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Abstract: THz Atmospheric Limb Sounder (TALIS) is a microwave radiometer designed by the
National Space Science Center of the Chinese Academy of Sciences (NSSC, CAS) for measuring the
vertical distribution of temperature and chemical constituents in the middle and upper atmosphere.
The digital spectrometer is an important part of TALIS’ back end, which mainly realizes the function
of spectral analysis. The radix 16 real-time complex fast Fourier transform (FFT) algorithm used
in the digital spectrometer was obtained by improving and combining the parallel processing and
complex processing of the FFT algorithm. In this study, the digital spectrometer parameter selection
is systematically presented, and the effect of the digital spectrometer FFT algorithm on the TALIS
system sensitivity is analyzed based on the TALIS system simulation model we established in the
previous stage of this research. The results show that the actual full-band sensitivity obtained after
using the FFT algorithm is consistent with the ideal full-band sensitivity of TALIS for different
integration time, spectral resolutions, and quantization bits. However, the results of the comparison
of the actual sub-band sensitivity after using the FFT algorithm with the ideal sub-band sensitivity
show that the deterioration of the sub-band sensitivity will be caused by the FFT algorithm. The
mean value of the deterioration ratio was found to be approximately 18%, and the maximum value
of the deterioration ratio was approximately 33%.

Keywords: TALIS; digital spectrometer; FFT algorithm; system parameter; sensitivity; effect analysis

1. Introduction

The conventional microwave radiometer mainly observes the average brightness
temperature of targets within the bandwidth. For some specific applications, it is necessary
to observe the corresponding brightness temperature within a wideband range for different
frequency channels. At the same time, the radiation spectrum of the corresponding gas is
formed due to the gas molecular transition in the atmosphere. Therefore, high-resolution
spectral analysis needs to be conducted, due to the narrow spectral lines of some specific
gases; for example, when sounding the water vapor in the isothermal layer of the atmo-
sphere in limb sounding. Thus, the need for microwave spectral analysis radiometers
arises [1].

Microwave limb sounding is a way of observing Earth’s atmosphere to obtain the trace
gas composition. It mainly measures the thermal emission of atmospheric millimeter and
submillimeter waves as the antenna scans vertically from the bottom of the sky upward to
the atmospheric limbic tangent point [2]. One example of a microwave limb sounder is
the hyperspectral microwave radiometer, a microwave remote sensing system capable of
acquiring a large number of narrowband spectrum channels continuously. The back-end
component of the hyperspectral microwave radiometer is a spectrometer, which primarily
realizes the function of spectral analysis, and fine delineation of the radiometer spectral
channels can be accomplished by using the spectrometer.
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The Upper Atmosphere Research Satellite (UARS) was launched by the United States
in 1991, and the microwave limb sounder (MLS) on board was the first satellite experiment
using limb sounding techniques at microwave frequencies. The filter bank spectrometer
(FBS) is used as the back end of UARS-MLS with the bandwidth of 510 MHz and the
spectral resolution of 2–128 MHz. The FBS consists of a power divider that splits the
intermediate frequency (IF) signals from the front end into many channels, each with an
analog bandpass filter and an analog detector. The output of each detector is treated as
a spectral channel [3–5]. Sweden and several other countries jointly launched the Odin
satellite in 2001, which contains the sub-millimeter and millimeter radiometer (SMR) as
the main payload. The back-end spectrometers of Odin-SMR consist of two digital auto-
correlation spectrometers (DACSs) and one acousto-optical spectrometer (AOS), where the
maximum bandwidth is 1.2 GHz and the spectral resolution is 0.15–1 MHz. The DACSs
are relatively simple digital circuits that realize the delayed correlation operation and
integrate the correlation results in the time domain to achieve wideband spectral analysis.
The AOS uses a piezoelectric transducer to couple the high-frequency input signals into
the Bragg cell. When a monochromatic light source is shone onto the Bragg cell, the
beam is diffracted and then imaged onto the charge-coupled device (CCD) line detector,
after which the analog signals generated by the CCD are read out in the electronics unit
and converted to digital signals [6–8]. The Aura satellite launched by the United States
in 2004 is an atmospheric composition and environmental monitoring satellite of the
Earth Observing System (EOS). The back-end spectrometers of EOS-MLS include FBS as
well as DACS, where the maximum bandwidth is 1.3 GHz and the spectral resolution is
0.1–500 MHz [9–11]. The Superconducting Submillimeter-Wave Limb-Emission Sounder
(SMILES) on the Japanese Experiment Module (JEM) of the International Space Station (ISS)
was launched successfully at the end of 2009. Two AOSs form the back end of JEM/SMILES,
each with the bandwidth of 1.3 GHz and the spectral resolution of 1.4 MHz [12–14].

In addition to the aforementioned spectrometers at the back end of MLSs, commonly
used spectrometers also include the Chirp transform spectrometer (CTS) and the analog
auto-correlation spectrometer (AACS). CTS is based on the Chirp transform and uses
the analog method to achieve spectral analysis by means of surface acoustic wave (SAW)
filters [15]. AACS is an analog correlator consisting of microstrip lines, commercial transis-
tors, and diodes, and it uses a high-speed transistor circuit to complete signal multiplication
and microstrip transmission lines to realize delayed operation [16]. The limitations of each
of the above spectrometers are listed in Table 1 [17,18].

Table 1. Limitations of the spectrometers used in MLSs.

Spectrometer Type Limitation

FBS Poor channel consistency and frequency crosstalk
DACS Consumes large amounts of digital resources
AOS Large size, complex structure, not easy to integrate
CTS Narrow bandwidth

AACS Low system stability and few channels

The THz Atmospheric Limb Sounder (TALIS), the first terahertz radiometer for atmo-
spheric limb sounding in China, was designed and developed by the National Space Science
Center, Chinese Academy of Sciences (NSSC, CAS). The operating bands of TALIS include
118, 190, 240, and 640 GHz. The latest fast Fourier transform spectrometer (FFTS) [19],
one type of digital spectrometer, is adopted as the back end of TALIS with the bandwidth
of 2 GHz and the spectral resolution of 2.3 MHz [20]. The main feature of the digital
spectrometer is the use of ultra-large-scale integrated circuits to achieve parallel process-
ing of wideband signals, and the digital spectrometer also has the advantages of strong
anti-interference capability, high stability, small size, and good flexibility [21–23]. Com-
pared with DACS (another type of digital spectrometer), FFTS has greater advantages in
the manner of implementation, which can reduce system complexity and save hardware
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resources [24,25]. The parameter comparison of FFTS in TALIS with the spectrometers in
other MLSs is shown in Table 2.

Table 2. The parameter comparison of FFTS in TALIS with the spectrometers in other MLSs.

Payload Spectrometer Type Maximum Bandwidth Spectral Resolution

UARS-MLS FBS 510 MHz 2–128 MHz
Odin-SMR DACS, AOS 1.2 GHz 0.15–1 MHz
EOS-MLS FBS, DACS 1.3 GHz 0.1–500 MHz

JEM/SMILES AOS 1.3 GHz 1.4 MHz
TALIS FFTS 2 GHz 2.3 MHz

In this study, we performed quantitative effect analysis of the digital spectrometer
FFT algorithm on TALIS’ system sensitivity. The contents of this paper are summarized as
follows: the TALIS system design is presented in Section 2, which includes an overview of
TALIS and the digital spectrometer parameter selection; Section 3 describes in detail the
effect of the FFT algorithm on system sensitivity; the complementary analysis is provided
in terms of integration time, spectral resolution, and quantization bits in Section 4; and
finally, Section 5 concludes the paper.

2. Materials and Methods
2.1. TALIS Overview

A schematic diagram of limb sounding with TALIS is shown in Figure 1, and the
parameters are shown in Table 3. TALIS is designed to work in a sun-synchronous orbit
at an altitude of 600 km. The offset parabolic antenna of TALIS is composed of a single
projected reflector of 1.6 m aperture combined with four independent feeds. This layout
has a simple system design, low complexity, and high measurement accuracy compared
with the quasi-optical separation layout of EOS-MLS, but there will be position differences
in the observation area. The radiation signals received from the main reflecting surface
of the antenna enter the front end of the receiver with the frequencies of 118, 190, 240,
and 640 GHz. After that, the feeders of different frequencies are connected to the receiver
to complete the mixing and amplification of the radiometer front-end signals. The IF
signals are amplified and further downconverted by four discrete components. Different
local oscillator (LO) frequencies are used in the second stage IF down-converter module
to transform the frequencies to suitable bandwidths for the operation of the back-end
spectrometers. The transformed IF signals are then fed to the back-end digital spectrometers
for spectral analysis [26,27]. Finally, the functions of bus control and scientific data transfer
are performed by the system and data management unit.
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Figure 1. Schematic diagram of limb sounding with TALIS.
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Table 3. The parameters of TALIS.

Radiometer (GHz) System Noise Temperature (K) Spectral Band (GHz)

118 1000 S1: 115.35–117.35, 117.75–119.75

190 1000
S2: 175.50–177.50, 202.70–204.70
S3: 178.90–180.90, 199.30–201.30
S4: 183.00–185.00, 195.20–197.20

240 1000
S5: 229.66–231.66, 247.66–249.66
S6: 232.16–234.16, 245.16–247.16
S7: 234.66–236.66, 242.66–244.66

640 2300

S8: 624.47–626.47, 659.27–661.27
S9: 627.37–629.37, 656.37–658.37

S10: 632.37–634.37, 651.37–653.37
S11: 634.87–636.87, 648.87–650.87

2.2. Digital Spectrometer Parameter Selection

The spectral resolution ∆f is defined as shown in Equation (1):

∆ f =
fS
K

, (1)

where fs represents the sampling frequency and K represents the number of sampling
points. The spectral resolution is the fixed frequency interval between each set of two
channels of the digital spectrometer, and it is an important parameter to measure the
performance of the digital spectrometer, which will directly affect the detection accuracy of
the spectral lines, and thus the final retrieval results.

We calculate the noise equivalent temperature difference (NEDT) [28,29] according to
Equation (2):

NEDT =
Tsys√
∆ f dτ

, (2)

where Tsys indicates the system temperature of the radiometer, and dτ indicates the inte-
gration time of a single measurement.

Considering only the spectral resolution, it is desirable for the spectral resolution to
be high so that the absorption peaks with smaller bandwidths can be taken into account in
the detection target selection, and the retrieval accuracy can also be improved. However,
according to Equation (2), the higher the spectral resolution, the worse the system sensitivity
will be, so it is only meaningful to increase the spectral resolution while maintaining
sufficient sensitivity. According to the Nyquist sampling theorem, the system sampling
frequency needs to be at least twice the bandwidth. According to the nature of the FFT
algorithm, the results are centrosymmetric after the FFT operation, so the actual number of
effective points obtained is half of the number of sampling points, which is defined as the
number of channels. Therefore, the results of spectral resolution are directly related to the
parameter settings of bandwidth and the number of channels [30].

2.2.1. Bandwidth and the Number of Channels

Four heterodyne radiometers operating at room temperature with center frequencies
of 118, 190, 240, and 640 GHz were designed in TALIS, and the instrument temperature
onboard the satellite was approximately 285 K. In the selection process of bandwidth, firstly,
the location and intensity of the spectral lines of each target should be fully understood,
and as many absorption spectral lines of other trace gases as possible should be included in
addition to the primary detection targets. Secondly, because of the use of a double-sideband
(DSB) receiver, the signal strength after the mixing of the two sidebands should also be fully
demonstrated. Thirdly, it is necessary to combine the engineering implementation of the
hardware, such as considering the chip selection and operating reliability, so as to select the
appropriate bandwidth. In this study, the 240-GHz band is used as an example to illustrate
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the reasonableness of the 2-GHz bandwidth selection [31]. The contributions of the main
chemical species to the brightness temperature spectrum of near 240 GHz, simulated by
atmospheric radiative transfer simulator (ARTS)—version 2.4 [32] at the tangent height of
30 km, are shown in Figure 2.
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Figure 2. The contributions of the main chemical species to the brightness temperature spectrum of near the 240-GHz band
at the tangent height of 30 km.

It can be seen in the brightness temperature simulated by ARTS in Figure 2 that the
detectable targets, such as O3 (e.g., 244.2 GHz), O2 (233.9 GHz), CO (230.5 GHz), and HNO3
(244.2 GHz), are included near the 240-GHz band, and the absorption peaks of the targets
can be better contained in the 2-GHz bandwidth [33]. From the hardware implementation
point of view, the 2-GHz bandwidth requires an analog to digital converter (ADC) with
a sampling rate of at least 4 GHz [34]. Therefore, it is reasonable to set the bandwidth to
2 GHz by combining the factors such as wideband ADC, aerospace-grade application, and
working stability.

The radix 16 real-time complex FFT algorithm is the core algorithm of the digital
spectrometer, so the final number of channels is half of the number of sampling points [35].
The variation of the amount of information in the atmospheric spectrum corresponding to
different numbers of channels at different altitudes is expressed by the Shannon information
gain. The simulation analysis of the number of channels and information gain performed
by the ground-based radiometer is shown in Figure 3, from which it can be seen that,
when increasing from 100 to 1000 channels, the greater the number of channels at the
vertical height, the greater the information gain obtained. However, the information gain
of increasing from 800 to 1000 channels is smaller than that of increasing from 100 to
200 channels, which means that after reaching 1000 channels, the increase of information
gain is not significant due to the excessive number of channels. Therefore, it is reasonable
to choose approximately 1000 channels.
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Figure 3. The simulation results of the number of channels and the information gain. The unit of infor-
mation gain is expressed as “Kibibit,” abbreviated as “Kib,” and 1 Kib = 1024 bit. The larger the value
of information gain, the larger the amount of information contained in the atmospheric spectrum.

2.2.2. Parameter Analysis

According to the design of the bandwidth and the number of channels, the corre-
sponding sampling rate and the number of sampling points can be obtained. We analyzed
the effect of different spectral resolutions on the retrieval results and verified whether the
demand for spectral line detection in the middle and upper atmosphere can be satisfied
by the spectral resolution of the digital spectrometer [36]. To facilitate retrieval, when the
sensitivity of the radiometers will be increased from the designed 2.2 K, 2.2 K, 2.2 K, 5.1 K
to 1.6 K, 1.6 K, 1.6 K, 3.6 K and 1.1 K, 1.1 K, 1.1 K, 2.6 K, the spectral resolution of 2 MHz
can be reduced to 4 MHz and 8 MHz, respectively, for retrieval analysis.

The retrieval results of TALIS for CO at spectral resolutions of 2 MHz, 4 MHz, and
8 MHz are shown in Figure 4. In general, although the system sensitivity is effectively
enhanced by reducing the spectral resolution, the effect on the retrieval results is not
significant with this enhancement. In terms of local profiles, in the regions of strong mea-
surement response in the middle and lower atmosphere (<50 km), the retrieval results are
not affected by reducing the spectral resolution, because the bandwidths of the absorption
peaks in the spectrum are relatively wide. However, in the middle and upper atmosphere,
reducing the spectral resolution will reduce the retrieval accuracy to some extent, because
the width of the gas spectral line decreases with the decrease of atmospheric pressure. The
gas absorption peaks in the upper atmosphere cannot be identified because of the lower
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spectral resolution, and the information on other trace gases with weaker absorption may
be lost due to the lower spectral resolution. Therefore, it is reasonable and meaningful
for TALIS to use a digital spectrometer with a higher spectral resolution of approximately
2 MHz [37].
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11 Figure 4. Simulated retrieval results of TALIS for CO with different spectral resolutions: (a) the absolute error of CO mixing
ratio retrieval at spectral resolutions of 2 MHz, 4 MHz, and 8 MHz; (b) the relative error of CO mixing ratio retrieval at
spectral resolutions of 2 MHz, 4 MHz, and 8 MHz. In the middle and upper atmosphere, the errors caused by the 2 MHz
spectral resolution are smaller than those caused by the 4 MHz and 8 MHz spectral resolutions.

3. Results
3.1. Effect of the Digital Spectrometer FFT Algorithm

The radix 16 real-time complex FFT algorithm is the core algorithm for realizing
the function of the digital spectrometer, which was obtained by the improvement and
combination of parallel processing and complex processing on the basis of the discrete
Fourier transform (DFT) [38]. Parallel processing increases the speed of FFT calculation,
while reducing the complexity and improving the efficiency of the operation. Complex
processing is more applicable to the hardware implementation, as it can save hardware
resources and increase the operation speed. Based on the digital spectrometer parameter
selection in Section 2.2, the effect of the FFT algorithm on the TALIS system sensitivity
under this parameter will be evaluated in this section.

3.2. Simulation Process

During the design of TALIS, the TALIS system simulation model was developed to
better understand the performance of TALIS and provide a more detailed reference for
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instrumental design. The working process and characteristics of TALIS can be simulated
by the TALIS system simulation model, and subsequently the TALIS system sensitivity can
be quantitatively analyzed by using the system calibration process so that the instrument
performance can be initially evaluated. In order to visualize the power spectrum and
sensitivity obtained from the TALIS system simulation model, the brightness temperature
spectrum of 640 GHz S10 was used as the input, and the frequency bands represented by
S10 are shown in Table 3. The system noise temperature of 2000 K, integration time of 5 ms,
and spectral resolution of 2 MHz were used as the simulation conditions in this section.

It should be noted that, in order to facilitate the use of ARTS to simulate the bright-
ness temperature spectrum, we set the spectral resolution to 2 MHz for analysis, which
corresponds to the number of channels being 1000. However, in the actual FFT algorithm
implementation, the number of channels we need must be in the form of integer powers
of 2, so the number of channels was selected as 1 k (1024). This corresponds to a spectral
resolution of 2.3 MHz when the ADC sampling rate is 4.8 GHz. In the research described
in this paper, however, we carried out simulation analysis according to the number of
channels of 1000 and the spectral resolution of 2 MHz.

ARTS was used to simulate the top-of-atmosphere brightness temperature at the nadir
angle of TALIS, and the brightness temperature spectrum was used as the input of the
TALIS system simulation model. According to the spectral bands divided in Table 3, the
simulated brightness temperature was generated by ARTS for a total of 11 spectral bands
of four radiometers at the tangent height of 30 km. The simulated brightness temperature
spectrums of the upper and lower sidebands for 640 GHz S10 are shown in Figure 5.
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tangent height of 30 km.

The TALIS system simulation model mainly includes the thermal radiation noise
signal model, radiometer radio frequency (RF) front-end model, and radiometer digital
back-end model. The TALIS system simulation model was introduced in our previous
study and will not be expanded in detail here [39]. The conversion of the brightness
temperature generated by ARTS into thermal noise entering the radiometer is completed in
the thermal radiation noise signal model. The channel spectral response function (SRF) is
commonly used in the radiometer RF front-end model to describe the frequency response
characteristics of the passband. Due to the DSB type of the receiver, the SRF spectrums of
the upper and lower sidebands are needed to establish the model. According to the SRF
spectrums and the input brightness temperature spectrums, the spectral characteristics of
the front-end output signals can be obtained. The simulated SRF spectrums of one of the
groups with 3 dB in-band fluctuations of two sidebands are shown in Figure 6.
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Figure 6. The simulated SRF spectrums with 3 dB in-band fluctuations for both sidebands.

The back end of TALIS consists of 11 digital spectrometers, which are mainly used to
calculate the power spectrum of the front-end output signals. The working process of the
digital spectrometer is simulated in the radiometer digital back-end model, which mainly
involves the data sampling, data quantization, FFT operation, power spectrum density
(PSD) calculation, and accumulation of the front-end output signals. In the digital back-end
model, the output analog signals of the front end are quantized by 8-bit and then turned
into digital signals. Subsequently, the FFT operation is performed to obtain the amplitude
spectrum, which is then squared to obtain the PSD. According to the given integration time,
the corresponding power spectrum will be acquired after accumulating a certain number
of times.

The radiometer receives the thermal noise of the targets, and the amount of radiation
is a measure of the energy magnitude of the thermal noise. In the simulation process, we
used the brightness temperature spectrum obtained from ARTS as the scene target, and we
set up the hot and cold targets with uniform brightness temperature. In general, we use
Gaussian white noise to represent thermal noise, which can be modeled for both hot and
cold targets with uniform brightness temperature. According to the noise spectrum per
unit radiation amount, we can get the input noise signal of the scene target, hot target, and
cold target. The power spectrum obtained was not accurate because the influence of SRF is
superimposed in the RF front-end model. The power spectrum after the integration time of
5 ms is shown in Figure 7.

According to the power spectrum obtained, two-point calibration is needed to get
the real brightness temperature distribution of the scene target. Two-point calibration
means that the observations of both hot and cold targets and scene target are completed
in each scan cycle [40]. Here we consider the radiometer as a linear system, so the linear
equation can be established with the cold and hot target count values (PC, PH) and the
brightness temperature values (BC, BH) observed by the instrument to obtain the brightness
temperature of the scene target, as shown by the red line in Figure 8. The relationship
between the real brightness temperature and power is shown in the blue line in Figure 8.
The specific brightness temperature bias is required to be calibrated and corrected according
to the observed data of the instrument, which is not repeated here.
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The two-point calibration equation is constructed as shown in Equation (3):

PS = MBS + N, (3)
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where M and N are shown in Equations (4) and (5), respectively:

M = (PH − PC)/(BH − BC), (4)

N = (BH PC − BCPH)/(BH − BC), (5)

where PC, PH, and PS indicate the count values of the cold target, hot target, and scene
target, respectively. BC, BH, and BS represent the brightness temperature values of the cold
target, hot target, and scene target, respectively.

The two-point calibration method is used to determine the radiation of the targets in a
conventional full-power radiometer. The calibration principle of TALIS is similar, except
that it requires a two-point calibration for each channel to obtain the radiation for the
channel. The radiation spectrum is obtained by joining the radiation of all channels [41].
The output brightness temperature spectrum after system calibration in this study is shown
in Figure 9.
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Figure 9. Output brightness temperature spectrum after system calibration.

As can be seen in Figure 9, since the receiver was the DSB type, we chose the brightness
temperature spectrum of the two sidebands as the input. The final output was the scene
target brightness spectrum of the 2-GHz bandwidth of the digital spectrometer, which
included the targets NO and N2O we wanted to detect. Since the number of channels
selected in the simulation was 1000, the interval between each set of two channels, i.e., the
spectral resolution, was constant at 2 MHz.

3.3. Sensitivity Analysis

Relying on the digital back-end model, the sensitivity obtained by different methods
in the TALIS system can be simulated so that the effect of the digital spectrometer FFT
algorithm on system sensitivity can be analyzed. For each packet of data processed
differently, four methods of calculating sensitivity can be defined as follows.
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1. Full-band auto-correlation (abbreviated as F-AC) method: After the quantization
process of the TALIS system simulation model, the value in each channel is subtracted
from the mean value and then squared to obtain the sub-band auto-correlation result
of the channel for each packet of data. Then the results of all the sub-band channels
are summed to the full band to obtain the value of this packet.

2. Full-band FFT (abbreviated as F-FFT) method: After the quantization process of the
TALIS system simulation model, the FFT algorithm is performed for the results of all
channels to obtain the amplitude spectrum, after which the amplitude spectrum is
squared to obtain the results of the PSD for each packet of data. The results of PSD for
all sub-band channels are summed to the full band to obtain the value of this packet.

3. Sub-band ideal (abbreviated as S-Ideal) method: According to Equation (2), the ideal
sub-band sensitivity and ideal full-band sensitivity should be related by

√
C times,

under the condition of constant system noise temperature, integration time, spectral
resolution, and so on, where C denotes the number of channels, so the ideal sub-band
sensitivity can be obtained based on the ideal full-band sensitivity.

4. Sub-band FFT (abbreviated as S-FFT) method, which includes two calculation ways,
the sub-band FFT calculated value (abbreviated as S-FFT-C) method and the sub-band
FFT real value (abbreviated as S-FFT-R) method.

• S-FFT-C method: After the quantization process of the TALIS system simulation
model, FFT algorithm is performed for the results of all channels to obtain the
amplitude spectrum, after which the amplitude spectrum is squared to obtain
the results of the PSD for each packet of data. Unlike the F-FFT method, the
calculation of sub-band sensitivity no longer involves the accumulation of power
values of all channels within each packet of data but instead directly corresponds
to the accumulation of each packet of data for each channel.

• S-FFT-R method: The previous process is the same as S-FFT-C, and the cumu-
lative value corresponding to each packet of data for each channel is obtained.
After that, the cumulative value of each sub-band channel needs to be summed
again to the full-band value. The cumulative value of each sub-band channel is
divided by this full-band value and multiplied by the final value of the F-AC
method obtained in method (1).

The sensitivity obtained by the F-AC method was considered to be the ideal full-band
sensitivity, the sensitivity obtained by the F-FFT method was considered to be the actual
full-band sensitivity, the sensitivity obtained by the S-Ideal method was considered to
be the ideal sub-band sensitivity, and the sensitivity obtained by the S-FFT method was
considered to be the actual sub-band sensitivity.

According to the aforementioned four methods, multiple simulations were performed,
and the sensitivity was obtained for the different methods. Because of the commonality
of the results, only the sensitivity results obtained for 10 of the simulations are listed in
the paper, as shown in Table 4. The average row in Table 4 represents the average of
the sensitivity results for each sensitivity method after 10 simulations. For the sub-band
sensitivity, the mean value of each channel for each time is used as an illustration. The
sensitivity obtained by the S-FFT-C method and the S-FFT-R method after one of the
simulations is shown in Figure 10a,b, respectively. The difference in sensitivity between
the two methods for each channel is shown in Figure 10c.

In the simulation results shown Table 4 it can be seen that for the full-band the
sensitivity obtained by the F-AC method and the F-FFT method was the same in the
distinguishable range of the brightness temperature, regardless of the single value or the
average value. Therefore, the actual full-band sensitivity obtained after using the FFT
algorithm in the digital spectrometer was consistent with the ideal full-band sensitivity of
the TALIS system.
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Table 4. The sensitivity of the four methods obtained from simulations.

Number of
Simulation F-AC Method (K) F-FFT Method (K)

S-Ideal Method
(K)

S-FFT Method

S-FFT-C Method (K) S-FFT-R Method (K)

1 0.33 0.34 10.55 14.87 14.87
2 0.40 0.40 12.69 15.01 15.01
3 0.44 0.43 13.77 15.06 15.06
4 0.45 0.45 14.24 15.15 15.15
5 0.36 0.35 11.20 15.10 15.10
6 0.38 0.38 11.87 15.10 15.10
7 0.34 0.34 10.90 15.07 15.07
8 0.32 0.31 10.02 14.88 14.88
9 0.36 0.36 11.39 15.04 15.04

10 0.42 0.41 13.16 14.98 14.98
Average 0.38 0.38 11.98 15.03 15.03
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Figure 10. The sensitivity obtained by the S-FFT-C method and the S-FFT-R method after one of the simulations: (a) S-FFT-C
method; (b) S-FFT-R method; (c) difference of sensitivity between the two methods for each channel.
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As can be seen in Table 4, the mean value of the sub-band sensitivity obtained using the
S-FFT-C method and the S-FFT-R method is exactly the same. As can be seen in Figure 10a,b,
the sensitivity distribution is also basically the same for each channel. The magnitude
of the difference in sensitivity for each channel is 10−3, as shown in Figure 10c, so the
sub-band sensitivity biases of the two methods are negligible. Therefore, either one of them
can be considered as the actual sub-band sensitivity after using the FFT algorithm. The
comparison of the actual sub-band sensitivity and the ideal sub-band sensitivity is shown
in Figure 11a, and the deterioration of the sub-band sensitivity is shown in Figure 11b.
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Figure 11. The sub-band sensitivity comparison and deterioration obtained by multiple simulations: (a) actual sub-band
sensitivity and ideal sub-band sensitivity; (b) sub-band sensitivity deterioration ratio.

As can be seen in Figure 11, the calculated ideal sub-band sensitivity presents a large
fluctuation due to the difference of ideal full-band sensitivity. Comparing the actual sub-
band sensitivity with the ideal sub-band sensitivity, the results show that the deterioration
of the actual sub-band sensitivity is caused by the digital spectrometer FFT algorithm.
Overall, there is no significant pattern in the distribution of the deterioration ratio of
the sub-band sensitivity when using the single values for simulation, but the maximum
value of the deterioration ratio calculated using the single values is approximately 33%
(Figure 11b).

4. Discussion

Based on the conclusions obtained from the simulations in Section 3, further comple-
mentary analysis was carried out on the effect of the digital spectrometer FFT algorithm on
the TALIS sensitivity under different parameters of integration time, spectral resolution,
and quantization bits [42]. It should be noted that during the simulations described in this
section, only the average values of the sensitivity for the four methods (abbreviated as
F-AC-AVR method, F-FFT-AVR method, S-Ideal-AVR method, and S-FFT-AVR method) are
listed in the paper as an illustration due to the commonality of the results after a large num-
ber of simulations, where the S-FFT-AVR method is still represented by two versions: the
S-FFT-C-AVR method and the S-FFT-R-AVR method. For the sub-band sensitivity, the mean
value of each channel for each time was used as an illustration. Moreover, for different pa-
rameters, multiple simulations were performed separately under the parameter. Therefore,
the results of the longitudinal comparison are convincing under a certain parameter.
(1) For different integration time, we chose 0.5–80 ms and the intermediate 1 ms, 5 ms,

10 ms, 20 ms, and 50 ms as the simulation conditions, limited by the computer memory.
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The spectral resolution of 2 MHz and the quantization bits of 8-bit were kept constant
at the same time. The simulation results are shown in Table 5 and Figure 12.

(2) For different spectral resolutions, we chose 0.25–16 MHz and the intermediate 0.5 MHz,
1 MHz, 2 MHz, 4 MHz, and 8 MHz as the simulation conditions. The corresponding
numbers of channels were set to 8000, 4000, 2000, 1000, 500, 250, and 125. The inte-
gration time of 5 ms and the quantization bits of 8-bit were kept constant at the same
time. The simulation results are shown in Table 6 and Figure 13.

(3) For different quantization bits, we chose 12-bit to 3-bit and the intermediate 10-bit,
8-bit, 6-bit, 5-bit, and 4-bit as the simulation conditions. The integration time of
5 ms and the spectral resolution of 2 MHz were kept constant at the same time. The
simulation results are shown in Table 7 and Figure 14.

Table 5. The average values of the sensitivity obtained by different integration time.

Sensitivity Method Sensitivity Type
Sensitivity under Different Integration Time (K)

0.5 ms 1 ms 5 ms 10 ms 20 ms 50 ms 80 ms

F-AC-AVR Ideal full-band 1.29 0.81 0.39 0.29 0.21 0.12 0.09
F-FFT-AVR Actual full-band 1.29 0.81 0.39 0.29 0.21 0.12 0.09

S-Ideal-AVR Ideal sub-band 40.75 25.59 12.24 9.06 6.53 3.95 2.79
S-FFT-C-AVR
S-FFT-R-AVR Actual sub-band

47.56 33.64 14.99 10.64 7.52 4.75 3.75
47.56 33.64 14.99 10.64 7.52 4.75 3.75
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Figure 12. The sub-band sensitivity comparison and deterioration obtained by different integration time: (a) actual sub-band
sensitivity and ideal sub-band sensitivity; (b) sub-band sensitivity deterioration ratio.

Table 6. The average values of the sensitivity obtained by different spectral resolutions.

Sensitivity Method Sensitivity Type
Sensitivity under Different Spectral Resolutions (K)

0.25 MHz 0.5 MHz 1 MHz 2 MHz 4 MHz 8 MHz 16 MHz

F-AC-AVR Ideal full-band 0.16 0.21 0.28 0.41 0.56 0.78 1.12
F-FFT-AVR Actual full-band 0.16 0.21 0.28 0.41 0.55 0.78 1.12

S-Ideal-AVR Ideal sub-band 14.15 13.46 12.49 12.97 12.45 12.39 12.57
S-FFT-C-AVR
S-FFT-R-AVR Actual sub-band

15.49 15.52 15.53 15.55 15.60 15.47 15.60
15.49 15.52 15.53 15.55 15.60 15.47 15.60
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Figure 13. The sub-band sensitivity comparison and deterioration obtained by different spectral resolutions: (a) actual
sub-band sensitivity and ideal sub-band sensitivity; (b) sub-band sensitivity deterioration ratio.

Table 7. The average values of the sensitivity obtained by different quantization bits.

Sensitivity Method Sensitivity Type
Sensitivity under Different Quantization Bits (K)

3-bit 4-bit 5-bit 6-bit 8-bit 10-bit 12-bit

F-AC-AVR Ideal full-band 0.38 0.37 0.39 0.38 0.39 0.40 0.39
F-FFT-AVR Actual full-band 0.38 0.37 0.39 0.38 0.39 0.40 0.39

S-Ideal-AVR Ideal sub-band 11.97 11.78 12.24 12.09 12.42 12.69 12.31
S-FFT-C-AVR
S-FFT-R-AVR Actual sub-band

14.26 14.54 14.82 14.93 15.06 15.06 15.08
14.26 14.54 14.82 14.93 15.06 15.06 15.08
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Figure 14. The sub-band sensitivity comparison and deterioration obtained by different quantization bits: (a) actual
sub-band sensitivity and ideal sub-band sensitivity; (b) sub-band sensitivity deterioration ratio.

As can be seen in Tables 5–7, in the case of different integration time, spectral res-
olutions, and quantization bits, for the full-band, the sensitivity values obtained by the
F-AC-AVR method and the F-FFT-AVR method were almost the same. The only exception
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is a slight difference of the sensitivity between the F-AC-AVR method (0.56 K) and the
F-FFT-AVR method (0.55 K) at 4 MHz, which is due to the number of digits retained in
the rounding process (0.5570 K for the F-AC-AVR method and 0.5549 K for the F-FFT-AVR
method). Therefore, the actual full-band sensitivity obtained after using the FFT algorithm
is consistent with the ideal full-band sensitivity within the range, where the brightness
temperature can be discriminated.

For the analysis of the sub-band, all of the mean values of the sensitivity shown in
the study are the same for the S-FFT-C method and the S-FFT-R method. In addition, they
are also consistent with the sensitivity results obtained by both methods for a particular
channel in the brightness temperature distinguishable range (Figures S1–S9).

For different integration times, spectral resolutions, and quantization bits, the compar-
isons of the results of the actual sub-band sensitivity and the ideal sub-band sensitivity are
visualized in Figure 12a, Figure 13a, and Figure 14a, respectively, from which the deteriora-
tion ratio of the sub-band sensitivity can be calculated as shown in Figure 12b, Figure 13b,
and Figure 14b, respectively. Each sensitivity deterioration ratio for each parameter can be
considered an independent simulation result. The sensitivity deterioration ratios obtained
under all parameters were combined, as shown in Figure 15, which can be considered as
the results of the sensitivity deterioration ratio obtained using the average values.
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Figure 15. The sensitivity deterioration ratio obtained from varying the parameters of integration
time, spectral resolution, and quantization bits. According to Figures 12b, 13b, and 14b, we considered
the 7 different sensitivity deterioration results under each parameter as 7 complete simulation results.
We combined the three parameters for a total of 21 different cases to obtain the 21 simulations in
Figure 15.

As can be seen in Figure 15, there was still no significant pattern in the deterioration
ratio of the sub-band sensitivity when using the average values for simulation. Since the
average value is a multiple averaging of the single values, the maximum sub-band sensi-
tivity deterioration ratio (approximately 26% in Figure 15) obtained from the simulation
using the average values was smaller than that (approximately 33% in Figure 11b) using
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the single values. This was because the averaging eliminates the influence of some chance
factors. By averaging the 21 results in Figure 15, the mean value of the sub-band sensitivity
deterioration was found to be approximately 18%.

It should be noted that the purpose of this study was to investigate the effect of the
FFT algorithm on the system sensitivity by different methods. We only identified the
results obtained by different methods as ideal or actual values to facilitate comparison and
calculation, so it is reasonable that the results obtained after using different methods are
slightly different. Considering the real sensitivity of the instrument, the sensitivity bias
(e.g., 0.01 K in Table 4 or Table 6) in this research was of no effect.

5. Conclusions

TALIS is the first radiometer for limb sounding in China. The back end of TALIS
consists of 11 digital spectrometers, and the core algorithm of the digital spectrometer is the
radix 16 real-time complex FFT algorithm. In the system design process, the quantitative
analysis of the factors affecting the TALIS system sensitivity is essential, which will have a
very important reference value for the selection of system parameters.

In this paper, the digital back-end model is extended based on the TALIS system
simulation model we established in the previous stage of this research. The sensitivity was
obtained using the four different methods. Thus, the effect of the digital spectrometer FFT
algorithm on the TALIS system sensitivity was demonstrated. In addition, the complemen-
tary analysis of the FFT algorithm on the system sensitivity was developed in terms of
integration time, spectral resolution, and quantization bits for different parameters of the
digital spectrometer.

ARTS was used to simulate the top-of-atmosphere brightness temperature at the nadir
angle of TALIS, and it was used as the input of the TALIS system simulation model. The
results of the power spectrum were obtained by sequentially going through the thermal
radiation noise signal model, radiometer RF front-end model, and the radiometer digital
back-end model. In the digital back-end model, the four methods of calculating sensitivity
were defined as F-AC, F-FFT, S-Ideal, and S-FFT. The simulation results under the specific
parameters of the digital spectrometer show that for the full-band, the sensitivity obtained
by the F-AC method and the F-FFT method is the same in the distinguishable range of the
brightness temperature. Therefore, the actual full-band sensitivity obtained after using the
FFT algorithm in the digital spectrometer is consistent with the ideal full-band sensitivity
of the TALIS system. For the sub-band, the digital spectrometer FFT algorithm lead to a
deterioration of the actual sub-band sensitivity with a maximum value of approximately
33% after using the single values. The complementary analysis with different parameters
shows that the ideal full-band sensitivity and the actual full-band sensitivity remained
consistent, and the mean value of the deterioration ratio after using average values was
found to be approximately 18%.

The study herein contributes to the pre-evaluation of the system design for TALIS.
For the digital spectrometer, the preliminary effect analysis of the digital spectrometer FFT
algorithm on the TALIS system sensitivity is also necessary. The TALIS system simulation
model we established is still a model in its early stages. Although the digital back-end
model has been enriched and extended in this paper, there are still many factors to be
considered, such as the influence of antenna, gain fluctuation, etc. In the future, the TALIS
system simulation model will be improved, and the reasons for the sub-band sensitivity
deterioration caused by the digital spectrometer FFT algorithm will be analyzed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/rs13152921/s1. Figures S1–S9 show the sensitivity obtained by the S-FFT-C method and the
S-FFT-R method after one of the simulations for different integration time (0.5 ms, 10 ms, and 80 ms
for Figure S1, Figure S2, Figure S3, respectively), spectral resolutions (0.25 MHz, 2 MHz, and 16 MHz
for Figures S4–S6, respectively), and quantization bits (3-bit, 6-bit, and 12-bit for Figure S7, Figure S8,
Figure S9, respectively).
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