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1. Introduction

In [1], a new work item (WI) is approved for the low-power (LP) wakeup signal (WUS),
synchronization signal (SS), and wakeup receiver (WUR) design for NR. Objectives of this WI
include the following:

The objectives of the work item are the following:

+ To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and
CONNECTED modes (RAN1, RAN4)

» Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM
sequence(s) over OOK symbol

+ The LP-WUS design shall ensure that for IDLE/INACTIVE
operation, the same information is delivered irrespective of LP-WUR
type. The OFDM sequence can carry information.

* At least duty-cycled monitoring of LP-WUS is supported
* For IDLE/INACTIVE modes

» Specify procedure and configuration of LP-WUS indicating paging
monitoring triggered by LP-WUS, including at least configuration,
sub-grouping and entry/exit condition for LP-WUS monitoring (RAN2,
RAN1, RAN3, RAN4)

» Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization
and/or RRM for serving cell. (RAN1, RAN4)

* LP-SSis based on OOK-1 and/or OOK-4 waveform with or without
overlaid OFDM sequences. Further down selection between with




and without overlaid OFDM sequences is to be done within WI.

* Note: For LP-WUR that can receive existing PSS/SSS, existing
PSS/SSS can be used for synchronization and RRM instead of
LP-SS.

* Y will be decided within WI. 320ms is the start point.

» Specify further RRM relaxation of UE MR for both serving and neighbor cell
measurements, and UE serving cell RRM measurement offloaded from MR
to LP-WUR, including the necessary conditions (RAN4, RAN2)

*  For CONNECTED mode, specify procedures to allow UE MR PDCCH monitoring
triggered by LP-WUS including activation and deactivation procedure of LP-WUS
monitoring (RAN2, RAN1)

* Check in RAN#105 for potential TU adjustment in RAN2

* Note: In CONNECTED mode, UE MR ultra-deep sleep is not considered,
and UE RRM/RLM/BFD/CSI measurements are performed by MR

* Note: The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH
for message3.

* Note: The optimization of LP-WUS signal design for idle/inactive mode is
prioritized over the optimization for connected mode.

Specify the necessary RAN4 core requirement(s) to support the feature (RAN4).
This objective is to be further refined in RAN#103

1. LP-WUS & LP-SS Waveform

Agreement

For OOK-4 with M >1, support M=2 & NIEZNWeIKingiasstmption) for LP-WUS.
- FFS whether value of M depends on SCS
- FFS M=1 for OOK-4

Working Assumption

Support the following options for LP-SS
- Option 1: OOK-1

- Option 2: OOK-4 with M=2,4, FFS:1,8,16




o FFS whether value of M depends on SCS

- The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that
used for LP-WUS generation

FFS how OOK-1 and OOK-4 are specified

The agreement and working assumption are to support both OOK-1 and OOK-4 for LP-WUS
and LP-SS, and to further specify the M value of OOK-4 symbol, and if it depends on the SCS.

In our view, OOK-4 with M>1 has the additional advantage of higher data rate than OOK-1,
which decreases the time on air of the LP-WUR to receive a LP-WUS or a LP-SS, thus reducing
the total energy consumed. Values of M = 1, 2, or 4 are the main values being considered for
OOK-4. Higher M (>4) results in higher PAPR, and higher power consumption for the envelope
detector design, which are undesirable.

On the other hand, the OOK/OFDM symbol period is a function of SCS, if the (max) value of M
depends on SCS, we can potentially guarantee the same max LP-WUS or LP-SS data rate for
different SCS configurations. There were discussions on using an M value larger than 4 for
LP-SS to improve the timing accuracy. In our view, the timing resolution depends on the
sampling rate but not the data rate of the sync signal. As a result, keeping M < 4 for both
LP-WUS and LP-SS should be a reasonable option.

The figure below shows example baseband waveforms of OOK-4, with SCS=30kHz and M=2,
SCS=15kHz and M=2 and M=4. Note that SCS=30kHz, M=2 and SCS=15kHz, M=4 have the
same OOK bit rate in time, which simplifies and reduces the power of the LR. If high OOK bit
rate are required, the maximum required OOK bit rate will increase the required power LR.
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Figure. Example baseband waveforms for different values of SCS and M.

Observation 1: If M depends on SCS, the same max OOK data rate can be maintained for
different SCS configurations

Proposal 1: Support the value of M scales with SCS. Specifically SCS=15kHz, M=4 and
SCS=30kHz, M=2.

Observation 2: The timing resolution of sync signal depends on the LR sampling rate but
not the data rate of LP-SS

Proposal 2: Support the value of M < 4 for both LP-WUS and LP-SS

2. LP-WUS & LP-SS Design

Agreement




From RAN1 perspective, support X PRBs for LP-WUS and LP-SS with SCS 30kHz (blanked
guard RBs are not included) for a channel bandwidth equal or larger than 5SMHz

- X to be down-selected between 11 and 12 PRBs
- FFS the number of PRBs for 15kHz

- FFS if other number of PRBs needed, for LP-SS and LP-WUS with a channel
bandwidth equal or less than 5MHz

FFS: Whether the above is applicable to FR2

The agreement is to support a fixed number of PRBs, down-selected between 11 and 12, and to
further specify the number for 15kHz SCS. In our view, both cases need to maximize the usage
of subcarriers for utilizing the max spectral power. It is important for the OOK-based LP-WUR
envelope detector to have larger time-domain signal input, and it also helps with its conversion
gain due to the nonlinear nature of envelope detector [2]. As a result, more PRBs allocated for
LP-WUS and LP-SS are preferred.

Wideband OOK will result in a lower-power LR. This is because the RF LO accuracy and phase
noise is relaxed, lowering power of the RF LO. Baseband filter rolloff is also relaxed, reducing
the power of baseband active filters. Wideband OOK was also used in IEEE 802.11ba (WiFi) for
these same reasons. If the number of PRBs is held constant for SCS = 15kHz and 30kHz, the
bandwidth will halve for 15kHz, increasing the power of the LR. Therefore, bandwidth should be
held roughly constant, regardless of the SCS. This means the value of X PRBs for SCS=30kHz
should be 2X for SCS=15kHz.

Observation 3: Wider bandwidth equals to more effective total transmit power
Proposal 3: Support the value of X PRBs to be 12 with 30kHz SCS

Proposal 4: Support the value of 2X (24) PRBs for 15kHz SCS

3. Overlaid OFDM Sequence on OOK Symbol

Agreement

For evaluation purpose on LP-WUS, companies report the overlaid OFDM sequence(s),
including:

- Sequence(s) generation and how sequence(s) map in time or frequency domain
(including any details with multiplexing and IFFT).




- Number of candidate overlaid OFDM sequences used for information conveying

o Including details on whether the number of candidate overlaid sequences is
per OFDM symbol or per OOK symbol

- How the proposed sequence design is processed by OFDM-based LP-WUR, e.g.,
in time domain or in frequency domain or in both time and frequency domain.

Agreement

For the purpose of further study and evaluation in RAN1, the following candidate sequences
for the overlaid OFDM sequence are considered:

- Gold sequence

- M-sequence

- ZC sequence

- Chirp sequence

- Walsh sequence

- Golay sequence

- Kasami sequence

- Low density sequence

- DFT/FFT sequence

- QAM symbol-based sequence

- Combinations and optimizations of above are not precluded

For OOK-1, it is straightforward to generate the LP-WUS in the frequency domain with an
overlaid OFDM sequence. For OOK-4, on the contrary, it is more efficient to generate LP-WUS
in the time domain, or from a lookup table in the frequency domain if the number of pertibations
is small.

Observation 4: The overlaid OFDM sequence can be in different domains based on
different generation methods of OOK-1 and OOK-4.

Regardless, the detection of OOK LP-WUS performance can not be sacrificed due to the
overlaid OFDM sequence, and it should have limited impact on the existing gNB
implementation. As mentioned in the previous section, the envelope detector is one of the



crucial blocks of OOK-based LP-WUR to achieve significant power saving, and its conversion
gain is a function of the time-domain input signal. As a result, the time-domain LP-WUS symbol
can be one of the ways to evaluate the overlaid OFDM sequences. The figure below shows
OFDM time-domain symbols of 5 types of overlaid sequence, Random, ZC, M, Walsh, and
QPSK sequences. They are generated from OOK-1, M=1 case with the same spectral power,
and fed into a generic squaring envelope detector model. The simulation shows the overlaid ZC
sequence results in the highest conversion gain of the envelope detector for the OOK-based
LP-WUR.
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Observation 5: The time-domain OOK-1 signal overlaid with ZC sequence results in the
largest energy detector conversion gain

Proposal 5: Support using ZC sequence for overlaid OFDM sequence in OOK-1 LP-WUS

4. Coding



[HI[FL1] Proposal 3.6-1: Support Manchester coding for the following options:
- Option 1: Manchester coding for LP-WUS using encoded bits

- Option 2: Manchester coding for LP-WUS using OOK sequence selection

An LP-WUR designed to demodulate OOK signals with an envelope-detector in the signal path
benefits from Manchester encoding. This allows the WUR to measure a baseline including
noise, offset voltage, and interference for each OOK bit. This is important for ED receivers
because their receive path is non-linear, and therefore doesn’t benefit from averaging the same
way linear receivers do. A simple explanation for this is when AWGN with zero mean is
averaged, the result approaches zero. However, when zero mean AWGN passes through an
ED, it becomes rectified, and the average with approach a non-zero value. When signal +
AWGN passes through the same ED, and is then averaged, the result will include non-zero
noise component as well. Measuring the baseline during the off-period of a Manchester OOK
symbol allows the ED receiver to sample the non-zero noise, and measure the change in signal
amplitude for each OOK bit. From this baseline, the receiver can properly set a threshold to
detect the non-nulled portion of the Manchester OOK symbol. Many low-power OOK receivers
published in the ULP Survey use Manchester encoding for this reason.

Proposal 6: Support Manchester coding for both LP-WUS and LP-SS

5. Timing/Frequency Error

Agreement

For timing error evaluation purpose, the following two options for residual frequency error are
considered:

- Option 1: The maximum frequency error (Fe) of RTC/oscillator is assumed,
companies report Fe value and the applied LP-WUR type.

- Option 2: The residual frequency error (Fr) after frequency error correction/clock
calibration by LR or after assistance from MR is assumed, companies report Fr value,
how to achieve it and the applied LP-WUR type.

Agreement

For frequency error evaluation purpose, the following two options for residual frequency error
are considered:

- Option 1: The maximum frequency error (Fe) of oscillator is assumed, companies




report Fe value and the applied LP-WUR type.

- Option 2: The residual frequency error (Fr) after frequency error correction by LR
or after assistance from MR is assumed, companies report Fr value, how to achieve it
and the applied LP-WUR type.

It is recommended to report the timing and frequency error for evaluation purpose from
RAN1#116bis. The table below summarizes the results:

Error type Method Max Fe LP-WUR type
RTC timing error Option 1 200 ppm OOK-based
LO frequency error Option 1 100 ppm OOK-based

6. Target Coverage of LP-WUS and LP-SS

Agreement
Conclusion:

For calibration purposes, companies are encouraged to report the SNR to achieve the
coverage of PUSCH for message3, at least with the following assumptions:

- Carrier frequency: 2.6 GHz
- The number of Tx chains: 1

- MIL of MSG 3: use the average one in R17 coverage, i.e.,153.51 dB for
non-redcap UE

- Transmit antenna gain correction factors for WUS: up to company report

- Noise Figure: All three values +2dB, +5dB, +8dB on top of NF of MR (7dB) are to
be reported, SNR for different assumptions on NF are determined separately

It is recommended to report the target SNR for LP-WUS and LP-SS with aligned parameters
such as # of Tx chains, and MIL of MSG 3 from RAN1#116bis. The following table summarizes
the SNR to achieve the coverage of PUSCH for message 3, and the associated assumptions:
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e.g., 0dBi | number of RX
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non-redca | reception
p UE
Everactive | 4.32 7+5dB | 0 1 153.5 3.1
(OOK-bas
ed
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Proposal 7: Use 3.1dB of the required SNR for OOK-based LP-WUR for RAN1 evaluation

7. Conclusions

Observation 1: If M depends on SCS, the same max OOK data rate can be maintained for
different SCS configurations

Observation 2: The timing resolution of sync signal depends on the LR sampling rate but
not the data rate of LP-SS

Observation 3: Wider bandwidth equals to more effective total transmit power

Observation 4: The overlaid OFDM sequence can be in different domains based on
different generation methods of OOK-1 and OOK-4.

Observation 5: The time-domain OOK-1 signal overlaid with ZC sequence results in the
largest energy detector conversion gain



Proposal 1: Support the value of M scales with SCS. Specifically SCS=15kHz, M=4 and
SCS=30kHz, M=2.

Proposal 2: Support the value of M < 4 for both LP-WUS and LP-SS
Proposal 3: Support the value of X PRBs to be 12 with 30kHz SCS

Proposal 4: Support the value of 2X (24) PRBs for 15kHz SCS
Proposal 5: Support using ZC sequence for overlaid OFDM sequence in OOK-1 LP-WUS

Proposal 6: Support Manchester coding for both LP-WUS and LP-SS

Proposal 7: Use 3.1dB of the required SNR for OOK-based LP-WUR for RAN1 evaluation
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