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Vector Sensor Antenna Design for VHF Band

A. Musicant, B. Almog, N. Oxenfeld, and R. Shavit, Senior Member, IEEE

Abstract—A very high frequency (VHF) vector sensor antenna
(VSA) composed of three small polygon orthogonal loops oper-
ating as three orthogonal electric dipoles and three orthogonal
magnetic dipoles is designed and implemented. The VSA is used
to estimate the angle of arrival (AoA) in azimuth and elevation of
an incident electromagnetic (EM) signal by measuring its electric
and magnetic field Cartesian components. The S-parameters
(simulated and experimental) of the VSA and the AoA estimation
results for different scenarios are presented. Furthermore, it
is shown that the AoA performance is highly affected by the
presence of a conductive platform in close vicinity of the VSA.
The Cramer—Rao lower bound is derived for this case using the
beam-former mathematical model.

Index Terms—Direction-of-arrival (DoA) estimation, magnetic
sensors, unmanned aerial vehicles.

I. INTRODUCTION

RACTICAL angle-of-arrival (AoA) estimation systems

for the very high frequency (VHF) band are usually based
on a large antenna array that collects data from several elements.
A vector sensor antenna (VSA) system for AoA estimation has
a major advantage over competing designs due to its simplicity
and compact size, which enables high mobility.

The generalized VSA is composed of three collocated or-
thogonal electric dipoles and magnetic loops measuring the six
Cartesian components of the electromagnetic (EM) field. By
implementing the vector cross operator between the electric and
magnetic fields, the Poynting vector and the wave propagation
direction can be derived [1]. Since the introduction of the VSA
concept some attempts to design and built such an antenna were
made as described in [2]. Furthermore, calibration methods
were established for the VSA mounted on different platforms
and are presented in [3]. The major challenges of the construc-
tion of a small VSA like the one required for VHF band are
implementation of the collocated electric and magnetic sensors,
achieving low coupling between its different elements, and
reaching the required sensitivity over a wide frequency band.

In this letter, a unique implementation accompanied by
simulation and measured results of the proposed VSA for
the VHF band is presented. The design considerations are
discussed in Section II. The AoA analysis performance is
presented in Section III. The well-known mathematical model
of the beam forming is adjusted using the normalized steering
matrix to the estimation problem of the VSA and is described
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Fig. 1. Geometry of the VSA loops (all dimensions are in mm).

z

x

Fig. 2. Model of the constructed VSA.

in Section IV. The presence of a conductive platform in close
vicinity of the antenna has a major effect on the antenna pattern
and its steering matrix. The Cramer—Rao lower bound (CRLB)
[4, Ch. 33, Sec. 3], [5] is derived for this case and compared to
the CRLB of the antenna in free space.

II. IMPLEMENTATION AND MEASURED RESULTS

A well-known electrically small antenna loop, which acts as
an electric dipole and as a magnetic dipole, is the opposing loads
loop (OLL) described in [6]. The major advantage of this loop
design is that it can perform as an electric dipole and as a mag-
netic dipole by switching between two loop configurations. This
feature reduces the required number of elements of the VSA to
three collocated loops instead of six collocated elements (three
electric dipoles and three magnetic dipoles). This feature is ob-
tained by adding or subtracting the voltages induced on the two
opposite loads of the loop element. In the following, they will
be addressed as electric mode and magnetic mode. This antenna
element is usually utilized in near-field sensor applications to
probe the complex structure of the EM fields components.

For the VSA applications it is necessary to sense both the
electric and magnetic fields in order to derive the AoA. Thus,
the OLL is an attractive candidate for implementing electric
and magnetic dipoles in the construction of the VSA. The pro-
posed VSA includes three orthogonal collocated polygon OLLs.
Accordingly, there are six loads in the system. Two types of
polygon loops were used, as shown in Fig. 1, to implement the
required three loops. The whole VSA model is shown in Fig. 2.
The loop’s pentagonal shape was chosen due to aerodynamic
considerations. The solid thick line indicates the symmetry line
of the closed loop and the location of the loads. The symmetry
line divides the loop to two equal area and circumference poly-
gons. The dimensions are tuned to achieve the required sensi-
tivity while preserving the small dipole pattern characteristics.
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Fig. 4. TEM cell near-field amplitude distribution. (a) Electric field magnitude
in the z direction [2 V/m]. (b) Magnetic field magnitude in the ¥ direction and
[mA/m)]. (c) Poynting flux magnitude in 2 direction [mW/m?].

The electric mode is generated by exciting the two generators in
phase and the magnetic mode is generated by exciting the two
generators out of phase.

The antenna was modeled and simulated using the commer-
cial EM software WIPL-D (wires, plates, and dielectrics) based
on method of moments (MoM) solution. The model was tested
in a specially built transverse EM (TEM) cell. The measure-
ments were made from 20 to 100 MHz. The general TEM cell
view is captured in Fig. 3. The cell dimensions are 1 X 1 m and
approximately 3 m long. The TEM cell simulates the attributes
of a far field as shown in Fig. 4. Low mutual coupling among
the elements in the VSA is essential to the accuracy of the math-
ematical model discussed in Section III. It is known [6] that
the OLL exhibits low coupling between its electric and mag-
netic modes, and therefore it was chosen for the implementation.
Fig. 5 shows a comparison between the measured and simulated
mutual coupling 512 between the two operational modes (elec-
tric and magnetic) for the loop in the X—Y plane. Due to the high
sensitivity of the mutual coupling to unavoidable fabrication er-
rors in the loops dimensions, an 0.5% defects in the line lengths
and loads positions was inserted to the simulation. In this case
very good agreement was obtained between the measured and
simulated data for OLL with defects. The measured coupling is
less than —30 dB in the 20-100 MHz frequency band. Simu-
lated mutual coupling S12 of two orthogonal collocated OLLs
excited in different modes is given in Fig. 6. One can observe
that the mutual coupling between any modes configurations is
less than —45 dB. The reflection coefficient 511 of the OLL is
shown in Fig. 7 in dB (S11[dB] = 201og;(S11)). Note that the
simulation 577 results does not include the feeding lines and the
baluns used for matching, and yet it shows a very good agree-
ment with the measured data.

The signal model used for the estimation problem is the
common form used for spatial signal processing. The assump-
tions made are that the signal S,, is narrow band with unknown
amplitude while the noise is additive. The model assumed is
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Fig. 5. Mutual coupling between electric and magnetic modes for a loop in the
X-Yplane.
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Fig. 6. Simulated mutual coupling S;2 between orthogonal modes.
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Fig. 7. Reflection coefficient S1; [dB] as a function of frequency.

Fig. 8. Coordinate system and its parameters.

where ¢ and 8 are the azimuth and elevation angles (i.e., Fig. 8)
while 7 is the phase difference between the electric fields com-
ponents F, and Fy. tan 7 is the ratio between the amplitudes
of the electric field in ¢ direction and € direction (i.e., tan 7
= |Ey/Es]) and wy, is the additive noise. E,, and H,, are
the n sample of the electric and magnetic field vectors while A
is the normalized steering matrix. The transmitted signal Sy, is
a deterministic signal with unknown amplitude. This is a rea-
sonable assumption for narrow band signals and is a good test
case due to the existence of an analytic solution. For higher ac-
curacy one can assume that the signal is unknown and increase
the computation complexity.
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Fig. 9. Average AoA error.

For the free-space case the steering matrix A is given by [1]

cos ¢ cos —sin¢
sin ¢ cos @ cos ¢
—gind 0 sin TelY
A(¢79;Ta,\/)_ _sin¢ —COS(bCOSO |: COST :| )
Cos ¢ —sin ¢ cosd
0 sin #

2
The steering matrix as shown in (2) assumes that there is no mu-
tual coupling between the VSA elements; thus, in order for the
mathematical model to hold low mutual coupling is essential.
Making the assumption of very low mutual coupling based on
the results presented in Figs. 5 and 6, an experiment was made
to determine the theoretical error of the VSA in a noise-free en-
vironment (i.e., Wy, = 0). The VSA was illuminated by plane
waves at different AoAs. The azimuth angle (¢) and the eleva-
tion angle () were evaluated directly from the Poynting vector
cross operator product (s) of the electric and magnetic vectors
measured by the VSA and given by

1
ﬁzsmi+syﬁ+sz2: §Exﬂ* (3)

From (3), the estimated elevation and azimuth angles (f¢st,
®est) can be evaluated by

fes = tan (/52 + 82/82): Pest = tan~'(sy/8y). (4

The measured RMS error defined as ((fos —6)° +
(¢est — ¢)°)/2 is shown in Fig. 9. Spline interpolation was
used to determine the AoA RMS error with 2° resolution. Note
that the error presented is due to direct calculation using the
theoretical steering matrix A with no calibration. The good
results testify that the mathematical model holds.

III. AOA PERFORMANCE ANALYSIS

Most antenna studies analyze the antenna attributes which de-
termine the signal-to-noise ratio (SNR). In this letter, we assume
that the SNR is known and analyze the estimation performance
of the AoA using the CRLB for a specified mathematical model.
The CRLB bounds the variance for any unbiased estimator from
below; thus its minimization is required.

In the free-space case modeled by (1) and (2) the CRLB can
be derived analytically for Gaussian noise (wy,) with no corre-
lation. Thus, in mathematical notation

Wn ~ Ne(0,R); R = [0’ (5)

where R is the autocorrelation matrix, I is the NV x N identity
matrix with N samples and ¢ is a complex scalar, N, denotes
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Fig.10. CRLB, estimation for (a) analytic computation and (b) computation
based on WIPL-D simulation data.

the normal complex distribution. Thus, the distribution of the
EM fields is also normal complex given by

B |~ NelA, .78 ) ©

From (6) it is easy to compute the Fisher information matrix
(FIM). First, we define the SNR and the unknown vector (¢).

N-1 :
_o 1Sal?
=16, 7, SNR = Zn=0 Sal” 7
/¢ [ /¢7T7,7] ? N‘J‘Q ( )
Thus the FIM becomes
FIM = NxSNR
1 0 0 0
1+ cos26 —2cosfcosy cosfsin27sinvy
0 —2cosfcos~y 2 0
0 cosfsin27sin~y 0 2sin? 7
®)
Finally by inverting the FIM the CRLB is derived
1
CREB= N, sNR
1
"RLBy =
CRLB, NxSNRx+(1+cos? §—2 cos? f(cos? y-+cos? Tsin? v))
€)]

where N is the number of samples. The CRLB for azimuth angle
estimation and linear polarization (i.e., ¥ = () is reduced to

1
CRLB)y = ———————. 10
® " N«SNRxsin (19)
Similarly, for circular polarization (i.e., 7 = 7 /4,y = 7n/2) is
1
LBy = ———.
CRLBs = N5NR ah

Notice that from (11) it is seen that a phase difference in the
electric field components improves the AoA estimate and for
circular polarization it eliminates the dependence of the CRLB
on the elevation angle 8. That is due to the fact that if there is no
phase difference, ¢ and 7 cannot be separated for 8 = {0, 180}.
The CRLB for azimuth angle in free-space case is shown in
Fig. 10 for N = 64 and SNR = 10 dB at 60 MHz compared
to the analytic solution. The computation is based on WIPL-D
simulations. The results shown in Fig. 10 are in very good agree-
ment. The C RL By is constant and equal to 1.5625%10 3 (rad?).

The radiation patterns of antennas are affected by the platform
on which they are usually mounted on. To determine the effect
of a platform on the VSA performance, the VSA was positioned
in close vicinity to a platform, simulated by a perfect electric
conductor (PEC) cylinder as shown in Fig. 11. The effect of the
platform was evaluated by computing the VSA’s CRLB of the
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Fig. 11. Geometry of the VSA on a cylindrical platform.
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Fig. 12. VSA radiation patterns in the y—z plane (phi = 90°) with and without
the PEC cylinder presence.

Ao0A relative to the free-space case. The cylinder was chosen
for practical reasons to approximate an arbitrary fuselage.

The cylinder introduces distortion to the EM fields in all ori-
entations of the VSA. As an example of the expected pattern
distortion Fig. 12 shows a comparison in the radiation patterns
in the E-plane (Y —Zplane) for phi = 90° with and without the
cylindrical platform at 60 MHz.

From Fig. 12 it is clear that the steering matrix from the
free-space case does not hold. Thus, the new steering matrix
was derived numerically from the simulated pattern data. The
simulated normalized CRLB for azimuth and elevation AoA for
vertical and horizontal polarizations of the VSA on a cylindrical
platform are shown in Figs. 13 and 14, respectively. The data are
presented in dB and normalized to the free-space CRLB

CRLBd)/() |test case [deg] (12)
ORLB¢/9 |free space [deg} '

In this measure, high figures mean that the estimation perfor-
mance deteriorates and vice versa.

Note (i.e., Fig. 11) that the center of the cylinder is located at
¢= 270° relative to the VSA axis and that the cylinder’s main
axis is parallel to the VSA’s z axis. The NV and SNR values are
the same as in the free-space case, and the frequency is 60 MHz.

One can observe that the radiation pattern distortions in the
case of the cylindrical platform affect severely the estimation
performance, especially the C RLBg[dB]. The degradation of
CRLBy[dB], for most angles, is increased by 3 dB. Further-
more, it is seen that the azimuth estimation is more vulnerable
to waves in horizontal polarization and the elevation estimation
is more sensitive to vertical polarization. It can as well be seen
that the diffraction which occurs for vertical polarization in el-
evation angles of 5° and 175° and azimuth angles 215° to 325°
introduce degradation of the elevation estimate.

In order to improve the CRLB, besides increasing the number
of samples or SNR, one should try to place the VSA on the
platform in such a manner that the elements preserve their dipole
like pattern or where the EM fields behaves like a plane wave,
and it is recommended to avoid diffraction effects.

CRLB9[dB] = 10xlog
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Fig. 13. Normalized CRLB, estimation for the VSA on a cylindrical plat-
form and two orthogonal polarizations. (a) Vertical Polarization. (b) Horizontal
polarization.
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Fig. 14. Normalized CRL B, estimation for the VSA on a cylindrical plat-
form and two orthogonal polarizations. (a) Vertical polarization. (b) Horizontal
polarization.

IV. CONCLUSION

This letter describes the design, implementation, and perfor-
mance analysis of a new VSA element used for AoA estima-
tion in the VHF band. The CRLB of the AoA estimation by
the VSA in the presence of an electrically large metal cylinder
was derived and compared to the free-space case. A degrada-
tion in the estimation performance was identified due to the pat-
tern distortion. One can expect that for more complicated plat-
forms than the cylinder more erratic distortions are introduced to
the antenna pattern. In these cases it is expected that the CRLB
will be higher for larger angular sectors. Careful choice of the
VSA location can reduce the radiation pattern distortions, but
that cannot always be achieved; and in these cases calibration
methods are needed [3]. The VSA is highly sensitive to the ra-
diation pattern distortion compared to other DF systems, and
thus it is important to carefully plane its location on the plat-
form on which it is mounted. Additional improvement in the
CRLB might be achievable by including the preferences of the
scattered EM field, and this is a case for further study.
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