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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
Waveform, Modulation and Numerology
For R2D, it has been agreed to study at least OFDM-based waveform with OOK-1 and OOK-4.
For OOK-4 with M>1, it is much more natural to use DFT-s-OFDM, by defining time-domain signal to represent the OOK symbols (more specifically OOK bit ‘1’) which goes through DFT. Theoretically it is also possible to define frequency-domain signal directly (by having one frequency-domain signal defined for each possible OOK bit combinations within a OFDM symbol), but this becomes very complicated with large value of M. Therefore, it makes much more sense to define time-domain sequences and use DFT-s-OFDM instead of CP-OFDM for OOK-4.
On the other hand, OOK-1 waveform can be generated using either CP-OFDM or DFT-s-OFDM. To have a unified framework with OOK-4, OOK-1 can also use DFT-s-OFDM, which can be considered as a special case of OOK-4 with M=1.
Proposal 1: For R2D with OFDM-based waveform for OOK-1 and OOK-4, DFT-s-OFDM is used.
For the value of M for OOK-4, it depends on the target data rate that we would like to support for ambient IoT. With 15kHz SCS and Manchester encoding assumed, M=16 and 32 can support a data rate of 112 and 224 kbps, respectively. In comparison, for forward link (reader-to-tag) in UHF RFID, the symbol duration is roughly in the range of 6.25us to 50us, which supports a data rate of 20 kbps to 160 kbps. If we want to at least achieve comparable data rate as RFID, we can study up to M=32.
Proposal 2: For R2D with OOK-4, study M up to 32.

For D2R, the CW waveform is discussed under AI 9.4.2.4, where unmodulated single-tone and multiple unmodulated single-tone waveforms are being considered, and the backscattered D2R transmission is based on the CW waveform. Generally speaking, it is desirable to have a unified and/or harmonized waveform design for device 2b and 2a. Therefore, we can use the same candidates as the starting point for device 2b waveform study. Additional candidates can be considered if issues are identified.
Proposal 3: For D2R with device 2b, study at least unmodulated single-tone waveform and multiple unmodulated single-tone waveform.

It was discussed in RAN1#116bis whether/how to define a basic time unit “chip”. We think it can be defined as follows for OOK and BPSK.
Proposal 4: For R2D/D2R, a chip is defined as the duration of one OOK symbol (‘0’ or ‘1’) for OOK, or the duration of one BPSK symbol (‘1’ or ‘-1’) for BPSK.

Coding
R2D
For R2D, we have agreed to study Manchester encoding and Pulse Interval Encoding (PIE) as candidates for line coding.
· PIE uses different pulse intervals to represent ‘0’ and ‘1’.
· It is beneficial for energy harvesting due to longer high voltage duration for ‘1’.
· However, the signal has variable duration depending on the number of ‘0’s and ‘1’s in the information bits. This is not desirable.
· Manchester encoding has a change of state in the middle of a bit, e.g. ‘0’ -> high to low, ‘1’ -> low to high
· It contains sufficient information for clock recovery. The average power is always the same. It is also easy to implement as it requires only simple XOR operation between the clock and the data.
As the main benefit of PIE is energy harvesting, one important consideration factor when comparing Manchester encoding 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 encoding 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 encoding and PIE highly depends on whether R2D signal is expected to be used also for 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


Even with this clarification, it is still a bit unclear whether we should completely ignore the energy harvesting impact in the R2D signal design, or we just consider it as a second priority. If we can reach the common understanding in RAN1 that energy harvesting does not need to be considered, it can help with the down-selection between Manchester encoding and PIE.
Proposal 5: Prioritize the study of Manchester coding if R2D signal design does not need to consider energy harvesting.

The following proposal was discussed in RAN1#116bis on the mapping of information bits to the codewords of line coding (the red is to correct the typos in the proposal):
Proposal 2.3a: The study assumes the following codewords:
· For Manchester encoding down-select one from: 
· A: bit 0→ chips{01}, bit 1→chips{10}
· B: bit 01→chips{10}, bit 1→chips{01}
· Reference duration is duration of chip{0} which is equal to duration of chip{1}
· For PIE down-select one from:
· A: bit 0→chips{0110}, bit 1→chips{1110}. Reference duration is duration of chip{0} which is equal to duration of chip{1}.
· B: 0→{0}, 1→{10}; followed by {0} → high voltage for one chip, {1} → high-low-high voltage in one chip. Reference duration is a chip duration.
· Note: The SI intends to further down-select between Manchester encoding and PIE.
For Manchester encoding, we do not see the differences between the two options in terms of performance. However, the typical convention is Option B, where the encoding can be done by a simple XOR operation between the clock and the data. Therefore, we can use Option B for study.
For PIE, Option B in the proposal is not clear, and would require clarifications before further consideration. We think the main consideration factor for PIE is how long the time interval for high voltage is for bit 1, which provides a tradeoff between performance and efficiency. Our recommendations are captured in the following proposal:
Proposal 6: For Manchester encoding, the study assumes bit 0 -> chips{10}, bit 1 -> chips{01}.
Proposal 7: For PIE, the study considers the following options for encoding:
· Option A: bit 0 -> chips{10}, bit 1 -> chips{110}.
· Option B: bit 0 -> chips{10}, bit 1 -> chips{1110}.

D2R
For D2R, we have agreed to study Manchester encoding, FM0 encoding, and Miller encoding as candidates for line coding. Both FM0 and Miller encoding have state machine running for encoding procedure, unlike Manchester encoding which is memoryless and can be done by simple XOR operation between the clock and the data. All three line codes contain sufficient information for clock recovery. Miller encoding supports different M values which leads to different data rates and different performance/efficiency.
In addition to using Miller encoding with variable M values to achieve a tradeoff between data rate and performance, Manchester encoding with different number of repetitions or Manchester encoding with different OOK symbol durations can also be considered to achieve similar effect.
The case without line coding was also discussed, which is more targeting for the case when FEC is used. Considering the large SFO of the device, the transmitted signal can have a relatively large frequency offset compared to the receiver at the reader, which may make the FEC decoding difficult. Line coding with self-clocking can address this issue, as the reader can use the self-clocking information embedded in the signal for detection/decoding purpose.
Proposal 8: For D2R, Manchester encoding with different OOK symbol durations and Manchester encoding with repetitions can be studied further, comparing to e.g. Miller encoding.
Observation 2: Line coding is beneficial in case of large SFO, as it embeds the clocking information in the signal itself, which can be used by the reader to adjust the timing used in signal reception.

Multiple Access
R2D
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 1/2a/2b with RF ED architecture, if the device does not have a very narrow RF BPF to filter out the interference, the interference within the RF bandwidth (outside the occupied bandwidth) needs to be very small so that the RF envelop detection would not be impacted by the interfering signal. Having a very narrow RF BPF is not quite feasible in practice as the required Q value is very high, which typically cannot be achieved with the power consumption level/cost/complexity associated with AIoT devices. This prevents the use of FDMA for multiplexing different devices.
But for device 2b with IF or ZIF architecture, the narrow band filtering can be done in IF or BB . FDMA is possible if AIoT devices support different frequencies.
Proposal 9: For R2D multiple access, TDMA is supported. 
Observation 3: For R2D multiple access, FDMA may not be feasible for device 1/2a/2b with RF ED architecture. For device 2b, FDMA is possible if AIoT devices support different frequencies for R2D reception.

D2R
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. This is possible when different AIoT devices backscatter the CW from different emitters due to different locations. Therefore, 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 or using square waves with higher frequency have been proposed as possible ways to achieve such frequency shift. For device 2b, it should be possible for the device to generate signal on different frequencies.
Proposal 10: For D2R multiple access, TDMA is supported. 
Proposal 11: For D2R, for device 2a/2b, study the feasibility and the performance of supporting FDMA via using Miller encoding or square waves to support small frequency shift.
Bandwidth
During RAN1#116/116bis discussions, there was a proposal to define the terminology “system bandwidth”. However, it is not clear to us how this terminology would impact RAN1 study, or how such terminology is used. This concept may be necessary in a later stage in RAN4, but so far we don’t see the need to define “system bandwidth” in RAN1. 
Observation 4: There is no obvious need to define the terminology “system bandwidth” for RAN1 study.
On the bandwidth for R2D and D2R, it is a bit premature to discuss the exact values at this time.
For R2D transmission bandwidth, we have agreed on a few options, such as one or more PRBs, one or more subcarriers. This will need to be determined based on the target data rate to be supported, the performance expectation, and the line coding to be used. Link level evaluations can be performed to study different options.
One note is that the bandwidth for R2D may also depend on the assumption on the presence and the bandwidth of RF BPF if RF ED architecture is used for device 1/2a/2b. If RF BPF is not present (possibly for device 1) or if it has a large RF bandwidth, no other signal should be transmitted in the large bandwidth in order to avoid the impact of interference on RF envelop detector. So even if the transmission bandwidth is defined to be relatively small, the system cannot use the other part of the bandwidth for other purposes (i.e. resources wasted anyway). 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. Such an issue does not exist for device 2b with IF/ZIF architecture. 
Proposal 12: For R2D bandwidth, further discuss the assumption on the presences and the bandwidth of RF BPF for device 1/2a/2b with RF ED architecture, which may 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 13: For D2R 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 have the following observations and proposals:
Proposal 1: For R2D with OFDM-based waveform for OOK-1 and OOK-4, DFT-s-OFDM is used.
Proposal 2: For R2D with OOK-4, study M up to 32.
Proposal 3: For D2R with device 2b, study at least unmodulated single-tone waveform and multiple unmodulated single-tone waveform.
Proposal 4: For R2D/D2R, a chip is defined as the duration of one OOK symbol (‘0’ or ‘1’) for OOK, or the duration of one BPSK symbol (‘1’ or ‘-1’) for BPSK.
Observation 1: On line coding for R2D, the choice between Manchester encoding and PIE highly depends on whether R2D signal is expected to be used also for energy harvesting.
Proposal 5: Prioritize the study of Manchester coding if R2D signal design does not need to consider energy harvesting.
Proposal 6: For Manchester encoding, the study assumes bit 0 -> chips{10}, bit 1 -> chips{01}.
Proposal 7: For PIE, the study considers the following options for encoding:
· Option A: bit 0 -> chips{10}, bit 1 -> chips{110}.
· Option B: bit 0 -> chips{10}, bit 1 -> chips{1110}.
Proposal 8: For D2R, Manchester encoding with different OOK symbol durations and Manchester encoding with repetitions can be studied further, comparing to e.g. Miller encoding.
Observation 2: Line coding is beneficial in case of large SFO, as it embeds the clocking information in the signal itself, which can be used by the reader to adjust the timing used in signal reception.
Proposal 9: For R2D multiple access, TDMA is supported. 
Observation 3: For R2D multiple access, FDMA may not be feasible for device 1/2a/2b with RF ED architecture. For device 2b, FDMA is possible if AIoT devices support different frequencies for R2D reception.
Proposal 10: For D2R multiple access, TDMA is supported. 
Proposal 11: For D2R, for device 2a/2b, study the feasibility and the performance of supporting FDMA via using Miller encoding or square waves to support small frequency shift.
Observation 4: There is no obvious need to define the terminology “system bandwidth” for RAN1 study.
Proposal 12: For R2D bandwidth, further discuss the assumption on the presences and the bandwidth of RF BPF for device 1/2a/2b with RF ED architecture, which may impact the decision on bandwidth.
Proposal 13: For D2R 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
RAN1#116bis agreements
Agreement
Study time-domain multiple access of D2R transmissions. Further details, including pros/cons, are FFS.

Agreement
Study frequency-domain multiple access of D2R transmissions, at least by utilizing a small frequency-shift in baseband. Further details, including pros/cons, are FFS.

Agreement
Whether code-domain multiple access is feasible and necessary for D2R transmissions for all devices is FFS.

Agreement
The following bandwidths for D2R are defined for the purpose of the study:
· Transmission bandwidth, Btx,D2R: The frequency resources scheduled by a reader for a D2R transmission from one device.
· FFS in agenda 9.4.2.3: how frequency resources scheduled by a reader are determined
· Occupied bandwidth, Bocc,D2R: The transmission bandwidth plus the potential associated intra A-IoT guard-bands totalling Bguard,D2R
· Note: this guard band is not for coexistence with NR/LTE
· If/how to define guard band for coexistence between A-IoT D2R and NR/LTE is up to RAN4.
· Bocc,D2R >= Btx,D2R
· Possible values of each bandwidth are FFS

Agreement
For D2R, study: Manchester encoding, FM0 encoding, Miller encoding, no line coding.
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: How to achieve small frequency shift in baseband and/or FDM(A) among devices
· Aspects to study include:
· Spectrum shape
· Complexity
· Power consumption
· BER, BLER
· Resilience to SFO
· If there is any relation to CFO

Agreement
A-IoT D2R study of FEC includes at least convolutional codes.
· Comparisons are encouraged to compare to the case of no FEC
· FFS details of convolutional codes, such as polynomial(s), shift-register termination, etc.
· FFS if other FEC candidates/methods will be studied.

Agreement
Study
· baseline: using 6 bits and 16 bits CRC with polynomials from TS 38.212, or no CRC, for PRDCH
· baseline: using 6 bits and 16 bits CRC with polynomials from TS 38.212, or no CRC, for PDRCH
· FFS: details when different CRC lengths or no CRC may be used
· FFS: other 6 bits and 16 bits CRC with different polynomials than from TS 38.212

Agreement
Study D2R transmission in the physical layer using repetition
· Note: Discussions regarding higher-layer repetitions are up to RAN2.

Agreement
R2D study includes subcarrier spacing of 15 kHz, from the reader perspective, for OFDM-based waveform.
· Inclusion in the study of subcarrier spacing of 30 kHz is FFS.

Agreement
For R2D study OFDM-based waveform with subcarrier spacing of 15 kHz, Btx,R2D is ≤ [12] PRBs and is down-selected among:
· Alt 1: Including 180 kHz, 360 kHz, and FFS other values
· Alt 2: Integer multiple(s) of 180 kHz (FFS: what integer(s))
· Alt 3: Integer multiple(s) of the subcarrier spacing (FFS: what integer(s))

Agreement
For R2D CP handling for OFDM based OOK waveform:
· For potential down-selection, study among the following candidate methods
· Method Type 1: Removal of CP at device without specified transmit-side 
· FFS: How device determines the CP location
· FFS: Impact on feasibility of device SFO
· FFS: relation to M, if any
· Method Type 2: Ensure the CP insertion of OFDM-based waveform will not introduce false rising/falling edge between the last OOK chip in OFDM symbol (n-1) and the first OOK chip in OFDM symbol n.
· FFS: Whether/how to arrange that OOK chips have equal length after CP insertion
· FFS: relation to M, if any
· FFS: Detail of relationship to line code codewords
· FFS: Impact on feasibility of device SFO
· [Other method types are not precluded]
· Study of the methods should include e.g.:
· CP impact on R2D timing acquisition, and decoding & performance of PRDCH
· Reader and device implementation complexities
· Interference between R2D and NR DL/UL if in the same NR band
· Spectrum efficiency

Agreement
Study for all devices the following for D2R baseband modulation, for potential down-selection:
· OOK
· Binary PSK
· Binary FSK
· Strive to identify one variant of Binary FSK to study further

