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 13 

Abstract: Due to the spectrum congestion of current navigation signals in the L-band, 14 

it is difficult to apply for another two proper frequencies in this band for future low 15 

earth orbit (LEO) based navigation augmentation systems. A feasible frequency scheme 16 

of using the combined frequencies in the L, S and C bands is proposed. A high-17 

efficiency modulation scheme, termed continuous phase modulation (CPM), is adopted 18 

to make full use of the very limited spectrums and satisfy the radio frequency 19 

compatibility with the existing navigation systems, radio astronomy, and microwave 20 

landing systems. The high propagation loss in the S and C bands is absent for LEO, as 21 

the power margin owing to the short-distance propagation has compensated the 22 

frequency-dependent attenuation. Besides, for high-precision positioning, we consider 23 

the specific integer ratios between frequencies and propose a strategy for LEO precise 24 

point positioning (PPP) ambiguity resolution (AR) by directly fixing the L+S or L+C 25 

dual-band ionospheric-free (IF) ambiguity. Based on the simulated data, the quality of 26 

fractional cycle biases (FCBs) and the performance of PPP AR are analyzed. After 27 



removing the FCBs, 100.0, 99.7 and 71.7% of the fractional parts are within 28 

±0.15 cycles for GPS narrow-lane, LEO L+S dual-band IF and LEO L+C dual-band IF 29 

float ambiguities. At user stations, the convergence time of GPS PPP in static mode can 30 

be significantly shortened from 17.9 to within 2.5 min with the augmentation of 5.44 31 

LEO satellites. Furthermore, compared with ambiguity-float solutions, the positioning 32 

accuracy of GPS AR+LEO AR solutions in east, north and up components is improved 33 

from 0.008, 0.008 and 0.027 m to 0.002, 0.003 and 0.011 m for 10-minute sessions, 34 

respectively, and the fixing rate after time to first fix is almost 100%. 35 

 36 
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 39 

Introduction 40 

With the rise of large-scale low earth orbit (LEO) broadband constellations, the 41 

navigation augmentation system based on such a platform has become a research focus. 42 

Moreover, for China, it is an important part of national comprehensive positioning, 43 

navigation and timing (PNT) system and an important development direction of next-44 

generation satellite navigation system (Yang 2016; Xie and Kang 2021). Compared 45 

with satellites in medium or high orbits, LEO satellites have the potential to provide 46 

stronger navigation signals as they are closer to earth (Lawrence et al. 2017). Also, they 47 

travel faster over stations and show rapid changes in spatial geometry. Thus, they can 48 

complement the global navigation satellite systems (GNSSs) in terms of availability, 49 

robustness, and convergence (Reid et al. 2016; Ge et al. 2018; Wang et al. 2019). 50 

Before the establishment of a LEO-based navigation augmentation system, one of 51 

the critical tasks is the frequency design. As a limited and valuable natural resource, 52 

frequencies are managed by the International Telecommunication Union (ITU). The 53 

signal frequencies of GNSSs and other regional navigation satellite systems are mainly 54 

concentrated at the lower L-band from 1164 to 1300 MHz as well as the upper L-band 55 



from 1559 to 1610 MHz. Moreover, to mitigate the effect of ionospheric delay, the dual- 56 

or multi-frequency signals, of which the central frequencies significantly differ from 57 

each other so as to form a low-noise ionospheric-free (IF) combination, are usually 58 

employed. Therefore, it is difficult to apply for another two proper frequencies in the 59 

L-band as it will further aggravate the congestion and negatively impact the 60 

performance of all the existing navigation systems while sharing the same limited 61 

resources. To solve this problem, one can either develop very advanced modulation and 62 

multiplexing technology to realize compatibility and interoperability or explore signals 63 

in new frequency bands (Lu et al. 2015). The ITU also authorizes the radio navigation 64 

satellite service (RNSS) to operate in the S-band with a 16.5 MHz bandwidth from 65 

2483.5 to 2500 MHz and the C-band with a 20 MHz bandwidth from 5010 to 66 

5030 MHz. Mateu et al. (2009) and Sun et al. (2017) evaluated the radio frequency 67 

compatibility of proposed S-band signals for Galileo and BeiDou, respectively. Irsigler 68 

et al. (2004) comprehensively assessed the feasibility of using C-band frequencies for 69 

navigation purposes in terms of signal propagation and signal tracking as well as their 70 

impacts on satellite payload and receiver design. Some researchers also focused on the 71 

modulation schemes of anti-jamming and high-performance navigation signals in these 72 

bands (Avila-Rodriguez et al. 2008; Xue et al. 2015). 73 

Although the performance of a single signal in the S or C band cannot surpass that 74 

in the L-band because the path losses are higher and the spectrum separation and radio 75 

frequency compatibility associated with the limited available bandwidth are worse, a 76 

combination of an L-band signal with an S-band or a C-band signal might be an 77 

interesting option for navigation since the measurement noises and ionospheric 78 

residuals of IF combinations would be smaller. Moreover, the robustness and accuracy 79 

of precise point positioning (PPP) could be improved according to Issler et al. (2010). 80 

They assumed that if the frequency of an S-band signal was multiple times that of an 81 

L-band signal, the wide-lane (WL) ambiguity resolution (AR) using the integer-82 

recovery clock method (Laurichesse et al. 2009) would be eased a lot, as cycle slips 83 

could be detected easily, and some intermediate processing step could be simplified. 84 



Unfortunately, no positioning results were provided due to the lack of observations from 85 

the designed signals. In fact, thanks to the specific frequency ratio of two signals, the 86 

IF ambiguities can even be directly fixed without being decomposed into WL and 87 

narrow-lane (NL) ambiguities. Similar concept has been demonstrated in GLONASS 88 

IF-based PPP AR since the IF ambiguities already have a wavelength around 5.3 cm 89 

owing to the specific frequency ratio of 9/7 between L1 and L2 bands. Banville (2016) 90 

calculated undifferenced ambiguities using PPP and formulated double-differenced 91 

ambiguities over 12 baselines with a mean inter-station distance of about 850 km for 92 

integer cycle resolution. It was found that about 95% of the fractional parts of the 93 

estimated double-differenced IF ambiguities agreed well within ±0.15 cycles. In terms 94 

of positioning performance, an improvement larger than 20% in east component was 95 

observed in static mode for sessions of 2–6 hours. Zhao et al. (2018) also investigated 96 

GLONASS PPP with IF AR, but instead of mapping the undifferenced ambiguities to 97 

double-differenced ones, the fractional cycle biases (FCBs) were estimated based on 98 

the inter-satellite single-differenced ambiguities. The results showed that 89.9, 85.0 and 99 

77.6% of the fractional parts after the removal of FCBs were within ±0.15 cycles for 100 

different scales of networks with radii of 500, 1000 and 2000 km, respectively. 101 

Under the premise of compatibility, for the LEO-based navigation augmentation 102 

signals, we propose a feasible frequency scheme using the combined frequencies in the 103 

L, S and C bands with integer ratios for undifferenced IF AR. The signal propagation 104 

characteristics of different bands in LEO are also investigated. In addition, we propose 105 

a new undifferenced IF FCB estimation algorithm, and then assess the quality of the 106 

FCB estimates as well as the performance of PPP AR based on simulated data. 107 

 108 

Frequency design 109 

From the perspective of observation equations, we first explain how it benefits the 110 

undifferenced IF AR when two signals are transmitted at two frequencies that are 111 

multiple one of the other. Then, the process of frequency selection, as well as the 112 

modulation schemes of designed signals, is described. Thereafter, the attenuation in 113 



signal propagation for different frequency bands is analyzed. 114 

 115 

Benefits to IF PPP AR with specific frequency ratios 116 

For PPP, the dual-frequency IF combination is usually used since the first-order 117 

ionospheric delay in the measurements can be eliminated. The corresponding IF 118 

pseudorange ,IF
s

rP  and carrier phase ,IF
s
rL  observation equations are given as 119 

,IF ,IF IF ,IF ,IF
s s s s s s

r r r r r rP t t T b b eρ= − + + + + +                  (1) 120 

,IF ,IF IF ,IF IF ,IF ,IF
s s s s s s s
r r r r r r rL t t T N B Bρ λ ε= − + + + + + +             (2) 121 

where indices s  and r  refer to the satellite and receiver, respectively, ,IF
s
rρ  denotes 122 

the geometric distance between the satellite and receiver, st   and rt   are the clock 123 

offsets of the satellite and receiver, s
rT  is the slant tropospheric delay, IFλ  and ,IF

s
rN  124 

are the IF wavelength and ambiguity to be defined, respectively, IF
sb  and ,IFrb  are the 125 

IF code hardware delays of the satellite and receiver, IF
sB   and ,IFrB   are the IF 126 

satellite-independent and receiver-independent phase delays, respectively, ,IF
s
re   and 127 

,IF
s
rε  are the sum of IF measurement noise and multipath error for the pseudorange and 128 

carrier phase observations. All items are in meters except that the ,IF
s
rN   term is in 129 

cycles. Other error items such as the phase center offsets and variations, phase windup, 130 

relativistic effect and tidal loading are assumed to be precisely corrected with existing 131 

models (Kouba 2009). 132 

If the frequency of the second signal is multiple one of the first signal, i.e., 2 1f kf=  133 

with k∈Z , the IF ,IF
s
rNλ  combined term can be formulated as 134 
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where the numeric subscripts denote different carriers and f  is the signal frequency. 136 

Then, the IF wavelength and ambiguity are defined as 137 

IF 12

1
1k

λ λ=
−

                            (4) 138 

,IF ,2 ,1
s s s
r r rN kN N= −                           (5) 139 

Specifically, as k , ,2
s
rN  and ,1

s
rN  are all integers, ,IF

s
rN  has integer property, which 140 

shows a promising prospect on IF PPP AR. The corresponding IF wavelength depends 141 

on the frequency ratio k   and the wavelength of the first signal. According to the 142 

frequency allocations of the ITU, we expect k  to be 2 between S- and L-band signals, 143 

and 4 between C- and L-band signals, respectively. 144 

 145 

Frequency selection and signal modulation 146 

Generally, for a single main lobe signal, e.g., a binary phase shift keying (BPSK) 147 

modulated signal, the only candidate frequency is the central frequency of the carrier, 148 

while for a multi-main lobe signal, e.g., a binary offset carrier (BOC) modulated signal, 149 

not only the central frequency but also the frequency points where the main lobes locate 150 

are the candidates, as it is possible to track only one of the main lobes with a BPSK-151 

like tracking technique. To make full use of the limited spectrums, the optimal signal 152 

allocation should be in the center of the available S and C bands. For S-band frequency 153 

design in particular, a central frequency of 2492.028 MHz is suggested to be used 154 

considering the interoperability with the Indian regional navigation satellite system 155 

(IRNSS). Besides, all candidate frequencies should be multiple times 1.023 MHz, 156 

which is a tenth of the GPS fundamental frequency, because all components of the 157 



signals are generated by frequency multiplication or division with the same clock. 158 

Moreover, the radio frequency compatibility must be considered to avoid harmful 159 

interference or spectrum leakage from the designed signals to the existing navigation 160 

systems, radio astronomy (RA) and microwave landing systems (MLSs). Therefore, as 161 

shown in Fig. 1, for L-, S- and C-band signal designs, central frequencies of 1247.037, 162 

2492.028 and 5020.884 MHz are adopted, respectively. To ensure compatibility with 163 

existing navigation signals in the L and S bands, we consider multi-main lobe signals 164 

and seek spectral separation. The target frequency couples which satisfy the integer 165 

ratios are L S-upf f+   and L-up Cf f+   with Lf  , S-upf  , L-upf   and Cf   of 1247.037, 166 

2494.074, 1255.221 and 5020.884 MHz, respectively. 167 

 168 

 169 

Fig. 1 Normalized power spectral densities (PSDs) of the existing (color-filled) and 170 

proposed (solid) navigation signals, as well as the reference (dashed) signals, in the L 171 
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(top), S (middle) and C (bottom) bands. The shaded areas are not authorized for 172 

RNSS. The black arrows mark the target frequencies 173 

 174 

In terms of signal modulation, the early BPSK or the subsequent BOC and 175 

multiplexed BOC (MBOC) belong to discontinuous phase modulations resulting in 176 

larger spectral side lobes that are not suitable for S- and C-band signal designs with 177 

limited spectrum resources and strict out-of-band constraints. In this study, the 178 

continuous phase modulation (CPM), which has the characteristics of high spectral 179 

efficiency, high power efficiency, continuous phase and constant envelope, is adopted 180 

for not only the S- and C-band but also the L-band signal design because a universal 181 

modulation scheme can reduce the complexity of a user terminal in multi-band signal 182 

processing. The parameter configurations of proposed CPM signals in different bands 183 

are given in the Appendix. A longer and smoother frequency pulse is adopted for the S- 184 

and C-band signal design to obtain a stronger spectrum roll-off in side lobes. The 185 

settings of the symbol duration and modulation index are based on the locations of 186 

target frequencies. 187 

To characterize the mutual interference between navigation signals, the spectral 188 

separation coefficient (SSC) is calculated as 189 

( ) ( )
2

d i2
dr

r

G f G f f
β

β
χ

−
= ∫                       (6) 190 

where ( )dG f  and ( )iG f  are the PSDs of the desired signal and interfering signal, 191 

both normalized to the receiver front-end bandwidth rβ . Tables 1 and 2 show the L- 192 

and S-band SSCs, respectively. We can see that the proposed BM1REC(2) signal with 193 

the modulation index h =8 has satisfactory spectral isolation from different GLONASS 194 

signals in the L2 band. Note that although a frequency division multiple access (FDMA) 195 

technique is used in the G2P and G2 C/A signals, we only evaluate the typical signals 196 

exactly centered at 1246 MHz for simplicity. Regarding the S-band SSCs, both the 197 

proposed BM2RC(1) signal with h  =4 and the BOC(2,1) reference signal are 198 



compatible with the IRNSS S-band restricted service (RS) and standard positioning 199 

service (SPS) signals as well as the BeiDou S-band radio determination satellite system 200 

(RDSS) signal. However, the side lobes of the proposed signal are notably smaller. 201 

 202 

Table 1 SSCs in the L-band, assuming that the receiver bandwidth is 20.460 MHz from 203 

1236.807 to 1257.267 MHz 204 

SSC (dB) Desired signal 

G2P G2SC G2 C/A G2OCP G2OCD BM1REC(2), 

h =8 

Interfering 

signal 

G2P -68.40 -73.23 -66.99 -69.59 -69.41 -80.58 

G2SC -73.23 -68.57 -78.09 -76.17 -81.04 -78.15 

G2 C/A -66.99 -78.09 -58.80 -79.00 -79.09 -82.08 

G2OCP -69.59 -76.17 -79.00 -64.60 -67.70 -83.71 

G2OCD -69.41 -81.04 -79.09 -67.70 -61.77 -82.36 

BM1REC(2), 

h =8 

-80.58 -78.15 -82.08 -83.71 -82.36 -67.60 

 205 

Table 2 SSCs in the S-band, assuming that the receiver bandwidth is 14.322 MHz from 206 

2484.867 to 2499.189 MHz 207 

SSC (dB) Desired signal 

Is RS Is SPS Bs RDSS BOC(2,1) BM2RC(1), h =4 

Interfering 

signal 

Is RS -67.68 -77.02 -77.25 -75.52 -76.67 

Is SPS -77.02 -61.73 -66.25 -73.44 -71.12 

Bs RDSS -77.25 -66.25 -67.39 -69.29 -68.45 

BOC(2,1) -75.52 -73.44 -69.29 -65.33 -65.12 

BM2RC(1), -76.67 -71.12 -68.45 -65.12 -64.67 



h =4 

 208 

To evaluate the compatibility with the RA band, the power flux density (PFD) of 209 

the C-band downlink signal of one satellite is calculated as (Avila-Rodriguez et al. 2008) 210 

( )

( )
A

RA

0.1 EIRP

RA 2

10PFD d
4

L

f f

G f f
πρ

−

∈∆

= ∫                    (7) 211 

where EIRP   and AL   are the equivalent isotropic radiated power (EIRP) and the 212 

atmospheric loss, respectively. ρ  is the geometric distance in meter, and RAf∆  is the 213 

RA band from 4990 to 5000 MHz. In this study, a hybrid LEO constellation with an 214 

orbital altitude of 1248.171 km, an average number of 5.44 visible satellites and a 215 

maximum number of 10 visible satellites is taken for analysis. For details about the 216 

constellation configuration, we refer to scheme 4 proposed by Ma et al. (2020). The 217 

EIRP of 34.1 dBW is determined based on the link budget in the next section, and the 218 

atmospheric loss is set to 0.5 dB. Considering the minimum geometric distance, i.e., 219 

the orbital altitude, we obtain the result that the maximum PFDs of the proposed 220 

BM2RC(3) signal with h =1 and the candidate minimum shift keying (MSK) signal 221 

featuring a MSK-BPSK(3) modulation are -199.45 and -146.17 dB(W/m2), respectively. 222 

According to the regulation of the ITU, the maximum PFD must be below the threshold 223 

given as 224 

171 Xζ = − −                            (8) 225 

with 226 

( )32 25lg 2X ψ= −                         (9) 227 

( )satarccos 1 0.02 Nψ = −                      (10) 228 

where satN   is the number of LEO satellites simultaneously radiating into the radio 229 

telescope beam, and the intermediate ψ  is in degree. In the worst case of 10 visible 230 



satellites, the threshold is -196.55 dB(W/m2), which means only the proposed signal 231 

rather than the reference signal is feasible. 232 

To evaluate the compatibility with the MLS band (5030–5150 MHz), the aggregate 233 

PFD (APFD) from all visible satellites is calculated as 234 

( )

( )
A

MLS

0.1 EIRP

MLS sat 2

10APFD d
4

L

f f

N G f f
πρ

−

∈∆

= ∫               (11) 235 

where MLSf∆   is any 150 kHz interval within the MLS band. To ensure the MLS 236 

compatibility, the APFD shall not exceed -124.50 dB(W/m2). The maximum APFDs of 237 

the proposed and the reference signals are -168.57 and -134.21 dB(W/m2), and the 238 

corresponding integral intervals are both from 5030.00 to 5030.15 MHz. Both signals 239 

can satisfy the regulation. 240 

 241 

Signal propagation 242 

For satellites in medium or high orbits, high propagation loss is one of the dominant 243 

reasons why S- and C-band downlink signals are seldom used for navigation. However, 244 

for LEO satellites, the power margin owing to the short-distance propagation may 245 

compensate the frequency-dependent attenuation. Fig. 2 illustrates various propagation 246 

losses of different signals. The free space loss FL   is the main attenuation source, 247 

which can be calculated as 248 

( )2
F 4L f cπρ=                          (12) 249 

The longer the distance and the higher the frequency are, the higher the free space loss. 250 

Besides, as the elevation angle changes, the variation in geometric distance is larger for 251 

a LEO satellite than a GPS satellite, thus causing bigger attenuation difference. At 5° 252 

elevation angle, the free space losses are 165.6, 171.7, 177.7, and 184.4 dB for the 253 

proposed L-band, S-band, C-band, and GPS L1 signals, respectively. In the zenith 254 

direction, the corresponding losses are 156.3, 162.3, 168.4, and 182.5 dB. 255 



 256 

 257 

Fig. 2 Propagation losses of the proposed L-, S- and C-band signals transmitted from 258 

LEO satellites as well as the GPS L1 signal 259 

 260 

Another signal attenuation due to water vapor and oxygen (ITU-R 2013), clouds 261 

(ITU-R 2009), rainfall, and tropospheric scintillation (ITU-R 2005, 2015) is calculated 262 

using the attenuation models of the ITU. For calculation of the attenuation due to water 263 

vapor and oxygen, the standard atmospheric pressure and temperature and a maximum 264 

water vapor density of 30 g/m3 are applied. To calculate the worst cloud attenuation for 265 

an exceedance probability of 0.1%, the annual parameter of the total columnar content 266 

of cloud liquid water is set to 4 kg/m2. To calculate the worst rainfall attenuation for an 267 

exceedance probability of 0.1%, the input parameters are set as follows: the rain height 268 
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and the station height above mean sea level are 5 and 0 km, respectively. The latitude 269 

of the station is set to 0°. Assuming a tropical thunderstorm happens, a maximum 270 

rainfall rate of 145 mm/h is considered. Based on these assumptions, severe rainfall 271 

attenuation occurs for the C-band signal at a low elevation angle. The worst attenuation 272 

due to tropospheric scintillation for an exceedance probability of 0.1% is calculated by 273 

setting the wet term of the radio refractivity to a maximum of 129. 274 

The ionospheric amplitude scintillation is usually characterized by metric 4S  275 

(Van Dierendonck et al. 1993), and the metric at frequency f  has a relationship with 276 

that at GPS L1 frequency: 277 

( ) ( )
1.5

L1
4 4 L1 fS f S

f
 

=  
 

                      (13) 278 

Then, the average intensity attenuation IL   can be estimated according to a fitting 279 

function (Guo et al. 2019): 280 

( ) ( ) ( )3 2
I 4 4 411.57 25.05 7.582 6.528L S f S f S f= − × + × − × +         (14) 281 

Assuming a strong ionospheric scintillation occurs with ( )4 L1 0.7S = , the intensity 282 

attenuation are 12.4, 6.5, 6.0, and 9.5 dB for the proposed L-band, S-band, C-band, and 283 

GPS L1 signals, respectively. 284 

Finally, the total losses of all attenuation sources can be calculated. At 5° elevation 285 

angle, the total losses are 180.2, 181.8, 195.6, and 196.5 dB for the proposed L-band, 286 

S-band, C-band, and GPS L1 signals. At 90° elevation angle, the corresponding losses 287 

are 168.8, 169.0, 175.2, and 192.2 dB. Hence, in the case of similar satellite transmitted 288 

power, the received power of all proposed signals will be stronger than that of the GPS 289 

L1 signal, particularly for high elevation angle. Overall, the propagation loss will not 290 

be an obstacle for the LEO-based navigation augmentation system. 291 

A link budget is also calculated to quantify the impact of the signal upon the power 292 

consumption onboard the satellite. As given in Table 3, the required EIRPs are 18.7, 293 



20.3 and 34.1 dBW for proposed L-, S- and C-band signals, respectively. 294 

 295 

Table 3 Computation of the required minimum transmitted power for the L-, S- and C-296 

band LEO-based navigation augmentation signals to obtain the same power level on 297 

the ground as for GPS L1P(Y) (IS-GPS-200 2010) 298 

Link budget parameter GPS 

L1P(Y) 

L-band S-band C-band 

Minimum received power (dBW) -161.5 -161.5 -161.5 -161.5 

Gain of user antenna (dBi) 0 0 0 0 

Total losses at 5° elevation angle 

(dB) 
196.5 180.2 181.8 195.6 

Required EIRP (dBW) 35.0 18.7 20.3 34.1 

 299 

Experimental validation 300 

To validate the proposed concept of dual-band IF PPP AR, we first simulate the high-301 

rate GPS+LEO observations as well as the precise orbit and clock products and then 302 

generate the FCB products. Unlike the conventional WL and NL FCB estimation 303 

method adopted by GPS, a new undifferenced IF FCB estimation algorithm is proposed 304 

for LEO. 305 

 306 

Data simulation 307 

As shown in Fig. 3, 70 reference network stations and 10 user stations distributed in 308 

Europe are selected for FCB estimation and PPP assessment, respectively. Due to the 309 

small coverage of a LEO satellite, the reference network stations should be relatively 310 

densely and evenly distributed to ensure the reliability of FCB estimates. Receivers at 311 

these stations should support simultaneous tracking of GPS dual-frequency L1 L2f f+  312 

and LEO dual-frequency L S-upf f+   or L-up Cf f+   signals. Besides, a LEO satellite 313 



passes overhead only in minutes instead of hours, so it is necessary to use high-rate 314 

observations to obtain high-precision float ambiguities in preparation for FCB 315 

estimation. As shown in Fig. 4, the space segment shows that the 32-satellite GPS 316 

constellation and a 100-satellite hybrid orthogonal circular-orbit/Walker LEO 317 

constellation (Ma et al. 2020) are selected for analysis. 318 

 319 

 320 

Fig. 3 Distribution of the reference network stations (blue) used for FCB estimation 321 

and user stations (red) used for PPP tests 322 
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 324 

Fig. 4 Trajectories of the GPS (blue) and LEO (red) satellites in the earth-centered 325 

inertial frame on March 31, 2019. The dots indicate the initial positions at the 326 

midnight epoch 327 

 328 

Due to the lack of real observations from LEO satellites to ground stations, we use 329 

the simulated observations instead. Besides, to avoid any possible inconsistency in PPP 330 

processing, data simulation is also carried out for GPS satellites. For details about the 331 

simulation of undifferenced pseudorange and carrier phase observations, we refer to Li 332 

et al. (2019). In addition, two issues are worth noting. First, the signal frequencies of 333 

the LEO satellites are not the same as those of the GPS satellites. Table 4 gives the 334 

wavelengths and error characteristics of different types of observables. We simulate the 335 

measurement noises as random noises that obey zero-mean normal distribution with 336 

their standard deviations (STDs) dependent on the elevation angles. The higher the 337 

elevation angle, the smaller the STD. As the code measurement noise is frequency-338 

independent while the phase measurement noise is basically proportional to the carrier 339 

wavelength (Irsigler et al. 2004), neglecting the differences in the signal structure and 340 

the carrier-to-noise ratio, the code and phase noises are set to 0.3 m and one-hundredth 341 

of the wavelength for a raw observable from the zenith, respectively. The IF wavelength 342 

of GPS signals is about 0.6 cm (Dai 2000), and the corresponding IF phase 343 
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measurement noise is about 6.14 mm, hence it is impossible to distinguish between a 344 

noise and an integer cycle, let alone the FCB. However, for proposed L+S scheme, the 345 

IF wavelength is about 8.0 cm, and the noise is only about 1.79 mm. For proposed L+C 346 

scheme, the IF wavelength is about 1.6 cm, and the noise is only about 0.66 mm. In this 347 

case, the IF phase measurement noise is far below the corresponding IF wavelength, 348 

which makes it possible to determine the IF ambiguity. In terms of the ionosphere, as 349 

the first-order path delay is inversely proportional to the squared signal frequency, the 350 

S- and C-band signals will encounter smaller delay than the L-band signal. In terms of 351 

the troposphere, unlike the signal attenuation, the path delay is identical for L-, S- and 352 

C-band signals as the troposphere is non-dispersive for frequencies below 30 GHz. 353 

Second, to omit GPS and LEO precise orbit and clock determination for simplicity, the 354 

simulated precise orbit and clock products used for positioning are different from those 355 

used to simulate observations by introducing some systematic and random errors to all 356 

satellites in all epochs. Whatever the GPS or LEO satellite, the introduced mean 1-357 

dimensional (1D) root mean square error (RMSE) of orbits is 2.1 cm, and the RMSE of 358 

clocks is 0.1 ns. Finally, the 1Hz-sampled dual-frequency GPS+LEO observations at 359 

all stations on March 31, 2019 and the precise orbit and clock products with 30 s 360 

sampling interval are generated. 361 

 362 

Table 4 Wavelengths and error characteristics of different types of observables 363 

Type System Frequency Wavelength 

(cm) 

Measurement noise at 90° 

elevation angle  

Scaling factor 

Code (m) Phase (mm) Ionospheric 

delay 

Tropospheric 

delay 

Raw observable GPS L1f  19.0 0.30 1.90 1.00 1 

L2f  24.4 0.30 2.44 1.65 1 

LEO Lf  24.0 0.30 2.40 1.60 1 



L-upf  23.9 0.30 2.39 1.58 1 

S-upf  12.0 0.30 1.20 0.40 1 

Cf  6.0 0.30 0.60 0.10 1 

IF combination GPS L1 L2f f+  0.6 0.89 6.14 0 1 

LEO L S-upf f+  8.0 0.41 1.79 0 1 

L-up Cf f+  1.6 0.32 0.66 0 1 

 364 

FCB estimation 365 

Due to the facts that the precise satellite clock products which contain IF code hardware 366 

delays following the convention of the International GNSS Service (IGS) are always 367 

applied in the data processing, the IF code hardware delay of the receiver is absorbed 368 

in the actual receiver clock estimates, and all the code and phase delays are grouped 369 

into the ambiguity parameters, (1) and (2) can be rewritten as 370 

,IF ,IF ,IF
s s s s s

r r r r rP t t T eρ= − + + +                     (15) 371 

,IF ,IF IF ,IF ,IF
s s s s s s
r r r r r rL t t T Nρ λ ε= − + + + +                 (16) 372 

where st  , rt   and ,IF
s
rN   are the reparametrized satellite clock, receiver clock and 373 

ambiguity as 374 

IF
s s st t b= −                             (17) 375 

,IFr r rt t b= +                             (18) 376 

,IF ,IF IF ,IF
s s s
r r rN N d d= + +                        (19) 377 

with 378 

( )IF IF IF IF
s s sd B b λ= −                         (20) 379 



( ),IF ,IF ,IF IFr r rd B b λ= −                       (21) 380 

where IF
sd   and ,IFrd   are the IF FCBs of the satellite and receiver, respectively. 381 

Affected by them, ,IF
s
rN  is estimated as a real-valued constant for a continuous arc if 382 

there are no cycle slips in the ambiguity-float PPP solution. To get an ambiguity-fixed 383 

solution, the FCBs of high quality must be predetermined and delivered to the users. 384 

The more ambiguities can be correctly fixed, the better the performance, therefore both 385 

LEO and GPS FCBs are estimated. As the FCB characteristics of LEO may not be 386 

consistent with that of GPS due to different orbital altitudes, motion characteristics and 387 

signal frequencies, the FCBs of different systems are estimated separately and 388 

independently. For GPS, we use the conventional undifferenced WL and NL FCB 389 

estimation method (Hu et al. 2019), while for LEO, a new undifferenced IF FCB 390 

estimation algorithm is proposed here. 391 

Through transformation, equation (19) can be expressed to 392 

,IF ,IF IF ,IF
s s s
r r rN N d d− = +                       (22) 393 

Assuming that m  satellites are tracked in a network consists of n  stations, we have 394 

the expression in matrix form as 395 
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                   (23) 396 

where ijH  is an ( )m n+ -dimensional row vector in which the j -th and ( )m i+ -th 397 

elements are 1 while the other elements are 0. Considering the linear dependence of 398 



satellite and receiver FCBs, FCB of one satellite is fixed to zero to eliminate the rank 399 

deficiency in (23). To acquire accurate and reliable FCBs, the float ambiguity ,IF
s
rN  400 

for each continuous arc associated with different propagation paths should be calibrated 401 

with strict quality control methods, and ,IF
s
rN  is directly obtained by rounding ,IF

s
rN  402 

to the nearest integer. The precision of ,IF
s
rN  can be used for determining the weight 403 

of an observation. As the initial FCBs of all satellites and receivers are also needed, we 404 

first select one satellite tracked by most stations and assume its satellite FCB to be zero, 405 

then the rest FCBs can be determined by numerical transfer between common-view 406 

stations and satellites. Finally, an iterative least square method is used for precise FCB 407 

estimation. In the process of the iteration, the estimated FCBs are applied to correct the 408 

undifferenced ambiguities, the corrected ambiguities with fraction parts over a 409 

threshold of ±0.25 cycles will not contribute to the FCB estimation in the next iterative 410 

step. The FCB results of the last iteration are the initial FCBs of the next iteration. When 411 

the FCBs of adjacent iterative results are close enough, the iteration stops, and the 412 

satellite FCBs of the final iteration are delivered to users using either the Internet or 413 

satellite links. 414 

In the undifferenced FCB estimation mode, the IF receiver hardware delays, i.e., 415 

the receiver FCBs, are also estimated. However, it is unnecessary or useless to deliver 416 

them to users because the user receivers probably do not participate in the FCB 417 

estimation and they have different hardware delays. Even if the hardware 418 

configurations are the same, the unknown initial phases are different. To solve this, the 419 

inter-satellite single-difference mode can be used while conducting PPP AR. 420 

 421 

Results 422 

In this section, we first analyze the quality of the FCB estimates. Then, the ambiguity-423 

fixed solution of LEO constellation-augmented GPS PPP is carried out and evaluated. 424 

 425 



Quality of FCB estimates 426 

Fig. 5 shows the FCB estimates and the distribution of a posteriori residuals. During a 427 

continuous observation period, the GPS NL FCBs are most stable and vary within 428 

0.02 cycles, followed by LEO L+S dual-band IF FCBs which vary within 0.22 cycles. 429 

The LEO L+C dual-band IF FCBs perform worst with the variation even up to 1 cycle. 430 

 431 

 432 

Fig. 5 Time series of GPS NL (top), LEO L+S dual-band IF (middle) and LEO L+C 433 

dual-band IF (bottom) FCBs for 10 representative satellites per system estimated 434 

every 30 s on March 31, 2019 (left column) and histograms of a posteriori residuals of 435 

all 2880 sessions for all satellites (right column). The pseudorandom noise (PRN) 436 

numbers of 100 LEO satellites are expressed as three digits and assigned from 201 to 437 

300. σ  denotes the STD of the residuals 438 
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Then, the quality of the FCB estimates is evaluated by examining the posteriori 440 

residuals, which can be regarded as the fractional parts of float ambiguities after the 441 

removal of FCBs. For any signal transmission direction, the time from when a satellite 442 

signal is generated to when it leaves the antenna is the same, i.e., the hardware delay at 443 

the satellite end has nothing to do with the locations of stations. The process of jointly 444 

using the observations derived from multiple stations to estimate the FCB of a certain 445 

satellite is an unbiased least square estimation, so the residuals are found to 446 

approximately obey zero-mean normal distribution, and the closer to zero, the more 447 

accurate FCBs we have estimated. For GPS, 100.0% of the NL residuals are within ±448 

0.15 cycles with a STD of 0.008 cycles. Comparatively, the accuracy of LEO L+S dual-449 

band IF FCBs is slightly lower as 99.7% of the residuals are within ±0.15 cycles with 450 

a STD of 0.040 cycles. LEO L+C dual-band IF FCBs show the lowest accuracy as only 451 

71.7% of the residuals are within ±0.15 cycles with a STD of 0.160 cycles. The short 452 

dual-band IF wavelength, particularly 1.6 cm for the L+C frequency scheme, are easily 453 

affected by the unmodeled errors of orbits and clocks, which mainly accounts for the 454 

relatively poor temporal stability and accuracy. If the accuracy of FCBs is not high 455 

enough, the efficiency of ambiguity search will be reduced and the ambiguities are 456 

likely to be fixed incorrectly, which will eventually affect the positioning accuracy, time 457 

to first fix (TTFF), and the fixing rate. This impact of inaccurate FCBs on positioning 458 

can be reduced to a certain extent through AR preprocessing in which some constraints 459 

and accuracy thresholds are set. 460 

 461 

PPP AR solution 462 

At user stations, the hourly re-initialized static PPP tests adopting different types of 463 

solutions are carried out. In a PPP AR procedure, the inter-satellite single-differenced 464 

ambiguities are formed to get rid of the receiver FCBs, and for each system, a satellite 465 

with the highest elevation angle is selected as the reference satellite. Corrected with 466 

corresponding single-differenced FCBs, the single-differenced GPS WL ambiguities 467 

can easily be fixed by rounding averaged the ambiguities over several epochs, while 468 



the single-differenced GPS NL and LEO IF ambiguities are resolved with the least-469 

squares ambiguity decorrelation adjustment (LAMBDA) method (Teunissen 1995) and 470 

partial ambiguity fixing strategy (Teunissen et al. 1999). Only if at least four 471 

ambiguities have been resolved is that epoch considered to be fixable. 472 

Fig. 6 shows the PPP solutions at station ESCO. With the augmentation of LEO 473 

satellites with frequency couple L S-upf f+ , the convergence speed of GPS PPP can be 474 

significantly accelerated, especially in east and north components. Moreover, once the 475 

ambiguities are correctly fixed to integers, the positioning accuracy is significantly 476 

improved and maintained for a long time. Although the GPS+LEO AR solution is not 477 

as good as the GPS AR+LEO AR solution due to fewer resolved integer ambiguities, it 478 

has successfully verified the feasibility of LEO dual-band IF PPP AR even without the 479 

help of GPS PPP AR. 480 

 481 

 482 

Fig. 6 Hourly static PPP solutions at station ESCO on March 31, 2019. The frequency 483 



couple of LEO satellites is L S-upf f+  484 

 485 

Fig. 7 shows a close-up of the second session in Fig. 6. To see whether the 486 

frequency choice of integer multiple for LEO satellites does impact the positioning, we 487 

also repeat the simulation with a non-integer ratio case. As the orange circles shown in 488 

Fig. 7, when the frequency choice does not satisfy the integer multiple with one signal 489 

frequency slightly different, e.g., replace L S-upf f+   with L Sf f+   where 490 

S 2492.028 MHzf =  , the convergence time and positioning accuracy of ambiguity-491 

floated PPP remain unchanged since the IF measurement noises and combination 492 

coefficients almost remain unchanged. In fact, what the frequency choice really affects 493 

is the AR, only if the frequency choice satisfy the integer multiple could LEO dual-494 

band IF PPP AR be realized according to (3). For the L Sf f+   scheme, even the 495 

conventional WL and NL PPP AR could not be realized because the WL wavelength 496 

( )W 1 2 2 1λ λ λ λ λ= −   is only 24 cm unlike 86 cm for GPS L1+L2. Finally, the 497 

positioning accuracy of AR solution for the L S-upf f+  scheme after TTFF is found to 498 

be significantly better than that of ambiguity-float solution for the L Sf f+  scheme. 499 

 500 



 501 

Fig. 7 Static PPP solutions at station ESCO from 1:00:00 to 1:59:59 on March 31, 502 

2019. The frequency couple of LEO satellites is L Sf f+  for the orange scheme, 503 

while it is L S-upf f+  for other schemes 504 

 505 

When the frequency couple L-up Cf f+  is adopted by LEO satellites, as shown in 506 

Fig. 8, similar results are found except for GPS+LEO AR solution. The green and blue 507 

curves are overlapped, which means the IF ambiguities of LEO can barely been 508 

resolved. Two reasons may account for this. On one hand, the accuracy of L+C dual-509 

band IF FCBs is not as good as that of L+S ones. On the other hand, due to the short IF 510 

wavelength, the accuracy of IF float ambiguity expressed in cycle is too low to be used 511 

for AR. 512 
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 514 

Fig. 8 Hourly static PPP solutions at station ESCO on March 31, 2019. The frequency 515 

couple of LEO satellites is L-up Cf f+  516 

 517 

Then, the statistical results, including convergence time, TTFF, fixing rate, and 518 

positioning accuracy, are given in Table 5. We define the convergence time as the time 519 

required to ensure that the positioning errors in both east and north components are less 520 

than 0.1 m and maintain for at least 10 min, and the TTFF is defined as the time taken 521 

for the ambiguity-fixed solution to be successfully achieved for at least 3 epochs. The 522 

fixing rate is defined as the ratio of the number of fixed epochs to the number of total 523 

epochs after TTFF. It is found that the convergence time of GPS PPP can be 524 

significantly shortened from 17.9 to within 2.5 min with the augmentation of LEO 525 

satellites. The convergence time is a bit shorter for the L+C than L+S scheme owing to 526 

the smaller measurement noise. The TTFF of GPS AR+LEO AR is about 5.0 min, while 527 

it is 9.9 and 55.6 min for GPS+LEO AR adopting the L+S and L+C schemes, 528 



respectively. The fixing rate is low for GPS+LEO AR mainly because of the small 529 

number of visible LEO satellites. In addition, the AR solution has an advantage in terms 530 

of positioning accuracy. Compared with ambiguity-float GPS+LEO PPP, the 531 

positioning accuracy within 10 min of GPS AR+LEO AR in east, north and up 532 

components is improved from 0.008, 0.008 and 0.027 m to 0.002, 0.003 and 0.011 m, 533 

respectively, and the corresponding accuracy within 60 min is improved from 0.002, 534 

0.002 and 0.009 m to 0.001, 0.001 and 0.004 m. 535 

 536 

Table 5 Statistical results of hourly static PPP at all 10 stations on March 31, 2019 537 

Type of solution Frequency 

of LEO 

satellites 

Convergence 

time (min) 

TTFF 

(min) 

Fixing 

rate 

(%) 

Positioning accuracy 

within 10 min (m) 

Positioning accuracy 

within 60 min (m) 

East North Up East North Up 

GPS – 17.9 – – 0.075 0.092 0.152 0.020 0.010 0.021 

GPS+LEO L S-upf f+  2.5 – – 0.008 0.008 0.027 0.002 0.002 0.009 

GPS+LEO AR 2.5 9.9 58.6 0.006 0.006 0.023 0.001 0.002 0.009 

GPS AR+LEO AR 2.4 5.0 100.0 0.002 0.003 0.011 0.001 0.001 0.004 

GPS+LEO L-up Cf f+  2.2 – – 0.008 0.008 0.026 0.002 0.002 0.009 

GPS+LEO AR 2.2 55.6 6.4 0.008 0.008 0.026 0.002 0.002 0.009 

GPS AR+LEO AR 2.2 4.9 99.2 0.003 0.003 0.011 0.001 0.001 0.005 

 538 

Conclusions and outlook 539 

We propose a feasible frequency scheme of using the combined frequencies in the L, S 540 

and C bands for LEO-based navigation augmentation signals. Compatibility, 541 

interoperability and the specific frequency ratio related to dual-band IF PPP AR have 542 

been considered in frequency design. In terms of signal modulation, a high-efficiency 543 

modulation scheme called CPM is adopted to satisfy the strict out-of-band constraints 544 



in the S and C bands. The potential interference from designed signals to the existing 545 

navigation systems, RA and MLS is evaluated based on the SSC, PFD and APFD, and 546 

the results show that all designed signals can satisfy the regulation of the ITU. We also 547 

investigate the signal propagation characteristics in different bands mainly based on the 548 

attenuation models of the ITU. The result shows that in the case of similar satellite 549 

transmitted power, the received power of all proposed signals will be stronger than that 550 

of the GPS L1 signal, particularly for high elevation angle. 551 

Then, the high-rate GPS+LEO observations at 70 reference network stations and 552 

10 user stations distributed in Europe are simulated and used for FCB estimation and 553 

PPP tests, respectively. We find that 100.0% of GPS NL residuals agree well within ±554 

0.15 cycles with a STD of 0.008 cycles, 99.7% of LEO L+S dual-band IF residuals are 555 

within ±0.15 cycles with a STD of 0.040 cycles, and only 71.7% of LEO L+C dual-556 

band IF residuals are within ±0.15 cycles with a STD of 0.160 cycles. At user stations, 557 

the hourly re-initialized static PPP results show that the convergence time of GPS-only 558 

can be significantly shortened from 17.9 to within 2.5 min with the augmentation of 559 

about 5.44 LEO satellites. In terms of positioning accuracy, AR solution has an obvious 560 

advantage. Compared with ambiguity-float GPS+LEO PPP, the positioning accuracy 561 

within 10 min of GPS AR+LEO AR in east, north and up components is improved from 562 

0.008, 0.008 and 0.027 m to 0.002, 0.003 and 0.011 m, i.e., an improvement of 75.0, 563 

62.5, and 59.3%, respectively. In addition, the feasibility of LEO dual-band IF PPP AR 564 

even without the help of GPS PPP AR has been verified if of course the frequency 565 

choice of LEO satisfy the integer multiple. 566 

Due to space limitations, only static PPP AR tests in open sky situations are carried 567 

out. A typical application is to quickly obtain the high-precision absolute coordinates 568 

of control points or reference stations during field surveying. In fact, AR is also 569 

effective in kinematic PPP and significant improvement will also be found. Typical 570 

applications are self-driving cars and unmanned aerial vehicles. PPP in more 571 

challenging situations like urban and sub-urban areas has more research significance, 572 

which can be considered in the future. In addition to the important role in augmenting 573 



fast precise positioning, the LEO-based navigation augmentation system can also bring 574 

opportunities to other practical applications and scientific research such as integrated 575 

precise orbit determination, space weather monitoring, and indoor positioning (Zhang 576 

and Ma 2019). 577 

Future research will further discuss the selection of modulation methods. A 578 

quadrature multiplexed modulation scheme will be more conducive to improving the 579 

performance of the navigation signal as more power can be allocated to the pilot 580 

channel than the data channel (Yao et al. 2010). The acquisition and code tracking errors, 581 

the multipath error envelopes, the effective C/N0, compatibility and anti-interference 582 

ability will also be analyzed. Additionally, the complicated augmentation system, 583 

composed of different geometries, frequencies and signals does increase the burden of 584 

the receiver to some extent, and further optimization and improvement are needed. 585 
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 595 

Appendix: PSD expressions of CPM signals 596 

The autocorrelation function of a CPM signal can be expressed as 597 

( )
( ) ( ){ }
( ) ( ){ }
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∏∫       (24) 598 

where T   is the symbol duration, and τ   is the correlation time. L   is the pulse 599 



length. M  is the modulation order indicating that the data are M -ary symbols. h  600 

is the modulation index; only if h >1, spectrum splitting can appear, and the larger the 601 

index is, the farther the distance between two main lobes, otherwise, the power spectra 602 

has only one main lobe. Note that though a longer L  and a bigger M  can effectively 603 

decrease the amplitude of side lobes, sometimes the feature of spectrum splitting may 604 

lose even if h >1. ( )q t  is the phase response function depends on the shape of the 605 

corresponding frequency pulse, for a rectangular pulse, we have 606 
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                      (25) 607 

while for a raised-cosine pulse, we have 608 
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               (26) 609 

where t   is the time. Due to the smoother waveform, the raised-cosine pulse 610 

contributes to a stronger spectrum roll-off in side lobes than the rectangular one. Then, 611 

the PSD of a CPM signal derived from Fourier transformation of ( )τℜ  is written as 612 
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  (27) 613 

with 614 

( ) ( ) ( )sin sinjh M h M hψ π π=                     (28) 615 



1s L= −                              (29) 616 

where f  is the frequency. The parameters T , M , L , h  and ( )q t  codetermine 617 

the spectral characteristics, and the specific configurations for proposed CPM signals 618 

are given in Table 6. 619 

 620 

Table 6 Specific configurations for proposed CPM signals 621 

Modulation T  M  L  h  Frequency pulse 

BM1REC(2), h =8 ( )1 2 1.023 MHz×  2 1 8 Rectangular 

BM2RC(1), h =4 ( )1 1 1.023 MHz×  2 2 4 Raised-cosine 

BM2RC(3), h =1 ( )1 3 1.023 MHz×  2 2 1 Raised-cosine 
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