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A BIBLIOGRAPHY ON MAXIMUM ENTRCPY SPECTRAL
ANALYSIS AND RELATED TECHNIQUES

I. Introduction

Recently there has been strong research interest on high
resolution spectral analysis techniques. This is an important
area of defense research because of the numerous applications to
radar, sonar, and geophysical areas of defense interest. An
excellent publication is the Proceedings of the 1978 and 1979 RADC
Spectrum Estimation Workshop. Maximum entropy spectral analysis
is one of a number of high resolution spectral analysis techniques.
The impact of the Burg's maximum entropy spectral analysis method
is far more significant than the technique itself. Thus in this
report we present not only the bibliography of the maximum entropy
methods in one and two spatial dimensions but also a number of
related methods of high resolution spectral analysis. Cne common
assumption with all these methods is that the data record is short
and thus the conventional fast Fouriter transform method of spec-
tral analysis is not suitable. Frobably because of the short length
record, the maximum entropy spectral computation is fairly sensitive
to the presence of noise. 1In tpe following sections, references are
arranged in the first author's alphabetical order. Each reference
is listed only once in the report. Effort has been made to provide

as complete list of references as possible.
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K II. Bibliography on Univariate Maximum Entropy Spectral Analysis

1. Ables, J. G., "Maximum entropy spectral analysis", Astron.
Astrophysics Supplement, vol. 15, pp. 383-393, 1974.
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10.

11.

12,

13.

14,
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Akaike, H., "Power spectrum estimation through autoregressive
model filtering", Annals of Inst. Stat. Math., vol. 21, pp. 407-
419, 1969.

Akaike, H., "A new look at the statistical model identification",
IEEE Trans. on Automatic Control, vol. AC-19, pp. 716-723, 1974.

Andersen, N., "On the calculation of filter coefficients for
maximum entropy spectral analysis”, Geophysics, vol. 39, no.1,
pp. 69-72, 1974

Baggeroer, A. B., "Confidence intervals for regression (MEM)
spectiral estimates", IEEE Trans. on Information Theory, vol. IT-22,
no. 5, pp. 534-545, 1976.

Barnard, T. and J. P. Burg, "Analytical studies of techniques
for the computation of high-resolution wavenumber spectra,"
Texas Instruments, Inc., Adv. Array Res. Kep. #9 (AD £55345)
May 1969.

Bowling, S. B., "Linear prediction and maximum entropy spectral
analysis for radar applications", MIT Lincoln Lab. Project Report
RMP 122 (ESD-TR-113), 1977.

Burg, J. P., "Maximum entropy spectral analysis", Proc. bf the
37th Meeting of the Cociety of Exploration Geophysicists, 1967.

Burg, J. P., "A new analysis technique for time series data",
presented at the NATO Advanced Study Institute on Signal
Processing with Emphasis on Underwater Acoustics, Enschede, the
Netherlands, Aug. 1968.

Burg, J. P., "The relationship between maximum entropy spectra
and maximum likelihood spectra", Geophysics, vol. 37, pp. 375-
376, April 1972,

Burg, J. P., "Maximum entropy spectral analysis", Fh.D. Thesis,
Dept. of Geophysics, Stanford University, Stanford, CA, 1975.

Chan, H. C. and S, Haykin, "Applications of the maximum entropy
method in radar signal processing", Report CRL-62, Communications
Research Lab., Faculty of Engineering, McMaster University,
Hamilton, Canada, March 1979.

Chen, C. H., "A non-linear maximum entropy method for spectral
estimation”, Final Report prepared for SCEEE, August 1979.

Chen, C. H., et. al., "A minicomputer implementation of Fougere's
maximum entropy spectrum analysis method", Report for AFCSR Project
no. NpP-80-018, SMU-EE-TR-80-7, August 1980,
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24,
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Chen, W. Y. and G. R. Stegen, "Experiments with maximum entropy
power spectra of sinusoids", Journal of Geophysics Research,
vol. 79, no. 20, pp. 3019-3022, July 1974,

Childers, D. G. (Editor), "Modern Spectrum Analysis", IEEE
Press, New York 1978.

Clarke, R. H. and D. V. Tibble, "Measurement of the elevation
angles of arrivals of multicomponent H. F. skywaves", Proc. of
IEEE, vol. 125, pp. 17-24, January 1978.

Fougere, P. F., "A solution to the problem aof spontaneous line
splitting in maximum entropy power spectrum analysis", Journal
of Geophysical Research, vol. 82, p. 1051, 1977.

Fougere, P. F., E. J. Zawalick and H. R. Radoski, "Spontaneous
line splitting in maximum entropy power spectrum analysis",
Physics of Earth and Planetary Interiors, vol. 12, p. 201, 1976.

Fougere, P. F., "Sunspots: power spectra and a forecast", Inter-
national Solar-Terrestrial Predictions Proceedings and Workshop
Program, Preprint no. 103, December 1978.

Fougere, P. F., "A solution to the problem of spontaneous line
splitting in maximum entropy power spectrum analysis of complex
signils". Proc. of 1978 RADC Spectrum Estimation Workshop, pp.
77-84.

Gabriel, W. F., "Antenna spacial pattern viewpoint of MEM, MIM
and adaptive array resolution", Proc. of 1979 RADC Spectrum
Estimation Workshop.

Gersch, W. and D. R. Sharpe, "Estimation of power spectra with
finite order autoregressive models", IEEE Trans. on Automatic
Control, vol. AC-18, pp. 367-369, 1973.

Haykin, S., "Spectral classification of radar clutter using
the maximum entropy method”, in "Pattern Recognition and Signal
Processing", edited by C. H. Chen, Sijthoff & Noordhoff, 1978.

Haykin S. (editor) "Nonlinear Methods of Spectral Analysis",
Springer-Verlag, 1979.

Haykin, S., S. Kesler and B. Currie, "An experimental classi-
fication of radar clutter", Proc. of IEEE, vol. 67, pp.332-333,
February 1979.

Haykin, S. and S. Kesler, "The complex form of the maximum
entropy method for spectral estimation", Proc. of IEEE, vol. 64,
no. 5. ppo 822-823' May 1976.

Herring, R. W., "A comparison of the Burg and the known-autocor-
relation autoregressive spectral analysis of complex sinusoidal
signals in additive white noise", Proc. of the 1979 RADC Spectrum
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Estimation Workshop. Also as Report AD A080020,

Herring, R. W., "Maximum entropy spectral analysis and radar
signal processing", CRC Report no. 1330, Communications Research
Centre, Dept. of Communications, Ottawa, Canada, January 1980,
Also as Report AD AO1343,

Hsu, M., "Maximum entropy principle and its application to
spectral analysis and image reconstruction", Fh.D. thesis,
Ohio State University, 1975.

Jones, R. H., "Identification and autoregressive spectrum estima-
tion", IEEE Trans. on Automatic Control, vol. AC-19, pp. 894-897,
December 1974,

Jones, R. H., "Autoregressive order selection", Geophysics,
vol. 41, pp. 771-773, 1976.

Kanasewich, E. R., "Time Series Analysis in Geophysics", Univer-
sity of Alberta Fress, Edmonton, Canada, 1973.

Kaveh, M. and G. R. Cooper, "An empirical investigation of the
properties of the autoregressive spectral estimator", IEEE Trans.
on Information Theory, vol. 1T-22, pp. 313-323, May 1976.

Kay, S., "Detection of a sinusoid in white noise by autoregressive
ggectrum analysis", Proc. of 1980 IEEE ASCP Conference, pp. 658-
1, ,

Kesler, S. B. and S. Haykin, "The maximum entropy method applied
to the spectral analysis of radar clutter", IEEE Trans. on
Information Theory, vol. IT-24, no. 2, pp. 269-272, March 1978.

Keeler, R. J., "Uncertainties in adaptive maximum entropy frequency
estimators", IEEE Trans. on ASSP, vol. 26, pp. 469-471, Oct. 1978.

King, W. R., "Applications for MESA and the prediction error
filter”, Proc. of 1979 RADC Spectrum Estimation Workshop.

Lacoss, R. T., "Data adaptive spectral analysis methods",
Geophysics, vol. 36, pp. 661-675, 1971.

Landers, T. E. and R. T. Lacoss, "Some geophysical applications
of autoregressive spectral estimates", IEEE Trans. on Geoscience
Electronics, vol. GE-15, pp. 26-32, January 1977.

Lang, S. W., "Near optimal frequency/angle of arrival estimates
based on maximum entropy spectral techniques", Proc. of 1980
IEEE ICASSP, pp. 829-832,

Marple, L., "A new autoregressive spectrum analysis algorithm",
Proc. of the 1979 RADC Spectrum Estimation Workshop, pp. 51-58.
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51.

52.

53.
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Marple, L., "Frequency resolution of high-resoclution spectrum
analysis techniques", Iroc. of the 1978 RADC Spectrum Estima-
tion Workshop, pp. 19-35.

Moorcroft, D. R., "Maximum entropy spectral analysis of radio-
auroral signals", Radio Science, vol. 13, pp. 649-660, July-
August 1978,

Johnsen, S. J. and N. Andersen, "(Cn power estimation in
maximum entropy spectral analysis”, Geophysics, vol. 43, pp.681- ?
690, June 1978.

Newman, W. I., "Extension to the maximum entropy method"”, IEEE
Trans. on Information Theory, Fart I in vol. IT-23, pp. 89-93,
1977; Part II in vol. 1IT-25, no. 6, pp. 705-708, November 1979.

Nuttall, A. H., "Spectral analysis of univariate process with
bad data points, via maximum entropy, and linear predictive
techniques®, Naval Underwater Systems Center, TR no. 5303, 1976.

Fapoulis, A., "Signal Analysis", McGraw-Hill Company, pp. 248-
251, 1977.

Radoski, H. R., P. F. Fougere, and E. J. Zawalick, "A comparison
of power spectral estimates and applications of the maximum
entropy method”, Journal of Gecphysical Research, vol. 80, p.619,
1975.

Radoski, H. R., E. J. Zawalick and P. F. Fougere, "The superiority
of maximum entropy power spectrum techniques applied to geomag-
netic micropulsations”, Physics of Earth and Planetary Interiors,
vol. 12, p. 208, 1976.

Reilly, J. and S. Haykin, "An experimental study of the MEM
applied to array antennas in the presence of multipath", FProc.
of 1980 IEEE ICASSP, pp. 120-123.

Robinson, E. A. and S. Treitel, "Maximum entropy and the
relationships of the partial autocorrelation to the reflection
coefficients of a layered system", IEEE Trans. on Acoustic,
Spgech and Signal Processing, vol. 28, no.2, pp. 224-235, April
1980.
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Satorius, E. H. and J. R. Zeidler, "Maximum entropy spectral
analysis of multiple sinusoids in noise", Technical Report 201,
Naval Ocean Systems Center, San Diego, CA, March 1977.

Also as report AD A053257.

Sawyers, J. H., "The maximum entropy method applied to radar
adaptive doppler filtering", Proec. of 1979 RADC Spectrum
Estimation Workshop, pp. 289-301.
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55. Smylie, D. E., G. K. C., Clarke and T. J. Ulrych, "Analysis of
irregularities in the Earth's rotation", in "Methods in
Computational Physics," vol. 13, Academic Press, pp. 391-430,
1973.

- 56. Swingler, D. N., "A comparison between Burg's maximum entropy

i method and a nonrecursive technique for the spectral analysis
of deterministic signals", Journal of Geophysical Research,
vol. 84, pp. 679-685, Feb. 1979.

57. Toomey, J. P., "High resolution frequency measurement by linear
prediction", vol. AES-16, no. &, pp. 517-525, July 1980,

58. Ulrych, T. J. and T. N. Bishop, "Maximum entropy spectral ana-
lysis and autoregressive decomposition", Review of Geophysics
and Space Physics, vol. 33, pp. 183-200, 1975.

59. Ulrych, T. J. and R. W. Clayton, "Time series modelling and
maximum entropy”, Physics and the Earth and Flanetary Interior,
VOlo 12. ppo 188-200. 1976.

60. Ulrych, T. J., “"Maximum entropy power spectrum of long period
geomagnetic reversals", Nature, vol. 235, pp. 218, 1972.

61. van den Bos, A., "Alternative interpretation of maximum entropy
spectral analysis", IEEE Trans. on Information Theory, vol. IT-
1?0 PP- ‘493-494, 1971-

62, Zeidler, J. R., et. al., "Adaptive enhancement of multiple sinu- -
soids in uncorrelated noise", IEEE Trans. on ASSP, vol. 26, o

I1I. Bibliography on Multichannel (multivariate) Maximum Entropy
Spectral Analysis

1. Chen, C. H. and C. Yen, "On multichannel (multivariate)
maximum entropy spectral analysis", Technical Report, SMU-EE-
TR-81-2, January 1981.

2. loannidis, G. A., "Application of multivariate autoregressive
spectrum estimation to ULF waves", Radio Science, vol. 10,
no. 12, pp. 1043-1054, 1975.

3. Jones, R. H., "Multivariate autoregression estimation using
residuals”, in "Applied Time Series Analysis," D. F. Findley,
ed., Academic Press, 1978.

L, Lee, T. S., "Identification and spectral estimation of noisy
multivariate autoregressive processes", Proc. of ICASSP, 1981,
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McDonough, R. N., "Maximum entropy spatial processing of array
data", Geophysics, vol. 39, no. 6, pp. 843-851, December 1974,

Morf, M., A, Vieira, D. T. L. Lee and T. Kailath, "Recursive
multichannel maximum entropy spec tral estimation", IEEE Trans.
on geoscience Electronics, vol. GE-16, no.2, pp. 85-94, April
1978,

Nuttall, A. H., "Multivariate linear predictive spectral analysis
employing weighted forward and backward averaging: a generaliza-
tion of Burg's algorithm", NUSC-TR-5501, 1976.

Nuttall, A. H., "Fortran program for multivariate linear
priédictive spectral analysis employing forward and backward
averaging", NUSC-TR-5419, 1976.

Nuttall, A. H., "Positive definite spectral estimate and stable
correlation resursion for multivariate linear predictive spec-
tral analysis", NUSC-TR-5729, 1977.

Parzen, E., "Multiple time series modelling", in "Multivariate
Analysis,™ vol. 2, P. R. krishnaian, £d., Academic Fress,
New York. ppc 389‘“09. 1969.

Robinson, L. A., "Multichannel Time Series Analysis with
Digital Computer Frograms", Holden-Day, <an Francisco, 1967.

Strand, 0. N., "Multichannel complex maximum entropy (auto-
regressive) spectral analysis", IEEE Trans. on Automatic
Control, vol. AC-22, no.4, pp. 634-640, August 1977.

Wiggins, R. A. and E. A. Robinson, "Recursive solution to the
multichannel filtering problem", Journal of Geophysical Research,
VOl. 70’ n°.8’ ppo 1885-1891. 1965-

Bibliography on Related High Resolution Spectral Analysis

Cadzow, J. A., "High performance spectral estimation - a new
ARMA method”, IEEE Trans. on ASSP, vol. 28, no. 5, pp. 52k4-
529, October 1980.

Cadzow, J. A., "Improved spectral estimation from incomplete
sampled-data observations", Proc. of 1978 RADC Spectrum
Estimation Workshop.

Cadzow, J. A. and R. Moses, "A superresolution method of ARMA
spectral estimation", Proc. of ICASSp, 1981.

Capon.‘J.. "High resolution frequency-wave number spectrum
analysis", Proc. of IEEE, vol. 57, pp. 1408-1419, August 1969,
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10.

11.

12.

13.

14,

15.

16.

Carter, G. C. and A. H. Nuttall, "On the weighted overlapped
segment averaging method for power spectral estimation", Proc.
of 1EEE, October 1980,

deFigueiredo, R. J. P., "An optimum filter for spectral estima-
tion based on a penality function approach", Proc. of 1978 RADC
Spectrum Estimation Workshop.

deFigueiredo, R. J. P., "Application of a frequency domain frony
method to wide bandwidth radar signature classification", pre-
sented at the 1980 Workshop on Digital Signal and waveform
Analysis, Miami Beach, Florida, December 1980.

Evans, J. E. and D. F. Sun, "Aperture sampling processing for
ground reflection elevation multipath characterization", Froc.
of the 1979 RADC Spectrum Estimation Workshop.

Fahlman, G. G. and T. J. Ulrych, "On the light curve of 3C273",
Astrophysical Journal, vol. 201, pp. 277-286, Cctober 1975.

Frost, C. L., "Power spectrum estimation", in "Aspects of
Sign:1l Processing," NATO ASI Proceedings, D. Reidel Fublishing
Company, Dordrecht-Holland, 1977.

Gray, H. L., A. G. Houston and F. W. Morgan, "On G-spectral
estimation", in "Applied Time Series Analysis", D. F. Findley,
Ed., Academic Press, 1978.

Griffiths, L. J. and R, Prieto-Diaz, "Spectral analysis of
natural seismic events using autoregressive techniques", IEEE
Trans. on Geoscience Electronics, vol. GE-15, no. 1, pp. 13-25,
January 1977.

Griffiths, L. J., "Rapid measurement of digital instantaneous
frequency", IEEE Trans. on ASSP, vol. 23, pp. 207-222, April 197s5.

Guarino, C. R., "Tone estimation using an autoregressive-moving
average model”, presented at the 1980 Workshop on Digital Signal
and Waveform Analysis, Miami Beach Florida, December 1980.

Gutowski, P. R., E. A. Robinson and S. Treitel, "Spectral estima-
tion fact or fiction", IEEE Trans. on Geoscience Electronics,
VOl. GE"16. no. 2' ppo 8084. April 1978.

Jackson, P. L., L. S. Joyce and G. B. Feldkamp, "Application
of maximum entropy frequency analysis to synthetic aperture
radar”, Proc. of the 1978 RADC Spectrum Estimation Workshop.




17. Kay, S. M., "A new ARMA spectral estimator", IEEE Trans. on ASSP,
vol. 28, no.5, pp. 585-588, October 1980.

18. Kaveh, M., "High resolution spectral estimation for noisy sigals",
IEEE Trans. on ASSP, vol. 27, no. 3, pp. 286-287, June 1979,

E 19. Makhoul, J., "Lattice methods in spectral estimation", Froc. of
1978 RADC Spectrum Estimation Workshop.

E 20, Makhoul, J., "Linear prediction: a tutorial review”, lroc. of
IEEE, vol. 63, pp. 561-580, April 1975.

21. Morf, li. and D. T. Lee, "Recursive spectral estimation of a-
stationary processes", Froc. of 1978 RADC Spectrum Fstimation
Workshop.

22. Nuttall, A. H. and G. C. Carter, "A generalized framework for

s power spectral estimation®, IEEE Trans. on AS3}, vol. 28, no.3,
June 1980. See also the summary that appears in Signal Proces-
; sing Journal, vol. 2, 1980.

23. Cwsley, N. L., "Adaptive data orthogonalization", Fkroc. of 167€
IEEE ICASSP.

24, Papoulis, A., "A new algorithm in spectral analysis and band-
limited extrapolation", IEEE Trans. on Circuits and Systems,
vol. CAS-22, no.9, pp. 735-742, September 1975.

25. Pisarenko, V. F., "The retrieval of harmonics from a covariance
] function”, Geophysics Journal of Royal Astronomical Society,
E VOl. 33| ppo 2 ?"2660

1 26, Rife, D. C. and R. R. Boorstyn, "Single tone parameter estima-
tion from discrete time observations", IEEE Trans. on Informa-
tion Theory, vol. IT-20, pp. 591-598, September 1974.

27. Rife, D. C. and R. R. Boorstyn, "Multiple tone parameter
estimation from discrete time observations", BSTJ, pp. 1389-
1410, November 1976.

28, Tufts, D. W. and R. Kumaresan, "Improved spectral resolution",
Y Part I in Froc. of the IEEE, vol. 68, March 1980; rart II in

- Proc. of ILEEE ICASSP, 1980, pp. 592-597; Fart III in Proc. of
the IEXZE, vol. 68, October 1980.

29. Tufts, D. W., "Adaptive line enhancement and spectrum analysis",
Proc., of the IEEE, vol. 65, pp. 169-170, January 1977.

van Blaricum, M. L., "A review of Prony's method techniques for
parameter estimation", Froc. of the 1978 RADC Spectrum Estima-
tion Workshop.
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Two-Dimensional Maximum Entropy Spectral Analysis

Dickinson, B. W., "Two-dimensional Markov spectrum estimates
need not exist", IEEE Trans. on Information Theory, vol. IT-26,
nO. 1’ pp- 120-121, Jano 19800

Frieden, B. R., "Image enhancement and restoration", in "Picture
Processing and Digital Filtering" ed. by T. S. Huang, Springer-
Verlag, 1975.

Frieden, B. R., "Problems associated with the maximum entropy
image restoration technique", in "Image Science Mathematics",
edited by C. 0. Wilde and E. Barrett, Western Feriodicals Co.,

- 1977.

dain, A. K. and S. Ranganath, "Two dimensional spectral estima-~
tion”, Proc. of 1978 RADC Spectrum Estimation Workshop.

Kikuchi, R. and B. H. Soffer, "Maximum entropy image restoration,
Part I: The entropy expression", Journal of Optical Society of
America, vol. 67, pp. 1656-1665, December 1977.

Lim, J. S. and N, A. Malik, "A new algorithm for two-dimensional

maximum entropy power spectrum estimation", Froc. of ICASSP, 1981.

Ong, C., "An investigation of two new high-resolution two
dimensional spectral estimate techniques", Texas Instruments, Inc.
Long Period Array Frocessing Report #1, April 1971,

Roucos, S. E. and D. G. Childers, "A two-dimensional maximum
entropy spectral estimator", IEEE Trans. on Information Theory,
vol. IT?-26, no. 5, pp. 554-560, September 1980.

Wernecke, S. J., "Two dimensional maximum entropy reconstruction
of radio brightness", Radio Science, vol. 12, no.S5, pr. 831-844,
September/Cctober 1977.

Wernecke, S. J. and L. R. D'Addario, "Maximum entropy image
reconstruction", IEEE Trans. on Computers, vol. C-26, pp. 351-364,
April 1977.

Woods, J. W., “"Two-dimensional Markov spectral estimation", I1EFEE
Trags. on Information Theory, vol. IT-22, pp. 552-559, September
1976,
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