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Abstract: Recognition of ionosphere phase contamination and multi-
mode propagation is an important step in rejection of clutter spectrum
spread for OTHR. Based on the algorithm of time reversibility, this
paper proposes a method based on eigenvalue decomposition to detect
multimode propagation. Besides, a cascaded technique composed of the
two methods above is proposed to recognise contaminations. Another
detection algorithm based on time series Hankel matrix is proposed,
which will be suitable for more widely application. For the first time,
the method based on backscatter sounding is also proposed for multi-
mode recognition, and a hybrid method based on time reversibility and
Hankel matrix is also proposed to distinguish phase contamination and
multimode propagation.
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1 Introduction

Tonosphere phase contamination and multimode propagation arouse OTHR
clutter spectrum spread which would influence the performance of low speed
target detection and sea state remote sensing. Aim at this problem, a good
many researches have been done in recent years.

The popular correction methods of phase contamination include maxi-
mum entropy spectral analysis [1], phase gradient algorithm [2], frequency-
time analysis [3], and so on. The correction methods of multimode propaga-
tion include the conversion from multimode to single-mode [4] and algorithm
using circular operation of subtraction for sea clutter echo [5]. If there coex-
ists of phase contamination and multimode propagation effects, all methods
above fail. Paper [5] used high-resolution time frequency distribution to de-
tect object directly.

Obviously, the correction methods differ from each other according to
phase contamination and multimode propagation existing alone or simulta-
neously. It will not obtain the expected gain when using these methods
incorrectly and what’s more, it could deteriorate detection performance.

As mentioned above, to reject spectrum spread effectively, it is necessary
to judge and recognize the following four situations:

I) Echo signal with neither phase contamination nor multimode;
IT) Echo signal with phase contamination only;

III) Echo signal with multimode effect only;

IV) Echo signal with both phase contamination and multimode.

Few paper has researched on this problem until now. Paper [4] introduced
a time reversibility method simply to detect phase contamination, which
could not recognize multimode propagation and be invalid for the four cases
above.

This paper proposes the method of eigenvalue decomposition to realize
multimode propagation detection, and the cascaded using of time reversibil-
ity and eigenvalue decomposition succeeds in recognizing case I and III, which
can also estimate the number of the propagation modes. For the first time,
an algorithm suitbale for case I and III based on time series Hankel matrix
is proposed, which consumes less computation time compared with the cas-
caded technique and dispenses with the hypothesis of contamination function
identity. And for the first time a method based on prior ionosphere frequency
sweep backscatter sounding is proposed to recognize multimode. A hybrid
method based on time reversibility and Hankel matrix is proposed to realize
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the recognition of situation II and IV.

2 Detection and recognition of phase contamination and mul-
timode propagation

2.1 Algorithm based on time reversibility for phase contami-
nation

Assume that the uncontaminated echo signals from K adjacent range cells

satisfy i.i.d and share the same contamination function. Echo sequence from

the kth cell is expressed as:

Tk = Dsk; k= 1,2, ...,K (1)

where s is the uncontaminated echo sequence, and D is a contamination

matrix.

sE = [si(to), sk(to + TR), ..., sp(to + (N — 1)Tg)]
D = diag [1, exp(jp(1)), ..., exp(jo(N — 1))] (2)

Tr denotes pulse repetition interval, N is the number of pulses within
a coherent integration period, and ¢(n), n=0,1,&,N—1 denotes the phase
contamination function.

The covariance matrix of the K adjacent range cells echois R = X X7 /K.
The time reversibility of R is expressed by R = JR*J, where J is the permu-
tation matrix. The necessary condition under which echo signal satisfies time
reversibility is that the diagonal matrix D shares the same property with R,
viz. D = JD*J.

If the ionosphere phase perturbation exists, the diagonal matrix D will not
satisfy time reversibility and neither is the echo signal. That is an evidence to
determine whether the echo signal is phase-contaminated. In engineering, we
usually determine this through verifying whether the signal subspace of echo
covariance matrix is orthogonal with its time-inverse matrix noise subspace.

If there exists only multimode signal without phase perturbation, the
uncontaminated echo sequence is:

Sk =Sk T sky Tt sk (3)
Where r denotes the number of propagation modes. The covariance ma-
trix is denoted as .
R=8S"/K=3"3"Rj (4)
i=1j=1
Exp.4 is the sum of self-covariance and inter-covariance matrix of the
propagation modes. Because different mode signals are incoherent, exp.(4)
is a zero matrix. And the self-covariance matrix of each mode satisfies time
reversibility. So the method can not be used to detect the existence of mul-
timode propagation.
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2.2 Algorithm based on eigenvalue decomposition for multi-
mode

According to modern spectral analysis theory, the number of information

sources is corresponds to the number of echo sequence covariance matrix

main eigenvalues.

Consider that uncontaminated sea clutter first-order Bragg peak appears
in pair, the number of main eigenvalues is twice as propagation modes. If
the received signal is ground clutter, or the signal only contains first-order
positive (or negative) sea clutter for the reason of wind direction and velocity,
the number of main eigenvalues is equal to propagation modes. According to
this characteristic multimode propagation detection can be made.

If the echoes suffered from phase contamination, its time invariance was
destroyed. Even no multimode effects exist, the main eigenvalue is still mul-
tivalued. Then the method becomes unavailable for multimode detection.

2.3 Cascaded application of time reversibility and eigenvalue
decomposition
For the cases I and III, if the result of no phase contamination can be made
using time reversibility method firstly, then the multimode effect can be
detected using eigenvalue decomposition algorithm in addition. Fig. 1a)-d)
denote emulational sea clutter spectrum according to the cases of I-IV above,
where is added by —30dB noise. A denotes mean value of inner product
between signal vector and noise vector, and K=0.01 denotes the orthogonal
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Fig. 1. Emulational sea clutter spectrum
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threshold; M and N denoted the number of main eigenvalues and the number
of propagation modes, respectively.

The results applied the cascaded method of time reversibility and eigen-
value decomposition to sea clutter spectrum in Fig. 1a)-b) are as follow:

1) For case I: A=4.1x10—-5<K, M=2, N=1, so there is neither phase
contamination nor multimode;

2) For case II: A=0.23>K, so there is phase contamination, but the mul-
timode is unknown;

3) For case III: A=4.6x10—5<K, M=4, N=2, so there is no phase con-
tamination but multimode, and the mode number is 2;

4) For case IV: A=0.34>K, so there is phase contamination, but the
multimode is unknown.

Obviously, the cascaded algorithm can recognize case 1 and III, but fail
to recognize case I and IV.

2.4 Algorithm based on Hankel matrix
Assume signal s(n) is composed of r time-variant sinusoidal components:

s(n) = Ay cos(¢1(n)) + -+ -+ Ay cos(ér(n)) (5)

The instantaneous frequency of each component is expressed as:

wi(n) =¢i(n) —¢i(n—1) i=1,...... T (6)

Hankel matrix H constructed by s(n) is as follows:

S(N—c+1) s(N—c) --- s(N)

Where ¢ = 3r denotes the number of columns.

Paper [6] presented several properties of matrix H:

Property 1: The rank of H is r if the complex sinusoid frequency is a
constant.

Property 2: H is a full rank matrix if the complex sinusoid frequency is
time-variant.

Obviously, exp. (4) can be used to denote the echo signal for OTHR, where
r indicates the number of sea clutter first-order peaks. If ionosphere phase
contamination exists in the echo signal, the frequency is time-variant and the
Hankel matrix is a full rank matrix. If the contamination does not exist, the
frequency is a constant and the rank of the Hankel matrix is r. Consider
that the sea clutter first-order peeks appear in pair, the propagation mode
number is r/2.

Using this method to detect the spectrum in fig. 1a)-d), R denotes the
rank of H and column number is ¢c=12. The results are as follow:

1) For case I: R=2, N=1, so there is neither phase contamination nor
multimode;
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2) For case III: R=4, N=2, so there is no phase contamination but mul-
timode, and the mode number is 2;

3) For case IT and IV: R=12, so there is phase contamination, but multi-
mode is unknown.

Hankel matrix method has the same performance with cascaded method
that invalid in case II and IV, but it does not need restricted conditions as
cascaded method. Just as paper [6] indicated that the H matrix method is
enslaved to noise, so the noise must be suppressed firstly before using this
method. This paper succeeds in using SVD (singular value decomposition)
to suppress noise.

2.5 Multimode propagation recognition based on backscat-
tering detection
Backscatter sounding is an important technique of ionosphere surveillance. It
has the same propagation path as OTHR. A simulation example of backscat-
ter ionogram is shown in Fig. 2d) where the signal region surrounded by green
lines is multi-mode and the other three signal regions are single mode. The
recognition of received signals with operation frequency in a range cell can
be realized on the basis of the propagation modes information extracted from
the backscatter ionogram.

Situation II and IV can be dealt with using this cascaded method of
backscattering and time reversibility (or Hankel matrix).

Compared with eigenvalue decomposition and Hankel matrix methods,
the backscattering method introduces new information resource, and can
detect multimode while phase contamination existed. However, it fails in the
mode number estimation.

3 Experimental tests

HF backscatter fixed frequency sounding shares the same echo characteristics
with OTHR. So the algorithms above can be tested using the data collected
from the backscatter equipment. A set of fixed-frequency experimental data
spectrum of 12th May, 2009 is shown in Fig. 2a). The operation frequency
is 8.532 MHz, group distance is 650 km, and CIT is 12.8s. Two methods of
cascaded algorithm and Hankel matrix are applied to the data separately.
Here, the column of Hankel matrix is 6. Results are given as follow:

1) The cascaded algorithm: A=8.4x10—4<K, M=2, N=2, so there is no
phase contamination but multimode;

2) Hankel matrix algorithm: R=2, N=2, so there is no phase contamina-
tion but multimode.

The sea clutter power density spectrum of backscatter fixed frequency
sounding on 17th May, 2009 is shown in Fig. 2b). Parameters of operation
frequency, group distance and CIT are 10.077 MHz, 1150 km, 102.4 s, respec-
tively. Fig. 2¢) is the backscatter ionogram in adjacent time. Fig. 2d) is the
ionogram after propagation mode extraction, where the blue “+” indicates
the corresponding position of operation frequency and group distance.
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Fig. 2. Backscattering test pattern

Table I. Phase contamination detection for the backscat-
tering experimental data

Methods Judgement basis Conclusion
. - A=0.39>K N
Time reversibility Nonorthogonal Phase contamination

Hankel matrix Matrix rank is 12 Phase contamination

Backscattering detecting Multimode extraction Multimode effect

Using time reversibility and Hankel matrix to detect phase contamination,
let the rank of H matrix is 12. The result is in table I. Because of the existence
of phase contamination, backscatter sounding method can only be applied to
recognize multimode propagation effect. It is apparent to see the multimode
in Fig. 2d) according to the attracted borderline and region.

Conclusion can be made that the experimental data suffered from multi-

mode propagation and phase contamination simultaneously.

4 Conclusion

Hankel matrix or the cascaded algorithm (time reversibility and eigenvalue
decomposition) can realize the recognition for case I and III of echo signal and
estimate the mode number. But they can not detect multimode effect. The
method based on backscatter sounding succeeds in multimode detection un-
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der the condition of phase contamination coexists. The united application of
the proposed methods above can recognize case I-IV. These decontamination
methods can be chosen to provide for the consequent signal processing.
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