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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
[bookmark: OLE_LINK104]Bandwidths
In RAN#116b meeting, the following agreement was achieved retarding the R2D bandwidths
	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))



R2D bandwidths
Three alternatives are agreed for down selection. From our perspective, Alt 3 may introduce compatibility issue considering the min unit of frequency resource allocation is 1 PRB in NR/LTE. Alt 1 still remains the possibility for resource allocation at RE level. For example, the other values of Alt 1 could be 150kHz, which is 10 RE at 15kHz SCS. Thus, the compatibility issue with NR/LTW still existed for Alt 1. In that sense, Alt 2 is more suitable as the transmission BW of R2D.
[bookmark: p1]Proposal 1: For R2D with SCS of 15kHz, support Alt 2, i.e., Btx,R2D is integer multiple(s) of 180 kHz, where the integer includes values from 1 to 12.
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: p2]Proposal 2: Only support TDM(A) scheme among multiple R2D transmissions.
A-IoT UL (D2R)
In RAN#116b meeting, the following agreement was achieved retarding the D2R multiple access
	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.



TDMA for multiple D2R transmissions is a basic scheme used in RFID, e.g., slotted ALOHA, where each device maintains a slot counter and will decrease the counter by 1 after receiving a command, e.g., QueryRep, and if slot = 0 after counter decrementing, a D2R transmission can be started. This contention-based slotted ALOHA manner is useful for avoiding the collision among devices especially considering the large initial SFO of the device and has already been agreed in agenda of 9.4.2.2.
[bookmark: o1]Observation 1: The contention-based slotted-ALOHA access for multiple D2R transmissions is supported, which requires a frequent R2D signaling for the slot counter decrement of the device.
A frequent R2D signaling in contention-based slotted-ALOHA access is not an efficient manner and extra latency is introduced. Therefore, multiple TDMA D2R transmissions triggered/scheduled by one R2D signaling should be supported. In that sense, a coarse synchronization among devices during a specific period is required, which we think is possible after device performing synchronization per received preamble from R2D signaling. Meanwhile, it is inevitable some residual SFO/timing error still existed even after synchronization. In this case, a gap between two adjacent slots for D2R transmissions can be used to alleviate the potential collision among devices when they access the channel in a TDMA manner. The following figure is shown to illustrate the aforementioned idea.
[image: ]
Figure 1 An illustration of TDMA D2R transmissions
[bookmark: o2]Observation 2: Multiple TDMA D2R transmissions scheduled by one R2D signaling is a more efficient manner regarding spectrum utilization and latency.
[bookmark: o3]Observation 3: A small gap in time domain between two adjacent D2R transmission slots is useful for avoiding the collision among devices when accessing the channel in a TDMA manner considering the residual timing error.
[bookmark: p3]Proposal 3: For TDMA D2R transmissions, when multiple devices are scheduled by one R2D signaling, study mechanism to solve the impact of residual timing error, e.g., a small gap in time domain between two adjacent D2R transmission slots.
For CDMA, we have the following observations:
· Poor synchronization performance in time and frequency domain of device would degrade the code orthogonality and thus results in a bad cross-correlation performance
· A large device density (e.g., 150 devices per 100  for indoor scenarios per TR) requires a long code sequence, which is challenging for the device with limited buffer size.
[bookmark: p4]Proposal 4: The study of CDMA for D2R transmissions should at least consider the impact of initial/residual timing/frequency error and device buffer size.
Waveform
A-IoT DL (R2D)
In RAN1 #116b, some agreement regarding the CP operation from Tx and Rx perspective is agreed for further study.
	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



From our 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: p5]Proposal 5: Whether special mechanism of CP removal is necessary for R2D from the device perspective should consider complexity issue and the impact of initial SFO of the device.
Additionally, 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.



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: p6]Proposal 6: For A-IoT R2D transmission, only study CP-OFDM and DFT-s-OFDM waveform.
A-IoT UL (D2R)
In RAN #116 and #116b meeting, 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 CW waveform for D2R backscattering, multiple unmodulated single-tone is studied compared to single-tone in R19 SI.
· Two unmodulated single-tones as a starting point
· FFS: Other number of tones
· FFS: how large gap is needed between tones



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.
As detailed in our companion paper [3], a larger tone number can achieve better BLER performance due to a diversity gain in frequency domain and with a proper guardband configuration (e.g., a guardband comparable to the coherent bandwidth), 2 tones can achieve best balance between the BLER performance and spectrum utilization. The simulation result is shown in Figure 2 as below and the detailed LLS can be found in our companion paper [7]
[image: ]
Figure 2. Performance comparison of different tone number and different GB between two adjacent tones
[bookmark: o4]Observation 4: A larger tone number can achieve better BLER performance due to a diversity gain in frequency domain.
[bookmark: o5]Observation 5: With a proper guardband configuration (e.g., a guardband comparable to the coherent bandwidth), 2 tones can achieve best balance between the BLER performance and spectrum utilization.
[bookmark: p7]Proposal 7: A single-tone and two-tones waveform for A-IoT D2R transmission of device 1 and 2a can be studied.
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
To evaluate the impact of different M value on the BLER performance for R2D transmission, we conduct the following simulation, where the bandwidth = 1RB at 15kHz and no SFO is assumed here. Other detailed LLS assumption can be found in out companion paper [7].
[image: ]
Figure 3. The impact of different M value on the BLER performance for R2D transmission
[bookmark: o6]Observation 6: From M = 1 to M = 2, the R2D BLER performance is increased under a given bandwidth of 1RB due to the power boosting.
[bookmark: o7]Observation 7: From M = 2 to a larger M value, the R2D BLER performance is decreased under a given bandwidth of 1RB due to the deterioration of the generated OOK-4 waveform.
In addition, to evaluate the impact of BW size on the BLER performance for different M value in OOK-4, we conduct the following simulation. 
[image: ]
Figure 4. The impact of BW size on the BLER performance for different M value
[bookmark: o8]Observation 8: A larger bandwidth is useful for improving the R2D BLER performance of OOK-4 modulation especially for a relatively large value of M.
[bookmark: p8]Proposal 8: The max M value of OOK-4 should be determined according to the R2D bandwidth size
· For R2D bandwidth of 1RB, the max value of M should be smaller than 8
· For R2D bandwidth larger than 1 RB, the max value of M could be larger than 8. FFS the upper bound of M value in this case.
A-IoT UL (D2R)
In RAN1 #116b, the following agreement was achieved regarding the modulation schemes for D2R transmission.
	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



One manner for achieving FSK modulation is based on the line coding in the baseband. In this manner, the “on-off” number for delivering one information bit could be adjusted to reflect different frequency in frequency domain.
[bookmark: p9]Proposal 9: The FSK of backscattering can be achieved by adjusting the number of “on-off” pulse for delivering one information bit.
Additionally, the following simulation is performed to compare the performance of different D2R modulation scheme including OOK, BPSK, and QPSK, where the data rate is targeted at 14kbps, FEC not considered and non-coherent detection method applied at reader side, and the detailed LLS assumption can be found in our companion paper [7].
[image: ]
Figure 5. Performance comparison for different D2R modulation schemes
[bookmark: o9]Observation 9: Regarding D2R modulation scheme, BPSK can achieve the best BLER performance compared to FSK and OOK.
CRC
In RAN1 #116b, the following agreements were achieved regarding the CRC scheme for A-IoT R2D and D2R.
	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



Regarding the utilization of different CRC, i.e., 6/16bit CRC or no CRC, the design should consider the following aspects:
· The overhead: a longer CRC means a higher overhead
· The error detection performance: a loner CRC means a better error detection performance
Based on the experience of RFID [2], the determination of CRC depends on not only on factor. In general, a short message always bounded with a short CRC length. While it should also be noted that, in several casas, for a same message size but with different functions, the CRC length could be different.
[bookmark: p10]Proposal 10: For both PRDCH and PDRCH, the utilization of different CRC should consider at least the overhead, error detection performance, message size, and message function. 
Conclusion
Observation 1: The contention-based slotted-ALOHA access for multiple D2R transmissions is supported, which requires a frequent R2D signaling for the slot counter decrement of the device.
Observation 2: Multiple TDMA D2R transmissions scheduled by one R2D signaling is a more efficient manner regarding spectrum utilization and latency.
Observation 3: A small gap in time domain between two adjacent D2R transmission slots is useful for avoiding the collision among devices when accessing the channel in a TDMA manner considering the residual timing error.
Observation 4: A larger tone number can achieve better BLER performance due to a diversity gain in frequency domain.
Observation 5: With a proper guardband configuration (e.g., a guardband comparable to the coherent bandwidth), 2 tones can achieve best balance between the BLER performance and spectrum utilization.
Observation 6: From M = 1 to M = 2, the R2D BLER performance is increased under a given bandwidth of 1RB due to the power boosting.
Observation 7: From M = 2 to a larger M value, the R2D BLER performance is decreased under a given bandwidth of 1RB due to the deterioration of the generated OOK-4 waveform.
Observation 8: A larger bandwidth is useful for improving the R2D BLER performance of OOK-4 modulation especially for a relatively large value of M.
Observation 9: Regarding D2R modulation scheme, BPSK can achieve the best BLER performance compared to FSK and OOK.
Proposal 1: For R2D with SCS of 15kHz, support Alt 2, i.e., Btx,R2D is integer multiple(s) of 180 kHz, where the integer includes values from 1 to 12.
Proposal 2: Only support TDM(A) scheme among multiple R2D transmissions.
Proposal 3: For TDMA D2R transmissions, when multiple devices are scheduled by one R2D signaling, study mechanism to solve the impact of residual timing error, e.g., a small gap in time domain between two adjacent D2R transmission slots.
Proposal 4: The study of CDMA for D2R transmissions should at least consider the impact of initial/residual timing/frequency error and device buffer size.
Proposal 5: Whether special mechanism of CP removal is necessary for R2D from the device perspective should consider complexity issue and the impact of initial SFO of the device.
Proposal 6: For A-IoT R2D transmission, only study CP-OFDM and DFT-s-OFDM waveform.
Proposal 7: A single-tone and two-tones waveform for A-IoT D2R transmission of device 1 and 2a can be studied.
Proposal 8: The max M value of OOK-4 should be determined according to the R2D bandwidth size
· For R2D bandwidth of 1RB, the max value of M should be smaller than 8
· For R2D bandwidth larger than 1 RB, the max value of M could be larger than 8. FFS the upper bound of M value in this case.
Proposal 9: The FSK of backscattering can be achieved by adjusting the number of “on-off” pulse for delivering one information bit.
Proposal 10: For both PRDCH and PDRCH, the utilization of different CRC should consider at least the overhead, error detection performance, message size, and message function. 
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