
 

Abstract—Successfully achieving the mission of the unmanned 

aerial vehicle (UAV) requires high gain data link between the 

UAV and the ground control station (GCS). The antenna of the 

ground station must has a narrow, precisely guided beam 

towards the UAV. Widening the beamwidth in phased array will 

be on the expense of reducing the gain and increasing the 

possibility of receiving the interference signal, this may lead to 

the failure in achieving the desired link. This paper presents a 

new method to achieve an automatic forming of the reception 

beam and automatic tracking of the UAV’s signal in the digital 

phased array without the need of the complex digital signal 

processing algorithms used in smart antenna. The proposed 

approach is based on the complex vector multiplication and 

phase conjugation technique. The UAV will stay on the beak of 

the array factor. The resulted array is a combination between the 

retrodirective array and the phased array, its beamwidth equal 

to the field of view without reducing the gain and with null 

steering ability. Comparison between the array response of the 

proposed approach and the array response of  a tracking system 

using the Monopulse Digital Beam Forming algorithm against 

different values of the phase error deviation is done. 

 
Index Terms—Enter Phased Array, phase conjugation, 

Retrodirective Array, geometric phase, complex vector 

multiplication, null steering  

 

I. INTRODUCTION 

UCCESSFULLY achieving the mission of the unmanned 

aerial vehicle (UAV) and receiving all the signals sent by 

the UAV requires high gain data link between the UAV and 

the ground control station (GCS) [1]-[3], [5], [6]. The antenna 

of the ground station must has a narrow, precisely guided 

beam towards the UAV, so the angular position of the UAV 

will be on the boresight of the antenna and the UAV signal 

will be received from the beak of the antenna radiation pattern. 

Phased array is recently used in the GCS to achieve fast  
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tracking and to avoid the problems of the mechanical 

movement of the antenna in the traditional methods[4]-[6].  

With phased array the beam can be directed towards the UAV 

electronically without physical movement of the array. In 

digital phased array the received signal at each channel will be 

multiplied with specific complex weight such a way the 

received signal from a specific direction will be added 

constructively and other signals will be added 

destructively[11]. The array response in lecture is defined as 

the sum of the weighted received signal at each channel and 

it’s considered as a function of the direction of arrival of the 

received signal. The phased array can be adjusted to receive 

the signal sent from a specific direction by adjusting the phase 

of the complex weight of each channel to be equal to the 

conjugation of the geometric phase of this channel[11], [13]. 

The signal received on each channel is the phase shifted signal 

from the signal received on the reference channel due to the 

geometric position of the array elements and the angular 

position of the source signal. This phase shift is defined as the 

geometric phase. To find the geometric phase of each channel, 

the direction of arrival (DOA) of the UAV signal must be 

calculated by applying a direction finding algorithm[7], [8], 

like MUSIC algorithm[9], [10] or RSNS algorithm[4], [5]. 

Then after finding the geometric phase of each channel the 

phase of the corresponding complex weight must be adjusted 

to the conjugation of this geometric phase so the beam will be 

formed towards the UAV. To keep the UAV within the main 

lobe of the antenna array, a tracking algorithm must be used 

like “Monopulse Digital Beam Forming” algorithm[4], [5]. 

As a result we can see that the purpose of the tracking array 

in UAV applications is to keep receiving the UAV signal with 

high gain which means keeping the UAV within the main 

beam of the array response. So sometimes widening the 

beamwidth of the antenna array in the UAV applications is 

good for keeping the UAV within the main beam of the array, 

but it will be at the expense of reducing the gain and 

increasing the possibility of receiving the interference signal, 

this may lead to the failure in achieving the desired link. 

We can see that despite the ease, flexibility, and relative 

simplicity of the phased array, achieving the mission of the 

UAV requires the application of a complex signal processing                                                                                              
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algorithm to determine the DOA of the UAV’s signal, and also 

requires a precise tracking algorithm to keep  the UAV within 

the main lobe of the antenna array, where these algorithms 

increase the computational cost of the phased array system and 

on the other hand are sensitive to the increased source of noise 

in phased array and require high calibration of the array[6], 

[12]. 

This paper presents a new method to achieve automatic 

forming of the reception beam towards the UAV and 

automatic tracking of the UAV’s signal in the digital phased 

array without the need of the complex digital signal processing 

algorithms used in smart antenna. The proposed approach is 

based on the complex vector multiplication and phase 

conjugation technique (used in retrodirective array[14]-[17]) 

to find the geometric phase of each channel, so keeping the 

UAV on the beak of the array response within the field of 

view (FOV). The resulted array is a combination between the 

retrodirective array and the phased array, it has a widened 

beamwidth without reducing the gain, and with null steering 

ability. The proposed approach cancels the need of the 

complex digital signal processing algorithms (DOA, and 

tracking) so reducing the effect of the phase error, and on 

other hand reducing the computational cost of the tracking 

system. In this proposed approach the phase conjugated 

version of the received signal on each channel will be 

generated using the phase conjugation technique, and then the 

complex vector multiplication will be used to obtain the 

required phases of the complex weights to adjust the beam 

pattern of the array towards the incoming signal. As a result of 

using the phase conjugation technique the UAV will be always 

on the beak of the array response[16], so having a permanent 

high gain downlink during the movement of the UAV within 

the FOV. To eliminate the interference signal from a 

predefined direction, the “least squares error pattern synthesis 

with nulls” method[11] will be applied on the resulted 

complex weights to synthesis the main beam towards the UAV 

and nulls in the directions of the interference sources. As a 

result mixing between the phased array and the retrodirective 

array is done to get a wide beam high gain tracking array with 

null steering ability. To evaluate the improvement given by the 

proposed approach a comparison between the array response 

of the proposed approach and the array response of  a tracking 

system using the Monopulse Digital Beam Forming algorithm 

against different values of the phase error deviation is done.   

.  

II. PROPOSED SYSTEM 

We will present a proposed approach to achieve a tracking 

array with beamwidth equals to the FOV. This resulted array 

will has the ability to achieve a permanent high gain downlink 

between the UAV and the GCS, it also has the ability to 

eliminate the interference signal from a predefined direction. 

 

A. Mathematical Representation 

As a result of using the quadrature demodulation in the 

receiver, we can represent the received signal in the complex 

form, as in (1). 

 

𝑆 = 𝑒𝑗∅                     (1) 

 

where ∅ is the phase of the received signal. By considering the 

first channel as a reference channel, (2) shows the complex 

vector representation of the signal received on the reference 

channel. 

 

𝑟𝑟𝑒𝑓 = 𝑒𝑗∅𝑟𝑒𝑓 = 𝑆                   (2) 

 

Equation (3) shows the complex vector representation of the 

signal received on each channel. 

 

𝑟𝑛 = 𝑒𝑗∅𝑛                      (3) 

 

where n is the channel number, and ∅𝑛 is the phase of the 

received signal on the nth channel. In antenna array the 

received signal on each channel will be shifted from the signal 

received on the reference channel by the geometric phase of 

this channel[11], [12] as in (4). 

 

∅𝑛 = ∅𝑟𝑒𝑓 + ∅𝑔𝑛                    (4) 

 

where ∅𝑔𝑛 is the geometric phase of the nth channel, which 

depends on the geometry of antenna elements, and the angle of 

arrival 𝜃𝑖 of the received signal. The geometric phase of each 

channel is given as in (4) for uniform linear array case. 

 

∅𝑔𝑛 =
2𝜋𝑛

𝜆
𝑑 sin(𝜃𝑖)                   (4) 

 

where d is the distance between array elements. Fig. 1. shows 

the phase shifts resulted due to the geometry of the antenna 

elements of a linear array. 

 

 
 

We can see that by multiplying the received signal on each 

channel by a complex weight with phase equal to the 

conjugation of the geometric phase, the phase shift on each 

channel will be compensated and the signals will be added 

constructively. The array response in digital phased array is 

 
Fig. 1. Geometric phase 
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defined as the output of the beamformer (delay and sum 

beamformer[11]) by (5). 

 

𝐻 = ∑ 𝑤𝑛
∗𝑁−1

𝑛=0 𝑟𝑛                           (5) 

 

where 𝑤𝑛 is the complex weight of the nth channel. In the 

traditional phased array, to get the array response for  a signal 

sent from a specific direction, a DOA algorithm should be 

used to find the geometric phase of each channel, then the 

required complex weight of each channel will be calculated as 

in (6). 

 

𝑤𝑛 = 𝑒𝑗
2𝜋𝑛

𝜆
𝑑 sin(𝜃𝑖)

= 𝑒𝑗∅𝑔𝑛                   (6) 

 

For non-isotropic array elements, the element factor must be 

considered in the array response formula[11], [12], so the 

array response for non-isotropic elements will be as (7). 

 

𝐻 = 𝐸𝐹(𝜃) ∗ ∑ 𝑤𝑛
∗𝑁−1

𝑛=0 𝑟𝑛                   (7) 

 

where 𝐸𝐹(𝜃) is the element factor. 

In this proposed approach instead of using DOA algorithm 

to find the geometric phase of each channel, the complex 

vector multiplication will be used to find the geometric phase 

of each channel. Where the complex vector representation of 

the signal received on the reference channel will be multiplied 

by the complex vector representation of the phase conjugated 

version of the received signal on each channel separately, 

The phase conjugated version of the received signal at each 

channel will be found using phase conjugation technique, and 

the complex vector representation of this signal is shown in 

(8). 

 

r𝑛
∗ = 𝑒−𝑗∅𝑛                     (8) 

 

Fig. 2. shows the representation of the complex vectors of 

these signals. 

 

 
 

Equation (9) shows the resulted complex vector at each 

channel. 

 

𝐶𝑛 = 𝑟𝑟𝑒𝑓 ∗ r𝑛
∗ = 𝑒𝑗(∅𝑟𝑒𝑓−∅𝑛)                   (9) 

By substituting  ∅𝑛 from (4) in (9), the resulted complex 

vector will be as (10). 

 

𝐶𝑛 = 𝑒−𝑗∅𝑔𝑛                     (10) 

 

We can see that, the resulted complex vector at each channel is 

equal to the required complex weight of each channel to form 

the beam towards the UAV. Equation (11) shows the resulted 

complex weight. 

 

𝑤𝑛
∗ = 𝐶𝑛 = 𝑒−𝑗∅𝑔𝑛                    (11) 

 

So in this way we have got the required complex weight to 

form the beam towards the UAV without the need of  a DOA 

algorithm. Then we can find the array response from (5).  

By substituting (3), (4) and (11) in (5)  the array response will 

be as (12). 

𝐻 = ∑ 𝑒𝑗∅𝑟𝑒𝑓𝑁−1
𝑛=0 = 𝑁 ∗ 𝑆                (12) 

 

which represents the beak of the array factor. During the UAV 

movement within the FOV the complex weights of the array 

elements will be updated automatically according to the 

angular position of the UAV, so the array response will be 

always equal to the beak of the array factor. 

 

B. Reducing the  Effect Of Phase Error 

Using the phased array results in increased sources of 

noise[12], The phased array is sensitive to phase error caused 

by random phase noise, quadrature modulation demodulation 

errors, and element dislocation[18]. Phase error can cause loss 

in gain, this may lead to the failure in achieving the desired 

link between the UAV and the GCS. To illustrate the effect of 

phase errors on the phased array performance, the phase error 

is considered in the array response equation. The reference[18] 

shows the final expression for the array response after 

considering all the possible phase errors as (13). 

 

𝐻 = ∑ 𝑤𝑛
∗𝑒𝑗∅𝑛𝑒𝑗𝛿𝑛𝑁−1

𝑛=0                              (13) 

 

where 𝛿𝑛is the total phase error on each channel which is 

considered as a random variable. When the array directed 

towards the UAV the array response will be as(14). 

 

𝐻 = 𝑒𝑗∅𝑟𝑒𝑓 ∑ 𝑒𝑗𝛿𝑛𝑁−1
𝑛=0                                 (14) 

 

this equation illustrates the effect of the phase errors on the 

gain loss in the phased array. 

In the proposed approach the phase error of each channel 

will be included in its complex weight and thus the phase error 

of each channel will be compensated. By considering the 

phase error of each channel, the complex vector representation 

of these signals from (2)(3)(8) will be modified to 

(15)(16)(17). 

 

𝑟𝑟𝑒𝑓  =  𝑒𝑗(∅ref+𝛿0)                                (15) 

𝑟𝑛 = 𝑒𝑗(∅n+𝛿𝑛)                                    (16) 

 
Fig. 2. Representation of complex vectors. 
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r𝑛
∗ = 𝑒−𝑗(∅n+𝛿𝑛)                                   (17) 

 

where 𝛿0 is the phase error on the reference channel. Then by 

multiplying the vectors(15) and (17) the resulted complex 

vector will become (18). 

 

𝐶𝑛 = 𝑒𝑗(−∅𝑔𝑛−𝛿𝑛+𝛿0)                        (18) 

 

So the complex weight of the corresponding channel will be 

(19). 

 

𝑤∗
𝑛 = 𝑒𝑗(−∅𝑔𝑛−𝛿𝑛+𝛿0)                         (19) 

 

By substituting (19) in (13), the array response will be as 

(20)(21). 

 

𝐻 = ∑ 𝑒𝑗(∅𝑟𝑒𝑓+𝛿0)𝑁−1
𝑛=0                     (20) 

𝐻 = 𝑁𝑒𝑗∅𝑟𝑒𝑓𝑒𝑗𝛿0                            (21) 

 

By Comparing (21) with (14) we can see that in the proposed 

approach the effect of the phase errors will be reduced to the 

case of a single antenna system, where the phase noise simply 

rotates the phase of the received signal while the signal 

amplitude is not affected. 

 

C. Interference Signal Elimination 

To eliminate the interference signals from predefined 

directions the “least square error pattern synthesis with nulls” 

method will be used. Equation (22) gives the synthesized 

beam(array response) using the least square error method for 

the case of linear array with zero order nulls, 

 

𝐵𝑜(𝜃) = 𝐵𝑑(𝜃) − ∑ 𝑎𝑚𝐵𝑐(𝜃 − 𝜃𝑚)
𝑀0
𝑚=1           (22) 

 

where M0 is the number of the interference signals, amBc is the 

weighted conventional beam directed towards the interference 

source, and Bd is the desired beam(desired array response). 

The desired beam in this proposed approach will be 

synthesized using the complex weights resulted from the 

complex vector multiplication. The conventional beam will be 

given by (23). 

 

𝐵𝑐(𝜃 − 𝜃𝑚) =
sin (𝑁𝜋𝑘𝑑(

𝑠𝑖𝑛𝜃−𝑠𝑖𝑛𝜃𝑚
2

))

sin (𝜋𝑘𝑑(
𝑠𝑖𝑛𝜃−𝑠𝑖𝑛𝜃𝑚

2
))

            (23) 

 

The weight vector will be given with (24), 

 

𝑎 = 𝑤𝑑
𝐻𝐶0[𝐶0

𝐻𝐶0]−1             (24) 

 

where C0 is the null constraint N x M0 vector, and N the 

number of array elements. 

𝐶0 = [𝑉𝑘(𝑘1) ⋮ 𝑉𝑘(𝑘2) ⋮ ⋯ ⋮ 𝑉𝑘(𝑘𝑀0
)] 

Vk(k) is the array manifold vector for a wavenumber towards 

the interference source. 

The desired beam will be updated according to the UAV 

movement within the FOV, therefore using the least square 

error method the synthesized beam will always have a main 

lobe directed towards the UAV with nulls directed towards the 

interference sources. As a result we get an array response with 

beam width equal to the FOV, and with the ability of null 

steering. 

 

III. SIMULATION AND RESULTS 

A uniform linear array with eight dipole elements was used 

to verify the proposed approach using matlab simulation 

environment.  

The complex weights that resulted from (11) of the 

proposed approach were tested for different angular positions 

of the UAV, where the resulted complex weights at each 

angular position were applied separately on a traditional 

phased array of the similar case (same element number, and 

same distance between the elements) and then the array 

response of this similar case array was found using (5). Fig. 3. 

shows the formed beam pattern(array response) in a similar 

case phased array. 

  
 

We can see  that the phased array has a peak of the array 

response at each angular position of the UAV, so it’s the same 

case as if we used the required weights calculated using (6). 

Fig. 4. Shows the polar plot of this array response for these 

angular positions. 

 

 
 

We can say that the proposed approach give the required  

weights to form the beam towards the UAV in the phased 

array without the need to use a DOA algorithm, so the 

 
Fig. 3. Synthesized pattern with the resulted weights 

 

 
Fig. 4. Polar plot of the synthesized pattern with the resulted weights 
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proposed approach reduces the computational cost of the 

tracking system. The ability of the proposed array to track the 

UAV during its movement within the angular range  [-90o 

+90o] was tested by applying the resulted complex weights at 

each angular position on a traditional phased array of the 

similar case.  Fig. 5. shows the polar plot of the beam pattern 

in the traditional phased array if it uses the resulted weight 

from the proposed approach when the UAV moved from [-90o   

+90o]. 

 

 
We can see that during the UAV movement the complex 

weights was updated automatically to give the peak of the 

array response, so achieving the tracking of the UAV angular 

position without the need to use a tracking algorithm. 

The array response for the proposed array was found from 

(12) after considering the element factor. The elements used in 

this simulation were dipole antennas, and their element factor 

is given by (25). 

 

𝐸𝐹(𝜃) = cos (𝜃)                    (25) 

 

Fig. 6. shows the resulted array response. 

 

 
 

As a result we get an array with beam width equal to [-45o  

+45o], which is equal to the FOV. 

The improvement that the proposed approach given was 

evaluated by comparing its array response with the array 

response of a tracking array system using the digital 

beamforming monopulse tracking algorithm, against different 

values of the phase error deviation. The phase error was 

supposed as a random variable with uniform distribution as in 

(26). 

 

𝛿𝑛~𝑈[−𝜎𝑚𝑎𝑥 ,   𝜎𝑚𝑎𝑥] )                    (26) 

 

where 𝜎𝑚𝑎𝑥  is the phase error deviation 0° ≤ 𝜎𝑚𝑎𝑥 ≤ 180°.  
The array response here was calculated from section 2B when 

the UAV moves within the FOV and after considering the 

element factor, Fig. 7, Fig. 8, and Fig. 9. show the array 

response for different values of the phase error deviation. 

 

 
 

 
 

 
 

We can see that the array response doesn’t affected by the 

phase error while the monopulse tracking array is sensitive to 

the phase error and it requires high calibration of the array. 

These results show the advantage that the proposed approach 

 
Fig. 5. Tracking the UAV angular position 

 
Fig. 6. The resulted array response 

 

 
Fig. 7. Array response at 𝜎𝑚𝑎𝑥 = 5° 

 

 
Fig. 8. Array response at 𝜎𝑚𝑎𝑥 = 20° 

 

 
Fig. 9. Array response at 𝜎𝑚𝑎𝑥 = 50° 
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cancel the need to use the DOA and tracking algorithms in 

addition to reducing the computational cost of the tracking 

system. 

The least square error method was applied on the resulted 

complex weight to add the null steering ability to the proposed 

array. The case of linear array with zero order null was taken. 

For simplicity one interference source at the angular position -

5o was supposed. Then the resulted complex weights for 

different angular positions of the UAV were applied on a 

similar case phased array. Fig. 10. shows the formed beam 

pattern in a similar case in phased array with null at the 

angular position of the interference source and beam formed 

towards the UAV angular positions. 

 

 
 

Fig. 11. shows the polar plot of the beam pattern in the phased 

array if it uses the least square error method on the resulted 

weights from the proposed approach when the UAV moves 

from [-90o   +90o]. 

 

 
 

It shows that, using the proposed approach with the least 

square error method, the array response will be always equal 

to the beak of the array factor of the phased array at the 

angular position of the UAV and null towards the interference 

source. The array response for the proposed array after 

applying the least square error method on its complex weights 

was drawn from (22) and the element factor was considered. 

Fig. 12. shows the array response. 

 

 
 

As a result we get an array with beam width equal to [-45o  

+45o], which is equal to the FOV with the ability to null 

steering.  

IV. CONCLUSION 

This paper shows a proposed structure of a digital array 

receiver used for tracking the signal sent from UAV to GCS, 

which has a combination between phased array and 

retrodirective array. Generating the IQ signals of the received 

signal and its phase conjugated version, give the ability to find 

the geometric phase of each channel by multiplication of 

complex vectors and canceling the need for using complex 

signal processing  algorithms which have a high computation 

cost. It achieves a significant reduction in computational 

complexity, in addition to automatic detection and tracking of 

the UAV signal, so a permanent high gain downlink is 

obtained. An array with beam width equal to the FOV and 

gain equal to the case of narrow beam array with the ability to 

null steering, is obtained. Generating the phase conjugation of 

each channel separately, it can be applied on a conformal array 

case. The matlab simulation shows the efficiency of this 

proposed approach. 
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It shows that, using the proposed approach with the least 

square error method, the array response will be always equal 

to the beak of the array factor of the phased array at the 

angular position of the UAV and null towards the 

interference source. The array response for the proposed 
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complex weights was drawn from (22) and the element factor 

was considered. Fig. 12. shows the array response. 
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