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ABSTRACT
The principles for defining, comparing and calculating the signal-to-noise ratio performance of imaging spectrometers are
presented. The relative signa-to-noise ratios (SNRS) of the main classes of imaging spectrometer are discussed both in
general terms and with an emphasis on real-time, low spectral resolution applications. This general anaysis is based on
some simplifying assumptions and SNRs are also calculated for a typical application without these assumptions. These
SNRs are compared to the signal-to-noise ratios typically required in imaging spectrometry. It is shown that for low
resolution imaging spectrometry of low radiance scenes there are only small differences in SNR between the four main
classes of insrument. For high spectral resolution imaging of low radiance scenes Fourier-transform techniques offer higher
SNRs, but for high radiance scenes the impact of detector saturation tends to favor direct imaging spectrometry. It is noted
however, that real-time, temporally scanned, imaging spectrometry requires track and stare stabilization to fully redize its
potential.
1. INTRODUCTION

In recent years, many approaches to imaging spectrometry have been proposed and demonstrated and of all the aspects that
determine the usefulness of a particular technique, perhaps the most significant is the achievable signal-to-noise ratio
(SNR). The authors have a specific interest in the application of imaging spectrometry to real-time surveillance, for which a
typical update rate for the complete spectral data cube is a few tens of Hz. For wide-angle surveillance the maximum frame
rate obtainable from off-the-shelf cameras limits the number of spectral bandsto perhaps 20 or so. This spectral resolution is
considerably less than is normally considered as hyperspectral imaging and the relative importance of the parameters that
determine the SNR are somewhat different. In particular, for a spectrally multiplexed imaging spectrometer, such as is
implemented with arotating filter whesl, the irradiance at the detector is proportionate to 1/N?, where N is the number of
spectral bands and so when N is smal, the detector is far more likely to become saturated than in high-resolution
hyperspectral imaging. In this paper, we discuss in fundamental and general terms, the relative signal-to-noise ratios that can
be obtained by different types of imaging spectrometer including when the detector saturation occurs. To the knowledge of
the authors a general and fundamental comparison of SNRs of imaging spectrometers has not previously been published.

All approaches to imaging spectrometry can be conveniently classified as direct or indirect: either the spectrum is recorded
directly with a direct imaging spectrometer (DIS) based on a wavelength selective element such as a prism or bandpass
filter, or an indirect method in which an inversion of a measured intensity distribution is required. This latter approach is
exemplified by the Fourier-transform imaging spectrometer (FTIS). For each of these classes the required optical intensity
distributions are recorded by either temporal scanning as with spectral multiplexing or a conventional Fourier-transform
spectrometer or alternatively the data is obtained in a snapshot by spatialy dispersing the input light as with a dispersive
spectrometer or a spatia Fourier-transform spectrometer. The four classes of ingrument are thus the DIS which is
subdivided into snapshot or fully-staring DIS (labeled here as FS-DIS) and temporally multiplexed DIS, and the FTIS which
is subdivided into temporally scanned FT1S and snapshot (FS-FTIS) varieties . Thistaxonomy isillustrated in Table 1.

Examples of a DISinclude tunable Fabry-Perot filters', rocking interference filters, wedge filters’, rotating filter wheels and
linearly variable and circularly variable filters. The salient disadvantage of these temporally multiplexed DIS is that the
temporal multiplexing reduces integration time and SNR compared to a FS-DIS. The classical push-broom scanned (PBS)
imaging spectrometer based on spectral dispersion of the image of a slit is the most obvious example of the FS-DIS**>%/
although approaches based on spectrometry of single photons® and fiber-bundle-coupled spectrographs have also been
reported in addition to the conventiona color TV camera. The former and latter examples of the FS-DIS illugrate the
dilemma of this approach; either high spectral resolution of a small or one-dimensional field of view is possible or low
spectral resolution of awide field of view is easily implemented, but wide field of view and high spectral resolution are not
simultaneously readily achievable. A mgjor advantage of the FS-DIS is that coregistration of all spectrad sub-imagesis more
straightforward than for the temporally multiplexed DIS. Temporally scanned FTIS instruments are normally based on
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mechanically scanned interferometers™'® and the FS-FTIS is based on a Sagnac interferometer using an achromatically
dispersed image of a dlit** although Wollaston prisms may also be used™?. Some prominent techniques that do not neatly fit
into the above taxonomy, such as the computed tomography imaging spectrometer™® and the diffractive optic imaging
spectrometer™® do not lead themselves so readily to SNR analysis as the prototype techniques above. However, it is noted
that both instruments are essentially transform devices and therefore the conclusions presented here for the FTIS and FS
FTIS are probably the closest approximations. For the technique called HEIFTS'™, SNR expressions for a temporally
scanned FT1S should be used, athough topologically thisinstrument ismore similar toa FS-FTIS.

In the next section we derive approximate values for the SNR required of imaging spectrometers for spectra classification
and in sections 3 and 4 we derive expressions for the SNRs of a DIS and FTIS that enable their comparison in section 5in
both general terms and with simplifying assumptions. The same equations are used in section 6 to compare the SNRs of the
one-dimensional push-broom scanned, FS-DIS and FS-FTIS. In section 6 we underline that athough the temporally scanned
DIS and FTIS enable higher SNRs to be attained than the one-dimensional PBS FS-DIS and FS-FTIS, it will probably only
be possible to exploit this advantage in real-time applications if the coregistration problems can be solved by using, for
example, step-stare stabilization. Comparison of the SNRs achievable by the four techniques was possible only because
some simplifications were made in the analysis and in section 7 we calculate the SNRs for an example application without
needing to resort to these simplifications and in section 8 we present conclusions.
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Table 1 Depiction of the multiplexing modes for construction of spectral image cubes
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2. REQUIRED SIGNAL-TONOISE RATIO
In this section we estimate the SNR required at the output of a spectral imager to yield a particular SNR at the output of a
matched filter and values are presented based on example spectra'®. This knowledge enables the design of an instrument
with an SNR that is necessary and sufficient for a task. The spectral correlation coefficient may be expressed as the
covariance between a set of spectra measurements S,S,S;...Sy and a matched filter template T,, T, Ts... Ty which may be
written as

B iZ’:;(Ti ‘T_)(S B §)
Bt -TFE s s

(1
where Sand T represent mean values of the spectrum and template. In practice the spectrum S,..S, is contaminated by a
random noise vector &;..& which reduces the measured correlation by a value Ar from the true value r. Rewriting eguation
(1) in vector form and applying a binomial expansion gives
T(S+¢)

rrars JT.T(S+¢)(S+¢)

= sD(ar) = rSD(E—E— =L j .
TS SS 2SS
(2
That is, if we make a set of nominally equivalent measurements of the spectral correlation for different noise vectors € then
we obtain a set of measurements of r+A4r which will have a standard deviation equa to the sandard deviation in Ar. For
high correlations, the first two terms cancel and the last term dominates. The signa-to-noiseratio in the correlation isthen

SNR(r)icorr = 29N (—§SNR(S)J2

(3
where ” denotes the RMS value of S,..S.

When S > and for low values of correlation, T.S<S.S<Sk, o the standard deviation on Ar is dominated by the firs term.
We can therefore write

SNR() ocar =VNT 2 SNR(S)

(4)
and this expression is generally accurate for r <1/2. Of course, the SNR varies across the spectrum and so eguations ( 3)
and ( 4) need to be used judiciously. For shot-noise limited spectrometry the signal-to-noise ratio, SNR(S), tends to
decrease with the square root of the number of spectral bands, so the output SNR is independent of N for low correlations,
but is inversdy proportional to the square root of N for high correlations. For detector-noise limited imaging SNR(S) is
inversely proportional to N and so SNR| ocor IS inversely proportional to VN and SNRyicor iS inversely proportional to N.
This suggests that N should be the smallest possible value that captures the spectral information presentin S.

Equations ( 3) and ( 4) have been applied to the discrimination between similar spectrain the Aster spectral data base™®. For
N~10-20 and for dissimilar spectra we calculate minimum required signal-to-noise ratios of the order of unity, but for the
more pertinent case of discriminating between similar spectra, we estimate required signal-to-noise ratios of severa
hundred. For imaging in 100 bands SNRs of up to about 100 are desirable.

3. SIGNAL-TO-NOISE RATIO OF DIRECT IMAGING SPECTROMETERS
The signal-to-noiseratio at the output of a DIS can be written as

NR= S

N2 +8, +8,

(5
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Where e; is the number of signal photoelectrons measured during the integration time, ny is the RMS number of noise
electrons associated with reading the detector, €, is the RMS photon shot noise on the recorded signal flux and g, isthe
RMS photon shot noise on the background flux. We can substitute the following quantitiesinto ( 5)

e, =8, =T[ k(10 g =T[ k(1)
(6)
where
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7
and other parameters are as follows: d? is the detector area, T is the integration time per spectral image (equal to (th()e
complete spectrum time for the fully-staring, snap-shot DIS and equa to the single-band integration time for the temporally
scanned DIS), f# is the f-number of the optics, the spectral bin has a width dA, @(A) is the signal radiance of the target at
wavelength A, 17(A) is the quantum efficiency of the detector, 7,u(A) is the transmission efficiency of the imager optics,
1(z,A) is the atmospheric transmission at of a thin layer of air of thickness dz a range z and wavelength A, Zyeerve IS the
absolute location of the imager along the line of sight, z.4« is the absolute location of the target, and ¢(z,A) and @.(z1) are
the radiance due to atmospheric emission and scattering of a thin layer of the amosphere. The RMS value of the detector
read noise, measured in electrons is Ny . Values for ky(A) and ky(A) can be readily calculated with the aid of commercia

software such as Lowtran.

4. SNR FOR FOURIER-TRANSFORM IMAGING SPECTROMETRY
For a Fourier-transform imaging spectrometer, the calculation of the SNR are a little more complex and results in
expressions at each wavenumber that are dependent on the whole spectra distribution of light transmitted to the detector.
Approximate expressions are calculated here that are serviceable in all cases. The number of photoelectrons per second,
es(X), recorded at each path difference x of the interferometer used in a Fourier-transform spectrometer may be written as a
bias plusthe interferogram and additive noise:

e.(0)= ! (o) koo )T 2 1 (1), 1)+,

(8)
where k(o) and ky(0) are defined in an analogous way to equation ( 7) and ky(o)+ks(0) is equa to the number total of
photoel ectrons per second that are recorded at the grand maximum position. ngy(x), ny(x) n,(x) are noise contributions at

path difference x due to the detector, shot-noise on the signal and shot-noise on the background respectively. These noise
components are random, non-deterministic and their values are characterized by their RMS values i, A (x) and A, (x)

and their spectra are assumed to be white. The detector read noise, ny (x) varies randomly with path difference x, but its
RMS value is independent of x. The RMS values of the shot-noise contributions are equal to the square root of the photon

count of each component and so the RM S values will be modulated by a 4/ (1+ cos(277ax))/2 envelope. They are given by

)= [ en O 2 Mg = T oo i1,

(9
where I5,(X) representsthe interferogram for either the target signal or the background, as appropriate. Thus the RMS values
of each shot-noise component can be considered as a constant value modulated by the interferogram associated with each
component and the RMS value is equal to that due to the bias multiplied by the RMS value of /1+ 1(x) . In the limits of an

interferogram for very broadband light or for monochromatic light the RMS value of /1+1 (x) is equal to 1. For the

continuum of bandwidths between these two extremes the RMS value of /1+1(x) iswithin a few per cent of unity. We
can thus approximate
T

—j: kep(0)do .

Ns (X) = >
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(10)
We can now evaluate ky(0)+k,(o) from Fourier inverson of ( 8). Provided that we have an estimate of k,(og) we can then
estimate k(o) which enables calculation of the incoming radiance ¢ 0).

In practice, values of eg (x) are recorded at a set of discrete path differences x, =offset+ioxfor i =1...Ngg and an

inverse discrete Fourier transform (DFT) is used to caculate ¢{o). Neglecting instrumental artifacts, the interferogram is
symmetrical and only the rea part of the DFT (the discrete cosine Fourier transform) is required. To emphasize that the

detector read-noise is a function of only the detector electronics and not interferometry we replace ny (%) by ng(i) and
write theinverse Fourier cosine transform of ( 8) as

7 o) folrte -
2 SeJotonen - Sl 5 s oo sl

i i=1

NFTIS

(11)

If we know all of the noise vectors exactly we can caculate ky(o)+k,(0) exactly and from calibration of k,(og) we can
calculate the required ky(g). However the noise components are random processes that limit the accuracy with which we can

calculate ky(0)+ku(0). We therefore make an estimate k(o) = k (o) +k, () -k, (¢)+ (o) where k(o) is an estimate of
the background signal and n(a) is the noise component. The SNR is therefore given by the ratio of the signa to the noise
component: k(c)/n(g)=k(o)/n(c) . We now estimate this val ue.

The signal-to-noise ratio for the calculation of k(o) is equal to the SNR for ¢{o) and is given by the ratio of the first
component in equation ( 11) to the quadrature sum of the three noise components. The sum of each noise component at
each spatial frequency is essentialy the sum of a sequence of random numbers multiplied by a cosine weighting function.
This expectation of the RMS value of this sum is equal to the product of the RMS value of the noise, the RMS value of the

weighting function (1/\/5) and the squareroot of the number of samples. The SNR may then be written directly as

og+00

Toot _[ ks(o)do

NR(o) =
\/ 2Nensig + Tio IU'::)( ks(o)do + Ty J.;r:l:x ky(0)do

(12)
where Tyt =NemisT isthetotal integration time during the scanning of the Fourier-transform spectral imager. Due to time lost
stepping the path difference and reading out the detector, the tota integration time will normally be shorter time than the
total timerequired to record the spectral image.

There are several important differences between equation ( 12) and the expression for the SNR of a DIS (eguations( 5)-( 7)):

» For a Fourier-transform spectrometer the shot-noise contribution is due to the full spectral band AG=0ra-Onmin rather
than a single spectral bin (note the limitsin theintegrals: Omax,Ominin equation ( 12) compared to A, A+OA in ( 6).)

» Thetota noise contribution from the detector reads is a factor of Nerjsgreater (the factor of two in equation ( 12) is due
to the factor described next)

» Theaverage optica transmission, for a conventiona Fourier-transform instrument, is limited to 50%.

» Thetota integration time T =Nems T, is the total spectrum time (rather than the time taken to record the image in a
single spectra band). Thisincreasein optica throughput is the Fellget multiplex advantage.

Equation ( 12) can aso be used for the SNR of a FS-FTIS provided an appropriate definition of is used; that is, for the FS-
FTIS, T is both the total integration time and the phase step time (Ti:=T). The justification is as follows. Equations ( 8) to
( 12) may be employed as above with the exception that the radiance at the instrument aperture is amplitude divided onto
Nems detectors by the anamorphic input optics in the FS-FTIS. The reduction in irradiance a each detector is compensated
by the increased integration time (assuming no pushbroom scanning of the dit across the scene) which can be Neqstimes
longer, Thusif thetotal integration times Tio=NemsT of thetemporal FTIS and Ti=T for the spatial FTIS are equal, the Neqis
factor cancels and the SNR in both cases is equal and is given by equation ( 12). That is, the SNR in the two-dimensional
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spectral image of the FTIS recorded in time Ty is equal to the SNR in a single line image produced by a FS-FTIS that has
stared at the same single line in the scene for the same integration time Ty, Of course the spectral images produced by the
two techniques are not directly comparable, since the temporally scanned FT1S enables the recording of a two-dimensional
spectral image during the total integration time whereas the spatial FTIS records a spectra image of only a single line and
will generally need to be scanned to form atwo-dimensional image. If the dlit of the spatial FTSis scanned across N, pixels,
the total integration time will be a factor of N, shorter with a consequent reduction of the SNR. This is the usual spatial
multiplex disadvantage associated with pushbroom scanning a slit image across the scene.

5. COMPARISON OF SIGNAL-TO-NOISE RATIOS OF DIRECT AND FOURIER-TRANSFORM
IMAGING SPECTROMETERS
Direct imaging spectrometry and Fourier-transform imaging spectrometry produce record specral data cubes through
fundamentally different processes and an exact comparison between equivalent systems is not possible. For example:

* The SNRin each spectra bin of a DIS isindependent of the signals occurring in all other spectral bins, whereas for a
FTISitisnot.

* Oneread of adetector is required for the DIS for each spectra bin, whereas for a FT1S, sampling of a double-sided
interferogram at more than twice the highest spatial frequency in the interferogramrequires at least a factor of two more
detector reads. The FTIS returns measurements of all spectral wavenumber down to zero frequency, athough in
practice there is no information of interest below the low frequency cut-off of the detection system. For the 8-12 pm
band, double-sided sampling of the interferogram at twice the highest spatia frequency in the interferogram (that is
Nyquist sampling) results in six times greater detector reads than an equivalent DIS. However, it is possible, in
principle, to reconstruct the spectrum by sampling only one side of the interferogram and by sampling at the Nyquist
gpatial frequency for the bandwidth of spatial frequencies in the interferogram, rather than for the highest spatial
frequency. In this case the number of detector readsis equal for both the DIS and FTIS. The number of detector reads
per spectrum is a particularly important parameters since a high number may result in a requirement for an excessive
detector framerate.

» The spectral resolution for a DIS tends to be constant in the wavelength domain, whereas the spectral resolution of the
FTISisconstant in the wavenumber domain.

* Random access to spectral bands is possible with a DIS, whereas for a FTIS al contiguous spectral bins are
reconstructed simultaneously and random accessis possible.

Fortunately the same mathematical formulation can be used both for a DIS and for a FS-DISthat is spatialy scanned across
the scene. In fact, if the degree of spectral multiplexing is equa to the degree of spatial multiplexing then the SNRs are
equal and the datarate, in terms of voxels (a pixel e ement with co-ordinates (x,y,A)) in the data cube per time interval will
also be equal. We may treat these together by employing the single parameter Nypx Which we use to represent either the
spatial or spectral multiplex factor used to construct the data cube.

For purposes of anaysis, we can thus choose the shape of the spectral cube to be whatever is most convenient for
comparison of SNRs. For comparison of one-dimensional snapshot imaging spectrometers, such as pushbroom scanned FS-
DIS and FS-FTIS systems, we set Nypx=1. If we wish to compare the SNRs of a two-dimensiona spectrally multiplexed
imager with a two-dimensional FTIS then N=Nypyx is equa to the number of contiguous spectral channels into which the
spectrum of interest is channelised.

We now derive the equations that enable comparison of the SNRs of the direct and Fourier-transform techniques for equal
volumes of data cube, that is for equal numbers of voxels. This enables (a) the comparison of FTIS with DIS and (b) one-
dimensional FS-DIS and FS-FTIS instruments. Using equations ( 6)and ( 12), theratio of the SNR of a DIS to the SNR of a
FTIS can be written as

Nwmpx ﬁdz A+0A A+6)
* — o5 ks(A)dA ki, (A)dA
NRes(@) Nupex TS J7 “ky(o)do TDIS [ kel + [ ko (1)
= A+ )
S\IRDls(J 1//]) th?tlSL ks(/] )d/] 2'\#:':%;55(1 + J':mml:x ke (G')da' + J-Ccrrmml:x Ky (G')da'

tot
(13)
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We assume that the spectral transmissions 7 "(0) and 1°'5() do not vary strongly with wavelength and can be replaced by
nominal values 7 "° and 1°'°. To enable us to write easily interpretable expressions we assume that the input spectra are
gray so that k(o) and ky(0) are constant with respect to o and hence at this level of approximation, so are ky(A) and ky(A) (it
should be noted that it is mathematically inconsistent for both k(A) and k(o) to be simultaneously gray, but this is a useful
approximation). Bearing this caveat in mind, we can write that since the total incident flux isidentica in both cases we can
write

J-cr+5c7

A+0A
 ks(o)do N [ ks()ar |

Z.FTIS Z.DIS

N

(14)
where N is the total number of spectral bands. In equation ( 13) T,.™® and T.A" are the total integration times used by the

detectors in the FTIS and DIS to record a spectral image cube. For equal radiance at the entrance apertures of the two
instruments, the total irradiance at the detector of the FTIS is greater than for the DIS, due to the need to simultaneously
record input flux across the full spectral bandwidth Oninto Omax rather than across only a single spectral bin A to A+dA. One

consequence is that for high radiance levels it is necessary to reduce the detector integration time TtgtT'S/NFﬂS to prevent
detector saturation and thislimitsthe SNR of the FTIS.

We use the following constants to describe the input photon flux

T [ kloldo [elm 1 [ klo)o

— K — A — min
s DIs N gpect [FTIS b DIs N gpect [FTIS
(15)
which can be inserted into equation ( 13) to give
T IS
Nwex —pis vt
NRemis _ 1" Nyex Tt Tt Nepeo
DIS DIS T
NRps 1 Toot PN FTT|s L FTIS
tot
(16)
where the following identities have been applied:
T= ﬁdz ﬁ:ﬁ y:—NFTIS
Nspect Ks(1+ ﬁ) s N
(17)

We make the following comments about these parameters. T /7 "' is the time taken for the output of the detector to give a
signal-to-noise ratio of unity at the grand maximum of the FTIS interferogram. T is therefore dependent only on the
detector read noise and the scene imaged by the detector. It is small for high radiance and for low detector noise. Sis the
ratio of background radiance to target radiance. It will be small for short-range imaging and large for long-range imaging
through an opticaly thick atmosphere. y is the ratio of FTIS phase steps to spectral bins. This will be equal to unity for
Nyquist sampling of the interferogram spatial frequency bandwidth and may be as large as six or more for Nyquist sampling
of the highest spatial frequency in the interferogram.

The parameter T isrelated to the integration time per detector read required to achieve shot-noise limited spectral imaging
and thisisafactor of N/2 longer for the DIS. Thisisillustrated in Figure 1 where we plot theratio given by equation ( 16) as

afunction of T, /T where T,y is the total integration time taken to record the spectrum. We see that for small values of
T /T totheleft of both dotted lines, both FTIS and DIS SNRs are detector-noise limited, the SNR of the FTIS is greater

than the SNR of the DIS and this advantage increases with increasing N. In the area between the dashed lines, the FTIS is
shot-noise limited, but the DIS is detector-noise limited and the FTIS dtill offers a SNR advantage. At high values of

T /T and small numbers of spectral bins, both the DIS and FTIS SNRs are shot-noise limited and the ratio asymptotically
approaches unity. This analysis assumes that no detector saturation occurs.
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As Ty, / T increases, both SNRg s and SNRps increase up to the point at which the number of photoel ectrons stored at the
detector pixd isequal to the detector well capacity and for higher levels of irradiance at the detector no further increase in
the SNRsis possible. Due to the high detector irradiances that occur in an FTIS, the FTIS detector saturates at alower value
of T /T than the DIS. Thus if we now repot Figure 1 taking into account detector saturation, we find that as T, /T

increases, the ratio SNRe1s /Ry s remains approximately level until the point a which the detector in the FTIS saturates.
Further increasesin T,y /T reduces SNRens/SNRpys until the value of T, /T a which the DIS also saturates above which
the SNRis constant. Thisisshown in Figure 2 for (a) a 3-5 um detector with a 20 million electrons well capacity and (b) for
a 8-12 um detector with a 70 million electron well capacity.

To apply the data plotted in Figure 2 it is necessary to know the value of T, /T for a specific application. Thisis governed

mainly by the system etendue, the scene and background irradiance, and the camera frame rate. Typical values and related
parametersfor each of the spectral bands are shown in Table 2 for imaging at nadir from aheight of 1,500 m. Values for Ks
and K, were calculated with Lowtran 7 and salient parameters are indicated in the caption. From the data presented it can be
seen that the FTIS offers a SNR advantage for low flux and large numbers of spectra bands. For a given number of spectra

bands, the SNR advantage of the FTIS can be seen to be greatest in the 3-5 um band where values of T, /T arelow and

the relatively large detectors result in large well capacities. In the 8-12 pm band typical values of T, /T are amost two
orders of magnitude higher so that only for large numbers of spectral bands does the FTIS offer a SNR advantage. The
minimum number of spectral bands at which the FTIS offers superior SNR to the DIS is summarized in Table 3 for typical

parameters and camerarates of 800 Hz and 40 Hz. For imaging through a gray atmosphere the ratio S=K/Ks is non-zero
and it can be seen from equation ( 17) that the data shown in Figure 2 can be used by calculating Ksand multiplying the

abscissa by (1+p).

0.1 10 1000

Teot /T
Figure 1 Depiction of the regions of detector-noise and shot-noise limited operation of the FTIS and the DIS when
y=1. See text for a further explanation.
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Figure 2 Variation of ratio of FTIS and DIS signal-to-noise ratios with normalised detector signal T, /T for the
indicated numbers of spectral bins
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Waveband

Range Nh|75 Nhsb T_ N Ti m/ T_ at Tun/ T_ at
(p S) (p S) (msec) camerarate camerarate
800Hz | 40Hz | 800Hz | 40Hz
Visible Zero 51 x10° 0 0.078 20 | 16 317 317 6342
1500m 2.4 x 10° 1.4 x 10° 0.025 50 1008 1009 20174
NIR Zero 2.3x10° 0 0.11 20 | 12 232 232 4646
1500m 15 x 10° 4.6 x 10° 0.041 31 616 616 12321
MWIR Zero 2.6 x 10° 0 2.6 10 | 0.47 9.5 4.7 95
1500m 1.4 x 10° 2,4 x 10° 1.8 0.69 14 6.9 138
LWIR Zero 6.8 x 10™ 0 0.0099 10 | 126 2520 1260 25208
1500m 4.8 x 10" 4.0 x 10" 0.0076 164 3290 1645 32908

Table 2 Table of typical values for Ks,Kp, T and Tin/ T for imaging at zero range and at Nadir for a 1500m vertical
path in each of the atmospheric windows for /2 systems using typical parameters for detector arrays and for a
target with albedo of 0.2 in temperate solar illumination at noon. T is approximately equal to the time required such
that the photon shot-noise on the output of a conventional fully staring detector (without spectral filters) is equal to

Waveband N (800 Hz) N (40 Hz)
Visible 65 489

NIR 173 1283
MWIR 1 15

LWIR 49 394

detector noise.

Table 3 Values of N above which the FTIS enables higher SNRs than DIS in each waveband at 800 Hz and 40 Hz
camera rates.

6. COMPARISON OF SIGNAL-TO-NOISE RATIOS OF ONE-DIMENSIONAL FS-DISAND FSFTIS
In this section we use ( 16) to make the very pertinent comparison between the SNRs of a push-broom scanned, one-
dimensional FS-DIS and a push-broom scanned, one-dimensional FS-FTIS. In both cases an image of the input dit is
dispersed across a two-dimensiona detector. For a FS-DIS, the dispersion is according to wavelength. For the FS-FTIS, the
dispersion is according to path difference between interfering components. Both systems propagate all light incident at the
dit to the detector arrays, so the FTIS exhibits no Fellget multiplex advantage over the DIS. However, for the FTIS, shot-
noise on the bias couplesinto al spectral bins causing an increased noise floor as can be appreciated from equation ( 12). As
a consequence, we would expect the SNR of a one-dimensional imaging spatial Fourier-transform spectrometer to be
generally poorer for broadband light than a one-dimensional dispersive direct imager. Thisis not necessarily true for non-
imaging Fourier-transform instruments for which the Jacquinot etendue advantage means that the Fourier-transform
instrument can have a higher optical throughput2.

To deduce theratio of SNRs, we use equation ( 16), setting Nypx=1, sincein both cases there is no multiplexing of the input
signal and setting equal total integration timein each case we can write the ratio of the SNRs in the shot-noise and detector-

noise limits as
Detector —noiselimit
FTIS
NRes-Fris _T f 1
DIS
S\IRFS—D|S T 2NFT|S

Shot—noiselimit FTIS
_ T
T4/ .-DIS
T~ Ngpect

So we see that assuming the optical transmission efficiencies are similar, the SNR of the spatial FTS will be worse than the
equivalent dispersive imaging spectrometer in all cases except for imaging of monochromatic light, for which the shot-noise
limited SNRs are equal. We conclude that the SNR of the FS-DISwill normally be superior to the SNR of the FS-FTIS,

Itis straightforward to use the equations presented in this paper to calculate the ratios of the SNRs involving a FS-DIS, such
as afiber-coupled device by setting Nypx=1. This enables equation ( 16) to be used to calculate the ratio SNRrs pis/SNReTis
and equation ( 5) and ( 15) to be combined to calculate the ratio SNRrs pis/SNRpjs. One then finds that in the former case

SNRes o1/ SNRets Varies between about \/ﬁ and /)N between the shot-noise and detector-noise limited conditions and

detector saturation has little impact on these values. In the latter case, SNRrs pis/ SNRp;s varies between vVNypy in the shot-
noise limit and Nypx in the detector-noise limit. Detector saturation however limits the SNR advantage of FS-DIS over DIS
in all wavebandsto high values of N and relatively high detector frame rates.

(18)
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7. CO-REGISTRATION

Wide fidd of view imaging spectrometry in more than a handful of spectral bands requires some form of temporal
multiplexing or scanning, as with a spectrally multiplexed DIS or atemporaly scanned FTIS. This scanning introduces the
problem of coregistration of sub-images illugrated in Figure 3(a). As the target tracks through the ground footprint, the
intensity of the image on the detector varies according to the convolution of the target intensity distribution with the
footprint of the imaging optics and this will vary between spectral sub-images or interferometer phase steps. Misregistration
between consecutive sub-images leads to differing relaive intensities in each spectra band or phase step and this leads to
distortion of spectra that cannot be calibrated post-detection. Distortion of the spectra can be ignored provided that the
relative motion between the scene and the imager is kept small; below the noise floor of the imager for example. The graph
in Figure 3(b) shows the fractional variation in responsivity as a uniformly colored square target is tracked across the center
of an imager footprint that is approximated by an Airy disk and when the target sides are of dimensions 0.0001, 0.5, 1 and 2
pixels. Clearly the problem is most severe when the square (or feature Szes) are small and from the figure we can estimate
that for fractiona errors of less than 0.01 and 0.001 (for SNRs of 100 and 1,000), misregistration must be less than about
1/20 and 1/50 of a pixel respectively, but this requirement can be significantly relaxed for target dimensions bigger than
about one pixel.
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Figure 3 (a) lllustrates the distortion in spectraintroduced by relative motion between an imaging spectrometer and
the scene and (b) shows how the resultant fractional error varies with misregistration offset for several sizes of
target (both measured in pixels)

8. MODELLING OF SIGNAL-TO-NOISE RATIOS

In the previous sections we have discussed the required SNR and coregistration for spectral imaging and the relative SNRs
that the four generic classes of imaging spectrometer offer. To enable ssimple equations to be written a gray spectrum was
assumed and some mathematical smplifications were made so that equations could be written that are not rigorously
accurate are genera and easily interpreted. In this section we illustrate these points numerically without the need to resort to
mathematically inconsistent simplifications. We use the example of wide field surveillance from adlow flying aircraft flying
at an dtitude of 1,500 m. For these parameters a point on the ground passes through the footprint of a single pixel in about
1/40 of a second. If we require a SNR of about 100, we can see from Figure 3(b) that coregistration of better than 1/20 of a
pixd isrequired, suggesting that if no tracking is used the camera frame rate would need to be 800 N, where N is greater
than 10. Such high frame rates of greater than 8 kHz are considered impractical, so we assume here that a track and stare
technique is employed to stabilize the image on the detector during the acquisition time for a single spectra image cube.
The rate at which the spectral image cube is generated is then determined by the required update rate and the maximum
duration for which the scene can be stabilized. We therefore assume a spectral data cube rate of 40 Hz.

Values of ky(A), ku(A), ks(0), ko(0) were calculated using Lowtran 7 and the calculated SNRs are plotted in Figure 4 for the
medium-wave (MWIR) and long-wave (LWIR) infrared bands. It is assumed that the spectrum is sampled in ten spectral
bands by each technique except for the partial DIS which records a selection of only five out of ten bands (and hence
enables twice the integration time per spectral band). In calculating this data it was assumed that for the partial DIS and FS-
DIS techniques the camera frame rate would be adjusted between a minimum of the spectrum refresh rate of 40 Hz and the
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maximum detector rate of 400 Hz. That is it is the minimum rate that simultaneously avoids saturation and enables the
required data cube rate. This enables the frame rate to be increased for these techniques and frame-to-frame integration to be
used so that the impact of detector saturation can be limited and the total integration time can be maximized. This has
resulted in the very high predicted SNRs for the FS-DIS techniques. The wide field-of-view FS-DIS with high angular
resol ution and modest-to-high spectral resolution is, to some extent, a theoretical construct that is useful only as areference
point (although it could be in principle be implemented using, for example, arrays of optical fiber coupled spectrometers).
The SNRs for the FS-DIS predicted here are equal to those for a classical pushbroom scanned one-dimensiona DIS,
although thisis not normally considered as areal-time image since it is one-dimensional. Similar data are shown in Figure
4 (c) and (d) for imaging in 100 bands (20 bands for the partid DIS), but it is assumed that a maximum detector rate of 1
kHz limits the spectrum frame rate to 10 Hz.

It can be seen that, for imaging in the photon-starved MWIR band with low spectral resolution, all techniques offer similar
SNRs, within a factor of two, but at high spectral resolutions the FTIS offers SNRs that are over ten-fold higher. The SNRs
of the partial DIS are similar to the FTIS although this will only be relevant if similar discrimination can be achieved from
the reduced number of spectral bandsin the partial DIS. In the LWIR band the high photon irradiances cause rapid detector
saturation that severely limits the attainable integration times for the FTIS and FS-DIS. Detector well-capacity is thus a
major factor in determining the achievable SNRs in the LWIR. It should be noted that these calculated SNRs are based on
somewhat ideal models and the actual SNRs, particularly in the MWIR, may be up to a factor of two lower than those
calculated.
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Figure 4 (a) and (b) Calculated variation in SNRs in the medium wave and long wave infrared bands for imaging
spectrometry of the ground at nadir from a slow flying aircraft. The four techniques modelled are ten-waveband
imaging using DIS, FS-DIS and FTIS and for partial DIS using 5 of these bands. The detector rate is the minimum

that is necessary to prevent saturation and is in the range 40-400 Hz. Frame-to-frame signal averaging enables
higher SNRs to be obtained with the partial DIS and FS-DIS techniques. SNR curves are shown in (c) and (d) for
imaging in 100 bands (20 bands for partial DIS) at 10 Hz spectrum rate.
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As gtated in section 2, whether the calculated SNRs are high enough to be useful depends very much on the similarity of the
spectra that must be distinguished. However for typical tasks of spectrum discrimination one can conclude that the SNRs
shown in Figure 4 (a), (b) and (d) are probably adequate. The SNRs shown in Figure 4 for high resolution spectral imaging
in the MWIR band are probably lower than might be desired and improved spectra discrimination may be obtainable from
the improved SNR that will be obtained from reduced spectral resolution (provided that the spectra to be discriminated are
dowly varying).

CONCLUSIONS

The principles for defining, comparing and calculating the signal-to-noise ratio performance of imaging spectrometers have
been presented with an emphasis on rea-time applications. The technique that offers the highest SNRs depends on factors
such as the waveband for application and required spectrd resolution. For high spectra resolution and the low irradiances
that occur in, for example, the 3-5 um band, SNRs are detector-noise limited and the Fourier-transform imaging
spectrometer is predicted to offer the higher signal-to-noise ratios. In the 8-14 um band detector photon radiance is much
higher and SNRs are shot-noise limited and furthermore tend to be determined by detector saturation levels. Thislatter point
discriminates against Fourier-transform methods and so in the LWIR and for applications with high detector irradiances in
general, SNRs are higher for the DIS techniques. However, the use of these temporally scanned techniques for red-time
imaging spectrometry, such as is required for wide-field of view airborne surveillance, is only feasible if good spectral
coregistration can be achieved otherwise a snapshot imaging technique must be used. Interestingly, it is shown here that in
all circumstances the spatia Fourier-transform snapshot imaging spectrometer offers inferior SNRs to the direct snapshot
imagers. Implementation of a wide field of view, snapshot imaging spectrometer with reasonable spectrd resolution is
problematic, but since such a device would require no step stare stabilization and SNRs are significantly higher,
developmentsin this areawould be welcome.
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