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Symbols

0 Aerial RF source (SV or interferer) elevation
Q Aerial RF source (SV or interferer) azimuth

B Vehicle heading
N

Number of antennas

sv Subscript used to indicate the channel assigned GNSS satellite
[int Subscript used to indicate the channel interferes
A GPS L1 wavelength

Abbreviations

NYI  Not Yet Implemented

TBC To Be Confirmed
TBD To Be Defined
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Executive Summary

The aim of this deliverable is to present the already concluded activities (and also the ones still in
progress) in the context of the beamforming algorithms for GRABEL.

Chapter 2 of the document deals with a comparison study of some suitable algorithms for GNSS
receivers highlighting positive and negative aspects for each of them.

Not only deterministic beamforming methods like Beamsteering and Null Steering are described, but
also adaptive algorithms like LCMV (Linearly Constrained Minimum Variance), MVDR (Minimum
Variance Distortionless Response) and GSC (Generalized Sidelobe Canceller).

Particular attention is dedicated to the candidate algorithm chosen for the implementation in the
GRABEL receiver: i.e. the MVDR algorithm.

Chapter 3 describes in a detailed way (using multiple views) all the new features implemented and
also the integration of them inside the project context.

Chapter 4 describes the software implementation in C and the results of the timing tests, as well as
the SY1030 platform and the GRABEL beamformer with his different configurations. A C Code
software program that implements the MVDR algorithm for a linear array has been developed in order
to have first information about the achievable performances in terms of computation time of the
beamformer coefficients.

Chapter 5 introduces the test and simulation procedures and explains in detail the performed basic
and live tests.

Preliminary considerations about integration of the beamforming network in hardware are introduced
in the chapter 6, taking into consideration both the system performances and the hardware complexity.

The last part of the document, chapter 7, gives a hint about the roadmap for the future work.
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1 Introduction

When both the desired signal and the interferences simultaneously occupy the same band of
frequencies, it certainly is not possible to exploit only the time filtering in order to isolate the useful
signal; nevertheless, since the wanted signal and the interfering ones usually come from different
spatial regions, consequently this spatial diversity can be exploited for this purpose using a receiving
spatial filter.

So the term beamforming means the technique by which it is realized a versatile form of spatial
filtering, separating out signals that are spectrally overlapped but that come from different spatial
directions.

Basically a beamformer is a system used in combination with an array of antennas that realizes, as
said before, a form of spatial filtering and it can be, depending on its implementation, analogue or
digital. In this document we will refer only to digital beamforming.

A great advantage of the spatial filtering is represented by its versatility.

In many applications it is often necessary to update in real time the spatial filtering function in order to
maintain an effective suppression of the interfering signals. This updating can be easily implemented
in a discretely sampled system, simply changing the way the beamformer linearly combines the data
coming from the antennas.

Array beamforming techniques also allow to simultaneously form a certain number of beams exploiting
analogue or digital processing methods. The beams can be formed so that they offer high gain and
low sidelobes, or controlled beamwidth. Adaptive beamforming techniques adjust on the fly the array
beampattern in order to optimize some characteristics of the received signal. In beam scanning, a
single main beam of an array can be continuously steered within the field of view (beam size of the
single antenna element).

Antenna arrays using adaptive beamforming techniques can reject interfering signals by pointing the
radiation nulls towards the direction of arrival of the interferers.
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Figure 1.1: two different methods for creating a beam: narrowband and wideband beamforming

In figure 1.1 two different methods to produce a beam are reported. In the case of arrays whose
working bandwidth is narrow it is possible to handle just the phases in order to create the beam. In the
case of arrays whose working bandwidth is wide it is requested to equalize with an extreme accuracy
the arrival time of the signals using variable time delay.
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2 The most suitable beamforming algorithms for GRABEL

In order to effectively introduce the most suitable beamforming algorithms for GRABEL, it's convenient
(for simplicity reasons) to consider a generic linear array whose elements are equally spaced (with an
inter-element spacing of d) without loss of generality.

We can also assume that the signal received by the array is a plane wave, with Direction of Arrival
(DOA) 6 and frequency o , and we can consider the signal received by the first element of the array
as the reference with null phase.

The beamformer response to this kind of signal can be easily expressed in vector form:

r(6,0)=w"d(6,0) (2-1)

w is the vector containing the beamformer coefficients that have to be multiplied by the time samples

coming from the antennas, ()H is the Hermitian operator and d (49, a)) is the response vector of the

array, also called steering vector or directional vector.
With the hypothesis made before and supposing that the array is calibrated and the antennas of the

array are ideal (omnidirectional antennas), the elements of the vector d (49, a)) are:

d (9,6&)) — |:1 ej“”z('g) ejwa ('9):|H (2_2)

where 7, (49) ,for 2<i< N, are the time delays due to the signal propagation (see figure 2.1).

Wawe Fru:un'g %

Array of
s J Antennas .
W,

_.__ﬁr...h__g
= 3

Figure 2.1: a plane wave with DOA @ and frequency o is received by alinear array of N
antennas

The ideal steering vector (2-2) takes into account the geometry of the array.
The non ideal characteristics of the antennas and receiver electronics (not calibrated electronics,

directional antennas, ...) can be included in d (9,(0), multiplying it by a function a(«9,a)) that
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depends on the response of each receiver chain (antennas, LNAs, ...) for that particular DOA 6 and
frequency o .

2.1 Beamsteering and Null Steering algorithms

The Beamsteering or Classical Beamforming Algorithm simply aims to separate a signal coming
from a certain known direction 6, from the other received signals arriving from different directions.

Supposing the signal is narrowband (at frequency @, ), the desired response of the beamformer is
ideally equal to one for (90 , a)o) whereas it is null elsewhere.

A common solution to this problem consists of taking the steering vector d (90.600) as the vector of
the coefficients w:

w =d (6,,,) (2-3)

It is demonstrated that this solution is the best choice in order to minimize the square error between
the ideal and the real response.

In addition to the steering of the array beam in the direction of the desired signal, it is also possible to
force some (limited in numbers) nulls of the beamformer response in the direction of potential
undesired signals (i.e. Radio Frequency Interferences or RFIs).

The resulting beamforming algorithm is known as Null Steering.

If we suppose to have K interferers with different and well-known directions of arrival, the coefficients
of the Null Steering algorithm can be calculated with the following expression:

w = A" (AA%) Ty (2-4)

where:
A=[d(6,)d(8)d(4) ... d(6)] (2-5)
u=[Lo .. 0] (2-6)

Applying these particular coefficients to the input data it is possible not only to point the main beam
towards the right direction 6,, but also to place the radiation nulls in correspondence of the K

undesired directions (RFIs).
The maximum number of RFls that can be canceled out is N — 2 (N is the number of antennas of the
array).

The Beamsteering and Null Steering algorithms basically are data-independent in the sense that the
coefficients are chosen so that the beamformer response is as close as possible to the desired one
(known a priori), regardless of the sequence of data or their statistics.

So they are deterministic algorithms: the directions of arrival of both the signal of interest and the
interferers have to be well-known a priori for Null Steering; only the DOA of the desired signal in the
case of Beamsteering, of course.
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2.2 LCMV (Linearly Constrained Minimum Variance) beamforming
algorithm

The LCMV (Linearly Constrained Minimum Variance) beamforming algorithm consists in applying
linear constraints to the beamformer response so that the signal(s) of interest can be received with the
wanted gains and phases and, at the same time, the possible interfering signal(s) can be canceled
out. The beamformer coefficients are chosen in order to minimize the output power (or variance),
respecting the constraints. In this way the desired signal(s) is (are) received properly whereas the
output contribution due to noise and interfering signal(s) (with different directions of arrival) are
minimized.

The use of linear constraints is a general approach that allows an extended control on the adapted
response of the beamformer.

With the following linear constraint:
w"d (6,0)=g (2-7)

where g is a complex constant, every signal, coming from a DOA 6 and having a frequency @, is
certainly received by the beamformer with an output response g.
In order to minimize the contribution due to both noise and interfering signal(s), with frequency @ but

not coming from &, the coefficients are calculated to make the statistical expected value of the output
power (or variance):

E[|y|2} =w"Rw (2-8)

minimum.
y is the output of the beamformer and R, is the Auto-Covariance Matrix of the input data.
The LCMV algorithm can be expressed as a minimum search problem, that is:

min w "R,w (2-9)

according to this constraint:

5

d"(6,0)w =g (2-10)

To solve this constrained minimum problem, the Lagrange multipliers method can be used, obtaining
this fundamental result:

*

Rld (6,0
. R(00)

=9 4 (0.0)RId (0,0)

(2-11)

Note: in the real applications the presence of uncorrelated noise ensures that R, can be inverted.

If g=1 the last equation corresponds to the expression that calculates the beamformer coefficients of
the MVDR (Minimum Variance Distortionless Response) beamforming algorithm (see section

2.2.1).
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The single linear constraint expressed in (2-10) can be easily extended to the case of more than one
linear constraint that allow more control on the array beampattern.

For instance, if there is a fixed interference source whose signal arrives from a well-known direction ¢ ,

whereas the wanted signal arrives from the direction @ (known as well), it could be desirable to force
the gain in direction ¢ to 0 maintaining at the same time the beamformer response equal to g in

direction & . This example can be formulated with the following expression:

d" (0,0) g’
W = 2-12
{d H (¢’w) 0 ( )
If there are L < N (N, the number of the array elements, is also the dimension of the vector space
which contains the vectors w and d) linear constraints on w, they can be expressed as:

C'w =f (2-13)

where the matrix C (with dimension N x L ) and the vector f (with dimension L) are called respectively
Matrix of Constraints and Response Vector. The constraints are supposed to be linearly independent,
so that C has maximum rank L.

Design of the constraints

The choice of the Matrix of Constraints and the Response Vector can be made following different
methods.

Here below some of these methods are presented.

In many applications a combination of different kinds of methods is used for practical reasons.

Every linear constraint exploits a freedom degree of the coefficients vector.

With an array composed by N antennas the coefficients vector has in total N freedom degrees.

So with L constraints only N - L freedom degrees can be used to minimize the variance.

Point constraints

They affect the beamformer response only in particular spatial directions and/or frequencies. The
maximum number of points in which the response can be constrained is limited at maximum to N - 1.
If all N - 1 constraints are used consequently no other freedom degree still remains to minimize the
variance.

Derivative constraints

They affect the beamformer response in a set of spatial directions and/or frequencies forcing the
derivative of the beamformer response to 0 in correspondence to these directions and/or frequencies.
Usually they are applied together with the Point Constraints. The Derivative Constraints are useful for
example when the DOA of the wanted signal is known a priori with uncertainty: if the signal comes
from a direction close to the estimated one the use of a Derivative Constraint instead of a Point
Constraint avoids that the beamformer places a response null in the direction of the desired signal.

Eigenvector Constraints

They are based on the minimum squares approximation of the desired response and tipically they are
used to control the beamformer response correspondingly to a set of directions and/or frequencies.
With these constraints (in the sense of minimum squares) it is assured that the mean square error
between the desired response and the actual one, in a specific spatial/temporal domain, is minimized
thanks to some constraints. In this sense the Eigenvector Constraints are very effective.
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2.2.1 MVDR (Minimum Variance Distortionless Response) Beamforming
Algorithm

The MVDR (Minimum Variance Distortionless Response) adaptive beamforming algorithm is based
on the computation of the beamformer coefficients W,z through the following relation:

ﬁdo

— = 2-14

Wuvor =

where R is the Estimated Auto-Covariance Matrix and d is the steering vector (related to the look
direction) of the considered array.

The matrix R is calculated by means of a K-samples time-domain average of the Raw Data Matrix X:

K
R = Zx =X, X/ (2-15)

=1

where X, is the sub-matrix of X restricted to only k-samples and ()H is the Hermitian operator.
On the contrary d, is calculated from the knowledge of the radio-source signal DOA (Direction Of
Arrival) 6, and of the array geometry with this formula:

d . d_ M
j2z—sing, j2z(N-1)—sin &,

d,=d(6)=|1 e * e g (2-16)

The block diagram of the MVDR beamforming system is represented in the scheme of figure 2.2.

. Raw data matrix
W‘I b 4 t

ﬂ Wi, & ‘ /r—':'F'='j

N° samples per Ant.

using Cholesky
decomposition

<+ Beamformer Output

Figure 2.2: block diagram of the MVDR beamforming algorithm
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2.3 GSC (Generalized Sidelobe Canceller) beamforming algorithm

The GSC algorithm represents an alternative (but equivalent at the same time) formulation of the
LCMV problem: it turns a constrained minimum problem (LCMV) into an absolute minimum problem.
This approach in some applications can simplify the implementation of the beamformer that would
result too complex if realized through LCMV algorithm.

Suppose to decompose the coefficient vector w in 2 orthogonal components wy and —v (w = wy — V)
that belong, respectively, in the space of C columns and in its corresponding null space, so that this
decomposition can be used to represent every vector w.

Since:

C'v =0 (2-17)

it results that:

1

w, =C(C"C) f (2-18)

if w has to satisfy the constraints.
The vector v is a linear combination of the columns of a matrix C, (Vv =C w_ ) of N X(N —L)

dimensions, provided that the C,, columns form a basis for the null space of the matrix C.

C, can be obtained from C using any orthogonalization algorithm (for example Gram-Schmidt, QR
decomposition or SVD).

The vector of coefficients:

w=w,-C w, (2-19)

can be represented through the following block diagram:

y
— W, 3O—"
o
N !
— C.i':! 7 > 1"1»/'_‘.:I
N-L

Figure 2.3: simplified block diagram of the GSC beamforming algorithm

The choice of wy and C,, implies that w satisfies the constraints regardless of w, and it turns the LCMV
problem into the following problem without constraints:

min [(w0 —ann)H R, (W, —ann)] (2-20)

n

whose solution results to be:

w, =(C¥R,C,) CIR,w, (2-21)

The most important advantage that is obtained with this alternative formulation is that the coefficients
w,, are not subject to constraints so this allows using simpler adaptive algorithms.
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Moreover a data-independent beamformer w, is implemented as integral part of the adaptive
beamformer: this is very useful especially in situations when a signal cancellation occurs.

Consider this example.

If the constraints to be applied are the same as in (2-10):

d" (6,0)w =g° (2-22)

the coefficients wy can be expressed as:

W - "d(6,0) 2-23)
° [d "(6,0)d (6’,&))]
C, satisfies the following equation:
d"(6,0)C, =0 (2-24)

so that every column [Cn] , in which 1<i<N-L, can be considered as a data-independent

beamformer with a radiation null in the direction ¢ at the frequency @ : d" (6,@)[C,] =0.

Therefore every signal with DOA & and frequency @ that is received by the array will be blocked or
canceled out by the matrix C,.

Generally if the constraints are designed to provide a specific response to the signals having a certain
set of DOAs and/or frequencies, the columns of C,, will block such signals. This feature of the matrix
C, is the reason for its definition as Blocking Matrix. So the signals subject to the constraints are
processed only by wy and, since wy satisfies the constraints, they are presented to the output with the
desired response regardless of w,. Signals having a set of DOAs and/or frequencies, for which the
response is not constrained, will pass through both the paths of the scheme shown in figure 2.3; the
second block in the lower branch chooses the coefficients w, so that a linear combination of the
Blocking Matrix output data is as close as possible to the output data of the upper block (wy).
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3 Software development
3.1 Design decision

On this first section a complete set of scenarios and diagrams is provided to show the design decision
take during the implementation of the beamforming algorithms for GNSS receivers.

3.1.1 Main scenario for beamforming algorithms for GNSS receivers
This section describes the main scenario of the SY1031.

sycT
SY_1031_B

«uses»
Start/Stop
Beamforming
Get/Set Antenna
Configuration

Get/Set Interferer

Demo Improved SNR in the
presence of an Intering
Signal

>

«uses»

User

A

Plot Selected Beam Position
Patterns

Y «uses» Get/Set Channel
Perform Generic Beam Parameters
Test
Perform Live > > cait fGet(DSet t
Calibration alibration Parameters

Figure 3.1: Use case diagram — Main scenario

In the USE CASE diagram (figure 3.1) all the functionality that are already available in SY1030 (e.g.
display SNR, display Raw Data) have been omitted even if they are useful to demo the beamformer.
Basically the software is able to:

D

1. Steer 16 independent beams in the direction of the tracked satellite and steer a single zero in
the direction of the interferer (optional).

2. Perform the calibration of the antenna pattern;

3. Perform tests for diagnostics purposes.

3.1.2 Implementation static structure - Principal component

On this section is described the entire components set present in our system. Figure 3.2 shows the
details of the system description.
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SYCT

SY_1031_SW
GuI

|
| ™1
\ I 5 . =
| UART IF UART IF
| r=—Fr———-— ==
| L
! [ : ===
| o H | API
W - \ H \

| e |

———

Messages EncoderDecoder

=5

GPS Core K —N———~

Task Scheduler

Figure 3.2: System description — Components diag

To achieve that three classes have been implemented :

1.
function instantiated in the GPS Core module;

ram

A beamforming computation class, CBeamformingComputation the core of the beamforming

2. A math class Cmatrix and a mathematical library for the solution of non linearly constrained

optimization problems instantiated in the GPS Core module;

A class devoted to the handling of the message (SPYN901). The SPYN901 message allows
beamforming data/configuration parameters exchange between the user and the core

3.1.3 Implementation static structure — Class diagram

This very important section describes the static behaviour of the algorithms.

«siructy truch
sAntennaArrayAttitude X;‘Er:l;‘» ChanBeamF Config -
+HeadingRad : float = 0 oS InputsFlag[1] : itMask = 1 «enumeration»
+PitchRad : float = 0 +DataVald : bool = 0 +OffsetRad[8] : float = 0 USER_DEFINED BEAM_SOURCE
+CopyFrom( : float = 0 [+CopyFrom(Ysequentialy ISEZ":A“F'FL‘JO%OFFSETS
+CopyTo({sequential} ElevationRad : float = 0 [+CopyTo(Xsequential} L
+LoadDefault( +LoadDefault( i
™. ~ 7 P
N\
AN AN ’ - -
/ -
N N / -
N N /7 - struch
N AN 4 = sCalibrationParameters
N N / P +OffsetValuesRad (8] : float
/ -
AN N / - +NumOfAntennas(1] : unsigned short
NS [+CopyFrom()
. N BF_Computation +CopyTo()
MPOTArION AN OpMode{1] : e_BF_COMPUTATION_OPMODE [*LoadDefaut()
BF_COMPUTATION_OPMODE -mOpMode{1] : e_BF_ L —=
L = N N -mAntennaConfig[1] : sAntennaArrayConfig -
+BFC_OFF N mAntennaAtitude{1] : sAntennaArrayAttitude -
o - CaNAL ke \_  |mcaiibratonPrmtro 1 : sCaiibrationParameters | _ ==~
—eamRATION | TT==a \_|-mBeamZeroPog{1] : AzEIPos -
:SES’\?V%IT?EST;%’; VALID_FIX_HEADING T Y mBeamMaxPos16]: AzEPos oy «structy
= = = ,’ -mBeamRFInOffg16] : sChanBeamF Config \\ S < sChanBeamF ConfigReg
/7[R0 W TSel +“Divider[1] : unsigned short = 0
, [+GetOpMode() :e_BF_COMPUTATION_OPMODE | \\\ ~ < [*EnabledRFInputs{] : unsigned short = 1
/ :Ze‘.gp:wode(c) fouration() \\‘\ ~+OffsetRad[8] : unsigned short = 0
etAntennaConfiguration - -
/7 +SetAntennaConfiguration() N :\évr\l:l;egs() : Z“"s”“"f'e‘éz
’ +GetAntennaAtitude() AN eadRegs() : <unspecifie
] \ +LoadDefault() : <unspecified>
*Sethntennatitude() AN +Update() : <unspecified>
«structy 7 +GetlnterfererPos() AN :
sAntennaArrayConfig /I +SetinterferPos() \ \
itMask=1| » +GetUserBeamMaxPos() \ \
+AntXYZCoord8] v +SetUserBeamMaxPos() \ \\
; +GetUserRFInOffsets() \
[t CopyFromeequeniel} +SetUserRFInOffsets() AN
+CopyTo {sequential} \
+LoadDefaul( i +GetChannelConfiguration() \ \
+SetChannelConfiguration() \ \
+ComputeOptimalOffsets() \ R WP
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\
\
\
\
\
y

API

Figure 3.3: Beamformer Computation Class Diagram
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The CBeamformingComputation class has the following data members:

¢ Antenna array configuration (antenna positions, active RF inputs)

¢ Antenna array attitude (heading , pitch wrt local ENU frame)

¢ RF input calibration parameters

e User parameters for testing purposes (see message SPYN901 , PH1 and PH2 sections
description for more details)

A state called also OpMode has been associated to each functionality :

Beam steering = BFC_NOMINAL
Calibration — BFC_CALIBRATION
Test — BFC_TEST.

As long as the beamsteering in nominal mode requires an accurate position and attitude an additional
state has been added BFC_WAITING_FOR_VALID FIX HEADING whose name is self explanatory.
Last but not least the default state BFC_OFF.

3.1.4 Dynamic behaviour - statechart

Figure 3.4 shows the statechart that represents the obvious valid transitions between the states.

/ SetOpMode / SetOpMode
(WAITING_FOR_VALID_FIX&HEADING B / SerOpMode “1 oFF | /SetOpMode |  TEST

/ SetOpMod N

i / SetOpModexde

/ InvalidFixOrNoHeading

CALIBRATION

/ Valid Fix & Headin

NOMINAL '7

Figure 3.4: Statechart - Beamformer Computation Module Class
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RABEL

3.1.5 Dynamic behaviour — Sequence diagram main scenario

N

The simple test consists in setting the antenna configuration (antennas position and groundplane attitude) and forcing the computation of the RF input offsets (fixed values / fixed SV position).

‘ BF_Computation ‘ SY1031_BeamformingREGS

1 1

Configuring The Antenna | d
1

[

$SY901,[SET,NVR],[CPO,CXY],...

SetAntennaConfiguration()

Set Antenna Attitude

---q

$SY901,[SET,NVRJATT....

$SY901,ACKATT,...

SetAntennaAttitude()

et User Defined RF Input Offsets

!
!

$SY901,SET,[PH1,PH2].... SetUserRFInOffsets/SetUserBeamMaxPos

$SY901,ACK [PH1 PHZ, .
Start Beamforming T ____________ |
$SY901,SET,SEL,TST | SetOpMode() H REG_WRITE
$SY901,ACK,SEL,TST _u
lmmmmmm e ———
T H REG_WRITE
Setto Stand-By | $SY901,SET,SEL, OFF | SetOpMode()
$SY901,ACK,SEL,OFF !
L ____________ llj 1
1 1 1
Resume : $SY901,SET,SEL,TST : SetOpMode() : REG_WRITE
$SY901,ACK SEL TST
H - H REG_WRITE
Stop BeamForming : $SY901,SET,SEL,OFF : SetOpMode()

e S S S 2 ——

Figure 3.5: Sequence 1 — simple test sequence diagram

Figure 3.5 shows a simple test where the user sets the beam MAX gain position through fixed
elevation and azimuth.

Sequence for antenna array calibration ﬁ

‘ BE_C ‘ ‘ BF_C« ion Run ‘ SY1031_BeamformingREGS ‘ ‘ Dsp ‘
T T T T
%ﬂ | | | | | |
Configuring The Antenna(*) : : : : : T
$SY901,[SET,NVR],[CPO,CXY],... : : : : :
$SY901,ACK,[CPO,CXY], J ‘ SetAntennaConfiguration : : : :
B B T [} | |
| | [} | |
Set Antenna Attitude : : \ : : :
| | | | |
[} [} [} | |
J ‘ SetAntennaAttitude : : l l
T T [} | |
[} [} [} | |
ibrati [} [} [} | |
Start Calibration | \ \ \ \ \
'
$SY901,SET SEL,CAL : SetOpMode() : : Start Test Channel :
$SY901,ACK,SEL,CAL " ‘ New Op Mode : Enable Next RF Input : 1
TS T TT T T T T T [} |
[} [} [} [} |
[} [} [} | |
] ] ] ] RefTest Chs. Carrier Phase Difference |
| | | | T |
[} [} ] ] Ref/Test Chs. Carrier Phase Difference |
: : : : Enable NextRF Input | !
Read Calibration Parameters : $SY901,GET,CAL : GetCalibrationPrmtrs() : : :
[} |
$SY901,ACK,CAL J L /‘ ‘ ] RefTest Chs. Carrier Phase Difference |
____________ T T [} T 1
] ] ] ] RefTest Chs. Carrier Phase Difference |
Stop Calbration H $SY901,SET,SEL OFF H SetOpMode H H ! !
$SY901,ACK,SEL,OFF /‘ ‘ New Op Mode : Stop Test Channel I
____________ T T T
[} [} [} [} | |
to‘re Cal. Prmtrs. to NVRAM (option?\) $SY901,SET,CALXXX,C2,C3,... : (NVRAM): SetCalibrationPrmtrs() : : l l
SY901 ACK,CALXXX,C2,C3, ! ! !
SSYO0T ACKCA o283, | | T I I Ll
(*) Required only if the antenna array has not the default configuration or if the calibration is performed using the simulator
in the latter case the antenna configuration shall consist of all the antenna in the origin position (i.e. coincident with antenna 1).

Figure 3.6: Sequence 2 - antenna array calibration
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Sequence for Nominal Mode.

‘ BEC ‘ ‘ BF C Run ‘ SY1031_BeamformingREGS
T T !
e . | | | |
Configuring The Antenna(*) : } : : {
$SY901,[SET,NVR,[CPO,CXY],... } : : {
$SY901,ACK,[CPO,CXY]... ‘ ‘ SetAntennaConfiguration() | i {
tore Antenna Attitude in NVRAM() T u ' |
i
$SYQ01,[SET,NVRJATT, .. } H : {
$SYQ01,ACKATT,... ‘ ‘ SetAntennaAtiitude() : : {
Set Interfering Signal Position('“')T ____________ : u : {
$SY901,ACK INT,1,ELAZ } H : {
$SY901,ACK,SET,1,EL,AZ ‘ ‘ SetinterferPos() : : {
kol ZoZzilzl . i (
i i 11 i [
{Calibration procedure highly recommended: alternatively send the latest calibration parameters. } ﬁ
Start Nominal Mode : } : : i
$SY901,SET,SEL,NOM } SetOpMode() : : {
$SY901,ACK,SELNOM " ‘ New Op Mode :
———————————— T T
1 ] 1 | ; )
| ] | | Wait For Valid Fix
Update
| | ! |
| [ !
' 1 H \ Update
Stop NominalMode | $SY901,SET SEL,OFF ! SetOpMode) ' ' Update
$SY901,ACK,SEL,OFF /‘ ‘ New Op Mode : Update
[,.L ____________ J i
) |
1 [}
) |
] [}
) 1

(**) Required in static mode.
(%) Optional.

(*) Required only if the antenna array has not the default configuration

)

Figure 3.7: Sequence 3 - Nominal mode
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4 Implementation notes
4.1 Implementation of MVDR algorithm in C language

Among the candidate beamforming algorithms to be used in the frame of GRABEL project (described
in chapter 2) the most suitable one seems to be the MVDR algorithm for various reasons.

First of all it is an optimum algorithm from the statistical point of view: as for the LCMV algorithm it
minimizes the output contribution due to noise and interfering signal(s) while maintaining a proper
response in the direction of the desired signal.

Moreover it is an adaptive algorithm and its adaptivity is obtained estimating periodically the Auto-
Covariance Matrix.

The simulations have demonstrated that this algorithm has a good capability in removing not fixed
interfering signals provided that the DOAs of the interferences are not very close to the one of the
wanted signal.

The MVDR is also a blind algorithm in the sense that it does not require the knowledge of the DOAs of
undesired signals. It only needs as input data the DOA of the signal that has to be received.

Finally, since GRABEL receiver will have a small number of antennas, it is not convenient to apply
linear constraints on the beamformer response because in this case the reduction of freedom degrees
would risk to deeply and negatively affect the response in the direction of the desired signal.

4.1.1 Preliminary remarks on the software implementation

The MVDR algorithm and, more in general, all the digital beamforming algorithms are based on the
introduction of appropriate amplitudes and phases in the signals coming from each antenna.

This is achieved multiplying the signals by specific coefficients that have to be consequently complex.
So it is necessary to define the “complex number” type in the program, for example with the use of a
structure. Therefore all the arithmetic operations have to be redefined or, more simply, extended to the
case of complex numbers.

After having calculated the matrix FAQX (the Estimated Auto-Covariance Matrix, as stated before) from

the data acquired by the receiver system, it is necessary to calculate the inverse of the matrix Iix

itself.
This matrix is, for its own definition, an Hermitian, positive-definite matrix, so an efficient

implementation of Ii;l , in terms of calculus time, can be obtained using the Cholesky Decomposition
algorithm.

This method allows the decomposition of the matrix FAQX into the product of a lower triangular matrix L
and its conjugate transpose:

R, =LL" (4-1)
After having calculated L matrix, Ii;l can be obtained with the following mathematical operations:

R =(LL") =() L (4-2)

This expression demonstrates that the inverse of the matrix R, can be derived starting from the

knowledge of only L matrix.
This is the reason of the great advantage offered by the Cholesky Decomposition algorithm for the

calculus of FAQ;I matrix as regards both the memory required to store the data and the computation
time (fewer mathematical operations have to be executed).
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With regard to this aspect, remember that, if Iix is a N xN matrix, the computational cost related to

the Cholesky Decomposition is proportional to N°®/6 whereas the proportionality factor associated to

the Gauss factorization with partial pivoting is N° / 3 .
This means that the Cholesky Decomposition causes a considerable saving in terms of FLOPs
computed by the CPU, especially if we consider that the application context of this adaptive

beamforming algorithm needs a very frequent update of the matrix Iﬁ;l .

Moreover it is important to remark that an optimized version of the Cholesky Decomposition, which
requires the smallest possible amount of memory, has been implemented in the frame of GRABEL
project.

4.1.2 Results

The MVDR beamforming algorithm for a linear array has been implemented in a ANSI C program in
order to have some realistic information about the achievable performances in terms of computation
time.

The C program has been compiled both on Linux and Windows operative system and some
simulations have been performed.

The main goal of the simulations was to have a statistical measure, as accurate as possible, of the
time required by the program to calculate the coefficients. For this purpose, some timing tests, which
take into account the time interval that elapses from the reading of the input data up to the calculation
of the final coefficients, have been set up.

The platform that was used for the tests is: Intel® Core™2 Quad CPU Q6600 with 2.40 GHz clock
frequency, 3GB of RAM and 64 bits Kernel.

The input data, stored in the Raw Data Matrix X (mentioned before), has been generated using
MATLAB, supposing:

- to have a linear array composed by 4 antennas;
- to point the main beam of the antenna array in the direction 6, = 30° .

In order to prove that the results obtained with the C code were correct, the beamformer coefficients
W,wor Calculated by the C program have been compared with the ones calculated by a MATLAB

program, already used for previous simulations of the same algorithm.

The timing tests have been made run many times: the time values obtained as output data of the test
have been increasingly added up and accumulated, and then averaged on the total number of times
the test has been executed; so a statistical measurement of the computation time has been
accomplished.

Table 4.1 shows synthetically the results:

Table 4.1: results of the timing tests

VG Lllnelony Number of test repetitions | Average user time [sec] | Average machine time [sec]
[samples]
200 20000000 (~ 10 min. of sim.) 0.00003045 0.00003030
200 60000000 (~ 30 min. of sim.) 0.00003049 0.00003052
1000 4500000 (~ 10 min. of sim.) 0.00014389 0.00014422
1000 1300000 (~ 31 min. of sim.) 0.00014389 0.00014400

Two different kinds of time measurement are present in this table: Average User Time and Average
Machine Time.

The Average User Time is calculated with the use of the standard C function clock (Time.h): it
provides the number of CPU “clock ticks” elapsed from the moment the program starts running.
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The procedure is here resumed: first of all the number of CPU clock ticks measured at the instant the
main program reads the input data (beginning of the time test) are subtracted to the ones measured at
the instant the main program calculates the beamformer coefficients; then the result of this subtraction
has to be divided by the number of CPU clock ticks elapsed in one second, so, in this way, the
average user time expressed in [s] is finally derived.

On the contrary the Average Machine Time is obtained making use of the standard C function time
(Time.h) which returns the current calendar time. In this case, in order to have the machine time
already expressed in [s], it is sufficient to subtract the calendar time at the instant the main program
begins to read the input data to the one the coefficients are calculated.

As one can notice from table 4.1, the two measurements of time present more or less the same
values: this fact represents a sort of correctness confirmation of the obtained results.

Besides in this table two cases of measurement have been highlighted: in particular we are dealing
with the values achieved setting a sufficient number of test repetitions (simulation time) as to have
statistically valid results.

4.2 New Products Board and Platform Definitions

Starting from the NS1030 latest software release (4.0.15 production) a new set of products, board and
platforms have been added:

e Platform SY1030.

e Board FPGA_SY1030.

e Product GRABEL_BEAMFORMER a standalone GPS receiver able to interface an antenna array
for beamforming.

4.2.1 SY1030 Platform
The characteristics of the SY_1030 A are:

Hardware.

Scratchpad RAM 64 k.

AHB RAM 64 k.

Sin/Cos Map modified to 16 values map with -1,0,1 symbols (it was 8 values with -2, -1, 0, 1, 2
symbols)1.

A new set of registers to interface the channels.

Software.

DSP code runs in the AHB RAM.

All the data (even in debug mode) in Scratchpad RAM.

4.2.2 GRABEL beamformer Product

For what concerns the software, the main differences with respect to the baseline NS1030 SW 4.0.15
production are:

e Diagnostics messages X401, X402, X404 aligned to more recent versions of the post-
processing tools (resp. $PSPYN1401, $PSPYN1402, $PSPYN1404,).

e SNR computation using the channel local best noise floor estimate (and not a fixed noise floor);

e It implements the beamforming algorithms. The beamforming software support can be
enabled disabled simply by defining / undefining the macro
_ BEAMFORMING_SUPPORTED___in the GRABEL / HOSTED MODE products configuration
file “Configure.h”.

1 This modification was not strictly necessary, but it is a small one and is a good starting point to get
confidence with respect to modifications to the SY1016 (former NJ1016) engine.
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4.3 Algorithms Implementation Notes

4.3.1 Nominal Mode No Interferer

When the interferer is disabled the synthesized beam of each channel is simply steered in the
direction of the tracked satellite.

In details, first the antenna coordinates are converted from body frame to the Local ENU frame. The
signal path differences between each antenna and the central antenna (the one connected to RF input
0) are then converted to phase offsets: geometric phase offsets.

The Beamformer parameters of each channel are set equal to the sum of the calibration parameters
and the opposite of the geometric phase offsets.

4.3.2 Nominal Mode Interferer enabled

When the interferer rejection function is enabled the synthesized beam of each channel is steered in
the direction of the tracked satellite and one null is also steered in the direction of the interferer.

In details, first the antenna coordinates are converted from body frame to the Local ENU frame. The
tracked SV signal path differences between each antenna and the central antenna (the one connected
to RF input 0) are converted to phase offsets and called max geometric phase offsets. The interferer
signal path differences between each antenna and the central antenna (the one connected to RF input
0) are converted to phase offsets and called zero geometric phase offsets.

Four functions are defined:

Amplitude of the antenna pattern at the elevation and azimuth of the tracked SV;

Amplitude gradient of the antenna pattern at the elevation and azimuth of the tracked SV,
Amplitude of the antenna pattern at the elevation and azimuth of the interferer source;
Amplitude gradient of the antenna pattern at the elevation and azimuth of the interferer
source;

The pointers to these functions are passed to the SQP algorithm that solves the problem of computing
the optimal beamformer phase offsets. The optimal offsets maximize the antenna pattern amplitude at
the elevation and azimuth of the tracked SV minimizing at the same time the amplitude at the
elevation and azimuth of the interferer source.

For what concerns the SQP algorithm, it has been implemented according to the requirement
document [A1] except for the fact that the Hessian of the objective function and not the Hessian of the
Lagrangian has been used: in fact the performance comparison on MATLAB so far demonstrates that
there is no advantage in using the Lagrangian but only the disadvantage of additional computations.

For what concerns the algorithm initialization, at the very first computation attempt the opposite of the
geometric offsets are used to initialize the vector of unknown phase offsets, while the BFGS Hessian
approximation is set equal to the identity matrix. Whether there is convergence or not the following
data:

1. Xlast optimal phase offsets estimate;

2. B last BFGS Hessian approximation;

3. Y last Object Function Gradient;
are saved in external RAM at the end of each computation attempt (less than 6Kb of data). These data
will then be used to speed up the next attempt.
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In general at the very first computation attempt are required a number of iterations ranging from 3 to 9.
At the subsequent attempt, as long as we start from the previous values a single iteration is sufficient
(3 in the worst case): the above number of iterations estimate are based on MATLAB tests and on a
still limited number of scenarios.

When in nominal mode, to the beamformer class is assigned a time slot of 100 ms every second.
The maximum number of allowed iterations per computation attempt has been set to 4.
The following rules apply(refer to [A1] §9.1.3 )::

1. If the Beamforming Computation Module runs out of time the next channel to be processed is
stored and the computation suspended. At the next call the computation is resumed;

2. If the SQP algorithm is not able to converge in 4 iterations, the computations for that channel
is suspended, the intermediate solution and status information are stored in external RAM, the
registers are updated with the intermediate solution if its quality is better than the current one.
At the next call to the beamforming algorithm the computation will be resumed.

3. The data saved in external ram are ignored in the initialization if the inputs to the algorithm
have:

a. Satellite position;
b. Interferer position did;
c. The RF input mask ;
d. Attitude

Changed significantly..

4.3.3 Calibration

Calibration is a very important topic strictly connected to beamforming.

Generally speaking the purpose of calibration is to correct (compensate) for all amplitude and phase
errors that occur in the analogue part (up to the A/D conversion) of a receiver.

In particular these are errors that occur in the antenna elements and in the RF Front-End (LNA, Down-
conversion mixer, amplifiers, filters ...).

In other words calibration allows to equalize all the amplitude and phase differences of the receiver
chains electronics (antenna, LNA, RF down-converter, ...) up to Base-Band Processor.

If the array is NOT calibrated in both amplitude and phase:

e Beamsteering: the main lobe of the beam synthesized by the Beamforming network does NOT
properly point towards the desired direction.

e MVDR algorithm: the main lobe is still deeply affected by pointing errors; however the
radiation nulls are more robust to errors.

GRABEL_WP3_D3_2_P_CO_v1.10.doc Page 27 of 140
Copyright © 2009 2010 - GRABEL consortium, all rights reserved



pE————
GNSS Reconfigurable Antenna Based Enhanced Localization

RABEL FP 7-SME-2008-1 / 232016

Proposed solution from INAF

The basic principle of the proposed calibration procedure [Smo02] can be represented using the
schematic shown in figure 4.1.

Array Plane Wave
Element 7
Kk Hk Reference
H;m ¢ Signal
e (Far Field)
i Test Signal
! cril
Calibration H,
Element
Signal
Reference
Plane

Figure 4.1: The principle of the proposed calibration procedure for the GRABEL receiver.

Two types of signals can be injected into each array element:

— an external signal generated by a far-field source;
— asignal injected through mutual coupling with the calibration elements.

This calibration procedure is based on the relationship between the transfer function at the output of

C

element k from one of the calibration elements, H ™' H ™", and also the transfer function due to one

. FF
or more incident plane waves, H, H " .

The first part of the calibration procedure is conducted once inside a high-quality anechoic room as
shown in figure 4.2.

Figure 4.2: Example of an anechoic room.

Two separate measurements occur: the first uses the calibration elements, and the other uses a far-
field source. This results in two measured complex signal coefficients per element:

a, =HH™ (4-3)
by =HHP (4—4)
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which can then be used to determine the element coefficients, C, , such that:

_a _H
Ce="1"= cal (4-9)
b Hy

The second part of the procedure occurs in the real outdoor environment, where the coefficients of the
element electronics, H ™", are likely to change, and are given by H " .

A far-field source with enough strength to be received by a single element no longer exists, and thus
the calibration elements are used. Hence, the measurement using the calibration elements is:

b= HE HE (4-6)

By combining the results from both calibration steps, it is possible to relate the measured gains and
phases of each element to an incident plane wave, H kFF . The following is obtained from Equation (3):

a = HkFFl:lkcom = bkck (4-7)

The ratio ék /ak gives the required complex gain variations of each element.
However, the discussion so far has excluded how to accurately obtain the complex coefficients a,

and b, .

The remaining part of this section develops a new technique, known as MEP (Multi-Element Phase-
toggle), to measure these coefficients.

The MEP method is proposed here in order to simultaneously calibrate groups of elements. This is a
significant improvement over other techniques, which typically calibrate elements individually.
Additionally, the technique has the advantage of reducing measurement errors through phase

toggling.

The method that will be proposed here is an extension of the technique developed by Lee et al.
[Lee93].

The number of elements, K, that can be calibrated simultaneously with the MEP method depends on
the number of phase states, N, that are available.

To determine the offset amplitude, g, , and offset phase, ¢, , of K array elements, N measurements

are required (one for each phase state).
The elements to be calibrated are set to their maximum gain and the remaining elements are set to
minimum gain, which maximizes the SNR. During the measurements, the phase-shifter settings of the

elements that are being calibrated are toggled with a particular step frequency, fk. The received

signal, S(n) for n= [0...N —1] , from each measurement is then given by:

S(n)= ngexwk)exp(’2 ”fj s
_KZ:akexp( fjforn [0..N 1], (4-9)

where k is the element index, k = [O...K —1].
The step frequency, fk, should be an odd number in order to step through all phase states, for

example, fk =2k +1. In this way, the DC component in the spectrum is avoided.
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The complex gains of the K array elements, @, , can be calculated by solving the set of N equations

given in Equation (7). In the scenario where the phase shifter has a range of 0 to 27, a discrete
Fourier transformation can be used to solve for the gains. The required computation time is further
reduced when the number of phase states is a power of two, allowing implementation of the Fast

Fourier Transformation (FFT). The complex gain, a, , of element k is then found in bin fk of the FFT

spectrum. Once all the complex offsets have been determined for the array, a lookup table can be
formed that corrects for the relative amplitude and phase offsets among the array elements.

The MEP method has two main advantages. The first is that an average amplitude and phase offset of
each element is measured, not just one particular phase setting. The other is that all interfering signals
from other array elements (which are not phase-toggling) are located in bin zero of the FFT spectrum.
The MEP technique allows bad isolation between the channels while not affecting the desired result.

The sequence of steps, on which the calibration procedure is based, is summarized in the following
flowchart (Figure 4.3).

K-1 :
. J2nnf,
S(n) = Z g, exp(Jjd, ) exp (Tkj
k=0
ol 21 n
=Y a, exp[ﬂj for n=[0..N —1]
par N
Anechoic Room with f, =2k +1
. . . ﬂ k= [0_._[(_1] number of elements that can
Calibration Elements  Far-Field Sogrce procedure be calibrated simultaneously
bk — H/:alHiom ak — H[FHZUM
N = number of necessary measurements
u = number of phase states of the phase shifter
a HF The same procedure is to be followed in
c, =t =—% order to calculate the complex signal
k cal
b, H, coefficients b,
Real Outdoor Environment The MEP procedure is to b_e foIIowed_a_Iso
MEP to calculate the complex signal coefficients
Only Calibration Elements procedure 5
bk — H;‘alH]:'om k

I

A FFAcom_A
a=H, H™ =bg

J

a,/a,

Figure 4.3: sequence of steps on which the proposed calibration procedure is based.

The calibration technique presented in this chapter is suitable for its application in the frame of
GRABEL project for various reasons:

e The anechoic chamber can be used to calibrate the GRABEL receiver thanks to the small
dimension of the overall system. Moreover the anechoic chamber is necessary only once in
the first part of the calibration procedure.
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e The antenna system has to be equipped with one or more calibration elements, but it is
possible in the case of GRABEL project.

e This procedure allows to calibrate (in both amplitude and phase) simultaneously groups of
elements in a simple and fast way.

Although the proposed calibration method and in particular the MEP method has been widely
simulated and tested on field with very good results, it can not be adopted in the case of the GRABEL
project.

This is due for various reasons. First of all this calibration procedure requires the characterization of
every antenna system inside an anechoic room. Even if it has to be done only once, in the first part of
the procedure, obviously it is not possible to apply it in case of mass production of the system.

In addition to this fundamental aspect, an other important reason is related to the hardware complexity
of its implementation. In fact, as confirmed in chapter 6, the system in charge of the modification of the
signal amplitudes inside the baseband processor board would require a very big increase in hardware
complexity; moreover tests on field, reported in chapter 5, have demonstrated that errors due to lack
of equalization of the signal amplitudes do not affect so deeply the system performances. So the best
trade-off between performance and hardware complexity can be achieved keeping the signal
amplitudes fixed and modifying only the signal phases.

Also for this reason the proposed calibration method has been discarded for GRABEL project.

On the contrary the calibration algorithm that has been selected is the second of the two proposed in
[A1]. The Calibration consists in the following steps: first the satellite in tracking with the highest
elevation is selected and the channel tracking it, is defined the reference channel. The selected
satellite is assigned to the first idle channel: the so called test channel.

When the test channel is in tracking and the carrier phase measurement is available, the algorithm
activates periodically all the input channels enabled in the current antenna configuration (except for
the first) on the test channel. The period is 10 sec. Every second is available a new carrier phase
difference between the reference channel and the test channel: these differences are input to a
variable bandwidth filter (one per active RF input) to compute the calibration parameters. The
geometric offset computed based on the current antenna configuration is obviously subtracted from
the measurement. In a similar way also the antenna gains mismatch is estimated. estimated (see
[A1]).

NOTE: In case of calibration tests using the simulator a special antenna configuration shall be set
where all the antennas are at the origin (i.e. all the antennas positions coincides with the position of
antenna 1). The status of the calibration can be verified by:

e Checking the trace messages.
o Displaying using SYCT the $PSPYN1401 message RF input field of the test channel.
e Checking the current values of the calibration parameters.
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4.3.4 Hosted Mode

The “Hosted Mode” has been restored and the NMRX400 message has been updated to take into
account the new channel data fields (i.e. raw carrier phase and per channel Noise Floor). The Hosted
mode is also able to simulate the Hardware behaviour in case the Beamformer module enters in
calibration mode: for functional tests only.

The “Hosted Mode” is a configuration of the SY103X software that runs in Windows. Currently this
configuration is able to run only offline (playback mode) and is used only for debug purposes. In
“Hosted Mode” the Signal Processing software is disabled, and the DSP data are received though a
dedicated message NMRX400. To run an “Hosted Mode” session run the SY103X with NMRX400
messages enabled (and the PSPYN401 messages disabled in case of slow serial connections) and
log the output data. Start the Hosted Mode from Visual Studio.

Select the menu item File > Set Host Log File and input the file name where you want the output data
to be saved.

Select the menu item File > Read NMEA File. The “File Open” dialog window is displayed , select the
SY103X log file as input file. The “playback” starts: the output will be similar to the one of the log file
as expected. Similar position and velocities are computed because the input data are the same , the
small differences are due to the fact that the two floating point libraries, native and windows are not
identical and the Kalman filter is a non linear algorithm.

With few modifications (two/three weeks work) the “Hosted Mode” could run live on a PC in real time:
the PC would be connected to a DSP running the DSP software and the exchange of raw data and
predictions would take place using dedicated messages (the NMRX400 for raw data already works
like this). This may be useful in case algorithms more cumbersome than the Kalman Filter are needed
to compute the Navigation Solution in real time: e.g. an INS-GPS Kalman filter would fit with some
difficulties into the SY103X-LEON that misses the FPU.
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4.4 Core Software Changes
4.4.1 CNO and Signal Level Based Thresholds

In the former NS1030A the Noise Floor for carrier to noise ratio CNO computation was fixed and
provided by the initial settings. Moreover the noise floor did not normalize many internal thresholds.

With SY103X SW the assumption of constant noise floor is no more valid, and all the thresholds shall
be referred to the channel CNO. Here follow the list of the modifications in the core DSP and NAV
algorithm introduced in SY103X.

1) Modified the CNO computation in GetCtoNORatiodB() method, based on the signal amplitude term
mNPforCN and Noise Power term mNFEst.

2) Added the mNFEst field to the measurement block (per channel noise floor estimate);

3) Added GetCtoNORatiodB() method also to the measurement block: in this way the CNO can be
computed also using data from the measurement block;

4) Added mNFEst field to X400 message to have the channel estimated Noise floor power available
also in hosted mode;

5) Modified the CNO computation in the Kalman GetMeasurements() method, now uses the
GetCtoNORatiodB method in the measurement block.

6) Substituted all the tracking algorithms thresholds based on accumulated signal power (i.e. on
mNPforCN) with CNO dependent ones.

4.4.2 Note on RQ250 and Noise Floor Normalization

The common noise floor normalization was not implemented because the results of the measurements
indicated that the maximum difference between the minimum and maximum noise floor in all the
possible antenna pattern configurations is about 30% of the average value. Thanks to the
beamforming divisor. This difference causes only negligible effects during the short transients after
abrupt changes in the antenna array configuration (e.g. the CNO takes 3 seconds to get to the correct
value, but after one second the error is smaller than 2 dB).
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4.4.3 Notes on the New Classes

The beamforming class CbeamformingComputation has been instantiated in the gpscore module as a
member of the Cgps class. Some structures have been added to the NVRAM to store beamforming
class initialization data. As already mentioned in §4.3.2 the beamforming class uses 1K of external
RAM data for intermediate computation data storage. For future uses, very likely debugging, a new
structure called ExtRamData has been created applying the same concept used for the NVRAM data:
the External Ram Data structure is instantiated statically and is defined in a single file.

The class CSY901 devoted to $PSPYN901 message handling has been instantiated in the nmeax
module as a static class. This class has been interfaced to the beamforming class adding functions to
the core API.

The class SY_Diagnostics_API devoted to $PSPYN1401, $PSPYN1402, $PSPYN1404, message
generation has been instantiated in the nmeax module as a static class. This class has been
interfaced to the gps core adding functions to the core API.

4.4.4 Beamforming Scheduling

The beamforming module is currently scheduled at the beginning of every measurement cycle (1Hz)
nevertheless its implementation is quasi pre-emptive. It can be called in whichever point of the code
and will run maximum for 100 ms (this value can be customized).
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4.5 SY1031 beamforming

Here follows a list of the C++ files that were added to the project, of the MATLAB file used during the
development and for verification purposes together with a brief description of their content.

Table 4.2: C++ files added to the project and MATLAB files used for the development

File Name Description Notes

Beamforming.h Beamforming core class.
Beamforming.cpp

BeamformingAPl.h CORE API extension for beamforming.

BeamformingAPl.cpp

ExtRamdata.h External RAM Data Structure definition. Is used to

ExtRamdata.Cpp store inter.

SY1031 results,6Kb.

GPS Core | syMatrixMath.h Cmatrix class implementic basic matrix

SYMatrixMath.cpp operations.

SequentialQuadraticProgramming.h SQP specific algorithms

SequentialQuadraticProgramming.cpp

SY_Diagnostics_API_Private.h Diagnostics API extension
SY_Diagnostics_API_Private.cpp implementation: messages
x1401,x1402, x1404
SY_Diagnostics.h X1401, X1402, X1404 message
SY1031 SY_Diagnostics.cpp handling
NMEAX | sy 901.h SPYN901 message handling
SY_901.cpp
NLConstrOptimization.m SY1031 SQP algorithms
BeamFormingUsingMatlab.m Compares SY1031 and MATLAB SQP

algorithms performance

LUSolve.m Linear Systems of equations solution
based on LU decomposition: same
implementation as in SY_1031.

GetENUAnNtennaPositionVector.m Body to ENU antenna coordinates
converter.

MATLAB SPYN901_To_AntennaArrayPatternPlot.m | Plots the synthetized beam starting from
SPYN901 messages extracted from the
log file.

Analyze Calibration Uses the log file of a Calibration
Procedure to plot the carrier phase
differences and SNR differences
between the test and the reference
channel versus time.

PlotAntennaArrayPattern.m Antenna Array pattern plot using color
scales and antenna patterns cross
section at specific azimuth angles.
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4.6 CXY Antenna Array Configuration in Cartesian Coordinates

This section allows the user to define the antenna array. Let N be the number of antennas in the
antenna array.

RFInMask is a bit flag that indicates to which RF input the N antennas are connected. The
Beamforming SW assumes that the RF input 1 is always enabled, configurations failing to meet this
condition (RFInMask & 1 == 1) will be refused with an error message notification.

The sum of bits set to one in RFInMask shall be equal equal to N.

The cartesian coordinates (X,,Y>),..., (Xn,Yn) are the antenna coordinates in the body frame {by,by,b,}
where Antenna 1 is the origin. When the heading, pitch and roll angle are zero {b,,b,,b.} is aligned to
the ENU geodetic frame.

The default configuration is the one with 7 antennas as in figure 4.4.

7 P I A North
4 3
N . N .
East
r N r N r N
5 1 2
- A - A N A
r ~ r N
6 7
A ) R I A .

Figure 4.4: Default Built-In Antenna Configuration

4.7 CPO Antenna Array Configuration in Polar Coordinates

This section is an alternative way to define the antenna array. Let N be the number of antennas in the
antenna array.

RFInMask is a bit flag that indicates to which RF input the N antennas are connected. The sum of bits
set to one in RFInMask shall be equal to N. The Beamforming SW assumes that the RF input 1 is
always enabled; configurations failing to meet this condition (RFInMask & 1 == 1) will be refused with
an error message notification.

The polar coordinates (R,,W-),..., (Rn,'Wn) are the antenna polar coordinates in the body frame
{bx,by,b;} where Antenna 1 is the origin.

If ¥, = 0 then the antenna lays on the by positive axis, if ¥, = 90, the antenna lays on the b, positive
axis.

GRABEL_WP3_D3_2_P_CO_v1.10.doc Page 36 of 140
Copyright © 2009 2010 - GRABEL consortium, all rights reserved



pE=——
GNSS Reconfigurable Antenna Based Enhanced Localization
RABEL FP 7-SME-2008-1 / 232016

4.8 ATT Antenna Array Attitude

Antenna Array Attitude described by the parameters Heading and Pitch. Antenna Heading is the angle
measured from the true North clockwise to the b, positive axis while Antenna Pitch is the angle
measured from the local geodetic plane counter-clockwise to the b, positive axis.

Depending on the operative mode the SY1031 GPS receiver SW will use the first available attitude
resource in table 4.3.

Table 4.3: Attitude Sources for Nominal and Test Mode.

Nominal Mode Test Mode
Last ATT message Last ATT message.
(while in Nominal Mode).
NVRam stored attitude NVRam stored attitude
Latest valid heading oLzero heading and 0 Default attitude i.e. 0 heading 0 pitch.
pitch.

In Nominal mode to tell the receiver to get the pitch and ignore the heading send the message leaving
the heading field empty: the latest estimated heading by the navigation solution will be used.

4.9 INT Interferer Position

INT section defines the position of an interferer with respect to local geodetic frame expressed using
azimuth and elevation.

Zeros steering is enabled only in Nominal mode and if a valid interferer position is present in NVRAM
or if a valid 901 message has been sent to the receiver since the last power on.

To invalidate NVRam info or the last sent message just send and INT section with resp. NVR / SET
action and the enable field set to 0.

4.10 CAL Calibration Parameters Section

RFInMask is a bit flag that indicates to which RF input the N antennas are connected. The
Beamforming SW assumes that the RF input 1 is always enabled; configurations failing to meet this
condition (RFInMask & 1 == 1) will be refused with an error message notification. The calibration
parameters are the measured phase offset [deg] and amplitude ratio of the antennas 2 to N wrt
antenna. The calibration parameter refers to the antenna configuration loaded with the CXY or CPO
commands. There is no coherency check, e.g. the software does not check that the number of
antennas indicated in the calibration parameters section is coherent with the number of antennas
indicated in the antenna configuration section. When less than 8 calibration parameters are loaded the
remaining ones are set to [0,1], and the beamforming software will use the number of antennas
declared in the configuration section. The phase offset is defined as the difference between the
measured signal phase at RF input 1 and the measured signal phase at RF input n (n = 2.9) when the
signal travel distance between the source and the antennas 1 and n is identical (i.e. the geometric
offset is 0). The antenna at the centre of the antenna array (the one at position 0,0) has zero offset by
definition.
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Where ¢ is the measured signal carrier phase, C, the calibration parameter A the measured signal
amplitude.

The geometric offset is the offset due to the geometric path as in the example shown in figure 4.5. A1
and A2 are respectively the reference antenna and the second antenna of the current antenna pattern
configuration. The signal source is at elevation 8 and at an infinite distance.

The calibration parameters are added to the phase offset of each RF input. For more details refer to
[A1].

geometric

offset

A1 A2
Figure 4.5: Geometric offset definition

4.11 PH1 User Defined beam-former Parameters

This section is for test purposes. With this section is possible to specify a set of enabled RF inputs and
their offsets for the specified channel (or for all the channels). When the active operative mode is
TEST these parameters are used to drive the beam-former. These data cannot be saved in NVRAM
but are retained by the software even after a change of state:

$PSPYN901,SET,PH1,A,3,20
$PSPYN901,SET,SEL,TST
$PSPYN901,SET,SEL,NOM
$PSPYN901,SET,SEL,TST

user defined RF input mask and offsets

operative mode set to test

operative mode set to nominal

operative mode set to test the parameters defined
at step 1 are used to drive the beam-former.

BN
VI

At receiver power on the user defined parameters are loaded with the default configuration where just
RF input 1 is enabled and all the offsets are set to zero.

The calibration parameters are always added up to the user-defined parameters.
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4.12 PH2 User Defined beam-former Parameters

This section is for test purposes and is similar to PH1 except that this time the offsets for the specified
channel are computed for each enabled input using the user defined elevation and azimuth according
to the following formula.

2r

T N cos(@)(x;, cos(;—Q)+Yr', sin(g—Qj}rz;‘ sin(®)

Where ® and Q are resp. the user defined elevation of the azimuth i.e. the desired position of the
maximum antenna pattern gain, while [X',, Y',, Z'1] is the position of the antenna in the ENU frame.
The position of the antenna in the ENU frame is linked to the position in body frame provided in the
antenna configuration message by the following equation:

X cos(h) sin(h) 0| cos(p) 0 -sin(p)|| X,
Y, | =|-sin(h) costh) Off 0 1 0 |V,
zZ, 0 0 1] sin(p) 0 cos(p) | z,

Where h and p are resp. the current heading and pitch angle while [X,, Y,, Z.] is the position of the
antenna in the body frame.

Figure 4.6: Body frame rotation wrt ENU frame described by the heading and pitch angles.

In test mode the heading won’t be updated by the current solution. The user using the ATT command
can provide the attitude.

The message section PH2 works in both Test mode and Nominal mode (PH1 works only in test
mode). The PH2 message can be used in Nominal mode to override the elevation and azimuth
provided by the navigation software for the specified channel: this is useful to test the antenna array
for interference rejection in indoor environments using an antenna to irradiate the simulator GPS
signal. To remove the elevation and azimuth overriding by PH2 while in Nominal mode, there are two
methods:

1. Switch off and on the Nominal mode;
2. Send a PH1 message.
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5 Test

5.1 Introduction
The test campaign has been subdivided into two phases:

e Phase 1 — Basic Tests
e Phase 2 — Live Tests

Phase 1 aims at testing the basic functionalities using mainly the HOSTED mode.

Each basic test is described by a table that reports a sequence of commands and the corresponding
expected responses. Graphic results are reported when this is necessary to demonstrate the
correctness of the obtained values.

Phase 2 — Live Tests aims at testing the real hardware in a real environment (whenever this is
possible) to check the performance and the robustness : (e.g. robustness of the calibration parameters
V.S. heading uncertainty ).
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5.2 Basic Tests

5.2.1 Calibration Sequence Tests

Test A1: Automatic calibration sequence with all the antennas in the same positions (i.e. constellation
simulator input).

Table 5.1: Calibration on 9 coincident antennas

Step Command Expected Response Note
If the response doesn’t match send
1 $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF $PSPYN901,SET,SEL,OFF and repeat
step 1
* $PSPYN901,ACK,CXY,7F,95,0,48,82 ) .
2 $PSPYN901,GET,CXY*00 -48,82,-95 0 -48,-82,48 -82*07 Get the current antenna configuration.
Get current antenna array attitude (empty
3 $PSPYN901,GET,ATT*00 $PSPYN901,ACK,ATT,,0 heading field means that the default
heading , 0 deg, will be used )
$PSPYNS01,ACK,CAL,7F.0.0,1.00.0. Get the current set of calibration
4 $PSPYN901,GET,CAL*00 0,1.00,0.0,1.00,0.0,1.00,0.0,1.00,0.0,
" parameters.
1.00*26
5 $PSPYN901,SET,CXY,1FF,0,0, $PSPYN901,ACK,CXY,1FF,0,0,0,0,0 | Set all the antennas in the same
0,0,0,0,0,0,0,0,0,0,0,0,0,0*00 ,0,0,0,0,0,0,0,0,0,0,0*00 positions.
6 $PSPYN901,SET,ATT,0,0*00 $PSPYN901,ACK,ATT,0,0*00 Set default antenna attitude
Take note of the highest elevation
7 satellite CAL_PRN and the ID of the
channel tracking it CAL_REF.
8 $PSPYN901,SET,SEL,CAL*00 $PSPYN901,ACK,SEL,CAL Start the calibration sequence.
Verify in x401 that a new channel is
9 tracking CAL_PRN take note of the ID of
this channel CAL_TST
$PSPYN901,ACK,RAW,[CAL_TST],0 | Verify that every 10 seconds the active
10 2?;5:58(“901 GET.RAWICALT | 1> 4 8.10,2040,80,1001.0,0,0.0,0,0,0, | RF input on channel CAL_TST is
0*00 changed over the RF inputs 2 to 9.
N $PSPYN901,ACK,CAL,1FF,C2,C3,C | Verify that the calibration values
" $PSPYNS01,GET,CAL*00 4,C5,C6,C7,C8,C9*00 converge to fixed values.
12 Repeat steps 10 and 11 to verify the
correctness of the operations.
13 $PSPYN901,SET,SEL,OFF*00 $PSPYN901,ACK,SEL,OFF Switch off calibration mode
14 Take not of the calibration values. In

$PSPYN901,GET,CAL*00

$PSPYN901,ACK,CAL,1FF,C2,C3,C
4,C5,C6,C7,C8,C9

case of test in hosted mode the values
shall be close to :

Cc2 ~ 0 ; 015
C3 ~ 10 ; 1.10
C4 ~ 350 ; 1.20
C5~ 20 ;130
C6 ~ 340 ; 1.40
C7~ 30 ; 150
C8 ~ 180 ; 1.60
C9 ~ 270 ; 9.00

GRABEL_WP3_D3_2_P_CO_v1.10.doc
Copyright © 2009 2010 - GRABEL consortium, all rights reserved

Page 41 of 140




pmm———
GNSS Reconfigurable Antenna Based Enhanced Localization

FP 7-SME-2008-1 / 232016

RABEL

Test A2: Automatic calibration sequence with 7 antennas in the default configuration.

Table 5.2: Test A2 Calibration on an antenna pattern, cross shape plus central antenna

Step Command Expected Response Note
If the response doesn’t match send
1 $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF $PSPYN901,SET,SEL,OFF and
repeat step 1
. $PSPYN901,ACK,CXY,7F,95,0,48,82 | Get the current antenna
2 | $PSPYN901,GET,CXY*00 -48,82,-05,0,-48,-82,48,-82*07 configuration.
Get current antenna array attitude
3 $PSPYN901,GET,ATT*00 $PSPYN901,ACK,ATT,,0 (empty heading field means that the
default heading , 0 deg, will be used )
$PSPYNS01,ACK,CAL,7F.0.0,1.00.0. Get the current set of calibration
4 $PSPYN901,GET,CAL*00 0,1.00,0.0,1.00,0.0,1.00,0.0,1.00,0.0,
1.00%26 parameters.
Take note of the highest elevation
5 satellite CAL_PRN and the ID of the
channel tracking it CAL_REF.
6 $PSPYN901,SET,SEL,CAL*00 $PSPYN901,ACK,SEL,CAL Start the calibration sequence.
Verify in x401 that a new channel is
7 tracking CAL_PRN take note of the
ID of this channel CAL_TST
$PSPYN901,GET,RAW,[CAL_TS | SPSPYN901,ACK,RAW,[CAL_TsT],0 | Verify that every 10 seconds the
8 * ’ ’ ’ — ’ ’ ’ — e active RF input on channel CAL_TST
T]*00 ,[2,4,8,10,20,40],0,0,0,0,0,0,0,000 : .
is changed over the RF inputs 2 to 7.
N $PSPYN901,ACK,CAL,7F,C2,C3,C4, | Verify that the calibration values
9 $PSPYN901,GET,CAL*00 C5,C6,C7 *00 converge to fixed values.
10 Repeat steps 8 and 9 to verify the
correctness of the operations.
11 $PSPYN901,SET,SEL,OFF*00 $PSPYN901,ACK,SEL,OFF Switch off calibration mode
12 Take not of the calibration values. In
case of test in hosted mode the
values shall be close to :
. cC2~ 32 ;015
$PSPYN901,GET,CAL*00 $PSPYN901,ACK,CAL,7F,C2,C3,C4, - .
C5.06.C7 C3 26 ; 1.10
T C4 ~ 334 ;120
C5 ~ 348 ; 1.30
C6 ~ 324 ; 140
C7~ 46 ; 1.50
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Test A3: Automatic calibration sequence using a subset of the RF Inputs. All the antennas are set in

the origin.

Table 5.3: Test A3 sequence. Calibration of a subset of the full antenna pattern

Step Command

Expected Response

Note

1 $PSPYN901,GET,SEL*00

$PSPYN901,ACK,SEL,OFF

If the response doesn’t match send
$PSPYN901,SET,SEL,OFF and
repeat step 1

2 $PSPYN901,GET,CXY*00

$PSPYN901,ACK,CXY,7F,95,0,48,82
,-48,82,-95,0,-48,-82,48,-82*07

Get the current antenna
configuration.

3 $PSPYN901,GET,ATT*00

$PSPYN901,ACK,ATT,,0

Get current antenna array attitude
(empty heading field means that the
default heading , 0 deg, will be used )

4 $PSPYN901,GET,CAL*00

$PSPYN901,ACK,CAL,7F,0.0,1.00,0.
0,1.00,0.0,1.00,0.0,1.00,0.0,1.00,0.0,
1.00*26

Get the current set of calibration
parameters.

,0,0,0,0,0*00

$PSPYN901,SET,CXY,199,0,0,0

$PSPYN901,ACK,CXY,199,0,0,0,0,0,
0,0,0*00

Set all the antennas in the same
positions.

6 $PSPYN901,SET,ATT,0,0*00

$PSPYN901,ACK,ATT,0,0*00

Set default antenna attitude

Take note of the highest elevation
satellite CAL_PRN and the ID of the
channel tracking it CAL_REF.

8 $PSPYN901,SET,SEL,CAL*00

$PSPYN901,ACK,SEL,CAL

Start the calibration sequence.

Verify in x401 that a new channel is

9 tracking CAL_PRN take note of the
ID of this channel CAL_TST
$PSPYN901,ACK,RAW,[CAL_TST],0 | Verify that every 10 seconds the
10 $PSPYN9O1,GET,RAW,[CAL_T ,[2,4,8,10,20,40,80,100],0,0,0,0,0,0,0, | active RF input on channel CAL_TST

ST]*00

0*00

is changed over the RF inputs 2 to 9.

11 $PSPYN901,GET,CAL*00

$PSPYN901,ACK,CAL,199,C4,C5,C
8,C9*00

Verify that the calibration values
converge to fixed values.

12

Repeat steps 10 and 11 to verify the
correctness of the operations.

13 $PSPYN901,SET,SEL,OFF*00

$PSPYN901,ACK,SEL,OFF

Switch off calibration mode

14 $PSPYN901,GET,CAL*00

$PSPYN901,ACK,CAL,199,C4,C5,C
8,C9

Take not of the calibration values. In
case of test in hosted mode the
values shall be close to :

C4 ~ 350 ; 1.20
C5~ 20 ; 130
C8 ~ 180 ; 1.60
C9 ~ 270 ; 9.00
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5.2.2 User Defined Antenna Array Patterns
Test B1: Antenna Array Pattern Defined Using Offsets.

Table 5.4: Test B1 User defined channel beamformer configuration

N# Command Expected Response Note
If the response
doesn’'t match send
1 $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF*0C $PSPYN901,SET,SE
L,OFF and repeat
step 1
default user
2 $PSPYN901,GET,PH1,1*00 $PSPYN901,ACK,PH1,1,1*1C beamformer
configuration
3 | $PSPYN9O1,GET,RAW,1°00 | $PSPYN9O1,ACK,RAW,1,1*1C default beamformer
configuration
4 | $PSPYN901,GET,PH1,A*00 $PSPYN901,ERR*15 Verify that this
command is invalid.
5 | $PSPYNQ01,SET,SEL,TST00 | $PSPYN901,ACK,SEL,TST*10 Set he operafiv mode
6 | $PSPYN901,GET,SEL,TST*00 | $PSPYN901,ACK,SEL,TST*10 Verify the current
operative mode
. $PSPYN901,ACK,CXY,7F,95,0,48,82,-48,82,-95,0,- Verify default antenna
7 $PSPYN901,GET,CXY*00 48,-82,48,-82*07 configuration
Verify default
N $PSPYN901,ACK,CAL,7F,0.0,1.00,0.0,1.00,0.0,1.00,0 ; .
8 $PSPYN901,GET,CAL*00 0,1.00,0.0.1.00.0.0.1.00*26 calibration
parameters
. Enable for all the
9 ggSPYNgm SET.PH1,A3,180" | ¢pspyNg01,ACK,PH1,A,3,180*78B channels just the first
two RF inputs
Verify the content of
10 $PSPYN901,GET,RAW,1*00 $PSPYN901,ACK,RAW,1,1,3,256,0,0,0,0,0,0,0*6F the raw registers for
channel 1
Verify the content of
11 $PSPYN901,GET,RAW,2*00 $PSPYN901,ACK,RAW,2,1,3,256,0,0,0,0,0,0,0*6C the raw registers for
channel 2
Verify the content of
12 $PSPYN901,GET,RAW,16*00 $PSPYN901,ACK,RAW,16,1,3,256,0,0,0,0,0,0,0*59 the raw registers for

channel 16
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Test B2 Antenna Array Pattern Defined Using azimuth and elevation

Table 5.5: B2 Test sequence. Antenna Array Pattern Defined Using azimuth and elevation

N# Command Expected Response Note
If the response
doesn’t match send
1| $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF*0C $PSPYN901,SET,S
EL,OFF and repeat
step 1
* default user

2 $PSPYN901,GET,PH2,1*00 $PSPYN901,ACK,PH2,1,1,90,0°26 beamformer

configuration

3 $PSPYN901.GET RAW,1*00 $PSPYN901,ACK,RAW,1,0,0,0,0,0,0,0,0,0,0*6C default beamformer

’ ’ ’ configuration

4 | $PSPYN901,GET,PH2,A*00 $PSPYN901,ERR*15 Verify that this

command is invalid.

5 | $PSPYN901,SET,SEL,TST*00 $PSPYN901,ACK,SEL, TST*10 Set the operative

mode to test

6 | $PSPYN901,GET,SEL, TST*00 $PSPYN901,ACK,SEL, TST*10 Verify the current

operative mode
Verify default
. $PSPYN901,ACK,CXY,7F,95,0,48,82,-48,82,-95,0,-

7 $PSPYN901,GET,CXY*00 48.-82.48 -82+07 antepna .

configuration

s | $PSPYN9O1 GET CAL00 $PSPYN901,ACK,CAL,7F,0.0,1.00,0.0,1.00,0.0,1.00,0. \C’;Eg?’a‘t’iifna””

2eh 0,1.00,0.0,1.00,0.0,1.00*26
parameters
$PSPYN901,SET,PH2,1,7F,90,0 . Set the elevation to

9 | o $PSPYN901,ACK,PH2,1,7F,90,066 90 and azimath 0.0
$PSPYNOO1 GET.RAW. 1900 $PSPYN901,ACK,RAW,1,2,7F,512,0,0,512,512,512,0,

AET o 0*2F Verify the content of

10 £E§§m281 'ggﬁﬁms‘igo $PSPYN901,ACK,RAW,2,0,1,0,0,0,0,0,0,0,06E the raw registers for
SPSPYNSO1 GET RAW. 1600 $PSPYN901,ACK,RAW, 15,0,1,0,0,0,0,0,0,0,058 channel 1

AIELRAW, $PSPYN901,ACK,RAW, 16,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,SET,PH2,2,7F,45,9 " Set the elevation to

1| Sv00 $PSPYN901,ACK,PH2,2,7F 45,9054 90 and azimath 0.0

$PSPYN901,ACK,RAW,1,2,7F,512,0,0,512,512,512,0,
$PSPYN901,GET,RAW,1*00 0*2F _

15 | SPSPYN901,GET,RAW,2700 SPSPYNOO1,ACK,RAW,2,2,7F 331,421,91,181,91,421 | Verly the comtent of
$PSPYN901,GET,RAW,15*00 ,0,0725 Chea;i"“e’lrfg's ers for
$PSPYN901,GET,RAW,16*00 $PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58

$PSPYN901,ACK,RAW,16,0,1,0,0,0,0,0,0,0,0*58

13 ?PSPYN901 ,SET,PH2,16,30,180 $PSPYN901.ACK,PH2,16,7F,30,180*53 Set the elgvatlon to

00 90 and azimuth to 0
$PSPYN901,ACK,RAW,1,2,7F,512,0,0,512,512,512,0,
0*2F
PSPYN901,GET,RAW,1*00 _
$PSPYN901 GET RAW 200 $PSPYN901,ACK,RAW,2,2,7F,331,421,91,181,91,421 | Verify the content of
14 ’ ’ e ,0,025 the raw registers for
gigimgglgg'gﬁwqggg $PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,058 channel 1
e LRAT, $PSPYN901,ACK,RAW,16,2,7F,0,192,192,512,320,32
0,0,0“1F
15 | $PSPYN901,SET,SEL,OFF*00 | $PSPYN901,ACK,SEL,OFF*0C Switch off.
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Test B3 Raw Beamformer Registers Data Read and Write Operations

Table 5.6: B3 test sequence. Raw Beamformer Registers Data Read and Write Operations

N# Command Expected Response Note
If the response doesn’t
. . match send
1 $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF*0C $PSPYN9O1 SET SEL.
OFF and repeat step 1
$PSPYN901,GET,RAW,1*00 $PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,GET,RAW,2*00 $PSPYN901,ACK,RAW,2,0,1,0,0,0,0,0,0,0,0*6E
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,3,0,1,0,0,0,0,0,0,0,0*6F
$PSPYN901,GET,RAW,4*00 $PSPYN901,ACK,RAW,4,0,1,0,0,0,0,0,0,0,0*68
$PSPYN901,GET,RAW,5*00 $PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901,GET,RAW,6*00 $PSPYN901,ACK,RAW,6,0,1,0,0,0,0,0,0,0,0*6A
$PSPYN901,GET,RAW,7*00 $PSPYN901,ACK,RAW,7,0,1,0,0,0,0,0,0,0,0*6B Read the registers

5 | SPSPYN901,GET,RAW,8'00 $PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64 values. The expected
$PSPYN901,GET,RAW,9*00 $PSPYN901,ACK,RAW,9,0,1,0,0,0,0,0,0,0,0*65 answers is the default
$PSPYN901,GET,RAW,10*00 $PSPYN901,ACK,RAW,10,0,1,0,0,0,0,0,0,0,0*5D registers values.
$PSPYN901,GET,RAW,11*00 $PSPYN901,ACK,RAW,11,0,1,0,0,0,0,0,0,0,0*5C
$PSPYN901,GET,RAW,12*00 $PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,GET,RAW,13*00 $PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,GET,RAW,14*00 $PSPYN901,ACK,RAW,14,0,1,0,0,0,0,0,0,0,0*59
$PSPYN901,GET,RAW,15*00 $PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,GET,RAW,16*00 $PSPYN901,ACK,RAW,16,0,1,0,0,0,0,0,0,0,0*5B
$PSPYN901,SET,RAW,1,2,7F,10 | $PSPYN901,ACK,RAW,1,2,7F,10,20,30,40,50,60,0,0*

,20,30,40,50,60*00 28
$PSPYN901,SET,RAW,2,1,FF,10 | $PSPYN901,ACK,RAW,2,1,FF,10,20,30,40,50,60,70,

3 ,20,30,40,50,60,70*00 0*6E Set values for channels
$PSPYN901,SET,RAW,15,1,1FF, | $PSPYN901,ACK,RAW,15,1,1FF,10,20,30,40,50,60,7 | 1,2,15 and 16.
10,20,30,40,50,60,70,80*00 0,80*51
$PSPYN901,SET,RAW,16,0,1F0, | $PSPYN901,ACK,RAW,16,0,1F0,0,0,0,0,600,700,800,
0,0,0,0,600,700,800,900,1000*00 | 900*2D

$PSPYN901,ACK,RAW,1,2,7F,10,20,30,40,50,60,0,0*

28
$PSPYN901,GET,RAW,1*00 $PSPYN901,ACK,RAW,2,1,FF,10,20,30,40,50,60,70,
$PSPYN901,GET,RAW,2*00 0*6E
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,3,0,1,0,0,0,0,0,0,0,0*6F
$PSPYN901,GET,RAW,4*00 $PSPYN901,ACK,RAW,4,0,1,0,0,0,0,0,0,0,0*68 Read the registers
$PSPYN901,GET,RAW,5*00 $PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69 values for all the
$PSPYN901,GET,RAW,6*00 $PSPYN901,ACK,RAW,6,0,1,0,0,0,0,0,0,0,0*6A channels. Channels
$PSPYN901,GET,RAW,7*00 $PSPYN901,ACK,RAW,7,0,1,0,0,0,0,0,0,0,0*6B 1.2.15 and 16 shall have

4 | SPSPYN9OT,GET,RAW,8'00 $PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64 Beamforming registers
$PSPYN901,GET,RAW,9*00 $PSPYN901,ACK,RAW,9,0,1,0,0,0,0,0,0,0,0*65 value equal to the one
$PSPYN901,GET,RAW,10*00 $PSPYN901,ACK,RAW,10,0,1,0,0,0,0,0,0,0,0*5D just sent . The registers
$PSPYN901,GET,RAW,11*00 $PSPYN901,ACK,RAW,11,0,1,0,0,0,0,0,0,0,0*5C value for all the other
$PSPYN901,GET,RAW,12*00 $PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F channels shall be the
$PSPYN901,GET,RAW,13*00 $PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E default one.
$PSPYN901,GET,RAW,14*00 $PSPYN901,ACK,RAW,14,0,1,0,0,0,0,0,0,0,0*59
$PSPYN901,GET,RAW,15*00 $PSPYN901,ACK,RAW,15,1,1FF,10,20,30,40,50,60,7
$PSPYN901,GET,RAW,16*00 0,80*51

$PSPYN901,ACK,RAW,16,0,1F0,0,0,0,0,88,188,288,3
88*1D
Enable RF input 4 on all

5 | $PSPYN901,SET,RAW,A0,8,00, | SPSPYN901,ACK,RAW,A0,8,0,0,0,1012,0,0,0,0°26 the channels and set

0,1012*00*00*00 also a phase offset for
that input.

$PSPYN901,GET,RAW,1%00

$PSPYN901,GET,RAW,2*00 $PSPYN901,ACK,RAW,1,0,8,0,0,0,500,0,0,0,0*61 .

$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,2,0,8,0,0,0,500,0,0,0,0*62 Verify that all the

$PSPYN901,GET,RAW,4*00 $PSPYN901,ACK,RAW,3,0,8,0,0,0,500,0,0,0,0*63 channels have RF input

6 4 enabled. Check also

$PSPYN901,GET,RAW,5*00
$PSPYN901,GET,RAW,6*00
$PSPYN901,GET,RAW,7*00
$PSPYN901,GET,RAW,8*00

$PSPYN901,ACK,RAW 4,0,8,0,0,0,500,0,0,0,0*64
$PSPYN901,ACK,RAW,5,0,8,0,0,0,500,0,0,0,0*65
$PSPYN901,ACK,RAW,6,0,8,0,0,0,500,0,0,0,0*66
$PSPYN901,ACK,RAW,7,0,8,0,0,0,500,0,0,0,0*67

the value of the phase
offset.
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$PSPYN901,GET,RAW,9*00

$PSPYN901,GET,RAW,10*00
$PSPYN901,GET,RAW,11*00
$PSPYN901,GET,RAW,12*00
$PSPYN901,GET,RAW,13*00
$PSPYN901,GET,RAW,14*00
$PSPYN901,GET,RAW,15*00
$PSPYN901,GET,RAW,16*00

$PSPYN901,ACK,RAW,8,0,8,0,0,0,500,0,0,0,0*68

$PSPYN901,ACK,RAW,9,0,8,0,0,0,500,0,0,0,0*69

$PSPYN901,ACK,RAW,10,0,8,0,0,0,500,0,0,0,0*51
$PSPYN901,ACK,RAW,11,0,8,0,0,0,500,0,0,0,0*50
$PSPYN901,ACK,RAW,12,0,8,0,0,0,500,0,0,0,0*53
$PSPYN901,ACK,RAW,13,0,8,0,0,0,500,0,0,0,0*52
$PSPYN901,ACK,RAW,14,0,8,0,0,0,500,0,0,0,0*55
$PSPYN901,ACK,RAW,15,0,8,0,0,0,500,0,0,0,0*54
$PSPYN901,ACK,RAW,16,0,8,0,0,0,500,0,0,0,0*57
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5.2.3 Nominal Mode Tests

Test C1, Nominal Mode: automatic Antenna Pattern beam steering in the direction of the tracked SVs.

Nominal mode test sequence and expected results example, automatic Antenna Pattern beam
steering in the direction of the tracked SVs, no interferer rejection.

Table 5.7: C1 Nominal mode test sequence

N# Command Expected Response Note
If the response doesn’t
. . match send
1 $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF*0C $PSPYNQ01,SET SEL.O
FF and repeat step 1
. $PSPYN901,ACK,CXY,7F,95,0,48,82,-48,82,-95,0,- Get the current antenna
2 $PSPYN901,GET,CXY*00 48,-82,48,-82*07 configuration.
Set the current antenna
3 | $PSPYN901,NVR,ATT,0,0*00 $PSPYN901,ACK,ATT,0,0*74 array attitude to 0
heading 0 pitch.
. $PSPYN901,ACK,CAL,7F,0.0,1.00,0.0,1.00,0.0,1.00,0 | Get the current set of
4 | SPSPYN901,GET,CAL*00 10,1.00,0.0,1.00,0.0,1.00"26 calibration parameters.
If the response doesn’t
5 | $PSPYN901,SET,SEL,NOM*00 | $PSPYN901,ACK,SEL,NOM*OF match send
OELOEL AOES $PSPYN901,SET,SEL,O
FF and repeat step 1
Wait for the first fix.
Select a tracked satellite,
6 and take a note of the
elevation azimuth and
channel ID [CHID].
$PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,ACK,RAW,2,1,7F,195,201,6,317,311,506
,0,0%22
$PSPYN901,ACK,RAW,3,1,7F,379,114,247,133,398,2
. 65,0,0*24
$PSPYN901,GET,RAW,1*00 $PSPYN901,ACK,RAW,4,1,7F,295,7,224,217,505,288
$PSPYN901,GET,RAW,2*00 0,022
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901,GET,RAW,4*00 $PSPYN901,ACK,RAW,6,1,7F,506,199,206,6,313,306
$PSPYN901,GET,RAW,5*00 10,0°2F
$PSPYN901,GET,RAW,6*00 $PSPYN901,ACK,RAW,7,1,7F,123,252,129,389,260,3
$PSPYN901,GET,RAW,7*00 83,0,0*2B Check the offsets using
;| SPSPYN901,GET RAW,8*00 $PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64 the MATLAB script
$PSPYN901,GET,RAW,9*00 $PSPYN901,ACK,RAW,9,1,7F,138,51,425,374,461,87 | SPYN901_To_AntennaA
$PSPYN901,GET,RAW,10*00 ,0,0725 rrayPatternPlot
$PSPYN901,GET,RAW,11*00 $PSPYN901,ACK,RAW,10,1,7F,454,348,407,58,164,1
$PSPYN901,GET,RAW,12*00 05,0,0"2F
$PSPYN901,GET,RAW,13*00 $PSPYN901,ACK,RAW,11,1,7F ,441,285,356,71,227,1
$PSPYN901,GET,RAW,14*00 56,0,0720
$PSPYN901 GET RAW. 1500 $PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901 GET RAW. 1600 $PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,ACK,RAW,14,1,7F,116,385,268,396,127,
244,0,016
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,ACK,RAW,16,1,7F,502,149,160,10,363,3
52,0,0*25
8 | $PSPYN901,SET,SEL,OFF*00 $PSPYN901,ACK,SEL,OFF*0C Switch off the
beamforming.
$PSPYN901,GET,RAW,1*00 PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,GET,RAW,2*00 $PSPYN901,ACK,RAW,2,0,1,0,0,0,0,0,0,0,0*6E
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,3,0,1,0,0,0,0,0,0,0,0*6F ghecl; that each t;hbanrllel
9 | $PSPYN901,GET,RAW,4*00 $PSPYN901,ACK,RAW,4,0,1,0,0,0,0,0,0,0,0*68 eamformer is set bac

$PSPYN901,GET,RAW,5*00
$PSPYN901,GET,RAW,6*00
$PSPYN901,GET,RAW,7*00

$PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901,ACK,RAW,6,0,1,0,0,0,0,0,0,0,0*6A
$PSPYN901,ACK,RAW,7,0,1,0,0,0,0,0,0,0,0*6B

to its default
configuration.
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$PSPYN901,GET,RAW,8*00 $PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,064
$PSPYN901,GET,RAW,9*00 $PSPYN901,ACK,RAW,9,0,1,0,0,0,0,0,0,0,065
$PSPYN901,GET,RAW,10*00 $PSPYN901,ACK,RAW,10,0,1,0,0,0,0,0,0,0,0*5D
$PSPYN901,GET,RAW,11*00 $PSPYN901,ACK,RAW,11,0,1,0,0,0,0,0,0,0,0*5C
$PSPYN901,GET,RAW,12*00 $PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,GET,RAW,13*00 $PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,GET,RAW,14*00 $PSPYN901,ACK,RAW,14,0,1,0,0,0,0,0,0,0,0*59
$PSPYN901,GET,RAW,15*00 $PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,GET,RAW,16*00 $PSPYN901,ACK,RAW,16,0,1,0,0,0,0,0,0,0,0*5B
100 -
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Figure 5.1: Antenna Array Map
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Figure 5.2: Nominal Mode Test Antenna Pattern For Channel 2
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Figure 5.3: Nominal Mode Test Antenna Pattern For Channel 3
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Figure 5.4: Nominal Mode Test Antenna Pattern For Channel 4
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Figure 5.5: Nominal Mode Test Antenna Pattern For Channel 6
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Figure 5.6: Nominal Mode Test Antenna Pattern For Channel 7
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Figure 5.7: Nominal Mode Test Antenna Pattern For Channel 9
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Figure 5.8: Nominal Mode Test Antenna Pattern For Channel 10

8.1

-9.4

-26.9

-44.5

-62

-79.5

180

Figure 5.9: Nominal Mode Test Antenna Pattern For Channel 11
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Figure 5.10: Nominal Mode Test Antenna Pattern For Channel 14
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Figure 5.11: Nominal Mode Test Antenna Pattern For Channel 16
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Test C2 Nominal Mode + Interferer : automatic Antenna Pattern beam steering in the direction of the
tracked SVs, and single null steered in the direction of the interferer zeros.

Nominal mode test sequence and expected results example, automatic Antenna Pattern beam
steering in the direction of the tracked SVs with interferer rejection.

Table 5.8: Test C2 Nominal mode test sequence

N# Command Expected Response Note
If the response doesn’t
] $PSPYN901 GET SEL*00 $PSPYN901,ACK,SEL,OFF*0C ?;é?fﬁg& SeTsEL
OFF and repeat step 1
. $PSPYN901,ACK,CXY,7F,95,0,48,82,-48,82,-95,0,- Get the current
2 $PSPYNS01,GET,CXY*00 48,-82,48,-82*07 antenna configuration.
* Set the current
3 $PSPYN901,NVR,ATT,0,0*00 SPSPYN9O1,ACKATT,0,074 antenna array attitude
to 0 heading 0 pitch.
. $PSPYN901,ACK,CAL,7F,0.0,1.00,0.0,1.00,0.0,1.00,0 | Get the current set of
4 $PSPYN901,GET,CAL*00 .0,1.00,0.0,1.00,0.0,1.00*26 calibration parameters.
5 | $PSPYN901,SET,INT,1,45,90*00 | $PSPYN901,ACK,INT,1,45,90*73
If the response doesn’t
6 | $PSPYN901,SET,SEL,NOM*00 | $PSPYN901,ACK,SEL,NOM*OF g‘;éﬁffﬁg& SET SEL
OFF and repeat step 1
Wait for the first fix.
For each tracked
7 satellite, take a note of
the elevation azimuth
and channel ID [CHID].
$PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,ACK,RAW,2,1,7F,226,281,96,286,231,41
6,0,0*12
$PSPYN901,ACK,RAW,3,1,7F,386,117,237,126,395,2
$PSPYN901,GET,RAW,1*00 75,0,0728
$PSPYN901,GET,RAW,2*00 $OPgF;éN901 ,ACK,RAW,4,1,7F,311,503,215,201,9,297
$PSPYN901,GET,RAW,3*00 0,
$PSPYN901 GET RAW. 4*00 $PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901 GET RAW. 500 ;sgzsgimgm ,ACK,RAW,6,1,7F,24,170,229,488,342,28
$PSPYN901,GET,RAW,6*00 s
. PSPYN901,ACK,RAW,7,1,7F,124,249,128,388,263,3
$PSPYN9O1,GET,RAW,7*00 PR Check the offsets
SPSPYNSOT,GET,RAW.800 $PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64 using the MATLAB
8 | SPSPYN9OT,GET,RAW.9°00 $PSPYN901 ACK.RAW.9.1.7F 496 407,434.16,105,78 | SRt
$PSPYN901,GET,RAW,10*00 0.0°23 AR 25 L IEAY0,A01,59%, 10, TV, SPYN901_To_Antenn
* - aArrayPatternPlot
$PSPYNS01,GET,RAW, 11*00 $PSPYN901,ACK,RAW,10,1,7F,8,364,409,504,147,10 v
$PSPYN901,GET,RAW,12*00 4.0 01E
SPSPYNSO01,GET,RAW,13°00 | gpSpYNg01,ACK,RAW,11,1,7F 443,248,376,69,264,1
$PSPYN901,GET,RAW,14*00 36,0,0°29
$PSPYN901,GET,RAW,15*00 $PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,GET,RAW,16*00 $PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,05E
$PSPYN901,ACK,RAW,14,1,7F,115,383,270,397,129,
242,0,0713
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0%58
$PSPYN901,ACK,RAW,16,1,7F,23,134,161,489,378,3
51,0,0*25
9 | $PSPYN901,SET,SEL,OFF*00 | $PSPYN901,ACK,SEL,OFF*0C Egﬁ?ofgf::
$PSPYN901,GET,RAW,1%00 $PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,GET,RAW,2*00 $PSPYN901,ACK,RAW,2,0,1,0,0,0,0,0,0,0,0*6E
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,3,0,1,0,0,0,0,0,0,0,0*6F C:eck tlhgt eaffsh .
10 | $PSPYN901,GET,RAW,4*00 $PSPYN901,ACK,RAW,4,0,1,0,0,0,0,0,0,0,0*68 channel beamiormer Is

$PSPYN901,GET,RAW,5*00
$PSPYN901,GET,RAW,6*00
$PSPYN901,GET,RAW,7*00

$PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901,ACK,RAW,6,0,1,0,0,0,0,0,0,0,0*6A
$PSPYN901,ACK,RAW,7,0,1,0,0,0,0,0,0,0,0*6B

set back to its default
configuration.
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$PSPYN901,GET,RAW,8*00

$PSPYN901,GET,RAW,9*00

$PSPYN901,GET,RAW,10*00
$PSPYN901,GET,RAW,11*00
$PSPYN901,GET,RAW,12*00
$PSPYN901,GET,RAW,13*00
$PSPYN901,GET,RAW,14*00
$PSPYN901,GET,RAW,15*00
$PSPYN901,GET,RAW,16*00

$PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64

$PSPYN901,ACK,RAW,9,0,1,0,0,0,0,0,0,0,0*65

$PSPYN901,ACK,RAW,10,0,1,0,0,0,0,0,0,0,0*5D
$PSPYN901,ACK,RAW,11,0,1,0,0,0,0,0,0,0,0*5C
$PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,ACK,RAW,14,0,1,0,0,0,0,0,0,0,0*59
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,ACK,RAW,16,0,1,0,0,0,0,0,0,0,0*5B

In the following figures are reported the results for test C2. The Antenna Array map used for the test is
shown in figure 5.12. Plots from figure 5.13 to figure 5.20 show the antenna patterns synthesized by
each channel: each antenna pattern is built using as input the logged receiver messages, in particular
the beamer parameters are extracted from the RAW message. Figure 5.14 and figure 5.15 show the
current behaviour of the receiver when the angular position of the required maximum and the angular
position of the zero are very close.
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Figure 5.12: Antenna Array Map
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Figure 5.13: Antenna Pattern for Channel 2

GRABEL_WP3_D3_2_P_CO_v1.10.doc

Page 57 of 140

Copyright © 2009 2010 - GRABEL consortium, all rights reserved



pE————
GNSS Reconfigurable Antenna Based Enhanced Localization

RABEL FP 7-SME-2008-1 / 232016

7.1

-12.5

-32.1

-51.7

-71.3

-90.9

180

>

20

<

i L
\4
/SN

Y:

>

D)/ 4uR

\7
\
ﬁ

ol

Lo
A

o)
3, NV ‘ 7
% —naz0° || / A
() "0 ——Az45° [ A
— Az 90°
— Az 147°
30 I A
R L P
-40
7K A
-50 7 L
0 15 30 45 60 75 90 75 60 45 30 15 0
Elevation
Figure 5.14: Antenna Pattern for Channel 3
GRABEL_WP3_D3_2_P_CO_v1.10.doc Page 58 of 140

Copyright © 2009 2010 - GRABEL consortium, all rights reserved



pE=——
GNSS Reconfigurable Antenna Based Enhanced Localization
RABEL FP 7-SME-2008-1 / 232016

7.5

-11.3

-30.1

-48.9

-67.7

-86.6

180

>

20 -

/

)
/
/
-
N>
N\
>

10

/
e
—

s \ LI
S,
_ A
= 30 ‘ \’ ‘ l — Az 0"
O _10 N\ — Az 45° A
| —— Az 90°
——Az121° || A
-50 W A
-60 ¥ A
-70 V -
-80 7 A
0 15 30 45 60 75 90 75 60 45 30 15 0
Elevation
Figure 5.15: Antenna Pattern for Channel 4
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Figure 5.17: Antenna Pattern for Channel 7
GRABEL_WP3_D3 2 P_CO_v1.10.doc Page 61 of 140

Copyright © 2009 2010 - GRABEL consortium, all rights reserved



pm——
GNSS Reconfigurable Antenna Based Enhanced Localization
RABEL FP 7-SME-2008-1 / 232016

8.9
-7.1
-23.1
-39.1
-55.1
-71.1
180
20 e
——— e
—— ’ ’
0 N / —Az0° M
— Az 45° \ //‘
—_ g —— Az 90° \ ) /
i -10 - Az 98°
k=
(‘B —201/ \I
-30 iw '
-40
KA
-50 7—A
0 15 30 45 60 75 90 75 60 45 30 15 0O
Elevation
Figure 5.18: Antenna Pattern for Channel 9
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Figure 5.19: Antenna Pattern for Channel 10
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Figure 5.20: Antenna Pattern for Channel 11
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Test C3 Nominal Mode + Interferer + 9 antenna circular configuration :

automatic Antenna Pattern

beam steering in the direction of the tracked SVs, and single null steered in the direction of the
interferer zeros, all the 9 RF inputs are used.

Table 5.9: C3 Nominal mode test sequence and expected results example

N# Command Expected Response Note
If the response doesn’t
] $PSPYN901,GET SEL*00 $PSPYN901,ACK,SEL,OFF*0C ?Sé?ysﬁg& SeTsEL
OFF and repeat step 1
) $9F(’)S£';5Y1N3950;581EBT6%2’02’215':5525%%’%55";51'2? $PSPYN901,ACK,CXY, 1FF,95,0,67,67,0,95,
00 -67,67,-95,0,-67,-67,0,-95,67,-67*6A
. $PSPYN901,ACK,CXY,1FF,95,0,67,67,0,95, Get the current antenna
2 $PSPYN901,GET,CXY*00 -67,67,-95,0,-67,-67,0,-95,67,-67*6A configuration.
* Set the current antenna
3 | $PSPYN901,NVR,ATT,0,0%00 $PSPYN901,ACKATT,0,0°74 array attitude to 0
heading 0 pitch.
. $PSPYN901,ACK,CAL,7F,0.0,1.00,0.0,1.00, Get the current set of
4 | SPSPYN901,GET,CAL*00 0.0,1.00,0.0,1.00,0.0,1.00,0.0,1.00*26 calibration parameters.
5 | $PSPYN901,SET,INT,1,45,90*00 $PSPYN901,ACK,INT,1,45,90*73
If the response doesn’t
5 | $PSPYN901,SET,SEL,NOM*00 $PSPYN901,ACK,SEL,NOM*0OF ?;é%‘jﬁg& SET SEL
OFF and repeat step 1
Wait for the first fix. For
each tracked satellite,
6 take a note of the
elevation azimuth and
channel ID [CHID].
$PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*
6D
$PSPYN901,ACK,RAW,2,2,1FF,216,297,187
,22,297,215,325,490%58
$PSPYN901,ACK,RAW,3,2,1FF,362,67,193,
263,150,445,319,249*52
$PSPYN901,ACK,RAW,4,2,1FF,291,455,129
$PSPYN901,GET,RAW,1%00 ,251,221,57,383,261*56
$PSPYN901,GET,RAW,2*00 $PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*
$PSPYN901,GET,RAW,3*00 69
$PSPYN901,GET,RAW,4*00 gg’g;’gg‘gg; ?&Kég?ygf& 1FF,46,145,211,
$PSPYN901,GET,RAW,5%00 466,367,301,
$PSPYN901 GET RAW 600 $6PZS:;3\£N297%1,2A§%)}2,5RO€\¥VE,7,2,1FF,128,233,216
$PSPYN901,GET,RAW,7*00 10£,904,21'9,£59, . ,
$PSPYN901,GET,RAW,8+00 g4PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0 g\r;eﬂ;q']fpgrzi:ispltjsmg
7 $E§§m281'gg’gﬁw?oego $PSPYN901,ACK,RAW,9,2,1FF,31,503,357, | SPYN901_To_Antenna
’ ’ Tk 493,482,10,155,19*5A ArrayPatternPlot
$PSPYN901,GET,RAW, 11700 $PSPYN901,ACK,RAW,10,2,1FF,474,335,41
$PSPYN901,GET,RAW,12*00 0.420.38.177 102 92*5C
$PSPYN9O1 GET,RAW, 13700 $PSPYN901,ACK,RAW,11,2,1FF,445,243 32
$PSPYN901,GET,RAW,14*00 5,391,67,269,187,121*61
$PSPYN901,GET,RAW,15*00 $PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,
$PSPYN901,GET,RAW,16*00 0*5F
$PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,
0*5E
$PSPYN901,ACK,RAW,14,2,1FF,119,445,30
1,286,393,67,211,226*65
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,
0*58
$PSPYN901,ACK,RAW,16,2,1FF,24,122,142
,141,488,390,370,371*62
8 | $PSPYN901,SET,SEL,OFF*00 $PSPYN901,ACK,SEL,OFF*0C Exﬁ?o‘:gf:g
9 | $PSPYN901,GET,RAW,1*00 $PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0* | Chech that each
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$PSPYN901,GET,RAW,2*00
$PSPYN901,GET,RAW,3*00
$PSPYN901,GET,RAW,4*00
$PSPYN901,GET,RAW,5*00
$PSPYN901,GET,RAW,6*00
$PSPYN901,GET,RAW,7*00
$PSPYN901,GET,RAW,8*00
$PSPYN901,GET,RAW,9*00
$PSPYN901,GET,RAW,10*00
$PSPYN901,GET,RAW,11*00
$PSPYN901,GET,RAW,12*00
$PSPYN901,GET,RAW,13*00
$PSPYN901,GET,RAW,14*00
$PSPYN901,GET,RAW,15*00
$PSPYN901,GET,RAW,16*00

ggSPYN901 ,ACK,RAW,2,0,1,0,0,0,0,0,0,0,0*
gESPYN901 ,ACK,RAW,3,0,1,0,0,0,0,0,0,0,0*
gESPYNQm ,ACK,RAW 4,0,1,0,0,0,0,0,0,0,0*
g?’SPYNQO'I ,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*
g?’SPYNQO'I ,ACK,RAW,6,0,1,0,0,0,0,0,0,0,0*
gQSPYN901 ,ACK,RAW,7,0,1,0,0,0,0,0,0,0,0*
ggSPYN901 ,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*
g‘;SPYNgm ,ACK,RAW,9,0,1,0,0,0,0,0,0,0,0*
ngSPYN901 ,ACK,RAW,10,0,1,0,0,0,0,0,0,0,
gf’SSE)PYNQO'I ,ACK,RAW,11,0,1,0,0,0,0,0,0,0,
gf’sSCPYN901 ,ACK,RAW,12,0,1,0,0,0,0,0,0,0,
gf’SSFPYN901 ,ACK,RAW,13,0,1,0,0,0,0,0,0,0,
g*PSSEPYN901 ,ACK,RAW,14,0,1,0,0,0,0,0,0,0,
g*PSSQPYN901 ,ACK,RAW,15,0,1,0,0,0,0,0,0,0,
%EZSZPYNQM ,ACK,RAW,16,0,1,0,0,0,0,0,0,0,

channel beamformer is
set back to its default
configuration.

In the following figures are reported the results for test C3. The Antenna Array map used for the test is
shown in figure 5.23. Plots from figure 5.24 to figure 5.31 show the antenna patterns synthesized by
each channel : each antenna pattern is built using as input the logged receiver messages, in
particular the beamer parameters are extracted from the RAW message. Figure 5.25 and figure 5.26
show the current behavior of the receiver when the angular position of the required maximum and the
angular position of the zero are very close.
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Figure 5.23: Antenna Array Map
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Figure 5.29: Antenna Pattern for Channel 9
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RABEL

Test C4 Nominal Mode + Interferer + 4 antenna in a square configuration : automatic Antenna Pattern
beam steering in the direction of the tracked SVs, and single null steered in the direction of the

interferer zeros.

Table 5.10: C4 Nominal mode test sequence and expected results example

N# Command Expected Response Note
If the response doesn’t
1 | $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF*0C ?Sécg‘fﬁg& SET SEL
OFF and repeat step 1
2 | SPSPYN9O1,SET.CXY.F,950.95 | ¢oopyNg01 ACK,CXY.F,95,0,95,95,0,95*1D
,95,0,95*00
3 | $PSPYN901,GET,CXY*00 $PSPYN901,ACK,CXY,F,95,0,95,95,0,95*1D Soerfﬁtgﬁrg‘tjigﬁ”t antenna
Set the current antenna
4 | $PSPYN901,NVR,ATT,0,0*00 $PSPYN901,ACK,ATT,0,0*74 array attitude to 0
heading 0 pitch.
. $PSPYN901,ACK,CAL,7F,0.0,1.00,0.0,1.00,0.0,1.00,0 | Get the current set of
5 | $PSPYN901,GET,CAL*00 0,1.00,0.0,1.00,0.0,1.00*26 calibration parameters.
6 | SPSPYN901,SET,INT,1,45,90%00 | $PSPYN901,ACK,INT,1,45,90*73
If the response doesn’t
7 | $PSPYN901,SET,SEL,NOM*00 | $PSPYN901,ACK,SEL,NOM*OF fsf‘;écg‘f,\?g& SET SEL
OFF and repeat step 1
Wait for the first fix. For
each tracked satellite,
8 take a note of the
elevation azimuth and
channel ID [CHID].
$PSPYN901,ACK,RAW, 1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,ACK,RAW,2,1,F,203,449,264,0,0,0,0,0*1
0
$PSPYN901,GET,RAW,1*00 gPSPYN901,ACK,RAW,3,1,F,401,127,242,0,0,0,0,0*1
$PSPYN901,GET,RAW,2*00
SPSPYN901 GET RAW, 3°00 $PSPYN901,ACK,RAW,4,1,F,315,55,251,0,0,0,0,0*2F
$PSPYN9O! GET RAW 4700 $PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
SPSPYN9O1 GET RAW, 500 515PSPYN901,ACK,RAW,6,1,F,498,236,249,0,0,0,0,0*1
$PSPYN901,GET,RAW,6*00 .
SPSPYN901 GET RAW. 7500 iPSPYN901,ACK,RAW,7,1,F,159,414,218,0,0,0,0,0 1 e
* ecCl e olfsets using
. ﬁﬁgmgg1 'gg'gﬁw'g*gg $PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64 the MATLAB script
SPSPYNGOT GET RAW 10700 $PSPYN901,ACK,RAW,9,1,F,497,408,10,0,0,0,0,024 | SPYN901_To_Antenna
’ ’ ’ * | ArrayPatternPlot
SPSPYNS01 GET RAW 11700 gl;’SPYNgm ,ACK,RAW,10,1,F,437,287,362,0,0,0,0,0 y
$SPSPYN901,GET,RAW, 1200 $PSPYN901,ACK,RAW,11,1,F,439,218,291,0,0,0,0,0*
$PSPYN901,GET,RAW,13*00 bl
SPSPYN901,GET,RAW,14°00 | $pspyYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0°5F
SPSPYN901,GET,RAW,15°00 | gpspyYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0°5E
$PSPYNSO1,GET,RAW.16°00 | $pSPYN9O1,ACK,RAW,14,1,F,111,369,256,0,0,0,0,0°
23
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,ACK,RAW, 16,1,F,457,165,219,0,0,0,0,0*
23
10 | $PSPYN901,SET,SEL,OFF*00 | $PSPYN901,ACK,SEL,OFF*0C S“;Ve"trf]rf‘ofmge
$PSPYN901,GET,RAW,1%00 $PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,06D
$PSPYN901,GET,RAW,2*00 $PSPYN901,ACK,RAW,2,0,1,0,0,0,0,0,0,0,0*6E
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,3,0,1,0,0,0,0,0,0,0,0*6F
$PSPYN901,GET,RAW,4*00 $PSPYN901,ACK,RAW,4,0,1,0,0,0,0,0,0,0,0*68 Cr:‘e‘?h tlh;‘t ea?h _
11 | $PSPYN901,GET,RAW,5*00 $PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69 gefgggk ti?{s”é’;fﬂﬁ.ﬁ's
$PSPYN901,GET,RAW,6*00 $PSPYN901,ACK,RAW,6,0,1,0,0,0,0,0,0,0,0*6A configuration
$PSPYN901,GET,RAW,7*00 $PSPYN901,ACK,RAW,7,0,1,0,0,0,0,0,0,0,0*6B '
$PSPYN901,GET,RAW,8*00 $PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64
$PSPYN901,GET,RAW,9%00 $PSPYN901,ACK,RAW,9,0,1,0,0,0,0,0,0,0,0*65
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$PSPYN901,GET,RAW,10*00 $PSPYN901,ACK,RAW,10,0,1,0,0,0,0,0,0,0,0*5D
$PSPYN901,GET,RAW,11*00 $PSPYN901,ACK,RAW,11,0,1,0,0,0,0,0,0,0,0*5C
$PSPYN901,GET,RAW,12*00 $PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,GET,RAW,13*00 $PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,GET,RAW,14*00 $PSPYN901,ACK,RAW,14,0,1,0,0,0,0,0,0,0,0*59
$PSPYN901,GET,RAW,15*00 $PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,GET,RAW,16*00 $PSPYN901,ACK,RAW,16,0,1,0,0,0,0,0,0,0,0*5B

Figure 5.34 to figure 5.44 report the results for test C4.
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Figure 5.34: Antenna Array Map
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Test C5 Nominal Mode + Interferer + 5 antenna in a circular configuration : automatic Antenna Pattern
beam steering in the direction of the tracked SVs, and single null steered in the direction of the
interferer zeros, alternate RF inputs are used.

Table 5.11: C5 Nominal mode test sequence and expected results example

N# Command Expected Response Note
If the response doesn’t
1| $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF*0C ;”;é?jﬁg& SET SEL OFF
and repeat step 1
5 | SPSPYN901,SET,CPO,155,95,0, | $PSPYN901,ACK,CPO,155,95,0,95,90,95,180,95,
95,90,95,180,95,270*00 270*41
3 $PSPYN901,GET,CXY*00 SE%PAYNQM ,ACK,CXY,155,95,0,0,95,-95,0,0,- CGOer:ﬁthr:gg:nt antenna
Set the current antenna
4 | $PSPYN901,NVR,ATT,45,0%00 $PSPYN901,ACK,ATT,45,0*45 array attitude to 0 heading 0
pitch.
5 | SPSPYN901,SET,CAL,155,0,0,0, | $PSPYN901,ACK,CAL,155,0.0,1.00,0.0,1.00,0.0, | Set the current calibration
0*00 1.00,0.0,1.00*00 parameters
. $PSPYN901,ACK,CAL,155,0.0,1.00,0.0,1.00,0.0, Get the current set of
6 $PSPYN901,GET,CAL*00 1.00,0.0,1.00*00 calibration parameters.
7 | $PSPYN901,SET,INT,1,45,90*00 | $PSPYN901,ACK,INT,1,45,90*73
If the response doesn’t
8 | $PSPYN901,SET,SEL,NOM*00 | $PSPYN901,ACK,SEL,NOM*OF ;”;‘é%‘fﬁg& SET SEL OFF
and repeat step 1
Wait for the first fix. For each
9 tracked satellite, take a note
of the elevation azimuth and
channel ID [CHID].
$PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,ACK,RAW,2,1,155,0,499,0,284,0,13,
0,228*5F
$PSPYN901,ACK,RAW,3,1,155,0,308,0,7,0,204,0
$PSPYN901,GET,RAW,1*00 50564
$PSPYN901,GET,RAW,2*00 ?%Sjgls\lgm ,ACK,RAW,4,1,155,0,251,0,464,0,26
$PSPYN901,GET,RAW,3*00 Y
$PSPYN901 GET RAW.4*00 $PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901 GET RAW.5%00 S%s;\ér:lgg ,ACK,RAW,6,1,155,0,363,0,216,0,14
PSPYN901,GET,RAW,6*00 e
$PSPYN901 GET RAW 7*00 $PSPYN901,ACK,RAW,7,1,155,0,446,0,238,0,66,
$PSPYN901 :GET’RAW‘S*OO 0,274*54 Check the offsets using the
10 | SPSPYN9O1 'GET RAW 9°00 $PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64 MATLAB script
o - $PSPYN901,ACK,RAW,9,1,155,0,100,0,120,0,95, | SPYN901_To_AntennaArray
$PSPYN901,GET,RAW,10*00 0.38*61 PatternPlot
$PSPYN901,GET,RAW,11*00 $PSPYN901,ACK,RAW,10,1,155,0,41,0,370,0,47
$PSPYN901,GET,RAW,12*00 10.142*68
$PSPYN90T,GET,RAW,13'00 | ¢pgpyNg01,ACK,RAW,11,1,155,0,30,0,340,0,48
$PSPYN901,GET,RAW,14*00 2,0,172*63
$PSPYN901,GET,RAW,15*00 $PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,GET,RAW, 1600 $PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,ACK,RAW,14,1,155,0,233,0,440,0,2
79,0,72*63
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,ACK,RAW,16,1,155,0,382,0,43,0,13
0,0,469*6D
11 | $PSPYN901,SET,SEL,OFF*00 $PSPYN901,ACK,SEL,OFF*0C Switch off the beamforming.
$PSPYN901,GET,RAW,1*00 $PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,GET,RAW,2*00 $PSPYN901,ACK,RAW,2,0,1,0,0,0,0,0,0,0,0*6E
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,3,0,1,0,0,0,0,0,0,0,0*6F Chech that each channel
12 | $PSPYN901,GET,RAW,4*00 $PSPYN901,ACK,RAW,4,0,1,0,0,0,0,0,0,0,0*68 beamformer is set back to its

$PSPYN901,GET,RAW,5*00
$PSPYN901,GET,RAW,6*00
$PSPYN901,GET,RAW,7*00

$PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901,ACK,RAW,6,0,1,0,0,0,0,0,0,0,0*6A
$PSPYN901,ACK,RAW,7,0,1,0,0,0,0,0,0,0,0*6B

default configuration.
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$PSPYN901,GET,RAW,8*00

$PSPYN901,GET,RAW,9*00

$PSPYN901,GET,RAW,10*00
$PSPYN901,GET,RAW,11*00
$PSPYN901,GET,RAW,12*00
$PSPYN901,GET,RAW,13*00
$PSPYN901,GET,RAW,14*00
$PSPYN901,GET,RAW,15*00
$PSPYN901,GET,RAW,16*00

$PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64

$PSPYN901,ACK,RAW,9,0,1,0,0,0,0,0,0,0,0*65

$PSPYN901,ACK,RAW,10,0,1,0,0,0,0,0,0,0,0*5D
$PSPYN901,ACK,RAW,11,0,1,0,0,0,0,0,0,0,0*5C
$PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,ACK,RAW,14,0,1,0,0,0,0,0,0,0,0*59
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,ACK,RAW,16,0,1,0,0,0,0,0,0,0,0*5B

Figure 5.45 to figure 5.55 report the results for test C5.
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Figure 5.45: Antenna Array Map
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Test C6 Nominal Mode + Interferer + 5 antenna in a circular configuration : automatic Antenna Pattern
beam steering in the direction of the tracked SVs, and single null steered in the direction of the

interferer zeros, alternate RF inputs are used. The calibration parameters are used this time.

Table 5.12: C6 Nominal mode test sequence and expected results example

N# Command Expected Response Note
If the response doesn’t
1 | $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF*0C ?Sécg‘fﬁg& SET SEL
OFF and repeat step 1
» | SPSPYN901,SET,CPO,155,95,0, | $PSPYN901,ACK,CPO,155,95,0,95,90,95,180,95,270
95,90,95,180,95,270*00 *41
3 | $PSPYN901,GET,CXY*00 $PSPYN901,ACK,CXY,155,95,0,0,95,-95,0,0,-95*6A Soe;f}gﬁrgﬁgﬁm antenna
Set the current antenna
4 | $PSPYN901,NVR,ATT,45,000 | $PSPYN901,ACK,ATT,45,0*45 array attitude to 0
heading 0 pitch.
5 f%%%’g%ol'ggb%%"fgg'ggbob $PSPYN901,ACK,CAL,155,50.0,1.00,100.0,1.00,200. | Set the current
1‘ 06*53' T o ’ 0,1.00,300.0,1.00*53 calibration parameters
. $PSPYN901,ACK,CAL,155,50.0,1.00,100.0,1.00,200. | Get the current set of
6 | SPSPYN901,GET,CAL*00 0,1.00,300.0,1.00"53 calibration parameters.
7 gPSPYNgm'SET"NT'1*45'9°0 $PSPYN901,ACK,INT,1,45,90*73
If the response doesn’t
8 | $PSPYN901,SET,SEL,NOM*00 | $PSPYN901,ACK,SEL,NOM*OF ?Sé%‘f,jg& SET SEL
OFF and repeat step 1
Wait for the first fix. For
each tracked satellite,
9 take a note of the
elevation azimuth and
channel ID [CHID].
$PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,ACK,RAW,2,1,155,0,428,0,142,0,241,0,3
13*60
$PSPYN901,ACK,RAW,3,1,155,0,236,0,377,0,432,0,7
$PSPYN901,GET,RAW,1*00 850
$PSPYN901,GET,RAW,2*00 gg%FéYNQO'I,ACK,RAWA,’I,155,0,180,0,322,0,488,0,1
$PSPYN901,GET,RAW,3*00
$PSPYNQ01 GET RAW 4400 $PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901 GET RAW 500 gf5SIDPYN9O1,ACK,RAW,6,1,155,0,292,0,73,0,376,0,38
$PSPYN901,GET,RAW,6+00 _
10 2E:imgg1’gg’§ﬁw’ggg $PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64 computed at test C5 by
2= LRI $PSPYN901,ACK,RAW,9,1,155,0,18,0,469,0,363,0,14 | the calibration
$PSPYN901,GET,RAW,10*00 ot parameter value.
SPSPYN9OT,GET.RAW, 1100 | ¢papyNgn1 ACK,RAW,10,1,155,0,482,0,228,0,186,0,
$PSPYN901,GET,RAW,12*00 297452
$PSPYN901,GET,RAW,13*00 $PSPYN901,ACK,RAW,11,1,155,0,471,0,198,0,198,0,
$PSPYN901,GET,RAW,14*00 257*5F
$PSPYN901,GET,RAW,15*00 $PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,GET,RAW,16*00 $PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,ACK,RAW,14,1,155,0,162,0,298,0,506,0,
157*5E
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,ACK,RAW, 16,1,155,0,311,0,412,0,357,0,
43*68
11 | $PSPYN901,SET,SEL,OFF*00 | $PSPYN901,ACK,SEL,OFF*0C Sxﬁ?o‘r’:;f::
$PSPYN901,GET,RAW, 100 $PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,06D Chech that each
12 | $PSPYN9O1,GET,RAW,2*00 $PSPYN901,ACK,RAW,2,0,1,0,0,0,0,0,0,0,0*6E channel beamformer is
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,3,0,1,0,0,0,0,0,0,0,0*6F set back to its default
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$PSPYN901,GET,RAW,4*00
$PSPYN901,GET,RAW,5*00
$PSPYN901,GET,RAW,6*00
$PSPYN901,GET,RAW,7*00
$PSPYN901,GET,RAW,8*00
$PSPYN901,GET,RAW,9*00
$PSPYN901,GET,RAW,10*00
$PSPYN901,GET,RAW,11*00
$PSPYN901,GET,RAW,12*00
$PSPYN901,GET,RAW,13*00
$PSPYN901,GET,RAW,14*00
$PSPYN901,GET,RAW,15*00
$PSPYN901,GET,RAW,16*00

$PSPYN901,ACK,RAW 4,0,1,0,0,0,0,0,0,0,0*68
$PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901,ACK,RAW,6,0,1,0,0,0,0,0,0,0,0*6A
$PSPYN901,ACK,RAW,7,0,1,0,0,0,0,0,0,0,0*6B
$PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64
$PSPYN901,ACK,RAW,9,0,1,0,0,0,0,0,0,0,0*65
$PSPYN901,ACK,RAW,10,0,1,0,0,0,0,0,0,0,0*5D
$PSPYN901,ACK,RAW,11,0,1,0,0,0,0,0,0,0,0*5C
$PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,ACK,RAW,14,0,1,0,0,0,0,0,0,0,0*59
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,ACK,RAW,16,0,1,0,0,0,0,0,0,0,0*5B

configuration.

Test C6 channel 2 :

Test C5 channel 2 :

50/360*512 = 71.1
100/360*512 = 142.2 and
200/360*512 = 284.4 and
300/360*512 = 426.6 and

and

Here follows an example of the checks on the offset values:

499 — 428 =
284 — 142 = 142 pass.
mod(13 — 241,512) = 284 pass.
mod(228 — 313,512) = 427 pass.

71 pass.

$PSPYN901,ACK,RAW,2,1,155,0,428,0,142,0,241,0,313*60

$$PSPYN901,ACK,RAW,2,1,155,0,499,0,284,0,13,0,228*5F
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Test C7 Nominal Mode plus interfering signal, 5 antenna in a circular configuration, dynamic
conditions. Automatic Antenna Pattern beam steering in the direction of the tracked SVs, and single
null steered in the direction of the interferer zeros. Some notes on the test :

e antenna configuration = alternate RF inputs are used,;

dynamic

e antenna gain mismatch = is simulated in the second part of the test;
= entering appropriate attitude commands we simulate an heading

rate of 15 deg/s.

This is mainly an Hosted Mode test: we are interested in verifying the beamforming algorithm
performance not the system performance (refer to Live Tests for system performance).

Table 5.13 shows the nominal mode test sequence in dynamic conditions and expected results

example.
Table 5.13: C7 Nominal mode test sequence
N# Command Expected Response Note
If the response doesn’t
1 | $PSPYN901,GET,SEL*00 $PSPYN901,ACK,SEL,OFF*0C ?F?éCFE‘YS,\Tg& SET SEL
OFF and repeat step 1
5 | $PSPYN901,SET,CPO,155,95,0, | $PSPYN901,ACK,CPO,155,95,0,95,90,95,180,95,270
95,90,95,180,95,270*00 *41
3 | $PSPYN901,GET,CXY*00 $PSPYN901,ACK,CXY,155,95,0,0,95,-95,0,0,-95*6A Soerfffgjr;‘igr?”t antenna
Set the current antenna
4 | $PSPYN901,NVR,ATT,0,0*00 $PSPYN901,ACK,ATT,0,0*45 array attitude to 0
heading 0 pitch.
5 | SET,CAL,1550,1.0,0,1.0,0,1.00, | $PSPYN901,ACK,CAL,1550.0,1.00,0.0,1.00,0.0,1.00, | Set the current
1.0*00 0.0,1.00*66 calibration parameters
6 $PSPYN901,GET,CAL*00 $PSPYN901,ACK,CAL,155,0.0,1.00,0.0,1.00,0.0,1.00, | Get the current set of
’ ’ 0.0,1.00*66 calibration parameters.
7 gPSPYNgm'SET"NT'1*45'9°0 $PSPYN901,ACK,INT1,45,90*73
If the response doesn’t
. . match send
8 | $PSPYN901,SET,SEL,NOM*00 | $PSPYN901,ACK,SEL,NOM*OF $PSPYN9O01.SET SEL
OFF and repeat step 1
Wait for the first fix. For
each tracked satellite,
9 take a note of the
elevation azimuth and
channel ID [CHID].
Part 1
$PSPYN901,ACK,RAW,2,1,155,0,300,0,179,0,212,0,3
32*60
$PSPYN901,ACK,RAW,3,1,155,0,323,0,155,0,189,0,3
57*6C
$PSPYN901,GET,RAW,2*00 gg%l(’)YNQO’I ,ACK,RAW 4,1,155,0,321,0,157,0,191,0,3
$PSPYN901,GET,RAW,3*00
$PSPYN901.GET RAW.4*00 $fSPYN901 ,ACK,RAW,6,1,155,0,65,0,186,0,447,0,32
$PSPYN901,GET,RAW,6*00 657 Get Raw phase offsets
$PSPYN901‘GET1RAW77*OO $PSPYN901,ACK,RAW,7,1,155,0,91,0,229,0,421,0,28 | for the channel in
10 | $PSPYN901 ’GET’RAW’Q*OO 3*55 tracking and check the
’ ’ ’ values using the usual
SPSPYN901 GET RAW.10°00 §g4SPYN901 ,ACK,RAW,9,1,155,0,2,0,394,0,510,0,118 values toolsg.
$PSPYN901,GET.RAW,11°00 | ¢papyNg01 ACK,RAW,10,1,155,0,475,0,417,0,37,0,9
$PSPYN901,GET,RAW,14*00 5450
$PSPYN901,GET,RAW, 1600 $PSPYN901,ACK,RAW,11,1,155,0,469,0,420,0,43,0,9
2*5C
$PSPYN901,ACK,RAW,14,1,155,0,90,0,284,0,422,0,2
28*63
$PSPYN901,ACK,RAW,16,1,155,0,25,0,141,0,487,0,3
71*67
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$PSPYN901,SET,ATT,15,0*00 $PSPYN901,ACK,ATT,15,0*40
$PSPYN901,SET,ATT,30,0*00 $PSPYN901,ACK,ATT,30,0*47 Onlv Hosted Mod
11 | SPSPYNOO1SETATT450°00 | SPSPYN901,ACKATT 45,0°45 (S”yl t°SHe d_° ‘2 t
$PSPYN901,SET,ATT,60,000 | $PSPYN901,ACK,ATT,60,0*42 clrg;aee eading Rate
$PSPYN901,SET,ATT,75,0*00 $PSPYN901,ACK,ATT,75,0*46 9e:
$PSPYN901,SET,ATT,90,0*00 $PSPYN901,ACK,ATT,90,0*4D
$PSPYN901,ACK,RAW,2,1,155,0,328,0,296,0,185,0,2
15*61
$PSPYN901,ACK,RAW,3,1,155,0,357,0,323,0,155,0,1
89*6C
$PSPYN901,ACK,RAW,4,1,155,0,354,0,320,0,158,0,1
$PSPYN901,GET,RAW,2*00 92*6C
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,6,1,155,0,316,0,73,0,196,0,43
$PSPYN901,GET,RAW,4*00 9*5B Get Raw phase offsets
$PSPYN901,GET,RAW,6*00 $PSPYN901,ACK,RAW,7,1,155,0,283,0,91,0,230,0,42 | for the channel in
1o | SPSPYNSO1,GET,RAW,7°00 1*5D tracking and check the
$PSPYN901,GET,RAW,9*00 $PSPYN901,ACK,RAW,9,1,155,0,187,0,295,0,324,0,2 | values using the usual
$PSPYN901,GET,RAW,10*00 17*65 matlab tools.
$PSPYN901,GET,RAW,11*00 $PSPYN901,ACK,RAW,10,1,155,0,95,0,475,0,417,0,3
$PSPYN901,GET,RAW,14*00 7750
$PSPYN901,GET,RAW,16*00 $PSPYN901,ACK,RAW,11,1,155,0,93,0,470,0,419,0,4
2*5E
$PSPYN901,ACK,RAW,14,1,155,0,224,0,88,0,288,0,4
24*6C
$PSPYN901,ACK,RAW,16,1,155,0,371,0,24,0,141,0,4
88*69
Part 2
Send a new set of
13 | SPSPYN901,SET,CAL,155,0,1.1 | $PSPYN9O1,ACK,CAL,155,0.0,1.10,0.0,0.90,0.0,1.20, f:';?r;al}:‘a’?e’;ar:gﬁ;ers
,0,0.9,0,1.2,0,0.95%00 0.0,0.95*60 Simut
gain mismatch
modeled.
$PSPYN901,ACK,RAW,2,1,155,0,326,0,295,0,177,0,2
19*6D
$PSPYN901,ACK,RAW,3,1,155,0,365,0,329,0,154,0,1
91*6F
$PSPYN901,ACK,RAW,4,1,155,0,359,0,319,0,160,0, 1
$PSPYN901,GET,RAW,2*00 97*65
$PSPYN901,GET,RAW,3*00 $PSPYN901,ACK,RAW,6,1,155,0,318,0,85,0,198,0,42
$PSPYN901,GET,RAW,4*00 7*5D
$PSPYN901,GET,RAW,6"00 $PSPYN901,ACK,RAW,7,1,155,0,288,0,109,0,230,0,4 ?etﬂf{a"‘;phasf,Offsets
$PSPYN901,GET,RAW,7*00 02*67 t‘r’gcki‘z c ai'(‘j”sh::k the
14 | $PSPYN901,GET,RAW,9%00 $PSPYN901,ACK,RAW,9,1,155,0,90,0,474,0,414,0,45 Values%sing the usual
$PSPYN901,GET,RAW,10*00 *6A matlab tools.
$PSPYN901,GET,RAW,11*00 $PSPYN901,ACK,RAW,10,1,155,0,104,0,466,0,411,0,
$PSPYN901,GET,RAW,14*00 406D
$PSPYN901,GET,RAW,16*00 $PSPYN901,ACK,RAW,11,1,155,0,105,0,465,0,409,0,
4463
$PSPYN901,ACK,RAW,14,1,155,0,221,0,104,0,292,0,
409*58
$PSPYN901,ACK,RAW,16,1,155,0,380,0,33,0,148,0,5
01*68
$PSPYNGO01.SET ATT 75.0°00 $PSPYN901 ,ACK,ATT,75,0*46
. $PSPYN901,ACK,ATT,60,0*42
$PSPYN901,SET,ATT,60,0*00 )
. $PSPYN901,ACK,ATT,45,0*45 (Only Hosted Mode)
$PSPYN901,SET,ATT,45,0*00 . : ,
15 . $PSPYN901,ACK,ATT,30,0*47 Simulate Heading Rate
$PSPYN901,SET,ATT,30,0*00 )
. $PSPYN901,ACK,ATT,15,0*40 Change.
$PSPYN901,SET,ATT, 15,0"00 $PSPYN901,ACK,ATT,0,0*74
$PSPYN901,SET,ATT,00,0*00 AR TS
$PSPYN901,GET,RAW,2*00 $PSPYN901,ACK,RAW,2,1,155,0,292,0,181,0,215,03 | o o -
$PSPYN901,GET,RAW,3*00 08*63 ¢ etth avvh p asclr-zlo sets
$PSPYN901,GET,RAW,4*00 $PSPYN901,ACK,RAW,3,1,155,0,317,0,161,0,194,0,3 | .1 o Sranne I
. . tracking and check the
16 | $PSPYN901,GET,RAW,6*00 48*6E :
values using the usual
$PSPYN901,GET,RAW,7*00 $PSPYN901,ACK,RAW,4,1,155,0,310,0,147,0,182,0,3 | matiab tools.
$PSPYN901,GET,RAW,9*00 42*67
$PSPYN901,GET,RAW,10*00 $PSPYN901,ACK,RAW,6,1,155,0,73,0,216,0,436,0,30
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$PSPYN901,GET,RAW,11*00
$PSPYN901,GET,RAW,14*00
$PSPYN901,GET,RAW,16*00

2*5A

$PSPYN901,ACK,RAW,7,1,155,0,83,0,245,0,429,0,26

9*50

$PSPYN901,ACK,RAW,9,1,155,0,469,0,451,0,53,0,55

*69

$PSPYN901,ACK,RAW,10,1,155,0,487,0,423,0,30,0,8

7*5E

$PSPYN901,ACK,RAW,11,1,155,0,486,0,426,0,31,0,8

4*59

$PSPYN901,ACK,RAW,14,1,155,0,79,0,278,0,429,0,2

42760

$PSPYN901,ACK,RAW,16,1,155,0,30,0,142,0,491,0,3

77761

17

$PSPYN901,SET,SEL,OFF*00

$PSPYN901,ACK,SEL,OFF*0C

Switch off the
beamforming.

18

$PSPYN901,GET,RAW,1*00
$PSPYN901,GET,RAW,2*00
$PSPYN901,GET,RAW,3*00
$PSPYN901,GET,RAW,4*00
$PSPYN901,GET,RAW,5*00
$PSPYN901,GET,RAW,6*00
$PSPYN901,GET,RAW,7*00
$PSPYN901,GET,RAW,8*00
$PSPYN901,GET,RAW,9*00
$PSPYN901,GET,RAW,10*00
$PSPYN901,GET,RAW,11*00
$PSPYN901,GET,RAW,12*00
$PSPYN901,GET,RAW,13*00
$PSPYN901,GET,RAW,14*00
$PSPYN901,GET,RAW,15*00
$PSPYN901,GET,RAW,16*00

$PSPYN901,ACK,RAW,1,0,1,0,0,0,0,0,0,0,0*6D
$PSPYN901,ACK,RAW,2,0,1,0,0,0,0,0,0,0,0*6E
$PSPYN901,ACK,RAW,3,0,1,0,0,0,0,0,0,0,0*6F
$PSPYN901,ACK,RAW 4,0,1,0,0,0,0,0,0,0,0*68
$PSPYN901,ACK,RAW,5,0,1,0,0,0,0,0,0,0,0*69
$PSPYN901,ACK,RAW,6,0,1,0,0,0,0,0,0,0,0*6A
$PSPYN901,ACK,RAW,7,0,1,0,0,0,0,0,0,0,0*6B
$PSPYN901,ACK,RAW,8,0,1,0,0,0,0,0,0,0,0*64
$PSPYN901,ACK,RAW,9,0,1,0,0,0,0,0,0,0,0*65
$PSPYN901,ACK,RAW,10,0,1,0,0,0,0,0,0,0,0*5D
$PSPYN901,ACK,RAW,11,0,1,0,0,0,0,0,0,0,0*5C
$PSPYN901,ACK,RAW,12,0,1,0,0,0,0,0,0,0,0*5F
$PSPYN901,ACK,RAW,13,0,1,0,0,0,0,0,0,0,0*5E
$PSPYN901,ACK,RAW,14,0,1,0,0,0,0,0,0,0,0*59
$PSPYN901,ACK,RAW,15,0,1,0,0,0,0,0,0,0,0*58
$PSPYN901,ACK,RAW,16,0,1,0,0,0,0,0,0,0,0*5B

Chech that each
channel beamformer is
set back to its default
configuration.

In order to properly verify the behaviour of the beamforming in dynamic conditions a debug message
was implemented in order to get the phase offsets data at 1Hz rate. The following plot show heading
profile, amplitude gain and attenuation vs time for every channel in both cases :

1.

Part 1 — No antenna gains mismatch;
2. Part 2 — Antenna gains mismatch modelled;

Antenna amplitude gain and attenuation in both cases are computed using the same model used by
the beamforming algorithm.
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Figure 5.56: (part 1) Heading profile
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Figure 5.57: (part 1)Antenna array amplitude gain in static and dynamic conditions (no antenna
gain mismatch)
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Figure 5.58: (part 1)Antenna array attenuation in static and dynamic conditions (no antenna
gain mismatch
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Figure 5.59: (part 2) Heading profile.
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Figure 5.60: (part 2)Antenna array amplitude gain in static and dynamic conditions with
antenna gain mismatch compensation.
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Figure 5.61: (part 2)Antenna array attenuation in static and dynamic conditions with antenna
gain mismatch compensation
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Figure 5.56 to figure 5.61 show that :

e except for channel number 8 tracking an SV at 56° elevation 98° azimuth (i.e. less than 15°
away from the interference), all the other channels exhibit acceptable behavior.

e Except for channel 8 also in case of antenna gains mismatch the minimum attenuation wrt to
the single antenna is around 20 dB or higher.

Figure 5.62 to figure 5.66 refer to channel 16 and show the improvement (10-15 [dB] ) associated to
antenna gains mismatch modeling.
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Figure 5.62: Antenna Array Map
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Figure 5.63: Antenna Pattern for Channel 16 : unmodelled antenna gains mismatch
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Figure 5.64: Antenna Pattern for Channel 16 : unmodelled antenna gains mismatch
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Figure 5.65: Antenna Pattern for Channel 16 : modelled antenna gains mismatch
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Figure 5.66: Antenna Pattern for Channel 16 : modelled antenna gains mismatch
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5.2.4 Basic Tests Pass/Fail Table

Table 5.14: Tests Results Summary Table. (*) Tests covered by Live Tests

Pass/Fail
Test T Winxp | sy10a1 | otes
Al Pass Pass (*)
A2 Pass Pass (*)
Bl Pass Pass (*)
B2 Pass Pass (*)
C1 Pass Pass (*)
Cc2 Pass Pass (*)
C3 Pass Pass (*)
Cc4 Pass Pass (*)
C5 Pass Pass (*)
C6 Pass Pass (*)
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5.3 Live Tests

5.3.1 Calibration Test Using the Simulator

The following plots show the results of the calibration test at the simulator. For obvious reasons the
active antenna configuration was set to 7 virtual antennas all seven in the same position : the
calibration procedure in this way computes a null geometric offset for the selected satellite. The GPS
simulator signal is amplified by an active RF splitter and from this device distributed to 7 1006 RFFEs.

The automatic calibration procedure consists in selecting the highest elevation satellite among the
tracked satellites, allocating a second channel (test channel) to track that satellite, and executing
phase measurements differences (phase offsets measurement) between the Test channel and the
Reference channel. While the Reference channel is in its default configuration (RF input 1 enabled)
on the Test channel the active RF input is changed every measurement period among all (except
Input 1) the RF Inputs of the current active antenna configuration. Each measurements period lasts 10
seconds and consists in 8 measurements.

The first two plots shows the value of each phase offset measurement for each RF input versus time.
In each plot the black dotted line is a moving average over 20 samples and the red lines the moving
standard deviation.

To verify that the calibration is channel independent the calibration was executed on 2 SVs , PRN 3
and PRN 19 involving in this way 4 different channels.
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Figure 5.67: 1 Phase Offsets for RF Inputs 2 - 4
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Figure 5.68: Phase Offsets for RF Inputs 5—-7

In figure 5.69 the 20 samples unbiased moving average has been plotted for each RF input.
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Figure 5.69: “De-biased” Phase Offsets for RF Inputs 2 -7
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In figure 5.70 the 20 samples moving standard deviation has been plotted for each RF input.
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Figure 5.70: Phase Offset Samples Standard Deviation for RF Inputs 2 - 7

From the above results we can draw the following conclusions :

1. The calibration is GPS channel independent (as expected): the measured phase offset did not
change after changing the selected PRN.

2. All the RF inputs exhibit slow temporal variation of the channel delay , in the order of +/- 2 deg.
Two RF inputs , 2 and 6 exhibits a not acceptable wandering behavior. with variations above 5
degrees. A test with passive splitters is needed to understand whether the sources of the slow
varying delay and of the erratic behavior of RF inputs 2 and 6 are the RFFEs, the active
splitter or both.

3. The standard deviation of each sample is in average 3 deg. To get a calibration error below 1
deg with 99% confidence in the ideal case, at least 100 measurements are needed, this takes
the minimum required calibration time to 15 min.
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5.3.2 Further Calibration Tests Using the Simulator

(source LogCalibrazione 9) : all the RFFEs have been covered with a card box, the SMA connector
were fastened , the results improved in terms of drift magnitude over time.
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Figure 5.71: Phase Offsets for RF Inputs 2 -4
GRABEL_WP3_D3_2_P_CO_v1.10.doc Page 118 of 140

Copyright © 2009 2010 - GRABEL consortium, all rights reserved



GNSS Reconfigurable Antenna Based Enhanced Localization

RABEL FP 7-SME-2008-1 / 232016

RF Input 5
290 e v
285 O lg ot el g0 6&6’\9@5 Ras ' + #—% © PRNZ1
_ 6 BEES Ol . om0 a8IEa8RaE00 + PRN 31 ]
53 280 BB P85Sy ) _ABORGE ‘$ E FF
275 9Rh. O&~ 5QesRPGR Qal & : , b
) =28 - ) C
270 - - =
8.7 8.75 8.8 8.85 8.9 8.95 9 9.05
Time [s] % 10°
RF Input 6
150 T
O PRN21
= 140 7((‘— + PRN31Y
\‘%‘ +
g th
130 ¥
120
8.7 8.75 8.8 8.85 8.9 8.95 9 9.05
Time [s] % 10"
RF Input 7
40 T
O PRN21
= 30 : S eR e + PRN31|J
g ‘ : : . i
[a} 2
20 $¥$§§
10
8.7 . 9 9.05
Time [s] % 10°

Figure 5.72: Phase Offsets for RF Inputs 5-7

In figure 5.73 the 20 samples unbiased moving average has been plotted for each RF input.
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Figure 5.73: “De-biased” Phase Offsets for RF Inputs 2 -7
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In figure 5.74 the 20 samples moving standard deviation has been plotted for each RF input.
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Figure 5.74: Phase Offset Samples Standard Deviation for RF Inputs 2 — 7

From the above results we can draw the following conclusions :

4. The calibration is GPS channel independent (as expected): the measured phase offset did not
change after changing the selected PRN.

5. All the RF inputs exhibit slow temporal variation of the channel delay , in the order of +/- 3 deg
(per channel.

6. The standard deviation of each sample is in average 3 deg. To get a calibration error below 1
deg with 99% confidence in the ideal case, at least 100 measurements are needed, this takes
the minimum required calibration time to 15 min.

GRABEL_WP3_D3_2_P_CO_v1.10.doc Page 120 of 140
Copyright © 2009 2010 - GRABEL consortium, all rights reserved



pm——
GNSS Reconfigurable Antenna Based Enhanced Localization
RABEL FP 7-SME-2008-1 / 232016

5.3.3 Calibration Temperature Sensitivity Assessment

Results for ~50 deg temperature variation cycle (25 -> 75 -> 25 ) : beware, the phase offset is
represented modulo 360 deg.
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Figure 5.75: Phase Offsets for RF Inputs 2 - 4
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Figure 5.76: Phase Offsets for RF Inputs 5-7

The aim of the test was to measure the effect of the temperature on the phase offset. We tried to
warm up all the LNAs trying to keep them at the same temperature but this was difficult to achieve
because we could not use a thermal chamber and the RFFE boards are not thermally coupled. The
huge variation of the phase offset can be explained with temperature sensitivity coefficient differences
between two board higher than 2 deg per degree Celsius or by temperature sensitivity coefficients
higher than 20 deg per degree Celsius.

We can notice also a non negligible hysteresis.
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RABEL

5.3.4 Calibration Connecting Simulator to Antenna, using Ant.
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Figure 5.77: Phase Offsets for RF Inputs 2 - 4
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Figure 5.78:

Phase Offsets for RF Inputs 5-7
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Figure 5.79: “De-biased” Phase Offsets for RF Inputs 2 -7
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Figure 5.80: Phase Offset Samples Standard Deviation for RF Inputs 2 — 7
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Figure 5.81: SNR and Noise Floor vs Time
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Figure 5.82: Pseudorange and Range Rate Difference

From the above results we can draw the following conclusions :

1. The RF Inputs phase offsets temporal variations are similar to the ones recorded in the
previous tests.

2. The standard deviation also is similar.

3. The Antenna attached to RF input 7 exhibits lower CNO and a not acceptable Range Delay : it
should be checked if this is due to the RF circuitry or to destructive interference affecting
antenna 7.
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5.3.5 Nominal mode test without interfering signal

The test consists in the verification of the automatic live calibration and of the nominal mode without
interference.

The test was performed in Lugano , the antenna array was placed over the car roof and aligned along
the north direction. As long as the vehicle was static and the SY1031 SW does not implement a static
filter the heading is not accurate and may drift with time, so the attitude was set using the message
$PSPYN901 ATT section. The automatic calibration was performed before the beginning of the test.
During the test a few problems have been noticed :

¢ the antenna array does not perform as expected. When the central antenna only is active, the
maximum C/NO is lower than 41 dBHz, i.e. at least 6 dB less w.r.t. the expected value and the
highest elevation satellite, SV13, is tracked at 5 dBHz less w.r.t. the strongest tracked signal.

e the carrier phase is lost from time to time on all the channels at the same epoch.

R

';i i

%

L RS e
Figure 5.83: Map of the Live Test location

o
4

The reason for this last problem was discovered after the test: the TCXO mounted on the FPGA board
in fact is not shielded so any breeze was cooling the TCXO causing a too fast drift in the bias
frequency.

Even with these problems it was possible to run the test and pass it successfully the at least from a
functional point of view.

The test starts with a 20 minutes calibration session. The session actually lasted 45 minutes because
of the above mentioned second problem. The automatic calibration ended reporting the following
values :

e $PSPYN901,ACK,CAL,7F,131,113,268,310,118,340*27

These values are very close to the one found in Saphyrion premises using an antenna driven by the
simulator a few days before and in a very different environmental condition.

e $PSPYN901,ACK,CAL,7F,139,131,313,306,157,315*2E
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Figure 5.84: Test Setup at Saphyrion Premises using an antennato re-irradiate the GPS
simulator signal

The next test consisted in verifying the nominal mode. To activate the nominal mode the following
commands sequence was used :

e $PSPYN901,ACK,SEL,NOM*OF
e $PSPYN901,ACK,ATT,0,0*74

and the results in terms of carrier to noise ratio levels for the satellites in view are shown in figure
5.85.
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Figure 5.85: Results of the first test. In nominal mode, and with the right attitude, the CNO is
boosted at least by 5 dBHz.
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The average increase in the signal to noise ratio is 6 dBHz , it ranges from 5 dBHz to 11 dBHz. The
expected CNO gain is between 8 and 9 dBHz for all the SVs above 30-40 deg provided all the RF
paths have the same performance. The capability of the system to match the expected CNO gain was
verified during the above mentioned tests with the re-irradiated simulator signal at Saphyrion
premises. In view of the poor performance of the antenna array the test is considered passed from a
functional point of view.

The last test consists in a further verification of the attitude command : while in nominal mode the
antenna array is rotated counterclockwise by 90 deg (i.e. the antenna array north axis now points in
the west direction) after few seconds a new attitude command is issued to set the heading to 270 deg.
The test passes and the results are shown in figure 5.86.
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Figure 5.86: Results of the second test. While in nominal mode, after a counterclockwise
rotation of 90 deg, the correct antenna pattern is restored setting the heading to 270 deg with a
new attitude command.

GRABEL_WP3_D3_2_P_CO_v1.10.doc Page 131 of 140
Copyright © 2009 2010 - GRABEL consortium, all rights reserved



pE=——
GNSS Reconfigurable Antenna Based Enhanced Localization
RABEL FP 7-SME-2008-1 / 232016

Using the same test setup of the calibration test we' attempted to verify the performance of the
interference rejection.

The Interfering signal was generated by FM modulation of L1 using a noisy signal and re-radiating the
with an antenna patch. The antenna radiating the interfering signal was located at 2 meters and 90
degrees vertically with respect to the antenna array. The antenna radiating the GPS signal was placed
at 2 meters and 40 degrees vertically and 270 ° azimuth with respect to the antenna array.

The test consists of:

1. In Nominal mode with fixed attitude, creating a pattern without taking into account interference
and note the CNO: $ PSPYN901, SET, PH2, A, 40.270 * 00

A set at this point that the power of interfering CNO calasse 10 dB.

Resetting the new antenna pattern taking into account the interference this time: $
PSPYN901, SET, INT, 1,90,0 * 00

RN ==

/ Az 90°

,/
Pa
| \\' //

Gain [db]
|
Iy
=il
]

_50 /A
0 15 30 45 60 75 90_ 75 60 45 30 15 0
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Figure 5.87: Synthetic antenna pattern without interference rejection
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Figure 5.88: Synthetic antenna pattern with interference rejection

The test was not successful. In particular the CNO did not improve after the interferer had been
defined with the 901 INT command. One of the possible causes can be the mismatch between the
antenna gains. At the time this test was executed the mismatch was still not taken into account in the
computation model and in the calibration procedure. Actually the results of this test suggested the idea
to model the RF gains mismatches in the beamforming computation and to measure them in the
calibration procedure.
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5.3.6 New Calibration — Live Test Using the Simulator

The following plots shows the results of the new calibration procedure at the simulator. In the new
calibration procedure also the amplitude gain ratio between each RF input and RF input 1 is
estimated.
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Figure 5.89: Phase Offsets for RF Inputs 2 - 4
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Figure 5.90: Phase Offsets for RF Inputs 5-7
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Figure 5.91: “De-biased” Phase Offsets for RF Inputs 2 -7
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Figure 5.92: Phase Offset Samples Standard Deviation for RF Inputs 2 -7
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Figure 5.94: Estimated Calibration Parameters

The correctness of the calibration parameters can be proven by comparing figure 5.94 with figure 5.89
and figure 5.90 for the phase offsets and figure 5.93 for the amplitude gain ratios.
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6 Beamforming Network in Hardware Integration:
preliminary study

A first analysis concerning the integration of the beamforming network in the GRABEL GPS Base-
Band Processor board has been taken into consideration.

The purpose of the accuracy improvement of the GRABEL receiver can be achieved reducing the
antenna gain at low elevation angles (from which multipath signals and the strongest Radio Frequency
Interferences generally arrive) and/or increasing the antenna gain in the direction of the satellites. So
the beamforming technique has to be used having this aim but, in order to be really effective, it should
be applied in a satellite-by-satellite way. In other words it is necessary to implement as many
beamforming networks as the satellite signals (to be received) are.

So the idea is to integrate in the same baseband board a beamforming network for every tracking
channel (16) that can work in parallel and independently.

This means that 16 independent radiation patterns can be generated using a single antenna array, i.e.
one for every tracked satellite.

The down-converted signals from the antenna array are fed to the beamformers and each
beamforming network is connected to the correlation engine as shown in figure 6.1.

RF Channels Base-Band Processor
________________________ -
I 1
RF Down ! ( Bearm- ( I ;
| AD _ || 5 ,}Tracklng
b—g 1 i former Correlator r—< 1) channel #1
1 — ]
1 .
: 1 ) Beam- ( S :}Tracklng
: : E T L orrelator > : channel #2
» —
g ] S ! ' To Micro
i 16 independent | | Controller
: I | channels | 4
1 ' ' 1
[} 4 1 .
T Beam- |I ' }Tracklng
1 *—P 1
RF Down 1 former TRl AL * | Jchannel #16
converter| A/D : !

Figure 6.1: architecture of the GRABEL GPS Base-Band Processor

With this particular architecture it is therefore possible to have simultaneously:

- asingle lobe towards the tracked satellite;

- alow radiation pattern at low elevation angles.

Since only a single lobe has to be generated by every beamformer, the complexity of the antenna
array can be kept low.

However, as described in chapters 2.2.1 and 4.1, MVDR beamforming algorithm requires the handling
of matrices, even if with a small number of elements; therefore it is recommended that all the
operations with matrices need to be processed in a dedicated Beamforming Engine of the yProcessor.
Anyway the multiplications of the signals by the beamformer coefficients and the final sum can be
conveniently managed by the FPGA device as shown in figure 6.2.
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Figure 6.2: scheme of principle for the integration of beamforming network in hardware

Another important consideration about the implementation of MVDR algorithm in the GRABEL receiver
has come out after a preliminary study.
Although theoretically the coefficients calculated by the Beamforming Engine have in general different
amplitudes (and of course different phases), it has been considered the opportunity of maintaining all
the amplitudes fixed. In fact this procedure seems to represent the best trade-off between
performance and hardware complexity.
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7 Planned developments

The next activities, scheduled to continue the work in the frame of Beamforming Algorithms for
GRABEL, are summarized here below:

e Adapt the C code software for a 2-D array (the case of GRABEL). The array configurations to
be considered are 2X2 (square), 3X3 (square), 6+1 (hexagon+center), 5+4 (cross).

¢ Definition of the best interfacing solution to the software.

e Development and integration of Beamformer system in the GRABEL receiver.

e Tests on field of the developed prototype and verification of the benefits introduced by the

beamforming technique in comparison to the standard performances.

8 Summary/Conclusion

The beamformer output signal is a weighted linear combination of the data collected by the array
antennas. The different weights determine the spatial filtering characteristics of the beamformer
enabling the separation of signals with the same frequency but arriving from different directions. The
weights in a data independent beamformer are selected in order to offer a fixed response
independently from the received data. Statistically optimum beamformers operate the better selection
of the weights in order to maximize the response of the beamformer in the direction of the desired
signal and, if necessary, in order to minimize it in the direction of interfering signals taking into
consideration the statistics of the data. Since sometimes the data statistics is unknown and changes
with time, the adaptive algorithms are used to obtain weights that allow to converge to the statistically
optimum solution. Beamforming represents a real, effective and versatile approach to spatial Filtering.
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