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Abstract. In this paper, the problem of low angle tracking is studied on the viewpoint of
improving monopulse. We applied the traditional symmetrical monopulse ratio method to
the uniform circular array. By dividing the circular antenna array into two equivalent sub
arrays, a symmetrical monopulse ratio is formed, which could overcome the difficulty of
angle measurement caused by multipath and meet the requirements of low angle tracking.
The monopulse response curve and the precision of angle measurement are analysed by
simulative experiments. Negative factors including thermal noise, asymmetrical multipath,
signal-to-noise ratio (SNR) and reflection coefficient are discussed intensively with respect
to the accuracy of our method.

1. Introduction

Symmetrical monopulse ratio method is an improved monopulse technique widely used in low
angle tracking [1-3]. By redesigning the sum channel and difference channel, the monopulse
response curve can be symmetrical with respect to the bore sight of array, and then the influence of
multipath reflection signals can be eliminated. Similarly, the uniform circular array is common in
the missile, aircraft and other equipments for its structural characteristics. In addition, it can be
designed to be conformal, which makes it more advantageous over other geometries.

In recent years, there are numberous researches on symmetric monopulse elevation measurement
algorithm. [4] proposed a method of symmetric error pattern. By designing two asymmetric sum
channel and difference channel, the symmetrical angle curve against the target and the mirror target
is formed, so that the influence of the specular reflection signal on the monopulse ratio is eliminated.
The key of this method is to determine the beam directly. If the beam direction is not coincident
with the angle bisector of the target and the mirror image [5], new error will be introduced. In [6],
the monopulse response curve is obtained by the design of two asymmetric sum channel and
difference channel. In [3], the symmetrical monopulse response curve is obtained by solving the
optimal symmetric beam of the linear array antenna, and the minimum angle error is obtained.
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Some other elevation estimation methods based on array antenna are proposed in [7], but the
engineering implementation is complex.

In this paper, the symmetrical difference pattern monopulse technique is applied to the uniform
circular array. Firstly, we divide the antenna array into two subarrays, sum pattern and difference
pattern are formed based on two subarrays individually. Then, the symmetric beam can be obtained
by multiplying the monopulse response curve of the two subarrays. In this way, the influence of
multipath on the angle measurement is overcomed.

2. Basic principle
2.1. The basic principle of symmetric beam method

For a monopulse system, the sum pattern is an even function, the difference pattern is an odd
function, so the monopulse response carve is an odd function. Under the condition of multipath
reflection, the ratio of difference pattern to sum pattern is a complex value. This is mainly affected
by the reflection coefficient, which varies with the reflection surface and is always a complex value.

b
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Figure.1 Schematic diagram of multipath

Supposing that the diffuse emission energy is ignorable, the specular reflection is mainly
considered. In general the targets are far enough from the radar, thus the direct ray and the specular
ray (before reflection) are parallel. As shown in Figure.1, the incident angles of the direct signal and
specular signal are equal g, =-6,. The ratio of the difference pattern to the sum pattern is:

A _VEHA DOV @AM _Vi(0)+ V() Vi (0)+pV,(=8,) V(6 -V, (6y) _Va(6,)1-p) (1)
X Vi(@)AO+VL(E)AMD  Vi(0)+pV:(6) Vi(G)+pVs(=6,) V() +pV:(6,) Vi(6)A+p)
Where V,(0) and V,(0) are the voltage of difference beam and sum beam, respectively.

A,(t) and A (t) are the time domain complex envelope of the direct signal and specular signal,
respectively. p=A(t)/ A (t) is the complex reflection coefficient. Equation (1) shows that the ratio
of the monopulse system is not only related to the elevation angle, but also the function of the
complex reflection coefficient. If the complex reflection coefficient is unknown, the target elevation
angle cannot be obtained.
If the beam is designed to make the difference pattern, namely V,(6,)=V,(-6,), to be even, the
monopulse ratio can be written as:
A _VEHADO+VL @AM _V(0,)+ NV, (0) V(@) +pV,(=6,) _Vi(0)+ V() _V.(6,) )
T Vi (O)AO+VLEAD  Vi(@)+ Ve (8)  Ve(G)+pVs(=0,)  Vi(0)+ Vi (6,) Vi(6)
Equation (2) shows that the ratio has no relation with the complex reflection coefficient, and the
influence of the specular multipath is eliminated. Remarkably, if p =—1, that is, the sum channel is

0, then the elevation angle of target cannot be measured.
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2.2. The principle of dividing eight circular- antenna arrays into subarrays to form
symmetric beam.

To make the ratio of the difference beam and the sum beam an even function, we divide the
uniform circular array into two subarrays, each of which could be seen as a conventional monopulse
system. As shown in Fig.2, where the antenna 1, 3, 5 and 7 belong to the monopulse system 1, the
antenna 2, 4, 6 and 8 belong to the monopulse system 2. Two monopulse response curves could be
got based on two sub arrays. Then, we multiply these two response curve and obtain a new angle
curve, which is symmetric. In this way, negative influence caused by specular multipath is
eliminated.

o

Figure.2 Antenna array partition structure

For monopulse system 1, the response curve is:

A VaG)A OV, EDAD) V(0= p) 3)
2 V(G A O+V5 (0)A 1) Vi, (651 +p)
Similarly, for monopulse system 2:
Ay Vo 0)AL 4V, (0)A, O _ Vi, (05,)0 - p) 4)
22 VZZ (edZ)AiZ(t) +V22 (QIZ)AZ(t) VZZ (edZ)(1+p)
By multiplying response curves of monopulse system 1 and 2, we obtain the response curve of
entire system:

Ay V@) An® Vi 05:) A () _ Vi (04 )V (6s2) (5)

L2
Z2 VZl(edl)Adl(t) VZZ(adZ)AdZ(t) VZl(adl)VZZ(adZ)
Both A, /%, and A, /%, are odd functions, so A/Z is an even function. Considering the influence

A A
P
of specular reflection, A/ can be written as:
A_A A Va0V 05:) +Va (0)Va: (65) _ Vi (051 (0ip) + Vi (260, Vi (265)
DYDY Vz1(9d1)vzz (9d2)+V21(9i )sz (9|2) V21(€d1)vzz (0d2)+V21 (_Q )sz (_‘9i2)
_ Vi (65)Var (645) + PV 01 (631 PV (64) _ Vi1 (04 )V, (G4,)(1 + p’) _ Vi (65,)V4,(6;,)
Vi, (03 Vs2 Bg2) + AV (03) V2 (052) Vi (0 V5, (G, )A+ p°) Vs, (04,5, (6s,)

Obviously, the response curve of our method is independent of the complex reflection
coefficient.

(6)

3. Simulation Results and analysis

In order to demonstrate how the sum pattern and difference pattern is formed, we assume that the
single element antenna pattern is sing/¢, the incident angle of direct echo is denoted as ¢,. The

sum pattern can be expressed as:
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=7 sin(@—¢,) + sin(@ +¢,) (7)
(§0 - ¢’0) ((D + (Do)
The difference pattern can be expressed as:

sin(¢ —¢,) _ sin(@ +¢,) (8)
(§0 - (00) ((0 + (00)

In this simulation, the incidence of monopulse system 1 is set to 15 degrees, and the incidence of
monopulse system 2 is set to 30 degrees, and the response carve of the monopulse system 1 and 2
are shown in Fig.3. For the monopulse system 1 and 2, the angle carve are odd function. In the -30
to 30 degrees, they can be approximated by a linear function, the result of fitting is shown in Fig.4.
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Figure. 3 The angle carve of the monopulse system 1 and 2 Figure. 4 The result of fitting by a
quadratic function

The results of fitting can be approximately expressed as:

S k0 ©

2
For the symmetrical beam pattern monopulse based on eight- antenna circular array, the angle
carve is shown in Figure. 5 and can be expressed as:

é:ﬁ.ﬁ:klkzgz (10)
T 33,
The derivation of symmetric beam angle curve is as:
do-—1 42 (11)
2kk,0 %

Equation (11) indicate that the angle accuracy is related to the elevation angle of the target. At
the beam direction, the monopulse is not sensitive to the elevation angle of the target, and the angle
measurement accuracy is the worst. With the increase of the elevation angle of the target, the
measurement accuracy is improved. This is the characteristic of symmetrical beam pattern
monopulse. In addition, k; and k, also have an influence on the accuracy of angle measurement.

The bigger the value, the higher the accuracy of angle measurement.
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Figure. 5 The angle carve of the symmetrical beam monopulse based on uniform circular array
3.1. Effect of thermal noise on symmetric beam pattern monopulse

Generally, the precision of angle measurement is affected by the thermal noise. It is assumed that
the thermal noise of the sum channel and the difference channel are n, (t) and ng(t), separately. For

this system, the ratio of the difference pattern to the sum pattern is:

A Vi@V (0)A+p) +0, (1) _ Vi GV (G) +0 (1) / (14 p°) (12)
I Vg (64)V5, (6,,)(1+ ,02)+ Ns(t) V5 (64)V;, (64,) + 0 (1) / (1+ pz)

Under conditions of thermal noise exists, the ratio is a complex number. In order to eliminate the
influence of thermal noise, the influence of the complex part must be eliminated. From equation
(12), it can be concluded that the target only contributes to the real part of the ratio. The thermal
noise contributes to both the real part and the imaginary part. So we take the real part of the ratio for
elevation angle estimation. In this way, the influence of thermal noise is reduced and the the
precision of angle measurement is improved.

3.2. The influence of asymmetrical specular reflection

In Figure. 1, we suppose that which can be satisfied 9 =-6,, when target is far away from radar.
In practice, the incident angle of specular reflection signal is slightly larger than that of the direct
signal, which can be denoted as 6 = (6, + A9) . Then the monopulse ratio is:
A V(O Vay 0g) + PV Oy + AN, (0 +A0) _ V(03 Ny (65,) + PV, (05, + AOW,, (8, + AD)
T V5 (0 Vs (052) + PV, Gy + MOV, Oy, +A0) Vg, (85 V5, (0y,) + o7V, (B, +AOW, (6, +A0)
Va0 Vs Os) + P’V (03) +V 31 (03)AO) [V, (65) +V 45 (85,)A0]
Vs, (04 Vs (05,) + p° Vi, (03) +V 5, (0D AON V5, (65,) +V 5, (6,)A0]
Generally the A8 is very small, so the monopulse ratio can be approximated as:

é ~ Vi (641)V,, (65,)(1+ pz) _ Va1 65V, (655) (14)
Z V5 (04))V5, (0,0 + pz ) V5, (64)Vs, (6;,)
Therefore, the error caused by it asymmetrical specular reflection can be ignored.

(13)
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3.3. The relationship between angle measurement performance and SNR

Assume that the incident angle is 30 degrees, the reflection coefficient is 1+j. Through 1024
Mont Carlo simulations, the root mean square (RMSE) of the error varies with the signal-to-noise
ratio (SNR) is illustrated in Fig. 6. It can be seen that the error decreases with the increase of SNR,
which is consistent with the theoretical analysis.
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Figure. 6 The relationship RMSE and SNR
3.4. The relationship between angle measurement performance and the reflection coefficient

Assume that the SNR is 30dB, and the incident angle is 30 degrees. In the simulation, the root
mean square (RMSE) of the error varies with the amplitude of the complex reflection coefficient
|1+ p* | as shown in Fig. 7. The error decreases with the increase of |1+ p”|.
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Figure. 7 The relationship RMSE and |1+ p” |

4. Conclusions

In this paper, the traditional symmetrical beam pattern monopulse is applied to the uniform
circular array. We divide the array into two sets of conventional monopulse system, and then obtain
the response curve of the entire system by multiplying the response curves of two monopulse
system. The angle curve of the symmetrical beam and the angular resolution are analyzed by
simulation. Moreover, the negative effects of thermal noise, asymmetrical multipath, SNR and
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complex reflection coefficient on angle measurement performance are discussed by simulation.
Theoretical analysis and simulation results verify the feasibility of this method.
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