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Abstract: Microwave occultation using centimeter and millimeter wave links between low Earth orbit
(LEO) satellites provide a potential way to estimate the moist atmospheric profiles based on refraction
and attenuation measurements, which is called the LEO-LEO microwave occultation (LMO) technique.
It has not yet been implemented in orbit. In this paper, we analyzed the attenuation properties at
different heights of centimeter and millimeter waves based on simulations. The observing capabilities
with different frequency combinations at the X, K, and M bands were analyzed. The results show that
LMO may improve the retrieval accuracy of bending angles above 35 km. By using several appropriate
frequencies at the X+K+M band, water vapor profiles from the near-surface to the lower stratosphere
(~24 km) can be obtained. When the M-band frequencies were added, the temperature retrieval
accuracy does not change obviously, but the accuracy of water vapor retrieval can significantly
improve above 15 km, especially at about 17-24 km, and the RMS errors decrease from over 20% to
less 10%. For promoting the LMO mission in the real world, a frequency combination at the X+K band
is proposed, which can provide the potential to observe the temperature profiles at about 2.5-50 km
and water vapor profiles at about 2.5-15 km accurately under clear and cloudy conditions. This study
demonstrates that LMO can greatly extend the capabilities of the radio occultation technique and
improve our ability to measure the moist atmospheric profiles globally.
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1. Introduction

Global climate change is one of the major challenges in the world. The sixth assessment
report of the Intergovernmental Panel on Climate Change (IPCC) in 2021 announced
that the global average temperature increase in this century should not exceed 2 degrees
compared to the pre-industrial revolution and that every effort should be made not to
exceed 1.5 degrees [1]. Water vapor is an important factor in monitoring the global water
cycle and is one of the dominant greenhouse gases contributing to global warming. Its
extreme sensitivity to temperature is reflected in the several orders of magnitude change
in concentration from the surface to the upper stratosphere [2,3]. Small amounts of water
vapor in the upper troposphere have a large effect on surface temperature through radiative
forcing [4]. The uncertainty connected with water vapor in the upper troposphere and
the lower stratosphere can cause great uncertainty when predicting global warming [5].
Therefore, an accurate and high-resolution knowledge of the temporal and spatial water
vapor distributions is desirable. However, a significant challenge in measuring water vapor
is its wide range of concentrations and scales [6,7]. Water vapor observations must be
unbiased and able to capture all changes in clear and cloudy conditions globally [8,9].

The LEO-LEO cross-link radio occultation is an active remote sensing system that uses
centimeter and millimeter (cm and mm) wavelength links between low Earth orbit (LEO)
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satellites to measure the vertical profiles of water vapor, temperature, pressure, and density
in the Earth’s atmosphere [8]. The LEO-LEO microwave occultation (LMO) concept is a new
occultation technique proposed in the late 1990s based on global navigation satellite system
(GNSS) radio occultation (RO) [10]. The GNSS-LEO radio occultation (GRO) technique uses
receivers on LEO satellites to receive the L-band signals from GNSS transmitters [11,12].
The highest quality of the retrieved variables is achieved in the upper troposphere and
lower stratosphere regions [13]. Previous studies have proven the feasibility of using the
GRO technique for observing atmospheric parameters, such as refractivity, temperature,
water vapor, and pressure for improving numerical weather prediction and global climate
monitoring [14-19].

Although GRO has demonstrated some remarkable capabilities, it is limited by the fre-
quencies (1-2 GHz) chosen specifically to minimize its interaction with the atmosphere [2,20].
Three important limitations of GRO are as follows: (1) its inability to separate the tem-
perature and water vapor contributions to refractivity [6]; (2) its insensitivity to water
vapor in the colder regions of the troposphere and stratosphere [8]; and (3) the ionospheric
error in the retrievals, which is significant at upper stratospheric altitudes [13,21]. In moist
air conditions, there is a temperature-humidity ambiguity problem in the middle and
low troposphere [19,22]. If the water vapor is neglected in the retrieval procedure, a cold
temperature bias will be the result [23]. It is impossible to retrieve water vapor profiles
from the refraction measurements unless they are combined with additional temperature
observations or model analysis data. In contrast, a temperature deviation of 1-2 K can
induce a water vapor pressure retrieval error of 0.2-0.3 hPa [24]. The retrieval accuracy is
highly also dependent on the initial model field and model error since different model data
have their intrinsic systematic biases, so using different climatology data as the background
field can lead to different results [25-27].

The LMO technique uses frequencies near the 22.23 GHz and 183.31 GHz water lines
to measure the refraction and absorption of the signals, enabling simultaneous retrieval
of the temperature and water vapor profiles without an auxiliary background field [2,3],
overcoming the temperature-humidity ambiguity problem of GRO. Furthermore, LMO also
has the unique characteristics of radio occultation, high accuracy, high vertical resolution,
self-calibration, being able to be used in nearly all-weather, global coverage, and long-term
stability [18,28]. Since the LMO concept was proposed, many significant retrieval technique
studies have been carried out, focusing mainly on measurement theory, simulation analysis,
load development, principle prototype experiments, and so on [29-31]. However, there
is still currently no LEO-LEO occultation mission in space. To realize space exploration
involving an early LMO mission, a lot of research is still needed.

The LEO-LEO cross-link radio occultation uses the cm and mm wavelengths to moni-
tor attenuation and refraction measurements. The retrieval of LEO-LEO radio occultation
is more complicated than GNSS to LEO radio occultation because the attenuation mea-
surements are used in the retrieval [32]. The possibilities and advantages of the LMO
technique still need to be investigated. Additionally, each satellite will have transmitter
and receiver capabilities, carrying the cm- and mm-wavelength transmitters on one end
and the corresponding receivers on the opposite end [6,8]. Therefore, the correct choice of
cross-link frequencies is crucial for LMO. In this study, some simulations were performed
to analyze the attenuation properties at different heights of cm and mm wavelengths within
the 22.23 GHz and 183.31 GHz lines. The LMO signal propagation characteristics were
assessed and compared with GRO. Moreover, the retrieval performance of LMO to detect
temperature and water vapor profiles using different frequency combinations at the X, K,
and M bands was analyzed.

This paper is arranged as follows. Section 2 presents the principles and methods.
Section 2.1 introduces the measurement theory. Section 2.2 describes the double differential
absorption approach. Section 2.3 describes the forward propagation model. Section 3
illustrates the results of this research, and discussions are given in Section 4. Finally, a
conclusion is given in Section 5.
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2. Principles and Methods
2.1. Measurement Theory

The LMO technique uses an occultation geometry with transmitter and receiver satel-
lites on the low Earth orbit. Since the transmitters and receivers are independent, the system
is referred to as bistatic radar [28,31]. Figure 1 shows a schematic view of microwave oc-
cultation links between LEO satellites. When two LEO satellites move to either side of the
Earth, microwave signals transmitted by one of the LEO satellites, the transmitter satellite,
are refracted and absorbed as they traverse to the atmosphere and are finally received by
the LEO receiver on the other LEO satellite [28]. Owing to the relative motion between the
satellites, the atmosphere is scanned from top to surface or in the opposite directions, and
the excess phase and amplitude attenuation at different heights are measured [33]. This
process is called a setting or rising occultation event. The moist atmospheric parameter
profiles can be derived from the refraction and attenuation measurements at the receiver.
The orbit altitudes of the LMO transmitter and receiver satellites are generally in the range
of 300-900 km [3].
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Signals '{ransmitted Signals
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Figure 1. Schematic view of microwave occultation links between LEO satellites.

In the microwave region below 200 GHz, there are two major water vapor absorption
lines at 22.23 GHz and 183.31 GHz, which are sensitive to both refraction and absorp-
tion [20]. The atmospheric medium will affect both the propagation speed and the ampli-
tude of LMO signals via refraction, scattering, and absorption. Therefore, the refractivity is
expressed in a complex form, as follows: N, = N "+ N //i, where N is real refractivity, N "is
imaginary refractivity, and i is an imaginary unit [8].

When the LMO radio signals traverse the atmosphere, the real refractivity causes
bending of the ray. The bending angle describes the change in the ray path direction
accumulated along the ray path [18]. Assuming spherical symmetry of the atmosphere, the
bending angle « as a function of the impact parameter a can be derived via the Doppler
shift from the excess phase [34]. The real refractive index n’ as a function of height can be
converted from the bending angle via the classical Abel transform [28,35]. The bending
angle and real refractive index are expressed as follows:

1 dlIn(n’)

‘X(aj) = za]fi'] 1’2 . (n/)Z _ a?_ d}’ dr
p 1)
1 .« «(a
n’(aj) = exp ;fu]_ az(_)ada
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where the impact parameter a = r - n’(a) sin 6, and r is the radial distance from the center
of the Earth, and 0 is the angle between the transmitter and the receiver position vector.

Meanwhile, the intensity I is reduced by absorption along the signal path as dI = —Ikdl,
where | is distance and k is the extinction coefficient [20]. For each LMO radio signal, the
observed intensity I is related to the vacuum intensity Iy. The transmission is defined
as T = I/Iy = exp(—T1), where T is the optical depth. Since intensity is proportional to
amplitude A squared (I o« A?) [3,6], transmission can be computed as a function of the
impact parameter can be computed from the amplitude at each signal frequency f;. In
addition, the absorption coefficient can be derived as a function of height from transmission
via another Abel transform [2]. The transmission and absorption coefficients are expressed
as follows:

© n'r
T;(aj) = exp | =2 k; dr
rj (n'r)? — (n’jr]-)z )
o\ 1lda|  ®dInT(a) 1
ki(zj) = | dr a:uﬂ{ da 72 _azda
]

where z; is the ellipsoidal height level, z; = r; — R¢, and Rc is the radius of the local
curvature [28]. The real refractivity and imaginary refractivity as a function of height can
be obtained from the following expressions:

N'(z) = 10°(n’ (a; — 1))

, 3
N'i(5) = 10° k() v

where c is the speed of light.
The relationship between the atmospheric state variables and the real refractivity can
be expressed using the Smith and Weintraub equation, as follows [3]:

'y — 77 o P(2) 5 ¢(2)
N (z) = 77.6m +3.73 x10 T2’ 4)
where T is temperature, p is pressure, and e is water vapor pressure.

In the case of dry air, where water vapor can be neglected, refractivity is only related
to pressure and temperature. Using the refractivity equation together with the ideal gas
equation and the hydrostatic equation, pressure, temperature and density profiles can
be calculated [36]. In the case of moist air, the contributions from water vapor cannot be
neglected. Combining the imaginary refractivity profiles at multiple signal frequencies
with the real refractivity profile, together with the hydrostatic equation and the equation of
state in moist air, there are at least four equations which can be used to derive the desired
parameters pressure, temperature, and water vapor [28]. Additionally, in the case of clouds,
there is one additional unknown, namely the cloud liquid water content. Therefore, we will
require at least one frequency more than we require in clear sky conditions to distinguish
the contributions of water vapor and cloud liquid water to absorption [20].

As the equations are nonlinear, an iterative least-squares optimal estimation method
is used to solve the solution at each integration step [37]. For more detailed information
about the solution process, please refer to Refs. [23,28].

2.2. Double Differential Absorption Approach

The LMO technique is self-calibrating and eliminates long-term drift [2,3]. These
capabilities will meet key needs for climate change monitoring. Furthermore, LMO achieves
its unique performance via a double differential absorption approach by measuring signal
strength at several frequencies simultaneously [6]. First, amplitude measurement is the
change in signal amplitude over an occultation relative to the amplitude measured above
the atmosphere where there is no absorption [8]. Second, the amplitudes of two or more
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frequencies are simultaneously measured during each occultation, taking the ratio of the
amplitudes of signals with similar frequencies to eliminate unwanted common noise and
atmospheric effects [8]. The main frequency is near the water vapor absorption line center
to measure the strong signal absorption. The calibration frequency is far away from the
absorption line center to offset unnecessary effects, such as defocusing and diffusion [2,20].

To obtain the transmission only caused by absorption, the differential transmission
between adjacent frequencies is computed. The formula for calculating the differential
transmission is as follows [3]:

AT(a;) = T8 (a)) — /% (a;), k = i +1, ®)

where Tilog is the transmission in logarithmic form in units of dB. Then, the differential
absorption coefficient can be derived from the differential transmission.

2.3. Forward Propagation Model

The original variables of occultation measurement are phase delay and amplitude
attenuation of signals. Currently, there is no LEO-LEO occultation mission in space. To
study the detection capability of LMO, the excess phases and amplitude attenuations of
LMO signals when they pass through the ionosphere and neutral atmosphere and arrive at
the receiver satellite were simulated. In this study, the geometric optics method was used
for bending angle and transmission retrieval. High-precision 3D ray tracing was used to
calculate the refracted ray path, and the millimeter wave propagation model (MPM93) was
also used to calculate the absorption loss along the ray path. To retrieve the temperature
and water vapor profiles, the LMO measurement errors were added to the excess phases
and amplitude attenuations, including the satellite position and velocity error, clock error,
local multipath error of receiver antenna, 1/f amplitude noise error and the amplitude
drift error.

The ray tracing technique is commonly used for calculating the propagation paths of
an electromagnetic signal in a medium specified by a position-dependent refractive index
field [13]. Under geometric optical approximation, 3D ray tracing determines the signal
propagation path by shooting a target. This method is suitable for signal propagation in the
ionosphere and upper atmosphere and has become a significant tool for investigating signal
propagation in RO technology [2,3]. The MPM model is used to simulate the atmospheric
attenuation coefficient, delay effect, and complex refractive index of frequencies within the
range 1-1000 GHz [38]. A detailed description of the absorption due to water vapor and
oxygen is given in Ref. [39].

3. Results
3.1. Signal Attenuation Properties
3.1.1. Transmission Profiles

The transmission measurements reveal the attenuation change in signal strength
during an occultation epoch. Figure 2 shows the transmission profiles of several frequencies
at 22.23 GHz and 183.31 GHz lines in clear sky conditions for two LMO occultation events
representative of tropical (Tro) and mid-latitude (Mid) atmosphere. The range is from
the near-surface to the lower stratosphere (~25 km), including one millimeter waveband
(178-185 GHz) and two centimeter wavebands (23-30 GHz and 9-22.23 GHz), each with
eight frequencies. As seen in Figure 2, for the same transmission, the altitude is higher for
the tropical atmosphere compared with the mid-latitude because of the more significant
amounts of water vapor.
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Figure 2. Transmission profiles at several frequencies in clear sky conditions. (a,b,c) are for the
mid-latitude (Mid) atmosphere; (d,e,f) are for the tropical (Tro) atmosphere.

For the 178-185 GHz band, the transmission profiles in Figure 2a,d are mainly dis-
tributed over 10 km, significantly higher than the 23-30 GHz in Figure 2b,e and the
9-22.23 GHz in Figure 2¢,f. Below about 10 km, where moisture is abundant, these mil-
limeter wave signals are almost completely absorbed by the atmosphere, making them
undetectable by receivers. Above about 10 km, where moisture is rare, these signals have a
strong absorption effect. They are very sensitive to the atmosphere at different altitudes,
so they can be used to detect water vapor information in the upper troposphere. For the
23-30 GHz and 9-22.23 GHz bands, these centimeter wave signals are nearly completely
transmitted to the atmosphere above about 10 km, which cannot detect effective water
vapor information. Below about 10 km, the signals at 23-30 GHz in Figure 2b,e are slightly
sensitive to the atmosphere at different altitudes, especially in the tropics below 5 km. The
absorption effects of the signals at 9-22.23 GHz in Figure 2c,f differ significantly with alti-
tude. Because of the strong absorption effect, the sensitivity of the signals at 17-22.23 GHz
decreases below 5 km, so they can be used to detect water vapor information in the middle
troposphere. The signals at 9-15 GHz are sensitive to the atmosphere below 5 km, and so
are suitable for exploring the low troposphere.

The 183.31 GHz line is used at altitudes where there is little cloud liquid water con-
tent. Thus, Figure 3 only gives the transmission profiles of several frequencies at the
22.23 GHz line in cloudy conditions, including two centimeter wavebands of 23-30 GHz
and 9-22.23 GHz. In the mid-latitudes, a cloud layer with a thickness of 0.5 km was set
near 4.5 km, and the cloud liquid water content was 0.40 g/ m3. In the tropics, a cloud
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layer with a thickness of 0.8 km was set near 3.5 km, and the cloud liquid water content
was 0.60 g/m3. As seen in Figure 3a,c, the signals at 23-30 GHz are completely absorbed
below 5 km, which can make them undetectable by receivers. The signals at 9-17 GHz in
Figure 3b,d are obviously attenuated, and the transmission profiles curve due to the clouds.
In addition, compared with 9-17 GHz, the signals at 23-30 GHz are more attenuated by the
clouds and affected by scattering due to their shorter wavelengths. Therefore, the signals at
9-17 GHz are generally selected to detect and distinguish the contributions of water vapor
and cloud liquid water to absorption in the low and middle troposphere.
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Figure 3. Transmission profiles at several frequencies in cloudy conditions. (a,b) are for the mid-
latitude (Mid) atmosphere; (c,d) are for the tropical (Tro) atmosphere.

The above results illustrate that we cannot use a single frequency to cover the water
vapor distribution from the near-surface to the lower stratosphere. By using several
appropriate frequencies within both the 22.23 GHz and 183.31 GHz lines, we can detect
water vapor information over a wide range of altitudes.

3.1.2. Ratio of Frequency Pair

The differential absorption coefficient profile is retrieved from the differential trans-
mission profile of two adjacent frequencies. Figure 4 shows the absolute and differential
absorption coefficient profiles and their retrieval errors for two frequency pairs, as follows:
22.23 GHz and 20 GHz, and 17 GHz and 9 GHz. The retrieval errors of the absolute absorp-
tion coefficient of each pair below 10-15 km and 7 km show an obvious increase. After
taking the ratio of the two frequencies, the retrieval errors of the differential absorption
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coefficient largely decrease. The effects of defocusing and diffraction are obviously removed
by taking the ratio.
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Figure 4. Absolute absorption coefficient and differential absorption coefficient profiles and their
retrieval errors. (a,b) are for the frequency pair of 22.23 GHz and 20 GHz; (c,d) are for the frequency
pair of 17 GHz and 9 GHz.

The above results illustrate that at least two frequencies are required to generate one
absorption coefficient difference under clear sky conditions. In the presence of clouds, three
frequencies must be used to generate two absorption coefficient differences.

3.2. Signal Propagation Comparison with GRO

In order to assess the signal propagation characteristics of LMO, five frequencies near
the 22.23 GHz and 183.31 GHz absorption lines were selected, including the centimeter
wave at the X and K bands, and millimeter wave at the M band. For comparison, the signal
propagation of GRO was also simulated. The transmitter frequencies of GRO were the two
fixed decimeter waves at the L-band. The detailed frequencies of GRO and LMO are shown
in Table 1.

Figure 5a shows how the impact height of the GRO and LMO occultation tangent
points varies with time. The occultation events time of GRO and LMO lasts 47.2 s and 37.1s,
respectively. The slope of the LMO profile is steeper than that of GRO. The LMO technique
scans the atmosphere from the surface to about 80 km sooner than GRO. Figure 5b,c show
the excess phase and amplitude profiles of GRO and LMO. The impact height goes from
the near-surface to the stratopause (~50 km). As can be seen, the excess phase in Figure 5b
is independent of frequency and increases with a decrease in height. The excess phases
of GRO and LMO from about 20 km to 50 km are less than 67.3 m and 62 m, respectively.
Atmospheric refraction is obvious below 20 km. The excess phase increases sharply in
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the lower troposphere, reaching the maximum of 781 m and 492 m near the surface,
respectively. In Figure 5c, the amplitude profiles of GRO at 1.2276 GHz and 1.5754 GHz
almost overlap and attenuate very little, within 49 dB. The amplitude profiles of LMO at
five signal frequencies are obviously different and attenuate strongly. The amplitudes of
182.2 GHz attenuated to 1.82 dB at 10 km and are almost completely attenuated below
10 km. The amplitudes of 179.0 GHz attenuate to 1.13 dB at 8 km. At 9.7 GHz, 17.25 GHz,
and 22.6 GHz, the amplitudes attenuate to 47.3 dB, 40.9 dB, and 4.38 dB near the surface,
respectively. The excess phase of the LMO signals is obviously smaller than that of GRO,
and the amplitude attenuation of the LMO signals is much greater than that of GRO.

Table 1. The transmitter signal frequencies of GRO and LMO.

GRO LMO
Frequency (GHz) Wavelength(cm) Frequency (GHz) Wavelength(cm)
L1=1.5754 19.03 Frel =9.7 3.0906
12 =1.2276 24.42 Fre2 =17.25 1.7379
Fre3 =22.6 1.4841
Fre4 =179.0 0.1675
Fre5 =182.2 0.1648
80 T T T T 50 T T T 50
(a) (b) (c)
70 ¢ GRO_1.2276GHz GRO_1.2276GHz
aRO 40 | GRO_1.5754GHz | 40 GRO_1.5754GHz
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Figure 5. (a) The impact height of the GRO and LMO occultation tangent point varies with time.
(b) Excess phase profiles of GRO and LMO. (c) Amplitude profiles of GRO and LMO.

The influence of the ionosphere on the signal propagation of GRO and LMO was
compared. Figure 6 shows the bending angle errors of GRO and LMO without ionospheric
correction, and the solar activity intensity is low (F1o 7 = 80). Below 35 km, the bending angle
errors of GRO and LMO are less than 23.97% and 0.68%, respectively. From about 35 km to
50 km, the bending angle errors of GRO at 1.2276 GHz and 1.5754 GHz increase rapidly,
reaching the maximum of 270.85% and 162.84%, respectively. However, the increase in
bending angle errors for LMO is still small. The maximum errors at 9.7 GHz, 17.25 GHz,
and 22.6 GHz are 5.62%, 1.96%, and 1.22%, respectively, which is about two orders of
magnitude smaller than those of GRO. The maximum errors at 179.0 GHz and 182.2 GHz
are 0.296% and 0.304%, respectively, which is about three orders of magnitude smaller than
those of GRO.

Figure 7 shows the bending angle residual errors of GRO and LMO after ionospheric
correction, at impact heights ranging from 30 km to 50 km. The solar activity intensities
are low (Fj97 = 80), medium (Fyo7 = 140), and high (F107 = 200), respectively. As seen in
Figure 7a,b, the stronger the solar activity intensity, the larger the ionospheric residual
error of GRO. Under Fig7 = 200, the relative and absolute residual errors of GRO reach
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their maximum of —8% and —5.59 urad, respectively. However, the ionospheric residual
errors of LMO in Figure 7c,d are very small and vary only slightly with an increase in solar
activity intensity. The relative and absolute residual errors of LMO are within £0.89% and
0.53 urad, respectively. The bending angle residual ionospheric error of GRO is still larger
than that of LMO by about one order of magnitude even after ionospheric correction.

50 50

40 + 40 |
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Figure 6. Bending angle error profiles without ionospheric correction. (a) is for GRO; (b) is for LMO.
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3.3. Detection Performance of Different Frequency Combinations
3.3.1. Frequencies Setting

In order to assess the performance of LEO-LEO microwave occultation to detect
temperature and water vapor profiles using the centimeter and millimeter waves, a series
of simulation retrieval experiments were carried out. According to the above results,
22.6 GHz and 182.2 GHz were selected as the main detection frequencies of the 22.23 GHz
low band and 183.31 GHz high band, respectively. Different reference detection frequencies
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were selected to form eight groups of frequency combinations, including four groups in the
Kband, two groups in the X and K bands, and two groups in the X, K, and M bands. The
detailed frequency combination settings are given in Table 2.

Table 2. Different frequency combinations settings.

Group Wavelength Band Frequencies (GHz) Number of Frequencies
fre01 Centimeter wave K 20.2,22.6 2
fre02 Centimeter wave K 17.25,22.6 2
fre03 Centimeter wave K 20.2,20.8, 22.6 3
fre04 Centimeter wave K 17.25,20.2,22.6 3
fre05 Centimeter wave X+K 9.7,17.25,22.6 3
fre06 Centimeter wave X+K 9.7,13.5,17.25,20.2, 22.6 5
fre07 Centimeter and millimeter wave X+K+M 9.7,17.25,22.6,179.0, 182.2 5
fre08 Centimeter and millimeter wave X+K+M 9.7,17.25,22.6,179.0, 181.3, 181.9, 182.2 7

3.3.2. KBand

Figure 8 shows the retrieval errors of temperature profiles at the K band. Using only
two frequencies (fre01 and fre02) at the K band, in the clear conditions, the RMS (root mean
square) errors at about 5-50 km are almost within 2 K. From 7 km to 40 km, the retrieval
accuracy is better. The mean bias is almost within £0.3 K. The RMS errors are less than 1 K.
Above about 40 km, the retrieval errors of fre01 and fre02 increase obviously, and the former
is greater than the latter because the reference frequency of 20.2 GHz of fre01 is closer to the
main frequency of 22.6 GHz than the 17.25 GHz of fre02. Below about 7 km, the retrieval
errors of fre01 and fre02 are similar, and both increase significantly. The RMS errors below
about 5 km exceed 2 K. In cloudy conditions, there is one additional variable, namely the
cloud liquid water content. The temperature profiles of fre01 and fre02 below about 8 km
cannot be effectively retrieved because there is only one differential transmission profile
after differential processing.

Using three frequencies (fre03 and fre04) at the K band, the retrieval accuracy of fre04
above about 40 km is improved compared with fre01 and fre02. The RMS errors are less
than 1.5 K. However, the retrieval errors of fre03 are larger than those of fre01 and fre02,
because the reference frequency of 20.8 GHz of fre03 is closer to the main frequency than the
20.2 GHz of fre01. Below about 7 km, the retrieval errors of fre03 and fre04 are significantly
smaller than those of fre01 and fre02, and the RMS errors above about 2.5 km are mostly
within 2 K, since the three frequencies can obtain more absorption information than the two
frequencies of fre01 and fre02. In cloudy conditions, the temperature profile below 8 km
can be effectively retrieved, but the RMS error below about 6 km increases significantly
exceeds 2 K, and cannot, therefore, meet the detection requirements [40].

Figure 9 shows the retrieval errors of water vapor profiles at the K band. Using only
two frequencies (fre01 and fre02) at the K band, in the clear conditions, the RMS errors
are mostly within 10% from 5 km to 15 km. The retrieval errors of fre01 and fre02 above
15 km increase obviously, and the former increase faster than the latter. Above about 17 km,
the RMS errors are more than 20%, which cannot meet the detection requirements. Below
about 5 km, the retrieval errors of fre01 and fre02 are similar, and both increase significantly,
with the RMS errors below about 4 km exceeding 20%. In cloudy conditions, the water
vapor profile below about 8 km cannot be effectively retrieved. Using three frequencies
(fre03 and fre04) at the K band, the retrieval accuracy above about 15 km is not improved,
but it is improved below about 5 km. The retrieval error of fre04 is smaller than those of
fre01 and fre02, and the RMS errors exceeding 20% are only below about 2.5 km. In cloudy
conditions, the water vapor profile below 8 km can be effectively retrieved, but the RMS
errors of fre03 below 6 km and fre04 below 4 km begin to increase significantly, exceeding
20%, which cannot meet the detection requirements.
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Figure 8. Retrieval errors of temperature profiles at the K band. (a,b) are in clear condition; (c,d) are
in cloudy conditions.

3.3.3. X+K Band

Figure 10 shows the retrieval errors of temperature profiles at the X+K band. In the
clear conditions, at about 2.5-50 km, the mean bias is mostly within +1 K, and the RMS
errors are less than 1.5 K. The retrieval accuracy is even better at about 7-40 km, where the
mean bias is mostly within £0.3 K, and the RMS errors are less than 0.5 K. In the cloudy
conditions, the RMS errors of fre05 below about 5 km increase significantly, exceeding
2 K. Compared with fre(5, the retrieval accuracy of fre06 is significantly improved, and
the RMS errors are more than 2 K only below about 2.5 km. Figure 11 shows the retrieval
errors of water vapor profiles at the X+K band. In the clear conditions, the RMS errors at
about 2.5-15 km are mostly within 5%. The retrieval errors increase obviously above about
17 km, and the RMS errors rapidly exceed 20%. In cloudy conditions, the RMS errors of
fre05 increase significantly below about 5 km and exceed 20% below about 4 km, which
cannot meet the detection requirements. Compared with fre05, the retrieval accuracy of
fre06 is significantly improved, and the RMS errors are less than 5% at about 2.5-5 km.
This is because fre06 has two more frequencies than fre05, allowing it to obtain more
absorption information.

3.3.4. X+K+M Band

Figure 12 shows the retrieval errors of temperature profiles and water vapor profiles
at the X+K+M band. At about 2.5-50 km, the temperature mean bias is mostly within £1 K,
and the RMS errors are less than 1.5 K. The water vapor RMS errors at about 2.5-24 km are
less than 10%. Compared with the X+K band, also using the frequencies at the M-band, the
water vapor retrieval accuracies of fre07 and fre08 above 15 km are significantly improved,
while the temperature retrieval accuracies are slightly improved. Furthermore, it can be
determined that the temperature and water vapor profiles retrieved by fre08 show a sharp
error bump at about 12-14 km, especially for temperature, with the RMS errors even
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reaching 4 K. This is because fre08 has two more frequencies at the M-band than fre07, but
the current retrieval algorithm has an unreasonable role in the weight distribution of the
frequencies, which needs to be improved and optimized in the future.
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Figure 9. Retrieval errors of water vapor profiles at the K band. (a,b) are in clear condition; (c,d) are
in cloudy conditions.
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Figure 10. Retrieval errors of temperature profiles at the X+K band. (a,b) are in clear condition;
(c,d) are in cloudy conditions.
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Figure 11. Retrieval errors of water vapor profiles at the X+K band. (a,b) are in clear conditions;
(c,d) are in cloudy conditions.
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4. Discussion

The LMO study indicates that attenuation measurements used along with the standard
refraction measurements greatly extend the capabilities of the radio occultation technique.
As shown in Figures 2 and 3, by using several appropriate frequencies within both the
22.23 GHz and 183.31 GHz lines, water vapor information can be detected from the near-
surface to the lower stratosphere, and the absorption of cloud liquid water can also be
distinguished. By taking the ratio of two adjacent frequencies, the non-absorption effects in
the atmosphere are obviously removed. Section 3.2 shows that the ionosphere has a small
influence on LMO signals. The LMO technique can improve the bending angle retrieval
accuracy above 35 km compared with GRO.

The detection performance of LMO temperature and water vapor profiles is related
to the frequency combinations used. In Section 3.3, when using only two frequencies
at the K band, in the clear conditions, the temperature profiles at about 5-50 km and
water vapor profiles at about 5-15 km can be accurately detected. However, in cloudy
conditions, the temperature profiles and water vapor profiles below about 8 km cannot
be effectively retrieved. When using three frequencies at the K band, in clear conditions,
the retrieval accuracies of temperature and water vapor at about 2.5-5 km are obviously
improved. In cloudy conditions, the temperature profiles and water vapor profiles below
about 8 km can be effectively retrieved, but the retrieval errors below 6 km are too large to
meet the detection requirements. When using several frequencies at the X+K band, in clear
conditions, the temperature profiles at about 2.5-50 km and water vapor profiles at about
2.5-15 km can be accurately detected. In the cloudy conditions, using the frequency set
of 9.7 GHz, 13.5 GHz, 17.25 GHz, 20.2 GHz, and 22.6 GHz, the retrieval accuracies of the
temperature profiles and water vapor profiles at about 2.5-5 km are obviously improved.
When using the several frequencies at the X+K+M band, the increased M-band frequencies
do not improve the temperature retrieval accuracy but can significantly improve the water
vapor retrieval accuracy above about 15 km and increase the detectable height of water
vapor to about the lower stratosphere.

In reality, the selected frequency combination needs to comprehensively consider the
scientific requirements, the hardware development technology, and the cost [22,40]. If only
scientific requirements are considered, in order to obtain the maximum detection accuracy
and height range of temperature and water vapor profiles, the frequency combination at
the X+K+M band in Section 3.3 should be used. In this case, the satellite platform needs to
be equipped with occultation transmitters of 22.23 GHz low band and 183.31 GHz high
band, respectively, and the X, K, and M bands each need a receiving antenna, which will
greatly increase the technical difficulty and cost of instrument development. At present,
the 22.23 GHz low-frequency technology is mature, but the 183.31 GHz high-frequency
instrumentation is not, because of the problem of high-frequency oscillators. Therefore,
in order to promote the early implementation of an LMO missions in space, a trade-off
between scientific requirements and hardware development is needed. In this study, the
preferred frequency combination is 9.7 GHz, 13.5 GHz, 17.25 GHz, 20.2 GHz, and 22.6 GHz
at the X+K band, which can accurately detect the temperature profiles at about 2.5-50 km
and water vapor profiles at about 2.5-15 km under clear and cloudy conditions.

It is worth noting that temperature and water vapor retrieval errors below 2.5 km in-
crease significantly even when using the X band frequencies. In the simulation experiments,
this is partly caused by the topography and partly due to multipath effects in the lower
troposphere limiting the ray-tracing in the forward modelling [28]. An optimized retrieval
algorithm is needed to make a more reasonable weight distribution of the frequencies
and to reduce the retrieval errors in the lower troposphere. In addition, Kursinski et al.
suggested using one or more lower frequencies between 2 and 5 GHz to reduce the near-
surface temperature uncertainty in the tropics [8]. Its feasibility and detection performance
need to be further studied and verified in the future work.
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5. Conclusions

In this study, some simulations were performed to assess the detection performance
of LMO. The results illustrate that LMO can greatly extend the capabilities of the radio
occultation technique. Indeed, LMO may improve the bending angle retrieval accuracy
above 35 km compared with GRO. By using several appropriate frequencies at the X+K+M
band, water vapor profiles from the near-surface to the lower stratosphere (~24 km) can
be obtained. The LMO method achieves its unique performance via a double differential
absorption approach. When using only two frequencies at the K band, the retrieval ac-
curacies of temperature and water vapor at about 2.5-5 km are obviously improved in
clear conditions. However, the temperature profiles and water vapor profiles below about
8 km cannot be effectively retrieved in cloudy conditions. The added X-band frequencies
can significantly improve the retrieval accuracy for temperature and water vapor below
about 5 km. However, the increased number of M-band frequencies does not improve
the temperature retrieval accuracy but can significantly improve the water vapor retrieval
accuracy above about 15 km, especially at about 17-24 km, and the RMS errors decrease
from over 20% to less than 10%. For promoting the early implementation of an LMO
mission in space, a frequency combination of 9.7 GHz, 13.5 GHz, 17.25 GHz, 20.2 GHz,
and 22.6 GHz at the X+K band is preferred, which can provide the potential to observe
the temperature profiles at about 2.5-50 km and water vapor profiles at about 2.5-15 km
accurately under clear and cloudy conditions.

The LEO-LEO cross-link radio occultation method using cm and mm wavelengths
provides a potential way to measure the moist atmospheric profiles, which is an important
supplement to the other atmospheric detection methods. More in-depth research involving
theoretical studies and hardware development is still required to improve LMO detection
capability. An optimized retrieval algorithm is needed to ensure a more reasonable weight
distribution of the frequencies and to reduce the retrieval errors of temperature and water
vapor profiles below 2.5 km. In recent years, small satellites have been extensively launched
into space. The development of the LEO-LEO radio occultation technique can provide
essential vertical atmospheric datasets for global climate change research in the future.
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