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DESCRIPTION

METHOD AND DEVICE FOR MODULATING WITH ZADOFF-CHU SEQUENCES

Technical field

The present invention generally relates to the field of digital telecommunications, and
more particularly those using spread spectrum techniques. It is especially applicable to wireless

communication systems and to the Internet of Things (loT).
State of prior art

The emergence of pervasive and low data rate radio technologies, adapted to
autonomous, low power consumption objects, has recently enabled the development of the
Internet of Things (loT). The wireless communication systems of an loT network has to obey several

constraints.

Firstly, the receiver of a connected object has to have a high sensitivity due to the small

number of base stations deployed and therefore the large size of their coverage zones.

Secondly, the transmitter/receiver of a connected object has to be particularly simple and

energy-efficient to allow autonomy durations of several years.

Finally, the radio access system has to be scalable insofar as a base station (also known as

an loT gateway) has to be able to serve a large number of connected objects.
The Internet of Things currently covers a wide variety of networks.

Some of them (LTE-M, NB-loT) use technologies from existing cellular infrastructures.
However, these often turn out to be too complex or too energy-consuming for common

applications.

Others rely on specific or even proprietary technologies, such as LoRa using Chirped
Spread Spectrum (CSS) modulation and SigFox using Ultra Narrow Band (UNB) modulation. These
technologies are energy-efficient and can achieve very low reception thresholds, and therefore very

wide coverage.

However, these specific technologies have limitations in terms of capacity, that is the

number of users that can be served simultaneously in the same coverage zone, due to the
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degradation of the signal-to-noise ratio plus interference affecting communications. In particular,
the high number of unresolved collisions between CSS signals in a LoRa system, even when different
spectral spreading factors (SFs) are used, is a barrier to the deployment of large LPWANSs based on
this technology or even to the deployment of networks by different operators. A discussion of these
limitations will be found especially in the paper by D. Croce et al. entitled "Impact of LoRa imperfect
orthogonality: analysis of link-level performance" published in IEEE Communication Letters, Vol. 22,

No. 4, April 2018, pp. 796-799.

The paper by R. Krenz et al. entitled “Hybrid DS/FH spread spectrum data transmission
system for telemetry” published in Proc of 10th Int’l Symposium on communication systems,
networks and digital signal processing (CSNDSP), IEEE July 20, 2016, pages 1-5 as well as the patent
application US-A-2012/0207118 describe a modulation method using Zadoff-Chu sequences with

cyclic phase shifts representing the symbols to be transmitted.

The purpose of the present invention is therefore to provide a modulation method (and
an associated modulator) that is particularly adapted to the constraints of loT networks and
provides greater robustness to inter-communication interference. Another purpose of the present
invention is to provide a corresponding demodulation method (and an associated demodulator).
Finally, a data transmission method is also provided, which takes advantage of the modulation

method in question to reduce interference between communications of different users.
Disclosure of the invention

The present invention is defined by a method for modulating as claimed in claim 1.

The invention further relates to a modulation device as claimed in independent claim 10.

The invention further relates to a method for demodulating as claimed in independent

claim 11.

The invention also relates to a device for demodulating as claimed in independent claim

12 or 13.

The invention finally relates to a transmitter/receiver system comprising a modulation

device and at least one demodulation device, as defined above.

Advantageous embodiments of the invention are given in the dependent claims.
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Brief description of the figures

Further characteristics and advantages of the invention will become apparent upon
reading a preferential embodiment of the invention, described with reference to the accompanying

figures, among which:

[Fig. 1] schematically represents a modulation device according to one embodiment of

the invention;

[Fig. 2A] and [Fig. 2B] represent an example of a basic Zadoff-Chu sequence and an

example of a modulated Zadoff-Chu sequence respectively;

[Fig. 3A], [Fig. 3B] and [Fig. 3C] represent a cyclic correlation peak matrix for three

examples of Zadoff-Chu sequence families respectively;

[Fig. 4] schematically represents a transmission frame using the modulation method

according to one embodiment of the invention;

[Fig. 5] schematically represents a sequence of pilot symbols multiplied by elements of a

coverage code;

[Fig. 6] schematically represents a demodulation device according to a first embodiment

of the invention;

[Fig. 7] schematically represents a demodulation device according to a second

embodiment of the invention;

[Fig. 8] represents a preamble detection synchronisation device that can be used in

conjunction with a demodulation device according to one embodiment of the invention;

[Fig. 9] schematically represents a first transmitter/receiver using a modulation device

and a demodulation device according to one embodiment of the invention;

[Fig. 10] schematically represents a polar modulator usable in a second transmitter

according to one embodiment of the invention.
Description of the embodiments

The idea underlying the present invention is to perform an X -ary-to-signal modulation by

modulating the offset frequency of a Zadoff-Chu sequence, the separation between different
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synchronous or asynchronous, uplink or downlink communications, being obtained by choosing

different roots.

It is first reminded that a Zadoff-Chu sequence of root =, length & and frequency offset is

defined by the sequence of complex elements:

where N is a positive integer, 4 is a relative integer, O <7 < and #-& are prime to each other.
An introduction to Zadoff-Chu sequences could be found in the paper by D.C. Chu entitled
"Polyphase codes with good correlation properties”, IEEE Trans. Inform. Theory, vol. IT-18, pp. 531-
532, July 1972.

If phases of successive elements of a Zadoff-Chu sequence are considered, it can be seen

that they include a linear component as well as a quadratic component depending on the time index
p
. —a=f
k. The linear component corresponds to a frequency offset N 7" where /s is the frequency at
which the elements of the sequence are generated and the quadratic component corresponds to a

linear variation of the instantaneous frequency with a deviation of =1, over the length of the

sequence.

Zadoff-Chu (ZC) sequences have some very interesting characteristics for communication
systems. First, they have a constant amplitude (all elements of a ZC sequence belong to the unit
circle), giving rise to modulated signals with low PAPR. Secondly, the periodic autocorrelation of a
ZC sequence is perfect in that it is zero for any non-zero offset (in other words, the periodic

autocorrelation function of a ZC sequence is a Dirac comb having a period V). Finally, the periodic

crosscorrelation of two ZC sequences of the same odd length & and distinct roots ¥, ¥ with l'” ""”I
prime to &V, is a periodic function whose modulus is bounded by J . It has furthermore been
shown in the paper by D.V. Sarwate entitled "Bounds on crosscorrelation and autocorrelation of
sequences"”, published in IEEE Trans. on Information Theory, Vol. IT-25, No. 6, Nov. 79, pp. 720-724
that this bound on the periodic crosscorrelation function is optimal for a sequence with a perfect
periodic autocorrelation function. In other words, there are no better sequences than Zadoff-Chu

sequences in terms of autocorrelation and crosscorrelation properties.
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In an original way, it is proposed to modulate the frequency offset of a Zadoff-Chu sequence
to transmit a word of K <log, N bits. It should be noted that the frequency offset of a ZC
sequence is generally taken to be zero in prior art, especially when it is used for synchronisation
purposes, as is the case in the generation of preambles in the LTE system (see 3GPP TS 36.211, §

5.7.2 entitled "preamble sequence generation").

Fig. 1 schematically represents a modulation device according to a first embodiment of

the invention.

The modulation device, 100, comprises a Binary to Decimal Converter (BDC), 110, which

converts a word of X bits to be transmitted, %a:-» &% 1 (where %o is the LSB and &1 is the MSB)

into an integer value fe=0 . This integer value is provided as a frequency offset value to a

Zadoff-Chu sequence generator, 120.

The word to be transmitted can result from a channel coding of information symbols,
possibly after they have been interleaved. Alternatively, the word to be transmitted can be a pilot

symbol for a transmission channel.

The word to be transmitted can also result from a Gray coding of information symbols. It
is reminded that, according to this coding, two successive binary words produce code words

differing by only one bit.

The generator 120 further receives as input parameters the root » and length N of the
sequence to be generated. The parameters » and N can be provided by a transmission resource

scheduler as set out later.

AN

¢
The complex elements of the Zadoff-Chu sequence Z -5 generated by the generator 120,

are then used to modulate an (RF or IF) carrier in a manner known per se.

It is important to note that in all cases, the complex element sequence at the output of
the modulator is a Zadoff-Chu sequence as defined above. In particular, there is no need to perform
any phase correction at the output of the generator 120 and the structure of the modulator is

therefore particularly simple.

As has been seen above, the integers » and IV are chosen to be prime to each other.
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According to a first alternative, in order to respect this constraint, the number N is chosen

to be prime. In the latter case, the interference between two communications of the same length

N, but distinct roots ¥ will be bounded by the same value, proportional to VY |

g
Preferably, however, for reasons of ease of implementation, the sequence Z(“N
generated by the generator can be truncated to a length 2M <« N with K'>K, in particular it can

be truncated to the length 2* to obtain an optimal rate.

According to a second advantageous alternative, for reasons of simplicity of
implementation previously indicated, the number N will be chosen equal to a power of 2, for

example N = 2% the root » being then odd, so that # and N are prime to each other.

Furthermore, the roots of the ZC sequences will be chosen greater than 1 (#>1). It is
noticed that, in this case, the phase variation for an unmodulated ZC sequence (that is with4 = O)
presents at least one aliasing between successive elements of the sequence, in other words the
instantaneous frequency has at least one discontinuity over the length of the sequence. Indeed,

the phase rotation between two successive elements can be written as:

oy

pePeplidesorfk+ 1 F N Bodd {31}

o iz § S =
il -plid= “'““ﬁ?f{k“?‘;} N s even {32}

¥

Thus, if # > 1, the phase rotation at the end of the sequence can exceed 2 7.

Equivalently, the instantaneous frequency can be expressed as:

_tde_ r
fiki 27 dk N'k (4)

and, if ¥ > 1, the instantaneous frequency can exceed the rate 1 at which the elements of the

sequence are generated.

As an example, the successive elements of an unmodulated Zadoff-Chu sequence have
been represented in Fig. 2A and those of the same sequence, modulated by a frequency offset,

have been represented in Fig. 2B.
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In the case illustrated, the length of the sequence is ¥ =17 and s root s# =4 it s
noticed that the first phase aliasing occurs between the 5th and Gih slements, with phase rotations

between subsequent successive elements leading a fortiori to aliasing, givan the relationship {3-1}

Similarly, in Fig. 2B, the same sequence, this time modulated with an offset 451 has been
considered. It is noted that the first phase aliasing occurs hers as soon as the transition hetween

the 4th and the 5th element.

Thus, for a same basic ZC sequence, it is understgod that distivict distributions of the

elements of the modulated sequence are obtained with different frequency offsets.

Fig. 3A schematically represents the matrix of cyclic correlation maxima of unmodulated
Zadoff-Chu sequences (4 = O) of length N = 521(prime number} and respective roats ¥ = 2,..., 320

7,0 Iy 7alad]
. In other words, for two sequences of Z(’N and ZC ¥, the figure represents on the ordinate the

70y * 20 (@)

20

maximum on 7 of where 7 is a shift between the two sequenges “™§ and

7cr

E]
, and el represents the cyclic correlation of length V. It is actually chetked that the maximum

(V) is obtained on the diagonal (maxima of the autocorrelation furictions} and that the oyclic

. . FATs
crosscorrelation functions have a low modulus (bounded by ¥ A L

Fig. 3B schematically represents the matrix of cyclic correfation maxima of unmdduiated
ZC sequences (4 = 0 ) of length N = 512 and respective roots ¥ = 2, ST 3¢ will be noted that
some of these sequences are not strictly speaking ZC sequences insofarasrand & are not prims

to each other.

It is noticed that the diagonal of the matrix always consists of maximum values (V) but

2

that the maxima of cyclic crosscorrelation strongly depend oh the pair of senquénces
By suitably choosing the values of the roots (especially those which are prime to V), a subfamily
whose cyclic crosscorrelation functions are bounded by a predetermined maximum value is

obtained.

Fig. 3C schematically represents the matrix of cyclic correlation maxima of unmodulated

ZC sequences (¢ = U) of length equal to the prime N = 521 but truncated to 512 elements. It can be
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seen that the autocorrelation and cyclic crosscorrelation performance is only slightly degraded with

respect to that illustrated in Fig. 3A.

In general, if it is desired to opt for a sequence of length equal to a power of 2, P = 2% the
ZC sequence whose length N is equal to the smallest prime number greater than # could be
selected and truncated to # elements. Thus, performance losses will be minimal both in terms of

rate and level of crosscorrelation.

Thus, for example, for a sequence of length 128, 256, 512, 1024, 2048, 4096, a ZC
sequence with a length of 131, 257, 521, 1031, 2053, 4099 will be chosen respectively.

The length V of the sequences to be generated can be selected as a function of various
criteria such as SNR (Signal to Noise Ratio), BER (Bit Error Rate), the required communication rate,

or even the time spread of the transmission channel as set out later.

More precisely, the Spreading Factor (SF) is none other than N/ K | the choice of a high
value of N allows BER to be reduced for a same SNR value or to be in accordance with a BER rate
for degraded SNR conditions. Likewise, a low value of &V allows the transmission bandwidth to be

reduced and the communication rate to be increased.

Then, for a given value of N, distinct roots are chosen for communications the
interference of which is desired to be reduced. For example, two distinct roots can be assigned to
two communications on a downlink channel, originating from the same base station and to two
connected objects or two terminals located within the coverage of this base station, regardless of
whether these two communications are synchronous or not. Furthermore, two distinct roots can

be assigned for two distinct communications on the downlink channel to one and the same receiver.

Similarly, for the uplink channel, two connected objects or two terminals that can

interfere can be assigned distinct roots.

The allocation of sequence lengths/roots can be done dynamically by a scheduler. In some
cases, dynamic scheduling can be implicit. For example, if two uplink communications interfere, the
base station can notify the connected objects concerned of this situation and at least one of them
can switch to another following root in a predetermined root sequence, known to both the
connected object and the base station. The person skilled in the art can provide for different
alternatives of scheduling between neighbouring base stations, according to a centralised or

distributed mode, without departing from the scope of the present invention.
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Whatever the embodiment, the transmission of packets of K-ary symbols, namely words
of K bits, is typically carried out by means of transmission frames whose structure is illustrated in

Fig. 4.

This transmission frame comprises a preamble, 410, and a payload, 420. The preamble

contains pilot symbols to enable the receiver to detect the start of the frame and be synchronised.

For example, the pilot symbols will be associated with a dedicated frequency offset, %o,
for example 45 = 0. In other words, in this case, the preamble of a transmission frame will only

consist of unmodulated ZC sequences.

The pilot symbols will be detected by the receiver by means of a correlator that performs
a running correlation (or continuous correlation) on the received signal. For example, the repetition
of a predetermined number, M, of pilot symbols can be an indicator of the start of a frame. In order
to facilitate synchronisation and detection of the start of a frame (or even a sequence of frames),
these pilot symbols can be multiplied by elements of a coverage code with good aperiodic
correlation properties, for example the elements of a Barker code. Receiver synchronisation by
preamble detection will be described later in connection with Fig. 8. Receiver resynchronisation can
be performed regularly during the reception time of a sequence of frames, at every frame or

generally every J frames where is ./ a predetermined integer.

Fig. 5 shows a series of pilot symbols of a frame preamble, respectively multiplied by the
M elements of a coverage code, denoted CCM),...,CCM), In other words, the first ZC sequence,
corresponding to the first pilot symbol, is multiplied by CC{D, the second ZC sequence,
corresponding to the second pilot symbol, is multiplied by CC(2), and so on until the last ZC

sequence, multiplied by CC (M),

For example, the elements of a Barker code of length & =11 are given by:

+1,+1,+1,-1,-1,-1,+1,-1,-1,+1,-1

Upon reception, the individual pilot symbols (that is the ZC sequences corresponding to
these pilot symbols), are multiplied by the same coverage code elements before or after continuous
correlation. When the coverage code elements are perfectly aligned with the pilot symbols, the

correlation result has a maximum.
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The payload of the transmission frame consists of ZC sequences modulated by the K-ary
words to be transmitted. It can also include a control header and ZC sequences modulated by CRC

symbols.

Although K-ary symbols are successively transmitted and therefore the ZC sequences
modulated by these symbols also succeed each other at the transmitter, the transmission channel
can, if it is a multipath channel, give rise to inter-symbol interference. In other words, a replica of a
ZC sequence modulated by a first symbol can be superimposed at the receiver with a ZC sequence

modulated by a second symbol.

In order to reduce inter-symbol interference, a sequence of length N will be

advantageously chosen such that:
N-A>q_ {5)

where A is the time spread of the transmission channel and 9ms« is the maximum frequency offset
for modulating the K-ary symbols, both expressed in number of element generation periods of the
ZC sequence. Indeed, as long as the overlap between consecutive symbols, due to the transmission
channel spread, is of a duration shorter than the duration (¥ — 2K) of the redundant part of the ZC

sequence, the symbols in question can be recovered without loss of information.

Fig. 6 schematically represents a demodulation device according to a first embodiment of

the invention.

This first embodiment corresponds to an implementation of the cyclic correlator in the

frequency domain.

The demodulator receives the signal corresponding to a frame of symbols as described

above, that is a series of ZC sequences obtained by modulating these symbols.

The demodulator, 600, includes an FFT module, 610, for performing an FFT of size/N (equal
to the length of the ZC sequence) on the received signal, previously sampled (by two quadrature
clocks) at the frequency /. at which the elements of the ZC sequences are generated. The result of

the FFT is a block of Ncomplex values.
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Detection of the start of the frame and the ZC sequences is achieved by means of the
series of pilot symbols in the preamble. It is assumed that the receiver has previously synchronised

itself by means of preamble detection as described later.

The demodulator includes a local generator of a reference ZC sequence, 605, identical to
the generator present in the modulator of Fig. 3 or 4. The local generator is parameterised by the
length IV of the ZC sequence, the root  used for communication and, if applicable, the frequency
offset 4¢, dedicated to the pilot symbols. The root # used for communication can be provided by

the preamble detector described later.

A discrete Fourier transform (DFT) module, 615, enables a DFT of size V to be performed
on the block of elements of the ZC sequence provided by the local generator, 605. When N is a

power of 2, the DFT will be performed using an FFT.

The block of N complex values thus obtained in the frequency domain is conjugated in
the conjugation module, 625, before being multiplied term by term in 620 with the block of

complex values from the DFT module, 610.

The moduli of these NN complex values are calculated in 630 and compared by the
correlation peak detector 640. In other words, the peak detector 640 determines the frequency

offset corresponding to the largest modulus complex value on the block received.

Since the cyclic correlation peak of two ZC sequences of the same length &, same root

o[ ZC, 207 = No(g-1)

g2

and frequency offsets 4 { has the value , this peak discrimination
is very effective, even in the presence of truncated ZC sequences. The 640 detector therefore

determines:
¢ = arg max (|p IFZCLG]U (6)
where o represents the sequence NV of samples received by the demodulator and 2
represents the cyclic correlation operation.

This frequency offset is finally translated into a word of K bits, %o:-»@x .t in the decimal

to binary converter (denoted by bit demapper in the figure), 650.

It should be noted that generator 605 will be able to generate reference sequences for all

possible values of # and, if applicable, N.
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The reference sequence can be any ZC sequence of the same length and same root as that
transmitted by the transmitter as long as the frequency offset can be determined relatively to that
used to generate the reference frequency. Thus, for example, the reference sequence can be an
unmodulated ZC sequence or a ZC sequence corresponding to a pilot symbol (and therefore an

offset 4v).

In all cases, the set consisting of the reference sequence generator, 605, the DFT module,
615, and the conjugation module, 625, can be replaced by a simple memory addressed by the length
N, root r and, if applicable, reference frequency offset. The value stored in the memory at this

(ZC700)

N .
address will be simply \ , where Z(-'f».qf)(v.) is the value taken by the discrete Fourier

(ﬁ?&o (v))

read

/o0

transform of “+.¢9, at the frequency v and z is the conjugate of z. The values

from memory are then provided in turn to the multiplier, 620.

Fig. 7 schematically represents a demodulation device according to a second embodiment

of the invention.

This second embodiment corresponds to an implementation of the cyclic correlator in the

time domain.

The signal received by the demodulator 700 is sampled (by two quadrature clocks) at the
frequency J. at which the elements of the ZC sequences are generated. The result is a block of N

complex values. This block is provided to a cyclic correlator, 710.

The cyclic correlator 710 additionally receives the N successive elements of a reference
ZC sequence generated by the local generator 705. This local generator is identical to the generator
present in the modulator of Fig. 1. The local generator is parameterised by the length N of the ZC
sequence, the root # used for communication and, if applicable, the frequency offset 4o, dedicated

to the pilot symbols.

The elements of the ZC reference sequence are provided to the cyclic correlator 710. The
cyclic correlation results (corresponding to different delay times in the time domain) are modulus
calculated in 730 and the maximum modulus value on the block is determined by the correlation

peak detector 740. The peak detector 740 determines the position of the cyclic correlation peak
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between the ZC reference sequence and the ZC sequence received by the demodulator and

deduces the corresponding time offset therefrom.

Given the definition of the ZC sequences, it can be shown that a cyclic permutation of a

ZC sequence by means of a time offset results in a frequency offset:
If N is an odd value:

—j—rk{k+2g'+1)

g (7-1)

- fir:”k+q‘+l}{k+q')

2C vy =e

{201k o+ hg ]

— ef%

--]::;-r(q’-i Dg’

where ¢’® = ¢ is a constant phase term along the sequence.

Similarly, if V is an even value:

T h ¢ LT Tt RE APV T oy
70 -tk ikeg) i K e2gtheg P e Lo
ZC k+ghYy=e ¥ —g X — ol X 7-2)
i “j}‘:[?'r“‘z

where e’ =¢ is a constant phase term along the sequence.

Since the detection is performed on the modulus of the cyclic correlation result, it will be

understood that a time offset, ¢ ’, (expressed in number of periods 1= 1/fg) results in an offset in
,..

frequency q' (expressed in increments N S). In other words, for a same received signal, the time

offset value provided by the peak detector 740 (expressed in number of periods 7 = l/j:v) will be

identical to the frequency offset value provided by the peak detector 640.

The decimal to binary converter 750 (referred to as the bit demapper in the figure)

A ~

converts this offset value into a binary number, %> %k .,

It should be noted that generator 705 will be able to generate reference sequences for all

possible values of ¥ and, if applicable, ¥.

In any case, as previously, the set consisting of the reference sequence generator 705 can
be replaced by a simple memory addressed by the length A/, root 7, reference time (or frequency)
N x ~N
ZC% (k) ZCY (k)

offset. The value stored in the memory at this address will simply be . The values

read from the memory are provided to the cyclic correlator, 710.
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Fig. 8 schematically represents a preamble detection synchronisation device that can be

used in conjunction with a demodulation device according to the invention.

More precisely, this synchronisation device makes it possible to provide the demodulator
with the root # used for communication on the one hand, and on the other hand, the time instant

corresponding to the start of the frame, or even of the payload.

A continuous correlator 820 receives, on a first input, the stream of (complex) samples of
the received signal and, on a second input, a sequence of samples corresponding to a replica of the

preamble.

The replica of the preamble is formed by the module 810 from the ZC sequences
generated by the local generator 805. The local generator 805 is identical to the previously
described generator 605 (or 705) and the same alternatives also apply. The preamble formation
module 810 concatenates the ZC sequences of the pilot symbols of the preamble. For example, if
the preamble consists of M repeating identical pilot symbols, the module 810 will repeat # times
the ZC sequence of that pilot symbol. Furthermore, if the preamble uses a Barker cover sequence,

the module 810 will multiply each ZC sequence with the corresponding code element.

Of course, the generator 805 and the module 810 can be implemented using a simple
memory addressed by the frequency offset 4o corresponding to the pilot symbols, root » and length

N of the sequence and the number M of repetitions of the pilot symbols.

The correlator 820 performs a running correlation of the sequence of samples of the
received signal with the sequence of samples of the preamble provided by the module 810. In other
words, at each period :/;, the correlator calculates a correlation result of the MN preamble samples

with the last AZN signal samples.

The modulus of these correlation results is calculated in 830 and a correlation peak
detection is performed in the detector 840. In practice, the detector compares the modulus value

provided by 830 with a predetermined threshold smaller than N.

The detector gives the time position of the correlation peak, indicating start of the
preamble and hence of the frame. The demodulator can then lock onto the start of the payload to

demodulate information symbols.

Furthermore, if the root # is not known to the receiver, the synchronisation device can

perform a sequential or parallel search on preambles generated from values of roots belonging to
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the set of possible roots or even a subset of the latter (for example if the set of roots is hierarchical
and the receiver has a priori knowledge of the tree branch in which the root is located). By
sequential search it is meant that the correlation is performed with a rate Rf, on the R roots to be
tested. By parallel search, it is meant that the correlation is performed on K branches in parallel,
each branch being associated with one of the R roots to be tested. In any case, the correlation
results are processed by the detector 840. The detector then determines both the root value

(providing a correlation peak) and start of the preamble {(from the position of this peak).

Fig. 9 schematically represents a first transmitter/receiver using a modulation device and

a demodulation device according to one embodiment of the invention.

The transmitter/receiver 900 can be fitted to a base station or a connected object, for

example.

It comprises a modulation device, 910, according to the embodiment as described in
connection with Fig. 1. The modulation device transforms the K -ary symbols to be transmitted into
ZC sequences, a K-ary symbol being converted into a frequency offset of a ZC sequence. The
complex elements of a ZC sequence are provided by the modulation device at a rate /.. The real
part of these complex elements is provided to an in-phase channel and the imaginary part to a
quadrature channel, each channel typically comprising a low-pass filter, 920 and a baseband
amplifier 930. The | and Q signals of these channels are respectively mixed with two quadrature
carrier signals in a quadrature modulator, 940. The carrier signals are generated by a frequency-
stabilised sinusoidal oscillator, 950. The RF signal at the output of the quadrature modulator is

amplified in a power amplifier, 960, and then transmitted by an antenna, 980, via a duplexer, 970.

Upon reception, the antenna signal received via the duplexer 970 is amplified by a low
noise amplifier (LNA), 965, and then quadrature demodulated by the quadrature mixer 945. The |
and Q signals at the output of the mixer are amplified by the amplifiers 935, filtered by the low pass
filters 925 and then sampled at the rate S The complex samples thus obtained are provided to a
demodulation device 915, according to the first embodiment, as described in connection with Fig.

6, or according to the second embodiment, as described in connection with Fig. 7.
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The quadrature modulator 940 in the direct conversion transmitter/receiver of Fig. 9 uses
the real and imaginary parts of the elements of the ZC sequences to be transmitted. Instead of the

quadrature modulator, a polar modulator can be used as described hereinafter.

Fig. 10 schematically represents a polar modulator usable within the scope of a second

transmitter according to one embodiment of the invention.

In general, in a polar modulator, the complex symbols to be transmitted are converted in
a polar baseband converter, 1020, into an envelope signal {modulus of the complex elements) and

a phase signal (instantaneous phase of the complex elements) representing the baseband signal:

s(t)y = A{) cos(tv2;r Jof + (p(z)) (8}

Where A7) is the envelope signal and COS(Z’"Z'fol + go(z)) is the phase signal. The phase
signal is then translated into the RF band by virtue of the mixer 1050 before being amplified by the
power amplifier 1060. The envelope signal is delayed at 1025 to compensate for differences in
propagation time that may exist between the amplitude branch and the phase branch, and
modulates the amplitude of the RF signal, by means of the envelope modulator 1040, by controlling
the gain of the power amplifier. The RF signal thus modulated is then transmitted by the antenna

1070.

In the case where, as in the present invention, it is a question of transmitting complex
elements of a ZC sequence, as generated by the modulator 1010, it is understood that the
generation of the envelope signal will be unnecessary insofar as the modulus of these elements is
constant and equal to 1. The delay 1025 and the envelope modulator 1040 can simply be removed

and the gain of the power amplifier set to a set point value.

The skilled person will understand that, symmetrically, a polar demodulator can be

implemented in reception.

RF transmitter/receiver architectures other than those illustrated in Figs. 9 and 10 can be

further contemplated without departing from the scope of the present invention.
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Of course, different elementary modulation/demodulation devices can be provided
within a same transmitter/receiver to separate communications to/from different users. As
previously indicated, these modulation/demodulation devices will then use distinct root values.

Advantageously, for a ZC sequence length equal to &V, root values Fo, P = L... £ will be chosen such

ro-r.l. /
thatlﬁ lisprimeto N, Vp, p'.
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Patentkrav

1. Fremgangsmade til modulering af en flerhed af K-naere symboler, der skal
transmitteres pa en transmissionskanal, hvilken fremgangsmade omfatter:

at konvertere de k bits af hvert K-naere symbol til en distinkt heltalsveerdi og at
generere en Zadoff-Chu-sekvens, der er forbundet med dette symbol, hvor

Zadoff-Chu-sekvensen er defineret som:

& rg
gy AR N - 5
sff;:;'?{é Img ¥ e sl N -1 el grulige {1}

~dritelgp

LS kY=o I SN T {2)

hvor Zadoff-Chu-sekvensen har en lazengde N, en rod r og en frekvensforskyd-
ning g, hvor N er et positivt heltal, saledes at log2 N = K, r er et heltal, saledes
at r>1 og primeer med N, g er et relativt heltal, hvor hvert K-naere symbol mo-
duleres i form af en sekvens, med en leengde, der er starre end eller lig med
2K af pa hinanden felgende komplekse elementer af Zadoff-Chu-sekvensen
med en leengde N, en rod r og en frekvensforskydning q, der er lig med hel-
talsveerdien forbundet med det K-naere symbol, hvor moduleringsfremgangs-
maden er kendetegnet ved, at hvilke som helst to K-naere symboler af fler-
heden er forbundet med Zadoff-Chu-sekvenser med distinkte frekvensforskyd-

ninger.

2. Modulationsfremgangsmade ifalge krav 1, kendetegnet ved, at sekvensen
af pa hinanden felgende komplekse elementer bestar af alle elementerne i

Zadoff-Chu-sekvensen.
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3. Modulationsfremgangsmade ifelge krav 2, kendetegnet ved, at laengden af

Zadoff-Chu-sekvensen er lig med en potens pa 2.

4. Modulationsfremgangsmade ifalge krav 1, kendetegnet ved, at laengden af
Zadoff-Chu-sekvensen er valgt lig med det mindste primtal, der er sterre end
2K og at sekvensen af konsekutive komplekse elementer opnas ved at trun-

kere Zadoff-Chu-sekvensen med 2X-elementer.

5. Modulationsfremgangsmade ifalge et af kravene 1 til 4, kendetegnet ved,
at leengden af Zadoff-Chu-sekvensen veelges starre end forskellen mellem en
maksimal frekvensforskydning til modulering af de K-naere symboler og tids-
spredningen af transmissionskanalen, udtrykt i antal transmissionsperioder for

elementer af denne sekvens.

6. Modulationsfremgangsmade ifalge et af kravene 1 til 5, kendetegnet ved,
at den reelle del og den imagineere del af elementerne i sekvensen af pa hin-
anden felgende komplekse elementer af en Zadoff-Chu-sekvens forbundet
med et K-neert symbol modulerer henholdsvis to beerere i kvadratur, og at det

saledes opnaede modulerede signal transmitteres pa transmissionskanalen.

7. Modulationsfremgangsmade ifalge et af kravene 1 til 5, kendetegnet ved,
at der genereres et basisbandsfasesignal, opnaet som fasen af de pa hinan-
den felgende komplekse elementer af Zadoff-Chu-sekvensen forbundet med
et K-neert symbol, og at fasesignalet oversaettes til RF-bandet, hvor det sale-

des opnaede RF-signal transmitteres pa transmissionskanalen.

8. Fremgangsmade til transmission af data om en flerhed af kommunikationer
til eller fra forskellige brugere, kendetegnet ved, at de data, der skal transmit-
teres, transformeres til K-neere symboler, hvor de K-naere symboler af de for-

skellige brugere moduleres ved hjeelp af modulationsfremgangsmaden ifelge
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et af de foregaende krav, hvor redderne af Zadoff-Chu-sekvenserne, der bru-
ges til at modulere de K-neere symboler af to distinkte brugere, er valgt til at
veere forskellige, og deres leengder er valgt til at veere lig med en feelles

lzengde.

9. Datatransmissionsfremgangsmade ifglge krav 8, kendetegnet ved, at de
redder, der anvendes til at modulere de K-naere symboler af to distinkte bru-
gere, er valgt saledes, at den absolutte veerdi af deres forskel er primaer med

den feelles leengde.

10. Moduleringsindretning til modulering af en flerhed af K-naere symboler, der
skal transmitteres pa en transmissionskanal, omfattende en binzer decimal-
konverter (110), der transformerer de K bits af hvert K-naere symbol til en di-
stinkt heltalsveerdi, og en generator af Zadoff -Chu-sekvenser (120), der som
inputparametre har en sekvensleengde N og en rod r séledes at r er et hel-
tal, r> 1 og primeer med N, savel som en frekvensforskydning, g, hvor g er et
relativt heltal, hvor generatoren for hvert K-neere symbol genererer en sekvens
af en laengde, der er sterre end eller lig med 2%, dannet af komplekse elemen-
ter af en Zadoff-Chu-sekvens med leengde N, en rod r og en frekvensforskyd-
ning q, der er lig med heltalsveerdien leveret af den binaere decimalkonverter,
hvor Zadoff-Chu-sekvensen er defineret som:

e .
R " A } |
&{{.\z?&;&\?m & N S A I My ﬁ\;g.\a'f afiiline {13

N TV
M

ACHEY=e ¥ 7 k=0, N e lwnN

hvor generatoren af Zadoff-Chu-sekvenser er kendetegnet ved, at den er
konfigureret saledes, at hvilke som helst to K-naere symboler af flerheden er

forbundet med Zadoff-Chu-sekvenser med distinkte frekvensforskydninger.
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11. Fremgangsmade til demodulering af et signal, der repreesenterer en
Zadoff-Chu-sekvens, der er moduleret i frekvensforskydning ved hjeelp af en
modulationsfremgangsmade ifelge et af kravene 1 til 7, kendetegnet ved,
at signalet samples i frekvensbasisbandet for at tilvejebringe en sekvens af
komplekse praver, at sekvensen af komplekse praver er korreleret ved cyklisk
korrelation (710) med en reference-Zadoff-Chu-sekvens for at tilvejebringe et
cyklisk korrelationsresultat, hvor Zadoff-Chu-sekvensen er defineret som:

= ‘V"“.Q ¥ g, 3 W‘P‘%rﬁi*i*?‘?g S & ke )
PAMS S B N 1 R, S e wige i

siobaa

ARy = N S 2

&y e

hvor Zadoff-Chu-sekvensen har en lazengde N, en rod r og en frekvensforskyd-
ning g, hvor N er et positivt heltal, séledes at log2 N = K, r er et heltal, saledes
at r>1og primeer med N, g er et relativt heltal, og at den tidsmaessige position
af en korrelationstop detekteres (740) i modulet af det saledes opnéaede cykli-
ske korrelationsresultat, og at der udledes en frekvensforskydning, hvor ¢ sva-
rer til denne tidsmaessige position, hvor frekvensforskydningen derefter kon-

verteres af en decimal binaerkonverter (750) til et K-neert symbol.

12. Indretning til demodulering af et signal, der repreesenterer en Zadoff-Chu-
sekvens, der er moduleret i frekvensforskydning ved hjeelp af en modulations-
fremgangsmade ifalge et af kravene 1 til 7, hvilket signal samples i basisband
for at tilvejebringe en farste blok af komplekse elementer af starrelse N, ken-
detegnet ved, at indretningen omfatter et DFT-modul (610), der er konfigure-
ret til at udfere en diskret Fourier-transformation af starrelse N af den farste
blok af komplekse elementer for at tilvejebringe en ferste blok af komplekse
frekvenselementer, en multiplikator (620), der er konfigureret til at multiplicere

led for led komplekse frekvenselementer i den farste blok med de komplekse
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frekvenselementer af en anden blok, der er opnéet ved kompleks konjugation
af en diskret Fourier-transformation af en reference-Zadoff-Chu-sekvens, hvor

Zadoff-Chu-sekvensen er defineret som:

—_ e j‘%y{hhﬁg@ﬁ

e S T Y] &k o T .
gf{“ {é J=e s N =T N a7 igice {1}
g ChRSIR o ]

"{‘L‘\ {K‘}K? ¥ & xﬂ,uwe‘g“"ihﬂsﬁ B fige {2}

hvor Zadoff-Chu-sekvensen har en leengde N, en rod r og en frekvensforskyd-
ning g, hvor N er et positivt heltal, séledes at log2 N = K, r er et heltal, saledes
at r> 1 og primeer med N, g er et relativt heltal, hvilken indretning yderligere
omfatter en modulberegner (630), der er konfigureret til at beregne modulet af
multiplikationsresultaterne af det ferste og andet komplekse frekvenselement,
en korrelationsspidsdetektor, der er konfigureret til at sammenligne de saledes
opnaede modulveerdier (640) til bestemmelse af frekvenspositionen af en cyk-
lisk korrelationsspids, og udlede frekvensforskydningen, §, svarende til denne
frekvensposition, og en binaer decimalkonverter, der er konfigureret til at kon-

vertere frekvensforskydningen til et K-neert symbol.

13. Indretning til demodulering af et signal, der repreesenterer en Zadoff-Chu-
sekvens, som er moduleret i frekvensforskydning ved hjeelp af en modulati-
onsfremgangsmade ifalge et af kravene 1 til 7, hvilket signal samples i basis-
band for at tilvejebringe en farste blok af komplekse elementer af starrelse N,
kendetegnet ved, at den omfatter en cyklisk korrelator (710) af N-starrelse til
cyklisk korrelation af den farste blok med en anden blok, hvilken anden blok
bestar af en reference-Zadoff-Chu-sekvens, hvilken Zadoff-Chu-sekvens er

defineret som:
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6
PR TR
TR W OE fv N :
if{q‘ {‘ R g e G‘ ‘3“ = hsi&ht er uline {1}
. i
s L R -};‘:? ik}&?\‘h’ ‘ = g g %
ﬂf;ﬂ {kyme ¥ S0 N =Tl o fge {2

hvor Zadoff-Chu-sekvensen har en leengde N, en rod r og en frekvensforskyd-
ning g, hvor N er et positivt heltal, séledes at log2 N =2 K, r er et heltal, saledes
at r> 1 og primeer med N, g er et relativt heltal, hvilken indretning yderligere
omfatter en modulberegner (730), der er konfigureret til at beregne modulet af
den cykliske korrelation, og en korrelationsspidsdetektor (740), der er konfigu-
reret til at bestemme, ud fra dette modul, den tidsmaessige position af en cyk-
lisk korrelationsspids og konfigureret til at udlede en frekvensforskydning, g,
svarende til denne tidsmaessige position, og en binger decimalkonverter, der

er konfigureret til at konvertere frekvensforskydningen til et K-naert symbol.

14. Sender/modtager, kendetegnet ved, at den omfatter mindst en modulati-
onsindretning ifalge krav 10 og mindst en demodulationsindretning ifalge et af

kravene 12 eller 13.

15. Sender/modtager ifzlge krav 14, kendetegnet ved, at den omfatter en fler-
hed af modulationsindretninger ifalge krav 10, hvor hver modulationsindretning
af flerheden svarer til en forskellig rodveerdi, og/eller en flerhed af demodulati-
onsindretninger ifalge et af kravene 12 eller 13, hvor hver demodulationsind-

retning af flerheden svarer til en forskellig rodveerdi.
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