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Abstract — In this paper, we present a system special-
ized for measuring the direction-of-arrival (DoA) of elec-
tromagnetic waves with noticeable simplicity. Unlike
common methods, which are based heavily on complex
computation and signal processing, our proposed sys-
tem is considerably simpler, both in terms of design
and operating theory. Our design consists of two direc-
tional antennas for collecting incident waves, a system
of Wilkinson power combiners and dividers in which
the waves collected by the antennas interfere, a result-
processing block consisting of power amplifiers, recti-
fiers, and a microcontroller unit that respectively con-
verts the interferometric radio-frequency (RF) signal into
direct-current (DC) signal, measures its corresponding
power before calculating the incident angle solely based
on a simple trigonometric equation. The system yields a
high accuracy of less than 7.5° with the incident angle
ranging from —60° to 60°.

Index Terms — antennas, direction-of-arrival, interferom-
etry, power amplifier, Wilkinson power divider.

L. INTRODUCTION

Measuring the direction-of-arrival (DoA) has
attracted extensive concern from researchers since the
first days of the microwave. In recent years, DoA esti-
mation plays a crucial role due to its diverse application,
especially in modern wireless communication. One
well-known example that needs DoA measurement
is wireless power transfer (WPT) in which power
is transmitted via electromagnetic waves. Moreover,
recently, integrating WPT with wireless communica-
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tion has been flourishing [1H3]. However, a common
challenge for such a strategy is the low efficiency [4],
[5] because the receiver direction is unknown. Thus,
measuring the DoA to adjust the receivers’ direction is
essential to increase efficiency of the system. One of
the most efficient solutions for this issue is integrating
the DoA system to maximize the transmitted energy
to receivers while minimizing the transmitting power
to interference sources. The other application of DoA
estimation is passive remote sensing where the receiving
signals have different amplitudes and phases due to
the reflecting surface. In such cases, DoA estimation
must be employed to detect the direction of receiving
signals, from which the reflecting surface information
is determined.

Based on the main parameters of a signal, the
direction-finding method can be categorized into power-
based, frequency-based, and phase-based. One of the
most common power-based direction-finding methods is
the Watson-Watt principle. This structure contains two
crossed-loop antennas and a reference one. The inci-
dent angle is determined by the voltage ratio between
the two receiving antennas. Although this method has
a simple principle and the system is compact, it has
a low resolution. The frequency-based method can be
realized by using the Doppler principle that is the fre-
quency of incident wave changes when the receiving
point moves. Therefore, by determining the instanta-
neous frequency shift of a receiving antenna, the DoA
can be calculated [6]]. Although this method has better
performance than the Watson-Watt method, it requires
an extensive response time because of the huge number
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of receiving antenna elements. Finally, the phase-based
direction-finding can be realized by interferometry in
which the DoA can be determined by measuring the
power of output signals of an interferometer thanks to
the direct relation between DoA and phase difference
between antenna elements. In [7], the DoA error is
around 1° within the range of 12° to 90°. Besides, the
subspace DoA estimation such as multiple signal clas-
sification (MUSIC) and estimation of signal parameters
via rotational invariance technique (ESPRIT). They are
both well-known for high accuracy and high-resolution
DoA estimation methods [8]. Another algorithm used in
uniform circle array was proposed in [9] and another
new one based on Pencil Method used for the uniform
rectangular array was mentioned in [[10]. However, they
all require a certain complexity of a massive number of
receiving antennas. The interferometry method requires
the use of Michelson interferometers, which work well
for optical spectrum, but become very bulky when scal-
ing to the RF frequencies. Thus, they are not considered
a suitable solution for low-power, easily integrated into
other systems.

To satisfy the requirements of an easily integrated
DoA system that has a small and simple structure and
low-power consumption, in this project, we introduce
a simple power-based DoA system consisting of a
direction-finding unit and a data processing unit. The
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first part contains two basic receiving antennas which
receive the incident waves and a network of Wilkinson
power combiners and dividers (WPDs), in which the
waves received by the antennas interfere. The other
part contains low-noise amplifiers, RF rectifiers, DC
amplifiers, and a microcontroller unit. The angle of
incident waves is determined based on the power of
output signals of the DoA unit in the proposed DoA
system. The system’s error is less than 7.5° in the
measuring range of -60° to 60°.

II. PROPOSED DoA SYSTEM

This section presents explicitly the structure as well
as the working principle of the proposed system. By
analyzing the principle, this work provides the equation
needed for calculating the DoA of the incident wave.

The system composes of a DoA sensor unit which
has two receiving antennas and a network of power
dividers and a power combiner, a data processing and
measuring unit composes of three RF low noise ampli-
fiers (LNA), three RF rectifiers, a DC amplifier circuit,
a microcontroller, and finally a computer to process
signals. The system operates at 2.6 GHz. The signal path
is denoted by the black arrow in Fig.[T} The workflow of
the system is as follows: Incident waves come to the DoA
sensor unit. The signals received by the two antennas
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Microcontroller sl

Output signal to
reconfine beams
directions

Fig. 1. Integrated DoA system in Simultaneous Wireless Information and Power Transfer (SWIPT) technology applied

for beam steering gateway antenna.
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interfere and go out at the three output ports. These three
output waves go into the data processing and measuring
unit. In this unit, the waves are rectified and amplified
twice (once by the LNA and then by DC amplifier) so
that the analog-to-digital converter (ADC) of the micro-
controller (MCU) can detect the signals. The DoA can
be evaluated and displayed on a computer’s screen.

A. DoA sensor unit

The structure of the proposed DOA sensor unit is
illustrated in Fig. [2] This unit consists of two directional
receiving antennas separated from each other by a dis-
tance of d mm along with WPDs. When incident waves
arrive with the incident angle «, the received power at
ports 1, 2, and 3 are P;, P>, and P3, respectively. Signal
paths from antenna 1 and antenna 2 in the DOA sensor
are denoted by the red and blue lines.

Received signals from two antennas go through two
power divider circuits. Thus, half of the received pow-
ers by antenna 1 and antenna 2 go to port 1 and port
2, respectively. Whereas the other two halves continu-
ously go through a power combiner. Here, the signals
from antenna 1 and antenna 2 interfere with each other.
As a result, the output signal at port 3 is the summa-
tion of the half-received power of port 1 and the one
of port 2. By measuring magnitudes of output power
at output ports, the DoA « will be calculated via a
simple equation.

Let us label the received power on antenna 1 and
antenna 2 as P and P’, respectively. When this power
goes through the power dividers, it is easily deduced
that the magnitudes of the power at port 1 and port
2 are Py = P/2 and P; = P'/2, respectively. The out-
put signal of port 3 is the sum of interference of the
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Fig. 2. The structure of DoA sensor unit.
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two components from power dividers which is P; /2 and
P> /2, respectively. The phase difference between the two
receiving signals is:

_ 2mdsino

A¢_ 20 9

where d is the distance between two receiving antennas
and o is the angle of the incident wave and Ay is the
wavelength of incident waves. The corresponding cur-
rents going from antenna 1, antenna 2, and at ports 3 are
11, I, and I5. The total current /5 is the vector summation
of I and I,. Therefore, I3 is calculated by the Cosine
rule as:

€]

B =1+ +2LLhcosAd. 2)

To determine the power and currents on the power
combiner, we analyze a Wilkinson circuit includ-
ing quarter wavelength transformers with characteristic
impedance v/2Z; (Z is the impedance of terms at ports)
and an isolating resistor 2Zy in even and odd modes
with respect to the source at port 2. In the even mode,
because of the symmetry, the symmetric plane of the cir-
cuit is open circuited, as illustrated in Fig. [3| Because
both halves of the circuit are the same, for simplicity,
we consider one of them. Ignoring open components, the
circuit only includes the quarter wavelength transformer
and the load 27, which is shown in Fig. 3

The input impedance seen from port 2 is:

2Zy+ jv/2Zytan(Z4)
T

Z; =22,
' ZZo—i-j\@Zotan(zT 4)

=Z. (3)

Thus, in this mode, no current goes through the iso-
lation resistor, the signal only goes on the quarter wave-
length transformer and the load at port 1. On the other
hand, in the odd mode, the symmetric plane of the cir-
cuit becomes short-circuited as shown in Fig. [3] and the
upper half is illustrated in Fig. 3] The quarter wavelength
transmission line with a short-circuited end is equivalent
to an open circuit. So, the circuit only has the resistor
Zy. It means that in the odd mode signal, the current only
goes through the isolation resistor. To sum up, the current
going out at port 1 with the source at port 2 is the current
in the even mode and the input impedance seen from port
2 is Zy. Moreover, each output port of the power divider
is connected to an LNA which has input impedance of
50Q. Therefore, the output power at output ports can
be represented based on three currents /i, I, and I3
as follows:

? =P /2/50 = P, /100, (4)
5 ="P,/2/50 = P,/100, (5)
I = P3/50 = P3/50. (6)
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(d

Fig. 3. The equivalent and upper half circuits of Wilkinson power divider in the even (a, b) and odd (c, d) modes.

Equation (2) becomes:

P; P, P P P
— = —+ — 424/ ——=.—C0osAQ. 7
50~ 100 " 100 2V 100 100 %40
Replacing the equation (I) into equation (7)), the
angle o of the incident wave is calculated as follows:

% — 11(3)10 — 11(3)20 Ao
o = arcsin| arccos| >—F—F——— | — |. 8
VPP 2nd ®)

B. Data processing and measuring unit

According to the working principle of the proposed
device, we chose two dipole Yagi Uda antennas that have
directional radiation patterns and compact size working
at 2.6 GHz. The antennas dimensions were calculated
and simulated. The radiation pattern of the manufactured
antennas is shown in Fig. [f] The measured data indicates
that the antennas are directive with a maximum gain of
6.52 dBi and high efficiency of 98.38%.

To calculate the DoA «, the values of power at
three output ports of the DoA sensor have to be mea-
sured. The data processing and measuring unit measure
all the mentioned signals and use an algorithm to calcu-
late DoA o. In general, this unit contains four main parts:
LNA, RF rectifiers, DC amplifiers, microcontroller, and
MATLAB processing.

For LNA, we use the SBB5089 RF Power amplifier
module which is designed for high linearity and minimal
external components. By performing the measurement,
all three LNA are shown to have a gain of 14 to 15 dB at
2.6 GHz with input power from -10 to 0 dBm.

Rectifier is one major part in the data processing
block. Its main function is to convert AC voltages, which
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Fig. 4. The simulated and measured radiation pattern of
Yagi Uda antenna (a) and 3D radiation pattern and (b) at
2.6 GHz.

are amplified by the LNA, into DC voltages, which
will be the inputs of the DC power amplifier before
going to the microcontroller. Therefore, the rectifier
effectively determines the efficiency and accuracy of the
received signals.

The rectifiers consists of multiple parallel connected
half-wave voltage doublers. The SMS7630 Schottky
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Fig. 5. (a) Manufactured rectifier, (b) Reflection coefficient, and (c) open-load output voltage of RF rectifier.

diode is chosen due to its high efficiency performance
at low input power [L1] with a 39 pF capacitor. Since
the application of this work is for far-field SWIPT, the
incident power is usually small. Therefore, in the DC fil-
ter part of the rectifier we use a radial stub instead of a
lumped capacitor to minimize power loss due to welding.
The commonly seen impedance matching stub is also
employed to match the input impedance of the rectifier
with output impedance of the LNA which is 50 Q, as
shown in Fig. [3] (a). The dimensions of microstrip lines
are carefully calculated to tune the input impedance of
the circuits to 50 Q at 2.6 GHz. The design and simula-
tion processes are conducted in ADS software in which
the feed line is modeled as an AC source with 50 Q
impedance and the diode is modeled using the SPICE
model. The parasitic inductance and capacitance of the
diode is also considered. The requirement for the recti-
fiers is to create an output DC voltage as large as pos-
sible so they are designed with open ends. The simu-
lation and measurement results are shown in Fig. [3] It
is evident that the circuit resonates at 2.6 GHz. Out-
put voltages of the three manufactured rectifiers range
from 150 mV to 300 mV at 0 dBm input and go up
as the input power increases. The plot of Fig. [ (c) is
stored as the data set of MATLAB program in 0.5 dBm
resolution.

The output voltage of the RF rectifier is still low,
and with a small input (below -10 dB) the output sig-
nal is noisy and brings errors. To solve this problem, a
DC power amplifier is employed to amplify the output
DC signal from the rectifiers and as well as to flatten
this signal.

The measured DC voltages are processed in the
following procedure: First, the STM32 microcontroller
measures all three voltages. Then the processor uses the
power voltage relation provided in Fig.[3] (c) to estimate
the amount of power received by each antenna as well as
the interference sum on Port 3. The Interpolation Tech-
nique is applied to calculate missing data in the input

data set of Fig. ] (c). Subsequently, using equation (8]
which is a simple trigonometric equation, the DoA « can
be achieved and is printed on the screen.

1. EXPERIMENTAL VERIFICATION

The measurement system was put under-
examinaion. The experiment configuration in real-life is
displayed and all components are connected as described
in Fig. [6] The incident wave, 0 dBm in strength, was
generated by a Keysight ES080B ENA Vector Network
Analyzer (VNA) and transmitted via a 6 dBi-gain ref-
erence Yagi antenna, placed 50 centimeters away from
the system-under-test, comfortably inside the far-field
of all antennas. All obstacles within a 50 centimeters
radius were removed while all wireless sources in the
proximity were turned off. In addition, we attached a
needle indicator that is parallel to the reference line
on the plinth of the rotating pillar. Hence, when we
rotate the pillar with the attached DoA sensor, the
needle indicator will clarify the true value of DoA. The
processor and PC measured, calculated, and estimated
the DoA every time the reset button of the processor was
pressed. The DoA value was automatically calculated
and displayed on the PC screen. In the experiment setup,
the excited wave traveled to the receiving antennas at
0° elevation angle. Since the designed distance between
two receiving antennas is 70 mm, the measurable DoA
range should be from —60° to 60°. In the experiment,
the azimuth angle was varied in this range with a 10°
step. The measured DoA result as displayed in Fig. [7]
yields high accuracy, and only differs as much as 7.5
from the ground truth. The major reason for the error
is that when we rotate the receiving antennas in the
experiment, which will create a larger DoA value, the
energy density around the two antennas will not be the
same. The main idea of this paper is to determine DoA
based on power received by each antenna, so the balance
of energy density of both antennas is really important.
Therefore, the difference in this value as mentioned will
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Fig. 6. Experiment configuration to examine the accuracy of the proposed DoA system.

Table 1: Comparison DoA measuring performance between the proposed and other systems

References | Working Frequency | Measuring Range Error Method
[Z0 2.65 GHz 12.6° to 90° Less than 2° Photonic-based
[12] 2.45 GHz —30° to 30° —2.1% t0 3.5° Based on harmonic reradiation
[13] 10 GHz 1.82¢ to 90° Less than 1° Photonic-based

This work 2.6 GHz —60° to 60° Less than 7.5° Power-based

Error (degree)

Angle of arrival (degree)
3

—m—Reference angle 1.5
-40 = Measurement result L10
.50 —v—Error Los

-60

60 -50 40 30 20 -10 O 10 20 30 40 50 60
Alpha Angle (degree)

Fig. 7. The measurement result.

affect the measured result. The other reason would be
due to the mismatch between each device in the data
processing and measuring unit. To have the best output
result, the devices in each output power port need to
be identical. However, due to the lack of accuracy in
the manufacturing process, there were some mismatch
happened. These imprecisions, overall, have contributed
to the error in the final result.

Table [T] shows the comparison of this work and sev-
eral previous works. It can be seen that the proposed
DoA system possesses a simpler structure as it is only

compose of two receiving antennas and simple passive
circuits that are the WPDs, while the system in [[7] and
consists of Mach Zehnder modulation utilizing the
laser source. The DoA estimation system in [12] is just
two receiving microstrip antennas, which is too simple,
leading to a narrow measuring angle compared to other
works. The power-based DoA also was proposed in some
previous works such as [14] and [15]. However, they
mainly focused on a part of the DoA system which is
antenna configuration. The simple, complete DoA sys-
tem like this work, to the best of our knowledge, has not
yet been studied. With a wide measuring angle range and
highly simple structure, the proposed DoA system has
big potential to be widely applied in practical structures
such as WIPT.

IV. CONCLUSION

In conclusion, we have proposed and empirically
investigated an alternative approach to measure the DoA
of microwave signals based on interference. The pro-
posed system consists of a DoA sensor and a data pro-
cessing unit and yields less than a 7.5 error in the tested
range of —60° to 60°. The advantages of this method are
its simple structure, compactness, low cost, and ease of
manufacture as well as being a potential candidate for
the DoA finding devices integrated in the gateway sys-
tem using SWIPT technology.
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