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Abstract— Direction-of-arrival (DOA) systems rely on proper
phase measurements acquired from receiving antennas for opti-
mal performance. Unfortunately, imperfections in any antenna
and receiver system may present false phase measurements,
the major cause of DOA estimation error. This paper discusses
experimental results from an actual implementation of synchro-
nizing a DOA circular array receiver system to mitigate these
imperfections. A reference signal located at the center of the DOA
array was coupled to array elements such that both the coupled
reference signals and signals from a target were captured simul-
taneously in the receiver. This coupled reference signal was used
to compensate for any phase error offsets produced by receiver
system imperfections on cable length, phase of local oscillators,
and phase delays in active devices. Furthermore, this approach
did not necessitate an off-line calibration process of each receiver
channel requiring accurate measurements. We implemented a
16-element circular array DOA estimation system using the
Universal Software Radio Peripheral platform operating in the
S- and C-bands. Results show that this implementation was able
to combat receiver phase offset errors and estimated the DOA
angles with an rms error of 0.92°.

Index Terms— DOA estimation, multiband DOA, MUSIC,
synchronization, software-defined radio.

I. INTRODUCTION

D IRECTION of Arrival (DOA) estimation has been a topic
of interest for several decades due to its many applica-

tions in defense and civil areas. Radar systems that localize
targets have been used for DOA estimation [1]–[3]. Recently
DOA estimation has also found applications in smart antenna
systems [4], [5]. A smart antenna system placed at a wireless
base station uses DOA estimation to localize a wireless user
that it is serving. The base station performs dynamic beam-
forming to offer better quality of service toward the user after
estimating its location. Fundamentally, DOA systems employ
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an antenna array upon which a signal emitted from a target
impinges. A target location relative to each antenna element
is represented by the phase of the signals being received
at each array channel. Signal processing techniques such as
Bartlett, minimum variance distortionless response (MVDR),
multiple signal classification (MUSIC), estimation of signal
parameters via rotational invariant techniques (ESPRIT), and
others [6], [7] have been intensively applied to phase-delayed
samples from each antenna to estimate the DOA of a target
for various applications.

DOA estimation is sensitive to phase errors due to its
dependence on the array phase pattern. Practicable systems
present imperfections that would result in significant mea-
surement errors in phase. Such imperfections can come from
manufacturing errors of antennas, mutual coupling between
array elements, differences in RF cable characteristics, and
inconsistency in circuit parameters [8]. In addition, timing
phase errors in multiple receivers of the array system should
be considered. The received signal experiences a phase error
if the phases of the shared LO and the clock of an A/D
converter of each receiver are not synchronized. Many efforts
have attempted to remedy these imperfections so that measured
phase errors can be reduced. Most of these methods involve
offline calibration to compensate for phase errors that cause
the actual steering vector to deviate from a steering vector
under ideal conditions [9]. The offline method of calibration is
traditional, but may be undesirable in that it cannot be adaptive
to time-varying characteristics of the array and receiver caused
by mechanical vibration, temperature change, and system
degradation.

Methods have been proposed where the calibration process
is incorporated using an automated online approach that
assumes time-varying array characteristics. One proposed
method mutually coupled a reference signal originating from
an antenna at the center of a uniform circular array [10].
This method was simulated and its results demonstrated the
effectiveness of coupling a reference signal to measure gain
and phase errors of a uniform circular array for calibration
purposes. A similar method was conducted experimentally
using an actual uniform linear array with a nearby antenna
providing the coupled reference signal [11]. To the best
knowledge of the authors of this presented paper, an online
phase compensation system using a reference signal for a
circular array has not been implemented.
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In this paper, we designed a 16-element uniform circu-
lar array with a reference antenna for online calibration
during DOA operation. The transmitter/receiver system was
implemented using the universal software defined radio plat-
form (USRP). A sinusoidal reference signal located at the
center of a circular antenna array was mutually coupled to all
array antennas. Each antenna simultaneously captured both the
coupled reference signal and signals from a target. Therefore,
the phase of a signal from a target became fixed relative to
the reference signal. Even though each channel experienced
a different phase delay, the actual phase of the signal from
the target could be reconstructed after compensating for the
phase error that can be found by use of the reference signal.
This approach was capable of conducting real-time array phase
error correction without requiring any measurement of an error
matrix. A 16-element circular array operating at C band was
designed for the estimation of 2D DOA. Multiple software-
defined radios were used for the receiver system. Finally, we
applied the MUSIC and multi-tone DOA estimation algorithms
to verify our system. We used a single tone, multi-tones, and
a frequency modulated continuous wave as a source. The
performance of the circular array system was tested in an
anechoic chamber. The circular array design, hardware system
design, DOA estimation algorithm, measurements, and the
results are discussed in this paper.

II. DESIGN OF 16-ELEMENT CIRCULAR ARRAY

We designed a 16-element circular array using microstrip
patch antennas for the two-dimensional DOA estimation. The
constructed array consisted of 16 identical patch antennas
arranged with a uniform angular separation of 22.5° and a
reference antenna located at the center. Each antenna had
a polygon shape radially formed with respect to the patch
center, which included triangular, rectangular, elliptical, and
even circular shapes. In our approach, radii to the polygon
vertices were adjusted to generically investigate the most
appropriate design near the edge of a finite substrate. The
substrate used in our approach was FR4 with a thickness
of 1.6 mm, having dielectric properties of εr = 4.5 and
tanδ = 0.02. Note that the radiation pattern of an antenna
near the substrate edge tended to collapse toward outside of the
substrate, and this became more significant in the presence of
mutual coupling between antennas. For the reference antenna,
we implemented a conventional quarter-wavelength monopole
owing to its omnidirectional radiation pattern. As the distance
from the reference monopole to each patch antenna was the
same, the phase of reference signal received from each patch
was identical. Therefore, the reference signal could be used in
the phase compensation for each channel.

Fig. 1 shows a fabricated array optimized to operate at
2.5 GHz. As can be seen, the shape of each patch is similar
to an ellipse that is diagonally rotated with a maximum
width (wmax) of 52.6 mm (0.43λ at 2.5 GHz). The radius
of the circular array is 200 mm (1.6λ), and the inter-element
spacing between the radiating elements is 75 mm (0.6λ). The
diameter of the ground platform is 500 mm, corresponding
to 4.1λ, and the substrate within the inner circle is carved

Fig. 1. Fabricated 16-element circular array with center reference antenna:
(a) front of the circular array; (b) back of the circular array.

Fig. 2. Comparisons of measured and simulated antenna characteristics at
Port 1: (a) reflection coefficients; (b) bore-sight gain.

out in the fabricated circular array to lower the unnecessary
payload.

Fig. 2 presents comparisons of reflection coefficients and
bore-sight gains as a function of frequency. The antenna
is well matched at 2.5 GHz with measured and simulated
reflection coefficients of −36 dB and −39.8 dB, respectively.
The simulated bore-sight gain is 2.8 dBi and is similar to the
measured value of 2.4 dBi. Fig. 3 shows radiation patterns of
Ant. 1 (Port 1) at 2.5 GHz. There is no significant pattern
distortion in the upper hemisphere with measured half-power
beamwidths (HPBWs) of 79.8° in the z-x plane and 93° in the
y-z plane. Measured gain deviations in the upper hemisphere
are 13 dB and 11.8 dB in the z-x and y-z planes, respectively.



NAZAROFF et al.: 2-D DOA ESTIMATION SYSTEM USING CIRCULAR ARRAY WITH MUTUALLY COUPLED REFERENCE SIGNAL 9765

Fig. 3. Comparisons of measured and simulated radiation patterns at Port 1:
(a) z-x plane; (b) z-y plane.

III. SYSTEM IMPLEMENTATION

Hardware implementation in this study consisted of USRPs
from National Instruments (NI). The URSP could interface
with a host computer where code could be written for a cus-
tom wireless communication application. Such customizability
included setting up the USRP from using a particular carrier
frequency and channel gain to sending a designed signal and
processing received signals. Quadrature mixer was used by
the USRP where baseband samples were sent from the host
computer for transmission and received signals were down-
converted and sent to the host computer during reception.
We used NI-2943R as USRP. The operating frequency of the
USRP was from 2 GHz to 6 GHz, and the bandwidth was
120 MHz. The baseband sampling rate varied depending on
the data transmission speed to the host computer. We used
maximum 100Msps.

For the transmitter, we used a single NI-2943R, connecting
a horn antenna. The USRP could modulate any random shape
of baseband wave with an RF carrier frequency and transmit it.
Because the USRP had two transmitting channels, code was
written in LabVIEW to send out two separate signals. One
channel served as the actual Tx message signal that was
regarded as a signal from a target. The other transmitting
channel was connected directly to the reference antenna at

Fig. 4. Tx and Rx system diagram with USRPs and circular array antenna.

the array center using a cable to provide the reference signal.
The reference signal was a sinusoidal wave.

The receiver system used eight USRPs. Each USRP had a
dual-receiver channel, yielding 16 channels. Each individual
array element in the 16-element circular array was allocated
its own dedicated USRP channel. The eight USRPs were
connected with an Ethernet router that was also connected to
a host computer. A GNURadio programming framework was
used to configure the receiver USRPs and download data from
each channel. Data were saved in the host computer and were
processed by Matlab in real time.

All radios shared the same LO and external clock (PPS
signal in USRP operation), which provided hardware synchro-
nization to make the sampling time identical in each channel.
We used an Octoclock from NI to provide the external clock
and LO. However, this circuit did not achieve full synchro-
nization as the timing error was a couple of micro-seconds
in practice. The micro-second error was critical and caused
large phase errors that deteriorated DOA estimation accuracy.
To achieve correct DOA estimation, we needed the sampling
timing error to fall within the range of a few pico-seconds.
Fortunately, it was also possible to compensate for the timing
error by the use of a reference signal. Fig. 4 shows a diagram
of the transmitter and receiver system. Algorithms built upon
MUSIC and ISSM were used for the DOA estimation.

IV. PHASE COMPENSATION

Based on the proposed scheme, each channel could be cal-
ibrated through the reference signal. Since all array elements
were equidistant from the reference antenna, no phase dif-
ferences of the measured reference signal would be expected
between the antennas. However, the measured reference signal
at each element experienced a different phase due to the
system imperfections in antenna manufacturing, cable length,
phase of local oscillators, phase delays in active devices, and
sampling timing for examples. Among them, the sampling
timing is the most significant component that causes the phase
error. Since the phase delays experienced for the reference
signal and the received message signal at each channel should
be same, the reference signal could be used to compensate
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for the phase of the target signal. This was achieved by
selecting a certain array element that would serve as the zero-
phase baseline for the other antennas. GNURadio was used to
acquire samples from the 16 receiving radios simultaneously.
From these samples, the reference signal was extracted, and
the corresponding phases were detected through a fast Fourier
transform (FFT). Then, each channel was phase-compensated
by Matlab in real time. The calibrated message phase for the
m-th channel is acquired from

ϕm,cal = (ϕm − ϕ0) − αre f (ϕre f,m − ϕre f,0) (1)

where ϕm and ϕ0 are the uncalibrated DOA target sig-
nal phases acquired by the m-th and first array element.
Terms ϕre f,m and ϕre f,0 are the reference signal phases mea-
sured at the m-th and first elements. The term αre f is a scaling
factor computed from

αre f = fmsg + fc

fre f + fc
(2)

where fmsg is a frequency term contained in the DOA target
signal, fre f is the frequency of the reference signal, and fc

is the operating carrier frequency. The target signal may be
composed of one or more frequencies.

V. DOA ESTIMATION ALGORITHMS

A. Signal Model

DOA estimation relies on the physical arrangement of an
array antennas. This can be a uniform linear arrangement for
1D DOA estimation, or a circular array for 2D estimation in
general. The physical angle of the target’s location translates to
each antenna perceiving a particular phase of the signal being
transmitted by this target [12]. In a linear array, the phase delay
is linearly proportional to an element’s position. In contrast,
the phase pattern is complex for a circular array. A single
target of interest is assumed to be located with elevation and
azimuth angles θ and φ relative to the array.

The electromagnetic wave front of the signal emitted from
the target travels different distances to each element. Assuming
a circular array of M elements, signals acquired by each ele-
ment can be compactly expressed as the following narrowband
model:

x(t) =
[

A0e−j(2π fct+α0) . . . AM−1e−j(2π fct+αM−1)
]

(3)

In (3), the indexing from 0 to M − 1 traverses from the
first element to the last element. The term e−j2π fct models the
signal originating from the target. In standard DOA processing,
an array element is designated as the reference with a zero
degree phase shift. Phases of all other elements are measured
in relation to this reference element. Since the system is only
working with single-tone narrowband signals, frequency terms
can be disregarded when analyzing phase. Also, terms depict-
ing amplitude may also be disregarded because amplitude does
not have DOA information when the target is in a far field.
This results in the array steering vector. A steering vector for
a 2-dimensional DOA application using a circular array can
be written as

a(θ, φ) =
[
e−j 2π

λc
τ0 . . . e−j 2π

λc
τm . . . e−j 2π

λc
τM−1

]
(4)

The steering vector presents a relationship between the
DOA angle of the target and phase measurements between
array elements. The term τm is written in terms of the
coordinates (xm, ym, zm) of the m-th antenna relative to the
array center and the target location (θ, φ) as

τm = −xm sin(θ) cos(φ) − ym sin(θ) sin(φ) − zm cos(θ) (5)

A vector x(t) compactly representing signals acquired at
each antenna can be written in terms of the steering vector
and a scalar s(t) representing the signal originating from the
target in the following way:

x(t) = a(θ, φ)s(t) + n(t) (6)

Vector n(t) models noise present at the m-th antenna. If there
are D targets of interest, then

x(t) = A(θ, φ)s(t) + n(t) (7)

Matrix A(θ, φ) from (7) is a steering matrix whose columns
are the array steering vectors for each different target. This is
a more general model for any given number of D targets,
instead of a model restricted to a single target.

B. MUSIC

The MUSIC algorithm is a subspace method that can
be used for estimating DOA angles using narrowband sig-
nals [13]. This approach starts by creating an autocorreleation
matrix of the samples acquired from the array elements.
Eigenvalue decomposition is applied to this autocorreleation
matrix from which a set of vectors span the signal sub-
space, and the rest represents the noise subspace. These two
subspaces are orthogonal to each other. Let V̂ contain the
eigenvectors spanning the noise subspace. Then, MUSIC uses
this orthogonality to create the following pseudospectrum:

PMUSIC(φ) = 1

a(φ)H V̂V̂
H

a(φ)
(8)

The product in the denominator will become zero when the
parameter φ happens to be the DOA angle of the target whence
the measured signal originated. This would result in peaks
in the pseudospectrum depicting the angular location of the
target.

C. Multiple Frequency DOA Estimation

The signal models presented by (3) assume a narrowband
signal. However, there are scenarios where a signal being
received may be composed of multiple frequency compo-
nents. The use of multiple frequencies can improve the DOA
estimation result instead of narrowband methods that use
information from a single frequency point. DOA methods
have been developed to process signals composed of multiple
frequency components, such as the incoherent signal subspace
method (ISSM) [14], coherent signal subspace method
(CSSM) [15], and WAVES [16]. DOA algorithms that were
employed in this study for working with multiple frequency
signals analyzed data collected from an array at discrete
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Fig. 5. DOA measurement setup in an anechoic chamber.

frequency bins. This can be expressed for a 2D array by taking
the discrete Fourier transform (DFT) of (7) to obtain

X( fi ) = A( fi , θ, φ)S( fi ) + N( fi ) (9)

where fi denotes the frequency bin of analysis. A received
DOA signal may have its spectral content contained within
B frequency bins. FFT-based peak detection would determine
the B frequency bins that contain the spectral content of the
received DOA message. The calibrated phase expressed by (1)
would then be calculated for the b-th frequency bin for all M
array elements. This process is repeated over all B frequency
bins containing the DOA message spectral content to obtain
the following M × B matrix

ϕcal = [
ϕ0,cal ... ϕB−1,cal

]
(10)

where ϕb,cal is a vector that contains the compensated DOA
message phases of the b-th frequency bin for all M array
elements. Computation of these B phases is repeated over J
time windows of data size Nwin . Results computed from each
time window were appended to create a single M × J · B
matrix �cal . An autocorrelation matrix is computed on �cal

as

R�cal�cal = E
[
�cal�

H
cal

]
(11)

This process takes the DOA signal content from multiple
frequency bins and creates a single autocorreleation matrix.
Eigenvalue decomposition is then applied to this autocorrela-
tion matrix to generate eigenvectors for the signal and noise
subspaces. The resulting noise eigenvectors are then used as
V̂ in (8) for the MUSIC DOA estimation.

VI. EXPERIMENTAL RESULTS

Our implemented 2D DOA system was tested in an anechoic
chamber located at California State University, Fresno. Both
transmitting and receiving radios were tuned to a 2.45 GHz
carrier. A 500 kHz single-tone sinusoidal served as the refer-
ence signal, while the transmitted message signal transmitted
varied among a single tone, multi-tone, and frequency mod-
ulated continuous wave (FMCW). The measurement setup is
shown in Fig. 5.

The first test involved varying the target location relative
to the receiving array along azimuth direction. We used
a 2451 MHz target message signal (1 MHz single tone),

TABLE I

AZIMUTH DIRECTION OF ARRIVAL MEASUREMENTS WITH
REFERENCE SIGNAL CORRECTION

TABLE II

ELEVATION DIRECTION OF ARRIVAL MEASUREMENTS WITH
REFERENCE SIGNAL CORRECTION

Fig. 6. (a), (b) DOA result using a single-tone; (c), (d) DOA results usng
multiple tones as target message; (e), (f) DOA results using FMCW as target
message.

transmitted from the Tx antenna. Data collected was processed
both with and without the phase compensation using the
reference signal. Comparison results are shown in Table 1.
The error experienced with the reference signal seems stable,
with no erratic fluctuations across different angles, unlike
measurements taken without the reference signal. The average
DOA estimation error was near 0 degrees. A second test was
performed using the same setup as the first, except that the
elevation of the Tx antenna was varied. Shown in Table 2 are
results of this test, compared to processing without reference
signal compensation. Results of using the reference signal
have a higher DOA estimation accuracy than those without
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the reference signal. Estimation performance suffered as the
target was elevated beyond 60° from the base of the array.
This was due to ambiguity in resolving DOA angles as the Tx
antenna moved close to θ = 90◦ relative to the array using
spherical coordinates. The average root mean squire (RMS)
error from the two tests was 0.92 degrees.

Transmitted target messages created from multiple frequen-
cies were also used to test the ISSM of the DOA system.
Messages were varied in three separate tests. A single 2 MHz
message was used in the first test. In the second test, 5 MHz,
10 MHz, 15 MHz, 20 MHz, and 25 MHz tones were used as
the message. During the third test, a 5 MHz to 25 MHz chirp
signal with a 20 μs ramp time served as the message. Fig. 6
shows the results of these tests when the target was situated
relative to the DOA array with azimuth angles at 0 degrees and
elevation angles at 90 degrees. The DOA could be estimated
with the same level of accuracy as in the case of using a
single tone for the target message signal. Also shown in Fig. 6
are DOA estimations when the target was varied at different
positions. The target was positioned at (θ, φ) = (0◦, 45◦) for
the single-tone, (θ, φ) = (−45◦, 60◦) for the multi-tone, and
(θ, φ) = (25◦, 65◦) for the FMCW signal.

VII. CONCLUSION

We proposed to reduce phase errors at each channel through
the use of the reference signal mutually coupled to antenna
array elements. We implemented a 2D DOA estimation sys-
tem with a software-defined radio approach. Even though
multiple software-defined radios use external clocking circuits
for synchronizing every radio, the precision was not enough
for the accuracy needed for DOA estimation. The proposed
method of mutually coupling a reference signal to array
elements can further mitigate phase errors that are still left over
after applying external synchronization circuits. The approach
presented in this paper does not rely upon manual calibration
or lookup tables to compensate for phase errors. In addition,
the calibrations can be done in real time whenever necessary
during system operation. Therefore, these factors make it a
flexible and robust strategy for implementing a DOA receiver
system that is more resilient against phase errors. Furthermore,
the experimental results demonstrate that this approach also
yields satisfactory results in ISSM applications where a target
signal is not simply a single-tone carrier.
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