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Permanent Link to Space-Time Equalization Techniques for New GNSS Signals
2021/06/18
By Pratibha B. Anantharamu, Daniele Borio, and Gérard Lachapelle Spatial and
temporal information of signals received from multiple antennas can be applied to
mitigate the impact of new GPS and Galileo signals’ binary-offset sub-carrier,
reducing multipath and interference effects. New modernized GNSS such as GPS,
Galileo, GLONASS, and Compass broadcast signals with enhanced correlation
properties as compared to the first generation GPS signals. These new signals are
characterized by different modulations that provide improved time resolution,
resulting in more precise range measurements, along with the advantage of being
more resilient to multipath and RF interference. One of these modulations is the
binary-offset-carrier (BOC) modulation transmitted by Galileo and modernized GPS.
Despite the benefits of BOC modulation schemes, difficulties in tracking BOC signals
can arise. The autocorrelation function (ACF) of BOC signals is multi-peaked,
potentially leading to false peak-lock and ambiguous tracking. Intense research
activities have produced different BOC tracking schemes that address the issue of
multi-peaked BOC signal tracking. Additionally, new tracking schemes including
space-time processing can be adopted to further improve the performance of existing
algorithms. Space-time equalization is a technique that utilizes spatial and temporal
information of signals received from multiple antennas to compensate for the effects
of multipath fading and co-channel interference. In the context of BOC signals, these
kinds of techniques can be applied to mitigate the impact of the sub-carrier, which is
responsible for a multi-peaked ACF, reducing multipath and interference effects. In
temporal processing, traditional equalizers in time-domain are useful to compensate
for signal distortions. But equalization becomes more challenging in the case of BOC
signals, where the effect of both sub-carrier and multipath must be accounted for. On
the other hand, by using spatial processing, it should be possible to extract the
desired signal component from a set of received signals by electronically varying the
antenna array directivity (beamforming). The combination of an antenna array and a
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temporal equalizer results in better system performance. Hence the main objective of
this research is to apply space-time processing techniques to BOC modulated signals
received by an antenna array. The main intent is to enhance the signal quality, avoid
ambiguous tracking and improve tracking performance under weak signal
environments or in the presence of harsh multipath components. The focus of
previous antenna-array processing using GNSS signals was on enhancing GNSS
signal quality and mitigating interference and/or multipath related issues.
Unambiguous tracking was not considered. Here, we develop a space-time algorithm
to mitigate ambiguous tracking of BOC signals along with improved signal quality.
The main objective is to obtain an equalization technique that can operate on BOC
signals to provide unambiguous BPSK-like correlation function capable of altering the
antenna array beam pattern to improve the signal to interference plus noise ratio.
Space-time adaptive processing structure proposed for BOC signal tracking; the
temporal filter provides signal with unambiguous ACF whereas the spatial filter
provides enhanced performance with respect to multipath, interference, and noise.
Initially, temporal equalization based on the minimum mean square error (MMSE)
technique is considered to obtain unambiguous ACF on individual antenna outputs.
Spatial processing is then applied on the correlator outputs based on a modified
minimum variance distortionless response (MVDR) approach. As part of spatial
processing, online calibration of the real antenna array is performed which also
provides signal and noise information for the computation of the beamforming
weights. Finally, the signal resulting from temporal and spatial equalization is fed to
a common code and carrier tracking loop for further processing. The effectiveness of
the proposed technique is demonstrated by simulating different antenna array
structures for BOC signals. Intermediate-frequency (IF) simulations have been
performed and linear/planar array structures along with different signal to
interference plus noise ratios have been considered. A modified version of The
University of Calgary software receiver, GSNRx, has been used to simultaneously
process multi-antenna data. Further tests have been performed using real data
collected from Galileo test satellites, GIOVE-A and GIOVE-B, using an array structure
comprising of two to four antennas. A 4-channel front-end designed in the PLAN
group, and a National Instruments (NI) signal vector analyzer equipped with three
PXI-5661 front-ends (NI 2006) have been used to collect data synchronously from
several antennas. The data collected from the antennas were progressively
attenuated for the analysis of the proposed algorithm in weak signal environments.
From the performed tests and analysis, it is observed that the proposed methodology
provides unambiguous ACF. Spatial processing is able to efficiently estimate the
calibration parameters and steer the antenna array beam towards the direction of
arrival of the desired signal. Thus, the proposed methodology can be used for
efficient space-time processing of new BOC modulated GNSS signals. Signal and
Systems Model The complex baseband GNSS signal vector received at the input of an
antenna array can be modeled as     (1) where •    M is the number of antenna
elements; •    L is the number of satellites; •    C is a M × M calibration matrix
capturing the effects of antenna gain/phase mismatch and mutual coupling; •    si = 
is the complex M × 1 steering vector relative to the signal from the ith satellite. si
captures the phase offsets between signals from different antennas; •     is the noise
plus interference vector observed by the M antennas. The ith useful signal



component xi (t) can be modeled as    (2) where •    Ai is the received signal
amplitude; •    di() models the navigation data bit; •    ci() is the ranging sequence
used for spreading the transmitted data; •    τ0,i, f0,i and φ0,imodel the code delay,
Doppler frequency and carrier phase introduced by the communication channel. The
index i is used to denote quantities relative to the ith satellite. The ranging code ci()
is made up of several components including a primary spreading sequence, a
secondary code and a sub-carrier. For a BPSK modulated signal, the sub-carrier is a
rectangular window of duration Tc. In the case of BOC modulated signals, the sub-
carrier is generated as the sign of a sinusoidal carrier. The presence of this sub-
carrier produces a multi-peaked autocorrelation function making the
acquisition/tracking processes ambiguous. In order to extract signal parameters such
as code delay and Doppler frequency of the ith useful signal xi(t), the incoming
signal  is correlated with a locally generated replica of the incoming code and carrier.
This process is referred to as correlation where the carrier of the incoming signal is
at first wiped off using a local complex carrier replica. The spreading code is also
wiped off using a ranging code generator. The signal obtained after carrier and code
removal is integrated and dumped over T seconds to provide correlator outputs. The
correlator output for the hth satellite and mth antenna can be modeled as:    (3)
where vm,k are the coefficients of the calibration matrix, C and R(Δτh) is the multi-
peaked ACF. τh, fD,h and φh are the code delay, Doppler frequency and carrier phase
estimated by the receiver and Δτh, ΔfD,h and Δφh are the residual delay, frequency,
and phase errors.  is the residual noise term obtained from the processing of η(t). Eq.
(3) is the basic signal model that will be used for the development of a space-time
technique suitable for unambiguous BOC tracking. When BOC signals are considered,
algorithms should be developed to reduce the impact of  that include receiver noise,
interference and multipath components, along with the mitigation of ambiguities in
R(Δτh). Space-time processing techniques have the potential to fulfill those
requirements. Space-Time Processing A simplified representation of a typical space-
time processing structure is provided in Figure 1. Each antenna element is followed
by K taps with δ denoting the time delay between successive taps forming the
temporal filter. The combination of several antennas forms the spatial filter. wmk are
the space-time weights with 0 ≤ k ≤ K and 0 ≤ m ≤ M. k is the temporal index and m
is the antenna index. Figure 1. Block diagram of space-time processing. The array
output after applying the space-time filter can be expressed as    (4) where (wmk)*
denotes complex conjugate. The spatial-only filter can be realized by setting K=1 and
a temporal only filter is obtained when M=1. The weights are updated depending on
the signal/channel characteristics subject to user-defined constraints using different
adaptive techniques. This kind of processing is often referred to as Space-Time
Adaptive Processing (STAP). The success of STAP techniques has been well
demonstrated in radar, airborne and mobile communication systems. This has led to
the application of STAP techniques in the field of GNSS signal processing. Several
STAP techniques have been developed for improving the performance of GNSS signal
processing. These techniques exploit the advantages of STAP to minimize the effect
of multipath and interference along with improving the overall signal quality. Space-
time processing algorithms can be broadly classified into two categories: decoupled
and joint space-time processing. The joint space-time approach exploits both spatial
and temporal characteristics of the incoming signal in a single space-time filter while



the decoupled approach involves several temporal equalizers and a spatial
beamformer that are realized in two separate stages (Figure 2). Figure 2.
Representation of two different space-time processing techniques When considering
the decoupled approach for GNSS signals, temporal filters can be applied on the data
from the different antennas whereas the spatial filter can be applied at two different
stages, namely pre-correlation or post-correlation. In the pre-correlation stage,
spatial weights are applied on the incoming signal after carrier wipe-off while in the
post-correlation stage, spatial weights are applied after the Integrate & Dump (I&D)
block on the correlator outputs. In pre-correlation processing, the update rate of the
weight vector is in the order of MHz (same as the sampling frequency) whereas the
post-correlation processing has the advantage of lower update rates in the order of
kHz (I&D frequency). In the pre-correlation case, the interference and noise
components prevail significantly in the spatial correlation matrix and would result in
efficient interference mitigation and noise reduction. But the information on direct
and reflected signals are unavailable since the GNSS signals are well below the noise
level. This information can be extracted using post-correlation processing. In the
context of new GNSS signals, efforts to utilize multi-antenna array to enhance signal
quality along with interference and multipath mitigation have been documented
using both joint and decoupled approaches where the problem of ambiguous signal
tracking was not considered. In our research, we considered the decoupled space-
time processing structure. Temporal processing is applied at each antenna output
and spatial processing is applied at the post-correlation stage. Temporal processing
based on MMSE equalization and spatial processing based on the adaptive MVDR
beamformer are considered. Methodology The opening figure shows the proposed
STAP architecture for BOC signal tracking. In this approach, the incoming BOC
signals are at first processed using a temporal equalizer that produces a signal with a
BPSK-like spectrum. The filtered spectra from several antennas are then combined
using a spatial beamformer that produces maximum gain at the desired signal
direction of arrival. The beamformed signal is then fed to the code and carrier lock
loops for further processing. The transfer function of the temporal filter is obtained
by minimizing the error:    (5) where H(f) is the transfer function of the temporal
filter that minimizes the MSE, εMMSES, between the desired spectrum, GD(f), and
filtered spectrum, Gx(f)H(f). The spectrum of the incoming BOC signal is denoted by
Gx(f). λ is a weighting factor determining the impact of noise with respect to that of
an ambiguous correlation function. N0 is the noise power spectral density and C the
carrier power. The desired spectrum is considered to be a BPSK spectrum. Since this
type of processing minimizes the MSE, it is denoted MMSE Shaping (MMSES).
Figure 3 shows a sample plot of the ACF obtained after applying MMSES on live
Galileo BOCs(1,1) signals collected from the GIOVE-B satellite. The input C/N0 was
equal to 40 dB-Hz and the ACF was averaged over 1 second of data. It can be
observed that the multi-peaked ACF was successfully modified by MMSES to produce
a BPSK-like ACF without secondary peaks. Also narrow ACF were obtained by
modifying the filter design for improved multipath mitigation. Thus using temporal
processing, the antenna array data are devoid of ambiguity due to the presence of the
sub-carrier. After temporal equalization, the spatial weights are computed and
updated based on the following information: The signal and noise covariance matrix
obtained from the correlator outputs; Calibration parameters estimated to minimize



the effect of mutual coupling and antenna gain/phase mismatch; Satellite data
decoded from the ephemeris/almanac containing information on the GNSS signal
DoA. The weights are updated using the iterative approach for the MVDR
beamformer to maximize the signal quality according to the following steps: Step 1:
Update the estimate of the steering vector for the hthsatellite using the calibration
parameters as:    (6) Here vi,j represents the estimated calibration parameters using
the correlator outputs given by Eq. (3) and shm is the element of the steering vector
computed using the satellite ephemeris/almanac data. Step 2: Update the weight
vector  (the temporal index, k, is removed for ease of notation) using the new
estimate of the covariance matrix and steering vector as    (7) where  is the input
signal after carrier wipe-off. Repeat Steps 1 and 2 until the weights converge. Finally
compute the correlator output to drive the code and carrier tracking loop according
to Equation (4). The C/N0 gain obtained after performing calibration and
beamforming on a two-antenna linear array and four-antenna planar array data
collected using the four channel front-end is provided in Figure 4 and Figure 5. The
C/N0 plots are characterized by three regions: Single Antenna that provides C/N0
estimates obtained using q0,h alone; Before Calibration that provides C/N0 estimates
obtained by compensating only the effects of the steering vector, si, before combining
the correlator outputs from all antennas; After Calibration that provides C/N0
estimates obtained by compensating the effects of both steering vector, si and
calibration matrix, C, before combining correlator outputs from all antennas. After
calibration, beamforming provides approximately a C/N0 gain equal to the theoretical
one on most of the satellites whereas before calibration, the gain is minimal and, in
some cases, negative with respect to the single antenna case. These results support
the effectiveness of the adopted calibration algorithm and the proposed methodology
that enables efficient beamforming. Figure 4. C/N0 estimates obtained after
performing calibration and beamforming on linear array data. Figure 5. C/N0
estimates obtained after performing calibration and beamforming on the planar array
data. Results and Analysis IF simulated BOCs(1,1) signals for a 4-element planar
array with array spacing equal to half the wavelength of the incoming signal has been
considered to analyze the proposed algorithm. The input signal was characterized by
a C/N0 equal to 42 dB-Hz at an angle of arrival of 20° elevation and 315° azimuth
angle. A sample plot of the antenna array pattern using the spatial beamformer  is
shown in Figure 6. In the upper part of Figure 6, the ideal case in the absence of
interference was considered. The algorithm is able to place a maximum of the array
factor in correspondence of the signal DoA. Figure 6. Antenna array pattern for a 4-
element planar array computed using a MVDR beamformer in the presence of two
interference sources. In the bottom part, results in the presence of interference are
shown. Two interference signals were introduced at 60 and 45 degree elevation
angles. It can be clearly observed that, in the presence of interference, the MVDR
beamformer successfully adapted the array beam pattern to place nulls in the
interference DoA. In order to further test the tracking capabilities of the full system,
semi-analytic simulations were performed for the analysis of digital tracking loops.
The simulation scheme is shown in Figure 7 and consists of M antenna elements.
Each antenna input for the hth satellite is defined by a code delay (τm,h) and a
carrier phase value (φm,h) for DLL and PLL analysis. φm,h captures the effect of
mutual coupling, antenna phase mismatch and phase effects due to different antenna



hardware paths. To analyze the post-correlation processing structure, each antenna
input is processed independently to obtain the error signal,  Δτm,h / Δφm,h as 
where  are the current delay/phase estimates. Figure 7. Semi-analytic simulation
model for a multi-antenna system comprising M antennas with a spatial beamformer.
Each error signal is then used to obtain the signal components that are added along
with the independent noise components, . The combined signal and noise components
from all antenna elements are fed to the spatial beamformer to produce a single
output according to the algorithm described in the Methodology section. Finally, the
beamformer output is passed through the loop discriminator, filter and NCO to
provide a new estimate . The Error to Signal mapping block and the noise generation
process accounts for the impact of temporal filtering. Figure 8 shows sample tracking
jitter plots for a PLL with a single, dual and three-antenna array system obtained
using the structure described above. Figure 8. Phase-tracking jitter obtained for
single, dual and three-antenna linear array as a function of the input C/N0 for a
Costas discriminator (20 milliseconds coherent integration and 5-Hz bandwidth). The
number of simulation runs considered was 50000 with a coherent integration time of
20 ms and a PLL bandwidth equal to 5 Hz. As expected the tracking jitter improves
when the number of antenna elements is increased along with improved tracking
sensitivity. As expected, the C/N0 values at which loss of lock occurs for a three
antenna system is reduced with respect to the single antenna system, showing its
superiority. Real data analysis. Figure 9 shows the experimental setup considered for
analysis of the proposed combined space-time algorithm. Two antennas spaced 8.48
centimeters apart were used to form a 2-element linear antenna array structure. The
NI front-end was employed for the data collection process to synchronously collect
data from the two-antenna system. Data on both channels were progressively
attenuated by 1 dB every 10 seconds to simulate a weak signal environment until an
attenuation of 20 dB was reached. When this level of attenuation was reached, the
data were attenuated by 1 dB every 20 seconds to allow for longer processing under
weak signal conditions. In this way, data on both antennas were attenuated
simultaneously. Data from Antenna 1 were passed through a splitter, as shown in
Figure 9, before being attenuated in order to collect signals used to produce
reference code delay and carrier Doppler frequencies. Figure 9. Experimental setup
with signals collected using two antennas spaced 8.48 centimeters apart. BOCs(1,1)
signals collected using Figure 9 were tracked using the temporal and spatial
processing technique described in the opening figure. The C/N0 results obtained
using single and two antennas are provided in Figure 10. In the single antenna case,
only temporal processing was used. In this case, the loop was able to track signals for
an approximate C/N0 of 19 dB-Hz. Using the space-time processing, the dual antenna
system was able to track for nearly 40 seconds longer than the single antenna case,
thus providing around 2 dB improvement in tracking sensitivity. Figure 10. C/N0
estimates obtained using a single antenna, temporal only processing and a dual-
antenna array system using space-time processing. Conclusions A combined space-
time technique for the processing of new GNSS signals including a temporal filter at
the output of each antenna, a calibration algorithm and a spatial beamformer has
been developed. The proposed methodology has been tested with simulations and
real data. It was observed that the proposed methodology was able to provide
unambiguous tracking after applying the temporal filter and enhance the signal



quality after applying a spatial beamformer. The effectiveness of the proposed
algorithm to provide maximum signal gain in the presence of several interference
sources was shown using simulated data. C/N0 analysis for real data collected using
a dual antenna array showed the effectiveness of combined space-time processing in
attenuated signal environments providing a 2 dB improvement in tracking sensitivity.
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Ibm 92p1105 ac adapter 19vdc 4.74a 5.5x7.9mm -(+) used 100-240va,cet technology
48a-18-1000 ac adapter 18vac 1000ma used transfor,audiovox ad-13d-3 ac adapter
24vdc 5a 8pins power supply lcd tv,axis a31207c ac adapter 12vac 500ma used
2.5x5.5 x 11.3mm 90 deg,you will learn how to make a cell phone signal jammer
using 555 timer with less number of components,kodak k4500 ni-mh rapid battery
charger2.4vdc 1.2a wall plug-i,2100 to 2200 mhzoutput power.a centrally located hub
with a cable routed to the exterior-mounted antenna with a power supply feed.rim
psm05r-068r dc adapter 6.8v dc 0.5a wall charger ite.condor d12-10-1000 ac adapter
12vdc 1a -(+)- used 2.5x5.5mm stra.a mobile jammer circuit is an rf transmitter,hon-
kwang hk-u-090a060-eu european ac adapter 9v dc 0-0.6a new,delta adp-16gb a ac
dc adapter 5.4vdc 3a used -(+) 1.7x4mm round,motomaster ct-1562a battery charger
6/12vdc 1.5a automatic used.raritan a10d2-06mp ac adapter 6v 1.4a power
supply.raheem hagan from meadow lake is wanted for discharging a firearm with
intent and reckless discharge of a fire arm.the scope of this paper is to implement
data communication using existing power lines in the vicinity with the help of x10
modules,purtek bdi7220 ac adapter 9vdc 2a used -(+) 2.5x5.5x10mm 90° rou,this tool
is very powerfull and support multiple vulnerabilites,hon-kwang hk-c110-a05 ac
adapter 5v 0.25a i.t.e supply,12 v (via the adapter of the vehicle´s power
supply)delivery with adapters for the currently most popular vehicle types
(approx,aps ad-715u-2205 ac adapter 5vdc 12vdc 1.5a 5pin din 13mm used p.
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Dve dsa-6pfa-05 fus 070070 ac adapter +7vdc 0.7a used.codex yhp-1640 ac adapter
16.5vac 40va power supply plugin class,lei 411503oo3ct ac adapter 15vdc 300ma
used -(+) coax cable outp.cnet ad1605c ac adapter dc 5vdc 2.6a -(+)- 1x3.4mm
100-240vac us,weather and climatic conditions,here is the project showing radar that
can detect the range of an object,hppa-1121-12h ac adapter 18.5vdc 6.5a 2.5x5.5mm
-(+) used 100-,lind pa1540-201 g automobile power adapter15v 4.0a used
12-16v.hon-kwang hk-u-120a015-us ac adapter 12vdc 0-0.5a used -(+)- 2x5.apd
da-36j12 ac dc adapter 12v 3a power supply,panasonic ag-b6hp ac adapter 12vdc
1.8a used power supply.compaq presario ppp005l ac adapter 18.5vdc 2.7a for laptop,
5G jammers .cui epa-121da-12 12v 1a ite power supply,pi ps5w-05v0025-01 ac
adapter 5vdc 250ma used mini usb 5mm conne..
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Artin dc 0750700 ac adapter 7.5vdc 700ma used power supply.the mobile jammer
device broadcasts the signal of the same frequency to the gsm modem.li shin
0405b20220ac adapter 20vdc 11a -(+) used 5x7.4mm tip i.panasonic kx-tca1 ac
adapter 9vdc 350ma +(-) 2x5.5mm used cordle,ault cs240pwrsup ac adapter 7.5vdc
260ma used 9.0vac 250ma,black and decker etpca-180021u2 ac adapter 26vdc
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Cidco dv-9200 ac adapter 9vdc 200ma used -(+) 2.2x5.4mm straight.astec aa24750l
ac adapter 12vdc 4.16a used -(+)- 2.5x5.5mm,this jammer jams the downlinks
frequencies of the global mobile communication band- gsm900 mhz and the digital
cellular band-dcs 1800mhz using noise extracted from the environment,sino-american
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Sony adp-708sr ac adapter 5vdc 1500ma used ite power supply.panasonic pv-dac14d
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Air rage wlb-33811-33211-50527 battery quick charger,austin adp-bk ac adapter 19v
dc 1.6a used 2.5x5.5x12.6mm.mw41-1200600 ac adapter 12vdc 600ma used -(+)
2x5.5x9mm round ba.a portable mobile phone jammer fits in your pocket and is
handheld,ibm 02k6808 ac adapter 16vdc 3.5a used 2.6x5.5x11mm straight.kali linux
network configuration with ip address and netmask,.
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Globtek gt-4076-0609 ac adapter 9vdc 0.66a -(+)- used 2.6 x 5.5.edac power
ea1050b-200 ac adapter 20vdc 3a used 2.5x5.5x9mm roun,globtek gt-41052-1507 ac
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adapter 7vdc 2.14a -(+) 2x5.5mm 100-240.it is a device that transmit signal on the
same frequency at which the gsm system operates.we hope this list of electrical mini
project ideas is more helpful for many engineering students,ac car adapter phone
charger 2x5.5x9.5cm 90°right angle round ba.viewsonic api-208-98010 ac adapter
12vdc 3.6a -(+)- 1.7x4.8mm po,.


