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Introduction
Rel-19 revised SID [1] on ambient IoT (A-IoT) describes the following objective for A-IoT physical layer design
	1. [bookmark: OLE_LINK11]Study necessary and feasible solutions for Ambient IoT as prescribed in the General Scope, including decisions on which functions, procedures, etc. are needed and not needed, and ensuring at least the required functionalities in Section 6.2 of TR 38.848. 
Study of positioning in Rel-19 is RAN3-led, limited to functionalities which would have no, or minimal, specification impact (note: this does not imply any decision relating to WI creation).
Study the feasibility and required functionalities for proximity determination, which is the determination of whether BS or intermediate UE and ambient IoT device are near each other or not (coordination with SA3 is required for privacy aspects).
· 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 base station. 
· For Topology 2, no difference in physical layer design from Topology 1.


In this contribution, we provide our views for the discussion on general aspects of physical layer design for A-IoT including the aspects of numerologies, bandwidths, multiple access, waveform, modulation, line coding/FEC and CRC scheme from both R2D (A-IoT DL) and D2R (A-IoT UL) perspectives.
[bookmark: OLE_LINK55]Discussion 
All over the general aspects of physical layer design for A-IoT, at least the following three principles should be considered:
•	The very limited peak power consumption of the A-IoT device
•	The very low complexity of the A-IoT device
•	The compatibility with legacy cellular device
Numerologies
It is agreed for A-IoT DL transmission, a OFDM-based waveform can be studied. A numerology for OFDM system includes the sub-carrier spacing (SCS) and cyclic prefix (CP). In general, a larger SCS in frequency domain means a shorter symbol duration in time domain. 
· Capability for combating delay spread: Considering a representative use case of indoor factory with large and dense devices deployed, multi-path spread would be pretty serious. In that sense, a SCS of 15kHz is a better choice due to the robustness for combating delay spread.
· Complexity issue: Different numerologies can lead to varying levels of complexity in the device hardware. A simpler numerology with fewer subcarriers and larger symbol durations can reduce the complexity of the receiver design, which is beneficial for A-IoT devices that aim for ultra-low power consumption and cost efficiency.
· Power consumption: A numerology with larger subcarrier spacing typically requires a higher sampling rate, which can increase power consumption. For A-IoT devices, which may rely on energy harvesting, it is crucial to minimize power usage. Therefore, a numerology with smaller subcarrier spacing might be preferred.
· Compatibility: If 900MHz is the targeted FDD spectrum, 15kHz SCS is more compatible with legacy wireless system deployed at 900MHz (e.g., NB-IoT, 4G)
[bookmark: p1]Proposal 1: Study numerology of 15kHz for A-IoT R2D if FDD 900MHz is targeted
[bookmark: OLE_LINK104]Bandwidths
The bandwidth for A-IoT system may depend on the following factors:
· The lower bound limited by the required data rate
· The upper bound limited by the available spectrum
· The available spectrum further related to the spectrum deployment, i.e., in-band to NR, in guard-band to LTE/NR, in standalone band(s).
[bookmark: o1]Observation 1: The required data rate and available spectrum under different spectrum deployments have impact on the bandwidth configuration for A-IoT system.
[bookmark: p2]Proposal 2: The bandwidth of 180kHz could be a starting point for A-IoT system
· FFS larger bandwidth, e.g., X MHz
Multiple/random access
A-IoT DL (R2D)
Basically, TDM(A) and FDM(A) are two multiple access schemes discussed most widely in RAN1 #116. From our perspective, it is nature and low complexity for supporting a TDM(A) scheme for A-IoT DL transmissions from one/different reader(s) to one/different devices. Regarding whether FDM(A) can be supported in this case, considering a coarse RF BW of the very low-end device (e.g., 10/20 MHz), it is hard for the device to distinguish the different incoming signal fall into the RF BW. Correspondingly, the interference would be serious for the device. Based on these observations, we have the following proposal for multiple access scheme of A-IoT DL transmission.
[bookmark: p3]Proposal 3: Only support TDM(A) scheme among multiple A-IoT R2D transmissions.
A-IoT UL (D2R)
Regarding multiple access for A-IoT UL transmissions, number of schemes including TDM(A), FDM(A), CDM(A) and NOMA were discussed during RAN1 #116. In additional, the following agreement was achieved in the agenda of 9.4.2.2 (frame structure and timing aspect) regarding slotted ALOHA during RAN1 #116.
	Agreement
For A-IoT contention-based access procedure, at least slotted-ALOHA based access is studied.



In legacy RFID system (i.e., Gen 2 UHF RFID [2]), slotted ALOHA algorithm is used for determining the multiple or random access of devices, where multiple devices start transmission in a TDM(A) manner. TDM(A) enjoys a simplified complexity while also have a lower spectrum efficiency. Considering this point, other multiplexing method like FDM(A), NOMA could also be considered as an enhancement for A-IoT system, and the further impact, e.g., interference issue for FDM(A), complexity issue for NOMA, can be discussed. Therefore, at least a TDM(A) scheme can be supported for multiple A-IoT UL transmission and the other multiple access schemes can be further studied.
[bookmark: p4]Proposal 4: Support TDM(A) scheme among multiple A-IoT D2R transmissions as a baseline, and FFS others, e.g., FDM(A), NOMA.
Additionally, a TDM(A) system will also impose high requirement on the synchronization performance. For A-IoT system, considering an initial sampling frequency offset (SFO) could be up to 105 ppm due to the extreme low complexity and power consumption of a passive device, the performance of a TDM(A) A-IoT UL transmission could be impacted.
[bookmark: o2]Observation 2: The large initial SFO of A-IoT device could impact the performance of TDM(A) scheme.
[bookmark: p5]Proposal 5: Study the impact of initial SFO of A-IoT device on the TDM(A) among multiple A-IoT D2R transmissions.
Waveform
A-IoT DL (R2D)
In RAN1 #116, it is agreed an OFDM-based waveform from A-IoT R2D will be studied. The CP handling and detailed OFDM type can be further discussed.
	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.



One observation is from transmitter perspective, a shared RF chain would be utilized by both cellular (BS or UE) and A-IoT system. In that sense, follow legacy OFDM processing with CP insertion would be good. In addition, considering the spectrum deployment for A-IoT includes in-band to NR, in guard-band to LTE/NR, and standalone band(s), a FDMed transmission between A-IoT and cellular system in different PRBs symbol is essential. For both observations above, it would be preferred to support CP transmission for A-IoT from the transmission perspective. 
[bookmark: p6]Proposal 6: Study CP insertion for A-IoT R2D from the reader perspective.
Regarding the operation on CP for A-IoT R2D from the receiver (i.e., A-IoT device) perspective, i.e., whether CP removal is necessary, can be further studied considering the following issues:
· The increased complexity for A-IoT device performing CP removal
· The necessity of CP removal considering a large initial SFO for A-IoT device
Obviously, a CP removal operation would increase the complexity of the A-IoT reception. A justification is necessary for supporting such a CP removal operation. In addition, a very low-end A-IoT device (e.g., device 1) is assumed with a large initial SFO up to ppm, which corresponds to around 10% timing error considering a sampling rate of MHz level. While a longer and shorter CP with lengths of 5.2us and 4.69us only occupy around 7.8% and 7%, respectively, for a OFDM of length of 66.67us under 15kHz SCS. In that sense, it is questionable for a special CP removal operation for A-IoT receiver.
[bookmark: p7]Proposal 7: Whether CP removal is necessary for A-IoT R2D from the device perspective should consider the impact of complexity and large initial SFO of the device.
Regarding the characteristics of the OFDM waveform, i.e., CP-OFDM, DFT-s-OFDM, or other kind of OFDM waveform, a compatibility with legacy system is referred, which we think is also one of the main motivations to support an OFDM-based waveform for A-IoT R2D transmission. To this end, CP-OFDM and DFT-s-OFDM are supported for further studied, and any other kind of OFDM-based waveform should be excluded.
[bookmark: p8]Proposal 8: For A-IoT R2D transmission, only study CP-OFDM and DFT-s-OFDM waveform.
A-IoT UL (D2R)
In RAN #116, the following agreements regarding carrier wave were achieved.
	Agreement
For R19 A-IoT study item, at least single-tone unmodulated sinusoid waveform is a candidate waveform for carrier wave for D2R backscattering.

Agreement
For R19 A-IoT study item, multi-tone waveforms for carrier wave for D2R backscattering can be studied.



For device 1 and 2a, the A-IoT UL (D2R) transmission is based on the backscattering of a carrier wave provided externally, which further gives a limitation on the characteristics for the A-IoT UL waveform. Based on the above agreement, a single-tone carrier wave can be used for D2R backscattering. Correspondingly, a single-tone waveform for A-IoT UL can be basically supported, which can be further applied for device 2b generating D2R signal internally.
[bookmark: p9]Proposal 9: A single-tone waveform for A-IoT D2R transmission can be studied.
Furthermore, regarding whether multi-tone carrier wave can be used for D2R backscattering, we have the following observations, and details can be found in our companion paper [3]
· Multi-tone can provide robustness against frequency selective fading compared to concentrated energy in frequency domain due to flat spectrum in frequency domain.
· Multi-consecutive-tone without guardband results in complex interference handling issue for reader including both self-interference and cross-carrier interference.
Based on the above observation, we have the following proposal for multi-tone waveform for A-IoT UL transmission.
[bookmark: p10]Proposal 10: M discrete tones waveform with a guardband of N PRBs for A-IoT D2R transmission can be studied. 
· FFS value of M and N
· FFS how to internally generate the waveform for device 2b, e.g., OOK modulation with overlaid OFDM sequency.
Modulation
A-IoT DL (R2D)
In RAN1 #116, the following agreement was achieved regarding modulation scheme for A-IoT DL:
	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.



OOK modulation is agreed for A-IoT DL due to the low peak power consumption and complexity. Regarding the value of M for OOK-4, the following aspect should be considered
· A larger value of M results in a better efficiency performance 
· A larger value of M imposes a higher requirement on timing accuracy
As mentioned before, a very low-end A-IoT device (e.g., device 1) is assumed with a large initial SFO up to  ppm, which results in a very poor timing accuracy. Thus, it is unlikely for a vary large value of M considering the system performance. To this end,  is a better balance between system spectrum efficiency and error performance
[bookmark: p11]Proposal 11: For A-IoT R2D and OOK-4 modulation, M = 2 can be studied.
A-IoT UL (D2R)
For A-IoT UL transmission, the candidates include OOK, BPSK, and 2-FSK. Regarding OOK and BPSK, it is actually the modulation schemed used for Tag-to-Interrogator transmission in RFID, thus can be justified with an enough low peak power consumption and complexity. Regarding binary FSK, it is more robustness for interference compared to OOK and PSK, thus can also be considered as a candidate modulation scheme for A-IoT UL. 
[bookmark: p12]Proposal 12: For A-IoT D2R modulation, OOK, BPSK, and 2-FSK can be supported. 
· FFS details, e.g., how to generate 2-FSK modulation
[bookmark: OLE_LINK9]Line coding and FEC 
A-IoT DL (R2D)
In RAN #116, the following agreement was achieved regarding line coding scheme for R2D link
	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.



Additionally, based on RAN plenary #103, the following clarifications on the work scope of Rel-19 ambient IoT have been agreed [4].
	[bookmark: OLE_LINK15]Proposal 2
· [bookmark: OLE_LINK17]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
· …
· No SID revision is necessary



[bookmark: OLE_LINK16]Per the clarification above, the study of design of energy harvesting signal/waveform is out of SI scope in Rel-19. The main motivation to support PIE encoding is a higher efficiency for supporting energy harvesting compared to Manchester encoding even though it suffers a worse error detection performance. While based on the clarification in RAN #103, the study of energy harvesting feature of a line encoding is out of SI scope in Rel-19. To this end, the PIE encoding of R2D link should be excluded to avoid any further study on it, e.g., Tari design, higher energy harvesting efficiency design, etc.
[bookmark: o3]Observation 3: Compared to Manchester coding, PIE coding suffers a worse error detection performance while enjoys a better efficiency for energy harvesting, which however is out of A-IoT SI scope in Rel-19 per clarification in RAN plenary #103.
[bookmark: p13]Proposal 13: For A-IoT R2D, only study Manchester coding as the line coding scheme.
A-IoT UL (D2R)
Compared to the limit line encoding scheme for A-IoT DL considering the low complexity and power consumption for device reception, multiple line encoding schemes can be considered as the candidates for A-IoT UL transmission including Manchester, FM0, and Miller. The jump within an interval brings the benefit for getting clock information at the reader. Additionally, compared to FM0 and Miller, Manchester encoding could get a better error detection performance due to the mandatory jump with each code duration, which can be used for judging whether a collision is happened at the reader side.
[bookmark: p14]Proposal 14: For A-IoT D2R, Manchester encoding can be a baseline. FFS other line coding scheme(s).
For A-IoT DL, it is agreed no FEC scheme as baseline considering the very low power consumption and complexity requirement for the device. While for A-IoT UL, it can be further discussed whether a FEC scheme is necessary. From our perspective, the choice of the FEC scheme for A-IoT UL should consider various factors including complexity, peak power consumption, and performance of error detection/correction. With these considerations, we think some simple FEC scheme can be support especially for the relative high-end A-IoT device, e.g., device 2b.
[bookmark: o4]Observation 4: For A-IoT D2R, the study of FEC scheme should consider the factors like complexity, peak power consumption, and performance of error detection/correction.
[bookmark: p15]Proposal 15: For A-IoT D2R, study simple FEC scheme(s) for at least device 2b, e.g., convolution coding. 
CRC
In RAN1 #116, the following agreements were achieved regarding the CRC scheme for A-IoT DL and UL.
	 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



From our perspective, for determining the specific CRC generator polynomial(a), the following observations should be considered:
· The legacy CRC utilization for both RFID and 3GPP
· The error detection performance and spectrum efficiency
Based on legacy Gen 2 UHF RFID [2], for Interrogator-to-Tag transmission, both 5-bit and 16-bit length of CRC are used depending on the command type, and for Tag-to-Interrogator transmission, None or 16-bit length of CRC can be used depending on the reply type/content. For example, for immediate reply from Tag, there could be none-CRC, while for delayed reply and in-process reply, a 16-bit CRC can be used.
[bookmark: o5]Observation 5: For Gen 2 UHF RFID, the choice of CRC includes none-CRC, and CRC with length of 5-bit and 16-bit.
On the other hand, based on legacy 3GPP CRC mechanism in TS 38.212 [5], the CRC length includes 6-bit, 11-bit, 16-bit and 24-bit. Obviously, a longer CRC always enjoin a better error detection performance, but also means a lower spectrum efficiency at the same time.
[bookmark: o6]Observation 6: For 3GPP, the choice of CRC includes length of 6-bit, 11-bit, 16-bit and 24-bit.
Based on the definition in TR 38.848 [6], the design target of maximum message size is approximately 1000 bits to be received by the Ambient IoT device, and approximately 1000 bits to be transmitted from the Ambient IoT device, based on the maximum application layer packet size. To that sense, the longest CRC length of 24 bit could results in a CRC overhead of 2.3%, which we think is acceptable regarding the spectrum efficiency. While regarding a short message size, a short CRC length can be selected for better balance between error detection performance and spectrum efficiency.
[bookmark: p16]Proposal 16: None-CRC and CRC with length of 6-bit, 16-bit, and 24-bit can be supported for A-IoT.
· FFS the utilization of different CRC, e.g., None-CRC for immediate reply from device, 6-bit, 16-bit, and 24-bit for different message size/type from reader and device.
Conclusion
Observation 1: The required data rate and available spectrum under different spectrum deployments have impact on the bandwidth configuration for A-IoT system.
Observation 2: The large initial SFO of A-IoT device could impact the performance of TDM(A) scheme.
Observation 3: Compared to Manchester coding, PIE coding suffers a worse error detection performance while enjoys a better efficiency for energy harvesting, which however is out of A-IoT SI scope in Rel-19 per clarification in RAN plenary #103.
Observation 4: For A-IoT D2R, the study of FEC scheme should consider the factors like complexity, peak power consumption, and performance of error detection/correction.
Observation 5: For Gen 2 UHF RFID, the choice of CRC includes none-CRC, and CRC with length of 5-bit and 16-bit.
Observation 6: For 3GPP, the choice of CRC includes length of 6-bit, 11-bit, 16-bit and 24-bit.
Proposal 1: Study numerology of 15kHz for A-IoT R2D if FDD 900MHz is targeted
Proposal 2: The bandwidth of 180kHz could be a starting point for A-IoT system
· FFS larger bandwidth, e.g., X MHz
Proposal 3: Only support TDM(A) scheme among multiple A-IoT R2D transmissions.
Proposal 4: Support TDM(A) scheme among multiple A-IoT D2R transmissions as a baseline, and FFS others, e.g., FDM(A), NOMA.
Proposal 5: Study the impact of initial SFO of A-IoT device on the TDM(A) among multiple A-IoT D2R transmissions.
Proposal 6: Study CP insertion for A-IoT R2D from the reader perspective.
Proposal 7: Whether CP removal is necessary for A-IoT R2D from the device perspective should consider the impact of complexity and large initial SFO of the device.
Proposal 8: For A-IoT R2D transmission, only study CP-OFDM and DFT-s-OFDM waveform.
Proposal 9: A single-tone waveform for A-IoT D2R transmission can be studied.
Proposal 10: M discrete tones waveform with a guardband of N PRBs for A-IoT D2R transmission can be studied. 
· FFS value of M and N
· FFS how to internally generate the waveform for device 2b, e.g., OOK modulation with overlaid OFDM sequency.
Proposal 11: For A-IoT R2D and OOK-4 modulation, at least M = 1, 2 can be studied.
Proposal 12: For A-IoT D2R modulation, OOK, BPSK, and 2-FSK can be supported. 
· FFS details, e.g., how to generate 2-FSK modulation
Proposal 13: For A-IoT R2D, only study Manchester coding as the line coding scheme.
Proposal 14: For A-IoT D2R, Manchester encoding can be a baseline. FFS other line coding scheme(s).
Proposal 15: For A-IoT D2R, study simple FEC scheme(s) for at least device 2b, e.g., convolution coding. 
Proposal 16: None-CRC and CRC with length of 6-bit, 16-bit, and 24-bit can be supported for A-IoT.
· FFS the utilization of different CRC, e.g., None-CRC for immediate reply from device, 6-bit, 16-bit, and 24-bit for different message size/type from reader and device.
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