
Sensors & Transducers Magazine (S&T e-Digest), Special Issue, August  2005, pp.390-398 

   
 
 
 
 

 
Error Estimation in Target Height Finding Using VHF Radars 
and a Three-Antenna System Positioned one Above the Other 

in a Radar Network 
 
 

Chr. Kabakchiev1, I. Garvanov1, V. Kyovtorov1, P. Daskalov2 

1Institute of Information Technologies, Bulgarian Academy of Sciences 
“Acad. G. Bonchev” Str., bl. 2, 1113 Sofia, Bulgaria 

E-mail: ckabakchiev@iit.bas.bg, igarvanov@iit.bas.bg, vkyovtorov@iit.bas.bg 
2“Multiprocessor Systems” Ltd., 63 Shipchensky prohod Blvd., 1574 Sofia, Bulgaria 

E-mail: plamen.daskalov@mps.bg 
 

Received:  21 July 2005      Accepted:  12 August 2005     Published: 17 August 2005 
 
 
 
Abstract: A combined algorithm for automatic target detection and height estimation, based on 
amplitude comparison using multipath lobes of three sensors positioned one above the other, and a 
three-positioned in a plane method, is proposed in this paper. A method for three-positioned radar 
system base estimation, allowing target height measurement with height probability of detection, is 
developed and applied. The measurement accuracies, achieved with two approaches for target height 
estimation with identical statistical and power detection parameters, are compared. The suggested 
approach can be successfully applied in different sensor system solutions. 
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__________________________________________________________________________________ 
 
 
1. Introduction and Problem Formulation 
 
An increasing interest in VHF radar design has been recently observed. It is well known that these 
sensors have anti stealth characteristics. Because of the great antenna array sizes, 3D VHF radar 
development is quite an elaborative task some alternative approaches for target height estimation, not 
directly using elevation measuring, are known. [1, 2]. Methods for approximate target height 
estimation, based on the knowledge about pattern shapes due to the multipath nulls or “fades” [3], are 
used in marine radars during WWII. Later, as a result of the British Chain Home (CH) project, ground-
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based radars using ground reflection are developed [1, 3]. A British Type 15 radar using two antennas, 
one above the other, is designed. It estimates the elevation by using the curves of the vertical radiation 
pattern factor [1]. An increasing interest in height finding methods is recently observed. A modified 
beam split method in multi-antenna VHF radar for target height estimation is proposed in [2] and then 
is further developed in [4], suggesting some practical conclusions and limitations. 
 
The research work, presented in this paper, is targeted at developing height-finding methods whose 
accuracy is similar to that of conventional systems [3]. A combined automatic algorithm for target 
detection and height measurement, using an amplitude comparison of multipath lobes [2, 3] and a 
three-positioned radar system [5,6,7], is proposed. A method for radar base (the distance between 
radars) estimation in a three-positioned radar system is presented. It allows target detection with a high 
probability of detection. The measurement accuracies, achieved with two approaches for target height 
estimation in identical statistical and power detection parameters, are compared. 
 
 
 
 
 
 
 
 
 
 
 
 
 
A block diagram of a common sensor system is presented on the Fig.1. [8-10]. Sensors (VHF radars) 
are positioned one above the other on one pivot or are scattered in a plane. The investigations are 
performed for equal sensors’ potentials, Radar Cross Section (RCS), target ranges and angles of 
elevation. A Cell Averaging Constant False Alarm Rate (CA CFAR) processor is used for automatic 
target detection. The information then goes to the fusion node where target height detection and 
estimation are simultaneously performed. The binary integration fusion rule [11] is used for 
simultaneous detection. 
 
 
2. Target Height Estimation by Using Three Sensors Positioned one Above the 

Other (Beam Split in Multi-Antenna VHF Radar) 
 
 
The angle elevation (β) measurement principle 
consists in a study of the electromagnetic field 
interference at the input of the three sensors (О1, 
О2 и О3), Fig.2. [2]. The assumption is that the 
interference field in a sensor is a result of the 
superposition between the direct and the ground 
reflected rays, coming from the target. (1). The 
interfering picture there changes only in 
accordance with the elevation change and it 
practically doesn’t depend on the target range. 
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where ( )rr jϕρ exp=Γ  is the ground reflection quotient, R0,i is the direct target ray and R1.i is the 
ground reflected target ray (Fig.2.), λ is the wavelength. For example, О2 includes the superposition of 
the signals R0,2 and R1,2. Target elevation estimation is performed in two stages. 
 
The first one is approximate estimation of the elevation interval according to the following expression 
[2]: 
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The obtained signal phases are three-bit coded by (3): 
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This three-bit code simply defines the elevation interval [2] – approximate elevation estimation. 
 
The second stage is the fine elevation estimation, including the performance of a phase comparison 
between the three interfered products as a result of which error curves are obtained by: (4) [2]:  
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These phases have a fluctuating behavior in the interval from –1 to 1. They are tabulated in advance as 
a function of the elevation (β). If the value of a phase difference is known, the corresponding angle of 
elevation can be found. Because of the fluctuating behavior of the error curves, the elevation 
estimation can be ambiguous, i.e. different elevations can have the same error curves [2]. Therefore, 
the first stage, approximate elevation estimation, is used. Each approximated interval (3) contains at 
least one error curve (4) that doesn’t have two equal values for different elevations [2, 4]. If there are 
several error curves in an interval of elevation, satisfying that requirement, it is preferable to use the 
curve with the greatest gradient, because a lower measuring error will be obtained [2, 4]. 
 
 
3. Three Sensors in a Plane 
 
Using a three-positioned radar system, allows 
target coordinate detection only by measuring the 
three target distances. Complete synchronization 
of work and the distances between the radars (the 
particular radar coordinates) are needed. For 
target coordinate estimation in a three-positioned 
system, the distances between the radars and the 
three target ranges should be known (r1, r2 and 
r3). The detection of target coordinates when 
using a three-positioned radar system can be 
performed as presented in [5]: The coordinates 
(x, y, z) are obtained according to the diagram 
shown on Fig. 3. 
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4. Combined Target Height Detection and Estimation in a Distributive 

Multisensor System 
 
Some authors [3, 5] consider that height estimation is independent of the detection task. Our 
hypothesis is that in order to measure the target parameters and particularly the target height, the target 
should be detected first. Therefore, we consider the two tasks statistically combined, independently of 
each other. It leads to an additional limitation of the practical implementation of target height detection 
algorithms, because the target should be detectable for several sensors in order to estimate the target 
height in a sensor net. Hence, we study the combined probabilities of detection for different 
combinations of a multisensor system. In a decentralized sensor system, at each sensor output a 
decision for target presence or absence is obtained. We use a CA CFAR detector for automatic target 
detection. We assume that the sensors are working in white Gaussian noise and the probability of 
detection of the CA CFAR detector is: 
 

N

d s
TP

−







+
+=

1
1  (5) 

 
where Т- is the scale factor, S - is the Signal-to-Noise Ratio (SNR), N- is the reference window size. 
 
Each sensor decision comes into the data fusion center, where a global decision for the target detection 
is taken (see Fig.1). 
 
Two radar position combinations of a three-positioned radar system are considered in this paper. 
 
 
4.1. A Three-Antenna Sensor System with Sensors Positioned one Above the Other 
 
When the three sensors are positioned one above the other, the target ranges for the three sensors are 
equivalent. Therefore, the signal-to-noise ratios at the inputs of the receivers and the probabilities for 
detection are the same for the three sensors. We use the binary integration fusion rule for simultaneous 
target detection [11]. 
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where L - is the total number of sensors, M - is the number of sensors that have detected the target, Pd- 
is the probability of detection of each sensor. 
 
 
4.2. A Three-Positioning Sensor System with Sensors Positioned in a Plane. 
 
When the three sensors are positioned in one plane (Fig. 3), the target ranges (r1, r2 and r3) are different 
for the three sensors. Therefore, the signal-to-noise ratios and respectively the probabilities of 
detection are also different. We assume that the probabilities of detection of the sensors are statistically 
independent random variables, so the total probability of appearance in the network is achieved by 
multiplication of the three probabilities of detection. (Pd,i, i=1-3) [12]. 
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5. A Method of Bases Estimation of a Three Positioned Sensor System,  
which Sensors Have Definite Power Potential 

 
A method for estimation of a three-positioned sensor system base (the distances between the sensors), 
for given power and probability sensor characteristics, is proposed.  The system consists of similar 
VHF radar sensors with the following power parameters: power potential of the radar sensor C in dB, 
and the pattern propagation factor V=2. The power potential is considered as )4/()( 222

stt kTtGPC πλ= , 
where Pt –power of the radar transmitter, Gt – power gain, λ- the length of radio wave, t-the time of 
integration, k – the Boltzmann’s constant, Ts- Noise temperature [13]. The relation between the target 
range and the signal-to-noise ratio according to [13] is: 44 /.. RVICSNR = dB, where R is the target 
range, )4/lg(10 πσ=I dB, σ is the RCS [13]. 
 
In order to estimate the coordinates of flying targets in a network of three sensors, first of all joined 
target detection in all three sensors should be performed. The probability of target detection of each 
sensor should be high enough in order to obtain a sufficiently high combined probability of 
detection 9.08.0 −≥Pd . It means that the target SNR for each sensor should be high enough, and that 
limitations exist, concerning the distances between the sensors. The suggested by us approach includes 
the following: Having the sensor power parameters, we propose the detection probability estimation of 
each sensor as a function of the target range. After that, using an iteration procedure, the combined 
probability of detection for different sensor bases is evaluated. The size of the bases is chosen so that a 
satisfactory combined probability of detection 9.08.0 −≥Pd  is obtained. 
 
 
6. Simulation Results 
 
6.1 Detection Probability 
 
We suppose that in order to estimate the target height using three sensors independently on their 
geometric mutual configuration, automatic target detection in the sensors should be performed. One of 
the considered tasks here is the probability of detection estimation for three sensors in a multi sensor 
system, having various mutual configurations. The investigation is performed for equal power 
potential C=220 dB and statistical characteristics of the detectors 9.08.0 −≥Pd . In order to put the 
two sensor combinations in same conditions, we use the maximum elevation 140 – this is a limitation 
imposed by the method of three sensors, positioned one above the other. [2]. The RCS is σ=2.6м2. A 
CA CFAR detector, having probability of false alarm Pfa=10-6 and reference window size N=16 
performs the target detection.  
 
A sensor system with sensors positioned one above the other 
 
The probabilities of target detection in the three sensors of a system, positioned one above the other, as 
a function of the target range and for a pattern propagation factor V = 1 and 2, are shown on Fig.4 and 
Fig.5. The probability of target detection for two sensors in a three-sensor net is shown on Fig. 4, and 
the probability of target detection for three sensors in a three-sensor net is shown on Fig.5. 
 
If the interference factor V increases from 1 to 2, the target visibility by the sensors increases twice. 
The probability of detection in a three-sensor net is greater for the binary rule 2/3 than for the binary 
rule 3/3.Our investigation is performed for the maximum value of the interference factor. 
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Fig. 4. The probability of target detection for two 

sensors in a three-sensor net. 

 
Fig. 5. The probability of target detection for three 

sensors in a three-sensor net is shown. 
 
 
Three sensors in a plane 
 
The probability of detection for a three-positioned sensor system with three sensors in a plane, for 
interference factor V=2 and target height 1 and 5 km, as a function of the target range, is shown on 
Fig. 6 and Fig. 7. We consider the situation when the three sensors form an equilateral triangle. For 
simplification, we consider a target projection moving along the angle bisectors. In [7] it is shown that 
the accuracy of target height measuring and the probability of combined target detection are greater 
when the target projection is within the triangle. The distance between the sensors is chosen to be 100 
km, because in this case the simultaneous automatically target detection is performed with a 
probability of detection 0.9 and a false alarm probability Pfa=10-6. 
 

 
Fig. 6. The separated and combined probabilities of 

target, target height = 1 km 

 
Fig.7. The separated and combined probabilities of 

target, target height = 5 km 
 
 
The probabilities of detection of the three sensors, separately and combined in net, are shown on Fig.6 
and Fig. 7. The probability of detection PD1 of the first sensor decreases if the target range increases 
(the SNR decreases). The other sensor probabilities PD2, PD3 increase, because the target approaches 
them (SNR increases). They are equal because the target range is the same. The probability of detection 
in the net is higher when the target ranges to each sensor are equal. The results reveal that for an 
interference factor V=2 and a target range 100 km the target can be detected with a probability of 
detection nearly 0.9. Therefore, we can compare the characteristics of the accuracies of the two 
methods for target height estimation (target height estimation using three sensors, positioned one 
above the other, and three sensors positioned in a plane), because the power and the statistical 
parameters are the same. 
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6.2 Target Height Finding Errors 
 
Three sensors positioned one above the other 
 
The absolute Mean Square Error (msr) and the percentage mean square error in percentage of target 
height estimation as a function of the target range are shown on Fig. 8, Fig. 9. The msr of target height 
related to the target range as a function of target range is show on Fig. 10. The investigation is 
performed for the following input parameters: target height z=1, 3, 5 km, accuracy of target range 
measurement acc=23 m. The distance between the sensors is– 4, 7 and 12 km. In the error modeling 
the following parameters are used: mean roughness of the earth 0.5, signal-to-noise ratio SNR = 22dB, 
inconsistence of amplitudes and phases = 0.04 (4%) 
 

 
Fig. 8. The absolute msr as a 

function of target range. 

 
Fig. 9. The percentage msr as a 

function of target range. 

 
Fig. 10. The percentage msr 

related to the target range as a 
function of target range. 

 
If the target range is small, the error of target height estimation is lower. The percentage mean square 
error of target height estimation is about 5-20 % for heights 3 – 5 km. The msr of target height 
measuring as a function of the target range is shown on Fig.10. It could be concluded that the 
percentage error is 0.2 – 1% from the target range. As a whole, the lower target heights are estimated 
with greater error than the higher heights due to the greater error for lower elevation measuring [4]. 
 
 
Three sensors in a plane 
 
The absolute Mean Square Error (msr) and the percentage mean square error as a function of the target 
range are shown on Fig. 11, Fig.12. The msr of target height related to the target range as a function of 
target range is show at Fig. 13. The investigation is performed for the following input parameters: 
target height z=1, 3, 5 km, accuracy of target range measuring acc=23 m. We consider an equilateral 
triangle sensors shape; the target projection is within this shape and moves along the angle bisectors. 
We use a combined automatic target detection with probability of detection Pd=0.9 and false alarm 
probability Pfa=10-6 , so that the distance 100km between the sensors is chosen. 
 

 
Fig. 11. The absolute msr as a 

function of target range. 

 
Fig. 12. The percentage msr as a 

function of target range. 

 
Fig. 13. The percentage msr 

related to the target range as a 
function of target range. 
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If the target height increases, the error of target height estimation decreases (Fig.11, 12, 13). The 
smallest error is for a target closer to the sensor The percentage mean square error of target height 
estimation is about 2 -10 % for heights 3 – 5 km. It could be concluded that the percentage error is  
0.2 – 1.5% from the target range. The figures are obtained in equal power and statistical conditions; 
therefore, the target range is restricted to 100 km. In this scope, up to 50-60 km, the systems with 
sensors, positioned one above the other, have lower errors of target height estimation for low flying 
target height 1km than the systems with three sensors in a plane. Otherwise, the three-positioning 
sensor system with sensors in a plane is better. If the target height is near 3 km, the error of target 
height obtained through the sensors positioned one above the other is lower up to 80-90 km., but the 
difference between the error by the both methods is smaller than the difference for the low flying 
targets (1 km). While the target height is over 5 km both methods are almost equivalent and have 
similar absolute values (with 0.1% margin), but it could be observed a few prevalence for the method 
with three sensors positioned one above the other. 
 
 
7. Conclusions 
 
A combined algorithm for automatic target detection and height estimation is proposed, based on the 
method of the amplitude comparison using multipath lobes and the three-positioned multistatic 
method. A method for three-positioned sensor in a plane system base estimation is proposed. A 
comparison between the two approaches for target height estimation, having equal power and 
statistical parameters, is performed. Because of the limitations of the sensor system with sensors 
positioned one above the other, the investigation is carried out for an angle of elevation up to 140. 
Compared to the three-positioned method in a plane, with this one a smaller error of target height 
estimation is obtained for the considered target heights (up to 5 km). This method becomes less 
effective when the target height decreases as the target range decreases. The achieved results could be 
successfully used in multi-sensor data fusion processing, communication, navigation and radar 
solutions. 
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