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ABSTRACT

An array processing GNSS (Global Navigation Satellite Sys-
tem) receiver may provide increased accuracy, reliability
and integrity by forming beams towards satellites and nulls
towards interference or reflective surfaces. Also, software
defined receivers have proven themselves versatile and pro-
vide a convenient environment to implement novel algo-
rithms.

This paper first describes the gain/phase calibration of a
seven element custom array antenna and proceeds to com-
pare the single antenna performance to that of the perfor-
mance attained by forming beams towards the satellites.

IF (Intermediate Frequency) data, high rate samples repre-
senting the received signal in a narrow band around the GPS
L1 frequency, from an array antenna have been recorded
both in an environment with open sky conditions and also
in more challenging areas (central Boulder, Colorado). Si-
multaneously, data from a high quality GPS based INS was
recorded in order to obtain accurate estimates of position/
orientation.

Calibration of the system (including antennas and front-ends)
was performed using data from the benign environment, and
based on this information, deterministic beams were formed
towards the satellites using data from the semi-urban dataset.
The single antenna accuracy was then compared to the po-
sition obtained by processing after forming beams.

This work was supported in part by the Swedish National Graduate
School of Space Technology.

1 INTRODUCTION

GNSS signals are low power (nominal signal power at re-
ception is significantly below the noise floor) and this has
a negative impact on a receiver’s capability to provide ac-
curate position estimates, especially in challenging environ-
ments. Among the major error sources, multipath (signal
reflection off adjacent surfaces) and interference are diffi-
cult to mitigate using traditional receiver techniques, in part
because the single antenna is generally hemispherical and
does not provide any directivity (it is designed to receive
any signals from above). An antenna array may provide this
benefit, and is thus an important topic within the GNSS re-
search community.

To simplify, the different elements of an antenna array re-
ceive the same signal with a phase shift depending on the
distance difference between the element and the signal source.
This phase shift is compensated for and the resulting signals
are summed creating a beam towards the satellite. Nulls
can also be formed towards interference sources. Previ-
ous investigations into beamforming have yielded a signif-
icant amount of knowledge. Both Krim and Viberg, 1996
and van Veen and Buckley, 1988 offer general comprehen-
sive overviews of adaptive algorithms used for beamform-
ing. The dissertation by Granados, 2000 covers adaptive
algorithms aimed specifically for GNSS while De Lorenzo,
2007a implemented STAP (Space Time Adaptive Process-
ing) algorithms with the purpose of fulfilling accuracy and
integrity requirements for aircraft carrier landings.

The design of an array processing receiver requires the fol-
lowing components: an antenna array that receives the sig-
nals, front-end hardware that condition and sample the ana-
log signal and a processing element to process the signals
(form beams, perform correlation, solve for position).

As the gain and phase behavior of closely spaced antennas
at these high frequencies (the traditional civilian GPS signal
is centered at 1575.42MHz) is non-trivial (reception pattern
depends on other nearby antennas by a process called mu-
tual coupling), significant efforts have been targeted at the
design and performance of antenna hardware, for example



Rao et al., 2000, Ly et al., 2002, ans Kim, 2005. The cal-
ibration of array antennas has also been investigated (Liou
et al., 2002, Kim et al., 2004, Backén and Akos, 2006a).

Front-end design for single antenna receivers is in itself an
active research field, and the extension to multiple front-
ends has warranted investigations such as Backén and Akos,
2006b and Prades et al., 2005.

Although the majority of GNSS receivers are currently im-
plemented using an ASIC (Application Specific Integrated
Circuit) to perform the computationally demanding signal
processing, a paradigm shift towards software based receivers
(van Nee and Coenen, 1991, Akos, 1997, Lin and Tsui,
1998, Psiaki, 2001, Borre et al., 2007) is a notable research
trend. This is motivated by the increased flexibility and ease
of implementation with such an approach.

Despite significant effort devoted to GNSS antenna array re-
search producing insightful studies, demonstrations on the
performance of actual antenna array implementations are
scarce in the literature.

This paper presents the performance of deterministic beam-
forming using a seven element antenna array software re-
ceiver in a semi-urban environment. A GPS/INS (inertial
navigation system) with a tactical grade IMU (inertial mea-
surement unit) was mounted on a dynamic platform together
with the array antenna. Post-processing of the GPS/INS
system allows for position and orientation accuracies be-
low 10cm and 1◦ respectively, which is sufficient in order to
translate the position of the signal sources in a global coor-
dinate system into accurate angles of arrival in the antenna’s
local coordinate system. This hardware setup allows for the
following sequence:

– Calibration of the antenna array in a benign (low mul-
tipath) environment by estimating the difference in
gain and phase between elements as a function of an-
gle of arrival.

– The gain/phase data can be used to estimate model
parameters of the antennas reception pattern.

– The model can be used to compute deterministic array
weights (as a function of arrival angle and platform
orientation) and apply those weights to data recorded
in a semi-urban environment.

– Compare key performance parameters such as SNR
(signal to noise ratio) and position accuracy between
any of the individual antenna elements and the beam-
formed data.

Following this introduction, section 2 will describe hard-
ware details of the experiment such as antenna design, front-
ends, recording system and a short description of the GPS/INS

reference system. In section 3, the required steps used to
estimate the calibration model parameters to the measure-
ments will be explained. Section 4 covers the deterministic
beamforming of both the calibration sets and a semi-urban
data set recorded in central Boulder, CO. Finally, the paper
is concluded.

2 HARDWARE SETUP

This section describes the hardware setup used to record the
data sets, including the design of the antenna array and a
discussion of the predicted performance of each part.

2.1 System overview
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Figure 1. Data collection hardware setup.

Figure 1 shows a diagram of the hardware used in the ex-
periment. Components in yellow, antennas and IMU, are
approximately at the position where they were mounted in
the vehicle.

2.2 Reference system

The reference system used in the experiment was a Novatel
SPAN system consisting of an OEM4 GPS receiver and the
HG1700AG11 IMU. The GPS receiver is a dual frequency
(L1 and L2) wide band receiver capable of tracking both the
code and carrier on both frequencies. The IMU is tactical
grade with a maximum gyro drift of 1 ◦/hr. During the ex-
periment, the pseudorange, carrier phase and IMU data was
recorded to disk. This data, and data from nearby reference
stations, was later postprocessed using Novatel Waypoint
Inertial Explorer to provide highly accurate position and ori-
entation estimates with standard deviations below the 0.1m
and 1◦ range.

2.3 Antenna array

The antenna array is built with seven commercial, low cost
active patch antennas (WS3997 from Wi-Sys Communica-
tions Inc.). They were mounted in a circular pattern on an
aluminium disc fabricated using a CNC mill. The diameter
of the disc is 300mm, and the diameter of the circle inter-
secting with the center of the antenna elements is 200mm,
giving an inter-element spacing of 86.8mm or 0.46 wave-
lengths.



Electromagnetic simulations, with the intent of optimizing
the layout of the array antenna was not performed as we
neither had access to enough data about the antennas, nor
was it our plan to investigate that area. The antennas were
mounted such that they are all facing in the same direction,
although subsequent discussions with research colleagues,
De Lorenzo, 2007b suggested that a placement where all
elements point out from the center of the array might have
been a better approach. The mutual coupling between all an-
tenna elements would thus ideally be identical (due to sym-
metry) and the reception patterns would also be the same
although rotated 360◦

7 . However, it is not obvious whether
that is preferable in an application such as this. It may be
the case that the gain in a certain direction would be very
low due to systematic effects, whereas with our current ap-
proach it would be more random between elements.

The antenna was mounted in the vehicle such that it was
level with the IMU (estimated accuracy below 3 degrees).

2.4 Front-ends

The seven antennas receive and amplify the signal in a fre-
quency band around the GPS L1 center frequency (1575.42
MHz). Via RF cabling, the antennas are connected to seven
individual front-ends. The front-ends amplify, filter and mix
down the signals to a more manageable IF (intermediate fre-
quency), in this case nominally 4.1304MHz. An AGC (au-
tomatic gain control) regulates the amplification such that
the signal power prior to sampling is close to a nominal,
predefined value. The last stage in the front-end is the ADC
that converts the analog IF signal to a digital using a sam-
ple rate of 16.3676MHz and two bit quantization. Although
a low dynamic range works well for GNSS in the absence
of interfering signals, the capability of suppressing interfer-
ence is limited.

The seven front-ends are also synchronized using a common
clock (denoted frequency standard in figure 1). This is im-
perative as the signals need to be sampled at the same time.
During the experiment, the clock source was an ovenized
rubidium frequency standard connected to a waveform gen-
erator and via a 1-to-8 RF splitter to the individual front-
ends.

In Backén and Akos, 2006b, the front-ends used in this ex-
periment is treated in more detail.

2.5 Recording system

Each front-end outputs 2 bits of information at a rate of
16.3676MHz. They are connected in parallel via a 16 bit
bus to a USB2 controller chip capable of continuous trans-
fer of the required 32MB/s. A laptop running Linux initiates
the data transfer and is capable of recording 20 minutes of
data continuously.

2.6 Digital conditioning

Prior to recording, the signals have been amplified, filtered,
mixed down to a more manageable frequency and digitized
in the front-ends. At this point, the signals have an interme-
diate frequency of 4.1304MHz and a sampling frequency
of 16.3676MHz using our hardware. The bandwidth of the
signals are on the order of 2.5Mhz. In order to reduce pro-
cessing time, all the data sets were digitally mixed to base-
band and resampled such that the resulting sampling fre-
quency was 2.048MHz.

3 ARRAY ANTENNA CALIBRATION

As closely spaced antennas at these frequencies experience
coupling, the relative phase of a signal received by several
elements is not simply a function of the relative distance be-
tween the antenna and the satellite. With our antenna hard-
ware, the level of coupling is significant. Further, cables of
uneven lengths and signal conditioning will introduce signal
delays. This means that in order to implement deterministic
beamforming, a model of the gain and phase characteristics
of the antenna array and front-ends must be estimated. Con-
trary to traditional techniques using a anechoic RF chamber
for this process, measurement data was acquired using real
satellite signals.

The process of live calibration is described in Backén and
Akos, 2006a where a stationary antenna was used. For this
application, we extend that concept to a dynamic platform
using the orientation (heading, pitch and roll) from the ref-
erence system as additional process inputs. In this section,
we will describe the calibration process in detail.

3.1 Calibration data sets

The purpose of the calibration process is to estimate param-
eters of a suitable model that can be used to predict the gain
and phase between antenna elements for a signal arriving
from a known elevation and azimuth angle in the local coor-
dinate system of the array. The calibration data sets should
be recorded in an environment with open sky conditions
with low levels of multipath. A parking lot next to a big
field on one side, and a soccer field on another was chosen
as site for the calibration data sets.

start time duration
20:58 9.6min
21:21 9.6min
05:19 19.2min

Table 1. Calibration data sets, recorded on August 12-13, 2007

To estimate the model parameters accurately, it is preferred
to have measurements with an even spatial separation. A
short stationary data set will provide measurements from as
many directions as there are satellite signals present. If the



antenna is rotated, spatial separation in azimuth (with re-
gards to the local coordinate system) will be provided. For
our dynamic automotive platform, pitch and roll will help by
varying the elevation angle of the incoming signals to some
extent. However, that is not enough to offer a good sepa-
ration in elevation angle. Therefore data sets was recorded
with several hours separation, giving the satellites enough
time to move sufficiently to provide measurements from a
new set of elevation angles. Table 1 shows the initial record-
ing time and the duration of the calibration data sets.

The signal transmitted from GPS satellite n at time t is

s(n)
0 (t) = AM (t)C(n) (t)sin(2π f0t) (1)

where A is the amplitude, M (t) is the data bit modulation
(BPSK, 50 bits per second), C(n) (t) is a repeating pseudonoise
signal (BPSK, 1023chips long, 1.023Mcps) and f0 nom-
inally 1575.42MHz. Due to doppler, satellite clock drift,
atmospheric propagation and multipath, the received signal
has a slight frequency offset and is distorted. The received
signal power is also significantly lower than the thermal
noise. The main lobe bandwidth of the signal is approxi-
mately 2MHz. With an array antenna, the different antenna
elements will receive the same signal, however with a slight
time difference due to the difference in antenna-satellite dis-
tance. As the array used here is significantly smaller (diam-
eter of 200mm) than the bandwidth (2MHz corresponds to
150m) of the signal, we can further assume that the signal is
shifted in phase instead of time. This is generally referred to
as the narrow bandwidth assumption. However, the differ-
ent antennas also have different reception patterns, causing
the gain between antennas to be non-uniform. Cable bias
(caused by unequal cable lengths) are further assumed to
introduce an unknown phase shift.

The noise-free array signal model for one satellite signal
arriving from elevation angle ε and azimuth angle α (both
in the array antennas local coordinate system) is

s(n)
m (t,ε,α) = cm (ε,α)s(n)

0 (t − τn) (2)

where cm is a complex value describing the gain and phase
characteristics of antenna element m as a function of ε and
α and s0 is the signal that would be received by an ideal
antenna (where the gain is identical in all directions and
the phase only depends on the antenna-satellite distance (τ).
Adding noise and the reception of several signals simulta-
neously gives the more complete model

sm (t) = ∑
n

cm

(
ε
(n) (t) ,α(n) (t)

)
s(n)

0 (t − τn)+ωm (t) (3)

where the noise ω is IID (independent and identically dis-
tributed) between antennas (the noise is assumed to be ther-
mal). Note that we assume that the gain/phase characteristic
cm do not depend on the frequency of the received signal.

3.2 Gain and phase estimation

In order to estimate the gain and phase between antennas,
antenna 1 was chosen as a reference. Satellites visible dur-
ing the recording were acquired and tracked using tradi-
tional techniques. The signals from the other six antennas
were slaved such that the cross-correlation and mixing op-
eration, used to track the code and carrier on antenna 1, was
also applied to the data from the other six antennas. We will
assume that tracking output d(n)

m (tc) (where tc is related to
the absolute sample of the C/A code start) provide estimates
of the signal amplitudes as

d(n)
m (tc) = cm

(
ε
(n) (tc) ,α(n) (tc)

)
Ân (tc− τn) (4)

The basis for the processing was the open source receiver
code described in Borre et al., 2007, with extensions to al-
low for reacquisition and longer data sets. To improve the
SNR of these estimates (output at 1kHz), the data bits were
wiped and the estimates were summed over 100ms and stored
together with the absolute sample value they corresponded
to. If the phase was not consistent during the 100ms (due
to low SNR or rapid platform rotation), the estimates were
discarded. The valid calibration data output from the corre-
lation and summation was arranged in a complex matrix D
(with size N by 7 where N is approximately 180000 for the
data set used here). As the absolute gain is not useful (the
received signal power varies between satellites), the values
were normalized by the gain received by antenna 1.

The corresponding satellite PRN number (n) and the abso-
lute sample number (tc) was also stored. A position solution
was computed such that the GPS time of week could be ref-
erenced to the absolute sample number.

3.3 Gain/phase as a function of arrival angle

Using ephemeris information, the satellite position in the
standard ECEF XYZ coordinate system was computed at
the time when the data was recorded for the corresponding
satellites. This result was then converted to a local ENU
(east-north-up) coordinate system, using the average posi-
tion as reference location. Finally, the reference system ori-
entation at the corresponding times was used to convert the
ENU coordinates to a RFU (right-forward-up) coordinate
system attached to the attached to the antenna array, denoted
Cm of size N by 3.

Figure 2 shows a skyplot of the measured phase difference.
The center of each of the seven subplots shows the phase
from a signal from a location normal to the array (ε = 90◦),
and a signal arriving from directly in front of the array (ε =
0◦, α = 0◦) would be shown at the top. The phase from an-
tenna 1 is close to 0◦ as expected from the carrier tracking
loop. Thus, what is shown is the phase difference between
elements. If the antennas behaved ideally (phase only de-
pending on the antenna-satellite distance), the phase differ-



Figure 2. Skyplots of measured phase difference

ence would appear as isocolored parabolas in figure 2. Evi-
dently, that is not the case.
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Figure 3. Skyplots of measured gain difference

In figure 3, the gain difference is shown using the same plot-
ting method. Here, ideal antennas would all show constant
gain. Apparently, the gain variation is significant and it is
reasonable to assume that antenna 1 (that was used during
tracking) experienced scan blindness (loses lock of the satel-
lites) in the lower right and left part of the subplots.

3.4 Calibration model

In order to implement deterministic beamforming, a model
of the gain and phase behavior is required. It should be
able to predict the gain and phase difference between an-
tennas for a signal arriving from any direction, and should

match the measured values as close as possible while having
a manageable complexity. A direct physical interpretation
is, however, not strictly required.

After significant experimentation, a linear model of the gain
and phase difference with sufficient accuracy was found.
First, the matrix P of size 3 by 49 contains the RFU position
coordinate offset from antenna 1 of the 7 physical antennas
and also from 42 virtual antennas. The virtual antennas are
positioned 10mm from each physical antenna in each direc-
tion. The distance corresponds roughly to the physical size
of the antennas. Using the satellite positions Cm, a matrix
H that relates the expected phase (as a complex unit value)
to each antenna in P is generated for all measurements. H
is then 49 by N. The linear model Q can then be estimated
in a least squares sense as

Q =
(
HHH

)−1 HHD (5)

where the superscript H denotes complex conjugate trans-
pose. Now, the gain and phase difference estimates D̂ using
the same satellite positions can be evaluated as

D̂ = HQ (6)

or for arbitrary elevation/azimuth values.

Figure 4. Skyplots of estimated phase difference

Figure 4 and figure 5 show the resulting model phase and
gain respectively. Investigations into the residuals, the dif-
ference between the measured values and the estimated us-
ing the same elevation and azimuth angles, gave a phase
error standard deviation of around 14◦ and a gain standard
deviation of around 1dB.

As no reference SNR estimates are available, it is not possi-
ble to compare the SNR increase using the model compared
to data from a single antenna. However, if the measurements
are considered as reference weights, it is possible to evalu-
ate the SNR loss due to model-reference mismatch using the
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Figure 5. Skyplots of estimated gain difference

following approach. We start by considering the sequence
s[k] (k ∈ [0...K−1]) of a constant signal in normally dis-
tributed complex noise, such as

s = a+n,a ∈ C, |n| ∈ N (0,σn)∠n ∈ U (0,2π) (7)

The SNR is defined as the signal power divided by the noise
power or

SNR{s}= ∑k |a|2

∑k |n [k]|2
=

|a|2
1
K ∑k |n [k]|2

≈ |a|2

Var{n}
=
|a|2

σ2
n

(8)

The signals from two antenna elements can be modeled by
eq. 7 as

S =
[

s1
s2

]
=

[
a1 +n1
a2 +n2

]
(9)

where var{n1}= var{n2}= σ2
n (the noise source is assumed

thermal and also IID).
The two signals should be adjusted by complex weights w
such as

b[k] = w1s1[k]+w2s2[k] or

b =
[

w1
w2

]H [
s1
s2

]
= wHS (10)

where overline denotes complex conjugate. The SNR of the
signal after beamforming will be

SNR{b}= ∑k |w1a1 +w2a2|2

∑k |w1n1[k]+w2n2[k]|2

≈
K

(
Re{w1a1 +w2a2}2 +Im{w1a1 +w2a2}2

)
K

(
|w1|2 Var{n1}+ |w2|2 Var{n2}

)
(11)

The signal after beamforming should have a phase of 0 and
thus (∠w1 = ∠a1,∠w2 = ∠a2). In order to find the optimal
weights we can thus reduce equation 11 to

SNR{b}opt =
1

σ2
n

(|w1||a1|+ |w2||a2|)2

|w1|2 + |w2|2
. (12)

As a multiplication of the weights w by a constant do not
impact the SNR, the substitution |w2| = |a1|+ |a2| − |w1|
and subsequent derivation finds the optimal weights w1 =
a1,w2 = a2. The extension to an arbitrary number of weights
is omitted for clarity. Using matrix notation, the SNR us-
ing optimal weights (w = a) and the SNR using suboptimal
(w = â) is

SNR{b}opt =
|aHa|2

σ2
n (aHa)

=
aHa
σ2

n
(13)

SNR{b}sub =
|âHa|2

σ2
n (âH â)

(14)

and the loss when using suboptimal weights instead of opti-
mal as

SNR{b}loss =
SNR{b}opt

SNR{b}sub
=

(
âH â

)(
aHa

)
|âHa|2

. (15)
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Figure 6. Loss in SNR when using model, assuming measure-
ments are perfect

Figure 6 shows a histogram of eq. 15 applied to the mea-
sured gain and phase difference (optimal) and the gain and
phase difference from the model (suboptimal). The differ-
ence in SNR can for all practical purposes be considered
marginal.

4 DETERMINISTIC BEAMFORMING

Using the previously determined array model, it was possi-
ble to implement and evaluate the performance of determin-
istic beamforming on a data set recorded in a more chal-
lenging environment. The data set used here was recorded
around central Boulder with a starting time at 03:23 on Au-
gust 13, 2007 and lasted for 19.2minutes. The beamform-
ing was implemented in a software receiver, and beams was
formed in parallel (i.e. different beams was formed toward
each satellite).



We will discuss the implementation of beamforming and
other extensions to the receiver program, and also present
performance metrics of both the single antenna and beam-
formed SNR and position accuracy.

4.1 Implementation

Similar to the calibration procedure, the beamforming im-
plementation used the open source code Borre et al., 2007
as a basis. However, beamforming was implemented in-
stead of antenna slaving and the receiver should also keep
track of platform orientation in order to compute the correct
weights. Support for reacquisition and longer datasets was
implemented in this version as well. Loss of lock was de-
clared at C/N0 levels below 35 dBHz and reacquisition was
attempted. The acquisition algorithm was a parallel code
phase variant using 10ms non-coherent summation and fine
frequency estimation using FFT. The orientation informa-
tion used to form the beams updated every 50ms, and the
position solution algorithm is a standard least squares. No
carrier aiding/smoothing was implemented.

4.2 Beamforming of semi-urban data set

As evident in figure 5, the antennas have a different gain re-
ception pattern and no truth reference with regards to satel-
lite signal strength was available. In order to evaluate the
SNR of the beamformed solution we are limited to a com-
parison between the individual antennas and the beamformed.
The recorded data sets were both processed individually and
beamformed. SNR estimates (in the form of C/N0, carrier
over noise) and position solution estimates were generated
at a rate of 2Hz. Figure 7 shows the individual and beam-
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Figure 7. Beamformed and individual element SNR

formed SNR of three sample PRNs as a function of time for
the dynamic data set. It is evident that the SNR increase is
significant during the static, initial part .

Figure 8 shows the histogram of the SNR difference be-
tween the beamformed solution and the individual antennas.
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The difference was computed for all valid epochs (where
both the individual and the beamformed maintained phase
lock) and for all satellites. It is evident that antenna 7 has
worse performance than the other six. Inspection of 5 shows
that the gain of antenna 7 compared to the other 6 is typi-
cally lower.
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A position solution was also computed for both variants. In
figure 9, the position error histogram compared to the SPAN
position solution is computed, with the 90% horizontal CEP
(circular error probability) marked as dashed vertical lines.
The deterministic beamforming clearly outperforms any of
the individual antenna position solution as it is around twice
as accurate.



5 CONCLUSIONS

In this section, the experiment is summarized, limitations
using this approach are discussed and future research areas
are identified.

5.1 Summary

The design of a low cost seven element antenna array has
been discussed and implemented. The antenna array, con-
nected to multiple front-ends and a recording system al-
lowed for continuous storage of IF data sets. Using this
setup and a reference GPS/INS system, several data sets
were recorded in and around the medium sized city of Boul-
der, Colorado. Both in benign environments (low multipath
conditions) as well as in a semi urban environment. Based
on the measurements in the former areas, calibration esti-
mates of the gain and phase characteristics of the array as
a function of arrival angle have been generated. An array
antenna model, capable of matching the measurements to a
sufficient degree was also estimated. Using this model, de-
terministic beamforming was implemented and key metrics,
such as SNR and position solution accuracy, were compared
to the individual antennas making up the array.

5.2 Limitations

The method outlined in this paper is not practical for dy-
namic stand alone operation as an accurate estimate of ori-
entation is required to obtain an improved position estimate.
Nevertheless, it is a useful approach regarding understand-
ing and designing more practical implementations. A sim-
ilar approach could however be investigated for stationary
installations.

The receiver code used to compute the position solution in
this is example is by no means state of the art. For example,
commercial receiver implementations typically use Kalman
filters, RAIM (receiver autonomous integrity monitoring)
and also use the information from the carrier tracking to
produce smoother and more accurate position estimates. In
contrast, the receiver used here uses a straight forward least-
square approach, and the performance is thus not as good.
However, it is reasonable to assume given the data presented
here that it is possible to significantly increase the position
accuracy using beamforming.

5.3 Future work

Adaptive algorithms for beamforming are a useful approach
where, for example, a receiver can maximize the SNR given
no additional information such as platform orientation or an-
tenna reception patterns. However, processing real data with
a known orientation and antenna calibration using adaptive
algorithms may provide additional insight, for example how
well the adaptive weights converges toward the reference
weights. Further, a hybrid algorithm where, for example,
the orientation is used to both constrain the adaptation and

estimated based on previous weights is another interesting
idea. Carrier phase positioning using the proposed model
should also be investigated.
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