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Extended Abstract

Background and Objectives: The accuracy of target position detection in IR
seeker depends on the accuracy of tracking error signal (TES) extraction from
seeker Field of View (FOV). The type of reticle inside the seeker determines
the output modulation signal that carries the TES. In this paper, the
stationary wagon wheel reticle is used, which makes the type of the output
signal as FM modulation in the linear region of FOV, but the signal will be
distorted by changing the radius of target image spot (TIS) and in the
nonlinear region of FOV.

Methods: Firstly, we applied the Hilbert transform algorithm for the first
time in this field and compared it with the conventional algorithm in the
linear region of FOV to decrease the effect of changing the radius of TIS.
Secondly, we presented a new method in the nonlinear region to extract the
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Results: The results show improvement in TES accuracy extraction in the
linear and nonlinear region over the FOV for different radii of TIS.

Conclusion: Improving the TES extraction in all FOV will improve the ability of
the missile to track the target. This extraction faces problems like existence
the target in the nonlinear region of FOV and changing the radius of the TIS.
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problems in the TES extraction as follows:

First thing is the limitation of linear region. In the
wagon wheel reticle, the linear region is only 40% of
FOV [1]. The linear region in the wagon wheel reticle is
the region where the projection of the target at reticle
plane will produce the FM modulation signal. In the IR
seeker, the target may be missed before going out of the
FOV because it is becoming in the nonlinear region of

Introduction

The IR seeker in a passive homing missile is the ‘eye’ of
the missile and contains an optical system to view the
target image. The final output of the optical system,
which is the output of the IR detector, is the information
signal (IS). The useful information, which is extracted
from IS using the electronic unit in the seeker, is the
tracking error signal (TES).

The TES will be used to direct the gyro toward the
target, and the autopilot block converts TES into control
signal to correct the course of the missile. So, the
accuracy of measuring the amplitude and phase of this
signal will be reflected directly on the accuracy of target
tracking. To extract TES, we have to demodulate the IS
signal. In this investigation, we used a stationary wagon
wheel reticle which means that the type of modulation is
FM in the linear region. We will deal with two main
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the FOV [2]. The efforts to extend the linear tracking
field beyond the maximum point in linear region by
special demodulation  techniques have been
unsuccessful [3].

The second problem is changing the radius of the
target image spot (TIS) at the reticle plane. This changing
depends on the distance between the missile and the
target. When the missile approaches from the target the
radius of the TIS will increase, and the IS will distort. The
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conventional algorithm is sensitive to this distortion.

Many papers studied and analyzed the frequency-
modulation of stationary reticle and jamming such
as [4], [5], without any look on the effect of the target IR
image size at the accuracy of TES over FOV.

The famous conventional algorithm to demodulate
FM signal is by changing it to AM modulation because it
can be implemented with analog technology [6], [7].

Many algorithms can be used to demodulate FM
signals such as Hilbert Transform (HT). The Hilbert
transform is a fundamental operation in many different
areas of science and engineering because of its close
relation to causality [8]. HT is an effective tool for
analysing signals. It can indicate frequency—amplitude
differences with time and extract some time—frequency
characteristics, so it is a good algorithm in demodulation
such asin [9], [10].

In this paper, first we compare the conventional and
Hilbert transform-based algorithms in the linear region
of FOV. Then, we add the new method in the nonlinear
region to improve the TES over all FOV.

Stationary Reticle

The reticle systems are considered to be the classical
approach in estimating the position of a target in a
considered field of view and are widely used in infrared
seekers [4]. The position of the target is projected on the
plane of the reticle as shown in Fig. 1 [11].

Target Projection on Reticle

Angular
Tracking Error

Boresight
Arbitrary Axis

Reference \

S Tracking Error Vector

S Field of View

~— Plane of Reticle

Detector

Fig. 1: Projection of tracking error at the reticle plane [11].

There are two main types of Reticle:
- The non-stationary reticle (spin-scan): The reticle rotates
about an optical axis; the famous output modulation is
AM modulation like sunrise reticle.
- The stationary reticle (conical-scan): The reticle is
stationary and the mirror of optical system rotates off
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axis. It offers additional flexibility in types of modulation
and offers the important feature that there is no loss of
carrier for zero pointing error [3]. Herein, the famous
output modulation is FM. Fig. 2 shows wagon wheel
reticle with a conical scan, which will produce FM
modulation. We obtained this result by using the
MATLAB program in order to use it in IS generation.
where, Rr is the radius of reticle; Rn is the radius of
nutation circle; Rs is the radius of target image; m, is the
amplitude of tracking error signal, which expresses the
distance between the center of reticle and the center of
nutation circle (dc); ¢ is the phase of tracking error
signal, which expresses the phase appeared by changing
the position of nutation circle center on the reticle
plane; and finally, N is the number of transparent
sectors.

nutation circle

dc(mm)-.'.

transparent sectors (N)

Fig. 2: Wagon wheel with a conical scan.
Modulation

In the reticle system, the rotation of the mirror will
draw a circle called nutation circle. The output of the
reticle is FM signal which has the following form:

:ezajm(t)dt
m()=m, sin(2zF,t +¢)

Where, Sig is the information signal; Fc is the carrier

sig =s.sin(2zFt +6) (1)

frequency, which equals to NxFm; Fm is the rotation
frequency of the gyro; 8 is the phase of information
signal; 6 is the modulation index; and s is the amplitude
of the information signal. Herein, dn is the normalized dc
to reticle radius (dn=dc/Rr).

Both Fig. 3 and Fig. 4 show the output of reticle for a
different tracking error where in Fig. 3, dn=0.078 and
®=135 , and in Fig. 4, dn=0.156 and @=45. N=12,
Fm=80Hz (Fc=12x80=960 Hz) are similar for both figures.

Demodulation in Linear Region of FOV

A. Conventional Demodulation Algorithm

Fig. 5 shows the block diagram of the conventional
FM demodulation algorithm. First, we transfer the
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demodulation from FM to AM by differentiating the FM
signal and consequently apply AM demodulation. The
AM demodulation contains the envelope detection and
bandpass filtering, where the center frequency is Fm.

Fig. 6 shows the outputs of the demodulation
algorithm for the information signals from Fig. 3 and Fig.
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Fig. 3: The output of reticle for dn=0.078 and ¢@=135°.

©
@

e
@

|
N I‘|I| |
(] IR
|
| | | “\ll“ I 11 “ |
0 J | L L uyuniy U o

Amplitude ¢ olt)

)
=

[ 0.002 0.004 0.006 0.008 0.01 0012
Time(s)

Fig. 4: The output of reticle for dn=0.156 and @=45°.

B. Hilbert Transform Algorithm

In signal processing, using the analytical signal instead
of the real-valued signal is very useful in many
applications such as demodulation. The real and
imaginary parts of an analytical signal are related to each
other by a Hilbert transform. The HT solves a typical
demodulation problem, giving the amplitude (envelope)
and instantaneous frequency of a measured signal. For
continuous signal x(t), the HT is defined as [12]:

HIx O =x O* = =2 [ X, @)
at milt-r
In the frequency domain:

HX (f )] =X (F )[-J sgn(f )] (3)

The analytical signal y(t) of x(t) can be written in the
time domain as:

yO)=xt)+jHxOI=At)’*" (4)

where:

{Aa)=w«n= X0+ H X O] 5

¢(t) =arg[y (t)]
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Fig. 5: Conventional FM demodulation algorithm.
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Fig. 6: The output of FM demodulation algorithm for the signals

from Fig. 3 and Fig. 4.

The instantaneous frequency of signal can be
computed as:
1d

f)=—99 (6)

27 dt
The analytical signal in the frequency domain can be
written as:

X (@) for f =0
Y (f)=<2X () for f >0 (7)
0 for f <0

Fig. 7 shows the block diagram of this algorithm.
Demodulation in Nonlinear Region of FOV

The signal modulation will change from FM
modulation to AM/FM modulation when the distance
between center of nutation circle and reticle distance
become larger than (Rr-Rn). Fig. 8 illustrates a typical
static gain curve obtained by the conventional signal
processing [1]. In this paper we selected Rn=0.6*Rr,
which means the linear region equal 40% of FOV (the
FOV over reticle plane with radius Rr).

C. Select the Region of FOV

Before applying any algorithm we have to select the
region of FOV is it linear or nonlinear?

In the linear region the type of modulation is FM and
the DC signal is constant, but in nonlinear region the
type of modulation is AM/FM modulation because the
spot light of target will pass over the different width of
transparent sector. When the amplitude of AM signals
increase the DC signal will decrease. Fig. 9 shows this
different. The DC signal will decrease when the distance
dn becomes larger than 0.4 of FOV ((Rr-Rn/Rr)=0.4).

So we select the region depending on the difference
between DC amplitude and the amplitude of AM signal.
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Fig. 7: The block diagram of FM demodulation using Hilbert

transform.
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Fig. 8: Typical static gain curve obtained by the conventional
algorithm; the solid line represents the linear region and the
dotted line represents the nonlinear region [1].

D. Nonlinear Algorithm.

The changing in amplitude of the detector signal will
produce “gap” because of AM signal. In the real cases,
the signal is a pseudo AM instead of an AM. So, if we
apply the AM demodulation algorithm, the phase will
not be stable over dn. For this reason, we use this gap to
calculate the phase.

Fig. 10 shows the different signals for constant dn and

different phases.

RS —
= AM-Demod
Dc

0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9

dn output

Fig. 9: The DC, AM and FM demodulated signals.
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The algorithm to calculate the phase has these steps:
Detect the peaks of signal.
- Plot pulse signal for low peak.
- Determine the delay of pulse.
- Calculate the phase depending on this delay.
Amplitude calculation: the DC value will decrease
linearity, so we use the inverse of DC value with gain.
Fig. 11 shows the block diagram for linear and

nonlinear algorithms.

The Simulation Result

In this simulation we define these values: Rr=256
pixel, Rn=0.6*Rr, N=12, Fm=80Hz. The linear region of
FOV is [0 0.4] and the nonlinear region of FOV is [0.41].

In all figures the part (a) shows the phase output, and
part (b) shows the normalized amplitude output of
tracking error via normalized amplitude input.

E. Linear Region
We change the normalized radius of target image spot
and select three scenarios as shown in Table 1. The
results for scenariol, 2, and 3 are shown in Fig. 12-14,
respectively.

We define in these figures:
- The output of a

algorithm.
- The output of Hilbert transform algorithm.

conventional demodulation

Table 1: Scenarios of simulation where phase=45° and dn
belongs [0 0.4]

The normalized radius of target

Scenario image spot (Rsn)
1 0.02
2 0.04
3 0.06

These figures show that the HT algorithm provides
more accuracy than the conventional algorithm.

For more comparison, we selected different phases.
Table 2 and Table 3 present the mean square error in the
phase and normalized amplitude, respectively.

There is a similarity between the four quarters of
reticle so we select the first quarter and uses different
phases in it to be more confident about our results.

We can summarize the results as follows:

- HT algorithm: This algorithm has a high
performance in detecting phase and amplitude.
The effect of target image change didn’t

appear.
Conventional algorithm: It has a good performance

in detecting phase when the radius of the target
image spot is changing, but in amplitude the
performance is low.
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Fig. 10: The gap position moving for different phase and constant dn.
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Fig. 11: The Block diagram of linear and nonlinear algorithms.
F. Total FOV

From the previous result, we select the Hilbert
transform-based algorithm for linear region. For
nonlinear region, we apply the new proposed algorithm.
We select three scenarios as shown in Table 4.

The results for scenarios 4, 5, and 6 are shown in Figs.
15-17, respectively.

For seeing the more details, we selected different
phases. Table 5 and Table 6 present the root of mean
square error in the phase and normalized amplitude,
respectively. We divided the nonlinear region to two
regions:
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I ‘ (s):Phase output for Rs=0.02 , . conventional algorithm it is 18.15° It means that the
----- ComveonatAgoritn error in amplitude for conventional algorithm is not
;ﬂ N 4 acceptable. But, in the new method, the maximum error
g% ~7 is 0.1, which is acceptable.
“ Table 2: The mean square error of phase in linear region
» 0‘05 Oll 0‘15 DIZ 0;5 0‘3 0‘35 0‘4

dn input Conventional Hilbert

Dlian outp 1 Tor Re0 phase Rsn algorithm transform
Conventins Mot 4 (degree)? (degree)?
0.02 0.29 0.11
0 0.04 0.48 0.13
0.06 1.12 0.12
0.02 3 0.48
0 o‘os ol1 n‘ws D'Q 0‘25 0‘3 olss ola 30 0.04 1.2 0.47
dn inout
Fig. 12: The results of scenario 1: (a) Phase output, (b) dn 006 5.1 0.9
output. 0.02 1.18 0.49
45 0.04 0.58 0.48
. (a):Phase output for Rs=0.04 0.06 5.8 0.96
..... Comenionsi Ngoritm 002 14 0.2
% 60 0.04 06 0.22
§ 15 P —F 0.06 0.8 0.21'
. 002 7.3 0.18
75 0.04 1.1 0.2
* 0.05 0.1 015 0.2 025 03 0.35 04 006 069 021
dn input
0s (b):dn aulpul:or Rs=0.04
el b e Comontamst Aoriten Table 3: The mean square error of normalized amplitude in
» linear region
8 Conventional Hilbert
phase Rsn algorithm transform
0.05 0.1 015 0.2 025 03 0.35 04 (X10-4) (x10-4)
dninput 0.02 8 0.7
Fig. 13: The results of scenario 2: (a) Phase output, (b) dn 0 0.04 14 0.6
output. 0.06 162 0.6
0.02 1 0.3
s (a):Phase output for Rs=0.06 30 0.04 31 0.3
- e 0.06 247 0.9
7 //‘/ 002 2 03
§ a5 s — 45 0.04 30 0.3
© 0.06 248 0.4
0.02 0.7 0.7
s 005 01 015 02 025 03 035 04 60 004 13 07
(b):dn ouj;:l‘::: Rs=0.06 0.06 160 0.7
0s bert A 0.02 1 0.6
T 75 004 14 0.6
3 0.06 159 0.6
Table 4: Scenarios of simulation where phase=45° and dnin [0

005 0.1 0.15 0.2 025 0.3 0.35 0.4 1]
dn input
Fig. 14: The results of scenario 3: (a) Phase output, (b) dn . .
tout . The normalized radius of target
output. Scenario

- Region 1 (dn in [0.4 0.7]): In the new algorithm, 7 iomoazge spot (Rsn)

the maximum error in phase for different Rs:n is 3.470, p 0.04
where in the conventional algorithm is 17.29 . It means 6 0.06
that the error in amplitude for the conventional
algorithm is not acceptable. But, in the new method, the
maximum error is 0.04, which is acceptable. Region 2 (dn  Improving the tracking error signal (TES) extraction in all

phase for different Rsn is 8.18°, where in the  target. This extraction faces problems like existence the

Conclusion
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target in the nonlinear region of FOV and changing the
radius of the target image spot (TIS). There are no classic
algorithms to extract the tracking error signal in the
nonlinear region which is larger than the linear region,
and the conventional algorithm has not acceptable
ability to accept changing the radius of TIS in the linear

region.

dn output

(a):Phase output for Rs=0.02

s New Algorithm
----- Conventional Algorithm

sy 5

'~ T e

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
dn input
(b):dn output for Rs=0.02

New Algorithm
----- Canventional Algorithm

0.1 02 03 0.4 0.5 086 07 08 09
dn input

Fig. 15: The results of scenario 4: (a) Phase output, (b) dn

dn output

output.

(a):Phase output for Rs=0.04

New Algorithm
----- Conventional Algorithm

L L L L L s s L
0.1 0.2 03 0.4 0.5 0.6 0.7 08 0.9
dninput

(b):dn output for Rs=0.04

New Algorithm
----- Conventional Algorithm

.....

.....
-------

L . . L L L . L
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
dninput

Fig. 16: The results of scenario 5: (a) Phase output, (b) dn

80

60

phase

dn output

output.

(a):Phase output for Rs=0.06

New Algorithm
----- Conventional Algorithm

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
dn input
(b):dn output for Rs=0.06

New Algorithm
----- Conventional Algorithm

.............................

0.1 0.2 03 0.4 05 0.6 0.7 08 0.9
dn input

Fig. 17: The results of scenario 6: (a) Phase output, (b) dn
output.

Table 5: the root mean square error of phase in nonlinear

region

phase Rsn

Conventional

algorithm
(degree)

dn nonlinear

region

New algorithm

(degree)

dn nonlinear region

0.02
0 0.04
0.06
0.02
30 0.04
0.06
0.02
45 0.04
0.06
0.02
60 0.04
0.06
0.02
75 0.04
0.06

[0.4 0.7] [0.7 1]

8.42
13.05
16.80
8.64
13.17
16.85
8.51
13.52
17.22
8.76
13.42
17.29
8.70
13.01
16.85

9.5
133
17.4
9.4
123
17.7
9.70
12.92
18.15
9.50
12.55
17.85
9.65
12.66
18.11

[0.4 0.7] [0.7 1]

1.87
2.5

3.47
19

3.15
3.37
2.03
2.53
341
2.44
3.10
3.10
1.71
241
3.33

7.9
6.2
4.6
7.8
6.2
4.4
8.18
7.32
4.62
8.00
6.67
4.60
8.10
6.53
6.08

Our simulation results showed an improved accuracy
of TES in all FOV. Firstly, in the linear region by using the
Hilbert transform algorithm which decreases the effect
of changing the target image spot and the improvement
was more than 100%. Secondly, in the nonlinear region,
the error in phase and amplitude of TES was not
acceptable by using the conventional algorithm, but by
using the new method the error in phase and amplitude
is acceptable for this problem. The next research work
related to this work is studying the effect of noise at the
TES extraction, which is in the progress.

Table 6: The root mean square error of normalized amplitude
in nonlinear region

Conventional

New algorithm

algorithm
phase Rsn (degree) (degree)
dn nonlinear dn nonlinear
region region
[0.4 0.7] [0.7 1] [0.4 0.7] [0.7 1]
0.02 0.27 0.54 0.035 0.10
0 0.04 0.38 0.60 0.035 0.09
0.06 0.45 0.66 0.039 0.07
0.02 0.27 0.55 0.033 0.10
30 0.04 0.37 0.60 0.035 0.09
0.06 0.44 0.67 0.04 0.08
0.02 0.28 0.56 0.032 0.10
45 0.04 0.38 0.61 0.031 0.08
0.06 0.44 0.67 0.034 0.07
0.02 0.27 0.55 0.032 0.09
60 0.04 0.38 0.60 0.030 0.09
0.06 0.45 0.67 0.031 0.07
0.02 0.28 0.56 0.029 0.09
75 0.04 0.38 0.61 0.028 0.08
0.06 0.44 0.67 0.032 0.07
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