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Why is photodetection so hard?

PDs are essentially perfect transducers—1y=1 e
Shot noise limit (16): 2 electrons / Hz

5mW @ 633 nm: SQL = 160 dB SNR in 1 Hz
Yet:
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Telecom PDs run at ~30 dB worse than this  (e.g. - s
-38 dBm @ 120 MHz BW, 10"°BER vs. -66 dBm for EE \FRONT-SIDED |
ShOt nOISG I|m|t) o o B

Absorption spectrometers have been stuck at 10 (Hamamat388409 CCD)
absorption for decades (or 10° in chart space)

Why?

Optical reason: Stray fringes & source noise
Electronic reason: Capacitance

Blunders: High background, poor front end design

Standard quantum limit isn’t quite the end anyway
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Outline:

Optics and Electronics

Optics

Lossless
Interferometers

Heterodyne Detection
Homodyne Detection

* Fringe surfing
* Doppler

Basic noise physics

« Fundamental and

Electronics

 Laser noise cancellation

e Reaches SQL

« 50-70 dB RIN reduction at
low frequency, >40 dB to 10
MHz

* Improved TIA circuitry

« Cascode TIA

e 60x bandwidth improvement
often possible

technical noise sources



Lossless Interferometers
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Noise Canceller &
Signal Processing

« Combine (weak) signal and (strong) LO beams: heterodyne
gain, spatial and temporal filtering — sensitive & selective

« Simple idea, but often overlooked: combine orthogonally
polarized beams, use a Wollaston at 45°, detect and subtract
photocurrents: effectively 100% photon efficiency



Heterodyne Detection

« Heterodyne adds LO beam
at some frequency offset,
detects envelope

« SQL signal-to-noise equals
that of the weaker beam

 Allows shot noise limited
measurements for all
signal levels

 Handles Doppler very well
(+ velocity distinguished)

* Preserves both phases

« 3 dB SNR penalty due to

I, o (|0, +|w,*) +2Re{ v, v; } image frequency noise
DC Interference

Qutput 1



Analytic Signal Basis

Two-Sided Signal G(f)
(Real Voltages)

Analytic Signal

(Complex Voltages)
G(f) ~

_ Positive
Negative Frequency
Frequency Components
Components Doubled
Deleted
(DC Unchanged)
I
10 0 10

f(MHz)

Observables are real-valued
— spectrum G(f) is Hermitian

Carrying along CC is twice
the work (4x the blunders)

Use exponential notation for
simple sines, but what about
more general signals?

Analytic signal idea: form

g + iH(g) to cancel out
negative frequencies

2x power, 0.5x BW explains
mysterious factors of 2:

* thermal noise = kT/Hz
« shot noise = (2el)"?



‘ Heterodyne: Signal and Image Separate

IF passband  LSB (signa

ﬂﬂ
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Lo

‘ USE (imagea)
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‘ Single Sideband: Image Suppressed

ﬂ

]

LD

IF passband LSB (signal) ‘ USE {image)

MNose BW = Signal only

SNE equivalent to homodyne
in each phase (0, pi)

ﬂ Moise BW = Signal + Image

Image Frequency Noise

Heterodyning folds sidebands:
f +of and f -of both yield of at the

output

Noise in the undesired (image)
sideband corrupts measurements

RF heterodyne systems (e.g. FM
radios) filter out the image; hard at
optical frequency

Homodyne systems move the IF
to DC: only one copy of the noise

e Phase sensitive

SSB systems reject the image by
phasing: SNR same as homodyne

» Both phases preserved



Laser

Homodyne and Fringe Surfing

Interesting

Physics va

'l

/7

Dither

Integrating
Servo Amp

Lock-In Amp

 Heterodyne has 3 dB SNR
penalty due to image
frequency noise
(alternatively, because
<sin®> = 0.5)

* Fringe surfing (Homodyne
with phase control) lets us sit
on the fringe peak and avoid
the 3 dB SNR loss

 Hard due to limited phase
shifter range

« Falls apart at low SNR
because the loop loses lock



Optical SSB

M1
RF Input " o uss ouput® Heterodyne has 3 dB SNR
ﬁ——<gi pod 93: —9 penalty, homodyne loses
= {:%\__ = information
M2 Tio
LO Injection : » Optical SSB avoids image
R noise
o Py pr * Preserves both phase and
i fPBS Beam Spliter - amplitude information
0+-V|F +
o \’_M:: _ * No PLL — OK at low SNR
igna
Beam
‘ Wollaston [ .
e ® o™ Complicated
Beam o é)_QSSB « Lossless non-polarizing BS
45 Y

%0’ * not so easy to make

Azimuth

« Unresolved metal dot
pattern probably best
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Basic (Semiclassical) Noise Physics

« Johnson Noise:

Classical equipartition &
fluctuation-dissipation
theorem

Johnson noise PSD: p, , =
KT J/s/Hz when matched
v, =(4kTR)"2 , i =(4kT/R)"?
in 1 Hz (unmatched)

Noise temperature T,=T

amb
(resistor), T,<< T__ (LNA)

Central problem in LNA
design: Resistors are
horribly noisy

 Shot Noise:

Photodetection is a Poisson
process: variance = mean

Shot noise limit:

=(2el )2 > (4KT /R)"2

Nshot
when:

. LR >50mV (300K)

Signal power >7 uW in 50Q
(very quiet amp [35K])

NB: It's easy to make
currents with no shot noise



Coherence Fluctuation Noise

* Interference term doesn’t go
away, it turns to AC noise

Splice Splice « Delay << t: RIN only

 Delay = t: spreads out over

v

Av~2/t —disaster

tr

. A « Double Rayleigh scatter or
splices in fibres

« Usually the dominant noise
source when At/t_is not <<1

N
Y

n i2n Ad
E- Tttfrr) o

 Delay 1% of t: Max SNR = 40
dBin 2/t BW (|y1]|=|y2|)

« Can easily be > 60 dB over shot
noise



Etalon Fringes

Transmittance
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All optical systems are
interferometers, usually
unintentionally

Etalon fringes cause drift:
ordinary 25 mm PBS with 1%
AR coatings drifts 120,000
ppm/K

Demodulates phase noise and
causes coherence fluctuations

Dies off very slowly—even after
5 bounces from a good AR
coating ((0.01)*~1079), a beam
can produce 40 ppm p-v, or

AP~800 ppm/K in a 20 cm path



Electronics: More Than Just Details
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| I0.25 pF Ci
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Qutput

1/4 OP-470

* Lots of great measurements
get destroyed by poorly
designed front ends

* Don’t give up and use 50 Q!
 Improvements:

 Bootstrap Cascode TIA
improves C-limited BW by up
to 60 times while preserving
SNR—a better amp

 Laser noise canceller
eliminates both additive and
multiplicative RIN contribution
—Ilike having a shot-noise
limited laser



Laser Noise Cancellation

® Reduces additive and Threshold Crossing Rate (Hz)
multiplicative laser noise S =]

10 8 oo i e e Experiment
by 50-70 dB o
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- 102
e All that’s left is shot
n = = 100
hoise—the statistics are
[ ] 10-2
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e | Siebrdrove o
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Example: Noise Canceller Spectroscopy

Diode A2

Laser Wollaston @

> |

Comparison

Laser
Noise
Canceller

' Signal
Averager
Sweep

Log Ratio
Output
Preamp

Generator

Oscilloscope

 Tunable diode laser has Al/l ~ 3:1

(~30% In detalil box)

* Even major absorption peaks
barely visible on sloping BG

« Canceller eliminates slope
(additive), makes peak heights
independent of power

(multiplicative)

500 mV / div

10 ps/div

Area of betail

(a)

50 psy div

10 mV / div

50 ps/div



Current Tuned Diode Laser Spectroscopy with
Laser Noise Canceller

- |, absorption curves at

absorptions of 250 ppm (a)
and 98 ppm (b) are
essentially identical
despite huge intensity
slope. (0.12 cm™/ div X)

e Sensitivity ~ 1 ppm even in 019 ot ] v
a toy experiment, despite :
~30% Al/l background

0.12cm™/ div.



Example: In Situ Coherent Lidar (ISICL)

100 mW Retroreflector ‘ Back Wall

\FH

Window

-| CHAMBER

Noise Canceller &
Signal Processing

» Doppler-based homodyne interferometer with differential
laser noise canceller for detection

« Background light: 10° times detection limit (coherent),
108 times (incoherent plasma glow)

« Operates at the shot noise limit (10 false alarm rate) with
50 photons per particle despite huge background



Conclusion:

* Optical detection is still hard

* Getting it right requires careful thought about both the
optics and the electronics

 The best techniques (e.g. coherent detection and laser
noise cancellation) can make seemingly impossible
measurements surprisingly doable
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Quantum Detection
(Optical View)

= One photon gets you one electron (n~1)

= Shot noise is the intrinsic limit (pace squeezers)

= N photons/s gives 0 dB SNR in N/2 Hz, max

= Signal and spurious junk are inseparable after detection

= Etendue (n2AQ ) management for speed and low noise:
» Achievable BW goes as average radiance (W/cmz2/sr)
» Leakage, background, and capacitance go as the area
» Reduce area, increase NA, consider immersion lens
» High current density (>10 mA/cmz2) causes nonlinearity

» (And, just between you and me: small detectors are really hard to align)



Analytic Signals

= Circuits people use one-sided BW

= Analytic signal convention flitorbe e
» Measurable quantities are
real-valued
» Analysis is easier in complex | |
exponentials 10 0 10
: : C e f(MHz)
= Analytic signal definition
» Double signal at f >0 bt
(Complex Voltages)
» Leave DC alone al
Positiv
» Chop off all f <0 Negative Frequency
Frequency

Components
Doubled

pA blt prOblematiC at DC Components
. Deleted
= Causes mysterious factorsm
(DC Unchanng‘
- Mean square AC power doubled |

—1-s boxcar has 0.5 Hz noise BW 10 o 10
- Ni2in1sis (2N )12in 1 Hz!



Noise Physics

= Johnson Noise:
» Classical equipartition & fluctuation-dissipation theorem
»Johnson noise PSD pNJ = kKT J/s/Hz when matched
—VN =(4kTR)1/2 , IN =(4kT/R)1/2in 1 Hz (unmatched)
—Noise temperature TN=Tamb (resistor), TN<< Tamb (LNA)
= Shot Noise:
» Photodetection is a Poisson process: variance = mean
» Shot noise limit: iNshot=(2eldc)1/2 > (4kTN/R)1/2 when:
- Signal drops 50 mV across AL (300K)
— Signal power >7 uW in 50Q (very quiet amp [35K])

» NB: It's easy to make currents with no shot noise (metal resistor)

» Pauli principle forces electrons to be highly correlated: noise
power suppression is ~ (mean free path)/(length of resistor)

= Technical noise (stay tuned)



Quantum Detection
(Circuit View)

= Qutput Current:
» consists of N Poissonian pulses/s regardless of QE and ldark
» Gain can't fix this (PMTs just give bigger pulses)

= All fundamental noise sources are white

= Circuit Model: current source shunted by Cd
» Cd~ 100 pF/cm2 for a good PIN device, fully depleted

= Square law device:
> Popt=hnN, Pei=(eN)2RL
» Electrical power theoretically unlimited as R => infinity

»Johnson noise is always kT/s/Hz: weak signals are easily
swamped



Detection Regimes (Quiet Source)

= Photon counting:
» N < 108 photons/s (40 pW @ 500 nm)
» Use PMT or Geiger-mode APD (< 1 MHz)
» Useful BW (20 dB SNR) ~ N /200

= Shot-noise limited:
> ld RL > 50 mV @300K
» Can always get there with bigger RL(Si, InGaAs) but BW suffers

= Otherwise Johnson-limited:
» Nice quiet photoelectrons are immersed in circuit noise
» Circuit constants are the problem
» Circuit hacks can be the solution



Escaping Johnson Noise

= Additive circuit noise swamps photoelectrons
» Very wasteful--we've paid a lot for those photons!

= 3 dB SNR improvement can save:
» Half the laser power needed
» Half the measurement time required
» Half the cost and 2/3 the weight of the optical system

= To escape Johnson
» Smaller detectors, higher bias (reduces C)
» Low noise amplifiers (reduces noise)
» Electron multiplying detectors or cooled CCDs (increases signal)
» Impedance transformation networks (increases signal)
» Other circuit hacks



Example:
Low-Level PIN Photodiode Front End

= Design Parameters:
» Bandwidth: B >=1 MHz
» Obese 1 cmz Si PIN Photodiode, Cd =100 pF (fully depleted)

» Photocurrent: / phot = 2 uA
— Photon arrival rate N = iphot/e =12.4 THz

» SNR: Within 2 dB of shot noise limit
—Maximum SNR = N/2B =68 dB in 1 MHz



Front End Choices

= Load resistor

= Transimpedance amplifier

= Bootstrap + load resistor

= Cascode transimpedance amp
= Bootstrapped cascode TIA



Load Resistor

id- ld iNs | Nth
= First Try o T 1 1T
> Ri=1 MQ : BW = 1600 Hz (ick) = T T ﬁm 88%L @s-
= Everything is wired in parallel: [ |
» Signal and noise roll off together =~ | | |
» SNR constant even though Y, v
signal rolls off by 55 dB Load Impedance {ohms) { Hz CNR (@8]
» Subsequent amplifier limits SNR [~

» Lower Rincreases BW, but SNR
drops due to Johnson noise

> Shot =Johnson when IR =2kT/e =~ =
(~50 mV@300K)
» Optimum R drops ~ 200 mV

FE+03 +
uuuuu

5 N
\
3 \
N \
N \
NnCLNN N \
ZCTUS - \
2E+03 A \
N \
§ \
— — - AN | { | | | '\
Op , T+ . - - - -
{E+03
ean i Eann iEan AE iEann
{E+02 {E+03 TE+( )5 E+06

Craniiannay (H=)



Transimpedance Amp

|| 0.5 pF
= Connect PD to virtual ground b ANN—e 100K
» Op amp wiggles output end Dy -
of Rr to keep input end still T ] O
= Improves BW but not SNR — * To. |
» 3 dB BW ~ 0.5(fRC*GBW)1/2 oy T
= Unity gain stability unnecessary ° -Vbias
= Big improvement but don't push engpRdanee @) CNR:@@
it too much:
» Noise and instability problem {20
due to capacitive load on
summing junction . ip
» Fast amplifiers are worst

5E+03 | RDNE

= 0.5 pF Ct helps instability
but can't fix SNR problem

2E+03 |- 17

1E+03 | | | L | 60
1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08

Freniienrv (H7)




Transimpedance Amp

Gain (V/V) . Transimpedance (ohms)
1E+05 ﬁ-SdB 100,000

1E+04 |

50,000

= Transimpedance BW
» Less than closed-loop BW
» Depends on values not ratios
» Actual BW obtained depends on

1E+0a [ 30,000

20,000

1E+02 |

_ 10,000
1E+01 |

5,000

frequency compensation 1E00 ¢ 100
= Low noise ol .
» Amplifier noise dominates at T ey
large Rt

» Active devices can have
TN << 300K (Tn= enin/ 4K)

» ~ 10K for good bipolar op amps

» Even lower for FETs but needs
iInaccessible impedance levels



Cascode TIA

= |solate Cd from summing
junction with cascode Q1

» BW limited by emitter
Impedance re =1/gm
»BW(Hz) =6.2 IC/Cd

= Biasing cascode with
sub-Poissonian / bias reduces re
--improves BW

» Noise now limited by Rb’ and
shot noise of Ib

» Noise multiplication much
reduced compared to TIA

Transimpedance (ohms)
1E+05 ==

5E+04

3E+04

2E+04

1E+04 |

5E+03

3E+03

2E+03

E+03
1E+04 2E+04

1 Hz CNR

(dB)

AN 11 120
NN
r \ﬁ\\\\
1
"""""" e R |
1
------------ - bk “...A;_.“...”.r.“.... B B B P t
=y o= 1
"""""" 11 i YN “"\K""“"'
T S,
1\ W\
--------------- \ - 13t N 125
1 \\
\ " \
Zm, unbiased \ 1) \ 1
..... R [ 15 A PR ¥ I '\ .- R O P W I
CNR, unbiased ' \ ! ‘i \ ]
3
..... Zm, biased  |-{-l}-poe ] e N |- -\“ - \
CNR, biased N \ . \
----- e antI R SRR
' |
\ ! ___"¥-' \ \
! 1

5E+04 1E+05 2E+05 5E+05 1E+06 2E+06

Frequency (Hz)

LY
5E+06 1E+07

120



Bootstrapping

= Bootstrap transistor

» Follower forces cold end of D1 to
follow hot end

» No voltage swing
->N0 capacitive current

= Speed set by re Canot RL Ca

» 50x faster than RC at /dc=300 UA, il
R.=100 kQ

+15V

MPSA18

= Superbeta transistor 10 nF

» 3 ~ 1000: Very low base current noise
= Noise Voltage

» Limited by Rb' and re(2elc)1/2

» Noise multiplication similar to TIA
= Can be applied with other techniques

r

i
=

8
5

V



Bootstrapped [

= Can't use enough Qibiasto  ws+ .
get 1 MHz BW without being
limited by /b shot noise and
Rb' Johnson noise

= Bootstrap runs at higher Transimpedance (Ohms) 1 Hz CNR (dB)
current: lower voltage noise sev0s | -

= Reduces effective Cd

» Superbeta transistor Qe has ™"}
much lower base current T
shot noise, so can run at BT Basedzm
higher current than Qx e
without ruining the SNR e

2E+03 |- Shot Noise CNR

125

______________________________
-~..

120
Unbiased Zm

» Bootstrap can be applied ol

0.01 0.02 0.05 0.1 0.2 0.5 1 2 5 10

along with cascode Frequency (MHz)




Bootstrapped Cascode TIA

RL 136.7 uV _ _ . ~ MKR #1.FRQ 284 kHz
ATTEN 10 dB b83.1inV (4§ Hz)
. yc.@08 dB/0DIV . .
= Final performance: el  SAMPLE
» Within 1 dB of shot (o b
noise, DC-1.3 MHz [V R
» 600x bandwidth T e
improvement over naive B
approach
= Three turns of the crank to

get 1 MHz BW with 100 pF _ _
& 2 uA | | |

= Not much more juice SN SR T SR T S I _———
: STRRT 50,0 kH TOP 2,000 HHz
available here: RB 0.0 kilz  <UB 30.2 Kz ISt 1950 ot

ST 19.50 sec
» optical fix needed next |
time Bottom: Dark noise

Top: 2 uA photocurrent




Noise Physics Again

= Technical Noise

» Usually dominant in laser measurements, especially bright field

» Dominates in large-signal limit (pn ~ Popt2)

» Laser RIN, demodulated FM noise, wiggle noise,
below-threshold side modes, mode partition noise, coherence
fluctuations microphonics, 1/f noise, noisy background, phase of
the moon, pink elephants,.....

= Many strategies for getting round it, such as:
» Reduce background: Dark field and dim field
» Move to high frequency: Heterodyne interferometers
» Move at least a little away from DC: Chopping
» Compare beam before and after sample: Differential detection

» NB: Lots of possibilities, because there's no 100% solution



Shot Noise
Rule of One

= One coherently added photon per second gives an ac
measurement with One sigma confidence in a One hertz
bandwidth.

» True for bright field or dark field:

» Bright field == dark field, except for technical noise
— BF: Source instability (RIN)
—DF: Johnson noise

» DC is actually 3 dB better for a given temporal response, except
for the usual baseband suspects



Differential Detection Ought To Be

Beam Splitter Optical System
Laser
P (1-NP (1-NP
. rp .
Comparison Signal
Detector Detector
Noise
Suppressor

| -
Noiseless Output

= Apart from shot noise, Isigand lkomp are perfectly correlated
= Optical systems are extremely linear and wideband
= Photodiodes can also be extremely linear and pretty wideband:

=> kig/lcomp == kig/ lcomp (differential gain == average gain)

» |If the DC cancels, the noise cancels at all frequencies

= Problem: only works with beams of identical strength:
Need to ship a grad student with each system to keep it adjusted



BJT Differential Pair

= With fixed A We, the ratio of Ic2//lcH ¢ ¢
I |c2

IS constant over several decades
of fe.

= Linear splitting => fluctuations Qs
and DC treated alike ®

= (@1 is in normal bias as

mV below the base before v
saturation starts)

= Transistors can be fast i .
le

shown--the collector can go 200 AVEE (

I
= Adjusting A Vbe to null out the " _ exp(e AVbe/KT)
photocurrent doesn't disturb the lct
subtraction



Basic Noise Canceller

= Add a diff pair to a St o —ae o | o
current-differencing ° s200
amplifier

1/4 OP-470 Linear
= Use feedback control of MPSA-64 Q3

A Vbe to null the DC \Y

. . : *— v 2,F % h
=> Noise cancels identically
at all frequencies
= Cancellation BW
independent of FB BW

= Linear highpass O/P, log \Y
ratio LP output (A Vbe) %

. S
Comparison

= 1k::26Q divider gets rid of ™™ swzzor

kT/e factor in AVhbe V bias
[2V <==> exp(1)]

5.11k

1/4 OP-470

Log Ratio
Output V
. i
Icomp Vo=- In( =212 1)
Isignal



Performance:
Cancellation

He-Ne showing a strong mode
beat (oscilloscope traces)

Upper: TIA mode showing
beat waveforms

due to 4-wave mixing
(comparison beam blocked)

Lower: Cancellation to
0.5 dB above shot noise
(comparison beam unblocked)

3N3904 discrete BJTs

0.75 mW Psig, 1.5mW Pcomp

———————

Channel 2
OmV
Ch1 .1 V
At Ons £ oo T/div S us Ch2 .5 V
ll_:llll LI LB Tt LERLBRLILE
.
Channel 2
0O mV




AVERAGE COMPLETE

Performance: S Marker x 5a.0is ks v 350408 e
. > L _=| vemshrond
- " i =l vemslrtha
10
Cancellation = [ |
L.ogMag l W {\
n qui - ol NN
He-Ne in quiescent perlpd saiv i o ]
Upper: TIA mode, showing Legmag ||
noise and 22 kHz ripple yvevsl LIS N SRS (U I IS N IO SN SN
Lower: Cancellation to .
0.5 dB above shot noise "
Start: ©C Hz Stop: 102.4 kHz
Start: 0 Hz Stop: 102.4 kHZz
S: PSD Chan 1 RMS: 100
POWER SPEC2 100AvVg O%0vil1ip Hann
POWER SPEC2 1OOAV9 O%Dvl_p Hann
—860.0
Envelopes of 100 scans, co o
showing mode beats sweeping T | l
Upper: TIA mode =° | | | Il 1,
Lower: >50 dB cancellation, gms,,. | ﬂl
even with multiple modes aB h LKl L H_w”
L2 LARIAIIR ' W VT vy
, VorHz
3N3904 discrete BJTs W T
0.75 mW Psig, 1.5 mW Pcomp :i:g bl 1p I I
FxdXY O Hz 100k




Performance:
Cancellation

= 50-70 dB RIN reduction at low
frequency, ~40 dB to 10 MHz

= No critical adjustments

= Cancellation at high currents
limited by differential heating

RL 52.27 mV
«ATTER 0 dA
19.088 d8/01V
SAMPLE
(UIDEU RYERAGE
1 000 7
\
\"‘N._____ ]
K’“"‘-‘M

START 50.0 kiz STOP 10.00 MHz
xRB 1.08 kHz  VUB 1.88 kHz ST 29.85 sec

1 kHz Feedthrough (dB)

01

2N3904 discrete BJTs

-10 :_ ................................................................................................................................

-20
-30
-40
-50
-60
70 |

-80 |

90 [ I I | | I |

Voltage at Log Ratio Output (V)

1 kHz Feedthrough (dB)

0 -
-10
-20
-30
-40
-50
-60 E
70 oo R
-80

g0 L

Voltaae at Loa Ratio Output (V)



+V pias Ry

1st D1

=
-

$1722-01

Differential
Version

5.11k

. i sigt
Signal Beam sig 1/4 OP-470

Linear
Output

MPSA64

P

MPSA14

= Add second signal beam 477 h

= Run slightly unbalanced signaisem ==&/, 1 oRATo
(/sig1 > /sigZ) Strazl v V |
= Differential pair sees only the comparson_y SV
slight imbalance R Sy
lcomp > (/sig1-/si92) << /sig1 110 [
= Limitations of BJTs 20 [ :5'9;:1;68::: .........................................................
circumvented 15; 30 foreerenn T o e
=13 dB nOise improvement g 280 | e )
(bOth Signal beamS Contain E B0 e
information) % 2B frrr
= Using log output requires )
more thought f | |
- 160 dB SNR (1 HZ) 90_1 OVoltage at Log OLtput (V) °
1.65 1.0 0.60 0.37

ic1/ico



Shot Noise
False Alarm Rate

Threshold Crossing Rate (Hz)
3]
10

= Differential noise canceller,
diode laser, ~0.5 mW/beam

=BW=1.1 MHz °

= Beam scanning around inside a  »*
chamber with a sandblasted
aluminum back wall (some
mode hopping)

= Noise canceller leaves only shot = ———
noise B .
= Very gaussian over >10 orders | LN
(300 kHz - 8 uHz) N
= Imputed error ~0.1 dB over full

range (1-parameter fit to exact .. ey
nOISe BW) 05 _ ......................................................................................................................... ki




Multiplicative Noise

= Signal beam: 50 kHz AM MR 41 FRQ 5.00 KMz 1 Sirore
= Comparison beam vs flashlight ..~ ,Cameemn\i
= | aser: Distorted 30% AM at 5 10.80 dB/DIV [ 4[| Tamose —
Hz L s
= Noise intermod suppression: R . ﬂ
>= 70 dB | |

= Power returned to signal

= Peak heights are independent
of power level

= Intermod suppression depends
on loop gain, but: il UL | L

= The signal being ratioed has (e e SRR e
had its additive noise cancelled
at all frequencies

» Noise performance greatly
Improved--no additive noise!




Log-Ratio Only
Version

= Eliminate A1, swap diff pair

inputs to keep FB negative Signal Beam —= 2k | | s Loq Fati
= Gives widest log BW $1722-01 390 pF Output
(> 1 MHz) MPSAG4 | o

= BW depends on signal levels
» Possible parametric effects 1

» Much less serious than with
1

| LM6321N

analogue dividers

» Noise floor 40-60 dB lower "57‘D‘
than dividers' °°mpari5°"::2t |
. . . B lcomp
> Noise limited by base ST ey
resistance Johnson noise WAA

at high currents

» RE compensation
applicable



Performance: Log Noise Floor

= Shot noise of kig and komp add in power => noise floor at least 3 dB
above shot noise (but stay tuned)

= Noise floor is very flat and stable, generally within 0.5 dB of SNL
except at high currents (and parallelling transistors can improve that)

1/2

§§35H50014n ﬁézggégk§é Avg=8 oaioan\/s_10kHz Noise (nV/Hz )
== . = . = . 200 e AT YA S A A S S AR S T AT S AR A T T
POWER SPEC 1 1000Ava O%Ovilp Hanr MAT-04 nonolithic supermatch guad Measured
SOOOH_“*_“H__.__‘_. _____ (VRN MR RS UUY U U I —— - Calculated
e _ 0
TTTOTTTTIrTTT Tt TOO [N rb’ Noise Added

Vieg=-100 mV

1000

H---d----kE=-z-z-d1-z-z-=z
1SR DNSURRREN NS S
Noise 1 Enihie At el -- -
Spectral - ==~ ——— =k === -———
Densi
W1m

- -J---ZgfZZZJ--=-=
1 S [ E R I

1/2 e Bl el Ity
(niHz ) ff---d4----F---- S
R e e e e
B B --o:

0 10 20 30 40 50 60 70 80 90 100

Frequency (kHz)



Log Ratio
Spectroscopy

500 mV / div

= Sensitivity ~ 1 ppm absorption
= Shot noise limited even with huge
dP/dw (AP~30% over scan range)

= Etalon fringes eliminated by
subtracting pressure-broadened scan

10 ps / div

Area of Detail

AN e
50 ps / div
Comparison
Diode W2 .
Laser Wollaston ® Laser 10 mV / div
Noise
Canceller (@
| Log Ratio
Output -
' Signal
Averager -
Sweep | 1 1 | 1 1 1 1 1
Generator

Oscilloscope 50 ps / div



Noise Cancellers and You

= The Good News:
A noise canceller will cancel all correlated modulation down to the
shot noise level

» L aser RIN is substantially eliminated
» Error in ratiometric measurements is greatly reduced

= The Bad News:
Everything else will be left behind

= Everything depends on the correlation between signal and
comparison beam remaining high

= You're going to learn things about your beams that you never
wanted to know: Coherence fluctuations, spatial side modes,
amplified spontaneous emission, polarization instability, vignetting,

and especially etalon fringes



Applications Advice

System design

= Etalon fringes:
» Keep design simple, avoid perpendicular surfaces
= Spontaneous emission:
» Use an efficient polarizer right at the laser
= Spatial decorrelation:
» Don't vignette anything after the beam splitter
= Path length imbalances:
» Keep path lengths within ~ 10 cm of each other
= Photodiode linearity:
» Keep current density lowish & reverse bias highish

» Transistor linearity: Io> 1 mA requires differential model or Re
compensation

» Keep balance somewhere near 0 V (big negative voltages hurt)



Applications Advice

System design

= Temperature stability
» Etalon fringes drift like crazy (>10% transmission change/K)
— Photodiode windows a common culprit
» Log ratio output proportional to T
— Temperature-stabilize Tuusing monolithic quad (MAT-04)
¢ 1 heater, 1 thermometer, 2 for diff pair
e ~ 10-5 absorption stability in 1 hour
= Care and feeding of photoelectrons:
» Never put photodiodes on cables--put the amplifier right there
» Photodiode electrical shielding often required
= Alarm conditions:

» Use a window comparator on the log ratio output to check for
fault conditions, e.g. no light



Applications Advice

Setup & Testing

= Shot noise is easy to verify & you get the frequency response free!
» A flashlight generates a photocurrent with exactly full shot noise
» A dc-measuring DVM is all you need to know /inshot
» Source is white => Output Noise PSD == frequency response

= Check cancellation behaviour
» Block comparison beam to turn canceller into an ordinary TIA

» Use a flashlight to replace komp in log ratio mode (A Vbe constant)
» Compare lkomp and kig to AVbe formula--do they agree?

= Wiggle and poke things

» Tapping components with the eraser end of a pencil will tell you
which ones are generating the fringes



Idea : Laser Intensity
Stabilization

= Servo tunes laser so that Pr= Pr Tuning

= Adjust attenuation o so that aR*l  Intensly
adPr /do = -dPr / do there

aR - T Tuning

= Then Pr+Pris pure amplitude Lager Beam Spiters L Semee
aPr- Pris pure tuning e ——
(divide by sum if desired) Suning | Gomp

= Should lock to shot noise level

= No dither needed o ourrent
= No high-finesse cavity needed: Canceller
»5 mW, A=600 nm, F=30 => 3 Hz L5y
RMS linewidth (1 Hz BW) J)R+T
ey . y
= Quiet intracavity measurements | Amplitude
» SNR improvement of f2 (30 dB Ou% RT_
o Tunin

for F = 30) VS extracavity In’[egra’[or\fI Outpu



Summary: Low Frequency Front Ends

= |tisn't just about detectors

= Good analogue design can give huge performance gains
» bootstrapping
» cascode TlAs

= Careful system design prevents trouble:
» Etalon fringe elimination
» Believing your noise budget

= | inear combinations--used intelligently--make hard things easier
» Differential detection
» Laser noise canceller
» Cavity locking



$10 Pyroelectric

1 mm

CPU/Memory C a m e ra

MUX

SENSOR T———
— FILM —1
Signal
Conditioning
ANTENNA _~“

Fresnel
Lens

Array of Distributed Pyroelectric Sensors
» Sensors Mounted In Ceiling
~ 100 pixels/sensor
» 100-1000 Sensors Per Store (100-200 sq ft each)
» Base Manufacturing Cost: $50-100



Pyroelectric
Effect

3 micron

I . Carbon Ink
Bound
Charge

=0 E =--E 9 microns

free bound Poled PVDF

3 micron
Carbon Ink

e Ferroelectric PVDF (fluorinated Saran Wrap)

e Ferroelectric Has Frozen-In E

_ilke Remanent B In A Ferromagnet

e Polarization drops ~ 1% / K

» Free Charge g Flows To Zero Out Eita, SO AQ gives AT
» Very inexpensive

e Inherently AC: Static Objects Disappear
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Footprints IR Sensor Photomask Rev C: POSITIVE TONE

Phil Hobbs, June 25, 1999

Multiplexed
Pyroelectric
Array

IR FPA sensitivity, porch-light cost

e Free-Standing PVDF Film In Air

e 8 x 12 Array, 6 mm Pitch
(Tee-shirt Lithography)

» Needs Fancy Multiplexer



IRstart1
OPTICAL SYSTEM LAYOUT

UNITS: MM
DES: Budd




Slow is Beautiful
e Signal Power ~ G2

Thermal Design

, Gain
e Johnson Noise Is Flat I R
I 0 Thermal Mass Limit 025 B SampIiEg I;uBnction
~ sy .2 s Boxcar - La
e (Fluctuation PSD ~ G) L ( oasrgrean
. s - A Y
e Bandwidth ~ G/Min 0.1 f e - i
- Extra Signal . I \ .," Y
» Johnson-Limited SNR ~ 1/G R T R
. ¥ T Thermal Conduction I
—> Insulate the Sensor & 0.01 [ Pixel Thermal Response =", ThermalConduction 3§
- S N :l: E
Filter Data To Recover BW * e N #
o S, 1
| 0.001 | -~ o — 5
Iradiance Reflection et -~ “\'\ i
I ?_o' ° Overall Raw Sne, :
dA (1-e)I g L Pixel Response Y i
0.0001 | g —
dM Film Conduction - VoAl
th G Cond ;'x " ': i
[
1E-05 | i
Radiation Air Conduction - i
G Rad = €Ggpoqy G Air ! a
1E-06 |
Grotai= G Rag * Goongt G air :
AT = el/G 1qpq 1E-07 ‘ ‘ ‘ ‘ ‘ |
0.001 0.003 0.01 0.08 0.1 0.3 3 10

dT/dt = (&l-G 1o AT)/(AM , /dA)

Frequency (Hz)



Thermodynamic
Efficiency

Incident
Thermal
Light

50% Reflected

85% Reflected

Semitransparent Metal
75% Area Coverage

188 Ohm/Sq

Cark_)on Ink o _

satee: o ® Sensitivity proportional to
coverase  surface emissivity

e Carbon ink is shiny at 10 um
¢ "Swiss-cheese" ink blanket

800 Ohm/Sq 0% halves the thermal mass
Semitransparent Metal Transmitted .

75% Area Coverage e Tuned metal Coatlng

increases AT

9 micron
PVDF

42%
Absorbed
in metal

e Ink lattice on tuned metal
N S should give ~ 20 dB more
: 58 & signal




Sensor Design:
Multiplexer

o ATpixel ~ 8 K (Human Crossing the Floor)

o AQ/ATpixel = (3V/K)(160 pF) ~ 500 pC/K
BUT: ATpixel/ ATiFov ~ 0.002, t~ 2 s (10 Frames)
Total Signal Available ~ 0.1 pC/pixel/frame

e Multiplexer Leakage <= 5 pA
e Charge Injection < 0.5 pC
e Nothing like it is available commercially



Diode
Switches

» Nanoamp Leakage
o Control And Data Paths Not Separate
e Unidirectional And Nonlinear: Bias Required

v,

kT

-1

I =Is(exp

e1mA IF:Sidiode~065V,LED~16YV
=> [sfor a LED Should Be 10. That of Si
¢ $0.05 LED has |IA< 100 fA, -5V < VF<+0.5V



Biasing Hack

» Need 1-5 pA Bias Per Pixel, CPU Adjustable

e 1012 Q Resistors Don't Come in SMT
e Use Photocurrent Instead

N
LED D

—"'
-
-------------

o LED Is a Photodiode Too

o Use Diffused Light From CPU-Throttled LEDS

e 1 mA LED Drive => 1 pA Bias

e Switch + Adjustable Bias = 1 LED @ $0.05/Pixel



LED Mux
Schematic

Multiplexer Output Amp
—-
N Bias
Strobes & LED

T sd)d Pl

LR LN ]
e e .
- ~y
- -

csS % — - e 3
° ko &

cs1 O = HH—

L
L 4
-
-------------

..........
........
o ~




Footprints
Data

(Raw data,

1 sq ft pixels,

28 um metallized
PVDF)

(Pseudo-integral,

1 sq ft pixels, 4 um
carbon ink on 9 um
PDF)




Footprints
Data

1714nox6.avi

(Pseudo-integral,

1 sq ft pixels, 4 um
carbon ink on 9 um
PDF)




Measurement Physics

= Laser noise depends on polarization, position, and time

» Noise is spatially variable (interference with spontaneous
emission and weak spatial side modes):

— Vignetting can destroy correlation

= Etalon fringes demodulate everything

» Mode partition noise, FM noise, weak longitudinal side modes,
and coherence fluctuations turn into AM

» Polarizing cube has 2-5% p-p fringes if perpendicular to beam
—FSR is only 0.13 cm-1 (fringes really demodulate everything)
» Be paranoid about fringes

= Spontaneous emission
» Has different noise than laser light & will split differently



Measurement Physics

= Coherence fluctuations Idc o (lwl |2 +‘1|,2|2) +2R6{1|11 IIJ;}

» All optical systems
are interferometers DC Interference

» Interferometer path imbalance of 1% of coherence length
=> 40 dB SNR in Av, maximum (|y1| = |y2|)

» Outside coherence length, fringes turn into noise
» Full interference term becomes noise in bandwidth ~Av
» Can easily dominate all other noise sources if Av isn't >>> BW

= Time delays
» Delaying one arm reduces noise correlation due to phase shift

- To get 40 dB cancellation, phase shift wmAt < 0.01 rad



Going Faster: RF Techniques

= TC reduction goes only so far

» Impedance Transformation

» Reactive networks

» Transmission-line transformers
» Constant-resistance T-coils

= | ow-noise RF amps

» 35K noise temperature: 9 dB
improvement vs 300K

» Driving 50Q



Noise Figure & Noise Temperature

= Ways of quoting low noise levels

= Noise Figure
» NF=10 log[(SNR before)/(SNR after)] (300K source)
» 3 dB is garden-variety
» < 0.4 dB is the state-of-the-art @ 1-2 GHz (Miteq)

= Noise Temperature
» Very low NFs awkward to use
» In= Pn/ (kB)
» Tn= 300K (10NF/10-1)
»3 dB NF = 300K 7w, 0.5 dB NF = 35K Tn, LT1028=15K (@1kHz)

» In<< Tambient! (F-D theorem doesn't apply to active circuits--or
refrigerators for that matter)



Impedance Transformation

= PD is a current source
» Signal power proportional to Re{Z}
» Increasing Z. at the diode can improve SNR
» Want all-reactive networks

— Resistors in the matching network dissipate power uselessly
and add a 300 K noise source to a ~ 40 K system

= Not an impedance matching problem for A<1.8 um!
» Available power not fixed for Si, InGaAs PDs
» Source impedance poorly defined
» IR diodes, e.g. InAs, InSb, HgCdTe have low shunt resistances:
— Available power is fixed, so impedance matching is relevant



Impedance Transformation

= Low Noise Amps
» PD is a nearly-pure reactance => almost noiseless
» 35K amp is 9 dB quieter than 300K amp for reactive source
» BJT emitter ideally has Ta=Tamb/ 2,
—ideal BJT base has Tn=Tamb / (2)--same noise voltage, 3 times
higher impedance

» Connect PD straight into MMIC with no resistor or capacitor--fix
frequency funnies afterwards, at higher signal levels

= Transformers

» Quiet RF amps are all around 50 Q (amps are typically 2:1
VSWR, so it might be 100Q or 25Q )

» N:1 turns ratio gives Nz impedance change
» Transform 50 Q up for Si PD, or down for, e.g., InAs



Bode Limit

= How wide can we go?
» Bode theorem specifies tradeoff between BW and efficiency

()

In| —

0

TN

211:
RC

dw <

= |Gl2is the return loss (fraction of power reflected from the load)

= RC has 1.03 dB average passband loss (o 3 dB points)

= Choose |G|2=0.21 (79% efficiency, or 1.03 dB signal loss)

= BW increases 4x vs RC, for no net signal loss whatsoever

= 3 elements will usually get within 0.5 dB of this limit

= |[ncreasing mismatch gains bandwidth almost reciprocally
»|G|2=0.5 gives 9x BW @ 3 dB loss



L-Network or Series Peaking

» Simplest Reactive Network

—0000-¢9—o — +—9o
L C
W~ W~ ®
$Rs ¢ _ $hs L — - §Pb=
C — — —
— — L |C § (@ +1)Rq
— ) O @ -0
Lowpass Highpass Tank Circuit
L Network L Network

= Moves RC bandwidth from DC to /b (same BW, settling time doubled)
» Q=X/R [at resonance, Q=1/(a0RC) (ratio of foto fre)

» Bandwidth BWads = o0/Q
= Transforms load impedance by a factor of Q+1

»50 Q, Q=10 => effective RL = 5kQ (pure resistance at )
» Can also be used at baseband for a 1.4x BW increase



Constant-Resistance T-Coil

» Tektronix Vertical Amplifier Secret
Ch

EQUALS

Doesn't waste current in R while there's C to charge
» 2.8x BW increase (at 3 dB points)
» No overshoot or ringing
» Design equations available
= Best simple network for baseband use (lowpass characteristic)
= Disadvantage: Load resistor and output are different nodes
» Harder to get Tn< 300K (may have to put active device in for R)



Example: 5 pF PD, DC-50 MHz

= Direct connection to 50 Q _:_E_ — |
»BW=1/[2p(5pF)(50Q)]=640 MHz —~ T T s$s B ‘= &
» Shot noise limit: Iphot >=1 mA _—

(300K), 370 pA (35K)

» Wasteful
N Iqg

= 3:1 Turns Ratio Transformer (450Q)

> BW=1/2n(5pF)(450Q)]=70 MHz 5
> Shot noise limit: prot>=115uA ' T °T

(300K), 13 1A (35K)
» (DC current x AC resistance

>50 mV (300K), >6 mV (35K)) v N : 1
» 9 dB SNR improvement (Johnson

limit)




Example: 5 pF PD, DC-50 MHz

= Constant-Resistance T-Coil:
» 2.8x BW increase, resistive load
» Can be used with 6:1 transformer

» Ri=1800£2

» SNL: 29 pA (300K), 3.4 uA (35K)
» Best step response

» 15 dB SNR improvement

EQUALS

= Bode Limit:
»4x BW increase, resistive load
» Ri=2550 Q
» SNL: 20 uA (300K), 2.4 uA (35K)
» 17 dB SNR improvement

» Beyond there, you have to trade off SNR
or reduce Cd



Example: 5 pF PD, 250+-5 MHz

= Put passband anywhere you like D1 1
»Simple 81 nH series L, 5 Q load — W C,—
» Ri=3130 Q (Q=25--no higher) e

» Use e.g. a cascode or 1:3 xfrmr +
» Can tune by changing Vbias Vbias T

»SNL: 16 pA (300K), 2 pA (35K)
» 17 dB SNR improvement vs 50 € {7

= Bode Limit:;
» 4x BW increase, resistive load

» R1=12.8 kKQ
» SNL: 4 A (300K), 0.5 uA (35K)
»24 dB SNR improvement vs 50 Q



Detectors With Gain

= Electron Multiplication: used in PMTs, APDs, & LLLCCDs
» Gain applied to electrons before front end amplifier
» Front end noise contribution reduced by M
» Allows low load resistances => increased BW

HOWEVER,...

» Gain inherently noisy (at least 3 dB noisier than PIN)
» Other tradeoffs depend on device (e.g. GBW of APD)

= Shot noise doesn't improve:
» N photons per second gives 0 dB SNR in N/2 Hz, max
» Gain amplifies noise along with signal



DIY Op Amps

= Current noise of op amp
appears in parallel with lphot

» Treated just like signal:
no high freq SNR penalty

= Voltage noise of op amp sees
full noninverting gain

» Big noise spike at high freq,
due to Ca (differentiator)

= Reducing enamp means running
the input stage at higher bias

»add a BJT stage to the front
» Increases inamp ,but that's OK

1 Hz Noise (V)

3E-07

2.5E-07 -

2E-07 |-

1.5E-07 -

1E-07 -

5E-08 -

f 348

<« Total Noise

<—— Dark Noise

1 Hz SNR

OE+00
OE+00

| |
5E+04 1E+05 1.5E+05
Frequency (Hz)

\
2E+05

0
2.5E+05



Differential & Ratiometric Detection

= The beam that goes through
the sample has our desired
signal but is corrupted by
laser noise.

= |[f we take a sample of the
beam before it goes through
the sample, it will have the
identical laser noise but no
desired signal.

= Dividing the two, or
subtracting them when they
are nearly equal, will
suppress the noise and leave
the signal.

Laser

Beam Splitter

Optical System

P

Comparison
Detector
Noise

Suppressor

re

(1-NP

(1-rp

Signal
Detector

Noiseless Output

|



Noise Definitions

= Noise statistics are ensemble averages or short-time averages
» They can be time-varying

= Signals at different frequencies add in power since beat term
averages 1o zero

= Noise best specified as power spectral density (PSD): for
reasonable bandwidths, think of this as noise in 1 Hz BW

»pnis PSD, Pnis total noise power
= Noise Bandwidth:
» BWN = (total noise power)/(peak noise PSD)
» Equivalent width of power spectrum
» BWN=1/(autocorrelation width of impulse response)
» Generally wider than 3 dB BW (p/2 times for RC rolloff)



Re Degeneration

= Discretes run at different T lc:

=> Less cancellation at high Ic

» Use monolithic matching Q

/

= Main remaining limit is failure of O
BJTs to be exponential at high
currents

» Re produces negative
feedback on emitters, tending
to even out the current split Req

» Apply positive FB to the bases,
keeping intrinsic VBe constant

E

lc2

N

C1 E1 C2 E2




1 kHz Feedthrough (dB)

RE Compensator |

0

10

rE Comeensated rE Uncorxensa’[ed

-30
-40
20 2 i signal 50
-60 -
lc2 -70
_ Q o0 |
Vai=-k(lct + I c) Ve2=-hlcy i z
Q Aé\5/\' 0] 0 1 > 3 4 5 6
1 Voltage at Log Ratio Output
1.65 1.0 0.60 0.37 0.22 0.135 0.082 0.0506
iC1 /1 C2
1k
— A A A 1 kHz Feedthrough (dB)
iCO"‘P = |C1 + |C2 0 - rE CCEEm_sated rE Uncorxensated
20 -102— ------------------------------ N
AV, =(Klg, +(k-h) I, ) S
o, a, e —
Current mirror “
-V bias -50
. . -60
= Requires a current mirror plusa |
few extra resistors ol
= Flattens out rejection curve, 0 E——
1 Volt t Log Ratio Output
1 0-25 dB Improvement 1.65 1.0 0.60O ageOéS? ° :2;0 ) F;.L:SS 0.082 0.0506
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Optical

Design
Radiometry
ob Geometric falloff
lect
{ cos 20 0s?0
Intercepted Bower

0 do sec 6 Image
( -~
\ do ]
Projected object area
cos ©

Projected entrance pupil area
cos ©



Transmittance (%)

20—

Optical
Design

Moulded Polyethylene Fresnel Lenses

INFRARED FRESNEL LENSES

30 7.5-13 u I =
-~

. L
LIS I B B (N N R N RN ORI B (LI B LN B L RN B LN } L
] 10 15 20 25 40

Wavelength (microns)
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Footprints:
Concept

What Are My Customers Really Doing?

» Quantitative Evaluation of Store Design
o See Where Customers Go & What They Look At
» Real-time Feedback On Store Ops

(To make it worth instrumenting every store)

e Distribute Cheap Sensors In The Ceiling
» Extract Trajectories Automatically
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What It
Doesn't Show




