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Compact antenna array receiver for robust
satellite navigation systems

S. IRTEZA', E. SCHAFER, R. STEPHAN', A. HORNBOSTEL®> AND M. A. HEIN'

A compact navigation receiver comprising a decoupled and matched four-element Li-band antenna array with an inter-
element separation of a quarter of the free-space wavelength is presented in this paper. We investigate the impact of the
decoupling and matching network on the robustness of the navigation receiver. It is observed that in order to achieve high
robustness with a compact antenna array, it is necessary to employ a decoupling and matching network, particularly in
case of three spatially separated interferers. Furthermore, we study the influence of the polarization impurity of the
compact planar antenna array on the equivalent carrier-to-interference-plus-noise ratio (CINR) of the receiver when
impinged with different numbers of diametrically polarized interference signals. It is shown that the higher-order modes
possess strong polarization impurity, which may halve the available degrees-of-freedom for nulling in the presence of linear-
polarized interferers, using a conventional null-steering algorithm. We verify the robustness of the designed compact receiver
by means of a complete global-navigation-satellite-system demonstrator. It is shown that the maximum jammer power that is
allowed us to maintain the CINR above 38 dBHz with three interferers can be improved by more than 10 dB if a decoupling

and matching network is employed.
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. INTRODUCTION

Modernization of global navigation satellite system (GNSS)
receivers in aviation, maritime traffic, or consumer electronics
envisage accurate and robust information of the position, vel-
ocity, and time in all interference situations and environments.
Therefore, in addition to improved precision due to the use of
broader bandwidth and dual-band operation, sophisticated
null-steering algorithms for interference cancellation, and
multi-path mitigation are foreseen to achieve maximum
robustness in navigation signal reception and processing. In
practice, this visualizes the deployment of a multi-element
receiver. One example of a state-of-the-art GNSS four-element
antenna array receiver is the GALANT demonstrator developed
at the German Aerospace Center (DLR) in order to achieve
robust navigation for safety-of-life applications [1]. Its overall
antenna array size is approximately 30 cm x 30 cm, essentially
due to a large inter-element separation. In the past reported
robust GNSS antenna arrays’ inter-element separation has
always been half of the free-space wavelength [2-4].

Antenna arrays are typically designed with a large inter-
element separation in order to avoid mutual coupling. An
optimal choice for the inter-element separation is typically

'RF and Microwave Laboratory, Ilmenau University of Technology, Ilmenau,
Germany

*Institute for Microelectronic and Mechatronic Systems, Ilmenau, Germany
*German Aerospace Center (DLR), Oberpfaffenhofen, Germany

Corresponding author:

S. Irteza

Email: safwat-irteza.butt@tu-ilmenau.de

https://doi.org/10.1017/51759078714000907 Published online by Cambridge University Press

half of the free-space wavelength, where the mutual coupling
is minimal. However, at the L1 band (1575.42 MHz), this is
approximately 10 cm, which makes the overall antenna size
significantly bulky. This large inter-element separation
results in certain space, weight, and cost constraints, which
limit the utilization of multi-element antenna receivers in
modern applications, e.g., mobile or hand-held consumer
electronics. Reducing the inter-element separation certainly
leads to a compact antenna array design, but then it is impreg-
nated with the strong mutual coupling between the single ele-
ments, which degrades the radiation and beamforming
performance significantly.

Concerning the compact arrays, a suitable choice of the
antenna array having a specific number of elements and inter-
element separation is necessary to determine for any particu-
lar application or scenario. Moreover, the mutual coupling in
the antenna array can be alleviated using a decoupling and
matching network (DMN) based on the eigenmode-excitation
principle [5, 6]. These modes are orthogonal in nature and,
therefore, perfectly decouple the network ports. With
respect to this approach, the exploitation of high-order
modes is vital for the multi-path and interference mitigation
[7], this holds also true for the conventional half-wavelength
antenna arrays. Generally, this DMN is considered lossless
in the literature when analyzing the performance gain of the
antenna array. This approach overlooks the losses and the
noise contribution of the DMN, which may play a limiting
role in noise-limited navigation receivers. Therefore, a realistic
consideration of dissipation losses is indispensable for the
analyses.
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For navigation applications, the available satellite
carrier-to-interference-plus-noise ratio (CINR) directly defines
its acquisition and tracking capability. Therefore, the construc-
tion of a realistic receiver model including the noise character-
istics of the environment, the antenna array, and the front-end
is vital in order to derive the equivalent CINR as a figure-of-merit
for compact arrays, especially when impinged with arbitrarily
polarized interferers. In this work, we use the equivalent CINR
at the input of first-stage amplifier for different interference
scenarios. Since interferers can be right-hand-circularly polar-
ized (RHCP), left-hand-circularly polarized (LHCP), or linearly
polarized (LP), it is important to determine the influence of the
polarization impurity of the compact array in the higher-order
modes on the navigation accuracy.

In Section II, we derive the theoretical background needed
to understand the performance of compact navigation
antenna arrays. In Section III, we present our chosen
antenna array design and the DMN, as well as measured radi-
ation performance. In Section IV, robustness of the compact
receiver in an interference-limited scenario is investigated by
computing the equivalent CINR. In Section V, the complete
four-element GNSS antenna array receiver is described, and
measurements in a real interference scenario for the
jammer-to-signal ratios (JSRs) are carried out, in order to
verify the results obtained in the preceding section.

. COMPACT ANTENNA ARRAYS

For the evaluation of the antenna array, it is necessary to
model and analyze the effects of power dissipated within the
antenna and reflected due to the impedance mismatch along
with power radiated in the presence of coupling between the
neighboring elements. Generally, the losses within the
antenna are associated with the dielectric substrate materials
and the finite conductivity of the metal surfaces. Therefore,
especially for printed antennas, their practical characterization
is crucial for the realistic analysis. In addition, the compact
antenna array configurations inherit finite real-parts of the
mutual impedances Z;, which result in feed-impedances for
the individual radiators different from their self-impedances
depending on the directions-of-arrival, giving rising to
active reflection [8]. All of these effects adversely affect the
total efficiency of the antenna array.

In terms of the compact array, our main objective is to initially
formulate an algorithm for obtaining its radiation matrix H, and
then determine the realized radiation efficiencies including all of
the aforementioned losses. In [8], Volmer et al. have presented a
technique for deriving this matrix using the scattering matrix S
and assuming a lossless antenna array

P, = Py — P, = a'’a — bb = 2’ (1 — §FS)a. (1)

The total incident power P;, is expressed using the antenna
excitation vector a, whereas the total reflected power P, is
represented by the antenna reflection vector b. The mutual
coupling between the radiating elements means that the non-
diagonal elements are non-zero. Therefore, the reflected wave
vector is related to the excitation vector by b = Sa, which
results in the radiation matrix of the antenna array as:

H,. =1—S7S. (2)
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Here, the subscript refers to the accepted power by the
antenna array. In case of ideally lossless antenna, this is
equivalent to the radiated power. However, a practical solu-
tion, including the losses of the antenna, can be derived
using the complex-valued realized-gain amplitude patterns
of the antenna array relative to an isotropic radiators f (6,
¢) (each column represents the individual radiator), for deter-
mining the radiation matrix:

Hyuio = — j £4(6, ) - £4(6, b) dQ,
4T

Huss = j £4(6, )" - £4(6, ) dO, 3)

Hmd = Hmd(? + Hmd(,b-

The subscript “rad” indicates the radiated power. It may be
noted for the case of a lossless array that H,,; = H,..

A) Eigenanalysis

The radiation matrix H is a real-valued symmetric matrix.
Therefore, it is diagonalizable by orthogonal matrices. One
such method is the eigendecomposition (or spectral decom-
position) of the radiation matrix into the respective eigenvec-
tors and eigenvalues. These eigenvectors are orthogonal in
nature and thus represent the excitation vectors for a multi-
element antenna array resulting in decoupled ports [9]:

H=QAQ", (4)

where A = diag{A,, A,, ..., A} (s)

The columns of Q represent the respective eigenvectors,
which produce orthogonal patterns, containing all
degrees-of-freedom of the antenna array. The corresponding
eigenvalues A; for each eigenvector times 100 represent the
eigenefficiency (or radiation efficiency), ie., the relative
power of the respective eigenvector or the eigenmode actually
radiated into the far-field [10]. The worst-case eigenefficiency
is always the radiation efficiency for the highest-order mode,
given by the A,,;, = min {A;}.

B) Equivalent CINR

In a navigation receiver, it is important to characterize further
the performance of the compact antenna array in terms of the
CINR. The higher the CINR the better is the navigation accur-
acy of the system. The considered receiver model to calculate
the CINR is illustrated in Fig. 1. Here, S4 indicates the scatter-
ing matrix of the antenna array integrated with additional
components connected between the front end and the
antenna array. T, and T;ya represent the noise correlation
matrices of the antenna array and the low-noise amplifiers,
respectively. The equivalent CINR is calculated after applying
the null-steering algorithm, described in Section IV; the
weights are indicated by w;. Non-linear effects due to
analog-to-digital conversion are not considered in this
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Fig. 1. Receiver model.
model. Therefore, the equivalent CINR for the receiver is where we assume that the noise generated by every single LNA
is uncorrelated with all other amplifiers. Therefore, the
C(o, 0 input-referred noise correlation matrices in equation (10
CINR(d, 6) = (¢, 6) ©) p q (10)

Z I(d)i’ 0i)+ND.

i=no. of interferers

Here, the equivalent available carrier power is calculated
from:

C(¢> 6) = CsuthfRHCP(d)) e)fg[-](;p(d)) G)W, (7)

where C,,, is the power received by an ideal RHCP isotropic
antenna, and w is the vector of the weighting coefficients in
the null-steering algorithm. The individual elements of the
column vector frycp (¢, 6) are derived from the Ludwig trans-
formation of fo(¢, 6) and fy(b, 0) [8].

The noise power spectral density is derived from the
equivalent system noise temperature T, referred to the
LNA inputs:

WHTLNAW
wH (I —S,8)w
D e e —————

N, = kBTsyS = kB WHTAW + kB (8)
T

Tina

The combined noise-temperature correlation matrix of the
antenna array is calculated using the measured radiation
matrix given in equation (3) and the scattering matrix of the
antenna array. The antenna-temperature correlation matrix
T, using the radiation matrix and scattering parameters of
the antenna array is given as:

Ty = TowHY + Tam (1—$485) —HA) . (9)

T, includes noise received from the environment as well as
from the antenna array and connected cable or network;
T.,,, = 100 Kis the assumed equivalent isotropic environmen-
tal temperature for GNSS conditions [11]; T, = 290 Kis the
ambient temperature of the antennas. I denotes the identity
matrix.

The noise contribution from the amplifiers is calculated
according to [12, 13]. The equivalent noise-temperature cor-
relation matrix is defined as:

TLNA = (Ta + SATBSIIZ_SATV — TI;SSI), (10)
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simplify to T, = T,I, Tg= Tgl, and T,, = T,I, in which T,,
Tg, and T are calculated from the measured noise parameters
minimum noise figure F,,;,, equivalent noise resistance R,,
and optimum noise impedance Z,,; as discussed in [11].
The equivalent available interference power is defined as
(14, 15]:
I, 0) = Pyew (e, OFCp(, O (11)

for a circular polarized (CP) interferer, i.e., RHCP or LHCP,

H¢w=§mwwmm¢m%mwﬁm

+WHfLHCP(¢r O)f?Hcp(qS) G)W) >

(12)

for an LP interferer. P;,, is the power received from the inter-
ferer by an ideal co-polarized isotropic antenna.

. DECOUPLED AND MATCHED
COMPACT ANTENNA ARRAY

A) Optimal antenna array

Using the eigenanalysis, the optimal configuration for the
coupled navigation antenna array can be determined, which
depends on the choice of number of elements, inter-element
separation, and the geometry. As mentioned earlier, in any
compact array the highest-order mode’s radiation efficiency,
represented by the minimum eigenefficiency, is affected the
most by mutual coupling. Therefore, optimizing the array
configurations to improve the minimum eigenefficiency will
alleviate the detection and tracking capability of the receiver
especially if jammed by the maximum tolerable number of
interferers [5].

Different linear (1D) and planar (2D) array configurations,
not particularly square shape, with different numbers of ele-
ments were modeled and simulated in CST Microwave
Studio [16]. These arrays were optimized with respect to inter-
element separations and geometry configurations for
maximum values of the minimum eigenefficiencies.
Different geometries for 3, 4, 6, and 9 elements were designed
with inter-element separations d as shown in Fig. 2. The
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Fig. 2. Minimum eigenvalues for lossless arrays versus number of radiating elements, for different inter-element separations and geometrical arrangements.

individual radiating element is a square printed patch
antenna, assumed lossless for these simulations. It can be
seen that for increasing number of elements the minimum
eigenefficiency reduces significantly for compact arrangement;
this holds also true for the conventional half free-space wave-
length antenna array. On the other hand, for a given number
of elements, e.g., four elements, efficiency drops to 15% with
d= A/5 from 30% with d = A/4 for a planar array. It can be
generalized that the planar geometrical configuration allevi-
ates the effect of mutual coupling and improves the efficiency
performance of the highest-order mode.

In order to achieve 20% minimum eigenefficiency and con-
sidering 50% losses within the antenna material, the appropri-
ate array configuration is a four-element antenna with
inter-element separation of a quarter of the free-space wave-
length and a square shaped geometry. Apparently, the
number of nulls, i.e., number of interferers that can be can-
celled simultaneously, is then limited to three, with one
degree-of-freedom dedicated to the desired satellite direction.
In the following sections, the discussion is limited to a four-
element square-shaped antenna array with an inter-element
separation of d = A/4. For any other application, the suitable
array configuration may be different, depending on the
requirements of the number of interferer cancellations, the
signal bandwidth, and the receiver sensitivity.

B) Decoupling and matching

Besides the low radiation resistance of the higher-order
modes, the reduction in the radiation efficiency of the higher-
order modes of the compact antenna arrays is mainly asso-
ciated with the reflection and dissipation power losses. The
dissipation losses cannot be recovered. However, the reflection
losses caused by the mutual coupling can be recuperated pri-
marily by decoupling the antenna elements. Once decoupled,
the antenna elements are independently matched in order to
transfer the entire available power between the antenna and
receiver. The techniques to decouple of the antenna elements
are divided into two major categories:

1. Element-level decoupling: Electromagnetic band-gap struc-
tures or parasitic elements in between the radiating ele-
ments. This technique suffers from the narrow-band
characteristics of the additional structures.
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2. Circuit-level decoupling: Hybrid-couplers or the lumped
components. This technique suffers from additional dissi-
pation losses.

In this paper, we limit our discussion to circuit-level DMN.
We consider the implementation using 180°-hybrid couplers.
We are mainly concerned with the benefits of such a DMN for
compact antenna arrays designed for navigation applications.

C) Antenna array integrated with DMN

The antenna array integrated with the DMN is shown in
Fig. 3. The antenna array comprises four truncated square
patches, with an inter-element separation of one quarter of
the free-space wavelength, as shown in Fig. 2. The substrate
has a relative dielectric permittivity of &, = 10.2, and a thick-
ness of 2.74 mm. The truncated square patches typically
exhibit narrow input impedance matching and axial-ratio
bandwidth [8], which is enhanced by properly adjusting the
thickness of the substrate to this value. The 10-dB matching
bandwidth measured for the antenna array at the desired fre-
quency, centered at 1575.42 MHz amounts to 4 MHz and a
fractional bandwidth of 0.3%. However, the measured
mutual coupling coefficients exceed —10dB, reaching a
maximum of —8 dB. This causes the feed impedance of the
antenna elements to vary for different directions-of-arrival,
especially in the presence of nulls, which means reduced avail-
able carrier power due to mismatch power loss.

Fig. 3. Top: Antenna array. Bottom: Decoupling and matching network
indicating the respective mode excitations, bottom view of the integrated
antenna array and DMN.
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Fig. 4. Measured scattering parameters of the antenna array with DMN. (a) Measured modal input reflection coefficients S;;. (b) Coupling coefficients Sj;.

As the antenna array is symmetric, its eigenvectors cor-
respond to the excitation vectors formed at the output of
four 180°-hybrid couplers if connected as shown in Fig. 3.
In addition to the decoupling of the antenna elements,
tuning stubs provide matching of the individual modes.
The DMN is designed using a dielectric substrate with rela-
tive dielectric permittivity of &, = 3.55 and a thickness of
0.25 mm. In order to minimize the losses between the
network and the antenna feed-points, the outputs of the
DMN are directly connected to the radiating elements
using metalized vias. The measured reflection coefficients
S;; are below —10dB for all modes, as shown in Fig. 4(a).
The coupling coefficients S;; are below —17 dB, as shown
in Fig. 4(b).

It is worth mentioning that the 10-dB matching bandwidth
of the 7-mode is quite narrow, as compared with the other
modes. Therefore, application-specific bandwidth require-
ments for the antenna array also decide the choice of count
and mutual separation of the antenna elements.

D) Co-polarization

The antenna array is optimized for RHCP co-polarization.
The corresponding measured RHCP modal radiation patterns

even oddl1

6 € [0°,90°]
@€ [0°, 360°]

H (b)
l (

of the compact antenna array without DMN are shown in
Fig. 5(a). With DMN, the modal RHCP radiation patterns
are displayed in Fig. 5(b). The even mode, with and without
DMN, displays a maximum realized gain of 6 dBi. In contrast,
the 7-mode has a maximum gain of —2.6 dBi and —5 dBi
with and without DMN, respectively.

E) Cross-polarization

For the array with DMN, the cross-polarization realized gains
of the higher-order modes are analogous to those for the
co-polarization, except for the even-mode, as shown in
Fig. 5(c). This may degrade the radiation performance of the
antenna array under the influence of interferers. Also, the
measured RHCP and LHCP gain ¢-cut is shown in Fig. 6,
for all modes at a respective elevation of 8 = 75°. The even-
mode gain is uniform over the azimuth with no nulls.
However, the 7-mode possesses the maximum number of
nulls (three in our case) with a depth up to —40 dBi. It can
be noted that at the null location of the co-polarization, par-
ticularly for the 7-mode, the cross-polarization gain is up to
—4 dBi. In addition, the nulls are not distinct at this low-
elevation angle. In Table 1, the maximum realized gains for
both polarizations are summarized. The maximum cross-

odd2 T

(dBi)
. ’ 7
0

(a)
e c -10
-20
‘ ‘D

c)

Fig. 5. Realized-gain radiation patterns of the compact array (polar gray-coded maps). (a) Ideal eigenmodes for the array excited with the exact eigenvectors with
RHCP. (b) Measured (RHCP) at the respective output ports of the DMN for the L1 frequency. (c) Measured (LHCP) patterns with DMN.
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Fig. 6. Measured realized-gain co-polarization (RHCP) and cross-polarization
(LHCP) modal radiation patterns (¢-cuts) at 6 = 75° in dBi for (a) the even
mode, (b) the odd1 mode, (c) the odd2 mode, and (d) the 7 mode.

Table 1. Measured maximum modal realized gains with DMN in dBi.

Polarization type Even 0Odd1 Odd2 T
Co-polarization 5.8 3.4 2.6 —2.6
Cross-polarization —7.2 —4 —4.4 —2.9

polarization realized-gain for the even and the 7-mode is —7
and —2.9 dBi, respectively.

The total modal eigenefficiences are shown in Table 2,
which are obtained using the measured realized-gain ampli-
tude patterns in equations (3)-(5). It can be seen that with
DMN the antenna array radiation efficiencies are significantly
improved for all modes except the even mode.

V. ROBUSTNESS OF THE
RECEIVER

In order to derive the CINR, C,,; is considered to be —157
dBW [11]. Then, the desired signal direction-of-arrival
(DoA) is steered across the upper hemisphere, while the
directions-of-interference (¢, 6;) are kept fixed. Each
weighting-coefficient vector w for every DoA is applied to
equations (7)-(10), and the CINR are calculated for the
respective DoA using equation (6). We assume that the inter-
ferers impinge from low-elevation angles, ie., 6;=75°,
because the high-elevation interferers are unlikely to become
relevant in reality . Therefore, in low-elevation angles the per-
formance comparison of the antenna array with and without
DMN is not significantly affected by the choice of incident
angle. Furthermore, due to numerical limitation in case of
the conventional null-constraint beamformer, the weights
are zero for the similar direction of source and interference;
the equivalent CINR cannot be calculated for the

'We have also observed similar results with 6; = 60° [15].
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Table 2. Measured total modal eigenefficiencies in %.

Configuration Even Odd1 0Odd2 T
Without DMN 64 38 26 11
With DMN 64 49 38 16

directions-of-interference. We consider scenarios with differ-
ent numbers of arbitrarily polarized interferers for the evalu-
ation of the antenna array. In these scenarios, the equivalent
received power of each interferer is set to —117 dBW,
which is 40 dB higher than the signal power.

The front-end comprises four independent low-noise
amplifiers, each with a low-loss filter in front for better
out-of-band interference rejection. The measured on-board
noise parameters of the front-end channels are F,,;, =
1.66 dB, R, =8.2 (), and |Z,,| =29 Q [12]. We assume
that the noise contributions from other components are neg-
ligible and, therefore, neglected in these measurements.

To assess the equivalent CINR, a modified version of the
well-known null-constraint beamformer [17], differing in
the selection of the zero-order constraints, is considered.
The optimum weighting coefficients are obtained using:

w=wy — (wiwi(wi'w) 'w), (13)
where wy is the steering vector response in the desired direc-
tion of the signal, w; is defined as the null-constraint matrix
for the unwanted direction of interferers, with the columns
representing the interferers.

A) Single interferer

One interferer, RHCP, LHCP, or LP, fixed at ¢; = 90°, 6; =
75° is superimposed by the GNSS signal. The resulting
CINR ¢-cuts for all three polarizations with and without
DMN are shown in Fig. 7(a). It can be observed that the
impact of the DMN in terms of CINR, while considering
RHCP interferer, is marginal. However, with DMN, since
nulling and desired-direction constraints are calculated with
respect to RHCP only, the null-steering clearly leads to
CINR values higher than the optimal acquisition limit of
38 dBHz only for a single RHCP interferer, whereas a LHCP
or a LP interferer degrades the performance. Here, the
maximum CINR drops below o dB, which is almost 75 dB
below the RHCP case.

B) Two interferers

In the second scenario, we study the illumination with two
interferers, fixed at ¢; = 90° and 180°, 0; = 75°. It can be
observed in Fig. 7(b) that there is no advantage with DMN,
and the CINR in case of the RHCP interferer is greater than
38 dBHz with and without DMN. The maximum CINR in
this radiation plane is slightly lowered by 1 dB compared to
a single RHCP interferer, which is fully acceptable. Again,
for LHCP or LP interferers, the CINR in the desired directions
drops well below o dBHz, due to high cross-polarization
content of the high-order modes.


https://doi.org/10.1017/S1759078714000907

COMPACT ANTENNA ARRAY RECEIVER FOR ROBUST SATELLITE NAVIGATION SYSTEMS

60
N 38 — 7,_,..\.-__*.--—-#—|- — ~a
= i r = w/0 DMN RHCP |
E " = = 1w/ DMN RHCP
z =+ = w/ DMN RHCP
' T W - ]
@) A i 9 e TP -~ W DMN LP ik o
(a)
60
N b s
N 38 _—A\
| f’ _
& 0
Z ]
o .-, e it W e T i W [ T e Vi
_40F‘ VR RN e i N~ a0 - ¥
60 (b)
N 38 ’QL% ~
5k N 475 i f ™
g o ’
2 M -
-40 PRy Ty
0 50 100 150 200 250 300 350
Phi (degrees)

()

Fig. 7. ¢-cut at = 75° for the calculated CINR in dBHz with and without DMN (a) for one interferer, (b) two interferers, and (c) three interferers.

C) Three interferers

The maximum number of interferers that can be mitigated
using a four-element antenna array is three, with one
degree-of-freedom used for each desired direction [15]. This
is the worst case since it entirely relies on the exploitation of
the 7-mode, which is most strongly affected by mutual coup-
ling. Therefore, with three interferers fixed at ¢; = 90°, 180°,
and 300°, 6; = 75° directions, the CINR shown in Fig. 7(c)
clearly indicates the superior performance if a DMN is
employed. The CINR increases by at least 3 dB in all direc-
tions with DMN, and a maximum increase of as much as
8 dB in some directions, which is quite significant for naviga-
tion signals.

D) Maximum degrees-of-freedom for nulling

If we use an additional LHCP null-constraint in the previously
considered single-LP interferer situation, we fix one of the
remaining two degrees-of-freedom for the suppression in
cross-polarization. If the RHCP and LHCP constraints are
nulling the same DoA, LP interferes can be completely miti-
gated. With this configuration, we achieve a similar CINR per-
formance in all azimuth directions as compared to a single
RHCP interferer.

The CINR patterns calculated for a RHCP or LP interferer,
fixed at ¢; = 90°, 6; = 75° are shown in Fig. 8. Since there is
still one degree-of-freedom available, another co-polarized
null-constraint can be incorporated. For our four-element
circularly polarized compact antenna array, this approach
of interference cancellation will ensure nulling of, at
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(dBHz)
50

38

(a) (b)
Fig. 8. Computed CINR in dBHz for one interferer, applying a
multiple-constraint ~ beamforming  algorithm. (a) RHCP interferer

(upper-hemisphere) and (b) LP interferer (upper-hemisphere).

maximum, one arbitrarily polarized interferer and either one
RHCP or one LHCP interferer [15].

V. FOUR-ELEMENT GNSS
ANTENNA ARRAY RECEIVER

Within the framework of the public-funded project
KOMPASSION, a complete GNSS demonstrator called
KOMPASSION, shown in Fig. 9, was developed which com-
prises the compact antenna array, a miniaturized multi-
channel analog front end, and a digital receiver. It is a novel
attempt to verify the functionality of compact arrays for navi-
gation applications and to evaluate the benefit of the DMN in
interference-limited scenarios. The demonstrator tests and
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Antenna array integrated with DMN

Multi-channel analog front end

IF cables

Graphical user interface

Digital receiver

Fig. 9. GNSS four-element compact antenna receiver demonstrator.

measurements were carried out at the designated European
facility Galileo Test Range (GATE) in Berchtesgaden,
Germany [18]. This facility is capable of providing artificial
Galileo satellite (pseudolite) signals, which are required due
to incomplete coverage of Galileo satellites in the space
during the time of the measurement of the demonstrator
shown in Fig. 10. In GATE, it is also permitted to transmit
high-power GNSS interference signals, which are otherwise
prohibited throughout Europe.

A) Static test-setup

The setup comprised three antennas connected to variable
power continuous sinusoidal wave sources. The interferer 1,
shown in Fig. 10, transmit frequency was set to GPS center fre-
quency. The interferers 2 and 3 had a frequency offset of
+100kHz to avoid the superposition of the interference
signals at the receiver. During the testing of the receiver the
power and the number of interferers were varied to investigate
the performance parameters while keeping the geometry con-
stant. The geometrical configuration details of the interferer
positions are given in Table 3. The received jammer power was
recorded at the receiver’s position using reference antenna mea-
surements, which had an accuracy of + 3 dB approximately.

Table 3. Geometrical configuration of the interferers.

Interferer number Azimuth (°) Elevation (°) Distance (m)
1 92 15 23
2 37 —4 22
3 222 -3 22

B) Jammer-to-signal ratio

In Table 4, the measured maximum JSR for high elevation
satellites is shown in the case of one interferer and three inter-
ferers, while keeping a CINR at a threshold of 38 dBHz. As it
was calculated analytically that with one interferer there is no
advantage of the DMN, similarly, here it was recorded that the
JSR is the same with and without DMN. We observed previ-
ously that in order to maximize the robustness, ie., to
achieve higher JSR, especially in the three-interferer scenario,
it is necessary to employ a DMN. This theoretical outcome
was validated by our measurements, which are demonstrating
an approximately 10 dB higher JSR with DMN as compared to
without DMN for the same antenna array. The imprecision in
the JSR difference is due to a jammer-power step size of 5 dB
that was required in order to optimize the test time. Future
measurement campaigns are currently under preparation in
which smaller step sizes will guarantee results that are more
accurate. Nevertheless, the antenna array with DMN is
capable of coping with stronger jammer power than without
DMN. Obviously, these absolute JSR values are not valid for
all situations, while the influence of the interferers’ position
and available satellite constellation is not considered. In add-
ition, the effects of arbitrarily polarized interferers could not
yet been recorded due to the limited measurement time, but
are planned for the future.

In the end, maintaining the same positions of the inter-
ferers as mentioned in Table 3 and replacing the source of
the third interferer with a commercial personal privacy
device that transmits a sweeping CW signal within the GPS
band [19], horizontal position errors were recorded. In com-
parison, two different types of commercial single-element
GPS receivers were also investigated. The standard receiver
(SW receiver) had no anti-jamming capability, whereas
high-end receiver provided anti-jamming capability against

oE

Galileo Sagellite  nterferer 1

Fig. 10. A test-setup against interference of the KOMPASSION demonstrator at Galileo Test Range (GATE) in Berchtesgaden, Germany.
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Table 4. Maximum allowed JSR (dB) to keep the CINR above 38 dBHz
measured at GATE, all interferers transmit CW signal.

Scenario With DMN Without DMN
Single-interferer 68 68
Three-interferer 33 23
g 50 wapann | :
= ==7T ==
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Fig. 11. Top: JSR measured at the position of device under test for different
interferers independently in dB, interferer number 1 has a fixed JSR of
51 dB. Bottom: Measured horizontal position error by the test receivers, in
meters.

CW interferers. In Fig. 11, the horizontal position error for the
three receivers is plotted. It can be seen that the commercial
receivers completely loose the position information when
the three interferers are switched on; however, the developed
four-element compact antenna array navigation receiver is
able to mitigate the interferers until JSR of 33 dB. Therefore,
additional spatial nulling of the interference provides superior
positioning performance in regards to robustness, which is
critical for safety-of-life applications in the navigation
receivers.

VI. CONCLUSIONS

We presented a robust satellite navigation receiver based on a
four-element compact planar antenna array using a DMN.
Firstly, we presented a method to determine the optimal con-
figuration of the compact antenna arrays by maximizing the
worst-case radiation efficiency. Then, the navigation receiver’s
equivalent CINR was derived in order to analyze the perform-
ance of the antenna array with and without DMN when
impinged with arbitrarily polarized interferers. It is revealed
that the DMN improves the CINR performance of the
antenna array with a maximum number of co-polarized inter-
ferers by at least 3 dB in all directions, and up to a maximum
of 10 dB in certain directions. However, it is observed that the
elevated cross-polarization content for the higher-order
modes, resulting from the mutual coupling between the
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antenna elements, requires extra degrees-of-freedom to sup-
press partly or fully cross-polarized interferers. The receiver,
in the case of the chosen null-steering technique, is capable
of mitigating either one LP and one CP interferer or three
CP interferers. Here the question arises how many nulls are
adequate in realistic multi-path and interference scenarios.
For compact arrays, a further increased number of antenna
elements, covering the same aperture area, lead to inefficient
degrees-of-freedom, narrow bandwidth, and reduced CINR
because of the increased mutual coupling. Therefore, a trade-
off between the number of elements and the compactness of
the array has to meet a certain CINR threshold, especially
for GNSS applications, while encountering a specific
number of arbitrarily polarized interferers. Finally, measured
performance data of the compact antenna array GNSS dem-
onstrator were presented. The measured compact antenna
array receiver’s JSR confirms the superior performance of
the antenna array with DMN for the three-interferer case.
For a single interferer, the ration remains unchanged with
and without DMN. However, for a CINR above 38 dBHz,
the JSR is reduced by approximately 10 dB without DMN.
This validates the necessity of the DMN in compact naviga-
tion antenna arrays particularly limited by interference.
These results also lay the foundation for the penetration of sat-
ellite navigation into a multitude of advanced applications
where robustness forms a prerequisite.
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