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ABSTRACT Robust and continuous distance estimation of a rapidly approaching threat is a significant
concern in underwater technology. Although frequency modulated continuous waves (FMCWs) have been
widely used in near-range situations, FMCWs are challenging to use in a specific underwater situation. If a
high-speed underwater target appears, the target echo can no longer be modeled as a simple Doppler-shifted
version of the wave, which increases the distance estimation error of conventional FMCW methods. This
situation also requires frequent updates of distance estimates. Thus, to obtain the distance of a high-speed
underwater target, we propose a signal format of a frequency coded continuous wave (FCCW) and develop
an FCCW-based distance estimation scheme. The proposed distance estimation algorithm has three steps:
group correlators and accumulated sum (GCAS), time-delay map (TDM), and Doppler line fitting (DLF).
The structure of the proposed FCCW enables the detection of each frequency hopping time (FHT) within a
shorter period than the observation time. The GCAS algorithm detects FHTs in the FCCW and is designed
to easily extend the matched filter length, resulting in an extension of the acquisition time. The TDM and
DLF provide robust distance estimates and enable the classification of multiple targets. Simulation results
show that the proposed method can detect FHTs and estimate the target distance more stably in low signal-

to-noise-ratio environments by increasing the matched filter’s acquisition time.

INDEX TERMS Frequency coded continuous wave, Costas code, near-range sonar, high-speed target.

I. INTRODUCTION

SONAR (sound navigation and ranging) has been widely
used to detect and identify various underwater targets [1]-[3].
An active sonar system, a well-known sonar technique, emits
an acoustic wave and receives a target’s echo. The reflected
sound wave provides information on underwater targets
such as target location, velocity, trajectory, and identification
features.

The most common acoustic waveforms are a pulse signal
and a continuous wave (CW) [4]-[6]. Conventional pulsed
active sonars have duty cycles on the order of one per-
cent, which indicates that 99% of the time is spent waiting
for the reflected wave. Conversely, high duty cycle sonars
such as continuous active sonars (CASs) have duty cycles
approaching 100%.

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.

CASs are beneficial for tracking moving targets because
CASs provide near continuous updates, high precision,
broadband reception, a high signal-to-noise ratio (SNR), and
the capability to detect multiple targets [4]-[9]. These charac-
teristics are based on the CW’s signal structure, particularly
in the difference of the duty cycle between a CW and a pulsed
waveform.

Because unmanned underwater vehicles, which are fast and
small, are increasingly widely used [10]-[12], CASs have
garnered considerable attention. We also consider tracking
faster and smaller underwater targets. Thus, this study pri-
marily investigates CW waveforms.

A. RELATED WORK

A frequency modulated continuous wave (FMCW) is a rep-
resentative technique that is used in short-range applications
such as proximity fuses, level measurements, and collision
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avoidance scenarios [13]-[17]. Early CASs used long slow
linear frequency modulation (LFM), which is similar to the
long-range version of the FMCW. However, only a small
segment of a received wave is used in detection, where stretch
processing is typically introduced; thus, the full waveform
bandwidth is not used [18]. DeFerrari and Wylie proposed
the use of M-sequence coded pulses as CAS transmission
waveforms [19]. These waveforms achieve high-range res-
olution even when only a small segment with full bandwidth
is coherently detected by repeatedly sweeping through the
available hop frequencies and relying on varying the fre-
quency sequences to prevent interference and range ambi-
guities [17]. Hickman and Krolik described a similar idea
using Costas sequences identified as the slow-time-Costas-
coded (SLO-CO) processing algorithm [20]. The primary fea-
tures of these frequency coded continuous waves (FCCWs)
are near-continuous updates, low transmission power, and
suppression of range-Doppler ambiguities, which allow an
active sonar to achieve a low probability of intercept (LPI).
The short-time Fourier transform (STFT) can be consid-
ered [22] but cannot provide a flexible selection of signal
length; thus, it is difficult to directly compare the proposed
method and STFT.

B. MOTIVATION BEHIND THIS STUDY

This study focuses on a special FCCW for LPI underwater
seekers. The FMCW has been widely used for radar seek-
ers. The beat-frequency-based distance estimation process-
ing for FMCW can estimate the distance of a target when
the time-frequency slopes of the transmitted and received
frequency modulations (FMs) are the same. However, beat-
frequency-based distance-estimation processing cannot be
applied to high-speed underwater sonar applications where
time-frequency slope mismatches and pulse-length mis-
matches exist due to significant Doppler effect [21]-[23].
The presence of significant Doppler effect motivates us to
develop a new method. However, for this reason, we also
exclude FMCW for LPI underwater seekers due to its mis-
match problems.

To use FCCW for an LPI underwater seeker, however,
two things must be complemented. First, the method used
should be applicable to situations where large Doppler effects
exist and cause shrinkage or expansion of signal length and
bandwidth in the range of 5-10% or more. Then, the target
distance can be estimated even when the sonar and target have
a relative speed of 40-80 knots. Second, in the estimation
process, the acquisition time of the received wave must be
extended to stably estimate target distance and velocity under
low SNR environments. In LPI seeker systems, the power of
a transmitter should be low and progressively reduce when
approaching a target to evade early detection by an enemy
radar or sonar [24].

C. CONSIDERATIONS OF THE STUDY
To update the distance estimate with a shorter period in a low
SNR environment, we propose using group correlators and
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FIGURE 1. Time-frequency code array; (a) Costas array of order 6, (b) an
example of the proposed time-frequency code array of order Ls = 6,
Lp =12.

an accumulated sum (GCAS) similar to the SLO-CO [20].
We can summarize the considerations for the design of
FCCW and GCAS as follows:

1) To update the distance estimate with a shorter period,
distances should be continuously estimated. In general, fre-
quency coding allows us to control the side-lobe of the ambi-
guity function to suppress interference or reverberations. The
Costas code is widely applied to frequency coded waveforms.
The Costas array, which represents the time-frequency com-
ponent of the transmitted wave, has the same number of fre-
quency states and subpulses, as shown in Fig. 1-(a). However,
to update the information estimate more often, the total num-
ber of subpulses must be larger than the number of frequency
states, as shown in Fig. 1-(b). Distance estimates are obtained
once every hopping interval (i.e., the length of a subpulse),
and the sequential estimates plotted on a time-delay map
directly represent an approaching threat.

2) To stably operate in high-speed underwater envi-
ronments, the proposed distance estimation scheme uses
matched filters (MFs) to detect each frequency hopping
time (FHT) in the received FCCW. The MFs can manage
shrinkage or expansion of signal length and bandwidth caused
by the Doppler effect. The SLO-CO uses multiple MFs to
detect all FHTs but does not consider the exact Doppler
effect [20].

3) To reliably estimate distance in low SNR environments,
the proposed distance estimation algorithm is suitable for
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FIGURE 2. Example of time-frequency code array of the proposed frequency coded continuous wave.

filtering a continuous wave. The acquisition time can be
extended as required to improve detection and estimation per-
formance. We incorporate group correlators (GC) and accu-
mulated sum (AS) to extend the MF’s length with minimum
computational increase. Increasing the MF lengths yields
more reliable detection and estimation in low SNR environ-
ments. This property is useful for certain active sonar systems
where anti-submarine or anti-torpedo sonars are required
to work reliably in low SNR environments due to the LPI
requirement.

D. CONTRIBUTIONS OF THE STUDY
The contribution of this paper can be summarized in the
following two points:

1) The proposed signal design allows us to estimate the
FHTs of areceived FCCW using a time-frequency code array.
We propose a time-frequency code array with more subpulses
than frequency states to produce frequent updates of distance
estimates.

2) We propose an efficient algorithm to update dis-
tance estimates more frequently. The proposed method
also provides a way to select a flexible acquisition time,
simplifying a desired increase in processing gain. This prop-
erty is particularly effective in a low SNR environment.
The estimation process of the proposed method has three
steps: GCAS, time delay map (TDM), and Doppler line
fitting (DLF).

E. OUTLINE

The remainder of this paper is organized as follows.
In Section II, the details of the proposed FCCW are presented.
The proposed distance estimation scheme is explained in
Section III. In Section I'V, the simulation results are presented,
and conclusions are drawn in Section V.
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Il. FREQUENCY CODED CONTINUOUS WAVE (FCCW)
While frequency coding has been used to minimize or control
the side-lobe level of an ambiguity function [25]-[27], we use
it to obtain and distinguish multiple distance estimates within
the maximum delay of the target reflected wave. The parame-
ters related to FCCW generation in Fig. 1-(b) are summarized
as follows:

o T}: frequency hopping interval, length of the subpulse,
o Fj: hopping frequency,

o Ly: # of frequency states, # of subpulses of a subarray,
e Ly: # of total subpulses,

o K: # of subarrays,

e Tmax: maximum detection delay.

The time-frequency code array for the FCCW consists of
K subarrays, as shown in Fig. 2. Each subarray consists of Ly
subpulses with different center frequencies, which is similar
to a Costas code array. The tone signal or LFM signal can be
used as a subpulse. Once the available bandwidth and Ly are
determined, K is set to satisfy the following condition:

Ty - K - Lf > Tmax. (1)

Each subarray must have a different time-frequency code
structure. Within a subarray, the subpulses must have differ-
ent center frequencies. The related k™ subarray A; and total
time-frequency code array A are defined as follows:

A € Rbrxly, )
A=I[A, Ay, -, Ax] e Rlr=hy, A3)

where only one component of each column and each row
of Ay is 1, and the other components are all 0, as shown in
Fig. 2. Ly corresponds to the order of the Costas array, and
various Costas arrays with the same order can also be used as
the subarrays Ay. The indices i and / of A (i, /) determine the
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FIGURE 3. Distance estimation procedure for the FCCW.

carrier frequency and the shift-time of the subpulse, respec-
tively. A generated wave with A is represented by

L, Lf
s(t) =Real { > A (i, 1) p(t — [Ty)e /> Vet i=DFD!
! i

“

where f; is the carrier frequency, f, is the hopping frequency,
and p (7) is a baseband pulse of duration 7}, and is a tone,
LFM, or different types of pulses.

The purpose of the modified FCCW scheme is to stably
determine the distance of a rapidly approaching target and
to update it more frequently. To meet this frequent update
requirement, we use a time-frequency code array A with
more subpulses than frequency states. The primary purpose
of frequency coding in A is not minimization of the side-lobe
levels or the control of an ambiguity function but rather the
classification of the FHTs of a received FCCW and the robust
matching to their corresponding FHT's [tl, 1<I< Lp] in the
transmitted FCCW. However, to suppress the side-lobe of the
ambiguity function, not more than two subpulses of the same
center frequency can exist in the subarray.

Ill. DISTANCE ESTIMATION

As atarget’s distance is obtained by every FHT in the received
FCCW signal, all FHTs should be robustly detected and
classified. Fig. 3 shows the entire procedure of the proposed
distance estimation scheme. Processing of the received signal
consists of four steps: GC, AS, TDM, and DLF.

We also assume that the Doppler frequency of the target is
known. The Doppler frequency of the target can be obtained
from several Doppler correlators [29], and the proposed
approach is easily implemented along with the Doppler cor-
relators by simply expanding the proposed processing blocks.

To detect all FHTs, different MFs are required to detect
the respective FHTs. The GC is implemented with MFs of
adjustable lengths with unit correlators for each subpulse.
In the AS process, the MF outputs of adjacent FHTS are accu-
mulated to more stably perform FHT detection and distance
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estimation. The TDM is drawn by the AS outputs and is used
for classification and distance estimation of multiple targets.
In the DLF process, a curve-fitting algorithm is used to clas-
sify multiple targets that have the same Doppler frequency
but different distances.

A. MATCHED FILTERING BASED ON GC
In this section, we introduce the GC-based implementation
of MFs. The MFs are segments of the transmitted FCCW
corresponding to each FHT, as shown in Fig. 4. There are
variable-length MFs for detecting specific FHTs. The GC can
implement all L, MFs for detecting L, FHTs using only Ly
correlators corresponding to the subpulses.

The MF to detect FHT t,, is defined for 0 <t < L,,T}, / K
as follows:

L Ly
hfnm (1) = Z thm G, D) p(t — Thl)e—jZHK(ﬂ--i-(i—l)Fh)t’
l i

)

where a GC’s code array Wi is used to generate a specific
MF hﬁ{" (t) with L,, subpulses and corresponds to a specific
section of the time-frequency code array A, as shown in
Fig. 4, and the Doppler ratio x = fX /fT is defined as the
ratio of the transmitted center frequency fCT to the received
center frequency fX. An example of W?O shown in Fig. 4 is
given by

00 0 0 0 0 0 0

1 0 0 0 0 0 0 1

s o 0o 0 0 0 1 0 0
Wio=10 0 0 1 0 0 1 0 ©

01 0 0 1 0 0 0

00 1 00 0 0 0

The MF’s output is calculated by

vk (1) = IFFT {FFT [r ()] FFT [hfnm (t)“ NG

where FFT is the fast Fourier transform, /FFT is the inverse
FFT, and r (¢) is the received FCCW. Practically, this filtering
process can be performed using the overlap-add method for
every MF length L,,, T}, /x [23]. However, this filtering process
is not suitable for certain sonar systems that must update the
distance estimate at intervals of T, /k.

Any FHT ¢, and any length L,, of MF hﬁ’" (t) can be
represented by the linear combination of time-shifted GC:
Th

1<i<L,0<t=<—.
K

®)

Similarly, yﬁ{" (t) can be represented by GC outputs
x; (t) = IFFT {FFT [r (t)] FFT [g; (t)]} . The overlap-add
method for x; (¢) is performed every T}, /k, and a row vector
x; (1) is the output obtained for every T}, /k as follows:

gi (1) = p(t)e*ﬂﬂK(chi*])F)nf,

X; (u) = IFFT {FFT [r W] FFT [g; D]}, ©))
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FIGURE 4. Examples of code arrays of matched filters for detection FHTs with several lengths.
where r (1) is u'? block data of a received FCCW to be cal- Y @+ 1) =y ) + 25, (w+1). (14)

culated by the overlap-add method, as represented in Fig. 5.
The calculation of y;;" (1) using Wﬁ,’" and x; (1) can be rep-
resented by

L Ly

iy =3 Y Whr G X —1+1)
=1 i=1
L,

ru—1+1).
1

(10)

~

The calculation examples of yffo (u), y%l (u+1), and
y?l (u + 1) are shown in Fig. 5. Many computations of yffo (u)
and y? | (u+ 1) are shared as

Yiow — iy (u—7) =2}y (u—6)+ - +25yw), (1D
YW+ =y +28, w+1) -2, u—-7).
(12)
Similarly, many computations of y?o (u) and y?l (u+1) are
also shared as
Yo =2}y —7) +2},(u—6)+ - +z} (),
(13)
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The MF outputs y,L,{" (u) based on the current block data r (1)
are calculated by

Yo ) =y - D42k ) — 2 w— Ly + 1),
for 2 <m <L, (15)
Vi" ) =y = D) 2" ) = 2 = Ly + 1)

Equation (15) is the calculation corresponding to h,L,{” ()
with length L, T}, /«, which is generated by Whn If the MF’s
length is increased to (L,, + 1) T;/« in the current block,
yﬁ{”“ (u) is calculated by

Ln+1 Lin+1

Yot ) =y, (w— 1) + 2k (),

for 2 <m <L,

ylfm“ (u) = yZ’f u—1)+ Zf’” (u) . (16)

The MF outputs y,ﬁ{" (#) at all FHTs can be graphically
viewed on a time-FHT map, as shown in Fig. 6. At the peaks
of yﬁ{” (t) and y;"jr 1 (1), there is a time difference of Tj/«k.
By detecting the peaks of all yf,{” (#), we can determine the tar-
get distance in the period T}/« . Details of detecting peaks and
distance estimation will be explained in Sections 3.3 and 3.4.
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FIGURE 5. Basic concept of group correlators to implement all matched filter for FHTs detection.

The GC-based implementation of MFs for detecting the
FHTs is considered to be meaningful in the following three
aspects.

First, for the FCCW addressed in this study, FHTs must
be detected, and distance estimates are obtained every T}, /k
interval. Therefore, the outputs of MFs for detecting all FHTs
must be obtained every T},/k. If we implement the output for
the L,, T}, /k length MF directly with the overlap-add method,
L,, FHTs are detected after collecting signals for L, T}/«
interval. Such an implementation may not be suitable for
systems that must obtain distance estimates every T,/k inter-
val, but GC-based matched filtering yields distance estimates
every T, /k interval.

Second, Ly GC can implement all L, MFs of various
lengths with minimum computational complexity. The cost
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of complex multiplications of all L, MFs implemented by
the overlap-add method is nearly O (Lp (LuNR) log, (LmNR))
for the block data r (1) € RNt The cost of a GC-based
overlap-add method is nearly O (LfNR log, NR) because only
Ly correlators for subpulses are used.

Last, GC-based implementation is suitable for filtering
continuous-wave signals. In the filtering process of contin-
uous waves, the acquisition time of the received signal can be
extended to improve detection and estimation performance or
to suppress reverberations.

B. ACCUMULATED SUM (AS) PROCESS

The AS process uses the MFs’ output y,L,{” (u) of multiple adja-
cent FHTs to detect a specific FHT and improves detection
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FIGURE 6. Example of the MF outputs of all FHTs; (a) top view, (b) side
view.

and estimation performance in severe environments by accu-
mulating peaks of adjacent yﬁ{” (1) . An example of how to
perform the AS process is shown in Fig. 7, and the output of
the AS process aj; Las (u) € RNz s defined by

Lgs—1
afnas (u) Z }y m (M _ d) ,
a#sm>==ﬁ¢¢(m1)f~- Ak @), ak VR,
a”n

where L, is the number of blocks of y,L,{” (1) accumulated,
and v is the element index of a row vector af;,‘” (u) . In the
(u + D™ block, the accumulated amount of the AS process
can be adjusted as follows:

Las

abe (u+ 1) =a> ) +yr @+1)
—MLHW—M+D,(®
alot 4+ 1) =al® ) +ylrw+1). (19)

Fig 8 shows an example of time-FHT maps (TFM) for

m' (1) and am“s (u) in a noisy environment (SNR = —33 dB).

In case af‘”‘“ (u), as shown in Fig. 8-(b), L,s = 50 blocks are
accumulated.
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C. TIME-DELAY MAP FOR DISTANCE ESTIMATION
The detection process for the FHTSs is performed on the AS
output data of each block unit as follows:

L -
alas (M)

AL () = | ake ) | e REP*NR, (20)

[ a0 |
Las ]

a" (4, Vmax —1)

eR*T (21

L
Af;{‘gx () = | an" (4, Vimax —m)

L aIiZS (us Vmax —Lp) |

where a; ‘” (4, Vmax —m) 1S the maximum value of the row
Vector am‘” (1) , and vipax —m becomes a specrfrc sample index
for am’” (1) . Among the elements of Amax (u) , the upper Ny
of larger values are used for distance estimation. Agz; - (W)
is An{z{x (u) sorted in descending order, and ¢ is the element
index for AL dose (W), where 57 (¢) is an FHT index correspond-
ing to ¢ element of Aderc (u) .

To robustly estimate a target’s distance, we define time-
FHT lines and derive a time-delay map (TDM). In Fig. 9,
there is a transmitter’s FHT line ¥ (n) and an AS output’s
FHT line ¥, (1) corresponding to a;" (i, Vmax —m), Which are
defined as follows:

n
'ﬁT (M) - |:¢T [n] — mOd (n’ LpNT)i| ’ (22)
ng
u) = R 23
R PR IR
ng = ( — 1) NR + Vmax —1(q)» 24
where 7 is a sample index; Ny and Ny are sample numbers
of subpulses in transmitted and received FCCW; and n,, is a
sample index for aL‘(l;) (4, Vmax —n(q))-
The TDM is drawn using ¥ ¢ (u) and multiple ¥, (1),
as given by

n
fa () = |:§q [”q]]
&g [ng] = mod [y [ng] — ¥q [ng] + LyNT. LyNr] . (25)

If the target’s Doppler ratio is constant with «, ¢, (1) will be
drawn as a line with a slope of 1 — «, as shown in Fig. 10.

D. DOPPLER LINE FITTING FOR MULTIPLE TARGETS

The classification of multiple targets is performed only for
the line &, (u) with the slope of 1 — « in the TDM. We use a
least-square fit method to determine whether sequential data
of ¢, (1) has a slope of 1 — « as follows:

1 Ki—1 )
E Z (le;nexq (u— k)) <§é, (26)

k=0

Ey(u) =

224809



IEEE Access

G.-H. Park et al.: Distance Estimation of High-Speed Underwater Targets Based on a Frequency-Coded CW

r(u)
AN SN N SNV U TNV IOUUN AU TN O I BN
| | ® 1 1 | | | 1 |
B A S D A I A R R R D
0 [ Y S N I Y I Y [
G0 o A AT A S S0 Il
1 1 1 e 1 1 e | 1 1 1
I S S R S S A BTN RN
ZLl t2 rB ZL4 ZLS IZL6 t'f' tS r9 t 10 tll tlz ZL13 tl4 ®
.
Y ® | Ju (T)
o N (T)
Ld M (r)
° .Wt(r)
o] e S (1)
) % (1)
XY l,."",«." W (T)
& 4_.-'.‘/ Y (?‘)
o | &7 . ¥ (7)
e "L..." ; ¥5(7)
() o . i ¥, (1)
yo (3;—5]/ v 651 I"E_I 61 N °
g (1) =2, ‘.Vé—"d (u-d) Eafo(”) =2 bf&"—d (u _d)“ .
i a0 v =0 !
T kel [T [ Ja®
ag( u)‘\\ ’yf&“ (u+ 1)‘
‘\\ +it
b 1= 5)
LT [T T T T EeEN [ [ Ja®)
ap (u+1)=ag (u)+ ‘}_'fg (u+ 1)‘ —‘}'f-'" (u— S)H
a:o(zz+l):a3(u)+‘y{f“f(u+l)‘ i
FIGURE 7. Basic concept of the AS process.
Wiine = [k — 1, 1, ‘L’()]T , 27 The method presented in this paper is a basic approach for
T detecting targets using curve fitting in TDM and can be
Xq ) = [Cq ", 1] ’ (28) designed using advanced techniques.

where K; is the number of blocks, and g is an initial delay

time. If there is a fitting error E,, (1) less than ¢ for any 7,
a target exits, and ¢, (1) becomes a distance estimate of the
corresponding target.

Fig. 11 shows the TDM of Ny, = 1, 2, 3 for two targets,
and ¢, (u) for the upper Ny, = 2 of larger values of Af;{’;x (u)
forms blue and red lines with the slope of 1 — « in TDM.

224810

E. COMPARISON OF THE PROPOSED METHOD AND
SLO-CO

Although GCAS was performed independently of SLO-CO
[20], similarities and differences that are related to the
Doppler effect, acquisition time, and practical implemen-
tations exist. The GCAS shown as a modified version of
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FIGURE 8. Example of the time-FHT map (TFM); (a) GC output, (b) AS output.
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FIGURE 9. Basic concept of FHT lines of transmitted FCCW and AS output.
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FIGURE 10. Time-delay map corresponding to Fig. 9.

SLO-COis used in an LPI underwater seeker. The similarities
and distinctions between the GCAS and SLO-CO are as
follows:

VOLUME 8, 2020

FHT Index 0 Time [ms]|

Similarities: (1) L, (=77) MFs are used to detect all
L, (=77) FHTs, as shown in Fig. 12-(a).

(2) MF outputs are accumulated to obtain reliable detection
results of FHTs, as shown in Fig. 12-(b).

Distinctions: (1) We consider extremely high Doppler
environments, but SLO-CO does not. The shrinkage of sig-
nal length is not reflected on the MF output of SLO-CO,
as shown in Fig. 13. While Doppler frequency and bandwidth
expansion are exactly reflected on the MF of SLO-CO, the
length of MF, LsTj, (= 11 x 1ms), is fixed by the length of
the transmitted signal; this makes it convenient to implement
Doppler correlators. However, SLO-CO cannot obtain reli-
able outputs of MFs because a large correlation loss occurs
between received FCCW and MFs, as shown in Fig. 13-(b).

(2) In the SLO-CO processing algorithm, it is assumed
that distance estimates obtained from different FHTs in a
repetition interval are nearly identical due to the low speed
of a target. Additionally, multiple detection results for FHTs
are combined as a distance estimate in a repetition interval
L,T;,. However, GCAS deals with cases where distance esti-
mates obtained from multiple FHTSs in a repetition interval
L,Ty, = T7ms are progressively decreased (or increased),
as shown in Fig. 14, because the speeds of an underwater
seeker and a target are so fast that the Doppler effect cannot
be approximated using the Doppler shift model. However,
AS processing combines the multiple detection results of
adjacent FHTSs to obtain reliable detection results of all FHTSs,
and distance estimates are updated for every FHT. Fig. 15-(a)
shows the detected FHT index of only GC and GC+ AS every
Th/k =~ 0.936ms. Thus, AS processing is required to increase
the acquisition time to obtain the correct index of FHT's in low
SNR environments because the false FHT index causes large
distance errors, as shown in Fig. 15-(b).

(3) The SLO-CO processing algorithm does not include
the practical implementation of multiple matched filter-
ing [21]. Multiple matched filtering is implemented with
a convolution operation, which is inappropriate in many
MFs and Doppler correlators with high sampling frequency.
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FIGURE 11. Example of TDM with two targets; (a) Nyp =1, (b) Nyp =2,
(C) NUP =3.

Conversely, in GCAS, L, MFs with the length of L, T /k can
be implemented by only Ly subpulse correlators (Ly < L)
with the length of 7}, /«. Even if the number of MFs L, and
the number of subpulses L,, increase, only complex addition
is required with few complex multiplications.

IV. SIMULATION RESULTS

To investigate using FCCW and the purpose of GCAS,
we performed simulations in severe environments with a large
Doppler effects and low SNR. The simulation parameters
used are shown in Table 1. Considering that target move-
ment can be directly transformed into a delay and Doppler
ratio, we represent target movement as the delay and Doppler
frequency measurements. We primarily referred to SLO-CO
[20] to determine the parameters of the proposed simula-
tions. The proposed detection and estimation methods for the
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FIGURE 12. Comparison of the time-FHT maps, SNR = —30 dB; (a) GC
output, (b) AS output with Lgs = 50.

Time |ms]

TABLE 1. Simulation parameters.

Parameters Variable and Values
Carrier frequency I
Sampling frequency J. =10/
Hopping-frequency f, =1kHz

Hopping-interval 7, =1ms— N, =1000

# of frequency state L =7
K=11

L,=77—>PRI=7Tms

# of subarray
# of total subpulse
SNR -28,-30,-32 dB
& =1.0026 (relative speed = 2 m/s)

Doppler ratio x =1.0689 (relative speed = 50 m/s)
MF length L,=20 (= 7T,L,/x~1871ms)
AS length L, =10,20,30,40,50
# of trials 100

FCCW can increase the acquisition time to reliably detect
FHTs and to accurately estimate the target distance in low
SNR environments, which is the AS process. The detection
probabilities (PDs) for FHTs increase as lengths increase,
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FIGURE 13. Time-FHT maps for MF outputs of SLO-CO; (a) « = 1.0026,
(b) « = 1.0689.
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FIGURE 14. TDM in the case of SNR = —30 dB and Lgs = 50.

as shown in Fig. 15. With an SNR of -28 and -30 dB, PDs are
near one with AS length of L,; = 40, where the acquisition
time is (L, + Lgs)Th/x ~ 56.1324. The root-mean-square
errors (RMSEs) of distance estimate of Fig. 16 are shown in
Fig. 17. False detections of FHTs are shown to yield large
distance errors in Fig. 15. Similarly, the RMSEs in Fig. 17
are sufficiently small when PDs approach one, as shown in
Fig. 16. Based on these simulations, a sufficient acquisition
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FIGURE 15. Detected FHTs and distance error, SNR = —30 dB; (a) detected
FHTs, (b) distance error.
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FIGURE 16. Detection probabilities based on SNRs and AS length.

time must be secured to reliably detect FHTSs, or a robust
procedure of distance estimation is required to overcome the
false detection of FHTs.

Reverberation: We also performed simulations of the pro-
posed distance estimation method in a reverberation environ-
ment. Because this paper considers continuous waves, this
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FIGURE 17. Distance RMSEs based on SNRs and AS length.

signal is significantly affected by volume reverberation [28];
thus, we simulated volume reverberation signals.

Volume reverberation waves can be produced by a linear
filter model [29]. This reverberation model is based on two
assumptions. First, the scatter density in the unit volume
is sufficiently high and uniformly distributed. Second, this
model assumes that only the first reflection occurs. From
these assumptions, the reverberant channel with the scattering
coefficient is described by

hy(n) = Ba(mw,(n),
a(n) = —2010g(0.5¢Tsn),

(29)
(30)

where «(n) is a damping factor, 8 is a scaling factor with
respect to the reverberation power, T is the sampling period,
and w,(n) denotes nonscaled coefficients. The volume rever-
beration w(n) is obtained from the convolution product of
h,(n) and the transmitted wave x(n) via:

N
w(n) =Y x(mh.(k — n), (31)
k=1

where N denotes the total number of samples.

To demonstrate the proposed method’s reliability in a
volume-reverberation environment, we conducted the same
simulations except with reverberation. Figs. 18 and 19 show
the detection probabilities and the RMSEs to the signal-
to-reverberation ratio (SRR). In these cases, the AS length
is set to 30. Volume reverberation is shown to degrade
the performance of both the GCAS- and GC-based dis-
tance estimators. However, the RMSE of the GCAS is much
lower than the GC-based method, as shown in Fig. 18.
In particular, the GCAS can estimate target distance with
an error of meters even when the SNR is -28 dB, and
the SRR is -15 dB. Similarly, the detection performance in
Fig. 19 also shows that the GCAS outperforms the GC-based
method.

Fig. 20 also shows the RMSEs and the detection proba-
bilities to the SRRs and the AS length. In this figure, we set
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the SNR as —30 dB. As an MF,

a longer AS length yields

improved processing gain and overcomes the reverberation
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environment, highlighting the importance of signal length
control.

V. CONCLUSION

In this paper, a near-range CAS scheme is proposed to
estimate the distance of high-speed underwater targets, and
FCCW is applied in the proposed CAS scheme to contin-
uously estimate a target distance and to obtain LPI char-
acteristics. Sonar systems that describe LPI characteristics
may have low SNR due to their low transmission powers.
The proposed CAS scheme can obtain reliable distance esti-
mates by increasing the acquisition time for CW with a fixed
calculation amount. In the future, we plan to study how to
determine a sufficient acquisition time for a specific SNR
environment and to eliminate false FHT detections in the
distance estimation process.
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