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Introduction
As opposed to the work on UE power savings in previous releases, the WUS/WUR study does not expect existing signals to be used. All WUS solutions identified shall be able to operate in a cell supporting legacy UEs. Solutions should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms. Other aspects such as detection performance, coverage, UE complexity, should be covered by the evaluation.
In the last meeting, the alternatives of generating WUS signals are further given. Based on the described alternatives, we can discuss the pros and cons for them to facilitate the selection of the WUS solutions. 
In this contribution, we continuously discuss the design considerations of the lower power wake-up signal from following aspects.
· Low power WUS transmitting spectrum, carrier & operation.
· Multiplexing with NR signal. 
· Waveform and parameter.
· Information and coding for Low power WUS.
· Low power WUS coverage.
· Low power WUS measurement.
Lower power WUS requirement
In earlier discussion, the corresponding new receiver’s architectures for new signal with more details are agree. Thus, new signals will be focused in the contribution. 
The totally new signal is considered due to its several magnitudes of lower power consumption for detection. It is well below 1 mW. That is due to the simple detection in receiver circuits. The exact performance may depend on details. As example, receiver can detect OOK modulation of the RF signal by envelope detection. As alternative, the FSK can also be considered. Regardless modulations, those receivers share some simplification, e.g., without oscillator, filter, or simplified filter etc.
The new signal can be generated by gNB with low complexity. It can be also generated by the existing baseband and RF. As OOK for example, different amplitude and symbol duration can be generated by the gNB OFDM base band with simple extension. 
Several requirement aspects are listed in following.
Spectrum and carrier
The lower power WUS is introduced to allow main radio to be waked up based on low power radio detecting. Type of spectrum transmitting WUS by gNB should be assumed in the study. With current agreement, it seems imply the DL in-band spectrum of main radio was commonly based. This is reasonable assumption. There could be other possibilities. One is the UL spectrum; another is the out-band spectrum like a dedicated carrier in un-license band. Still, it would be better to clarify the lower power WUS transmitting spectrum in DL.
We had agreed that 1RX is the WUS receiver to be study.  Motivation is for lower power target in the receiver side. The number of carriers for UE side WUS detection is reasonably 1 carrier. The multi-carrier access should not be considered in lower power WUS application scenario. 
With the wake-up signal only detect by a UE in single carrier, the main radio should be preferably started in the same carrier. That waken up main radio should be not in CA mode from the beginning. Thus, the natural solution should be the same carrier wake-up. The main radio will primarily work or stand by in the carrier which is the same as that for the associated WUS. 
However, it is not precluded for UE’s main radio to be waken up in a carrier by WUS in another carrier, depending on different scenarios.
FDD and TDD duplex mode
The wake-up signal should be able to trigger main radio in either FDD or TDD duplex mode. If the main radio is camping in a FDD cell. The low power receiver can detect the WUS associated with that pair of DL/UL carriers of the cell in the low power mode. In a TDD cell, main radio is also triggered by associated WUS.


Figure1. FDD and TDD with very low power WUS signal
The wake-up signal should be design to support both FDD and TDD duplex.
Coexistence with other signals
When wake-up signal transmitted in part of NR DL band/resources, the NR OFDM signal can occupy the frequency other than those reserved for wake-up signal. This will ensure the radio resource utilization, at cost of some RF, e.g., filter, and will depend on the receiver design. We don’t expect WUS signal will have large bandwidth. Considering the NR bandwidths scalability, the system has to support multiplexing with other NR signals.
Further depending on the requirement of supporting number of UE, it can be discussed if the wake-up signals for different UE can be multiplexed in frequency. However, the multiplexing of wake-up signals would increase UE detection complexity and power consumption. The exact multiplexing capacity should also be given in the LP-WUS design, after we decide the required capacity and data rate of WUS signal.
In TDD mode guard period requirement should follow the TDD frame structure.
In the adjacent carriers, the interference by WUS should be also restricted when we design the signal. 
The receiver side of UE is expected to have lower frequency/time accuracy. If we support that multiplexing, the guard band should also be considered to mitigate the none perfect orthogonality to protect adjacent signals. The exact guard band should also be defined.
Cellular Network operation
Comparing WUS signals in other system, the 3GPP introduction of WUS should well implement low power devices in the cellular network. It is different to best-effort wake-up signal, which can benefit only few UE in a wide area. In that case other UEs cannot save much power or even increase power consumption. 
When transmitted in the NR DL carrier, the WUS can be set with high transmission power as normal NR DL. The coverage is possible to be close to the normal NR DL signal.
Proposal 1: For the frequency band, RAN1 study the case that DL carrier of NR frequency band is used to transmit very low power wake-up signal.
The single WUS carrier for a UE low power receiver is associated with a DL carrier which the main radio will be waken upon.
The WUS signal should coexist with other NR signals, support cellular operation, and support main radio in FDD or TDD mode.
Signal design consideration
The signal design should target the above requirements. The receiver should be capable of good detection sensitivity. This can make a device saving power in most of locations in a cell. The WUS should be able to be multiplexed with the NR signals and have no strong interference between each other. Coexistence must be ensured between the signal and other UL/DL channels/carriers.
WUS may introduce small extra complexity in gNB, comparing with the current deployed networks. However, that complexity can be introduced if it is low.
[bookmark: _Hlk126016844]Generating Waveform 
We had further definition of waveforms in the RAN1#112 meeting. 
	Agreement
For MC-ASK waveform generation, where K is size of iFFT of CP-OFDMA, N is number of SCs used by LP-WUS including potential guard-bands, study further 
· Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
· OOK=1 means all SCs are modulated
· OOK=0 means all SCs are zero power (from base-band point of view)
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· Option OOK-2: Parallel M-bit OOK in frequency domain, 
· N SCs of LP-WUS is further separated into M segments (M=2 in Figure) possibly with guard-bands in-between and/or around 
· OOK=1 means all SCs in segment are modulated
· OOK=0 means all SCs in segment are zero power (from base-band point of view)
· FFS architecture.
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· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
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· Option OOK-4: Transform M-bit OOK in time domain 
· N SCs of OOK-1 are generated by a transformation (DFT/Least square)
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
· N’ can be the same as K
[image: ]
· FFS modulated SCs are e.g. QAM symbols, sequences or other signals 
· Companies to report their assumptions
· potential guard-band SCs are zero power (from base-band point of view)
· [optionally, 2 additional segments, one always modulated and one always zero power (from base-band point of view) can be transmitted]
· Other options are not precluded (e.g. OOK-1 with multiple bits in one OFDM symbol)

Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.



As the results, the waveform schemes mainly on the OFDM base schemes. Other schemes like directly windowing may not be further considered due to interference and compatibility for generating. 
OOK 
The waveform should allow very low power detection. The OOK can be one of the potential solutions, as it can achieve the lowest power consumption in receiver side. 
Multiple bits per OFDM symbols is firstly considered. This is due to that we consider NR DL frequency band to be the transmission frequency.  Wake-up signal have to be multiplexed with NR DL signals and should use the sane SCS. The number of symbols per slot by NR SCS is too small to carry the needed wake-up bits. Thus, we should study the ways how to transmit multiple bits into one OFDM symbol. 
Several different ways of generating the Multiple bit per symbol signal are now included. 
For gNB, the signal generation could be based on the existing NR OFDM signal with additional transformation. A OOK signal can be formed by pre-processed sequences. That results in waveform close to the rectangular shape OOK signal. The example is shown in Figure2.  The sequences are generated by pre-DFT transformation.


Figure2. DFT based OOK signal generated by OFDM
There are few variations of OFDM based scheme. Instead of DFT, some equivalent transformation could be used. As result the generated waveform should be very similar for them as OOK-4.
Multiple bits can be directly mapped to in different sub-carriers or groups of sub-carried. And, a number of bits are multiplexed in frequency parallelly. Depending on how the grouping and sub-carrier selection, there are different variations. In generally the OOK-2 and OOK-3 are all belong to the multiple-bits schemes.


Figure3. Frequency parallel OOK signal generated by OFDM
As another way of carrying more bits per slot, single bit with higher SCS than normal NR DL signal is also under study. This scheme can result in 2^u*14 bits per slot.
All the candidate solution would have good compatibility with existing NR DL signal. For the pre-DFT transform, gNB may need to be introduced with more DFT processing. For the frequency parallel scheme, WUS receiver should have the ability to decouple different “sub-band” for multiple bits processing. If the number of sub-carrier group is high, the receiver complexity and power consumption will be close to the typical OFDM based receiver. This should be justified in the receiver architecture study. For the single bits scheme, relatively time domain uniform distribution would make receiver side easier for synchronization. The receiver may use slower and inaccurate clock. However, the benefit will be reduced if relatively low OOK symbol rate is adopted. Note that the first OFDM symbol duration with CP in half-slot is longer. That duration differences will increase as the SCS increased. The multiplexing of higher SCS WUS for single bit OFDM with NR OFDM symbols would require more guard band as they are not perfectly orthogonal. Thus, it would be preferred that the DFT base OFDM scheme to be selected for OOK.
Proposal 2: For the OOK waveform, RAN1 can assume the DFT based multiple bits OFDM based WUS signal generation. 
FSK
The FSK schemes will transmit multiple bits per OFDM symbol. The bits can be parallelly transmitted in 2M groups of sub-carriers. This means the multi-carrier transmission in different pair of sub-carriers. In each pair of sub-carriers, 1 bit is frequency selected. The whole M bits can be frequency selected in 2^M groups of sub-carriers. This forms another variant of FSK. For the both solutions, the occupied bandwidth should be considered as all the reserved sub-carriers, instead of the transmission carrier.
Proposal 3: For the FSK waveform, the size of sub-carrier group and the occupation bandwidth should be defined and taken into account into the evaluation.
Others
Legacy CP-OFDMA signals and receiver with low power was also proposed. The power consumption is too high for architectures requiring I/Q branches. However, it should be may have benefit of co-existence, fully using existing schemes and multiplexing efficiency. They could be potentially power efficient solution based on some kind of I/Q architecture. One possibility is by low power oscillator with I/Q branches. The whole option should also need more conclusion on the corresponding receiver architecture design.
Waveform Parameters
For perspective of the envelop detection in receiver side, time and frequency parameters should be given.
We had agreements in the RAN1#111 meeting. 
	Agreement
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI



[bookmark: _Hlk115257301]The OOK is considered as starting point. For time domain, NR OFDM symbol duration without CP is to be the N times of WUS symbol duration. CP can be inserted same as NR, to help multiplexing with other NR signals. For the bit rate, we can consider range with existing WUS design. In WiFi, the range of WUS information bit rates are from HDR 250k to LDR 62.5k bps. Thus, 56k bps and 112 bps would be considered. Those will result in N = {4, 8} @ 15kHz SCS. N=16 can be also considered if higher data rate required.
In frequency, we can still consider 6~24 PRB @ 15kHz SCS for wake-up signal transmission bandwidth. Note that higher bandwidth as 20 MHz will require higher power consumption and should not be selected.
The guard band can be determined by the frequency/timing error of reference receiver architectures. As the NR bandwidths is scalable and can be much larger than 5 MHz. The multiplexing with other NR signals/channels is needed. The guard band can be included in the transmission bandwidths.
To support other modulation, some additional parameter may be included. In the case of FSK, frequency shifting should be considered, one possibility is in number of transmission bandwidth. 
Proposal 4: Wake-up signal consider OOK or FSK as basic detection wave form. NR OFDM symbol duration without CP symbol is N times of WUS symbol duration. The candidate value could be start from N = {4, 8}. Transmission bandwidth can be 6~24 PRB @ 15kHz.
Compatible NR CP is also inserted.
Guard band for WUS can be considered to be included in the transmission bandwidths, to support multiplexing with NR signals/channels.
In the case of FSK, frequency shifting should be in number of transmission bandwidth.
Information and Coding scheme
The WUS information bits should include UE group ID information. In addition, the cell ID related information should be included. It will facilitate the wake-up procedure when main-radio is activated. Cell related information can also allow receiver maintain mobility.
The low power receiver may not support FEC Coding scheme, considering complexity and power consumption. The 1 ms subframe only contains 56 bits if N=4. The bit size may not have high coding gain. Simple coding should be considered. For evaluation, Manchester code can be used. Still, CRC can be included.
Proposal 5: UE group ID information and/or Cell related information should be carried by wake-up signal. Wake-up signal support Manchester code and CRC.
Very low power WUS signal coverage
As the cost of very low power consumption, we expect the coverage would be highly reduced. In the current implementation, lower as around -82 dBm very low power wake-up signal can be detected. In the NR networks, the normal signal can easily reach lower than -110 dBm. That coverage mismatch between cell signal and WUS have to be addressed. And this related to several aspects.
In case the cell cannot fully reached by WUS, it should be possible to allow all the UE enabled with WUS. Otherwise, many of UEs cannot detect WUS and then wake up. Thus, the wake-up signal should be generally assumed to be configurable for a cell.
[bookmark: _Hlk115268061]Wake-up signal should also associate with cell. The wake-up ID should be carried by the signal and mapped to cell ID. It can be used to distinguishing cell. Even in low mobility scenarios, UE from different cells should be triggered individually.  Without changing the network topology, one to one mapping would be the natural selection. In that case, the UE may not save power in cell edge and would introduce a mechanism to change UE WUS detection state. The additional mechanism should be introduced even considering WUS signal coverage enhancement:
1. WUS signal coverage gap is reduced at cost of receiver complexity and power consumption.
2. The coverage difference can not be fully removed due to different propagation of different signal, e.g., frequency selectivity etc..


Figure3. Coverage mismatch of normal cell signal and very low power WUS
We do not consider many to one mapping to mitigate the blank coverage. This due to the option will change the network topology. One to many mappings may not be feasible for very low power WUS.
Thus, we can consider one to one mapping between very low power WUS ID and cell ID as the baseline of the study. The coverages mismatch must be fully addressed in different macro and indoor scenarios. 
Proposal6: Study the scenarios with very low power wake-up signal carrying a WUS ID and mapped to a cell ID.
Proposal7: Study the mechanism for very low power wake-up signal has similar coverage as normal PSS/SSS.
Study the power saving procedure in case of wake-up signal outage.
Very low power WUS signal measurement
In the targeting use case, UE can go to sleep for long time. In the sleeping time, the only functional part of the UE would be the low power WUS receiver. For a UE recalled by WUS, the NR radio block need to recover from sleeping state. The UE may measure low power WUS to facility synchronization and acquire channel state information. Due to the new waveform of the signal, very low power WUS measurement would be much different to normal measurement. Still, that measurement will greatly facilitate main radio.
For the mobility, the WUS signal should also support or facility the function. Even the use case is in low mobility, it cannot be avoided for handing over between cells. UE in low power sleeping state should also aware the camping cell, at least in less frequent way.
The transition time for the above issues should also be included into the evaluation methodology. The radio block ramp up time may take much longer time, depending on sleeping stat assumption and ramp up procedure.
Proposal8: Study whether the very low power WUS signal measurement can facilitate the main radio wake-up and supporting the mobility of UE.
Conclusion
In this contribution, we had discussed and analyzed lower power WUS design enhancement for NR. We can focus on the totally new WUS design and consider the wider impact bring by that signal. 
Regarding the LP-WUS signal design, we have following proposals:
Proposal 1: For the frequency band, RAN1 study the case that DL carrier of NR frequency band is used to transmit very low power wake-up signal.
The single WUS carrier for a UE low power receiver is associated with a DL carrier which the main radio will be waken upon.
The WUS signal should coexist with other NR signals, support cellular operation, and support main radio in FDD or TDD mode.
Proposal 2: For the OOK waveform, RAN1 can assume the DFT based multiple bits OFDM based WUS signal generation. 
Proposal 3: For the FSK waveform, the size of sub-carrier group and the occupation bandwidth should be defined and taken into account into the evaluation.
Proposal 4: Wake-up signal consider OOK or FSK as basic detection wave form. NR OFDM symbol duration without CP symbol is N times of WUS symbol duration. The candidate value could be start from N = {4, 8}. Transmission bandwidth can be 6~24 PRB @ 15kHz.
Compatible NR CP is also inserted.
Guard band for WUS can be considered to be included in the transmission bandwidths, to support multiplexing with NR signals/channels.
In the case of FSK, frequency shifting should be in number of transmission bandwidth.
Proposal 5: UE group ID information and/or Cell related information should be carried by wake-up signal. Wake-up signal support Manchester code and CRC.
Proposal6: Study the scenarios with very low power wake-up signal carrying a WUS ID and mapped to a cell ID.
Proposal7: Study the mechanism for very low power wake-up signal has similar coverage as normal PSS/SSS.
Study the power saving procedure in case of wake-up signal outage.
Proposal8: Study whether the very low power WUS signal measurement can facilitate the main radio wake-up and supporting the mobility of UE.

Reference
[1] RP-222644, Revised SID: Study on low-power Wake-up Signal and Receiver for NR, vivo




image2.emf
iFFT

+CP 

SC#0

SC#1

SC#K-1

Legacy NR 

signal

LP

-

WUS

0..(N

-

1)

1 OFDM 

symbol


image3.emf
iFFT

+CP 

SC#0

SC#1

SC# K-1

Legacy NR 

signal

1 OFDM 

symbol

m

=1

n=N/2...N

-

1

m=0

n=0...N/2

-

1


image4.emf
iFFT

+CP 

SC#0

SC#1

SC# K-1

Legacy NR 

signal

1 OFDM 

symbol

l=1

n=N/2...N

-

1

t0:00010000t1:00000000

l=0

n=0...N/2

-

1

t0:01000000t1;00000000


image5.emf
M=4 bits

e.g. 1001

iFFT

+CP 

SC#0

SC#1

SC#K-1

Legacy NR 

signal

LP-WUS time

0..(N'-1)

1 OFDM 

symbol 

including

CP

LP

-

WUS

0..(N

-

1)

DFT/

Least 

Square

Signal 

generation 

and 

modificatio

n

Truncation

N'->N

and  

modification


image6.emf
11001100 ... DFT

y(n)

x(1)

x(3)

IFFT

x(2)

x(n)

Other WUS/NR signal/Guard Other WUS/NR signal/Guard

OFDM symbol

Time domain 

rectangular signal

Sampling

Wake-up information


Microsoft_Visio_2003-2010_Drawing.vsd
Text�

Text


￼

text


11001100 ...


DFT


y(n)


x(1)


x(3)


IFFT


x(2)


x(n)


OFDM symbol



image7.emf
11001100 ...

OFDM symbol

Mapping in frequency

Wake-up information


Microsoft_Visio_2003-2010_Drawing1.vsd
Text�

Text


￼

text


11001100 ...


OFDM symbol



image8.emf
WUS

UE2

UE1

Cell edge

WUS 

Coverage

Cell edge


Microsoft_Visio_2003-2010_Drawing2.vsd

image1.emf
NR DL carrier

NR UL carrier

NR DL slot/symbol

NR UL slot/symbol

FDD operation TDD operation

WUS

WUS WUS

Wake-up signal  Guard

UL signal

DL signal


Microsoft_Visio_Drawing.vsdx
NR DL carrier
NR UL carrier

NR DL slot/symbol
NR UL slot/symbol

FDD operation
TDD operation

WUS

WUS

WUS
Wake-up signal
Guard


UL signal
DL signal



