 100 400 407 407 407 407 407 40
DFVZ: DineFischler-Srednicki-Zhitnitsky m, [eV]
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s Haloscope i \\
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] 1
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QCD coupling Y s ~ yaa A — L
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' : - Lol K Haloscope parameter:
% . ; % | i - Mode volume
A - . f . ’ \
i N | o R - Mode frequency
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The signal power we expect ... e ... the sensitivity we have.

Pryy ~ 1072 W N ~107W/VHz

qubit
readout

QCD coupling ;

KSVZ \
Haloscope parameter:
R * Mode volume
e ' | e L +  Mode frequency
DM density magnetic field . - Quality factor
- Mode overlap

0.45 GeV/cm?® ). " 7.3GHz 225000 0.64

) 2 Pa . Ve . QL . Coio

Poyy = 7.2 X 1075W (2



Axion search with

V | L] X ’, / Single Microwave Photon Detector
MIT JTWPA oy | 2 I SMPD shield g_\ | —

routing
circulator

W.D. Oliver

3T Magnet

Collaboration with
(Padova University, ITA)

§ haloscope

63

C. Braggio & G. Carugno
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How to align the counter with the haloscope at B=2T

" j?i??????- 00 9??90

GDR DI21 2025

7.368

7.370

Frequency (GHz)

Detector Frequency
Tuning + Detection

Haloscope drive




Normalized counts

—
1

How to align the counter with the haloscope at B=2T

Detector Frequency Tuning

lij

4‘4‘

50 “‘-a%g

— .

Haloscope
Reflection Coefficient

GDR DI21 2025

Normalized counts
o o o
()]

o

7.370 7.372

09t

o
o

-l

©
.

0.3

7.3692 7.3693 7.3694 7.3695
Frequency (GHz)

Detector Frequency
Tuning + Detection

//«—.,,

qubit

é Haloscope drive




Normalized counts

How to align the counter with the haloscope at B=2T

Detector Frequency Tuning

K
A

—
1

e~

Haloscope frequency tuning
with sapphire rods

L ]
L

DA

¥

AN 11;" T 5
: . : : 10 e oo .
7.366 7.368 7.370 7.372 S Mg piattromsintstasss
8
Frequency (GHz)
6
Haloscope ", 4
Reflection Coefficient 0.9}
€ 08 * o te o
8 =3 L] . ™
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Axion search by Photon Counting
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Axion search by Photon Counting

SMPD tuned Data acquisition
with haloscope
0 12 1 0 102 -1 0 12 1
1\ SMPD
,‘ detuned
B S S ’ 0.0 0’5 10 time (s) 1.5 200
of (MHz)
Data processing
10* i - |—=—differential signal |
A —cavity
) A —sidebands
U
C
3 3
- S L
(o] 10 i
> [
c
O
< Sl
0% mmETuT
10° 10’ 107

time (min)



Axion search by Photon Counting
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Axion search by Photon Counting
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Realistic axion search POC landscape

PHYSICAL REVIEW LETTERS 126, 141302 (2021)

Searching for Dark Matter with a Superconducting Qubit

Akash V. Dixit®,"**" Srivatsan Chakram,'”* Kevin He®,"? Ankur Agrawal®,'* Ravi K. Naik®,’
Dawvid L Schusl;t:r,"z’6 and Aaron Chou’

Scan rate speed up over SQL

(a (b) Qubit Excited State Probablllty R~1300
Readout 1.0 N2 ne1 N 0
0.5 - LT X A .. but not very realistic because
Transmon Dark Matter i fﬁ. r»
55 5 (00 R - No B field applied (the qubit would die
" Storage 4.746 4.748 4.750 due to Supra to Normal transition)

Frequency (GHz)

- Storage not frequency tunable
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cea CNIS université

— T PARIS-SACLAY

O-I Design of a practical SMPD with frequency [/ bandwidth @ ROBUST
* tunability, and sensitivity 3 x 10°2*W/vVHz @7.3 GHz. SUPERQ
02 Axion search most realistic POC with such a device. AN
e Demonstrate a 20x scan rate improvement over ideal
Quantum Limited Amplifiers. \
s, Avg Luanire )
R=——=n ~20
tpc ch

1. Tunable haloscope with sapphire rods (~500 kHz)
2.Magnetic field applied (2T) G

Next POC in real experimental conditions under 9T
* (collab. Padova University QUAX & FermiLab

SQMS). Currently ongoing!




Outline

IV. Enhanced sensitivity with Multiqubit Photon Counter

/ /

/ /

V Vo=l Yoz U
of el e

1

[y i

22222222222



Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Cascaded Single MW photon detector
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Efficiency & Dark count rate calibration
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Efficiency & Dark count rate calibration
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Efficiency & Dark count rate calibration
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Efficiency & Dark count rate calibration
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Where we were, dre, and adre headed

1qubit 2 qubits 2 qubits, higher frequency
Tt =~ 40 mK Freq & BW tunable BW tunable BW tunable

Pump 1 % % Pump2 O}

Buffer Qubit Waste

T Purcelifter
(. Readout2

+ (™) crn—aem-oa_rei;ﬁ
input requency [oHz]
Efficiency 0,75 0,25 0,35 Better T;
K&E py ~ 20 (BW~170 kHz) ~ 5 (BW~230 kHz) ~ 0,01 (BW~300 kHz)
aq ~ 10 ~0,1 ~0,1
ap ~ 2 ~ 0,01 ~ 4
Sensitivity = ho® ] ~3x 10723 ~5x 10723 ~ 4 x 10723
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Thermometry across several SMPD devices
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Proof of principle
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Proof of principle o
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Proof of principle
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Proof of principle
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Proof of principle
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Proof of principle
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Proof of principle
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Intrinsic Bandwidth tunability
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