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ABSTRACT
Autonomous vehicles use global navigation satellite systems (GNSS) to provide a position within
a few centimeters of truth. Centimeter positioning requires accurate measurement of each satel-
lite’s direct path propagation time. Multipath corrupts the propagation time estimate by creating
a time-varying bias. A GNSS receiver model is developed and the effects of multipath are in-
vestigated. MATLAB™ code is provided to enable readers to run simple GNSS receiver simula-
tions. More specifically, GNSS signal models are presented and multipath mitigation techniques
are described for various multipath conditions. Appendices are included in the booklet to derive
some of the basics on early minus late code synchronization methods. Details on the numerically
controlled oscillator and its properties are also given in the appendix.

KEYWORDS
GPS, multipath, antenna



55

References

[1] C. Counselman, “Multipath-Rejecting GPS Antennas,” Proc. of the IEEE, vol. 87, no. 1,
January 1999. DOI: 10.1109/5.736343. 1

[2] L. I. Basilio, J. T. Williams, D. R. Jackson, and M. A. Khayat, “A Comparision Study
of a New GPS Reduced-Surface-Wave Antenna,” Antennas Wireless Propag. Lett., vol. 4,
pp. 233–236, 2005. DOI: 10.1109/LAWP.2005.851105. 1, 4

[3] J. J. Jr. Spilker and D. T. Magill, “e Delay-Lock Discriminator-An Optimum Track-
ing Device,” Proc. IRE, vol. 49, no. 9, pp. 1403–1416, 1961. DOI: 10.1109/JR-
PROC.1961.287899. 6, 7

[4] J. J. Jr. Spilker, “Delay-Lock Tracking of binary signals,” IEEE Trans. Space Electron.
Telemetry, vol. SET-9, p. 18, March 1963. DOI: 10.1109/TSET.1963.4337590. 11, 12

[5] W. J. Gill, “A comparison of binary delay-lock loop implementations,” IEEE
Trans. Aerospace Electron. Syst., vol. AES-2, pp. 415–424, July 1966. DOI:
10.1109/TAES.1966.4501791. 11, 36

[6] A. Polydoros and C. Weber, “Analysis and Optimization of Correlative Code-Tracking
Loops in Spread-Spectrum Systems,” IEEE Trans. on Comm., vol. 33, no. 9, pp. 30–43,
January 1985. DOI: 10.1109/TCOM.1985.1096193. 11, 12, 36

[7] W. J. Hurd and T. O. Anderson, “Digital Transition Tracking Symbol Synchronizer for
LOW SNR Coded Systems,” IEEE Trans. on Comm. Tech., vol. COM-18, no. 2, April
1970. DOI: 10.1109/TCOM.1970.1090332. 13, 14, 15

[8] J. K. Holmes and C. C. Chen, “Acquisition Time Performance of PN Spread-Spectrum
Systems,” IEEE Trans. on Comm., vol. COM-25, no. 8, pp. 778–784, August 1977. DOI:
10.1109/TCOM.1977.1093913. 19, 31

[9] Simon, IEEE Trans. on Comm. Tech., 1970. 19, 23, 27

[10] J. K.Holmes,Coherent Spread Spectrum Systems.Malabar, FL: Krieger Publishing Company,
1990. 23, 25

[11] S. Miller, “Sample Clock to Chip Rate Ratio and its Effect on Code Estimation Bias,”
Unpublished, 2004.

http://dx.doi.org/10.1109/5.736343
http://dx.doi.org/10.1109/LAWP.2005.851105
http://dx.doi.org/10.1109/JRPROC.1961.287899
http://dx.doi.org/10.1109/JRPROC.1961.287899
http://dx.doi.org/10.1109/TSET.1963.4337590
http://dx.doi.org/10.1109/TAES.1966.4501791
http://dx.doi.org/10.1109/TAES.1966.4501791
http://dx.doi.org/10.1109/TCOM.1985.1096193
http://dx.doi.org/10.1109/TCOM.1970.1090332
http://dx.doi.org/10.1109/TCOM.1977.1093913
http://dx.doi.org/10.1109/TCOM.1977.1093913


56 REFERENCES

[12] E. D. Kaplan (editor), Understanding GPS: Principles and Applications. Artech House
Telecommunication Library, 1996. 25

[13] B. Townsend and P. Fenton, “A Practical Approach to the Reduction of Pseudorange Mul-
tipath Errors in a L1GPSReceiver,” in Proc. of IONGPS-94, Salt Lake City, 1994, pp. 143–
148. 25, 35

[14] L. Garin and J. Rousseau, “Enhanced Strobe Correlator Multipath Rejection for Code &
Carrier,” in Proc. of ION GPS-97, Kansas City, 1997, pp. 559–568. 25, 35

[15] V. A. Veitsel, A.V. Zhdanov, and M.I. Zhodzishsky, “e Mitigation of Multipath Errors
by Strobe Correlators in GPS/GLONASS Receivers,” GPS Solut., vol. 2, no. 2, pp. 38–45,
1998. DOI: 10.1007/PL00000035. 25

[16] B. Schnaufer and G. McGraw, “A Peak Tracking/Measurement Compensation Multipath
Mitigation Technique,” in Proc. of the IEEE Position, Location and Navigation Symposium
(PLANS 2000), San Diego, 2000. 31

[17] L. Weill, “A GPS Multipath Mitigation by Means of Correlator Reference Waveform De-
sign,” in Proc. Institute of Navigation National Technical Meeting, 1997, pp. 197–206.

[18] J. K. Ray, “Mitigation of GPS Code and Carrier Phase Multipath Effects using a Multi-
Antenna System,” University of Calgary, Calgary, Ph.D. esis UCGE Report No. 20136,
2000. 35

[19] M. S. Braasch, “Isolation of GPS Multipath and Receiver Tracking Errors,” Navigation:
Journal of the Institute of Navigation, vol. 41, no. 4, Winter 1994–1995. 34, 35

[20] M. L. Whitehead and S. R. Miller, “Unbiased Code Phase Discriminator,” US 6,744,404
B1, June 1st, 2004. 35

[21] J. Max, “Quantizing forMinimumDistortion,” IRETrans. on Informationeory, pp. 7–12,
March 1960. DOI: 10.1109/TIT.1960.1057548. 35

[22] M. L. Whitehead and S. R. Miller, “Unbiased Code Phase Discriminator,” US 8,000,381
B2, August 15, 2011. 35, 36

[23] R. D. Van Nee, “Spread Spectrum Code and Carrier Synchronization Errors Caused by
Multipath and Interference,” IEEE Trans. on Aerospace and Electronic Systems, vol. 29, no.
4, pp. 1359–1365, October 1993. DOI: 10.1109/7.259541. 35

[24] A. J. Van Dierendonck, P. Fenton, and T. Ford, “eory and Performance of Narrow Cor-
relator Technology in GPS Receiver,”Navigation, J. Inst. Navi., vol. 39, no. 3, pp. 265–283,
1992. DOI: 10.1002/j.2161-4296.1992.tb02276.x.

http://dx.doi.org/10.1007/PL00000035
http://dx.doi.org/10.1109/TIT.1960.1057548
http://dx.doi.org/10.1109/7.259541
http://dx.doi.org/10.1002/j.2161-4296.1992.tb02276.x


REFERENCES 57

[25] B. Townsend, P. Fenton, K. Van Dierendonck, and R. D. Van Nee, “L1 Carrier Phase
Multipath Error Reduction Using MEDLL Technology,” in Proc. of ION GPS-95, Palm
Spring, 1995, pp. 1539–1544.

[26] F. M. Sousa, F. D. Nunes, and J. M. Leitao, “Strobe Pulse Design for Multipath Miti-
gation in BOC GNSS Receivers,” in Position, Location, And Navigation Symposium, 2006
IEEE/ION, 2006, pp. 348–355. DOI: 10.1109/PLANS.2006.1650622. 36

[27] X. Chen, F. Dovis, S. Peng, and Y. Morton, “Comparative Studies of GPS Multipath
Mitigation Methods Performance,” IEEE Trans. Aerospace Electron. Syst., vol. 49, no. 3,
pp. 1555–1568, July 2013. DOI: 10.1109/TAES.2013.6558004. 9, 34

[28] D. Margaria, E. Falletti, A. Bagnasco, and F. Parizzi, “A New Open-loop Multipath Mit-
igation Strategy Suitable to Modern GNSS Signals,” IEEE/ION Position, Location, and
Navigation Symposium, May 2014. DOI: 10.1109/PLANS.2014.6851418.

[29] H. Viet, C. Ngoc and K. Van, “A Nonlinear Method of Multipath Mitigation for New
GNSS Signals,” 2014 IEEE Fifth Inter. Conf. Comm. and Electr., August 2014. DOI:
10.1109/CCE.2014.6916687.

[30] B. Schipper, “Multipath Detection and Mitigation Leveraging the Growing GNSS Con-
stellation,” IEEE/ION Position, Location, and Navigation Symposium, May 2014. DOI:
10.1109/PLANS.2014.6851449.

[31] Y. Kamatham, B. Kinnara, and M. Kartan, “Mitigation of GPS Multipath Using Affine
Combination of Two LMS Adaptive Filters,” IEEE Inter. Conf. Signal Proc., Informatics,
Comm. and Energy Systems, February 2015. DOI: 10.1109/SPICES.2015.7091375. 9

[32] S. Miller, X. Zhang, and A. Spanias, “A New Asymmetric Correlation Kernel for GNSS
Multipath Mitigation,” Sensor Signal Proc. for Defense Conf., IEEE, September 2015. DOI:
10.1109/SSPD.2015.7288498. 9

[33] A. Spanias, Digital Signal Processing: An Interactive Approach. 2nd ed., ISBN 978-1-4675-
9892-7, Morrisville, NC: Lulu Press On-demand Publishers, May 2014. 9

[34] J. Foutz, A. Spanias, and M. Banavar, “Narrowband Direction of Arrival Estimation for
Antenna Arrays,” Synthesis Lectures on Antenna, San Rafael, CA: Morgan & Claypool
Publishers, August 2008. DOI: 10.2200/S00118ED1V01Y200805ANT008.

[35] S. Miller, “Multipath Mitigating Correlation Kernels,” Ph.D. esis, Arizona State Uni-
versity, December 2013. 9

http://dx.doi.org/10.1109/PLANS.2006.1650622
http://dx.doi.org/10.1109/TAES.2013.6558004
http://dx.doi.org/10.1109/PLANS.2014.6851418
http://dx.doi.org/10.1109/CCE.2014.6916687
http://dx.doi.org/10.1109/CCE.2014.6916687
http://dx.doi.org/10.1109/PLANS.2014.6851449
http://dx.doi.org/10.1109/PLANS.2014.6851449
http://dx.doi.org/10.1109/SPICES.2015.7091375
http://dx.doi.org/10.1109/SSPD.2015.7288498
http://dx.doi.org/10.1109/SSPD.2015.7288498
http://dx.doi.org/10.2200/S00118ED1V01Y200805ANT008
https://www.morganclaypool.com/action/showLinks?doi=10.2200%2FS00682ED1V01Y201511COM011&system=10.2200%2FS00118ED1V01Y200805ANT008&citationId=p_34

	References

	Cit p_34:1: 


