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Description
TECHNICAL FIELD

[0001] Thedisclosuregenerally relates todigital communications andin particular to device and amethod for generating
waveforms and modulation schemes enabling low power receivers.

BACKGROUND

[0002] Many technical challenges have arisen to enable the transition of Mobile communication systems from the 4th
generation (4G) mobile communication system to the future 5th generation (5G) mobile communication systems and
beyond generations. In particular, 5G New Radio (5G NR) technology is being standardized to provide rich, reliable and
hyper-connected communications.

[0003] A communications system forms a network comprising base stations providing radio coverage over a geo-
graphical area forming a cell. The cells serve User Equipments (UE) through the base stations. A User equipment can
communicate using base stations. A user equipment transmit data over an air or radio interface to the base stations in
uplink (UL) transmissions and radio base stations transmit data over an air or radio interface to the user equipments in
downlink (DL) transmissions.

[0004] Existing mobile communication systems use multiple-access technologies to support communication with mul-
tiple users by sharing available system resources.

[0005] A UE and a base station may communicate through the communication network, via the radio channel using
the RRC control mechanism. RRC enables the UE and the base station to exchange information. In 5G NR, the RRC
defines three states: a RRC Idle state (RRC_IDLE state), a RRC connected state (RRC_CONNECTED state), and a
RRC inactive state (RRC_INACTIVE state).

[0006] Wake-up signals (WUS) are used in mobile communication systems to enable saving power for the User
Equipements UEs.

[0007] Wake-up signals (WUS) have been part of 3GPP since LTE-M/NB-IoT as well as NR Rel-17 with the main goal
of power saving for the UEs. Low-Power (LP) Wake-up Radio (WUR) is being studied in 3GPP Rel-18 (vivo, "New SID:
Study on low-power Wake-up Signal and Receiver in NR," RP-213645, 2021).

[0008] A User Equipment has to monitor regularly for paging messages in case of incoming traffic or configuration
updates.

[0009] The pagingmessageisusedtoinformaUEinRRC_IDLE andin RRC_CONNECTED about a system information
change. If the UE receives a paging message indicating a system information modification, the UE by default expects
that the system information will change at the next modification period time.

[0010] A paging message is indicated via a Downlink Control Information (DCIl) message carried in the Physical
Downlink Control Channel or via a Reference Signal.

[0011] When a UE is in the idle mode, it disconnects itself from the base station. When a base station broadcasts a
paging message within the user’s tracking area consisting of several cells, the paging message comprises a set of
temporary UE IDs if the base station pages several users at a time.

[0012] The monitoring of the paging messages at the UE requires the UE to wake up from deep sleep, do time-
frequency synchronization and decode the paging DCI as well as the associated paging message. If the paging message
contains the UE ID, then the UE moves into RRC_CONNECTED state via completing the RACH procedure. Otherwise
it goes back to sleep. This procedure is quite power consuming and a lot of power is wasted if the UE is not paged.
[0013] A wake-up signal is designed to only wake up UEs that are actually going to be paged, or at least minimize the
number of UEs that are falsely paged.

[0014] Designs of Wake-up signals WUS have been proposed for LTE-M and NB-loT networks. An exemplary WUS
design for LTE-M consists of alength-132 Zadoff-Chu sequences, which spans 11 OFDM (Orthogonal Frequency Division
Modulation) symbols and 4 PRB (Physical Resource Block). The sequence is then repeated on a second, adjacent PRB
and the resulting 2 PRBs/11 symbols are repeated in time based on the configuration of the MPDCCH:

Such WUS is transmitted on a WUS resource of which up to 4 can be configured.

[0015] A UE has to monitor only one WUS resource. Each WUS resource can signal up to 8 groups. A UE must monitor
two WUS, one common WUS and one group-specific WUS. The group-specific and common WUS are obtained through
cyclic shifts of the Zadoff-Chu sequence and depends on the Cell ID, time offset to the associated paging occasion (PO)
and the WUS resource ID.

[0016] The WUS in Rel-17, also referred to as Paging-Early Indication (PEl) is DCI-based and not sequence-based
as in LTE-M. The main advantage of a DCl-based WUS is the increased payload capacity with the draw-back of increased
receiver complexity and power-consumption for decoding. However, there is a trade-off between the WUS capacity and
the decoding power-consumption since a higher capacity allows signaling of more UE groups which reduces the number
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of UEs that are falsely paged.

[0017] For example, there can be 4 paging frames within one DRX cycle:

The PEl is transmitted before the associated paging frames and consists of S consecutive PDCCH monitoring occasions
(MO). The PDCCH for PEI carries DCI Format 2_7 which contains the PI Field. One PEI can indicate up to 8 groups for
up to 8 paging occasions via a bitmap allowing for independent signaling of the groups.

[0018] A Low-Power (LP)-WUS design has been proposed in IEEE 802.1BSa. In contrast to the WUS design for LTE-
M and NR Rel-17, the Low-Power (LP) WUS, also called Wake-Up Radio (WUR), is designed to enable very low-power
receivers that operate independently from the Primary Communication Radio (PCR). The Wake-Up Radio (WUR) does
not receive or transmit any data but is used to transmit management information only from the base-station (BS) to the
UE, such as wake-up notifications. Hence, there is no ACK/NACK feedback nor a WUS transmitter.

[0019] According to the conventional WUR PPDU Format, after the legacy training signals, the WUR transmission
consists of a WUS-Sync sequence and a WUR-Data part. The WUR-Sync sequence is used to synchronize the WUR
frame and to signal the data rate of the subsequent WUR-Data transmission. Since the sequence is known to the UE,
it can also be used for channel estimation purposes. The WUR-Data part carries the payload from the MAC with a data
rate of either 62.5 kb/s, low data rate (LDR), or 250 kb/s, high data rate (HDR).

[0020] The MAC payload consists of a MAC Header, an optional Frame Body and Frame Check Sequence (FCS).
The MAC header comprises a Frame Ctrl part, a ID part and a TDC part. The Frame Ctrl part of the MAC Header signal
the type of frame, if a frame body is present and if so the Frame Ctrl part signals the length of the frame body. The ID
part of the MAC Header can indicate either the WUR ID of a specific device, a WUR group ID if the frame is intended
for a group of devices or the transmitter ID if the frame is a broadcast frame. In case of a group-cast transmission,
individual WUR IDs of devices in the group can be signaled in the frame body, which enables the WUR frame to target
specific devise within the group.

[0021] On the physical layer, WUR signals are modulated with multi-carrier (MC) On-Off Keying (OOK). The payload
of the WUR-Data part is encoded with a Manchester Code prior to modulation according to an encoding and modulation
procedure.

MC-OOK design for LP-WUS enables very low-power receivers as well as its simple integration into the OFDM transmit
chain.

[0022] However, if only a single bit is transmitted per OFDM symbol, the transmission duration is either very long or
the payload has to be very small. Both options are undesirable since a long transmission blocks the resources over a
significant duration and reduces the ability of the base station to allocate resources in a flexible manner. On the other
hand, small payloads do not allow transmitting important information, like UE identification, which in the application of
wake-up signals prevent the ability to target specific UEs.

[0023] In particular, when applying MC-OOK to NR, variable sub-carrier spacing (SCS) causes limitations. Indeed, in
IEEE 802.11, with an SCS of 312.5 kHz the OFDM symbol duration is quite short, e.g. 2us for HDR. NR has flexible
SCS with 15, 30, 4, 120, 240 kHz resulting in potentially much longer OFDM symbol durations. A WUS transmission
based on MC-OOK therefore might result in very long transmissions, which is not resource efficient.

[0024] There is accordingly a need for improved modulations/waveforms designs that allow transmit multiple bits per
OFDM symbol while enabling low-power receivers.

Summary

[0025] To address these and other problems, There is provided a wireless device in a communication system, the
wireless device comprising a transmitter configured to transmit a Wake-Up Signal (WUS) message m = 0,1,...,28 - 1
from an input bit vector b = [by, by ...,bg.1] comprising B bits b; through a communication channel in the communication
system using single or multi-carrier modulation. The transmitter comprises a set of transmit antennas and :

- asplitter configured to split the input message m into a first component b, = [b g, b4, ..., by, -1] comprising B,, bits
and corresponding to a message m, < [0,1, ..., 2Bv- 1] and a second component by, = [bpg, by, -.., byg,-1] comprising
B, bits and corresponding to a message my, € [0,1, ..,2Bnh-1]suchthatB= By, + B,, using a set of splitting parameters;

- Avertical encoder configured to encode the B, bits, which provides encoded bits c;

- a Multi-Carrier On-Off Keying (MC-OOK) modulator configured to apply a MC-OOK modulation to the encoded bits
¢, which provides MC-OOK modulated signals Sm, for the message m, the encoded bits ¢ comprising elements c;,

- Anhorizontal encoder configured to encode the By, bits, which provides an horizontal codeword w,,, =[wq ., Wy ...,
W m,l Where w; . is a complex symbol and L is the number of modulation symbols over which the horizontal code
is applied,

- a combiner configured to combine the MC-OOK modulated signals s,, with the horizontal codeword w,, , which
provides a combined code sequence.
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[0026] The transmitter further comprises:

- aDiscrete Fourier Transform (DFT) precoder configured to apply DFT-precoding to the combined sequence s p,,
which provides a resulting signal S,;

- a single or multicarrier modulator configured to apply single or multicarrier modulation to the resulting signal S
output by the DFT-precoder.

m

[0027] The transmitter being configured to transmit a WUS message derived from the signal x(t) determined by the
single or multicarrier modulator using one or more transmit antennas. The MC-OOK modulator is configured to map a
ON-signal a comprising Kg elements such as a = [a, ay, ..., agg.1] to each element s, , of the MC-OOK modulated
signal s,,, whenever the corresponding input bit ¢; is equal to one, and a value zero otherwise.

[0028] In some aspects, the combiner may be configured to perform the combination by computing the product of the
signal s, ,,, generated by the MC-OOK modulator and of the horizontal codeword w,,,, according to:

Stm = Stmy " Wimy,-

[0029] In some embodiments, the vertical encoder may comprise:

- anelementary splitter configured to split the vertical bits b, into b, 4 bits and b, 4 bits such that b, = b4+ b
bits correspond to a message m, and the b4 bits correspond to a message m,4,

the b4

vl

- an elementary encoder configured to encode the b, bits via different sequences, which provides ¢, = encoded
sequences,

- a Sequence computation unit configured to compute a sequence s, , from the b, bits and a predefined sequence,

- an elementary combiner configured to combine the encoded bits ¢, ,,,,, determined by the elementary encoder with
the sequence s,,,1 determined by the Sequence computation unit to map them to a transmit sequence s; .

[0030] The ON-signal correspond to the the sequence s, 4 computed by the Sequence computation unit.

[0031] The encoded sequence ¢, ,, - determined by the elementary encoder from the b, bits may be defined as ¢, ., o
=[¢ myo ClLmye -+ Crmyo(N - 1)] @and may depend on a modulation symbol / if different coded bits are transmitted.
[0032] In some aspects, the single or multi-carrier modulation may use Kg sub-carriers and a number K, of resources

per encoding, and the length of the sequence s, provided by the sequence computation unit may be

K
KON - LKB lK_C
resource elements.
[0033] In some embodiments, the vertical encoder may further comprise a sub-carrier offset unit configured to apply
a sub-carrier offset per modulation symbol to the sequence s, , ,, which provides an output sequence s, .
[0034] The output sequence s, ,, may be determined by mapping K consecutive elements of the sequence s
every position k when the corresponding encoded bit ¢; ., , is equal to one:

my 10

Sl,mv(k) = Smy, (n) if Clompo (E) =1,

and

Sl,m(k) = 05

otherwise,
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k==
with Kpl k=012, ..,K-1,1=12 .,Landn=012, .., Kon -1
[0035] The sequence computation unit may be configured to generate the sequence s, , as a cyclically shifted Zadoff-
Chu sequence x,(n) of length N, the Zadoff-Chu sequence x,(n) being defined by:

.tun(n+1)

x,(n) = e Vi

withu=1,2,..,Nyc-1andn=0,1, .. ,Nyc- 1.
[0036] In some embodiments, the sequence s, , for different messages m may be determined by applying different
cyclic shifts C, to the Zadoff-Chu sequence x,(n) according to:

Sm,, (1) = xu((t + C,,) mod Nzc)

witht=0,1,..,Koy-1and C,,=0,1,...,Nyc- 1.

[0037] Alternatively, the sequence computation unit may be configured to generate the sequence s, , as a modulated
Gold-sequence or a modulated m-sequence.

[0038] In some aspects, the horizontal encoder may be configured to map the selected B, bits into a horizontal code
W comprising L complex numbers from a given alphabet.

[0039] The horizontal encoder may be configured to use an orthogonal or non-orthogonal horizontal code W depending
on the number of modulation symbols.

[0040] In some embodiments, if the number of bits By, of the horizontal component is inferior or equal to log, L, then
an orthogonal encoding scheme may be used to generate the horizontal code W, and if the number of bits B, of the
horizontal component is strictly superior to log, L, a non-coherent linear code is used to generate the codewords w,,,,.
[0041] The horizontal code W may be chosen as a codeword from a (L, By,) linear error correcting code, having a
length L and a rank (Bj,), the linear error correcting code being represented by a generator matrix G(B, L) given in a
systematic form:

G(Bn, L) = (Is, Gp,x@-8p),

[0042] /g, designating the identity matrix of dimensions By, xB,, and GBh x (L-B,) designating a rectangular matrix
comprising By, lines or row vectors and L - By, columns or column vectors.
[0043] The horizontal encoder may comprise:

- amessage mapper configured to map the message m,, comprising the B, bits to a base and deliver a sequence d,
the sequence d being defined as d = [d), d, ..., dg 4],

- alinear error correcting encoder configured to encode the sequence d = [d, dy, ..., dg_4] using a generator matrix
G as ¢ = dG, where c represents an encoded sequence, and

- anelementary modulator configured to modulate the encoded sequence c to determine the horizontal codeword w,, .

[0044] There is further provided a receiver configured to receive and decode a WUS message sent by a transmitting
wireless device according to any preceding features. The receiver may comprise an envelope detector configured to
perform envelope detection from a signal r(t) derived from the WUS signal received from the transmitter, the signal r(t)
being a base-band signal r(t) determined from the WUS signal, the envelope detector being configured to use the received
energy corresponding to each candidate signal for detection and determination of an estimate m of the received WUS
message.

[0045] The vertical messages m,,, m,, and the horizontal code message m, may be detected separately.

[0046] The receiver may comprise an elementary envelope detector configured to first decode the message m, to
determine an estimate hypothesis r/1\7v0, of the message m,, the receiver further comprises a sequence detector con-
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figured to then detect the message m,, under different estimate hypotheses r/1\7v0 on message m,, by correlating with
possible sequences sy, , comp/l\Jted by the sequence computation unit, the sequence detector being configured to de-
termine an estimated message m, | corresponding to an estimate of message m, under the different estimate hypotheses
m,oonmessage m,q, the receiver comprising a horizontal code detector configured to detect the horizontal code message
my, by determlnlng an estlmate mh of the horizontal code message m,, under estimate hypotheses on message m, given
the hypotheses mv0 and m v1 ON messages m, o and m,

[0047] In some embodiments, the receiver may be conflgured to determine an estimate m of the message m according
to:

M = Myg + My 280 + Ay, 2Bv0+Brr,

[0048] The WUS message may carry one or more message types among:

- a Wake-up Message transmitted to wake up one or multiple other wireless devices in the communication systems;
- A WUS Control Message signaling a change in Wake Up Signal control configuration;

- AWUS Small Data Message transmitting a small payload,

the vertical bits and the horizontal bits being configured to carry different message types.
[0049] There is further provided a method of transmitting a Wake-Up Signal (WUS) message m = 0,1, ..., 2B - 1 from
an input bit vector b comprising B input bits b;, the method being implemented in a wireless devices in a communication
system, the WUS message being transmitted to one or more wireless devices in the communication system through a
communication channel using single or multi-carrier modulation. The method comprises :

- splitting the input message m into a first component b, = [bg, b4, ..., b,g,-1] comprising B, bits and corresponding
to a message m, € [0,1,...,2Bv - 1] and a second component by, = [bng, bp1, ---s bpghq] cOmprising B, bits and
corresponding to a message my, € [0,1, ..., 2Bnh - 1] such that B = By, + B,, using a set of splitting parameters;

- performing vertical encoding of the B,, bits, which provides encoded bits c;

- applying MC-OOK modulation to the encoded bits ¢, which provides MC-OOK modulated signals s, forthe message
m, the encoded bits ¢ comprising elements c;,

- performing horizontal encoding of the By, bits, which provides an horizontal codeword wy,,, =[wy . Wy 0 s Wy gl
where w, .. is a complex symbol and L is the number of modulation symbols over which the horizontal code is applied,

- combining the MC-OOK modulated signals s, with the horizontal codeword w/,,,, which provides a combined code
sequence.

[0050] The method further comprises:

- applying Discrete Fourier Transform (DFT) precoding to the combined sequence s, ,,, which provides a resulting
signal S,,;
- applying single or multicarrier modulation to the resulting signal S, output by the DFT-precoding step.

[0051] The method comprises transmitting a WUS message derived from the signal x/(f) determined by the single or
multicarrier modulator using one or more transmit antennas. The MC-OOK modulation step comprises mapping a ON-
signal a comprising K elements such as a = [ay, ay, ..., akg.1] to each element s, .. of the MC-OOK modulated signal
S, Wwhenever the corresponding input bit ¢; is equal to one, and a value zero otherwise.

[0052] The embodiments of the disclosure enable extending multi-carrier OOK by transmitting multiple bits per symbol.
More precisely, they provide DFT precoding to maintain the properties of the OOK signal and hence enable a low-power
receiver implementation.

[0053] Compared tothe conventional MC-OOK modulation,the DFT-precoded MC-OOK according to the embodiments
ofthe disclosure allows transmitting multiple bits per symbol while still enabling a low-complexity receiver. Hence, spectral
efficiency is increased.
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[0054] Further, the embodiments of the disclosure can exploit the larger number of SCs in NR to transmit multiple bits
per OFDM symbol while still allowing for a low-power energy detection receivers.

Brief description of the drawings

[0055] The accompanying drawings, which are incorporated in and constitute a part of this specification, illustrate
various embodiments of the disclosure together with the general description of the disclosure given above, and the
detailed description of the embodiments given below.

[0056] Referringto Figure 1, there is shown an exemplary communication system in which embodiments of the present

disclosure may be implemented.

Figure 2 depicts a functional block diagram of a wireless device 1 that may be employed within the wireless com-
munication system of Figure 1.

Figure 3 is a functional diagram of a transmitter configured to generate and transmit a WUS message, according
to some embodiments.

Figure 4 depicts the generation of a DFT-precoded MC-OOK, according to an exemplary implementation.

Figure 5A is a diagram block depicting main steps performed by the wireless device to generate a DFT MC-OOK
signal, in an embodiment using an encoder.

Figure 5B is diagram block depicting main steps performed by the wireless device to generate a DFT MC-OOK
signal, in an embodiment using encoding and repetition with cyclic shifting.

Figure 6 is a block-diagram of an envelope detector according to embodiments where an encoder is used at the
transmitter.

Figure 7 is a block diagram representing the envelope detector, according to some embodiments.

Figure 8 is adiagram representing the BLER (Block Error Rate) performance of the envelope detector in an exemplary
implementation of the disclosure using AWGN.

Figure 9 is a diagram representing the BLER (Block Error Rate) performance of the envelope detector according to
another exemplary implementation of the disclosure using AWGN.

Figure 10 depicts the transmission chain in which the encoder is implemented to overlay an outer code sequence
based on a split of the b input bits into vertical bits and horizontal bits.

Figure 11 is a block diagram representing the vertical encoder, according to some embodiments.
Figure 12 is a diagram representing two different exemplary WUS resource allocation configurations.
Figure 13 is a diagram depicting the horizontal encoder, according to some embodiments.

Figure 14 depicts a signal detector, according to some embodiments.

Figure 15 is a flowchart depicting a method for generating and transmitting a WUS message as a DFTprecoded
MC OOK signal.

Figure 16 is a flowchart depicting a receiving method for decoding a WUS message received from a transmitter as
a DFT predecoded MC OOK signal.

Figure 17 is a flowchart depicting the envelope detection step according to some embodiments.
Figure 18 depicts a method for generating and transmitting a WUS message as a DFTprecoded MC OOK signal.

Figure 19 depicts a receiving method for decoding a WUS message received from a transmitter as a DFTprecoded
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MC OOK signal.
Detailed description

[0057] Referring to Figure 1, there is shown an exemplary communication system 100 in which embodiments of the
present disclosure may be implemented.

[0058] The communication system 100 comprises a mobile communication network 3, one or more wireless devices
1 that include user terminals UE (also referred to as User Equipments UEs, according to 3GPP standard), and one or
more base stations BS (also referred to as a Node, designated by a derivative of the term ‘NodeB’ such as gNodeB
node or gNB in 5G NR). A user equipment UE may act as a transmitter device (or 'transmitter’) configured to send data
to one or more other user devices 1 acting as receiver devices (or ‘receivers’) through the communication system 100.
The base station BS is associated with a cell defining a geographical cell area. The cell associated with the base station
BS is served by the base station. Numeral reference 1 will be generally used to refer to a wireless device that can be a
user equipment UE or a base station BS.

[0059] The communication system 100 may be for example a wireless communication system such as a new radio
(NR), a 5G and beyond 5G network.

[0060] Although reference will be mainly made to 3GPP network in the following description, the skilled person will
readily understand that the embodiments of the disclosure also apply to similar or equivalent networks, such as a
successor of the 3GPP network. In the following description, enclosed drawings and appended claims, the use of the
term 3GPP and terms related to the 3GPP network should be interpreted accordingly. Similarly, although reference will
be made to 5G NR, for illustration purpose, such reference should be interpreted as encompassing any future xG network
(6G and beyond) having similar functional components.

[0061] A wireless device 1 may be fixed or mobile and/or may be remotely monitored and/or controlled. A wireless
device 1 may be equipped with power sources that provide power to the different components ensuring the UE operation.
[0062] A user equipment UE may be, without limitation, a mobile phone, a computer, a laptop, a tablet, a drone, an
loT device, etc.

[0063] Thecommunication network 3 may be any wireless network enabling loT. Exemplary wireless networks comprise
low-power short range networks and LPWANSs.

[0064] Further, the communication network 3 may accommodate several pairs of user equipments UE. In such em-
bodiments, multiple access techniques and/or network coding techniques may be used in combination with error cor-
rection codes and modulation. Exemplary multiple access techniques comprise without limitation Time Division Multiple
Access (TDMA), Frequency Division Multiple Access (FDMA), Code Division Multiple Access (CDMA), and Space Di-
vision Multiple Access (SDMA), and Non-Orthogonal Multiple Access (NOMA) technology.

[0065] A wireless device 1 (user equipment UE or base station BS) may be equipped with a plurality of transmit and/or
receive antennas, and may implement space-time coding and/or space-time decoding techniques which may be used
in combination with coded modulations for encoding data both in the time and space dimensions.

[0066] A wireless device 1 may be implemented or used as a transmitting node, in which case it is configured to
generate and transmit a data packet to one or more wireless devices. Alternatively, the wireless device 1 may be
implemented or used as a receiving device (orreceiver), in which case itis configured to receive and process a data packet.
[0067] A wireless device 1 implemented or used as a receiving device will be denoted 1T hereinafter. Similarly, a
wireless device 1 implemented or used as a receiving device will be denoted 1R hereinafter.

[0068] A wireless device 1 may comprise a transmitter 4 (also referred to hereinafter as a "transmitter") configured to
transmit a plurality of information symbols to at least another wireless device 1R (operating as a receiver) of the com-
munication system 100 through a transmission channel 7.

[0069] The wireless device 1 may further comprise a receiver 5 comprising a main receiver 50 configured to receive
the signal transmitted by another transmitter 1T of the communication system (such as a base station BS or another
user equipment UE) and decode the received signal to recover the original data.

[0070] The communication channel 7 may be any communication channel adapted to transmit information symbols
from the transmitter 4 to another wireless device 1R in the communication system 100, depending on the type of the
communication system, such as for example a wireless medium. The communication channel 7 may be any wireless
propagation medium adapted to such devices.

[0071] The communication channel 7 may accommodate several pairs of wireless devices 1. In such embodiments,
multiple access techniques and/or network coding techniques may be used in combination with error correction codes
and modulation. Exemplary multiple access techniques comprise Time Division Multiple Access (TDMA), Frequency
Division Multiple Access (FDMA), Code Division Multiple Access (CDMA), and Space Division Multiple Access (SDMA).
The communication channel 7 may be a multipath channel using single-carrier or multi-carrier modulation formats such
as OFDM (Orthogonal Frequency Division Multiplexing) for mitigating frequency-selectivity, interference and delays.
[0072] The communication channel 7 may be a noisy channel. For example, the noise may result from the thermal
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noise of the system components and/or the intercepted interfering radiation by antennas. The total noise may be modeled
by an additive white Gaussian noise (AWGN).

[0073] In an application of the disclosure to wireless communication systems such as ad-hoc wireless networks used
in local area communications, wireless sensor networks and radio communication systems (e.g. LTE, LTE-advanced,
5G and beyond), the wireless device 1 may be any type of fixed or mobile wireless device configured to operate in a
wireless environment.

[0074] The communication channel 7 may represent any wireless network enabling IoT. Exemplary wireless networks
comprise low-power short range networks and LPWANs. Exemplary LPWAN technologies comprise LTE-NB1 and NB-
loT.

[0075] A wireless device 1T operating in transmission mode may be configured to transmit a WUS (Wake Up Signal)
message to another wireless device 1R of the communication system 100 that is in a power save mode. The receiver
5 of the wireless device 1R receiving the WUS message may use this information to determine when to transition to an
awake state or to an idle state.

[0076] For example, the receiving wireless device 1 may enter in an idle state, in an awake state for a certain period
of time or determine when to be in an awake state based on the received WUS message.

[0077] Figure 2 depicts a functional block diagram of a wireless device 1 that may be employed within the wireless
communication system 100 of Figure 1 (the wireless device 1 being for example a user equipment UE or a base station BS).
[0078] As used herein, the term "wake-up" refers to the operation of a wireless device to enter an operational state
(awake state) from an iddle state in order to perform its operational functions (sending and receiving data).

[0079] The wireless device 1 may further comprise a Low Power (LP) wake-up (WU) device 6 (referred to hereinafter
as a "LP WU device") configured to turn on the wireless device 1 and an auxiliary receiver 52, also referred to as a Low
Power Wake-Up (LP WU) receiver referred to hereinafter as a "LP WU receiver"), configured to consume less power
than the main receiver 51 during operation to reduce the overall power consumption of the wireless device 1.

[0080] The LP WU receiver 52 may be configured to receive signals using modulation/demodulation techniques such
as on-off keying.

[0081] If the wireless device 1 has nothing to receive or transmit, the wireless device 1 may go to deep sleep, shut off
the main radio 51 and turn on the LP-WU receiver 52. When the LP-WU receiver 52 detects a WUS, the wireless device
1 is configured to turn on the main receiver 51, while the LP-WU receiver 52 may be turned off or kept ON if the WUS
is also supported in RRC_CONNECTED mode.

[0082] To enable transmission of a WUS from a transmitting wireless device 1T to a receiving wireless device 1R, the
transmitter 4 of the transmitting wireless device 1T is configured to apply processing steps to generate the WUS which
include modulating WUR with multi-carrier (MC) On-Off Keying (OOK).

[0083] The embodiments of the disclosure enable to extend multi-carrier OOK by transmitting multiple bits per symbol
while still enabling a low-complexity receiver, and increasing spectral efficiency. In particular, in an application of the
invention to NR

[0084] In some aspects, there is provided a wireless device 1 comprising a transmitter 4 configured to transmit a
Wake-Up Signal (WUS) message m such that m = 0,1,...,28 - 1 from input bits b = [bg, by, ..., bg4] comprising B bits b;
through a communication channel 3 using single or multi-carrier modulation (such as OFDM modulation).

[0085] Although reference will be made mainly to a Wake-up message type used to wake up one or multiple other
wireless devices 1 in the communication system 100 for illustrating purpose, it should be noted that the invention is not
limited to a to wake up message and may carry other types of WUS messages or a combination thereof such a WUS
Control Message used to signal a change in Wake Up Signal control configuration, or a WUS Small Data Message
transmitting a small payload.

[0086] Figure 3 is a functional diagram of a transmitter 4 configured to generate and transmit a WUS message m to
one or more other receiving wireless device 1R in the communication system 100, according to some embodiments.
[0087] In the following description of some embodiments, it is considered that a narrow-band MC (Multi-Carrier) trans-
mission with K sub-carriers is used, where the received vector of a modulation symbol / on receive antenna p is given by:

rl,p = Hl,pFSl,m + nl'p (1)

[0088] In Equation (1), s, denotes the transmit signal for a message m, H, , = diag(h;, 1, by p 5, - hyp k), hyp i TEP-
resents the complex channel coefficient on sub-carrier k, with k= 1,2, ..., Kand F represents a DFT (Discrete Fourier
Transform) matrix of size K.

[0089] The noise vector n;, = [n;, 1, Ny 5. ... Ny, Kl is assumed to be independent and identically distributed (i.i.d.)
complex Gaussian with zero mean and variance o2, i.e. n~NC(0, o2).

[0090] The transmitter 4 is configured to receive the b = [bg, by, ..., bg.1] input bits corresponding to the message m
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=0,1, ..., 28-1.

[0091] The Transmitter 4 comprises a Multi-Carrier On-Off Keying (MC OOK) modulator 42 configured to apply a MC-
OOK modulation to the b input bits, which provides a MC-OOK modulated producing signal s,, per modulation symbol
I (such as OFDM symbols).

[0092] The Transmitter 4 further comprises a Discrete Fourier Transform (DFT) precoder 44 configured to apply DFT-
precoding to the signal s,,,. The DFT precoder 44 provides a resulting signal S,,,.

[0093] The Transmitter 4 comprises a single or multi-carrier modulator 46 configured to apply single or multi-carrier
modulation to the resulting signal S, output by the DFT-precoder 44. The single or multicarrier modulator 46 is configured
to map the resulting signal S, to the overall system resources by applying the single or multicarrier modulation to the
resulting signal S, over the entire system bandwidth, which provides a time-domain base-band signal x(t).

[0094] The single or multi-carrier modulator 46 is configured to convert the signal S, from the time domain to the
frequency domain using a modulation technique and spread the signals thus obtained over the transmission antennas
of the transmitter 4.

[0095] In an embodiment ,OFDM modulation may be used, the single or multicarrier modulator 46 being an OFDM
modulator 46 using a OF DM modulation technique to convert the signal S, from the time domain to the frequency domain.
[0096] The following description of some embodiments of the invention will be made mainly with reference to OFDM
modulation using OFDM modulators for illustration purpose only although the invention applies to other types of single-
carrier or multi-carrier modulation.

[0097] The MC-OOK modulator 42 is configured to provide a MC-OOK modulated signal s, fora message m=0,1, ...,
2B _ 1 defined by:

Sm = [50,51, ., Sp-1] (2)

[0098] Informula (2), B represents the number of bits transmitted per OFDM symbol / and s; = [s;g, Sj4,
Kg = LKIB], represents the number of sub-carriers for sequence s;, i = 0,1, ..., B- 1.

[0099] The MC-OOK modulator 42 is configured to map an ON-signal a = [ag, ay, -.., 5g-1] t0 S; Wwhenever the corre-
sponding bit is one, i.e.:

s sigg-T] With

[0100] The ON-signal a may be any complex sequence and may be different for every s;.

[0101] Figure 4 depicts the generation of a DFT-precoded MC-OOK, according to the embodiment of figure 3 applied
to exemplary input bits b. In the example of figure 4, OFDM modulation is used, B = 4 and the input bits are b = [b3, b,
by, bgl =[1,1,0,1], m=13,and s43=1a, a, 0, a].

[0102] For instance, the On-signal may be random M-PSK symbols or can be a known sequence.

[0103] The DFT-precoder 44 is configured to take the input sequence s, of length K and perform the DFT operation
to produce a signal S, = [S;,0, Sty -+ Smkq], With Sy, being defined according to Equation (4):

.2rtkn

1 _ — e
Smn = \/_Ez‘ﬁ:(} Smk € I (4)

[0104] In Equation (4), s, is element k of s,,andn=0,1, ..., K- 1.

[0105] In embodiments using OFDM modulation, in the single or multicarrier modulator 46, the signal s, is mapped
to the overall transmission bandwidth, i.e. the number of sub-carriers W and the resulting signal S, = [S;,0. St -+
Smw-1] is OFDM modulated as x,,(t):

X (t) = ZiZg Syce/ 2 (ENerTd) (5-1)

[0106] In Equation (5-1), Af, Nop and T, are physical parameters related to the OFDM transmission.
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[0107] In the mapping to the overall transmission bandwidth, the sub-carrier corresponding to DC subcarrier (DC
stands for Direct Current) within the WUS transmission bandwidth can either be used or not used. Using the DC sub-
carrier might result in a more complex receiver design to compensate for any DC impairments. If the DC sub-carrier is

m(g) =
left unused, the corresponding modulation symbol is set to zero, i.e. S,,(DC;,4ex) = 0 (for instance 2 ).

The output of the DFT precoder 44 may be then punctured but still be the result of a contiguous DFT transform, which
does not significantly impact the receiver performance. Assuming the WUS signal is mapped to indices n = 0,1, ..., K-
1, the mapping may be defined by (5-2) :

Sm(m), n=01,..,[5| -1
X, (n) = 0, n=|3| (5-2)
Smm), n=[5]+ L[5+ 2.k -1

[0108] Advantageously, the use of DFT precoding in conjunction with multi-carrier OOK enables increasing the number
of bit per modulation symbol (such as OFDM symbol).

[0109] The transmitter device is configured to transmit a signal derived from the modulated combined sequence x,,(t)
over the transmission channel 7 using the transmit antennas.

[0110] The signals may be sent from the n, transmit antennas optionally after filtering, frequency transposition and/or
amplification by at least one power amplifier of the signal x(t) at the transmitter 4.

[0111] The symbols of the vector x,,(f) may represent samples in both time and frequency. In particular, the frequency
dimensions may be adjacent carriers in a multi-carrier symbol (for example an OFDM symbol) and the time dimensions
may refer to different multi-carrier symbols. A time or frequency dimension is designated by a Resource Element.
[0112] A Resource Element (RE) refers to the smallest defined unit consisting of one modulation sub-carrier during
one modulation symbol interval (for example one OFDM sub-carrier during one OFDM symbol interval). Each Resource
Block (RB) designates a number of Resource Elements (RE). Resource blocks (RB) are used to map physical channels
to resource elements RE.

[0113] In some embodiments, the transmitter 4 may further comprise an encoder configured to encode the input bits
b using at least one encoding scheme.

[0114] Figure 5A is a diagram block depicting main steps performed by the wireless device 4 to generate a DFT MC-
OOK signal, in an embodiment using an encoder 40 to encode per modulation symbol. In such embodiments, the b input
bits are encoded by the encoder 40, which provides resulting coded bits c. The encoded bits ¢ comprise N components
¢;such that c = ¢, ¢y, ..., Cp1

[0115] Instead of being applied to the b bits, the MC-OOK modulator 42 is then applied to the encoded bits ¢ instead.
Therefore, in embodiments using an encoder 40 to encode the b bits, the MC-OOK modulator 42 is configured to map
a ON-signal a = [ag, ay, ..., 54g-1] to S; Whenever the corresponding bit is one, i.e.:

Si:{O, ci=0 6)

a ¢; =1

[0116] The ON-signal a may be any complex sequence and may be different for every s;.

[0117] The encoder 40 may use at least one generator code to encode the b bits.

[0118] In one embodiment, the generator code used by the encoder 40 may be a Manchester Code, the encoder 40
applying Manchester coding to encode the b bits. The use of Manchester coding enables increasing the performance.
[0119] For example, a rate R = 1/2 Manchester code may be used. The encoder 40 may then apply the rate R = 1/2
Manchester code to map the input bit b to the output bits ¢ as follows:
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[0120] Such mapping avoids long sequences of zeros where nothing is transmitted while enabling encoding of the
information in the transition from 0 to 1 or 1 to 0. Therefore, instead of comparing to a threshold, a receiver device 1R
receiving the WUS signal message from a transmitter device 1T can compare between the 0- and the 1-part of the
transmission and thus avoid complicated threshold determination.

[0121] In other embodiments, the R = 1/2 Manchester code can be extended to increase performance of the DFT-
precoded MC-OOK signal.

[0122] In such embodiments with extended Manchester Code, K input bits b = by, by, ..., by are considered and the
corresponding coded bits ¢ = ¢, ¢y, ..., Cy_q are given by:

c=2m (8)

[0123] In Equation (8), m = 0,1, ..., 2K - 1 represents the message and ¢ represents the decimal representations of
codeword c. For example, if K= 2 and N = 4, the coded bits are given in Table 1. Table 1 represents an exemplary
encoding table defining a mapping between input bits and coded bits, for K=2 input bits and N=4 coded bits, using a
rate R = ¥2 Manchester code.

Table 1
Input Bits Coded Bits
00 0001
01 0010
10 0100
11 1000

[0124] In the example of K= 3 and N = 8, the coded bits are given in Table 2 for the input bits. Table 2 is another
exemplary encoding table defining the mapping between input bits b and coded bits c, for K= 3 input bits and N=8 coded
bits, using a rate R = 3/8 Manchester code.

Table 2
Input Bits | Coded Bits
000 00000001
001 00000010
010 00000100
011 00001000
100 00010000
101 00100000
110 01000000
111 10000000

K

[0125] The rate of the code is given by 2K Hence, increasing K will decrease the code rate.

[0126] The advantage of using K =2 compared to K = 1 is that double the power can be used for K = 2 per codeword
because the power has to be divided among 2 codewords in case of K = 1. Moreover, decoding remains simple and
does not involve complex threshold detection.

[0127] K = 2 might result in a higher peak-to-average power ratio PAPR (PAPR = 3dB in the previous example).
However, in conjunction with the DFT-precoded MC-OOK according to the embodiments of the disclosure, the PAPR
increase remains minor due to the DFT-precoding performed by the DFT-precoder 44.

[0128] In some embodiments, an extended Manchester code may be used by the encoder 4.

[0129] It should be noted that the encoder 40 may implement a combination of different encoding schemes and is not
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S
limited to the use of only one encoding scheme. Accordingly, in some aspects, considering T disjointsets 4 (j=1to
T) of input bits among the b input bits and T different encoding schemes E/ (j=1to T), each set S/- of input bits can be

encoded using a different encoding scheme E;. For example, 4 input bits among the b bits can be encoded by encoding

2 consecutive bits according to Table 1 or 5 input bits can be encoded according to Table 2 and the remaining 2 bits
according to Table 1. Therefore, the encoded bits ¢ can contain more than one non-zero bit.

[0130] Although the above embodiments of the disclosure have been described above with reference to the transmit
processing for one modulation symbol (e.g. OFDM symbol), the disclosure is not limited to such embodiments and also
applies to the transmission over multiple modulation symbols (e.g. multiple OFDM symbols).

[0131] To enable transmission over multiple modulation symbols, in one aspect, the transmitter 4 may be configured
to repeat the signal s,, over Lg consecutive modulation symbols to increase the SNR at the receiver 5, by cyclically
shifting the signal for every OFDM symbol.

[0132] Figure 5B is a block diagram of the transmitter 4 in an embodiment using an encoder 40 and a repetition unit
43 configured to perform repetition with cyclic shifting.

[0133] To increase diversity, the repetition unit 43 is configured to cyclically shift the signal s,,, by Kos=0,1, ..., K- 1
sub-carriers, the signal Sims 1=1,2, ..., Lr being given by:

Sl,m(k) = Sm(k) (9)

[0134] In equation (9), k = mod[k + (/- 1)Kgg, Kl k=1,2, ..., K.

[0135] Inthe case where L = 1, no repetition is used and every OFDM symbol transmits a different codeword, which
increases the data rate while reducing the decoding reliability.

[0136] The DFT-precoded MC On-Off Keying WU signal (simply referred to as the '"WU signal" or 'WUS message’
hereinafter) sent by the transmitter 4 of a wireless device 1T may be received by one or more wireless devices 1R
operating as receivers (for example other user equipment in the communication system 100).

[0137] To enable receipt and decoding of the WU signal, the receiver 5 of a wireless device 1 is configured to receive
and decode the WU signal (the wireless device 1 then operating as a receiver 1T).

[0138] In some embodiments, the LP-WUS receiver 52 may be implemented as an envelope detector configured to
perform envelope detection from a signal r(t) derived from the WUS signal received from the transmitter 4 of a transmitting
wireless device 1T. Therefore, in the following description of some embodiments and in the drawings, the reference 52
will be used to refer to the envelope detector.

[0139] The signal r(t) is a base-band signal determined from the WUS signal by successively applying processing
steps to the WUS signal (e.g. conversion to baseband, filtering and sampling).

[0140] The Envelope Detector 52 may use the received energy corresponding to each candidate signal for detection
and determination of an estimate m of the received WUS message.

[0141] Inone embodiment, the envelope detector 52 is non-coherent and configured to perform non-coherent envelope
detection (the receiver 52 is then referred to as a "non-coherent envelope detector) from the signal r(t). As used herein,
a non-coherent envelope detector refers to a detection that does not require the phase of the input signal, and only uses
the amplitude.

[0142] The non-coherent receiver 52 may only have access to the magnitude (or envelope) |r(t)| of the received signal
r(t) in time-domain, i.e., the phase is unknown.

[0143] It is assumed that the noise is Additive white Gaussian noise (AWGN) and the following base-band system
model (10) is considered:

r=S,+n (10)

[0144] In the case of an On-Off Keying (OOK) WU signal, s, = 0 and s, = A.
[0145] The envelope | has a distribution p(r), that may be defined according to equation (11) :

r2+42

pr)=Ze” o L (%) (1)
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[0146] In Equation (12), /5(z) denotes the modified Bessel function of the first kind and zero-th order and o refers to
the noise power, as defined in J. G. Proakis and S. M., Digital Communications, vol. 4, New York: McGraw-hill, 2001.
[0147] Theenvelope detector52is configured to perform a threshold comparison to determine if nothing was transmitted
or something was transmitted in the presence of noise.

[0148] The optimal threshold b to decide if s, or s, was transmitted is given as the solution to Equation (12):

e V1o(hoy/2y) =1 (12)

A2

V== = b./2/52
[0149] In equation (12), ydenotes the SNR (Signal to Noise Ratio), with a? and bo b 2/0 .
[0150] Equation (12) can well approximated by formula (13):

b=0 |1+L (13)

. A
hm]HOO b=-=
[0151] Limiting cases correspond to Iimy_>0 b=ocand 2 ,which means that for high SNR, the envelope
detector 52 is the same as the coherent detector.
[0152] Accordingly, the non-coherent Envelope Detector 52 may be configured to perform the threshold comparison
according to (14) to decide if s; or s has been transmitted:

syif|r] > b
so otherwise

| a4

[0153] The detector 52 may be an envelope detector or a quadratic envelope detector configured to decide s if the
following condition is met:

Ir[? > b? = o2 (1 +§) (15)

[0154] In case of fading channels, the envelope detection may be based on channel statistics to determine optimal
threshold levels through simulations, which are subsequently stored in the LP-WUS receiver 52.

[0155] Figure 6 is a block-diagram of an envelope detector 52 according to embodiments where an encoder 40 is
used at the transmitter 4.

[0156] The envelope detector 52 comprises an energy computation unit 500 configured to receive the base-band
signal r(t). The base-band signal r(t) may be determined from the WUS received from the transmitter 4 by applying
successively a downconversion, an analog-digital conversion and a filtering of the received WUS. The filtering is applied
in the energy computation unit 500 by applying a filter to extract the useful signal and reject the noise outside the signal
bandwidth.

[0157] The energy accumulation unit 502 is configured to compute an energy parameter [|r(f)[|2 by squaring the mag-
nitude of samples of the base-band signal r(t).

[0158] The energy accumulation unit 502 is configured to then accumulate energy over the T samples of the base-
band signal ||rp(t)||2 with t being comprised between ti and ti +T and p being comprised between 1 and P (p designating
the pth receive antenna and P designating the number of receive antennas), a sample u;, representing one coded bit in
a codeword n at offset t; and being defined by:

N X il XG5 RGL)

14



10

15

20

25

30

35

40

45

50

55

EP 4 340 306 A1

[0159] The accumulated energy values of each coded bit in codeword n are denoted u,, and defined as u,, = {ug,,
Utpy -r UN-AD}-

[0160] The envelope detector 52 comprises a decoding unit 504 configured to decode the WUS signal received from
the transmitter 4.

[0161] The decoding unit 504 is configured to determine an estimated input message r/1\7n given by:

mn = argmaxi:o,l,..,N—l{uin} (17)

[0162] The decoding unit 504 is then conflgured to transform m into its binary representation to determine the trans-
mitted bits b. As used herein, the operator "¢" is used to refer to an estimate of the parameter « (therefore b denotes
an estimate of the input bits b).

[0163] Inembodiments where the transmitted does notcomprise an encoder 40, the detection unit 504 may be replaced
by a threshold detector.

[0164] Figure 7 is a block diagram representing the envelope detector 50 in embodiments implemented without an
encoder 40 in the transmission chain and in which the detection unit 504 has been replaced by a threshold detector 506,
according to some embodiments.

[0165] The threshold detector 506 is configured to compare each accumulated energy value u; of bit i to a threshold
g, according to formulas (18):

_ 0, ifu; <g
W[ BT

[0166] For example, in embodiments using AWGN, the threshold g may be defined as g = g2 and be normalized to
the number of receiver antennas as g2/P .

[0167] In the case of coherent detection, the envelope detector 52 may be an optimal MAP detector for the narrow-
band MIMO model given by equation (1) and configured to determine an estimate of the input message m. The estimate
of the input message m may be defined according to equation (19):

M = argmax,, {%zln P, — % |Ir — ﬁsm||2}

[0168] In Equation (19), P,, refers to the probability of message m being transmitted and H= diag(ﬁq, ?12, IA‘lK)
denotes the channel estimate.
[0169] Equation (19) can be rewritten as :

M = argmax,, (N, + R(sim} (20)

[0170] In Equation (20), r denotes the matched filter output (filter matched to the channel estimate) defined by r = FHr
and 7, is defined by:

2 -
N = 210 Py — 1 || Asy]|”

[0171] For equally likely symbols s, i.e. Py, = 1/M, with M designating the number of possible messages with M =
2B-1 the estimate of the message determined by the envelope detector 52 is defined by:

M = argming,{||r — Hsn||} (22)
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[0172] The detection may use a decision rule such as MAP (Maximum A Posteriori) decision rule to determine the
estimated message in a decision region Dy,

[0173] As disclosed in J. G. Proakis and S. M., Digital Communications, vol. 4, New York: McGraw-hill, 2001, the
decision region D,,, may be defined by :

Dy = {7 € CC: R(ED) + 11 > R(sLi7) +np,v1i<m' <M,m' #m} (23)

[0174] In case of MC-OOK, the two transmit signals are sy = 0 and s; = a, with a corresponding to the ON-signal and
0 to the OFF signal.

[0175] It should be noted that the modulation symbols for the ON-signal a are to be known for a coherent receiver 52.
[0176] The decision rule that s{ has been transmitted is defined according to inequality (24):

R(syT)>n  (24)

[0177] If condition (24) is verified, this means that s, has been transmitted. Otherwise, this means that sy has been
transmitted.

1
a, = —
[0178] Ina particular case where VK vkand Py = 1/M, inequality (24) can be rewritten in the following form:

~2
|7
2VK

Zk=1R(T) > (25)

[0179] In inequality (25), H = diag(h).

[0180] If the exemplary implementation of the invention where a rate R = 1/2 Manchester code is used, the transmit
messages are given by s, = [0, aT]T and s, = [aT, 0]T. Considering r = [r, r,]T, where r; and r, are the matched filter
outputs (filters matched to the channel estimate) associated with the first and second set of sub-carriers (with 71 = II:IHr1
andr, = II:IHrz), respectively, the decision region D, is defined as:

Dy = {FecR(a"(F 7)) >n-m} (26)

1
ap = —

k
[0181] Assuming VK , Vk and Py, = 1/M, equation (26) can be rewritten as:

D, = {7 € € T, R — R0 > - L 27)

[0182] With the application of DFT-MC-OOK processing at the transmit side, there are B coded bits transmitted per
OFDM symbol, i.e. there are M = 2B possible messages s,,. The B bits may be decoded jointly using the MAP metric,
defined by equation (19).

[0183] In some embodiments, the receiver 52 may be configured to perform a coherent reception without access to
a channel estimate. In such embodiments, the decoding unit 504 is configured to determine the estimate m of the
message according to Equation (28):

16



10

15

20

25

30

35

40

45

50

55

EP 4 340 306 A1

M = argmax,, {|sir|?} (28)

[0184] Figure 8 is a diagram representing the BLER (Block Error Rate) performance of the envelope detector 50 in
an exemplary implementation of the disclosure using AWGN, 64 sub-carriers, AR=1/2 Manchester code at the transmitter,
4 with K=1, random QPSK symbols, and different numbers of coded bits per OFDM symbols.

[0185] Asshown in Figure 8, the performance decreases as the number of bits per symbol increases. This is explained
by the fact that the envelope detector 50 accumulates less energy per bit due to the reduced accumulation period

T =2k, T,
K , N =1024, for Kg = 16, 8,4 and 4,8,16 bits per symbol, respectively.

[0186] Figure9isanotherdiagramrepresenting the performance of the envelope detector 52 according toembodiments

of the disclosure, in an implementation of the disclosure using AWGN, 64 sub-carriers, 8 sub-carriers per coded bit, a

R=K/N extended code, random QPSK symbols, and 1 OFDM symbol. In figure 10, different coding schemes are compared

comprising:

- afirst coding scheme using a R=1/2 Manchester Code,
- asecond coding scheme using a R=2/4 Manchester Code, and
- athird coding scheme using a R=3/8 Manchester Code.

[0187] Figure 9 show that there is a 3dB gain when the number of coded bits is doubled since the power per codeword
doubles.

[0188] In some embodiment, instead of applying a simple repetition, L consecutive modulation symbols (e.g. OFDM
symbols) can be overlaid with an outer code sequence, using a splitter to split the b bits into by, horizontal bits and b,
vertical bits and encoding separately the by, horizontal bits and b, vertical bits.

[0189] Figure 10 depicts the transmission chain encoding is implemented to overlay an outer code sequence based
on a split of the b input bit vector into vertical bits and horizontal bits.

[0190] In such embodiment, the transmitter 4 comprises:

- a splitter 400 (also referred to as a ‘'demultiplexer’ or ‘demux’) configured to split the input bitstream m comprising
the b = [bg, by, ..., bg_4] input bits into a first component (also called vertical component) comprising b, bits with b,
= [byo, by - bV(BV-1)], corresponding to a message m,, € [0,1, ..., 2Bv - 1], and a second component (also called
"horizontal component") comprising by, bits with by, = [byo, bpy, ... bp(gs-1)] @and corresponding to a message my,
[0,1, ..., 2Bn - 1], using a set of splitting parameters, such that B = B,+ By, and

- afirst encoder 402 (also called "vertical encoder") configured to encode the B, bits in the vertical domain using a
vertical code, which provides encoded bits c, similarly to the encoding process performed by the encoder 40 (the
vertical code may be for example a Manchester encoding scheme). The B, bits correspond to a message m,, =
0,1, .., 2Bv- 1.

[0191] The encoded bits ¢ are then transmitted to the MC-OOK modulator 42. The MC-OOK modulator 42 performs
the MC-OOK modulation, which provides a signal s, ,, , the signal s, ,, depending on symbol / through different offsets
per symbol.

[0192] The Transmitter 4 further comprises:

- asecond encoder 404 (also called "horizontal encoder") configured to generate a horizontal code of size L from the
second component of B, bits and encode the B, bits on the horizontal domain using encoding strategies, which
resultin a codeword w,, = [Wq ., Wy iy, <oy Wy mp] Where w ., is @ complex symbol and L is the number of OFDM
symbols over which the horizontal code is applied.

- acombiner 405 configured to combine the signal s, ,, generated by the MC-OOK modulator 42 after encoding by
the first encoder 402 and the horizontal code sequence w; ,,. generated by the second encoder 404, which provides

acombined code sequence s, ,,, the combination operation being defined as the product of the signal s, ,, generated
by the MC-OOK modulator 42 and the horizontal code sequence w; ,, :

Stm = Stmy, “Wimg, (29)
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[0193] In another embodiment, the combined sequence s, ,, may be determined as the product of the s, ., , a phasor
term, and the horizontal code sequence w; ,, . With the use of the phasor, the combiner 405 performs a phase rotation
for adjacent elements in the signal s, ,, . so as to avoid zero-crossings in the complex envelope of the time-domain
waveform. In such embodiment, an element Sim» at the output of the combiner 405 may be written as:

— jBlmod2
Sim = Sl,mve]ﬁ Wl,mh (30)

[0194] The parameter g, also called hereinafter ‘rotation parameter’, designates a real number (integer or non integer)
chosen to minimize peak-to-average power ratio PAPR.

[0195] For example, S may be equal to n/4.

[0196] The combination of such phase-shifting and the DFT precoding advantageously limits the PAPR at the output
of the transmitter device 1.

[0197] Subsequently, the DFT-precoding is performed by the DFT-precoder 44 and single or multicarrier modulation
(e.g. OFDM) is performed by the single or multicarrier modulator 46. The single or multi-carrier modulation provides
modulation symbols grouped into resource blocks, each resource block comprising resource elements.

[0198] The set of splitting parameters may comprise user preferences and/or system preferences. The set of splitting
parameters may be defined such that the mapping of the input message m to the vertical and horizontal messages
m(m,, h) - {0,1, ..., 2B - 1} is one-to-one so that any pair (m,, m,) uniquely determines m and vice-versa. The function
m(m,, m;,) designates a mapping function which maps the input message m to the vertical and horizontal messages m,,
and my,

[0199] Advantageously, the size of the vertical code may be equal to the number of resource elements in each of the
modulation symbols in time and/or frequency.

[0200] The vertical code corresponds to a vertical dimension representing the resource elements and the horizontal
code corresponds to a horizontal dimension representing time or modulation symbols.

[0201] Advantageously, the vertical dimension corresponding to the vertical code v,(m) represents the resource ele-
ments, while the horizontal dimension corresponding to the horizontal code v, (m) represents modulation symbols (such
as OFDM symbols).

[0202] Splitting the B channel bits of the input bitstream m into B, bits and B, bits advantageously allows for energy
accumulation and limitation of the bandwidth of the transmit signal. The bandwidth limitation enables maximization of
the spectral and energy efficiency particularly in situations of limited coverage.

[0203] The DFT outputs; ,,is mapped to time-frequency resources and then OFDM modulated by the OFDM modulator
46.

[0204] In one embodiment, additional information can be encoded in the ON-signal of the MC-OOK signal itself, by
using multiple ON-signals.

[0205] Figure 11 is a block diagram representing the vertical encoder 402, according to some embodiments.

[0206] It is assumed that B, = B, + B4, where the B, bits are encoded using the MC-OOK modulation performed
by the MC-OOK modulator 42 and the B, ; bits are encoded through different ON-signals a,, , such that a,, , =[a
@ 42: - @m,1kal the B, bits corresponding to a message m,4 = 0,1, ..., 281 - 1.

[0207] In one aspect, different cyclic shifts C,, , = 0,1, ...,Kg - 1 per modulation symbol may be used to apply cyclic
shifting to the combined signal s, .

[0208] The longer the length of the ON-signal sequence, the better the cross-correlation between different sequences
and hence the more reliable the decoding of the B, bits.

[0209] In such embodiments, the first encoder 402 may comprise an elementary splitter 4021 configured to split (or
‘demultiplex’) the vertical bits b, into b, bits and b, 4 bits. The b, bits correspond to a message m,,.

[0210] The first encoder 402 further comprises an elementary encoder 4022 configured to encode the b, bits via
different sequences, which provides ¢, ,, , encoded sequences, and a Sequence computation unit 4024 configured to
generate signals s, , or different messages m, 4 by applying different cyclic shifts C,, to a predefined sequence.
[0211] The first encoder 402 also comprises an elementary combiner 4025 configured to combine the encoded bits
Ci.myo With the sequence s, | to map them to the transmit sequence s, , .

[0212] The encoded sequence ¢, , for the B, bits is defined as ¢ . o = [€/m,0(0), €1my,o(1); €1 myo (N - 1)] and may
depend on modulation symbol / (e.g. OFDM symbol) if different coded bits are transmitted.

[0213] Itis considered that Kg sub-carriers are used and that a number K, of resources are used per encoding. The

length of the computed ON-signal s, , provided by the Sequence computation unit 4024 is denoted Kpy with

mn1’

18



10

15

20

25

30

35

40

45

50

55

EP 4 340 306 A1

K
Kon = LKs |
€1 resource elements.

[0214] The computed ON-signal s, , delivered by the Sequence computation unit 4024 is defined as s, , = [s, ,(0),
va1(1), ] va1(KON -1l

[0215] In one embodiment, the first encoder 402 may optionally comprise a sub-carrier offset unit 4026 configured to
apply a sub-carrier offset per OFDM symbol to the sequence s, ,, ,, which provides a sequence s, .

[0216] The transmitted signal s, ,, is obtained by mapping K consecutive elements of s, | to every position k when
the corresponding encoded bit ¢, ,, - is equal to one, namely:

Sl'mv(k) = vai (n) if Clrmvo (E) =1 (31)
S;m(k) = 0 otherwise

7 k

k=|=
[0217] In formula (31), k is defined by Kgl k=012, .., K-1,1=12, .., Landn=0,12, Koy - 1.
[0218] In one embodiment, the sequence computation unit 4022 may generate the signals s, . as a cyclically shifted
Zadoff-Chu sequence x,(n) of length N, the Zadoff-Chu sequence x(n) being defined by:

.unn+1)

xy(n) = e Nze (32)

[0219] In equation (32), u denotes a root, such thatroot u=1,2,..., Nyo-1and n=0,1, ...,Nzc - 1.
[0220] The signals s, , for different messages m are then obtained by applying different cyclic shifts C,, to the Zadoff-
Chu sequence x,,(n) according to:

Sm,, (£) = xu((t + C,,) mod Nzc) (33-A)

[0221] In Equation (33-A),t=0,1, ..., Koy-1and C,,=0,1, ..., Nyc - 1.

[0222] The length N;- may be advantageously a prime number so that its Fourier transform results in another ZC-
sequences. Hence, if the number of resources K, is larger than nearest prime N, x,(n) can be cyclically extended
byusingn=0,1, ..., Koy - 1.

[0223] It should be noted that the disclosure is not limited to the use of a predefined sequence of the type Zadoff-Chu
sequence x,(n) to generate the signals s,, , and may use other type of sequences, such as the ones used in 5G NR
wireless systems including the gold sequence or the m-sequence.

[0224] For example, in one embodiment using a Gold sequence, a length-31 Gold sequence with output sequence
CG,mV1(”) of length M, n=0,1, ..., M- 1 is considered, given by:

Com,, (M) = (x1 (n+Ng) +x,(n+ NC))mod 2 (33-B1)
x,(n+31) = (xl(n +3) + xl(n))mod 2 (33-B2)

x,(n+31) = (xz(n +3)+x,(n+2)+x,(n+1) + xz(n))mod 2 (33-B3)

[0225] In Equation (33-B1), N denotes an offset (for example N, = 1600). Further, the sequence x4(n) is initialized
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with x,(0) = 1 and x,(n) = 0 for n = 1,2, ...,30, while the sequence x,(n) is initialized by Cinit = %1% 4 (0) - 2! In
such embodiment, c;,; depends on message m,;, and/or on user-specific or system parameters. For instance, ¢;,; =
213 (2, + 1)+ 2,

[0226] Subsequently, sequence cg r, , (1) is modulated to obtain signal s
quence sp, , is given by

Tt For instance, a QPSK modulated se-

Smys (D) = = [(1 = 206m,, (20)) +J (1 = 2¢6m,, (2i + 1))] (33-B4)

[0227] In Equation (33-B4),i=0,1, ..., Koy - 1 and cg . (n) is of length M = 2K,

[0228] The ON-signals in the vertical domain in one OFDM symbol can be considered as a single long sequence.
Likewise, if L > 1 consecutive OFDM symbols are transmitted, the ON-signal spans across those L symbols, as depicted
in Figure 12 which shows two different exemplary WUS resource allocation configurations.

[0229] The two examples 120 A (on the left) and 120 B (on the right) of Figure 12 correspond to L = 7 OFDM symbols
used for transmission where the signal s, , is cyclically shifted every OFDM symbol / by Kg sub-carriers. Itis considered

that a number K, of resources are used per encoding. The first exemplary configuration 120A of figure 12 (on the left)
uses K = Kand Kg = 4 resource elements for the ON-signal and encodes B, = 2 bits with the encode mapping defined
in Table 1. The second exemplary configuration 120B of figure 12 (on the right) uses K = K/2 and Kg = 2 and encodes
B, = 4 bits by using 8 Resource Element (REs) to encode two bits according to the encoding mapping defined in Table
1. In the two exemplary cases, the length of the combined ON-signal provided by the elementary encoder 621 is

Kow = LKs || =7-4=128
c resource elements.

[0230] The horizontal encoder 404 may be configured to map the selected B, bits into an horizontal code W comprising
L complex numbers from a given alphabet, such as a M-PSK alphabet.

[0231] The horizontal code W may be constructed from the alphabet using a non-coherent block code. The use of a
non-coherent block code Wis particularly advantageous if the number By, is too large to allow for orthogonal transmission
over L dimensions.

[0232] L represents the number of modulation symbols (for example OFDM symbols) on which the information is
spread and K represents the minimal number of physical resource blocks (modulation carriers such as for example
OFDM carriers). a represents the number of modulation carriers per resource block.

[0233] The horizontal code W may be an orthogonal or non-orthogonal code depending on the number of OFDM
symbols L.

[0234] In embodiments where the horizontal code W is constructed from a simpler orthogonal code, the elements of
the orthogonal code may be chosen from a unitary signal set. Advantageously, the unitary signal set may be a unitary
set where each component is of unit-amplitude.

[0235] An example of such an orthogonal code is the column or row of a Hadamard matrix (real or complex). Such
codes have elements on the unit-circle and have additional properties which may be exploited for efficient algorithms
(such as Fast-Fourier or Fast Hadamard Transforms algorithms).

[0236] In one embodiment, if the number of bits B, of the horizontal component is inferior or equal to log, L, namely
By, < log, L, then an orthogonal encoding scheme can be used to generate the horizontal code W. For example, the
horizontal code W can be the DFT matrix of size L and the associated codewords w,, are the rows or columns of W
such that m, = 0,1, ..., 2Bn- 1.

[0237] If the number of bits By, of the horizontal component is strictly superior to log, L, namely if By, > log, L, a non-
coherent linear code can be used to generate the codewords w,, .

[0238] For example, in one embodiment, the horizontal code W may be chosen as a codeword Lm, 2'BhJ, from a (L,
B;,) linear error correcting code, having a length L and a rank (B},), the linear error correcting code being represented
by a generator matrix G(Bj, L) given in a systematic form:

G(Bp, L) :(IBh GBhX(L_Bh)) (34)

[0239] In equation 34, /5, designates the identity matrix of dimensions B, XBy,, Gg, «(L-B)) designates a rectangular
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matrix comprising B, lines or row vectors and L - B;, columns or column vectors. The linear error correcting code may
be generated for example as described in EP3955482 A1.

[0240] EP3955482 A1 describes a device for determining such linear error correcting code.

[0241] The linear error correcting code may be binary or quaternary or 4-ary code.

[0242] Figure 13 is a diagram depicting the horizontal encoder 404 in an embodiment where a non-coherent linear
code is used to generate the codewords w,,,,.

[0243] As depicting in Figure 13, the horizontal encoder 404 may comprise a message mapper 4040 configured to
map the message m,;, comprising the By, bits to a base, such as a base Qg = 4, in order to deliver a sequence d, the
sequence d being defined as d = [d, dy, ..., dg_¢], with Q =LB/log,Qp! (for example B, =4, m;, =7 =[0 1 1 1] and the
mapping of my, into the base Qg = 4 provides d=[1 3]).

[0244] The horizontal encoder 404 further comprise a linear error correcting encoder 4042 configured to encode the
sequence d = [dj, dy, ..., dg 4] using a generator matrix G as ¢ = dG, where c represents the encoded sequence and
the elements of the generator matrix are in base Qg.

[0245] The horizontal encoder 404 also comprises an elementary modulator 4044 configured to modulate the encoded
sequence c to determine complex symbols w,,, as, e.g. w,, = /27 /QB,

[0246] In the embodiments where the components B, and B, are such that B;, < B, the error probability for the By,
bits is lower, offering unequal error protection. The same is true if the condition is reversed in which case the error
probability of the B, bits is lower.

[0247] In the embodiments using vertical/horizontal encoding, the LP WU receiver 52 may be an optimal ML receiver
defined by:

M = argmaxy, T || Sy i sl (35)

[0248] In Equation (35), s;, is the hypothesis (or estimate) of the message m in symbol /.

[0249] In embodiments where the input bits B, are splitinto B, and B, 4, the Vertical/Horizontal-code structure allows
for a hierarchical detection, reduced complexity, where messages m, o, m,1 and m;, are detected separately.

[0250] Figure 14 depicts the signal detector 52, according to such embodiments with hierarchical reduced complexity
detection.

[0251] The signal detector 50 comprises an elementary envelope detector 500 configured to first decode the m,
message, i.e. after aligning the offsets per OFDM symbol, according to equation (36):

—~ Kp+1+K 2
Myo = G MaXyy, Tooy Thoy Teros Zen i Bllriusll” (36)

[0252] In Equation (36), r; , denotes the element k, /, p (frequency/time/antenna indexes respectively) of the received
signal r.

[0253] The signal detector 52 further comprises a sequence detector 503 configured to then detect, in the next step,
the message m, ; under different hypothesis r%vo, by correlating with all possible sequences s, ,. The sequence detector
503 then provides an estimated message m, 4 corresponding to an estimation of message m, 4 under different hypothesis
r/1\7v0, according to:

fily =arg max,, , g=1||rgmvosmm||2 (37)

[0254] In equation (37), I, my FEPresents the extracted ON-signals of the WU signal under hypothesis r/1\7v0 of the
received vector on antenna p.
[0255] Thereceiver52also compris§s ahorizontal code detector 505 configured to detect, in the last step, the horizontal

code my, by determining an estimate m), of the horizontal code message mj, defined as:

~ 2

A

[0256] Inequation (« 8), s, m.0.m., 8re the hypothesis on m, given the hypotheses on the vertical dimension r%vo, m,.

21



10

15

20

25

30

35

40

45

50

55

EP 4 340 306 A1

[0257] From the hypotheses, and depending on the bit mapping, the overall message m may be finally determined by
the receiver 5 as:

M = Myg + Ay 2870 + iy, 280t Be1 (39)

[0258] This receiver 52 can significantly reduce the complexity. For instance, considering an exemplary case where
B, =3,B, =3 and B, =4, thatis B = 10 bits of payload, the full complexity receiver 5 requires 210 = 1024 correlations,
whereas alow complexity receiver does envelope detection followed by 23 = 8 correlations for B, and 24 = 16 correlations
for By, assuming only one hypothesis per step.

[0259] In some aspects, the WUS signal generated by the transmitter 4 may correspond to three different types of
WUS messages, including:

- A Wake-up Message intended to wake up one or multiple User Equipments UE 1 notifying them to turn on the main
radio and monitor paging messages.

- AWUS Control Message signaling a change in WUS control configuration, e.g. change in WUS monitoring period
and allowing to adapt the WUS configuration without powering up the main radio.

- AWUS Small Data Message enabling to transmit a small payload in the WUS, e.g. to activate a sensor or change
the operation mode of a sensor. A WUS Small Data Message allows the UE 1 to stay in low power mode (main
radio off) and still receive data (commands) from the base-station, thereby significantly increasing the battery life.

[0260] The WUS resource, i.e. the configured time-frequency resources that the UE 1 is monitoring, can be configured
to support any combination of the different messages. For instance, one WUS resource may be configured only for
Wake-up messages, where as another WUS resource may be configured to support both wake-up and small data
messages.

[0261] The more message types are supported per WUS resource, the higher the signaling overhead to indicate the
message type.

[0262] In the embodiments using vertical/horizontal encoding, different error protection and decoding complexity for
messages m, g, m,4 and m, may be achieved so that it may be beneficial to allocate the WUS payload accordingly.
[0263] In such embodiment the vertical messages m, o, m, and the horizontal messages m;, may be configured or
allocated to carry different types of information and/or different types of WUS messages.

[0264] If multiple message types are supported, the signaling may be included in the more protected bits, e.g. B,y or B ;.
[0265] For example, for a Wake-up message used to wake up a UE 1 or a group of UEs 1, it is assumed that a UE 1
is allocated a group ID and an ID within that group during the initial WUS configuration setup.

[0266] Figure 17 below provides an exemplary bit allocation configuration that can be used for this type of message.
Table 3 indicates for each scheme 1, 2 and 3 how the bits B, B,, and By, are allocated.

Scheme B, B By,

1 The B, bits carry the Group | 2 sequences = 1 bit to indicate all UEs | B, = 0 if all UEs are woken up.

ID in group or particular UEs Otherwise By, indicates which
UEs are woken up, e.g. via a
bitmap
2 The B, bits carry the Group | Sub-group ID with one sequence By, is allocated similarly to
ID reserved toindicate all UEsinselected | scheme 1

Group/sub-group

3 + 1 bit to indicate broadcast | B,4 =0, a single sequence By, is allocated similarly to
(all configured UEs) or scheme 1
groupcast

* Group ID if groupcast

[0267] The Group ID refers to the identifier of a UE group if groupcast is used.

[0268] The UEs 1R that only implement Envelope detection can only receive B, e.g. only wake-up messages.
[0269] A WUS control message is configured to switch between different preconfigured WUS configurations without
turning on the main radio. A WUS control message carries control information.
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[0270] Similarly to a wake-up message, a control message can be addressed to all configured UEs 1 or to a subset
of UEs 1.

[0271] In one embodiment, one or more WUS resources may be only configured for control signaling. In such case,
the control information comprised in a WUS control message may indicate to which WUS resource the control change
is associated.

[0272] The WUS control information comprised in a WUS message may comprise WUS configuration parameters
such as:

- The supported message types;

- The monitoring periodicity ;

- The WUS resource configuration including the time-frequency allocation, the number of repetitions;

- The frequency hopping configuration;

- TheWUSresource ID (change the WUS configuration of a different WUS resource than the one the control information
is transmitted on).

[0273] A small data message is a message that is used to transmit small amounts of data from a transmitting User
Equipment 1T to receiving User Equipments 1R via the WUS signal. The payload size of a small data message is very
limited. A small data message may be used for example in loT applications, for example to include IoT scenarios with
long battery lifetime requirements. A typical scenario is a fixed/nomadic sensor, that when first setup connects to the
network and acquires all the necessary configurations. Subsequently, the fixed/nomadic sensor turns off the main radio
and activates the wake-up radio so that it can receive commands through the small data message without having to
activate the main radio. The commands can be as simple as 'open’ and 'close’ commands for an electronic valve. This
allows the sensor to keep the main radio off for as long as possible and therefore extending its battery life significantly.
[0274] The WUS resource may be configured to support small data transmission.

[0275] The UEs 1 can be addressed similarly as the wake-up message via the B, and B,,; bits while the payload is
transmitted in By,. To further reduce power consumption, the UEs 5 may only implement an envelope detector 52 and
hence can only receive B . In that case, the UE identification and the payload are transmitted on B,,. For instance,
consider the WUS configuration where 3 bits are transmitted in the first 7 symbols and another 3 bits in the subsequent
7 symbols, the first 3 bits can serve as UE identification whereas the subsequent 3 bits are the payload.

[0276] Figure 15 depicts a method for generating and transmittinga WUS message as a DFT precoded MC OOK signal.
[0277] In step 800, the input bits b = [bg, by, ..., bg_4] are received.

[0278] In step 800, the input bits b may be previously encoded using one or more modulation schemes into encoded
bits c.

[0279] In step 801, MC-OOK modulation is applied to the input b = [bg, b4, ..., bg_1] or to the encoded bit c if encoded
is used at step 800, which provides a MC-OOK modulated signal s, for the message m, the signal s,, comprising B
elements s;. The MC-OOK modulation step 801 comprises mapping a ON-signal a comprising Kz elements such as a
= [ag, a4,---, akg-1] to each element s; of the MC-OOK modulated signal s,, whenever the corresponding input bit b; is
equal to one, and a value zero otherwise, the ON-signal a being a complex sequence.

[0280] In step 802, Discrete Fourier Transform (DFT) precoding is applied to the signal s,,,, which provides a resulting
signal S,,.

[0281] In step 803, single or multicarrier modulation is applied to the resulting signal S,,, provided by the DFT-precoding
step 802.

[0282] In step 804, a WUS message derived from the signal x(t) determined by the single or multicarrier modulator
(46) is transmitting to on ore more receiving wireless devices 1R using one or more transmit antennas.

[0283] Figure 16 depicts a receiving method for decoding a WUS message received from a transmitter 4 as a DFT
precoded MC OOK signal.

[0284] In step 810, the WUS message is received and pre-processed to provide a signal r(t) derived from the received
WUS message.

[0285] In step 811, envelope detection is perform using the signal r(t) derived from the received WUS message, the
signal r(t) being a base-band signal r(t) determined from the WUS signal. The Envelope Detection step (implemented
in the LP-WU receiver 51) uses the received energy corresponding to each candidate signal for detection and determi-
nation of an estimate m of the received WUS message.

[0286] In step 812, an action may be triggered based on the decoded WUS message (such as for example activation
of the main receiver 51 depending on the ON/OFF value of the WUS message).

[0287] Figure 17 is a flowchart depicting the envelope detection step according to some embodiments. As shown in
figure 17, the envelope detection step 811 may comprise:

- computingin step 8110 an energy parameter ||r(t)||2 by squaring the magnitude of samples of the base-band signal r(t),
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- accumulating in step 8112 energy over the T samples of the base-band signal ||rp(t)||2, which provides N accumulated
energy values u,, of each coded bit in a codeword,

- decode in step 8114 the WUS signal rec/c\eived from the transmitter (4) from the N accumulated energy values u,, to
determine an estimated input message m,,.

[0288] Figure 18 depicts a method for generating and transmittinga WUS message as a DFT precoded MC OOK signal.
[0289] In step 820, the input bits b = [bg, by, ..., bg_4] are split into b, vertical bits and b, horizontal bits.

[0290] In step 821, the b, vertical bits are encoded into c.

[0291] In step 823, MC-OOK modulation is applied to the encoded vertical bits ¢, which provides MC-OOK modulated
signals s, ,, for the message m,. The MC-OOK modulation step 823 comprises mapping a ON-signal a comprising Kg
elements suchasa=[a, ay, ..., axg_¢]to each element of the MC-OOK modulated signal s; ., wheneverthe corresponding
input bit b; is equal to one, and a value zero otherwise, the ON-signal a being a complex sequence.

[0292] In step 822, the by, horizontal bits are encoded into w; ,,, codewords.

[0293] In step 824, the MC OOK signals and the encoded by, horizontal bits are combined into s, ,, signals.

[0294] In step 825, Discrete Fourier Transform (DFT) precoding is applied to the combined s; ,, signals.

[0295] In step 826, single or multicarrier modulation is applied to the DFT precoded sequence provided by at step 825.
[0296] In step 827, a WUS message derived from the signal x/(t) determined by the single or multicarrier modulator
is transmitting to on ore more receiving wireless devices 1R using one or more transmit antennas.

[0297] Figure 19 depicts a receiving method for decoding a WUS message received from a transmitter 4 as a DFT-
precoded MC OOK signal.

[0298] In step 830, the WUS message is received.

[0299] In step 831, envelope detection is performed using a signal r(t) derived from the WUS signal received form the
transmitter 4, the signal r(t) being a base-band signal r(t) determined from the WUS signal. In step 832, the Envelope
Detection step determines and uses the received energy corresponding to each candidate signal, for detection and
determination of an estimate m of the received WUS message. However, the vertical messages m,, m,, and the
horizontal code message m), are detected separately.

[0300] In step 832, an estimate m of the message m is determined according to:

M = Myg + My 28v0 + iy, 2BvotBos

[0301] In step 834, an action may be triggered based on the decoded WUS message (such as for example activation
of the main receiver depending on the ON/OFF value of the WUS message).

[0302] The communication system 100 according to the embodiments of the invention may be used in various appli-
cations such as Machine-To-Machine (M2M), Web-of-Things (WoT), and Internet of Things (loT) (for example vehicle-
to-everything V2X communications) involving networks of physical devices, machines, vehicles, home alliances and
many other objects connected to each other and provided with a connectivity to the Internet and the ability to collect and
exchange data without requiring human-to-human or human-to-computer interactions.

[0303] For example, in loT applications, the communication system 100 may be a wireless network, for example a
wireless loT/M2M network representing low energy power-consumption/long battery life/low-latency/low hardware and
operating cost/high connection density constraints such as low-power wide area networks and low-power short-range
loT networks. Exemplary technologies used in such applications may comprise 5G, LTE-NB1 (Long Term Evolution-
Machine to Machine, Narrow Band) and NB-loT (NarrowBand loT).

[0304] The communication system 100 may be used in various consumer, commercial, industrial, and infrastructure
applications. Exemplary consumer applications comprise connected vehicles (Internet of Vehicles loV), home automa-
tion/smart home, smart cities, wearable technology, and connected health. Exemplary commercial applications comprise
medical and healthcare and transportation. In the medical field, a digitized healthcare system connecting medical re-
sources and healthcare services may be used in which special monitors and sensors are used to enable remote health
monitoring and emergency notification. Exemplary industrial applications comprise applications in agriculture, forexample
in farming using sensors, to collect data on temperature, rainfall, humidity, wind speed, and soil content. Exemplary
infrastructure applications may comprise the use of loT devices to perform monitoring and controlling operations of urban
and rural infrastructures such as bridges and railway tracks.

[0305] A wireless device 1 may be any physical internet-enabled device/object provided with required hardware and/or
software technologies enabling communication over Internet. A wireless device 1 may be any standard internet con-
nected-devices such as desktop computers, servers, virtual machines laptops, smart-phones, tablets. In some applica-
tions, the wireless device 1 may be any loT/M2M device or connected device operating in an loT/M2M network such as
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medical devices, temperature and weather monitors, connected cards, thermostats, appliances, security devices, drones,
smart clothes, eHealth devices, robots, and smart outlets.

[0306] Embodiments of the present invention can take the form of an embodiment containing software only, hardware
only or both hardware and software elements.

[0307] Furthermore, the methods described herein can be implemented by computer program instructions supplied
to the processor of any type of computer to produce a machine with a processor that executes the instructions to
implement the functions/acts specified herein. These computer program instructions may also be stored in a computer-
readable medium that can direct a computer to function in a particular manner. To that end, the computer program
instructions may be loaded onto a computer to cause the performance of a series of operational steps and thereby
produce a computer implemented process such that the executed instructions provide processes for implementing the
functions specified herein.

[0308] It should be noted that the functions, acts, and/or operations specified in the flow charts, sequence diagrams,
and/or block diagrams may be re-ordered, processed serially, and/or processed concurrently consistent with embodi-
ments of the invention. Moreover, any of the flow charts, sequence diagrams, and/or block diagrams may include more
or fewer blocks than those illustrated consistent with embodiments of the invention.

[0309] While embodiments of the invention have been illustrated by a description of various examples, and while these
embodiments have been described in considerable detail, it is not the intent of the applicant to restrict or in any way limit
the scope of the appended claims to such detail.

[0310] In particular, although the invention has particular advantages in embodiments using OFDM modulation, the
invention also applies to other type of single-carrier and multi-carrier modulation.

[0311] Additional advantages and modifications will readily appear to those skilled in the art. The invention in its broader
aspects is therefore not limited to the specific details, representative methods, and illustrative examples shown and
described.

Claims

1. A wireless device (1) in a communication system (100), the wireless device comprising a transmitter (4) configured
to transmit a Wake-Up Signal (WUS) message m = 0,1, ..., 28 - 1 from an input bit vector b = [bg by, ..., bg4]
comprising B bits b; through a communication channel in the communication system (100) using single or multi-
carrier modulation, the transmitter (4) comprising a set of transmit antennas, wherein the transmitter comprises :

- a splitter (400) configured to splitthe input message minto a first component b, = [b,g, b4, -.., byg,~1] comprising
B, bits and corresponding to a message m, € [0,1, ..., 2Bv- 1] and a second component by, = [bng, bp1, ---» Dpgp-al
comprising By, bits and corresponding to a message mj, € [0,1, ..., 2Bh-1] such that B = B, + B,, using a set of
splitting parameters;
- A vertical encoder (402) configured to encode the B,, bits, which provides encoded bits c;
- a Multi-Carrier On-Off Keying (MC-OOK) modulator (42) configured to apply a MC-OOK modulation to the
encoded bits ¢, which provides MC-OOK modulated signals s, forthe message m, the encoded bits c comprising
elements c;,
- A horizontal encoder (404) configured to encode the By, bits, which provides an horizontal codeword w,, =
W4 s Wo,mps -+ WL mpl Where w, . is @ complex symbol and L is the number of modulation symbols over which
the horizontal code is applied,
- a combiner (14) configured to combine the MC-OOK modulated signals s, with said horizontal codewords
W, Which provides a combined code sequence, wherein the transmitter (1) further comprises:
- a Discrete Fourier Transform (DFT) precoder (44) configured to apply DFT-precoding to the combined
sequence s, ,,, which provides a resulting signal S,,;
- a single or multicarrier modulator (46) configured to apply single or multicarrier modulation to the resulting
signal S, output by the DFT-precoder (44),

the transmitter (4) being configured to transmit a WUS message derived from the signal x(t) determined by the
single or multicarrier modulator (46) using one or more transmit antennas,

wherein the MC-OOK modulator (42) is configured to map a ON-signal a comprising Kg elements such as a =
[ag, a4, ..., akg.1] to each element s, ,, of the MC-OOK modulated signal s, whenever the corresponding input
bit ¢; is equal to one, and a value zero otherwise.

2. The wireless device according to claim 1, wherein the combiner (405) is configured to perform said combination by
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computing the product of the signal s, ,, generated by the MC-OOK modulator (42) and of the horizontal codeword
W, according to:

Stm = Stmy " Wimy,-

3. The wireless device according to any preceding claim, wherein the vertical encoder (402) comprises:

- an elementary splitter (4021) configured to split the vertical bits b, into b q bits and b4 bits such that b, = b,
+ b, , the b 4 bits correspond to a message m, 4 and the b, 4 bits correspond to a message m, 4,

- an elementary encoder (4022) configured to encode the b, bits via different sequences, which provides ¢; .
encoded sequences,

- a Sequence computation unit (4024) configured to compute a sequence s, , from the b, bits and a predefined
sequence,

- an elementary combiner (4025) configured to combine the encoded bits ¢, ,, , determined by the elementary
encoder (4022) with the sequence s, , determined by the Sequence computation unit (4024) to map them to
a transmit sequence s; , .,

wherein the ON-signal correspond to the the sequence s, , computed by the Sequence computation unit (4024).

The wireless device according to claim 3, wherein the single or multi-carrier modulation uses Kg sub-carriers and
a number K of resources per encoding, and wherein the length of the sequence s, , provided by the sequence

Koy = LKy [Kﬁcj

computation unit (624) is resource elements.

The wireless device according to claim 4, wherein the output sequence s, , is determined by mapping K consecutive
elements of the sequence s, , to every position k when the corresponding encoded bit ¢, ., - is equal to one:

Sl,mv(k) = vai(n) if Cl'mvo(k) = 1,

and
Sl,m(k) = 0!
otherwise,
- k
k==
with Kp k=012, ..,K-1,1=12,..,Landn=0,1,2, ..., Koy - 1.

The wireless device according to any preceding claim, wherein the sequence computation unit (4024) is configured
to generate the sequence s, , as a cyclically shifted Zadoff-Chu sequence x,(n) of length Nz, the Zadoff-Chu
sequence x,(n) being defined by:

.tun(n+1)

]
xu(n) = ¢ Nzc
withu=1,2, .. ,Nyo-1and n=0,1,...,Ny-- 1.

The wireless device according to any preceding claim, wherein the sequence s, , for different messages m are
determined by applying different cyclic shifts C,, to the Zadoff-Chu sequence x,(n) according to:
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Sm,, (1) = xu((t + C,,) mod Nzc)

witht=0,1, .. Koy-1and Cp, = 0,1, ...,Nyc- 1.

The wireless device according to any preceding claim, wherein if the number of bits By, of the horizontal component
is inferior or equal to log, L, then an orthogonal encoding scheme is used to generate the horizontal code W and if
the number of bits B), of the horizontal component is strictly superior to log, L, a non-coherent linear code is used
to generate the codewords w,.

The wireless device according to any preceding claim, wherein the horizontal code W is chosen as a codeword from
a (L, By,) linear error correcting code, having a length L and a rank (By,), the linear error correcting code being
represented by a generator matrix G(B), L) given in a systematic form:

G(By, L) = (I, Ggpx@-Bp)

Ig, designating the identity matrix of dimensions B, X By, and Gg, X(L-B},) designating a rectangular matrix comprising
By, lines or row vectors and L - By, columns or column vectors.

The wireless device of any preceding claim, wherein the horizontal encoder (4024) comprises a message mapper
(4040) configured to map the message mj, comprising the By, bits to a base and deliver a sequence d, the sequence
d being defined as d =[d|, dq, ..., dq_4] , a linear error correcting encoder (4042) configured to encode the sequence
d = [dy, d4, ..., dg4] using a generator matrix G as ¢ = dG, where ¢ represents an encoded sequence, and an
elementary modulator (4044) configured to modulate the encoded sequence c to determine the horizontal codeword
Wi

Areceiver (5) configured to receive and decode a WUS message sent by a transmitting wireless device (1) according
to any preceding claim, wherein the receiver (5) comprises an envelope detector (50) configured to perform envelope
detection from a signal r(t) derived from the WUS signal received from the transmitter (4), the signal r(t) being a
base-band signal r(t) determined from the WUS signal, the envelope detector (50) being configured to use the
received energy corresponding to each candidate signal for detection and determination of an estimate m of the
received WUS message.

The receiver (5) of claim 11 and 3, wherein the vertical messages m, o, m 4 and the horizontal code message m,
are detected separately.

The receiver (5) of claim 12, wherein the receiver (5) comprises an elementary envelope detector (500) configured
to first decode the message m, to determine an estimate hypothesis r/1\7v0, of the message m,, the receiver (5)
further comprises a sequence detector (51) configured to then detect the message m,; under different estimate
hypotheses r/1\7v0 on message m,, by correlating with possible sequences s, , computed by the sequence compu-
tation unit (4024), the sequence detector (51) being configured to determine an estimated message m, 4 correspond-
ing to an estimate of message m,4 under the different estimate hypotheses ’/7\7v0 on message m,, the receiver
comprising a horizontal code detector (503) configured to detect the horizontal code message m,, by determining
an estimate r/1\7h of the horizontal code message m;, under estimate hypotheses on message m, given the hypotheses
r/7\7v0 and r/1\7v1 on messages m, g and m,4.

The receiver (5) of claim 13, wherein the receiver (5) is configured to determine an estimate m of the message m
according to:

M = Mg + My 2870 + 1y, 280+ Bos

A method of transmitting a Wake-Up Signal (WUS) message m = 0,1, ..., 2B- 1 from an input bit vector b comprising
B input bits b;, the method being implemented in a wireless devices (1) in a communication system (100), the WUS
message being transmitted to one or more wireless devices in the communication system through a communication
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- splitting the input message m into a first component b, = [b,o, b4, ..., bg,~1] comprising B, bits and corre-
sponding to a message m, < [0,1, ..., 2Bv- 1] and a second component by, = [byy by, ..., bygn-1] comprising By,
bits and corresponding to a message m;, € [0,1, ...,2Bn-1]such that B=B,,+ B, using a set of splitting parameters;
- performing vertical encoding of the B, bits, which provides encoded bits c;

- applying Multi-Carrier On-Off Keying (MC-OOK) modulation to the encoded bits ¢, which provides MC-OOK
modulated signals s, for the message m, the encoded bits ¢ comprising elements c;,

- performing horizontal encoding of the By, bits, which provides an horizontal codeword wp,, = [Wy m, ,Wo m,, -,
W m,] Where w, .. is a complex symbol and L is the number of modulation symbols over which the horizontal
code is applied,

- combining the MC-OOK modulated signals s, with said horizontal codewords w,, ,
code sequence,

wherein the method further comprises:

which provides a combined

- applying Discrete Fourier Transform (DFT) precoding to the combined sequence s, ,,, which provides a
resulting signal S,,;
- applying single or multicarrier modulation to the resulting signal S, output by the DFT-precoding step,

the method comprising transmitting a WUS message derived from the signal x(f) determined by the single or
multicarrier modulator (46) using one or more transmit antennas,

wherein the MC-OOK modulation step comprises mapping a ON-signal a comprising Kz elements such as a =
[ag, @y, ..., akp1] to each element s, . of the MC-OOK modulated signal s, whenever the corresponding input
bit ¢; is equal to one, and a value zero otherwise.
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