wo 20197020201 A1 | 0K 00 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property 3

Organization
=

International Bureau

(43) International Publication Date
31 January 2019 (31.01.2019)

(10) International Publication Number

WO 2019/020201 A1

WIPO I PCT

(51) International Patent Classification: (DE). WENDEL, Jan; Robert-Koch-Strasse 1, 82024
GO1S 19/30 (2010.01) HO04J 11/00 (2006.01) Taufkirchen (DE).
HO4L 27/26 (2006.01 018 19/02 (2010.01
Hz:llWSg/060((2009 01)) GOIS 19/02( ) (74) Agent: DAVIES, Simon; D Young & Co LLP, 120 Hol-
' born, London ECIN 2DY (GB).
21) Int tional Applicati :
(21) International Application Number PCT/EP2017/069235 (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
28 July 2017 (28.07.2017) CA,CH,CL,CN,CO,CR,CU, CZ,DE, DJ, DK, DM, DO,
(25) Filing Language: Enolish DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
g Language: nghis HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
(26) Publication Language: English KR,KW,KZ, LA, LC,LK,LR,LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ
(71) Applicants: EUROPEAN SPACE AGENCY [FR/FR]; OM’ PA ,PE l;G Pfi PL, PT’QA ,RO ,RS ,RU’RW’ SA,
8-10, rue Mario-Nikis, 75738 Paris Cedex 15 (FR). AIR- SC ,SD ,SE ,SG ’SK éL éM ,ST S’V Sg{ Tfi TJ, TM, TN,
BUS DS GMBH [DE/DE]; Robert-Koch-Strasse 1, 82024 TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Taufkirchen (DE).
. . . 84) Designated Stat ! therwise indicated,
(72) Tnventors: AVILA RODRIGUEZ, José Angel; Kepler- ) Designated States (unless otherwise indicated, for every

laan 1, 2200 AG Noordwijk (NL). ZANIER, Francesca;
Keplerlaan 1, Postnus 299, 2200 AG Noordwijk (NL).
FLOCH, Jean-Jacques; Robert-Koch-Str. 1, D-82024
Tautkirchen (DE). IOANNIDES, Rigas; Keplerlaan 1,
Postnus 299, 2200 AG Noordwijk (NL). SOUALLE,
Francis; Robert-Koch-Strasse 1, 82024 Taufkirchen

kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: A RECEIVER AND METHOD FOR PROCESSING A WIDE-BAND SIGNAL

Receive wide-band GNSS signal
310

Cross-correlate for each sub-
carrier 320

Coherently add cross-correlations
within sub-bands 330

Non-coherently add cross-
correlations across sub-bands 340

Figure 15

(57) Abstract: A method and receiver for processing a wide-band signal are pro-
vided. The receiver is configured to: receive a wide-band signal comprising N nar-
row-band signals, the wide-band signal using frequency division multiplexing to ac-
commodate the N narrow-band signals on respective sub-carriers at ditferent fre-
quencies within the wide-band signal; divide the wide-band signal into P sub-bands,
where P>2, each sub-band comprising one or more sub-carriers, each sub-carrier ac-
commodating a respective one of the N narrow-band signals, and at least one sub-
band comprising two or more sub-carriers; for each of the N narrow-band signals,
correlate the received narrow-band signal to produce a sub-carrier cross-correlation
function; for each sub-band, coherently sum the one or more sub-carrier cross-cor-
relation functions for that sub-band to create a sub-band cross-correlation function;
and sum non-coherently the sub-band cross-correlation functions ot all of the P sub-
bands to produce a cross-correlation function for the wide-band signal. In some im-
plementations, the wide-band signal comprises a wide-band global navigation satel-
lite system (GNSS) signal comprising a spreading code, and the receiver is config-
ured to use the received spreading code for determining the location of the receiver.

[Continued on next page]



WO 20197020201 A1 {00V 000N A rr

Published:
—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2019/020201 PCT/EP2017/069235

A RECEIVER AND METHOD FOR PROCESSING A WIDE-BAND SIGNAL

Field

The present invention relates to a receiver and method for processing a wide-band

signal, for example, for use in conjunction with a satellite navigation system.

Background

Global navigation satellite systems (GNSS) are becoming increasingly important in a
wide range of applications, including handheld devices for position determination, in-car
navigation support, and so on. A satellite navigation system comprises a constellation of
satellites, each of which broadcasts one or more signals to earth. The basic components of a
satellite signal are a spreading code (also referred to as a positioning, synchronisation or
ranging code) which is combined with navigation data. The resulting combination is then
modulated onto a carrier at a set frequency for (repeated) transmission to earth. Each satellite
generally transmits at multiple frequencies, which can help to compensate for ionospheric

effects, to improve accuracy, to offer different services, etc.

The spreading code component of a satellite signal typically comprises a
predetermined sequence of bits (referred to as 'chips’) and is used to perform two main tasks.
Firstly, the spreading code provides a synchronisation and access (CDMA) mechanism to
allow a receiver to lock onto a satellite signal. Thus each satellite (and typically each signal
broadcast from that satellite) has its own synchronisation code. When a receiver is first
switched on, it may not know which satellite signals can be received, since certain satellites
in the constellation will be below the horizon for that particular location at that particular
time. The receiver uses the synchronisation codes to lock onto a signal from a first satellite.
Once this has been done, the navigation data in the signal can be accessed. This then provides
almanac data for the other satellites in the constellation, and allows the remaining satellites
that are visible to the receiver to be acquired relatively quickly. Some receivers may be able

to retrieve almanac data from alternative sources, ¢.g. over the Internet.

The spreading code provides a distance estimate from the satellite to the receiver,
based on the time taken for the signal to travel from the satellite to the receiver. The position

of the receiver is then determined in three-dimensional space by using a process of
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trilateration, given the known positions of the satellites (as specified in the navigation data
received from the satellites). In theory, trilateration can be performed with signal information
from a minimum of three satellites, assuming that the timing offset between the receiver
clock and satellite clocks is known. In practice, this timing offset is generally unknown,
except for specialised receivers, so that signal information is obtained from at least one
additional satellite to compensate for the unknown time offset at the receiver. If signals from
further satellites are available, a statistical position determination can be performed using any
appropriate algorithm such as least squares. This can also provide some indication of the

error associated with an estimated position.

One important parameter for a spreading code is the chip rate at which the spreading
code is transmitted, since this in turn controls the accuracy with which the positional
determination can be made. Another important parameter for a spreading code is its total
length, in other words the number of chips in the spreading code before it repeats. One reason
for this is that the finite length of a spreading code can lead to ambiguity in the position
determination. A longer length for the spreading code reduces such ambiguity, and also
provides better separation of signals from different sources and increased robustness against
interference. On the other hand, having a longer repetition length for the spreading code may
delay initial acquisition of the signal, as well as requiring more processing capability within
the receiver. In general, the length of the spreading code also impacts the data rate that can
be used for the navigation data, since there is normally only one bit of navigation data for
each complete spreading code sequence. Therefore, the longer the repetition length for the

spreading code, the lower the bit rate for the navigation data.

Spreading codes for use in a GNSS are typically generated or created to have specific
intra-code and inter-code correlation properties. The inter-code correlation properties relate
to the cross-correlation function (CCF) between different codes from different satellites —
these should be small (ideally zero) for all relative offsets between the codes, in order to
allow the signal from each individual satellite to be uniquely identified. The cross-
correlation properties are therefore important for signal acquisition, since they help to prevent
a synchronisation code from one satellite being accidentally mistaken for a synchronisation
code from another satellite. The intra-code correlation properties relate to the auto-
correlation function (ACF) of a single code from a single satellite. The ACF will
(necessarily) have a peak at zero timing offset. However, the ACF for a spreading code

should also be small (ideally zero) for all other (non-zero) offsets, to ensure the receiver
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properly locks onto the peak for zero time offset (rather than another ACF peak at non-zero

offset).

Many receivers employ a two-phase acquisition process. In the first phase, the
receiver performs a correlation of the incoming signal against the set of satellite spreading
codes. In particular, the receiver searches for a spreading code from any satellite, allowing
for any timing offset between the satellite and the receiver, and for any Doppler frequency
shift between the satellite and the receiver (which is dependent on the motion of the satellite
in space relative to the user). If a correlation value is found to exceed a predetermined
threshold, then a second phase involving a more detailed analysis is performed for the
relevant combination of satellite spreading code, timing offset and Doppler shift. This
second-phase analysis verifies and confirms or if necessary rejects the initial coarse

acquisition.

Additional information about satellite navigation systems can be found in: “Global
Positioning System: Signals, Measurements and Performance”, by Misra and Enge, Ganga-
Jamuna Press, 2001, ISBN 0-9709544-0-9; “Global Positioning System: Theory and
Applications”, Vol 1 and Vol 2, by Bradford W. Parkinson and James J. Spilker Jr, ISBN 1-
56347-106-X, published by the American Institute for Aeronautics and Astronautics;
“Galileo User Segment Overview” by Hollreiser et al, ION GPS/GNSS 2003, September
2003, Portland, Oregon, p1914-1928; and “Galileo Test User Segment - First Achievements
and Application”, by Hollreiser et al, GPS World, July 2005. Example implementations of a
GNSS are described in WO 2006/063613 and WO 2007/101454.

A particular focus for a GNSS is to provide a very precise location of the receiver.
This depends on determining the travel time (code delay) of the received spreading code as
accurately as possible, which in turn depends on identifying the location of the ACF peak as
accurately as possible. Most spreading codes are chosen to have an ACF of zero for an offset
of =1 (in units of the chip duration). This then gives a known, triangular shape for the ACF
peak. In practice, the location of the ACF peak (and hence the travel time of the received
signal) can then be estimated to some fraction of a chip duration, allowing for factors such as
noise and any slight mismatch of the received spreading code frequency with that utilised by

the receiver.

In order to reduce the timing uncertainty associated with the ACF peak, and hence

improve the estimated location accuracy, the chip duration could be shortened. However, as
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discussed above, there are already some constraints on the overall duration of the spreading
code, as well as the number of chips in the spreading code, so reducing chip duration impacts
other operational aspects of a GNSS. An alternative approach, which has been adopted for
the Galileo GNSS, is to use binary offset carrier (BOC) signals for the modulation of the
transmitted navigation signals (instead of standard binary phase shift keying (BPSK)
modulation). This involves multiplying the spreading code by a higher frequency subcarrier,

i.. there are typically multiple bits of the subcarrier for each chip duration.

The effect of BOC modulation is to replace the original ACF peak (as obtained from
BSPK modulation) with a narrower, but split, ACF peak. The narrower ACF peak permits
improved better code tracking accuracy and improved location estimates (compared to the
BPSK modulation). However, this is at the cost of introducing, as a result of the splitting,
additional correlation peaks into the ACF, which leads to a potential ambiguity in the
estimated code delay. There is a risk that a receiver may incorrectly lock onto one of these
additional peaks, rather than the narrower original (central) ACF peak, thereby causing an
error or bias in the code delay estimation (and hence a position error). EP3104195 describes

a method for tracking such a BOC signal to help overcome this risk.

More generally, reducing the timing uncertainty associated with the received
spreading code normally implies the provision of higher frequency components in the
spreading code signal (whether by modulation or by reducing the chip duration) in order to
allow a better time definition of the spreading code signal. These higher frequency
components then require a wider modulation band in order to be accommodated within the

carrier signal (sometimes referred to as a wide-band signal).

Although the use of a wide-band signal for a GNSS can help to enhance positioning
accuracy, conversely it can cause a problem for signal acquisition. Thus as mentioned above,
the receiver typically has to search through Doppler frequency space to acquire a satellite by
finding a correlation peak. Any slight offset between the search frequency and the received
frequency will result in a loss of phase over the duration of the correlation, thereby reducing
the correlation peak, and eventually eliminating the correlation peak at a large enough
(limiting) offset. The granularity of the Doppler frequency search must therefore be suitably
smaller than this limiting frequency offset in order to ensure that a correlation peak is not
missed. The loss of phase occurs more quickly for a signal with higher frequency

components, so that a wide-band GNSS signal has a smaller limiting offset. This implies that
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such a signal requires a smaller granularity for the Doppler frequency search, i.e. the interval
between trial frequencies in the search space must be reduced, which in turn increases the
number of trial frequencies to be tested. Consequently, for a receiver with a fixed number of
correlators (which determines the number of trial frequencies that can be tested in parallel),
the use of a wide-band GNSS with more trial frequencies to be tested will generally delay

signal acquisition compared to a narrow-band GNSS.
Summa
The invention is defined in the appended claims.

A method and receiver for processing a wide-band signal are provided. The receiver
is configured to: receive a wide-band signal comprising N narrow-band signals, the wide-
band signal using frequency division multiplexing to accommodate the N narrow-band
signals on respective sub-carriers at different frequencies within the wide-band signal; divide
the wide-band signal into P sub-bands, where P>2, each sub-band comprising one or more
sub-carriers, each sub-carrier accommodating a respective one of the N narrow-band signals,
and at least one sub-band comprising two or more sub-carriers; for each of the N narrow-
band signals, correlate the received narrow-band signal to produce a respective sub-carrier
cross-correlation function; for each sub-band, coherently sum the one or more sub-carrier
cross-correlation functions for that sub-band to create a sub-band cross-correlation function,;
and sum non-coherently the sub-band cross-correlation functions of all of the P sub-bands to

produce a cross-correlation function for the wide-band signal.

Such a method may be used for acquisition of the received signal and/or for
accessing data encoded in the received signal. In some implementations, the wide-band
signal comprises a wide-band global navigation satellite system (GNSS) signal comprising a
spreading code, and the receiver is configured to use the received spreading code for

determining the location of the receiver.

Brief Description of the Drawings

Various embodiments of the invention will now be described in detail by way of

example only with reference to the following drawings:

Figure 1 is a graph of the power spectral density of an example multi-carrier signal as

used in the approach described herein.
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Figure 2 is a graph of the correlation function for the wide-band acquisition of the

example multi-carrier signal of Figure 1.

Figure 3 shows a detail of the central three peaks of Figure 2 using a logarithmic scale
and marks the 3dB fall-off.

Figure 4 is a graph of the correlation function for the narrow-band acquisition of the

example multi-carrier signal of Figure 1, again showing the 3dB fall-off.

Figure 5 is a graph of the correlation function for the sub-band acquisition of the
example multi-carrier signal of Figure 1, using 4 sub-bands, in accordance with the approach

described herein, and again showing the 3dB fall-off.

Figure 6 is a graph plotting acquisition dwell time against carrier-to-noise ratio for
wide-band acquisition (light line) and sub-band acquisition (dark line) of the example multi-

carrier signal of Figure 1.

Figure 7 is a diagram of an example modulation scheme for a multi-carrier signal as

used in the approach described herein, showing the allocation of symbols to sub-carriers.

Figures 8-13 are variations on the modulation scheme of Figure 7, in which the

allocation of symbols to sub-carriers is subject to one or more constraints.

Figure 14 is a simplified schematic diagram of a portion of an example receiver

implementing the approach described herein.

Figure 15 is a schematic flowchart of an example method implemented by a receiver

using the approach described herein.

Detailed Description

There are various ways to improve signal robustness at a receiver, such as increasing
the transmission power from the transmitter (e.g. satellite), utilising more bandwidth for the
signal, using an enhanced format for the signal (increased signal intelligence), and/or
applying complex receiver techniques and/or hardware. The approach described herein is
based on using a wider signal bandwidth in conjunction with more intelligent signal
design/processing (in contrast to using additional power at the satellite level, which is an
expensive resource, or adding significant complexity to the receivers, which are ideally low-

cost devices).
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The approach described herein helps receivers having low to medium cost and
complexity exploit wide-bandwidth signals that would otherwise require a relatively high
level of hardware resources, and so makes the services associated with such signals
accessible to and attractive for a larger number of users. In addition, service providers can
expand their services to include more user applications that might not otherwise be viable if

restricted to high-cost receivers.

The approach described herein can be used to help receivers acquire a wide-band
signal. The approach is flexible across different grades of receiver, thereby supporting the
use of modern wide-band signal modulation, and can be tailored to application performance
requirements and receiver hardware cost and complexity. Furthermore, the present approach
is a parametric solution, in that different receivers can be configured differently, e.g. based on
their available hardware resources. In addition, individual receivers may be configured
differently at different times, for example based on application requirements, as well as

expected (or current) operational conditions.

The approach described herein is particularly suited to use in satellite communication
and navigation systems that provide wide-band signals including multiple (sub)carriers, like
OFDM-CDMA (orthogonal frequency division multiplex, code division multiple access).
This type of modulation offers various benefits, including robustness against interference,
higher effective data rate and more accurate synchronization of receivers. In addition, the
receiver synchronization function (i.e. locking onto the correct auto-correlation peak), which
is the primary objective for a GNSS service, is improved with such increased satellite signal

bandwidth.

On the other hand, a wide-band signal leads to a narrower correlation function.
Although this may offer advantages in signal tracking, plus handling multipath and a noisy
environment, the processing and tracking of such wide-band signals comes with a penalty in
receiver cost and complexity. In particular, wide-band signal processing strategies generally
require a narrower correlator spacing for a code discriminator to track the signal - which in
turn requires a higher sampling rate (in frequency space) and an increased number of
correlators. This in turn imposes a higher demand upon receiver hardware resources and

power consumption.

The situation for acquisition tends to be even more complex, since for a wide-band

signal, the main peak of the correlation function is very narrow, so that the number of
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hypotheses for the code search is extremely high. Therefore, either the receiver architecture
must become more complex with a high number of correlators, or the acquisition will take

longer (and may potentially fail, e.g. due to receiver movement).

One way to interpret the OFDM signal is as a sum of elementary narrow-band signals,
all offset with respect to a central carrier frequency, and to process them non-coherently for
acquisition: each narrow-band signal is for example down-converted to the carrier and
correlated with a replica matched to the corresponding narrow-band signal. Such a solution
is able to generate a cross-correlation function which is wider (than for the original wide-
band signal), thereby enabling a relaxation (reduction) in the number of code hypotheses to
be searched. However, the draw-back of such a solution is that the non-coherent summation
of the cross-correlation functions for the individual narrow-band signals leads to relatively
large, and potentially unacceptable, squaring losses, especially as the number of OFDM

components increases.

The present approach can be considered as an intermediate strategy, between wide
and narrow-band processing, which can be used to reduce the number of hypotheses while
incurring only limited squaring losses due to non-coherent summation of the correlation
functions. In this approach, selected subcarrier signals are correlated coherently within sub-
bands, and the sub-bands are then combined non-coherently. In particular, the wide-band
signal is divided into sub-bands, each sub-band containing at least one narrow-band signal
(from a respective sub-carrier). The selection of the group of sub-carrier signals within each
sub-band generally takes into consideration ionosphere group delay, so that the coherent
summation within a sub-band is not sensitive to such ionospheric effects. Accordingly, the
cross-correlation functions for each of the narrow-band signals within a sub-band are added
coherently, while the resultant sub-band cross-correlation functions are added non-
coherently. Since the allocation of sub-carriers to sub-bands is flexible, the approach
described herein allows the complexity of the correlation calculations to be configured or
changed, dependent on the receiver grade and application requirements, as well as expected

user operational conditions.

For example, a receiver manufacturer may define a range of receivers from high-end
to low-end. The former may have increased hardware complexity, including many
correlators to support searching a large number of frequencies at maximum sensitivity.

Conversely, the latter might have fewer correlators, so that a smaller number of frequencies
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are searched; this can be supported with only a small loss in sensitivity by using a limited

number of non-coherent summations of correlations.

The approach described herein is well-suited to satellite communication and
navigation systems, which have an increasing focus on the use of wide bandwidth
modulations to increase the data rate, robustness and accuracy of the provided services.
Although current satellite technology is able to generate such modulations, at the receiver end
the technology to acquire such signals is relatively high cost and complex. The present
approach helps different receiver grades to acquire and thus make use of such modulations.
The present approach may also be utilised for non-space activities, including terrestrial
communication signals (4G/5G) that use multi-carrier modulations and radar applications that
are based on frequency modulated signals. Scientific applications based on the scanning of
frequency dispersive properties of a medium, for example, as in ionospheric monitoring, may

also benefit from this approach.

The following equation provides a generic expression of a data modulated
multicarrier signal (like Orthogonal Frequency Division Multiplexing) composed of N

frequencies:

$() = > d, (1) x exp(27if£) x p(t) x c(t) - (Equation 1)

i=1

In Equation 1:

N represents the number of sub-carrier frequencies

fi represents each sub-carrier frequency

p(t) is a pulse shape which modulates each sub-carrier frequency

c(t) is a spreading code sequence which modulates each sub-carrier

frequency for a given satellite
- di(t) is a data symbol applied to each sub-carrier frequency

For a GNSS transmission, di(t) corresponds to the navigation data. In general, one bit
of navigation data is transmitted for each repetition of the spreading code sequence (in effect,

the value of the bit of navigation data determines whether the spreading code sequence is
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transmitted with odd or even polarity). The spreading code sequence c(t) is known at the
receiver (or at least the set of spreading code sequences for the GNSS is known), but not the
value of the navigation data di(t). For normal data communications, e¢.g. OFDM
communications, di(t) represents as data bit to be transmitted, and there is no spreading code,

1.e. in effect, we can set c(t) =1.

Usually Ny equals 2" in order to facilitate the modulation and demodulation of the
corresponding symbols. Hence at each time epoch, t, at most N symbols are modulated
simultaneously. We can consider as each sub-carrier as supporting or representing a narrow-
band signal, and the full set of Ny sub-carriers as supporting or representing, in combination,

a wide-band signal.

An elementary cross-correlation function (CCF) is defined as follows between the
received version of the signal s(t) and a sub-carrier of index 1. In effect, this cross-correlation
function of Equation 2, provides an estimate of the (demodulated) data symbol di(ty), i.e. the
data symbol applied to sub-carrier i of the received signal s(z) at time epoch #, based on the

assumed values for t° and fy- (as defined below):

12

CCF, (At,Af,,t,) = Is(t)x(exp(27;7'(fi +Af ) x(t=AT))x p'(t —A7))dt

G

(Equation 2)
In Equation 2:
- At is 1’-1 and represents the code delay misalignment error
- Afy is fo-fq and represents the Doppler frequency misalignment error
- 7 1s the code delay between the satellite and the receiver
- f4 is the Doppler frequency
- 7’ is the code delay hypothesis between the satellite and the receiver
- fy 1s the Doppler frequency hypothesis

- p’(t) = p(t) x c(t) (for conciseness)

10
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Note that the timing interval from tx.; to ty will generally correspond to the duration of
one bit of (e.g. navigation) data, di(tx), which also represents the time for a complete
spreading code sequence c(t) to be transmitted. In addition, it will be appreciated that for
GNSS acquisition, there may also be a need to test for multiple different satellites (if it is not
known which satellites are visible). This then provides an extra dimension for the acquisition
procedure, namely testing with different sequences for c(t) to identify respective satellite
signals. In Equation 2, if the assumed spreading code sequence c(t) does not match the
spreading code sequence used to generate s(t), then this mismatch will result, in effect, in the
output of Equation 2 being zero — i.e. no signal detected. In contrast, if the assumed
spreading code sequence c(t) does match the spreading code sequence used to generate s(t),
and assuming that appropriate values are adopted for the Doppler and code delay hypotheses,

the (normalised) output of Equation 2 will be £1, reflecting the value of d;(ty).

For the following discussion (but without limitation), we assume that one bit of data
d(tx), e.g. navigation data, is transmitted for time interval from ty, to t,. This single bit of
data then determines the values of di(tx) for this time interval according to a known mapping
or arrangement. For example, a simple arrangement would be that di(ty) = d(t) for all values
of 1, i.e. the same value of d(tx) is transmitted on each of the Ny sub-channels. (Alternative

arrangements are discussed below).

During the acquisition process the receiver tests multiple code delay (At) and Doppler
frequency (Afy) hypotheses. The hardware complexity (number of correlators for active
acquisition, Tap delay lines for the passive matched filter acquisition, FFT for massive
parallel search, etc ...) directly depends on the mesh of the grid of hypotheses, so it is

necessary to adopt an appropriate discretisation of the code delay-Doppler uncertainty space.

The cross-correlation function applicable for wide band acquisition can be calculated

using Equation 3 below, assuming that the N5 modulation symbols transmitted at time tx are

known at the receiver side (1)

2

NSC
‘CCFWB (AT:Afdvth = zdsz(tk)x<CCF; (AT: Afd:tk) - (Equation 3)

i=1

In Equation 3, d(t,) represents the modulation signal at time #. In particular, we
assume that d(t)=1, and then generate the values of 4*(¢,) using the known mapping as

11
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discussed above. Therefore d(z,)represents a signal to test against the output from

Equation 2. In other words, Equation 3 can be considered as a cross-correlation between the
received symbol (as determined from signal s(¢)) and assumed test signal (d*(z,) ), summed

over the full set of N sub-carriers.

As explained above, if this full wide-band correlation is performed, the correlation
function will be very narrow, in the sense of being very sensitive to any slight error or
misalignment of the code delay (At) and Doppler (Afy) hypotheses. Consequently, the
hypothesis grid must be made much finer (more closely spaced) in Doppler frequency and

code delay space in order to ensure any correlation peak is properly detected.

In Equation 3, all of the Ng sub-carriers are summed coherently. Coherent
summation implies summation of the cross-correlation function in complex form, while non-
coherent summation (see below) implies summation of the (squared) modulus (absolute
magnitude) of complex numbers. Coherent summation is in theory more sensitive (because
no information is discarded), but requires phase alignment to be maintained between the
different signal components, i.c. on the different sub-carriers. However, if such alignment is
not maintained, then non-coherent summation can be used. One common reason for losing
phase alignment is due to ionospheric effects, which can introduce a frequency-dependent
phase delay. Such ionospheric effects may therefore cause a loss of phase coherency across a

wideband signal.

An alternative approach is set out in Equation 4 below:

sc

CCF (AT, Af 1 ) =

i=1

CCF, (A7.Af,.1, ) - (Equation 4)

(Note that we could include &(t,)in Equation 4, as for Equation 3, however,

because of the squared modulus, it would always multiply out to unity, and hence is

redundant).

In the case of Equation 4, a non-coherent summation is performed, since the
summation over the sub-carriers is of the squared modulus (rather than using a complex

number summation). Note that in Figure 4, the output has the frequency width of one of the

elementary correlation functions CCF, . In effect, the non-coherent summation loses any

12



10

15

20

25

WO 2019/020201 PCT/EP2017/069235

phase information across the different sub-carriers within a given epoch #, and so this
reduces to a narrow-band system. Consequently, it is possible to relax the frequency search
separation between two code hypotheses, and therefore the required sampling rate of the
Doppler frequency space during code acquisition. The drawback of this approach (compared
with the use of Equation 3) is that the non-coherent summation of the individual cross-
correlation functions leads to larger and sometimes unacceptable sensitivity losses when Ny

becomes large.

The present approach seeks to reduce acquisition complexity by gathering together
sub-carriers into sub-bands. This approach is suitable, for example, when the symbols
transmitted on the different sub-carriers are the same or are known, so that it is possible to
sum the elementary (complex) correlation functions coherently within each sub-band. This
corresponds to the previous assumption that there is a single bit of data d(t), e.g. navigation
data, for the time interval from ty; to ti, and this single bit of data then determines the values
of di(ty) for this time interval according to a known mapping or arrangement. However, now
we can potentially have a different data value, dg(tx), for each sub-band, where the value of
dsw(tx) for a given sub-band then determines the values of d;(tx) for the sub-carriers within that
particular sub-band according to a known mapping or arrangement. (This mapping may be

the same for all sub-bands, or may vary from one sub-band to another).

The present approach utilises P sub-bands (P>2), each sub-band comprising Q
(adjacent) sub-carriers, (Q>2), where the total number of sub-carriers is therefore given by
P*Q=Nj. (assuming all sub-carriers are transmitted). As shown in Equation 5, the Q
correlation functions are summed coherently within each sub-band, while the P sub-bands are

summed non-coherently, so that the detector output is given by:

|CCF g, (AT, Af,.1, )=

< (Equation 5)
Rx
DA g (1) % CCF(P—l)XQH](AT’Afd’tk

Q
=1

p=l|q
wherein:

- P is the number of sub-bands, processed non-coherently.

Q is the number of sub-carriers per sub-band, processed coherently
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Analogous to Equation 3, we again assume that d(tx)=1 (or more precisely, that
dsv(t)=1), and then generate the test values of d*(¢,) (where i=(p-1)xQ+q) using the

known mapping for each sub-band as discussed above.

Note that if we set P=1 and hence Q= N, we return to the wide-band processing of
Equation 3 above; conversely, if we set Q=1 and hence P= N, we return to the narrow-band
processing of Equation 4 above. The processing of Equation 5 will be described herein as

sub-band processing (to distinguish from that of Equations 3 and 4).

The expression of the elementary correlation function CCF, 1yxq+(...) utilised in
Equation 5 above can be derived from the former expression CCFj(...) (Equation 2) to give

the following:

CCEp—l)xQ+q (AT? Afd ’ tk ) =

4

jS(f) X (€XP2A ([ piyugrg T A )X U= AT)) X p'(t = AT))dr

t -1
(Equation 6)
where i from Equation 2 is now represented by i=(p-1)xQ+q.

The above approach has been investigated using numerical simulations. As an
example of these simulations, Figure 1 shows the power spectral density (PSD) of an
orthogonal frequency division multiplex-code division multiple access signal (OFDM-
CDMA) having a 1.023MHz chip rate. The multi-carrier signal has sub-carriers at [-20:2:20]
*1.023MHz, except for the central frequency. In other words, in units of 1.023MHz, there
are sub-carriers in the range from -20 to +20 with a spacing of 2, hence a total of Ny, = 20
(sub)carriers (since no carrier at the central frequency, i.e. at 0). The pulse, p(t), used for this
illustration is a BPSK(1) signal (where the (1) indicates a frequency of 1*1.023MHz). In
Figure 1 we can see that there are the 10 sub-carrier peaks on each side of the central
frequency (shown as an offset of 0 MHz from the main carrier), and there is no peak at the

central frequency.

Figure 2 shows the corresponding cross-correlation function for the wide-band
acquisition, CCFwg(At,Afy), of the multi-carrier signal of Figure 1, i.e. calculated as per

Equation 3 above. For these Figures, we assume that Afy=0, i.c. in effect the received signal
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and the cross-correlated signal have an exact frequency match. Note that that Figure 2
includes both real and imaginary components (light grey and dark respectively) and the
ordinate is normalised to a CCF of 1 at zero offset (delay). A zoom of the graph of Figure 2,
centered on zero delay and using a logarithmic scale (still normalised to the CCF peak at zero
delay), is provided in Figure 3. In Figure 3, the lighter grey represents the CCF value, while
the darker (black) line indicates the delay at which the CCF has fallen 3dB with respect to the
central peak at delay 0. In Figure 3 it can be seen that the 3dB fall-off from the central peak
occurs at £0.01 chip units from the central frequency. Accordingly, for the situation shown
in Figures 1-3, if we want to use the full transmitted signal for the wide-band acquisition,
then to avoid a sensitivity loss of more than 3dB, the minimum required sampling interval
when searching Doppler frequency space is 1.023/50MHz. (=1 .023MHz*2%0.01) - in order

to ensure a sample is taken from within the 3dB of the peak shown in Figure 3.

Alternatively, if the narrow-band processing of Equation 4 is applied to the same
situation as illustrated in Figures 1-3, this produces the normalised cross-correlation function
shown in Figure 4 (shown logarithmically, lighter line) for the narrow-band acquisition. As
for Figure 3, Figure 4 also shows a darker (black) line that indicates the delay at which the
CCF has fallen 3dB with respect to the central peak at delay 0. In Figure 4 it can be seen that
the 3dB fall-off from the central peak occurs at +0.3 chip units from the central frequency. In
other words, as expected, for narrow-band processing, the CCF peak is spread out much more
broadly. Consequently, the minimum required sampling interval when searching Doppler
frequency space is 1.023/1.7MHz. (=1 .023MHz*2*0.3) in order ensure a sample is taken
from within 3dB of the peak shown in Figure 4. This confirms, as expected, that the narrow-
band processing of Equation 4 supports the use of a much coarser granularity of searching in

frequency space than the wide-band processing of Equation 3.

Figure 5 is an analogous diagram to Figures 3 and 4, and shows a normalised cross-
correlation function (logarithmic, lighter line) and also a darker (black) line that indicates the
delay at which the CCF has fallen 3dB with respect to the central peak at delay 0. In
particular, Figure 5 relates to the approach described herein (sub-band processing), based on
Equation 5, in which multiple (Q) sub-carriers (narrow-band frequencies) are combined

coherently within a sub-band, and multiple (P) sub-bands are then combined non-coherently.

For Figure 5, the following sub-bands were used (P=4, Q=5):
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Sub-band 1: [-20,-18, -16, -14, -12] *1.023MHz centred at -16*1.023MHz
Sub-band 2: [-10, -8, -6,-4, -2] *1.023MHz centred at -6*1.023MHz
Sub-band 3: [2, 4, 6, 8, 10] *1.023MHz centred at 6*1.023MHz

Sub-band 4: [12, 14, 16, 18, 20] *1.023MHz centred at 16* 1.023MHz

Note that each sub-band is formed from sub-carriers which are adjacent (consecutive or
contiguous) in frequency. This has the effect of reducing the overall frequency spread within
a given sub-band, which in turn increases the correlation width for acquisition purposes. In
other words, using adjacent sub-carriers in a sub-band makes the sub-band more narrow-

band, and hence supports a coarser granularity of Doppler frequency search.

In addition, because the sub-carriers in a given sub-band are added coherently, phase
alignment must be maintained between all of the sub-carriers in the sub-band. As noted
above, the main potential cause of loss of phase alignment is the effect of the ionosphere.
This can be mitigated firstly by selecting consecutive sub-carriers, as above, to reduce the
frequency spread of a sub-band, since this reduces any frequency-dependent ionospheric
effect. In addition, having a symmetrical combination of sub-carriers about a central
frequency can also help to mitigate ionospheric effects, in that any linear (first order)
frequency-dependent ionospheric effect may cancel out above/below the central frequency.
N.B. in the above example, Q=5, so there is a sub-carrier at the central frequency; however,
the symmetrical arrangement may be preserved, even if there is no sub-carrier at the central
frequency, e.g. if Q=4 , with sub-carriers at 14, 16, 18 and 20, which is symmetric about a

(nominal) sub-carrier frequency of 17.

As shown in Figure 5, the 3dB fall-off from the central peak occurs at £0.042 chip
units from the central frequency (it will be appreciated that this is intermediate the values
shown in Figures 3 and 4). Accordingly, for the situation shown in Figures 5, to avoid having
a correlation loss of more than 3dB, the minimum required sampling interval when searching
Doppler frequency space is 1.023/12 MHz. (=1 .023MHz*2%*0.042) in order ensure a sample
is taken from within 3dB of the peak shown in Figure 5 (again it will be appreciated that this

is intermediate the values shown in Figures 3 and 4)

Figure 6 shows a comparison of the simulated acquisition dwell time against the

carrier-to-noise ratio (C/Ny, in dB Hz) of the received signal. For the simulation, a
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probability of false alarm of 0.1% was adopted, and also a probability of detection of 90%. In
other words, the lines plotted in Figure 6 show the dwell time at which 90% of the individual
simulations successfully acquired the signal with a probability of false alarm no more than
0.1%. The darker (black) line in Figure 6 represents the use of 4-sub-bands for signal
acquisition, i.e. as per Equation 5, while the lighter line in Figure 6 represents the use of just

1 sub-band for signal acquisition, i.e. wide-band acquisition, as per Equation 3.

The integration time for the simulations was fixed to 10ms. For a high carrier-to-
noise ratio, the dwell time=0.01s (10ms) —i.e. in effect, the signal was acquired in a single
integration time. For a lower carrier-to-noise ratio, multiple integration times were needed to
acquire the signal, leading to longer dwell times. (The step-like nature of Figure 6 arises

because the dwell time is necessarily an integral number of integration times).

As expected, the wide-band approach of Equation 3 outperforms the multiple sub-
band approach described herein, in that the line for the latter is located above the line for the
former (implying longer dwell times). Nevertheless, for C/Ng > 31.5 dBHz, there is no
difference between the wide-band and four sub-band examples (both acquire in a single
integration time), while for C/Ny between 25dBHz and 31dBHz, the loss due to the non-
coherent integration is only around 2dB in C/Ny. Accordingly, the approach described herein
allows the wide-band signal acquisition complexity to be decreased without incurring major
power losses. Moreover, the approach is flexible, in that the complexity can be tuned by
selecting the number of sub-bands for any given receiver (and potentially for any given set of

circumstances encountered by a given receiver).

As mentioned above, for the present approach the spreading code is transmitted using
multiple sub-carriers, such as in an orthogonal frequency division multiplex scheme
(OFDM). Figure 7 illustrates an example of the OFDM implementation for Ny, =8 (=2*) sub-
carriers, in which the different sub-carriers (at different respective frequencies) are set out
along the x-axis, and the y axis represents increasing time epochs. At each time epoch #, 8
symbols are modulated and represented with a white circle for the 0 binary value and a black
circle for the 1 binary value. Note that in practice, the number of sub-carriers may be
significantly greater than 8, e.g. 16, 32, 64, 128 or 256. Note also that for reasons of clarity,
the pulse shape p(t) (see Equation 1) and the corresponding spectral occupancy are not

represented in Figure 7.
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Figure 8 shows a variation on the OFDM implementation of Figure 7, in which not all
sub-carriers are utilised at each epoch. In effect, we can represent a sub-carrier with a signal
as having a value of 1 (according to the value of the binary signal), while a sub-carrier with
no signal has a value of 0, and hence does not contribute to the cross-correlation function.
For example, in Figure 8, sub-carrier f, is not used at all, sub-carrier fs is not used at epoch
tkr1, and sub-carrier f7 is not used at epochs tii1, ter2. Such a varying allotment or allocation
of the Ny sub-carriers with time may be used, for example, if the data rate of the spreading

code is below the overall data rate capacity of the OFDM implementation.

Figure 9 shows a variation on the OFDM implementation of Figure 7, in which at
each time epoch #;, sub-groups of neighbouring (adjacent in frequency space) sub-carriers are
modulated with the same symbols. As shown in Figure 9 for example, there are groups of
paired sub-carriers ) & 1, f3 & fi4, f5 & fs and f; & fs, and the two sub-carriers within each
pair transmit the same symbol as each other (which may change from one time epoch to

another time epoch, as shown in Figure 9).

It is recognized that constraining neighbouring sub-carriers to be modulated with the
same symbol, such as shown in Figure 9, reduces the effective transmitted information rate,
due to the redundancy of symbol allocation. However, the allotment of the Ny, sub-carriers
with time as shown in Figure 9 may be used, for example, if the data rate of the spreading
code is below the overall data rate capacity of the OFDM implementation. The redundancy
may also provide enhanced protection against noise, although in practice the robustness
against narrow-band interference and multipath may not be improved significantly due to the

spectral contiguity of the shared allocations shown in Figure 9.

Figure 10 shows a variation on the OFDM implementation of Figure 7, in which, for a
given sub-carrier, there is a periodicity in the modulated symbols, such that the symbols

modulated at epochs separated by a given time spacing, Ty, always have the same value.

The approaches shown in Figures 8-10 can be combined as appropriate, for example,
as shown in Figure 11, in which pairs of sub-carriers are both modulated with the same
symbol (analogous to Figure 9), but only a subset of the pairs of sub-carriers are transmitted
at any epoch (analogous to Figure 8). Other such combinations of approaches (or further

approaches) will be apparent to the skilled person.

18



10

15

20

25

WO 2019/020201 PCT/EP2017/069235

Overall, the OFDM implementation illustrated in Figure 7 may be adapted or
modified as appropriate, including with the introduction of one or more constraints, such as
for Figures 8 to 11. The constraints may be adopted for various reasons, for example, in
relation to data transmission rate, robustness, etc. In general, the constrained sequences are
transmitted episodically and periodically (cyclically) — and the overall spreading code pattern
is itself transmitted cyclically. In all implementations, the receiver is aware of the spreading

code sequence to be received, and how this is allocated across the set of sub-carriers.

Figure 12 illustrates an implementation in which same symbol is repeated over T = 4
symbol durations. This approach (or similar) can help to improve the acquisition
performance of a receiver by increasing the signal-to-noise ratio within the acquisition
detector (albeit at the cost of a lower transmission rate for the code as a whole). In particular,
successive correlations can be aggregated together over a period T for which the symbols on
any given sub-carrier remain the same — i.e. T=4 for the example of Figure 12. In this case,

the aggregated cross-correlation function calculated at the detector output is given by:

ICCF, (AT, Af, 1, )| =

P 17

Q
Y1 | Y s ()X CCE g, (AT, 177

p:] tszq =t, -T q:]

(Equation 7)

The CCF of Equation 7 is similar to that of Equation 5, except that there are now three
summations, firstly over the sub-carriers (Q) in a given sub-band, secondly over the period T,
representing the time interval from tx.; to tki2, during which the symbols on any given sub-
carrier remain constant, and thirdly over all sub-bands (P). The first two summations are
performed coherently (within the modulus sign), the final summation is performed non-

coherently (outside the modulus sign).

Figure 13 shows a further variation in the allocation of symbols to sub-carriers, in
which all the sub-carriers belonging to a given sub-band must transmit the same symbols, but
(unlike for Figure 9), not all at the same time, but rather at different times tx and tx.y. In the

particular example of Figure 13, Q=2 and P=4 (N,=8), and the symbols are allocated, at
times t, and t.u, such thatd”?°(t,) = d”?(t,.,), Yp=[1:P] and U=3, in which q0 and ql

represent the first and second sub-carriers respectively in a given band. This constraint
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imposed on the symbols d”°(¢,) and d”?(t,.,)) allows the elementary correlation functions

CCF(H)XQwo(AT,Afd,tk) and CCF, (Ar,Afd,t,HU) to be added coherently at times t

(p-DxQ+ql

and tyu.

The skilled person can readily generalise the approach of Figure 13, which (because
of the time difference) can help to improve demodulation in the presence of interference
and/or multipath, to other values of Q, P and U. (Note that if only one symbol is transmitted
at cach time # (Vk), the OFDM implementation of Figure 13 in effect becomes a form of

frequency hopping, with one symbol transmitted at a time at a given frequency).

Figures 7-13 can therefore be seen as representing a mapping of data to the sub-
carriers, analogous to the mapping from d(tx) to di(tx) discussed above, which information is
then used in the correlations of Equations 3 and 5. Note that some of the data mappings
shown in Figures 7-13 extend not only multiple sub-carriers, but also over multiple time
intervals (tx, ti:1, etc). In some cases, the correlations described herein (see for example
Figure 5) may be adjusted to extend over (or otherwise combine) such multiple time

intervals, thereby exploiting knowledge of the relevant data mappings.

In some cases, the wide-band signal being received may represent a pilot signal,
which may contain a spreading code (for example), but without encoding any data bits
representing, ¢.g., navigation data. We can consider such a pilot signal as having a fixed data
value, i.e d(tx)=1 for all time intervals k, and this fixed data value is also known to the
receiver for signal acquisition purposes. Note that, if desired, a mapping pattern such as
discussed above in relation to Figures 7-13 might still be used for representing the fixed data

value on the different subcarriers.

Figure 14 is a simplified schematic block diagram of an example of a receiver for
implementing the approach described herein. Note that some receiver components of less
direct relevance to the approach described herein are omitted for clarity. The receiver
includes an aerial and associated circuitry 210 for receiving an incoming transmission signal
(referred to as the wide-band signal). This signal is then passed to a demodulator 220, which
is responsible for extracting the received symbol sequence within each sub-carrier (referred to
as the narrow-band signal). Note that this demodulation may reflect or utilise any constraints
imposed on the symbol sequences for the multiple sub-carriers, such as described above in

relation to Figures 8-13.

20



10

15

20

25

30

WO 2019/020201 PCT/EP2017/069235

The narrow-band signals are now passed to the channel acquisition unit 230 where
they are cross-correlated against test signals for example representing the spreading codes of

GNSS satellites. These test signals may be stored in, or generated by, code supply unit 240.

In many receivers, there are multiple hardware correlators 231A, 231B, 231C, 231D
for performing different cross-correlations in parallel. For example, Figure 14 shows the
receiver comprising 4 correlators, however, other receivers may have more or fewer hardware
correlators. The hardware correlators 231A, 231B, 231C, 231D each perform narrow-band
correlation, e.g. cross-correlating a given sub-carrier against a received signal in accordance

with Equation 2 above.

For acquisition, the correlators are used to search a space based primarily on the
following three parameters: (i) spreading code (different codes from different satellites); (ii)
frequency (based on the range of potential Doppler shifts); and (iii) phase/time (based on the
range of potential code delay). The test signal is primarily determined by the given spreading
code for a given satellite (as per the first parameter). The frequency of the test signal (or the
received signal) can then be adjusted, e.g. by re-sampling, to perform the search through
frequency space. The timing/delay of the test signal can then be adjusted by altering the

relative position (timing) of the test signal and the received signal in the correlator.

For a given test signal (for a particular code, frequency, and code delay), the narrow-
band correlations are then combined within each sub-band as described above. In particular,
narrow-band correlations within a single sub-band are added coherently, and these results for
the different sub-bands are then added non-coherently to produce the final correlation result.
For a given spreading code (for a given satellite), i.c. for a fixed parameter (i) above, the

outcome of summing the sub-band cross-correlations at time epoch #, can be represented as

|CCFSB (Az,Af d,tk), as for Equation 5 above, where Afy reflects the frequency search value

(parameter (i1) above) and At reflects the delay search value (parameter (iii) above).

The coherent addition of the correlations for sub-carriers within a sub-band, followed
by the non-coherent addition of the sub-band correlations, may be performed in the receiver
of Figure 14 by a digital signal processing (DSP) unit 235 included within the channel
acquisition unit 230. The allocation of sub-carriers to sub-bands may be stored in the channel
acquisition unit 230, for example, within memory (not shown in Figure 14) associated with

the DSP unit. In some receivers, it may be possible to update this memory to provide a new
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allocation of sub-carriers to sub-bands. In other receivers, the allocation of sub-carriers to

sub-bands may be fixed at a hardware level so that it cannot be reconfigured.

Although the above discussion of Figure 14 has focussed on channel acquisition, in
some cases the same approach (and hardware) may also be used subsequently for tracking an
acquired channel. On the other hand, since the frequency of the channel is known after
acquisition, at this point is may be appropriate to use the full wide-band signal for tracking

(in effect, setting Q=N and P=1).

It will be appreciated that Figure 14 is provided by way of example only, and the
skilled person will be aware of many other possible implementations. For example, one
potential hardware implementation is based on the use of a FPGA (Field programmable Gate

Array).

Figure 15 is a flowchart illustrating an example of a method for implementing the
approach described herein, as performed by a receiver. The method includes receiving a
wide-band signal comprising N narrow-band signals (operation 310), for example, wide-band
GNSS signal. The wide-band signal uses frequency division multiplexing to accommodate
the N narrow-band signals on respective sub-carriers at different frequencies within the wide-
band signal. For each of the N narrow-band signals, the received narrow-band signal may be

cross-correlated to produce a sub-carrier cross-correlation function (operation 320).

At the receiver, the wide-band signal is considered to represent P sub-bands, where
P>2, each sub-band comprises one or more sub-carriers, and each sub-carrier accommodates
a respective one of the N narrow-band signals. The method further comprises, for each sub-
band, coherently summing the one or more sub-carrier cross-correlation correlation functions
for that sub-band to create a sub-band cross-correlation function (operation 330). The sub-
band cross-correlation functions of all of the P sub-bands are now summed non-coherently

(operation 340) to produce a wide-band cross-correlation function for the wide-band signal.

In this approach, the wide-band signal can be regarded as a sum of multiple
clementary narrow-band signals, all offset with respect to a central carrier frequency. Each
narrow-band signal is, for example, down-converted to the carrier and correlated with a
replica matched to the corresponding narrow-band signal. Such a solution is able to generate
a cross-correlation function which is wider (in frequency space) than the cross-correlation

function for the whole wide-band signal, therefore enabling a relaxation (reduction in) the
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number of code hypotheses to be searched. In particular, the resulting cross-correlation
function produced by the method described herein is as wide (in frequency space) as the

cross-correlation function from one of the elementary narrow-band signals.

The above approach may be used, for example, for OFDM communications and/or for
position determination in GNSS systems. In the latter case, each narrow-band signal may be
modulated by the spreading code for a given satellite. In signal acquisition, the narrow-band
signal can be correlated against a spreading code for a (trial) satellite. If the trial satellite is
the same as the given satellite, the correlation will then produce a peak for each narrow-band
signal, thereby confirming that the given satellite has been acquired. Conversely, if the trial
satellite is not the same as the given satellite, the mismatch in spreading codes will lead to a
correlation result of (approximately) zero, and hence it will be apparent that the trial satellite

has not been acquired.

Accordingly, the approach described herein has the effect of widening the correlation
function, thereby decreasing the acquisition complexity for a wide-band signal (such as by
reducing the number of code and Doppler mis-alignment hypotheses required). In addition,
the approach described herein also helps to reduce the power consumption of the receiver, as
acquisition usually represents a high peak of energy consumption, since energy consumption

increases with computational complexity.

For a wide-band signal, N is generally in the range 10-400, more typically 40-200
(although other values are possible). The difference in correlation width between the wide-

band signal and the narrow-band signals is therefore substantial.

In some implementations, each sub-band comprises the same number of sub-bands, Q,
where Q>2; for example, Q may lie in the range 2-100, more typically 4-50, more typically 8-
25, and P may lie in the range 2-100, more typically 4-50, more typically 8-25. For a fixed N
(=P*Q), having a larger value of Q will provide greater search sensitivity, because more sub-
carriers are combined coherently. In some cases at least, a practical upper value on Q may be
imposed by loss of phase coherence between different sub-carriers, e.g. due to atmospheric or

ionospheric phase-dependent propagation delays.

Note that the values of P and Q are selected by the receiver, rather than being inherent
to the transmitted signal. Rather, the transmitted signal comprises a wide-band signal formed

from N narrow-band components. It is up to a given receiver how these N narrow-band
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components are split (if at all) into sub-bands. Different receivers may split with different
values of P and Q according to the design priorities of a given receiver (sensitivity, cost,
acquisition time, etc). In some receivers at least, the number of sub-bands (i.c. the value of P)
and/or the allocation of the sub-carriers to the sub-bands, may be (re)configurable in the
receiver itself, whether through user input, or potentially in response to operating conditions

(strength and stability of received signal, etc).

Typically the sub-carriers in a given sub-band are contiguous in frequency (i.e.
sequential if the sub-carriers are ordered by frequency). Consequently, the sub-bands
correspond to (non-overlapping) respective frequency bands. Contiguous sub-carriers are

more likely to maintain phase alignment against frequency-dependent propagation effects.

In some implementations, the wide-band signal transmits a symbol sequence, and the
frequency division multiplexing imposes one or more constraints on the how the symbols are
allocated to the sub-carriers. For example, the one or more constraints comprises at least one
of the following: (i) for each sub-band, identical symbols are allocated to the one or more
sub-carriers that sub-band (as per Figure 9); (ii) for any given sub-carrier, the symbols are
transmitted with a periodicity in time (as per Figure 11); (iii) the sub-carriers are paired, such
that a symbol transmitted on a first sub-carrier in a pair is subsequently transmitted on the
other sub-carrier in the pair (as per Figure 13). The skilled person will be aware of other

possible constraints to impose on the symbol allocations, and the pros and cons thereof.

The above processing has generally described an implementation in which there is a
single carrier that supports multiple sub-carriers. In other implementations, there may be
multiple separate, narrow-band carriers (without there being any overall single carrier), in
which case each narrow-band carrier could be regarded as a separate sub-carrier (although
this may possibly provide an additional potential source for loss of phase alignment). More
generally, the approach described herein can be used for any wide-band signal with multiple
(sub)carriers and for any combination of the different OFDM signal options; it is also

independent of the pulse shape characteristics, p(t)).

The processing described herein is generally performed by a receiver. The
functionality of the receiver is generally controlled by the combination of the software and
hardware of the receiver. The software comprises one or more programs, comprising
machine readable instructions, that execute on the hardware of the receiver (e.g. on one or

more processors within the receiver) to cause the receiver to implement the desired
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functionality. In some cases, at least some of the software may be executed on a general
purpose processor, such as digital signal processor. In some cases, the software may be
stored in the receiver, e.g. in flash memory, a disk drive, or other storage device. The
software may be loaded into the receiver by any suitable mechanism, such as by wireless
transmission, or insertion of a physical storage medium into the receiver. In some cases, at

least some or all of the functionality may be implemented directly in hardware.

In conclusion, the skilled person will be aware of various modifications that can be
made to the above examples to reflect the particular circumstances of any given
implementation. Moreover, the skilled person will be aware that features from different
examples can be mixed as appropriate in any particular implementation, without limitation to
the particular combinations described in the above examples. Accordingly, the scope of the

present invention is defined by the appended claims and their equivalents.
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Claims
1. A method performed by a receiver, the method comprising:

(a) receiving a wide-band signal comprising N narrow-band signals, the wide-band
signal using frequency division multiplexing to accommodate the N narrow-band signals on

respective sub-carriers at different frequencies within the wide-band signal;

(b) dividing the wide-band signal into P sub-bands, where P>2, each sub-band
comprising one or more sub-carriers, cach sub-carrier accommodating a respective one of the

N narrow-band signals, and at least one sub-band comprising two or more sub-carriers;

(c) for each of the N narrow-band signals, correlating the received narrow-band signal

to produce a sub-carrier cross-correlation function;

(d) for each sub-band, coherently summing the one or more sub-carrier cross-

correlation functions for that sub-band to create a sub-band cross-correlation function; and

(¢) summing non-coherently the sub-band cross-correlation functions of all of the P

sub-bands to produce a cross-correlation function for the wide-band signal.

2. The method of claim 1, wherein each sub-band comprises the same number of sub-

bands, Q, where Q>2.

3. The method of claim 2, wherein each sub-band comprises the same number of sub-

bands, Q, where Q is in the range 2-100, more typically 4-50, more typically 8-25.

4. The method of any preceding claim, wherein P is in the range 2-100, more typically

4-50, more typically 8-25.

5. The method of any preceding claim, wherein N is in the range 10-400, more typically
40-200.
6. The method of any preceding claim, further comprising configuring the value of P

and/or the allocation of the sub-carriers to the sub-bands.

7. The method of any preceding claim, wherein, for each sub-band containing two or

more sub-carriers, said two or more sub-carriers are contiguous in frequency.
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8. The method of any preceding claim, wherein, for each sub-band containing two or
more sub-carriers, said two or more sub-carriers are contained within a sufficiently narrow

frequency range to maintain phase alignment between the two or more sub-carriers.

9. The method of claim 8§, wherein maintaining phase alignment between the two or
more sub-carriers for a sub-band includes having a symmetric arrangement of the two or

more sub-carriers for the sub-band about a central frequency of the sub-band.

10.  The method of claim 9, wherein the symmetric arrangement compensates for first

order atmospheric and ionospheric frequency-dependent phase disparity.

11.  The method of any preceding claim, wherein the output of steps (c)-(¢) at time epoch
P | Q :
. Rx
I 18: |CCFSB (AT: AV )| = Z d(ptygrg (L)X CCF (11 0., (AT, AV
p=1l]g=1

(Equation 5)

wherein: P is the number of sub-bands, processed non-coherently; Q is the number of sub-
carriers per sub-band, processed coherently; At represents the delay misalignment error
between the received signal and the test signal; Afy the frequency misalignment error between

the received signal and the test signal; and d; is a data symbol on a sub-carrier i.

12. The method of any preceding claim, wherein the wide-band signal transmits a symbol
sequence, and the frequency division multiplexing imposes one or more constraints on the

how the symbols are allocated to the sub-carriers.

13.  The method of claim 12, wherein the one or more constraints comprises at least one of

the following constraints:

(i) for each sub-band, identical symbols are allocated to the one or more sub-carriers that sub-

band,;
(ii) for any given sub-carrier, the symbols are transmitted with a periodicity in time.

(iii) the sub-carriers are paired, such that a symbol transmitted on a first sub-carrier in a pair

is subsequently transmitted on the other sub-carrier in the pair.
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14.  The method of any preceding claim, wherein the frequency division multiplexing

comprises orthogonal frequency division multiplexing.

15.  The method of any preceding claim, wherein the sub-carriers are provided as

respective, separate, narrow-band carriers.

16.  The method of any preceding claim, wherein the wide-band signal comprises a code

for a code-division multiple access system.

17.  The method of any preceding claim, wherein the wide-band signal comprises a wide-
band global navigation satellite system (GNSS) signal comprising a spreading code for use in

determining the location of the receiver.

18.  The method of claim 17, wherein steps (c)-(¢) are performed as part of acquiring the

spreading code at the receiver.

19.  The method of claim 18, wherein step (c) includes correlating the received narrow-
band signals against one or more known spreading codes for the global navigation satellite

System.

20.  The method of claim 18 or 19, wherein the acquiring includes providing multiple test
signals at different respective frequencies for searching for the spreading code through

Doppler space.
21. A receiver configured to:

(a) receive a wide-band signal comprising N narrow-band signals, the wide-band
signal using frequency division multiplexing to accommodate the N narrow-band signals on

respective sub-carriers at different frequencies within the wide-band signal;

(b) divide the wide-band signal into P sub-bands, where P>2, each sub-band
comprising one or more sub-carriers, cach sub-carrier accommodating a respective one of the

N narrow-band signals, and at least one sub-band comprising two or more sub-carriers;

(c) for each of the N narrow-band signals, correlate the received narrow-band signal

with a test signal to produce a sub-carrier cross-correlation function;

(d) for each sub-band, coherently sum the one or more sub-carrier cross-correlation

correlation functions for that sub-band to create a sub-band cross-correlation function; and
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(¢) sum non-coherently the sub-band cross-correlation functions of all of the P sub-

bands to produce a cross-correlation function for the wide-band signal.

22.  The receiver of claim 21, wherein the wide-band signal comprises a wide-band global
navigation satellite system (GNSS) signal comprising a spreading code, and wherein the
receiver is configured to use the received spreading code for determining the location of the

receiver.

23.  The receiver of claim 21 or 22, wherein the receiver is configured to support a re-

allocation of sub-carriers to sub-bands.

24.  The receiver of claim 23, wherein the receiver is configured to support a change in the

number of sub-bands.

25.  The receiver of claim 23 or 24, receiver is configured to sense reception conditions
for the wide-band signal, and to re-allocate the sub-carriers to sub-bands and/or the change

the number of sub-bands based on the sensed conditions.
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