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Introduction 
 
Given the increased danger of terrorist attacks, it seems feasible to develop and apply passive 

radio engineering systems (PRES) for high-precision detection of watercraft in coastal water areas. 
Objectives: to develop the PRES for detection and assessment of the movement parameters of 

surface objects in water areas. 
This problem requires solving the following tasks: 
- detection and calculation of the number of surface objects in the water area (e.g. sea); 
- determination of the coordinates of these objects in the given sector of scanning. 
The radiometric detector of water surface objects must have the following characteristics: 
- correct detection probability of over 0.99 with false alarm probability 10-7; 
- detection range of 150 m through 10 km; 
- scan sector of not less than 60°. 
The geometry of the problem is shown in Fig. 1. Our study focused on the fundamental possibility 

of solving the problem using a radiometric complex. 
 

 
Fig.1. The geometry of the problem 
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Water surface radiation models 
We used a flat surface model as a sea:  
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where T  was the dynamic temperature of water surface, 
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 was Fresnel reflection coefficients for fluctuations of flat waves of horizontal and vertical 

polarization, 11 , 22  were the dielectric permittivity of the first and second media, and i  was the 

angle of observation. 
If the medium was above the water surface (in the air)  

( 1 11 1, 222 ), then the reflection coefficients (2) and (3) became: 
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From analysis (4) and (5) it followed that for calculating the Fresnel coefficients it was necessary 

to know the value of the complex substance permittivity. For fresh water, this value could be 
determined according to the Debye's formula  
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where 0  is optical dielectric permittivity of water, s  is statistical dielectric permittivity of 

water, s  is the critical wavelength associated with the relaxation time of water molecules, and 

/tg  is the tangent angle of loss.  

Parameters 0 , s  and s  were calculated using the following formulas: 
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For sea water, as salty or light-salty solutions, besides temperature, it was also necessary to take 

into account the values s  and s  of the solution salinity wS  
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The angles of observation for a bi-antenna radiometric system located at  

2,5 5 10 15 20h  m above sea level were:  

 
min min

max max

arctg( ) 89,045 88,091 86,186 84,289 82,405 ;

arctg( ) 89,986 89,971 89,943 89,914 89,885 ,

R h град

R h град
 (9) 

and the complex dielectric permittivity of water was 54,146 28,044j . 

For our study, we chose the working frequencies band 2 f 4  GHz with the central frequency 

0f 10  GHz. The calculated sea water parameters (Sw=35%) at 200С and frequency f =10 GHz are 

given in Table 1.  
It is known that water surface metal objects (ships, boats) reflect air temperature, so for our 

future calculations we applied the object brightness equal to 700K. The analysis of the data given in 
Table 1 suggests that the increase in the brightness of the ship's temperature against the sea is 
always positive in terms of horizontal polarization and can be positive and negative in terms of 
vertical polarization. Therefore, to simplify the system development, we processed the horizontal 
polarization signals. 

Table 1 
Effective sea temperatures at horizontal and vertical polarizations 

PRES 
position above 
sea level, m 

Observation angle 
θi, 0 

Twater,H, 
K 

Twater,V, 
K sГT , K sВT , K 

2.5 
θmin = 89.0450 2.435 117.443 67.565 -47.443 
θmax = 89.9860 0.037 2.233 69.963 67.767 

5 
θmin = 88.0910 4.849 189.234 65.151 -119.234 
θmax = 89.9710 0.073 4.449 69.927 65.551 

10 
θmin = 86.1860 9.601 260.253 60.399 -190.253 
θmax = 89.9430 0.147 8.83 69.853 61.17 

15 
θmin = 84.2890 14.245 284.558 55.755 -214.558 
θmax = 89.9140 0.22 13.145 69.78 56.855 

20 
θmin = 82.4050 18.767 288.801 51.233 -218.801 
θmax = 89.8850 0.293 17.394 69.707 52.606 

 
Determining the antenna system parameters. To determine the position of an object using a 

bi-antenna passive radio engineering system, as defined in Section 5, it is necessary that the object 
should be in the near-field of the system. It means that the maximum system range must satisfy the 
following condition [9] 

 
3
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max 0,38 d

R , (10) 

where d  is the system base (the distance between antennas) and  is the wave length. 
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Analysis of the input data and expression (10) suggests that the minimal system base was  

2
max max3min 202,5

0,38
R

d м . 

 
The PRES work algorithm. In order to detect a surface object (ship, boat) against the water we 

used the following formula 
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where Bk  is the Boltzmann constant, 0K  is the receiver amplification coefficient, T  is the 

integrity time, 2 f  is the bandwidth of the receiver input tract, 0  is the delay time of the signal 

received by the first antenna relative to the signal received by the second antenna, and 0Z  is the 

threshold value. 

The receiver amplification coefficient 0K  had been determined before the system was started 

(during calibration): 
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where ( )m t  is meander, whose amplitude varies from −1 through 1. 

The probabilities of false alarms and correct detection were determined in the following way: 
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is signal / noise ratio. 
Figure 2 shows the relationship between the false error probability and the threshold for the 

following values: 20sT K , 
0

70sT K , 300nT K , 
62 2 10rT f . After that we 

determined the threshold value by the given value of the false alarm probability 
710L . Figure 3 

shows a detection curve for the required false alarm probability. It was found that for the detection 
of a surface object (ship) against the sea with the correct detection probability 0,998D  at a 

given false alarm probability 
710L  the required signal / noise ratio 8,11e .  
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Fig.2. Relationship between the false alarm probability and threshold value 

Given the integration time 0,01T c , we found the minimum required bandwidth of the input 

tract receiver that satisfied the given ratio of signal / noise 
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It should be noted that the chosen bandwidth of 4 GHz fully satisfied expression (17). 
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Fig. 3. The detection curve for the false alarm probability 
710L  

 
The PRES block diagram. The block diagram of a passive radio engineering system is shown in 

Fig. 4, where 1 2,A A  are system antennas, G is the modulating voltage generator, CS is the control 

switch, 
1Z  is the delay line, CL is the communication line,  is the multiplier, 

0

T
dt  is the 

integrator,  is the threshold unit, and М is the memory. 

The system operation in different operation modes is shown in Fig. 4. 
The Calibration mode is used to determine the amplification quotient in accordance with (17). In 
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this case, the control center generates a control signal for the first control switch (CS), which 
disconnects the antenna receiver from the input. Synchronously, this signal is transmitted both to 
the modulating voltage generator (block G) for periodical connection of the hot and cold reference 

sources with the temperatures to the first channel hotT , coldT , respectively, and to the second 

switch for signaling to the quadratic detector after the receiver linear unit of the (RLU). The 'hot' and 

'cold' sources noises pass the detector unit of the receiver with frequency response ( 2 )K j f( 2 )K( 22 , 

where they mix with internal noises ( )n t  and are amplified 0K  -fold. After the quadratic detector, 

the signals sequentially pass through the synchronous detector and the integrator and are amplified 
12 [ ( )]B hot coldk T F T T  -fold. 

 

 
Fig. 4. The detector block diagram 
 
The Acquisition mode follows the Calibration mode and is the main operation mode of the radio 

engineering system. The control center gives control signals to the first and second switches to 
connect the antennas to the receiver input and generates a direction control signal of the first 

antenna 01 . The signal after the RLU goes to the delay line (
1Z ) and then to the multiplication 

unit. The delay line is configured with a signal received from the control center according to the 
following expression:  

 
1

0 1 2O S O S c , (18) 

where 
83 10 /с м с  is the speed of radio waves. 

The control center controls the antenna direction 02  according to the formula  
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 02 2 2O S O SO S . (19) 

The second antenna receives a control signal from the control center via the communication line. 
The output signal of the second channel RLU is transmitted via the communication line to the second 

input of the multiplication unit. Then the signal passes through the integrator, increases 1K  і 

2 1
0( )BK k T f  times and comes to the threshold unit. The threshold unit compares the value with 

the threshold to determine the presence or absence of an object on the site where the directional 
diagrams intersect. The result of the detection is stored in the memory block (Memory) along with 
the values of antenna directions and fed into the computer to determine the coordinates of the 
detected objects and make the map, which is shown in the indicator (Scope). The object Cartesian 

coordinates 1O xyz  are determined using the following formula: 

 
1 1 1( ) ( ) ( ) 01 01 01 01, , , ,S O S O S O z x y zx y z h .  

Simulation results. The PRES simulation is shown in Pic. 5. 

 
а) 

 
b) 
Fig.5. Geometry of simulation: narrow-band PRES (a); ultra-wide-band PRES (b) 
 
Fig. 5 has the following designations: A1, A2 are array antennas; area 1 is the area of the 

intersection of the detection signals with the underlying surface (water area) from which the signal is 
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received by each antenna; area 2 is the area where the direction diagrams of the two antennas 
intersect; area 3 is a high correlation area (the signals arriving to the both antennas from area 3 
correlate with each other with the correlation coefficient of more than 0.5). 

As seen in Fig. 5, the high correlation area for the narrow-band signals is multi-valued (see Fig. 
5.a), which will not allow determining the correct position of the object. At the same time, the 
processing of ultra-wideband signal greatly reduces the area of high correlation (see Fig. 5.b), which 
allows making correct measurements.  

Fig. 6 presents the simulation results, which include the results of: 
- the detection algorithm simulation; 
- the object coordinates determination algorithm simulation (replaced by the algorithm linked to 

the area map in the coordinates of the distances relative to the PRES phase center). 

 
а) 
 

 
b) 
 

 
c) 
 

Fig. 6. The true location of water objects (a), the objects locations according to the narrow-band 
radiometric system (b), the objects locations according to the ultra-wide-band radiometric system (c) 

 
Fig. 6a shows the true locations of the surface objects. Fig. 6.b shows the results of simulation 

detection of the objects using the narrow-band PRES  ( ,2 f 0 3  GHz, which satisfies condition 

(17)), and Fig. 6.c shows the results of simulation detection of the objects using the ultra-wide-band 
PRES.  
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Analysis of Fig. 6 allows concluding that the use of a narrow-band PRES results in false detections 
- a small object is recognized near the largest object. Physically, it can be explained by the fact that 
the narrow-band PRES radiation pattern is multi-lobed, which generates false maxima on the screen. 
The use of the ultra-wide-band PRES (see Fig. 6.c) eliminates false detections. This is because of a 
substantially higher averaging of independent counters (increased bandwidth increases the number 
of independent counters in the time domain). 

Fig. 7 shows the results of measuring the number of objects detected with the narrow-band PRES 
(ultra-wide-band systems do not have the multi-lobed radiation pattern, therefore, their phantom 

occurrence rate has not been investigated). Fig. 6 has the following axes: targetsN  is the number of 

detected targets; n  is the number of the experiment results repetition. The experiment included 
1000 simulations with 3 real surface objects. 

 

Fig.7. Number ( n ) of the detected targets ( targetsN ) in 1000 simulations (real targetsN 3 ) 

using the narrow-band PRES 
 
The probability of false detections (phantoms) can be reduced by the averaging of water area 

maps. However, it is not advisable to use this method to reduce the probability of phantoms because 
it is time-consuming. In filtering phantoms, it is feasible to use the phantom signs technique, i.e. it 
should be remembered that: 

- phantoms are seen near the real objects, which is due to the multi-lobed radiation pattern of 
the narrow-band PRES. Proximity is determined in accordance with the size of the false object; 

- the dimensions of the phantom (in most cases) do not exceed the one third of the size of the 
main object. 

Given these considerations, 1000 simulation experiments were conducted. The results of these 
experiments (Fig. 8) were analyzed similarly to the results presented in Fig. 7.  
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Fig.8. Number (n) of target detections ( targetsN ) in 1000 simulations (real number of targets 

targetsN 3 ) using the narrow-band PRES (with computerized map correction) 

 
Fig. 8 shows that special computer software allowed removing a significant number (almost 50%) 

of phantoms, although it was impossible to get rid of them completely. It is advisable to use the 
phantom signs technique together with the map averaging technique. Fig. 9 shows the results of the 
simulation with the application of the both techniques. 

 

Fig.9. Number (n) of target detections ( targetsN ) in 1000 simulations (real number of targets 

targetsN 3 ) using the narrow-band PRES (with computerized map correction) 

 
Figs. 7-9 suggest that the combination of the both techniques reduces the probability of false 

detections by 83%. 
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Conclusions 
 
Passive Radio Engineering System control of water areas has a clear physical basis. The 

experiment findings suggest that such systems should analyze the vertical polarization signals, which 
provides a maximum metal-water contrast (the metal thus reflects the effective air temperature); 

- Reliable water object detection can do with not-too-wide bandwidth (condition (17)), which is 
not sufficient for correct object location. In particular, multi-crowned FN may produce phantoms in 
the immediate vicinity of the real objects. Obviously, such objects will appear on different maps and 
in different places and after averaging they will not be detected, although with short observations 
this is not always convenient; 

- To reduce the number of phantoms it is proposed to use the signs technique together with the 
map averaging technique (made at adjacent time intervals). Whereas the signs technique reduces 
false detections by half, the two techniques combined reduce the number of errors by 83%; 

- the use of ultra-wide band signals in the PRES results in considerable reduction in the number of 
phantoms, as has been demonstrated by the simulations. 
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