
Xu et al. / Front Inform Technol Electron Eng   2024 25(12):1742-1749

Analysis of spatial power synthesis efficiency based on the

near-field cross-beam theory for distributed UAV 

interference applications*

Dalong XU†1, Jian WU1,2, Jianyin CAO†‡1, Hao WANG1,2, Xiang LI2

1School of Electronic and Optical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China 
2Nanhu Laboratory, Jiaxing 314050, China

†E-mail: xudl1987@njust.edu.cn; jianyin.cao@njust.edu.cn

Received May 16, 2024; Revision accepted Aug. 12, 2024; Crosschecked Oct. 24, 2024

https://doi.org/10.1631/FITEE.2400401                                           

This paper discusses a novel method for calcu‐
lating near-field spatial power synthesis efficiency 
based on the cross-beam synthesis theory for the ap‐
plication of unmanned aerial vehicle (UAV) swarms 
in electronic countermeasure systems. The model of 
a UAV array and the working principle of the near-
field spatial power synthesis are used to explain the 
power synthesis efficiency of UAV interference. The 
influence of location parameters, such as the posi‐
tioning and attitude accuracy of UAVs, is analyzed. 
The influences of UAVs in actual situations, includ‐
ing the jitter of platforms, damage rate, and time syn‐
chronization accuracy in real conditions, are also ana‐
lyzed. Finally, a test scenario based on fiber-optic 
synchronization is constructed to measure the spatial 
power synthesis efficiency with high-precision time 
synchronization. The results provide further evidence 
of the effectiveness and reliability of the proposed 
near-field cross-beam calculation method for distrib‐
uted UAV interference applications.

1 Introduction 

Since the 1920s, the application of UAVs in 
electronic warfare has developed rapidly, owing to 
their advantages in avoiding the sacrifice of person‐
nel. The UAV platform has reduced weight and size, 
robustness, outstanding mission efficacy, and a low 
cost–effectiveness ratio. In addition, advantages such 
as high concealment, easy takeoff and landing, sim‐
ple operation, and flexible maneuverability are attrac‐
tive (Zhang YX et al., 2017). Since the 1980s, UAVs 
have played an important role in coordinated combat 
with manned aircraft and other weapons and have been 
especially successfully applied in electronic warfare 
drones in the Gulf War. This has promoted countries 
around the world to become deeply aware of the 
enormous importance of electronic warfare drones for 
high-tech local wars, and they are irreplaceable with 
other methods (Luo, 2009).

Nowadays, the demand for small, highly maneu‐
verable jamming systems has increased in response to 
a variety of interference targets and complex environ‐
ments. Because of this, intelligent “swarm” technolo‐
gies formed of arrays of payload-equipped UAVs have 
emerged as a research hotspot. However, UAV plat‐
forms have limitations in terms of the carrying capacity, 
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since high maneuverability is required. High-power 
radar systems are hardly to be carried by the UAV plat‐
forms, leading to insufficient damage power for jam‐
ming. Thus, multiple drones need to be used as sub-
arrays to form a larger array to improve damage power.

Spatial power synthesis technology has been 
developed to use multiple payload units that emit elec‐
tromagnetic waves with the same frequency and a 
specific phase relationship to form high-power electro‐
magnetic beams in a certain direction (Liu SD et al., 
2006). Zhang YB et al. (2006) introduced a method 
for calculating spatial power synthesis efficiency con‐
cerning phase differences between signals. Based on 
this foundation, research on spatial power synthesis 
technology and factors affecting synthesis efficiency 
has been conducted.

Liu W et al. (2012) simplified the expression of 
spatial power synthesis efficiency and analyzed the 
impact of amplitude difference and phase difference 
between signals. Xu et al. (2013) obtained an analyti‐
cal expression for the expected synthesis efficiency 
of arbitrary microwave sources, and analyzed three 
typical random phase error distributions. Yao et al. 
(2015) studied the relationship between the average 
system gain and the number of array elements, as well 
as the amplitude difference and phase difference of 
each unit. In Zhang K et al. (2016) and Ju et al. (2020), 
these theories were applied to the analysis of spatial 
synthesis efficiency in multiple interference jammer 
scenarios. However, both the theoretical derivation 
and practical application of these studies employ the 
method of parallel-beam synthesis when the target is 
in a far-field region of the array.

When the targets for UAV swarms flying at low 
altitudes are located in the near-field region, the afore‐
mentioned calculation methods become inaccurate. 
The work by Kennedy et al. (1998), Chen et al. (2015), 
Cicchetti et al. (2019), and Tian (2019) qualitatively 
analyzed the distribution of efficiency in the target 
area, which is located in the near-field region of the 
array. Based on the concept and principle of sparse 
array coherent signal power synthesis, Chen et al. 
(2015) researched the method of cross-beam synthesis 
to derive and analyze the relationship between the cross 
angle of beams and target point synthesis efficiency un‐
der two-point source cross-beams. This paper also pro‐
posed a phase compensation method and eliminated 

the influence of unit directional patterns on synthesis 
efficiency. Tian (2019) established a distributed fixed 
array near-field power synthesis mathematical model 
based on time inversion and quantitatively analyzed the 
error factors that affect the synthesis effect.

However, these situations are ideal, and the num‐
ber of research units is relatively small in the above 
studies. A comprehensive analysis of the factors 
influencing the synthesis efficiency at target points is 
still lacking, as is the experimental verification. To 
address these issues, this paper combines power syn‐
thesis technology in free space with the theory of cross-
beam synthesis. Spatial power synthesis efficiency at 
a specified near-field point is further analyzed based 
on the previous work (Wu et al., 2023). A compari‐
son of the proposed method with traditional far-field 
calculation methods is conducted. The impact of pa‐
rameters such as UAV positioning accuracy, attitude 
accuracy, time synchronization accuracy, and failure 
rate are also analyzed. Finally, a test scenario with time 
synchronization is designed, and spatial power syn‐
thesis efficiency is measured to provide experimental 
evidence for the proposed computational method.

2 Principle of spatial power synthesis based 

on the cross-beam theory 

The common rule of thumb for the approximate 
distance at which the far-field approximation begins 
to be valid is r=2D2 /λ (Kennedy et al., 1998). For 
array antennas, D represents the aperture of the antenna 
array, and λ represents the wavelength. The schematic 
of UAVs simultaneously interfering with the target is 
shown in Fig.1. Due to the low altitude of UAV flight 

Fig. 1  Schematic of unmanned aerial vehicle (UAV) 
interference with the target
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typically within a few kilometers and the inter-element 
spacing of the distributed array usually being more than 
10 wavelengths, the interference target is considered to 
be in the near field of the distributed array. Therefore, 
the method of cross-beam spatial power synthesis is 
discussed in this paper.

The model of distributed power synthesis is shown 
in Fig. 2; the target point is considered as the origin 
of the coordinate system, and the position of UAV i 
is denoted as (Ri, ϕi, θi) (i=0, 1, … , N−1). Ri repre‐
sents the distance from the target to UAV i. Assume 
that the electric field intensity generated by UAV i at 
the target point is denoted as Ei. According to the an‐
tenna radiation and electromagnetic wave propaga‐
tion theory, Ei can be calculated by

Ei = Δc

fi (θ i,ϕ i )

|| Ri

2
Cie

− j ( kRi − φ i ), (1)

where fi represents the active far-field radiation pat‐
tern of UAV i, k=2π/λ, φi represents the initial phase 
of signal i, and Δc could be regarded as a constant. Ci 
represents the attenuation constant caused by adverse 
environmental factors such as rain and heavy fog. For 
each individual element, the target is still considered 
in the far-field region. When deploying a sparse array 
configuration, the mutual coupling between elements 
can be neglected, as the spacing between elements is 
much larger than the operating wavelength. Therefore, 
the passive element radiation pattern can be used as a 
substitute.

To maximize spatial synthesis efficiency, it is 
necessary to perform pre-compensation processing 

on the initial phase of each unit signal, so that the 
phases of all signals reaching the target location are 
the same. The initial phase of signal i is calculated as

φ i = kRi − φ0, (2)

where φ0 represents the initial phase of the signal when 
i=0.

The phase of each signal reaching the target lo‐
cation is

ϕ i =  − kRi + φ i = φ0 + δ i, (3)

where δi represents the difference of UAV i relative 
to the ideal situation.

Since the interference target is located in the near 
field of the antenna array, the electric field does not 
satisfy the condition of co-directional superposition. 
Therefore, the electric field should be decomposed 
into three axes, x, y, and z. The decomposed electric 
field is obtained as
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(4)

where Eix, Eiy, and Eiz represent each element’s elec‐
tric field along the x, y, and z axes at the target point, 
respectively. The composite field strength is given by
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(5)

The spatial power synthesis efficiency is defined 
as the ratio of the power density at the target point to 
the maximum power density at the target point. It can 
be expressed asFig. 2  Model of the distributed power synthesis
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Substituting θ i=θ j and ϕ i=ϕ j into Eq. (6), the ex‐

pression under parallel-beam synthesis is shown as
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(7)

3 Analysis of factors impacting spatial power 

synthesis 

3.1 Simulated model for UAV position deviation

The effects of several key factors on spatial syn‐

thesis efficiency, including payload carrier frequency, 

beam width, positioning error, attitude error, and UAV 

failure rate, are investigated based on Eq. (6). The sim‐

ulation results under parallel-beam synthesis are com‐

pared based on Eq. (7).

As depicted in Fig. 3, the range of UAV shaking 

is represented by (Δx, Δy, Δz), and the coordinates of 

the UAVs are denoted as (Δx, id+Δy, H+Δz). To quan‐

tify the impact of shaking on the system, the wave-

front error Δd and the phase error δ are calculated as

δ = 2πfΔd/c, (8)

where c is the propagation speed of electromagnetic 
waves in the free space.

Assume that the elevation angle of UAV i rela‐
tive to the target point in the ideal state is θi, and that 
the azimuth angle is represented as ϕi. The elevation 
angle and azimuth angle of UAV i are relative to the 
target point after shaking as θ′i and ϕ′i, respectively.

To analyze the effects caused by positioning and 
attitude errors, σpa is defined to represent the positioning 
accuracy, where Δx=Δy=Δz=σpa. Similarly, σaa is de‐
fined to represent the attitude accuracy, where Δθ′i=
Δϕ′i=σaa. In the simulation, 100 000 sets of positioning 
errors satisfying a uniform distribution U(−σpa/2, σpa/2), 
100 000 sets of attitude errors satisfying a uniform 
distribution U(−σaa/2, σaa/2), and 100 000 sets of time 
synchronization errors satisfying a uniform distribu‐
tion U(0, σtsa/2) are applied. Each set of errors will be 
considered separately to analyze the power synthesis 
efficiency. To assess the synthesis efficiency under 
the given positioning or attitude error conditions, the 
average of the power synthesis efficiencies across all 
100 000 scenarios is calculated. The default parame‐
ters for the simulation analysis are outlined in Table 1. 
These parameters provide a consistent framework for 
comparing the effects of different error scenarios.

3.2 Simulated results and analysis

The analysis was set up based on the Matlab soft‐
ware. The relationship between the average synthesis 
efficiency with the positioning and attitude accuracy 
was simulated and is shown in Fig. 4. It is evident that 
there is a rapid decrease in the spatial synthesis efficien‐
cy when the positioning error increases. The average 
synthesis efficiency drops to 60% since the error range 
reaches 0.056 m. This means that precise positioning 
accuracy is crucial for achieving effective interference 

Table 1  Default parameters used in the simulations

Parameter
f (GHz)
σpa (cm)
σaa (°)
h (m)
d (m)

Value
2
3
3

500
80

Parameter
N

pd (%)
γ (%)
Θ (°)
σtsa (ps)

Value
10
0

60
60
0

pd: probability of damage; γ: threshold for effective synthesis efficiency; 
Θ: beam width

Fig. 3  Simulated model for the UAV position deviation
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in the near-field scenario. In Fig. 4b, the average syn‐
thesis efficiency of the distributed array decreases 
as the attitude accuracy errors increase. This high‐
lights the importance of precise attitude accuracy in 
achieving optimal power synthesis performance.

In addition to the power synthesis efficiency, it is 
crucial to account for the potential damage inflicted on 
UAVs during the interference process. The N×pd units 
from a pool of N units are selected as the damaged 
UAVs, where each damaged UAV is represented as 
fi=0. The relationship between the UAV failure rate and 
the average synthesis efficiency is shown in Fig. 5a. 
bp is the damage rate of UAVs. The results indicate 
that the damage rate should be kept lower than 0.06 
for a synthesis efficiency of over 60%.

The phase synchronization accuracy between 
array elements and the time synchronization accuracy 
are also important factors that affect the spatial power 
synthesis efficiency. The relationship between the 
phase synchronization error and the time synchroni‐
zation error is given by

Δδ = 2πfΔt. (9)

Therefore, the impact of time synchronization 
accuracy on different array numbers is specifically ana‐
lyzed and is shown in Fig. 5b. The curve shows a rela‐
tively flat trend for small and large time differences. 
However, when the time synchronization accuracy is 
around 250 ps, a rapid decrease in the average synthe‐
sis efficiency happens. Additionally, under the same 
time synchronization accuracy, the average synthesis 
efficiency tends to decrease when the number of array 
elements increases.

In real scenarios, multiple errors coexist simulta‐
neously. However, the impact of damaged UAVs on 
average synthesis efficiency can be mitigated by re‐
placing them with new UAVs. Additionally, when the 
beam width is relatively wide, the influence of atti‐
tude error is minimal. Thus, time synchronization error 
and positioning error are the most important factors; 
their combined effect is shown in Fig. 6. For example, 
if an average synthesis efficiency of 60% is achieved, 

Fig. 5  Relationship between the average synthesis efficiency 
with UAV damage rate (a) and time synchronization accuracy 
(b) in the near field accuracy

Fig. 4  Relationship between the average synthesis efficiency 
with positioning accuracy (a) and attitude accuracy (b)
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a positioning accuracy within 0.056 m and a time ac‐
curacy within 160 ps are required in such near-field 
beamforming conditions.

4 Experimental testing of near-field beam 

synthesis efficiency in ideal conditions 

Based on the analysis above, an experimental 
design was developed to investigate the synthesis 
efficiency with a high time synchronization accuracy 
and tiny positioning error. The schematic of the test 
is shown in Fig. 7. Four nodes were used for actual 
verification, with three nodes as the transmitting end and 
one node as the receiving end. A higher time synchro‐
nization accuracy was made possible by fiber optic. 
Limited by the test equipment, the payloads were fixed 
with controllable positioning errors in the experiment. 
The payloads were equipped with planar spiral antennas 

as the transmitting end and a planar spiral antenna as 
the receiving end. The signal processing system and 
the other components were packaged in the payload. 
The other equipment included a signal source, a direct 
current (DC) power supply, a spectrum analyzer, and a 
1-m-long fiber-optic cable. The experimental validation 
was conducted using the schematic shown in Fig. 8.

Based on the analysis, the spatial power syn‐
thesis under short fiber-optic synchronization was 
tested as follows: First, a test of the power received by 
the receiving node was performed when only one 
transmitting node was turned on. Next, the other two 
nodes were opened and the power received by the re‐
ceiving end node was tested. In ideal conditions, if 
the input power of each unit is the same, the electric 
field strength added at the receiving end will double 
for each additional node added. When all three nodes 
are simultaneously activated, the electric field strength 
at the receiving end is three times that of a single node, 
resulting in an increase of 9.5 dB in power. Thus, the 
spatial power synthesis efficiency is calculated as the 
ratio of the measured value to 9.5 dB in this paper.

The measured power synthesis efficiency and 
simulations based on near-field cross-beam synthesis 
are presented in Fig. 9. It becomes apparent that the 
disparities between the measured and simulated re‐
sults gradually increase as the frequency increases. 
Additionally, the impact of positioning error on the 
test platform is larger than that in the simulation, re‐
sulting in a lower power synthesis efficiency in the ex‐
perimental measurements. Apart from this, the tested 
efficiency has the same tendency as the simulated 

Fig. 8  Test environment setup

Fig. 6  Relationship between the average synthesis efficiency 
and time synchronization, as well as positioning accuracy

Fig. 7  Test schematic
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results based on the proposed calculation method. 
The reliability of the cross-beam synthesis method is 
verified through the proposed experiments. Compared 
to the work in Tian (2019), the power synthesis is 
more focused, and the impact factors are mostly fo‐
cused on the UAV platform. Although the research on 
the UAV platform lacks sufficient experimental veri‐
fication, with the development of UAV platforms and 
lightweight airborne equipment, this study can still 
provide some theoretical guidance for the application 
of UAV swarms in the field of electronic warfare.

5 Conclusions 

In this paper, the UAV swarm scenarios were 
modeled to analyze the impact of performance pa‐
rameters of UAV platforms and their payloads on the 
spatial power synthesis efficiency. Specifically focus‐
ing on the near-field conditions, the synthesis effi‐
ciency was analyzed and tested. The average synthe‐
sis efficiency of distributed arrays decreases signifi‐
cantly with the increasing errors, particularly at higher 
operating frequencies. The impact of attitude accuracy 
on the average synthesis efficiency is relatively minor 
compared to the positioning accuracy and time synchro‐
nization accuracy. An experiment was designed and 
measured to validate the reliability of the cross-beam 
synthesis method. The study in this paper provides a 
theoretical basis for the layout of low-altitude UAV 
interference systems and ultimately the improvement 
of interference efficiency at a certain point.
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