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Abstract 

With the blooming of navigation and location based service (LBS) industry and the fast 

growing automobile market in China, the requirement of vehicle navigation in urban harsh 

environment keeps increasing. Currently, automatic driving and unmanned aerial vehicle 

(UAV) also have urgent demand on continuous, reliable decimeter even centimeter level 

navigation. Global Navigation Satellite System (GNSS) is one of the crucial methods. The 

industry is actively developing high precision, low cost GNSS positioning, navigation and 

timing terminal products. Traditional GNSS navigation receivers focus on high sensitivity in 

urban harsh environment and ignore the precision of GNSS observations; while surveying 

receivers can only be used in high precision positioning in open-sky environment. Based on 

inertial navigation system (INS) and GNSS, integrated navigation is widely used in land 

vehicle navigation. However, traditional integration methods are loose integration and tight 

integration, which are both integration methods on the level of data processing and mainly 

use GNSS to aid INS. They have no improvement to GNSS receiver baseband signal 

processing. In order to achieve high precision navigation in urban harsh environment through 

a low cost method, the quality of GNSS raw measurements should be increased. Deep 

integration uses INS information to aid receiver baseband signal processing. Therefore it can 

effectively improve the dynamic response and the tracking precision of receiver baseband 

signal processing at the same time. 

Because of its inherent superior dynamic performance, the previous research and 

application on GNSS/INS deep integration system focuses on high dynamic scenarios and 

strong jamming environment, and it has been applied to smart weapon guidance by US and 

NATO. With the extension of the deep integration technology to civilian applications and the 

development of land vehicle navigation, some foreign manufacturers have developed high 

precision navigation systems with quasi deep integration technology. 

Towards the high precision and low cost land vehicle navigation in urban environment, 

the thesis is supported by the National High-tech R&D Program (863 Program) project 

ñDevelopment and applications of land vehicle navigation terminals based on GNSS/INS 

deep integrationò. Aiming at intermittent and attenuated GNSS signals in urban harsh 

environment, this thesis studies the theory and methodology of inertial aided GPS and Beidou 

receiver using GNSS/INS deep integration; extracts continuous high precision GNSS 

measurements in urban vehicle navigation; and evaluates the measurements quality of the 
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GNSS/INS deep integration receiver through both hardware simulator and field tests. The 

research includes the following aspects: 

1. A unified and comprehensive baseband tracking error model for GNSS/INS deep 

integration is proposed. The inertial Doppler frequency aiding error model is derived by 

substituting the inertial sensor error model into the differential equation of INS error. Then 

the overall error response of the deep integration tracking channel is derived by substituting 

this inertial Doppler frequency aiding error model into the receiver tracking error model of 

close-loop and open-loop. A statistical characteristic expression of the error response of the 

items modeled as stochastic processes in inertial sensor error model is presented. By doing 

the above, a theoretical tool for the quantitative analysis of close-loop tracking error and open 

loop tracking time limit is provided. 

2. The weak signal tracking and dynamic tracking performance of the FFT discriminator 

is studied. The IQ integration sequence without navigation data bits is used to perform the 

FFT transformation for the case of having navigation data bits aiding information. In the 

absence of navigation data bits aiding information, navigation data bits of the IQ integration 

sequence are removed by complex squaring. The FFT transformation is then performed and 

the generalized non-coherent PLL carrier phase discriminator is derived. The weak signal 

sensitivity is improved by using partial frequency spectrum points FFT, and a low complexity 

implementation of the partial FFT discriminator which is suitable for hardware is proposed. 

By using the probability density function of the IQ integration with and without GNSS signal, 

the sensitivity of the FFT discriminator is estimated. By using Monte-Carlo simulation, the 

sensitivity of the squared FFT discriminator is simulated. By combining the acceleration 

estimation error of inertial sensor with the FFT discriminator dynamic performance, the 

dynamic sensitivity performance of the FFT frequency discriminator in deep integration is 

analyzed. Hardware simulation results have shown that reliable GNSS signal tracking at 

20dB-Hz weak signal tracking in 100g acceleration/deceleration scenario is achieved. 

3. The GNSS observation continuity in satellite signal discontinuous environment is 

improved effectively by using inertial aided open loop tracking algorithm. Hardware 

simulator tests verified the possibility of short-term (5s) carrier phase open loop tracking. 

Inter-channel aiding increased the carrier phase open loop tracking accuracy. Hardware 

simulator tests and urban harsh environment field tests verified the possibility of relatively 

long-term (20s) carrier frequency and code phase open loop tracking. Reacquisition is 

accelerated significantly. The total tracking percentage of GNSS signal locking time 
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increased. Code phase tracking error during convergence decreased and the navigation 

positioning availability and precision is improved. 

4. Towards the continuous high precision observation requirement in urban harsh 

environment, a GNSS/INS deep integration software defined receiver is developed and the 

system is optimized. In addition to the above key techniques, the following designs and 

improvements are included: 

1) Zero padding FFT is used as the fast acquisition algorithm to avoid being affected by 

the NH code in Beidou signal when implementing Beidou signal processing. 

2) The ratio of code frequency and carrier frequency is used as the frequency lock 

detector. By combining the code lock detector and inertial aiding information with 

this ratio, a robust signal tracking lock detector is implemented. 

3) The coherent and non-coherent integration energy of different bit phases is used to 

synchronize the navigation data bit phase. Further coherent integration is performed 

by performing FFT transformation on the expanded frame synchronization head to 

realize reliable frame synchronization in weak signal. 

4) The code tracking loop with adjustable loop bandwidth is used to accelerate the code 

phase tracking error convergence. By using code phase step response error, the 

bandwidth changing time is calculated. 

5) Pseudorange multipath error is suppressed by using inertial aided narrow correlator. 

6) By differencing the inertial derived pseudorange and channel extracted pseudorange, 

a low complexity pseudorange fault detection algorithm is implemented. A low pass 

filter is used to obtain the slowly varying component of satellite position calculation 

error, and the residual ionosphere, troposphere delay, receiver and satellite clock bias 

error. 

5. The developed GNSS/INS deep integration software defined receiver is tested and 

evaluated, including simulator signal tests and urban environment field tests. The baseband 

code and carrier phase tracking performance under different loop settings is compared by 

hardware simulator signal. The pseudorange and carrier phase measurements are compared 

with typical commercial receivers (Trimble R9 surveying receiver and ublox M8N navigation 

receiver). The simulation tests show that the deep integration receiver has higher carrier 

phase tracking sensitivity, smaller carrier phase tracking error, and shorter reacquisition time 

after the GNSS signal recovery, compared to R9 receiver. The deep integration receiver also 

has similar pseudorange error, similar reacquisition time, and smaller code error during 

convergence, compared to ublox receiver. Real urban harsh environment signal test is also 
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performed. Firstly, positioning results of the GNSS/INS deep integration receiver working in 

inertial aided mode and unaided mode are compared. With the aiding, the deep integration 

receiver developed in this thesis has a better performance in horizontal positioning error, fix 

epoch percentage and coarse error epoch percentage. Secondly, pseudorange positioning 

results of the inertial aided deep integration receiver developed in this thesis are compared 

with typical commercial receivers. Deep integration receiver has a better performance than 

Trimble R9 and ublox receiver or is similar to them in terms of horizontal positioning error, 

fix epoch percentage and coarse error epoch percentage. Then, pseudorange positioning 

results in some typical cases are compared, and the inertial aided deep integration receiver 

developed in this thesis has a better performance than R9 and ublox receivers or is similar to 

them in terms of convergence time, fix epoch number and horizontal positioning error. Lastly, 

carrier phase positioning results in a relative harsh environment are compared, and the deep 

integration receiver has a better performance than R9 and ublox receiver in terms of 

horizontal positioning error and ambiguity fix number. 

In summary, the scalar GNSS/INS deep integration techniques dedicated for urban harsh 

environment is developed and studied thoroughly in this thesis. The deep integration receiver 

baseband error model is improved and become more comprehensive and feasible. The 

dynamic weak signal tracking performance of the FFT frequency discriminator is analyzed. 

The open loop tracking based on inertial aiding is implemented to improve the continuity of 

the GNSS signal tracking. The deep integration receiver is optimized for harsh environment 

and complete hardware simulation and urban harsh environment land vehicle tests are 

performed. The deep integration receiver developed in this thesis has low computational 

complexity, which can be ported easily to embedded system, and can work as the validation 

tool and test platform for the development of real-time hardware receiver products. The 

research works done in this thesis has improved the GNSS receiver signal processing 

capability in harsh environment of land vehicle dynamic scenario significantly. They have 

provided a high quality GNSS observation level that can guarantee the continuous high 

precision positioning in urban environment, demanded by the fast growing driverless car and 

UAV industry. 

 

Key Words: GNSS/INS Deep Integration, Land Vehicle Navigation, GNSS High 

Quality Measurements, Dynamic Weak Signal Tracking, Open Loop Tracking 
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MEMS  Micro-Electro-Mechanical System,  

CEP  Circular Error Probable,  

NRZ  Non-Return to Zero,  

PRN  Pseudo Range Noise, N  

C/A  Coarse Acquisition,  
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1  

1.1  ғ ӎ 

ῃ ᵝ ̂Global Positioning System, GPS̃ ῃ ῤ

ᶫῃ Ṝ ҈ ᵝȁ ץ Ⱶ̆ғΐ ̆

̆ ´ ң ԅ ̆ῒ ᵖҌ ԍ ȁ ῾

ҙȁ ꜚȁ ֜ ȁ Ḥҍ ⱬ ȁ ץ ⅞ҍ ̂↔ ̆

2007Ȃ̃ ԍ GPS №ҹ´ Ḥ Ḥ ̆´ Ḥ ҹⱴ Ḥ ғῒ ᵝ

ԍ Ḥ ̆ ῏ ⌠ѿҩ ῃ̆ғ ´ ң

Ȃ ԅ ῃ ̂Global 

Navigation Satellite System, GLONASS̃̂ Ivanov and Salischev, 1992; ̆↔ ̆

2004Ȃ̃ҹԅ Ԉⱬץ Һ ̆ ῀ԋ ѿҕ ̆Ҭ №

≢ ῃ ̆ ̂Beidou Navigation Satellite 

System, BDS̃̂ ̆2008̕ ᾝ ̆2010̃ ᵍ≠ ̂Galileõ̂ Benedicto et 

al., 2000; ̆ ↨̆2011Ȃ̃ ῃ ̂Global Navigation Satellite 

System, GNSS̃ ̆ ῍№ 120 ̆ 300ҩ

Ḥ ̂Gao, 2008Ȃ̃ 

ῃ ԍ Ḥ ̆ ȁ ̂  

̆2009̃̆ ץ ᶏ GNSS ̆Ӟ Ḡ ῒ Ⱶ ȁ ȁ

Ȃ ҍᵝ Ⱶ̂Location Based Service, LBS̃ ῐ ̆

ᵝ ץ Ḥ ⁞ ҬȂLBS֟ҙ

҉ ҹ ԑ ȁ ꜚ Ḥӊ ῐ֟ҙӊѿȂ2016

LBS֟ҙ ᵣ֟ṿ 2000ַᾝ ῏̆ ԍ 2015 22%̂ Ҭ

ᵝ ᴪ̆2017̃̆ ғ ҩ֟ҙ ᶛ Ȃᵬҹ

ҍᵝ Ⱶ Һ ̆ Ӟ Ȃ

֟ҙ ҙ ץ ̆ ҍ

ᵝ Ⱶ֟ҙ ̆2016 1350̓Ȃ 

ꜚ ֲ ȁ № ᵝ

℗̆ ꜚ ̂Real Time Kinematic, RTK̃ ᵝ №

GNSS ᵝ ⌠Ḡ Ȃ ҙ

ȁᵞ ᵝ ̂Positioning Navigation and Timing, PNT̃

֟ Ȃ2018∆̆ ubloxῈ ₮ԅ ԅ ᴰ

GNSS ᵝ ublox F9̂ublox, 2018Ȃ̃ ֟ ԅ GNSSγ

ȁ ̆ῒ ᵝ ᵝȁ ꜚ ᴧ ̆
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GNSS ᴧ Ȃ 

Ҭ Ҋ ץ ₃ᵥ№ ̆

ץ Ḥ Ҭ ̆ Ḥ Ȃ

GNSSḤ Ҭ ȁ ȁ ̆ ṿ Ҭ

ץ Ҥ Ҋ Ȃ҉ Ҭ ҹľ ĿȂ ֓

̆ ҹ└ Ҋ Ȃ

ⱴ̆ ȁᵞ ҹ ̆

ᵖῒ Ȃל ≠ץ Ḥ ̆ғ ╠ῃ

ҹ ̂Chiu et al., 2014; ̆ 2017Ȃ̃ᵖ GNSSΐ ῃ Ṝȁ

ᵝ ᴨ̆לῒᵬ Ҍ ғ̆ף GNSSᵝ

ᵞ ῒז ᵝᴰ ׆ ᵞ ץ Ḥ

Ȃ ᾝ Ҭ PNT ץ BDSḤ ҹ ץ̆ BDS

‰ ‰ҹ ̂ ᾝ ̆2016Ȃ̃GPSӊ Parkinson₮Ḡ ȁ

ץ ̂Protect Toughen Augment, PTÃPNT ̆ῒ Ḡ GPSPNT

Ḥ Ҍ ₯̆ғΐ ̂Parkinson, 2014Ȃ̃ 

GNSSᵝ Һ ̂Misra et al., 1999̃ ῒ ‗ 1.1

Ȃ № ץ Ҋ ֽҍ

῏Ȃ Ҋ Ḥ ⁞̆ Ȃҹ

ԅ ⱴ ṿ ̆ѿ ≠ Ḥ ̕ ѿ

Ḥ ⱬץ ⱬ̆׆ Ḥ

Ȃ ṿ ȁꜚ ȁ ץ ᴰ Ȃ

ᴰ Һ ̆ ̂Klobuchar, 

1987; Hopfield, 1969; Saastamoinen, 1973; Black, 1978̃ ≠ ῏ №

̂ ̆ ꞊ ̆2005̃̆ ῒҬ ṿ

̂ Ҽ̆ ̆2008Ȃ̃ ҬҺ ṿ ȁꜚ ̆

ᵞ Ȃ ᵞᴺ ̔1̃ ᵝ ᴺ

̂Hatch, 1983̃̆ ѿ ᵝ ᴺ ṿ ̆ ѿ

Ҭ ץ ᵝ ṿ̆ᴪ └ ᶏ ̕2̃ Ḥ ᵣ

└̆ ᶏ №̆ᴺ ῏ ̆ᴺ ԋ └Ẓ

̂Binary Offset Carrier, BOC̃ └Ḥ ̂Betz, 1999; Betz, 2001̃̕ 3̃

̆ ᵞ ̆ⱴ № ῏ ̂van Dierendonck et al., 1992Ȃ̃

ᵞ ꜚ ̔1̃ ≠ ꜛ ̂Jovancevic et al., 2003̃̆

ꜚ ꜛ̆ᶏ ᵬ ‰ ̕2̃

̆ ⱴ ̆ ᵞ № ⱴ ῏ ⱴ ꜚ
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ⱬȂ ᵝ ᵞ ̔1̃ ᵣ└Ḥ ᶏ ̆

Ḥ └ Ḥ ̆ ᶏ ̂Phase Lock Loop, PLL̃

̆ғⱴ № Ҍ └̂Mongredien et al., 2006̃̕ 2̃

̆ ᵞ ⱴ № Ȃ ᵝꜚ ᵞ ̔1̃

̂Frequency Lock Loop, FLL̃ ꜛ ̂Kelley et al., 2002̃̕ 2̃ ⱴ ̆

ᵞ № Ȃᴺ └ ̆ѿ ≠ BOCḤ № ԋ

└Ẓ ̂Time Multiplex Binary Offset Carrier, TMBOC̃Ḥ ⌠ └

̂↔ Ḱ ̆2009; Jovanovic et al., 2010; Betz, 2015̃̆ ѿ Ḥ

└ ̆ῒҬᶏ ῏ ѿ

└ Ȃ 

ᵝ

ṿ

ꜚ

ᵝ ᵝ

₃
ᵥ
№ Ḥ

ᵝ

ᴺ

№
ᵞ

ꜛ

ⱴ
῏ № ῏

ᴰ

№
Ḥ

ᵣ
└

Ḥ

ᵣ
└

ᴺᴺᴺ

῏
ꜛ

Ḥ ῏ Ḥ ῏
 

1.1 ᵣ Ὶ ”  

╠ Ҍ ‗ Ḥ Ҋ GNSS ᵝ Ȃҹԅ

ᶫ ᵝ Ⱶ̆ Ӟ ף ̆ ᵣ└Ḥ ⱴ῀

ѿ ᵞ Ḥ Ȃ ף GPS ңҩ

L2C L5ңҩ Ḥ ̂ ԋ  ̆2005̃̆ ῒҬ L2CḤ L2CL

L5Ḥ Ḥ L5QҌ ̆ Ḥ ᶏ Ḥ ȁ

ᵞ̕ԋ ᶭ - ̂Neumann-Hoffman, NH̃ └

ᵞ Ḥ Ҋ ̕ ֜ ᵞ

̕ ᵞ Ȃ ѿ ̆

GalileoBDS BOC └Ḥ ̆ғ BOCḤ ΐ

└ ⱬȂ ̆ ᵝ ץ

Ḥ ҉ Ḥ ṿ ץ ṿ Ȃ
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ҬḤ ̆ GNSS Ȃ ṿ Ҭ

ꜚ ‗ ̆ ꜚ ⱬ ȁGNSSḤ ₮ ̆

GNSS ꜚ ⱬץ ӊ ҬȂ Ḥ Ҋ̆

ꜚ ԍ Ӟ ꜚ ̆ ᵬ Ḥ

Ҋ ꜚ Ȃ ̆ Ҋ ṿ ץ ᾧ̆ ṿ

ⱬ Ȃ 

̂Inertial Navigation System, INS̃ ԍΐ ꜚ ȁ

ȁῃ Һ ᵬ ⱬȁ Ҍ Ḥ ԍ

̂ ´ ̆2002Ȃ̃ᵖ INS≠ № ᵝ ̆ ᴪ ̆ῒ

ҍ GNSS ԑ Ȃҹԅᾥ ̆ Ḥ ҍ GNSS

ᵝ ̆ ץ Ḥ ᴨ̆ל PNTⱵ Ȃ

Ḥ Ҍ ̆ №ҹ≠ GNSSβ ҍ INS

̆≠ ᴺ ᴺ ҍ INS ̆

ץ ≠ INS ꜚ ᵀ ṿ ꜛ Ȃ ҍ

≠ INS ꜛ̆ᶏ ⌠ ̆ ᾧᴰ

̆ᵖ GNSSḤ ꜛ̆ ṿ ̆Ӟ

ᵝ Ȃ Ҭ̆ѿ INS ꜛ ̕ ѿ

INST ᵣꜚ Ӟᴪ ԍ ꜛ ׆̆ Ḥ ⱬ

̂Chiou, 2005Ȃ̃ 

Ҍ ̆ №ҹ Ȃ

Ҭ ̆ ↕≠ Ḥ ꜛ Ҭ

ҩ ȂDraper Ҭ ̆ῒ ҩ Ḥ

≠ ѿ └̂Schmidt and Phillips, 2010Ȃ̃Calgary↕

̆ Ҭ Ḥ ῀ ӊ╠

̂Petovello et al., 2008Ȃ̃Stanfordҹ

ꜛ ҹ ̆ Ҭ ꜛӞ ҹ

̂Alban et al., 2003Ȃ̃ ҉ Ҍ ̆ᵖ ≠

Ḥ INS ԅ ̆ INS ꜚ ᵀ ṿ ԍ

└Ȃ GNSS Ҭ GNSSḤ ̔1̃ ᵞ

ꜚ ̆ ꜚ Ḥ ӊ ̕2̃ ԍ Ҭ ̆Ḥ

̆ ῒ ̂Braasch and van Dierendonck, 

1999̃̆ ≠ ꜛ Ḥ ᵞ ̕3̃ Ḥ

ᵝ ׆̆ ⌠ ᵝ ṿ̕4̃ GNSS ṿ

ӊ ̆ ≠ ᴺ ṿ Ȃ 
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҉ ̆GNSS/INS ‗ Ҭ≠ ҍᵝ Ⱶ

ꜚ ҍ Ḥ ̆ ⱴ Ҋ ᵝ Ȃ

ᵝ Ҭ̆ ᵝ ṿ ̆ҹ ȁ ᵝ № ᵝ

ᶫḠ Ȃ 

̆ ԍ Ҭ ̆ Ҋ ̆ғ ₃ᵥ№

Ӟᴪ ̆ ᶏ ѿ ᵝ ₮ Ҍ Ȃ

Ҭ ̆ ̆ Ḃ

ⱷ Ҋᶭ ᵝ Ȃ

Ҋ ᶫ ̆ ᵬ ԍGPSҍ Ȃ 

1.2  ῗ  

ԍ ᴪ ⌠ꜚ Ҋ Ḥ ̆ ᴆҊḤ

ץ ṿ └ȂҊ ᾢ׃ ȁ ꜚ ץ

└ Ȃ ԍ ꜚ ⱬ̆ῒ ԍ ꜚ

└ ̆ ꜚ ӊ ̆ ԍ Ҭ ꜚ

҉̆ ׃ ῏ ӊ ₮ ꜚ ȁ Ḥ ץ

Ȃ 

1.2. 1 ῗ  

1̃   

Һ ⱴ № ȁᶏ ԍ ȁ ȁ

ᶏ ị ̂Fast Fourier Transformation, FFT̃ Ȃ 

ⱴ № ̆ Ḥ ̆ⱴ №

№ȁ ץ№ № №̂Choi et al., 2002; Shanmugam et al., 

2005Ȃ̃ № № ԍ Ḥ ̆ῒҬ №Ḡ ҍ

֜̂In-Phase and Quadrature, IQ̃Ḥ ᵝḤ ̕ № IQ Ḥ

ҌḠ ᵝḤ ̕ № №ᶏ IQḤ ҍῒ ῍ Ḥ ӗ ⱴ

̂Yang et al., 2001b; Elders-Ball and Dettmar, 2004Ȃ̃Akosֲ ̂2000̃ ꜛḤ

ᶏ 8ms № -142dBmḤ ̆ ꜛḤ ᶏ 800ms №

-162dBmḤ ȂWastonֲ̂ 2006̃ № ⌠ 10s̆ ԅᵞ

5dB-HzḤ ȂGowdayyanadoddîֲ2014̃≠ 200s № ԅ

₀ Ҋ ῤ Ḥ Ȃ ԍ № ̂҉

№ ꜛ ȁ̃ ȁ ꜚ ץ ᵝ ̂Wastonֲ

Gowdayyanadoddiֲ ҹ ᴆҊᶏ ̃ └̆ѿ

№ӊ ᴪ №Ȃ ԍ № ̆ №
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₮̆Psiakî2001̃ ≠ № ԅ ꜛḤ 21dB-HzḤ Ȃ

ᵖ № Ӟѿ ̆ ̆ғ Ḥ ᵞ ’Ҋ ̆

№ӊ╠ѿ № Ḥ Ḥ Ȃҹԅ ᵞ

№ ̆ № № ₮ ԍ Ḥ ̂Zarrabizadeh and 

Sousa, 1997̃̆ Ҭ Ḥ ᶭ ̆ᵖ ᵞԍ №Ȃ 

№ ̆ Ҭ ̆ ̆ғ

№ Ȃ Ҭ № Ҋ ̆

ғ ҍ № ӊ ӗ ԍ 0.5̂Progri et al., 2007; Kazemi, 

2008̃̆ ׆̆ ᵞ ꜚ ⱬȂ ̆

Ӟᴪⱴ ̆ ԍ ̆

Ῥ ⌠ ̆ ’Ҋ̆

ԍ ᴪ₮ Ҋ ̂Stephens and Thomas, 1995Ȃ̃ ̆ ᶏ

Ҭ ᴪ ᵝ ⱴ ▲ ⱴ̂Irsigler and 

Eissfeller, 2002Ȃ̃ 

FLL ԍ PLLⱴ ғ ꜚ ̆ ԍ

Ȃ≠ ҉ IQ№ ᵝ ̂Natali, 1984̃

╠ Ҭᶏ ѿ ̆ Ḥ ⌠Ҥ ⁞

Ҍ ̂Curran et al., 2012Ȃ̃JuangChen̂2009ȁ̃Tanĝֲ2013̃

Guo ֲ̂2014̃№≢ ₮≠ Ҍ № Ȃ ԍ

№ Ҋ ᵝ ̆ ᵝ Ḥ

ꜚ ’Ҋ Ҍ Ȃᵖ ҳ №

ꜚ ⱬҌ Ȃ 

⌠ Coppsֲ ̂1980̃ ₮ Ȃҍ

ᴰ ̆ Ҭ ҩ Ḥ ̆

Ҍ ̆≠ Ḥ ҍ ῀⌠ѿҩ

Ҭ̆ ҩ ӊ Ḥ ꜛȂPanŷֲ2005̃ ₮ԅ ̆

Lashleŷֲ2009̃≠ ԅ ҹ 16dB-HzḤ Ȃ ≠

ᵀ ̆ ӊ ꜛ̆≠ Ḥ

Ḥ ׆ꜛ ̆ғꜚ ⱬ Ȃᵖ

ҩ ҌῬ ̆ ѿҩ ₮ ҩ ᵬȂῒ ̆

ԍ └ ᵝ ̆ ׅ Ȃ

̆ Ҋ ̆Ҍ Ȃ ̆ ≠

⌠ ∆ ̆ Ҍ ᵬȂ 

FFT ԍ ᵝ̂van Nee and Coenen, 1991̃ץ ̂Akopian, 
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2005̃ ҬȂYanĝ2003̃ ₮ԅѿ ≠ FFT ᵝץ

Ȃvan Graaŝֲ 2005̃Ӟ FFT ԍ Ҭ

Ȃ ֓ ᶏ Ҭ Ḥ FFT ̆ Ҭ Ḥ ̆ Ḥ

Ҋ № ̆ FFT ץ Ȃ ѿ ᶏ

FFT ᵀ ≠ ᵌ ᵀ ꜚ Ҋ יּ ᵩ

ᵀ ̂Bryant, 2002̕  ̆2009̕ Yan et al., 2016̃̆ ᵌ ᵀ

ҹFFT ̂Hurd et al., 1987Ȃ̃ ꜚ ₮̆ Ӟΐ

Ḥ ⱬ̆ᵖ ꜚ ҍ ӊ ҬȂ 

2̃  ꜚ  

Ҭ̆ҹԅ ꜚ Ḥ ̆ᶏ ꜚ └

̂Automatic Frequency Control, AFC̃ ԍ ꜛ ̆

Ḥ ꜚ ⱬ̆ᵖ ᵞḤ ҌᶃȂHurdֲ ̂1987̃ ₮

ԍ ᵌ ᵀ ꜚ Ḥ ̆ 150gⱴ ̆ ⱴ ҹ

50ğ ⱴⱴ ҹ 40g/s ꜚ Ҋ̆ᴺ ṿ ԍ 1m̆ ғ

̂Carrier to Noise Ratio, CN0̃ҹ28dB-Hz Ḥ ȂHinedî1988̃

ԍ AFC Ҭ ꜚ GPSḤ ̆ ῒ ᶏ

AFC ѿ ̆ᵖῒ Ḥ Ҋ AFC Ȃ 0.5s

100g/sⱴⱴ ꜚ Ҋ̆ 22.5dB-Hz̆ ҹ

41.2HzȂVilnrotterֲ̂1989̃ ԅ ᵌ ᵀ ȁ ȁ

AFC ҩ Ȃ 

ҹԅ Ḥ ̆ №̆ ᵞ ̆ ꜚ Ḥ

ⱬ ̆ Ȃ ԍ FFT ≠ №

̆ ꜚ ӊ ҬȂ Ҍ ̆

Ҍ ̆ғ ׅ Ȃ ꜚ № ̆

ⱴ ̆ ╠ ꜚ ꜚ ̆ᵖꜚ Ḥ

ѿ ̆ Ҭ̆ғ ֽ ᵝȂ 

3̃   

Ҭ ̆ ԍ ȁ ⁞ ̆ ⌠ ᴺ ṿ ᾧ

̆ ṿ ԍ ᵝ ↕ᴪ ᵝ ̆

ΐ ѿ ᴺ ṿ └ └Ȃ ṿ ԍ Һ

̂Receiver Autonomous Integrity Monitoring, RAIM̃̆ ԍ ԍ

֓ ṿ Ȃ RAIM ̔ ᵝ ̂Brown and 

McBurney, 1988̃̆ ῃ ⌠ ᵝ ̆

̆ᵖ ԍ ̕ᴺ ̂Lee, 1986̃̆
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ᶏ ṿҬ ҩ ᵝ ̆ ⌠ ᵝ ῒᵩ

ᴺ ᵀ ṿ̆ ᴺ ṿҍᴺ ᵀ ṿ ∞ ̕

ԋӗ ̂Parkinson and Axelrad, 1988̃̆ ≠ ᴺ ṿ ԋӗ

ᵬҹ Ҭ ᶭ ̕ Ẽ ̂Sturza, 1988̃̆

ԋӗ ᴺ׆ ֜ ⌠ Ẽ RAIM∞ ̆

ᴪ RTCASC-159ᵬҹ Һ Ȃᴺ ȁ

ԋӗ Ẽ ҉ΐ ̆ᵖ Ҍ ̆ғֽ

ԍ ҩ ṿ Ȃ 

҉ץ ̆ғֽ ҩ ṿ Ȃ ԍ

ṿ ̆ ҉ ̆

ⱬ ̂ ̆2017Ȃ̃ 

1.2. 2 ῗ  

1̃  ꜚ  

´ ꜚ ̆HoneywellȁAllied Signal

Trimbleԍ ᾣ ԅ 12 ̆

44gⱴ ȁ15g/sⱴⱴ ץ 12km/s ꜚ ᴆҊḤ ̆ғΐ

ѿ ⱬȂ ̆ ’Ҋ̆Ḥ 3sῤ ̂Bye et al., 

1998Ȃ̃ Sandia Rockwell CollinsῈ NavStrike ҉

ⱴ ꜛ ̆ ԅ ꜚ Ҋ 24 ᵝ ̆

40gⱴ ȁ10km/s ꜚ ᴆҊ ᵝ ≠

ᵝ ṿ ᵝ̆ ᵬ ҹ 40000km̆ ȁ

̂Pownell et al., 2005Ȃ̃ Ҭ ԍᴏ ꜚ 6 ᴆ

ԅꜚ ̆ ᶏ 1kHz

120gꜚ ̆ ᶏ 10kHz 160gꜚ

̂Jovancevic and Ganguly, 2005Ȃ̃HoneywellRockwell Collinsԍ

̂Micro-Electro-Mechanical System, MEMS̃ᴰ ԅ ᵞⱳ ̆

20000g ‖₯̆ ⌠ ̂Circular Error Probable, CEP̃

5m ̂Buck et al., 2006Ȃ̃ 

ῤ ῏ ̆ԍ ֦̂2007̃ ᴏ ̆≠ ꜛ҈

ԅ ꜚ Ḥ ̂100gⱴ ȁ100g/sⱴⱴ ̃̆ Ҭᴏ

ҹ ᴆ Ҭ ̆ғ ꜛḤ ᴏ ꜚ ⌠ יּ

ᵀ ṿ̆ Ҍ Ȃ ̂2010̃ ᴏ ̆ INST

יּ ꜛ ̆№≢ ԅ 50gⱴ ⱴ ꜚ Ҋ

Ḥ Ȃ ̂2013̃≠ ⱳ ԅᴏ Ҋ 30g ⱴ ꜚ
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̆ ᶏ ꜛ ԋ ꜛ҈ Ȃ ֒ ̂2016̃≠

̆ ᴏ ꜚ Ҋ ԅ ᵝ ̂ ⱴ 100ğ

ⱴ 50ğⱴⱴ 100g/s̃̆ ԅ 5gⱴ 30g/sⱴ

ⱴ Ҋ ᵝ Ȃ 

╠ ꜚ ҹ ̆ ῏֟ ̆ ꜚ

ȁ ץ ⱬ Ȃ ῤ ῏ ̆

῏ ̆ᵖ № ԍᴏ ̆ ׅ Ȃ 

2̃   

Ӟ ԍ´ ̆ ԍ Ḥ ̆

ⱬ ⌠ ̆ ᵌ̆ ⱴ

№ ȁ Ȃ Ҭ

ᵬ 20dB ̂Jovancevic and Ganguly, 2005Ȃ̃Gustafsonֲ

̂2000̃≠ ᴏ GPS Ḥ ̆ ԍ ԅꜚ ᴆҊ

Ḥ ̆ ԍᴰ ̆ ΐ 15dB ȂGebre-

Egziabherֲ̂2001̃≠ יּ ꜛ̆

׆ 10Hz ⌠ 1Hz̆ ⌠ 5dB ̆ ԅ 21dB-Hz Ḥ

ȂSolovievֲ̂2001̃ ԅ 15dB-Hz GPSḤ ҍ

̆ғ ᵝ ȂGao Lachapellê2006̃≠ ᴏ GPSḤ

ԅ Ḥ ⱬ̆ ꜛ 25dB-Hz Ḥ

ᵝ ̆15dB-Hz Ḥ ̆ ҩ Ḥ

15dB-Hz Ḥ ᵝ ȂPetovellôֲ2007̃ ԅᴰ

ᴆ ̆ ⌠ ᵝ ╠ Ҋ̆

7dB ̆ Ҭᶏ Ȃ ̂2011̃

ꜛ҈ PLL̆ ׆ 18Hzγ ⌠ 1Hz̆ ԅ 10g/sⱴⱴ ꜚ Ҭ

21dB-Hz Ḥ ̆ ԍ ꜛ ̆ ΐ 7.4dB Ȃ 

3̃   

̆Alban̂2004̃ ꜛ ̆

ԅ ᵝ ̆ ԅ Ҭ ̆ ԅ ꜛ

Ḥ ȂLîֲ2009̃≠ MEMS ԅ

̆ ̆ ԍ ꜛ ̆

Ҋ ᵞᴀ ᵝ ȂSunֲ̂2013̃ ԍ

ⱴ ̆ ҍ GPS ̆

҉ ⱴ ԍ ̆ ⱴ יּ

ṿ ̆ғ 20%ȂTawkֲ ̂2014̃≠ MEMS ꜛ
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̆ Ḥ ’Ҋ ̆ ԅ Ḥ

Ҍ Ḥ ̆ᵖ ₮ ֽ̆

₮ԅ ҍ GPS ᵝ ȂXiê2010̃ ᴆ Ҭ≠

ᵝ ԅḤ ᵝ ̆ ̆ Ḥ

Ҋ Ḥ ԍ 3 ᵝ ṿȂWang

̂2015̃ Xie ҉ ѿ ץ Ḥ Ҋ

ᵝ ≠ RTK ᵝ ԅ ̆ ꜚ Ҋ

ΐ ̆ғ ᴪ Ȃ

KVH NovAtelῈ ᵬ ԅѿ SPAN̂Kennedy and Rossi, 

2008̃̆ ԍᶏ ԅ ̆ ֟ ΐ ⱬ̆ ԅ Ḥ

Ȃ iMARῈ └ iTraceRT-F402 ԍᶏ

ΐ ⱬ̂iMAR, 2017Ȃ̃ 

҉ ̆ ꜛ ̆ Ҭꜚ Ḥ ң ӊ ץ

̆ғ Ҭ ̆ ⱬ Ȃ ꜛ

῀ ԅꜚ ӊ ̆ᶏ ֽ ꜛ ᵩ

ꜚ ̆ ⱬȂ Һ

ԍ ꜚ └ Ȃᵖ Ḥ ⁞ȁ

’Ҋ ῏ Ȃ ╠ № ₮ ԍ ᴰ ΐ №

ⱳ ֟ Ȃ ´ ᶏ

ᴰ ̆Ҍ ᵞ ̆ғ ῏ Ҍ Ὲ ̆Ҍ≠ԍ

Ҭ Ȃҹԅ Ҭ

̆ ̆ GNSS

Ҭ ṿ ̆ GNSS ᵝ Ȃ 

1.3   

̆ ̔ ԍ ̆

̆ ѿ GNSS/INS ᴆ ̆

ṿ ̆ ᴏ ҍ ᵀȂΐᵣ ῤ

̔ 

1) ̆ᵖ Ҍ ѿ ̆ ≠

№ ᴰ ⌠ ̆

⌠ Ҋ ̕ 

2) Ḥ Ҋꜚ Ḡ ̆ ᶏ Ḥ ̂ 26dB-

Hz̃ ᵝ ̆ᶏ FFT Ḥ ̂ 20dB-Hz̃

̆ң ᶏ ꜛ ᵣꜚ ̕ 
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3) ᴆҊ≠ ṿ ̆ ᾢ№

̆ ᴆҊ ̂20s̃ ᵝ

̆ꜚ ᴆҊ≠ ᵀ ꜛ Ḥ ̆

̂5sץῤ̃ ᵝ ץ̆ ̂5s̃҉ץ

ᵝ ̆ⱴ Ḥ ̕ 

4) ᴏ ᴆ ṿ ҍ

ᵀ̆ ҍ ublox M8N R9 Ȃ 

1.4   

ῤ Ҋ̔ 

1 ׃ ԅ ӈ̆ ԅ GNSS ṿ ̆

҉ ₮ԅ Ḥ ȁꜚ ṿ ץ̆

ꜚ ȁ Ḥ Ȃ 

2 ᾢ׃ Ḥ ץ ̆ ҉ Ҭ

Ḥ ȁ Ḥ ȁ ṿ ץ ̆ ׃

GNSS Ȃ 

3 ᾢ ≠ FFTץ FFT Ḥ ̆ №

ң Ḥ ꜚ ᴆҊ ⱬ̕ῒ ׃ ҈ ԍ Ḥ ԍ

̕ ᴆҊ Ḥ ᵝ

Ȃ 

4 ᾢ ₮ Ҭ ꜛ ̕ №

ᴰ ⌠ ꜛ ̕ ҉

₮ ̕ ≠ ꜛFFT Ḥ ꜚ Ȃ 

5 ᾢ׃ ᴆ ῒ ᵬ ̕ ₮

Ḥ ̕ῒ Ḥ Ҭ № FFT ȁḤ ȁ

ᵝ ᴨ ̕ ׃ ῀ ꜛ ᴨ ̆

≠ Ḥ ̆ⱴ ᴺ ̆≠ ꜛ ῏ └ᴺ

ᴺ ץ̆ ≠ ꜛ ᴺ ṿ Ȃ 

6 ≠ ᴏ Ḥ Ḥ ᴆ ̆

ҍῖ Ȃ 

7 ԅ ᵬ̆ ԅ ᵬ ץ Ҍ ̆ ⅞ԅ ѿ

Ȃ  
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2 GNSS ғ  

2.1   

⌠ GNSS ҍ ң ̆

ץ ᵬ ̆ ׃ ץ

ץ Ȃ Ҋ ṿ ̆

ᵝ̆ ⌠ ᵝ ᴺ ᵝȂ ׃ GNSS

ӊ ᴪ ׃ ᵝ ᴺ ̆ ≠ ᴺ ᵝ № ᵝ

ץ̆ ᴺ ᵝ ṿ ᵀ Ȃ ԍ ꜛ ꜚ

Ḥ Ҋ Ḥ ⱬȁ ṿ ̆ ׃ ԅ

῏ ץ ̆ҹ Ҋ Ȃ 

2.2 GPS L1 B1I Ḥ ҹᶛ׃ Ḥ ȁ

̕ ׃ Ḥ ̆ѿ ҹ FFT Ạ ̆ ѿ ᵬҹ

Ḥ ҍ ץ ̕ῒ ׃ ̆

‗ ԅ ṿ ץ ᵝ Ȃ2.3 ׃ ץ № ᵝ ̆ҹ

ᵝ Ҋ ᵀ Ȃ2.4 ᾢ׃

̕ӊ ׃ ҍ ᵬҹ Ȃ 

2. 2  

2.2.1  GNSSḪ  

ᵬ ԍGPS L1 B1I Ḥ ̆ ׃ ԍ҉ץңҩḤ ̆

ң ᵌ ̆ҹԅ ֽ̆ ң ׃≢ Ȃ

ҹ i GPS ҹ j L1ȁB1 Ḥ ҹ̂Borre et al., 

2007; Ҭ ⱲῈ ̆2016̃̔  

()() () ()()()() ()( )
()() () ()()()() ()( )j

B

jjjj

B

i

L

iiii

L

tftctdPtS

tftctdPtS

fp

fp

+=

+=

11

11

2cos2

2cos2
                                 (2.1) 

ῒҬ ()iP ()jP Ḥ ⱳ ̆ ()()td i ()()td j ҹ ̆ ṿҹ

{ }11- ̆ῒҬ Ḥ №ҹ D1 D2 ̆D1 └

NH ̆ ()()tc i ()()tc j ҹ ̂Non-Return to Zero, NRZ̃ ᴺ ̂Pseudo 

Range Noise, PRÑ ̆GPS L1PRN ̂Coarse Acquisition, C/Ã ̆

1Lf ҹ GPS L1 ̆ 1Bf ҹ B1 ̆ ()if ()jf ҹ ∆ ᵝȂ׆

̂2.1̃ ץ ₮̆GNSS Ḥ ҈ҩ ̔ ȁᴺ ȁ

Ȃ 

GPS ѿ 20ms̆ ҹ 50bpsȂ 30 ѿҩ ̆
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10ҩ ѿҩ ̆GPS 6s ѿ Ȃ D1 ѿ

20ms̆ ҹ50bps̆ ԍ └ NH ̆ ҹ1000sps̆ҍGPSḤ ̆

6sȂ D2 ѿ 2ms̆ ҹ 500bps̆ 600msȂ

⌠ ╠ GNSS ȁ ȁ

ץ Ḥ Ȃ 

GNSSḤ ↓ └Ȃ Ḥ

GNSS Ҭ ᵬ Һ ᵣ ң ̔1̃ Ḥᶏ ᴺ ̆ ᴺ ΐ

῏ ̆ ԍ ̆ ҹ ̆ ѿ ҹᴺ

̂Curran, 2010̃̕ 2̃ GNSS ҹ 50HẑD2 ҹ 500Hz̃̆

ҹ 100HẑD2 ҹ 1000Hz̃̆ GNSS Ḥ ᴰ ̆ ̆ғ

҉ ̆ ⌠ Ḥ ̆ ῾Ὲ ̆ Ḥ ≠

Ḥ ׆̆ Ḥ ̆Ӟ Ḡ ԅ ҍ Ḥ

Ȃ ᴺ ̆GPSN ҹ 1023ҩ ̆

ҹ 1.023Mcps̆Һ ҹ 2.046MHz̆ ҹ 293mȂ ᴺ

ҹ 2046ҩ ̆ ҹ 2.046Mcps̆ Һ ҹ 4.092MHz̆

ҹ 147mȂ ҹ ѿ ̆GPS Ҭᶏ ңҩᴨ 10 m ↓

̂ICD GPS, 2013̃̆ ᶏ ңҩ11 m ↓ ̂Ҭ

ⱲῈ ̆2016Ȃ̃GPS m ↓ ̂2.2̃̆ Ҭ ң

ҩ ᵝ ̆ ∆ ṿȁ 2G ᵝ ≠ Ҍ

₮Ḥ Ҍ ᴺ ̂ ̆2016Ȃ̃ 

()

()

()

() 11985432

1110987

1098632

103

12

11

12

11

xxxxxxxxxG

xxxxxxxG

xxxxxxxG

xxxG

BDS

BDS

GPS

GPS

++++++++=

++++++=

++++++=

++=

                             (2.2) 

ᴺ ԋ └ NRZḤ Ῥ Ḥ ԋ └

└⌠ ҉̆GPS L1 1Lf ҹ 1575.42MHz̆ B1 1Bf ҹ

1561.098MHzȂ 

ԍ ̆Һ ̂ ̆2009̃̔ 1̃ L1ȁB1

ҹ Ḥ ̆ Ḥ ץ ᴰ ̆Ḃԍ ̕2̃ Ḥ

̆ ᵞ Ҍ ̆ ԍ ҍ ӊ Ḥ̕

3̃ ҍ ῏̆ Ȃ ᵞҌ

ԍ ҍ ӊ Ḥ Ȃ 

2.1 ԅGPS L1Ḥ ̆ ԅ ȁᴺ ȁ

└ ᴺ ȁ ȁץ Ḥ Ȃ Ḥ ҍῒ ֽ̆ Ҍ Ȃ
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2.2ҹ GPS L1Ḥ ̆ 2.3ҹ Ḥ D1 D2Ḥ Ȃ

GPSḤ Ҭ ()td ҍᴺ ()tc ӗ̂ Ҭҹ ԋ ⱴ ̃ ⌠

()()tctd ̆ Ḥ Ῥҍ L1 ӗ Ḥ └̆ ⌠ ()tSL1 Ḥ

Ȃ D1Ḥ Ҭ D1ҍ NH ӗ

()td ̆ῒᵩҍGPSḤ ץ D2Ḥ Ȃ 

 
2.1  GPS L1 C/A Ḫ  

()td

()tc

( )jp +tfL12cos ()tSL1

ӗ

()tD1

()tc

( )jp +tfB12cos ()tSB1

()tD2

()tc

( )jp +tfB12cos ()tSB1

ӗ

()tNH

 
2. 2 GPS L1Ḫ          2. 3 B1Ḫ  

2.2.2  GNSS  

GNSS Һ ҈ҩ №̔ ╠ ̆ Ḥ ̂Braasch 

and van Dierendonck, 1999̃̆ 2.4ҹ Ȃ 

Ḥ ()tSL1 ()tSB1 ̆ ץ Ḥ ῀

╠ Ȃ ╠ ⱳ L1 B1Ḥ GPS

Ḥ ̆ғ ᵞ Ḥ Ḃץ Ḥ Ȃ 2.4Ҭ

ҹ ̆ ╠ ᾢ Ḥ ̆ ӊ ѿ
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ҩ ᴆ ‗ ҩ ̂Parkinson et al., 1996̃̆ Ḥ ᾢ

ᵞ Ȃ Ḥ ѿҩ

̆ ᴺ Ḥ Һ ̆GPS Ҭ ᵞ ҹ 2MHz̆

Ҭ ҹ 4MHzȂ Ḥ ҍ ֟ Ḥ ӗ

Ҋ ⌠ Ҭ Ḥ Ȃ Ҭ Ḥ ӊ ≠

̂Analog to Digital Converter, ADC̃ Ҭ Ḥ ̆ Ҭ Ḥ

Ḥ Ȃ ԍ ῀ Ḥ Ҍ ṿ̆ҹԅᾟ№≠ ADC ᵝ ̆

ᶏ ꜚ └ ADC╠ Ṑ └Ȃ 

ADC ₮Ҭ Ḥ IFS ӊ ̆ Ḥ Ȃ

ҩḤ ̆ ҩ ѿ Ḥ Ȃ 2.4Ҭ ≠

̂Numerical Controlled Oscillator, NCÕ№≢ ᴺ

IFS ᴺ ▫ Ȃ ▫ ᴺ ӊ Ḥ № ̆ №

ṿ ԍ ᴺ ≢Ȃ ≢ ԍ └ ᴺ Ȃ

Ḥ ȁ ȁ ȁ ץ Ȃ 

⌠ ץ ӊ ᵝ ̆

≠ ᵝ ᵝ ̂Position Velocity and Time, PVT̃

Ȃ 

▫

ᴺ

▫
№

si n cos

NCONCO
k

ADC
ᵞ

╠

PVT
≢

≢

 
2. 4 GNSS  

2.5 ̆ῒҬ NCO ₮ ᵝṿ̆ ≠

ᵝṿᵬҹ ᵩ ׆ ᵝ ҹ 90 Ҭ Ḥ

Ȃ Ҭ Ḥ ҍ ῀ GNSSҬ Ḥ IFS ӗ׆ ▫ IFS Ҭ Ḥ

̆ ⌠ IQң Ḥ i qȂ Ҭ ╠ȁ ץ ҈ҩ ᵝ

PRN̆ №≢ҍ i qḤ ׆῏ ▫ PRNȂ▫ PRN Έ

Ḥ № № ⌠ IQ№ṿȂ ұ Ḥ ̆ └

≠ №ṿ ᵝ Ȃ ̆ №ṿ֜ ≢
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̂Code Discriminator, CD̃ץ ≢ ᵝ ȁ

ץ ᵝ ᵀ Ȃ ᵝ ₮ṿ ӊ ԍ └

Ȃ ץ ᵝ ₮ṿ ӊ ԍ └ NCOȂ

ԍ 2~3ҩ ̆ ᶏ ꜛ ᵞꜚ

Ȃ └ ӗץ k ҍ ₮ ⱴ ԍ └

NCO ꜛ Ȃ ᵝ ӊ ̆ I ₮

№ṿ ҹ ̂ ̃̆ PI ѿ

ץ Ȃ NCOץ NCO ԍ ᵝץ ᴺ ṿ Ȃ 

IFS

῏

i

q

Ei

Pi

Li

Eq

Pq

Lq

EI

LI

PI

EQ

PQ

LQ

E P L

k

ᵩ

NCO

№

№

№

№

№

№
≢

≢

└

C/ A

NCO

 
2. 5  

2. 2.3 GNSS Ḫ  

׃ ԅ ╠ ץ ̆ҹԅ Ḥ

ғḂԍ ѿ Ḥ ̆ ׃ ѿҩḤ Ḥ ȂGPS

Ḥ Ḥ ̆ҹԅḂԍ ̆Ҋ ץ GPSḤ ҹᶛ ̆ Ҭֽ

L1 B1 ҹ Ḥ Ȃ ᴰ ̆GPSḤ

׆ ᴰ ⌠ ̆ғ ꜚᴪ֟ יּ ̆

⌠ i Ḥ ҹ̔ 

()() () ()( )()( ) ()( )( ) ()( ) ()()tntfftctdPtS iii

dL

iii

R

i ++-+--= ftptt 12cos2               (2.3) 

ῒҬ̆ ()i
RP ҹ ⌠ ⱳ ̆ҍ ̂2.1̃ ̆ ()( )t-td i

()( )t-tc i №≢ ҹt PRN ̆ ()i
df ҹ ҍ ӊ

ԍ ꜚ ֟ יּ ̆ ()if ҹ Ḥ ᵝ̆ ()()tn i ҹ Ȃ 

҉ ׃ ̆ ῤ ≠ Ҍ Ḥ ̆ ѿҩ
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̆ғ ԍ∆ ᵝ ̆ ̂2.3̃ ҹ̔ 

() ( )( ) ( )( ) ()tntfftctdPtS dLR +++--= fptt 12cos2                           (2.4) 

֟ Ḥ ҹ̔ 

() ( )( )LOIFLLO tfftS fp +-= 12cos2                                         (2.5) 

ԍᵞ Ḥ ̆ ̆ Ḥ ҹҌ֟

̆ ҬҌ ԋ ̂2.4̃ ̆ғ Ȃ↕ ̂2.4̃ ҍ

̂2.5̃ Ḥ ̔ 

() () ()

( )( ) ( )( ) ( )( )

( )( ) ( )( )

( )( ) ( )( )LOdIFR

LOIFdLR

LOIFLdLR

LOmix

tfftctdP

tffftctdP

tfftfftctdP

tStStS

ffptt

ffptt

fpfptt

-++--+

++-+--=

+-++--=

=

2cos

22cos

2cos22cos2

1

11

      (2.6) 

̂2.6̃ Ҭ ңҩḤ №̆ ( )( )LOIFdL tfff ffp ++-+122cos ҹ

12 Lf ̆ҹ ̆ ӊ Ḥ Ȃ ( )( )LOdIF tff ffp -++2cos

ҹ dIF ff + ̆Ӟ Ҋ ⌠ Ҭ Ḥ Ȃ Ҭ Ḥ ҹ̔ 

() ( )( ) ( )( )IFdIFRIF tfftctdPtS fptt ++--= 2cos                              (2.7) 

ῒҬ IFf ҹҬ Ḥ ᵝ̆ῒṿҹ LOff- Ȃ ADC ̆ ₮

Ҭ Ḥ ()tSIF Ȃ 

҉ץ ҹ Ḥ ̆ ⌠Ҭ Ḥ ̆≠ ()tSIF Ȃ׆

2.5 ץ ⌠̆ Ҭ Ḥ ᾢ Ҋ ▫ ҹ dIF ff + Ҭ Ȃ

ᵩ Ҭ ҹ̔ 

() ( )( )
() ( )( )fp

fp

ĔĔ2sin2

ĔĔ2cos2

,

,

-+-=

-+-=

tfftS

tfftS

dIFqLO

dIFiLO
                                           (2.8) 

ῒҬ df
Ĕҹ יּ ᵀ ṿ̆fĔҹ ᵝᵀ ṿȂ ̂2.7̃ ̂2.8̃ ӗ

̔ 

() () ()

( )( ) ( )( )
( )( ) ( )( )

() () ()

( )( ) ( )( )
( )( ) ( )( )ffptt

ffptt

ffptt

ffptt

ĔĔ2sin

ĔĔ22sin

ĔĔ2cos

ĔĔ22cos

,

,

-+---+

++++---=

=

-+---+

++++--=

=

IFddR

IFddIFR

qLOIF

IFddR

IFddIFR

iLOIF

tfftctdP

tffftctdP

tStStq

tfftctdP

tffftctdP

tStSti

          (2.9) 

̂2.9̃ Ҭ ()ti ()tq №≢ ңҩḤ №̆ ҹ ddIF fff Ĕ2 ++

№ ҹ dd ff Ĕ- ᵞ №Ȃ ԍ Ḥ Ҭ ⌠ №̆ ԍ Ҭ Ḥ

̂ Ҋ ⌠ Ҭ IFf Ҍҹ 0Hz̃ ̆ № ᵬ
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№Ȃ ̂2.9̃ ҹ̔ 

() ( )( ) ( )

() ( )( ) ( )dfpdtt

dfpdtt

+--=

+--=

tftctdPtq

tftctdPti

dR

dR

2sin

2cos
                                   (2.10) 

ῒҬ ddd fff Ĕ-=d ffdf Ĕ-= IF №≢ҹ יּ ᵝᵀ Ȃ 

▫ ӊ ҍ PRN ׆῏ ▫ PRNȂPRN

ҍҬ ῀Ḥ Ҭ PRN ᵝ ‰ ▫ PRN Ḥ ҹ̔ 

() ()()

( )( ) ( )( )

( ) ( )

() ()()

( )( ) ( )( )

( ) ( )dfpdt

tdfpdtt

dfpdt

tdfpdtt

+-=

-+--=

=

+-=

-+--=

=

tftdP

tctftctdP

tPtqtq

tftdP

tctftctdP

tPtiti

dR

dR

P

dR

dR

P

2sin

2sin

2cos

2cos

                            (2.11) 

ῒҬ ()tP ҹ ̆ ԍ ( )t-tc ṿҹ ¤1̆ ӊ PRN ҌῬ Ȃ

̂2.11̃ ׆ 1t ҹT № ⌠ IQ

№ṿ̔ 

() ()

( ) ( )

( )
( )

() ()

( ) ( )

( )
( )

öö
÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
+-=

+-=

=

öö
÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
+-=

+-=

=

ñ

ñ

ñ

ñ

+

+

+

+

dfpd
pd

pd
t

dfpdt

dfpd
pd

pd
t

dfpdt

2
2sin

sin

2sin
1

1

2
2cos

sin

2cos
1

1

1

1

1

1

1

1

1

1

1

1

T
tf

Tf

Tf
tdP

dttftdP
T

dttq
T

tQ

T
tf

Tf

Tf
tdP

dttftdP
T

dtti
T

tI

d

d

d
R

Tt

t
dR

Tt

t
PP

d

d

d
R

Tt

t
dR

Tt

t
PP

                       (2.12) 

ῒҬẊ ( )t-td № TῤḠ Ҍ Ȃ IQ №ṿ Ώ Ҋ

̔ 

() ()

( )
( )

( )
( )

ö
ö

÷

õ

æ
æ

ç

å
öö
÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
+-=

ö
ö

÷

õ

æ
æ

ç

å
öö
÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
++öö

÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
+-=

+=

dfpd
pd

pd
t

dfpddfpd
pd

pd
t

2
2exp

sin

2
2sin

2
2cos

sin

1

11

T
tfj

Tf

Tf
tdP

T
tfj

T
tf

Tf

Tf
tdP

tjQtIr

d

d

d
R

dd

d

d
R

PPP

  (2.13) 

̂2.12̃ ̂2.13̃ ԍ GPS Ḥ ̆ ңҩῈ ҈ ₮
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FFT Ȃ 

2.2.4  Ḫ ғ  

Ḥ ץ ѿҩḤ ᵀ ̆‛ ꜚ Ҋ

⌠ Ḥ Ҍ ⌠ Ḥ Ȃ׆Ҭ Ḥ Ὲ ̂2.7̃ Ҭ ץ

⌠̆ Ḥ ⱳ RP ȁḤ ᴰ tȁ יּ df ץ Ҭ Ḥ ᵝ IFf ҹ

Ḥ Ȃ Ҭ ̆ RP ᵀ ԍ CN0T ̕ᴰ

ԍᴺ ᵝᵀ ̕ df ԍ ᵀ ̕ IFf ԍ ᵝᵀ Ȃ ҩ

ᵀ Ḥ ҍ Ȃ 

ԍ GNSSḤ ᴺ ̆ Ḥ Ҭ

ᴺ Ȃ ѿ ᴺ ῏₱ ҹ̔ 

()
î
í

î
ì

ë
¢-

º

elsewhere

T
TR c

c

0

1 t
t

t                                             (2.14) 

ῒҬ cT ҹᴺ ̆ ̂2.14̃ ᴺ ῏₱ tҹ 0

ṿ 1̆ cT- ⌠ cT ӊ ҹ҈ ̆ῒᵩᵝ ṿ ᵌҹ 0Ȃ ῏₱ ᵌ

2.6 Ȃ 

()tR

t
cTcT-

1

 
2. 6 ᵀ ῗ⃰  

ᴺ ῏₱ Ҍҹ ҈ ̆ GPSN ῏ ԑ ῏₱

tҹ ṿҹ̂Misra and Enge, 2006̃ ̔ 

( )
() ()

( )
() ()

ý
ü
û

í
ì
ë ---
Í=

ý
ü
û

í
ì
ë ---
Í=

N

n

NN

n
kTR

N

n

NN

n
kTR

cx

c

bb
t

bb
t

,
1

,
2

,
1

,
2

,1

                                (2.15) 

ῒҬ kҹ ̆ nҹᴺ 10̆ ()nb ṿҹ 65̆ N ҹᴺ

1023Ȃ ῏₱ ṿҹ{ }102365,10231,102363,1 -- ̆ԑ ῏₱ ṿҹ

{ }102365,10231,102363 -- Ȃ 2.7 ҹᴺ ῏₱ ̆ ҹԑ ῏

₱ Ȃ 
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2. 7 GPST ῗ ԝ ῗ⃰  

ҹԅ GNSSḤ ̆ 2.6Ҭ ῏₱ ̆

ᴺ ᵝҍ ⌠ GNSSḤ Ҭ ᴺ ᵝ ѿҩ ӊ ̆ ↕

῏ṿ ҹ 0Ȃ ⌠ GNSSḤ ᴺ ᵝ ̆

ᴺ ᵝץ Ḥ Ҭᴺ ᵝ ̆ ᵝ Ȃ 

̂2.13̃ ҹ ᵝ ῏ṿ̆ῒ ҹ ( )
( )

Tf

Tf
tdP

d

d
R

pd

pd
t

sin
- ̆

dfd ғҍ № T ῏̆ ѿ Ҍ № Ҋ

dfd 2.8 Ȃ 

 
2. 8 IQ ⅎ ẅ  

ҹԅ ⌠ № ṿ̆ dfd ԍ Һ ӊῤ̆Ӟ

Ḥ ԍҺ ӊῤ̆ғ №ṿ ̆

יּ Ӟ Ȃұ Ҭ ҹ T32 ̆ ԍ 1ms №̆

ҹ667HzȂ 
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ԍ ᵝҍ ԋ Ȃ 2.9ҹ ̆

ҹ ᵝ ̆ ԅ 11ҩ ᵝ̆ Ҭ GPSḤ 1023ҩ

Ḥ 2046ҩ ̕ ҹ יּ ̆ ꜚ

̆ᵞꜚ ᴆҊ ҹ-5kHz~5kHz ̂Tsui, 2005Ȃ̃ұ

Ḥ ᵝ ҹ Ҭ ṿ̆ ҹ ṿ ̆

ԍ ᵝ Ḥ Ҭ ̆ ῏ Ȃ ҹ

ṿ ̆ ԍ ᵝ Ḥ Ҭ ̆₮ ῏ ̆

⌠ Ḥ Ȃ 

  
2. 9 ᵣ ԑ  

Ḥ ⱳ ֽ ⌠ ᵝ יּ ᵀ ṿ̆ғ

ӊ ꜚ̆ ᵝץ יּ ┴ ̆ ⱳ

⌠Ḥ ̆ Ḥ Ȃ ⌠ ᵝץ יּ

ᵀ ṿ̆ ᵝ ⌠ ᵝᵀ ṿȂғ IQ№ṿ

NCO NCO ׆̆ Ḡ ȁ ᵝץ ᵝḠ

῀Ḥ ꜚ Ȃ 

ⱳ ⌠ Ḥ ̆ ῀ ̆ ȁ ᵝ

ᵝ FLLȁPLL ̂Delay Lock Loop, DLL̃ Ȃ

IQ№ṿ CN0̆Ӟ ₮Ḥ Ҭ Ȃ 2.10ҹ ̆ῒ

Ҭ ≢ FLLȁPLL DLL№≢ҹ ȁ Ȃ

FLLPLLҬ̆NCOҹ NCO̕ DLLҬ̆NCOҹ NCOȂ 

≢I Q №ṿ
NCO

 
2. 10  
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ҹԅ ᵝ ≢̆Ẋ ̆Ӟ ̂2.12̃ Ҭ dfd

ҹ Ȃ IQ№ṿ ҹ̔ 

() ( ) ( )

() ( ) ( )dft

dft

sin

cos

-=

-=

tdPtQ

tdPtI

RP

RP
                                              (2.16) 

ԍGPS L1 B1Ḥ IQ№Ҭ ()td ̆ ᶏ Ҍ

ᵝ ̆ ᵬ ̂2.16̃Ҭ ᵝ

ᵀ dfȂ ῒ 2.1 ̆ῒҬ ()Sign ҹ ₱ Ȃ 2.11

ҹ ≢ ῀ ᵝ ҍ ₮ Ȃ 

2. 1 ⌡  

≢  ṿ  

PP IQ ³  ( )df2sin  ᵞḤ ᶃ̆ Ҭ 

()PP ISignQ ³  ( )dfsin  Ḥ ᶃ̆ ᵞ 

PP IQ  ( )dftan  ᶃ̆ ᵞḤ ̆ ±90° ҹ  

( )PP IQatan  df ᵞḤ ᶃ̆  

 
2.11 ⌡ ῇ ₴  

≢ ᶏ ≢ ̆ ҹ FLLȂ ̂2.12̃Ҭ ԍ dfd

̆IQ №ṿ ᵝᴪ ̆ ꜚ └ Ҭ ᵝ

ᵬ IQ ᵝ dfd Ȃ dfd IQ

ᵝ ῏ ҹ̔ 

() dfpdf +ö
÷

õ
æ
ç

å
+=

2
2

T
tft dIQ                                                (2.17) 

≠ Ҍ ┴ ᵝ dfd ̆ ῒ 2.2

̆ῒҬcross dot№≢ף ̆ғ ӈҹ̔ 
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() () ()()

()() () ()2121

2121

tQtQtItIdot

tItQtQtIcross

PPPP

PPPP

+=

-=
                                     (2.18) 

ῒҬ 1t 2t ҹ IQ № ̆ ҹ № TȂ 2.12ҹ ≢

῀ ҍ ₮ ̆ῒҬIQ№ ҹ1msȂ 

2. 2 ⌡  

≢  ṿ  

T

cross

p2
 

() ()( )
T

tt IQIQ

p

ff

2

sin 12 -
 ᵞḤ ᶃ̆ ᵞ 

( )
T

dotSigncross

p2

³
 

() ()( )( )
T

tt IQIQ

p

ff

2

2sin 12 -
 Ḥ ᶃ̆ Ҭ 

( )
T

dotcrossa

p2

,2tan
 

() ()

T

tt IQIQ

p

ff

2

12 -
 ᵞḤ ᶃ̆  

 
2. 12 ῇ ₴  

≢ ᶏ ᵝ ≢ ̆NCOҹ NCO ̆ ҹ DLLȂ 2.6

῏ ̆ ᵝ ѿҩ ӊῤ ̆Ҍ ᵝ ῏ṿҌ ̆

ᵝ ≢ Ҭᶏ Ҍ ᵝ №ṿ ᵝ ̆ Ӟ

Ҭᴪ ῀ ╠ ῏ ѿҩ Ȃ ≢ ῒ 2.3 ̆

ῒҬE L№≢ҹ ╠ ῏ IQ№ ṿ̆ғ ӈҹ ̂2.19̃Ȃ 2.13ҹ

ҩ ᵝ ҍ Ȃ 

22

22

LL

EE

QIL

QIE

+=

+=
                                                        (2.19) 

ῒҬ EI EQ ҹ ╠ IQ№ ṿ̆ LI LQ ҹ IQ№ṿȂ 
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2. 3 ᵣ ⌡  

≢   

LE

LE

+

-

2

1
 ѿ ╠⁞ ̆ ̆ ῤ ₮  

22

22

2

1

LE

LE

+

-
 ѿ ╠⁞ ⱳ ̆ Ҭ 

P

LE

I

II -

4

1
 ѿ ̆ ᵝ Ҋ ̆  

 
2.13 ᵣ ⌡ ῇ ₴  

҉ץ ≢ ₮ ≢ ̆ Ҭ ԍ ̆

≢ ₮ᴪ Ҍ ̆ ≢ ₮ ӊ ԍ

└ NCOȂ Ҭᶏ ԍ ̆ ꜚ

ץ Ȃ 2.14ҹҌ ̆ Ҭ

S1 ҹ № ̆ ѿ № Ҭ NCŎῒᵩҹҌ

̂Kaplan and Hegarty, 2006Ȃ̃ 

0w S

12

0w ä

S

13

0w ä
S

1

02wa

2

03wa

03wb

ä

ѿ

҈

ԋ

 
2.14  
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2.2.5  

ԍ ȁ ץꜚ Ҍ ̆ ᵝ ᵝ

̆ ‗ ԅ Ȃҹԅ ṿ

̆ ׃ ׆̆ Ȃ

ᵝ Ҭ ᵝ ꜚҺ ȁ ᵣ ꜚ ꜚ

ץ ῀ ῌ Ȃ ᵀ Ὲ ҹ̂Ward, 1998̃̔  

öö
÷

õ
ææ
ç

å

Ö
+=

02

1
1

0

180

CNTCN

B

coh

L
t
p

s                                          (2.20) 

ῒҬ LB ҹ ̆CN0ҹḤ ̆ cohT ҹ № ̆ Ҍ

̆ ץ № ӊ ⌠Ҍ CN0’Ҋ

Ȃ 2.15ҹҌ № Ҋ CN0

Ȃ 

 
2.15  

ᵣ ꜚ ᵝ ԋ ҈ Ҭ №≢ ҹ̂Irsigler 

and Eissfeller,  2002̃̔  

L

gg

ndv

Gkf

w

p

p
s

2

180
22

0

2

2, =                                                (2.21) 

 
L

gg

rdv

Gkf

w

p

p
s

3

2180
22

0

3, =                                                 (2.22) 

ῒҬ 0f ҹ Ḥ ̆ gk g ̆ Ẋ ꜚ֟ ⱳ

ҩ ҉ ̆↕ gG ҹ ꜚ ̆ Lwҹ ̆ ᶏ

‰ 22 ̆ԋ Ҭ LLB w53.0= ̆҈ Ҭ LLB w7845.0= Ȃ 2.16ҹԋ

҈ Ҭ vs ̆ῒҬ 91 -=ekg ̆ 05.0=gG Ȃ 
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2.16 ꜠ ᵣ  

ᵝ ꜚ ᵀ Ὲ ҹ̂ ̆

2009̃̔  

()ts
l

s AcohA T
c

360=                                                    (2.23) 

ῒҬ cҹᾣ ̆lҹ ̆ ()tsA ҹ ῌ Ȃ As ҍ

№ cohT ҹ ῏ ̆ ⱴ № ᵞ ̆ᵖ

ᵝ ᴪ ⱴ̆ Ӟ Ḥ Ҋ ץ ᵝ ѿҩ ̆

҉ ҹҺ Ҍ ⱴ № ᵝ Ȃ 

҉ץ ̆ ᵝ ҹ̔ 

222

AvtPLL ssss ++=                                                  (2.24) 

Һ ץ ꜚ ⱬ ң №Ȃ ᶏ ꜛ

ֽ Ȃ ᶏ ѿ ╠⁞ ⱳ ≢ ᴺץ̆ ҹ

ᵝ ҹ̂Betz and Kolodziejski, 2000̃̔  
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( )
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î
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î
î
î
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å
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-
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÷
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ææ
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=

cfecohcfe

L

cfecfecohcfe

cfe

cfe

L

cfecoh

L

DLL

TB
D

CNTDTBCN

B

TB
D

TBCNTDTB
D

TB

TBCN

B

TB
D

CNTD
D

CN

B

1
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2
1

1

02

1

02

2
1

1

1

1

02

02

2
1

02

2

p

p

p

s

(2.25) 

ῒҬ̆ LB ҹ ̆CN0ҹḤ ̆Dҹ ╠ ӊ ̆

‰ ῏ Ҭ Dҹ 1̆ cohT ҹ № ̆ feB ҹ ╠ ̆ cT ҹᴺ Ȃ

Ὲ ̆ ᵞ LB ȁ ῏ Dȁⱴ № cohT
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ᵝ ȂῒҬ D ‗ԍ ╠ feB ̆ 2.6 ῏₱

ҹ ῏₱ ̆ ╠ ̆ ῏₱ ᴪ ̆ ̆↕

῏ Ȃ ῏ ᶏ ῏ ῏ ̆

̆ ᶏ ῏ feB Ȃ ̆ ԍ Ḥ cT ҹ GPSḤ ѿ ̆

҉ Ḥ Ḥ ̆ ῏ ׆ ᶏ ῏ ᴺ

ᵞȂ 2.17ҹ GPS Ḥ ᵞ ̆Ҍ

‰ Ȃ ԍᶏ ԅ ῏ ̆ ╠ feB ̆ ҹ 30MHzȂ

Ḥ ̆ cohT ҹ1ms̆ᵞḤ cohT ҹ20msȂ 

 
aЄ ɻ ҿ 0.5Hz                         bЄ ɻ ҿ 0.1Hz 

 
cЄᵤ ɻ ҿ 0.5Hz                          d Єᵤ ɻ ҿ 0.1Hz 

2.17 GPS Ғ ῗ Ґғ CN0ῗ  

Ὲ ̆ ץ ᴆ

ᵝ ᴺ ̆ ң ‗ ԅ ᵝ ᴺ

̆ ѿ ‗ ԅ≠ ᵝ ᴺ ᵝ ᵝ Ȃ 
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2. 2. 6  

ᵝ ᵝ ӊ ̆ ̂2.13̃ I №Ҭ

יּ dfd ᵝ dfҹ 0Ȃ I №

ԍ ̆ ӊ Ȃ ᵝ ̆

ᵝ ץ ⌠ Ȃ ⌠ ӊ ̆ ₮ GNSS

׆̆ ₮ ᵝ ̆ ṿ ⌠Ȃ

ץ ӊ ̆GPSḤ D1 Ḥ ╠ ȁ ץ

⌠№ ҹ 20ms ṿ̆ D2 Ḥ ⌠№ ҹ 2ms

ṿ̆ ╠ ῤ ᴺ ⌠№ ҹ 1ms

ṿ̆ ╠ ᴺ ᵝץ NCO ᵝ̆GPSḤ ⌠№ ҹ 10231  

msץ ṿ̂ NCOβ ̃̆ Ḥ ⌠№ ҹ 20461

msץ ṿȂ ԍ ̆҉ ⌠ Ḥ

ᴰ ̆ ṿ ѿҩẒ ̆ ṿ ҹᴺ

ṿ̂Milliken and Zoller, 1978̃ȂҌ ӊ Ӟ ̆ GPS

ӊ ҍ ӊ Ҍ Ȃ ᵝ

ᵀ ṿ̆ ҈ҩᵝ ѿҩ ҩ

Ȃ ⱴѿҩ ⱴѿҩ ᵀ ṿ̆

ⱴѿҩ ѿҩ Ȃ 

ӊ יּ №ṿҹ № ῤ

ꜚ Ȃ יּ ᵝӊ ῏ ̆ יּ №ṿӞ

ᵝ ̆ ᵝ ṿ יּ ⌠ȂẊ ѿ

֟ ѿ ṿ̆↕ ᵝ ѿ ῤ NCO ₮ ⌠

Ȃῒ ⌠ NCO ╠ ᵝṿ̆ ⁞ ҉ѿ ┴ NCO

ᵝṿ׆ ⌠ №Ȃ ң ⱴ Ҭ ѿ

ῤ № ̆יּ № יּ ⱴ ҹ ᵝ ṿȂ ԍ ᵝ

⌠ ῤ ̆ Ҍ ┴ ҍ ̆

ᵝ ṿ Ȃ 

ᵝ ṿ ҹ ̆ ᴺ ṿ ҹ ֒ ̆

Ҭ ≠ ᵝ ṿ ᴺ ṿ ̂Hatch, 1983Ȃ̃ 

2. 3 ғ ⅎ ᵣ 

⌠ᴺ ṿ ₮ ᵝ ӊ ᵝ Ȃ

ᶏ №ҹ ᵝ ᶏ № ᵝ̆ № ᵝ

ᶏ ṿ Ҍ №ҹᴺ № ᵝ №ȂҊ №≢ ҈ ᵝ

׃ Ȃ 
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2.3.1 ᵣ 

ᵝҺ ᶭ ᴺ ᵝ̆ ҹ i ᴺ ҹ̔ 
() () () () () ()iiii

u

ii TIttr eddr +++-+=                                       (2.26) 

ῒҬ rҹ ⌠ ̆ utd ҹ ҍGNSS ̆ tdҹ

ҍ GNSS ̆ I ҹ ̆Tҹ ̆eҹῒᵩ Ȃ r

ҹ̔ 

() ()( ) ()( ) ()( )222
zzyyxxr iiii -+-+-=                                     (2.27) 

ῒҬ () () ()( )iii zyx ,, ҹ ҈ ̆( )zyx ,, ҹ ҈ Ȃ 

Ҭ ̆

̆ ᴺ ҹ̔ 
() () ()ii

cu

i tr erd -=+                                                     (2.28) 

ῒҬ crҹ ᴺ ṿ̆ғҹ̔ 
() () () () ()iiiii

c TIt --+= drr                                                (2.29) 

̂2.27̃ ῀ף ̂2.28̃ N ᴺ ̔ 

()( ) ()( ) ()( ) ()

()( ) ()( ) ()( ) ()

()( ) ()( ) ()( ) ()î
î

í

î
î

ì

ë

=+-+-+-

=+-+-+-

=+-+-+-

N

cu

NNN

cu

cu

tzzyyxx

tzzyyxx

tzzyyxx

rd

rd

rd

222

2222222

1212121

4
                            (2.30) 

̂2.30̃Ҭ ̆ᴺ ṿ ⌠̆

Ҭ ( )zyx ,, utd ᵝҍ Ȃ ᶏ GPS ᵝ

̆ utd №ҹ GPS GPSut ,d BDSut ,d ̆ ̂2.30̃

Ҭ ԓҩ Ȃ 

2.3.2 ᵀ  

ȁ ̆ᵖ ԍ

ᵌ ғ ΐ ѿ ̆ ᴺ ׅ Ȃ׆

2.17Ҭ Ḥ Ҋ̆ ‰ ԍ 1m̆ ᵖ Ҭ

ᵝ ҹ 10m̆ ҹ 15m̆ Һ Ȃ

№ ̆ Ҭ ᵝ

⌠ ̆ ῒז ѿ ᵝ Ȃ ΐ

῏ ̆ ҉ Ḥ ᴰ ᵌ̆ № Ὲ῍ ̆

ᵝ ̂  ̆1997Ȃ̃ᴺ № ᵝ № ҉

ң ᴺ ᵝ Ạ ץ ᵞ ᵝ Ȃ

2.18ҹ Ȃ 
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i j

u ‰ r

()j
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()i
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()j
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()i
uf

()i
rf

()j
rf

()j
uf

 
2.18 ᵀ ᵣ  

ῒҬ u ‰ r⌠ i j ᴺ ṿ№≢ҹ ()i
ur ȁ ()i

rr ȁ
()j
ur

()j
rr ̆ ᵝ ṿ№≢ҹ ()i

uf ȁ
()i
rf ȁ

()j
uf

()j
rf Ȃu r⌠ i ᴺ

ҹ̂Xu, 2007̃̔  
() () ()

() () () () () () () () () ()

() () () ()i
ur

i

ur

i

urur

i

ur

i

r

i

r

i

r

i

r

i

r
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u
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u

i

u
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u

i

u

i

r

i

u

i

ur

TItr

TIttrTIttr

ed

eddedd

rrr

++++=

---+--+++-+=

-=

            (2.31) 

ῒҬ ()i
urr ȁ urtd ȁ ()i

urI ȁ ()i
urT ()i

ure №≢ҹ ⌠ ȁ ȁ

ȁ ̆ғ ӈ Ҋ̔ 
() () ()

() () ()

() () ()

() () ()i
r

i

u

i

ur

i

r

i

u

i

ur

i

r

i

u

i
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ruur

i

r

i

u

i

ur

TTT

III

ttt

rrr

eee

ddd

-=

-=

-=

-=

-=

                                                       (2.32) 

ԍ ῏ ̆ ҹ Ὲ

ῤץ ̆ ()i
urI ()i

urT ᵌҹ 0̆ Ҍ ̆ᴺ ()i
ue

()i
re Һ ҹ

̆ ()i
ue

()i
re ҹ ԑ № ̆↕ ()i

ure ׆ № Ȃᴺ

̂2.31̃ ҹ̔ 
() () ()i

urur

i

ur

i

ur tr edr ++=                                                     (2.33) 

ᴺ ҉ ῀ j ѿ Ạ ̆ u r ⌠ i j ᴺ

̂Pseudorange Double Difference, PRDD̃ҹ̔ 
() () () () ()( ) () ()( )

() () () ()

() ()ij

ur

ij

ur

j

urur

j

ur

i

urur

i

ur

j

r

j

u

i

r

i

u

j

ur

i

ur
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ur

r

trtr

e

eded

rrrrrrr

+=

---++=

---=-=

                                 (2.34) 



 

31 

ῒҬ ()ij

urr ()ij

ure №≢ҹ ⌠ ȁ ̆ғ ӈ Ҋ̔ 
() () ()

() () ()j
ur

i

ur

ij

ur

j

ur

i

ur

ij

ur rrr

eee -=

-=
                                                       (2.35) 

№ ᵝҬ̆ ‰ ᵝ ̆ ᵝ Ӟ

ң ӊ Ȃ ԍ ⌠ ̆

῏ ҹ̔ 
() ()i

rur

i

urr 1b Ö-=                                                         (2.36) 

ῒҬ ()i
r1 ҹ ҍ ᵝ ̆ ̂2.36̃

῏ ҹ̔ 
() () () () ()( ) ur

j

r

i

r

j

rur

i

rur

ij

urr b111b1b Ö--=Ö+Ö-=                                  (2.37) 

῀ף2.34̃̂ ̂2.37̃  
() () ()( ) ()ij

urur

j

r

i

r

ij

ur er +Ö--= b11                                              (2.38) 

̂2.38̃Ҭ ҹ ̆ ṿ ̆ ̂2.38̃

ᴺ № ᵝ Ȃ ̆Ạ ѿ ᵬ

ҹ ̆ῒᵩ ҍ Ạ Ȃ ԍ ᴪ ῀

Ҭ̆ѿ ᵬҹ Ȃ 

2.3.3 ᵣ  

ᴺ ȁ ȁ ̆ᵖᴺ ᵝ

ԍ ᵝ ̆ ᵝҬᶏ ᵝ ṿ № ᵝȂ 

ҹ i ᵝ ҹ̔ 
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                               (2.39) 
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̆ u r ᵌҹ 0̆ ̂2.40̃ ҹ̔ 
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fedlf +++= -
                                          (2.42) 

u r⌠ i j ᵝ ̂Carrier Phase Double Difference, CPDD̃
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̂2.43̃ ԍ̂2.34̃ ᵝ ̆ ₮ ӊ

̂Teunissen, 1995; De Jonge and Tiberius, 1996̃̆ ⌠

ᵝ Ȃ ԍ ᵝ ṿ ԍᴺ ṿ ̆ ≠ ᵝ №

ᵝ ԍᴺ № ᵝ Ȃ 
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ҩ ṿ ‰ 2Ṑ̂Ẋ Ạ ңҩ Ḥ CN0 ̃̆

ṿ Ȃ 

2.4   

̆ ꜚ ̆≠ ⱴ ת

ᴆ ᵣ ⱴ ̆ № ᵣ ᵝ ȁ ҍ

̂Savage, 1998Ȃ̃ ҍ Ḥ ҍ ̆ΐ Һ ȁ

ⱬȁ ȁ ῃ Ṝ ᵬ ⱬ Ȃ

̆ ԍ ̆ ԍᵣ

ȁ ᵞȁ ⌠ ̂ ̆2013Ȃ̃ᵖ

Ӟ ῒҌ ӊ ̆ ԍ ᶏ № ̆

Ҍ Ȃ 

2.4.1   

2.19 ₮ԅҍ ῏ ̆ ȁ ץ

̂Titterton and Weston, 2004Ȃ̃ 
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2.19  

̂ i ̃ 

ҹѿҩ ̆ Ҭ ץ Ҥ ̆ ᶏ ᵌ

ף Ȃ O ӈ Ҭ ̆ ԍ ̆ z iZ ҍ
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Ȃ 

̂e ̃ 

ᵝԍ Ҭ ̆ ҍ Ȃ z eZ ҍ ѿ ̆ xȁ y eX eYᵝ

ԍ ῤ̆ғ eX ∆ ҍ ֜ ̆ eX ȁ eY eZ Ȃ

e ԍ i iZ ץ iew ̆ῒҬ iew ҹ Ȃ 

̂n ̃ 

ѿ ̆ ᵝԍ ᵝ ̆ xȁ y N Eᵝԍ

ῤғN E қ ̆ z ҍ x y Ȃ 

ᵣ ̂b ̃ 

ҍ ᴰ ᵣ ̆ ҍ ᾝ̂Inertial 

Measurement Unit, IMŨ ѿ Ȃ 

2. 4.2   
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n

enɤ ӊ Ȃ 
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2.4. 3 ⅎ  

ԍ≠ № ̆ ᵬ

̆ ᵬ ≠ ҉ ᵝ ȁ ⌠ ̆

‗ԍ ȂGNSS ⌠ ᵝ ᵀ ΐ

̆ ҍ Ȃ ҍ GNSS

ᶏ GNSS Ҍ №ҹ ȁ ̆ң ᶏ

Ҍ ̂ ̆ ̆2006Ȃ̃ ᶏ GNSS

ᵝҍ ᵬҹ ̆ ᶏ GNSS ᴺ ҍᴺ ᵬҹ
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ҹԅᶏ ̆ ᾢ ᴰ ̆ №
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̂2.45̃Ҭ j#ȁl# h#№≢ Ẓ rrF rvF ΐᵣ ҹ̔ 
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2.4.4   

⌠ № ӊ ̆ ҹ̔ 
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ῒҬ INSr INSv ễ ӊ ᵀ ⌠ ᵝ ̆ GPSr GPSv

GPS ᵝ Ȃ 

2. 5  

׃≢№ ԅ ңҩ ᵬ ץ Ȃ

ᾢ׃ ԅ GNSSḤ ץ ̕ῒ ׃ ԅ ҉

ԅḤ ҩ Ҭ Ḥ ̕ ԅ ᵝ ץ

̆ ׃ ԅ Ҭ ⌠ ≢ ץ ̆ ҉ ₮ԅ

̕ ₮ԅ ᵝ ץ ᶏ № ᵝ Ȃ

ᾢ׃ ԅ ӈ̕ῒ ԅ Ҭ ᵝ ȁ ץ

̕ӊ № ₮GNSS ҍ Ȃ 

  



 

39 

3 Ґ GNSSḪ ғ  

3. 1  

ҹԅ Ҋ ᵝ ̆ ΐ ꜚ Ҋ

Ḥ ץ ’Ҋ ᵝ Ḡ ⱬȂ

Ḥ ╠ Ҋ̆ ᴺ ᵝ̆ ᶏ

Ḡ ṿ ᵞḤ Ȃ 

ԅḤ Ҋ ꜛ Ҋ Ḥ

ҍ ̆3.2 ԍ FFT ̆ FFT ᵬ ץ ꜚ

ᴆҊ ̕3.3 ₱ № FFT Ḥ ̆

№ ᵞꜚ ᴆҊ FFT ꜚ Ḥ ⱬ̆ ׃ FFT

̕3.4 ҍ FFT ΐ ѿ ᵌ ԍ ̆

ᵞꜚ Ҋ ̕3.5 Ḥ Ḡ ̆ ᾢ

̆ῒ № ҉ ₮ Ȃ 

3.2  ԓ FFT  

ԍ ̆ ԍ ⱴ ẫ̂Kaplan and Hegarty, 2005̃

ғ ꜚ ⱬ̆ Ḥ ҊҺ ̂Lin, 2013Ȃ̃

ҹ ᵝ ̂Natali, 1984̃̆ ᵖ Ḥ ⌠Ҥ ⁞

Ҍ Ȃ ᶏ FFT ̆ ꜚ ₮̆ᵖ ΐ

Ḥ ⱬȂҊ Ḥ ₮ᶏ FFT ̆

ץ FFT ᵬ Ȃ 

3.2.1 FFT  

⌠ Ḥ ╠ Ҋ ̆ ץ ӊ ⌠Ҭ Ḥ

̆GNSS Ḥ Ҭ Ḥ ȂҬ Ḥ ᾢҍ

ӗ▫ ̆ ᴺ ῏▫ ᴺ Ȃ ▫ ᴺ
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                                     (3.4) 

()tSP Ҭ̆ ()td ҌῬ ̆ᵖ ᵝ ҹ ԋṐȂ

ꜛ ’Ҋ̆ ()trP Ҭ ()td ԍ ꜛḤ ҹ ̕

ꜛ ’Ҋ̆ ӊ ()tSP ҬҌ ̆

ꜛ ()trP ӊ ()tSP Ạ Ḥ Ȃҹԅ יּ

̆ ≠ ()trP ()tSP ᵩ dfd ᵀ Ȃ ᶏ FFT

Ḥ ()trP ()tSP ↓ ᵀ ̆ᶏ FFT

3.1 Ȃ 3.1ҹ 2.5 ̆ ԍ ῏ ̆

Ҭ ԅ Ȃ 
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῏῏
№

ꜛ

FFT

NCO

()tiP()tSIF

()tQP

()tIP

()tqP

()kX

 
3.1 ԓ FFT  

3.2.2 FFT ᵲ  

ԍ ̂3.1̃ ԍ GPS Ḥ ̆GPSḤ Ḥ FFT

Ȃ ⌠ IQ №ṿ )(tI P )(tQP ӊ ≠ ꜛ

GPSḤ D1Ḥ Ҭ Ȃ D2Ḥ Ҭ

ҹ 2ms̆ ꜛ ᶏ ̆ № ҹ 2msȂ

ԍ D1Ḥ 20ms №̆ᶏ D2Ḥ № ̆Ҍ Ạ Ḥ

̆ Ҭ Ḥ ֽᶏ ̂Geostationary Earth 

Orbit, GEÕ D1Ḥ ȂGPSḤ ҍ D1Ḥ ѿ Ҍ ԍ̆GPSḤ Ҍ

NH ̆ D1Ḥ NH ̆ D1Ḥ 20ms №

NH Ҍ ῒ ⱴȂ ↓ ()trP ()tSP FFT

ӊ )(kX ̆ῒ ӈҹ ̂3.5̃̆ ≠ ⌠

יּ ᵀ ṿȂ ԍ ()trP ()tSP ↓ FFT ̆ NCO

ᵞ̆ Ҋ ̆ ᵀ ṿ ԍ NCO └ Ҍᶏ

Ȃ 

ä=

---
=

N

i N

kij
ixkX

1

)1)(1(2
exp)()(

p
                                        (3.5) 

̂3.5̃Ҭ )(ix ҹ ↓̆ ԍ ()trp ()tSp ̆ ῍ N

FFT ȂFFT Ҭ ↓Ḥ ҍ
N

kij )1)(1(2
exp

---p
ӗ ⱴ̆ῒҬ

N

kij )1)(1(2
exp

---p
ҹ ̆ FFT Ῥ ▫ ̂ ▫

ҹ יּ dfd ̃ № ̆ ᶏ FFT №

ҹ FFT NTȂ ᶏ ꜛ ̆ NTҹ № ̕ ᶏ

̆Tҹ № ̆ Nҹ ⱴ Ȃ ҹ FFT ԍ

IQ№ṿ ↓ ѿ №̆ FFT ԍ Ḥ Ȃ 

Ḥ Ҭ̆ Ḥ ()trP ()tSP ̆ᵖ Ҭ̆ №

ҩ ῤ̆ Ḥ ↕ Ҭ ѿҩ ̆ ҬḤ

ȂFFT )(kX ṿ̆ ṿ ҹḤ ̆ ῒ

ҹ dfd ᵀ ṿ̆ῒᵩ ҹ Ȃ 
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FFT ⌠ № ‗ԍ № NT̆ғ ҹ̔ 

NTf r 1=                                                               (3.6) 

≠ ()tSP ⌠ יּ ᵀ ṿ̆Ӟ ≢ ҹ̔ 

rd f
N

kf ö
÷

õ
æ
ç

å
--=

2
1

2

1Ĕ
maxd                                                   (3.7) 

ῒҬ̆ maxk ҹ )(kX FFT ӊ ṿ ̆FFT №

⌠ Ҭ Ȃ 

ᵝᵀ ṿӞ ()tSP FFT ⌠̆ғ ҹ̔ 

( )( )max
2

1
Ĕ kXangle=jd                                                     (3.8) 

ῒҬ ()angle ₱ ᵝ ̆ ԍ ()tSP ҹ ()trP ̆ ()tSP

ᵝҹ ()trP ԋṐ̆ ≠ ()trP FFT ᵝ ≢ ≢ №≢ҹ̔ 

( )( )max

max

Ĕ

2
1Ĕ

kXangle

f
N

kf rd

=

ö
÷

õ
æ
ç

å
--=

jd

d
                                                    (3.9) 

dfd ̆ ()tSP ҹ ᵌ Ḥ ̆ ̂3.5̃ ῒ ṿҹ

)1(X ̆ғ ҹ̔ 

()ä=
=

N

i ip tSX
1

)1(                                                      (3.10) 

῀ף3.4̃̂ ̂3.10̃ ̔ 

() () () ()( )

() ()( ) () ()( )ää

ä

==

=

+-=

+-=

N

i ipip

N

i ipip

N

i ipipipip

tQtIjtQtI

tQtIjtQtIX

11

22

1

22

2

2)1(
                             (3.11) 

̂3.11̃ ῀ף ̂3.8̃ ṿ̔ 

() ()( ) () ()( )( )ää ==
-=

N

i ipip

N

i ipip tQtItQtI
1

22

1
,22atan

2

1
Ĕjd                          (3.12) 

ṿҍ BorioLachapellê2009̃ ₮ ױז̆

ᶏ ᵌ ᵀ ⌠ ṿȂᵖ ̂3.12̃ FFT ᵞꜚ

ᶛ̆ ꜚ ̆ dfd ҌῬҹ ᵌ ṿҌῬ

)1(X ̆↕ ̂3.12̃ ҌῬ ̆ᵖ ᶭ ᶏץ ̂3.8̃

ᵝᵀ Ȃ 

ԍ ̂3.7̃ ≠ ᵬҹ ̆ Ҭ ԍ FFT

̆ ̂3.6̃ ӈ № № NT └̆ ᵀ

Ȃ dfd Ҍ rf Ṑ Ṝ̆ ԍ FFTľ Ŀ ̆

Ḥ № ңҩ ҉̂ ̆2006̃̆ Ḥ ңҩ

ӊ ̆ 2rf Ȃ ⱴ №
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№ ̆ ᵀ ̆ᵖᴪ ᵞ FFT ׆ ᵞ ꜚ

ⱬȂ Ҭ≠ FFT ѿ ᶏ ṿ ̂Rife and 

Vincent, 1970; Quinn, 1994; ̆Ҁ ̆1994Ȃ̃ ṿ ≠ ҍ

ᵀ ң ӊ ᵝ ׆ ⌠ѿҩ ̆

FFT⌠ ҹ̔ 

( ) rf
AA

A
II

21

2
12

2

1

+
-=d                                                  (3.13) 

ῒҬ̆ 1A 2A №≢ҹ FFT ̆ 1I 2I №≢

ҹ 1A 2A ṿ̆ ԍḤ № ңҩ ҉̆ 112 °=II ̆

ῒҬ ‗ԍ 2A ԍ 1A ᵝ ̆ 12 II - ԍ

̆dҹ ṿ ⌠ Ẓ ṿ̆ ̂3.7̃ ᵀ ṿҹ̔ 

dd +ö
÷

õ
æ
ç

å
--= rd f

N
kf

2
1

2

1Ĕ
max                                             (3.14) 

3.2. 3  

3.1 ̆ df
Ĕd ԍ NCO └̆ ҹѿ FLLȂ

3.2 ̔ 

()sfi ()sF
()sfo()sfe

s
1K

 
3.2 s  

3.2Ҭ ῀Ḥ ()sf i ҹ יּ df ̆ ₮Ḥ ()sfo ҹ NCO

̆ ≢ ≠ ()sf i ҍ ()sfo ()sfe ̆ Kҹ Ȃ

ԍ ̆ Ḥ ()sfe Ȃ ⱳ ≠

()sfe └ NCO ̆ ()sfe ҹ ̆ NCO ()sfo ҍ

῀Ḥ ()sf i ̕ ()sfe Ҍҹ ̆NCO ₮ ()sfo ̆

Ḥ ()sfe └ ׆̆ NCO ꜚ ҍ ῀

Ḥ Ȃ ̆ ҬḤ № ԍ s ҬḤ ӗ

ץ s̆ Ӟ Ҭ s1 ⱳ Ȃ ᴰ ₱ Ώҹ̔ 

() ()( ) () ()ssfsKFsfsf ooi =-                                              (3.15) 

̂3.15̃ ₱ ()sH ҹ̔ 

()
()
()

()
()sKFs

sKF

sf

sf
sH

i

o

+
==                                                (3.16) 

ҍ ΐ ᴰ ₱ ̆ ̆ ≠ ᵝ
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NCO └ ᵝ ̆ ≠ NCO

└ ̆ң ≢ֽֽ └Ḥ ֟ Ҍ ̆ᵖ≠

Ḥ └ ѿ Ȃ ҉̆ ҍ

̆ ץ № Ȃ 

Ḥ ()sfe ҍ ῀Ḥ ()sf i ӊ ᴰ ₱ ()sHe ҹ̔ 

()
()
()

() ()
()

()
()sKFs

s
sH

sf

sfsf

sf

sf
sH

i

i

i

e
e

+
=-=

-
== 10                           (3.17) 

3.1Ҭ̆ ṿ ԍ NCO └̆ ᵬѿ ̆

ᴰ ₱ ()sF ҹ ғ ҹ̔ 

() n
K

sF w
1
=                                                           (3.18) 

ῒҬ nwҹ Ȃ ῀ף3.18̃̂ 3.17 ᴰ ₱ ̔ 

()
() n

e
s

s

sKFs

s
sH

w+
=

+
=                                              (3.19) 

ԍ ῤḤ ҹ Ḥ ̆ ≠ ̂3.19̃

⌠z ῤ̆ ̔ 
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+
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                                 (3.20) 

ῒҬ sT ҹ ̆Ӟ ̆ ҹNTȂ ⱴ ’Ҋ̆

῀Ḥ ()sf i ҹ Ḥ ̆ Ḥ Ҭ ҹ̔ 

() ()ngnunf i =                                                         (3.21) 

Ҭ g ԍ ҍ ꜚ ꜚ ̆ꜚ ̆ Ḥ

̆ ()nu ҹ ₱ Ȃ ̂3.21̃ z ҹ̔ 

()
( )21-
=

z

gz
zf i                                                        (3.22) 

≠ ṿ Ḥ ()nfe ṿҹ̔ 

() ( ) ()()( )
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( )( ) nsns

z

ie
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11
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1

1
1lim

1limlim

                       (3.23) 

ҹ nsTg w̆ ≠ ṿ NCO └

Ҍ Ẓ ᵀ יּ Ȃ Ҭ └̆

LB ҍ sT ӗ ԍ 0.5Ȃ Ḥ ̆ №
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̆ Ҍ ̆ ҹԅ ꜚ ̆ ̆

҉₮ Ȃ ̆ sLTB ̆ ᴪҊ Ȃ ̆ ⱴ ꜚ Ҋ

יּ Ẓ ̆ᵖ ׅ ᶏ ѿ

Ẓ ⱴ ԋ Ȃ 

3.3 FFT Ḫ Ⱶⅎ  

3.3.1  ᵤ꜠ FFT ⅎ  

̂3.1̃ IQ №ṿ ׆ № ̂Ward, 1996Ȃ̃ ԍ FFT

ԍ IQ№ṿ ѿ ▫ №̆ ԍ Ḥ ()trP ↓̆

ꜛ FFT ӊ ̆ ҬḤ Ӟ ׆ № ̆ғῒ

₱ ̂Probability Density Function, PDF̃ҹ̔ 

ö
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å +
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202

22

21
2

exp)(
nnn
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Axx
tp

sss
                                       (3.24) 

ῒҬ 2

ns ҹ ⱳ ̆ AҹḤ ̆ ҹ Ḥ ̆
2

2

2 n

A

s
ҹḤ

̂Signal to Noise Ratio, SNR̃̆ 0I ҹḱ ₱ Ȃ Ҭ Ҍ

Ḥ ̆↕ Aҹ 0̆ ׆ ≠№ ғPDFҹ̔ 

ö
ö
÷

õ
æ
æ
ç

å
-=

2

2

22
2

exp)(
nn

xx
tp

ss
                                                (3.25) 

ԍ FFT ̆ ҬḤ ԍ ҬḤ ⱴ ()Nlg10 dBȂ

Ḥ Ҭ̆ ԍ FFT Ҭ ҹḤ ̆

ҹ ̆ ᵀ ṿҌ ̆ ԍ FFT №

ṿ ̆ ԍ 2rf Ȃ Ḥ Ҭ̆FFT ף Ḥ Ҭ

ṿ ԍ ṿ̆ᵖ ԍ ̆ Ḥ

̆ғ ҬḤ ⁞ ̆Ḥ ᴪ ⱴȂ

Ҭ Ḥ ̆ Ҭ ҹ Ҍ

Ḥ ̆ ᵬҹḤ ̆ ҹ

̆ ᵀ ṿ ̆ ԍ 2rf Ȃ ԍḤ ̆

׆ № ԍѿҩ ׆ ≠№ ̂ ≠№

ҩ ҹ 1-N ̃ ̆ Ḥ FFT ṿҌ Ḥ ׆̆

ᵀ Ȃ ⌠ ṿ ҬḤ ԍ ῒᵩ ̆

ҹ Ҋ̂Hurd et al., 1987̃̔  
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                     (3.26) 

̂3.26̃ ̆ᶏ FFT ҌֽҍḤ ῏̆ ҍ

FFT ҩ 1-N ῏Ȃ Ḥ ѿ ̆ ⁞

Ȃ ‰ Ҭ̆IQ № ↓Ҭ Ḥ ̆

ṿ Ṝ ̆ Ҍ ҩ Ȃ ҹ

ῒᵩ ҹ ̆ ԍḤ ̆ ᶏ ῃ Nҩ

ᵬҹ ̕ ֽᶏ M ҩ

̆ Ḥ Ҍ M ῤ ̆

׆ ᾧ Ȃ ԍ ≠ FFT Ҭ № M ̂M ԍ FFT

Ñ יּ ᵀ ̆ ꜚ ⱬҊ ̆ᵖ ⌠ FFT

ṿ ᴪ ̆ ҹ̔ 
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exp1
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xxA
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nnnn ssss
                    (3.27) 

3.3ҹᶏ № ̆ ҹ ̆ ҹ FFT Ȃ Ҭ

ף Ḥ ̆ ף Ȃ 3.3Ҭ҉ № IQ № ↓Ҭ

Ḥ ̆ FFT ӊ Ḥ Ҭ ῒᵩ ̆

ᶏ N FFT Ӟ ⌠ Ȃ 3.3ҬҊ №

IQ № ↓Ҭ Ḥ ̆ғ ΐ ̆ Ҭ₮

Ḥ Ȃ N FFT ↕ᴪ

ᵬҹ ׆ ₮ ̕ ᶏ Ҭ M FFT

↕Ḥ M Ҭᶭ ṿ̆↕ ⌠ Ȃ 

FFT

  
3.3 ⅎ                        3.4 ẅ  
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̂3.26̃ ̂3.27̃№≢ ₮ԅ ꜛ ᶏ N M FFT

̆ Ӟ ᴏ ҉ץ⌠ PDF Ȃᴏ

Ҭ ԅѿҩ Ḥ ̆ Ḥ FFT

⌠̆ ᴏ ׆ ∞ FFT ҍ Ȃ

ᴏ Ҭ └ Ḥ SNR̆ ᴏ ץ ⌠ ṿ Ḥ SNRӊ

῏ Ȃ ԍ ӊ FFT ץ ⌠̆ ₮

ᴏ Ȃ 

FFT Nҹ 16̆ ‰ Ҋ ᶏ M ҩ ̆ῒҬM ҹ 3Ȃ

3.4ҹ ṿ ᴏ Ȃ FFTȁ

FFT̂Squared FFT, SFFT̃ȁ № FFT̂Partial FFT, PFFT̃ץ № SFFT

̂Partial Squared FFT, PSFFTȂ̃ Ҭ T ṿ̆ MC ᴏ

̆ ҹ20msIQ№ Ḥ ̆ ҹ ṿ Ȃ 

3.4Ҭ ץ ₮̆ SNR ̆ ԍ 1Ȃ SNR ̆ A

ԍ 0 Ṝ̆׆ ̂3.24̃ ̂3.25̃ ₮ № ҹ ≠№ ̆

Ҭ ׆ № ̆ ѿҩ ҹ ṿ̆

Ӟ ṿ ҹ N1 M1 Ȃ SNRγԍ 5dB ̆SFFT

Ҋ ̆ FFT SNRγԍ 0dB Ҋ Ȃ ԍ‰

̆ ṿ 0.9̆ᶏ № FFT ̆ᾢ ꜚ Ḥ

2dBȂ 

SNR CN0῏ ҹ̔ 

()TSNRCN lg100 -=                                                   (3.28) 

ῒҬTҹ FFT ӊ╠ № ̆ ҹ 0.02Ȃ Ὲ ̆

CN0ԍ 22dB-Hz ̆16 SFFT ⌠ ᵀ Ȃ

ԍ ᶏ FFT ̂ᶏ ꜛ̃̆ 16 FFT

17dB-Hz Ḥ Ȃ 

3.3.2 ꜘ ꜠ FFT ⅎ  

ⱴ ꜚ ᴆҊ̆ ̂3.3̃ Ҭ ᵝ Ώҹ̔ 

() () ( )( )tgtfjtadtrP 22exp 0+Ö= p                                         (3.29) 

ῒҬ 0f ҹ FFT ῤ יּ ∆ ṿ̆ gף ⱴ

ꜚ Ȃ ⱴ ꜚ ̆ ∆ ҹ

Ȃ ⱴ ꜚ יּ ѿ ̆ ()trP ҹ

̂Linear Frequency Modulation, LFM̃Ḥ ̆ ꜛ ̂3.29̃Ҭ

()td FFT ̔ 
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               (3.30) 

ῒҬ ()erf ₱ ҹ ₱ ̆ ()trP ()fF Ҭ ңҩ ₱ ‗ ̆

ғ ᵌҹѿҩ ̂Levanon and Getz, 1994Ȃ̃ 3.5ҹҌ ꜚ ҊLFMḤ

ȂῒҬ 0f ҹ-250Hz̆ ҹ 1000Hz̆FFT ҹ 512msȂ׆ Ҭ ₮

LFMḤ ᵌҹ ̆ ҹ 0f ̆ ҹNTgȂ 

 
3.5  Ғ ꜠ Ґ LFMḪ  

ᵌ ҹ ҬḤ № ҩ ҉̆ғ Ḥ ҩ

‗ԍ ꜚ gȂ ꜚ ⱴ ̆Ḥ ᴪ№ ҉̆

ꜚ Ҋ ̆ ⁞ Ȃ ҬḤ ҹ ()exp ̆ⱳ Ȃ ԍҌ

ꜚ ğ Ḥ Ȃ Ҍ ꜚ Ḥ Ӟ

̆ Ḥ ᵌ№ 1+NTg ҩ ҉̆ ҩ ᵞҹ

( )12 +NTgA ̆ ҹ̔ 
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                   (3.31) 

ῒҬ öö
÷

õ
ææ
ç

å

+1

1

NTg
ҹ Ȃ ԍḤ Ҭ № ҩ ̆≠

FFT LFMḤ ̆FFT Ḥ ᵬҹ

̆ ץ ̂3.31̃ ӈҹ 1+NTg ҩ Ḥ Ҭ FFT

ṿ Ȃ ԍ ᵞ̆ ̂3.24̃ ()xp1 ҹ̔ 
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                       (3.32) 

LFMḤ Wigner-HoughȁRadon-Ambiguityץ № FFT

׆ ⌠ 0f g ᵀ ṿ̂  ̆2014̃̆ ≠ FFT

LFMḤ Ҍ LFMḤ ᵀ ̆ᵖ҉ ̆ғ

Ҭ Ҍ ѿ Ạ ⱴ ꜚ̆ ⱴ ꜚ FFT⌠

ᵀ ṿ ̆ ׅ ᶏ ғ FFT ᵀ Ȃ 

Ҍ ꜚ Ҋ 3.6 ̆ Ҭ ԅḤ ԍꜚ №

1⌠ 6ҩ ҉ SNR Ȃ ԍ 1+NTg ҩ

Ḥ ᵬҹ ̆ Ḥ ᵞ ԍ NNTg 1+ Ȃ

SNRԍ-5dB̆ ԍᵞꜚ Ḥ Ҭ ҉̆ ꜚ ᵞ̆

Ȃ SNRγ ԍ-10dB̆ ԍḤ ̆ ᵞ̆

Ȃ 

 

3. 6 Ғ ꜠ FFT  

3.3.3 FFT  

FFT≢ ≢ ң № ̆ ѿ №ҹ ԍ ⌠ԅ

Ȃ ԍ ΐ ̆ ᴋ ѿҩ

ᵬҹḤ ׆̆ № FFT≢ ≢

ӊῤ̆↕ № ҹ̔ 

12

1
2

2

2

22

|
s

f

f
s

wrongf

f
dxx

f

s

s

== ñ-s                                              (3.33) 

ԋ № ԍ FFT ᵀ ̆Ӟ ԍ IQ №Ҭ

̆ Ḥ Ҭҹ FFT ̆

ҹ̂Rife and Vincent, 1970̃̔  
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( )SNRNNT

fs
correctf

1222

2
2

|
-

=
p

s                                             (3.34) 

ҹ ̂3.26̃ p̆ ң҉ץ №

ҹ̔ 

( )2

|

2

|

2 1 wrongfcorrectff pp sss -+=                                             (3.35) 

3. 4  

FFT Ҭ ̂3.13̃ᶏ ңҩ ≢̆

ᵝ ≢ ԍ ╠ ̆ ̆ ԍ ≢ ₮

̂Juang and Chen, 2009; Tang et al., 2013; Guo et al., 2014Ȃ̃ ╠⁞ ȁ

NCO Ȃ ҈ № ()csin

ᵀ ̆ᶏ ()csin ₱ Һ ῤ҈ҩҌ №ṿ Ȃ ԍ ҈ ԍ

ҩ Ҍ FFT ̆ ꜚ Ȃ ̆҈ҩ

Ӟ FFT Ҭ ̆ ѿ ᵞ ױ ꜚ ⱬȂᵖ

ᵞᶏ ҈ҩ ⱴ Ҭ ()csin ̆ Ḥ ̆

ᵌԍ ῏ ᵝ ҈҉ץ̆ ᴆҊ FFT

̆ ᵬҹ Ḥ ѿ Ȃ 

3.4.1 ╦⁯  

ᵌԍᴺ Ҭ ╠ᴺ ҍ ᴺ ̆ ╠⁞

יּ ҉Ҋ ѿ ֟ ѿҩ ╠ ѿҩ Ḥ ̆

ҍҬ Ḥ ▫ ̆Ῥ≠ ᴺ ▫ ӊ №Ȃ

ҹ̔ 

( )

( ) ( )ö
÷

õ
æ
ç

å
D

D
-D-ÖÖ

ö
÷

õ
æ
ç

åD
--+

=

T
T

TPT

T
QIQI

f
ssff

w
w

wp

w

sin
2

cos1Ĕ2

2Ĕ

3

2222

                                (3.36) 

ῒҬ̆ fI fQ №≢ҹ≠ ╠ IQ №ṿ̆ sI sQ №≢ҹ≠

IQ №ṿ̆ wD ҹ ╠ ̆Tҹ IQ № ̆PĔҹ

Ḥ ᵀ ṿ̆ ֟ IQ№ṿ ᵌȂ ᵬ

ᵌԍ ╠⁞ ̆ᵖ ԍᴺ ῏ ’Ҋҹ҈

̆ ⌠ Ȃ ≠ 2.8ҬҺ

̆ ╠ Һ ῤ̆ ≠ ()csin ₱

ᵌᵀ ̆ ⌠ ṿ Ȃ 
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3.4.2  

∆ ԍḤ Ҭ ᵀ ̆ᵖӞ ᵬḤ

Ҭ ̆ ᵬ ̆ ╠⁞ ѿ ̆Ӟ ҈ҩҌ

Ḥ ̆ ҹ̔ 

CBA

CCBBAA

SSS

SfSfSf
f

++

++
=Ĕ                                                (3.37) 

ῒҬ Af ҹҬ NCO ̆ Bf Cf №≢ҹ ╠ ̆ AS ȁ BS ȁ CS

№≢ҹ҈҉ץҩ IQ№ṿ Ȃ ҉ ≠ ҈ҩ

№ ṿ ⱴ ̆ᵖ ᴆҊҹ יּ ᵀ ṿ̆

̂3.37̃ ҈ Ẓ ᵀ ṿȂᵖ ̆

҈ҩ ӊ ҹ̔ 

T
fstep

3

2
=                                                             (3.38) 

ῒҬTҹ № Ȃ 

3.4.3 NCO  

Ὲ ⌠ԅ ̆ᵖ ̆ҹԅ

ᾥ └̆ң NCO ₮̆ ҹ̂Guo et 

al., 2014̃̔  

( )( )
fps

fs

AAfTA

AA
ff

+D-Ö

-
D=

pcos22
Ĕ                                        (3.39) 

ῒҬ sA ȁ fA pA №≢ҹ ȁ ╠ IQ № ̆ fDҹ҈ҩ

ӊ ̆T ҹ № Ȃ Ҋ̆ fD ᶏ

҈ҩ 2.8Һ ῤ̆ Ҍ ῒז ̆ ԍ ⱴ Ȃ 

FFT ҩ ῤ ⌠ IQ №Ҭ ᵩ יּ

ᵀ ṿ̆ ҩ҈҉ץ ԍ ԍ ҈ҩ №̆ ԍ

ԅ҈ҩ ị ̆ ≢ ̆ꜚ ⱬ Ȃῒᴨ ҍ

№ FFT ̆ └ ⱬ ȂFFT Ҭ ṿ ()csin ₱

ᵌ ṿ̆ ᶏᶏ ṿ ̆FFT⌠ ᵀ ṿᶭ ̆

NCO ’Ҋ ҉ ⌠ ᵀ

ṿȂ 

3.7ҹᶏ ╠⁞ Ȃ

ᵩ ҈ҩҌ ̂ Ҭ

P ̃̆ Ҭ Ḥ ≠ ▫ ᴺ ӊ №≢ҍ҈ № ⌠҈

IQ№ṿ̆ ≠ ҈ IQ№ṿ Ȃ 
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IFS ᵩ

Si

Pi

Fi

Sq

Pq

Fq

SI

FI

PI

SQ

PQ

FQ

S P F

S P F

№

№

№

№

№

№

NCO

 
3. 7 ᶕ ╦⁯  

3.8ҹᶏ ң NCO ȂῒҬ ѿ NCO

ԍ Ҭ Ḥ ̆ҍ ҬNCO ̆ ̆ ⌠ ѿ

№ 1PI 1PQ ̆ IQ № Ҭ יּ ᵩȂ №ṿҍ ԋ

NCO ҈ № ⌠ ҈ IQ № ̆ ≠ ҈

IQ № ⌠ ṿӊ ԍ └ ѿ NCŎ ԋ NCO

ᵞȂ ╠⁞ Ҭ NCO ҈ҩ ̆Έҩ

ҍΈҩ № ̆ ң NCO Ҭֽ ѿ Ҭңҩ ң

ҩ № ᵬ ̆ ԋ Ҭ ҍ № ᵞ̆ Ȃ

ᵖ ╠ ӊ ̆ᶏ ѿ NCO ᶏ ң NCO

⌠ № Ȃ 

IFS ᵩ

2Si

1Pi

2Fi

2Sq

1Pq
2Fq

2SI

2FI

1PI

2SQ1PQ

2FQ

S P F

S P F

2Pi

2Pq

2PI

2PQ

№

№

№

№

ᵩ

№

NCO1 NCO2

№

№

№
 

3.8 ᶕ ҩ NCO  

FFT ԍ № ̆

ҍ ҩ №̆ ҹ Ҍ ȂҌ
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FFT ѿ ԅ ҩ ̆ ԍ ҈

ҩ ῏ ѿ ⌠҈ҩ Ȃ Ҭѿ ѿҩ ῏

ѿҩ ̆ ҉ IQ № ̆Ӟ

FLLҬ ᵝ Ȃ FFT ԍ ҉

IQ № Ȃ Ḥ Ҋ̆IQ № ̆ ҉

҉ 2Ṑ̆ ꜚ Ȃ

ꜚ Ҋ̆ ⌠₃ҩ ҉̆ Ҭ 0

҉̆ №ṿ ꜚ ⱬ ̆ N IQ №ṿ FFT

ꜚ ᴨԍ 3 IQ№ṿ ԍ ̆ ԍ ᴨԍ

1 IQ№ṿ ᵝ Ȃ 

3.4.4 ⅎ  

̂3.36̃ ╠⁞ ≠ ()csin ₱ ᵌᵀ ̆ ң

NCO ҈ ₱ ̆ ⌠ יּ Ẓ ᵀ ṿȂ 3.9ҹң

Ҍ ῀ ≢ Ȃ ԍң NCO יּ

Ẓ ṿ̆ῒ ҹ Ȃ ╠⁞ ≢ ҹ ҍ

̆ᵖ Ȃ 

3.10ҹҌ ╠⁞ ң NCO Ḥ

̆ № 20ms̆ ⱴ ҹ 5Ȃ Ҭ ᵬҍ

FFT Ҭ ̆ ԍ Ȃ ⱴ̆

╠⁞ ⱴ̆ Ҋ Ȃᵖ ⱴ ⱴ ꜚ

Ȃ ⱴ̆ң NCO Ҋ ̆

҉ Ȃ 

  
3.9 ῇ ₴                   3.10 Ғ  
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3. 5 ᵣ  

ԋ Ҭ ѿ יּ ̆ᵖ Ҭ

ԅ ӊ ꜚ֟ יּ ӊ ̆ ԍ

Ẓ ֟ Ẓ ץ̆ Ȃ ᶏ ҹ ̆ῒ

Ẓ ̆ғ ᵀ ҍ ‰Ȃ ᶏ

ҹ ̂Temperature Compensated Crystal Oscillator, TCXÕ

̂Oven Controlled Crystal Oscillator, OCXÕ̆ ԍ ῒ Ẓ ̆

⌠ ῗ̆ᵖ Ӟ ̆ Ẓ ⌠ԅ

̆ Һ ץ יּ Ȃ

̆ Ḥ Ҍ יּ ȁ Ẓ ץ №̆

≠ ѿ ̆ ҹ יּ Ȃ 

3.5.1  ᵣ  

Ҭ Ḥ ȁ ȁ ץ ֲ ῤ ῃ ̆

Ḥ ̆ ᶏ ᵝ ṿ ᵝ

ᵝ ṿ̂ ≢ԍ Ḥ ̆ Ẋ № Ḥ

⌠ ᵝ ṿֽ̆ Ṝ Ȃ̃ Ḥ ῤ

ῃ ̆ Ḥ ᵀ Ȃ ԍ GPSḤ ѿҩᴺ

300̆ Ḥ ѿҩᴺ 150̆ ῤ ҹ NCO

֟ ᵝ ԍ ̆ Ȃ GPSḤ

Ḥ ѿҩ ҹ 19cm̆Ḥ ᵝ

̆ ֟ ᵝ ᵝ ṿȂ ̆

Ḥ ӊ ̆ Ḥ ̆

Ӟᴪⱴ Ȃҹԅ Ḥ ̆ Ḥ

̆ ᵝ Ȃҹԅ

ᵝ ̆ Ḡ ̆Ӟ ̆ Ҍ≠

̂Ḥ ̆ ⌠ IQ№ṿץ ṿ̃

ᵝ Ḡ ̂Alban et al., 2003Ȃ̃ ԍ ᵝ

№̆ҹԅ ᵝ Ḡ ̆ ׆̆ ⁞

№ Ҭ ᵝ ̆ Ҭ ҩ № Ȃ ᵝ

ҹ̔ 

ñ+=
2

1
12

t

t
tracktt dtfff                                                     (3.40) 

ῒҬ 2tf 1tf№≢ 2t 1t ┴ ᵝṿ̆ trackf ҹ ⌠ ̆

2t 1t ῤ ᵝ ҹ trackf ῤ №Ȃ
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trackf ҌῬ ⌠ ̆ ≠ Ḥ ̂ ӊ

╠ ץ ╠ ̃ ⌠ ѿҩ ᵀ ṿ̂

ῒ ҹ trackfĔ ̃̆ 2tf ↕ ╠ ᵝ 1tfץ ᵀ trackfĔ № ⌠

ᵝᵀ ṿ̆ ᵀ trackfĔ └ NCO ᵝ̆

ᵝ 2tf ᵝ∆ ṿ 1tf trackfĔ ᵀ №ң №

Ȃҹԅ ᵝ ̆ ⌠ trackf ᵀ ṿ̆

trackf ץ № ȂῒҬ trackf ѿ ҹ̔ 

noiseclockdtrack ffff ++=                                                 (3.41) 

ῒҬ̆ df ҹ ҍ ꜚ֟ יּ ̆ ҹ ԍ ѿ

ꜚ֟ יּ sat

df ԍ ѿ ꜚ֟ יּ rec

df

ӊ ̆ ԍ ᵝ Ҭ ᶏ ̂Earth Centered Earth Fixed, 

ECEF̃ ̆ ᵝ ᶏ ECEF ̆ clockf ҹ

₮ ҍ ӊ ֟ ̆ noisef ҹῒᵩ ӊ Ȃ df

ҹ̔ 

( )( ) ( ) rec

d

sat

d

srrecsat

recsat

recsatrecsat

d fff -=Ö-=
-

-Ö-
= 1vv

pp

ppvv

ll

11
                   (3.42) 

ῒҬlҹ ̆ ԍ GPS L1Ḥ B1Ḥ Ҍ ̆ №≢

̆
sat

v
rec

v №≢ҹ ̆ sat
p

rec
p №≢ҹ ᵝ

̆ sr
1 ҹ ҍ ̂Line Of Sight, LOS̃ ᵝ ̆ғ ҹ̔ 

recsat

recsat
sr

pp

pp
1

-

-
=                                                       (3.43) 

sat

df ̆ ᵝ ҍ ᵝ ץ Ȃ ᵝ sat
p

̆ ᵝ rec
p ҹ ᵝ ̆

⌠̂Remondi, 2004Ȃ̃ 

ҹ 1ms̆Ӟ ҹ 1ms №

⌠ ᵝȂ ᵝ ↕ ҹ1Hz⌠10Hz̆ҹԅ ᵞ №Ҭ

̆ sat

df ᵀ ⌠ 1kHzᶏ ԍ № sa t

df ṿ ⱴ
sat

df ̆ѿ ≠ ѿ ѿ ̆ ̕

ѿ ⱴ ̆ Ὲ ҹ̔ 

( ) () () tTTtT satsatsat DÖ+=D+ 111 avv                                        (3.44) 

ῒҬ ()1Tsat
a ҹ 1T ┴ ⱴ ̆ tDҹ Ȃ ⱴ

⌠̂Zhang et al., 2006̃̆ ᵖ ԍ ⱴ ̆ ṿ ҹ 0.177
2sm ̂ ̆

2009̃̆ ғ ̆ ≠ ⱴ ̔ 
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()
() ()

01

01
1

TT

TT
T

satsat
sat

-

-
=

vv
a                                               (3.45) 

ῒҬ ()0Tsat
v ()1Tsat

v ҹ ┴ 0T 1T ┴ Ȃ ̂3.44̃

Ạ ⱴ ̆Ẋ 0T ⌠ 1T ┴ῤ ⱴ ҍ 1T ⌠ tT D+1 ┴ῤⱴ

׆̆ ≠ 0T 1T ┴ tT D+1 ┴ Ȃ 

Ḥ ⌠ ̆ ῒז ̆ ≠

Ȃ ӊ ῒ ⌠ LOS ׆̆҉

⌠ rec

df Ȃ ̂3.42̃ ѿҩ יּ ̆ ῒף῀

̂3.41̃ ̔ 

( ) noiseclock

srrecsat

track fff ++Ö-= 1vv
l

1
                                     (3.46) 

̂3.46̃Ҭ ҹ
rec

v ҈ҩ ҉ № ץ Ẓ֟ clockf ῍

ҩ ̆ trackf ҹ יּ ṿ̆
sat

v sr
1 ץ ᵝ

Ȃҍᵝ ̆ ҩ ≠ ԋӗ

҉ץ ҩ Ȃ

⌠̆ ≠ ῤ ṿȂ trackf ҹN

ҹ̔ 

ù
ù
ù
ù
ù

ú

ø

é
é
é
é
é

ê

è

ù
ù
ù
ù
ù

ú

ø

é
é
é
é
é

ê

è

-

-

-

=

ù
ù
ù
ù
ù

ú

ø

é
é
é
é
é

ê

è

Ö-

Ö-

Ö-

clk

rec

z

rec

y

rec

x

Nsr

sr

sr

NsrNsat

Ntrack

srsat

track

srsat

track

V

v

v

v

vf

vf

vf

11

11

11

1

1

1

,

2,

1,

,,

,

2,2,

2,

1,1,

1,

444

l

l

l

                                   (3.47) 

ῒҬ rec

xv ȁ
rec

yv ȁ rec

zv №≢ҹ ECEF Ҋ҈ҩ ҉ ̆ clkV ҹ̔ 

clockclk fV l=                                                           (3.48) 

ԍ ╠ Ҋ ᶏ Ṑ Ḥ ҍ ⌠ Ḥ

̆ ᴪ ῀⌠Ҭ Ḥ Ҭ ֟ ̂3.41̃Ҭ clockf Ȃ

ҹ 0clkf ̆ ҍ ӊ ҹ 0clkfd ̆↕ Ẓ

ҹ̔ 

0

0

clk

clk
err

f

f
f

d
=                                                          (3.49) 

῀ clockf ҹ̔ 

carriererrclock fff Ö=                                                      (3.50) 

ῒҬ carrierf ҹ Ḥ ̆ Ḥ Ҍ ≠ ѿ ⌠

clockf Ҍ Ȃ Ӟ ₮ clkV ԍ clockf ̆ᵖ Ҭ ≠

ᵬҹ ȂGPS L1Ḥ ҍ B1Ḥ Ҍ ̆ ѿҩ

ңҩ Ḥ ֟ clockf Ҍ Ȃ 
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3. 5.2 ᵣ ⅎ  

ᵝ 2tf 1tf ∆ ᵝ trackf ᵀ № Ȃ

1tf ҹ ̂2.24̃ PLLs ̆ Ҭ PLLs ҹ∆ ̆

ҩ ҬҌ ̆ ֽ vsȂ 2.14ҹҌ

№ ̆ ts Ḥ CN0 Ȃ׆ Ҭ ̆ ᶏ

7Hz ғCN0ԍ 30dB-Hz ̆ ‰ ԍ 6 Ȃ ԍ ts Ḥ

CN0 ̆ҹԅ ᵞ∆ ᵝ ̆ № ̆

CN0 Ȃ As № trackfĔ ᵀ ṿ ₮Ȃ 

⌠ trackfĔ ᵀ ṿҌ ᾧ ᵀ ̆ ᵀ

ᵝ Ȃ trackf ̂3.41̃ ̆

ᵀ trackfĔ ᵀ № יּ ȁ ץ Ȃ 

sat

df ⌠≠ ᵝ sat
p ᵝ rec

p LOS ᵝ sr
1 Ȃ

ԍ ⌠ ᵝ sat
p ⌠ ̂Warren and Raquet, 2003̃̆

ᵝ rec
p Ӟ ̆ᵝ ԍ GNSS ⌠

ӊ ҹ 20000km Ҍ ̂ ẁ ̃̆ ᵝ
sr

1 ̆ LOS ֽ Ȃ sat

df

Ҭ ѿҩ ҹ
sat

v ̆ ⌠

ҩ ҉ ¤1 smm ̂Zhang et al., 2006̃̆ sat

df ¤0.0087Hz̆

ῤ ᵝ Ӟ Ҍ Ȃ ҹ sat

df ᵀ

Ȃ 

≠ ̂3.46̃ ⌠ clockf ᵀ ṿ̆ clockf ץ ⌠

ᵀ ṿ̆ғ ᵬ Ҭ Ȃץ׆ ҹ ᵝ ̆

TCXO OCXO ṿ  ,Vig and Meeker̂ל

1991̃̆ ҹל ₮ Ȃ ∆ ̆ ᶏ

ӊ ԍ ̆ ₮ ᵌ ῏ Ȃ ץ ҹ ᵝ ῤ

ҹ ȁ ץ ̆ ≠ ῌ

№ ᵀȂ 

3.11ҹ Ҭ≠ ̂3.46̃ יּ ⌠ ѿᵞ

OCXOѿ ᵬҬ Ẓ ῒ ῌ Ȃ׆ ῌ ₮̆ ׆ 1

⌠ 4 ῤ ῌ ҹ-0.5̆ ῌ

ῤҺ Ȃ ⱴ ̆ 10 ῌ ҹ 0.5̆

₮ѿ Ȃ ӊ ῤ ῌ ҹ 1̆ ҹ

Ȃ 
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3. 11 ᵤ OCXO Ὶ ῒ  

3.12ҹ ѿ OCXOѿ ᵬҬ Ẓ ῒ ῌ ̆ ԍ

̆ ᵬ Ҭ Ẓ ̆ ₮ ̆ ῌ

Һ ҹ-0.5̆Ӟ ץ ҹҺȂ 

 
3.12 OCXO Ὶ ῒ  

ңҩ҉ץ׆ ₮̆ ῤ Һ ץ ҹҺ̆

ᵞ ӊל Ӟץ ҹҺȂң ῤ̂1s̃ ῌ

̆ᵖᵞ ῤ Ȃ ̆ ҈

GNSSḤ ῃ Ӟ ̆ ῤ Ҭ ̂Niu 

et al., 2015b̃Ȃ ≠ ᵬҹ ‖

̂Pulse Per Second, PPS̃Ḥ ̆ 600s Ḥ ’Ҋ̆ ₮

PPSḤ ҍ GPS ӊ ⱴ̆ ҈ clockf ҹ
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ṿ̆Ӟ ῤ Һ ҹ ̆ └ ⌠

ễ̆ ̆↕ ץ

600sῤ PPSḤ ⱴȂ 

ԍ ֽ ԍ ӊῤ ᵝ ̆ clockf

ֽ̆ ץ Ȃ ’Ҋ̆ clockf

≠ ╠ Ḥ ᵀ Ȃ ԍ Һ ̆ ≠ ╠

⌠ clockf ṿ ᵬҹ clockf ᵀ ṿ̕ ԍ Һ

̆ ≠ ╠ ⌠ clockf ѿ ᵬҹ clockf ᵀ ṿȂ ң

ᵀ Ẓ Ḃץ ԍ ṿ Ȃ

Ḥ ӊ ̆ Ḥ ̆ ≠ ṿ ⌠ clockf

ҍ df Ȃ 

№ ’Ҋ̆ df ӊ ̆ ̂3.41̃ ҩ

clockf ̆ғ ҹ̔ 

noisedtrackclock ffff +-=                                                  (3.51) 

ԍ Ҍ ⌠ clockf ̆ ѿ

ҩ clockf ̆Ҍ Ҍ ӊ Ӟ

̆ ꜛ ⌠ ᵀ ṿȂ ԍ

ץ ᵝ ṿ̆ ᴋᵥ ꜚ ᵝ Ҍᴪ֟

̆ ᴪ ῀∆ ᵝ Ȃ ’Ҋ ᵣ ꜚ ᵝ ꜚ Ȃ

ᵝ ꜚ ᵀ Ὲ ҹ̂2.23̃̆ ≠

As Ȃ 3.12ҬҊ №ҹ OCXO ῌ ̆ Ҭᶏ

clockf ⌠ ῌ ̆ ᶏ ѿ errf ṿ

ῌ Ȃ 3.12Ҭ ῌ ṿ ̂3.46̃ L1ץ ҹ

()tsA ̆ tҹ 1s OCXO ῌ ҹ
11108.6 -³ Ȃ≠ ῌ

ҹ 1ms ᵝ ꜚ ҹ 0.039£̆ ᵝ

ԍ ᵝ ꜚȂ ⌠ clockf ҍ

trackf ῏̆ trackf ҍ ȁ № ῏Ȃҹԅ ⌠

̆≠ ᵬҹ ̆ Ғҙ ת № ԅ ᵞ

OCXO Ȃ 20ҩ ̆ ⌠ OCXO 1s ῌ ҹ
101057.2 -³ ̆ҍ 3.103.11Ҭ ⌠ ῌ ѿ Ȃ 

ᶏ ꜛ ̆ ҩ ᶫ clockf ᵀ ṿȂᵖ ̂3.49̃

ᵀ ṿ ̆ҹԅ ᵞ ᶏ ҩ ⌠ clockf

ᵀ ṿ ᵬҹ clockf ꜛḤ ȂẊ clockf Ҭ

№̆ғ ҩ ԑ ̆ ̆ ҩ
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ṿ ҍ ṿ╠ ҩ ῏ ҹ̔ 

N

N

i

i

sum

ä
=

2s

s                                                         (3.52) 

ῒҬ isҹ iҩ ̆ Nҹ ҩ ̆ ≠

clockf ᵀ ṿ ṿ ᵞ Ȃ ≢ ̆ ҩ is ̆

̂3.52̃ Ώҹ̔ 

N

i
sum

s
s =                                                            (3.53) 

№ №֟ ᵝ ̆ ‰ rsҍῒ ꜚ

‰ ns ῏ ҹ̔ 

nr tss=                                                            (3.54) 

ῒҬ tҹ ↓ ̆ ‗ԍIQ№ Ȃ 

҉ ̆ҹԅ ᵞ ᵝ ̆ѿ ↓ ̆

Ӟ ᶏ ̆ ԍ ҬḤ Ҍΐ ̕ ѿ

ᵞ ᵝ ∆ ṿ 1tf trackf ᵀ Ȃ ᵞ 1tf ѿ

̆ ҹ ᵬ ̆ ᵝ

̕ ѿ ᵞ ts̆ ᵞ ̆ ⱴ №

ץ Ḥ Ȃ ᵞ trackf ᵀ Һ ᵞ

clockf ᵀ ̆ ≠ ⌠ clockf ᵀ ṿ̆ №

ԍ ӊ ΐ ῏ ̆≠ clockf ᵀ ṿ

ꜛ ꜚ Ȃ 

⌠ df clockf ᵀ ṿӊ ̆ ң └ NCO ̆ ῤ

ң № ҹ ᵝ Ȃ └ 3.13 ̆ ԍḤ

̆ ₮ҹ ̆ ԍ NCO └ ҌῬ ̆ ≠

⌠ df clockf NCO └Ȃ 

NCO

clockf

df

 
3. 13 ┼ 

3.14ҹ Ҋ Ḥ 20s ⌠ ᵝ

̆ clockf ╠ clockf ṿ ⌠Ȃ

3.15ҹ Ҋ ҩ Ḥ 20s ⌠ ᵝ
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̆ Ḥ clockf ῒז Ȃ ᶏ

̆ ⌠ clockf ԍ ꜛ ⌠ clockf ׅ ̆

ᵝ ԍ ҩ ᵝ Ȃ 

  
 3.14 ᵣ             3.15 ү ᵣ  

3.6  

ᾢ ԅ Ḥ Ҋᶏ FFT ̆ FFT

ҬḤ ₱ ԅ FFT Ḥ ⱬȂᵞꜚ ᴆҊ̆

ԍ FFT Ḥ ̆ ᶏ № ׆ Ȃ

Ὲ ᴏ ₮ԅ ꜛ FFT № FFT̆ץ

ꜛ SFFT № SFFT Ḥ ῏ Ȃ №

ᴏ ̆ IQ№ ҹ 20ms ̆ᶏ SFFT ̆ CN0γԍ 22dB-Hz

ⱴ̕ᶏ FFT ̆ CN0γԍ 17dB-Hz

ⱴȂꜚ Ҋ̆№ ԅ ⱴ ץ ꜚ

῏ Ȃ 

ῒ ׃ ԅ҈ ΐ Ḥ ⱬ ԍ ̆№ ԅ ҩ

ᴨⱷ ₮ԅ ̆ № ԅҌ Ȃ 

№ ԅ № ₮ԅḤ ’Ҋ ᵝ

̆ ׃ ԅ ꜚ֟ יּ ̕

№ ԅ ̆ ׆ ῃ № ң ԅ

ᵀ ̆ ꜛ ᵀ ԅ №

ᵝ Ȃ 
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4 Ґ ғ  

4.1   

Ḥ Ḥ Ҋ̆ ᵞ ᵝ

ᵝ № ᵝ ̆ꜚ ᴆҊ

ꜚ ӊ Ҭ ȂḤ Ḥ Ҋ̆ FFT

Ḥ ̆ᵖ № ̆ NCO ᵞ ꜚ

ⱬ ᵞ̆ Ӟ ꜚ ҍ ӊ ҬȂ Ḥ ῃ ’Ҋ̆

Ḥ ̆ ԍҌ ᵀ ׆

ᵝ ̕ ꜚ ᴆҊ̆ ᵝ

̆↕ Ȃ ץ ҈҉ץ‗ ꜚ ̆ ԅ

ṿ ̆ ᵣ ꜚꜚ Ḥ

̆ ≠ ꜚ Ḥ ׆ꜛ ᵞ ꜚ ⱬȂ

Ҋ̆ꜚ Ḥ ᴆҊ ᶏ ᵝ ̕ꜚ Ḥ ᴆ

Ҋ ᶏ № ̆ NCO ̕ ᴆҊ

ꜚ ᵀ ׆ ҩ ᵝ̆

Ȃ 

≠ ҉ץ‗ ̆4.2 ׃

ץ ꜛ Ȃ ԍ ҍ№ ̆

4.3 ᴰ ῀ף № ԅ Ȃ4.4

ҹԅ№ Ҭ ̆ ᾢ ₮ ᴰ ₱ ̕ῒ № Ҍ

ꜚ Ҋᴰ PLL ̕ ᴰ PLL

₮ Ҭ ῒ № Ȃ4.5№ Ҭ ̆ ᾢ

₮ ᵝ ᴰ ₱ ̕ῒ

⌠ Ҭ ᵝ ῒ № Ȃ4.6 ᾢ

₮ᶏ ꜛ FFT ̕ῒ № FFT ꜚ ⱬ̆

₮ ꜛҊFFT ꜚ ⱬȂ 

4.2   

4.2. 1  

׆ ꜛ ̆ Ḥ ԅ ꜛ ҹ

̆ №ҹ

Ȃ ҹ ̆Ӟ

ᶏ ᴰ ̆ ᶏ Ḥ ꜛȂ 4.1ҹᶏ

Ȃ ȁ ץ
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Ȃ № Ḥ Ҋ ȁ ץ Ḥ ӊ

PVT ̕ № ᾢ≠ ⱴ ת ₮ⱴ

̆ ễӊ ԍ ∆ ‰̆ ∆

‰ӊ ≠ ᵀ ᵝ ȁ ȁⱴ

Ȃ ∆ ӊ ̆

ᵝ INS ⌠ ⱴ ᵝ ȁ ȁ

ץ ᴰ ᵀ ṿȂ ᴰ ᵀ ṿ ѿ

ᴰ ễ̆ ԍ Ȃ 

ҍ Ҍ ̆ Ҭ ⌠ ᵣ ꜚ ӊ

ᵣҍ ӊ יּ ╠ץ ꜛȂ

⌠ Ḥ Ҭ יּ ҍ ꜚ֟ ̆ ꜚ

⌠̆ ꜛҊ̆ ꜚ

⌠Ȃ ӊ ₮ ҍ ᵝ ׆̆

ҍ ꜚ ⌠ LOS יּ ᵀ ṿȂꜚ Ҋ̆ יּ

̆ ⱴ ׆ ῀ Ȃ

ꜛҊ̆ Ҍ ⌠ יּ ᵀ ṿȂ

יּ ᵀ ̆ ᵀ ԍ יּ

̆ ᵬ ‰ ̆ Ҭ ╠ ꜛ ╝ ꜚ

׆̆ ꜚ Ȃ 

▫

ᴺ

▫
№ ≢

si n cos

╠

NCONCO

≢

k

ⱴ

ễ

∆

‰

PVT

ꜛ

ᵝ
ᵝ ȁ

          

ᵝ

ᴰ ᵀ

I NS

 
4.1  
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4.2.2  ꜡Ḫ  

4.1Ҭ ꜛ ꜛ ̆ ԍ ꜛȂ

̂3.41̃ ₮ԅ ̆ ԍ ꜛ Ҍ ≠ ῒ

Ḥ ⌠ ᵀ ṿ̆ ꜛ Ӟᶭ ⌠Ȃ ꜛ

ҍ ꜚ֟ יּ df Ẓ ֟ clockf

ᵀ ṿȂ df Ҭ ꜚ֟ sat

df ≠ ҍ LOS

̆ ꜚ֟ rec

df ꜛҊ ⌠ ᵀ ṿ

ӊ ҍ LOS Ȃҍ ҬҌ ̆ Ҭ

ᵝ ̆ LOS ᵝ ҌῬᶏ

PVT ⌠ ᵝ ̆ ᶏ ⌠ ᵝ ̂ Ȃ̃

clock f ᶭ Ҭ PVT יּ ⌠Ȃ ԍ clockf

‗ԍ ᶏ ̆ᵖ ᶏ TCXO OCXO clockf Ȃ ѿ

ԍ PVT ⌠ clockf ̆ Ҭ clockf

ꜛḤ ֽ ∆ ꜛ ₮̆ clockf ᶭ Ҍ

Ῥᶏ ṿ Ȃ 4.1Ҭ ꜛ ≠ PVT ⌠ ᵝ

ץ ⌠ ᵝ LOS ᵝ ̆ ᵝ ҹ̔ 

rec

INS

sat

rec

INS

sat
sr

INS
pp

pp
1

-

-
=                                                       (4.1) 

ῒҬ rec

INSp ҹ ᵝ ̆ ᵝ ⌠ ᵝ ≠ ⌠

ᵝҬ ⌠ ECEF ҊȂ ꜛ PVT ⌠ ⌠

LOS  ⌠ sat

df ̔ 

sr

INS

satsat

df 1v Ö=
l

1
                                                        (4.2) 

df Ҭ ꜚ יּ rec

df ᵀ ꜚ LOS

ᵝ sr

INS1 ̆ғ ҹ̔ 

sr

INS

rec

INS

rec

df 1v Ö=
l

1
                                                       (4.3) 

ῒҬ rec

INSv ҹ ̆ ⌠ ≠ ⌠

ᵝҬ Ȃ ꜚ Ḥ ̆ NCO ץ ̆ 1 kHz̆

ҹԅ df ᵀ ̆ ̂3.44̃ ѿ sat
v

ṿȂ rec

INSv ̆ ᵞԍ 1kHz̆

↕≠ ⱴ ҹ 1kHzȂ ⱴ ⌠̆

ᴋ ┴ ҹ̔ 

( ) () () tTTtT recrecrec DÖ+=D+ 111 avv                                           (4.4) 

ῒҬ 1T ҹ ̆ tDҹ ̆
rec

a ҹ
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⌠ ⱴ Ȃ 

sat

df
rec

df ⌠ df ҹ̔ 

( ) sr

INS

rec

INS

satrec

d

sat

dd fff 1vv Ö-=-=
l

1
                                         (4.5) 

⌠ df clockf ң ⱴ ⌠ ꜛ aidf ̔ 

clockdaid fff +=                                                         (4.6) 

ꜛ ҍ ₮ṿ ⱴӊ ԍ └ NCŎ ԍ

⌠ԅ Ḥ ꜛ̆ ᵣ ꜚ Ȃ ԍᶏ ԅ

ꜛ ̆ Ӟ ⌠ԅ ꜛ̆ ꜚ ⌠

Ȃ 

4. 3 ᴶ  

4.2 ԅ Ҭ ꜛ ץ

̆ ׃ ԅ ꜛḤ ̆ Ҭ ԍ ̆ ꜛ

Ȃ ꜛ ̆ №

ᵝ ȁ ᵝ ץ ꜛ FFT

ⱬӊ╠ № ꜛḤ Ȃ ꜛ aidf Ҭ sat

df Ҍ ̆ clockf

̆ aidf № rec

df ̆Ӟ № ᵣ

ᵀ ṿ Ȃ 

ᾢ ₮ № Ҭ № ̆

⌠ s ̆ s Ҭ ᴰ

ԅ Ȃ 

4.3.1   

ԋ Ҭ ⌠ԅ № ̆≠ № №

ᴰ Ȃ ԋ Ҭ № Ҭ № n

Ҭ҈ҩ ҉ ̂ ֒ ̆2016̃̔  

( ) ( ) ( )

NyawEpitchDD
N

E
E

ie

N
DEDNE

ieEN

fffv
hRm

v
v

hRn

v

v
hRm

v
h

hRn

v

hRm

vv

hRn

v
vv

dffdd
j

jw

dd
j

dj
j

jwd

++-
+

+ö
÷

õ
æ
ç

å

+
+-

+
+ö

ö

÷

õ

æ
æ

ç

å

+
-

+
-ö

ö
÷

õ
æ
æ
ç

å

+
+-=

tan2
sin2

tan

cos
cos2

2

2

22

2

#

 (4.7) 

( )
( ) ( ) ( )

EyawNrollD

D
E

ieE
ND

N
E

ie

ENDEEN
DNieE

fff

v
hRn

v
v

hRn

vv
v

hRn

v

h
hRn

vv

hRn

vv

hRn

vv
vvv

dff

djwd
j

d
j

jw

d
j

dj
j

jjwd

+-+

ö
÷

õ
æ
ç

å

+
++ö

÷

õ
æ
ç

å

+

+
+ö

÷

õ
æ
ç

å

+
++

ö
ö

÷

õ

æ
æ

ç

å

+
+

+
-öö

÷

õ
ææ
ç

å

+
+-=

cos2
tantan

sin2

tan

cos
sincos2

222
#

    (4.8) 



 

66 

( ) ( )

DpitchNrollEE
E

ie

N
NNE

ieED

fffv
hRn

v

v
hRm

v
h

hRmRn

g

hRm

v

hRn

v
vv

dffdjw

ddjdjwd

++-ö
÷

õ
æ
ç

å

+
+-

+
-ö

ö

÷

õ

æ
æ

ç

å

+
-

+
+

+
+=

2
cos2

22
sin2

2

2

2

2

#

      (4.9) 

( )

Npitch
E

ie

yaw
N

E
E

ieroll

hRn

v

hRm

v
v

hRn
h

hRn

v

dwf
j

jw

fddjdjwf

-ö
÷

õ
æ
ç

å

+
+-

+
+

+
+

+
--=

tan
sin

1
sin

2
#

                   (4.10) 

( )

Eroll
E

ie

yaw
E

ieN
N

pitch

hRn

v

hRn

v
v

hRm
h

hRm

v

dwf
j

jw

fjwddf

-ö
÷

õ
æ
ç

å

+
++

ö
÷

õ
æ
ç

å

+
++

+
-

+
=

tan
sin

cos
1

2
#

                    (4.11) 

( ) ( )

Droll
N

pitch
E

ie

E
EE

ieyaw

hRm

v

hRn

v

v
hRn

h
hRn

v

hRn

v

dwffjw

d
j

d
j

dj
j

jwf

-
+

-ö
÷

õ
æ
ç

å

+
+-

+
-

+
+öö

÷

õ
ææ
ç

å

+
+-=

cos

tantan

cos
cos

22
#

             (4.12) 

ῒҬ *f ҹⱴ ⱬ̆ *fdҹⱴ ⱬ ̆ *dwҹ

ȂҹԅḂԍ № ֽ̆ Һ ̆

̂4.7̃~ ̂4.12̃ ̆ ԍץҊẊ ̔1̃

Ạᵞꜚ ⱴ ̕2̃ ᴆ҈ҩ ѿ Ȃ № Ḡ Һ

ӊ ̂Niu et al., 2015ã̔ 

Dyaw

Epitch

Nroll

DpitchNrollED

EyawNrollDE

NyawEpitchDN

fffv

fffv

fffv

dwf

dwf

dwf

dffd

dffd

dffd

-=

-=

-=

++-=

+-=

++-=

#

#

#

#

#

#

                                            (4.13) 

ԋ Ҭ ̆ № Ώ ̆

ҹ̔ 

() () ()ttt wFxx +=#                                                      (4.14) 

ῒҬ ()tx ҹ ̆ ̆ Fҹ ̆

()tw ҹ ꜚ Ȃ ()tx ȁF ()tw №≢ ҹ̔ 

()( )T
yawpitchrollDEN vvvt fffddd=x                                 (4.15) 
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ö
ö
ö
ö
ö
ö
ö
ö

÷

õ

æ
æ
æ
æ
æ
æ
æ
æ

ç

å

-

-

-

=

000000

000000

000000

0000

0000

0000

NE

ND

ED

ff

ff

ff

F                                       (4.16) 

()( )TDENDEN ffft dwdwdwddd ---=w                            (4.17) 

ᵞꜚ Ẋ ᴆҊ ῤFҹ ̆ ҹ

№ ̆ ⌠ s ̔ 

() () () ()ssss wFxxx +=- 0                                               (4.18) 

ῒҬ ()0x ҹ ῤ∆ ̆Ӟ ∆ ץ ∆ Ȃ

ῒ Ώ ()sx ₱ ҹ̔ 

()( ) () ()( )sss wxFIx +-=
-

0
1

                                            (4.19) 

ῒҬ( )1-
-FIs ҹ̔ 

( )

ö
ö
ö
ö
ö
ö
ö
ö

÷

õ

æ
æ
æ
æ
æ
æ
æ
æ

ç

å

-

-

-

=-
-

s

s

s

sfsfs

sfsfs

sfsfs

s NE

ND

ED

100000

010000

001000

0100

0010

0001

22

22

22

1
FI                     (4.20) 

̂4.15ȁ̃̂ 4.17ȁ̃̂ 4.19̃ ̂4.20̃ ⌠ s ̆ s

̔ 

()
() () () () () ()

()
() () () () () ()

()
() () () () () ()

2222

2222

2222

000

000

000

s

sf

s

sf

s

sf

s

f

s

f

s

v
sv

s

sf

s

sf

s

sf

s

f

s

f

s

v
sv

s

sf

s

sf

s

sf

s

f

s

f

s

v
sv

ENNEDpitchNrollED
D

DNNDEyawNrollDE
E

DEEDNyawEpitchDN
N

dwdwdffd
d

dwdwdffd
d

dwdwdffd
d

-+++-=

+-+-+=

-+++-=

         (4.21) 

4. 3. 2 ᴶ  

ԍ ᴰ ̆ ̂4.21̃ Ҭֽᶏ ()sfd ()sɤd ף

ⱴ ת s Ȃҹԅ ѿ № ҍᴰ ӊ ῏

̆ ᴰ ΐᵣ Ȃ ᴆ ̆ ⱴ ת

№≢ ҹ Ẓ ֽ̆ ⱴ ᶛ ת ᶛ

ᴰ ҹ̔ 

() () ()( ) ()ttdiagtt aadaca wsfbbf +++= ,,d                                   (4.22) 
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() () ()ttt gdgcg wbbɤ ++= ,,d                                              (4.23) 

ῒҬ ca,b cg,b №≢ ҹ ⱴ ת ṿ Ẓ ̆

ᴆ҉ ᵬ ҹ ṿ̆ ѿ ᵬ ҬḠ ̆ ()tda,b ()tdg,b ҹ ᴆ

Ẓ ̆ ҹѿ - ̆ ()diag  ₱ ԍ

̆ as ҹⱴ ᶛ ̆ ҹ ̆ ()taw ()tgw №≢

ҹ ⱴ ת Ẓ ȂῒҬ ҹѿ -

Ẓ ѿ ҹ̔ 

() () ()ttdiagt dada

da

da ,,

,

,

1
wb

T
b +

ö
ö

÷

õ

æ
æ

ç

å
-=#                                      (4.24) 

() () ()ttdiagt dgdg

dg

dg ,,

,

,

1
wb

T
b +

ö
ö

÷

õ

æ
æ

ç

å
-=#                                      (4.25) 

ῒҬ da,T dg,T ҹѿ - ῏ ̆ ()tda,w ()tdg,w ҹ

ꜚ Ȃ ̂4.24̃ ̂4.25̃ s Ҭ Ẓ ѿ

- ҹ̔ 

()
() ()

1

,

,,

,

0
-+

+
=

da

dada

da
s

s
s

T

wb
b                                               (4.26) 

()
() ()

1

,

,,

,

0
-+

+
=

dg

dgdg

dg
s

s
s

T

wb
b                                               (4.27) 

ѿ - ∆ṿ
()

1

,

, 0
-+ da

da

s T

b
ȁ 

()
1

,

, 0
-+ da

da

s T

b
ῤҹ ⁞

() ( )tdada

1

,, exp0 --Tb () ( )tdada

1

,, exp0 --Tb ̆ ԍ ῏ da,T dg,T ̆ ֽ

ῤ ̆ ∆ṿ ⁞ ῀⌠ ca,b cg,b

ӊῤȂ ⱴ ꜚ ̆ ҉ץ ᴰ s ῤᴰ ҹ̔ 

()
() ()

()s
s

diag

s

s

s
s a

a

da

daca
w

sf
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wb
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+
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d                                  (4.28) 
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s
s g
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w

T

wb
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+
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d                                           (4.29) 

ᴰ ῀ף ₱ ̂4.21̃ Ҭ ̔ 
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    (4.30) 
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     (4.31) 
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     (4.32) 

ῒҬ ԍ Ҍ ᶭ ᶏ ף ̆ № Ҭ № ῒ Ȃ 

4.1ҹңҩҌ ↓ ̆ Ҭ ԍ ̂4.30̃~ ̂4.32̃

Ҭ ̆ ԍ № Ȃ 

4.1  ∆  

   FSAS MTi -G 

 

ṿ Ẓ cgb ,  0.1 hdeg/  15 hdeg/  

- ꜚ

ⱳ  dgwP
,

 ( ) Hzsh //deg/1.0
2

 ( ) Hzsh //deg/100
2

 

῏  dgT ,  10800 s  600 s  

ⱳ  
gwP  ( )2deg/15.0 h  ( )2deg/3 h  

ⱴ  

ṿ Ẓ cab ,  50 mGal 800 mGal 

- ꜚ

ⱳ  dawP
,

 ( ) HzsmGal //100
2

 ( ) HzsmGal //2000
2

 

῏  daT ,  10800 s  600 s  

ⱳ  
awP  ( )2//03.0 hsm  ( )2//12.0 hsm  

ᶛ  as  300 ppm
 

1000 ppm
 

∆  

 ()0Nvd / ()0Evd  0.008 sm/  0.05 sm/  

/Ḳᴀ  ()0rollf / ()0pitchf  0.01 deg 0.10 deg 

 ()0yawf  0.05 deg 0.15 deg 

⌠ ꜛ ӊ ̆ LOS

⌠ ѿ ꜛ ̔  

() () sr

INSIMU ssf 1v Ö=D d
l

1
                                                 (4.33) 

4.4  ⅎ  

ҹԅ№ ꜛҊ ̆

ץ Ȃ4.3 № ԅ ̆ ᾢ ₮

ᴰ ₱ ̆ ҉ ῀ף ᴰ ₱ ꜛ

Ҋ Ȃ 
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4.4.1 ᴶ ⃰  

4.1 ̆ 4.2 Ȃ ҬҊ

№ ҍ PLL ̆҉ № ԍ ꜛḤ ̆ ╠ץ

ԍ NCO └Ȃ 

dK ()sF

s
()siq

oK
s

1
ä
()seq ()soq

()sfIMUDI MU ()sf sat

d
()sfclock

()sf rec

d

 
4.2   

Ҭ ()siq ()soq ҹ PLL ῀ҍ ₮ ᵝ̆ ()seq ҹ ̆ dK oK №≢ҹ

NCO ̆ ()sF ҹ Ȃ ꜛḤ ≠ ᵀ ᵣꜚ

()sf rec

d ̆≠ ץ ᵝ ᵀ ꜚ ()sf sat

d ץ יּ ⌠

()sfclock ̆ ԍ ᵀ ̆ ()sf rec

d
()sf IMUD Ȃ 

ꜛḤ ֽ ꜛ ()sf IMUD ̆ 4.2Ҭ҉Ҋ

ңҩ Ҭ Ḥ ҹ̔ 

() () () ()( ) ()( ) ()s
s

KsFKsssfss oodoiIMUi qqqq =-+D+
1

                         (4.34) 

ꜛ Ҭ ҹ̔ 

()
()
()

() ()sHsf
ssFKKs

sf
s eIMU

od

IMU
e D-=

+

D
-=

1
q                                  (4.35) 

ῒҬ ()sHe ҹPLL ᴰ ₱ ғ ҹ̔ 

()
()sFKKs

s
sH

od

e
+

=                                                   (4.36) 

ԍԋ ̆ ()sHe ҹ̔ 

()
22

2

2 nn

e
ss

s
sH

wxw++
=                                                 (4.37) 

ῒҬxҹ ()sHe ᴰ ₱ ̆ nwҹ Ȃ 

4.4. 2 PLL  

̂4.35̃ ̆ ᵝ ()seq ҍ ()sf IMUD PLL

ᴰ ₱ ()sHe ῏̆ Ҋ ᾢ№ Ҍ ῀ Ҋ PLL ̆

҉ Ҭ ῀ ()sf
s

IMUD-
1

⌠ Ҭ ᵝ Ȃ
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̆ ꜛ Ҭ̆ ꜚ ᴆҊ ᵝ ̆ №

ᵝ ₮ Ҍ ῀ Ҋ ᵝ Ȃ 

1̃ ᵝ  

̆ ῀ ֟ ̆ ᵝ ̆ ῀

ᵝ ҹ () ()tutfti ÖÖD=q ̆ῒҬ fD ҹ ṿ̆ s Ҭ ῀Ḥ ҹ

()
2

1

s
fsi ÖD=q ̆↕ ̂4.37̃ ₮ Ҭ ᴰ ₱ ᵝ

ҹ̔ 

() ()()
22222

2

2
2

1

2 nnnn

ie
ss

f

s
f

ss

s
ssHes

wxwwxw
qq

++

D
=ÖDÖ

++
==                (4.38) 

ҹԅ ⌠ ᵝ ῏ ̆ ()se2q ⌠ ̔ 

()
( ) ( )

f
tt

t

n

nn

e D
-

--
=

2

2

2

1

1sinexp

xw

xwxw
q                                      (4.39) 

ҹԅ ᵀ ῀ ᵝ ̆ ()te2q ṿ Ȃ

ҹ ⁞ ₱ ̆ ᵝ ҹ ѿҩ ṿ Ȃ

ѿҩ ṿ tҹ̔ 

( )( )
2

22

1

1tan

xw

xx

-

-
=

n

a
t                                                   (4.40) 

ᵝ ҹ̔ 

()
( ) ( )( )( ) ( )( )( )

f
aa

t

n

e D
-

----
=

2

222222

2

1

1tansin1tan1exp

xw

xxxxxx
q          (4.41) 

x ‰ 22 ̔ 

() f
B

ft
Ln

e D=D=
2418.04559.0

2
w

q                                           (4.42) 

2̃ ⱴ ᵝ  

ᵣẠ ⱴ ꜚ ̆ יּ ̆ ᵝ↕ҹԋ ₱ ̆

῀ ᵝ ҹ () ()tutfti ÖÖD= 2

2

1 #q ̆ῒҬ f#Dҹ ̆ s Ҭ ῀Ḥ

ҹ ()
3

1

s
fsi ÖD= #q ̆ ᵝ ҹ̔ 

() ()()
sss

f

s
f

ss

s
ssHes

nnnn

ie 223322

2

3
2

1

2 wxwwxw
qq

++

D
=ÖDÖ

++
==

#
#                (4.43) 

̆ ()se3q ≠ ⌠ ̔ 
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f
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e
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#
D
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æ

ç
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-
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-
D
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2

2

2
2

23

1

1sinh
1coshexp

w

x

xwx
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w
q             (4.44) 

ԋ Ҍ Ẓ ⱴ ꜚ ̆ Ҭ ṿҹ ᵝ

2

n

f

w

#D
Ȃ ()te3q ѿҩ ṿ tҹ̔ 

21 xw

p

-
=

n

t                                                         (4.45) 

ᵝ ҹ̔ 

()
( )( ) () ( ) ()( )

f
iif

t
nn

e
#

#
D

-+--
-

D
=

2

2222

23

sinh1cosh1exp

w

pxxpxxp

w
q            (4.46) 

x ‰ 22 ̔ 

() f
B

ft
Ln

e
## D=D=

223

2934.00432.1

w
q                                            (4.47) 

3̃ ⱴⱴ ᵝ  

ᵣ ꜚ ⱴⱴ ̆ יּ ҹԋ ₱ ̆ ῀ ᵝҹ҈ ₱ ̆

῀ ᵝ ҹ () ()tutfti ÖÖD=
¶¶

3

6

1
q ̆ῒҬ

¶¶

Df ⱴⱴ ̆ s Ҭ

῀Ḥ ҹ ()
4

1

s
fsi ÖD=
¶¶

q ̆ ᵝ ҹ̔ 
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s
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s
ssHes
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--=

(4.49) 

ԍԋ ⱴⱴ ᵝ Ҭ
2

n

t

w
̆ ᶏ ᵝ

̆ Ҭ ⱴⱴ ↕Ҍ ᶏ ԋ ̆ғ ()te4q ӞҌ

ṿȂᵖ ̂4.30̃ ~ ̂4.32̃ ꜛḤ Ҭ ҹⱴⱴ

̆ ₮ԋ ⱴⱴ ᵝ ̆Ḃԍ №

Ȃ 
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4. 4. 3  

4.4.2 Ҭ№ ̆ ҍ ץ ῏̆

Ҭ ‗ ԅ ꞉ ̆ ̆ Ҭ

̆ ̆ᵖ ҹ ꞉ Ȃ ԋ Ҭ nw

̆ ҹ 0.5 ΐ ̂ ̆2012̃̆ ᵖҹԅ

ҍ ̆ ҹ ‰ 22 Ȃ ׆ 4.4.2

№ ̆ᶏ ‰ Ὲ ҹ ̆ҹԅ № ̆ ֒ ̂2016̃

ᶏ ҳ 1Ȃҳ ҹ № ץ̆ ̂4.39̃ ҹᶛ̆ᶏ ҳ

̆ ԍ
( )

t
t

n

n =
-

-

­ 2

2

1 1

1sin
lim

xw

xw

x
̆ ()teq ̆ Ḃ № ̆

₱ ҌῬ Ȃ ҹԅ № ᶏ ҹ 1

№ Ȃ xҹ1 פ̆ ̂4.39̃ȁ̂ 4.44̃ ̂4.49̃ Ҭ fDȁ f#D
¶¶

Df ҹ1 ̔ 

() ( )ttt ne wq -=exp2                                                     (4.50) 

()
( )

( )t
t

t n

n

n

n

e w
w

w

w
q +

-
-= 1

exp1
223

                                         (4.51) 
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n

n

n
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w
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w
q --+

-
= 2

1
2

exp
334

                                  (4.52) 

Ὲ ץ4.35̃̂

Ȃҹԅ № ̆ ֽ ҩ ̆ῒᵩ №

ҍ Ȃ Ẋ ҍ LOS ѿ ̆↕ Ҍ LOSᵝ sr
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Ȃ ҹ̔ 

() () ()

() ()svsH
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sHsf
s

s
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d
l

q

11

1

-=

D-=

                                                (4.53) 
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()
() () () ()

()

()
()

()
()

( )21

,

,,

21

,

,,

2

1

,

,,

22

10001

n

gD

dDg

dDgcDgE
gE

dEg

dEgcEgD

aN
aNN

dNa

dNacNayawEpitchDN
e

s

s
sw

Ts

sw

s

b

s

f
sw

Ts

sw

s

b

s

f

sw
s

sf

Ts

sw

s

b

ss

f

s

f

s

v
s

w

ffd

l
q

+ö
ö

÷

õ

ö
ö

÷

õ

æ
æ

ç

å
+

+
+-

ö
ö

÷

õ

æ
æ

ç

å
+

+
++

æ
æ

ç

å

ö
ö

÷

õ

æ
æ

ç

å
++

+
+++--=

--

-

  (4.54) 

ῒҬ ()0Nvd ȁ ()0pitchDf f ȁ ()0yawEf f ҹ∆ ᵝ ῀ ̆№≢ҹ

ȁ ꞉ ̆ῒ Ȃ

cNab , ȁ aNNsf ȁ cEgDbf , ȁ cDgEbf , ҹᴰ ṿ Ẓ ᶛ ᵝ

῀ ̆№≢ҹ ȁ ȁⱴⱴ ⱴⱴ ꞉ Ȃ҉ץ҂
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̆ ⌠ Ҭ ᵝ ̆ῒᵩ ҹ ῏ ̆ №

ῒ Ȃ ҈ Ҍ ꞉̆ ῒҍ ̂4.50̃~ ̂4.52̃Ҭ

ᵝ ꞉ Ҭ ᵝ ҹ̔ 

()
()

()t
v

t e
N

ve N 2,

0
q

l

d
qd -=                                                 (4.55) 

()
()

()t
f

t e

pitchD

e pitch 3,

0
q

l

f
qf =                                               (4.56) 

()
()

()t
f

t e

yawE

e yaw 3,

0
q

l

f
qf -=                                              (4.57) 

() ()t
b

t e

cNa

be cNa 3

,

, ,
q

l
q -=                                                  (4.58) 

() ()t
sf

t e
aNN

se aN 3, q
l

q -=                                                 (4.59) 

() ()t
bf

t e

cEgD

be cEg 4

,

, ,
q

l
q -=                                               (4.60) 

() ()t
bf

t e

cDgE

be cDg 4

,

, ,
q

l
q =                                                 (4.61) 

ῒҬ ()te2q ȁ ()te3q ()te4q ҹ Ҍ ᵝ ᵝ ῀ ̆Ӟ

̂4.50ȁ̃̂ 4.51̃ ̂4.52̃̆ ()t
Nvedq, ҹ ∆ ()0Nvd ᵝ

̆ ()t
p itchefq, ҹ ∆ ()0pitchf ᵝ ̆ ()t

yawefq, ҹ ∆

()0yawf ᵝ ̆ ()t
cNabe ,,q ҹⱴ ṿ Ẓ cNab ,

ᵝ ̆ ()t
aNse,q ҹⱴ ᶛ aNs ᵝ

̆ ()t
cEgbe ,,q ҹ ṿ Ẓ cEgb , ᵝ ̆ ()t

cDgbe ,,q ҹ ṿ

Ẓ cDgb , ᵝ Ȃ 

()svNd Ҭ ꜚ ԍ Ҍ ̆

₮ῒ ̆ᵖ № Ȃ ֒ ̂2016̃≠

№№ Ҭ ῀֟ ₮ ⱳ Ȃ≠ №

ᵝⱳ ῀ ₮Ḥ ⱳ ҹ̂ ̆1990̃̔  

()( ) ()dvvtE
t

ei ñ=0

22 qq                                                     (4.62) 

ῒҬ eqҹ Ȃ ̂4.54̃ ̆ Ҭⱴ Ẓ

()swaN ԋ ᵝ e2q ̆ Ẓ ()swgE ()swgD ҈ ᵝ

e3q Ȃѿ - Ҭ ῏ da,T dg,T ̆ ԍ ῏ ̆ҹԅ

№ ῒ
1

,

-

daT
1

,

-

dgT ᵌҹ 0̆↕ⱴ Ẓ ѿ -

ꜚ ()sw dNa, ҹ҈ ᵝ e3q ̆ Ẓ ѿ -
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ꜚ ()sw dEg, ()sw dDg, ҹ ᵝ e4q Ȃ ()te2q ȁ ()te3q

()te4q ῀ף ̂4.62̃Ҭ Ҍ ῏ ₮ ⱳ Ȃ 
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ῒҬ 2

,dNaws ҹⱴ Ẓ ꜚ ()sw dNa, ֟ ᵝ ⱳ ̆

dNawP
,
ҹ ()sw dNa, ⱳ ̆

2

aNws ҹⱴ Ẓ ()swaN ֟

ᵝ ⱳ ̆
aNwP ҹ ()swaN ⱳ ̆ 2

,dEgws ҹ қ Ẓ
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ꜚ ()sw dEg, ֟ ᵝ ⱳ ̆
dEgwP

,
ҹ ()sw dEg, ⱳ

̆ 2

gEws ҹ қ Ẓ ()swgE ֟ ᵝ ⱳ ̆
gEwP

ҹ ()swgE ⱳ ̆ 2

,dDgws ҹ Ẓ ꜚ ()sw dDg, ֟

ᵝ ⱳ ̆
dDgwP

,
ҹ ()sw dDg, ⱳ ̆ 2

gDws ҹ

Ẓ ()swgD ֟ ᵝ ⱳ ̆
gDwP ҹ ()swgD ⱳ Ȃ 

4.4.4  ⅎ  

̂4.55̃~ ̂4.61̃ ̂4.66̃~ ̂4.71̃№≢ ₮ԅ≠

῏ ᵝ ̆ 4.1Ҭ ץ ᵣ ꜚ

ⱴ ῒҬ῀ף FSASMTi-G ꜛ Ȃ Ẋ ᵣ

ꜚ̆қ ⱴ №≢ҹ 20
2/ sm 12

2/ sm Ȃ 4.3ҹ FSAS

ᵝ ̆ῒҬ ã b̃ №≢ ҹ 15Hz ⌠ ҩ

῏ ῒ ̆c̃ d̃ №≢ ҹ 3Hz ⌠

῏ ῒ Ȃ ⌠̆

῏ ‰ ̆ ‰ ӊ ‰

⌠Ȃ ãȁb̃ c̃ȁd̃ ̆ ᶏ FSAS ᵝ

ԍ ῏ ᵝ Ȃ ã c̃ Ҭ∆

()0Nvd ∆ ()0yawf ֟ ᵝ Һ ᵬ Ȃ ()0Nvd ()0yawf №

≢ ꞉̆ ֟ ṿҍ

̂ ̂4.39̃̃̆ ꞉ ṿҍ ԋ

̂ ̂4.44̃̃̆ 15Hzγ׆ ⌠3Hz ⱴ̆ғ3Hz

()0yawf ֟ ᵝ ⱴȂ ̂4.40̃ ̂4.45̃ ̆ ⌠

ṿ ҍ ̆ ̆ ̆ ꜚ Ȃ

Ҭֽ ⱴ Ẓ ()swaN ԋ ᵝ̆ ԋ Ὲ

̂4.63̃ ̆ ⱴ̆ ()( )tE i

2

2q ԍ
34

1

nw
̆ ̂4.63̃Ҭ ῏ №

⁞ҹ 0̆ ()swaN ֟ ⱳ ԍ Ȃῒᵩ ҈

ᵝ ᵝ̆ ()( )tE i

2

3q ()( )tE i

2

4q ⱴ ⱴ̆ ⱳ

Ȃb̃ d̃ Ҭ ()swaN ֟ ᵝ ⱳ ԍ ̆ῒᵩ ֟

ᵝ ⱳ ⱴ̆ ⱳ ⱴȂb̃ Ҭ 1 ῤ ()swaN ֟ ⱳ

̆ ᵞ ̆ ԍ ⱴ ̆ d̃ Ҭ ()sw dNa, ֟ ⱳ

ҹ ṿȂ ̆ ̆ ӊ ̆ ⱴ

ת ṿ Ẓ ca,b cg,b ᵀ ṿ̆ ᵞᴰ ṿ Ẓ Ȃ
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ӊ ̆ ∆ ()0Nvd Ӟ ̂Zhang et al., 2017Ȃ̃ 

 
aЄ15Hz Ґ                   bЄ15Hz Ґ  

 
cЄ3Hz Ґ                        dЄ3Hz Ґ  

4.3 FSAS ꜡ ᵣ  

4.4ҹMTi-G ᵝ ̆ῒҬ ã b̃ №≢ ҹ

15Hz ⌠ ῏ ̆c̃ d̃ №≢ ҹ

3Hz ⌠ ῏ Ȃᶏ MTi-G

ᵝ ᶭ Һ №Ȃ ã c̃ Ҭ∆ ()0Nvd

∆ ()0yawf ֟ ᵝ Һ ᵬ ̆ ()0Nvd ᵝ

̆ Ҭ ()0yawf Һ ᵬ Ȃ ῏ Ҭ ()sw dNa, ()swgD Һ ᵬ Ȃ 
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aЄ15Hz Ґ                       bЄ15Hz Ґ  

 
cЄ3Hz Ґ                        dЄ3Hz Ґ  

4.4 MTi - G ꜡ ᵣ  

ԍ Һ ‗ԍ ()0Nvd ()0yawf ̆ ᶏ FSAS̆ ()0Nvd

()0yawf ԍᶏ MTi-Ğ ᵣẠ ꜚ ᶏ FSAS ꜛ ⌠ ᵝ

ԍᶏ MTi-G ꜛ ⌠ ᵝ Ȃ ̆ ()0yawf ῏ ҍ

ᵣқ ⱴ Ef ̆ ᵣ ꜚⱴ ̆ ()t
yawefq, ̆ ᵝ Ȃ 

4.5  ⅎ  

4. 5.1  

ҩ Ḥ ῃ ̆ ≢ IQ№ṿ

NCO └ ̆ ץ ҈ ׃ ᵝ Ḡ ῤ

ᵝ Ȃ Ҭ

⌠ ԍ Ȃ ׅ

ᵝ ̆ ṿ ԍ ̆ ᵀ ṿҌᴪ
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Ȃ ҩ ῃ ᵝ ̆

ᵀ ṿ׆ Ȃ ᶭ

ᵀ ̆ ԍ ⌠ ᵝ

ᵀ ̆ Ȃ ̆

ῤ ᵝ ᶭ Ȃ 

̆ 4.2Ҭ Ҭ

4.5 Ȃ 

dK ()sF

s
()siq

oK
s

1
ä
()seq ()soq

()sfIMUDI MU ()sf sat

d
()sfclock

()sf rec

d

 
4.5  

4.5Ҭ NCOֽ ≠ └̆ Ҭ ⌠

ṿ ()seq ̆ Ҍ ԍ └NCOȂ ῀ ₮ ᵝӊ ῏ ҹ̔ 

() () ()( )
s

sfsss IMUio

1
D+=qq                                              (4.72) 

ᵝ ()sdq ҹ̔ 

() () () ()sf
s

sss IMUoi D-=-=
1

qqdq                                        (4.73) 

()sfopend ҹ̔ 

() ()sfsf IMUopen D-=d                                                   (4.74) 

Ҍ ᵬ ̆ ⌠ ᵝ ᵀ ṿ ̆

ῤ ԍ ᵝ ᵀ LOS ᵝ ̂ᵝ

ԍ ҍ ӊ ̃̆ ꜛ ()sf IMUD ᶭ ̂4.33̃ Ȃ 

4. 5.2 ᵣ  

ץ ҹᶛ№ ᵝ ̆қ

№ ҍ Ȃ Ҍ LOS ᵝ sr

INS1 ̆

̂4.73̃ ̂4.33̃ ᵝ ()sdq ҹ̔ 

() ()sv
s

s Nd
l

dq
11

-=                                                     (4.75) 

ᵀ ̂4.30̃ ῀ף ̂4.75̃Ҭ ᵝ ΐᵣ ̔ 
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å
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æ
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ö
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æ
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ç

å
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+
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--

-

sw
Ts

sw

s

b

s

f
sw

Ts

sw

s

b

s

f

sw
s

sf

Ts

sw

s

b

ss

f

s

f

s

v

s

sv
s

s

gD

dDg

dDgcDgE
gE

dEg

dEgcEgD

aN
aNN

dNa

dNacNayawEpitchDN

N

1

,

,,

21

,

,,

2

1

,

,,

22

100011

11

ffd

l

d
l

dq

  (4.76) 

()sdq Ҭ ῏ ԍ ⌠ Ҭ

ᵝ Ȃ ()sdq Ҭ ῏ ԍ ̆ ≠

№№ ῏ ᵝ ⱳ Ȃ ̂4.76̃Ҭ

ᵝ ҹ̔  

() ()tvt NvN
0

1
d
l

dqd -=                                                   (4.77) 

() ()
2

0
1 2t

ft pitchDpitch
f

l
dqf =                                               (4.78) 

() ()
2

0
1 2t

ft yawEyaw
f

l
dqf -=                                               (4.79) 

()
2

1 2

,,

t
bt cNab cNa l

dq -=                                                   (4.80) 

()
2

1 2t
sft aNNsaN l

dq -=                                                  (4.81) 

()
6

1 3

,,

t
bft cEgDb cEg l

dq -=                                                 (4.82) 

()
6

1 3

,,

t
bft cDgEb cDg l

dq =                                                  (4.83) 

ῒҬ ()t
Nvddq ҹ ∆ ()0Nvd ᵝ ̆ ()t

p itchfdq ҹ ∆

()0pitchf ᵝ ̆ ()t
yawfdq ҹ ∆ ()0yawf ᵝ

̆ ()t
cNab ,

dq ҹⱴ ṿ Ẓ cNab , ᵝ ̆ ()t
aNsdq ҹⱴ

ᶛ aNs ᵝ ̆ ()t
cEgb ,

dq ҹ ṿ

Ẓ cEgb , ᵝ ̆ ()t
cDgb ,

dq ҹ ṿ Ẓ cDgb , ᵝ

Ȃ ԍ ̆ ᵝ ҹ ()sf IMUD №̆

()sf IM UD Ҭ Ҍ ̆ ̂4.77̃~̂ 4.83̃ ᵝ

Ҍ Ȃ 

ԍ ῏ ֟ ᵝ ̆ ᾢץⱴ Ẓ ҹᶛ №

Ȃ ̂4.76̃ ̆ aNw s Ҭ֟ ҹ̔ 



 

81 

() ()sw
s

s aNwaN 2

11

l
dq -=                                                 (4.84) 

ԍⱴ Ẓ ()swaN ̆ ᵝ ῒ s ᴰ ₱

ҹ̔ 

()
22

11

s
sHw

l
-=                                                       (4.85) 

₱ ()sHw2 ₱ ҹ̔ 

() ttwe
l

dq
1

2, -=                                                       (4.86) 

⌠ᴰ ₱ ()sHw2 ӊ ̆ ̂4.62̃ ᵝⱳ

֟ ⱳ ̔ 

()( ) ()
3

1 3

20

2

2,

2

2,

t
dvvtE

t

wewe
l

dqdq ==ñ                                        (4.87) 

ҍ ()swaN № ̆ ()sw dNa, ȁ ()swgE ()swgD ᴰ ₱ ῒ

ҹ̔ 

()
33

11

s
sHw
l
=                                                        (4.88) 

()
2

1 2

3,

t
twe
l

dq =                                                        (4.89) 

ԍ ⱳ ₱ ̆ ץ ̂4.88̃

̂4.89̃Ҭ ԅ Ȃ≠ ̂4.62̃ ᵝⱳ ֟

ⱳ ̔ 

()( ) ()
20

1 5

20

2

3,

2

3,

t
dvvtE

t

wewe
l

dqdq ==ñ                                        (4.90) 

()sw dEg, ()sw dDg, ᴰ ₱ ῒ ҹ̔ 

()
44

11

s
sHw
l
=                                                         (4.91) 

()
6

1 3

4,

t
twe
l

dq =                                                        (4.92) 

≠ ̂4.62̃ ᵝⱳ ֟ ⱳ ҹ̔ 

()( ) ()
252

1 7

20

2

4,

2

4,

t
dvvtE

t

wewe
l

dqdq ==ñ                                        (4.93) 

()( )tE we

2

2,dq ȁ ()( )tE we

2

3,dq ()( )tE we

2

4,dq ()svNd Ҭ ῏ ֟

ᵝ ⱳ ҹ̔ 

()( )tEP weww dNadNa

2

3,

2

,,
dqds º                                                (4.94) 

()( )tEP weww aNaN

2

2,

2 dqds =                                                 (4.95) 
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()( )tEPf wewDw dEgdEg

2

4,

22

,,
dqds º                                             (4.96) 

()( )tEPf wewDw gEgE

2

3,

22 dqds =                                               (4.97) 

()( )tEPf wewEw dDgdDg

2

4,

22

,,
dqds º                                             (4.98) 

()( )tEPf wewEw gDgD

2

3,

22 dqds =                                              (4.99) 

ῒҬ 2

,dNawds ҹⱴ Ẓ ꜚ ()sw dNa, ֟ ᵝ ⱳ ̆

2

aNws ҹⱴ Ẓ ()swaN ֟ ᵝ ⱳ ̆ 2

,dEgws ҹ қ

Ẓ ꜚ ()sw dEg, ֟ ᵝ ⱳ ̆ 2

gEws ҹ қ

Ẓ ()swgE ֟ ᵝ ⱳ ̆ 2

,dDgws ҹ Ẓ ꜚ

()sw dDg, ֟ ᵝ ⱳ ̆ 2

gDws ҹ Ẓ ()swgD ֟

ᵝ ⱳ Ȃ 

4.5.3 ᵣ ⅎ  

̂4.77̃~ ̂4.83̃ ₮ԅ Ҭ ҩ №֟ ᵝ ̆

̂4.94̃~ ̂4.99̃ ₮ԅ ῏ ᵝ ⱳ ̆

4.1Ҭ ץ ᵣ ꜚⱴ ῒҬ῀ף FSASMTi-G ꜛ

ᵝ Ȃ ԍҊ № 5 ῤ ᵝ ̆ Ẋ қ

ⱴ №≢ҹ 4
2/ sm 3

2/ sm ̂Ḡ ῤ Ȃ̃ 4.6ҹ

FSAS ᵝ ̆ῒҬ ã b̃ №≢ 1 ῤ ҩ

῏ ᵝ ῒ ̆c̃ d̃ №≢ 5

ῤ ҩ ῏ ᵝ ῒ Ȃ ԍ

ғ ̆ ᵝ ѿ ⱴȂ Ҭ

ᵝ ԍ ῏ ᵝ ̆ᵖ ԍ ῏

ⱴ ̆ ⱴ ῏ ᵝ

Ҭ ᶛ ⱴȂã Ҭ 1 ῤ̆ ()0Nvd ֟ ᵝ Һ ̆ᵖ c̃ Ҭ 5

ῤ̆ ()0yawf ֟ ҹ ̆ғ ()0pitchf ֟ ᵝ Ӟ Ȃ

҉ ᵣⱴ Ẋ Ҋ̆5 ῤ ᵝ 180̆ FSASҌ ԍ5

҉ץ ᵝ Ȃᵖ ֽ ᵣẠ ꜚ̆Ӟ қ ⱴ

ҹ 0
2/ sm ̆↕ Ҭֽ ()0Nvd ȁ ()0pitchf ȁ cNab , cEgb , ֟ ᵝ ̆ғ

ᵝ ԍ 130̆ ῏ Ҭ dNaw , ȁ aNw ȁ dEgw , gEw ֟ ᵝ ̆ғ ᵝ

‰ ҹ 27 ̆↕ ᵝ ̂1sṿ̃ ԍ 180 ԍ ᵝ Ȃ

῏ Ҭ̆1 Ҭ aNw ֟ ‰ ̆ᵖῒ

̆ 5 dNaw , ֟ ‰ ̆ Һ ᵬ Ȃ 
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aЄ1 Ὺ                        bЄ1 Ὺ  

 
cЄ5 Ὺ                       dЄ5 Ὺ  

4.6 FSAS ꜡ ᵣ  

4.7ҹMTi-G ᵝ ̆ῒҬ ã b̃ №≢ 1

ῤ ҩ ῏ ᵝ ῒ Ȃ ԍᶏ MTi-

G ∆ ̆ ()0Nvd ᵝ ⱴ̆1 ῤҹ 94

̆↕ 2 ῤҹ 188̆ Ҍ ԍ 2 ҉ץ ֽ̆ ԍ 1

̆ Һ ∆ ()0Nvd ֟ Ȃc̃ d̃ №≢ 20 ᵝ

̆ ԍ ᵝ ᵝ ṿ̆ ᵝ ᵝ

ῃ ̆↕ 20 ῤ ᵝ ҹ 7.5m̆ ῏

ᵝ ‰ ҹ 14.7m̆ ᵝ ̂1sṿ̃ ԍ GPS L1Ḥ

0.1ҩᴺ ̆ ԍ  B1Ḥ 0.2ҩᴺ ̆ ‰

ῤȂ MTi-GҌ ԍ ᵝ ̆ᵖ ԍ ᵝ Ȃ 
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aЄ1 Ὺ                       bЄ1 Ὺ  

  
cЄ20 Ὺ                      dЄ20 Ὺ  

4.7 MTi - G ꜡ ᵣ  

4.5.4   

̆ ᵞ ̆ ᵝ ̆

Ȃץ ҹᶛ№ ̆

̂4.74̃ ̂4.33̃ ()sfopend ҹ̔ 

() ()svsf Nopen d
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1
-=                                                   (4.100) 
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svsf

gD

dDg

dDgcDgE
gE

dEg

dEgcEgD

aN
aNN

dNa

dNacNayawEpitchDN
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1

,
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,
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2

1

,
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10001

1

ffd

l

d
l

d

(4.101) 
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()sfopend Ҭ №ҹ ῏ Ҍ

῏ Ȃ Ҭ ҹ̔ 

() ()0
1

, Nvopen vtf
N

d
l

d d -=                                                (4.102) 

() ()tftf pitchDopen pitch
0

1
, f

l
d f =                                            (4.103) 

() ()tftf yawEopen yaw
0

1
, f

l
d f -=                                            (4.104) 

() tbtf cNabopen cNa ,,

1
, l

d -=                                                (4.105) 

() tsftf aNNsopen aN l
d

1
, -=                                               (4.106) 

()
2

1 2

,, ,

t
bftf cEgDbopen cEg l

d -=                                            (4.107) 

()
2

1 2

,, ,

t
bftf cDgEbopen cDg l

d =                                             (4.108) 

ῒҬ ()tf
Nvopendd , ҹ ∆ ()0Nvd ̆ ()tf

p itchopenfd , ҹ ∆

()0pitchf ̆ ()tf
yawopenfd , ҹ ∆ ()0yawf

̆ ()tf
cNabopen ,,d ҹⱴ ṿ Ẓ cNab , ̆

()tf
aNsopen,d ҹⱴ ᶛ aNs ̆

()tf
cEgbopen ,,d ҹ ṿ Ẓ cEgb , ̆ ()tf

cDgbopen ,,d ҹ ṿ Ẓ

cDgb , Ȃ 

῏ ֟ ⱳ ҍ ᵝ

ⱳ Ȃⱴ Ẓ ()swaN s

ᴰ ₱ №≢ҹ̔ 

()
s

sH fw

11
1

l
=                                                       (4.109) 

()
l

d
1

1, =tf wopen                                                       (4.110) 

⌠ ᴰ ₱ ӊ ̆ ̂4.62̃ ᵝⱳ ֟

ⱳ ̔ 

()( ) () tdvvftfE
t

wopenwopen 20

2

1,

2

1,

1

l
dd ==ñ                                      (4.111) 

ԍⱴ Ẓ aNw № ῒ֟ ̆Ӟ aNw ֟

ҹ ̆ ⱳ ⱴӞ׆ ѿ ԅ
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()( )tfE wopen

2

1,d ҹѿ ₱ Ȃ 

ҍ ()swaN № ̆ ()sw dNa, ȁ ()swgE ()swgD ᴰ ₱ ῒ

ҹ̔ 

()
22

11

s
sH fw
l
=                                                       (4.112) 

() ttf wopen
l

d
1

2, =                                                       (4.113) 

≠ ̂4.113̃ ᵝⱳ ֟ ⱳ ̔ 

()( ) ()
3

1 3

20

2

2,

2

2,

t
dvvftfE

t

wopenwopen
l

dd ==ñ                                     (4.114) 

()sw dEg, ()sw dDg, ᴰ ₱ ῒ ҹ̔ 

()
33

11

s
sH fw
l
=                                                       (4.115) 

()
2

1 2

3,

t
tf wopen
l

d =                                                      (4.116) 

≠ ̂4.116̃ ᵝⱳ ֟ ⱳ ҹ̔ 

()( ) ()
20

1 5

20

2

3,

2

3,

t
dvvftfE

t

wopenwopen
l

dd ==ñ                                     (4.117) 

()( )tfE wopen

2

1,d ȁ ()( )tfE wopen

2

2,d ()( )tfE wopen

2

3,d ()svNd Ҭ ῏ ֟

ⱳ ҹ̔ 

()( )tfEPf wopenwwopen dNadNa

2

2,

2

, ,,
dd º                                           (4.118) 

()( )tfEPf wopenwwopen aNaN

2

1,

2

, dd =                                             (4.119) 

()( )tfEPff wopenwDwopen dEgdEg

2

3,

22

, ,,
dd º                                         (4.120) 

()( )tfEPff wopenwDwopen gEgE

2

2,

22

, dd =                                          (4.121) 

()( )tfEPff wopenwEwopen dDgdDg

2

3,

22

, ,,
dd º                                         (4.122) 

()( )tfEPff wopenwEwopen gDgD

2

2,

22

, dd =                                           (4.123) 

ῒҬ 2

, ,dNawopenfd ҹⱴ Ẓ ꜚ ()sw dNa, ֟ ⱳ

̆
2

, aNwopenfd ҹⱴ Ẓ ()swaN ֟ ⱳ ̆

2

, ,dEgwopenfd ҹ қ Ẓ ꜚ ()sw dEg, ֟ ⱳ ̆

2

gEws ҹ қ Ẓ 2

, gEwopenfd ֟ ⱳ ̆ 2

, ,dDgwopenfd ҹ

Ẓ ꜚ ()sw dDg, ֟ ⱳ ̆ 2

, gDwopenfd ҹ

Ẓ ()swgD ֟ ⱳ Ȃ 



 

87 

4.5.5 ⅎ  

̂4.102̃~ ̂4.108̃ ₮ԅ Ҭ ҩ №֟

̆ ̂4.118̃~ ̂4.123̃ ₮ԅ ῏ ⱳ

̆ 4.1Ҭ ץ ᵣ ꜚⱴ ῒҬ῀ף FSASMTi-G ꜛ

̆Ẋ қ ⱴ №≢ҹ4
2/ sm 3

2/ sm Ȃ 4.8a4.8b№

≢ҹ FSASꜛ 20ῤ ῏ ̆ ∆

()0Nvd Ҍ ̆ ()0pitchf ()0yawf ֟

ⱴғҹҺ ̆ ()0yawf ֟ ‗ԍ ᵣқ ⱴ Ef Ȃ ῏

Ҭ dNaw , gEw ֟ Һ ᵬ ̆ gDw ֟ Ӟ ̆ ҈ ⱳ

҈ ⱴ̆ aNw ⱳ ֽ ѿ ⱴ̆ Ҭ Ȃ dEgw ,

dDgw , ֟ ⱴ ̆ᵖ ң ꜚ ⱳ ̆ 20 ῤ

֟ ⱳ Ȃ ֟ ̆20 ῤ

̂1sṿ̃ ԍ 1.1HzȂᶏ 20msIQ№ FFT ҹ¤25Hz̆ ԍ

Ȃ320ms FFT № ҹ 3.125Hz̆ᶏ ҈ FFT

Ӟ ≢ ̆ Ḥ ᵝ ̆20

ῤ ̆ Ḥ ӊ ῀

Ȃ 

  
aЄ20 Ὺ                       bЄ20 Ὺ  

4.8 FSAS ꜡  

4.9a4.9b№≢ҹ MTi-G ꜛ 20ῤ ῏

Ȃ Ҭ ()0pitchf ()0yawf ҹҺ ̆ ()0Nvd ֟ Ҍ

̆ Ҭ Ȃ ԍ MTi-G ᶛ ̆ cNab , ֟

Ӟ ̆ cEgb , ֟ ԍ ԋ ⱴ̆ 20 Ӟ Ȃ

῏ Ҭ dEgw , dDgw , ֟ ⱳ ̆ dNaw , ֟ ⱳ
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ӊ̆҈҉ץ ҹҺ Ȃ ԍ ⱳ ̆ғ

ꜚ ⱳ ̆ ᶏ MTi-G ̆ ֟ ֟

ҹҺ Ȃᶏ MTi-G ꜛ 20ῤ ̂1sṿ̃ ԍ

16Hz̆ ᶏ 20msIQ№ FFT ῤȂ 

  
aЄ20 Ὺ                      bЄ20 Ὺ  

4.9 MTi - G ꜡  

4.6  ꜡ FFT  

4. 6.1  ꜡ FFT  

Ḥ Ҋ̆ ⱴ № ̆ ᵞ ̆ꜚ

ⱬҊ ̆ ᴆҊ ҹꜚ ⱴȂ ꜚ ̆ ⱴ

№ ̆ ᵞ Ӟ ꜚ Ḥ Ȃ ԍ

ԅ ᵣꜚ ᵀ ԍ יּ ꜛ ̆

ꜚ ᵞȂ 

3.1 ₮ԅ≠ FFTᵬҹ ̆ ΐ Ḥ

ⱬғΐ ѿ ꜚ ⱬ̆ᵖ Ḥ ⱬ ҍꜚ ⱬ

Ҭ Ȃ ⱴ ꜚ Ҋ̆ ԍ IQ №ṿҌῬ Ḥ LFMḤ ̆

ᴪ ⱴ̆ Ḥ Ҋ ץ ꜚ Ḥ Ȃ ԍ

FFT Ὶΐ Ḥ ҍᵞꜚ ⱬ̆ Ḥ FFT

Ȃ ᶏ ꜛӊ ̆ꜚ ᴆҊ FFT

ᵬ ‰ ᴆҊ̆ ≠ FFT Ḥ ⱬ ꜚ

Ҋ Ḥ Ȃ 

4.1 Ҭᶏ FFT ף

Ҭ ≢ ⌠ᶏ FFT≢ Ȃ 4.10₮ԅ≠

FFT≢ ꜛ GNSS Ȃ 4.10Ҭ҉ №ҹ≠ FFT

̆ῒ ҍ 3.1 Ȃҍ 3.1Ҍ ⌠
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ҍⱴ ᵀ ṿᴪ ⌠ ҍ LOS ҹ יּ ᵀ

ṿ̆ ҍFFT ѿ ԍ └ NCOȂ 

῏ ῏
№

ꜛ

FFT

NCO

()tiP
()tSIF

()tQP

()tIP

()tqP

()kX

ꜛ

I MU

 
4. 10 ⌐ FFT ꜡ GNSS  

4. 6.2  ꜡ FFT ꜠ Ⱶⅎ  

ԍ ᵣꜚ ᵀ ̆ꜚ ⌠ ꜛ aidf ̆

ҹԅ Ḥ ̆ aidf ᵀ Ȃ ᶏ aidf

ꜛ FFT ̆ FFT ꜛḤ ⱴ ȂẊ ᵣ

ⱴ ꜚ̆↕ IQ№ ҹ ̂3.29̃Ȃ ̂3.29̃Ҭ יּ יּ

ҍ ꜚ ⱴ ֟ ̆ ԍ ⱴ ᵀ

̆ҹԅ Ḃ ҌῬ ꜚ Ȃ ꜚ֟ יּ

ⱴ̆ғ ҹ̔ 

ll

tav
f

LOSrec

d

Ö
+=

0,                                                   (4.124) 

ῒҬ 0,LOSv ҹ ⱴ ꜚӊ╠ ∆ LOS ̆aҹ

ⱴ LOS Ȃ 0,LOSv a№≢ ԍ ̂3.29̃Ҭ ∆ יּ 0f

יּ gȂ ԍ 0,LOSv ֟ ∆ יּ ⱴ ꜚ╠

̆ יּ № ltaÖ ȂFFT ҹ̔ 

T
f range

1
=                                                           (4.125) 

ῒҬTҹ FFT IQ № ̆ ≢ ҹ[ ]TT 21~21- ̆ ԍᶏ N

IQ № FFT ̆NTҹ FFT ̆ ҹ FFTT Ȃ ѿ FFT Ҭ

ⱴ יּ ҹ lFFTTaÖ Ȃ ԍ LFMḤ ᵌҹ ̆

ғ FFT № ҹ ̂3.6̃̆ יּ № l2

FFTTaÖ ҩ ҉Ȃ

ԍ l2

FFTTaÖ ΐ ᵌ ̆FFT ᴪ l2

FFTTaÖ Ҭץ

ѿҩ ᵬҹ ≢ ̆ ≢ ҹ lFFTTaÖ Ȃ Ҋ
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ѿ FFT ̆∆ ҹ҉ѿ FFT ≢ ̆ FFT

Ҭ יּ ҹ lFFTTaÖ Ȃ↕ FFT № lFFTTaÖ

lFFTTaÖ2 ӊ ̆ lFFTTaÖ2 Ҍ ≢ T21 ̆↕ FFT ᶭ

ᵬ̆ ׅ ҹ lFFTTaÖ Ȃ ҹԅᶏ FFT ᵬ̆

ⱴ a Ҋץ ᴆ̂Yan et al., 2017̃̔ 

TT

a

FFT4

1
¢

l
                                                        (4.126) 

ԍ FFTT ‗ ԅ ῤḤ SNR̆ FFT Ḥ Ҋ ‗ԍ FFTT N̆

FFTT N ̆FFT ̆ᵖꜚ ⱬ Ȃ FFTT ̆

ᵞT ⱴ ꜚ a ̆ᵖN ⱴᴪѿ ҉ ᵞ Ȃ

ᶏ № FFTᵬҹ ̆↕ ԍ ̆ ꜚ ⱬᴪ ѿ

Ҋ Ȃ ꜛ ̆ ꜚ aҹ ⱴ ᵀ LOS

̆ ᵀ ꜛ ꜚ ⱬӞ ⱴ ᵀ Ȃ 

ⱴ ꜚ ̆ № ̂4.13̃ ⌠ ᵣ ⱴ ᵀ

v#dȂ ԍѿҩ IMŬ fdҹ ғ ű ᵀ

⌠Ȃ ̆ ⌠ⱴ ᵀ ṿӊ ̆Ӟ ⌠ *f ṿӊ ̆ ̂4.13̃

ⱴ ᵀ ṿ v#d̆ FFT ꜚ ∞

╠ꜚ Ȃ ̂4.13̃ ̂4.126̃ Ҍ FFTT T

ꜛ FFT ꜚ Ȃ 

ҍ ̂4.126̃ ₮ ̆ ҹԅᶏ FFT ᵬ̆ FFTT

ῤ יּ Ҋץ ᴆ̔ 

T

v
f error

error
4

1
¢=

l
                                                   (4.127) 

4.5 ⌠ԅ ץ4.108̃̂ ~4.102̃̂

ⱳ ̂4.118̃~ ̂4.123̃̆ ᶏ FFT ̆FFT FFTT ῤ

ꜛ ҍ ̆ errorf FFTT ῤ

̆ ԍ T41 Ȃ 

̂4.102̃~ ̂4.108̃ ₮ԅ Ҭ ҩ №֟

̆ ̂4.118̃~ ̂4.123̃ ₮ԅ ῏ ֟ ⱳ ̆

4.1Ҭ ῒҬ῀ף FSASMTi-G ꜛ Ҍ FFT FFTT ῤ

Ȃ 4.11ҹҌ қ ⱴ ץ FFTT ῏ ֟

̂1sṿ̃̆ ῒҬ ã ҹᶏ FSAS ̆b̃ ҹᶏ MTi-G Ȃ

׆ 4.11Ҭ ̆ FFTT ץ ᵣⱴ Ef ⱴ̆ ꜛ ⱴ̆

ᶏ ң ֟ Һ ᵬ Ȃ 
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aЄFSAS ꜡                                           bЄMTi- G ꜡ 

4.11 ꜡ FFTT Ὺ ꜡  

̂4.127̃ ꜛ ᾛ ṿ̆ 4.12ҹҌ FFT

T FFT ꜚ ̆ῒҬ ã ᶏ FSAS̆b̃ ᶏ MTi-GȂT

̆FFT ̆ꜚ ⱬ ᵞ̆ᵖ FFTT ѿ ’Ҋ Ȃᶏ

FSAS̔ Tҹ 40ms̆ FFT ᶏ 1 FFTT қ

ⱴ ҹ 10002/ sm ꜚ ̕ Tҹ 80ms̆ ã Ҭ ҉ 80ms

FFTT Ef ₮ FFT ̕ Tҹ 160ms̆ã Ҭ ҉ 160ms

80ms FFTT Ef ₮FFT Ȃᶏ MTi-G ̔ Tҹ20ms

̆b̃ Ҭ ҉ 20ms FFTT Ef ₮ FFT ̕ Tҹ

40ms̆ b̃ Ҭ ҉ 40ms20ms FFTT Ef ₮FFT

Ȃ 

  
     aЄ FSAS ꜡                                 bЄMTi- G ꜡ 

4.12 ꜡ FFT ꜠  

4. 7  

 ≠ ꜛ ꜚ ץ ҊḤ ̆ ᾢ
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₮ԅ ץ ꜛḤ ̆ ԅ ꜛ Һ

ԍ ᵀ ᵣ ̕ῒ ԍ № ̆

⌠ԅ s ̆ Ҭ ᴰ ⌠ԅ

Ȃ 

҉№ ԅ ᵝ

Ȃ ԍ ҹ ̆

ᵝ ҍ ῏̆ ⌠

̆ ᵝ Ȃ ᵝ ҍ ῏̆ғ

ҍ ῏Ȃԋ № ̆ ꜚ ᴆ

Ҋ̂ ⱴ ҹ 2g̃̆ ᵞ ῀ ᵝ Һ

֟ ̆ ᴰ Ҭ ֟ ᵝ Ȃ

15Hz3Hz ̆ ῀ ᵝ №≢ ҹ 0.25 2

̕ᵞ ῀ ᵝ №≢ ҹ1.5 10Ȃ 

№ ԅ Ȃ ᵝ

ֽ ̂5sץῤ̃̆ ᴺ ̂20s̃҉ץ

Ȃ ̂20s̃ Ȃ ᴰ Ҭ

֟ ̆ Ҍ Ȃ 

FFT ꜚ ⱬץ ҉№ ԅ ꜛ FFT

ꜚ ⱬȂ№ ≠ ꜛ FFT 20dB-Hz Ḥ ȁ

100gꜚ Ḥ ̆ғ FFT № FFT ꜚ

Ḥ Ҭ Ȃ 
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5 ғᴮ  

5.1   

3 № ԅ ꜛ Ḥ ⱬץ ̆ 4

ԅ Ȃ GNSSᴆ ̆ ԍ 3 4

ᴆ ᴨ Ȃ 

5.2 ₮ GNSSᴆ ῒ ᵬ ׃5.3̕ GNSS

Ҭ GPS Ḥ ҍ ҉ Ҍ ץ ̕

5.4 GNSS Ḥ ᴨ ׃5.5̕ ῀ ꜛ

ᴨ ̕5.6ҹ ῤ Ȃ 

5.2   

5.2.1 ᴌ  

ᴆ ≠ ᵀ Ḥ Ҭ יּ ԍ Ḥ

ꜛ̆ ᴆ GNSS №ȁ ץ№ יּ №̆

ῒ 5.1 ȂGNSS № Ḥ PVT ̆ῒ

Ḥ Ҭ Ȃ Ḥ №Һ FFT ̂Psiaki, 2001; 

OĽDriscoll et al., 2008̃ ҩ Ḥ Ȃ Һ ᴺ ȁ

ȁ ῏ ȁ ṿ ̆ Ḥ ұ

ҍ └ ȂPVT №Һ ȁ ᵝ ץ ≠

ԋӗ PVT Ȃ ₮ ₮

ץ ṿ ṿ̆ ң №≢ ₮⌠ ῏ ֜

̂Receiver Independent Exchange Format, RINEX̃ ᴆ ṿ ᴆҬ

̆ ֜ PVT PVT Ȃ 

ԍ GPSḤ ̆ FFT ᶏ ᴰ ᵝ ̕ ԍ Ḥ ̆ᶏ

FFT ᵝ ̂Yang et al., 2001aȂ̃ ᶏ ұ ̆↕ңḤ

Ȃѿҩ ѿ ѿҩḤ ̆ ѿ GPS

L1 C/AḤ ѿ B1Ḥ Ȃ ԍ GPS L1 C/A

B1Ḥ ᴺ ̆ ᴺ NCO └ᴺ Ȃ ≠ IQ

№ṿ Ȃ Ḥ ̆ ӊ ̆ GPSḤ

̆ Ḥ ֜ BCH ̕ Ḥ ̆

Ҍ Ȃ ṿ ᴺ

ᵝ ṿ̆ Ḥ ᶏ ׆ ᵝ ṿ̆

Ḥ ᶏ ̆ ᵝ ṿȂ

└ ∞ ̆ ⌠ Ḥ Ȃ 
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№ Ҭ / ₮ ṿ̆ ≠ PVT

⌠ ᵝ ∆ Ȃ ∆ ӊ ⌠

ṿ ԍ Ȃ GNSS ԍ

Ȃ 

∆ ӊ ⌠ ₮ ᵝ ᵀ ṿ̆

יּ ᵝ ȁ ᵝ ץ ҩ

יּ ԍ ꜛȂ 

PVTn

ұ

῏ ( №)
ᵝ

ԋӗ

ṿ

RI NEX
ᴆ

ŀ

Ҭ /

FFT

יּ

ṿ

GPS L1 C/ A
BDS B1{

GPS L1/ CA,

BDS B1, ֜ , BCH
{

 
5.1 ᴌ  

ҹԅ Ҍ ȁ ѿ Ҍ Ḥ ץ ѿ ѿ

Ҍ └ Ḥ ѿ ᵬ̆ ᴆ ᶏ └

Ҭ ѿ ̆ ҩ Ҭ Ȃ ̆ ץ

Ӟ └̆ № ≠ ѿ ᵬ Ҍ

Ḥ Ȃ 

5.2.2 ᴌ ᵲ  

ᵬ ң Ҋ̆ ꜛ GNSS

ꜛ GNSS Ȃң ᵬ Ҋ ᵬ └

Ҍ ̆ 5.2ҹ GNSS ᵬ Ȃ ᴆ ᾢ ᴆҬ

Ҭ ̆ Ҭ ↕ ₮̆ ∆ ↕ ̆ ↕

FFT Ḥ ∆ Ȃ Ҭ ̆ ⌠
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Cnt1ⱴ 1̆ Cnt1 T2 ᵝȂ ⌠

Cnt1̆ ∞ CN0 T1̂CN0ᵬҹ ᵝ ∞

ᴺ ̃̆ ↕ ṿ ᵝ ̆ ↕

Ḥ Ȃ 

₮

∆

ᵝ

∆

CNo>T1

Cnt 1+1

Cnt 1

Cnt 1>T2

ᵝFFT

 
5.2 GNSS Ґ ᵲ  

5.3ҹ GNSS ᵬ ̆ №ҹ ᵬ

̂ № ̆ 5.2̆̃ №ҹ ᵬ Ȃ ⌠

ṿӊ PVT ԍ ∆ ̆ ∆ ӊ

ꜛḤ ԍ ꜛȂ Ḥ ᵬ Ҍ ̆ ԍ

T3 ҹ Ḥ ≠ ̕ ↕̆ ԍ T4 ҹ Ḥ ≠

FFT ̕ ԍ T4 ꜛḤ ↕ ̆ ↕

ᵬ ꜛ ̂ 5.2 GNSS ҹ ꜛ̆ҍ

∆ ᵬ ̃̆ Ҭ Ȃ 
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₮

CNo>T3

CNo>T4

ꜛ∆

PVT∆

ꜛḤ

∆

 
5.3 GNSS Ґ ᵲ  

5.3 Ḫ  

5.2.1Ҭ׃ ԅ GNSSᴆ ̆GPSḤ №ᵬҹ

ҌῬ ׃ ̆ ԍ GPS L1Ḥ B1Ḥ ᵌ̆ Ӟ

Ṣ GPS ̆ Ҋ ׃ֽ ҬҍGPSҌ Ȃ ԍ

NH ⱴ῀̆ Ḥ GPSḤ Ҍ Ȃΐᵣ ̆GPS

1 ҹ 20ms̆ 20msῤ Ḡ Ҍ ̕ D1 Ḥ

Ҭ 1 ҹ 20ms̆p NH └̆20msῤ ̆

D2 Ḥ Ҭ1 ҹ2ms̆ Ȃ Ḥ

̆ ԍ GPSḤ FFT Ҍ ԍ Ḥ Ȃ

ԍNH ̆ Ӟ ᵬȂ 

5.3.1  ꜘ NH Ḫ  

≠ FFT ᵝ ̆ᶏ ▫ Ҭ Ḥ ↓ҍ

ᴺ ↓≠ FFT ῏ Ȃ ԍ ̆Ҭ Ḥ ↓Ҭ

̆ ⌠ ῏ Ȃ ԍ ҹ 20ms GPS

Ḥ ̆ 1ms ̆↕ ᵞ ≠ 1msҬ

Ȃ ѿ Ạ ң Ҭ ̆ Ḥ ᶏ ң 1msҬ ̆

Ḥ ᶏ ң 10msҬ Ạ FFT ̂Psiaki, 2001̃̆ ԍң

Ҭ Ҭ ѿ Ҍ ̆ ᴋᵥѿ Ҭ Ḥ

Ȃ ԍ D2 ̆ῒ ҹ 2ms̆ 1ms№ FFT

҉ GPSḤ ̆ ң 1msҬ FFT

Ȃ ̆ ԍⱴ῀ԅ NH └ D1 ̆ѿҩ NH ҹ 1ms̆
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ѿҩᴺ Ӟ ҹ 1ms̆ ң 1msҬ ̆

҉ ԍGPSḤ ԍ └ NH Ḥ Ȃ 

ԍ 1ms ̆ ѿ 2msҬ ̆↕ 2msҬ Ҭ ѿ

ҩ 1msN ↓̆ FFT ̆ῒ 5.4

Ȃ 2msҬ Ҭ ѿҩ 1msN ↓̆╠ ңҩ

̆Ҭ ᵝ ̆ Ҭ ҈ Ȃ 1msN

ҹ 2ms̆∆ ᵝҹ ̆ № ҈ Ȃ ᵝ ῏

Ҭ̆ ᴺ ᵝ ҈ ̆ ᴺ ᵝ Ҭ ᵝ ̆

ԍ ᴺ ҹ 1ms̆ῒᵩ №ҹ 0̆ ῏ Ҭ 5.4Ҭ ῏ ף

1ms ῏̆ ⌠ 1ms ῏ Ȃ FFT Ҭ̆

Ҍ ᶏ 2ms ῏̆↕ ᴺ ᵝҍҬ

5.4Ҭ № ̆ Ҭ № ῏ ⌠ ῏ṿ̆ ң № ԍ

֟ ῏ṿ̆ ԑ ⌠ ῏ Ȃ 

Ҭ

ᴺ

2 ms

῏

Ҭ

ᴺ

2 ms

 
5.4 FFT ᵣ  

FFT 5.5 Ȃῒΐᵣ ҹ̔ 

1. ῀ 2ms Ҭ IFS ̆ ҍҬ ӗ ▫

⌠ i qḤ ̆ i q Ḥ FFT Ȃ 

2. 1msN ᾟ 1ms 0 ῒ ҹ 2ms ̆

ᴺ ↓ Ҭ ҉ ̆҉ FFT ῍ Ȃ 

3. 1 2Ҭ ⌠ Ḥ ӗ Ạ FFT ⌠ 2msҬ 2ms

ᴺ ↓ ῏ṿȂ ╠ 1ms Ҭ ῏ ̆ ₮ ῏ ̆↕ ⱳ̆

῏ ҉ ᵝ ҹ ᵝ ṿȂ ῏ ̆↕ יּ

▫ ̆ 1 3 ⌠ Ȃ 
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FFT

NCO

2msҬ Ḥ

IFS

ᵩ

ᴺ

FFT

῍

FFT ṿ

i

q

 
5.5 FFT  

Ḥ ̆1ms № ⌠Ḥ ̆ NH Ḥ

ᵬҹ 20ms ᴺ ̆↕ D1Ḥ ᴺ 20ms̆ 20ms

̆ ҉ 1ms № FFT Ҭ 2msҬ

40msҬ ̆ ᴺ ׆ 1ms NH 20ms

20ms №Ȃ D2Ḥ 2ms №̆↕ 4msҬ

FFT Ȃ 

5.3.2  ꜘ NH Ḫ  

ԋ Ҭ ׃ ≠ ᵝ ԅ ̆

ԍGPS L1 C/AḤ ̆ ҹ20 ms̆ № ҹ1 ms̆ 20 ms

Ҭ ѿ Ҍ Ȃᵖ ԍⱴ῀ԅNH B1Ḥ ̆

↕ ӊ ̆ ᵬ̂Ҥ

2015Ȃ̃ⱴ῀NH̆ ב ӊ IQ№ ̂2.12̃Ώҹ̔ 

() ()()
( )

() ()()
( )

öö
÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
+=

öö
÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
+=

dfpd
pd

pd

dfpd
pd

pd

2
2sin

sin

2
2cos

sin

1111

1111

T
tf

Tf

Tf
tNtdPtQ

T
tf

Tf

Tf
tNtdPtI

d

d

d
RP

d

d

d
RP

                       (5.1) 

ῒҬ̆ ()1tN ҹ № ┴ 1t NH ̆ RP
( )

Tf

Tf

d

d

pd

pdsin
Ώҹăҍ

̂2.13̃ ᵌ̆ ̂5.1̃Ώ ̔ 

() () () ()() ö
ö

÷

õ

æ
æ

ç

å
öö
÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
+=+= dfpd

2
2exp 111111

T
tfjtNtadtjQtItr dPPP                   (5.2) 

ԍ dfd ̆ Pr ᴪ Ҭ ̆ ҍ dfd Ȃ

ᵝ ᵝ dfd ̆ ᵝ Pr

ң ᾝ ᵝ ץ ⌠Ȃҹԅ Pr ᾝ ᵝ ̆

()1trP ҍ ()0trP ῍ ӗ ̔ 
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()() ()()

()()

()()()() ( )( )

()()()() ( ) ( )( )TfjTftNtNtdtda

ttfjtNtNtdtda

T
tfjtNtad

T
tfjtNtadtrtr

dd

d

d

dPP

pdpd

pd

dfpd

dfpd

2sin2cos

2exp

2
2exp

2
2exp

1010

2

011010

2

000

1110

*

1

+=

-=

ö
ö

÷

õ

æ
æ

ç

å
öö
÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
+-

ö
ö

÷

õ

æ
æ

ç

å
öö
÷

õ
ææ
ç

å
+ö
÷

õ
æ
ç

å
+=

                  (5.3) 

ῒҬ ┴ 01 tt - ҹ № TȂ ѿ ̆ ()1trP ()0trP ῍ ӗӞ Ώ

῏ԍ PI PQ ̔ 

()() () ()( ) () ()( )

()() () () () () ()()( )10101010

00110

*

1

tItQtQtIjtQtQtItI

tjQtItjQtItrtr

PPPPPPPP

PPPPPP

-++=

-+=
              (5.4) 

ҍ ̂2.18̃ ӈ cross dot̆ ҉ ң dotҹ

()()0
*

1 trtr PP ȁcrossҹ ()()0
*

1 trtr PP ̆ №≢ ҹ̔ 

()() () ()

()()()() ( )TftNtNtdtda

tQtQtItIdot

d

PPPP

pd2cos1010

2

1010

=

+=
                                      (5.5) 

() () ()()

()()()() ( )TftNtNtdtda

tItQtQtIcross

d

PPPP

pd2sin1010

2

1010

=

-=
                                    (5.6) 

2.2 ̆ cross dot ≢Ȃ ℗

ҹ ( )dotcrossaTfd ,2tan2 =pd ̆ῒ ṿ pp~- ӊ Ȃ dot cross

ҹ ̆ ⌠ ṿᴪ 180 ׆̆

₮ dfd ᴪ T21 Hz Ȃ GPSḤ Ҭ̆ ԍ 20ms ҬҌ

̆ ҹ 021 ̆ ⱴ NH D1 Ҭ

̆ Ḥ Ҭ ᶏ Ȃ 

ԋ ℗ ( )dotcrossaTfd tan2 =pd ᶏ dot cross ṿ ̆

()()()()1010 tNtNtdtd dot cross Ҍᴪ

̆ ԋ Ҍ IQ №Ҭ Ȃᵖῒ ṿ

2~2 pp- ӊ ̆ Ȃ 

Pr Ҭ ץ5.6

Ȃ ԍ dfd ̆ Tῤ ()0trP ⌠ ()1trP ̆

ᵝ ҹ Tfdpd2 ̆ῒҬ ()0trP ҹ ()()00 tNtd ̆ ()1trP ҹ ()()11 tNtd Ȃ

()()00 tNtd ()()11 tNtd ̆ ()1trP ҹ Ҭ Ȃ ()()00 tNtd

()()11 tNtd Ҍ ̆ ()1trP ҹ Ҭ ̆ ҹ Tfdpd2

ᵝ 180 ̆ ≢

̆ғ ҹ Tfdpdp 2- Ȃ 
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)( 0tpr

)( 1tpr

Tfdpd2

pQ

pI
0

Tfdpdp 2-

 
5.6 ᵣ  

ӊ ԍ └ NCO׆

̆Ӟ Ҭ dfd ҹ 0̆ Ҭ Pr Ả Ȃ Ḥ Ҭ └ NH

̆ ԍ ӊ ̆ Pr ᴪ 180 Ȃ

dfd ҹ T21  Hz̆↕ Pr ᴪ dfd ֟ 180 Ȃ T21

ⱴ ѿ Ҭ Pr ҹ ̆ ₮ҹ ̆

ҹ ԅ ̆ ԅ ҉̆ғ ᵝ

Ȃ ԍ ̆ ׆ I ₮ ()()tNtd ĔĔ Ӟᴪ Ȃ

פ ҹ ()()tNtd ̆↕ ̔ 

()()( )()()( ) ()()( )()()( )11000011
ĔĔĔĔ tNtdtNtdtNtdtNtd -=                                (5.7) 

Ӟ ӊ ̆ ₮ ̕

ӊ ̆ ₮ Ҍ Ȃ └

NH Ḥ ᶏ ԋ ̆ғ ₮ T21

Ȃ 5.7ҹ Ẓ ̆ I №ṿ ₮ NH

̆Q №ṿҹ Ȃ 5.8ҹ 500Hz ̆

I №ṿ ⌠ NH ̆ῒ ₮ 1ms ̂5.7̃Ȃ ̆

ԍ Ẓ ̆IQ№ ṿ ⁞̂ 2.7 ⁞̃̆

I №ṿ ԍ I №ṿȂ 
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5.7                                5.8  

5.4 Ḫ ᴮ  

5.4.1  ⅎ FFT SFFT ᴮ  

ᵞꜚ Ҋ≠ FFT № ׆ ̆

Ҭ̆ ₃ҩ ≠ FFT Ὲ ̂3.5̃

Ҍ ᶏ FFT Nҩ ῃ ₮ Ȃ ‰

Ҋ̆ № M 3̆ ̂3.5̃ FFT ҹ̔ 

ä

ä

ä

=

=

=

-
=

--
=

=

N

i

N

i

N

i

N

ij
ixNX

N

ij
ixX

ixX

1

1

1

)1(2
exp)()(

)1(2
exp)()2(

)()1(

p

p
                                             (5.8) 

ῒҬ )1(X ҹ FFT ̆ )2(X )(NX №≢ҹҍ

FFT Ȃ ԍ )2(X )(NX )(ix ̂Ӟ IQ№ṿ̃ Ῥѿ ▫

̆ғ )2(X )(NX ῍ ̆ Ҭ ᶏ ᵌԍҬ Ḥ

▫ ̆≠ ᵩ Ḥ ҍ )(ix № ⌠ FFT

ṿȂ ⌠ )1(X ȁ )2(X )(NX ӊ )1(X ҈ Ҭ ҹ 1A ̆ ׆ )2(X

)(NX Ҭ ₮ ҹ 2A Ȃ )(ix ҹ IQ ̆↕ ≠ ̂3.13̃

̕ )(ix ҹIQ̆↕ ҹ ̂3.13̃ ԋṐȂ 

№ FFT 5.9 ̂Ҥ 2013Ȃ̃IQ̆ ב №ṿ ≠

ᶏ ꜛ ▫ Ȃ ᵩ ԍ

N

ij )1(2
exp

--p

N

ij )1(2
exp

-p
̆≠ ӗ ▫ ӊ №̆ ⌠

)1(X ȁ )2(X )(NX ȂῒҬ ԍ )(NX ₮ ӗ1-ץ ῍ ᵬȂ 
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/

ꜛ

/

ꜛ

ᵩφ

ṿṿ

ӗ

ӗ
№

№

№

- 1

PI

PQ

()2X

()1X

()NX

( )
N

ij 12
exp

--p

( )
N

ij 12
exp

-p

 
5.9 ⅎ FFT  

№ FFT ̆ ҉Ҋ FFT

№ ‗ Ȃ NCO ҍ ᵌ̆ᵖ ԍ NCO

Ҭ ҹᴋ ṿ̆ ᵩ Ḥ Ȃ

ԍҬ Ḥ ▫ ᶏ ԅ NCO ᵩ Ҭ Ḥ ̆

Ῥѿ ≠ NCO ᵩ └ IQḤ ̆ ᶏ ԅң

NCO Ḥ ̆ NCO Ȃ ╠⁞

Ҭ ╠ №ṿ №ṿ ѿ NCOҬ ҈ҩ ҍҬ

Ḥ № ⌠̆ ѿ NCO ҍҬ ̆ ̆

̕ ԋ NCO Ҭ Ḥ №ṿ ̆ ᵞ̆ ̆

Ҭ NCO Ȃ 

5.4.2  Ḫ  

ԍ ȁ Ҍ ꜚ ̆ ₮ Ḥ Ȃ ̆

ԍ ̆ ꜚᴪ Ҍ Ȃ Ḥ ᴆ

Ҋ ⱴ ̆ Ḥ ֟ ⁞ Ḥ

₮ ̆ Ḥ ̆ ⌠

Ȃ ∞ ̆Ӟ

ᵞԍ ѿ ṿ ∞ ҹ Ḥ ̆ ῀ Ȃ

Ḥ ѿҩ ⱳ ̆ ∞

̆ ╠ ȁ ῏ṿҍᴺ ῏

∞ Ȃ Ҭ ԍ ₮ Ḥ ᵀ ṿ̆

ᵀ ѿ Ȃ ̆

ѿ Ȃ 

Ҋ ׃ ⱳ ᵀ ̆ Ҍ ҉
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ⱳ ᵀ ̂Parkinson et al., 1996̃̆ № ҹT ⌠ №ṿ ()nI P

()nQP ̆↕ ҹ T1 ⱳ ()kWBP ҹ̔ 

() () ()( )ä
+

+=

+=
MkM

kMn

PP nQnIkWBP
1

22                                               (5.9) 

M ҩ ()nI P ()nQP №̆ № ҹMT №IQṿ̔ 

() ()ä
+

+=

=
MkM

kMn

PPM nIkI
1

                                                    (5.10) 

() ()ä
+

+=

=
MkM

kMn

PPM nQkQ
1

                                                    (5.11) 

↕ ҹ MT1 ⱳ ()kNBP ҹ̔ 

() () ()kQkIkNBP PMPM

22 +=                                                (5.12) 

ԍ ⱳ ҹMT №̆ ᶏ

ᵝ Ȃ ()kWBP ()kNBP Ḥ ⱴ ⱳ ̆ᵖ≠ ⱳ ѿ

ⱳ ⌠ ѿ ⱳ ҍ ̆ ԍ Ȃ ѿ

ⱳ ҹ̔ 

()
()
()kWBP

kNBP
kNP =                                                       (5.13) 

Ḥ ̆ ()kNP ̆ҹԅ ѿ ᵞ ()kNP ̆

Kҩ ()kNP ҹ̔ 

()ä
=

=
K

k

kNP
K

NP
1

1
m                                                     (5.14) 

⌠ ᵀ ṿҹ̔ 

öö
÷

õ
ææ
ç

å

-

-
=

NPM

NP

T
CN

m

m 11
lg100                                                (5.15) 

ꜛḤ ̆ ᶏ SFFT Ȃ ̂3.4̃ ̆

SFFT ̆ יּ ᵩᴪ ҹ ңṐȂ ᶏ 20ms

№ ̆FFT SFFT ≢ ҹ ]25~25[ HzHz- Ȃ IQ №Ҭ ¤

25Hz יּ ᵩ̂ῒᵩ 25Hz Ṑ יּ ᵩᶏ IQ №ҹ

̃̆ ≠ FFT ̆ ≠ SFFT ̆ יּ ᵩҹ 50Hz̆

ҹ 0̆ NCO Ҍ ̆ Ȃᶏ

’Ȃ 

ԍ¤25Hz יּ ᵩ ̆IQ №ṿ ⁞̆ Ḥ Ҋ

̆ ᵀ ṿҊ ̆ 5.10ҹ Ḥ Ҭ ₮̆ Ҭ╠

№ ῤ NPm ҹ 1̆ ̆ № ῤ NPm ҹ0.4̆

₮ṿׅ ̆ № Ḥ ̆ ᶏ ῒז
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Ȃ 

יּ יּ ṿ k ̂ ꜛ ᶭ ̃̆

ԍGPS L1Ḥ kṿҹ1/1540̆ ԍ B1Ḥ kṿҹ1/763̆≠ ṿ

̆ ⌠ ҍ ṿRatioҹ 1Ȃ≠ ҉ ׃

̆ ̆

ҌῬѿ ̆ RatioṿҌῬҹ 1Ȃ 5.11ҹ 5.10

Ratioṿ̆ NPm ҹ 1 ̆Ratio ṿҹ 1̆ ̕

NPm ҹ 0.4̆ Ratio ṿҌῬҹ 1̆ ῒṿ ‗ԍḤ יּ ̆

Ȃ NPm Ratioңҩ ∞

Ȃ ̆ ̆ NCO 25Hz

Ȃ 

 
            5.10                  5.11 ғ ẅ 

ꜛ Ҭ̆ ꜛ ҍ └ ̆

ԍ∞ Ȃ ̆ └

ꜛ ѿ ̆ ̆ └ ꜛ Ẓ Ȃ

̆ Ḥ ץ ̆ Ẓ ̆I №

₮ Ȃ 

̂2.25̃ ̆ᴺ ҍḤ ῏̆ ҹԅḠ ᵝ ̆

ᵝ ֽᶏ ᴺ ṿ̆ ᵞԍ ѿ 10CN

ᴺ ṿҌ ԍ ᵝ ̆ ᵞԍ ѿ 20CN ∞ ҹḤ Ȃ

ῒҬ 20CN ԍ 10CN ̆ңҩ ṿ Ḥ ȁᴺ ṿ

ץ ṿ Ȃ 

5.4.3  ᵣ  

ҹԅ ᴺ ṿ ̆ ᵝ Ȃ №

ҹ 1ms̆ Ḥ Ҭ ᵝ ӊ I ₮ ҹ
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Ȃ ԍ GPSḤ ̆ ҹ 20ms̆ 20ms ῤ

Ҍ ̕ ԍ B1Ḥ D1 ̆ ҹ 20ms̆└ NH ȂGPSḤ

ᵝ Ӟ ⌠ ᵝ ̆ ԍ ̆20ms ῤ

Ӟ ̆ Ҍ ѿ ∞ ῒҹᵝ

Ȃ ҹ ᵝ ̂Parkinson et al., 1996̃̆

ᵝ ׆ ∞ ᵝ Ȃᵖ Ḥ Ҭ 1ms IQ № ̆

̆ ᶏ Ӟ ᵝ Ȃғ Ḥ

ᴆҊ Ḥ № IQң ҉̆IQ ᴪ ҹ ᵝ

Ȃ IQ ↕ ԍ ̆ ҍ Ҍ

ᵝ ᵝ ᵌ̂Dafesh, 2006̃̆ ҹ̔

20ms20ҩҌ ᵝᵬҹᵝ №≢ № ⱴ̆

⌠ 20ҩ №ṿȂ ԍ 20ҩ ᵝҬֽ ѿҩ ᵝ ̆

ᵝ ӊ №ṿ ̆ ↕ᴪ ҹ Ȃ

№ṿ ᵝ ̆ῒᵩ 19ҩ № ᵝ

̆ῒҬ ⱴ № ѿ ȂGPSḤ Ḥ D1

№ №≢ ҹ̔ 

( ) () ()

( ) () ( )( ) () ( )( )
2

1

2

1

2

1

2

1

20%120%1,

,

ö
ö

÷

õ

æ
æ

ç

å
--+ö

ö

÷

õ

æ
æ

ç

å
--=

ö
ö

÷

õ

æ
æ

ç

å
+ö

ö

÷

õ

æ
æ

ç

å
=

ää

ää

++

++=

++

++=

++

++=

++

++=

pnNHnQpnNHnIpkP

nQnIpkP

pMkM

pkMn

P

pMkM

pkMn

Pcoh

pMkM

pkMn

P

pMkM

pkMn

Pcoh

     (5.16) 

ῒҬM ҹ № ̆ ԍ 20ms ̆M ҹ 20̆ pף 20ҩҌ

ᵝ ᵝ̆ ṿ ҹ 0~19Ȃ ԍ NH D1 ̆ №

▫ NH ̆ῒҬ% ᵩȂ Kҩ № ̔ 

() ( )ä
=

=
K

k

cohnon pkPpP
1

,                                                    (5.17) 

nonP ṿ p ҹᵝ Ȃ 5.12ҹ GPSḤ Ҍ ᵝ

№ṿ̆Ӟ Ҍ p nonP Ȃ Ḥ ҹ 20dB-Hz̆ № 20ms̆

ᶏ 300 ⱴ̆ῒҬ ᵝҹ 17 ̆ ᵝҹ 7

Ȃ 5.13ҹ GPSḤ Ҍ ᵝ ̆ Ӟ Ҍ

()pPnon ṿ p Ȃ ῍ 127̆ῒҬ pҹ 17

ҹ126̆pҹ16 ҹ 1̆ ῒ pҹ17̆ Ҭ ᵝ

ҹ99.21%Ȃ 
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5.12 GPSḪ Ғ ᵣ ⅎ                5.13 GPSḪ Ғ ᵣ  

5.14ҹ Ḥ Ҍ ᵝ №ṿ̆ Ḥ ҹ 20dB-Hz̆

№ ҹ 20ms̆ ⱴ ҹ 300̆ῒҬ ᵝҹ 19

ȂNH ῏ ṿ ṿ№≢ҹ 20̂ ᵝҹ 0̃ 4̂ ᵝҹ 6ȁ8ȁ10ȁ

12ȁ14̃̆ Ҍ 20ms№ ҹ 6.99dB̕GPSḤ 20ms ῤ

̆ ῏ ṿҹ 20̆ ṿ №≢ҹ 20̂ 20ms ̃ 18̂ 20ms

̃̆ Ҍ 20ms№ ҹ 0dB0.46dB̆ ⱴ NH

≠ԍ Ȃ 5.15ҹ Ḥ Ҍ ᵝ ̆ ҹ

127̆ pҹ19̆ Ҭᵝ ҹ100%Ȃ 

 
5.14 Ḫ Ғ ᵣ ⅎ           5.15 Ḫ Ғ ᵣ  

5.4.4   

ᵝ ӊ 20ms № ⌠ 50bps ̆ Ḥ

ȂGPS L1Ḥ B1Ḥ D1

ҹ6s̆GPSḤ ҹ8 ̆ Ḥ ҹ11 Ȃ

Ẋ ҹ ԋ └ ̆ Ҭ 8ҩ 11ҩ

ҹ №≢ҹ 85.0 115.0 ̆ ṿ Ȃ ≠ ῒ
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Ḥ ѿ ̆ Ȃ ңҩ 6s̆

ѿҩ ̆ ңҩ Ҭ ῤ ҉ΐ ῏

Ȃ Ḥ ̆ ԍ ̆50bpsIQ №ṿҬ ⌠

Ȃғ ҹᶏ ̆IQ № № IQңҩ ҉̆

₮ ̆ IQ№ ѿ № Ȃ

ҍᴺ ᵝ ̆ 50bpsIQ №ṿ ↓Ҭ ̆ IQ №ṿ

▫ ᴺ ▫ № ῏ ṿ̆ ᴺ ↕Ḥ

̆ ≠ ȂGPSḤ

ѿҩ ҹ ̆ 8 ȁ14 Ḥ ȁ1

ȁ1 Ḡ ṿ 6 Ẽ ҉ץ̆ 30 ҹ ̆ GPSḤ

30 №Ȃ ╠ GPS ῤ ̆↕ ԋҩ ֜ Ҭ 17

ῤ Ӟ ̆3 Ӟ ῤ ⌠̆

50 №Ȃ D1Ḥ ѿҩ 11 ȁ4 Ḡ

ṿȁ3 ȁ8 ῤ ̂ ῤ 8β ̃ 4 BCH

̆ Ḥ ’Ҋֽ Ḡ ṿ ҹ ̆

15 №̆ Ḥ ̆ ⌠ ῤ ṿ̆

⌠ BCH ̆↕ 30 №Ȃ ̆ ᶏ

ѿҩ ԋҩ №Ḥ ׆̆ № ⌠ 50 30 ̆

ԍ Ҍ ᴺ ̆ ץ Ḥ ҉ ҍᴺ ̆ᵖ

Ȃ 

פ ̂5.10̃ ̂5.11̃Ҭ № ҹ20ms̆↕IQ№ṿҹ̔ 

() ()ä
+

+=

=
2020

120

20

k

kn

PP nIkI                                                     (5.18) 

() ()ä
+

+=

=
2020

120

20

k

kn

PP nQkQ                                                    (5.19) 

≠ Ḥ ҹ ()kF ̆ ()kF ҹK̆ Ҍ ᵝ

()kI P20 ()kQP20 ҍ ()kF ׆῏ ▫ Ώ ҹ̔ 

( ) ( ) ( )( )()kFpkjQpkIpkIQF PPP +++= 202020 ,                               (5.20) 

ῒҬ p ᵝ̆ ṿ ҹ 0~299Ȃ ԍ ()kI P20 ()kQP20 Ҭ ᵩ

יּ ̆ ()kIQFP20 ҹK № Ḥ ⁞̆ ≠

FFT ῏ №ṿ̂FFT ԍ ()kIQFP20 Ҍ ᵩ יּ

▫ №̃̔  

( ) ( )( )pkIQFFFTpkIQFFFT PP ,, 2020 =                                      (5.21) 

ԍҌ ᵝ p̆ ( )pkIQFFFTP ,20 ṿᵬҹ №
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ṿ ()pIQFFFTP20 ̆↕ᶏ ()pIQFFFTP20 p ҹ ᵝȂ 

5.16ҹ GPSḤ 300ҩ ᵝ ()pIQFFFTP20 ṿ̆ᶏ 5.125.13 ̆

ᶏ 30 ᵬҹ ԅ ()kF Ȃ Ḥ ᵝҹ 186̆

5.16Ҭ ᵝ pҹ 186 ()pIQFFFTP20 ҹ ṿȂ 5.17ҹ ̆

ԅ 128ҩ ̆ῒҬ ≢ ҹ 125̆ Ҭ

ҹ97.66%Ȃ 

 
5.16 GPSḪ Ғ ᵣ ῗẅ           5.17 GPSḪ Ғ ᵣ  

ҹԅ ѿ Ḡ ̆ ᶏ ң ̆ ңҩ

ᵝ ҹ 300↕ ῒҹ Ȃ 5.18ҹ 600ҩ ᵝ ()pIQFFFTP20 ṿ̆

ᵝҹ 486ҹ ṿ̆ ᵝҹ 186ҹ ṿ̆ ᵝ ҹ 300̆ ѿ ῒҹ

Ȃ 5.19ҹ≠ ң ⌠ ̆ ⌠ 119ҩ

ғ ᵝ ̆ᵖ 8ҩ ̆ ԍ 6s ң ̆ ѿ

῏ṿ ᵞᴪ֟ ң Ȃ 

 
5.18 GPSḪ Ғ ᵣ ῗẅ           5.19 GPSḪ Ғ ᵣ  

5.20ҹ Ḥ 300ҩ ᵝ ()pIQFFFTP20 ṿ̆ᶏ 5.145.15 ̆

ᶏ ѿҩ Ҭ 11 ȁ4 Ḡ ṿȁ ⌠ ῤ
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8 ᵬҹ ԅ ()kF Ȃ Ḥ ᵝҹ 286̆ 5.20Ҭ

ᵝ pҹ286 ()pIQFFFTP20 ҹ ṿȂ 5.21ҹ ̆ ԅ

128ҩ ̆ῒҬ ≢ ҹ 97̆ Ҭ ҹ

75.78%Ȃ 

 
 5.20 Ḫ Ғ ᵣ ῗẅ           5.21 Ḫ Ғ ᵣ  

∞ ңҩ ᵝ ҹ 300 ̆ 5.22ҹ 600ҩ

ᵝ ()pIQFFFTP20 ṿ̆ ᵝҹ 286ҹ ṿ̆ ᵝҹ 309ҹ ṿ̆ ᵝҹ

586ҹ ҈ ṿ̆ Ȃ 5.23ҹ ̆

⌠55ҩ ғ ᵝ ̆ᵖ 72ҩ Ȃ 

 
5.22 Ḫ Ғ ᵣ ῗẅ           5.23 Ḫ Ғ ᵣ  

ԍ NH ̆ Ҭ Ḥ ᴨԍ GPSḤ ̆

ԍ Ḥ ()kF ҹ 23̆GPSḤ ()kF ҹ 30̆

Ḥ ԍ GPSḤ Ȃ ̆ ԍ ()kF ᴺ ̆

№ ‗ԍ ()kF Ȃ 

Ҭ ̆↕ ≠ ᵀ

ᵝ ᵝ ⌠ ҩ ӊ ̆ ҩ



 

110 

Ḥ ⌠ ᴰ ̆ ᵀ Ḥ ᴰ ԍ 0.5ms≠ ᵀ

Ḥ ᴰ Ȃ0.5msḤ ᴰ

ᵝ LOS ҹ 150km̆ Ḥ № ῤ

ҹ ̂Niu et al., 2015b̃Ȃ ᵀ ᵝ ԍ150kmғ

№ ῤׅץ ≠ ᵀ ᴰ Ȃ 

5.5 ᴮ  

5.5.1  

Ḥ ̆ ᵝ ᵝ ≢ ≠ IQ№ṿ ᵝ

ᵝ ᵀ ׆̆ NCO NCOȂ

׆ Ḥ ̆

ᵝ ̆ Ḥ ӊ Ҍ Ḥ Ȃ

ѿ Ḥ ӊ ᾢ Ḥ ̆

ṿ ԍ ᵝ ̆ ⌠ ᵝ ѿ ̕ ѿ Ḥ

ԍ ̆ ᶏ ⱴḤ ᶛ ᵞ Ȃ Ḥ

Ḥ Ҋ ̆ 5.24Ҭ ∞ ≠ IQ №ṿ Ḥ

∞ Ȃ 5.3 Ҋ ᵬ Ҭ ̆ ᵞԍ

T4 Ȃ ₮ҌῬ ԍ └

NCO NCŎ NCO ῃ ꜛ └̆ ꜛ k

ӊ ԍ └ NCŎ ꜛ Ȃ 

▫
ᴺ
▫ ≢Ҭ

Ḥ
№

NCO

∞ᴺ

ꜛ

NCO
k

 
5.24  

5.25ҹ Ҭ ⌠ ̆ῒҬ ҹ≠ 20msIQ

№ ⱳ ⌠ NPm ̆ ԍ № ̆

NPm ̆ ᶏ ṿ ∞ ↕ ԍ Ȃ ҹ NPm

̆ᵬҹ ∞ ‰Ȃ ҹ ԍ └ NCO יּ ̆
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ҹ ꜛ Ȃ 110s⌠ 137sӊ Ḥ ̆ ̆ ꜛ

ṿ ԍ ꜛ̆ ԍ ̆ └ ꜛ ӊ

ⱴȂ 150 ̆Ḥ ̆Ḥ Ҋ ̆ ṿ

̆ ῀ ̆ ꜛ ∆ ̂ⱴ῀ Ҭ

ᵀ ṿ̃ ԍ └ NCŎ Ȃ

175sӊ Ḥ ̆ ῀ Ȃ 100s Ҭ Ḥ

̆ ԍᶏ ԅ Ḥ Ȃ

℗ ⌠ ̆ ԍ ᵀ ̂ 5.25 №

̆ GNSS ׅ ᵝ ȁ ̃̆

∆ ̆Ҍ ῀ Ȃ 

 
5.25  

5.5.2  

ҹԅ Ḥ ׆ ᵝ̆5.5.1׃ ԅ ̆ Ḥ

̆ Ḥ ӊ Ȃ

ҹԅ ᵞ ̆ ̆ ҍ

Ȃ GNSS ᵝ ȁ ̆

GNSS ̆ῒ ⌠ ᵝ ̆

⌠ ᴺ Ӟ ̆ ׆ ℗ ⌠ ᵝ∆

̂ ‗ԍ ᵝ Ȃ̃ ⌠ ℗ Ҭ
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̆ Ҭ ᵝ ᵝ Ҋ ̆ Ҍ

ᴨ ̆↕ ᵝ Ȃ 

ҹԅ ᵝ ̆ ᶏ ̆ᶏ

̆ ᵝ ̆

℗ Ȃ ̂4.37̃ҹ ᵝ ̆

ᵝ ῀ ᵝ ῏ Ȃ Ҭ ԍ ꜛ

̆ ᴪ ᵝ ̆ Ḥ ԍ ῀

ҹ ᵝ ꞉̆ ᵝ ̂4.37̃ Ȃҹԅ ᵞ ℗

Ҭ ᵝ ̆℗ ҹ ᵝ ҹ 0 ̆ ̂4.37̃

Ҭ ()te2q ҹ0 tҹ̔ 

( )( )
1

211ln

2

2

-

+--
=

xw

pxx

n

jk
t                                              (5.22) 

ῒҬxҌҹ 1̆ k ̆ Ҍ Ȃҹԅⱴ kҹ 0 ℗

Ȃ x ̆ ᵝ ѿ ҍ nw ̆ x ̆

ᵝ Ȃ 5.26ҹᶏ ѿ ̂0.1Hz̃

⌠ ᵝ ̆ң ᶏ ‰ 0.707Ȃ Ҭ 40 ╠

ѿ ᵝ ׆̆ 40 ̆ῒҬ

ᾢᶏ 3Hz ̆ ℗ ⌠ 1Hz ̆ ℗ ⌠ 0.1Hz

Ȃ ̂5.22̃ 3Hz ᵝ ѿҩ ҹ

196ms̆1Hz ѿҩ ҹ 589ms̆ ᶏ ץ 1

ῤ ᵝ ⌠ 0 ̆ ℗ ⌠ 0.1Hz ̆ Ҭ

ԍ Ȃ 

 
5.26 ᵣ  

5.5.3  ꜡ ῗ 

ᴺ № № ̆ ᵝ Һ
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ԍ ̂ ̆2001̃̆ Ҭ Ҍ ᾧ ᴪ֟

Ḥ Ȃ ᴺ ̆ Ḥ ᴪᶏ ῏ ֟ ׆̆ ᵝ

ᴺ ₮ Ẓ ̆ ԍẼ Ҍΐ ῏ ̆ № ̆

ҹԅḠ ᵝ ΐ ѿ └ ⱬȂ 

└ Һ ȁ ̂  ̆

2011̃҈ ȂῒҬ ᶏ Ḥ └̆ ᶏ ΐ

└ ⱬ ᶏ ↓̕ ̆ ῏

Ḥ └ Ȃ Ḥ ̆

̆ῒҬ ῏ ̆ғ Ὲ ̂2.25̃ ̆ᶏ

῏ ̆ ᴆ ᶏ ῏ Ȃ 

5.27ҹҌ ῏ D ᵝᵀ ̆

Ḥ ֟ ῏ṿ ҹ Ḥ 0.5ṐȂ Ҭ҉ №ҹ Ḥ ֟

̆Ҋ №ҹ Ḥ ֟ Ȃ Dҹ 1 ҹ ‰ ῏ ̆

ᵝᵀ ҹ 0.25̆ ᶏ Dҹ 0.1 ῏ ᵝᵀ

ҹ 0.025̆ ᵞ Ȃ 5.28ҹ ῏ Dҹ 0.1 ̆

Ḥ ԍ Ḥ Aҹ 0.5ȁ0.30.1 ᵝᵀ

Ȃ Ḥ ҹ0.1̆ ᵝᵀ ҹ0.005Ȃ 

 
5.27 Ғ ῗ                 5.28 Ғ Ḫ  

ᶏ ῏ ̆ ԍ ╠ ῏ ̆ ᵞ̆ ≢

ꜚ ⱬҊ Ȃ ᶏ ꜛ ̆

׆ꜛ ᵬ ‰ ̆ ῏ ꜚ ⱬҌ ̆

└̆ᵞ ᴺ ṿ Ȃ 

5.5.4 ꜡ ẅ  

̆ ⌠ ᴺ ṿ ̆

ᴺ ṿ ԍ ᵝ↕ᴪ ᵝ ̆ ṿ Ȃ






























































































