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ABSTRACT: The millimeter wave communication technology used for drones could combine the advantages of drones and millimeter
waves, providing high-speed data transmission and wide area network coverage capabilities, and has broad application prospects in
military and civilian communication systems. Millimeter wave active antennas have the advantages of miniaturization, high frequency
band, and flexible shaping, which is of great significance for ensuring the high-speed dynamic communication ability of drone platforms.
In this paper, a millimeter wave active antenna suitable for unmanned aerial vehicles (UAVs) is designed and verified, operating in 24.75–
27.5GHz and adopting Antenna in Package (AiP) design. Frequency band test and communication performance test is conducted. To
open and close the RF channels, the antenna’s operating frequency range can be shown in the vector network analyzer which meets the
design frequency band 24.75–27.5GHz requirements. By loading 5Gmillimeter wave standard signals, the antenna can achieve real-time
demodulation of 100MHz, 256QAM signals. The test shows that the system can meet the requirements of beam tracking and real-time
information transmission during high-speed dynamic flight of UAVs. It has broad application prospects in UAV communication systems.

1. INTRODUCTION

The millimeter wave frequency band has shorter wavelength
than traditional communication frequency bands and can

support data transmission at Gbps level, meeting the develop-
ment needs of high-speed and high-capacity communication
systems [1]. However, the millimeter wave frequency band
has higher path loss and lower scattering characteristics, result-
ing in higher requirements for Line of Sight (LOS) propagation
conditions in millimeter wave communication systems.
Unmanned aerial vehicles (UAVs) have attracted the atten-

tion of most countries around the world due to their advan-
tages such as low cost, simple construction, and low casual-
ties. At present, UAVs are playing important roles in fields such
as aerial photography, remote sensing and telemetry, disaster
warning, and emergency communication. Due to its high flight
position, UAVs often have LOS paths during communication,
making them excellent platforms for millimeter wave commu-
nication. At present, the combination of millimeter wave and
large-scale antenna technology to implement data communica-
tion between UAVs and ground control stations or UAVs has
become a research hotspot in both academia and industry [2–
5].

2. ARCHITECTURE OF THE COMMUNICATION SYS-
TEM
The millimeter wave system is consisted of three parts: base-
band unit (BBU), active antenna unit (AAU), and user equip-
ment (UE), as shown in Fig. 1. BBU functions as space-time
scheduling, signal modulation and demodulation, channel cod-
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FIGURE 1. Millimeter wave system composition.

ing, signal precoding, etc. AAU functions as frequency up
and down conversion, adaptive beamforming, and signal trans-
mission and reception. UE acts the role of users. The sys-
tem adopts a hybrid analog and digital beamforming architec-
ture [6–9]. A phased array is used to replace the large number of
high-speed ADC/DAC and digital processing units in the fully
digital beamforming architecture. Digital precoding is carried
out through a small number of digital channels to eliminate
multi-user interference and achieve multi-stream transmission
capability, effectively reducing the system’s circuit complex-
ity, hardware cost, power consumption, and signal processing
complexity.
The number of baseband channels determines the perfor-

mance of the whole millimeter-wave communication system.
The more baseband channels the communication system has,
the more streams simultaneously and higher peak rate it can
support. On the other hand, it also affects the power consump-
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tion and cost of the system. Taking all factors into consid-
eration, the proposed millimeter-wave communication system
adopts 4 digital channels, 256 RF channels, and 256 circularly
polarized antenna elements, which are divided into 4 subarrays.

3. ACTIVE ANTENNA DESIGN

3.1. Antenna Element Design
Millimeter wave antenna elements often adopt the form of
patch antennas which have small size, low profile, and are
easy to implement AiP architecture design. To fully adapt
to the UAV communication, circularly polarized antennas are
needed [10–14]. Considering the bandwidth, polarization iso-
lation, axial ratio, and other performance of the antenna, com-
bined with multi-layer printed circuit board (PCB) technology,
an L-shaped probe four-point feeding method is adopted in the
circularly polarized antenna design [15–21]. The substrate ma-
terial is TSM-DS3M, with Dk 2.94 and Df 0.0011. The total
layer of the antenna element is 12. As shown in Fig. 2, the
round patch printed on the top layer is fed with an L-probe by
which multiple resonance modes can be generated to extend the
antenna bandwidth. The phase difference between the adjacent
feeding points is 90◦ in the clockwise direction for the four-
point feeding, which could gain good circularly-polarization
performance. This antenna has excellent impedance bandwidth
and circular polarization characteristics, as shown in Figs. 3 and
4. The bandwidth of voltage standing wave ratio (VSWR) and
the 3 dB axial ratio exceed 20%, and the 3 dB axial ratio angle
can be extended to over 160◦. Themaximum polarization isola-
tion in the main radiation direction exceeds 30 dB. The overall
dimension of the antenna element is 0.5λ× 0.5λ× 0.09λ, and
λ refers to the wavelength of the central frequency point, which
can meet the requirements of miniaturization, low profile, and
easy integration.

FIGURE 2. Geometry of the proposed antenna element.

FIGURE 3. Simulation result of the radiation pattern of axial ratio.

FIGURE 4. Simulation result of the realized gain against frequency of
the proposed antenna element.

3.2. Antenna Array Design
To avoid the occurrence of grating lobes in phased array anten-
nas, the spacing between the antenna elements should meet the
following equation:

d ≤ λ/(1 + | sin θm|) (1)

where θm is the maximum scanning angle of the beam. Con-
sidering the performance requirements of the active antennas
and the single channel output capability of the selected phased
array TR multifunctional chip, the array layout is determined
as follows:

• Arrangement: rectangular grid array.

• Channel spacing: 5.8mm× 5.8mm.

• Size of the antenna array: 16× 16 (256 channels in total),
and divided into 4 subarrays
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FIGURE 5. 8× 8 antenna array model.

FIGURE 6. Simulation result of the scanning radiation pattern of the
proposed antenna array.

The antenna array and simulation result of the scanning radia-
tion pattern of the proposed antenna array are shown in Fig. 5
and Fig. 6.
It can be seen that the proposed 8 × 8 antenna array has an

active VSWR of less than 1.5 and port isolation of more than
20 dB in the whole working bandwidth. When it is scanned to
±50◦, the gain decreases within the range of 2.8 dB. It has good
impedance matching performance and beam scanning perfor-
mance,.

3.3. Calibration Network Design
To satisfy the beamforming requirements, the active antennas
need to have the ability of real-time calibration. The electro-
magnetic energy coupling method of the calibration channel
is shown in Fig. 7. The radio frequency (RF) port is placed
on Layer 1, and the signal is fed through coaxial to microstirp

FIGURE 7. The coupling structure.

FIGURE 8. The series-fed calibration channel of the 1×8 antenna array.

FIGURE 9. The schematic architecture diagram of the calibration chan-
nel for 8× 8 antenna array.

lines. The calibration network is placed on Layer 3, while the
antenna element is placed on Layer 13 to Layer 24. There is
a ‘window’ between the the calibration network and RF feed
line, which is realized by a design of a slot between them in
Layer 2. Each channel of the calibration network couples en-
ergy from the “window”. The calibration channels in a 1 × 8
antenna subarray are formed by a series feeding network, and
then combined with a shunt feeding network to form the cal-
ibration channels of the whole array, as shown in Fig. 8 and
Fig. 9.
From the calibration port, the amplitude and phase informa-

tion of each antenna element can be coupled. Based on this
amplitude and phase information, the amplitude and phase of
the signal that fed to the antenna element can be adjusted in
real-time from the RF chip end to meet the beamforming re-
quirements of the antenna array scanning beam [22, 23].
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FIGURE 10. Multilayer laminated PCB board design.

3.4. Integrated Design of RF Antenna
Phased array multi-channel transceiver chips are the key issues
in high-integration applications. In this design, a silicon-based,
eight-channel transceiver chip TW7205 is used. The chip can
switch between receiving and transmitting modes through half
duplex operation. The chip is embedded with power ampli-
fiers, low noise amplifiers, attenuators, and phase shifters. Each
channel signal supports amplitude adjustment with 5-bit accu-
racy in the range of 0–15.5 dB and phase adjustment with 6-bit
accuracy in the range of 0–360◦. The chip adopts FO_WLCSP
packaging, with a size of 6mm × 6mm. To meet the require-
ments of miniaturization, high integration, and low cost in UAV
applications, the millimeter wave active antenna adopts the AiP
form. The system adopts multi-layer PCB and High Density In-

terconnector (HDI) process. The antenna elements are placed
on the front of the PCB and multi-channel chips on the back.
The entire AiP antenna adopts a 24 layers stacked design, in-
cluding 12 layers for the antenna part and 12 layers for the an-
tenna chip interconnection part [24, 25]. The stacked design is
shown in Fig. 10.
The active antenna prototype is shown in Fig. 11.

4. TEST

4.1. Frequency Band Testing
To test the frequency band of the active antenna, the proposed
active antenna is used as a transmitter, while a horn antenna and
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(a) (b)

FIGURE 11. Prototype of integrated antenna and chip. (a) Front-antenna side. (b) Back-chip side.

FIGURE 12. Frequency band testing of the active antenna. FIGURE 13. Active antenna communication performance testing.

a vector network analyzer is used as a receiver. When the chan-
nels are open and closed, the antenna’s operating frequency
range can be shown in the vector network analyzer. The test
results are shown in Fig. 12, which meet the design frequency
band 24.75–27.5GHz requirements.

4.2. Communication Performance Testing

To verify the communication performance of the active an-
tenna, the millimeter wave active antenna is connected to a
frequency conversion module and a 5G millimeter wave base-
band module. The receiver side uses a horn antenna and a sig-
nal analyzer to receive 5G millimeter wave standard signals.
The signal demodulation performance is tested at the receiver

side [26, 27]. Through testing, the antenna can achieve real-
time demodulation of 100MHz, 256QAM 5G millimeter wave
signals, as shown in Fig. 13.

5. CONCLUSION

Focusing on the millimeter wave communication requirements
of UAVs, this article designs and verifies a millimeter wave
active antenna. The circularly polarized antenna designed
through AiP meets the requirements of signal tracking and
real-time information transmission during high-speed dynamic
flight of UAVs. It has broad application prospects in UAV com-
munication systems.
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