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Abstract: This paper presents a method to estimate beam point-
ing of phased array radar by the pulse amplitude train, which is
significant in radar electronic reconnaissance and electronic sup-
port measure. Firstly, the antenna patterns modeling of the phased
array system is exploited to build the radar sweeping model and
the signal propagation model. Secondly, the relationship between
the variation of the radiated power and the antenna beam pointing
angles in the given airspace is analyzed. Based on the above two
points, the sample with obvious amplitude characteristics of the
pulse amplitude train can be screened out after detecting the train
peaks. Finally, the sample is matched to the subsequent pulse
amplitude train based on the Hausdorff distance. The proposed
methods have less prior knowledge and higher efficiency and are
easier to process. By cross correlating the sample of the pulse
amplitude train with the sample data of the antenna follow-up ra-
diation, the probability of detection of the beam pointing direction
becomes larger in case that the subsequent antenna beam returns
to the specific position.
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1. Introduction

Phased array radar can switch the beam direction rapidly
by disposing the phase shifter with a wave controller.
When compared to the mechanical scanning antenna, the
phase array radar can overcome the capability limitation
caused by the beam’s rotating inertia. Besides, the charac-
teristic of low probability of interception can be obtained
due to the high agility of the beam, which presents new
challenges to conventional reconnaissance [1]. The pulse
description word (PDW), which contains the time of ar-
rival (TOA), direction of arrival (DOA), pulse repetition
frequency (PRF), radio frequency (RF) and pulse ampli-
tude (PA), is used to sort the pulse and localize the position
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of radiation when a long-range radar reconnaissance is
conducted [2-6]. Constrained by the operating range and
deviation of the aircraft, the pulse amplitude train (PAT)
cannot be easily obtained through the traditional method,
so the information of pulse amplitude can only be used for
trigger detection and few conferences focus on its extrac-
tion. Liao et al. established an emitter database based on
prior knowledge and related model techniques to realize
signal classification [7]. Quan et al. analyzed the scanning
characteristic of phase array radar and proposed a pattern
recognition method based on the rough sets theory to dis-
tinguish the signals from different radars [8].

As the received pulse train is dependent not only on
transmitting antennas but also on receiving antennas [9,
10], pulse amplitude information is closely related to beam
pointing, scanning mode and working state. As a part of
the radar signature [11], the radar pulse amplitude train
not only reflects the information of antenna radiation pat-
terns but also has close relationship with the beam di-
rection. For a particular phased system, the beam pattern
varies with its direction, but it can be confirmed when the
beam points at a fixed orientation. The transmitting power
at a certain point in space changes with the radar beam di-
rection. In radar searching mode, by modeling and simu-
lating on the power distribution variation and analyzing the
power variation rule at a given point in space, we can figure
out the beam direction effectively.

Substantial attention has been paid to study the further
application of PAT in recent years. The direction of main-
lobe is estimated by the match of the sidelobe based on
Hausdorff distance in [12], but the amount of prior infor-
mation is required. The cycle binary algorithm was pro-
posed to discriminate the whole waveform in [13], but the
direction of main beam pointing cannot be extracted. In
this paper, a method based on order-statistic filter (OSF)
and Hausdorff distance is proposed to realize the main
beam pointing recognition, with less dependence on prior
knowledge, signal to noise ratio (SNR) and resolution.
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2. Modeling on transmission power over
beam scanning

The transmitting power of phased array radar in space de-
pends on its antenna pattern, the power of the transmit-
ter and the slope distance between the fixed point and
the radar. The power distribution is closely related to the
searching modes of the radar in a certain space.

2.1 Antenna pattern function

The phased array radar changes the direction of beam
steering through the changing of the phase offset in phase
shifter. According to the antenna theory [14], the antenna
pattern of the phased array is expressed as
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where D(0, o) is the pattern factor, F, (0, ¢) is the array
factor, and f(f, ) is the array element factor. 6 and ¢
are the array elevation and azimuth angles under spheri-
cal coordinate set, respectively. f (6, ¢) is decided by the
attributes of the antenna elements which are assumed to
be cosine antenna elements working between 5 —6 GHz. It
can be expressed as follows:

£(0,0) = cos™ O cos™ ¢ 2)

where m and n are the cosine antenna exponents with their
real numbers greater than or equal to 1. In the following
sections, both m and n are chosen as 3.

When the beam points to direction (6, o), the pattern
factor D(fg, o) can be expressed as

D(0o, o) =

4w A 2
)\277 (1= |I(fo, ¢0)|> = Lg) - cos o (3)

where A is the antenna aperture area. 7 is the aperture ef-
ficiency with amplitude weighting. )\ is the wavelength of
the corresponding working frequency. 6 is the angle from
the antenna beam direction to the array normal direction.
[T (0o, @o)| is the antenna mismatch coefficient. L, is the
insertion loss of the beam forming network.

In this simulation, suppose both 7y and 1—|I" (6o, ¢o)
L, are equal to 1 in ideal conditions while in real phased
array system they usually fall into the range between 0.4 —
0.7 and 0.6 —0.8 respectively. As shown in (1) and (3), the
pattern factor D(0, ¢) affects only the antenna magnitude
while the beam/antenna shape is totally decided by the ar-
ray factor F, (6, ). For a planar rectangular array consist-
ing of (2N, + 1) x (2N, + 1) antenna elements, distance
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between adjacent array elements is supposed to be dz in
x axis and dy in y axis. The coordinate origin is located
at (0,0) element. The array factor of planar array can be
expressed as

Nz Ny
F.(0,0) = Z Z I exp(jk(mdar, +ndyty))

m=—Nz n=—N,

“)
Ty = sin 6 cos ¢ — sin 6y cos g (5)
Ty = sinfsin ¢ — sin Oy sin ¢g (6)
2n
k=— 7
- )

where (6o, o) is the beam steering, & is the number of
beam positions, and I,,,,, is the weighting coefficient.

Consider a rectangular array consisting of 100x 100 co-
sine antenna elements. The 3D response patterns of the ar-
ray when the azimuth beam points to the (0°, 0°) and (45°,
45°) are shown in Fig. 1 and Fig. 2.

3D response pattern
5.6 GHz steered at 0 Az,0 EI 0

-10

b
i
Normalized power/dBm

(a) 3-D antenna radiation pattern of rectangular array

Azimuth cut (Elevation angle=0.0°)

-60

Normalized power/dBm

— 5.6GHz0Az OEI
-100

~100 -80 —60 —40 —20 0 20 40 60 80 100
Azimuth angle /(°)

(b) Flat view of azimuth

Fig. 1 3D response pattern of the rectangular array when the azi-
muth beam points to (0°, 0°)
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3D response pattern
5.6 GHz steered at 45 Az,45 EI
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(a) 3-D antenna radiation pattern of rectangular array

Azimuth cut (Elevation angle=0.0°)
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(b) Flat view of azimuth

Fig. 2 3D response pattern of the array when the azimuth beam
points to (45°, 45°)

Fig. 1 and Fig. 2 show that the antenna pattern of the ar-
ray moves with the changing of the beam direction, which
corresponds to (1). The pattern shapes under any beam di-
rection can be safely affirmed when the antenna elements
and structure of the array is assured.

2.2 Scanning models of the array beam

The scanning model of the array is used to describe how
the beam direction angle changes with time when the array
is searching for targets in the airspace [15,16]. According
to different tasks, radars achieve optimal search and detec-
tion [17] with different scanning strategies such as linear
scanning, elliptical scanning and multipoint scanning.

In air defense, the phased array radar systems usually
perform searching tasks with the help of the target indica-
tion radar. After detecting targets in the specific airspace,
the systems perform the task of target recognition and
tracking. In order to obtain the variation of its scanning
angles, the phased array beam scanning models should be
analyzed, no matter whether there is target indication in-
formation or not and whether a target is found or not [18].

Fast switch of the wave beam is an important technique
characteristic of phased-array radar which can not only
track multi-batch targets, but also keep airspace search and
surveillance when the tracking task is carried out. The rate
of working data can directly influence the tracking accu-
racy of the guidance radar. Generally, the data rate is 10 Hz
when accurate tracking is implemented while the data rate
is 1 Hz when coarse tracking is implemented. Radar per-
forms the task planning through the requirements towards
different targets [19]. In this paper, the task planning of
radar is set as follows:

k tasks, including one searching task and k£ — 1 tracking
tasks, are carried out by phase array radar. The correspond-
ing time interval is 17,75, T3, ..., Ty and the data rate of
tracking tasks is s1, s2, S3, ..., Sk—1, the time interval be-
tween the same tasks is the integral multiple of the dwell
time of the wave beam, which can be expressed as 7'. The
time interval of each task is set as follows:

T,=NT, i=1,2,... k (8)

Suppose that the phased-array radar has a searching
task, an accurate tracking task and a coarse tracking task.
The time interval of accurate tracking is 77 and the time
interval of coarse tracking is T5.

The array beam applies column by column sector scan-
ning with a beam width of 2°x2° in the airspace with its
azimuth angle range varing [ —40°, 40°] and elevation an-
gle range varing [ —30°, 30°]. The beam stays 5 ms at eve-
ry beam position. The interval between beam positions is
Aa = 1°, A8 = 1°. Ty is 100 ms and T5 is 1 s. The time
series under different states can be shown in Fig. 3.

Accurate tracking

Coarse tracking Searching
/ AN

5 100 1000 ¢/ms
Fig. 3 Relationship between searching time and tracking time un-
der two tracking states

Model the beam pointing of one sector’s searching task.
The corresponding beam pointing at the dwelling time
when the searching task is implemented can be expressed
as

a=ap+mod(n, A/Aa), n=1,2,...
{ B =Bo+mAB, m = fix[n/(A/Aa)] < B/AS

®

where B is the scanning range of the beam azimuth, A is

the scanning range of the beam elevation, A« and A is

the scanning step of the beam at elevation and azimuth re-

spectively, (8, «) is the real-time pointing, (3o, ) is its

initial pointing, mod (-) is the modulus function and fix (-)

is the integral function.
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Two tracking tasks are inserted to searching tasks with
time interval 77 and 7% according to Fig. 3 and (9). When
the antenna finishes column by column scanning from left
to right with a zigzag course on the vertical plane, the
wave beam returns to the original point and begins the next
sector searching. The searching time can be calculated as
254s.

2.3 Signal propagation in space

To determine the exact transmitting power of the tested
radar when its radiated power reaches the given positon in
a space, the special characteristics of the radar space trans-
mission are discussed.

Supposing the phased array radiates signal z(t) to the
airspace, the signal at distance R can be expressed [20] as
follows:

y(t) = ——F— (10)
where 7 is the time delay, L is the signal attenuation in the
process of propagation.

When the electromagnetic wave spreads at the light
speed c, the time delay is

T =

f 1D
c
where R is the signal propagation range. Transmission at-
tenuation coefficients in free space can be counted out with
12). ,
4nR

L= ()\72) (12)
where A is the radar wavelength corresponding to its ope-
rating frequency.

Equations (10)—(12) build up the ideal signal propa-
gation model in free space. In real cases, an atmospheric
transmission loss of the radar signal occurs due to atmo-
sphere refraction, atmospheric absorption, thermal noise
and weather conditions such as cloud, rain, fog and snow.

In fact, it is quite difficult to describe these factors with
accurate values. In general, these phenomena usually dis-
tribute uniformly in the earth aerosphere during a period
of time and can be regarded as a loss factor in the radar
equation [21]. Simultaneously, the loss factor is not a con-
stant but a random variable obeying the Gaussian normal
distribution. Thus the signal propagation model in actual
airspace can be written as below:

o = (1= 2) 20 (13)

where 7 is the loss factor of actual propagation in space.
Mitchell elaborated the relationship between power loss

and propagation range during the actual transmission of

electromagnetic wave in the atmosphere [22]. As is seen

from the results, signal attenuation is in linear relation-
ship with the propagation range at close quarters (within
50 miles), and the loss factor increases with the operating
frequency.

3. Simulation of power variation at a
fixed space point

When the phased array radar is scanning a given airspace,
the antenna beam continuously scans a fixed area with its
main lobes or side lobes, resulting in power variation. For a
specified space point, as its relative positional relationship
with radar is decided, it is not difficult to work out how
their positional relationship affects the radiating power of
the radar at this point while the radar is searching.

The position of one space point can be denoted with its
coordinates in the phased array coordinate system. (3, ¢,
and R represent the azimuth angle, elevation angle and
distance of this point respectively [23]. Suppose that the
radar power remains constant at each transmission. When
the power is calculated, noise influence of the transmit-
ter should be considered as well as man-made interference
including industry disturbing, neighboring friend radar’s
interfering and enemy’s intended jamming. Therefore, the
actual power at a given space point is the summation of
theoretical power and noise power. Noise power can be ex-
pressed with SNR and its value approximately obeys the
normal distribution.

Model and simulation work are conducted with phased
array system toolbox of MATLAB. Objects created in the
toolbox contain antenna element, antenna array, transmit-
ter, radiator and free space. Meanwhile, the noise model
is added with the self-defined function. In the following
simulations, the beam pointing angles are continuously
converted into the array steering vector, then the simulated
signals are radiated to the space point and the power of
the specified space point is calculated. The parameters in
simulation are shown in Table 1 and Table 2.

Table 1 Basic parameter settings

Parameter Value
Array configuration Rectangular
Array element number 100x 100
Transmitter power /W 5% 103
Radar working wavelength /cm 10
Emitting antenna gain /dB 40
Beam dwell time /ms 5
Beam width /(°) 2x2
Beam step /(°) 1
Receiving antenna gain /dB 20
Receiver SNR /dB 60
Receiver sensitivity /dBm -100

The fixed space point (30°, 20°, 30 000)
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Table 2 Parameters of target moving model

Parameter Target 1 Target 2
Tracking characteristics Accurate Coarse
Flight attributes Uniform Uniform
Track starting point (0°,0°) (-20°,0°)
Speed /(m/s) 150 200
Altitude /m 1 000 3000

The SNR in the receiver [24] can be expressed as

SNR = 101g(P,/P,) (14)

where P is the total energy of PAT and P, is the energy of
noise. The power of signal in the receiver can be expressed

as
P,GG N

(4nR)?
where P; denotes the emitting power of radar, G; denotes
the gain of the radar antenna, GG, denotes the antenna gain
of the reconnaissance plane, A denotes the wave length and
R denotes the distance between the reconnaissance plane
and the radar.

Choose P,, = Spin = —100 dBm according to Table 1
and Table 2, then the SNR of mainlobe can be calculated
as 135 dB and the SNR of the fifth sidelobe is 70 dB. When
the slope distance of the specific point is set as 60 km,
the SNR of mainlobe as well as the fifth sidelobe can be
129 dB and 64 dB, so the SNR in the simulation would be
set as 60 dB. Fig. 4 shows the changing of the normalized
energy in the specific point when two tracking tasks are
implemented at the same time.

P, = 15)

Normalize power/dBm

Fig. 4 Relationship between the antenna sweeping angle and the
power of the given point

Fig. 5 shows the power variation at the point (30°, 20°,
30 000) when the phased system is searching in space ac-
cording to the one searching task and two tracking tasks.
As can be seen from Fig. 4 and Fig. 5, power variation
at this point partly reflects the antenna scanning principle,
which is listed as follows:

(i) The peak of the amplitude value occurs periodically
due to the fact that the antenna’s main lobes cyclically get
close to the point in elevation;
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(i) Power envelop firstly increases and then decreases
along with the main lobes gradually approaching and devi-
ating from the point in azimuth;

(iii) Transmitting power acquires its maximum value
when the antenna beam is directing at this point;

(iv) The tracking task presents periodic pulse spikes in
the pulse amplitude train.
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500
1 000
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Beam number
—— : Detection threshold.

: Singal power;

Fig. 5 Power variation curve at the given point along with time

4. Analysis of the antenna beam direction
4.1 Pulse amplitude train samples selection

In accordance with the results in Fig. 5, the antenna beam
direction is analyzed to find the moment when the main
lobe peak values and side lobe peak values traverse to the
receiving point, and extract a fixed number of radiation
samples around this point.

The sample in Fig. 5 is preprocessed with the OSF
method. In the figure, the train of length reaches 5 076
points, where a full traversal of peak values covers around
240 points. The number NV of sliding window group x is
assumed to be 256 points, and then the threshold Z of OSF
on the samples train is calculated.

z; (i =1,2,...,256) is arranged in ascending rank or-
der to be x;. Assume that

7 = 1}, (16)

Assume k = 3N/4 (i.e., k = 192) as the noise level
of the antenna active radiating samples is much lower than
targets scattering echo.

Fig. 6 shows the testing results with the OSF method.
It can be obviously shown that the super threshold sam-
ples reserve all the peak values which are formed during
the traversal of the main lobe and side lobe peaks in Fig. 5.
The nonzero super threshold sampling points M, in the
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peak value region shrinks to less than 50 points. Suppose
that the amount of super threshold sample groups is a(m),
the envelope center of gravity can be calculated as follows:
N TR
a(m) = — a(m 17

H;J()LS;(;H) (17)
where L is a constant value related to M., which refers
to the maximum number of signals among a group of su-
per threshold signals. The principle of selecting M, is:
Ly > Mmax/2, 50 Ls equals 30. N is the intersection point
of first integral and double integral. Solving N in (17), then
the samples group envelop center of the gravity serial num-
ber can be obtained, which can be expressed as

Npeak:N_Ls- (18)

——

500
1 000
1500
2 000 !
2 500k
3000p
3500 p—
4 000
4 500 fmmm—
5000

Beam number
Fig. 6 Detection result with the OSF method

The calculated results of the the gravity center of each
peak region is shown in Table 3.

Table 3 Detection results

Number Peak/10mW Beam number
1 6.011 81
2 6.581 206
3 7.035 459
4 6.699 721
5 8.078 967
6 9.378 1475
7 10.17 1729
8 11.08 1983
9 12.17 2237
10 13.49 2491
11 15.14 2745
12 17.28 2998
13 20.17 3253
14 24.35 3507
15 31 3760
16 43.3 4015
17 74.19 4269
18 72.87 4395
19 303.1 4523

20 357 4648
21 252.7 4774
22 77.69 5029

As shown in Table 3, the pulse peak generated by the
tracking task is filtered when the double integral method is
used to detect the peak value.

4.2 Radar beam direction identification

In order to increase the probability of beam direction iden-
tification, the detected power peaks in Table 3 is first re-
arranged based on the altitude value, then, certain sample
data before and after the peak value points are taken as the
matching samples. Finally, the subsequently received radi-
ation data are matched to acquire real-time beam direction
information using the Hausdorff distance curve matching
method.

Step 1 The extraction of peak value sample curve

As depicted in Fig. 7, the 19th and 20th points, which
own the biggest peak value amplitude in Table 3, are taken
as an example, 128 points before and after the peak value
point is taken as a curve sample.

400 T T T T T T

300 1
200} 1

amplitude

100 1

Normalized output

0 . A . . . .
0 20 40 60 80 100 120 140

Point
(a) Curve sample 1

400 T T T T T T

300 +

200 +

Normalized output
amplitude

0 h h L L L
0 20 40 60 80 100

Point
(b) Curve sample 2

léO 140

Fig.7 Peak value sample curve

Step 2 Calculate the curvature set A of the sample
curve
Any curvature of the curves can be calculated by

y//
K = 7(1+y’2)3/2' (19)
The calculated curvature result of the sample in Fig. 7 is
shown in Fig. 8. The curvature set of the curvature sample
1 -2 can be defined as
A= {aia aéa ) aiQS}a t=1,2.
Step 3 Calculate Hausdorff Distance for amplitude data
using the searching method of 128 points sliding window
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Hausdorff Distance is the biggest/smallest distance de-
fined in two points set [25], which is mainly used to
measure the matching degree of the two points set. The
Hausdorff Distance between the finite point set A =
{ai,a9,...,a,} and B = {b1,bs,...,by}, can be defined
as

H(A, B) = max(h(A, B),h(A,B))  (20)

where h(A,B) = maxmin|a — b||, h(B,A) =
, || - || is the distance pattern defined in
points sets A and B. Ly-pattern is Euclidean Distance.

maxmin ||b — a
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5 : : : : T T

0 A A

Curvature
|
W
;
.

—15 . . . . . .
0 20 40 60 80 100 120 140
Point

(b) Curve sample 2

Fig. 8 Peak value sample curve curvature

In simulation, it can be assumed that the subsequent re-
ceived radar radiation data begin from 10 s (that is 500
point) in Fig. 5, in which disturbing noise (SNR = 60 dB) is
added. Pick up curve sampling of the subsequent received
radar radiation data using 128 points sliding window, and
calculate the curvature set BY = {b b}, ..., blos}, in
which j refers to the subsequent sampling numbers, j =
500,501,...,5 076. As shown in Fig. 9, the Hausdorff
Distance curve composed of the sampling points can be
acquired from (20). It can be seen in Fig. 9 that Haus-
dorff Distance Zero (the curve sample 1: 0.003 268, the
curve sample 2: 0.002 138) appears when radar subsequent
beams scan the curve sample 1 (beam number: 4 648) and
the curve sample 2 (beam number: 4 523). In test, accord-
ing to the simulation results, pick up the proper matching
threshold e = 1. When H(A, B) < e, the sample curve
can be judged to match to the radar radiation curve.
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Fig. 9 Hausdorff Distance curve

4.3 Performance analysis

Consider the simulation time is 100 and e = 1. Both
the detection probability and false alarm probability are
counted to show the performance of the algorithm under
different SNRs and sliding window widths.

Table 4 shows that the algorithm has a better perfor-
mance when the SNR is higher. The detection probability
is 91% when SNR is 30 dB, which can increase to 99%
when SNR is 35 dB.

Table 4 Detection result with noise (e = 1, Points = 128)

Probability SNR /dB
Detection probability /% 2 9] 99 100

False alarm probability/% 0.30 0.29 0.24 0.01

Table 5 shows that the detection performance would be
the best when the sliding window width is equal to the peak
beam width. The false alarm probability is on the rise when
the sliding window width is bigger, which results from the
decrease of the uniqueness of PAT. The condition would be
the same when the sliding window width is narrower, due
to the decrease of resolution of PAT. Besides, the computa-
tion of the proposed method has a square relationship with
the sliding window width.

Table 5 Detection results with different sampling points (e = 1,
SNR =35 dB)

Probability Point
64 128 256
Detection probability/% 100 99 100
False alarm probability/% 3.8 0.24 4.7
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5. Conclusions

In this paper, a method based on OSF detection and Haus-
dorff Distance is proposed to extract the information of
PAT in a fixed point, which can be used for beam pointing
recognition of the main beam. When the jamming equip-
ment releases the sidelobe track deception jamming signal,
the proposed method can significantly improve the proba-
bility of being triggered and tracked, besides, it can largely
decrease the hardware sizing.

In the arithmetic, the pulse amplitude train sample
for specific coordinate points in space can be picked up
through phased-array radar beams modeling.

In the arithmetic, the OSF method can filter the train
sample and find out the distinct corner of the train sample
curve quickly.

Only curve shape needs to be matched so less compu-
tation is conducted in the proposed method. Additionally,
it is not sensitive to the radar transmitting power and SNR
which is beneficial to reduce the difficulties in hardware
sampling channel design.
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