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Dual-Band Vector Sensor for Direction of Arrival
Estimation of Incoming Electromagnetic Waves
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Abstract—In this paper, a dual-band vector sensor using anten-
nas spatially distributed and diversely polarized for estimating
the direction of arrival (DoA) of electromagnetic fields in two
frequency bands is reported for the first time. To cover the two
bands the sensor is composed of six small dual-band radiating ele-
ments: three half-loops and three monopoles. The accuracy of the
DoA estimation is computed from the well-known multiple signal
classification algorithm. A dual-band vector sensor prototype is
designed and manufactured for operating in two global system for
mobile communications frequency bands. Measurement results
are reported for experimental validation purpose. The extension
of the proposed methodology to the design of multiband vector
sensors is finally discussed.

Index Terms—Antenna diversity, direction of arrival (DoA)
estimation, multifrequency antennas, ultrahigh frequency (UHF)
antennas.

I. INTRODUCTION

T HE PURPOSE of radio direction finders (RDF) is to esti-
mate the direction of arrival (DoA) of incoming waves

radiated by electromagnetic (EM) sources. An RDF can be used
for defense as well as civil applications such as radio astron-
omy, navigation systems, and rescue devices [1]. In order to
estimate the DoA of incoming EM-fields, the spatial phase
diversity resulting from the spatial distribution of the sensor
antennas [2] or the polarization diversity of the sensor [3]
are usually used. The combination of these two well-known
approaches has also been proposed to improve the accuracy
of the DoA estimation [4]–[10]. The DoA estimation based
on the spatial diversity consists of measuring the incoming
EM-fields by using a single-polarized array of distributed ele-
ments whereas the use of the diversity of polarization is based
on the measurement of the EM-field components by using,
e.g., a vector sensor composed of six antennas: three orthog-
onal electric dipoles and three orthogonal magnetic dipoles
[11]. Nevertheless, following [10], [12]–[18], the measurement
of only three EM-field components seems to be sufficient for
the accurate DoA estimation of transverse EM-fields in the
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three-dimensional (3-D) half-space. In [10], single-band vec-
tor sensors using only three co-located or distributed antennas
are reported for estimating the DoA of incoming transverse
magnetic (TM) EM-fields in the 3-D half-space.

In order to estimate the DoA at several frequencies without
increasing the number of vector sensors, RDF may incorporate
wideband or multiband radiating elements. For the first time,
at least to the authors’ knowledge, a vector sensor is reported
for estimating the DoA of EM-fields in the 3-D half-space and
in two frequency bands using antennas spatially distributed and
diversely polarized.

In this paper, a ultrahigh frequency (UHF) dual-band vector
sensor allowing the DoA estimation of incoming TM EM-fields
in the 3-D half-space and in two frequency bands is designed
and its performances are measured. This first sensor is com-
posed of three dual-band loaded half-loops and three dual-band
folded-monopoles placed on a metallic plate. For experimental
validation purpose, a prototype of this sensor has been designed
for operating in the two following global system for mobile
(GSM) communications frequency bands: (890–960 MHz) and
(1710–1880 MHz). The accuracy of the DoA estimation is
computed here from the multiple signal classification (MUSIC)
algorithm [19].

This paper is organized as follows. Section II defines crite-
ria for evaluating the DoA estimation performances of vector
sensors. In Section III, the single-band vector sensor recently
reported by the authors in [10] is briefly described and its accu-
racy for estimating the DoA is reported. Throughout this paper
this single-band sensor is considered as the reference sensor.
In section IV, an original topology of a dual-band vector sen-
sor is proposed. The performances of this novel sensor for DoA
estimation are predicted in Section V from full-wave EM sim-
ulations. The experimental validation is reported in Section VI
and shows that the accuracy of the DoA estimation is better
in the two frequency bands than one provided by the refer-
ence sensor. Finally, Section VII discusses the extension of
the proposed methodology to the design of multiband vector
sensors.

II. TYPICAL TECHNICAL REQUIREMENT FOR VECTOR

SENSORS APPLIED TO THE DOA ESTIMATION

In an homogeneous, linear, isotropic and lossless medium the
propagation direction of an EM-wave is given by the direction
of the wave vector k(φ, θ). The DoA of an incoming EM-field
in the 3-D half-space is then defined by the azimuth angle φ ∈
[0◦; 360◦] and the elevation angle θ ∈ [0◦; 90◦] of k(φ, θ) (see
Fig. 1).

0018-926X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



LOMINÉ et al.: DUAL-BAND VECTOR SENSOR FOR DOA ESTIMATION OF INCOMING EM WAVES 3663

Fig. 1. Azimuth (φ) and elevation (θ) angles defining the direction of the
incoming EM-wave in the cartesian coordinate system Oxyz .

Basically a vector sensor allows measuring simultaneously
the EM-field components for deriving the estimation of the
DoA [11]. Moreover the sensor elements can be spatially dis-
tributed for improving the accuracy of the DoA estimation [20].
Let X(φ, θ, γ, η) ∈ C

M be the vector of the EM-field compo-
nents measured by a sensor incorporating M antennas. This
vector may be written as follows [11]:

X = D(φ, θ, γ, η).S +W (1)

where D(φ, θ, γ, η) ∈ C
M,K is the matrix of the steering vec-

tors. These vectors are designated by {dk(φ, θ, γ, η)}k=1,...,K

and are associated with the K incoming EM-waves. The
polarization parameters, denoted by γ ∈ [0◦; 90◦] and η ∈
[−180◦; 180◦], refer to the auxiliary polarization angle and the
polarization phase difference, respectively. S ∈ C

K is the vec-
tor of the complex envelopes of the K incoming signals written
Sk = |sk|ejψk , where sk and ψk are the amplitude and phase
of the kth signal. W ∈ C

M is an uncorrelated Gaussian noise
vector with a zero-mean. In this paper, K=1, γ = 90◦, and
η = 0◦.

Based on (1) the MUSIC algorithm is applied for computing
the DoA [19] as follows:

1) Step 1: The noise subspace is determined from the eigen-
value decomposition of the covariance matrix of X(φ, θ);

2) Step 2: In each direction of the 3-D half-space, the steer-
ing vector d(φ, θ) is projected onto the estimated noise
subspace;

3) Step 3: The DoA is derived from the computation of the
lowest projection value.

As shown in [21], a calibration process is needed to take into
account the amplitude and phase distortions between the sensor
outputs due to eventual radiation perturbations. Several calibra-
tion methods have been proposed [22]–[24]. In this work, the
calibration is achieved by using the (simulated or measured)
radiating patterns of each sensor antenna. The electric field radi-
ated by each antenna with the same input power is computed.
Then the steering vector is computed from these electric fields
with dk(φ, θ) = Ek(φ, θ) where Ek(φ, θ) denotes the electric
field radiated by the kth antenna.

For designing a vector sensor, the technical requirement on
the following key sensor descriptors must be specified:

1) The angular ambiguity. An angular ambiguity occurs
when MUSIC algorithm is not able to discriminate DoAs
that are associated with collinear steering vectors. Thus,

the risk of the angular ambiguity is analyzed as fol-
lows [25]:

α(φ1, θ1, φ2, θ2) = cos−1 |d(φ1, θ1)∗.d(φ2, θ2)|
‖d(φ1, θ1)‖.‖d(φ2, θ2)‖ (2)

where α ∈ [0◦; 90◦] denotes the angle (modulo 90◦)
between the two steering vectors d(φ1, θ1) and d(φ2, θ2).
An ambiguity occurs when α = 0◦. The ambiguity anal-
ysis allows deriving the maximum separation distance
between the sensor antennas, denoted here by dAMB, for
avoiding angular ambiguities [10]. For each pair (φi, θi)
and (φj , θj) with i �= j the angle α is computed, and the
minimum value ofα is plotted in a 3-D polar plot to obtain
the ambiguity spectrum.

2) The accuracy of the DoA estimation. The accuracy is
derived from the angular distance between the estimated

DoA
(
φ̂, θ̂

)
and the real DoA (φ, θ). This angular dis-

tance is defined by Maral [26]

Δa(φ, θ) = cos−1(cos(θ) cos(θ̂)

+ sin(θ) sin(θ̂) cos(φ− φ̂)). (3)

The root-mean-square (rms) error, denoted by
Δarms(φ, θ), is then computed by considering L
estimations per DoA. The resulting rms is then given by

Δarms(φ, θ) =

√√√√ 1

L

L∑
i=1

|Δa(φ, θ)|2. (4)

3) The sensitivity of the vector sensor. The sensitivity is
the minimum incident power density Pr relative to a
noise power level Pn for obtaining a specified rms error
Δarms(φ, θ). In this paper, the sensitivity is related to
the incoming signal power density to noise ratio PNR
given by

PNR =
Pr
Pn

. (5)

A typical noise figure of NF = 10dB in a bandwidth
BW = 200 kHz (channel bandwidth in the GSM stan-
dard) is used here that yields Pn = −111 dBm. The
sensitivity Psensi is obtained for Δarms(φ, θ) = 5◦ in the
3-D half-space. Pn is the same for all DoAs (the noise
in the propagation channel noise is assumed to be lower
than the noise provided by the receiver and consequently,
PNR is here spatially invariant).

4) The size of the vector sensor. The sensor has to use
a number of antennas as low as possible for reducing
the number of receiving channels and minimizing the
size of the vector sensor. Separation distance between
the antennas may be useful for achieving high accuracy
in the DoA estimation [20] and high sensor sensitivity.
However large distances may create undesirable angular
ambiguities.
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Fig. 2. Simulated Δarms(φ, θ) at 2400 MHz as a function of φ and θ obtained
with the initial vector sensor located on a 800× 800mm metallic support with
PNR = 46dBm−2, N = 100, and L = 20. The elevation angles θ are given
in the radial axis.

III. REFERENCE SINGLE-BAND VECTOR SENSOR

A single-band vector sensor has been proposed in [10]. It
is composed of three equidistant radiating elements, located
in the Oxy plane: one small wire antenna for measuring the
z-component of the electric field (E-field) and two small half-
loops for measuring the x- and y-components of the magnetic
field (H-field). It has been shown that the measurement of these
three components is sufficient for estimating the DoA of TM
incoming EM-fields in the 3-D half-space. The accurate estima-
tion of the DoA from the MUSIC algorithm may be obtained by
properly choosing the distance of the antennas from the center
of the sensor. An ambiguity analysis performed in [10] defined
the maximum distance dAMB = 0.17λ.

The vector sensor introduced in [10] has been simulated
through a full-wave EM software (HFSS). A 800× 800mm
metallic plate has been used for modeling the impact of a large
metallic support on the sensor performances. The estimation
conditions are: an operating frequency f = 2400MHz, an inci-
dent power density Pr = −95 dBWm−2 which corresponds
to PNR = 46dBm−2, N = 100 snapshots per DoA estima-
tion, and L = 20 estimations per DoA. The simulation was
performed for φ ∈ [0◦; 360◦] by step of 5◦ and for θ ∈ [0◦; 90◦]
by step of 5◦. The simulated Δarms(φ, θ) is given in Fig. 2 as a
function of azimuth φ and elevation θ angles.

The estimation is accurate in all the 3-D half-space except
for DoAs close to θ = 90◦ ∀ φ, where the maximum rms error
is 5.5◦. This error is due to the lack of dynamic on the E-field
component measured by the monopole in these directions (the
sensitivity is Psensi = −95 dB m−2). Throughout this paper,
this single-band sensor is our reference vector sensor.

IV. DUAL-BAND VECTOR SENSOR

A. Topology of the Dual-Band Vector Sensor

An original topology of vector sensor is proposed in Fig. 3 to
improve the DoA estimation performances of the reference sen-
sor in two frequency bandsA andB. The lowest frequency inA
is higher than the highest frequency in B. A broadband sensor

Fig. 3. Proposed topology of the dual-band vector sensor.

could be used instead of a multiband sensor to cover these two
frequency bands. However, the advantage of a multiband sensor
is that the gain of the sensor antennas is easier to control and to
enhance at given operating frequencies.

The number of antennas is here M = 6. Three dual-band
magnetic dipolesHAB

xyi are used for measuring the H-field along
the x- and y-axes and three dual-band electric dipoles EABzi
are chosen for measuring the E-field along the z-axis (i is the
antenna index). The dipoles are equidistant and located on two
circles of radius dABH and dABE . The proposed sensor topology
provides the following advantages:

1) The EM coupling between adjacent magnetic and elec-
tric dipoles can be minimized by adjusting dABE = 2dABH .
Indeed, the electric dipoles are located in the zero of the
magnetic dipoles radiation.

2) The E-field component measured along the z-axis is per-
formed at three different positions for improving the
DoA estimation performances at elevation angles close to
θ= 90◦.

3) The use of dual-band elements instead of single-band
elements allows reducing the number of antennas and
avoiding undesirable modification of the radiation pat-
terns of high frequency antennas due to the masking
effects caused by the large-sized antennas operating at the
lower frequencies.

4) The rotation symmetry allows to obtain the same DoA
estimation performances every 120◦ in azimuth.

B. Ambiguity Analysis

An ambiguity analysis is carried out to define the largest
acceptable separation distance dAMB. This analysis is per-
formed here by neglecting the eventual EM coupling between
the constitutive antennas. The ambiguity spectrum is computed
as a function of the separation distance between dipoles. In TM
polarization, the steering vector d(φ, θ) can be written as

d(φ, θ) =

⎡
⎢⎢⎢⎢⎢⎢⎣

− sin(θ)
− sin(θ)
− sin(θ)
− cos(φ)√

3
2 sin(φ)− 1

2 cos(φ)√
3
2 sin(φ) + 1

2 cos(φ)

⎤
⎥⎥⎥⎥⎥⎥⎦
�

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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(6)
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Fig. 4. 3-D theoretical ambiguity spectrum of the sensor AB with dAB
E =

0.57λA as a function of φ and θ.

Fig. 5. Dual-band vector sensor using antennas spatially distributed and
diversely polarized.

where � is the element-wise multiplication operator, rEAB
zi

and
rHAB

xyi
denote the vectors associated with the position of the

ith dual-band electric and magnetic dipoles, respectively. The
ambiguity analysis is carried out for dABE = 2dABH . Angular
ambiguities appear when dABE = 0.57λA at θ = 90◦ and at
φ ∈ [30◦, 90◦, 150◦, 210◦, 270◦, 330◦], where λA is the small-
est wavelength in the frequency band A. Fig. 4 gives the 3-D
ambiguity spectrum for dABE = 0.57λA. A singularity in the
azimuth angle estimation exists and consequently, an angular
ambiguity may occur when the angles θ approach zero (and
for all separation distances dABE ). However, this ambiguity has
no effect on the DoA estimation due to the low Δarms(φ, θ)
resulting from this singularity at θ = 0◦ angle.

In order to assess the estimation performances of this sensor
topology, a realistic sensor is now proposed.

C. Design of the Dual-Band Vector Sensor

A dual-band vector sensor based on the topology sketched in
Figs. 3 and 5 is proposed. It incorporates a finite-sized metallic
plate (800× 800mm) and six dual-band antennas for estimat-
ing the DoAs of incoming TM EM-fields in the 3-D half-space
and in the two following GSM frequency bands: A = (1710–
1880 MHz) and B = (890–960 MHz). Dual-band folded-
monopoles and dual-band loaded half-loops are chosen here
for measuring the required EM-field components. According
to the ambiguity analysis carried out in Section IV-B, the sep-
aration distances between these antennas are set as follows:
dABE = 85mm ≈ 0.53λ; dABH = 42.5mm ≈ 0.265λ.

Fig. 6. Simulated reflection coefficient S11 at the input of EAB
z1 (solid line)

and HAB
xy1 (dashed line) with the technical requirement (gray regions).

Folded-monopoles are used here for achieving the required
bandwidth of 10%. They are preferred to quarter-wave
monopoles [27] which offer a lower bandwidth for an equiva-
lent antenna size. Note that these monopoles provide a natural
protection against the electrostatic discharges. Moreover,
they are loaded by resonant traps for dual-band operation.
In order to measure the H-field component, half-loops are
chosen. These half-loops are loaded at each of their extremities
by a capacitive effect (coupling with the bottom metallic
plate) to reduce the antenna size. These compact antennas
have convenient symmetric radiation pattern [10]. To achieve
the dual-band operation, two half-loops are combined. The
impedance matching is achieved by using a capacitive cou-
pling. The EM analysis is performed by using a full-wave
simulation software (HFSS). Consider the folded-monopole
EABz1 located on the 0x-axis and directed along the Oz-axis,
and the half-loop HAB

xy1 located on the Ox-axis and directed
along the Oy-axis. The EM simulation takes into account the
eventual EM interactions between the constitutive antennas of
the sensor. As depicted in Fig. 6, the frequency bands covered
by the designed dual-band elements of the sensor and for a
reflection coefficient lower than −10 dB are:

• Band A: (1625–1904 MHz) (16%) and band B: (830–
1050 MHz) (23%) for the dual-band folded-monopoles;

• Band A: (1702–1890 MHz) (10%) and band B: (815–
980 MHz) (18%) for the dual-band half-loops.

The required bandwidth is then achieved.
The normalized patterns of the EABz1 and HAB

xy1 antennas are
reported in Fig. 7 (E- and H-plane refer to the E- and H-field
orientation, respectively). As expected the simulated radiation
patterns are omnidirectional in the H- and E-plane for the
monopole and the half-loop (for θ ∈[−90◦; 90◦]), respectively,
and bidirectional in the E- and H-plane for the monopole (for
θ ∈[−90◦; 90◦]) and the half-loop, respectively.

As shown in Fig. 7(c) and (d), the EM-fields scattered from
the edge of the metallic support generate ripples in the E-plane
radiation patterns of the antennas in the band A. In the E-plane
at θ = 90◦, undesirable attenuations of about 5 and 10 dB in
the two frequency bands are apparent. Moreover, an asymme-
try occurs in radiation patterns due to EM scattering by the
surrounding antennas in Fig. 7(a) and (c). The EM interaction
between sensor radiating elements alters the radiation patterns
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Fig. 7. Normalized patterns of EAB
z1 and HAB

xy1 in the E-plane (dashed line)

and in the H-plane (solid line) (simulation results). (a) EAB
z1 at 925 MHz.

(b) HAB
xy1 at 925 MHz. (c) EAB

z1 at 1795 MHz. (d) HAB
xy1 at 1795 MHz.

in the H-plane and provides ripples of about 4 dB on the direc-
tivity at 925 and 1795 MHz. However, the radiation patterns of
the sensor antennas are acceptable since they allow, as it will be
shown here, to obtain a good DoA estimation. The alteration in
these patterns will be taken into account through the calibration
process and its impact on the accuracy of the DoA estimation
will be minimized.

D. Accuracy of the DoA Estimation Computed From MUSIC
Algorithm and Full-Wave EM Simulations

The accuracy of the DoA estimation provided by the dual-
band sensor is computed from the MUSIC algorithm in the
two frequency bands A and B. The anechoic chamber used for
measuring the sensor performances was designed for frequen-
cies higher than 1000 MHz. Consequently the lowest frequency
bandB was shifted up to 1000 MHz for measurement purposes.
The new frequency band is denoted by B′. The estimation con-
ditions are given as follows: Pr = −105 dBWm−2 (PNR =
36dBm−2), N=100 snapshots per estimation, and L = 20
estimations per DoA. The rms error is computed at two fre-
quencies, 1000 and 1800 MHz, and for φ ∈ [−60◦; 60◦] by step
of 1◦ and for θ ∈ [0◦; 90◦] by step of 5◦. The vector sensor is
calibrated as explained in Section II. Fig. 8 gives the simulated
Δarms(φ, θ).

The DoA estimation is accurate in the 3-D half-space with a
maximum rms error of 2.3◦ at 1000 and 1800 MHz, located at
θ close to 90◦ and:

1) φ around 30◦ and 330◦ at 1000 MHz;
2) φ around 300◦, 0◦, and 60◦ at 1800 MHz.
No significant error is obtained in the estimation of the

azimuth angles. The maximum rms error is lower than 1.1◦ and

Fig. 8. Simulated Δarms(φ, θ) obtained with the dual-band vector sensor
located on a 800× 800mm metallic support at (a) 1000 and (b) 1800 MHz
with Pr = −105 dBWm−2 (PNR = 36dBm−2), N=100, and L=20.

Fig. 9. Simulated dΔϕ(φ, θ) between the EAB
zi elements at (a) 1000 and

(b) 1800 MHz.

1.3◦ at 1000 and 1800 MHz, respectively. In the topology of the
dual-band sensor, the electric monopoles have been spatially
distributed to improve the accuracy of the estimated θ angles.
These monopoles provide an additional phase information at
the outputs of the sensor, as defined in (6) and consequently,
the estimation of the elevation angles is more accurate. The
angles for which the DoA estimation errors is high can be
determined by analyzing the variation of the phase differences
between the EABz elements. Fig. 9 shows the mean variation
of the phase differences dΔϕ(φ, θ) between EABz elements at
1000 and 1800 MHz.

These phase differences are computed from the mean phase
shifts Δϕ(φ, θ) between electric antennas given by

Δϕ(φ, θ) =
1

ME

ME∑
i=1

|δϕi(φ, θ)| (7)

where ME denotes the number of electric antennas and
δϕi(φ, θn) the ith phase shift with

δϕ1(φ, θ) = ϕ1(φ, θ)− ϕ2(φ, θ)
δϕ2(φ, θ) = ϕ1(φ, θ)− ϕ3(φ, θ)
δϕ3(φ, θ) = ϕ2(φ, θ)− ϕ3(φ, θ).

(8)
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Fig. 10. Prototype of the dual-band vector sensor.

In (8), ϕ1, ϕ2, and ϕ3 correspond to the phases at the
output of EABz1 , EABz2 , and EABz3 , respectively. The varia-
tion of Δϕ(φ, θn) is then derived according to the elevation
angles

dΔϕ(φ, θn) = |Δϕ(φ, θn)−Δϕ(φ, θn+1)| (9)

where n index indicates the nth elevation angle. The higher the
phase variation, the better the estimation accuracy. As shown
in Fig. 9, the areas with low phase variations are similar (as
expected) to the ones derived from the computation of the
rms errors (see Fig. 8). The dual-band vector sensor provides
higher accuracy than the single-band reference vector sensor
described in Section III. As a matter of fact the measurement
of the incoming EM-field components by six distributed anten-
nas improves significantly the estimation accuracy and reduces
the estimation errors when θ is close to 90◦. This improve-
ment is due to the higher number of antennas and to the
wider aperture provided by the topology sensor of six anten-
nas. To analyze the sensor sensitivity, the accuracy of the DoA
estimation is now computed for several received power den-
sities: Pr = −100,−105,−110, and −115 dBWm−2 which
correspond to PNR = 41, 36, 31, and 26 dBm−2, respectively.
This computation is performed for φ = 30◦ and φ = 0◦ (max-
imum error on the DoA estimation at 1000 and 1800 MHz,
respectively) and for θ ∈ [0◦; 90◦]. The resulting rms errors
are given in Fig. 14. For an estimation accuracy of 5◦, the
simulated sensitivity is found to be Psensi = −110 dBWm−2

(PNR = 31dBm−2) at 1000 and 1800 MHz. The sensitivity of
the reference sensor at 2400 MHz is Psensi = −95 dBWm−2.
By translating the performances of the dual-band sensor to
2400 MHz (assuming a constant gain) the computed sensitiv-
ity are Psensi = −107.5 dBWm−2 in the band A and Psensi =
−102.5 dBWm−2 in the band B′. The proposed sensor is
then more sensitive than the reference sensor with a sensitivity
improvement of (at least) 7 dB.

V. EXPERIMENTAL VALIDATION

A prototype of the dual-band sensor designed in Section IV
has been manufactured (see Fig. 10) and measured. The mea-
surement is performed at two operating frequencies, 1000
and 1800 MHz, in an anechoic chamber with the follow-
ing estimation conditions: an incident power density Pr =
−105 dBWm−2 which corresponds to PNR = 36dBm−2,
N = 100 snapshots per DoA estimation, and L = 20 estima-
tions per DoA. The EM-field is transmitted by a fixed horn
antenna and illuminates the vector sensor placed on a rotating

Fig. 11. Measurement setup.

Fig. 12. Measured Δarms(φ, θ) obtained with the dual-band vector sensor
located on a 800× 800mm metallic support at (a) 1000 and (b) 1800 MHz
with Pr = −105 dBWm−2 (PNR = 36 dBm−2), N=100, and L=20.

positioner. The vector analyzer Anritsu 37397D measures the
amplitude and phase of the S-parameters at each port of the
sensor antennas (see Fig. 11). As mentioned in Section II,
eventual amplitude and phase distortions have been taken into
account in the calibration process by measuring the radiation
patterns of the sensor. Fig. 12 reports the measured rms errors
of the DoA estimation in the two frequency bands. The esti-
mation errors obtained from numerical simulations (see Fig. 8)
and experimental results (see Fig. 12) are in good agreement.
The estimation error differs at 1800 MHz for θ = 80◦ and
φ = 315◦. The maximum rms errors are 2.1◦ and 4.7◦ at 1000
and 1800 MHz, respectively. Some slight variations of the sen-
sitive angular areas due to the low phase variation are apparent.
They are located at θ close to 90◦ and:

1) φ around 350◦ and 330◦ at 1000 MHz;
2) φ around 315◦, 0◦, and 60◦ at 1800 MHz.

For explaining these results, Fig. 13 shows dΔϕ(φ, θ) as a
function of θ.
dΔϕ(φ, θ) is altered with respect to the simulated phase vari-

ation given in Fig. 9. At 1000 MHz, dΔϕ(φ, θ) for θ close
to 90◦ and φ around 330◦ increased whereas for φ close to
30◦ a low variation (dΔϕ(φ, θ) < 2◦) is maintained. This
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Fig. 13. Measured dΔϕ(φ, θ) at the output of the monopoles EAB
zi at (a) 1000

and (b) 1800 MHz.

Fig. 14. Measured (dashed lines) and simulated (solid lines) Δarms(φ, θ)
according to θ with (a) φ=30◦ at 1000 MHz and (b) φ=0◦ at 1800 MHZ for
PNR = 41, 36, 31, and 26 dBm−2; N=100; and L = 20, in the worst case
(azimuth angles of the maximum DoA error).

modification yields a new sensitive area for θ close to 90◦ and
for φ close to 350◦ [see Fig. 13(a)]. At 1800 MHz, the max-
imum rms error occurs for φ close to 315◦ because there is a
reduction of dΔϕ(φ, θ) in this direction [see Fig. 13(b)].

Fig. 14 gives the measured and simulated estimation errors
in the elevation plane with φ = 30◦ and φ = 0◦ at 1000 and
1800 MHz. The measured and simulated rms errors are in
good agreement. The sensitivities are identical with Psensi =
−110 dBWm−2 for a maximum rms error of about 5◦.

VI. TOWARD MULTIBAND VECTOR SENSORS

To extend the number of operating frequency bands,
multiband antennas could be used in the vector sensors.

Fig. 15. Tri-band sensor using six distributed single-band antennas (blue) oper-
ating in the band C and six distributed dual-band antennas (green) operating in
the bands A and B.

Fig. 16. Tri-band vector sensor using antennas spatially distributed and
diversely polarized.

As above-mentioned the distance between the antennas has
to be large enough to achieve an accurate DoA estimation
but, this distance must be small enough for avoiding angular
ambiguities.

Consider that a third operating frequency band C= (400–
430 MHz) has to be added to the dual-band vector sensor.
Following the design methodology reported in Section IV-A,
a tri-band sensor architecture is proposed in Fig. 15.

As shown in Fig. 16, this new vector sensor uses three loaded
half-loops (HC

xyi) for measuring the H-field along the Ox-
and Oy-axes, and three planar inverted folded antennas (PIFA)
(ECzi) for measuring the E-field along the z-axis. The separa-
tion distances between antennas are denoted by dCH and dCE . The
ratio between these two distances is set to dCE/d

C
H = 2 to avoid

strong mutual EM interactions (see Section IV-B). The maxi-
mum distance dAMB is the same as defined in Section IV. The
distance dCE and dCH are set to 235mm ≈ 0.33λ and 117.5mm
≈ 0.165λ, respectively.

Fig. 17 gives the reflection coefficient S11 at the input port of
the antennas ECz1 and HC

xy1. For a reflection coefficient lower
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Fig. 17. Reflection coefficient S11 of the PIFA antenna EC
z1 (solid line) and

the loaded half-loop HC
xy1 (dashed line) with the technical requirement (gray

region).

Fig. 18. Normalized patterns of (a) EC
z1 at 415 MHz; (b) HC

xy1 at 415 MHz;

(c) EAB
z1 at 925 MHz; (d) HAB

xy1 at 925 MHz; (e) EAB
z1 at 1795 MHz; and

(f) HAB
xy1 at 1795 MHz simulated in the E-plane (dashed line) and H-plane

(solid line).

than −10 dB, the operating frequency bands are (in presence of
all the antennas EABz and HAB

xy ):
1) (401–444 MHz) for the PIFA antennas;
2) (395–448 MHz) for the loaded half-loops.

Fig. 19. Simulated Δarms obtained with the tri-band vector sensor located on
a 800× 800mm metallic support: PNR = 36 dBm−2, N = 100, and L = 20.
(a) 415; (b) 925; and (c) 1795 MHz

The normalized patterns of the antennas EABz1 , ECz1 and
HAB
xy1 , HC

xy1 in the presence of all sensor antennas are shown
in Fig. 18.

Ripples observed on the radiation pattern at 925 and
1795 MHz due to the scattering of the EM-field from the edge
of the metallic support are present. These ripples are weak at
415 MHz due to the small electric size of this support in the
band C. Note weak distortions of the radiation patterns occur in
the bands A and B due to the presence of the low frequencies
antennas.

Fig. 19 gives the simulated Δarms(φ, θ) for the tri-band sen-
sor. The accuracy of the DoA estimation is computed at the
three following frequencies: 415, 925, and 1795 MHz. The esti-
mation conditions are identical to those given in Section IV-B.

At 415 MHz, the simulated estimation accuracy is lower than
1◦ over the 3-D half-space. At 925 and 1795 MHz, the maxi-
mum rms error is 4.7◦ and 4.1◦, respectively. As expected, the
presence of the low frequencies antennas alters slightly the DoA
estimation performances in the frequency bands A and B by
generating undesirable masking in the sensitive angular areas
previously identified. Nevertheless, the tri-band vector sensor
provides an acceptable estimation accuracy (lower than 5◦) of
the DoA in the 3-D half-space, and it shows that the proposed
Russian dolls’ topology may be convenient for designing multi-
band vector sensors using antennas spatially distributed and
diversely polarized.

The proposed approach allows adjusting separation distances
between sensor antennas for guaranteeing an accurate DoA
estimation and avoiding angular ambiguities. Nevertheless, the
combination of single-band vector sensors for designing multi-
band sensors may yield undesirable masking effects at high
frequencies due to the sensor constitutive antennas. The min-
imization of this effect is a crucial challenge for the design of
multiband vector sensors.

VII. CONCLUSION

For the first time a dual-band vector sensor using antennas
spatially distributed and diversely polarized is proposed for an
accurate DoA estimation of incoming EM-fields in the 3-D
half-space. This compact sensor (λ/4 in radius and λ/5.5 in
height at the lowest operating frequency) is composed of six
small dual-band distributed antennas to cover two frequency
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bands: three dual-band folded-monopoles and three dual-band
loaded half-loops. The antennas are located on a finite-sized
metallic plate. An original sensor topology is proposed and
criteria are defined to describe its performances. A prototype
has been manufactured and measured for experimental valida-
tion. The investigation based on the study of the phase variation
between the sensor antennas is proposed to identify the angu-
lar areas where the estimation is more sensitive to the noise.
Finally, a low-frequency single-band sensor has been incorpo-
rated into the dual-band sensor to illustrate the feasibility of
multiband vector sensors. The simulated performances of the
tri-band sensors have been predicted from full-wave EM sim-
ulations and show that the integration of the third operating
frequency band generates a slight degradation of the dual-band
sensor performances.
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