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Abstract— The paper presents the advanced radiometric
calibration method, called the IRCM (Iterative Radiomet-
ric Calibration Method), in order to avoid an operational
constraint (solar source) for calibration. The IRCM assumes
that an optical instrument is equipped with a filter assembly
which consists of same band filters with different transmission
ratios. Given all the noise sources (including the artificial one
caused by the filters) of an image sensor, the noncentral °
distribution of the output result is induced by the approach
of a noise PDF (Power Density Function). Finally, the radio-
metric calibration problem is transformed into equating two
independent relations for the image sensor gains through the
specified distribution.
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I. INTRODUCTION

The previous research works [1][2] about the radiometric
calibration have focused on combination of the Sun
and an extra source as the Moon, a star, a lake, and
an ocean. They mostly monitor the Sun for a short-
term radiometric calibration and the extra sources for
a long-term radiometric calibration. The data measured
by the extra sources are used to compensate for the
calibration error mainly due to the degradation of the
solar diffuser. As the approach to mitigate the operational
constraint such as a solar source, some instruments
[31[4] performs the on-board calibration with a black
body. Since the black body as a calibration source
is built-in, the calibration operation can be promptly
implemented whenever required. Despite the improved
operation constraint, however, the black-body calibration
is applicable to the infrared channels only. Healy (5]
has derived a noise distribution of a linear image sensor
model and extracted the linear sensor gain as a noise
parameter estimation. And Matsushita [6] has used an
asymmetric feature of a noise distribution which comes
from nonlinearity of a image sensor, instead of the noise
distribution itself. The asymmetric features obtained by
the multiple intensity levels are used to optimize the
nonlinear radiometric response function. While the noise
observation methods have shown the successful results
with the video camera, it is the basic drawback when
they are applied in the space that the noise distribution of
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the space instrument is normally too small to be detected
even around high intensities. Moreover, a nonlinear image
sensor model is taken into account in the paper, differently
from Healey.

The IRCM conceptually adopts same band filters with
different transmission ratios, as an artificial noise source
of an input radiance value. The filter varies input electrons
at a detector level as noise sources do. The results
aggregated at an image processor level shows a kind of a
noise PDF (Power Density Function) which is similar to
the noncentral x? distribution. Such a statistical feature
enables an unknown input radiance to be estimated, which
easily leads to gain estimations of an image sensor. Since
the proposed IRCM requires only one consistent scene, it
is advantageous that there is no operation constraint such
as a solar source.

Section II induces the noise PDF applying the artificial
noise sources to a nonlinear image sensor model. In
section 111, the gain estimation method is presented based
the Tesults in the previous section. Finally, the concluding
remark is given in Section IV.

I1. DERIVATION OF NOISE PDF

Considering the nonlinear image sensor model and the
noise sources, the relation between the input-radiance (L)
and the output-digital value (D) is

D = g/(g5s9.TL+Npsr)—gn(9590TL+Npsr)*+NEg,

L
in which g;, gn, gs. and g, are the linear gain,the nonlinear
gain, the pixel sensitivity, and the optical gain, respectively.
As the noise sources, Npsr and Ngg are defined by

Npsr =T0p + Ns + Ng, @
and
Ngg = Og + Ng, 3

where T is an integration time; Op and Op are the offset
values due to the dark signal and the electrical components,
respectively; Ng (shot noise), Ng (read-out noise), and Ng
(quantization noise) are the random noise variables. As the
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artificial noise source, the input radiance through the filters
is represented by
L=TL+AIL, )

in which L is the mean value of L and AL is a random
variable whose mean is zero. Then, we obtain the averaged
value of D
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) +0Ogr+ Dy,
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) - gnsoT2 (f-i— Op

80

D = gsT (f+ Op

So

and its stochastic value

Dy = (giso — 2119ns0) NisR — gnsoN2sr + No
= pNLsr — GnsoN2gg + No
= Nis + No, ©6)
where

92y, @
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Gso = Gs9o; Giso = Gigsoy H = T(L +
and
NLSR:TAL+NSR/950:TAL'JFNSR. ®)

Three relations are sequentially induced based upon the
above equations as follows:

Giso — \/ggso - 497150(E - OE - —D—N)

o= 29nso O
920 2 49nso(D — Op — Dy), (10)
and
p= \/9,250—49nso(b“0E —Dy)>0. (11
Since the PDF of N .sr is formulated in
FRan(@) = €75/ [\/2mg? (12)

according to the previous result [7], we find the PDF of
Dy,

fou (@) = 2q( (¢1($ 4/2)) _eﬁ($1($+Q/2))

N Vo V2p
) Balz +4/2)
(27 e (M)
(13)
with the condition of
< P q#0 (14)
- 4gnSO 2, ’

in which g is the quantization step,

p+ VP — 4gnow

) = =5 — (15)

~ 5— A/p% —

¢2($) — p ;g 4gno.'L', (16)
and R

¢> =T?V(AL) + V(Ngg). a7)

The summing and the averaging procedures are used to
increase a mean and a variance of a noise PDF in a low
intensity region and to make the overall range of the noise
PDF satisfy (14) with the decreased variance, respectively.
In accordance with (6), Ny is reformulated by

. 2<A7LSR—ﬁ/2gno>2 L
NS0 (p 4gnso
~2

Nir=—

~ 2
= _gnso(PQN}JSR + (18)

4Gns0

in which N 1 gg 18 the Gaussian distribution whose mean
and variance are —p/2g,s,¢ and 1, respectively. Then,
define

k
1
Xri(k,n) = —Z LI

3

kp?

nso

— gnso(lo ZNLSR1+ , (19)

where k is the number of the added random variables,
n is 1 or k, NL” and NLSRZ are the [-th measured
random variables, and X1 ;(k,1) and X;;(k,k) indicate
the summing and the averaging procedures respectively.
Since Zl 1 L2 sgr, is a noncentral x? distribution in
k degree of freedom, we immediately have the PDF of

Xpi(k,n) as follows:
fXL](k,n)(x)
k/4—1/2
n —(z(x)4v)/2 Z iII)
e ()
in which
. n kp? kp?
Z(l‘) N gnso‘P2 (4ngnso $)7 T 4ngnso’ @D
kp?
= o 2
492,.9* @2
k/2-1 oo m
By (V@) = (L2 Loel)/ 4"
3 2 —, m['(5 +m)
(23)

and ['(k/2 + q) is the Gamma function. Here, it is noted
that
oo
fDy oz (@) =/ g (OFx @@ —0dl. (24
Meanwhile, if & > 2, the summing or averaging of the
uniform distribution (Ng) can be approximately consid-
ered the Gaussian distribution, G (k, n), whose mean and

variance are zero and kq”/12n?, respectively. Therefore,
defining

XLIQ(k,n) XLI k TL

ZNQI

= XLI(]C,TL) +GQ(k', n), 25)
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we find the characteristic function of X1,;o(k,n), in case
of £k > 2,

(I)XLIQ(k,n)(w)

~ Px, ) (@) Rag (k) (W)

= @XLI(k,n)e_kq2w2/12n2
kg® 5 1/ kg® N2
B (1 R L (Y
X11(kn) 122" a1z @
= Z ;n—'(12n2) (_]w>2 ¢XLI(I€:?’!«)' (26)
m=0
Consequently, the PDF of X;;4(k,n) becomes,
ifk=n=1,
: g
fXLIc;z(Ll)(x) = fDN,AT(‘U)’ TS 4gnso X @7

and if £ > 2,

fXLlQ(k,n) (17)

d2m
~ fXLI(kn + Z ml (12”2) dﬂ}szXLI(kn ( )
(28)
kp2  k

Using the concept of a noncentral x2 distribution, the mean
of the Xp1¢(k,n) is given by

YLIQ(]{?,TQ = E(XL[Q(]C,%))
B(X11(k,n) + CB(Ng)

I

 Gnso® ki

= k
n Tk 4ngnso

_k
= —Egnswp

k—
=-D
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which is always negative. And the variance of X ;o (k, n)
is obtained by, in accordance with the variance of 2
noncentral x? distribution,

ViXrigk,n)]

= V[Xr1(k,n)] + 5 V[Ng]
_ gmow kq2
== SRE (2 + 41/) o2
_ kgoop! 7 kq?
e 5 )+ 2
252 -
= '];XUQ(’%”) - Xrig(k,n) + .

Since X ;g(k,n) <0, we find in (31) that the variance
of Xprq(k,n) increases as |.X 1.1g(k,n)| does.

I11. ITERATIVE RADIOMETRIC CALIBRATION

For V(AL), the normal noise sources (shot and read-out)
and the scaled transformation simply give

~ P T 0O 2
VNsr) =2+ o= = (T+22)+ 5, ()
gSD gso gS(} gSO 80

where 72 is the variance value of Ng. Assuming the
normal imaging mode with two different integration times
(Ty,Tv), we can obtain two linear equations:

X kgnso O kGnsoT

P
Yso so

and

X kgnso (= O k nsoT

ot = 1 (5 02)

Given T7 and 7%, (33) and (34) naturally Iead to the
identification of

S50 O k ns 2
Fgnso B (T4 Z2) ang el 3s)
n Yso NGso
which also allows the definition of Fy(T"),
’ k nso O k NSO 2
F(T) = —~dnse (L+ D)—iQ—T. (36)
n 9so G50

Moreover, by (7) and (9), ZILOD /gso becomes a function
of gso and gnso, assuming L = O during the dark signal
acquisition mode,

” Giso — \/91250 - 49?&50(_D.d - O - EN,d)
F (glsosgnso) = D) .
Gnso

(37)
In the calibration process, the same band filters with the
different transmission ratios are used to obtain the earth
images, assuming that the acquired image number of each
filter follow the Gaussian distribution whose mean and

. - -2 . .

variance are L and L°, respectively. Then, according to
(17) and (30), we obtain

4 k nso k nso
Xi1gs = ~—=2(TL) - 22F (T),  (39)
which is also rephrased in
. n o — ,
1L = (T gnee) = || = Kuraa+ F(T). (9

And combining (9), (37), and (39) gives the relation of g,,,
and gnso,

G(Ta g’nso) + F” (glsoy gnso)
Giso = \/ 92, — 4gnso(D3 — O — D 3)
B 2Gns0

Meanwhile, by replacing I~ with I for V(AL), (38) and
(39) are reformulated into

. (40)

N kgnso (TL) kgnbo Pw (T)

(41)
n n

YLIQA =
and

TT; == G(T, gnso) = kgn

nso

Xrrgs-F(T). @2
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While X, 1Q,3 can be calculated without knowing the
input radiance value, L, due to the characteristic of the
Gaussian distribution with the variance of fz, the input
radiance value is necessary to obtain X 1Q,4 based upon
the variance of L. For the reason, we cannot induce Inso
just by equating (39) and (42). Instead, the following
iterative approach is taken to perform the radiometric
calibration:

1) calculate X ;¢ 3 with the filer data,

2) select the candidate of g,,,,

3) obtain T'L in (39),

4) calculate X .1¢ 4 by the value of L given in Step 4),

5) check (42),

6) if no problem is found in Step 5), find g5, in (40),
otherwise, go to Step 2).

In particular, the non-linear gain in Step 2) needs to
be selected in a way to decrease the error in Step 5) for
the solution convergence.

In case that F,(T) and F//(g,so,gnso) are relatively
very small, (39) becomes

/ n —
G(Ta gnso) ~ 'kg XLIQ,3|7

which results in , by (5),

(43)

Gnso = Clgzio (44)

and
¢ =— ’nkXLIQvg
(D — OE — DN — nXLIQ’3)2

In the similar way, applying the above assumption to the
case of V(AL) = L also leads to

>0. (45

Gnso = C2Gis0 + C3, (46)
in which
X
e =~ >, @7)
k(D - Og — Dy)
and
n2X?
g = LIQ4 <0. (48)

(D —Op—Dn)
Two independent equations, (44) and (46), are induced as
a function of g,;, and g,s,. By equating them in terms of
each gain, we can obtain at most two pairs of solutions. In
practice, however, one of two solutions is identical to the
real gain values and the other meaningless. Accordingly,
we learn that, through the proposed IRCM, the real gain
values can be recognized as the iteration goes on, if the
gain candidate is selected within the convergence bound of
the right solution. As a matter of fact, the first nonlinear
gain candidate, which is actually the previously calibrated
gain, is likely to be selected around the real value, since the
frequent radiometric calibration in a real orbit guarantees a
gain difference under a convergence bound. The example
is given in Fig.1, assuming that the larger gain values are
the meaningful solutions.
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Fig. 1. Convergence Bound Example with (42) and (46)

IV. CONCLUDING REMARK

The IRCM method, using the two different input noise
variances, is proposed to identify the image sensor gains
without any knowledge of an input radiance. The indepen-
dence of the solar radiance, in the radiometric calibration
process, is expected to alleviate the operation constraint
and to minimize the sun exposure during the hot case.
For the further study, generalization of the convergence
proof and bound will be addressed to show the IRCM’s
applicability to many different types of sensors.
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