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Abstract— The noise equivalent delta temperature (NEDT)
determines the radiometric resolution of a radiometer. Determining NEDT is indispensable for assessing the in-orbit radiometer performance and quantifying uncertainty propagation from
radiance to climate data records. Agencies of EUMETSAT,
UK MetOffice, and National Oceanic and Atmospheric Administration (NOAA) have developed their own algorithms for calculating and monitoring NEDT of in-orbit microwave radiometers.
These algorithms are an essential means for monitoring NEDT
and hardware health. While remarkable accomplishments have
been made, there appears to be room for improvement. The
investigation is needed for the NEDT underestimate found at
channels like G-band that has pronounced 1/ f noise. Also, it is
necessary to explain the inconsistency in calculated NEDTs of
different algorithms. We have reviewed the theoretical basis
for determining NEDT and developed an improved algorithm
of clear physics and mathematics. We have developed methods
for handling error sources that can result in either negative or
positive biases with an overall underestimate of NEDT. We have
done comparison and validation with the prelaunch thermal
vacuum chamber (TVAC) test, in-orbit data, and simulation.
The new algorithm significantly improves the estimate of NEDT,
including the G-band and advances the understanding of algorithm structures and physical foundations. It can accurately
monitor in-orbit NEDT and facilitate quantifying the associated
uncertainty propagation through science products.
Index Terms— Microwave radiometry, noise equivalent delta
temperature (NEDT), remote sensing, satellite, uncertainty
quantification.

I. I NTRODUCTION

T

HE noise equivalent delta temperature (NEDT) represents
the radiometric resolution and sensitivity of a radiometer [1], [2]. It is also called equivalent noise temperature, noise
equivalent differential temperature, or some other variants.
NEDT is a critical metric that needs to meet the mission
requirement for all spaceborne radiometers [3]–[5]. Measuring
NEDT allows for monitoring hardware noise and health. The
NEDT associated uncertainty not only affects the level-1
radiance/brightness temperature but also propagates through
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higher level science products, such as climate data records
(CDRs) [6], [7]. Such uncertainty is presented for both a single
satellite and constellation radiometers with intercalibration [8],
[9]. NEDT is also an important parameter in simulating and
assimilating satellite data for examining radiometric uncertainty propagation. The accurate measurement and estimate
of NEDT are a vital component of uncertainty quantification
of satellite-based data records, such as CDR.
Algorithms of calculating NEDT have been developed
for in-orbit radiometers by different agencies, including the
European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT), the UK Meteorological Office
(MetOffice), and the National Oceanic and Atmospheric
Administration (NOAA) [10]–[13]. These algorithms have
been applied in operation for monitoring in-orbit NEDT of
different radiometers. They have played a critical role in diagnosing hardware health and monitoring the long-term changes.
At NOAA Center for Satellite Applications and Research
(STAR), a dedicated site of Integrated Calibration/Validation
System (ICVS) has been developed for monitoring the status,
such as NEDT of operational radiometers [14]. NEDT of
NOAA’s microwave sounders can be found at ICVS near real
time with a latency of less than 1 h. The site traffic has over
50 000 visitors per year, showing a pervasive influence and
growing interest.
While remarkable accomplishments have been made, there
is apparent room for improvement. A notable underestimate of
NEDT is found at channels, such as G-band, which is prone
to 1/ f noise [15]; nonnegligible differences of calculated
NEDTs have been found between different algorithms [16];
and more explanations are necessary for interpreting traditional algorithm structures and the use of some empirical
parameters [10]–[13]. In the study, we aim to explain the
observed inconsistency and develop an improved algorithm
that has clear physics and mathematics. The remainder of this
article proceeds as follows. We will first review the theoretical
basis for determining NEDT in Section II. In Section III,
the new algorithm is introduced. We will lay out the algorithm
structure and explain how it can deal with different error
sources that can result in either negative or positive biases.
The comparison and validation with the thermal vacuum
chamber (TVAC), in-orbit data, and simulation are presented
in Section IV. We will compare observations with theoretical
analyses. Section V concludes the study with a discussion. The
traditional algorithms are presented in the Appendix.
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II. T HEORY R EVIEW
We first review the theoretical basis of NEDT. An algorithm
for deriving NEDT should be consistent with the theory with
a solid foundation of physics and mathematics.
The power a radiometer antenna receives and delivers to the
receiver is [1]
PA = k · T A · B

(1)

where PA is the antenna power, k is Boltzmann’s constant,
TA is the antenna temperature, and B is the bandwidth.
TA includes both incoming radiance and the antenna selfemission, which, in practice, is an average of noisy signals
accompanied with measurement uncertainty.
The radiometric resolution is the measurement sensitivity
of TA . It can be quantified by estimating the uncertainty of TA
that can be rewritten as
TA = TA,ideal + TA

(2)

where TA,ideal is an ideal term that is noise free and TA is
the uncertainty term.
NEDT represents TA and can be determined by the second
moment of TA by [1]

2
NEDT = TA 2 (t)dt.
(3)
The equation is written as a function of time. An equivalent
but a different form in the frequency domain is sometimes used
per Parseval’s theorem [2] that we will introduce shortly.
The antenna temperature can be related to the measured
count as
(TA + TR )G = C

(4)

where TR is the receiver temperature, C is the measured count,
and G is the power gain. The system temperature is the
summation of the antenna and receiver temperature
Tsys = TA + TR .

(5)

To appreciate variables affecting NEDT, the uncertainty of
the system temperature Tsys is written as [1]

1
G 2
1
+
Tsys = Tsys
(6)
Bτ
G
where Tsys = TA + TR , and TR is the receiver temperature. G
is the power gain with its fluctuation as G. We see that
the radiometric resolution is affected by the bandwidth B,
the integration time τ , and the gain fluctuation G.
Hersman and Poe [2] proposed a variant form of Tsys
written in the frequency domain instead of the time domain
 ∞
2
Tsys
= c2
d f Sr ( f )H ( f )
(7)
0

where c is a constant, Sr ( f ) is the radiometer characteristics
power spectrum in the frequency domain, and H ( f ) is the
transfer function describing the periodic calibration. One of
the purposes of the modified form is to emphasize the impact
of periodic calibration. Furthermore, the thermal noise exhibits
a different power spectrum from 1/ f noise in the frequency

domain as shown in the study of Hersman and Poe [2]. Examining noise in the frequency domain can discriminate noise
from a unique perspective different from the time domain.
We will utilize the power spectrum for characterizing noise
and comparing algorithms.
III. NEDT A LGORITHM FOR IN -O RBIT R ADIOMETERS
A. Algorithm Overview
We have developed an algorithm for determining the NEDT
of in-orbit radiometers. The algorithm takes the strength of
traditional algorithms and has a physical substance with a
bunch of error sources removed. We take the Advanced Technology Microwave Sounder (ATMS) onboard Suomi National
Polar-orbiting Partnership (SNPP) as an example since it
has carried out thorough TVAC tests [10], [17], [18]. It has
also gone through careful calibration and inter calibration
[19], [20]. Its in-orbit status, including NEDT, is continuously monitored as can be found in NOAA’s ICVS site
(www.star.nesdis.noaa.gov/icvs/) [14].
The earth scene temperature has a large dynamic range.
Extracting noise, TA , from the earth scenes is difficult and
yields large errors. The warm-load antenna temperature can
be used instead since it is more stable and can be measured
by PRT [10]–[13]. In the meantime, it is necessary to remove
a bunch of error sources for an accurate estimate, such as the
warm-load orbital oscillation.
The warm-load count is related to its incoming radiance as


(8)
TA,W + TR G = C W
where TA,W is the warm-load antenna temperature, C W is the
warm-load count, and G is the power gain.
Likewise, the cold-space count is
(TC + TR )G = CC

(9)

where TC is the cosmic background temperature and CC is
the cold-space count. We write the cosmic temperature as TC
rather than TA,C since the cosmic temperature is used as a
reference for calibration, which is often a constant in practice.
To reduce noise, the gain is derived with smoothed counts of
several scanning periods. Fig. 1 shows the diagram of scans in
the cross-track and along-track directions and the smoothing
window. The smoothed cold-space count is
CC k =

k+n
M


1
wj
CC i, j
M(2n + 1) j =k−n
i=1

(10)

where i is for the cross-track scan, j is for the along-track
scan, and k is the new dummy variable of the along-track scan
since the smoothed counts are only dependent on the alongtrack. M is the number of cross-track scans of warm-load (e.g.,
M = 4 for ATMS). w j is the window function for the moving
average with 2n + 1 as the window size. It can be either a
rectangular or triangular window
⎧ 1
⎪
,
rectangle
⎨

w j = 2n1+ 1
(11)
| j|
⎪
⎩
1−
, −n ≤ j ≤ n, triangle.
n+1
n+1
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along-track scan after smoothing. It is noted that the gain
is calculated with warm-load counts of the first subset with
3 ≤ i ≤ 4. TC is a constant, such as 2.73 K for the cosmic
background.
The warm-load antenna temperature TA,W is given by

1 
TA,Wi,j =
(15)
CW i, j − CC j + TC , 1 ≤ i ≤ 2.
Gj
It is noted that TA,W i, j only has two scans with 1 ≤ i ≤ 2
in the cross-track direction since the other two have been used
for calculating the gain.
The derived warm-load antenna temperature contains signals of the orbital oscillation of warm-load temperature that is
not noise and should be removed. Since orbital oscillation is
well measured by the warm-load PRT, it can be removed by
Fig. 1. Diagram of cold-space and warm-load counts in the cross-track and
along-track directions. There are ∼ 2 000 along-track scans per orbit and four
cross-track scans for either the cold or warm counts. A smoothing window is
used for deriving the gain with a window length of five and nine along-track
scans for the cold and warm counts, respectively.

There is only a negligible difference of a few hundredth
Kelvins of NEDT between using the two windows. The
window size can be optimized on the ground test. For ATMS,
it is determined in the ground TVAC test, which is 9 for
channels 1–15 and 5 for channels 16–22, respectively [17].
With respect to the above equation, n = 4 for channels
1–15 and n = 2 for channels 16–22.
The smoothed warm-load PRT temperature is
TW k =

NPRT
k+n


1
wj
TW i, j
NPRT (2n + 1) j =k−n
i=1

(12)

where NPRT is the number of PRTs used for measuring the
warm-load temperature. For ATMS, eight PRTs are used for
K-/Ka-/V-bands with five PRTs for W-/G-bands.
The smoothing for the warm-load counts is different from
that of cold-space counts. The warm-load counts are divided
into two subsets. Doing so can calculate the gain and T A
separately and avoid generating a pseudo- f 2 noise as we will
discuss later. For ATMS, the two subsets can be for cross-track
scans 1 and 2, and 3 and 4, respectively. Each subset has the
same number of along-track scans that have ∼ 2 000 scans of
one complete orbit. Thus, each subset is a matrix of 2 × 2 000.
Specifically, we first smooth C W that is used for calculating
the gain as follows:
CW k

k+n
4


1
=
wj
CW i, j
2(2n + 1) j =k−n
i=3

(13)

where there is 3 ≤ i ≤ 4, indicating a subset of all the four
cross-track scans.
The gain is calculated by
Gj =

CW j − CC j
TW j − TC

(14)

where the subscript i for cross-track is omitted with j
retained, indicating these variables are only dependent on the

NW i, j = TA,W i,j − TW j

(16)

where NW i, j is the warm-load noise.
NEDT is the square root of the unbiased second central
moment
⎤1/2
⎡
N 
2


2
1
NW i, j − NW ⎦
(17)
NEDT = ⎣
2N − 1 j =1 i=1
where N is the number of along-track scanline
 aftersmoothing
M
NW i, j .
with tails removed, and NW = (1/MN) Nj=1 i=1
Since there is a total of 2N samples, the unbiased estimate
has a denominator of 2N − 1.
In the following, we will discuss the specifics of our algorithm. We will explain why these procedures are crucial for
an accurate estimate of NEDT. The pitfalls that can introduce
biases will be discussed. We will also compare our algorithm
with traditional ones.
B. Removing Orbital Oscillation
In our algorithm, the warm-load orbital oscillation is
removed with the PRT temperature as in (16). The removal
looks subtle but is important. The environment and status
of a radiometer usually have an oscillation as the spacecraft
orbits the earth. Fig. 2 shows the warm-load temperature of
Suomi NPP ATMS. A notable temperature variation due to the
orbit oscillation is observed with the peak-to-peak amplitudes
of 0.21 and 0.37 K for the K-/Ka-/V-band and W-/G-band,
respectively. The oscillation has a period of ∼ 100 minutes
as the same as the period of the sun-synchronous orbit of
NPP. Such orbital oscillation has been found in all the other
radiometers [3], [4], [21], [22].
The orbital oscillation is not noise and has to be appropriately removed from computing NEDT. Since NEDT is often
derived from the warm-load temperature with a full orbit, not
removing the orbital oscillation would overestimate NEDT.
However, the oscillation is not removed in traditional algorithms [11]–[13]. On the other hand, inappropriately removing
the orbital oscillation can also result in errors. While the orbital
oscillation is a low-frequency signal, the 1/ f noise can also
play a role in the low-frequency regime [15]. A simple cutoff
of the low-frequency part of the noise, which intends to reduce
the orbital oscillation, will leave noise like 1/ f uncounted and
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Fig. 2.
Orbital oscillation of ATMS warm-load temperature at the
K-/Ka-/V-band and the W-/G-band. ATMS has two separate warm-loads:
K-/Ka-/V-bands share one warm-load, and W-/G-bands use the other one.
The orbital oscillation has the same period of ∼100 min as the spacecraft
orbit. It should be removed from computing NEDT since it is not noise.

underestimate NEDT. We will explain how to deal with the
low-frequency noise in the following.
C. Preventing Pseudo- f 2 Noise
Our algorithm separates the warm-load counts to two subsets [see (13)–(15)]. The gain and warm-load antenna temperature are calculated from the two subsets, respectively. The
procedures are different from traditional algorithms that blend
the calculation of gain and warm-load antenna temperature
[11]–[13]. In traditional algorithms, the warm-load counts are
smoothed by

CW
k =

k+n
4


1
wj
CW i, j
2(2n + 1) j =k−n
i=1

(18)

where there is 1 ≤ i ≤ 4 for ATMS, which is different from
(13) that only uses cross-track positions of 3 ≤ i ≤ 4. The

in
calculation of G and TA,W also uses 1 ≤ i ≤ 4, and TA,W
traditional algorithms is given by [11]–[13]

1 

TA,W
CW i, j − CC j + TC , 1 ≤ i ≤ 4.
=
(19)
i, j
Gj
The above equation is a blending method that does not
discriminate counts for calculating G and TA,W . It is different
from (14) and (15) that subset warm-load counts and differentiate the derivation of G and TA,W . It also differs from
the normal operation for deriving the earth-view brightness
temperature. In normal processing, the gain is calculated from
cold and warm counts without using any of the earth scene
counts. The gain and the earth counts that are independent
of each other are then used for computing the earth scene
temperature.
A pseudo- f 2 noise in the power spectrum can be made up
with the blending method. Fig. 3 compares the power spectrum
of the two methods. Our method clearly shows the presence of
1/ f noise at the low-frequency regime, whereas the blending

Fig. 3.
Power spectrum density of noise of the warm-load antenna
temperature at the G-band channel 16 of NPP ATMS. The blue one is from
the normal processing by separating warm-load counts for calculating the gain
and antenna temperature. The red line is from the blending method where
the gain and antenna temperature are not independent of each other. The
normal processing shows the thermal noise and 1/ f noise at the high- and
low-frequency regimes, respectively. In contrast, the blending method generates a pseudo- f 2 noise, resulting in an underestimate of NEDT.

method generates a pseudo- f 2 spectrum. It should be clear
that the blending method does not reduce 1/ f noise. The earth
scene brightness temperature still has 1/ f noise. The pseudof 2 noise is simply a false signal due to inappropriate signal
processing. The false processing results in an underestimate
of the low-frequency noise, such as 1/ f noise.
The pseudo- f 2 noise can be explained by the Fourier
transform. When the gain and scene temperature are derived in
a blending way, the scene temperature is mathematically based
on the first derivative of counts. Thus, its Fourier transform
follows:


(20)
F f  (x) = ( j ω)F(ω)
where f (x) is the function for counts, f  (x) denotes the first
derivative, ω is the angular frequency, and j is the imaginary
number. F(ω) is the Fourier transform of the function f (x),
which is F(ω) = F ( f (x)). The power spectrum S(ω) is
proportional to the square of the Fourier transform
S(w) = ( j ω)2 F 2 (ω).

(21)

We see that S(ω) has a multiplicative term of ( j ω)2 , which
results in the pseudo- f 2 at the low-frequency regime.
D. Using an Unbiased Estimator
An unbiased estimator is employed in our algorithm [see
(17)]. This is different from using a biased estimator that can
bias the estimate of NEDT. When processing the radiance
data, we deal with a discrete and finite sample, which has the
sample variance [23]. We want the sample variance to be a
good estimator of the population variance that is for an entire
population and can be infinite and continuous. For estimating
the variance of noise, there exist two different ways of biased
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and unbiased estimators
⎧
M
⎪
1 
⎪
⎪
biased
(x i − x)2 ,
⎪
⎨M
2
i=1
σ =
M
⎪
1 
⎪
⎪
⎪
(x i − x)2 , unbiased
⎩M −1

5

(22)

i=1

sample variance and x i is the mean such
where σ is the 
M
x i . When M is large enough, there is
that x i = (1/M) i=1
only a negligible difference between the unbiased and biased
estimator. However, a small M can result in a noticeable
difference.
We can write the warm-load TA as
⎤
⎡
x 1,1 . . . x 1,N
⎢
.. ⎥
..
TA = ⎣ ...
(23)
.
. ⎦
2

x M,1

...

x M,N

where the row denotes the cross-track scans and the column
is for the along-track.
The following steps have been employed previously [11],
[12]:


N 
M
 1 

2
NEDTbiased = 
(24)
x i, j − x j
M N j =1 i=1
M

where x j is the cross-track mean, x j = (1/M) i=1 x i, j . This
is a biased estimate that underestimates NEDT. An unbiased
estimator is


N 
M



2
1
NEDTunbiased = 
x i, j − x j . (25)
(M − 1)N j =1 i=1
The difference is in the denominator with M − 1 substituting
M, and the new equation is an unbiased estimate [23]. While
there is M = 4 for ATMS, using a denominator of 1/M instead
of 1/(M − 1) will underestimate NEDT.
Fig. 4 shows the difference between biased and unbiased estimates for NEDT. The thermal noise is generated
with the additive white Gaussian noise (AWGN) and added
into the warm-load T A , and the biased and unbiased estimates are illustrated. The bias is a function of cross-track
scans M. The negative bias is pronounced with a small M.
It can be reduced with a larger M, but the underestimate is
persistent.
E. Avoiding a Limited Time and Frequency Scale
In our algorithm, we count the antenna temperature noise
in the entire time and frequency domains of the given sample
as in (17). On the other hand, biases can be introduced if
the noise is estimated with limited time or frequency scales.
The radiometer noise has a dependence on frequency and
time. At a time scale of a millisecond or less, thermal noise
usually dominates. With a larger time scale, 1/ f noise and
orbital oscillations can play a role [2], [15]. This means that
NEDT derived from different time or frequency scales can
be different. Scale issues occur when NEDT is derived from
using a limited time or frequency scale.

Fig. 4. Biased versus unbiased estimators. The dashed line is the truth. The
biased estimator has negative biases that become pronounced with a small
number of cross-track scans.

Assuming that the warm-load TA is a matrix of [M, N] as
in (23), NEDT was calculated by steps as follows [11], [12]:
σk2 =

k+n 
M


2
1
x i, j − x k
M(2n + 1) j =k−n i=1

(26)

k+n 
M

1
x i, j .
M(2n + 1) j =k−n i=1

(27)

where x k is
xk =

n is set as 3 in traditional algorithms [11], [12]. This corresponds to 18.7 s for ATMS since the window size has seven
along-track scans.
NEDT of a limited time window was derived as [11], [12]


N −n
 1

σ 2.
(28)
NEDTlimited = 
N − 2n k=n k
The term σk2 only counts variance in a short window of
2n +1 along-track scans, that is, 18.7 s. In other words, it only
counts the high-frequency noise (<18.7 s) while neglecting
any low-frequency noise (>18.7 s). This can bias NEDT when
noise is dependent on the time and frequency scales.
Fig. 5 shows NEDT derived with the afore-said method with
three different noises, including thermal, 1/ f , and quantization. The thermal noise is generated with an AWGN generator,
and 1/ f and quantization noises are based on AWGN and
Fourier transform [31]. NEDT is calculated with varying
cross-track window sizes. The NEDT of thermal noise is
insensitive to the window size. This makes sense since thermal
noise has a flat power spectrum, and it is independent of
frequency and time. In contrast, 1/ f noise is underestimated
with a small time scale that is the high-frequency regime.
As the window size increases, the NEDT estimate approaches
the truth. Quantization noise is the opposite of 1/ f noise
such that a small time scale overestimates NEDT. This is
because quantization noise has an inverse power spectrum.
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Fig. 5. Different time scales result in different NEDT. For the thermal noise, the NEDT calculation is insensitive to the time scale in terms of the window size.
The 1/ f noise is underestimated with a small time scale that only counts the high-frequency regimes, and conversely, the quantization noise is overestimated
with a small time scale.

To summarize, using a limited time and frequency scale can
bias NEDT, which can be an overestimate or underestimate
depending on noise types. Since 1/ f noise is more commonly
presented in radiometers, a limited small time scale usually
results in a negative bias.

The two-sample Allan variance is a scalar without spectral
information.
The Allan variance is related to the power spectrum as [29]
 ∞
sin 4 (π f τ )
2
S( f )|H ( f )|2
df
(31)
σx (τ ) = 2
(π f τ )2
0

F. Comparison Against Algorithms Based on Allan Variance
The Allan variance has been used to calculate NEDT [13],
[25]. The Allan variance is a powerful tool in many areas,
such as studying frequency instability [26]–[28]. Although
our algorithm is not based on the Allan variance, we have
investigated specific traditional algorithms for comparison.
The overlapping Allan variance is mostly used since it has
an improved statistical confidence over the nonoverlapping
one. It can be written by
⎤2
⎡
j +m−1
M−2m+1


1
⎣
σx2 (m) =
(x i+m − x i )⎦
2m 2 (M − 2m + 1) j =1
i= j

where f is the frequency, H ( f ) is the transfer function of the
sensor, and S( f ) is the one-sided power spectrum of the time
series x.
Different noises can have distinct power spectrum, S( f )

(29)
where x i is the sample and M is the number of samples.
m is the stride, which is the number of sub-samples in one
stride. σ is the Allan deviation equivalent to the square root
of the Allan variance. The Allan variance can be denoted
as a function of time τ with τ = mτ0 and τ0 of the
sampling interval. The overlapping Allan variance provides
useful spectral information in the time domain.
When τ = τ0 (m = 1), the above equation reduces to the
two-sample Allan variance as [26]
σx2 =

M−1

1
(x i+1 − x i )2 .
2(M − 1) i=1

(30)

S( f ) = S0 f α

(32)

where S0 is a constant and α is the power-law exponent. α can
be dependent on noise types. For instance, there are α = −1
for the 1/ f noise, α = 0 for the thermal noise, and α = 2 for
the quantization noise.
The Allan spectra of thermal, 1/ f , and quantization noises
are [29], [31]
⎧
⎪
S0 − 1
⎪
⎪
τ 2 , thermal
⎨
2
1
σx (τ ) =
(33)
(2S0 ln 2) 2 , 1/ f
⎪
⎪
⎪
⎩c S τ −1 ,
quantization
q 0
where cq is a constant. It is seen that σx has a power-law
dependence of τ −(1/2) for thermal noise. This indicates using
a large τ will underestimate thermal noise with a power-law
decrease. For 1/ f noise, it is a constant independent of τ .
The quantization noise has a power-law exponent of −1 in
the Allan spectra.
The two-sample Allan variance does not necessarily represent the sample variance. Rather, it is dependent on the noise
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Fig. 6. Allan variance for estimating thermal, 1/ f , and quantization noises. The Allan deviation spectra have a power-law dependence of τ −1/2 , τ 0 , and
τ −1 for thermal, 1/ f , and quantization noises, respectively. For the thermal noise, it is only unbiased at τ = τ0 and becomes an underestimate as τ increases.
For the 1/ f noise, it always underestimates NEDT. For quantization noise, it is an overestimate with τ = τ0 but an underestimate with τ > τ0 . While the
Allan variance was applied to adjacent along-track scans for calculating NEDT [13], [25], it corresponds to τ = 4τ0 for ATMS and is an underestimate for
thermal, 1/ f , and quantization noises.

types of different noise power spectra. A general relationship
between the two-sample Allan variance and the sample variance is
⎧
2
2
⎪
⎨σx (τ = τ0 ) = σre f , α = 0
2
2
(34)
σx (τ = τ0 ) < σre
f, α < 0
⎪
⎩ 2
2
σx (τ = τ0 ) > σre f , α > 0

calculated for adjacent along-track scans [13], [25], it corresponded to a time interval of 2.67 s for ATMS that is τ = 4τ0
with τ0 as the cross-track scan time interval of warm-load
scans. This method underestimated NEDT for all of the three
noises.

2
where σre
f is the true sample variance. The two-sample
Allan variance can underestimate (α < 0) or overestimate
(α > 0) noise depending on the exponent α of the noise power
spectrum. When α = 0, the two-sample Allan variance is only
unbiased with τ = τ0 . As τ increases, the Allan variance is an
underestimate of the thermal noise following a power law of
τ −1/2 . Since the 1/ f noise is very common, the two-sample
Allan variance usually underestimates NEDT.
Fig. 6 shows the Allan variance for estimating NEDT with
simulated thermal, 1/ f , and quantization noises. We see the
Allan spectra have a power-law dependence of τ −1/2 , τ 0 , and
τ −1 for the three types of noise, respectively. For the thermal
noise, the Allan variance is only unbiased at τ = τ0 and
becomes an underestimate with τ increasing. For 1/ f noise,
the Allan variance always underestimates NEDT regardless of
what τ is used. The quantization noise is overestimated with
τ = τ0 but underestimated with τ > τ0 . When NEDT was

A. Algorithm Structure Comparison

IV. C OMPARISON AND VALIDATION
We have examined the theoretical basis and algorithm structures. To accurately estimate the NEDT of in-orbit radiometers, we need to address several error sources, including the
orbital oscillation, pseudo- f 2 noise, biases estimator, scale
issue, and the use of Allan Variance. The orbital oscillation
is not noise and can result in an overestimate of NEDT.
The pseudo- f 2 noise underestimates the low-frequency noise,
such as 1/ f noise. A biased estimate results in underestimates of NEDT. Using a small window only counts noise
at a small time scale (high-frequency) and neglects the
low-frequency noise, such as the 1/ f noise. The Allan variance
is only unbiased for thermal noise with an appropriate time
interval. A time interval larger than the sampling interval
would underestimate the thermal noise. For the 1/ f noise,
an underestimate is persistent regardless of the time interval
used.
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TABLE I
A LGORITHM C OMPARISON . Y (Y ES ) I S FOR I SSUES W ITH THE S IGN
FOR P OSITIVE (+) OR N EGATIVE (−) B IASES . N M EANS N O I SSUES .
W E P REDICT T HAT T RADITIONAL A LGORITHMS W ILL
OVERALL U NDERESTIMATE NEDT AS N EGATIVE
B IASES D OMINATE P OSITIVE B IASES

Table I is a summary of algorithm comparison. Error sources
are listed with the sign of biases denoted. The error sources can
result in either negative or positive biases that are dependent
on noise types and algorithms as we have afore-discussed.
The bias signs are predicted from examining the algorithm
structures and the theoretical basis of NEDT. Overall, we predict that an underestimate of NEDT is present in traditional
algorithms due to the dominating negative biases.

Fig. 7.
Comparing different algorithms with simulation. The simulated
counts are used as input for different algorithms. Empirical parameters
from observation are used, including the warm-load temperature and gain.
Sinusoidal orbital oscillations are added to the warm-load temperature and
the gain. A blend noise is added in simulation with the 1/ f and thermal
noise of 30% and 70%, respectively. The new algorithm shows superior
performance. The results are consistent with the theoretical prediction.

B. Validation Against Simulation
We have done simulations and tested different algorithms.
In the simulation, we produce radiometer counts that are used
as input for different algorithms. Empirical parameters from
observation are used, including the warm-load temperature and
the gain. The mean warm-load temperature is 280 K with
the mean gain of 15 Count/K and the cosmic background
of 2.75 K. Sinusoidal orbital oscillations are added to the
warm-load and gain with the magnitudes estimated from
observations. We generate 1/ f and Gaussian noise with known
magnitudes and add them into the counts. The percentages of
1/ f and Gaussian noise are set as 30% and 70%, respectively.
The simulation is for one orbit with 2000 along-track scans
and four cross-track scans for cold-space and warm-load,
respectively.
Different algorithms are applied to estimate NEDT, and the
results are shown in Fig. 7. An underestimate of NEDT is
found in traditional algorithms. Our new algorithm produces
the least error. The simulation results are consistent with the
theoretical analysis that predicts an NEDT underestimate of
traditional algorithms.
C. Validation Against TVAC
We have compared the derived in-orbit NEDT against TVAC
measurements. Suomi NPP ATMS has undergone extensive
TVAC measurements with detailed results documented on
NOAA STAR site [10], [17], [18]. In TVAC, ATMS is under
a controlled environment. The scene targets are cold plates
of a set of temperatures of low (80 K), middle (190 K), and
high (300 K). ATMS has six redundant configuration (RC)
electronic units with RCs 1, 2, 5, and 6 tested [10], [18].
RC1 is used in the in-orbit operation. NEDT is measured in
TVAC with the observed uniform scenes. We have compared
TVAC-measured NEDT with in-orbit NEDT of different algorithms. The TVAC NEDT of RC1 with the cold plate of 300 K
is used since it is the closest to the warm-load temperature.

Fig. 8. Comparing NEDTs against TVAC at 183 GHz. The relative error is
shown. While the 183 GHz is prone to 1/ f noise, the new algorithm produces
an accurate estimate of NEDT and exhibits consistent performance regardless
of the channels and 1/ f noise.

The TVAC results of NEDT can be found in open-accessible
documents of ATMS science meetings on the NOAA STAR
website (www.noaa.gov/star) [18].
The NEDT produced by different algorithms is compared
to the prelaunch TVAC measurements. A typical comparison
is for 183 GHz since it operates at a relatively high frequency
that is prone to the occurrence of 1/ f noise [15]. Different
algorithms can have pronounced differences in presence of
1/ f noise due to their ability to handle it, as found in the
theoretical analysis of algorithm structures. Fig. 8 shows the
relative error in percentage. Noticeable errors as high as −17%
have been found in traditional algorithms. The new algorithm
effectively reduces errors. Furthermore, the new algorithm is
consistent through all channels regardless of 1/ f noise.
Table II shows the comparison of all the 22 channels
between TVAC and in-orbit measurements. The relative difference of in-orbit NEDT of different algorithms to that of TVAC
is shown with a large difference (absolute > 7%) marked
in bold. It is seen that large errors are presented at some
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TABLE II
C OMPARING NEDT OF D IFFERENT A LGORITHMS A GAINST TVAC. L ISTED A RE TVAC NEDT (K) AND R ELATIVE E RROR (%) W ITH L ARGE E RRORS
(A BSOLUTE VALUE > 7%) M ARKED IN B OLD . T HE E RRORS OF T RADITIONAL A LGORITHMS A RE P RONOUNCED
AT THE G- AND V-B AND C HANNELS 5–7

channels from traditional algorithms. The errors are mostly an
underestimate of NEDT. The underestimate has been predicted
by the theoretical analysis of algorithm structures. The G-band
is most notable with biases as large as −16.9%. Since the
G-band operates for high frequencies, the presence of 1/ f
noise can be pronounced [15]. The V-band channels 4–9 also
show some noticeable biases from traditional algorithms. The
presence of 1/ f noise at the V-band has also been found
in previous studies [30]. The new algorithm shows superior
performance through all channels.
V. C ONCLUSION
NEDT is a vital metric representing radiometric resolution.
Determining NEDT is important for assessing the in-orbit
radiometer performance. NEDT is also a key parameter in
simulating and assimilating satellite data for quantifying the
uncertainty propagation from radiance to CDRs. We have
developed a new algorithm for estimating the NEDT of in-orbit
microwave radiometers. The algorithm has clear physics and
mathematics based on a thorough review of the theoretical
basis. It removes error sources that can bias the estimate of
NEDT. We have compared the new algorithm against traditional ones with an in-depth analysis of algorithm structure
and theoretical basis and illustrate its physical substance.
We have done comparison and validation with TVAC and
in-orbit measurements and simulation. The new algorithm
exhibits superior performance at all channels, including the
G-band, which is prone to 1/ f noise. While inconsistency
and underestimate are found at the G-band in traditional
algorithms, our algorithm shows an accurate estimate against
TVAC. The results of the new algorithm are consistent between
theoretical analysis, observations, and simulation. The new
algorithm will be employed for monitoring in-orbit microwave

radiometers. The accurate NEDT determination provides critical information for radiometric uncertainty quantification
through radiance and climate data.
A PPENDIX
A LGORITHMS OF EUMETSAT, UK M ET O FFICE ,
AND NOAA
A. EUMESAT
The EUMESAT algorithm for calculating NEDT of
in-orbit microwave radiometers is given as follows [12]. The
warm-load count is smoothed by
CW k =

k+n
M


1
wj
CW i, j
M(2n + 1) j =k−n
i=1

(35)

where n denotes the window size of moving average and is
set as 3 (window size is 2n + 1 = 7). M is the number of
cross-track warm-load scans. For ATMS, there is M = 4. The
same moving average is applied to the cold-space count and
the warm-load PRT temperature. w j is a triangular window
function as


1
| j|
wj =
1−
, −n ≤ j ≤ n.
(36)
n+1
n+1
In practice, n = 3 is used, which is a window size of seven
along-track scanlines.
The gain is calculated by
Gj =

CW j − CC j
TW j − 4

(37)

where the number 4 in the denominator denotes a 4 K
cold-space temperature.

Authorized licensed use limited to: University of Maryland College Park. Downloaded on October 15,2021 at 23:09:29 UTC from IEEE Xplore. Restrictions apply.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
10

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

The NEDT is



NEDT = 

2
N −n 
M 

CW i, j − CW j
1
(38)
M(N − 2n) j =n+1 i=1
Gj

where N is the along-track number of a full orbit.
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B. UK Met Office
The UK Met Office has an algorithm in operational
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warm counts, and warm-load PRT temperature.
A scalar gain from the average of a full orbital data is used
G=

N −n 
M



1

·
(39)
CW i, j − CC i, j
M(N − 2n) TW − 3 j =n+1 i=1
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2
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1
16 

.
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Gj =

NEDT is based on the Allan variance



N −1 
4 


CW i, j +1 − CW i, j 2
1
NEDT = 
2(N − 1)4 j =1 i=1
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of adjacent along-track scans: C W i, j +1 and C W i, j . It corresponds to a sample interval of 2.67 s. Since there are four
cross-track warm-load scans in 2.67 s, this corresponds to
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