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Introduction
In Rel-19, a study item was approved for Ambient IoT (Internet of Things) (WID in RP-234056 and updated in RP-240826 [1]), and it includes the following RAN1-led objectives.
	· RAN1-led:
For the Ambient IoT DL and UL:
· Frame structure, synchronization and timing, random access
· Numerologies, bandwidths, and multiple access
· Waveforms and modulations
· Channel coding
· Downlink channel/signal aspects
· Uplink channel/signal aspects
· Scheduling and timing relationships
· Study necessary characteristics of carrier-wave waveform for a carrier wave provided externally to the Ambient IoT device, including for interference handling at Ambient IoT UL receiver, and at NR basestation. 
       For Topology 2, no difference in physical layer design from Topology 1.



In this contribution, we continue to discuss the numerology, waveform/modulation, coding and multiple access based on the agreements (see Appendix) and discussions in the previous meeting.
General PHY Design
Clarification related to energy harvesting
On the scope of study related to energy harvesting, the following has been clarified in RAN#103:
	· Confirm that study of design of energy harvesting signal/waveform is out of SI scope in Rel-19
· The potential impact of energy harvesting on device availability for transmission and reception procedures can be considered for the study [RAN2, RAN1]
· Duration of one device’s unavailability due to charging by energy harvesting can be assumed up to several tens of seconds
· Note: this value can be revisited in future RAN plenary meetings, if necessary
· TR 38.848 clause 5.6 statement on latency remains the case with respect to a single device, i.e.: “NOTE: The time for charging the Ambient IoT device storage (if present) is not included in the latency defined above. Time for energy harvesting, charging, etc. is regarded as an implementation issue only.”
· No SID revision is necessary



Traditional passive IoT devices (e.g. RFID tag) typically do not have any stored energy, and rely on energy harvesting to power the R2D reception and D2R backscattering. This requires that the R2D signal and the carrier wave for backscattering is sufficiently strong to activate the energy harvesting unit in the device. The activation threshold is typically high, e.g. in the range of -20 dBm ~ -30 dBm. Due to the high activation threshold, the link budget is typically limited by DL, as the DL signal needs to reach the activation threshold at the IoT devices.
Now that energy storage is assumed to be available for all the AIoT devices in this study, the question is whether the energy harvesting from RF signal still needs to be considered for the design. As clarified in RAN1#103 that “study of design of energy harvesting signal/waveform is out of SI scope in Rel-19”, our understanding is that we will not design any signal purely for energy harvesting purpose. Let us take R2D link as the example. It means that we will not require that DL signal can always be used for energy harvesting. However, this does not prevent the device from harvesting energy from DL signal in an opportunistic way, and we may still from considering energy harvesting effect in the R2D signal design, if it does not affect other aspects much. In this sense, we still see two possible directions for the R2D signal design:
· Direction 1: do not consider the impact of R2D signal design on energy harvesting at all
· Direction 2: the impact of R2D signal design on energy harvesting can still be considered, but with lower priority
· Lower priority means that if a design that is more friendly for energy harvesting can be considered if all other aspects are similar.
It is important that RAN1 reaches common understanding on this, as it can significantly impact the design. It can impact the R2D waveform/modulation/line coding design if the support for energy harvesting needs to be considered in the design. If the support of energy harvesting is not considered, and it is not required that DL signal is sufficiently strong for energy harvesting, it means that the device may need to alternate between harvesting energy from other sources and monitoring R2D signal using the stored energy. This would impact the procedures.
Proposal 1: RAN1 should discuss and decide which direction to follow for R2D design:
· Direction 1: do not consider the impact of R2D signal design on energy harvesting at all
· Direction 2: the impact of R2D signal design on energy harvesting can still be considered, but with lower priority
For D2R, it mainly affects the consideration on carrier wave, whether the carrier wave needs to reach the activation threshold, whether it is transmitted by a gNB or a separate emitter such as a UE, and this affects the link budget analysis and the interference handling. In our view, it is more reasonable to assume that carrier wave is sufficiently strong to activate the energy harvesting unit at the device.
Proposal 2: For the purpose of the study, it is assumed that the carrier wave should be sufficiently strong to activate the energy harvesting unit at the ambient IoT device. 
Waveform, Modulation and Numerology
For R2D, it has been agreed to study at least OFDM-based waveform. For FDD, 15 kHz and 30 kHz SCS are possible, depending on the FDD band. Therefore, we think both 15 kHz and 30 kHz SCS should be considered for the study. Whether both will be supported and/or whether one device should support both SCSs can be left to WI stage.
Proposal 3: For R2D with OFDM-based waveform, consider at least 15 kHz and 30kHz SCS.
For D2R, the waveform for the carrier wave is discussed under AI 9.4.2.4, where single-tone and multi-tone (including both multiple sinusoids and OFDM-based multi-tone) waveform are being considered, and the backscattered D2R transmission is based on the carrier wave waveform. Generally speaking, it is desirable to have a unified and/or harmonized waveform design for device 2b and 2a. Therefore, it makes sense to assume the same waveform candidates for both cases and see if anything needs to be done specifically for device 2b.
Proposal 4: For D2R, study the same waveform candidates for Device 2b as for Device 2a, and strive to reuse the same waveform.
For the modulation schemes for D2R, to achieve the ~1uW low power consumption for the device, only the modulation schemes that can be implemented with very simple circuits should be considered. OOK and BPSK are supported by RFID, which can be the starting point for study here. It should be investigated whether BPSK can achieve 1uW power consumption.
Proposal 5: For D2R modulation scheme, study at least OOK and BPSK.
For D2R, the symbol rate depends on the target data rate, the coding design and coverage evaluation, which can be discussed more together with the evaluations.
Coding
Considering the low-category devices with power consumption of ~1uW, the coding schemes need to be extremely simple. Typically different types of line coding are considered, including:
· Manchester coding – considered for R19 LP-WUS design
· Pulse Interval Encoding (PIE) – used in UHF RFID DL [2]
· FM0 – used in UHF RFID UL [2]
· Miller – used in UHF RFID UL [2]
The exact coding mechanisms and the pros/cons of these different coding schemes are summarized in Table 1.
Table 1 Summary of different coding schemes
	Scheme
	Coding Mechanism
	Benefit
	Drawbacks

	Manchester
	· Change in state in the middle of a bit
· “0”: from high to low
· “1”: from low to high
	· Contains sufficient information for clock recovery
· Average power is always the same
· Easy to implement: requires only simple XOR operation between the clock and the data
	· Performance degradation in dense deployments with interference


	PIE
	· Pulse interval is used to determine “0” and “1”
· “0”: shorter pulse interval
· “1”: longer pulse interval
	· Beneficial for energy harvesting due to longer duration for “1”
	· Variable duration depending on the payload content for the same payload length 

	FM0
	· A transition is present on every bit and an additional transition may occur in the middle of the bit
· “0”: transition in the center of the bit
· “1”: no transition in the center of the bit
	· Contains sufficient information for clock recovery
	· Performance degradation in dense deployments with interference

	Miller
	· Phase inversion between two “0”s in sequence.
· Phase inversion in the middle of a “1”
· Variable M values for different coding rate
	· Improved performance with larger M, good for dense deployment with interference
	· Reduced efficiency with larger M



For R2D, Manchester encoding and pulse-interval encoding (PIE) have been agreed to be studied. The main benefit of PIE is longer duration for high voltage, which is beneficial for energy harvesting. On the other hand, the signal duration varies depending on the payload content, as the symbol duration for “0” and “1” is different. This is not desirable. Therefore, one important consideration factor when comparing Manchester coding and PIE is whether we consider energy harvesting aspect when designing R2D signal (which is what we would like to clarify by Proposal 1). If yes, PIE can be further studied; otherwise, Manchester coding can be prioritized. If PIE is to be studied further, it can be beneficial to consider the enhancements to support a fixed signal duration with PIE.
Observation 1: On line coding for R2D, the choice between Manchester coding and PIE highly depends on whether R2D signal is expected to be used also for energy harvesting.
For D2R, at least Manchester, FM0 and Miller coding should be studied, which can be considered together with the support of frequency shift in backscattering in the context of FDMA and interference management.
Proposal 6: On line coding for D2R, at least Manchester, FM0 and Miller coding should be studied.
FEC was also discussed for D2R, as the restriction on receiver complexity is much less for D2R link. Therefore, it may be further studied whether there is simple FEC that has low complexity encoder and can achieve the low power consumption. For example, convolutional code has been proposed because it only requires simple shift register operations for encoding. However, whether the associated power consumption can be as low as 1uW should be studied. In addition, the performance should be evaluated, and whether D2R link is the coverage bottleneck can also be a consideration factor.
Proposal 7: FEC can be studied for D2R, considering the device power consumption, performance and the necessity in terms of coverage.
Multiple Access
For R2D, the gNB needs to support the communication with multiple AIoT devices within one query round. TDMA is the natural way for gNB to communicate with multiple devices operating on the same frequency. Whether FDMA is possible depends on the device type/capability. For device 1, if the device does not have the relatively narrow RF BPF to filter out the interference, the occupied bandwidth can be quite large (on the same order as the RF bandwidth at the receiver) so that the RF envelop detection would not be impacted by the interfering signal. For device 2a/2b, it would be more reasonable to assume the availability of RF BPF, and FDMA is possible if AIoT devices support different frequencies. CDM is possible, but we do not see the benefit, and it increases the receiver complexity with the extra despreading operation.
Proposal 8: For R2D multiple access, TDMA is supported. 
Observation 2: For R2D multiple access, FDMA can be challenging for device 1 if RF BPF is not present. For device 2a/2b, FDMA is possible if AIoT devices support different frequencies for R2D reception.
For D2R, TDMA is the easiest multiple access mechanism for multiple devices to transmit to gNB, especially if they operate on the same frequency.
FDMA can be achieved in different ways. If carrier waves from different emitters are transmitted on different frequencies, the D2R signals that backscatter these different carrier waves would naturally be FDMed. But it would require sufficient spatial separation between these emitters so that one device does not backscatter all the carrier waves.
If all the carrier waves are transmitted on the same frequency, FDMA would depend on the device capability. For device 1, frequency shift is considered as not possible with 1uW power consumption, which means FDMA is not possible. For device 2a, if the device can perform frequency shift (as included in the reference architecture of device 2a) and backscatter the carrier wave onto frequencies that are sufficiently apart, FDMA becomes possible. Miller-type of encoding has been proposed as one possible way to achieve such frequency shift. For device 2b, it should be possible for the device to generate signal on different frequencies.
Proposal 9: For D2R multiple access, TDMA is supported. Further study FDMA for device 2a/2b, including the feasibility of supporting frequency shift in backscattering for device 2a and generating signal on different frequencies for device 2b.
Bandwidth
For R2D, the bandwidth can depend on the assumption on the presence of RF BPF. If RF BPF is not present (possibly for device 1), the occupied bandwidth would need to be defined large in order to avoid the impact of interference on RF envelop detector. In this case, it may make sense to define the transmission bandwidth to be also large to fully utilize the gNB transmit power, which improves the coverage and/or data rate. If RF BPF is present, as assumed for device 2a/2b, one PRB, as used by NB-IoT, can the starting point for study. Multiple PRBs can also be considered based on performance evaluation.
Proposal 10: For R2D, for device 2a/2b, use one or a small number of PRBs as the starting point for the study on the bandwidth. For device 1, further discuss the assumption on the presence of RF BPF, which can impact the decision on bandwidth.
For D2R, as mentioned earlier, it is generally desirable to have the same/similar design for device 2b as for device 2a. As the carrier wave design has more considerations including backscattering and interference management, the discussion for device 2b can be deferred until we have a clearer picture for device 2a.
Proposal 11: For R2D bandwidth, strive to use the same or similar design for device 2b as device 2a. Defer the discussion for device 2b until a clearer picture for device 2a is available on carrier wave (AI 9.4.2.4) and line coding.

Conclusion
In this contribution, we have discussed the general PHY design aspects for AIoT, and proposed the following:
Proposal 1: RAN1 should discuss and decide which direction to follow for R2D design:
· Direction 1: do not consider the impact of R2D signal design on energy harvesting at all
· Direction 2: the impact of R2D signal design on energy harvesting can still be considered, but with lower priority
Proposal 2: For the purpose of the study, it is assumed that the carrier wave should be sufficiently strong to activate the energy harvesting unit at the ambient IoT device. 
Proposal 3: For R2D with OFDM-based waveform, consider at least 15 kHz and 30kHz SCS.
Proposal 4: For D2R, study the same waveform candidates for Device 2b as for Device 2a, and strive to reuse the same waveform.
Proposal 5: For D2R modulation scheme, study at least OOK and BPSK.
Observation 1: On line coding for R2D, the choice between Manchester coding and PIE highly depends on whether R2D signal is expected to be used also for energy harvesting.
Proposal 6: On line coding for D2R, at least Manchester, FM0 and Miller coding should be studied.
Proposal 7: FEC can be studied for D2R, considering the device power consumption, performance and the necessity in terms of coverage.
Proposal 8: For R2D multiple access, TDMA is supported. 
Observation 2: For R2D multiple access, FDMA can be challenging for device 1 if RF BPF is not present. For device 2a/2b, FDMA is possible if AIoT devices support different frequencies for R2D reception.
Proposal 9: For D2R multiple access, TDMA is supported. Further study FDMA for device 2a/2b, including the feasibility of supporting frequency shift in backscattering for device 2a and generating signal on different frequencies for device 2b.
Proposal 10: For R2D, for device 2a/2b, use one or a small number of PRBs as the starting point for the study on the bandwidth. For device 1, further discuss the assumption on the presence of RF BPF, which can impact the decision on bandwidth.
Proposal 11: For R2D bandwidth, strive to use the same or similar design for device 2b as device 2a. Defer the discussion for device 2b until a clearer picture for device 2a is available on carrier wave (AI 9.4.2.4) and line coding.
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Appendix
RAN1#116 agreements
Agreement
A-IoT DL study includes an OFDM-based waveform from A-IoT R2D (reader-to-device) perspective. 
· Depending on what modulation(s) are decided to be studied:
· Study whether/how to handle CP at transmitter/device/design 
· Study other characteristics of the OFDM waveform, e.g.:
· CP-OFDM
· DFT-s-OFDM
· Etc.
· The type of OFDM waveform is transparent to A-IoT device.
Other waveforms from DL transmitter’s perspective can be proposed, and further discussion will consider whether or not they are included in the study.

Agreement
A-IoT DL study includes OOK from DL transmitter’s perspective.
· For an OFDM waveform, assume OOK-1 for single-chip per OFDM symbol transmission, and OOK-4 for M-chip per OFDM symbol transmission, starting from definitions in TR 38.869.
· FFS value(s) of M.
· FFS: Any changes needed from the definitions in TR 38.869.
· FFS: Exact definition of chip
· If other DL waveforms are included, further elaboration of the transmitter’s OOK generation would be needed.

Agreement
For R2D, line codes studied are: Manchester encoding and pulse-interval encoding (PIE).
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: Time domain definition of e.g., chips and relation to OFDM symbols, resource allocation unit, etc.

Agreement
Regarding FEC, R2D with no forward error-correction code (FEC) is studied as baseline.
· Evaluations would be by comparison to this baseline

Agreement
R2D study assumes use of CRC. FFS which CRC generator polynomial(s) are assumed, and if any cases are included with no CRC.
· FFS: Association, if any, between down-selected CRC(s) and message size, considering at least false-alarm rate target

Agreement
D2R study assumes use of CRC. FFS which CRC generator polynomial(s) are assumed, and if any cases are included with no CRC.
· FFS: Association, if any, between down-selected CRC(s) and message size, considering at least false-alarm rate target

Agreement
At least the following bandwidths for R2D are defined for the purpose of the study:
· Transmission bandwidth, Btx,R2D from a Reader perspective: The frequency resources used for transmitting R2D
· Occupied bandwidth, Bocc,R2D from a Reader perspective: The frequency resources used for transmitting R2D, and potential guard band
· Bocc,R2D ≥ Btx,R2D
· FFS: Further constraint(s) e.g. Bocc,R2D = Btx,R2D.
· Possible values of each bandwidth are FFS

