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Channel-sensitive processor: development and detection performance evaluation

D. Alexandrou and G. Haralabus

Executive Summary: Active sonar systems, such as the LFAS, have extensively
used the matched filter for detection purposes. This technique is designed to
maximize the signal-to-noise ratio (SNR) of known signals and is able to provide
satisfactory resolution both in range and frequency. It is a widely-used, model-free
method which has no dependence on the nature of the waveguide. Even with limited
a priori information about the acoustic channel, the matched filter provides a
response which can serve as the basis for detection. In an ambient noise-limited
scenario, the signal-to-noise ratio can be improved by increasing the power of the
transmitted signal. However, this approach is not effective in a reverberation limited
environment.

Shallow water dense multipath conditions often cause the matched filter output to be
so distorted and obscured that reliable detection is not possible. In such cases, it
seems reasonable to try to use all available information about the acoustic channel to
enhance the detection performance of the processor.

The objective of this project is twofold: first to investigate the feasibility of
improving upon the performance of the conventional matched filter by exploiting
characteristics of the medium, and second, to maintain the performance enhancement
when the dominant source of interference is reverberation.

This report presents a Channel Sensitive Processor (CSP) which may significantly
improve the performance of the matched filter both in ambient noise and
reverberation limited conditions. The balance between potential advantages and
drawbacks is explained and the effects of environmental mismatch are examined.
Future plans include sensitivity study of the CSP to propagation parameters using
global search methods.
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Channel-sensitive processor: development and detection performance evaluation

D. Alexandrou and G. Haralabus

Abstract: A Channel Sensitive Processor (CSP) which improves upon the detection performance
of the traditional matched filter is developed. This method compensates for the performance
degradation of the matched filter due to dense multipath conditions by utilizing existing
information about the channel propagation conditions. Furthermore, it is proven that the CSP is
able to enhance target detection in a reverberation limited environment. Finally, the sensitivity of
the CSP to mismatch of the source coordinates is demonstrated.

Keywords: CSP - matched filter — multipath — reverberation — mismatch
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1

Introduction

Traditionally, target detection with active sonar has been approached through

matched filtering. This is quite understandable because the matched filter is sim-
ple and effective and can yield significant signal-to-noise ratio (SNR) enhancement
while maintaining desirable resolution characteristics both in range and Doppler.
The choice of transmitted signal is of crucial importance with due regard to both
resolution properties as expressed by the ambiguity function and the transmission
characteristics of the channel. The FM family of signals has long been popular in
this context and a variant of this family (the Linear FM (LFM)) is the transmitted
signal used by the LFAS system. It should also be said, however, that the matched
filter is generally suboptimal in nearly all realistic sonar scenarios. Typically, the
transmitted signal suffers considerable distortion as it propagates through the ocean
channel [1] and is no longer perfectly correlated with the transmitted replica. The
performance limitations of the matched filter are most evident in shallow water en-
vironments characterized by dense multipath propagation. These conditions give
rise to extensive time spreading which makes detection and localization difficult [2].

Of course, the matched filter is impervious to the actual propagation conditions and
therein lies a good deal of its attraction. Even in the complete absence of informa-
tion about the channel, one may expect some kind of response, distorted and obscure
as it may be, which can serve as the basis for a detection. The main objective of
this project is to answer the following question: Can the performance of traditional
matched filtering be improved upon by utilizing existing information, however uncer-
tain or incomplete, about the nature of the acoustic channel? The answer can only
be meaningful if it is provided in the context of operational sonar parameters and
is based on a balanced view of potential performance gains and potential pitfalls.
The latter can most readily arise in cases of environmental mismatch, a problem
likely to be exacerbated in active sonar scenarios which tend to be highly dynamic
and typically offer small windows of opportunity for a positive contact. In addition,
even a successful methodology can be rendered practically useless by excessively
large requirements for computing resources.

It is with full awareness of these potential limitations that we propose to proceed with
the development of a Channel Sensitive Processor (CSP) which may significantly
improve upon the detection performance of the matched filter and still be efficient
enough to be useful in an operational setting. The objective function to be used is
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simply the peak energy of the matched filter. The focus is on the potential advantage
which may be gained by matching the environmental propagation effects as well as
the transmitted signal.

In this initial study, we present the mathematical derivation of the CSP for both
noise and reverberation-limited scenarios as well as simulation results supporting the
mathematical predictions and illustrating the effects of environmental mismatch.
Future work will be concerned with the computational aspects of the matching
process to be implemented through SAGA [3] a genetic algorithm which has been
successfully applied in several matched field applications [4].
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2

Matched filter detectors

The matched filter is a linear time-invariant filter designed to maximize the peak
pulse signal in the presence of noise [5]. Let [f(t) + n(t)] be the input to the filter,
where f(t) is the received signal and n(t) is the additive noise. Then [f,(2) +
n,(t)] denotes the output of the filter and the purpose is to maximize the ratio

|£-(t)|/7/ n2(2) or, more conveniently, maximize the square of this ratio, i.e.

oltw)® _ o oI (1)

A= Heml

i =0

where ¢ = t,, is the optimum observation time, and # = n2(t) denotes the square-
mean value of the noise (independent of t).

Let H(w) be the transfer function of the desired filter, F(w) the Fourier transform
of the received signal, and S,(w) the power spectral density of the noise. Then, the
output signal is given by

foltm) = = [ F@)H@)exp(—jistm)de @

and the output noise power is

iz [ S 3

27 &3

Then, ratio (1) becomes
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_ Uoltm)? _ 1 |22 P(0)H () exp(~jootm)de|

o (4)

A
Ao [P S(w)H (w)Pd

The transmitted signal s(t) belongs to the LFM family and is defined in the following
way [6]

s(t) = rect(t/T) exp(52r fit) (5)
where
i ={ 3 10357 0
and
fo=(£-3) + 385 (™)

T is the time duration, B is the bandwidth, and f. is the central frequency of the
transmitted signal.

Let the channel impulse response be g(t). The received signal is the convolution of
g(t) and s(t), i.e.

f(t) = g(t) ® s(1) (8)

or equivalently in the frequency domain

F(w) = G(w)S(w) (9)

-4 -
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where S(w) is the Fourier transfer of s(¢), G(w) is the channel transfer function.
For notational simplicity range independence is assumed; the same results apply for
range-dependent scenarios.

Finally, it is assumed that n(t) is white noise. Then, its spectrum is given by

Sule) = 32 (10)

Substitution of Eq. (9) and (10) into Eq. (4) gives the general expression for the
matched filter output

_ fultw)? _ 2 1422 G()S () H () expl—juotm)dso|

T [ H (@) S

."\

2.1 Conventional Matched Filter

The conventional matched filter algorithms is independent of the propagation con-
ditions and directly correlates the received pressure field with a replica of the trans-
mitted signal. The transfer function of this filter is

H(w) = kS™(w) exp(jwin) (12)

where §*(w) is the complex conjugate of the transmitted signal and k is an arbitrary
constant which is set k = 1 for convenience. Substitution of Eq. (12) into Eq. (11)
gives the expression for the conventional MF output:

LIPS Gw)IS ()|
N, i |5(w)Pdw

Amg = (13)
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2.2 Channel Sensitive Processor

The CSP exploits existing information about the propagation channel by incorpo-
rating the channel’s response in the signal matching process. The transfer function
of the CSP is written as:

H(w) = kG™(w)S5™(w) exp(Jwim) (14)

where G*(w) and S*(w) are the complex conjugates of the channel transfer function
and the transmitted signal respectively. Again, k is an arbitrary constant which is
set to unity.

The combination of Eq. (11) and Eq. (14) yields the CSP output

L ieerser]

Acs = 15
P TN, [T G (@) 8 (@) Pdw &)
or equivalently
- 1 oo 2 2
Aap = o [ IG)PISE@)Pd (16)

2.3 Comparison of the two filters

To compare the performance of the conventional match filter with the proposed CSP,
it is convenient to form the output ratio of the two filters using Eq. (13), and (16)

Aesp _ S22 1GW)PIS (@) do J222 |5*(w) e
A | [12 G(w)|S(w)[2dwf?

(17)

Using the Schwarz inequality we have:
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2

|/+OO Gw) S(w) §(w) dw

—0o0

+oo +00
< |G (w)S(w)|? dw |5(w)|dw

and Eq. (17) leads to:

Aop o 132 Glw) S(w) S™(@)dwl*

— — = (19)
Ame = | 1222 G(w) S(w)]? dw]

This represents the potential performance gain offered by the CSP technique. It
must be noted that this result is valid under the assumption that the propagation
conditions of the channel are predicted exactly by CSP. The mismatch effect is
examined in the following sections.


watkins
Rectangle

watkins
Rectangle


Report no. changed (Mar 2006): SR-263-UU

SACLANTCEN SR-263

3

Simulation results

The formulae derived in the previous chapter were tested in the simulation environ-
ment shown in Fig. 1. The SNAP [7] program was used to create an acoustic channel
subdivided into a 100 m water column, a 1 m sediment layer, and a semi-infinite
subbottom. For simplicity, one-way propagation is modelled. A downward refract-
ing sound speed profile (SSP) is used to simulate a summer Mediterranean profile
with strong thermal gradient. This environment creates dense multipath conditions
as is apparent from the impulse response and the transfer function of the channel
shown in Fig. 2. For computational efficiency, the waveguide is assumed to be ho-
mogeneous in azimuth and range independent, although the proposed approach is
valid in more general conditions. The source was placed at 70 m depth and the
receiver at 65 m depth and 1300 m range. The transmitted LFM pulse, shown in
Fig. 3, had a bandwidth of 200 Hz, centered at 575 Hz.

Figure 4(a) shows the received signal (convolution of the LFM with the channel
impulse response), and Fig. 4(b), (c) show the same signal corrupted with white
noise for two SNRs, namely SNR=10 dB and SNR=-17 dB. These noise levels
where chosen so that the signal is either slightly contaminated by noise or totally
obscured by it. In each case, the performance of the conventional matched filter and
the CSP are examined.

Figure 5 shows the output of the two methods for SNR=10 dB. Both processors
demonstrate high correlation values between the received signal and the replica.
The peak-to-sidelobe gain is 3 dB for the conventional method and 11 dB for the
CSP. Figure 6 shows the performance of the two methods for SNR=-17 dB. It
appears that in extreme noisy conditions the conventional matched filter is not able
to detect the transmitted signal. On the contrary, the proposed CSP utilizes the
channel’s transfer function to compensate for the difference in traveltime of various
wavefronts. In this way, CSP is able to process coherently mutliple arrivals of the
transmitted signal, which results in a 8 dB peak-to-sidelobe signal resolution, as
shown in Fig. 6.
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Figure 1: Simulation geometry (not to scale).
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Figure 2: a) The impulse response, and b) the transfer function of the acoustic

channel.
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Time series of LFM puise
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Figure 3: a) The time series, and b) the frequency spectrum of the transmitted LFM

pulse.
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Figure 4: Time series of the received signal a) without noise, and b), c) with additive
white noise with SNR=10 dB and SNR= —17 dB respectively
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Conventional Matched Filter Output (SNR=10 dB)
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Figure 5: Detection performance of a) the conventional matched filter, and b) the
CSP methods. The SNR is 10 dB.
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Conventional Matched Filter Output (SNR= -17dB)
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Figure 6: Detection performance of a) the conventional matched filter, and b) the

CSP methods. The SNR is —17 dB.
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CSP and conventional matched
filter performance comparison for
source location ambiguity

In real life scenarios, the exact location of the target with respect to the source
and the receiver is unknown. As the CSP method utilizes information about the
geometry of the waveguide, it is important to assess the sensitive of this method
to the geometric channel parameters. For simplicity, one-way transmissions are
simulated, thereby limiting the problem to the uncertainty of the transmitter’s range
and depth. A grid of possible locations was created in the vicinity of the true
transmitter at 65 m depth and 1320 m range. The search area limits were 1200
to 1400 m in range and 50 to 80 m in depth. Ambiguity surfaces representing the
output ratio of the two processors expressed by Eq.( 17) were created. To reduce
the variations of the output, the procedure is repeated 20 times each time with a
different noise series and the results are averaged. Figure 7 shows the ambiguity
surface for SNR=10 dB. The peak at the correct source coordinates indicates that
when there is sufficient a priori information about the geometry of the channel, the
CSP outperforms the conventional matched filter method. However, when there is
mismatch between the actual and the assumed distances the matched filter may
provide better results than CSP. In Fig. 7, the ambiguity surface values vary from
—7 dB to 8 dB which implies that the CSP is quite sensitive to the source location. It
can also be seen that the performance of the CSP does not degrade gradually moving
away from the center of the surface. This behavior is due to the dense multipath
conditions which even over short distances promote considerable changes in the
interference patterns of the acoustic field. Figure 8 corresponds to the SNR=~17
dB case. The two methods demonstrate again similar performance to the previous
case, the only difference being that for low SNR the variation of ambiguity surface
values is smaller (—4 dB to 6 dB).

_15_
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Figure 7: Ambiguity surface of the output ratio of the CSP and the conventional
matched filter expressed by Eq. (17). The SNR is 10 dB.
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Ambiguity surface (SNR=-17 dB)
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Figure 8: Ambiguity surface of the output ratio of the CSP and the conventional
matched filter expressed by Eq. (17). The SNR is —17 dB.
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5

Reverberation

It is well known that reverberation is a limiting factor to the detection performance
of sonar systems. It is caused by the scattering of energy from the propagation pulse
as a result of inhomogeneities in the acoustic channel and its boundaries [8]. Active
systems must compete with reverberation as well as with ambient noise to identify
a target echo from an obscured signal return [9]. The main difficulty in processing
signals corrupted with reverberation is that the SNR cannot be improved by increas-
ing the power of the transmitted signal. However, the detection performance of the
processor may be enhanced by taking advantage of the fact that the reverberation
spectrum is the same as that of the transmitted signal.

Let us reconsider the matched filter output in a reverberation limited environment
in which the power spectral density of the reverberation signal has the same form
as the power spectrum of the transmitted waveform [5], i.e

Sn(w) = a [S(w)? (20)

where |S(w)|? is the power spectrum of s(t) and a a constant set to a = 1 for
simplicity.

Using Eq. (4), (12), and (20), the output of the conventional matched filter becomes

L1 GEeserf
" AR IS(W) e

(21)

Similarly, combining Eq. (4), (14), and (20), the output of the CSP can be expressed
as:

_18__
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1| 16w)RS @ dw

csp = 22
PTG IS @) (22)
Consequently, the output ratio of the two filters is given by

Aoy _ | IEZIG@)PIS@) dw P[22 1S (w)|*dw (23)

Amt | [32G)|S@)Pdw 2 [T21G(w)2IS(w)[* dw

The Schwarz inequality applies directly to the denominator of the above ratio, yield-
ing:

’/:O Gl)IStw)ide E /.:)o |G(w)[*dw /_:o 1S (w)[*dw (24)

Thus, Eq. (23) becomes

Aep o | JZZIG@)PIS@)) do [
At = [331G(w)|2dw 17 |G (@) S (@) dw —

(25)

The second inequality is valid because, by recalling the Schwarz inequality, the
numerator is proven to be greater or equal than the denominator. Eq. (25) demon-
strates that the utilization of the CPS can improve upon the detection performance
of the matched filter in a reverberation limited environment. Finally, it should be
mentioned that Eq. (25) assumes perfect agreement between the actual and the
modelled propagation conditiomns.

_19_
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6

Reverberation simulation results

The performance of the CSP was compared with that of the matched filter for cases
in which reverberation was the only noise source. Reverberation was modelled as
bandpass noise produced by multiplication of the white noise and the LFM signal
spectra. This created a random process which complied with the reverberation
spectrum condition expressed by Eq. 20.

The output of the matched filter and the CSP are shown in Fig. 9 and 10 which
correspond to SNR=10 dB and SNR=-17 dB respectively. Similarly to the white
noise case, for low noise levels, both methods provide comparable signal detection
(Fig 9). On the contrary, for high noise levels, the conventional matched filter is
not able to identify the transmitted signal while the CSP scheme has a maximum
correlation peak with 5 dB gain over the sidelobes (Fig 10). These results verify the
theoretical prediction expressed by Eq. (25) according to which the CPS enhances
the detection performance of the traditional matched filter, even in a reverberation
limited environment.

The source location sensitivity study was repeated for the reverberation case. The
search grid was set at 1200 to 1400 m in range and at 50 to 80 m in depth. The
actual source was situated at 65 m depth and 1320 m range. Eq. (23) was computed
for each grid point 20 times each time with a different noise realization and the
average result is plotted. The ambiguity surfaces which correspond to SNR=10 dB
and SNR=—17 db are shown in Fig. 11 and 12 respectively. It is observed that the
performance of the CSP is significantly degraded due to source location mismatch
demonstrating again that in utilizing the CPS scheme, accurate a priori information
about the propagation channel is of primary importance.

- 20 -
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Conventional Matched Filter Output (SNR=10 dB)
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Figure 9: Reverberation limited environment: detection performance of a) the con-
ventional matched filter, and b) the CSP methods. The SNR is 10 dB.
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Conventional Matched Filter Output (SNR= —-17dB)
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Figure 10: Reverberation scenario: detection performance of a) the conventional

matched filter, and b) the CSP methods. The SNR is —17 dB.
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Figure 11: Reverberation scenario: Ambiguity surface of the output ratio of the
CSP and the conventional matched filter expressed by Eq. (23). SNR=10 dB.
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Figure 12: Reverberation scenario: Ambiguity surface of the output ratio of the
CSP and the conventional matched filter expressed by Eq. (23). SNR=-17 dB.
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Conclusions

It has been demonstrated that in dense multipath conditions the matched filter out-
put is distorted by the propagation conditions. This report presents a new processor
(CSP) which utilizes a priori information about the channel in an effort to improve
detection performance and localization capability. The CSP exploits the transfer
function of the channel to compensate for the signal distortion due to the medium.
This new scheme was compared with the traditional matched filter in noisy environ-
mental conditions. It was found that for low noise levels, both techniques provide
successful detection results with the CSP offering an additional ~ 8 dB gain over
the matched filter. For high noise levels, it was shown that the CSP was the only
method to detect the transmitted signal.

In spite of its enhanced detection performance, the CSP was found to be sensitive to
source location mismatch. Ambiguity surfaces demonstrated that for various combi-
nations of the source range and depth, the CSP’s performance decreased below that
of the matched filter. This observation, in conjunction with the fact that for high
SNR the two techniques have similar performance suggest that the two processors
may be used sequentially. In cases where the matched filter output indicates an
ambiguous target detection, the CSP can be applied to a confined area close to the
initial contact to increase the target resolution.

It has been shown that the above results are valid for either white noise or reverber-
ation limited conditions. This is an important conclusion as in reverberation cases
the SNR cannot be increased artificially by increasing the power of the transmitted
signal (this would also increase the reverberation level). The CSP overcomes this
problem by utilizing information about the propagation conditions to increase the
correlation between the actual and the modelled received signal.

Future work should focus on the statistical analysis of the CSP. The sensitivity
of this processor to propagation parameter must be assessed. Global optimization
approaches, such as the SAGA genetic algorithm, will be used to efficiently manage a
simultaneous analysis of more than two channel parameters. Finally, to make CSP
useful in operational situations, an assessment of its computational requirements
must be provided.

— 925 —


watkins
Rectangle

watkins
Rectangle


Report no. changed (Mar 2006): SR-263-UU

SACLANTCEN SR-263

References

(1] F.V. Bunkin, I.V. Gindler, A.R. Kozel’skii, Yu.A. Kravtsov, and V.G. Petnikov,
Dispersion distortions of complex acoustic signals in shallow ocean waveguides,
Soviet Physics Acoustics, 35, No. 5, 461-464, 1989.

[2] J.P. Hermand and W.I. Roderick, Acoustic model-based matched filter process-
ing for fading time-dispersive ocean channels: Theory and experiment , IEFE
Journal of Oceanic Engineering, 18, No. 4, 447-465, 1993.

[3] P. Gerstoft, Inversion of seismoacoustic data using genetic algorithms and «a
posteriori probability distributions, Journal of the Acoustical Society of America,
95, 770782 (1994).

(4] G. Haralabus and P. Gerstoft,Source localization in shallow water using multi-
frequency processing of shot data, SACLANTCEN, SR-253, 1996.

[5] W.S. Burdic, Underwater acoustic system analysis, Prentice Hall Signal Process-
ing Series, 1991.

(6] J.V. DiFranco and W.L.Rubin, Radar Detection, Artech House Inc., 1980.

[7] F.B. Jensen and M.C. Ferla, SNAP: The Saclantcen Normal-Mode Acoustic
Propagation Model, SACLANTCEN, SM-121, 1979.

[8] R.J. Urick, Principles of Underwater Sound for Engineers, McGraw-Hill Inc.,
1967.

[9] R.D. McDonough and A.D. Whalen, Detection of signals in noise, Academic
Press, 1995.

_26_


watkins
Rectangle

watkins
Rectangle


-

Report no. changed (Mar 2006): SR-263-UU

Document Data Sheet

Security Classification Project No.
041-2
Document Serial No. Date of Issue Total Pages
SR-263 March 1997 32 pp.
Author(s) o

Alexandrou, D., Haralabus, G.

Title
Channel-sensitive processor: development and detection performance evaluation.

Abstract
A Channel Sensitive Processor (CSP) which improves upon the detection performance of the traditional matched
filter is developed. This method compensates for the performance degradation of the matched filter due to dense
multipath conditions by utilizing existing information about the channel propagation conditions. Furthermore,
it is proven that the CSP is able to enhance target detection in a reverberation limited environment. Finally, the
sensitivity of the CSP to mismatch of the source coordinates is demonstrated.

Keywords

CSP — matched filter - multipath — reverberation — mismatch

Issuing Organization

North Atlantic Treaty Organization
SACLANT Undersea Research Centre

Viale San Bartolomeo 400, 19138 La Spezia,
Italy

[From N. America: SACLANTCEN
{New York) APO AE 09613]

Tel: +39 (0)187 540 111
Fax:+39 (0)187 524 600

E-mail: library @saclantc.nato.int



watkins
Rectangle

watkins
Rectangle

watkins
Rectangle


Report no. changed (Mar 2006): SR-263-UU

Initial Distribution for SR-263

Ministries of Defence

DND Canada

CHOD Denmark

DGA France

MOD Germany

HNDGS Greece
MARISTAT lItaly

MOD (Navy) Netherlands
NDRE Norway

MOD Portugal

MDN Spain

TDKK and DNHO Turkey
MOD UK

ONR USA

10

15
12
10
12
10

20
42

NATO Commands and Agencies

NAMILCOM

SACLANT
CINCEASTLANT/
COMNAVNORTHWEST
CINCIBERLANT
CINCWESTLANT
COMASWSTRIKFOR
COMMAIREASTLANT
COMSTRIKFLTANT
COMSUBACLANT
SACLANTREPEUR

SACEUR
CINCNORTHWEST
CINCSOUTH
COMEDCENT
COMMARAIRMED
COMNAVSOUTH
COMSTRIKFORSOUTH
COMSUBMED

NC3A
PAT

w N

Scientific Committee of National

Representatives

SCNR Belgium
SCNR Canada
SCNR Denmark
SCNR Gemany
SCNR Greece
SCNR ltaly

SCNR Netherlands
SCNR Norway
SCNR Portugal
SCNR Spain

SCNR Turkey

SCNR UK

SCNR USA

French Delegate
SECGEN Rep. SCNR
NAMILCOM Rep. SCNR

National Liaison Officers

NLO Canada
NLO Denmark
NLO Germany
NLO ltaly

NLO Netherlands
NLO UK

NLO USA

Sub-total
SACLANTCEN

- o ad N = 2 N e

e e S



	SR-263

	Executive Summary

	Abstract
	Contents
	1. 
Introduction
	2. 
Matched filter detectors
	2.1 Conventional Matched Filter
	2.2 Channel Sensitive Processor
	2.3 Comparison of the two filters

	3. 
Simulation results
	4. CSP and conventional matched filter performance comparison for source location ambiguity
	5. 
Reverberation
	6. 
Reverberation simulation results
	7. 
Conclusions
	References




