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ABSTRACT 
 
This paper analyzes the multi-path effects on telemetry equipment when it tracks the low-elevation 
flying target. Based on bias-axis mono-pulse technique, real time attenuation memory recursive 
Least-Squares Estimate as well as synthetic application of multiple source data, a comprehensive 
tracking method is proposed to eliminate the antenna shaking and reduce angle error caused by the 
multi-path effects. The method has been verified by field test. And the goal of smooth tracking of the 
low elevation target is eventually reached. 
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INTRODUCTION 
 
When telemetry equipment tracks a low elevation flying target, the elevation of its antenna is very low, 
even negative. The reflected signal by the ground can enter into the receiver and consequently cause the 
multi-path effects. As a result, the measuring accuracy can be decreased, the antenna can be shaking 
strongly and the target can even be lost. The serious problem must be resolved so that the telemetry 
equipment can well fulfill its task. 
 
The following paragraphs will firstly analyze the multi-path effects, then introduce the approach to 
smooth tracking at low elevation, and finally describe the process of field test. 

 
 

ANALYSIS OF MULTI-PATH EFFECTS FOR LOW ELEVATION TRACKING 
 

The reflected signal includes the mirror reflected signal and the diffuse reflected signal. The mirror 
reflected signal is the coherent part of the reflected signal and its phase changes regularly with the 
target�s movement. The diffuse reflected signal is the non-coherent part and its phase changes randomly. 
If the ground is flat , the mirror reflected signal is the major part. Otherwise, the diffuse reflected signal 
dominates. Here we have: 



 

 

Mirror reflected signal amplitude Mirror Reflection Coefficient ρ = Direct reflected signal amplitude 
 
and 
 

Diffuse reflected signal power Diffuse Reflection Coefficient ρ = Direct reflected signal power 
 
1. Angle errors caused by multi-path effects 
 
Distortion of the amplitude and the phase of tracking difference signal caused by multi-path effects can 
increase the measuring angle errors, especially in elevation channel when the elevation is low to one 
beam width. The servo system�s error control signal comes from the in-phase component of the 
correlation-detected difference signal, which has been normalized by sum-channel signal in the receiver. 
The concerned elevation error signal is: 
 
      Ue(ε)=  Re[∆(ε)/ ∑(ε)]                                            (1) 

Where  ε = bias-angle between the target and the antenna aiming axis 
θ = antenna elevation 
θr = complementary angle of the reflection angle 
ϕ = phase difference between direct wave and reflected wave at the receiving point 
ρ = module of the ground reflection coefficient  
F∑ = voltage gain of sum-lobe 
F∆ = voltage gain of difference-lobe 

 
With no considering of the diffuse reflection component, antenna noise and receiver noise, the formula 
above still expresses the elements of the error control signal and their contribution undoubtedly, though 
it may be inaccurate in some cases. 
 
According to formula 1, even provided that the antenna principal axis aims at the target, i.e., ε= 0, the 
angle error signal output from the receiver can not be equal to zero because of the multi-path reflection. 
In order to make the angle error signal be equal to zero, the antenna must be leaned a certain angle to 
eliminate multi-path reflected signal. That�s the angle error attributed to multi-path effects. 
 
2. Antenna shaking caused by multi-path effects 
 
Figure 1 and Figure 2 illustrate the geometrical relation among antenna A, target B and the ground in 
the case of low or negative elevation. The antenna A receives the direct wave from the target B, the 
mirror reflected wave from the ground C and the diffuse reflected waves from any other kinds of paths. 
 

      F∆(ω)F∑ (ε)+ρ2 F∆(θr+θ-ε) F∑ (θr+θ-ε)+ρ cosϕ[ F∆(θr+θ-ε)/ F∑(ε)+ F∆(ε)/ F∑(θr+θ-ε)] 

                  F∑
2(ε)+ρ2 F∑ (θr+θ-ε) +2ρ F∑ (ε)F∑ (θr+θ-ε) cosϕ 

 



 

 

We have the phase difference ϕ between direct wave and reflected wave at the receiving point of 
antenna: 

       ϕ = �2π × 2h1h2�/(λ×r�+ ϕ0 (2) 
 
where  ϕ0 = phase angle of the reflection coefficient 

 r = the projection distance on the ground between antenna A and target B 
 h1•h2 = the altitudes of antenna A and target B respectively 

 
From the third item of the formula 1, ρ cosϕ[ F•(θr+θ-ε)/ F∑(ε)+ F•(ε)/ F∑(θr+θ-ε)], we know that angle 
error control signal is closely related with ϕ.  ϕ changes continually and rapidly along with h2 and r 
while the target is moving, thus makes elevation error signal jitter strongly at a high frequency. 
 
The derivative of ϕ indicates the shaking frequency of antenna on elevation direction: 
         � = (1/2π)(dϕ/dt) = (2h1h2Vt)/( λ r2)   (3) 
 
If shaking frequency is in the band of servo system, the tracking axis of antenna will shake strongly and 
the target may be lost as a result of serious shaking. 
 
3. Signal fading caused by multi-path effects 
 
Because of multi-path effects, there are phase difference between direct wave and reflected wave at the 
receiving point of antenna, sum-signal and difference-signal are affected. The larger the phase 
difference is, the deeper the fading of sum-signal and difference-signal is. When antenna elevation is 
negative, the energy of direct signal and that of mirror reflected signal are at the same order of 
magnitude. The strong mirror reflected signal can almost inhibit the direct signal. In other words, the 
useful signal fades seriously. 



 

 

 
 

4. The three characteristic subrange 
 
The range of multi-path-effected elevation can be divided into three characteristic subranges according 
to the fading range of the signal and the error range of tracking angle. 
 
1)  Scarcely influenced elevation subrange  
 
In this range of antenna elevation θt>1.5θb, where θb is the beam width of antenna, the main-lobe do not 
radiate onto the ground, and the reflected signal from the ground mainly enter into the side-lobe of the 
antenna. The reflected signal is too weak to influence on tracking.  

Figure 1:  Low-elevation Tracking Geometrical Relation

Figure 2:  Negative-elevation Tracking Geometrical Relation



2)  Weakly influenced elevation subrange

In this range of 0.3θb<θt<1.5θb, the multi-path reflected signals enter into the main-lobe of antenna.
Both the difference-direction pattern and the sum-direction pattern are influenced. It is not enough to
evaluate the influence of multi-path effects by using 7/G curve’s linear segment, however we should
take account of the influence of the reflected signal on sum-lobe as well as difference-lobe, as shown in
formula 1. The reflected signals are strong to a certain extent and the tracking is weakly influenced.

3) Strongly influenced elevation subrange

In this range of θt<0.3θb, the target and its mirror image, which are regarded as dualistic targets, make a
very narrow included angle relative to the view point. The mirror reflected signal is the same order of
magnitude as the direct signal from the target, so the useful signal fades seriously. If the ground
reflection coefficient is small, for example ρ<0.5, the apparent angle of the dualistic targets will wave
around the real target.  If ρ>0.5, for the most comparative phases, the apparent target will still stay
nearby the center of the dualistic targets. But if the comparative phase approaches 180°, the serious
fading of signal will lead to jump of the apparent angle up to (1+ ρ)θ/(1-ρ) and down to –(1+ ρ)θ/(1-ρ).
The reflected signals in this case are so strong that the equipment may fail in tracking the target or even
lose it.

 APPROACHES TO SMOOTH TRACKING AT LOW ELEVATION

1. Improvement of servo system through data processing

1) Decreasing dynamic lag error

The servo system is designed as a wide fixed-band system in order to decrease dynamic lag error and
the random error will be eliminated through data processing.

2) Smoothing multi-path reflected signal errors

Before sent to the servo system, the multi-path reflected signal errors is eliminated through data
smoothing, which enhances a smooth tracking of the target.

3) Using pointing data instead of angle error control data to drive the antenna

In order to avoid the antenna control data from being influenced by the performance of servo system
itself, the antenna control data will use pointing data instead of angle error control data. The pointing
data include azimuth and elevation data as are already processed.

4) Adopting corresponding target detectors

With using corresponding data process models, several different flying target detectors have been
designed in order to identify the high-speed target in the initial phrase or the low speeding target at low
elevation.



 

 

2. Real time righted attenuation memory recursive Least Square Estimate 
 
1) Real time attenuation memory recursive Least Square Estimate 
 
When telemetry equipment tracks low elevation target, the multi-path error math model is difficult to be 
set up because of the complexity of the ground environment. In another words, we nearly know nothing 
about the apriori statistic characteristic of the measured data of elevation error voltage. So we use the 
method of real time attenuation memory recursive Least Square Estimate for data processing. 
 
2) Synthetic utilization of multi source data  
 
The using of multi source data is another method, which can also help improve tracking of low 
elevation target. The multi source data include, but not limited, the error voltages from two FM 
receivers, the error voltages from two PM receivers, theoretical trajectory, effective GPS data, digital 
guiding data. 
 
Besides using real time attenuation memory recursive Least Square Estimate, we use data of multi 
source and put corresponding weights for different data mentioned above, then the errors caused by 
multi-path effects can be further decreased.  We call it Real time righted attenuation memory recursive 
Least Square Estimate. 
 
3. Bias-axis tracking technology 
 
In the scarcely influenced elevation subrange, just the data smoothing will take effect because the weak 
reflected signal has a little influence on tracking. 
 
In the weakly influenced elevation subrange, however, the multi-path error is obvious and the elevation 
tracking system shakes periodically. By using real time righted attenuation memory recursive LSE with 
the appropriate smooth period, the high frequency shaking of antenna can be lessened. At the same time, 
the influence of the diffuse reflected signal could be lessened too. 
 
In the strongly influenced elevation subrange, the strong mirror reflected signal may completely inhibit 
the direct signal and the elevation tracking system may be in an unstable state. Only using real time 
righted attenuation memory recursive LSE may be invalid because of the distortion of the sum signal 
and the difference signal. 
 
Therefore we use the bias-axis tracking technology, that is keeping the antenna at the elevation of about 
0.3θb and leaving the tacking loop opened when the elevation of the target is at θt<0.3θb.  In this way, 
the influence of the multi-path reflected signal is reduced to as in the weakly influenced elevation 
subrange. During the bias-axis tracking period, the main axis of the antenna don�t point to the target, so 
it becomes a problem how to obtain the elevation data of the target. Measuring the open-loop error 
voltage of elevation system and conducting a certain data processing make it possible to determine the 
target�s elevation. The elevation system will perform at closed-loop automatically as soon as the target 
flies out of this subrange.  

 
 



 

 

 DESCRIPTION OF THE FIELD TEST 
 

In order to verify the validity of the low-elevation tracking technology, we carried out a field test. A 
jeep equipped with a telemetry transmitter and an antenna kept running along the appointed route 
around the telemetry equipment, which was settled on the ground. The transmitter sent telemetry signals 
containing GPS data, etc. The telemetry equipment could acquire the GPS data from the transmitter. 
During the test period, the elevation of target kept below zero degree all the time.  
 
The principal items of test are as follows: 
 

! Using one FM tracking receiver and adopting none of the low elevation technology; 
! Using two FM tracking receivers and adopting none of the low elevation technology; 
! Using one BPSK tracking receiver and adopting none of the low elevation technology; 
! Using two BPSK tracking receivers and adopting none of the low elevation technology; 
! Using two FM tracking receivers and adopting the low elevation technology; 
! Using two BPSK tracking receivers and adopting the low elevation technology; 
! Using the received GPS position data as an aid of tracking; 
! Choosing different environment (flat, uneven, blocked) and different distance; 
! Using four tracking receivers altogether and adopting all the low elevation technology 
discussed in the paper. 

 
The test results shows that the antenna shall track smoothly and the accuracy of output angle data is 
more precise when adopting the low elevation technology. 
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