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Abstract: With the emergence of the 6G technology, integrated sensing and communication (ISAC) has become a hot-spot vertical applica⁃
tion. The low-altitude scenario is considered to be a significant use case of the ISAC. However, the existing channel model is hard to meet the 
demands of the sensing function. The radar-cross-section (RCS) is a critical feature for the sensing part, while accurate RCS data for the typi⁃
cal frequency band of ISAC are still lacking. Therefore, this paper conducts measurements and analysis of the RCS data of the unmanned 
aerial vehicles (UAVs) under multiple poses and angles in real flying conditions. The echo from a UAV is acquired in an anechoic chamber, 
and the RCS values are calculated. The results of different flying attitudes are analyzed, providing RCS features for the ISAC applications.
Keywords: unmanned aerial vehicle; radar-cross-section; integrated sensing and communication; anechoic chamber measurement

Citation (Format 1): AN H, LIU T, HE D P, et al. Measurement and analysis of radar-cross-section of UAV at 21–26 GHz frequency band [J]. 
ZTE Communications, 2025, 23(1): 107–114. DOI: 10.12142/ZTECOM.202501014
Citation (Format 2): H. An, T. Liu, D. P. He, et al., “Measurement and analysis of radar-cross-section of UAV at 21– 26 GHz frequency 
band,” ZTE Communications, vol. 23, no. 1, pp. 107–114, Mar. 2025. doi: 10.12142/ZTECOM.202501014.

1 Introduction

With the development of 6G, the integrated sensing 
and communication (ISAC) process is accelerat⁃
ing. An essential scenario for ISAC is the low-
altitude environment, which includes specific use 

cases such as trunking communication and ad-hoc networks. 
Research on channel modeling for ISAC is now under lively 
discussion. However, the topic is mainly on the intelligent con⁃
nected vehicles[1], and channel modeling for the low-altitude 
scenario with unmanned aerial vehicles (UAVs) as protago⁃
nists still needs to be further explored. The communications, 
sensing, and computing resources will be deeply integrated 
and mutually beneficial, providing efficient services for new 
intelligent applications such as intelligent transportation, 
UAV networks, space-air-ground-sea integrated networks, en⁃
vironmental detection, and metaverse[2–3]. The application po⁃
tential of the low-altitude scenario is significant, as networks 
of UAVs can be used as sensor platforms to enable remote lo⁃
cation coverage in emergencies like network impairment. Al⁃
ternatively, UAVs can be used as low-cost infrastructure to 
provide traffic offload in crowded areas like stadiums[4]. More⁃

over, applying UAV networks to high-speed railways, espe⁃
cially in high-altitude unmanned areas, will effectively reduce 
maintenance costs. Due to their high mobility and low cost, 
UAVs play an increasingly significant role in many practical 
applications, including weather monitoring, forest fire detec⁃
tion, and emergency search and rescue[5]. By building a collab⁃
orative network architecture with multiple air base stations, it 
is possible to achieve multi-service, multi-access, multi-level 
coverage for post-disaster scenarios[6]. Besides, UAVs are ex⁃
pected to serve as an efficient complementary to terrestrial 
wireless communication systems to provide enhanced cover⁃
age and reliable connectivity to ground users[7]. UAVs facili⁃
tate more advanced technologies, such as federal learning[8], 
reconfigurable intelligent surface[9], and the Internet of 
Things[10]. Mobile edge computing (MEC) has developed into a 
promising computing paradigm. UAVs are practical in MEC 
since federated learning can improve the performance of UAV 
computing networks[11]. While there are ample application 
prospects and advantages, UAVs face significant challenges. 
Due to the high mobility, the requirements for dynamic chan⁃
nel modeling are demanding[12]. The channel status changes 
rapidly and should be updated frequently. Therefore, conduct⁃
ing the underlying theory and critical technology study for the 
UAV channels is of great importance and value.This work was supported by ZTE Industry ⁃University ⁃ Institute Coopera⁃

tion Funds under Grant No. HC-CN-20220622006.
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More research efforts have been put into current UAV 
channel modeling. Ref. [13] performs a channel replication 
of a 1 420 MHz air-to-air link using ray tracing and tapped-
delay line models to describe the communication channel. 
The low detectability of radar targets is crucial for stealth. To 
avoid being detected by radar, the reduction technology of 
radar-cross-section (RCS) has become one of the research 
hotspots[14]. Currently, there is some literature on RCS mea⁃
surement and analysis of UAVs. Most studies are mainly fo⁃
cused on the X-band (8–12 GHz) radars and even lower fre⁃
quency bands. Ref. [15] discusses the relationship between 
RCS and the UAV flight range through dynamic measure⁃
ments by a radar demonstrator system at 8.75 GHz. Ref. [16] 
presents the results of the measurement and analysis of sev⁃
eral UAV RCS in different planes and from different eleva⁃
tion angles at 9 GHz. Ref. [17] describes the measurement 
and modeling of the dynamic RCS at 8–10 GHz and com⁃
pares the difference between the probability of detection us⁃
ing dynamic and static RCSes. Due to the development of 
wireless communication frequency bands towards higher fre⁃
quencies such as millimeter-wave, terahertz, and visible light 
bands, there will be more and more overlap with traditional 
sensing frequency bands. Besides, there is a lack of data sup⁃
port for sensory characteristics in the typical ISAC frequency 
band. RCS-based measurements at 15 GHz and 25 GHz are 
used for UAV recognition and detection in Refs. [18] and [19]. 
Diverse UAV detection and classification methods based on 
the RCS signatures are analyzed at 26–40 GHz[20–21]. How⁃
ever, accurate data on the UAVs for the ISAC frequency band 
is far from enough. It is worth noting that the structure and ma⁃
terials of the UAVs are different. Thus, the RCS values cannot 
be represented by a unified model. In addition, considering 
the variable attitude of the UAVs during flight and the unfixed 
relative positions between the UAVs and the base stations, 
conducting RCS measurements in practical scenarios is also 
challenging. Therefore, conducting multiple measurements 
and analyzing RCS values for different propeller states and atti⁃
tudes while the UAV is stationary may be the most feasible ap⁃
proach. Channel models for communication functions can pro⁃
vide large- and small-scale channel parameters, while the con⁃
tribution to  sensing is weak. The sensing feature needs to be 
modeled accurately since the sensing function is considered a 
fundamental function of 6G networks. Collaborative perception 
can be achieved by deploying multiple UAVs[22]. From the exist⁃
ing literature, changes in the UAV structures have not attracted 
much attention. During the flight, the propeller states and atti⁃
tudes are variable, which is also crucial for sensing. Therefore, 
accurate RCS data for the UAV structure changes at the key fre⁃
quency band for communication sensing, i.e., 21–26 GHz, are 
essential and need to be further supplemented.

In response to the abovementioned demands and chal⁃
lenges, measurements are carried out for a typical UAV in this 
paper. Multi-angle bistatic measurements are conducted at dif⁃

ferent flight attitudes of 21 – 26 GHz. Accurate multi-angle 
RCSs are obtained after calibration and statistical analyses 
were performed. This study provides a data basis for the UAV 
application of ISAC and complements the missing measure⁃
ment data of multiple attitudes and angles of UAVs in this fre⁃
quency range. Besides, this work will contribute to the devel⁃
opment of accurate ray-tracing simulation models for UAV 
scenarios[23–24], providing essential data support for ISAC 
channel standardization. The main contributions and novelties 
of this paper are as follows.

• An RCS measurement system is built based on a vector net⁃
work analyzer (VNA) and a rotary table, which can measure the 
RCS and maximum received power of the UAV at any angle;

• The measurement data of RCS for quadcopter drones in 
the 21–26 GHz frequency band are filled;

• The RCS of the UAV in different flight attitudes, propel⁃
ler states, and angles between the transmitting and receiving 
antennas are measured, and the effects are compared.

The rest of this paper is organized as follows. Section 2 de⁃
scribes the RCS measurement system and layouts. The mea⁃
surement results are introduced in Section 3, including the ref⁃
erence data, maximum received power, and RCS. Conclusions 
are drawn in Section 4.
2 Measurement Campaign

2.1 Measurement System
The RCS measurement of a UAV is carried out in an an⁃

echoic chamber to reduce the interference of external electro⁃
magnetic wave signals. At the same time, the absorbing materi⁃
als reduce the multipath effects caused by the reflection of 
walls and ceilings. The measurement system consists of a VNA, 
a rotary table, two identical directional antennas, two tripods, 
and a quadcopter UAV, as shown in Fig. 1. The rotary table is 
made of low-density foam material, and its influence on electro⁃
magnetic wave propagation can be ignored. The UAV is placed 
on the rotary table and rotates synchronously with it.

Figure 1. Proposed measurement system
UAV: unmanned aerial vehicle      VNA: vector network analyzer

Antenna

UAV

VNA
Rotary table

Tripod
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The measurements are conducted at 
the center frequency of 23.5 GHz with 
a 5 GHz bandwidth. The frequency 
sampling number is 201, which indi⁃
cates a frequency sampling resolution 
of 25 MHz. The gain of both directional 
antennas is 24.7 dBi to enhance the re⁃
ceived signal strength. During the mea⁃
surement process, the transceiver an⁃
tenna is fixed on a tripod, and the UAV 
is placed on the rotary table to maintain 
the same antenna height. The heights of 
the Tx and the Rx from the ground are 
both 1.3 m, as well as the height of the 
UAV. The antennas and the UAV are at 
the same level to ensure that the an⁃
tenna beams can cover the UAV. The 
rotary table is rotated at an interval of 
5° during the measurements in order to 
measure the RCS at different angles as 
much as possible. The angles between 
the Tx and Rx are considered to be 10° and 45° . This is for 
comparing the RCS differences under different angles. More 
detailed measurement parameters are listed in Table 1.
2.2 UAV and Antenna Layouts

The UAV in the measurement is Phantom 3 Standard, 
which is one of the common camera drones. The diagonal size 
(propellers excluded) is 0.35 m. The length and width of the 
UAV are 0.25 m, and the height is 0.19 m.

Due to the difficulty of hovering the UAV, static measure⁃
ments are carried out. To obtain the reflection and scattering 
characteristics of the various attitudes of the UAV, the fuse⁃
lage states of leveling and tilting are considered. Besides, the 
propeller states of vertical and parallel to the aircraft axis are 
also considered. Thus, there are four types of UAV attitudes  
in the measurements in total, which are shown in Fig. 2a. Fig. 
2b shows the positional relationship between the antennas and 
the UAV. All cases are summarized in Table 2. The distance 
between Tx and the UAV is 1.8 m. The distance between the 
UAV and Rx is 1.8 m. The diameters of the aircraft axes are 

0.03 m. The measurement meets the far-field conditions, ac⁃
cording to the following equation:

df = 2D2 λ (1),
where df is the distance of the Fraunhofer region, D is the maxi⁃
mum linear dimension of the antenna, and λ is the wavelength. 
3 Measurement Results

3.1 Reference Data
To obtain accurate antenna gains, measurements are con⁃

ducted under line of sight (LoS) conditions. Besides, the case 
without placing the UAV is measured to provide a reference. 
The distance between the Tx and Rx is 3.6 m, which is twice 
the distance from the Tx or Rx to the UAV in the RCS mea⁃
surements. Moreover, the power delay profiles (PDPs) with 
and without the UAV are compared, which is shown in Fig. 3.

Fig. 3 shows that the delays corresponding to the strongest 
power are the same in all cases. The power is the highest at 

Table 1. Measurement configuration
Measurement Parameters

Center frequency
Bandwidth

Frequency samples
Rotation angle interval

Tx and Rx heights from the ground
UAV height from the ground

Antenna gain
Angle between Tx and Rx

Values

23.5 GHz
5.0 GHz

201.0
5.0°

1.3 m
1.3 m

24.7 dBi
10.0°/45.0°

UAV: unmanned aerial vehicle

Figure 2.  Layout of the antennas and the UAV:(a) attitudes of the UAV and (b) the positional rela⁃
tionship between the antennas and the UAV

UAV: unmanned aerial vehicle

Table 2. Measurement cases

Case

1
2
3
4
5
6
7
8

UAV States

Leveling
Leveling
Tilting
Tilting

Leveling
Leveling
Tilting
Tilting

Propeller States to Air⁃
craft Axis

Parallel
Vertical
Parallel
Vertical
Parallel
Vertical
Parallel
Vertical

Angle Between 
Tx and Rx

10°

45°

UAV: unmanned aerial vehicle

(a) (b)
UAV: unmanned aerial vehicle

Leveling+parallel Leveling+Vertical

Tilting+verticalTilting+parallel

Leveling+Vertical

Propeller Aircraft axisAircraft axis UAV

1.8 m1.8 m

Tx Rx

10°

UAV
1.8 m1.8 m

Tx Rx45°
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the LoS and the lowest when there is no UAV placed, which 
indicates that the absorbing materials are very effective. Since 
Tx and Rx are the same, the antenna gain GAnt can be calcu⁃
lated by:

GAnt = (Pmax + FSPL23.5 GHz, 3.6 m )/2 (2),
where Pmax denotes the maximum power of the PDP and 
FSPL23.5 GHz, 3.6 m  denotes the free space path loss at 3.6 m at 
the frequency of 23.5 GHz.
3.2 Maximum Received Power

The maximum power at each measurement angle is ana⁃
lyzed before RCS, which can help us gain a preliminary under⁃
standing of the reflection characteristics of the UAV at differ⁃
ent angles. For each attitude of the UAV at two angles, the 
measurements are conducted every 5° of the rotation of the ro⁃
tary table, and thus 72 measurement results are obtained. The 
values of the maximum power are found from all measured 
angles. The radar charts are shown in Fig. 4, where the maxi⁃
mum power is higher at the four measured angles of 0° , 90° , 
180° , and 270° , which is mainly caused by the reflection of 
the battery module below the UAV. The power at the same 

measurement angle varies slightly at 
different attitudes. In addition, the 
maximum power of Tx and Rx at the 
angle of 10° is generally higher than 
that at the angle of 45°.
3.3 RCS

The radar acquires the target infor⁃
mation by processing the echo data. 
Therefore, the design and operation of 
radars are critical to quantify and de⁃
scribe the echo, especially in terms of 
target characteristics such as the size, 
shape, and orientation. For that pur⁃
pose, the target is ascribed to an effec⁃
tive area called the RCS[25]. The RCS of 
the target is the ratio of the power scat⁃
tered back to the radar receiver over 
the incident radar power density per 
unit of solid angles on the target, which 
is expressed as follows[26]:

σ = Pr (4π)3d2
t d2

r

PtGtGr λ
2  (3),

where σ represents the RCS, Pt and Pr represent the transmitted power and re⁃
ceived power, dt and dr represent the 
distance from the target to Tx and Rx, 
and Gt and Gr represent the gain of Tx 
and Rx. Fig. 5 shows the RCS results 

and cumulative distribution function (CDF) at each measured 
angle in the cases of two different angles between Tx and Rx. 
All the results are summarized in Table 3.

1) Case 1
When the angle between the Tx and Rx is 10°, the UAV is 

leveling, and the propellers are parallel to the aircraft axis. 
The maximum value of RCS is obtained at 0° of the rotation in 
this condition, where the UAV faces the antennas. The battery 
module below the UAV generates a strong echo. The CDF 
shows that the mean value of the RCS in this case is about 
−31.68 dBsm.

2) Case 2
When propellers are vertical to the aircraft axis, the maxi⁃

mum value of RCS is also obtained at 0° of the rotation. Com⁃
pared with the previous UAV attitude scenario, values of the 
RCS are slightly different from those at the measured angles of 
0°, 90°, 180°, and 270°. However, there are significant differ⁃
ences in other measured angles. Because, at those angles, the 
propellers are in the lobes of the Tx and Rx, significantly im⁃
pacting the echo. From the CDF, the mean value of RCS in 
this case is also about −31.63 dBsm.

3) Case 3

Figure 3. PDP comparison of the LoS and w/o the UAV at the Tx-Rx angle of (a) 10° and (b) 45°

LoS: line of sight      UAV: unmanned aerial vehicle
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(b)

Without UAV

With UAV

Without UAV

With UAV

Power delay profile

Pow
er/d

Bm

0 10 20 30 40
τ/ns

-21.62

-45.71

-70.15

-20

-40

-60

-80

-100

-120

LoS (3.6 m)Without UAVWith UAV

Power delay profile
LoS (3.6 m)Without UAVWith UAV

-21.62

-45.78

-68.13

Pow
er/d

Bm

-20

-40

-60

-80

-100

-1200 10 20 30 40
τ/ns

Tx Rx

Tx RxUAV

Tx Rx

Tx RxUAV

110



ZTE COMMUNICATIONS
March 2025 Vol. 23 No. 1

AN Hao, LIU Ting, HE Danping, MA Yihua, DOU Jianwu 

Measurement and Analysis of Radar-Cross-Section of UAV at 21–26 GHz Frequency Band   Research Papers

When the angle between the Tx and Rx is still 10°, the UAV 
changes to tilt, and the propellers are parallel to the aircraft 
axis. Like the previous ones, the maximum value of the RCS is 
also obtained at 0°, indicating that the reflecting surface on the 
top of the UAV still plays a crucial role. However, this value 

significantly decreases as the size of the 
reflection surface in this case is smaller 
than that of the leveling ones. Besides, 
the values of the RCS fluctuate more 
sharply at other measured angles be⁃
cause of the UAV structure. Significant 
differences in the structure of the UAV 
at different angles lead to rapid changes 
in the size and shape of the reflecting 
surfaces. The mean value of the RCS in 
this case is about −33.27 dBsm.

4) Case 4
As for the case of the propellers be⁃

ing vertical to the aircraft axis, the 
maximum value of RCS is obtained at 
the measured angle of 90°. The rotation 
of the propellers affects the size of the 
reflecting surface. Compared with the 
case where the UAV is leveling and the 
propellers are vertical, the value of the 
RCS significantly decreases at 0° . 
Meanwhile, the values fluctuate more 
sharply at other measurement angles for 
the same reason as the previous one. 
The mean value of the RCS is about 
−32.85 dBsm according to the CDF.

5) Case 5
Fig. 5b shows the results of the RCS 

when the angle between the Tx and Rx is 45°. The maximum 
value of RCS is obtained at 0° while the UAV is leveling and 
the propellers are parallel to the aircraft axis. The RCS values 
at most measured angles slightly increase compared with 
those at 10°, given the same attitude, indicating that the reflec⁃
tion area is larger at this angle. The mean value of the RCS of 
the UAV in this case is about −32.09 dBsm.

6) Case 6
A similar situation occurs when the UAV is tilting and the 

propellers are vertical to the aircraft axis. The maximum value 
of the RCS is also obtained at 0°. Moreover, the mean value of 
the RCS is −32.36 dBsm.

7) Case 7
When the angle between the Tx and Rx is 45° , the UAV 

tilts and the propellers are parallel to the aircraft axis, and 
the maximum value of the RCS is also obtained at 0° . Be⁃
sides, the values of the RCS show little change in most mea⁃
sured angles. The values of the RCS are mainly smaller 
than the case of the UAV leveling and the propellers are 
parallel to the aircraft axis in most measured angles be⁃
cause of the significant impact on the reflection surface. Ac⁃
cording to the CDF, the mean value of the RCS in this case 
is about −34.02 dBsm.

8) Case 8
As the UAV is tilting and the propellers are vertical to 

Table 3. RCS measurement results

Case

1

2

3

4

5

6

7

8

RCS

Maximum Value/dBsm
(Corresponding Angle)

−19.01 (0°)

−19.40 (0°)

−25.12 (350°)

−24.72 (100°)

−20.78 (0°)

−21.78 (0°)

−24.71 (355°)

−24.59 (100°)

Minimum Value/dBsm
(Corresponding Angle)

−38.81 (225°)

−36.53 (45°)

−40.87 (215°)

−39.50 (290°)

−40.33 (45°)

−36.95 (255°)

−42.93 (240°)

−47.95 (65°)

Mean Value/
dBsm

−31.68 

−31.63 

−33.27 

−32.85 

−32.09 

−32.36 

−34.02 

−34.63 
RCS: radar-cross-section

Figure 4. Maximum power at different attitudes at the Tx-Rx angles of (a) 10° and (b) 45°
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the aircraft axis, the maximum value of RCS is obtained at 
90° , same with the situation when the angle between the Tx 
and Rx is 10°. However, the values of RCS show little differ⁃
ence from the situation where the angle between the Tx and 
Rx is 10° in most measured angles. Compared with the case of 
the UAV leveling and the propellers being vertical to the air⁃
craft axis at the same angle between the Tx and Rx, most val⁃
ues of the RCS decrease as the tilt of the UAV at this angle 
causes a more significant impact on the reflection surface. Fur⁃
thermore, the mean value of the RCS of the UAV is about 
−34.63 dBsm in this case.

4 Conclusions
In this paper, the UAV RCS measurements are conducted 

based on the VNA. The UAV is measured in all directions by 
using the rotary table. The angles between the Tx and Rx in⁃
clude 10° and 45° . Four types of UAV attitudes are consid⁃
ered for a comprehensive analysis. The UAV is leveling and 
tilting, and the propellers are parallel and vertical to the air⁃
craft axis.

As for the measurement results, the maximum received 
power and the RCS are analyzed. For complex targets like 
UAVs, there is no fixed calculation relationship between their 
fuselage structure and RCS. It is found that the maximum 

Figure 5. RCS of the UAV at different attitudes at the Tx-Rx angles of (a) 10° and (b) 45°
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power is mainly affected by the reflection of the main part of the 
UAV rather than the attitudes. The power at the same measure⁃
ment angle varies slightly at different attitudes. The angle be⁃
tween the Tx and Rx can also influence the results, with a 
smaller angle resulting in a higher maximum power. The maxi⁃
mum value of the RCS is mostly measured at around 0°, except 
for the case where the UAV is tilting and the propellers are ver⁃
tical to the aircraft axis, which is obtained at 100° . The mean 
values of the RCS in different cases are between −31 dBsm and 
−35 dBsm. As the angle between the Tx and Rx increases, the 
values of RCS generally decrease. In addition, the attitude 
change will significantly impact the changes in the values of the 
RCS at different measured angles.

This paper provides reference data at the millimeter wave 
band for studying the ISAC channel of UAVs. The flight status 
of UAVs may be determined by constantly detecting RCS val⁃
ues. In addition, the results of this paper can also be used as 
data references for the ray-tracing simulation of UAVs[27]. Us⁃
ing the same method, more comprehensive measurements of 
multiple types of unmanned aerial vehicles, multiple fre⁃
quency bands, and multiple flight attitudes can be conducted. 
The RCS models of different UAVs at different attitudes and 
incident angles can be explored in the future.
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