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Bolometer is a classical detector

Produces a Voltage prop. to the incident power

[s not sensitive to the phase of the incoming photon

Can be very sensitive (limited by photon noise) but relatively slow
response time

Detects all kind of power: electrical, light, particles, etc.
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2. HEMT development and LNAs
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How coherent radiometry works

photon

antenna

amplifier

Amplifier: from quantum
to classical world

light

heat
CMB and High Energy Physics 16-24/07/2012
/ifolta

urrent ge



Quantum view of amplifier

Linear device that takes an input signal and produces an output signal by
allowing the input signal to interact with the amplifier’s internal degrees of
freedom

The input and output signals are carried by a set of “bosonic” modes [usually
modes of the e.m. field]

Increases the size of the Signal without degrading (too much) the signal-to-
noise ratio

Noise after amplification is much larger that the minimum allowed by QM
»  «

The signal can therefore be analyzed by our “dirty”, “grubby”, classical hands

Brings very delicate QM systems to our classical world
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Quantum limit

PHYSICAL REVIEW D

PARTICLES AND FIELDS

THIRD SERIES, VOLUME 26, NUMBER 8 15 OCTOBER 1982

Quantum limits on noise in linear amplifiers

Carlton M. Caves
Theoretical Astrophysics 130-33, California Institute of Technology, Pasadena, California 91125
(Received 18 August 1981)

How much noise does quantum mechanics require a linear amplifier to add to a signal
it processes? An analysis of narrow-band amplifiers (single-mode input and output) yields
a fundamental theorem for phase-insensitive linear amplifiers; it requires such an amplif-
ier, in the limit of high gain, to add noise which, referred to the input, is at least as large
as the half-quantum of zero-point fluctuations. For phase-sensitive linear amplifiers,
which can respond differently to the two quadrature phases (“cosw?” and “‘sinwt™), the
single-mode analysis yields an amplifier uncertainty principle—a lower limit on the pro-
duct of the noises added to the two phases. A multimode treatment of linear amplifiers
generalizes the single-mode analysis to amplifiers with nonzero bandwidth. The results
for phase-insensitive amplifiers remain the same, but for phase-sensitive amplifiers there
emerge bandwidth-dependent corrections to the single-mode results. Specifically, there is
a bandwidth-dependent lower limit on the noise carried by one quadrature phase of a sig-
nal and a corresponding lower limit on the noise a high-gain linear amplifier must add to
one quadrature phase. Particular attention is focused on developing a multimode descrip-
tion of signals with unequal noise in the two quadrature phases.
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PHYSICAL REVIEW

VOLUME 128,

NUMBER 5

DECEMBER 1, 1962

Quantum Noise in Linear Amplifiers

H. A. Haus

Electrical Engineering Department and Research Laboratory of Llectronics,
Massachuseits Institute of Technology, Cambridge, Massachusetts

AND

J. A. MULLEN
Research Division, Raytheon Company, Waltham, M assachusetts

(Received May 10, 1962; revised manuscript received August 23, 1962)

The classical definition of noise figure, based on signal-to-noise ratio, is adapted to the case when quantum
noise is predominant. The noise figure is normalized to “uncertainty noise.” General quantum mechanical
equations for linear amplifiers are set up using the condition of linearity and the requirement that the com-
mutator brackets of the pertinent operators are conserved in the amplification. These equations include as
special cases the maser, the parametric amplifier, and the parametric up-converter. Using these equations
the noise figure of a general amplifier is derived. The minimum value of this noise figure is equal to 2. The
significance of the result with regard to a simultaneous phase and amplitude measurement is explored.

Quantum Noise in Linear Amplifiers Revisited

Alfonso Martinez
Department of Electrical Engineering, Technische Universiteit Eindhoven
5600 MB Eindhoven, The Netherlands
Email: alfonso.martinez@ieee.org

Abstract— This paper presents a model for radiation as a photon gas.
For each frequency, the photon distribution is a mixture of Bose-Einstein
and Poisson distributions, respectively for thermal noise and the useful
signal. Poisson (shot) noise contributes with noise at all frequencies.
When applied to the operation of linear amplifiers and attenuators, the
model gives a natural interpretation to the noise figure in terms of the
uncertainty in the amplification process itself.

at optical frequencies, Var(wy) = (wr) > (xr) ~ Var(wy). We
reproduce the behaviour in Eq. (1) in both extremes. The difference
between the two regimes is now a function of not only v and 7, as
in the usual analysis, but also of the signal energy as well. As noise
is not additive, but signal dependent, it may well happen that the shot
noise prevails over the thermal noise, even if hv < kgT.
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Amplification corresponds to a change in the distribution of (. We
model this change statistically: for each input photon, a (random)
number of output photons « is generated. The probability that ~
photons are effectively output is Pramp(7). Linearity implies that
amplification takes place for every individual photon, independently
of the remaining photons in the mode. The mean of the amplifier
output Cout i (Cout) = (7)(Cin), and its variance,

Var (o) = (7)° Var(Gn) + Var(y)(Gn)- 3
The change in signal-to-noise ratio between input and output is

IR SR SVar () e (Gl h
SNRoul = <’V>2 Var(Cin)‘ (4)

This ratio depends on the signal statistics. For a coherent state, for
which (Cin) = Var((in). We then define the noise figure F as

2

@ ()&

As expected, F > 1, an amplifier can only worsen the signal-to-
noise ratio. Linear amplification admits a natural interpretation as
the change in the number of particles, and of their statistics. Added
amplification noise is related to the uncertainty in the amplification
process itself.

We recover the well—kﬁg\zn formula F = L for the noise figure of
an attenuator, a device which independently removes every photon
with probability 7 and lets it through with probability 1 — 7r; its loss
LI = =) =

This model can be easily used to derive Friis’s formula for a chain
of n amplifiers, each with gain +,, it is easy to generalize Eq. (3) to
obtain a formula for total change in SNR,
s =1+ <Z el ) = @
SNRout II (v ) Var(Gin)

p=il =il

Here it is!
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Amplifiers from the past
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High frequency =2 Low noise =2 high carrier mobility
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2. High Electron Mobility
Transistors (HEMTs)

O  Mobility i of electrons:
v=UE

[ul=[cm” | (Vs)]
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Scattering mechanisms

Sourc

O Scattering is important for noise

Scattering Mechanisms
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Scattering vs temperature
(noise better at low temperatures?)

O lonized impact scattering

Uy =T

O Acoustic phonon scattering

—3/2
Gocl/‘u JuACOCT
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[onized Impact scattering

N

Low electron velocity

N

High electron velocity

Higher temperature lower scattering
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Doping concentration and mobility
versus temperature

1 High purity Si
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o We need carriers! Is there a way to avoid the

mobility penalty as the doping concentration

increases’

O YES! Modulation doping: a mechanism that

produces a 2D electron gas with high carrier

mobility
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(a) Ordinary doping

(S ——
(b) Modulation doping

Electrons are spatially separated by
donors thus reducing the ionized

impurity scattering

Depletion
region

Band bending results as a
consequence of the charge transfer
and a 2D electron gas is generated
with very high mobility. The spacer
increases the separation between
donors and electrons.
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Schottky
gzate it channel substrate

Si donors

two dimentional
electron gas (2DEG)
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Section of a HEMT

0.10 ym
silicon nitride T-gate
passivation
source ° / drain .
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NOISE in FETs

O For good low-noise devices:
Good pinch-off
Low parasitics R, R

High g,

t(R,+R) K
+ r

T =K-w-C :
8m Em

min

K, K. : noise coefficients

R, : gate resistance

R, : series resistance including ohmic contacts and channel resistance
b A7 00

s transconductance
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Low Noise Amplifiers

O  Use HEMTs

O We characterize them with the radiometer formula:




Inside an LNA

O Integrate a complete radiometer on a single module

(MMIC)

Figure 1: A 95-GHz module with the radiometric components integrated (left) and the 90-element 95-GHz array
under assembly (right).
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Let’s compare the noise

1 xQL

Table 2: Comparison of current, future and ultimate achievable sensitivity to CMB pol/Zization

Frequency ¥ PLANCK HFI Bolometer 3xQL HEMT CMB BLIP
NET/feed® NET/feed 22 NET/feed® NET/feed?
[GHz] [LKcme sec'”] (LK cmp sec' ] [LK cmp sec'”? [UK cmp sec'?]

30 120 (LFI) 45 40 13 19
45 140 (LFI) 38 42 14 18
70 180 (LFI) 33 48 16 17
100 220 (LFI) 31 59 20 16
150 60 (HFI) 33 91 30 16
220 90 (HFI) 48 185 62 18
350 275 (HFI) 160 882 29Q 28

a)  Goal sensitivity of each feed to AT = (ATx+ATy)/2 and Stokes parameter Q or U, ned as (ATx-ATy)/2.

b)  Sensitivity for 100 mK, Ge thermistor, Polarization-Sensitive Bolometer pair, assuming 1.0K RJ instrument
background, 50% optical efficiency and 30% bandwidth.

¢)  Same for HEMT amplifier with noise 3x quantum limit over 30% bandwidth. The sensitivity quoted is 27> x NET,
to take into account the ability to measure Q and U simultaneously with appropriate post-amplification electronics.

d) The ultimate limit to sensitivity to Q or U, for zero instrument background and a noiseless direct detector.

LNAs above the blue line can be BLIP even with working at QL



HEMT in space

A space mission for low frequencies (<70 GHz) will be
competitive with bolometric missions.

Example: a cluster of small, simple satellites forming an
interferometer for measuring the B-modes

Interferometer vs imaging =2 it is the subject for
another talk!

From the ground, having the atmosphere, if we reach
the QL, LNAs will be competitive with bolometers
above 70 GHz.



Comparing bolometers and

HEMTs 1

O  Bolometers 0O  Cryo LNAs
Detect power Amplitude/phase
No quantum limit Quantum limit
Broadband thermal Sensitive only RF
Large format Medium format
Need T, < 300 mK Need T, = 20K
Little power dissipation Power hungry
1/f dealt mechanically 1/f dealt electronically
Interferometry possible Interferometry standard
Little digital Totally digital

CMB and High Energy Physics 16-24/07/2012



Comparing bolometers and

HEMTs 2

O Cryo LNAs

O  Bolometers

Need optics to form
images

Polarimeter complex

(no simult. U&Q)
Need band-pass filters
Microphonics

Sensitive to Temp
fluctuations

Complex back-end
electronics

Interferometer with no
optics

Polarimeter integrated

(measure U&Q)
Thermal filters
Little microphonics
Sensitive to RFI

Complex back-end
electronics but digital
sampling possible
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Bolometers are better (?)

No QL

Large format arrays

Limited by photon noise - in principle
Sensitive up to sub-mm/IR

Relatively simple fabrication techniques



HEMTs are better (?)

Dynamic range

Linearity

Dependence of responsivity on T,

Dependence of responsivity on IR power loading

Speed

Required operating temperature T,



From J. Bock, “Polarimetry in Astronomy”, 2003

Detectors for CMB Polarimetry
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Figure 4: Sensitivity of bolometer- and HEMT-based receiver systems for CMB polarimetry. The goal sensitivities per
feed for Planck LFI (HEMT-based, solid circles) and Planck HFI (bolometer-based, solid squares) in polarization-
sensitive channels. The sensitivity achievable with 100 mK bolometers, assuming 50 % optical efficiency, 30 %
bandwidth, 5x dynamic range, and a 1 % emissive 60 K telescope (open squares) is about a factor of three better than
Planck HFI, but does not allocate sensitivity to systems noise sources. Bolometer sensitivity compares favorably to
that of future HEMT amplifiers (open circles), calculated assuming 3x quantum-limited noise performance, 30 %
bandwidth, and simultaneous detection of both Q and U. The ultimate background-limited sensitivity from the CMB,
assuming 100 % efficiency and a noiseless detector, is shown by the solid curve.
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From J. Bock, “Polarimetry in Astronomy”, 2003

Detectors for CMB Polarimetry

']UOD L L] L] L] L] L] L] L] II L] L] L] L] L] L] lld 106
[ | —@—LFI (Goal) :
- | —fll— HFI| (Goal) i —
[ | —&—HEMT ] =
—=—Bolo 40 3
I CME;/'/ E o
— . @
o™ B o -
- - @]
(7)) 1 —
X 4 T
- (]
=. 100 10 ®
— [ o
— I @
L i —h
pd [ o
I 1000 —
-
| P
m—\
=
10 L L L L L Ll II L L L L L 1.1 100
10 100 1000

Frequency [GHZ]

Figure 4: Sensitivity of bolometer- and HEMT-based receiver systems for CMB polarimetry. The goal sensitivities per
feed for Planck LFI (HEMT-based, solid circles) and Planck HFI (bolometer-based, solid squares) in polarization-
sensitive channels. The sensitivity achievable with 100 mK bolometers, assuming 50 % optical efficiency, 30 %
bandwidth, 5x dynamic range, and a 1 % emissive 60 K telescope (open squares) is about a factor of three better than
Planck HFI, but does not allocate sensitivity to systems noise sources. Bolometer sensitivity compares favorably to
that of future HEMT amplifiers (open circles), calculated assuming 3x quantum-limited noise performance, 30 %
bandwidth, and simultaneous detection of both Q and U. The ultimate background-limited sensitivity from the CMB,
assuming 100 % efficiency and a noiseless detector, is shown by the solid curve.
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From J. Bock, “Polarimetry in Astronomy”, 2003
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Optics and then SKY

Horn array and bolometer array: which one is cleaner electromagnetically?



e g
. .)0 | | l. ..
& ¢ @ Andnow...

v . ... A few interesting

" instruments




3. HF Gravitational waves

Ground or space interferometers

Pulsars

CMB B-modes

What about different frequencies... like very high
frequencies!
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Gravitational Wave Frequency Ranges

O Strong science cases- well understood technology
Pulsar timing ~10-8 Hz
LISA/DECIGO 104 - 102 Hz First Detections?
Advanced LIGO 102 -5x 103 Hz

O Emerging science cases- new technology
Microwave Frequencies 108 — 1070 Hz
IR and Optical Frequencies 10'2 — 10'° Hz or higher
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Possible Sources at Very High Frequencies ?

O Early Universe
O Garcia-Bellido, Easther, Leblond, etc

O Kaluza-Klein modes from Black Holes in 5-D
gravity

0O Seahra, Clarkson and Maartens, Clarkson and
Seahra

O EM-GW mode conversion in magnetised
plasmas

O Servin and Brodin
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Detector Possibilities

O Laser interferometers lose
sensitivity as n increases

Photon, v Graviton, g
O Use GraViton tO PhOton .O.........—
conversion in B Field A
O De Logi and Mickelson (1977) I Virtual Photon
( Static Magnetic
O Cross section for g = v I Field , B)

_ 8aGB°L”

3
C

I

ZSpin states ofg, Band v
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What are the fluxes ?

O Cross Section G is small due to G/c3 factor
but this Is per incoming graviton

O Flux of gravitons is large due to ¢4/G factor

2
C el

Photon Flux =T wh ——
lonG *" ha)gw

1 .
o Signal Poweris Fpp = @Bszngzhzcsmz ()
0
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Conversion GW =2 e.m waves

Inverse-Gertsenshtein effect

Static B Field

one gravitationa
wavelength
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Conversion GW = e.m waves

O Need smart transducer
GW 2>EMW - waveguides - LNA - detection, or
GW =EMW - lenses - CCD - detection

O With EMW’s we can use standard techniques

O Correlation receiver for a single baseline GW
detector or an imaging detector at optical

wavelengths
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Instrument angular-acceptance/beam

First tests at Birmingham create EMW'’s completely inside

single mode waveguide- simple geometry

—

New detector requires GW-EMW conversion outside

modified waveguide and at many angles
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New instrument concept
Conversion Collection Detection
volume part part

g —waves 2

\ > single-mode RF Cry %

LNA
Waveguide
taper

Magnets & waveguide
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Collection part

Con Version Volume

Tailnsi,
waveguide
Magnets/ 2
Standard single

mode waveguide

Plane-waves / modes

from different I
directions in input ‘ L]

Finigéelemend e imodelling (HFSS) It

Single-mode
output
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New Detector- microwave

O Partial list of problems:

Conversion plane-wave - waveguide modes

Waves from different directions > Mismatch with
the main waveguide mode

Gradient of e.m. intensity along conversion
volume

Magnetic field projection effects
Difference in waveguide phase-velocity

Multiple reflections inside the waveguide structure
Elces
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GW Correlation Recelver
K

Correlator

« Sensitivity increase
« Narrower beam in the z direction
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Correlation receiver circuitry

Cryo LNA
C-band (5 GHz)

PS waveform Video
generator At
JTUL ———> LA €
LO (7 GHz) Hecas
LPF BPF A
\ ! \ LIA <€
\ I \
\ !
\ {
\ I | ¢
\‘ 'I \‘
e - >
LSB (LO-S) Signal S; USB (LO +S)
(2 GHz) (5 GHz)

(12 GHz)

IF1

Video
Amp.

Rc sin
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Correlation receiver

B ham/M’ cr GW prototype experiment

S S

ngb-s/c

A small (but finite)
frequency width, and no
motion. Consider
radiation from a small
solid angle dW, from
direction s.

b X «— antenna

/

X
Aol \ Vv, [cos(a)rg) + cos(2wrt — a)Z'g)] 12

average g < >

Cosineoutput R =[VV, cos(wr,) |/ 2=[VV, cos(2zvb-s/c)]/2
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Synthesizing beams...

s {\ Primary

Transit of a point-like
source
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Sensitivity ( Provisional )

Characteristic GW amplitude, h, in & logarithmic bandwidth
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Potential Sources of GW mdiation at Very High Frequency
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|deas for the (not so distant) future

We are considering extending the Birmingham optical
detector work using larger arrays feeding CCD detectors

e ¥
, l!_ —
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Conclusion

O In addition to the obvious sources at LIGO and LISA frequencies there may be
GW radiation at microwave and optical although the sources are speculative

O  The prototype detectors using the graviton to photon conversion are relatively
cheap to build

O  The Jodrell — Birmingham collaboration is studying the design of a single
baseline interferometer operating at 5GHz and an optical detector (*).

0O  The detector will locate sources in the sky 0"

(*) PMTs/CCDs coupled to superconducting

Magnets inside a cryostat to give very high sensitivity
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