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An improved C02 lidar receiver based on ultra-low noise FPA technology

Phillip L. Jacobson, George E. Busch, David C. Thompson, Dennis K. Remelius, and F. David Wells

Los Alamos National Laboratory, MS E543, Los Alamos, NM 87545

ABSTIWACT

A high sensitivity, C02 lidar detector, based on recent advances in ultra-low noise, readout integrated circuits
(ROIC), is being developed. This detector will combine a high speed, low noise focal plane array (FPA) with a dispersive
grating spectrometer. The spectrometer will filter the large background flux, thereby reducing the limiting background
photon shot noise. In order to achieve the desired low noise levels, the HgCdTe FPA will be cooled to -50K. High speed,
short pulse operation of the lidar system should enable the detector to operate with the order of a few noise electrons in the
combined detector/ROIC output. Current receiver design concepts will be presented, along with their expected noise
performance.

Keywords: LWIR lidar receiveq focal plane array; ultra-low noise ROIC, HgCdTe infrared detector

1. INTRODUCTION

The application of C02 differential absorption Iidar (DIAL) to chemical remote sensing allows extremely sensitive
detection of atmospheric constituents. In the DIAL technique*, the transmitted laser pulse propagates through the atmosphere
to a hard target and the reflected light is collected by a receiver telescope and focused onto a detector. By tuning the laser
frequency over various laser lines, the spectral variation in absorption “fingerprints” existing chemicals along the laser path.
A state-of-the-art DIAL system built at Los Alamos National Laboratory (LANL) presently uses a C02 laser transmitter and a
single element HgCdTe photovoltaic sensor to measure the magnitude of the backscattered laser pulse. The detection
sensitivity of such DIAL systems, although dependent on many experimental factors, may still be significantly improved by
advancing the technology of basic laser and detector components. Development efforts toward improving the detector are
presented in this paper.

In a DIAL sensor, the laser wavelength should be tuned rapidly through a set of chosen spectral lines. Within
certain limits, the faster the lines are tuned, the more shots that can be averaged (in a given time) and the S/N of the sensor
will improve. While being rapidly tuned in wavelength with each shot, the laser output must remain stabIe, both in mode and
in energy. At LANL, a recently demonstrated technique uses acousto-optic (AO) technology to tune the laser wavelength
and achieves high pulse repetition frequencies Q@ on the order of 5-10 kHz, with no moving parts. On each pulse, the AO
“tuner” can select a different laser line and a set of wavelengths can be cycled through at a rate of- 100 Hz in any chosen
sequence. With fhrther development, improvements are expected to increase the prf to greater than 100 kHz thereby
decreasing the amount of timeit takes to average a given number of pulse returns.

With such a C02 laser transmitter, a DIAL receiver must be capable of measuring rapidly tuned laser pulse returns, I
while also introducing as little noise as possibIe. For basic design considerations, a detector can be divided into two parts, the
absorbing detector material and the electronic pre-amplifier/readout. Most long wavelength infrared (LWIR) lidar
applications use single element detectors with wire bonded electronics for amplification and readout. In this design, spectral
filtering in the detector is achieved by either a fixed bandpass filter or a tunable, narrow line filter. A wide bandpass filter
gives continuous, fixed coverage of the entire laser tuning range, while only filtering about half of the high, background
photon flux at wavelengths below the detector long wavelength cutoff. A tunable narrowband filter has the major advantage
that it significantly reduces the background photon flux on each shot, but requires a high-speed tuning rate matched to the
laser tuning rate. For high prfsystems, the fixed, wideband filter is typically chosen, since fast filter tuning rates are difficult
to achieve. Consequently, the background photon irradiance on the detector is high. In addition to the resulting photon
noise, the excess capacitance in the wire bond connections between the photodetector and the readout electronics causes an
electronic noise, This electronic noise can be quite large, compared to that of more advanced hybrid, infrared detector
designs. This paper will describe some limitations of using a single element detector for DIAL and will propose how to

I
overcome them by capitalizing on some of the most recently designed, state-of-the-art focal plane array (FPA) detectors3’4.



2. SINGLE ELEMENT HgCdTe DETECTORS

Photovoltaic HgCdTe detectors have been demonstrated to function in many various sizes and configurations, with
high sensitivity and fast response.5 To understand how infrared sensors work and the existing limitations, it is important to
understand each of the two main components, the absorbing photosensor and the electronic readout. The absorbing photocell
consists of a layered material engineered to form a p-n junction that determines the size and shape of the single element.6
The specific composition of the material determines the energy bandgap and, thus, the long wavelength cutoff of the detector.
The cross section of a standard mesa-style photodiode is shown in Fig. 1. In this configuration, incident photons pass
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Figure 1. A photovoltaic,mesa-stylediode is shownwith typicaldimensions.

through the p-type, large bandgap HgCdTe layer and are absorbed in the active n-type layer underneath, to form an electron-
hole pair. By diffusing into the depletion region, the electron-hole pair can be separated by an applied dc electric field and
swept out to forma current. The measured current is directly proportional to the rate of production of electron-hole pairs and
is, therefore, a measure of the incident photon flux. To measure this photocurrentj a pre-arnplifier readout circuit is attached
to the photodiode by wire bonds. The design choice and engineering for this readout impacts the electronic noise level in the
detector7$8 Several factors, such as signal linearity, offset, dynamic range, etc., must be considered when determining the.
trade-offs associated with each configuration. One impact is the capacitance of the readout wiring itself and the resulting
noise, Each detector/amplifier design has its own specific limiting noise contributions and performance characteristics.

Infrared detectors have several sources contributing to the total noise; however, usually only one or two dominate.
In most detectors, the main contributions to noise are photon shot noise and various electronic noise sources, including
Johnson noise and amplifier noise. The electronic noise sources are usually combined and referred to as a single “readout
noise”. Since independent noise sources add in quadrature,

reduction of any single noise source does not always improve the overall noise performance, unless that noise source happens
to dominate the quadrature sum. For low enough electronic readout noise, the photon flux causes a shot noise that dominates
all other noise contributions. Such a detector is described as being a background limited infrared photodetector (BLIP).
Many long-wavelength IR detectors, where the background photon flux is high, are BLIP. For a passive sensor that relies on
this thermal-background photon flux as the signal, this photon-limited detector has high performance. In contrast, an active
laser remote sensing receiver must typically implement a filter to reduce the background photon flux, and the filter must be
cooled to reduce self-emission of thermal IR photons. In principle, the ideal filter bandpass could be as narrow as the laser
Iinewidtm however, such a narrow bandpass is difficult to achieve and is not likely to be rapidly tunable for use in a high prf
system. Additionally, even if the photon noise were significantly reduced, the readout noise, only slightly lower than the
photon noise in most BLIP detectors, would still dominate the total noise performance. As the main contributions to noise,
both photon and readout noise sources must be considered when determining potential design parameters for a LWIR
detector.

As an example, the present Los Alamos DIAL receiver has a single, 200 pm square HgCdTe detector, which has a
spectral response that extends to -12 pm at a 40 K operating temperature. The pre-amp is a resistance transimpedance
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amplifier (RTIA), wire bonded to the detector. The pre-amp board is operated at a temperature of -100 K to minimize
Johnson noise, which is proportional to the square root of the temperature. The major limitations of this detector result from
trade-offs in the overall system design, which include required detector size and spectial bandwidth. The detector is
oversized to allow flexibility in alignment and laser pointing jitter, at the expense of increased background photon noise. The
spectral bandwidth is selected to pass all of the stronger COZ laser lines used in this experirnentj which cover the spectral
range of-9.5- 11.5 pm, as ilhstrated in Fig. 2. To allow tldl spectral coverage, a highpass filter with a cuton of 8.8 pm is

I /

8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5
Wavelength (yin)

Figure2. Spectralbandpassfiltersused on the receiver. Two narrowfilters are shownwhichwere used to lowerthe background
shotnoise Iimifingthe detectorresponse. Thenarrowestfilter (1) lowersthe thermal,backgroundphoton flux to a levelsuchthat
the readoutnoisebecomesdominant.

used in the receiver. The HgCdTe response determines the 12 pm cutoff, so the overall receiver spectral bandwidth is
approximately 8.8-12 pm. The number of photoelectrons (nP),

nP = Eqqcz-4dtht (2)

E~= blackbody photon irradiance (photons/cm2-s) q = detector quantum efficiency
Ad= detector area e = scene emissivity
~t = integration time ~ = transmittance of optics

is determined mostly by the irradiance, detector area, and integration time. The h-radiance, E~,

A4q
Eq =

4&/#)2 + 1
‘9 = ~ ‘a 4 hc/,lkT

w%

~], L z = cuton, cutoff wavelengths h = Planck constant
T = scene (blackbody) temperature c = speed of light
IY#= f-number k = Bokzmann constant

(3)
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is determined by the filter spectral bandwidth, the t7# (estimated to be -1 for the present system), and the 300K scene
temperature. For a spectral band centered around 10 pm, the irradiance scales approximately linearly with the bandwidth.
The resulting background photon shot noise, n,h (in noise electrons)

n~h = r ‘P ‘
(4)

is roughly 4500 noise electrons for an integration time of 500 ns and a quantum efficiency of 85°/0.9 The detector/RTIA
amplifier has a “readout noise” floor of-1500 noise electrons on the amplifier input. Under these operating parameters, the
number of noise electrons due to background photon noise is three times the number of noise electrons due to all other
sources of detector noise (measured with negligible photon flux irradiance). Therefore, the detector is background limited, or
BLIP. The 0.2 pm filter, illustrated in Fig. 2, reduces the background flux enough that the detector just barely becomes
readout noise limited. Further reduction in background photon flux is possible with proper spectral filtering, since on each
shot the laser signal photons have a narrow (< 104 pm = 300 MHz) spectral bandwidth. However, the reduced photon shot
noise is only usefil with a correspondingly reduced readout noise. The RTIA configuration is fundamentally limited by
Johnson noise in the resistor and capacitance (kTC) noise due to the detector, the amplifier input, and the wire bonding
capacitance (k is the Boltzmann constant, T is the detector temperature, and C is the capacitance). An improved readout
design would use a capacitance transimpedance amplifier (CTIA), which would integrate the photocharge onto a small
capacitor. This design has been incorporated into low-capacitance CMOS based focal plane arrays as discussed below.
Noise levels less than or on the order of 100 noise electrons have been demonstrated and these levels would provide more
than an order of magnitude improvement over present readout noise levels.

3. FOCAL PLANE ARRAY (FPA) TECHNOLOGY

Infrared FPA detector research promises to lead to significant improvements in next-generation DIAL receivers,
with a better understanding of current limitations and potential advances in existing designs. These devices have several
advantages over a single element design, including

1. Lower noise readouts hybridized directly to the pixel using CMOS readout integrated circuits (ROIC)
2. Multiple pixels, with a high-density format, to allow matching the target image size (only those pixels are read)

Recent developmental efforts have demonstrated an industry capability of fabricating large two-dimensional arrays, high-
speed arrays, and low noise arrays. Unfortunately, to date no single array has demonstrated all three aspects; however, with
appropriate specifications, such an advanced detector could be designed for use in a DIAL receiver.

A direct hybrid FPA consists of a number of pixels, with each pixel defining a given cell size, inside which the
associated amplifier readout circuit must fit. The cross-section view of a planar, HgCdTe FPA, illustrated in Fig. 3, shows
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how each HgCdTe pixel has an iridium bump making electrical contact between the detector cell and the associated silicon
CMOS amplifier input underneath. Each pixel operates just as a single element detector would; however, the iridium bump
brings the amplifier much closer to the detector element (typically within 10-20 pm), which lowers the capacitance noise and
stray coupling of wire-bond leads. Two separate arrays are fabricated, one of HgCdTe, p-n junctions on an appropriate
transparent substrate layer (CdTe, sapphire, etc...) and another of silicon CMOS, unit cell readouts. Detector and readout
arrays are selected based on preliminary characterization of their performance. The two arrays are then separately coated
with iridium bumps and mated by pressure bonding to form electrical contact through the metal bumps. This direct
hybridization technique has been available since initially demonstrated around 1980.10 In recent years, this technique has
been pushed to larger array detectors using various design configurations of electronic readouts. The inherent design
flexibility, in both the HgCdTe material and the ROIC, is the key which has allowed a variety of detector configurations to be
fabricated. Hybrid FPA applications have ranged tlom short-wave IR (SWIR 1 ~m) to very-long-wave IR (VLWIR: 17 ~)
and from long integration time for astronomy to high speed for military applications. 11’12 .

The application of FPA detectors in a DIAL receiver demands specific requirements that can only be partially met
with existing arrays. Currently available arrays are iypically designed for passive sensing so the integration times are long
compared to the -100 ns signal pulse achievable in an active laser system. In addition, most FPAs have fiarne rates that are
somewhat low compared to projected fbture laser prf. (Typical FPAs are currently limited to -Git> 10ps and tlame rates <
10kHz) Table 1 lists several types of arrays that have been developed or are in the development stage. Many other FPA
designs are available, but these examples are chosen to illustrate the range of industry capabilities. The arrays being
developed are of specific interest because of the high frame rates and low noise being demonstrated. The results of such
research efforts will help establish realistic specifications for advanced FPA based DIAL receivers.

Table 1: FPA detector designs illustrating an industry capability to manufacture various types of arrays, including large format,
high-speed, and ultra-low noise. Design specifications are given for the Fermionics array being developed.

Company

Rockwell Science Center

Raytheon IRCOE

Fermionics Corp.
(in development phase)

Array Size
(pixels)

2048 X 2048
640 X 480

(64)2
(128)2
(256)2
10x 10

Pixel Pitch Readout Frame Rate
(~m) Noise (e~

18 10 lHZ
27 100 1 kHz

(windowed)

61 -1oo 180Hz
40 cc 240
30 Lc 120
50 50 200 kHz

1
Large FPA – SWIR
“Large” FPA - LWIR

Variable size; standard FPAs

Ultra-high speed, low noise

4. DIAL FPA RECEIVER CONCEPT

Spectral filtering techniques must be considered in the context of a CO* DIAL receiver, in order to minimize the
expected noise level. The optimum shot-to-shot filter bandwidth would only be large enough to transmit the particular laser
Iinewidth of interest (104 pm). As mentioned above, the 1500 electron readout noise level of the current DIAL receiver
permits at most an improvement of a factor of three, by spectral filtering. However, advanced FPA ROICS are capable of
much lower readout noise and could, therefore, benefit much more from narrower filters. An initial detector design would be
one in which the photon shot noise is comparable to demonstrated ROIC noise (50 e-). It is conceivable to achieve this level
of spectral filtering with a narrow-band intefierence filter, but with a tunable DIAL system, the filter must tune at the same
rate as the laser. The expectation that the laser transmitter will be tuned to a new laser line on each successive pulse, at the
full 100 kHz pti, eliminates most options for filtering, including Fabry-Perot and FTIR techniques. We have explored two
possible techniques that may permit tuning at these high rates. One consists of using an acousto-optic tunable filter
(AOTF)’3”4,while the second employs a dispersive grating spectrometer in conjunction with a custom FPA. The AOTF
technique has the advantage of only requiring a small imaging FPA; however, the optical transmission efficiency of currently
available AOTF devices is low. In addition, the limited spectral resolution (3 cm-l = 0.03 ~, @ l.=l Opm) is not adequate
for advanced ROIC noise c50 e-. A dispersive filter, on the other hand, requires multiple detectors, at least one for each laser
line. These multiple detectors can be found in the form of an entire focal plane array. Therefore, using a high resolution,
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cooled grating spectrometer in a COZDIAL receiver relies heavily on the ability to make large FPAs and selective readouts,
to read only the spectral channels (pixels) of interest.

At LANL, we are developing a proof-of-principle experiment, using the fastest available FPAs currently under
development, to demonstrate the benefit of a dispersive spectrometer/FPA receiver for COZDIAL applications. The present
design consists of a cryogenically cooled i72 spectrometer, with two off-axis paraboloid mirrors and a 25 mm, 150 lines/mm
grating, to give a resolution (MAI,) of- 2000. Two or three laser lines will be used to demonstrate operability across a few
(8-10) pixels, as illustrated in Figure 4. The anticipated resolution of 0.005 pm on each pixel is much smaller than the
current 3 pm receiver spectral bandwidth, but is still significantly more than the laser bandwidth. However, even with this
resolution, the shot noise level should be reduced to 20 e- (assuming a 50-I.unpixel and 100-ns integration time), which is less
than the expected ROIC noise (50 e-). The results of this experiment will demonstrate the utility of this receiver design and
aid in determining some of the design specifications for a next generation system.

-235 0 235

Relative Position (~m)

Figure 4. The point spread function for the 1OR(18), 1OR(2O),and IOR(22) laser lines compared with a representative 10-pixeI
segment of the focal plane array.

Assuming the demonstration experiments are successfid, a next generation DIAL receiver, with a custom ROIC, will
be designed and built to achieve both low noise and high speed. The format should be large (128x128 LWIR HgCdTe arrays
have been demonstrated) to accommodate at least a 0.02pm resolution while covering all the required laser lines (-2 pm, as
illustrated in Fig. 2). If arrays larger than 128x128 can be built, then higher resolution can be implemented; however,
increased spectral filtering is only beneficial as long as the photon noise is comparable to (or larger than) the ROIC noise.
The ROIC should be capable of integration times on the order of 100 ns, windowed frame rates of 100 kHL and noise levels
less than 50 e-. The windowing feature should allow random access operation and, if possible, multiple windows. One
potential design is to have three separately addressed windows, each reducible down to a 3x3 sub-array. The three windows,
each 3 pixels by 3 pixels, can be stepped across the array with each laser shot. The center window will be for the laser
frequency of interest, while the other two windows are spectral diagnostics to determine if there is any line mixing. AI-I
alternative to this is to have a single 3x128 window with multiple outputs, allowing the 100 kHz readout, fill coverage of the
spectral bands, and 3 pixels of spatial information. Specific design requirements for a next generation DIAL receiver will be
based on both the results of the planned proof-of-principle experiment and applicable system constraints, still to be
determined.

5. CONCLUSION

Infrared DIAL remote sensing systems can be significantly improved by fwst understanding the physical limitations
of direct detection receivers and then by considering how to apply advanced FPA technology to overcome these limitations.
A single pixel of a direct hybrid array will typically have a much lower read-out electronic noise than the best, single element
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detector, This is due both to the amplifier design and to the close proximity of the detector/amplifier in the FPA. In addition,
background limited (BLIP) operation is not a sufficient specification for an active LWIR laser remote sensing system.
Spectral filtering of the thermal background photon flux should be implemented on such a level as to minimize the resulting
photon shot noise and capitalize on improved readout noise levels (10-100 electrons). For a high-prf laser system, the
receiver may use a cooled grating spectrometer to reduce the thermal, background photon flux and an ultra-low noise FPA, to
achieve the lowest possible readout noise level. The ideal spectral resolution is such that the incident background radiation
contributes less shot noise than the total noise contribution from all other sources. The most recent advances in FPA
technology are sufilcient to warrant fhture development of detector designs specific to DIAL requirements, based on high-
speed, ultra-low noise ROICS. The proof-of-principle described above will be used to demonstrate and determine the
necessary parameters for a custom, prototype detector. Motivation for this effort is the potential improvement in detector
sensitivity that could be more than two orders of magnitude.
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