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ABSTRACT

The analysis methodology and corresponding analytical tools for the design of optimized, low-noise, hard target return
CO, Differential Absorption Lidar (DIAL) receiver systems implementing both single element detectors and multi-pixel
imaging arrays for passive/active, remote-sensing applications are presented. System parameters and components
composing the receiver include: aperture, focal length, field of view, cold shield requirements, image plane dimensions,
pixel dimensions, pixel pitch and fill factor, detection quantum efficiency, optical filter requirements, amplifier and
temporal sampling parameters. The performance analysis is accomplished by calculating the system’s CO, laser range
response, total noise, optical geometric form factor and optical resolution. The noise components include speckle, photon
noise due to signal, scene and atmospheric background, cold shield, and electronic noise. System resolution is simulated
through cascaded optical transfer functions and includes effects due to atmosphere, optics, image sampling, and system
motion. '

- Experimental results of a developmental single-element detector receiver designed to detect 100 ns wide laser pulses (10-
100 kHz pulse repetition rates) backscattered from hard-targets at nominal ranges of 10 km are presented. The receiver
sensitivity is near-background noise limited, given an 8.5-11.5 um radiant optical bandwidth, with the total noise floor
spectrally white for maximum pulse averaging efficiency.

Keywords: CO, Lidar/Dial receiver, passive/active remote sensing, correlated noise .

1. INTRODUCTION

The basic function of an infrared (IR) CO, Differential Absorption LIDAR/LADAR (DIAL) receiver is the optical
collection, electro-optical conversion, electronic processing and display of hard target reflected or scattered IR .
electromagnetic energy. The major functions associated with a typical DIAL system are shown in Figure 1'. IR radiation
from a CO, laser propagates through the atmosphere, scatters from the target, back propagates through the atmosphere, is
mapped onto an image plane through collection optics, then sampled and converted into electronic signals for processing
and display. The basic measurement performed is a measure of the magnitude of the returned optical power or energy at a .
given laser line. The logarithmic difference of two or more laser lines provides the differential absorption information
between the sampled wavelengths. The actual configuration and implementation of a given DIAL system depends strongly
on the requirements and system specifications. For what immediately follows and throughout the remainder of this paper,
the term Signal, will always represent the desired physical measurement with the quality of the measure given by the signal-
to-noise ratio (SNR)?




SNR = Sgral
O e @

where Signal is the mean signal value and oy is the signal standard deviation due to system noise. The composition of
system noise and how it is calculated is addressed later in the paper. The objective of this paper is to introduce the
fundamental optical resolution and noise processes specific to DIAL systems and apply them to the development and design
of optimal receivers. The analytic tools employed in analyzing the receiver optical resolution and noise processes are
described in Section 2. Section 3 presents the experimental results for a prototype 10 km range DIAL receiver where the
tools of Section 2 are applied to optimize the receiver performance, maximizing the SNR of Equation 1.
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Figure 1. Simplified DIAL System Signal Chain.

2. RECEIVER ANALYSIS TOOLS

The receiver analysis, diagrammed in Figure 2, divides the problem into two parts: i) receiver resolution and Geometric
Form Factor (GFF) modulation and ii) signal detection. GFF and resolution quantifies the efficiency in transmission of
spatial information from the target through electronic capture, while signal detection evaluates detection efficiency in the
presence of noise. The two components can be combined to generate performance parameters for a given target.
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Figure 2. Receiver Analysis Approach.




2.1. Transmitter/Receiver Optical Geometric Form Factor and Receiver Resolution
2.1.A. Geometric form factor

The geometric form factor” * * (GFF) is the ratio of the transmitted laser beam’s optical intensity distribution spatially
integrated over the receiver’s active detection field-of-view (FOV) to the total integrated laser optical intensity distribution.
Both the laser intensity distribution and receiver FOV are referenced at the target. Throughout the remainder of this paper,
the laser beam’s spatial profile will be assumed Gaussian (TEM,,) for simplicity and clarity (where appropriate, the
equations in this section can be adapted for non-Gaussian profiles in a straight-forward manner). In addition, the receiver’s
active detection area will refer either to single or multiple detector elements (focal plane array pixels) in the image plane.
Ideally, the entire transmitted intensity distribution is captured by the active detection area leading to a 100% form factor. -
However, mechanisms including transmitter beam and receiver FOV overlap, receiver obstruction for coaxial systems,
transmitter/receiver separation of biaxial systems, and transmitter/receiver line-of -sight (LOS) alignment error effectively
degrade the form factor.

XYy

Figure 3. Transmitter/Receiver Optical Parameters.

Referring to the transmitter/receiver parameters of Figure 3, the geometric form factor at range R is evaluated by
integrating over the normalized transmitted beam and receiver FOV overlap area (the area over which the shaded disks
intersect in Figure 3),
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is the receiver FOV at the target (at range R),
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is the beam spotsize at the target, with a relating the effective beam diameter to the Gaussian beam waist (o = V2 for a 1/e
clipped beam system), 4, is the laser center wavelength and p, the laser beam’s effective transverse coherence length at
range R. The last term in Equation 4 accounts for beam expansion and wander due to atmospheric turbulence. Finally, the
transmitter/receiver overlap intensity at range R is
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le otherwise,

with £ the LOS pointing error angle [rad] and Z,, the transmitter/receiver convergence range which applies only to biaxial
systems. :

2.2.B. Optical resolution

The image chain shown in Figure 4 is a schematic description of the primary optical elements from target image to
output. The image forming process depicted in Figure 4 must account for loss of transmission fidelity as a function of
spatial frequency or spatial resolution. This degradation in fidelity is due to the aggregate degradation of the individual
components shown in the boxes of Figure 4, and can be quantified by either a system optical transfer function (OTF) or by a
point spread function (PSF), both of which are described in two dimensions. The final image captured by the transmission
process is obtained by taking the convolution of the system PSF with the original object space image or multiplying the
system OTF by the Fourier transform (FT) of the original input image and then inverse Fourier transforming (IFT) this
product to obtain a final image. Note, it has been implicitly assumed that the system is linear and that the system OTF and
PSF form a Fourier transform pair. For a given input scene defined at center wavelength, A, the output target image is> ’:
Spatial Domain:

¢image (x7 :la) = P SF .sys(x: :/?'a)* djtarget(x: :/‘Lo) (6)

Frequency Domain: Dimage (Y, Ao) = IFT{OTF sk ki Ao) FT[ Drarge(%,y, A1} )]
where £, and %, [cycles/m] are the spatial frequency domain coordinates and the system OTF is evaluated as the product of
the components in Figure 4,

OTF,,(k,.k,.4,) = OTF,(k,.k,,2,)- OTF,(k,.k,,4,)- OTF, (k,.k,,3,)- OTF,(k,.k,.2,)- 3)

OTFy(keskyo4,)- OTFy (K ky o2, ) OTF (K, Ky 4, ) - OTF, b 2, ).
It should be stated that Equation 8 depicts an incoherent representation of the optical system, which is appropriate for the
passive aspects of remote sensing. However, for active remote sensing, Equation 8 should be considered an approximation
of what is, strictly speaking, a coherent or partially-coherent system.® The approximation appears valid based on our
coherent/incoherent analysis of a simple circular aperture system - primarily because return pulse magnitude (power),
instead of amplitude and phase, is detected in DIAL (the effects of hard-target speckle will be discussed is Section 2.2.A.).
A good tutorial on coherent and partial coherent imaging is given in Tutorials in Fourier Optics.®
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Figuré 4, Imaging System.

In practice, the degradation components described in Figure 4 are expressed analytically as component OTF’s. Closed
form mathematical models of these OTF’s are available whereas the corresponding component PSF models tend to be
mathematically intractable and are generally not available. Section 2.1.C lists a set of OTF’s useful for analyzing the
system components of Figure 4. Refer to Figure 3 for receiver aperture parameters.

2.1.C. Optical transfer functions

Atmospheric: The optical transfer function for atmospheric turbulence is approximated by 10.11. 12
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with the weak-turbulence atmospheric optical transverse coherence length (in meters) approximated by
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where,

J1 = effective focal length [m],

&, = slant angle (&, looking up through atmosphere, -8, looking down through atmosphere) frad},
h, = initial aperture or target height (lower of the two) [m],

R = aperture to target range [m],

C,? = atmospheric refractive index structure factor [m™>*],

k, = \,kf + kf, = spatial frequency [cycles/m].




Annular Aperture (Q’Neill model 1:’3 For annular aperture of diameter D, , a radial obstruction of diameter D, ., , and

focal length f; ,
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Optical Aberrations: A detailed aberration analysis'* of deviations from ideal paraxial behavior of an optical system requires
a designed optical system to analyze. In view of this paper’s focus on optimal receiver system development rather than
optical design, an OTF function that will establish a total aberration budget is called adequate. A Gaussian distribution
function, where the OTF is attenuated by e” at k, = o,; [cycles/m], is convenient and does reasonably well at
approximating simple aberrations:

kl'

!A«al-f*] a3)
OTF,(k,,A) = e Al




where,

r

!

Aqp = scale factor.

Note that at 4, = 1, the aberrations OTF is reduced by 1/e at the annular aperture cutoff k, = D/4,/; [cycles/m], a
convenient reference point when establishing a budget (OTF degradation is minimal at 4., = 1, while at A, = % the OTF
degradation is quite noticeable).

Optical Defocus:'* The defocus OTF approximates the effects of optical defocus depth and is useful in establishing focal
depth tolerances:

{1 k fi ( kAf
01’1«",,f(k,,,1)=besmc(w2 Ap A=t ’-(1— 5 'D (14)

r r '

with the focal depth given as Ay, -4 (the normalized focal shift is Ag- F#?), and besinc(x) = 2 J,(nx)/nx.
Random Vibration:'® For an rms amplitude vibrational displacement of o, [m] (referenced to the image plane),

OTF, (k)= 2% = 1r. @s)

This OTF is used to establish system rms vibration and pointing stability tolerances. Note that this OTF does not properly
account for systematic motion and various harmonic resonances which tends to vary from system to system. The rms
pointing stability is given by tan” (o, /f) [radians).

Spatial Aperture:'” The two-dimensional trapezoidal spatial quantization of a square pixel in the image plane is
OTF,, (k. .k,) = sinc(k, Ax)sinc(k, (Ax— &))sinc(k, Ay)sinc(k, (Ay-&)), (16)

where:
sinc(x)=sin(nx)/nx,
Ax, Ay = pixel pitch (m],
& = Ax FF,, & = Ay FF, = pixel dimension [m],
FF, ,FF, =fill factor.

Temporal Aperture:'® (i) Degradation due to relative motion between the target and image plane, and (ii) Time-Delay and
Integrate (TDI) synchronism error between target motion and TDI image plane electronic scan rate and discrete charge
motion effects which applies only to Charge Coupled Devices (CCD) is determined through

sinc["’ Ji (k. AV, +E, AVy)n,ﬁ]

OTF,, (k. .k,) = sing ff—f-f-(k (Ve + AV, )+ &, (7, + AV, )) R

ta\""x>%y nchxx X YUy y ‘ rfl la (17)
smcl:—"R—~ (ke AV, +k, AV,) Z;J

where:

sinc(X)=sin(nx)/nx,
R = aperture to target range [m],
Ji = effective focal length [m],




V., V, = relative differential velocity between image-plane and target [m/s],
7, = integration period [s].

The following apply only to scanning TDI focal planes:

n; = number of TDI stages,

ng, = number of clock phases per sample (CCD only),

AV,, AV, = relative velocity error [m/s] between target and TDI image plane electronic scan
rate and discrete charge motion effects (CCD only), else default to n44; = n, = 1, and
AV, = AV, =0.

Additional technology and application specific OTF components not discussed include detector carrier diffusion in CCD
focal plane arrays,'?* ' detector, amplifier and readout bandwidth limitations and OTF deficiencies that can be can be
partially compensated for with signal processing. > 2 The effects of these OTF components should be considered as the
system design progresses towards a specific hardware technology.

Finally, evaluation of the degradation factor due to resolution is given by the ratio

I .[ PSF,*1,(R,M,(R)-x,M,(R)-y) dcdy
Crua(R) =

_[[Ix’(R’Mo(R)'sto(R)'y) dxdy ? (18)
Aq

R-Z ;
—!f’-"b’ the optical magnification, PSF, the optical PSF up
!

to the surface of the image plane (see Equatidn 29 in Section 2.1.E), and /., the imaged transmitter/receiver overlap
intensity given by Equation 5.

where A, is the image plane active detection area, M, (R) =

2.1.D. Combined effect of GFF and resolution ' Transmitter/Receiver

/ Misalignment
Figure S illustrates how the combined effects of . —

resolution and GFF degrade and modulate detected I‘Ii)eiasltrlgt:t’:z::y i Receiver

intensity. Ideally, the received beam profile is Centered on ———+ Obstruction

undistorted and centered over the active detection Detector Intensi

area with 100% of the beam intensity accounted for Di:;ﬁ:'%n

when integrated over the active detection area. : . ol Spreading

However, geometric factors including transmitter Imaged Intensity

to receiver overlap/alignment, and near-field Distribution

receiver obstruction will distort and displace the N Cliopi

ipping

intensity distribution, effectively reducing detection
efficiency by attenuating and clipping the beam
when integrated over the active detection area. i . . .
Compounding the effect, insufficient resolution Figure S, Comblnf:d Effects of GFF and Optical Resolution
broadens the intensity distribution further reducing ©R Petected Intensity.

detection efficiency. In general, a performance trade can be expected between detection noise and GFF for single element
detectors. A large detector may achieve a 100% GFF efficiency but generate excessive detection noise, while a small
detector with lower noise may have a low GFF efficiency and potentially introduce correlated noise by detected signal
modulation through systematic intensity clipping at the detector. Properly implemented, a detector array may provide for
both high GFF efficiencies and low detection noise as well as improved target acquisition. Detection noise will be
introduced in Section 2.2. and the GFF/detection-noise trade further elaborated in Section 3.

Detector/Image-Plane




2.1.E. Target sampled distance, effective resolution, and sampling criteria

For efficient performance analysis of imaging arrays, the raw OTF/PSF information generated should be processed and
reduced to a set of parameters that efficiently summarizes system performance. While the ability to examine each and every
OTF/PSF component may be important, a reduced set of representative parameters will aid in defining, designing and
characterizing the receiver. The parameters, target sampled distance, effective resolution, and sample rate are defined in
this section.

Target Sampled Distance (TSD): The TSD is the geometric-optics projection of the pixel in the image plane onto the
target. For pixel pitch Ax, Ay, range-to-target R, and effective system focal length f;, the projected TSD in Cartesian
coordinates is

R R
TSD, = Ax—,  TSD, =Ay—. 9)
/ e/

1 1
Related to the TSD is the number of pixels or samples, per dimension, required to cover the target area given by the product
of L; L,

L L

— X

N, . N, =2
75 ISD, 7> ISD,

e2))

Hence, for a fixed target area coverage rate, Equation 20 indicates a trade between resolution and the number of
pixels/samples required. Note that the number of pixels/samples determines the receiver’s data collection processing rate
and storage requirements, which can become an important system consideration.

Effective Resolution:  Considering the composition of O7F,, given in Equation 8, the TSD is generally not an accurate
representation of the receiver’s effective resolution due to probable contributions from other OTF components. A preferred
measure of resolution is one that incorporates the full system OTF/PSF. Shade’s equivalent passband > approach estimates
the PSF spread by evaluating the OTF’s equivalent bandwidth and inverting,

1 1
Bps == A Apr y=—5 P @n
2 [|O7F, (k.0,4,) dk 2 [|oTE,,(0.5,4,) dk

] [\}

. This concept is very similar to the noise equivalent bandwidth approach used when relating pulsewidth and noise
bandwidth (see also Fourier uncertainty principle that can be found in most communication text books). While this
technique is appropriate for most well-behaved OTF’s, a second technique that operates directly on the PSF should be
considered as a cross-check. The integrated intensity effective resolution integrates over the intensity of the PSF

¢ £
j‘ |PSF,, (x,0)| dx J' |PSF,, (0, )| dy
A,r =28, given 2 =1-Al, A, ,=2¢ given 2 =1-Al. (22)
j | PSF,, (x,0)| dx J’ |PSF,,, (0, 5)| dy
0 Q

where A is the fractional integrated intensity error (typically ~ 0.05). For well behaved OTF/PSFs, both the Shade’s
equivalent pass band and the integrated intensity evaluate PSF spreads will differ by only a few percent. Finally, the target-
projected effective resolution, given a point source is

R R
RES,=A,, ,—, RES,=A, ,—. @3)
fi Ji




Note that the effective resolution (RES) approaches the pixel TSD when PSF, dominates the system point spread function.

The diameter of the first zero of the Airy pattern of a circular aperture’s PSF is a familiar measure and will be applied in
the following sampling criteria. Applying the inverse Fourier transform to the circular aperture portion of Equation 11-12
(D: ops =0) and solving for the first zero,

2 2
E(D’) besinc(kD’ r) -0 @ rzl.22M., kzz_”,
2 27 f, D A

r

results in an Airy disk diameter of 5§ =244 Al (the diffraction limit). 4
aj Dr

Sampling Criteria: For the unique

reconstruction of a sampled image, the A) PSF

Whittaker-Shannon sampling theorem® 2* 2 2

requires a uniform sample spacing of no less

than

- L (25)
2k,
where &, is the highest resolvable spatial
frequency contained the image. The sample rate
of 2k, [cycles/m] is known as the Nyquist rate
and

Pixels
L

1 Ax X ) %k, Tk
k, = 2 Ax (26) Figure 6. Spatial and Frequency Domain Itustration of a Nyquist
Sampled Circular Aperture: A) 4.88 pixels per dimension under the
the Nyquist frequency. Any spatial frequencies  Ajry disk, and B) aperture cutoff, k,, equal to the pixel Nyquist
below the Nyquist frequency willbe frequency, k,, which is half the Nyquist rate of 2k,. Sampling at a rate
unambiguously reconstructed while spatial of less then 2k, can overlap and alias the adjacent spectra (dotted

frequencies above the Nyquist frequency may be curve) about the Nyquist frequency &,
aliased ™ *® to a lower frequency. Applying the

sampling theorem to the circular aperture portion of Equation 11-12 (D, .z, = 0), the high-frequency cutoff, %,, is

k,= D} . From Equation 25, for the case of square pixels, Nyquist sampling requires
1
Av=ay=2Tr @
. 2 Dr
where Ax and 4y are the single pixel dimensions defined in Equation 16 (100% fill factor assumed). The number of pixels
under the Airy disk diameter from Equation 24 is then

s 5. 244 /'lsz
P =B r —488 Dpixels. 8)
Ax Ay A S
2D,

Figure 6 illustrates the spatial and frequency domain representation of a Nyquist sampled circular aperture. The sampling
theorem can next be applied to the general optical OTF

OTF, (k. k,.4,) = OTF,(k, .k,,4,) -OTFy (k,.k,.4,) -OTF y(ky ey Ao )- OTF (e ey A, ) - OTF o K A ) (29)

by developing an equivalent PSF spread sampling criteria. The equivalent PSF spread of the circular aperture (Equations
11-12, D, .5 = 0) using Shade’s equivalent passband evaluates to
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where 1.835 is the circular aperture form factor. The sampling theorem requires,
L st
ar _ Ceir _ r_ =367, GD
Ax Ay A1
2D,
and, an equivalent sampling rate can be estimated with
A A
S, .= 2, S, ,=—2—,
¥ 367 Ax - 7367 Ay (2)
where from Equation 21
1
A, =— , 33)
2 [|oTF, (k.0,4,) dk
0

A sample rate (S,) of 1.0 implies Nyquist rate sampling with 4.88 pixels per Airy disk diameter per dimension as illustrated
in Figure 7. Approximately twenty pixels per Airy disk is a costly proposition and is probably unnecessary for most

applications. A sample rate of 0.2 to 0.5 (one to three pixels per Airy disk diameter) should be used as a synthesis target for
~ imaging systems with nominal resolution and aliasing requirements. Sample rates of 0.5 to 1.0 should be considered for
high resolution systems or when imaging scenes contain high spatial uniformity. :

2.2. Signal Detection in the Presence of Noise

Two dominant hard-target return DIAL noise classes are considered in this paper: speckle and detection noise.
Expanding Equation 1, the effective receiver SNR for a single return pulse will be defined as

1

SNR = L, ’ (34)
SN R 2 SN Rgetection

speckle

where it has been assumed that the noises are uncorrelated. Note that Equation 34 implies that receiver SNR may be
dominated by either speckle or detection noise (speckle is not present in incoherent passive systems). The remainder of
Section 2 will be devoted to explicitly defining and modeling the noise components of Equation 34.

2.2.A. Speckle

The speckle pattern viewed in the optical image plane of a DIAL receiver is a consequence of random phase aberrations
introduced on an otherwise coherent optical field at the object plane.”>*3"3%% Viewed in the image plane, the speckle
density is proportional to the spatial or spectral composition of the object-plane field, which for a rough, hard-target DIAL
is determined by the beam-shape and distribution, range to target, and the receiver’s resolution (see PSF or MTF of 2.2.B.).
The SNR of the detected intensity of a single-shot DIAL measurement due to rough target speckle is proportional to the
square root of the total number of statistically independent speckle nodes in the image plane - a manifestation of negative




P

exponential statistics of rough target speckle®. Hence, for a given receiver with clear aperture diameter D, and an effective
diameter at target D R ) (Gaussian beam, Equation 4 at range R ), the speckle SNR is evaluated with®

Dy(R) D, 2

SNR oze = -lfji(cos"'(r)—-rwﬂ—rz !e—”[ %R r) rdri| , @35) |

where A, is the laser wavelength. Providing some insight into the key relations governing speckle SNR, Equation 35 can

be approximated by
D.(R) D\
x r 36
SNR specte = 1+(_t/1—R_J . 36)
(2]

Equation 36 shows that the speckle SNR increases for larger beam and receiver diameters and appears to decrease to unity
for very long ranges. Realistically, a propagating laser beam will always exhibit some degree angular divergence (again, &,
of Equation 4) increasing D,, as a function of range such that the R in Equation 36 is partially compensated resulting in a
relatively constant SNR,, .. vs. range. As was discussed in Section 2.1.D (GFF/detection-noise trade), a speckle/detection
noise trade will exist between speckle SNR (larger FOV— larger detector), the detection SNR (smaller detector — smaller

FOV) for single element detectors, and the target under resolution.

2.2.B, Signal irradiance at detector: extended hard-target return

The received signal power at the detector surface, given an extended, flat, diffuse (rough) target is approximated by the
modified RADAR range equation®®

T (RY £ (RY¢_(R\D
Ps(R)=Px . a( ) gxr(zzegzres( ) /M pcos(&),

37

where P, and 7, are the effective transmitted laser pulse power and optical transmission efficiency, respectively, the one way
~)a(r)dr

atmospheric transmission over range R , 7, (R) =¢ X , & and &, the optical efficiencies defined by Equations 2 and

18, D, the receiver clear aperture diameter, and 7, the receiver optical transmission efficiency (7, = Topsics ¥ Tiner). The

view angle, measured from zenith, and mean reflectivity modeling the extended surface, o cos(@) , are @ [rad] and o [],

respectively. The signal irradiance, at the detector surface, is related to the received signal power P, through

2’0 1 2
. h-c.jl:-'Ps [ph/m"-s], (3%)

where 4, is the laser wavelength, and 4, is the active detection area. @; for passive imaging can be found in Methodology
Jfor Rapid Infrared Multi-Spectral, Electro-Optical Imaging System Performance and Synthesis >’ .

2.2.C. Detection Noise

Detection noise, as illustrated in Figure 7, can be broken into three primary components: (1) photon noise, (2) detector,
amplifier, readout, and processing noise, and (3) systematic noise. The mean signal-to-noise ratio referenced at the detector
is

() 2 - 2
SNR = [ph-m™-s"/ ph-m™-s"],
detection N E I p (3 9)

tot
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Figure 7. Detection Noise. Note: FS = field-stop, CS = cold-shield, 1/f = one-over frequency noise, and GR = generation
recombination.

where:

1
o, =—-—- P signal irradiance (Equation 38),
h-c A,
NEI,, = ‘f NEI%, + NEI, + NEIZ, total noise equivalent irradiance,

NEIT ;h = NEI? + NEI ; + NEI 12& + NEIX + NEI bzg photon noise: signal + optics +
field-stop + cold-shield + background,

NEI2 = NEIZ, +NEI® + NEI2 + NEI2 electronic noise: detector + amplifier + readout +
dar det amp ro dig
digitization,
NEIZ, = NEI},+.... systematic: cross-talk + ... efc.

All of the above noise equivalent irradiances are referenced at the detector. The selection of the surface of the detector as
the SNR reference point needs some elaboration. When evaluating the detection SNR, the Signal and detection noise can
be referenced at any point in the system — at the aperture, between the optical train and filter, at the detector, at the
amplifier etc. This paper references the surface of the detector because it is an electro-optical system’s natural optical «»
electronic interface. Everything to the “left” of the interface lies in the optical domain, while to the “right” in the electronic
domain (the interface is illustrated in Figure 7, NEI,,,, which falls between the dashed boxes).

2.2.C.1. Photon noise

The photon noise sources are diagrammed in Figure 8, where the optics, field-stop, and cold-shield are modeled as gray
body thermal sources, while the background radiance can cover, in general, a broader spectrum. Note that a good design

requires the proper matching of system and cold-shield solid angle, i.e. Qg < Q,, with Q.= T st

)
DO




Filter Detector

& Cold-Shield
Field-Stop 7

Figure 8, Photon Noise Sources.

Expressions evaluating the noise equivalent irradiance for signal, background, optical train, field-stop, and cold shield
follow.

Signal:

Af 2_
NEI = J’fa mq’s [ph/m’-s] 40)

Where 4f is the electronic noise equivalent bandwidth in Hertz given by

0 2
[0y & |
A =22 — [, @1)
|G|
with G(f) the detectbr/amplifier/readout electronic transfer function, 7, the detection quantum efficiency at A,, and «; the
noise process scale factor (x;=2 for a photovoltaic and x; = 4 for photoconductor).

Background:
K, AfQ, = 1 2
NEI, = [=Z 0 L, (A 2(A) AdA [ph/m*-s]
bg \/ Adhc _“0 77.;(/1) bg( )Z( ) . (42)
Where
Xe
| 2-4,
LA
2 ) 43)

HA)=x,+x5¢

is the spectral transmission function applicable to the development and modeling of spectrally tunable or multi-band DIAL
receivers with the following properties:

i) The average passband transmission, y, =T, Ty, is the product of optical train and filter transmissions.

ii) The average stopband transmission, y, .

iti) Adjustable filter strength, 7., is the function’s exponential coefficient that can range from a simple Gaussian filter for
2.=2, to a near ideal filter for y,>> 10.




iv) A well defined band center, 1 = I+ e , and passband/stopband edges, 4; and A, (1/e band-edges), that do not
2
shift as a function of filter strength.

2
Finally, O = (1 - (D"”’) ) 1 ~ [sr], is the effective solid angle subtended by the optical aperture, D, the
L, 4. (ﬁ)
DO
diameter of clear aperture, D, the diameter of the clear aperture obstruction, f; the effective system focal length , Ly,(4) dA
[W/m’-sr] the background radiance, / = 6.626-10”* [J-s] is Plank’s constant, and ¢ = 2.998-10° [m/s] the speed of light.
In practice, the detector has a finite response and the quantum efficiency, 744/, can be replaced by its average value, 74,

and the limits of the integral can be substituted for the effective quantum efficiency bandwidth, 4,; — A,2. The spectral
efficiency reduces to

= [Ka & Q, (A h/m’-s 44
NEI,, = \/Ad — cL,. Lyg (1) 2(2) 4 d2 [phv/m’-s] 9

which simplifies design and computer analysis by removing the 0 — co limit.

Optical Train:
_ Kd Af st l’ll x(l) 2-
NEI,, = \/Ad _— 2 ) 'Y M o, (T,, 8055 2) o A dA [ph/m’s] @5)

Here each optical element or optical subsystem i=1,2,3,..n, contributes to the near-ficld thermal exitance A/,,. Note how
the remaining optical transmlsswn from the i™ component to the detector surface is maintained by dividing the system
transmission (4) by the i component of 7,. In many cases, apriori knowledge of the number, position, temperature, and
material properties of the optical elements is unavailable during the preliminary design phase. However, an NEI,, budget
can be allocated by approximating the thermal exitance with a single source,

Kg A Qs pin 2(A) 2
NEI, = |—2 = _2\"" M (T .5, .2 AdA h/m*-s]. 46
op JAJ ﬂd h c T Il,” op( op Eop ) To [p ( )

Typically, an &, ~0.05 - 0.1 @ T,, = 300 K will suffice for uncooled optics, where &,, = effective emissivity, and 7,, [°K]
is the effective temperature.

Field Stop:
0 if Q,<Q,,, else

[ph/m’-s]

@7

NEI, =
’ K, Af (ch —sts).[’lvnM (T e /1) x(A) 1dA
Ay he V4 E A T,

Cold-Shield:

7: Q. )
WL, = f "My (Tartan ) B a2 bl “®)
Agq Na hc

0




The exitance functions, M, M, and M, are of the form

2 _he
M(T.e,2)da =220 ;o 2hT gy (WY, “49)

15

where k; = 1.381-10™ [J/K] Boltzmann’s constant, & = emissivity, and 7' [°K] = temperature. Background radiance, Ly (4)
dA [w/m?-sr], from a given scene that includes complex transmission, backscatter, and emission effects can be generated
with computer simulation tools such as LOWTRAN,* MODTRAN or HITRAN/FASCODE.

2.2.C.2. Detector, amplifier and readout response and noise

The following models deal with the response and noise of the classic photovoltaic detector and transimpedance amplifier
topology and are an expanded version of an unpublished collection of analysis techniques and models by T. Lomheim and J.
Johnson™. Inasmuch as the analysis techniques used to derive the models in this section are rather standard and widely
used, only the results are listed with the interested reader referred to selected sources. “* ' “> 43 Referring to the generic
photovoltaic detector and transimpedance amplifier circuit of Figure 9, the remainder of this section summarizes the
detector, amplifier and readout modeling parameters and lists the respective electro-optic response and noise models.

Z &
: | | :
: | I | '
Z,(s) Va
Ry s ) + - \
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. 1 I +
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Figure 9. Generic Photovoltaic Detector and Transimpedance Amplifier Circuit Used in Electro-Optic Response
and Noise Analysis.

Detector and Amplifier Parameters

Detector:

A4 [m*]: active detection area (single element or FPA pixel),
R, [€2]: dynamic impedance (at bias voltage),

R; [Q]: series resistance,

C; [F]: junction capacitance (at bias voltage),

I; [A]: dark current (at bias voltage),

I, [A]: photocurrent,

ki a(l: 1/f coefficient,

T; [K}: detector temperature,




Amplifier:

GB [Hz]: gain - bandwidth product,

/- [Hz]: open loop -3db frequency (1* order approximation),
4 (s) _ 2xGB

s+27 f,

R, [Q]: equivalent real resistance seen at amplifier input due to external bias networks etc. (not including R; & R)),
C, [F]: total equivalent amplifier input capacitance not including C, and C;,

Ry [Q]: feedback resistance (Ry — oo for capacitive transimpedance amplifier (CTIA) configurations),

Cs [F]: feedback capacitance (integrating capacitor in CTIA configurations),

Vo [V/NHz]: input noise voltage,

Jv 15« [Hz]: input noise voltage 1/f corner,

ina [A/NHz]: input noise current,

Ji 15 « [Hz]: input noise current 1/f corner,

T, [K}: amplifier temperature.

[V/V]: frequency dependent voltage gain (1" order approximation) and s = 27f (Laplace variable),

Frequency Dependent Transfer Function H(s):

The modeling of signal filtering and conditioning, readout circuitry, and processing is approximated by H(s). For
example, an ideal sampling integrator (integration/sample window = 7,) would be modeled as (note s — 27))

e sin(ﬂ f ro)

H(5)= s

(50)
Response and Noise Models
Detector Response:

The photocurrent of the photovoltaic detector induced by P, watts of incident optical power at wavelength 4, is

A
1p=‘171—c'7dpp fAL (1)
Transimpedance Gain:

Given an optically induced signal current of I, = 1 Ampere, the frequency dependent output voltage response, V,, to
source, I, is defined by the transimpedance function

R, Z, (S)

VA = H V/A 52
T(S) R, +R,+C, R, R, s . 1 (1+ Z](s)] (S) [V/A], (52)
A\ Z,(s)
where
R R, Y R T
Z,(S)=-l——~——f—, and Zz(s)= (R: +———£’-———J +(____a__]
+R, C, s 1+R,C; s 1+R, C, s
Responsivity:

Combining Equation S1 and 52, the response of the circuit to one watt of incident optical power at wavelength, 4,, and
electrical frequency, f,, provides the following relation defining the circuit’s responsivity,




WA f,) = 22 1, |22 (221 £,) VWL 3

Root-Mean-Square S) output noise voltage [V]:

The RMS output referenced noise voltage is given by integrating over the output referenced noise voltage spectral

density,
vm=\/ [ vi.(ar ™, (54)

where the voltage spectral density is given by,

(39)
= ‘ 2}
) ) l 2(2mi7)
2 7 .2 |47 A2
= H 2
nolf)= ) o1 ( zZ,(2ni f)) +alf) 1 ( 2,27 f )) i)
+ 1+ + 1+
AR#if)\ Z,(27if) A27if) Z,(27if) [VAHz],
with the input referenced voltage and current noise density
1 : (56)
Vn (f) = vn_a 1+ 7 fv_l/f_a [V/\IHZ], and
4 2 2 2
4kT, kippalill R, | 4k T, R,
\zq(]”’ o)+ R, Ty LR‘, +R,+27if Ry C; R, ¥ R, 2 (67
Rt 1+27if R, C,
in(f)=
2
4kT,
1 + ﬁ+(i"—“ (l+% f,-_,,f_a))
Ry +R,
[VNHz].

As an aid to understanding noise propagation, let A(f) — o and R, — 0 of Equation 55 resulting in the following simplified
output referenced voltage spectral density [V/Hz]
(58)

R, R 2
142zif —4a (C,+C
fRd+Ra(" )

Ry | Ry l
s \1+27if Ry Cy|

2
vaol)= J|va(F ). L+ |H(27rif)|2.

+i2(f)

R, R, 1+27zif R, Cy
R, +R,




A typical output referenced noise
spectral density generated by Vio
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Equation 58 is plotted'm Figure (Both Detector & Amplifier) (o v, and C,+ C.)
10. Three spectral regions can
generally be identified: 1) low / N

frequency 1/f noise, due to both
detector and amplifier, 2) a mid- Mid-Band White Noise Floor
band white noise floor, and 3) the
high frequency noise “boosting” of
input referenced noise voltage, v,
due primarily to detector and Figure 10. Typical Noise Spectrum Generated by Equation 58 when H(s) =1.
amplifier capacitance. Both the low

frequency and high frequency “excess” noise (noise above the mid-band floor) are detrimental to receiver performance.
Low-frequency 1/f noise introduces correlated statistics into DIAL multi-shot averaging (see Section 2.2.E), while high
frequency noise very quickly limits the practical usable bandwidth (high frequency noise will dominate Equation 54). As
will be discussed in Section 3, the noise sources and the response of H(s) modeled in Equation S8 can be minimized and
shaped, respectively, for an optimal DIAL detection SNR.

v

RMS Noise Equivalent Power Referenced at Detector Surface (NEP):

NEP(4,) =

hcAd, NE] = he J‘fm vﬁ_o(f) af ~ he v

~ [W]. 9
Ao Ao Mg |0 |Zr(27i f)]2 Ao 12 (|2z]) '

Noise Equivalent Bandwidth (NEB):

From Equations 41 and 52, the noise equivalent bandwidth, needed for evaluating photon noise, is evaluated as

[: 2, (27 f)|2df

- [Ha. (60)
Z

Af =

2,2.D. Pulse detection in the presence of noise

If the transmitted signal is pulsed (with effective pulse width 7.) and the receiver is temporally windowed (effective gate
width 7,), the signal to noise ratio of Equation 39 becomes (VEI, removed from NEI,;)

(Ds’tx

SNR
JNBI? -2 +(NEI%, + NEL%, + NELZ, ) 2

[ph-m'2/ ph-m‘z] s (6 1)

detection —

where it has been assumed that 7, 2 7, . Note that SNRp..i0n is maximized when the receiver is temporally matched to the
transmitted pulse, i.e. % ~ 7. This pseudo matched-filter condition is best understood through a review of matched filter*
detection. To detect a signal, s(?), in the presence of noise, n(t), the receivers electronic impulse response, h(1), is selected to
maximize the detection signal to noise ratio. A(#) maximizes the signal to noise ratio

sngp = SO hG) ©2)

NAGIION
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Figure 11. Illustration of Potential Degradation of Multi-Sample Averaged Signal Error Due to Correlated
Noise. '

when the condition that the receiver response equal the conjugate signal, or 4(t) = s*(¢), is satisfied. Realistically, a true
matched filter is difficult to implement in practice, hence, a pseudo matched-filter, /(¢) ~ «(z), is constructed to provide near
matched filter performance. It should be noted that the transmitted laser pulse can temporally fluctuate on a shot-to-shot or
line-to-line basis, and in an elevated platform narrow pulses can broaden depending on terrain profile and angular
incidence. The receiver, and hence, matched filter will have to track these fluctuations.

One final note on receiver sensitivity, once NEI,,, is known, the minimum receiver sensitivity (SNR = 1) can be
estimated with

Poin= NEP, 0=

receiver :
4,

-NEI (63)

where P,,;, is the minimum detectable rms power in watts at the receiver aperture, A, is the optical center wavelength, 4,

is the detector’s active optical area, 7, the receiver optical efficiency, and D, , D, ., are the receiver aperture diameter and
aperture obstruction, respectively.

2.2.E. Correlated noise and system performance

Correlated noise, in a practical sense, is noise whose distinguishing characteristics include a varying power spectral
density over the frequency range of interest and, conversely, a broadening of its autocorrelation function (over the temporal
range of interest). The primary degrading effect of correlated noise on DIAL is the potential of a reduction in multi-sample
averaging efficiencies” ( non-vVn noise convergence). A simplified illustration of the relationship between correlated noise




and degradation in averaging efficiencies is shown in Figure 11. If a signal of constant amplitude is detected in the
presence of white noise (noise spectral density is flat), the improvement in the standard deviation of the signal-to-noise ratio
follows a square root progression when averaged over n-samples. If a signal of constant amplitude is detected in the
presence of correlated noise (in this case one-over-frequency (1/f) and white noise), the improvement in the standard
deviation of the signal-to-noise ratio may deviate from the square root progression when averaged over n-samples. The
typical sources of correlated noise in DIAL include non-random fluctuations in transmitter (temporal, spectral and spatial),
receiver (detector and electronics),* transmitter/receiver geometric form factor fluctuations, atmosphere’ and target
statistics (speckle, albedo and plume dynamics). The most commonly encountered, and most widely studied, correlated
noise is 1/f noise. Low-frequency 1/f noise is a class of noise that is widespread in nature, and whose noise spectral density
follows a 1/f* distribution (typically 0.5 < p <2).** * Since multi-shot averaging is required in most DIAL applications,
controlling correlated noise sources in DIAL receiver systems is essential for maximum multi-sample averaging efficiency.

3. DESIGN EXAMPLE: A SINGLE-ELEMENT DIAL RECEIVER

3.1. Summary of Performance Requirements

The best way to initiate a robust system design is by first scripting a precise statement of the performance requirements
followed by a concise system synthesis prescription that clearly relates performance requirements to synthesis requirements.
The design methodology of a DIAL receiver system should be no less robust — a clear definition of the performance
requirements and synthesis requirements is an essential first step in the design process. Simply stated, the requirements are
to build a receiver for a 10 to 100 kHz pulse repetition rate (PRR) laser with a 100 ns to 500 ns single-shot pulse width
(Gaussian waveform, 1/e to 1/e width) at a minimum energy of 250 pJs per pulse. The system will be pseudo-coaxial
(outgoing beam is coaxially steered with receiver’s obstruction) with a maximum range of 10 km. Due to variations in
range and terrain profile, the receiver is required to detect both the magnitude and time of flight (TOF) of the laser’s return
pulse. The receiver detector/amplifier noise is expected to equal the background photon noise given an optical bandwidth of
8.5 to 11.5 pm (50% transmission points), and a receiver-FOV to transmitter-divergence product that yields a single-shot
speckle SNR of approximately 10 at the 10 km range. In addition, multi-shot averaging will be employed and correlated
noise sources must be suppressed or minimized.

3.2.A. Summary of Synthesis Requirements
In derivation of the receiver synthesis requirements, the following system trade issues are to be considered:

s active detector area <> detection noise,

active detector area <> receiver FOV or receiver TSD diameter at target, D,,, (minimum effective receiver F# of
approximately unity assumed),

D,, <> effective beam diameter at target, D,,,

Dy, D,; <> speckle SNR,

D,y, Dy, <> geometric form factor (GFF) and GFF modulation,

D,,, Dy, <> receiver resolution and laser divergence limitations,

D,,, D, <> target acquisition and sensitivity requirements (see Appendix A for estimating sensitivity requirements).

Employing the analysis tools described in Section 2, an iterated, self consistent solution that optimizes the abovc trade
issues given the stated performance requirements results in the following synthesis requirements.

Simulation Parameters Assumed in Optimization Study:

Wavelength: 4, = 10.6 pm

Range: R =10 km

Atmospheric transmission @ range R: 7,=0.5
Atmospheric structure factor: C,2 = 5-10"° m™?




¢  Target reflectivity at normal incidence: p = 3%
Transmitter Requirements:

Beam diameter @ transmitter: D, =0.1 m

Effective beam divergence and beam diameter at range: 6, = 2.5-10 radians, D,;= 2.6 m
Spatial profile: Clipped Gaussian (o = \2)

Temporal profile: Gaussian with 1/e pulsewidth = 100 ns

Nominal energy: 250 pJ

Optical transmission efficiency: 7, = 0.75

Receiver Requirements:

Clear aperture diameter: D,=0.40 m

Obstruction diameter: D, ;5 =0.15m

Aperture to obstruction distance: Z, ,5;~0.5 m

Effective receiver focal length: f;= 0.40 m (resulting in an F# = 1 system)

FOV: 4, =5.10" radians

Active detector diameter: D, = 200 pm

Resolved field @ range: D,=54m

Optical bandwidth: 8.5to 11.5 pm

Optical train and filter transmissions: 7, =0.75 and 7;= 0.9

Active detector quantum efficiency: 7,=0.85

Effective optical train temperature and emissivity: 7,,=300K ¢, =0.05

Field-Stop temperature and emissivity: 75 =300K g=10.9

Cold-Shield temperature, emissivity and FOV: 7,,=77K £,=0.99 FOV, = 60 degrees

Optical defocus tolerance: 4y =+30 pum

Optical aberration tolerance: A4, = 5-10% cycles/m

Noise equivalent bandwidth assuming pseudo-maiched filter detection of a 100 ns Gaussian pulse: Af=4 MHz
Total background, optics and cold-shield photon noise NEP (NEI) budget referenced at detector: NEP,, = 0.3 nW
(NEL;, = 4 -10"7 ph/m®-s)

¢ Total detector, amplifier and readout NEP (NEI) budget referenced at detector: NEPg,, = NEP;, = 0.3 nW
(NEILy, = 4 -10'7 ph/m>-s)

Joint Transmitter/Receiver Requirements:

e Relative transmitter/receiver alignment LOS tolerance: ¢ < 5-10°° radians
¢  Geometric form factor and resolution efficiency @ range: &, =0.97, &.,= 0.94, with &, - £.,=0.92

3.2.B. Summary of Projected System Performance

The synthesis parameters listed above will result in the single-shot, speckle, detection and composite SNR plotted in
Figure 12 as a function of range. Note that at R = 10 km, both speckle and detection noise produce approximately equal
signal SNR. This is a ramification of optimizing speckle noise and detection noise by adjusting the active detection area
given a system F# ~ 1 while simultaneously maximizing high geometric form factor and resolution efficiencies. For most
applications, designing for SNRjectte ® SNRetection 1€ads to optimal system performance. The relationship between the
composite SNR and first-order DIAL system sensitivity requirements is given in Appendix A for single and multi-line-pair
samples.
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Figure 12, Projected Single-Shot System Performance: Speckle, Detector and Composite (Total) SNR vs. Range.

3.3. Receiver Design Summary
A summary of the detection system (detector, amplifier and readout) and dewar system follow.
3.3.A. Detection System

A summary of the primary technical design objectives listed in the receiver synthesis requirements outlined in Section
3.2.A. includes:

measure returned signal power (magnitude) of the 100 ns, Gaussian return pulse at 2 10 - 100 kHz PRR, and,
provide real-time temporal or time-of-flight (TOF) tracking of the return pulse,

limit detector, amplifier and readout noise to NEPy, = 0.3 nW or NEly, = 4 -10" ph/m?-s ,

remove or minimize drift and correlated noise.

A block diagram of the prototype detection system is depicted in Figure 13. An optical pulse, incident upon the detector, is
converted to an electrical signal, amplified and filtered by h(t). The filter h(t) is selected such that the overall electronic
detection response is closely matched to the optical pulse (pseudo-matched filter) for near optimal detection. Pulse
magnitude is detected via gated peak detection or integration, while a discriminator detects the temporal time-of-flight.
Photon noise is minimized through cold shielding and optical filtering, while drift is stabilized with active baseline
restoration.
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Figure 13, Prototype Detection System.

3.3.A.1. Detector and amplifier electronics

For convenience, output noise equations Eq. 55 - 57 of Section 2.2.C.2. (simplified with A(f) — o and R, — 0) are
restated as a reference for what follows:

2

R, R
1+27i f =42 (C; +C,) 2
= {ly2 yi Ry +R, 2 R, Hiozi £V
Pnol)= () I+ R 1+27if R, Cy |+'"(f)1+27zifRf C,I (@i} (55)

R;+R,

with the input referenced voltage and current noise density

1 ? (56)
Va (f) = (vn_a (1 + 7 fv_l/f_a)) [V/\IHZ], and

&7

o akT K.\ R[N 4k [ ( 1 Dz '
i(f)= (2q(1d+lp)+ R + 7 |R4+27fif| + R R, +1, , 1+ff,._1,f_,, [A/NHZ].

R, +R,

Referring to Equations S5 - 57, the following general observations concerning noise reduction can be offered:

Ry, Ry, and R, — very large

Gy, Cy, and C, — very small,

RC; time constant —> much less than 1/PRR

detector dark current, 7; — small (note background photocurrent, /,, was fixed during synthesis requirements),
amplifier input voltage and noise current v, , and i, , —> small,

filter H(s) — matched to signal bandwidth.

As it happens, optimization of the detection electronics in a single-element receiver begins with specifying the active
detector areca. Without full consideration of system requirements, one could specify a tiny detector with vanishing
capacitance and high impedance, and build a near-noiseless receiver. Unfortunately, so as to meet practical receiver FOV
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Figure 14. Block Diagram of Detection Electronics Synthesis.

requirements, speckle SNR, and GFF/resolution/alignment requirements (see Section 3.2.A.), a single-element receiver will
normally require an appreciable active-detector area, leading to nominal amounts of detector capacitance, C,, and reduced
detector dynamic impedance, R;. Combined with the potentially high temporal bandwidth requirements of narrow pulse
detection, the design of low-noise detection electronics can rapidly become a nontrivial issue. Our approach at a high
bandwidth, low noise design is illustrated in Figure 14. The amplifier topology is transimpedance with the following
features.

e A pole-zero (integrate-derivative) cancellation approach is implemented where Ry is made very large reducing the noise
floor. However, an integrator (pole) is formed with Cy, producing an integration time-constant of 7, = Ry C; thereby
limiting the bandwidth to 1/277, . This loss in bandwidth is then restored through a derivative (zero) operation with a
time constant of 7,. Hence, the reduced noise advantage of a large Ry can be preserved without loss of bandwidth (note
that all DC information is lost - not a problem with pulse detection).

A cooled (~100K), low-noise input field effect transistor (FET) for reduced v,, , and i, ,.

e The FET and all circuit elements connected to the detector are placed in a dewar in close proximity to the detector and
cooled for low noise performance.

e  An active photovoltaic bias circuit for minimum drift, rapid transient recovery, and low noise,

¢ An active baseline restoration that tracks and reduces baseline drift and improves correlated noise rejection.

* A tunable electronic filter, h(t), for pseudo-matched filter detection of 100 to 500 ns pulses.

The electronic filter, h(t), is selected so as to closely match receiver to signal bandwidth, optimizing the signal to noise
performance. The Fourier transform pair and noise equivalent bandwidth (Equation 41) of a temporal Gaussian pulse, 1/e
to 1/e pulse width = 1, is given by™

1 52 a2 2 2
eZa' <3e2tra'f

,f2 7o’ ’

and Af = !

,/2_7: 7, : (65)

64

Note that in addition to being used in photon noise calculations, Af is also a practical performance measure for pseudo-
matched filter optimization due to its preferential weighting of high frequencies. The simplest electronic filter available is
the n-stage cascade of 1* order low pass filter with a transform pair given by




S - ({) n (66)

T

(""1)!e (2m'f+9n ,

where 7 is the single-stage, 1* order low pass filter’s time constant. Currently, the relations given in Section 2.2.C.2 or a
SPICE based circuit simulator are used to select, through iteration, the optimal values of # and 7 for a given laser pulse.
Section 3.3.C. tabulates the optimal 7, the NEP/NEI and Af for 100 ns, 250 ns, and 500 ns Gaussian pulses given n =5.

3.3.A.2. Detector Characteristics

A Hg, .Cd, Te photovoltaic detector with a very high R, and low J; is essential if the noise levels dictated by the synthesis
requirements are to be meet. The detector is a Double Layer Heterojunction (DLHJ) photovoltaic LWIR Hg,..Cd,Te detector
with an anti-reflection coating tuned for approximately 11.5um. The DLHJ detector is fabricated utilizing a mercury rich
liquid phase epitaxial process developed at Santa Barbara Research Center. The detector cutoff was originally set by
adjusting the ratio of HgTe to CdTe such that a cutoff of approximately 10.8um was obtained at the 75 K operating
temperature. The wavelength of these devices can be further extended by reducing the temperature and taking advantage of
the reduction in energy gap of HgCdTe that comes with lower temperatures as shown in Figure 15.
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Figure 15. The Cutoff Wavelength of HgCdTe Increases With Temperature. The Device Has a Cutoff of ~10.8um at
78K and Should be Cooled to Less than ~40K for Performance Beyond 12pm. The equation used is from Seiler, et. Al.
(Journal of Vacuum Science Technology, Vol. 8, No. 2, March/April 1990).

The actual detector utilized is one of many devices provided on the Test Structure Assembly (TSA) in both single
element and small array formats. Single element mesa detectors include sizes ranging from 30 to 800 microns square. This
instrument utilizes detector V07, one of two 200um single element mesa detectors available on the TSA die. It should be
noted that the actual effective optical area of the detector is slightly larger due to the approximate 10pum minority carrier
lateral collection. These single element detectors are not gated and do not include guard structures surrounding the photo
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Figure 16. Relative Photon Flux for the Anti-Reflection Coated Detector Shows the Desired Peak in Response in the
Region of 11 um. The Cutoff is Estimated to be ~ 12.4 um at the 28 Kelvin Temperature at Which These Data Were
Collected.

sensitive area. The detector response versus wavelength is shown in Figure 16. Note, a narrow band AR coating has been
utilized in lieu of a broadband coating that would have compromised peak response at the longer wavelengths. Since the
laser detection system effectively filters out-of-band energy, there was no desire to trade peak response for wide band
response. The absolute peak response, at 7um, is greater than 95% absolute. The scale shown in the figure is relative,
normalized to the peak. The response of the detector at 11.5um is approximately 80% of the peak response.
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Figure 17. RoA Versus Temperature Indicates ~1,000 Q-cm? Below ~60 Kelvin. Test Equipment Limits May be
Limiting the RoA at Lower Temperatures.
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Figure 18. Capacitance of Detectors of Various Sizes are Measured to Determine the Capacitance Per Unit Area of the
Junction After Removal of Stray Test Equipment Capacitance.

High detector impedance provides the system with both low noise and low dark current. The resistance-area product at
zero bias (RoA) is approximately 1,000Q2-cm? for temperatures below 60 Kelvin. RoA versus temperature is shown in
Figure 17. The leveling off of RoA at temperatures below 55 Kelvin has not been fully investigated, but may be instrument
related (such as high background flux) or detector limited (tunneling). Higher RoA product measured at Los Alamos
National Laboratories (not shown) suggest test equipment limits.

Detector drift was measured in the form of 1/f noise for detector VO7. The noise corner is below 10 Hz. More typical
detectors have a noise corner (the frequency at which the white noise intercepts the 1/f noise) less than 3Hz and many are
well below 1Hz. 1/f noise is difficult to test as the procedure often measures the drift in the dewar cold shield temperature
as well as actual detector dark current drift. ' ‘

Capacitance on the preamplifier input increases the total noise of the instrument by “boosting” or gaining up the white
noise of the JFET preamplifier at higher frequencies. Detector capacitance is the primary contributor to the capacitance on
the input. The detector capacitance, estimated to be about 17pF, was measured on devices fabricated in the same lot and is
plotted as a function of detector area on Figure 18.

3.3.B. Dewar

The two primary dewar requirements are a 60° detector FOV, and to achieve the 12 pum cutoff, the detector must be
cooled to 35 K. The dewar manufacturer, IRL (Infrared Laboratories Inc., Tucson, Arizona), modified one of their existing
designs to meet requirements. Briefly, the dewar is a cylindrical-shaped, IRL HDL-8 series dewar (8 inch cold plate) with
nitrogen and helium reservoirs, a six position cooled filter wheel, 3-inch zinc selenide window and the universal fanout
board and socket. It is unusual, in that its large window had to be mounted on one of the circular end plates, so it is operated
lying on its side and is filled through ports on the end plate opposite the windowed plate. In this configuration, the detector
can be held at 35 K, and the amplifier at 100 K for five to six hours.
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3.3.C. Modeling and Experimental Measurements
The resulting detector/amplifier parameters (see Section 2.2.C.2.) that model the prototype follow:

Note - all detector parameters given at 35 K and 50 mV reverse bias, R, = effective resistance of active bias circuit, h(t) is
the 5% order filter described by Equation 66 (n = 5 and t= 1, ).

Aq [M°]: (200-10° )’ R; [Q): 4M R, [Q]: 25 Cs [Fl: 17.5-10™
I; [Al: <107 I, [A): 0or~5-107° kiy all: 1-10° T; [K]: 35
GB [Hz]: 200-10° £z [Hz]: 100 R, [Q]: 300K C, [FI: 12,5107
R [Q]: 1M G [F: 1-10™ Voo [VWHzZ): 1.55-10°  f, 1p, [Hz]: 110°
in o [ANHz]: 0.25-10% fiiga Mz} 1:10° T, [K]: 100
4
. 2 2 Jtif+i 1
H(f):G( 2zif ) 7 7
27if+27 fp 27rif+i+—l- 27rif+-—l'
T 72 72
G [V/V] = gain constant Jup [Hz] = 200 71 [sec] = RyCy 72 [sec] =€ 7,

The modeled (G =100, £= .0094, 7, = 9.4 ns) and measured receiver output-referenced, noise spectral density into 1M Q
load, and measured pulse response (to an 20 - 25 nsec YAG pulse) are shown in Figures 19.A and 19.B. The noise spectral
density plots show the detector/amplifier noise (optical filter port closed, Tyiga = 77K), and that of the detector/amplifier +
background noise (8.5 - 11.5 um filter port open, Tigna ~ 300K — I, ~ 5pA). The receiver FOV, responsivity, and
amplifier transimpedance gain are 60°, 6.8-10° V/W @ 10.6 pm, and 10° V/A respectively. The setting 7, = 9.4 ns, which
is approximately half the smallest time constant anticipated, maximizes the useful amplifier bandwidth at a transimpedance
gain of 1-10° V/A (the 200 MHz amplifier gain-bandwidth product becomes the limit) and provides the worst-case,
detection noise baseline that is used to calibrate the noise-model parameters (see Figure 19.A). With the calibrated noise
parameters, the detection noise for 100, 250 and 500 ns Gaussian pulses is evaluated and listed in Table 1. The values of 7,
(n = 5) are selected so as to provide near matched filter response for 100, 250 and 500 ns pulses. It should be emphasized
that the pseudo-matched filter approach discussed in this section is grounded on the recognition that DIAL measurements
require detection of the return pulse magnitude (as opposed to the complete waveform), and that temporal time-of -flight
can be estimated by the previous time-of -flight measurements.

Table 1. Detection Noise for 100, 250 and 500 ns Gaussian Pulses.

Pulse Width 7, [ns] | 7, [ns] | Af puge [MHz] | Af juceiver [MHz] | NEPuyr [nW] | NEILs [ph/m’-s]
100 15 3.99 3.86 0.272 3.63-10"7
250 42 1.60 1.67 0.090 1.20-10"’
500 88 0.80 0.83 0.046 6.09-10'°
- 9.4 - 5.16 0.428 5.71-10"7

Note with a nominal background noise level of ~ 0.27 nW (300K background), the receiver is near or below the background
limit for detected pulse 100 ns or longer.




4. CONCLUSION

Based on our current understanding of the receiver/transmitter noise processes, we have developed an analysis
methodology and corresponding analytical tools for the design of optimized low-noise, hard target return CO, DIAL
receiver systems implementing both single element detectors and multi-pixel imaging arrays for passive/active, remote-
sensing applications. In addition, experimental results for a developmental single-element detector receiver designed to
detect 100 ns wide laser pulses (10-100 kHz pulse repetition rates) backscattered from hard-targets at nominal ranges of 10
km were presented. The receiver sensitivity is near-background noise limited, given a 8.5-11.5 pm radiant optical
bandwidth, with the total noise floor spectrally white for maximum pulse averaging efficiency.

APPENDIX A: ESTIMATING DIAL SENSITIVITY REQUIREMENTS

In the following, a simplified approach-allowing first-order estimations of DIAL sensitivity requirements is provided.
An example follows relating the sensitivity requirements to DIAL signal-to-noise ratios (SNR) for single and multi-line-pair
samples. Defining the normalized differential sensitivity of the return DIAL Reference and Probe power as

AP = Pref_Pprobe
n me >

where the assumption that P, ~ P, and P, 2 P, ., hasbeen made, the first order linear and log DIAL

measurement sensitivities (derived from absorption relations defined in Measures, see Ref. 1) are given by:

-1
Sin = APy m[1- PP N 2.A@-PPXt-£ << 1
| 2.Aq-PPX 1-E
- -1 _ _~2Aa-PPX -t -1 o 1 Ay, .
Siog =[In(AP,)] ~[ln(1 e )] TEarRTE  DATPRXrE << L

where

Aa = target species differential absorption [m™ atm],

PPX = desired resolution in parts-per-x (x = million, billion etc) fatm™],
t = thickness of target species layer [m],

£ = estimate of target/transceiver overlap efficiency [0-1].

Note that the above sensitivity definitions assume near perfect differential cancellation and hence represents an upper bound
on the DIAL measurement.

As an example, if Aa = 1000 [m™ atm], PPX = 1 PPM [atm™], t = 1 meter and £ =,1 then the linear sensitivity function
evaluates to S= 500 implying an aggregate measurement sensitivity requirement of at least 1 part in 500 for a 1 PPM
resolution. Furthermore, assuming a single-shot SNR of 5, then at least (500/5) = 10,000 decorrelated line-pair samples
are needed for a 1 PPM resolution. As described in Section 2.2.E., statistically correlated samples will increase the number
of required line-pair samples.
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