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Abstract. Recently, flight target altitude estimation using high frequency sur-
face wave radar (HFSWR) gains popularity. In practical flight target early
warning applications, the most concerned characteristics of the targets are
generally the high/low altitude attribute and the line-of-sight/over-the-horizon.
For HFSWR, the target altitude attribute identification is somewhat more
meaningful and available than the accurate altitude estimation. In this paper, a
novel method, which is based on the propagation attenuation of the vertically
polarized wave at different altitude intervals, is proposed to identify target alti-
tude attribute in HFSWR. The method continuously identify the target altitude
attributes and evaluate the credibility of altitude attributes identification. Prac-
tical trials demonstrate that the flight target altitude attribute is quickly identified
using a small amount of data, and meanwhile the credibility is superior to 0.9.
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1 Introduction

High frequency surface wave radar (HFSWR), which transmits vertical polarized radio
waves along the sea surface, is able to detect flight targets for hundreds of kilometers
away [1-4]. The radar has been applied by the maritime surveillance departments to
combat sea smuggling, to control maritime traffic and to protect exclusive economic
zone [5-7]. HFSWR takes the advantage of the diffraction propagation of the radio
wave to detect the over-the-horizon flight targets, while the radar can also be employed
to detect the high-altitude line-of-sight target due to the relatively wide vertical beam.
However, the signal and data processing methods utilized in traditional HFSWR
provide only the distance, velocity and orientation information of the targets, i.e. the
altitude information of the flight target is unavailable. Therefore, HFSWR is fails to
identify the target altitude attribute, and unable to judge whether it is a high altitude
target or a low altitude target. As pointed out in [8], HFSWR cannot immediately
distinguish between targets that are at different altitude in the same range over the
horizon.

In order to identify the high/low altitude attribute of the flight target, the tar-
get altitude can be accurately estimated by the traditional method. However, HFSWR is
currently using slope and azimuth information to estimate the altitude of high-altitude
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targets, these methods cannot be applied to low-altitude flight target altitude estimates.
In [9], a real-time estimation method of altitude and radar cross section (RCS) of target
using echo is proposed. However, this method is a multi-solution problem at altitude
estimation resulting in highly estimated error and low credibility. Although many
improved algorithms are proposed based on the above methods, there is still no fun-
damental solution to the highly estimated multiresolution problem [10—12] and cannot
be applied to HFSWR practical systems so far. From the point of view of engineering
application, HFSWR flight target altitude estimation is still in the exploratory stage. In
the HFSWR marine flight target early warning applications, whether the target is a
high/low altitude flight and line-of-sight/over-the-horizon is mostly concerned. It is
more practical to quickly and directly identify the flight target as a high/low altitude
attribute, line-of-sight/over-the-horizon attribute, that is to obtain the flight target alti-
tude attribute more than the specific flight altitude of the accurate estimation, and it is
easier to realize on the actual HFSWR system.

Based on the above engineering design, this paper focuses on solving the HFSWR
flight target high/low altitude attribute, line-of-sight/over-the-horizon attribute identi-
fication issue. According to the different propagation attenuation characteristics of the
vertically polarized waves in the range of high and low altitude that will be introduced
in Sect. 2, a target altitude attribute identification algorithm is proposed without esti-
mating the specific flight altitude of the target in Sect. 3. This method is able to identify
the target altitude attribute, and calculate the credibility of altitude attribute identifi-
cation. Furthermore, in Sect. 4, the algorithm is verified by the in situ data. A brief
conclusion is given in Sect. 5.

2 HFSWR Propagation Attenuation

According to the monostatic HFSWR equation, the power of the received signal can be
expressed as

1 o
P,=PG—+—————G, 1
t tl}%(R,h) (12/47_5) ( )

where P, is the received target echo; P, is the transmitting station signal transmission
power; G, is the transmit antenna gain; G, is the receive antenna gain; o is the target
RCS; h is the target altitude; R is the distance between the target and the radar
observation station; /,(e) is the surface wave propagation attenuation used by the
International Telecommunication Union (ITU), which is a function of the target flight
altitude % and the distance R from the target to the observation station; A is operating
wavelength of radar.
The HFSWR Eq. (1) takes the logarithm, and decibel representation is

P,(dB) = —201g1,(R,h) +101go+ 101gc (2)

where C = 101gce, (,(R,h) =101gly(R,h) and ¥ = 10lgo. Hence (2) can be
expressed as
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P(dB) = —20,(R,h) + ¥ +C (3)

In (3), it is assumed that the radar system parameters are constant, and C is also
known. The target echo is regarded as a known constant, and the target RCS and the
wave propagation attenuation have a linear constraint relationship. In addition, the wave
propagation attenuation is a function of the target distance and flight altitude. Therefore,
to achieve the target flight altitude attribute identification, it is necessary to analyze the
propagation attenuation of the vertically polarized wave propagating at different altitude.

In the high frequency band, the Rotheram model takes into account the atmospheric
refraction index and expatiates the propagation decay model in detail. The propagation
decay curve is adopted by the ITU as radio wave propagation attenuation standard in
10 kHz-30 MHz [13, 14]. Therefore, based on the unique advantage of the Rotheram
propagation attenuation model, the Rotheram propagation attenuation model is used to
calculate propagation decay curves at different altitude and distances.

For radar operates in 11.2 MHz, the altitude of transmitting station is 20 m, and the
range of distance between radar station and target is 30 km—140 km, the low- and
high-altitude propagation decay curve is shown in Figs. 1 and 2, respectively. As
shown in Fig. 1, the attenuation decreases gradually with the increasing altitude in the
low altitude region. When the flight altitude is lower than 2 km, the attenuation at
different altitude is different, and the altitude change 0.5 km can cause the deviation of
2 dB. In Fig. 2, the propagation attenuation difference at different altitude is getting
less. It can be seen that the difference in propagation attenuation in the high-altitude
region is not obvious. Therefore, the different propagation attenuation of the vertical
polarization wave propagation attenuation in the different space regions provides the
possibility of identifying the target altitude attribute.
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Fig. 1. Low-altitude propagation attenuation ~ Fig. 2. High-altitude propagation attenuation

3 Altitude Attribute Identification Algorithm

The purpose of this paper is to directly identify the altitude attribute of the flight target
without estimating the specific flight target altitude, and to improve the estimating
performance of goal threat in HFSWR.
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Line-of-sight/over-the-horizon of the target is related to the target distance and flight
altitude. In order to simplify line-of-sight/over-the-horizon attribute identification
problem complexity, the target high/low altitude flight status is identified before identi-
fying the altitude attribute, then the high/low altitude flight status is used to identify line-
of-sight/over-the-horizon attribute of the target. Therefore, the altitude attribute of the
flight target is divided into four categories: high-altitude and line-of-sight, high-altitude
and over-the-horizon, low-altitude and line-of-sight, low-altitude and over-the-horizon.

In order to make full use of the propagation attenuation characteristics of vertically
polarized waves in different altitude intervals, the target echo correction is needed in
the altitude attribute identification algorithm.

In the low-altitude region, the attenuation of the surface wave caused by seawater is
large. Therefore, it is assumed that the height region of 0-2 km is a low-altitude area.
The altitude of the 0-2 km range is divided into four altitude sub-intervals, the altitude
division nodes are respectively /iy =0 km, h; = 0.5 km, hy = 1 km, h; = 1.5 km,
h, = 2 km. The propagation attenuation on the ith altitude sub-interval is approximated
by the propagation attenuation on the node altitude #;. That is

é’b(Rv hi—l <h<hl) ~ Cb(Ra hl) i= 1727374 (4)

The target altitude is higher in the high altitude region, and the influence of the
flight altitude on the attenuation of the radio wave propagation is very small, and the
influence of the altitude on the target echo can be neglected. Thus, the propagation
attenuation at the altitude of the &y = 10 km is used instead of the propagation
attenuation at any altitude in the high altitude region. That is

{p(R,h) = (R, hy = 10km) (5)
Thus, the target echo corresponding to each altitude node is
P.(dB) = =2(,(R,h;))+ P+ C i=1,2,3,4H (6)

In this paper, we use the multi-model algorithm to first identify the target high/low
altitude flight state. Independent filtering models are constructed on each altitude
sub-interval of the low altitude region and the high altitude region. In the filtering
model of the ith altitude sub-interval, the target state vector is defined as

X, = [, lpk]T (7)

where ¥, is the RCS size of the target relative to the station at k, and ¥ is the target
RCS rate of change at k. It can be seen from (7) that the target state vector does not
contain unknown altitude information and contains only RCS information, thus
avoiding the multi-solution problem of state estimation. The target state equation of the
ith filter model is defined as
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X, =FX} | +vi (8)

where F € R?*? is the state transition matrix,vi_; is the white Gaussian process noise
with mean of 0 and variance of @ ;.

The target echo is used as the observation value of each filter model, and the
observation equation is defined as

P(dB) = =2{,(R, ;) + Wi + C + o 9)

where wy is the white Gaussian observation noise with mean of 0 and variance of Ry.

A set of multi-models filters can be established using the filtering model on all
altitude sub- intervals of the low-altitude region and the high-altitude region. This set of
multi-models filters is defined as follows

X;c = FX271 + Vi1

i —1,2,3,4,H 10
{Pr(dB) = =20, (R, h;) + W + C + o ' (10)

In the high/low altitude flight state identification, the Kalman filter algorithm is
used to calculate the predicted value Z;{ Jk—1» the state X! s and the covariance P s of

the ith filter model at k . Z;{ Jk-1 is used to calculate the confidence level of the high/low
altitude flight state. At the time of k -+ 1, the ith filter model is initialized with X? /i and
Pf{ s The target high/low altitude flight status identification process is shown in Fig. 3.
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Fig. 3. High/low altitude flight status identification flow chart

The input information Z; is the target echo value; the model on the altitude #; is the
state filtering model defined by (10). The high/low altitude flight status identification
and confidence calculation module input information is estimated value f(}( Ik of the
state filter model and the likelihood function p;(k) of the filtering model. For the ith
filter model, likelihood value of the observed value Z; is



356 S. Shao et al.

p(Zi/hi) =

1 L, A i1
B exp{_EAZk/kl TSk 1AZk/kl} (11)
\/27[Si]

where S}; is the new covariance matrix of ith filtering model at time &; AZ; Jk—1 18 the
new information of ith filter model at time k, defined as

~l

AZk/k—l = Z;e - Zk/k—l (12)

The confidence values of high/low altitude flight states are defined by the likelihood
function given by (11) as follows:

(1) High altitude flight state confidence value

p(D1(k)) = p(hu(k))
p(Zi/hn) - p(hy(k — 1))

= : (13)
P(Zi/hw) - p(hu(k — 1)) + ;P(Zk/hj) -p(hi(k — 1))
(2) Low altitude flight state confidence value
p(D2(k)) = max {p(hi(k))}
o P(Za/s) - plhi(k — 1)) (14)
T 1234

P(Ze/hir) - p(hua(k — 1)) + ép(zk/hj) -p(hi(k = 1))

J

If p(D;(k)) > p(D2(k)), it is identified that the target is a high altitude flight state.
Conversely, the target is identified to be low altitude flight state. The high/low altitude
flight states of the target can be identified by (13) and (14), but the target flight altitude
information is not given directly. However, the high and low altitude flight states of the
identification defined by (13) and (14) can indirectly determine the altitude sub-interval
of the target.

Therefore, the altitude attribute is defined by the high/low altitude flight state and
the line of sight/over-the-horizon, as follows

(1) Assuming p(D;(k)) > p(D,(k)) and R(km)<4.2+/hy(m), then the target is the
high-altitude line-of-sight attribute
(2) Assuming p(D;(k)) > p(Dy(k)) and R(km) > 4.2+/hy(m), then the target is the
high-altitude and over-the-horizon attribute
(3) Assuming p(D;(k))<p(D,(k)) and R(km)<4.2y/h/(m), where [= argmax
i=1234
{p(hi(k))}, then the target is the low-altitude and line-of-sight attribute
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(4) Assuming p(D,(k))<p(Da(k)) and R(km) > 4.2/h;(m), where [ = arg max
i=1,23,4

{p(hi(k))}, then the target is the low-altitude and over-the-horizon attribute.

When the target satisfies the altitude attribute criterion (1) or (2), the altitude
attribute credibility value is defined as p(D;(k)) (Fig. 4).

When the target satisfies the altitude attribute criterion (3) or (4), the altitude
attribute credibility value is defined as p(D,(k)).
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Fig. 4. Frame of flight target altitude attribute identification algorithm for HFSWR

4 Practical Trials Validation

This section uses Weihai high frequency surface wave radar station experimental data
to analyze the performance of the altitude attribute identification algorithm. HFSWR
operating frequency is 11.2 MHz, the transmission power is 1 kw, the sampling period
is 10 s. The target distance observation error is 1 km, and the target echo observation
error is 1 dB.

(1) The track of the first batch flight targets is shown in Fig. 5. The target flight height
is 200 m, and the azimuth angle of the radar station is 14° and the distance
between the target and the observation station is 23.2 km—59.5 km. Figure 6
shows that after four sampling points, the target low altitude flight state reliability
value is close to 1, and the high altitude flight state reliability value is close to O.
Therefore, the target can be judged as a low-altitude flight target.

(2) The second batch of aircraft target track is shown in Fig. 7, the aircraft target
flight direction suspected of Japan, South Korea direction. Figure 8 shows that the
result of the altitude estimation matches with the flight altitude of the international
civil aviation aircraft. The target heading speed is 921.6 km/h and also conforms
to the international flight speed.
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The high and low altitude flight states values shown in Fig. 9 indicate that the target
is at high altitude and the high altitude flight state reliability is more than 0.95. In the
calculation of the high-altitude flight state confidence value shown in Fig. 9(a), p(hx)
is more than 0.95. The target is within the high altitude range defined herein, and its
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Fig. 9. High/low-altitude flight state credibility

altitude is replaced by iy = 10 km, and the target distance is about 75 km—160 km.
According to the line-of-sight and over-the-horizon attribute judgment criterion, the

target distance and the altitude always meet R(km)<4.2\/hy(m), the target is the
line-of-sight target. In summary, the target attribute is the high-altitude line-of-sight
attribute. As can be seen from the altitude attribute confidence value, the high-altitude
flight state confidence value shown in Fig. 9(a) is also the altitude attribute identifi-
cation confidence value.

5 Conclusion

Based on the different propagation attenuation characteristics of vertically polarized
waves in high-altitude and low-altitude regions, this paper proposed an algorithm of
flight target altitude attribute identification and target altitude attribute identification
credibility calculation, and defined an altitude attribute identification criteria. The
algorithm used the target high/low altitude flight status information and target distance
information to determine the target line-of-sight and over-the-horizon attributes. The
practical trials showed that the proposed algorithm identified the line-of-sight and
over-the-horizon attributes of the flight target, in the meanwhile, identified the high/low
altitude flight status of the flight target. The correctness of the target altitude attribute
identification is 0.9 or more.
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