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Introduction-1

Carbon Dioxide (CO,) Concentration in the
Atmosphere (Increase)
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Introduction-2

CO, Sources and Sinks (Missing?)
Fossil Fuel Emissions of CO, and Atmospheric Buildup, 1958-2008
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» MLE for analysis of the parameters of multiple-frequency
digitized sine-wave signals based on a statistical model,

all the digitized signals, s(n) , Is sum of the expectation
value of the signals and Gaussian-distributed random

noise with the probability,

Pr(S(n))= 1 exp(_(s(n)—E<S(n)>)2] n=0,12,..N, -1

2
20,

2710t

E(s(n)) is expected value of S(n) and o, is variance of the
noise.

» MLE formula
_ Tl L _(S(n)-E(s(m))
ov?rrgl \r/?riailes(l_) - ov?rragll \r/?riﬁlex{:!{_‘(!:[ /272'05 ]exp( 20'5
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Maximum Likelihood Estimation (MLE) -2

» Maximum Log-Likelihood Estimation Function |

arg max (L):exp( arg max (In(L))j

over all variables over all variables

= eXp[ arg max £ = Nf(sz)— NSl{ (S (n)- E<S(”)>)2
over allvariabled 2 71—g " 2

= exp( arg max (I )j
over all variables
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Maximum Likelihood Estimation (IMLE) -3

» Multiple Digitized Sine Wave Signals (numbers of k)

1 foon n
S S2+> S%cos| 2z| f"+—-2— |—+¢@ |+N
- fs[ Ssreod o 170y (fjJ
0 f'n no foon n
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S =S2cos(p) and S° =-S’sin(e,)

k m m
£((n) =S +;£s: co{z;{ et ?j Q}stin[z;{ e ;‘] fjj

f.", ¢, frequency and phase of the it" swept-frequency signals
f.- sampling frequency; S2 constant dc-term

n . .
NG(f—]: Gaussian-distributed noise term

S
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Maximum Likelihood Estimation (MMLE) -4

» Maximum Log-Likelihood Estimation Function | for
Multiple Digitized Sine Wave Signals with constant
Frequencies

argmax (1)

over all variables

= argmax |-—= (272'62
5¢,.58.80,55.58| 2 oo n=0

This Is the formula for the computer simulation of the
MLE of the airborne multiple swept-frequency IM-CW
ACES system
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» Advances of airborne technologies in support of NASA
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ASCENDS mission

Airborne Pltforms:

GlobalHawk

o High and large altitude range: ~1.0 km - ~20 km

EDFA-based high-power Laser HgCdTe APD Array- based high-sensitive
transmitter: detector:

NEP: 2.4fW/Hz1/2
Temperature < 77k
Bandwidth: |
~4.9 MHz @ gain 10E§
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An Airborne Multiple SF IM-CW ACES

» Airborne multiple SF IM-CW ACES operated at Three
Different Wavelengths around CO, Absorption Line of 1571nm

Two-Way Optical Depth nline Weighting Functions
at CO, Absorption Line at of 1571nm
1.2 T T 15 T ; T
—2km - |
—4km ,
1.25¢ A e | 125
— —8km ,
1- e AN T 10
£ —10km €
% 0.75. - g ﬁ _____ ;;j 15
g_ 0.5 7‘0-50pm }‘éo+50pm ) 5 ¥
i \
0.25 . 25
- : ‘ | - 0 i | i i
195104 1.571075 1.57111 1.571145 1.57118 002 w06 08
Wave number (um) Normalized dOD (Ag,- Aos)/dp (mb”-1)
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An Airborne Multiple SF IM-CW ACES

» Multiple SF IM-CW ACES optical and electrical digitized

receiver
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Diagram of ACES Optical and Electrical Digitized Receiver
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An Airborne Multiple SF IM-CW ACES

» LIDAR Equation for the airborne multiple SF IM-CW ACES a
three different aavelengths

« Total Received Signals under the Intrinsic Limit of Shot Nois

hc
STR (t) 7ZR2 77q770pt ZS y) 2 +SSBoIar+S|§ark

hc D hc .
770pt ZS Tj + ‘] 4 4 (FOV )an ﬂ, noptz—eff (A/I)_I_ Sgark

| 0

2

S;(t)=S’@+m, )03[27{ f," —|—%t}[+gﬁi] and OD, =—In(? )

S; (t) S m; : Laser signals, Signal amplitude, Modulation index at i ;
rji and OD,; Two-way atmospheric transmittance and optical depth at A1 ;

17, and 77, Detector quantum efficiency and system optical efficiency;
D.,r, 73 ,and (A1) : Dia. Of Telescope, Surface reflectance, Effective

atmospheric transmittance and bandwidth near CO, absorption line at 1571 nm
R, J, 6, (AX): Transmitter-Target range, Solar background induced photon

radiance and scattering, and FOV of telescope
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Frequency IM-CW Signals at Three Different Wavelengths

 (Gaussian noise assumption: Detected laser signal photons,
solar background photons, and detector dark current —
contributed numbers of electric charges (electron) during
one sampling period are more than 15-20

Total detected signal in a simple format:

S(t)=S°+ isf’ cos(27,"t + @, )+ N (t)
i=1

=50+ (5¢ cos(2nt,™ )+ S sin(2at," )+ N (t)
i=1
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» Maximum Likelihood Estimation of the digitized multiple SF
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An Airborne Multiple SF IM-CW ACES

IM-CW Signals at three different wavelengths

 (Gaussian noise assumption: Detected laser signal photons,
solar background photons, and detector dark current —
contributed numbers of electric charges (electron) during
one sampling period are more than 15-20

» (Gaussian noise with constant variance: Simpler case for
solar background photon and detector dark current
contributed shot noise is much larger than signal shot noise

o’ = o proportional to total detected solar background
photons at low detector dark current. Simple MLE formula

N, -1, . 2
argmax (I)= argmax [Z[(S(”) E<25(”)>) J]
Sy...5F.S¢, S5 ,..5¢ s¢,.8¢,8%,88,.8¢l  n=o 20
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An Airborne Multiple SF IM-CW ACES

> Maximum Likelihood Estimation of the digitized multiple SF
IM-CW Signals at three different wavelengths
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An Airborne Multiple SF IM-CW ACES
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» Simplified linear equations

9/13/2015

Coefficient matrix R: off-diagonal components can be zero under
following cases,

* Sampling frequency is much larger than modulation frequencies

** Specified sampling frequency, all modulation frequencies, and
Integration time periods.

Our simulation condition:
SF signals at three different wavelengths:
Sampling frequency: 2 MHz

Swept frequencies: 100.4 kHz-600.4 kHz; 105.2 kHz-605.2 kHz,
and 110.8 kHz-610.8 kHz

Freqguency increase rate (chirp rate): 2500 MHz
Orthogonal sweeping time: 5 ms (25 swept )
Integration time periods: 5ms, 25ms, 50ms, 100ms
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An Airborne Multiple SF IM-CW ACES

» The Fractional/Relative Random Error of the CO, measurement
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SN :
[ o ] Fractional/relative errors of the CO, column density measurement
On-Offi

NCOZ
Differential optical depth of the transmitted signals in the atmosphere
90000 between on-line and offline (1 or 2) wavelengths
Signal to Noise Ratio (SNR) at on-line and off -line (1 or 2) wavelengths
on the transmitter detector for laser power monitor

Signal to Noise Ratio (SNR) at on-line and off-line (1 or 2) wavelengths
on the detector of the receiver for signal measurement

dODy, o :_m(@j 7o andros are two-way transmittance at on-line and off-line (1 or 2) wavelengths

SNR;, and SNRS;

SNRS, and SNR;

Toffi
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An Airborne Multiple SF IM-CW ACES

System Parameters for Computer Simulation of MLE

Altitude:
Receiving telescope:
Effective Diameter:

(3 77 Ritchey-Chretien telescopes with center blocks in ~2” dia.)

FOV (full angle):
Over all optical transmittance

Optical filter bandwidth:

Laser transmitter:

Beam divergence:
Modulation index:

Photodetector: (HgTeCd APD 8*8 array)
Noise Equivalent Power (NEP):
Quantum efficiency:

Ground radiance near 1571 nm:

(W/m2/sr/um)
ocean/vegetable

Surface reflectance:
ocean/vegetable

Atmospheric transmittance for radiance

Document Title

2-15 km
3*(0.17/\3) m
495 prad

8.5 %

2.7nm

300 prad
0.9
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An Airborne Multiple SF IM-CW ACES
Computer Simulated MLE Results
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SNR at on-line wavelengths

Relative error of CO, column density
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Conclusions and Discussions

» MLE of multiple digitized swept-frequency (SF)
Intensity wave signals with Gaussian-distributed
noise

» SNRs and relative errors of the CO, column density
measurement from airborne at different altitudes
have been simulated for the airborne SF IM-CW
ACES

» SNRs increases as integration time increases up to
0.1s (linearly in log scales)
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