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Abstract—In this paper, we present a four-element compact
planar antenna array for global navigation satellite systems. The
array is designed for the 1575.42 MHz (L1 band) frequency
having an inter-element separation of d=3/4. In order to
compensate mutual coupling and mismatching, a specifically
designed decoupling and matching network has been integrated
into the array. We investigate the resulting antenna performance,
such as axial-ratio bandwidth, and realized gain, as referred to
the decoupling and matching network input ports. Furthermore,
we present a receiver model to characterize the equivalent spatial
carrier-to-interference plus noise ratio of the antenna array,
decoupling and matching network, and low-noise amplifier, using
a conventional null-constraint beamformer.
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I INTRODUCTION
\/

Since few years, the use of multi-element antenna arrays in
global positioning navigation systems (GNSS) has been
proposed, to provide robustness against in-band interference
and multi-path propagation. This approach provides the
opportunity of using sophisticated beamforming techniques to
null-out the unwanted signals. However, the overall physical
size is restricted by the inter-element separation of d = M\/2,
i.e., about 10 cm, to minimize the detrimental mutual coupling
effects.

Reduced inter-element separation, i.e., d <A/2, inflicts
strong mutual coupling between the elements, and degrades
the radiation performance of the antenna severely, particularly
for higher order modes. As discussed in [1], this degradation
results in smaller eigenvalues for the radiation covariance
matrix. Smaller eigenvalues mean lower carrier-to-
interference-plus-noise ratio (CINR), which is undesirable
especially for adaptive navigation systems, due to longer
transient times for signal detection, nulling, and tracking.
Consequently, it undermines the advantages of the usage of
multi-element antenna arrays in an interference-limited
scenario.

Strong mutual coupling can be mitigated using a
decoupling and matching network (DMN) [1]. This will result
in a partial restoration of the signal-to-noise ratio, as shown in

978-88-907018-3-2/13 ©2013 IEEE

21

LaR

even
P

()

» Antenna array

a
1 RO3010 thickness 1.27 DMN
1 RO4003 thickness 0.2

©

Fig. 1: (a) Top view of the GNSS antenna array designed in this work. (b)
DMN with numberings indicating the respective mode excitations, bottom
view of the designed GNSS antenna array. (c) Exploded view of the stacked-
substrate configuration of the antenna array.

[2]. However, the analyses in the aforementioned publications
lack practical implementations and assume the network to be
lossless, which obviously is unrealistic. While the DMN
maximizes the energy transfer from receiver to antenna, it
exhibits ohmic losses. This loss of useful energy will result in
increased noise, and may become dominant over the network
gain when used before a low-noise amplifier in the receive
path, which is typically the case. Therefore, it is important to
characterize or include the network noise in order to calculate
the CINR for an accurate performance assessment of the com-
pact antenna array receivers.

The aim of this paper is to present a compact L1-band
GNSS antenna array with integrated DMN, and the framework
to analyze its performance using the CINR at the output of a
null-constraint beamformer [3]. In this regard, Section II
presents the compact L1-band GNSS integrated antenna array
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Fig. 2: Measured reflection or matching coefficients S;; of the antenna array
with DMN for respective modes. The highlighted lines indicate the required
threshold for a L1-band navigation system, Mode#1, #2, #3, #4 indicate the
even, odd 1, odd 2, and n-mode, respectively.

along with its noise parameters. Section III describes the
formulation of equivalent CINR, and in section IV results
based on CINR for with and without DMN for different
interference conditions are presented. Finally, conclusions are
drawn in Section V.

IL.

In this section, we initially discuss the design and
measured parameters of the integrated antenna array.
Secondly, we define the noise-contribution parameters for the
antenna array, low-noise amplifier, and beamformer. We use
these parameters to analyze the equivalent carrier-to-
interference-plus-noise ratio for two scenarios, with and
without DMN, in the next section.

COMPACT L1 GNSS ANTENNA ARRAY RECEIVER

A. Antenna array

The antenna array consists of four truncated square patches
as shown in Fig.1(a), on a substrate with a dielectric
permittivity of €, = 10.2, with a thickness of #=2.74 mm. The
truncated square patches usually exhibit a narrow axial ratio
bandwidth [4], which is enhanced by increasing the thickness
of the substrate.

The radiation matrix of the antenna array is defined as Hy,
where

1 W
H, Z@%F@,@)F ($.6) dQ.. (1)

The individual elements of column vector F(¢,6) denote the
normalized complex-valued realized RHCP gain pattern of the

single antennas with respect to an isotropic radiator [4]. Q
denotes the solid angle, dQ = 6-sinf-sing.

The combined noise temperature correlation matrix of an-
tenna array and DMN is calculated from [5]

TA = ]’;an}; + T
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Fig. 3: Measured coupling coefficients S; of the antenna array with DMN
among respective modes.

where S, denotes the S-parameter matrices of the antenna
array and DMN combined. T, includes noise received from
the environment as well as from the antenna network,
T.,,= 100K is the assumed equivalent isotropic environ-
mental temperature for GNSS conditions; T, = 290 K is the
ambient temperature of the antennas.

B. Decoupling and Matching network

The DMN shown in Fig. 1 (b) was designed using four
180-degrees hybrids and tuning stubs, ensuing to the
eigenmode excitations mentioned in [6]. In order to minimize
the losses between the network and the antenna feed-points in
our design, the outputs of the DMN are directly connected to
the antenna using vias. The complete substrate-stack is
sketched in Fig. 1(c). The reflection coefficients for
respective modes are shown in Fig. 2. The measured values
are S;; < —10 dB for all radiation modes, within a bandwidth of
4 MHz centered at 1575.42 MHz (L1). Due to imperfect
eigenmode decoupling using hybrids, the coupling coefficients
are below —15dB, with an exception of Si;<-11dB, as
shown in Fig. 3. This is acceptable but not ideal, and could be
improved by more careful design and thinner network
substrate.

The output modal RHCP radiation patterns are shown in
Fig. 4 (a), along with exact simulated eigenmodes RHCP
radiation patterns in Fig. 4 (b). The measured total modal
efficiencies are 64%, 56%, 35%, and 28%, respectively,
compared to exact eigeneffieciencies, i.e., 90%, 52%, 38%,
and 10%, respectively.

The measured axial ratio for the even mode in main-lobe
direction is less than 3 dB, with a bandwidth larger than
4 MHz; fulfilling the specifications for L1 signals (see
Fig. 5 (a)). It is also observed that the XPD, shown in
Fig. 5 (b), is considerably degraded for the higher order
modes, also for the even mode at lower elevations, i.e.,
6> 60°. In interference limited scenario for weak navigation
signals, such a shortcoming is harmful, and may not blind or
null-out the interferer entirely.
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Fig. 4: (a) Exact simulated elgenmode RHCP radiation patterns (b) Measured
realized gain patterns at the respective output ports of DMN. The DMN is
based on the principal of eigenmode excitations, therefore each patterns
represents a mode. The m mode has the minimum efficiency and a maximum
gain of 0.2 dBi.

C. Low-noise amplifier

The signal power available from the satellites is typically
about one order of magnitude below the noise level. Since the
noise budget for the whole receiver chain is quite low, a low-
noise amplifier is applied close to the antenna output, to attain
low noise figures for the complete front-end. In addition, we
also incorporate a low loss filter before the amplifier, for
better out-of-band interference rejection. The measured on-
board noise parameters [7] of designed amplifier are
Frin=166dB, R,=82Q, and |Z,,|=29Q. The noise
contribution due to the amplifiers is calculated according to
Warnick et al. [2]. The amplifier noise temperature correlation
matrix is defined as:

T = (T, +S,T,8% -8, T, - TS} ), 3)

We assume that the noise generated by one LNA is uncorre-
lated with all other amplifiers. Therefore, the input-referred
noise correlation matrices in (3) simplify to T, = T,I, Tp = T§l,
and T, =TI, in which T,, T, and T, are calculated from the
measured noise parameters Frn, Ry, and Zy, [7].

D. Beamformer

To assess the equivalent CINR, a modified version of the
well-known null-constraint beamformer, differing in the
selection of the zero-order constrains is considered. The opti-
mum weighting coefficients are obtained using:

wo=wy —(wiw,(wiw, ) W), 4)
where w, is the eigenmode vector response at the desired
direction of the signal, w; is defined as the null-constraint
matrix for the unwanted direction of interferers, with columns
representing the interferer. Non-linear effects due to analog-
to-digital conversions are not considered for further discus-
sion.

III. CARRIER-TO-INTERFERENCE-PLUS-NOISE RATIO

The receiver model of our approach is depicted in Fig. 6.
The equivalent available carrier power is calculated from
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Fig. 5: (a) Measured axial ratio in main lobe direction of mode#l vs.
frequency, within the highlighted (thick vertical lines) L1 band, (b) The cross-
polar discrimination (XPD), i.e., the RHCP (wanted) component minus the
LHCP (unwanted) component in dB.

C(¢.60)=C, w"F(9,0)F" (p,0)w, (5)

Csa 18 the power received with an ideal RHCP isotropic an-
tenna. We derive the noise power spectral density from the
equivalent system noise temperature Ty, referred to the LNA
inputs:

Ny =kyT, = ky W', Wk, Hw LNAWH
T (I—SASA)W
| S
Tina

(6

T, and Ty na denote the noise temperature correlation matrices
of the antenna array and the LNA, respectlvely kg is the
Boltzmann constant, which is 1.38 x 107 JK''. The equivalent
available interferer power is defined as:

1,.(0.0) =1, w"F(¢.0)F" (9,0)w, (7

where [, is the power received from the interferer by an ideal
RHCP isotropic antenna. This leads to the equivalent CINR,

C(9.6)

—_—. 8
Nyt 21, (9.6) ®

CINR(§,6) =

IV. RESULTS AND DISCUSSION

To evaluate the antenna performance for GNSS applica-
tions, Cgy is considered to be —157 dBW [8]. Then, the desired
signal direction-of-arrival (DoA) is steered across the upper
hemisphere, with fixed directions of interferers. The weighting-
coefficient vector w for every DoA is applied to egs. (5) - (7),
in the end the CINR(@, 6) using eq. (8) is calculated for the
respective DoA. It is essential to mention that in a no-interferer
situation, the use of a DMN is not necessary due to additional
losses, unless lower elevation, i.e., # >60° signals are to be
exploited, which is normally not the case for navigation
systems. Now, we consider different scenarios for evaluation of
antenna arrays with and without DMN, respectively. In these
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Fig. 6: Receiver model: DMN denotes the decoupling and matching network.
Sa indicates the combined S-parameter matrix of antenna array and DMN.
The conventional configuration excludes the DMN, and then S, reduces to the
S-parameter matrix of the antenna array. Ty and Tina are the noise correlation
matrices of antenna array and low noise amplifier, respectively. Equivalent
CINR is obtained after the null-constraint beamformer.

scenarios, the equivalent isotropic radiated power of each
interferer is fixed to 10 dBW.

A. Single interferer

A single interferer, fixed at ¢ = 90°, §; = 60° is projected
upon the antenna array. The resulting CINR for the cases with
and without DMN is shown as a polar map in Fig. 7. Both
cases can achieve a null-constraint perfectly, but with DMN,
lower elevations and signals close to the direction of interferer
directions have increased CINR, as compared to the without
DMN. The ¢-cut with 8; = 60° is shown in Fig. 8 (a). Both
cases display similar CINR, while the presence of DMN leads
to a marginal gain at certain directions. In a statistical
approach, the empirical cumulative distribution function of
CINR(¢, 6) is shown in Fig. 9. It can be seen that for a given
threshold CINR, the outage probability is higher without
DMN, which indicates a poor diversity performance.
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Fig. 8: ¢-cut at § = 60° for the calculated CINR (dBHz) (a) for one interferer,
(b) two interferers, and (c) three interferers.
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Fig. 7: CINR (¢, 0) with L, = 10 dBW fixed at ¢ = 90°, 6; = 60° for one
interferer, ¢ = 90°, 180°, 6; = 60° for two interferers, and ¢ = 90°, 180°,
360°, 6; = 60° for three interferers. (a) Simulated antenna array without
DMN. (b) Measured antenna array with DMN.
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B. Two interferers

Now, we study the illumination by two interferers, fixed at
@, =90°, 180° 6;=60°. It is evident from Fig. 7, that lower
elevations and directions close to the interferers, again, take
advantage of the DMN and show better CINR performance. In
the ¢-cut higher CINR performance is achieved around the
second interferer due to the increased matching gain in odd-2
mode with DMN. However, the outage probability for a given
threshold CINR has no significant advantage for this case,
which may be due to the choice of null-constraints for the
beamformer. Nulling depth is below -150 dBHz for with and
without DMN.

C. Three interferers

The maximum number of interferers that can be null-out
using a four-element antenna array is three. It is the worst-case
as it mainly relies on the use of the m-mode, which is most
strongly affected by mutual coupling. The interferers are fixed
at ¢, =90°, 180°, 360° 6;=60° directions. The CINR polar
plots shown in Fig. 7 clearly indicate the superior performance
of the case with DMN. The CINR increases by at least 3 dB in
all directions with the employment of the DMN, which is
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Fig. 9: Empirical cumulative distribution function (CDF) for calculated CINR
(@, ) for different numbers of interferers, with and without DMN.
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significant for navigation signals. A nulling depth less than
-150 dBHz is achieved for all the three interferers with and
without DMN. In the ¢-cut, all azimuth directions show better
CINR with DMN, in contrast to the previous scenarios where
performance gain was limited to certain directions. In terms of
outage probability, considering a threshold of 38 dBHz [9], it
drops from 90% to 50%, which suggests the use of DMN a
must in the interference-limited scenario for compact antenna
arrays.

V.

A GNSS four-element compact antenna array was designed,
fabricated and analyzed. We defined the noise temperature
correlation matrices for the integrated antenna array and low-
noise amplifier, required to analyze the CINR performance
using measured farfield radiation patterns and scattering
parameters. In addition, we developed a receiver model for
calculation of the equivalent CINR as a figure-of-merit in
GNSS applications. It has been shown that in order to achieve
robustness or higher CINR with such a compact antenna array,
it is necessary to employ a DMN between the antenna and first
LNA stage, especially for the case of the maximum number of
interferes. As future work, the polarization impurity will also
be considered for CINR calculations.

CONCLUSIONS
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