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ABSTRACT

With the inclusion of 406 MHz transponders on the Galileo
satellites and the new search and rescue (SAR) return link
message (RLM) on the open service E1B signal, the avail-
ability of distress beacons equipped with a Galileo or com-
bined GPS/Galileo receiver will be very important in the fu-
ture to take advantage of the SAR RLM, thereby facilitating
the rescue operations and helping to identify and reject false
alerts. Consequently, this paper provides the status of the de-
velopment of a flexible Galileo L1 receiver platform as well
as an analysis and comparison of acquisition schemes suit-
able to be implemented in 406 MHz Cospas-Sarsat distress
beacons. For each considered acquisition scheme, we com-
pare the acquisition performance that can be obtained using
GPS L1 C/A or Galileo E1B or E1C signals and consider and
discuss the following main constraints: a very short time to
first fix (TTFF) in cold start conditions (the beacon’s GNSS
receiver may not be powered on for years before it is activated
in an emergency); a low energy consumption per position fix
(the beacon and GNSS receiver are battery powered); a possi-
bly long coherent integration time to achieve synchronization
and tracking in harsh environments (e.g., when some or all of

the satellite signals are blocked or attenuated by an obstruc-
tion); the ability to demodulate the satellites signals in the
presence of a 406MHz/5W and a 121.5MHz/(up to 100mW)
beacon transmitters; and a low complexity (low price).

INTRODUCTION

To contribute to enhance the performances of the inter-
national Cospas-Sarsat SAR system, the Galileo satellites
will broadcast globally the alert messages received from dis-
tress emitting beacons operating on the 406-406.1 MHz band,
thereby allowing precise location of alerts (currently better
than 1 nautical mile oi.852km in 95% of the cases with-
out GPS), multiple satellite detection to avoid terrain block-
age in severe conditions, and near real-time reception of dis-
tress messages transmitted from anywhere on Earth (the av-
erage waiting time is currently one hour [1]). In addition,
SAR/GALILEO will introduce a new SAR function, namely
the return link from the SAR operator to the distress emitting
beacon, thereby facilitating the rescue operations and helping
to identify and reject false alerts [1].

As a beacon’s GNSS receiver may not be powered on for
years before it is activated in an emergency, one or more of
the almanac, position and time parameters is very likely to be
missing or obsolete. This means that the receiver will have
to perform a cold start [2], i.e., search the sky for all possi-
ble PRN codes, in all possible Doppler bins, and for all 1023
(GPS L1C/A) or 4092 (Galileo L1B) code states of each PRN
code until at least four SVs are acquired (note that even if a
warm start would be possible, the specifications for COSPAS-
SARSAT 406 MHz distress beacons require to force the bea-
con’s internal GNSS receiver to perform a cold start [3]).

Since in an emergency the position of the receiver should
be transmitted by the beacon as quickly as possible, a very
fast acquisition architecture/algorithm yielding a very short
TTFF in cold start condition is needed. In addition, since the
beacon is battery powered, the selected acquisition architec-
ture/algorithm should not consume too much power during
the cold start acquisition as well as during the subsequent po-
sition fixes (the receiver should have the capability to provide
one position fix every 20 minutes [3]). Additional constraints



for a GNSS receiver to operate in a distress beacon include
the ability to demodulate the satellites signals (and decode the
SAR RLM transmitted on Galileo E1B) in the presence of a
406MHz/5W and a 121.5MHz/(up to 100mW) beacon trans-
mitters, and the ability to perform medium to long coherent
integration times in order to achieve satellite signals acqui-
sition and tracking in harsh environments (e.g., when some
or all of the satellite signals are blocked or attenuated by an
obstruction).

Based on this foreground, the following topics are ad-
dressed in this paper:

1. Description and development status of a flexible Galileo
E1 receiver platform designed to develop and validate
low power and rapid acquisition schemes suitable to be
implemented in distress beacons.

2. Optimization of the number of partial correlations to
minimize the losses due to a residual Doppler offset in a
parallel FFT-based frequency search architecture.

3. Analysis of GPS L1 C/A and Galileo E1 B & C (see
Table 1) signal acquisition performance in terms of re-
ceived signal to noise ratio, mean probability of detec-
tion, and mean time of acquisition. The following dif-

ferent search architectures are considered in the analysis:

serial search; parallel FFT-based frequency search; full
Galileo BOC(1,1) acquisition; Galileo BOC(1,1) single
lobe acquisition.

Signal | Modu- Code Chip | Symbal Carrief
Name | lation Structure | Rate | Rate | frequ.
GPS BPSK(1)| Gold 1.023| 50 1.575
L1C/A 1023 Mcps| sps MHz
Galileo | BOC(1,1) Memory | 1.023 250 1.575
OS L1B| BOC(1,1) 4092 Mcps| sps MHz
Galileo | BOC(1,1) Tiered code 1.023| Data- | 1.575
OS L1C| BOC(1,1) 25x4092 | Mcps| free MHz

Table 1 Main characteristics of GPS L1 C/A and Galileo
L1B and L1C.

1 - DESCRIPTION AND DEVELOPMENT STATUS OF
THE GALILEO E1 RECEIVER PLATFORM

In order to develop and validate low power and rapid ac-
quisition schemes suitable to be implemented in distress bea-
cons, we have developed a flexible Galileo E1 receiver plat-
form composed of three main boards (see Fig. 1) and includ-
ing: a) a custom built E1 radio frequency front-end board
responsible for the signal downconversion; b) a commercial
off-the-shelf PC/104 field programmable gate array (FPGA)
board where the channel correlations and discrete Fourier
transform (DFT) are hard coded for high-speed operations;
c) a commercial off-the-shelf embedded platform for indus-
trial computing (EPIC) processor board where the feedback
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control loops, filtering and discrimination algorithms are im-
plemented to provide a maximum of flexibility.

Fig. 1 Flexible Galileo E1 receiver platform.

The whole system consumes less than 10 W that can be
supplied via an external 12 V power supply or 12 V battery.
The above 3 units are discussed in more details in the next 3
subsections.

Radio Frequency Front-end Unit

The front-end is based on an heterodyne architecture. A
passive antenna is used in order to be able to filter the sig-
nal before it reaches the low noise amplifier (LNA), which
prevents the distress signals from overloading the front-end.
Once filtered and amplified, the signal is downconverted to
a first intermediate frequency (IF) at 70.14MHz where it is
filtered by a SAW filter with a bandwidth of 5.5MHz. The
signal is then downconverted by a quadrature mixer to a sec-
ond IF at 4.758MHz, lowpass filtered and amplified by an
amplifier with a -5dB to 40dB gain controlled digitally from
the FPGA. The FPGA sets the gain in order to optimize the
use of the subsequent 2 bits ADC. The sampling clock and the
FPGA clock, 7.489MHz, are derived from the second oscil-
lator. The complete frequency plan is shown in Fig. 2 (more
details on the design and tests of the front-end unit are given
in [4]).
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Fig. 2 Front-end frequency plan.



Microprocessor Unit

An "Ampro ReadyBoard 700 Pentium Ill EPIC Single
Board System” that measures 115mmx165mm (4.5"x6.5")
has been selected. This size is optimal for including full
PC/104-Plus compliant expansion card (ISA and PCI buses)
and a rich set of 1/0 implemented as either pin-headers or
molded PC-style connectors (e.g., USB, serial & parallel,
Ethenet ports, LC-Display, etc.). The whole system is pas-
sively cooled and equipped with a compact flash connec-
tor which allows replacing a conventional hard disc with a
flash memory. This offers also a great advantage for updating
the system, as a simple replacement of the compact flash al-
lows bringing the whole system up-to-date. With this choice,
the test bed is compact in size and equipped with absolutely
no mechanical parts. The main application (acquisition and
tracking) is running under DOS, allowing the full control of
the running tasks or applications.

The microprocessor unit controls the baseband acquisition
and tracking of the channels. In this manner, it is possi-
ble to easily implement, configure, and test different acqui-
sition techniques, e.g., the serial search technique, the par-
allel frequency space search technique, or even the parallel

code space search technique. These techniques are depicted

in Fig. 3a-c and described below:

a) In the serial search acquisition, the bins of the 2-
dimensional code-Doppler search space (see Fig. 4) are
searched in a sequential or serial manner. The base-
band input signal is first multiplied with the in-phase and
guadrature signals corresponding to a given Doppler fre-
guency bin, and then with the locally generated PRN sig-
nal corresponding to a given code phase bin. The result-
ing in-phase and quadrature signals are then integrated
over a pre-detection integration time (PIT). The magni-
tude of the integrated in-phase and quadrature compo-
nents are finally compared with a threshold to detect if
a correlation peak has been found. If not, the next code
phase or next frequency bin is searched.

b) In the parallel frequency space search acquisition, all
possible Doppler bins are tested in parallel. The base-
band input signal is first multiplied with a locally gen-
erated PRN code in order to for successive partial
correlations (also called partial complex matched filter
operations (PCMF) in [5]). Then, the results are com-
bined using a complex N-points FFT (or DFT in practi-
cal FPGA implementations), wheré > P (if N > P,
zero-padding is used). As the partial correlationsiare
times smaller than the PIT, all the Doppler frequencies
can be searched in parallel (assuming tRat chosen
correctly) and the largest magnitude of tNeFFT bins
is compared to a threshold to detect if a correlation peak
has been found. If not, the operation is repeated for the
other code phases until the correlation peak has been
found.

c¢) In the parallel code space acquisition, all possible code
phases are tested in parallel. The input signal is first mul-
tiplied with the in-phase and quadrature signals. Then,
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Fig. 3 Different acquisition techniques.

the resulting signals are transformed via FFT. The lo-
cally generated PRN code is also transformed via FFT,
and the complex conjugated values of the coefficients
are computed. After multiplying these two sets of coef-
ficients (correlation in the frequency space), the inverse
FFT coefficients and their energies are computed in or-
der to determine if a correlation peak has been found.
If not, another frequency bin is searched by shifting the
FFT components of the locally generated PRN code.

Remark: as in general the number of code phase bins is
much greater than the number of frequency bins, a paral-
lel code space acquisition will provide the shortest TTFF by
searching at once all the code phase bins for every frequency
bin instead of all the frequency bins for every code phase bin
as in the parallel frequency search. However, it will also re-
quire a very large FFT size which implementation on today’s
CMOS technologies would certainly be prohibitive with the
size, memory and power requirements of a low power and
low cost distress beacon application. Consequently, we will
only focus for the rest of this paper on the serial and paral-
lel frequency space search acquisition architectures that are
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Fig. 4 2-dimensional code-Doppler space.

compatible with a low implementation complexity.

FPGA Base Band Processing Unit

A Nova Constallation-20KE FPGA card featuring an Al-
tera APEX 672-Pin FPGA device and ISA interface com-
patibility has been selected to implement 12 acquisition and
tracking channels controlled by a microprocessor unit (see
Fig. 5).

FPGA

ToPG Interrupt

A

SW interface Controller

.

L
From PC

controller

A

Channel 0 Channel 6

A

Y

ROM (50*4092 chips)

Fig. 5 Simplified schematic of the base band processing unit
(FPGA Unit).

Unlike the GPS L1 C/A PRN codes, the Galileo E1 B and
C PRN codes can not be automatically generated and must
therefore be pre-programmed in a memory. As the FPGA in-
corporates dedicated enhanced embedded system blocks (so
called ESBs) supporting memory structures, the totality of the
50 PRN codes are stored in a global ROM accessible from ev-
ery channel. When a new channel is activated, or a new code
selected, the desired PRN code is automatically downloaded
from the system ROM to the local RAM of the respective
channel. This way, each channel can access independently
and locally its own code, avoiding system conflicts. In addi-
tion to the RAM for local PRN code storage, each channel
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embeds two independent 32 bits NCO (carrier and code) with
sine and cosine maps, carrier mixers and integrate & dump
units (see Fig. 6).
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Fig. 6 Simplified schematic of one base band channel.

To acquire the Galileo BOC(1,1) signal, two acquisition
architectures have been considered for implementation,
namely “full BOC(1,1) acquisition” and “BOC(1,1) single
lobe acquisition™:

1) Full BOC(1,1) acquisition:

Due to the square wave sub-carrier modulation intro-
duced in Galileo E1 BOC(1,1), the autocorrelation presents
a sharper main peak (as compared to GPS L1 C/A BPSK(1))
and two small negative sides peaks (see Fig.7). This has the
following important implications:

e A sharper correlation peak allows for a better pseudo-
range estimation, a better multipath mitigation, and thus
a better positioning accuracy. Unfortunately, a high po-
sitioning accuracy is not required for beacon applica-
tions since the transmitted positioning accuracy is lim-
ited to 4 seconds (corresponding to about 120 meters)
due to resolution of coding in the SAR Cospas Sarsat
406 MHz beacon long message [3]).

e Due to the sharper correlation peak (3 times sharper than
BPSK(1)’s), a smaller code step size must be used dur-
ing the acquisition phase (3 times smaller to yield a sim-
ilar performance). If not, the worst case loss occur-
ring when the received BOC(1,1) code phase falls be-
tween two code bins can be very high, e29log1o(1 —

3 x 0.25) ~ —12dB for a 1/2 chip code step size as
compared to onl\20log19(1 — 0.25) ~ —2.5dB for a
BPSK(1) peak.

e In terms of search complexity, a sharper correlation
peak is obtained at the cost of a higher sampling rate
(o< 1/width of autocorrelation function) and a smaller
code step sizex 1/width of autocorrelation function),
resulting in a quadratic increase in search complexity



(o< 1/{width of autocorrelation functioy¥) or equiva-
lently in a longer TTFF if the complexity is restricted to
be the same.

e The multiple peaks of the autocorrelation function in-
duce an increased complexity in the acquisition phase to
avoid selecting and tracking one of the two side peaks
sitting 1/2 chip away from the main peak, as this would
introduce an important ranging error (1/2 chip corre-
sponds to about 146.6 meters).

0.5

Normalized correlation function

— Galileo E1 BOC(1,1)
- GPS L1 C/A BPSK
-0.5 ‘ X

-1 -0.5 0 0.5 1
delay in chips

Fig. 7 Normalized correlation function of GPS L1 C/A
(BPSK(1)) and Galileo E1 (BOC(1,1)).
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-1 chip - Y2 chip

Very late Very early

-05 3/8 -05

Fig. 8 Example ofl; s, organization in tracking mode cor-
responding to a spacing of 3/8 - 1/8 - 1/8 - 3/8 chip.

In order to select and track the correct BOC(1,1) peak,
we have implemented in our design five replicas of the code
referenced as Very early, Early, Prompt, Late and Very late
(see Fig. 6). These replicas can be generated with a variable
time shift7s.; ¢, at the frequency provided by the code NCO
(see Fig. 8). The timdy,; s, separating two consecutive
replicas is controlled via software and can be adjusted in real
time. This can be useful to experiment with different step
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size increments or when going from acquisition to tracking
phase.

2) Single lobe BOC(1,1) acquisition:

This technique (also called “BPSK like” method of acqui-
sition [6]) considers the received BOC(1,1) signal as the sum
of two BPSK(1) signals with carrier frequency symmetrically
positioned on each side of the BOC carrier frequency. Each
side lobe can thus be treated independently as a BPSK(1) sig-
nal (see Fig.9), which has the following implications:
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Fig. 9 Single lobe acquisition or BPSK like technique.

e The single side lobe correlation function has no side
peaks and is symmetrical. However, the single lobe ac-
quisition technique induces 3dB degradation in signal
to noise ratio (SNR) if applied on a single side lobe
(due to mismatch between local BPSK(1) and received
BOC(1,1) codes) [6]. The 3dB loss can only be partially
compensated if both lobes are processed in parallel and
the two channel energies summed before the threshold
test because of the additional degradation in the non-
coherent combining integration.

e The search complexity on each side lobe is similar to
BPSK(1) search complexity with an equivalent code
length. The code step size during the acquisition phase
can thus be reduced from 1/6 chip to 1/2 chip.

e Due to the narrowed spectrum, the positioning accuracy
will be lower than with full BOC(1,1) acquisition. How-
ever, as discussed above, this may not be an issue for a
SAR beacon receiver due to the relatively low require-
ments on transmitted positioning accuracy. Note also
(for other applications) that it is still possible once the
non-ambiguous BPSK-like peak has been detected to
shift the receiver to nominal full BOC tracking.

Development Status

The development of the Galileo E1 receiver platform
started on Nov. 17th and is now approaching completion.
All the individual parts (front-end, baseband, software) of the
Galileo receiver have been individually tested and the imple-
mentation and testing of the acquisition and tracking loops is
now in progress.

The test and validation of the Galileo E1 receiver is per-
formed using a Spirent GSS 7800 12 channels E1 simulator
(see Fig. 10).



Fig. 10 Test and validation of the Galileo E1 receiver plat-
form using Spirent GSS 7800 12 channels E1 Galileo simu-
lator.

2 - OPTIMIZATION OF THE PARALLEL FRE-
QUENCY SEARCH ARCHITECTURE

The presence of a Doppler offsgt will degrade the co-
herent integration gain that can be achieved by a parallel fre-
guency search FFT-based architecture (or PCMF-FFT archi-

tecture). Denotingwy def nfpT., whereT, denotes the
chip period, the normalized PCMF-FFT correlation gain can
be expressed as a function of the output biand residual
Doppler frequencyp as [5]

Gpemr—rrr(fD, kbin) 1)
1 |sin(wgM/P) sin(waM — 7Pkyin/N)
M sin(wg)  sin(wgM /P — 7wkpin /N)

whereM denotes the total PIT converted in chips, i/d.,=
PIT/T,.. Equ. (1) can also be written as the product of two
terms, i.e., as

Gpemr—rrr(fD, kbin) ()
Psin(wgM/P)|| sin(wgM — nP/Nkp;)
M sin(wyg) Psin(wgM/P — whkpin/N) |

As an illustration example, Fig. 11a shows the frequency
response for a PCMF-FFT architecture using 16-PCMF out-
puts fed to a complex 16-pts FFT and assuming a PIT of 1ms
(M = 1023 chips).

We can make the following observations:

e The first term of (1) represents the reduction of the co-
herent gain or correlation loss present at the output of
the PCMF. It corresponds to the overall envelope shown
with the continuous blue line in Fig. 11a. The search
bandwidth at the output of the PCMF can be calcu-
lated as~ 3123’;T (this yields a maximum correlation
loss of 20log;,(sin1/3)) = —1.6dB). For exam-
ple, in the considered example, the search bandwidth
is ~ +5.3kH~z (i.e., a total of 10.6 kHz). We note
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that the search bandwidth can be increased by increasing
P and thus decreasing the partial correlation durations
PIT/P. If alarger search bandwidth is not needed, in-
creasingP can also be used to reduce the correlation loss
at the output of the PCMF.

e The second term of (1) represents the additional losses
(called scalloping losses) within they,;,th FFT fre-
quency bin. The worst scalloping losses occur when
the Doppler frequency falls between two FFT bins (see
black dashed line in Fig. 11b). Note that the scalloping
losses can be reduced by using some zero padding prior
computing the FFT [5]. This is illustrated in Fig. 11c
where a padded FFT of size 32 has been used with the
same number of PCMF as in Fig. 11b (i.e., 16-PCMF)
to reduce the scalloping losses at the expense of a two
times larger complex FFT.

Optimal PCMF-FFT configurations

Ideally, the detector’s frequency response should be uni-
form for all frequencies and equal to the frequency response
for fp = 0 Hz. By changing the number of PCMFs and the
FFT size, it is possible to “tune” the PCMF-FFT detector’s
frequency response such as to maximize the detector’s output
according to an a-priori probability density function (pdf) for
the Doppler offsetpr(f). Thus, we want to find® such as
the frequency response averaged over the Doppler frequency
distribution is maximized, i.e.,

P = max (/_O; GPCMFFFT(f)pF(f)df> 3)

where GPCMF,FFT(f) denotes the envelope of
GPCMF—FFT(f)-

While the Doppler offset distribution will not be com-
pletely uniform even for a stationary user (the satellite will
be at the zenith a shorter time than at the horizon), we can
still approximate it with a uniform distribution gs#(f) =
U[-5, 5] kHz (valid for a stationary user) to obtain the opti-
mal values forP assuming different FFT sizes and PITs (see

Table 2). We note that P and N have to be increased for in-

PIT[N- | P— [ MT. | M| i35 | minG
ms | FFT | PCMF | ms us Hz

1 [16 [13 1.001 [ 77 [ +4500] 0.56
1 |32 [17 1.003 |59 [ +4500| 0.62
4 [64 |51 3978 [ 78 | £4875] 0.54
4 [128 |71 3976 [ 56 | £4875| 0.61
10 [ 128 [ 114 [10.032[ 88 | +4950| 0.49
10 [ 256 | 160 [ 10.08 [ 63 | £4950] 0.60

Table 2 Example of optimal PCMF-FFT configurations and
min. achievable normalized correlation gain for a frequency
search space af5kHz and various PITs.

creasing PIT. This is because the overall frequency response
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is shaped Wit#%%’. Thus, if we increasé/ to in-

crease the PIT, we should also incre@sproportionally not
to have a reduction in sensitivity too important (as a rule of
thumb, P should thus be chosen such thgf~ is not much

less than the desired search bandwidth. Héwever, it is better

to use (3) to find the optimal value fét).

As an illustration example, Fig. 11d shows the frequency
response for a PCMF-FFT architecture using 13-PCMF out-
puts fed to a 16-pts FFT and assuming a PIT of 1Ms£
1023 chips).

Remark:in comparison with Fig. 11b, we note that while
the overall frequency response given by the first term of (1) is
a little lower at high frequencies, all the scalloping losses have
been greatly reduced. Thus, assuming no a-priori information
about the Doppler offset (e.g., the whole Doppler space has
to be searched betweer5kHz), this configuration using a
lower number of PCMFs (13 instead of 16) will provide better
overall performance than the initial configuration with=
16 for the same FFT size and PIT.

Remark Concerning the Conventional Serial Search

For a conventional serial search energy deted¢tos N =
1, and (1) simplifies as

Gemr(fp) = % W‘
sin(walM)

U)dM

In this particular case, the search bandwidth is similar to
the one produced by a single FFT bia (), which gives
~ £333Hz for a PIT of 1ms. Consequently, the search must
be performed successively over various Doppler frequency
offsets or frequency bins. Table 3 gives examples of possible
serial search configurations.



PIT | search BW| Fj;,s = nb. of | minG
ms | 5377[Hz] | frequ. bins

1 667 15 0.83
4 167 60 0.87
10 | 67 150 0.77

Table 3 Example of possible serial search configurations and
min. achievable normalized coherent correlation gain for a
frequency search space-oatbkHz and various PITs.

3 - ANALYSIS OF GPS L1 C/A AND GALILEO E1 B
AND C SIGNAL ACQUISITION PERFORMANCE

Signal to Noise Ratio (SNR) Comparison

From the Galileo and GPS signal in space interface docu-
ments (see [7] and [8]), the minimum received powet(8t
elevation into a 0dBi antenna is -131.3dBm for GPS L1 C/A
and -127dBm for Galileo E1 B and C (the power sharing be-
tween Galileo pilot and data channels is of 50%). Assuming a
receiver bandwidth of 2 MHz and 4 MHz for GPS and Galileo
signals, respectively, and a receiver noise figure of 3dB, the
SNR at the input of the correlators (i.e., before coherent inte-
gration) will be of -23.3dB and -25dB for GPS L1 C/A and
Galileo E1B or E1C, respectively, as shown in Table 4.

GPSL1C/A GalileoE1 B
orE1C
Min. rx. power [dBm] -131.3 -127-3=-130
Th. noise BW [MHZ] 2 4
Th. noise level [dBm] | -174+63=-11 -174+66=-108
Rx. noise figure [dB] 3 3
Resulting SNR [dB] -131.3-(-111+3)| -130-(-108+3)
=-23.3 =-25
Resulting C/No [dB/Hz]| 39.7 41

Table 4 GPS L1 C/A and Galileo E1 minimum signal lev-
els at10° elevation into a 0dBi antenna and assuming a 3dB
receiver noise figure.

Remark:despite the fact that the Galileo signals (data E1B
or pilot E1C) are received with a 1.3dB higher power at the
antenna, the GPS L1 C/A signal provides a 1.7dB higher SNR
than the Galileo data (E1B) or pilot (E1C) signals due to the
narrower receiver noise bandwidth. The only way for the
Galileo E1 signal to provide a SNR advantage would be if the
data and pilot channels were combined at the receiver (this
would provide a 1.3dB advantage for Galileo E1 at the ex-
pense of a higher receiver complexity).

Detection and False Alarm Probabilities

Let us assume that the noise at the input of the PCMF cor-
relator (see Fig. 3b) is zero-mean Gaussian distributed with
varianceo?. If the partial correlationM /P is sufficiently
long, then from the central limit theorem (CLT) the noise at
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the output of the PCMF correlator will be zero mean with
variances? M/ P. AssumingP PCMFs, the output of a com-
plex zero-padded FFT of length (N > P) will have vari-
ancePo*M /P = o?M (the uncorrelated assumption that is
used here may not be fully valid with a zero padded FFT, but
is used to simplify the derivation).

In the absence of signal, The magnitude of the FFT that are
used in the detector will be Rayleigh distributed according to
(see, e.9.[9])

Y
oM

The probability that a FFT output be greater or equal than
a given threshold is thus

'!/2
py (y) = e 22,y > 0. (5)

— 2
Ploutputy, > t]|nosignai= 1 — Fy (t) = ezo2nm (6)
where Fy (y) denotes the cumulative density function (cdf)
of Y.

The probability of false alarm is the probability that one
or more FFT output is greater than the threshold. It can be
written as

Pfa 1- (1 - P[OUtpUtk > t”no signaDN
N

_ 1—(1—67#221”) : ()

In order to compare the performance of different acquisi-
tion architectures, we will fix’;, and calculate the threshold
to reach the desiref;,. In this case, we can rewrite (7) to
find the corresponding threshold as

HPra) = \/-202MIn(1—(1-Pp)lY)  (8)

If we now assume that a signal is present at itte out-
put of the FFT, the magnitude of the FFT bin will be Ricean
distributed with the following cdf (see, e.g. [9])

Sk t
FYk(yk)zl—Q(m,m> Yk >0 9)
whereQ(-, -) denotes the Markum Q function angl denotes
the summation of the mean square amplitude on the inphase
and quadrature FFT banches of titk FFT output, i.e.s7 =
m3(k)+mg (k). Note that the amplitudes (k) andm (k)
at the output of théth FFT bin will depend on the input SNR
as well as on the Doppler frequency offset through (1).

The probability that the amplitude of binis greater than
the threshold in the presence of a signal is thus

_ Sk t> (10)
VoM Vo?M )
Finally, as a signal will be detected if one or more FFT bin

output is greater than the threshold, the probability of detec-
tion can be computed as

Ploutputy, > t]signal = @ (

N
Pd,lpeak 1- H {1 - P[OUtPUtk > t]signal}
k=0
N S t
. 1—Q<k,)}11
I {1-@ (v ) Jo0
Remarks:



e Equ. (11) is not valid at low SNR if a full BOC(1,1)
acquisition method is used due to the presence of the two
side peaks that will increase the likelihood of detection
(see Fig.12). In order to take the side peak detection into
account, we first calculate the probability of detecting
one of the two side peaks as

Py =2Ps,— P}

]

(12)

whereP; ; is the probability of detection of a single side
peak that can be calculated using (11) withreplaced

by si/2 (the side peak amplitude is half the main peak
amplitude). The probability of detection in the presence
of the BOC(1,1) side peaks is now the probability of ei-
ther detecting one of the 2 side peaks or the main peak
and can thus be written as

Pysoc@,1) = Pijpeak + Pa,s2 — Paipeak Pa,s2- (13)

¢ In the presence of a Doppler offsaj, will be reduced

according to (1), and the probability of detection will
thus be smaller. In order to include the effect of Doppler
effects in the computation of the mean time of acquisi-
tion, we can consider the probability of detection given
in (11) or (13) as a conditional probability for a given
Doppler frequency offset, and average it over the pdf of
the Doppler offset distributiopz(f). We then obtain

E[Py1peak] = / Py peak (f)pr(f)df

J —00

E[Pi;gocayl = /_ Pipoca,)(f)pr(f)df.

©c o o
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delay in chips

Fig. 12 Normalized absolute correlation function of GPS L1
C/A and Galileo BOC(1,1)

Mean Time of Acquisition

The mean time of acquisition and its variance for a single
dwell time system has already been derived for a conventional
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energy detector [10] and can be readily adapted at the prob-
lem at hand as

2 — Py)(1+ KPsq)
2P,

E[Tacqu] = ( TbinstinsPIT (14)
where PIT is the dwell time in seconds,,, is the total num-
ber of phase bins to be searchéd,, is the total number of
frequency bins to be searchekl{,; = 1 for the parallel fre-
quency space search), aidis the penalty factor represent-
ing the number ofPIT periods that are lost while trying to
track the signal upon a false detection.

Presentation and Discussion of the Results

Note that the aim of this section is not to present some
quantitative results, but more to present qualitative results
that illustrate the trade-offs in selecting different signals (e.g.,
GPS L1 C/A vs. Galileo E1 B) and different acquisition ar-
chitectures (e.g., serial vs. parallel, or BOC(1,1) single lobe
vs. full BOC(1,1)).

In order to provide generalized results that can be applied
to different situations, we compute the prob. of correlation
peak detection and mean time of acquisition as a function of
the C/No and normalize them with the total time required to
search all the code phases, i.e., by the product of the PIT and
the number of code phase c€llg,, ;.

In this way, it is possible to apply the results to the GPS L1
C/A and Galileo BOC(1,1) signals by considering their cor-
respondindly;,.s PIT products (see Table 5 for some typical
values).

Note that the minimum normalized mean time of acquisi-
tion is 0.5F; (as can be verified by settingy, = 0 and
Py =1in(14)).

PIT Tot. code phase search tirftg;,, PIT
ms | GPS L1 C/A Galileo BOC(1,1)
Single lobe | FullBOC(1,1)
Thins = 2046 | Tpins = 8184 | Tpins = 24552
1 ~ 2.0s ~ 8.28 ~ 24.6s
4 ~ 8.2s =~ 32.7s =~ 98.2s
10 | =~ 20.5s =~ 81.8s = 245.5S

Table 5 Time to search all the code phase bins for different
PITs.

Effect of zero padding and optimum number of PCMFs:
Fig.13 illustrates the improvement in probability of detec-
tion and mean time of acquisition for the parallel frequency
space search architecture obtained by optimizing the number
of PCMF for a PIT of 1ms and a 32-pts FFT size. We note that
with P = 17, the results obtained for the worst Doppler off-
set as well as the results averaged over the distribution of the
Doppler approach the ideal results with zero Doppler offset.
We also note that at very low and very high SNR the Doppler
offset has no influence on the results. This is because the
detection probability is dominated by the noise level and the
signal level at very low and very high SNR, respectively.
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Normalized mean time of acquisitidfi[Tycqu ]/ (Thins PIT)
C/No PIT=1ms PIT=4ms PIT=10ms

single lobe BOC| fullBOC(1,1) | single lobe BOC| fullBOC(1,1) single lobe BOC full BOC(1,1)

or BPSK(1) &side peaks or BPSK(1) &side peaks or BPSK(1) &side peaks
P13N16| SER | P13N16| SER| P51IN64| SER | P51N64| SER | P114N128| SER | P114N128| SER
20 19| 277 6 94 19 | 1017 6 | 360 19 | 2177 6| 824
25 19| 261 6 92 19| 832 6| 323 18 | 1446 6| 648
30 18 | 222 6 84 18 | 515 6| 242 17 | 656 6| 379
35 16 147 6 66 14 | 217 51 132 9| 232 4| 183
40 11 67 5 39 5 79 3 67 2| 150 1| 150
45 4 24 3 19 1 60 1 60 1| 150 1| 150
50 1 15 1 15 1 60 1 60 1| 150 1| 150
55 1 15 1 15 1 60 1 60 1| 150 1| 150
60 1 15 1 15 1 60 1 60 1| 150 1| 150

Table 6 Normalized mean time of acquisition for a frequency search spagékifiz; P;, = 0.1; and K=10.

Effect of the penalty factak’:

Fig. 14 illustrates the effect of the penalty facfgron the
mean time of acquisition of a parallel frequency space search
architecture and assuming a PIT of 1ms (similar results can
be observed for the serial search architecture or longer PITSs).
We note that at high C/No, the mean time of acquisition does
not improve anymore with the C/No due to the penalty fac-
tor and assumed constant false alarm rate. We also note from
Fig. 14b that if the selecte®;, is very low, the mean time
of acquisition at very low C/No is degraded (a very &%,
means a very high detection threshéjdwhile at high SNR
is it improved (a lowerP;, means less false alarm penalty).
This means that thé’s, and thus the detection threshold
should be set to a different value depending on the a-priori
information available about the C/No to yield a good trade
off between a very high and very low mean time of acquisi-
tion at low and high C/No, respectively.

Effect of the BOC(1,1) side peaks:

On Fig. 15 and Fig. 16 we plotted the probability of de-
tection and mean time of acquisition for a single correlation
peak (representative of GPS L1 C/A or Galileo E1 single lobe
acquisition) as well as the full BOC(1,1) multiple correlation
peaks (representative of Galileo E1 full BOC(1,1) acquisi-
tion), for the parallel frequency search and serial search, re-
spectively. We note that as expected the normalized proba-
bility of detection (and consequently the mean time of acqui-
sition) is improved at low C/No. On the other hand, at high
C/No, the correlation main peak is rising well above the noise
floor and the presence of the side peaks does not improve the
detection probability.

Comparison of GPS BPSK(1) and Galileo BOC(1,1) acquisi-
tion:

By looking at Fig. 15-16 and Table 6, we can make the
following observations:

e The improvement in normalized probability of detec-
tion that is observed when considering Galileo E1 full
BOC(1,1) acquisition instead of BOC(1,1) single lobe
acquisition is always less than 3 (since there are only 3

peaks and the 2 side peaks have half the amplitude of
the main peak). Consequently, even at low C/No, this
improvement does not compensate for the 3 times larger
number of code phase cells that must be searched if a full
BOC(1,1) acquisition architecture is chosen (8gg, in
Table 5).

o Note that even if we consider the fact that there will be a
3dB degradation in SNR when using the BOC(1,1) sin-
gle lobe acquisition technique, the above remark remains
true (although the detection performance of both tech-
niques will be similar over a short C/No range in the
40-45dB/Hz region).

e Based on the above two remarks, the single lobe ac-
quisition technique seems a good choice to acquire the
Galileo E1 B or C signal with a low implementation
complexity. As already discussed, this is especially true
for a distress beacon GNSS receiver where a high accu-
racy is not needed.

o If we now compare Galileo E1 BOC(1,1) single lobe ac-
quisition with GPS L1 BPSK(1) acquisition, the normal-
ized mean time will be the same. However, we note from
Table 5 that the absolute mean time of acquisition will
be 4 times shorter using GPS L1 C/A rather than Galileo
E1l (GPS L1 C/A uses a 4 times shorter code length).

e Comparing the parallel frequency search method with
the serial search method, we note that the mean time
of acquisition for the former method can be as much as
Fyins times faster, wherd,;,,; denote the number of
frequency bins for the serial search (see Table 3). The
reduction in TTFF using the parallel frequency space
search method becomes particularly important with long
PITs (e.g., a reduction of 150 times for a PIT of 10ms
while only requiring a relatively small FFT sizéV( =
128 pts).



CONCLUSIONS

In this paper we have described a flexible Galileo E1 re-
ceiver prototype used to validate different low power and
rapid acquisition schemes. As the cold start TTFF perfor-
mance is very important for a distress beacon application,
we have conducted a theoretical analysis of different acquisi-
tion architectures and compared their performance when us-
ing GPS L1 C/A and Galileo E1 B or E1 C signals.

The main observations we obtained are the following: 1)
If a parallel FFT-based frequency search architecture is used,
selecting the optimum number of PCMF with the method pro-
vided in this paper can greatly reduce the losses due to the
Doppler offsets. 2) A parallel FFT-based frequency search ar-
chitecture can greatly reduce the TTFF and/or provide an in-
creased sensitivity while only requiring a modest increase in
implementation complexity (due to the addition of the DFT).
3) As a distress beacon’s required positioning accuracy is
not very high, a single lobe acquisition method to acquire
the Galileo E1 BOC(1,1) seems the best choice (offering a
guadratic reduction in implementation complexity as com-
pared to full BOC(1,1) acquisition). 4) Acquiring the Galileo
E1 BOC(1,1) requires more complexity than acquiring GPS
L1 C/A to obtain a similar TTFF (the larger received power
on Galileo E1 and the improved detection probability with
the full BOC(1,1) acquisition method do not compensate for
the longer code length). 5) For a distress beacon, it may well
be more efficient (in terms of speed, computational power) to
first acquire GPS L1 C/A signal in cold start prior to acquire
Galileo E1B signal in warm or hot start.

While our work has focused at the Cospas-Sarsat distress
beacon application, the results we obtained are still valid for
any other low power application requiring a very short TTFF
in cold start conditions, a low implementation complexity,
and a good sensitivity.
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P _=le-2
fa
o P _=le-1
fa
© P.=02
a
A P _=0.3
fa
averaged
no Doppler L
worst Doppler

\ \ \ \ \ \ \
20 25 30 35 40 45 50 55 60
C/No

(a) Tacqu,lpeak forK =1

10

T /T IPIT
mean  bins

10

3

P _=le-2
fa

o P _=le-1
fa
;

o Pa:0'2

A p =03
fa
averaged

no Doppler
worst Doppler

20 25 30 35 40 45 50 55 60
C/No

(b) Tacqu,lpeak for K = 10

Fig. 14 Effect of penalty factor{ for parallel space search architecture: PIT=1ms; N=3ZR=17.



10

2

F‘f =le-2
a

P _=le-1
fa
P,_=0.2
fa

A P =03
a

BPSK(1)
BOC(1,1)

20

25

30

35

40
C/No

45

50

55

(@) P, 1pear (solid) vs. Py poc(1,1) (dashed)

60

T /T . IPIT
mean’  bins

P _=le-2
fa
o P=le-1
a
[ Pfa:O.Z
a P_=03
a

BPSK(1)
3 BOC(1,1)|1

| | | |
20 25 30 35 40 45 50 55 60
C/No

(b) Tacqu,lpeak (SOIId) VS-Tacqu,BOC(l,l) (daShed)

Fig. 15 Effect of full BOC(1,1) vs. single lobe acquisition for parallel space search: PIT=1ms; N=32,P17, K=10.

10

2.

P _=le-2
fa

P _=le-1
fa

F’f =0.2
a

A P =03
a

BPSK(1)
BOC(L,1)

20

25

30

35

|
40
C/No

45

50

55

(€) Py, 1peak (solid) vs. Py poc 1,1y (dashed

60

T /T IPIT
mean'  bins

[
o
-

10°

P _=le-2
fa
o P _=le-1
fa
o Pfa=0'2
A Pf =0.3
a

BPSK(1)
BOC(1,1)

bu

| | | | | | |
20 25 30 35 40 45 50 55 60
C/No

(d) Tacqu,lpeak (solid) VS-Tacqu,BOC(l,l) (dashed)

Fig. 16 Effect of full BOC(1,1) vs. single lobe acquisition for serial search architecture: PIT=1ms; K=10.

13



