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Sensitivity comparison of ladar receivers
designed to detect glint targets
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Abstract. We present four receiver designs for a ladar system, based
on an optical parametric amplifier, that is designed to collect returns from
glint targets. After coupling the return energy into periodically poled
lithium niobate, the target backscatter is detected with either an infrared
camera or a CCD array. Assuming reasonable detector and system char-
acteristics, the sensitivity of each design is then evaluated by setting the
receiver SNR detection threshold equal to one and using the minimum
transmitted energy as the figure of merit. Through numerical analysis, we
show that an upconversion receiver followed by a visible CCD array
offers the best trade-off between sensitivity and practical design for air-
borne ladar applications. © 2002 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1479709]

Wright Patterson AFB, Ohio 45433-7700 . . . .
Subject terms: glint targets; ladar; image upconversion.

Paper 010124 received Apr. 4, 2001; revised manuscript received Dec. 19, 2001;
accepted for publication Jan. 11, 2002.

1 Introduction To overcome these difficulties, another OPO tuning

Over the past several years, a great deal of work has beerféchnology, known as quasi-phase-matchi@PM), has
sponsored by the United States Air Force to develop vari- been investigatetiThrough QPM, a periodic grating struc-
ous types of ladaflaser detection and rangingystems.  ture is poled into a LiNb@ crystal and the output wave-
Similar to conventional radar systems, the most basic pur-lengths tuned by varying the crystal temperature. The major
pose of a pulsed ladar system is to illuminate a target with advantage of QPM is that it is possible to pole a single
a laser beam and then collect and focus as much returncrystal with several different grating structures, thereby ex-
energy as possible onto a detector. By measuring the timepanding the tuning range to several microns of the IR
difference between the transmitted and received pulses, thespectrun®. This makes the OPO ladar system very attrac-
range to the object or a specific point on the object can betive for multispectral target interrogation.
determined. By then scanning the beam across a target and Aside from the increased operational wavelength range,
measuring the time differential at each point, a ladar system periodically poled lithium niobatéPPLN) also permits the
can build up a one-, two-, or three-dimensional image with operator to enhance the cavity gain of the transmitter by
a modest amount of postdetection processing. accessing the largest element in the second-order nonlinear
Besides the ability to detect and range targets, most ¢,seentibility tensdt.Even with this improvement, though,

state-of-the-art ladar systems are also designed to operate %Po-based ladar systems are inherently limited in the
a wavelength that is eyesafe. For a system to be deeme mount of energy available to illuminate a target. Typically

eyesafe under normal operating conditions, the lens, aque- ; . .
ous humor, and cornea of the eye must absorb the IasetPPLN fransmitters can emie1.0 mJ of signal energy per

radiation before the retina is damaged. This requirementplese glefore th? damage threshold. of the matenal 'S
limits the source wavelength to the infrared regidn4 to reached. Depending on the atmospheric transmittance, the

1000 um) of the spectrunt.As a result, several studies target reflectivity, and the range, by the time the return is
using infrared (IR) source wavelengths are currently focused onto a detector, the resulting power level may be
underway well below the threshold necessary for reliable detection.
One such IR source under investigation is the optical Since damage threshold imposes an upper limit on the
parametric oscillatofOPO. By pumping a nonlinear crys-  transmitted power, the ladar designer is forced to modify
tal such as lithium niobate (LiNb{) with an infrared the receiver to boost the magnitude of the target return.
source of wavelength,,, two separate eye-safe beams can It is with these issues in mind that we now investigate
be generated through diﬁerence-frequency generation several different ladar SyStem deSIgnS. Section 2 brlefly out-
(DFG)_3 If the pump wavelength, the temperature, or the lines the properties of diffuse and glint targets and dis-
orientation of the OPO crystal inside the transmitter cavity cusses how the return power from a glint target is deter-
is then varied, the output signal ) and idler ;) wave- mined. Once this is established, Sec. 3 examines the signal-
lengths can be tuned to a spectral region where the target igo-noise ratios and minimum energy requirements of four
highly reflective. However, constantly changing the pump different ladar receivers designed to detect glint targets.
or the crystal alignment is impractical, and the temperature The four designs considered are a simple IR camera, an
tuning range is limited to a few microris. optical parametric amplifie(OPA) receiver, an upconver-
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Note that in formulating Eq(1) the transmitter, target, and
receiver planes are assumed to be parallel and centered
with respect to one another, as shown in Fig. 1.
Equation(1) can now be simplified using basic radio-
metric definitions?! Relating the target-plane radiance
L{(6) to the radiant exitanc®, the total power per unit
! area reflected by the target can be written as

Aq

X

. 2
Expansion P1xMatmP J
OpthS ATx
Fig. 1 Ladar geometry used to calculate the radiometric expres- . . .
sions for the received power. whereP+, is the transmitted powep is the angular reflec-

tivity of the target, A1, is the area of the illumination beam
in the target plane, and, is thetotal solid angle into which

the light from the target radiates. Furthermorg, is the

sion receiver, and a receiver equipped with an image inten-\yayelength-dependent atmospheric transmittance given by
sifier. We then present our conclusions in Sec. 4. Beer'’s law!?

2 Power Received from a Glint Target Nand N, L) =exp — y(N)L], 3

In general, ladar applications range from the remote sens-ywherey()) is the spectral extinction coefficient ahds the

ing of hazardous gas clouds to detecting hard targets on agrget range. Note that this quantity is then squared in Eq.
battlefield. For the purposes of this paper, our interest will (2)"to allow for the round-trip flight of the transmitted
focus solely on detecting hard objects. Whether the opera-p ise. Becaus€), is small for most glint targetd, (6) is

tor is interested in airborne or ground-based targets, all hardapproximately constant and the integral in E2). reduces
objects can be classified into two basic reflectivity catego-

ries: diffuse and glinf.
Diffuse targets ordinarily have very low reflectance. In 2
addition, when illuminated, each subsurface across a dif-_™*"7am® _ (6)Q (4)
fuse target randomly scatters energy in a hemispherical re- Ay ‘ v
gion of space, with only a small fraction being directed
back towards the receiver. The power received from various If the target and receiver areas are both small with respect
diffuse targets has recently been modeled by Steifivall. to the distance by which they are separated, then solving
In contrast, a glint target is an object that scatters the Eq. (4) for L,(6) and substituting the result into E¢L)
return energy into a much narrower region of space. For yields the following general expression for the received
example, on most man-made objects there are areas such gsower:
windows or bumpers that act like glint retroreflectors. Typi-
cally, power ratios from these types of targets are well over A, Qg
100 : 1 with respect to a diffuse backgroulldThus even ~ Pr=Prp ngtm<A—><ﬁ
though an OPO-based ladar system may be limited to low L t
energies, it can still be used, for example, to search through
dense ground cover for downed aircraft or other hidden In this equationQg~Ag/z?, Q=A{/Z?, Agis the receiver
targets. Once a glint object is found, the region can then bearea, and\{ is the area of the target’s diffraction pattern in
interrogated further to determine the true nature of the tar- the receiver plane. From E¢), we see that the received
get. It is with this application in mind that we focus the power is inversely proportional to the area of the target's
remainder of this paper on evaluating several techniques fordiffraction pattern in the receiver plane. Unfortunately,
identifying glint targets against diffuse backgrounds. once the geometry of the problem is established, unlike all
To accomplish this task, a radiometric model describing the other variables in the expression, this one is not con-
the received powelPy from a flood-illuminated glint target  stant. Basic diffraction theory states that as the physical
is first developed. Since most glints are highly reflective in size of an object is decreased, diffraction becomes more
the retro direction, we will assume that the glint component pronounced, causing; and the solid angle into which the
from any surface can be adequately modeled as a cornertarget radiates to increade.
cube reflector with a circular cross section. Modeling the  To illustrate the implications of E45), consider the two
ladar system geometry as shown in FigPk is found by limiting cases, which we refer to as the near-field and far-
applying radiometric theory. Integrating the angularly de- field regimes. As is typically the case, in both instances we
pendent target radiandg( ) over both the illuminated tar-  assume that the target is in the far field with respect to the
get areaA; and the solid angl€)r subtended by the re- receiver (i.e., z>2D§/)\S, where Dg is the receiver
ceiver at the target, we fintl diametey.®® In the near-field regime, then, the target area is
assumed to be large enough that the receiver is in the tar-
B get's near field(i.e., z<2D;/\g, whereD, is the target
PR_I f L(6) dAdQg @ diametey. In this regime, diffraction effects in the receiver

A Ar|

; 5
ATx At ( )

2
= PTXP Natm
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Fig. 2 Normalized received power versus target diameter. Here the
target range is assumed to be 20 km, and Fresnel integrals have
been used to approximate the region between the near-field and
far-field boundaries.

plane are minimal, making\~A;. From Eg. (5), this
causedy to remain constant with increasing target size. In

Table 1 Parameters used to evaluate the effectiveness of the OPO-
based ladar system and the various receiver designs.

Parameter Symbol Value
Transmitted pulse duration AT 1ns
Transmitted beam diameter 2w, 5.34 mm
OPO and SFG pump wavelength Np 1.064 um
Signal wavelength Ns 2.1 um
Atmospheric extinction coefficient Y(\) 0.03/km
Target diameter D, 5 mm
Target reflectivity p 0.8
Receiver diameter Dr 10 cm

when the target diameter increases to the point wiligre
>Dg. For the system parameters under consideration,
then, we observe that the ratio of received to transmitted
power becomes constant whBg=1 m. In addition, due to
the A? in the far-field component of Eq7), the curve in
Fig. 2 is quadratic below the far-field boundary. Given the

contrast, in the far-field regime the target is small enough system parameters in Table 1, this boundary occurs where
that the receiver is in the far field with respect to the target the target diameter is equal @,=14.5 cm. Furthermore,

(i.e.,z=2D?/\ ), causingA; to expand due to diffraction.
With the glint object assumed to be circular, the target’s
far-field diffraction pattern in the receiver plane is readily
found by applying Fraunhofer diffraction theory. Using the
location of the first zeros in the Airy pattern to define the

areaA/; of target's far field diffraction pattern, we fint

122z
D

ro_
= 7T

2 (0.61mhg2)2

A ®)

The total received power in each regime from a glint can
then be summarized as follows:
1, [D>Dgl,
A )
Pr= PTxpﬂgth—R AJA] [general casg
“| AZ(0.61mNs2)2 [D=(\s2/2)*].
)

The trends in Eq(7) are understood more fully by plot-
ting the normalized received pow&g/P+, versus target

due to the division by? in the far-field expression of Eq.
(7), the received power is very small. This fact will present
a challenge later: in keeping with the size of glint returns
commonly observed in practice, beginning in Sec. 3 only
glint target diameters less than 1 cm will be considered. For
the ladar systems to be analyzed, however, this will make it
possible to use exclusively the far-field diffraction model to
determine the received power. Finally, in the dashed region
between the two limiting cases, the glint diffraction pattern
in the receiver plane transitions from an Airy pattern in the
far field to roughly a mirror image of the target in the near
field. Such a transformation is readily accounted for by
numerically solving the Fresnel diffraction integral for a
circular aperturé? but is beyond the scope of this paper.

3 Receiver Designs

Having developed a model for the total power received
from a glint target, we now examine how this information
can be used to determine the minimum transmitted power
needed to overcome detector noise. As stated earlier, typi-

diameter as shown in Fig. 2. This figure was generated for cal ladar systems use standard optics to expand the trans-
a target range of 20 km using the reasonable ladar systemmitted beam and illuminate an object a distarzcaway.
parameters found in Table 1. In addition, we have assumedThe light is then reflected off the target, collected by the

an eyesafe signal wavelengthxaf=2.1 um. At this wave-

receiver, and focused onto a detector. For a small glint tar-

length, for a typical earth atmospheric, the transmittance is get located in the far field with respect to the recei;,

Nan=0.97 at 1 km and the value of the extinction coeffi-
cient in Eq.(3) is readily found to bey(\)=0.03/km??
Given this reference pointqitm for a round trip of 20 km is
approximately 29%. A Gaussian beam diameter af,?2

=5.34 mm was assumed at the exit aperture of the OPO

from Eq. (7) can be written in terms of the transmitted
signal energyE+, and the pulse duratioAr as follows:

transmitter. Once propagated to the target plane, this par-

ticular beam size produces aed/spot diameter of 10 m
and flood-illuminates the object.
Upon inspection of Fig. 2, a few observations can be

made. Recall that the near-field region nominally begins

AZArp 7
e R ®
where
AtZARP 77::21tm
" An(061mh 2)” ©
Optical Engineering, Vol. 41 No. 7, July 2002 1579
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Table 2 Infrared and CCD camera parameters used to evaluate the S e e S I MNLEL I S m e
receiver signal-to-noise ratios. E 3
0F
Parameter Symbol Infrared camera Visible CCD array o E
g 2F
Responsivity R 0.89 A/\W 0.48 A/IW \[5 E
Load resistance R, 50 Q 5.1 kQ SIS //,.-'
Dark current Io 100 nA 2nA S A — IR Camera 4
— S, - - OPARX E
Temperature To 273 K 300 K E . == Upconversion Rx E
-8 E/ ; = - |mage Intensifier _g
_10:....I..‘..-..I....i....:
0 5 10 15 20 25

Depending on the transmitted energy, the illumination area,

the type of target, the range, and the diameter of the re- Target Range (km)

ce[ver, the return power may be well below the system Fig. 3 Minimum transmitted energy required to detect a glint object,

noise and_ never detected. . with a reflectivity of p=0.8, at various target ranges for the IR cam-
Choosing some reasonable values for the receiver char-era, the OPA, the upconversion, and the image intensifier receivers.

acteristics, the effectiveness of the ladar receiver systemHere SNR,=1 for the OPA receiver and SNRp=1 for the other

can be evaluated. If these values are then held constant irfeceiver designs.

each design, the various receiver configurations can be

compared by analyzing the single-pixel signal-to-noise ra-

tio at the detector (SNE. For this calculation, we have = minimum transmitted energy at a fixed target rarige

chosen as the figure of merit the minimum transmitter en- =20 km. These results are given in Fig. 4 as a function of

ergy Eq, needed to meet a detection threshold of §NR target reflectivity. From Figs. 3 and 4, we find that for a

=1. This threshold, however, is arbitrary and can be ad- system equipped with just an IR camera to achieve an op-

justed to meet the requirements of any given system. erational range of 20 km and detect a target whose reflec-
As a baseline, consider a direct-detection ladar receivertivity is 80%, E1, must be=0.31 mJ. For some OPO trans-

with only an IR camera in the detector plane. Taking ac- mitter systems, this energy requirement is difficult to meet

count of shot, dark current, and thermal noise, and assum-without damaging the crystal and limits the types of glints

ing that the detector response time is much less than thethat can be detectddAs a result, in the remainder of this

transmitted pulse duration, the postdetection electrical section, three alternative receiver schemes are examined

signal-to-noise ratio for a single-pixel at the detector can be and the minimum energy required for SNR1 deter-

written as* mined.
SNR.= Psig 3.1 OPA Receiver
Ro= Pshot™ Pthermart Pdark One solution for detecting weak returns is to enhance the
received signal through a process known as optical para-
(RPR)? metric amplification(OPA).'® By placing a separate PPLN
SNRy= , (10 crystal, identical to the OPO transmitter, after the receiver
2qRPr 2kyTp 2qlp

aperture and then pumping it with the same wavelength
used in the OPO transmitter, another signal and idler beam
will be generated, as before, through DFG. When the in-
coming light is focused into the crystal, the received signal

AT * ATRL+ At

SNR.= (RCETX)Z
RD_ZqRCETX+2kbATTD/R,_+2q ATlp

whereR is the detector responsivitg,is the charge of the T T T T T O T e
electron, andk, is Boltzmann’'s constant. Likewis@p is o Koamera 3
the temperature of the detector in kelvikg, is the equiva- o }ﬁggg\;g{:i:s?ﬁg
lent load resistance, ang is the dark current. This expres- ‘

sion assumes that all of the received power is focused onto

the detector.

Employing the ladar system parameters in Table 1 and
the example detector parameters from a Sensors Unlimited
SU128-1.7 RT infrared camefd@able 2, we can calculate
the minimum transmitted pulse energy for SNRL at
various target ranges. This trend is displayed in Fig. 3 for
the simple IR camera receiver, as well as the other receiver o
designs to be examined shortly. As expected, to ensure the Target Reflectivity
same level of de.tectlon, we see tﬁx must mcr.ease as Fig. 4 Minimum transmitted energy versus target reflectivity for the
th,e target range 'ncreases' In add't'on'.to examl_n'e'how theIR camera, the OPA, the upconversion, and the image intensifier
glint target reflectivity affects the receiver sensitivity, We receivers at a range of 20 km. Again SNR,=1 for the OPA receiver
once again set the SNNR 1 in Eg. (10) and solve for the  and SNRp=1 for the other receiver designs.

Log (E1,/mJ)

1580 Optical Engineering, Vol. 41 No. 7, July 2002
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Ly 271'2|)(gf)|2|p AK2|Y2

- =, 13
0= | X ndhe Tond i Toceg 4 a3

andl , is the intensity of the optimally focused pump beam,

given by
2P, 2.84<4P ng\,,T
ly=—5= oMo To) (14)
TW, LA,
Intermediate Recei:iver . .
Tmage Plane Entrance Here P, is the peak pump powel,. is the crystal length,
Aperture gg Is the permittivity of free space, amg(\,,To) is found

from the temperature-dependent Sellimer equations de-
scribing the extraordinary index of refraction in PPEN.
Furthermore,y% is the effective second-order nonlinear
susceptibility tensor element in PPLN, given*by

Fig. 5 Modified receiver with an OPA crystal to amplify the glint
target return.

coherently stimulates the production of additional signal @ 2 2 2

photons within the OPA, thereby amplifying the glint re-  Xeff =~ Xzzz— (25 pm/V). (15)
turn. This type of receiver system is depicted in Fig. 5,

where each lens_Lis a coupling optic after the main re- |, aqdition, Ak represents the phase-matching condition
ceiver optic lg, f; is the focal length of the coupling lens,  patween the pumpey), signal (g, and idler ;) fre-

and the distance to the intermediate image plane of theq,encies and the crystal grating vector. In PPLN, this inter-

receiver is approximatelyg . o action can be described, using the conservation of energy
Unfortunately, parametric amplification is not the only g3

process that takes place inside the nonlinear crystal. When

the pump beam is incident on the LiNp@rystal, sponta- hos=ho,~fo;, (16)

neous emission causes a noise term, analogous to that

found in electronic amplifiers, to arise within the OPA. The or in terms of the conservation of momentum as

signal and the noise then experience the same@aioross

the length of the OPA. If the received power is too weak, Ak=k,—ks—ki—Kg, (17)

the signal-to-noise ratio of the amplifier (SNRwill al-

ways be less than one, regardless of the pump power. As ayherefi =h/2m, andk; is the wave vector associated with

result, the parametric noise imposes a lower limit on the each field or the crystal grating.

amount of energy needed to initially illuminate the glint Upon close examination of E412), we notice that the

target. _ _ ~nonlinear efficiency is essentially dependent on the phase
Since the only requirement for parametric amplification matchingAk buried inside of they term. For perfect col-

to occur is that SNR=1, the minimum transmitted energy  jinear phase matchingk = 0. However, as the signal wave-

Erx can be determined from the noise equivalent power |ength moves off resonance, the idler wavelength changes

(NEP) associated with the DFG interaction between Gauss- to compensate for the variation in photon momentum. This

ian beams. Multiplying the photon energy of the signal by change inAk can be put in terms of the spectral bandwidth

the number of thermal photons per mode in a blackbody by modifying the conservation of energy and momentum
enclosure, the NEP at the entrance face to the OPA crystaleypressions, respectively, as follows:

can be written as follows:
ne()\i uTc) _ ne()\p:Tc)_ ne()\saTc)

18
NEP=(h—C) (% AN, (11 A Ap As (18
N/ NS
and
whereh is Planck’s constant andis the speed of light. The
spectral acceptanc&\, centered at the signal wavelength Ne(Ap:To) Ne(Ni,To) Ne(As, Te) 1
\s, may then be determined from the nonlinear efficiency Ak=2m N - N e Ag) (19

7. Of the DFG process within the PPLN crystahssum-
ing that the pump is constant over the entire length of the \yhere A is the PPLN grating periodicity. Substituting
crystal(i.e., undepletedand that every incoming photon is  £qs (18) and(19) into Eq.(12), the DFG bandwidth can be
amplified, the variation inyy_ can be written ds determined numerically by varyinys about its nominal

value and definingA\ to be the FWHM of the efficiency

2 curve. Using the values\g=31.8um, T.=150°C, P,

Ake)
=) 1t 492 sintf(gLo), (12 =20 W, L,=25mm,\,=1.064um, and\s=2.1um, the
spectral bandwidth is found to h&A=0.144um. Given
whereg is the following collection of constants: this spectral bandwidth, the minimum transmitted energy

Optical Engineering, Vol. 41 No. 7, July 2002 1581
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SNR,,

== E,=05mJ
| Ep=064mI
== E;,—0.75mJ

OPA Gain

Fig. 6 SNRp versus the OPA gain at a target range of 20 km. Here
E+,=0.50, 0.64, and 0.75 mJ correspond to transmitted powers be-
low, equal to, and above the OPA noise threshold for amplification,
respectively.

needed to successfully amplify the glint return is found by
setting Eq.(8) equal to the NERi.e., SNRy,=1) to yield

E _hCZA)\ AT

D=Dps, (20

where the collectiorC of constants is again given by Eq.
(9). For a ladar system with the design parameters given in
Table 1, the minimum transmitter energy needed to over-
come the amplifier noise in the OPA receiver is plotted in
Fig. 3 for various target ranges and in Fig. 4 for varying
target reflectivity at 20 km. From the two figures, we find
that the minimum transmitted energy for the OPA receiver
is higher than for the IR camera alone. This trend is directly
attributed to the large spectral bandwidth associated with
the NEP of the nonlinear amplifier. Transmitting a shorter
signal wavelength, though, may allow the ladar designer to
narrow the spectral acceptance of the OPA crystal. How-
ever, due to the eyesafety requirements and the well-
defined atmospheric transmission windoifsthis may
prove difficult.

With the minimum signal energy needed to overcome
the amplifier noise found, the postdetection signal-to-noise
ratio SNR, can be evaluated and the minimum OPA gain
required for successful glint detection can be determined.
Multiplying the NEP of the amplifier by the detector re-
sponsivity, the signal-to-noise ratio at the detector in terms
of the amplifier noiseP,,, can be written as follow$:

SNR:): I:’sig
Pshot"" P'(hermell"" Pdark+ Pamp
(GRCEr)?
- 2k, A7 Tp 2 \2°
2qG*RCEq+ R +2qA7lp+| G ATRFSAA)

(21

This expression is very similar to E¢Q), with the excep-
tion of the signal gainG in the numerator and the gain-
dependent OPA and shot-noise terms in the denominator.
Substituting the system parameters from Table 1 and the IR
camera values from Table 2 into E1), the signal-to-
noise ratio can be plotted as in Fig. 6 for a fixed target

1582 Optical Engineering, Vol. 41 No. 7, July 2002

range of 20 km. Here three different transmitted energies
were chosen such that the received energy in (). is

less than, equal to, and greater than the OPA threshold of
E1,=0.64 mJ. When the transmitted energy is just enough
to offset the OPA noise, SNRapproaches one as the am-
plifier gain increases. Eventually, when the detector gain
reaches saturation, the amplifier noise term dominates, and
any further gain from the OPA fails to improve the chances
of glint detection. From the plot, this minimum OPA g&n

for the SNR, to equal one is only abous=5. Moreover,
increasingE+, above the minimum needed to offset the
NEP of the amplifier also results in a reduction of the OPA
gain threshold. Regardless, both gain values are easily
achievable with current OPA technolotyy.

3.2 Upconversion Receivers

While the OPA receiver is quite capable of amplifying
weak glint signals, it has the major disadvantage that it
requires an expensive infrared camera to extract the incom-
ing signal from the target. Furthermore, these cameras often
have limited detection bandwidths or numbers of pixels. As
a result, they may not be suitable for all airborne ladar
systems. One possible solution to these problems is to re-
place the OPA crystal in Fig. 5 with a new PPLN crystal
whose grating periodicity is much smaller. This new crystal
is then capable of upconverting the frequency of the incom-
ing signal through sum-frequency generati(BFG.18 If

the upconverted wavelengi,,,, then falls within the vis-

ible or near IR region of the spectrum, this field can be
detected with a silicon CCD array. Not only are CCD cam-
eras much cheaper than IR cameras, they can operate at
room temperature as well.

To begin our analysis of such receivers, let us first look
at the upconversion process itself. Again using the conser-
vation of energy and momentum, for two collinear fields
the SFG interaction can be described by the following two

relationship&:
hiwgni=hopthos (22)
and
Ak= 27 ne()\paTC) ne()\saTc) i_ ne()\sumch) .
)\P )\s AG 7\sum
(23

From the conservation-of-energy law in Eg2), it is clear
that without the presence of a signal photon, the pump pho-
tons do not spontaneously upconvert into SFG photons.
Ideally then, the upconversion process does not contribute
any extra noise to the system. However, in practice this is
not the case. Spontaneous ndissbeen observed by Mid-
winter and Warner in their early experiments with birefrin-
gent phase-matched materidl#Assuming the angular field

of view of the camera is 2 steradians, this upconversion
noise P pcon is found by integrating the total spontaneous
flux over the detector area, and is expressed as foffows

4 2 2)14
hwsum‘"inPch|Xéff)|

UPCOT B47rC8e A T NENANgunAL AK_)?

P (24)
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where A; is the area of the crystal end fac«asz(wsum f, f, f,
—w;)?, and the phase matching of the collinear downcon-

version process is given hyk =2k +kg—kj—Kgym. All .
other variables denote the same physical parameters as in Asum «

Egs.(13—(15). Additionally, the wavelength and tempera- /'.
ture dependence of the index of refraction have been
dropped for simplicity, an@, denotes the angular frequen-
cies of the various pump, signal, SFG, and DFG idler fields. Image L, SFG L,

Using the above expression for the upconversion noise, Intensifier Crystal
the SNR, of the upconversion receiver can be written as

SNR,

Ap

Fig. 7 Diagram of the image intensifier receiver system. The incom-
Psig ing signal is upconverted to a visible wavelength and then amplified

= by an image intensifier before being detected.
Pshot+ Pthermal’" Pdark+ Pupcon

_ (Rnupc ETx)2
20R 74 CEret 2k A7 Tp +29 A7 o+ PyoconA 7 though, most photocathodes have been restricted to submi-
P R P cron wavelengthd® Therefore, upconversion to visible
(25) wavelengths is needed to detect the IR signal over a wide

. . _ band?* Except for a slight modification, the image intensi-
where 7, is the efficiency of the upconversion process. As  fier system shown in Fig. 7 is very similar to the upconver-

one can see, this expression is very similar to @4) with sion receiver in Sec. 3.2. As before, the glint signal is col-
the exception of the efficiency term associated with the shot jected and Fourier transformed into the upconversion
noise and the received signal. Additionally, with the re- crystal where it is upconverted. The resulting signal is then
placement of the OPA by the SFG crystal, there no longer is jmaged onto an image intensifier before being detected by
any system gain. Using E¢25) along withA;=2.15um the CCD array.

and Agy,=706 nm, the minimum transmitted energy  Given the image intensifier receiver, the SNRr the
needed to overcome the detector noise can be determinegystem can now be calculated. Since the photocathode gain
using the system values in Table 1 and the example CCD across the device is not uniform, the output current and thus
camera values in Table 2. Setting S\NR1, the minimum  the noise of the system are also no longer constants. This
E+1, once again is examined as a function of target range deviation in photocurrent can be accounted for by finding

and reflectivity as shown in Figs. 3 and 4, respectively. the mean(i) and the varianceriz of the output current as a

Note that the idler and SFG wavelengths were obtained byfunction of the mean random ga@ By averaging over all
solving the conservation-of-energy relationships for the :

DFG and SFG interactions given in Eqd1) and (22), the random eventand random gains associated with the

. . . - image intensifier, it can be shown that the mean output
respectively, for an ideal upconversion efficiency #f, currentand the variance are given By
=100% (i.e., every signal photon produces a SFG phpton
We also assume a 515X 1-mm PPLN crystal poled at —
15.9 um, pumped with 20 W, and operated at a temperature <i)=i_= qGPR”QEZEP R (26)
T.=100°C. From Figs. 3 and 4, we see that in the absence hv R
of the amplifier noise, at all ranges and reflectivities, the
minimum energy requirement is nearly an order of magni- and
tude less than that needed for the OPA system or IR camera _ _
discussed earlier. Thus, replacing the IR detector with a , 20°G®7oeB.FPr 2qG*FPRR
visible CCD camera does lower the minimum energy and 7i — hy - At , (27
allows the operator to use a technology that is generally

more stable, more compact, and much cheaper than most . .
IR cameras P P whereq is the charge of the electrome is the quantum

efficiency, B,, is the bandwidth, andr is the noise figure
associated with the image intensifier.
3.3 Image Intensifier Receiver Using Eqgs.(25) and(26), the signal-to-noise ratio at the
In an additional effort to incorporate the CCD camera into detector for the image intensifier receiver is given by
the receiver system, the last ladar system investigated is an
upconversion receiver incorporating an image intensifier. p
Under low light conditions, a small amount of radiation SNRo=
from the target, incident on the front surface of the device,

sig
Pshot+ Pthermal’" Pdark+ Pupcon

is amplified by a series of photocathod&sThe primary (GR#5CEq,)?
advantage of the image intensifier is that it can easily have = kAT '
. . . =~ b7 Ip
an optical gain on the order of 100,080With such a dra- 2qRyFG CEq+ +2q A7lp+ A7 Pypeon
matic increase in signal power, the image intensifier is ide- -
ally suited for enhancing the glint return. Until recently (28
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where P conis given by Eq.(24). Note that the quantum The last design involved an image intensifier to enhance
efficiency » associated with the received power is the prod- the upconverted signal before detection with a CCD. As-
uct of the upconversion efficiency and the quantum effi- suming a trivial device gain of 20,000, the minimum en-
ciency of the photocathodes inside the image intensifier. ergy needed for detection was lowered by an additional two
While this expression is in many respects similar to Eq. orders of magnitude from that of the OPA receiver. How-
(25), several differences need to be highlighted. Unlike the ever, while the image-intensifier receiver has the lowest
OPA receiver, the mean gain for the image intensifier is not energy requirements and provides the greatest chance of
a function of the pump power or crystal properties. Once a detecting glint targets against a diffuse background, it may
specific device is chosen, the mean gain across the device i®ften be too sensitive for most airborne systems. For ex-
fixed and measurable. As mentioned earlier, this gain canample, if a genuine glint target is located in a desert envi-
be as high as 100,000. The noise power fagads also ronment, random glint returns from the sand may be
quantifiable, by measuring the SNR before and after the enough to trigger the detector, thereby causing the target to
device: the ratio of the input SNR to the output SNFEi® be lost in background clutter. Therefore, while the image
For most second- and third-generation devices, the value ofintensifier receiver may have the lowest transmitted energy

F ranges from 3 to 5.

requirements of the four receiver designs, the upconversion

With the mean gain now constant, the minimum trans- receiver may provide the best possibility of detecting de-
mitted power from the OPO can readily be determined. sired glint targets without being subject to false alarms.

Assuming a conservative gain of 20,000 aRe&-4, the

signal-to-noise ratio can be evaluated in conjunction with éferences

the values in Tables 1 and 2. Substituting these values into 1
Eq. (27), the minimumEq, is calculated as a function of

target range and reflectivity as before, and is illustrated in 2
Figs. 3 and 4. In comparison with the other systems in Fig.
3, the minimum energy requirement for the image intensi-
fier system is two orders of magnitude lower. Thus this
system allows one to take advantage of the wide tunability
of the OPO transmitter while providing the best chance of
detecting single glint targets in an ideal environment.

4 Conclusions

Ladar systems currently under investigation incorporating
periodically poled lithium niobate in the transmitter can
have an operating range anywhere from 1.1 to &b if
several grating structures are poled onto a single piece of

PPLN. This wide tunability makes the OPO-based system 8.

9. O. Steinvall, “Effects of target shape and reflection on laser radar

very attractive for multispectral target interrogation. Unfor-

tunately, detecting such a wide range of IR signals often 10.

requires a significant amount of transmitted energy. OPO
transmitters, though, are inherently limited in the amount of

power available for target illumination and thus have a re- 12.

stricted range of operation. However, the contrast offered
by glint returns over diffuse returns can be used with the

appropriate system parameters to allow for selective detec-14.

tion of glint and not the background. Assuming a typical
system geometry and some reasonable detector characteris-

tics, this paper has presented four receiver designs for de-15-
tecting glint returns. Each design was then evaluated by ;¢

setting the receiver SNR detection threshold equal to one
and using the minimum transmitted energy as the figure of
merit.

Through numerical analysis, we have shown that para-

metric amplification of glint returns before detection has 18.
roughly the same energy requirements as the IR camera;q

alone. These two receiver schemes both incorporate an ex-
pensive IR camera and are difficult to operate on airborne
platforms. To overcome such limitations, a similar receiver

design involving image upconversion was also investi- g%

to the near IR region of the spectrum, not only is it possible 23.

gated. By upconverting the frequency of the incoming light

to use a cheaper and more reliable CCD camera, but the
minimum transmitted energy may be decreased by nearly

an order of magnitude. 25
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