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Abstract: In view of the future development trend of
ocean altimetry satellites, the design idea of Ka/C dual
frequency combination system is proposed, that is, the
mode of using an altimeter antenna to contain Ka and C
frequencies (35.7 and 5.3 GHz, respectively) for combined
ranging. First, the random error model of altimeter mea-
suring the distance from the altimeter phase center to the
sea surface is given, and the analysis shows that the iono-
spheric correction error is one of the important factors.
Second, the calculation of typical ionospheric parameters
shows that the influence of ionospheric higher order
terms on altimeter ranging is below the mm level, and
its influence can be ignored. The rigorous expression for
the first-order and second-order term correction of iono-
sphere error are given, respectively, by using dual fre-
quency and three frequencies. The computational experiment
of Jason-2 and SARAL satellite show that the maximum mag-
nitude of ionospheric error correction in Ku band can reach
11 cm, while the maximum magnitude of ionospheric error
correction in Ka band can reach 2cm. For high-precision
applications, ionospheric corrections must be made for single
Ka frequency. After Ka/C dual frequency combination is
adopted, error correction can be directly conducted without
global ionospheric map (GIM) model, and its accuracy will be
further improved than GIM model. Under 1Hz sampling
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conditions, the ionospheric correction accuracy of Ka/C com-
bination can be better than 2.5 mm, basically eliminating the
influence of the ionosphere, and the total ranging accuracy
can reach 3.5 cm considering the propagation error.
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1 Introduction

Ocean satellite altimetry technology (including synthetic
aperture radar and traditional bottom looking radar mode)
is an important means to obtain global sea level changes,
wind fields, gravity fields, and seabed topography. Dozens
of altimetry satellites have been launched for oceano-
graphy, geodesy, and other scientific research (Abdalla
et al. 2021, Cheng et al. 2019, Huang et al. 2007, Roblou
et al. 2011, Sandwell et al. 2014, Vignudelli et al. 2019,
Nguyen et al. 2020). With the continuous development
of technology, high-resolution, high-precision, and high
timeliness will become the trend of future ocean satellite
altimetry. In order to eliminate the impact of the iono-
sphere on high-precision satellite altimetry products, cur-
rently two methods are commonly used for ionospheric
correction (Azpilicueta and Nava 2021, Ablain et al. 2019,
Quilfen and Chapron 2021, Schwatke and Dettmering 2022).
One is using dual frequency ranging correction, and the
other is using the global ionospheric map (GIM) model
from terrestrial dual-frequency Global Navigation Satellite
Systems measurements (Borries et al. 2020).

At present, the commonly used altimeters for satellite
altimetry generally use the Ku/C dual frequency system.
Taking the Jason-3 satellite as an example, its 1 Hz ran-
ging accuracy in the Ku band can reach 1.8 cm. Although
the use of the Ku/C dual frequency system can reduce the
impact of ionospheric errors, at present, 100 km and
above post-processing data filtering scales are widely
used (Jin et al. 2012) just because the residual error is still
large, which is not the optimal strategy in theory for
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1-2km high-resolution marine surveying and mapping.
Some satellite, such as the SARAL satellite which carried
the AltiKa altimeter use the single frequency Ka system,
and its Ka band with 1Hz ranging accuracy can reach
1cm (Dhote et al. 2021, Verron et al. 2015, Jing et al.
2016, Pirooznia et al. 2016, Ghosh et al. 2017, Yang
et al. 2017), and for offshore and sea ice, measurement
accuracy is higher than the Ku band, while the sea ice
area can account for up to 8% of the global total ocean
area (Yang et al. 2013, Denise et al. 2015). Although Ka
band is slightly affected by the ionosphere, it cannot
completely eliminate the influence of ionospheric delay
error (Tournadre et al. 2009a, b). In view of the short-
comings and development trend of the existing ocean
satellite altimetry system, this study proposes a Ka/C
dual frequency combined ranging system and analyzes
its applicability from the perspective of ionospheric error.

2 Random error model for altimeter
to measure the distance from
altimeter to sea surface

The spaceborne altimeter measures the vertical distance
from the altimeter phase center to the sea surface. According
to the altimeter system principle, the distance error between
the altimeter and the sea surface includes: original ranging
value error, retracking correction value error, ionosphere
and sea state deviation caused by the influence of propaga-
tion environment, errors related to measurement frequency,
and some dry and wet tropospheric errors and tidal errors
unrelated to frequency. According to the above analysis, the
random error of the distance from the altimeter to the sea
surface can be defined as follows:

)

m(R) = |m(alt)? + m(ret)> + m(ion)? + m(ssh)?,
+ m(tro)? + m(tide)?

where m(R) represents the random total error of the dis-
tance from the altimeter phase center to the sea surface,
m(alt) represents the ranging error of the altimeter itself,
m(ret) represents the waveform retracking error, m(ion)
represents the ionospheric correction error, m(ssb) represents
the sea state deviation correction error, m(tro) represents the
tropospheric correction error, and m(tide) represents the tidal
correction error. m(alt) is determined by the performance of
the instrument itself. Under the condition that the mathema-
tical model of echo waveform is fixed, m(ret) can be better
than 1 cm m(ion)which needs to be analyzed according to the
correction model. Usually, m(ssb) is corrected by a multi
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parameter model containing significant wave height and
wind speed, and the correction accuracy reaches 2cm
(Haoran and Hongli 2013). In m(tro), the dry tropospheric
error is generally corrected by model, and the wet tropo-
spheric error is corrected by atmospheric correction radio-
meter, with a total correction accuracy of 1.5cm (Wang
et al. 2013). m(tide) is usually corrected by the global tide
model (including ocean tide, solid tide, and polar tide), and
the correction accuracy reaches 2cm (Turner et al. 2013). It
should be emphasized that Eq. (1) describes the ranging error
obtained at the same measurement time and at the same
measurement sampling frequency. That is, all errors should
be analyzed under the same sampling frequency. For tradi-
tional altimeter products, the sampling frequency is usually
1Hz (about 5-7 km). For synthetic aperture radar altimeter
products, the sampling interval can be up to 300 m. The
spatial variation scale of the troposphere is more than
20 km, which has little impact on the current altimeter mea-
surement resolution. The resolution of typical tidal models,
such as Final Element Solution (FES) 2014, has also reached
0.06° (Fan 2019), which can basically meet the require-
ments of high-resolution altimetry. From the above ana-
lysis, it can be seen that in order to form a matching rela-
tionship with all errors, the ionospheric correction must
consider the changing scale with higher resolution. From
the current research, the spatial change in the ionosphere
is more complex, and different latitudes and altitudes will
have different changes. At present, the widely used 100 km
filtering scale in satellite altimetry has lost the opportunity
to correct the fine ionosphere while reducing the iono-
spheric error. Therefore, it is not the best choice. In view
of this, we will focus on the correction model and error of
ionospheric influence.

3 lonospheric 1-3 order term
influence analysis

Theoretically, the dual frequency correction can eliminate
the influence of the ionospheric first-order term. However,
for satellite altimetry, whether the influence of ionospheric
second-order and third-order terms should be considered in
the analysis of few literatures. This paper analyzes based on
the 1-3 order term expression of ionospheric correction
given by Marques HA (Marques et al. 2011) as follows:

0= - A e, 2
eA
1@ = muBn- |cos 6] TEC, 3)
e
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®
where IV, @, and I®, respectively, represent the 1-3 order
terms of ionospheric correction, f represents the signal
frequency, A = 80.6 m3/s?, e = 1.60218 x 107, Total elec-
tron content (TEC) represents the total electron content in
the propagation path, N, m.x represents the maximum
electron density, and n is generally 0.66. m, represents
the electronic mass, and the value is 9.10939 x 1073 kg,
||B|| represents the geomagnetic induction vector, 8 repre-
sents the angle between electromagnetic wave signal and
geomagnetic field. Since the article mainly discusses the
magnitude of ionospheric error, therefore, the geomag-
netic field strength ||B||- |cos 6] can be simplified as the
average geomagnetic field strength on the propagation
path, and the value is 40,000 nT in this study. The Ka band
(35.7 GHz), C band (5.3 GHz), and Ku band (13.57 GHz) com-
monly used in satellite altimetry are analyzed as follows. The
typical TEC values are derived from the ionospheric time var-
iation (Tariku 2015), and the maximum value is 87.5TECU, the
minimum value is 9.7TECU in this study. N, max uses the
typical values given in literature (Borries et al. 2020). Table 1
shows the 1-3 order magnitude of ionospheric terms of each
frequency calculated with the above values.

It can be seen from Table 1 that, under typical para-
meters, the ionospheric error of frequency band C is
larger than that of the other two frequency bands, with
the maximum of 1.2 m. The ionospheric first-order term of
frequency band Ku is about 2cm at least and 20 cm
at most. Even the Ka frequency band which is insensitive
to the ionosphere will have an error of 2 cm under specific
conditions. Obviously, for high-precision ocean altimetry,
a single frequency altimeter is not the best choice. On the
other hand, unlike the ionospheric error characteristics
under GPS and other satellite navigation systems (Wang
and Wu 2005), the ionospheric second-order and third-
order terms in Ku, Ka, and C bands are smaller than mm.
Therefore, for the current commonly used ocean satellite
altimeter, when only the 1 cm precision ranging magnitude
is considered, the ionospheric second-order and third-order

Table 1: Order of 1-3 ionospheric terms at various frequencies (m)
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terms do not need to be considered, and the correction of
the ionospheric first-order terms should be focused.

4 Mathematic model of double
frequency ionospheric error
correction to first-order term

At present, the main purpose of most altimeters using the
dual frequency system is to eliminate the ionospheric
influence. The exact description is to eliminate the iono-
spheric first-order term influence. In order to distinguish the
difference from the GPS ionospheric correction (Olivier and
Paul 2004, Wang and Wu 2005, Brunner and Gu 1991, Imel
1994, Zhang et al. 2018), this work will derive the ionospheric
correction model of satellite altimetry in detail. According to
the principle of electromagnetic wave propagation, the func-
tional relationship between the code velocity refractive index
ng and the phase velocity refractive index n,, can be expressed
as follows:
Mp

1 _ 1 dnp ’ (5)

ng =

n, df

Considering the first and second-order terms, the

expansion is as follows:
d d
ng=mp| 1+ f " f2 drp ©)
ny, df df

The phase velocity refractive index discretization
expression (including second-order term) is as follows:
_ )
=1+ F + F +- @)
where aj,a, represent 1st and 2nd order coefficients.
Consider ng the second order-term and substitute np
(including the second-order term)

a 1 at aa azz)
S R T L. L P A
12 21+ f2 N f3( Iz f5 6

(8)

Constant parameter Single frequency

First-order term 2nd order term 3rd order term

Ku band
Ka band
C band
Ku band
Ka band
C band

TEC = 87.5TECU, Np max = 20 x 1012

TEC = 9.7TECU , N max = 6 x 102

-0.192 -1.57 x 107> -8.25 x 1077
-0.027 -8.61x 1077 -1.71x 1078
-1.251 -2.64 x 1074 -3.55 x 10™°
-0.023 -1.78 x 107¢ -2.81x1078
-0.003 -9.74 x 1078 -5.83 x 1071°
-0.142 -2.99 x 10> -1.21x107°
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From the above equation, the code and phase changes
in the electromagnetic signal in dissipative medium can be
expressed as follows:

a a 1
—_ —-—= -
J N 1+"—‘2+%

63 = '[ 2 fz dS, (9)
(4% 4 12% 4 9%)
Op = I(% + %)ds. (10)

It can be seen from the above two equations that the
phase velocity refractive index and code velocity refrac-
tive index of order 2 and above are ignored simulta-
neously in the derivation process. Using this feature,
the ionospheric influence on phase and code propagation
can be eliminated to the first-order term by using two
observation combinations with different frequencies.
Considering that satellite altimetry is mainly based on
frequency (phase) measurement, therefore, based on the
neglect of the second-order term in Eq. (9), the true
ranging values RT of each dual frequency are derived
as follows:

Ialds
RT = alty, - 7 + rety, + sshy, + tro + tide, (11)
1
falds
RT = alty, — + rety, + ssby, + tro + tide, (12)

f3

where alty, alty, respectively, represent the original ran-
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difference between Egs. (11) and (12). After processing,
the ionospheric correction value of a certain frequency
can be obtained as follows:

ion (altg, + rety + ssby) — (alty, + rety, + sshy)
A= .
l (filf)*-1

In Eq. (13), iony, represents the ionospheric correction
value corresponding to the frequency f; band. The iono-
spheric correction model described in Eq. (13) is com-
plete, clear, and convenient for practical calculation of
satellite altimetry.

13)

5 Mathematical model of Ka/C/Ku
frequency combination for
ionosphere error correction to
second-order term

Since the Ku/C or Ka/Ku dual frequency combination
model has the problems of residual error and resolution
reduction in practical application, it is necessary to study
the Ku/C/Ka triple frequency combination model in order
to further reduce the residual error while correcting the
ionosphere to the second-order term in theory. The fol-
lowing analysis focuses on whether the above objectives
can be achieved. Under the condition of triple frequency
combination, the ionospheric second-order term correc-
tions at each frequency band are obtained as follows:

ging value of fi, f, two frequency bands. rety, ret, I(fio) = _izl _ 2i32’ (14)
respectively, represent the satellite—ground distance cor- ku ku
rection value after retracking of two frequency bands. A A,
ssby, ssby,, respectively, represent the sea state bias cor- I(fe) = _F B F’ (15)
rection value of two frequency bands.tro represents the ‘ ¢
tropospheric error correction value, and tide represents I(fia) = _izl - zﬁ, (16)
the tidal correction value. The quantities irrelevant to the fa fea
measured frequency band are offset in the process of
Al _ (altku - altc + re‘fku + SSbku - 1‘th - SSbC)fl?u(fl?a - ch)
faalfe = fia) + f2(fia = fiw) + fia(fiw = fO) )
(alt; - alty, + retc + ssbe — rety, - SSbka)fl?a(ch - f]?u)
fl?u(ﬁ: = fka) +fc3(fka = fiw) +f13a(fku - fo) ’
4, - _ (@lti = altc + retiy + ssbi = rete — ssbofif fialfia = f7)
fl?u(ﬁ: _fka) +fc3(fka _fku) +f1?a(fku _fc) (18)

(alt. — alty, + rete + ssh, — retiy — sSbia)fiafiu il f2 — fi)

foa(fe = fa) + f2(fia = fiw) + fla(fiw = fO)
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Table 2: lonosphere error order by using Ku/C/Ka frequency combination (m)

Ranging error of each frequency band

Ka/C/Ku combination

1-2 order term correction residual error

Ku: 2.0 cm f (Ku), > (),
Ka: 1.5cm fi (Ka), f> (C),
C: 6.0cm f1 (O), f> (Ku),
Ku: 1.8 cm fi (Ku), f> (O)
Ka: 1.2 cm fi (Ka), f> (0
C:3.6cm fi (©), f> (Ku)

f3 (Ka) 0.046
f5 (Ku) 0.018
fs (Ka) 1.01
fs (Ka) 0.028
, 5 (Ku) 0.011
, 5 (Ka) 0.64

Table 3: Errors of ionospheric first-order term corrected by different frequency combinations (m)

Ranging error of each frequency band

Frequency combination lonospheric correction error

malts ) = 2.1cm, m(alty,) = 1.0 cm, m(alty) = 10.0 cm,
m(rets) = 1.1cm, m(ssby) = 1.8 cm

m(alts ) = 1.5 cm, m(alts, ) = 0.7 cm, m(alt) = 6.0 cm,
m(ret) = 0.9 cm, m(ssby) = 1.8 cm

Dual frequency fi(Ku), f»(C) 0.019
Dual frequency f; (C), fo (Ku) 0.13

Dual frequency f; (Ka), f> (C) 0.002
Dual frequency f; (C), f> (Ka) 0.11

Dual frequency f; (Ka), f, (Ku)  0.006
Dual frequency f; (Ku), f, (Ka)  0.045
Dual frequency f; (Ku), f>(C) 0.013
Dual frequency f; (C), fo (Ku) 0.082
Dual frequency f; (Ka), f> (C) 0.001
Dual frequency f; (C), f> (Ka) 0.069
Dual frequency f; (Ka), f, (Ku)  0.006
Dual frequency f; (Ku), f> (Ka)  0.041

According to the above model, the magnitude of
ionospheric residual error under the condition of triple
frequency combination is calculated as shown in Table 2.

From the calculation results in Table 2, although the
triple frequency combined correction ionosphere is theo-
retically perfect, its residual error is larger under the
same ranging error condition than that under the dual
frequency correction mode (if the influence of sea state

0 W0 200 DU SRS
20,04 oooeeemdeeme
0 o - T IS S

-0.08~{----

ionospheric error correction(m)

Latitude

deviation error in different frequency bands is consid-
ered, the residual error will be larger), which obviously
deviates from the original intention of the triple fre-
quency combined theory. Through the analysis of iono-
sphere, the biggest advantage of using three frequencies
for ocean altimetry is not to eliminate the ionosphere, but
to give full play to the advantage of dual frequency com-
bination, that is, to use Ku/C combination for ranging in

-0.02

.0.03
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Figure 1: lonospheric correction by using Ku/C dual frequency data of Jason-2 satellite cycle136 065-072pass.
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Figure 2: lonospheric correction of SARAL satellite by using GIM cycle160 004-011pass.

areas with obvious rainfall, and use Ka/C combination for
ranging in offshore areas, general sea areas, and ice
areas, and to integrate multiple observation measure-
ments in post-processing.

6 Analysis of ranging error of dual
frequency combination system

6.1 Theoretical analysis

In theory, the dual frequency correction can completely
eliminate the influence of the first-order term of the iono-
sphere. However, considering that there are still altimeter
ranging errors and sea state bias correction errors in engi-
neering practice, there are still some residual errors in the
dual frequency correction in actual projects. Based on Eq.
(13), the error of the dual frequency ionosphere correction
can be derived according to the error propagation law, as
shown in the following equation:

assumed that the waveform retracing error for the three
frequencies (Ku, Ka, and C) bands is the same, and the
sea state deviation correction error for the three frequen-
cies (Ku, Ka, and C) bands is the same too. As the pulse
repetition frequency of C-band is lower than that of Ku
band, so its theoretical ranging accuracy is about 4-5
times lower than that of Ku band. Therefore, the ranging
error of C-band is set to 10 and 6 cm, respectively, in the
calculation. The specific results obtained by considering
the magnitude of two ranging errors are shown in Table 3.

It can be seen from Table 3 that the Ka/C combination
mode is the best one for dual frequency combination and
can correct the ionospheric error to be less than 2.5 mm at
1 Hz sampling frequency. The C-band ranging error, regard-
less of its magnitude, has no significant impact on the Ka/C
combined correction ionosphere, but has a significant
impact on the Ku/C dual frequency correction ionosphere.
When the C-band ranging error is 10 cm, the ionospheric
correction error is close to the Ku band ranging error,
which obviously reduces the effect of the ionospheric error
correction. It is also a solution that has to be used to take

m(iony,

) = ‘;
(h1hH)? -

In order to compare with Ku frequency band, specific
values of dual frequency correction ionospheric error
under different combinations of Ku, Ka, and C frequency
bands can be calculated based on Eq. (19). On the basis of
obtaining ionospheric correction error, the total ranging
error under each dual frequency combination can be
further calculated according to Eq. (1). During the calcu-
lation, the sampling frequency is set to 1Hz, and it is

n ‘ \/m(alt £)? + m(retg)? + m(sshy)? + m(alty)? + m(rety)? + m(sshp)?.

19)

the post 100 km scale filtering. If the ionosphere is to be
corrected to mm level under the condition of Ku/C dual
frequency combination and 1Hz sampling, the ranging
error in C-band needs to be controlled to the same extent
as that in Ku band, which is difficult to achieve in theory
and engineering. Through the above quantitative analysis,
the Ka/C combination form proposed in this study basi-
cally eliminates the influence of ionospheric error, and the



DE GRUYTER Ka/C dual frequency ranging system for ocean altimetry satellite =~ =—— 7

0 -0.002
o
£
c -0.004
.0
o -0.005
[0} -0.006
=
o
g 001 -0.008
g i
[0} -0.01
5~
L
2 0015 0.012
[-%
3
o -0.014
2 0.02
00" -0.016
-0.018
. 0
Latitude :
Longitude
Figure 3: lonospheric correction of SARAL satellite by using GIM cycle161 004-011pass.
-0.002 — -- -0.004
s 008 ; T -
S : e -0.006
T 0006~]...... g TRTL T 1 e
S
S -0.008 L d.0.008
o
8 0.01-eememn 0.01
S -0.012-].. = -
.; Y -4 T [ R -0.012
%_ 0016 | § ' g e 0.014
8 0013
S o 0o
002l -0.018
250 e
po s o 100 150 200
Latitude Longitude
Figure 4: lonospheric correction of SARAL satellite by using GIM cycle160 020-028pass.
x10°
-2
0
—~ -0.002-{..
£ 4
T 0.004 -] unee-
K] i)
O -0.006f..--
o
§ -0.008 . 3
S 001
3 -10
g -0.012
%— 0.014 -] 12
§ 0.016 -
.2 0018 e
0.02 .
100 -16

Latitude

Longitude

Figure 5: lonospheric correction of SARAL satellite by using GIM cycle161 020-028pass.
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total accuracy of 1Hz ranging can be calculated to reach
3.5 cm using Eq. (1).

6.2 Computational analysis of ionospheric
correction by using satellite data

In order to validate previous analysis, the altimetry data
of the SARAL Satellite and the Jason-2 Satellite are selected
for analysis. Among them, the Saral satellite 1 Hz Ka fre-
quency data of the 160 cycle, 161 cycle are used released in
April 2022, and the Jason-2 satellite 1 Hz Ku/C dual fre-
quency data of the 136 cycle 065-072 pass are used released
in March 2013. The waveform retracking of the above data is
based on the Brown model using 4-parameters least squares
estimation method (Zhai and Sun 2015), which is consistent
with the official processing method of Jason-2 satellite, and
the sea state bias adopts the same empirical model as Jason-
2 satellite (Labroue et al. 2004). The GIM is used to correct
the ionospheric error in the Ka band of the SARAL satellite,
and the formula (13) is used to correct the ionospheric error
in the Ku/C dual frequency data. The results are shown in
Figures 1-5, respectively.

It can be seen from the above figures that the max-
imum magnitude of ionospheric error correction in Ku
band can reach 11 cm, while the maximum magnitude
of ionospheric error correction in Ka band can reach
2cm, which is basically consistent with the theoretical
analysis in Section 3. Therefore, for high-precision appli-
cations, ionospheric corrections must be made. After Ka/C
dual frequency combination is adopted, error correction can
be directly conducted without GIM model, and its accuracy
will be further improved than GIM model.

7 Conclusion

In this study, according to the characteristics and devel-
opment trend of satellite altimetry technology, the idea of
Ka/C dual frequency combination altimetry system is pro-
posed, that is, to use Ka and C frequency combination
forms for high-precision ranging. The dual frequency cor-
rection ionospheric first-order term model and correction
error are studied in depth. The main conclusions can be
summarized as follows:

1) For the three frequency bands Ka, Ku and C, the error
of the second and third order terms of the single fre-
quency ionospheric correction is below the mm level,
so for the engineering field, which requires in the cm
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level, only the first-order term of the ionospheric cor-
rection can be considered.

2) For the actual ionospheric correction accuracy of satel-
lite altimetry, the ionospheric error of single frequency
ranging must be corrected by other means. Under the
condition of dual frequency combination, the iono-
spheric correction accuracy of Ka/C (35.7 and 5.3 GHz,
respectively) combination is the highest, which can
reach 3mm level without filtering. This combination
is suitable for general sea areas and ice areas. In areas
with obvious rainfall, it needs to be compensated by
mathematical models.

3) For future satellite altimetry technology, if accurate
rainfall models can be used to compensate for the
impact of rainfall on Ka band, the Ka/C dual frequency
combination system will further improve the applic-
ability of satellite altimetry technology in global sea
areas, ice regions, inland lakes, and rivers.
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