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1. Introduction
In RAN1 #116 meeting, following agreements were made for general aspects of physical layer design [1].  
	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


In this contribution, we discuss remaining issues for general aspects of physical layer design, including waveform and modulation, coding, numerology, bandwidth and multiple access. 
2. General design principle
According to SID, a harmonized air interface design with minimized differences for different A-IoT device types should be studied in Rel-19 SI. The challenge of air interface design is the allowed power consumption and complexity to meet the indoor inventory and command use cases, and the device 1 with ~1 power consumption puts most constraints for air interface design. Hence, air interface design, including waveform, modulation, coding etc., applicable to A-IoT device with ~1 power consumption should be prioritized. Optimizations only applicable for device with hundreds of  power consumption, while not feasible for 1 device type, should be down-prioritized.
[bookmark: _Hlk159252288][bookmark: PP1]Proposal 1: A harmonized air interface design, including waveform, modulation, coding etc., applicable to A-IoT device with ~1 power consumption should be prioritized. 
· Optimizations for device with hundreds of  power consumption should be down-prioritized. 
Besides, harmonized design for different topologies in physical layer is also required according to SID. However, it is not clear whether harmonized design for different topologies is only applicable to baseband signal/procedure design, or even the frequency band (e.g., DL and/or UL spectrum) should be aligned for different topologies. In our understanding, the harmonized design for different topologies is required only to physical layer channel design and procedure design between the Reader and A-IoT device, while the same frequency spectrum, including same spectrum for CW2D, D2R, R2D is not mandated for different topologies. Even for NR UEs, different UEs may support different frequency bands, while the physical layer channel and procedure design is the same for different frequency bands, where a harmonized design is achieved without mandating same operating frequency resources.
[bookmark: _Hlk163050361][bookmark: PP2]Proposal 2: For A-IoT system, the harmonized design for different topologies is required only to physical layer signal/channel and procedure design.
· the same frequency spectrum, including same DL/UL spectrum for CW2D, D2R, R2D is not mandated for different topologies.
In TR38.848, the design target for user experience data rate is ‘maximum not less than 5 kbps, and minimum not less than 0.1 kbps’ for A-IoT UL and DL. The user experience data rate for A-IoT is defined in TR22.840 before RAN study, where the requirements for user experience data rate is generally lower than 1 kbps. The user experienced data rate is the number of information bits (message size) divided by tolerable end-to-end delay which is at the level of seconds or minutes. 
However, instant data rate, which is defined as number of information bits delivered within the time duration allocated for actual signal/channel transmission via air-interface. The instant data rate does not consider traffic interval without actual transmission, and it can provide better guidance for physical channel design study in WG, and should be used as the metric for design target for data rate. The 0.1kbps user experienced data rate is referred from SA requirements, which takes the traffic interval without actual transmission into user experienced data rate calculation. Hence, Instant data rate is greater than user experience data rate. In UHF RFID C1Gen2, the range for R2D data rate is about 26~100kbps. The data rate range for D2R is between 5kbps (40kHz BLF with Miller-8 code) and 640kbps (640kHz BLF with FM0 code). 
For A-IoT, instant data rate comparable with UHF RFID C1Gen2 can be considered as design target, i.e., several tens of kbps for R2D and up to a few hundred kbps for D2R.
[bookmark: OB1]Observation 1: The 0.1kbps user experienced data rate is referred from SA requirements, which takes the traffic interval without actual transmission into user experienced data rate calculation, which cannot provide guidance to RAN1 channel design.
[bookmark: _Hlk159252236][bookmark: PP3]Proposal 3: Instant data rate, which is defined as the number of information bits delivered within the time duration allocated for actual signal/channel transmission via air-interface, is used as the metric of design target for data rate. 
· Several tens of kbps for R2D and up to a few hundred kbps for D2R can be considered as starting point.
3. Waveform and modulation 
3.1. Waveform and modulation for A-IoT DL
RAN1 agreed to study OFDM-based OOK modulation for R2D transmission. Both OOK-1 and OOK-4 supported by LP-WUS can be reused for R2D transmissions with variable data rates. One remaining issue is whether the OOK waveform is based on DFT-s-OFDM waveform or CP-OFDM waveform. As is known, OOK-1 can be considered as a special case of OOK-4 with M=1 for a unified design when OOK-1 and OOK-4 are based on DFT-s-OFDM, which is also friendly for intermediate UE implementation. 
[bookmark: _Hlk163050440][bookmark: PP4]Proposal 4: Support A-IoT R2D transmission with DFT-s-OFDM based OOK-1 waveform and OOK-4 waveform.  
Based on existing OFDM waveform, CP is always added in front of each OFDM symbol. Though A-IoT device does not demodulate OFDM symbol, the CP part of OFDM symbol still may impact A-IoT device reception. Typically, A-IoT device decodes R2D signals by checking the intervals between signal edges in the middle of each bit period and re-synchronizes local clock at the end of every bit period, e.g., every 2 or 4 OOK chips in case of Manchester coding [2]. If CP part changes the interval or changes the relative location of the signal edge in a bit period, Manchester decoding and self-clocking would be impacted. If M=1, i.e., one OOK chip per OFDM symbol, CP does not have impact. But if M >1, CP would be problematic. Figure 1 provides examples with M=2 and M=8, where M is the number of OOK chips in a OFDM symbol. Manchester coding with 1/2 coding rate is assumed. In Figure 1-a, CP part results in additional pulse which would be miss-understood as an OOK chip. For example, to acquire R2D timing, A-IoT device measures interval between transition edges to derive chip duration T and derive the start of the R2D transmission (end of preamble). A-IoT device would derive inaccurate chip length based on average of fake OOK chips generated by CP and normal OOK chips. Moreover, if A-IoT device assumes each chip as normal OOK chip, 1st fake OOK chip would be treated as one normal OOK ON chip and 2nd fake OOK chip would be treated as one normal OOK OFF chip, consequently, the device fails to detect preamble pattern due to wrong detected starting position as well as wrong Manchester decoding due to the fake OOK chips.  Furthermore, since the fake transition edge caused by CP is not in the middle of a bit period, re-synchronization of local clock to the fake transition edge leads to timing offset. In Figure 1-b, CP part has same amplitude with last OOK chip before the CP. CP part results in larger interval between the transition edges. If the CP length is comparable to a normal OOK chip length, A-IoT device cannot correctly decode the bit, e.g., miss-decode 1st bit ‘1’ after CP as ‘0’ because the interval between two edges is extended to approximately 2T. The CP also leads to one chip timing offset, i.e., A-IoT device miss-takes the edge with red arrow as the edge in the middle of a bit period. Such timing error also impacts decoding of subsequent bits, e.g., miss-decode 2nd  bit ‘1’ after CP as ‘0’ again. But if CP length is much shorter than a normal OOK chip, e.g., for M=2 case, the interval is slightly extended by CP which does not impact decoding. Similar impact is expected for PIE case. 



Figure 1(a). Fake OOK chips caused by CP 



Figure 1(b). Extended interval between adjacent bits caused by CP 
[bookmark: _Hlk163050447][bookmark: OB2]Observation 2: For M>1, if A-IoT R2D signal is generated by existing OFDM waveform including CP part, CP would cause fake ascending/descending edges or extended interval between edges which may lead to miss-aligned self-clocking and wrong line code decoding.

To avoid performance degradation caused by CP, either transmitter (gNB or intermediate UE) or receiver (A-IoT device) should handle the CP. 
· Approach 1: CP handled by receiver 
At transmitter side, gNB or UE reuses existing OFDM generation block to generate A-IoT DL signal, wherein the OFDM generation block includes CP insertion. A-IoT device has to handle CP part. Though line code enables self-clocking for each bit period to reduce impact of timing error caused by large SFO, it is still quite challenge for A-IoT device to find OFDM symbol boundary accurately to precisely remove CP. For example, with 10% SFO, the timing error within a bit period would be 3.33us in case of OOK-4 with M=2, which is more than half of CP duration (4.6 us or 5us for 15kHz SCS). Consequently, fake edges caused by CP shown in Figure 1(a) may still exist due to inaccurate CP dropping. Moreover, CP length varies with OFDM symbol index, i.e., longer CP (5us) for 1st OFDM symbol every 0.5 ms while shorter CP (4.6us) for other OFDM symbols. Requiring A-IoT device to adjust CP dropping according to OFDM symbol index further increases complexity. Therefore, removing CP as legacy NR UE is infeasible for A-IoT device. Alternatively, if A-IoT device can differentiate fake OOK chip generated by CP and normal OOK chip by comparing the length, e.g., if the fake OOK chip length is far shorter than a normal OOK chip, A-IoT device may drop the fake OOK chip. Such implementation implies a limit on the maximum value of M to ensure sufficient difference between CP length and normal OOK chip length. Meanwhile, the OOK chip duration should be sufficiently long to ensure the extension of intervals between edges caused by CP does not impact line decoding. For example, for Manchester decoding, A-IoT device may compare the interval between edges with a threshold to determine the ‘0’, ‘1’ bit. To avoid confusion shown in Figure 2, the CP length should be much shorter than OOK chip duration. Furthermore, preamble should be elaborately designed to guarantee proper estimation of normal OOK chip length and timing acquisition. 
[bookmark: OB3][bookmark: _Hlk163050453]Observation 3: It would be infeasible for A-IoT device to accurately remove CP as normal UE does due to large SFO and limited signal processing capability.   
[bookmark: OB4]Observation 4: A-IoT device may identify invalid chip caused by CP, if the CP length is much shorter than a normal OOK chip duration, but incapable to differentiate extended interval between signal edges caused by CP when CP length is comparable to normal OOK chip duration. 

· Approach 2: CP handled by transmitter
To avoid CP impact as analyzed above, gNB or UE reuses existing OFDM generation block to generate A-IoT R2D signal but not adding CP. A-IoT device just simply receives each OOK chip without knowing NR OFDM symbol boundary and OFDM symbol index. Unified frame structure for A-IoT R2D and D2R can be achieved (though the OOK chip duration may be different for R2D and D2R). 
Assuming SCS is 15kHz, there is 14 OFDM symbols with in 1ms, and a OFDM symbol excluding CP part is 2048 Ts. The CP length is 144 Ts for 12 OFDM symbols and 160 Ts for 1st and 8th OFDM symbol, the total CP length in 1ms is also 2048Ts. Hence, 15 OFDM symbols without CP can be transmitted in 1ms duration, if CP is not inserted for each OFDM symbol.
If the transmitter only serves A-IoT device, OFDM waveform without CP can be easily implemented with minor update of existing OFDM generation block, e.g., setting zero sample instead of 72 or 80 samples for CP. If the transmitter serves A-IoT device and NR simultaneously, i.e., NR DL and A-IoT R2D multiplexing in FDM manner in the same NR band, the implementation would be a bit complicated as it requires separate Tx processing for A-IoT R2D transmission without CP and NR DL transmission with CP, and sufficient number of PRBs as guard band is needed to avoid ICI. 
[bookmark: OB5][bookmark: _Hlk163050460]Observation 5: 15 OFDM symbols without CP can be transmitted in 1ms duration with 15KHz SCS, if CP is not inserted for each OFDM symbol. 
[bookmark: OB6]Observation 6: If gNB does not servers A-IoT device and NR UE simultaneously, R2D transmission without CP can be easily implemented by minor update of existing OFDM generation block without CP insertion. But if gNB serves A-IoT device and NR UE simultaneously in FDM manner, transmitting R2D signal without CP and NR signal with CP simultaneously increases implementation complexity and degrades resource efficiency. 



Figure 2. OFDM waveform without CP for A-IoT R2D transmission 
[bookmark: _Hlk163050468][bookmark: PP5]Proposal 5: For the study of CP handling for A-IoT R2D link, 
· Analyze CP impact on R2D timing calibration and decoding of PRDCH, for candidate M values and line code scheme. 
· Study gNB/UE implementation complexity for A-IoT R2D transmission without CP, and ICI between R2D and NR DL/UL if A-IoT device and NR UE co-exists in the same NR band. 
· [bookmark: _Hlk159252163]Study the feasibility of removing CP by A-IoT device, with consideration of limitation caused by large SFO and limited signal processing capability of A-IoT device. 

3.2. Waveform and modulation for A-IoT UL
In previous meeting, waveform for D2R link is discussed and following proposal is made in [3].
	Proposal 3.2a(II)
A-IoT UL study for baseband modulation includes
· OOK and BPSK
· Other baseband modulation can be proposed (e.g. Binary FSK), and further discussion will consider whether or not they are included in the study.
· Binary FSK aspects including:
· Spectral or resource efficiency compared to other included modulations
· Power consumption and complexity feasibility for the devices in the SID
· Impacts of phase discontinuity
· Possible imperfection in the modulation can be studied under 9.4.1.2/9.4.1.1


For backscatter D2R transmission, OOK and BPSK waveform are already supported in RFID C1Gen2. In these waveforms, OOK waveform is widely used in commercial RFID products, and it has been justified that it can be supported by device with ~1 power consumption [2]. And BPSK can also achieve <1uw power consumption [5]. The BPSK modulation for D2R link is supported without additional change on designs for OOK waveform. 
[bookmark: _Hlk159252320]For A-IoT D2R waveform and channel design, the same principle as that for RFID can be reused that, the D2R link design, including sync, channel structure, etc., should focus on OOK waveform, and D2R link design specifically to optimize D2R using BPSK modulation should be avoided to reduce work load.
[bookmark: _Hlk163050495][bookmark: PP6][bookmark: _Hlk159252326]Proposal 6: A-IoT D2R link study for baseband modulation includes OOK and BPSK
· the D2R link design, including sync, channel structure, etc., should focus on OOK waveform, and D2R link design specifically to optimize D2R using BPSK modulation should be avoided.
FSK modulation for D2R link is also discussed during last meeting. Typically, FSK modulation for backscatter transmission is realized by toggling/switching the impedance in different frequencies[14], as shown in following figure.
[image: ]
Figure 3. Illustration of a tag backscattering 2FSK-modulated signals[14]
However, FSK for D2R backscatter transmission has lower spectral efficiency compared with OOK modulation, since two frequencies should be reserved for D2R Link, and it is unfriendly for network deployment. Considering  10^5 ppm SFO, enough gap between the two frequencies should be reserved to ensure detection performance, which further reduce the spectral efficiency. 
One opinion raised in last meeting is that FM0 coded OOK waveform is equivalent to 2FSK modulation, hence 2FSK should not be excluded. Actually, FM0 is not equivalent to 2FSK in time domain waveform, spectrum, and detection algorithm.
The time domain waveform of FM0 and 2FSK is shown in the following Figure 4. When the input bit sequence to FM0 encoder is all ‘0’s or all ‘1’s, it is very clear that these two sequences are modulated to two different frequencies. However, each bit in the bit sequence is composed of a uniform distribution of bit 0 and bit 1, which results in a 2FSK like frequency spectrum, i.e., with two frequency components in PSD, cannot be clearly observed from the spectrum of FM0 coded bit sequence, as shown in Figure 4(c). As a result, the classic FM0 decode/demodulation algorithm does not exploit any frequency domain characteristics [6]. Hence, FM0 coded bit sequence cannot be regarded as FSK modulation, from both transmission/and reception perspective. Besides, the FM0 has exact the same frequency spectrum as Manchester coding according to [6], if FM0 code is regarded as FSK, Manchester code can also be regarded as FSK which is clearly incorrect inference.
[image: ]
Figure 4(a). Illustration of FM0-modulated signals with all ‘0’ and all ‘1’ sequence
[image: ]
Figure 4(b). Illustration of FM0/2FSK modulated signals with random ‘0’/’1’ sequence and same symbol rate
[image: ][image: ]   
                           (I)  Spectrum for 2FSK                                                                      (II)  Spectrum for FM0
Figure 4(c). Illustration of spectrum of FM0/2FSK modulated signals of Figure 4(b)
[bookmark: OB7][bookmark: _Hlk163050518]Observation 7: FM0 coded OOK cannot be regarded as FSK waveform.
· The spectrum of FM0 coded bit is clearly different from spectrum from 2-FSK.
· The receiver of FM0 coded bits does not exploit any frequency domain characteristics.
[bookmark: PP7]Proposal 7: FSK is not supported for D2R link due to
· FSK has lower spectrum efficiency
· Reliability is susceptible due to frequency error
4. Coding 
It has been agreed that for A-IoT R2D, line codes including Manchester encoding and pulse-interval encoding (PIE) are for further studied while forward error-correction code (FEC) is not considered. For A-IoT D2R, the encoding method is FFS. In this section, we will discuss the pros and cons of using FEC and line code for A-IoT.
4.1. Line code
Line codes are used in RFID communication system. For example, Manchester, PIE, Miller and FM0 code are widely used in RFID systems. These line codes are actually not considered as typical channel coding techniques. 
· Line code for R2D
PIE and Manchester code are used in reader->tag link in RFID systems[8][7], due to low detection complexity. PIE (Pulse Interval Encoding) code is a type of RFID communication protocol that encodes data into the duration of pulses or the duration between pulses, as shown in Figure 5.  
[image: ]
Figure 5. PIE code in UHF RFID C1Gen2
Manchester code, on the other hand, encodes data by toggling the signal between high and low states. For Manchester code, information bit ‘0’ is encoded to ‘01’, and information bit ‘1’ is encoded to ‘10’.
Both Manchester code and PIE code can be decoded by ~1 device. While the symbol duration for PIE code is not equal between ‘data-0’ and ‘data-1’, which means the total transmission length is not constant for a given payload size, depending on number of bits with value ‘0’ and number of bits with value ‘1’ in the payload.
[bookmark: _Hlk159252340][bookmark: OB8]Observation 8: PIE code may lead to non-constant transmission length for the same payload size, due to un-equal waveform length for bit ‘1’ and bit ‘0’.
To have same transmission duration for a TB irrespective of number of bits with value ‘0’ and number of bits with value ‘1’ in the payload, Manchester code is preferred. Therefore, we have following proposal.
[bookmark: _Hlk159252348][bookmark: PP8]Proposal 8: For A-IoT R2D transmission, Manchester code can be considered as baseline.
· Line code for D2R
Miller and FM0 code are used in tag->reader link in RFID systems. There are four possible waveforms in Miller code, two for each bit, and each bit shall contain exactly M subcarrier cycles, where M = 2, 4, 8. The basic functions of Miller code are shown in Figure 6 (a). In Miller code, a binary 1 is represented by a high-to-low or a low to-high transition occurring in the middle of the bit window and a binary 0 causes no change to the signal level unless it is followed by another 0, in which case a transition to the other level will take place at the end of the first bit period. Therefore, Miller code can guarantee a transition in every other bit, then timing information is embedded generically in the data which can be used by the receiver to synchronize with the transmitter. Miller-modulated subcarrier is obtained by multiplying the baseband Miller encoded data with a square wave whose frequency is M times that of the baseband data. Figure 6 (b) illustrates an example of baseband Miller encoded data and the corresponding Miller-modulated subcarrier data with M = 2. 
[image: ]
(a) Basic functions of Miller code
[image: ]
(b) An example of baseband Miller encoded data and the corresponding Miller-modulated subcarrier
[bookmark: _Ref158980061]Figure 6.  Illustration of Miller code 
FM0 code is bi-phase-space encoding, where a binary 1 is represented by a constant voltage occupying the entire bit window and a binary 0 is represented by a transition in the middle of the bit window. In addition, FM0 inverts the phase at the boundary of each symbol. The FM0 basic function and an example of FM0 coding data is as shown in Figure 7. It can be seen that timing information is also embedded in the data, which can be used by the receiver to synchronize with the transmitter.
[image: ]
(a) Basic functions of FM0 code
[image: ]
(b) An example of FM0 encoded data
[bookmark: _Ref158980095]Figure 7.  Illustration of FM0 code
As discussed in our companion paper [3][10], the receiver for A-IoT R2D need to handle the time and frequency variation during backscatter transmission. Self-clocking code can be used to facilitate receiver to track the time and frequency variation during backscattering transmission. The transitions between consecutive bits are used to determine the timing and synchronization of the data. FM0 code and Miller code are self-clocking code widely used in backscatter transmission to overcome the time/frequency variation. 
[bookmark: _Hlk163050558][bookmark: OB9]Observation 9: FM0 and Miller code can be used as self-clock coding, and Reader can synchronize with the FM0 and Miller code by observing the transitions in the code pattern, to estimate and overcome the timing error/variation during backscatter communication.
In addition, Miller code provides better interference rejection by adding several subcarriers (transitions per bit) to each bit. Another key advantage of having more subcarriers per bit is that the spectrum of the response from the tag is displaced far away from the carrier frequency, which requires less bandwidth to transmit data compared to Manchester code and makes it easier for the reader to detect the backscattered signal [11].
For FM0 code, the spectrum of the encoded signal is identical to Manchester code. While 3-dB performance improvement can be achieved by differential encoder and a simple shift of the detection interval for the conventional symbol-by-symbol detector [6].
Hence, FM0 and Miller can be considered as baseline for line code for A-IoT uplink.
[bookmark: _Hlk159252358][bookmark: OB10]Observation 10: Compared with Manchester code, FM0 and Miller can provide better performance for A-IoT D2R link.
[bookmark: _Hlk159252364][bookmark: PP9]Proposal 9: For A-IoT D2R, the RFID line codes, i.e., FM0 and Miller code can be considered as baseline.
4.2. FEC Channel coding
It has been agreed that A-IoT R2D with no forward error-correction code (FEC) is studied as baseline. For A-IoT D2R, FEC coding schemes like turbo code, polar code and LDPC code are not suitable as it may require inter-leaver, recursive encoding or large memory in encoder. While the convolutional code can be considered by very low complexity circuits. It can be realized by shifter registers and XOR calculations. The power consumption of convolutional code for A-IoT may be lower compared with convolutional code for LTE due to low data rates. However, the relation between data rates and the required power consumption of convolutional encoder is not clear. 
[bookmark: _Hlk159252387][bookmark: OB11]Observation 11: It may be possible to use convolutional code for A-IoT D2R transmissions with very low complexity circuits, i.e., shifter registers and XOR calculations. Whether convolutional code could be applicable by device with 1 power consumption is FFS.
Besides, whether channel coding is needed in A-IoT D2R depends on the coverage. If the D2R channel is the bottleneck for A-IoT coverage, the channel coding scheme can be considered to further improve the D2R coverage. However, the bottleneck of A-IoT coverage is R2D according to our coverage evaluation in [12]. Therefore, the study on channel coding for A-IoT D2R optimization can be deprioritized. 
[bookmark: _Hlk159252410][bookmark: PP10]Proposal 10: FEC in D2R is not necessary if coverage for A-IoT D2R without channel coding is not the bottleneck. 
5. Numerology  
For A-IoT system, as discussed in section 3, D2R waveform is non-OFDM based OOK for A-IoT device low complexity and low power consumption. For R2D, although OFDM generated OOK is considered to reduce the hardware impacts on gNB/UE as Reader, from A-IoT device perspective, it still uses the OOK chip as the demodulation unit. Therefore, OOK chip as a numerology should be defined for A-IoT R2D transmission. If 1/2 or 1/4 Manchester coding is applied, one bit consists of 2 OOK chips (one OOK ON chip and one OOK OFF chip) or 4 OOK chips as shown in Figure 8. If PIE coding is applied, one bit ‘0’ consists of 2 OOK chips (one OOK ON chip and one OOK OFF chip) and one bit ‘1’ consists of 3 or 4 OOK chips (2 or 3 consecutive OOK ON chips and one OOK OFF chip) as shown in Figure 9. 
	

     
Figure 8.  OOK chip definition for Manchester coding


	

        
Figure 9.  OOK chip definition for PIE coding


For R2D transmission, if the OFDM symbol is transmitted without CP, OOK chip duration is always 1/M OFDM symbol duration for any M value. The OFDM symbol duration is still same as legacy NR OFDM symbol duration, and one subframe consists of 15 OFDM symbols. If the OFDM symbol is transmitted with CP, OOK chip duration is same as a OFDM symbol duration including CP if M=1, while OOK chip duration is 1/M OFDM symbol duration excluding CP if M>1. It can be seen that, OOK chip duration is the same for OFDM waveform with and without CP, if M>1. 
The proper value of M for A-IoT depends on target data rate, target coverage with timing error (caused by typical delay spread and SFO) and frequency error (caused by SFO or CFO) as well as transmission bandwidth, and CP impact (as discussed in section 3.1). Table 1 provides OOK chip duration for various M values with achievable chip rate and data rate. The data rate is calculated with assumption of Manchester coding with 1/2 coding rate for reference. Accurate maximum coding rate for target coverage needs further evaluation in agenda 9.4.1.1. 
Table 1 . OOK chip length for different M values
	SCS=15kHz
	OOK chip length
	chip rate 
	Data rate 
	Short/long CP length

	M=1
	66.7us if without CP
71.3us if with CP
	14kcps
	7kbps
	4.6us/5us

	M=2
	33.35us 
	28kcps
	14kbps
	4.6us/5us

	M=4
	16.68us
	56kcps
	28kbps
	4.6us/5us

	M=6
	11.11us
	84kcps
	42kbps
	4.6us/5us

	M=8
	8.34us
	112kcps
	56kbps
	4.6us/5us

	M=10
	6.67us
	140kcps
	70kbps
	4.6us/5us

	M=12
	5.56us
	168kcps
	84kbps
	4.6us/5us


To achieve comparable data rate as RFID, e.g., around 50kbps, at least M up to 8 is needed. According to our evaluation in figure 10, in case of single PRB transmission bandwidth, around 5dB degradation is observed for M=8 compared to M=4 case, while detection performance is almost identical for M=2 &4. In case of larger transmission bandwidth of 4.32MHz, detection performance is less sensitive to M values, e.g., about 1dB degradation for M=8 compared to M=4 case. The LLS simulation assumption is provided in Appendix A. Meanwhile, 8.34us OOK chip duration with M=8 is still much longer than CP duration, which would be sufficient for A-IoT device to differentiate CP and normal OOK chip to reduce the impact of CP. Considering typically short delay spread for indoor scenario, 8.34us OOK chip duration would be robust to the delay spread and 1%~10% timing error of the OOK chip duration. To determine proper value of M, further LLS is needed. 
[image: ][image: ]
Figure 10. Detection performance of different M value
[bookmark: _Hlk163050720][bookmark: OB12]Observation 12: For candidate M values: 
· M>1 is needed to achieve peak data rate comparable to RFID.  M up to 8 could be sufficient for ~ 50Kbps peak data rate. 
· Obvious detection performance degradation is observed for larger M, e.g., M=8, with small transmission bandwidth such as 1 PRB, while the impact of M is marginal for larger transmission bandwidth. 
· OOK chip duration with M up to 8 is still distinguishable from CP duration. 
For D2R transmission, similar to RFID, OOK chip duration depends on backscatter-link frequency and data rate.  Existing RFID Backscatter-link frequency (BLF) {40, 80, 160, 320, 640} kHz can be considered as baseline. 
For R2D transmission, if the OFDM symbol is transmitted without CP, SCS can be transparent to A-IoT device, because OOK chip duration observed by the A-IoT device can be the same regardless of a larger SCS with a smaller M or a smaller SCS with a larger M. However, if OFDM symbol is transmitted with CP and CP handling is required on A-IoT device side, different SCS may have impact on CP handling by A-IoT device, because different SCS leads to different CP duration. To simplify A-IoT device reception, it is desirable to support single SCS. In existing NR FDD spectrum, most FDD bands support single 15kHz SCS as default as specified in TS 38.101. Therefore, RAN1 study should focus on 15kHz case.   
[bookmark: PP11][bookmark: _Hlk163050805]Proposal 11: A-IoT R2D study focuses on 15 kHz SCS, from the transmitter perspective, for OFDM-based waveform.
[bookmark: PP12][bookmark: _Hlk159252421]Proposal 12: For A-IoT R2D transmission, study OOK chip duration considering OFDM based waveform with or without CP part, target data rate, target coverage with timing error (typical delay spread and SFO) and frequency error (caused SFO or CFO) as well as transmission bandwidth. 
· OOK chip duration is one NR OFDM symbol for OOK-1 with or without CP part. For OOK-4, the OOK chip duration is 1/M of a NR OFDM symbol excluding CP if any. M up to 8, i.e., 8.34us OOK chip duration can be starting point.
[bookmark: PP13]Proposal 13: For A-IoT D2R transmission, study chip duration with non-OFDM waveform considering target data rate and target coverage with timing error and frequency error (caused SFO or CFO).
· Chip duration based on BLF in RFID can be starting point, e.g., from 0.78 ~12.5us. 
6. Multiple Access
Wireless channel in nature is multiple access channel, providing different or same time/frequency/code/spatial resources for different nodes, i.e., TDMA, FDMA, CDMA or SDMA. With envelope detection, it is difficult to find orthogonal sequence based on ON/OFF than legacy orthogonal sequence, and with large timing and frequency error, e.g., caused by 104 or 105 ppm SFO, the orthogonality between different codes/sequences would be seriously destroyed, thus it is challenging to use CDMA for A-IOT. SDMA uses different spatial signatures to separate different nodes. However, in typical A-IoT deployment, a bunch of A-IoT devices indoor would be closely located leading to limited degree of freedom of spatial channel, i.e., the spatial channels of these devices would be highly correlated. 
[bookmark: OB13][bookmark: _Hlk163050821]Observation 13: CDMA and SDMA would be challenge for A-IoT system.   
TDMA is a simple way for orthogonal multiple access. For example, during inventory phase, multiple A-IoT devices may use same time resource based on contention based random access. The random access scheme is discussed in [13]. In case the Reader already gets the device identifiers, different A-IoT devices can be assigned with non-overlapping time resource. 
[bookmark: _Hlk163050830][bookmark: OB14]Observation 14:TDMA is feasible for all A-IoT device types in both R2D and D2R link. 
In addition to TDMA, FDMA can also be considered to improve spectrum efficiency. For device with internally generated UL, D2R transmission from different A-IoT devices can be allocated with different frequency resource. For device with D2R backscattered on a CW, different frequency resource for different A-IoT devices can be achieved by allocating different BLF values as shown in Figure 11. For this case, inter-A-IoT device interference needs careful study, because there would be harmonic component of backscattered UL signal from an A-IoT device which interferes UL signal from another A-IoT device. For example, assuming CW is transmitted at Fc, UL signal from A-IoT device #0 allocated with BFL#0=80 kHz (denoted as Fs0 in the figure) consists of desired signal at Fc ± Fs0 and undesirable harmonic components at Fc ± x*Fs0，x=3, 5,.... Then, if there is another A-IoT device #1 with BFL#1=240 kHz (denoted as Fs1 in the figure), the 3rd order harmonic component of A-IoT device #0 UL signal overlaps with A-IoT device #1 UL signal, degrading A-IoT device #1 UL performance. Figure 12 provides preliminary evaluation result. It can be seen that FDMed multiplexing between A-IoT devices using backscattered transmission is feasible, although detection performance is slightly degraded compared with TDMed multiplexing.


Figure 11. Example of different BLFs applied for FDMed A-IoT Devices in D2R link
[image: ]
Figure 12. Performance comparison between FDMed and TDMed A-IoT devices
For device with IF/BB ED, DL transmission targeting different A-IoT devices can be transmitted in different frequency resources, while it would be infeasible for device with RF ED. However, how an A-IoT device can derive the frequency resource allocation of A-IoT DL may be a bit complicated.   
For both TDMA and FDMA, it can be up to gNB to properly allocate orthogonal time and frequency resource for different A-IoT devices to achieve required performance. Due to large SFO and CFO, some gap would be needed for resources for different devices, e.g., a few OOK chips and/or some frequency resources shall be reserved to avoid resource overlapping between different devices caused by timing and frequency error.  
[bookmark: OB15][bookmark: _Hlk163050847]Observation 15: FDMA can be feasible at least for A-IoT device types with internally generated D2R transmission. 
[bookmark: PP14]Proposal 14: For multiple access in A-IoT system, 
· TDMA should be the baseline for both D2R and R2D link
· Study FDMA for each device type in D2R link
7. [bookmark: _Ref115156542]Bandwidth
Per SID, A-IoT operates in FR1 licensed spectrum in FDD, and the spectrum deployments in-band to NR, in guard-band to LTE/NR, in standalone band(s) are to be considered. For different deployments, the bandwidth of available spectrum would be different. For example, in case of guard band case, available spectrum would be a few hundreds of kHz, while in-band deployment or standalone deployment, the available bandwidth would be several or tens of MHz. 
[bookmark: _Hlk163050874][bookmark: OB16][bookmark: _Hlk159252632]Observation 16: Candidate bandwidth for in-band, guard band and standalone deployment would be different. 

In RAN1 #116 meeting, for R2D transmission, it was agreed to use Transmission bandwidth and occupied bandwidth from a reader perspective for RAN1 study purpose (the intention is not to introduce/discuss new bandwidth definition for RAN1 or RAN4 specification). Possible values of each bandwidth are FFS. 
As discussed in [9], A-IoT device with ~1 and device with a few hundred  peak power consumption have different transceiver architectures. Different transceiver architectures may lead to different appropriate bandwidth for A-IoT transmission. 
For a device with ~1  peak power consumption, typically, R2D reception is based on RF envelop detection.  The occupied bandwidth depends on Rx bandwidth in front of RF envelop detection. Typically, matching network is applied before RF envelop detection. Matching network is to ensure maximum transmission power and minimum reflection loss of the signal to optimize the performance and efficiency of RF system. Generally, matching network with narrow bandwidth can improve selectivity. For example, a matching network with narrow bandwidth (e.g., 180kHz) can achieve good spectrum efficiency with relatively small guard spectrum for adjacent channel interference suppression. However, such implementation affects network deployment, because the matching network can only work at certain frequency within limited bandwidth. On the other hand, for more flexible deployment, a wider bandwidth (e.g., 5MHz) would be practical, but it may decrease the performance of suppression for adjacent channel interference. Based on these two kinds of matching network, we evaluated the detection performance of the coexistence between A-IoT R2D and NR in a 20MHz NR band. Simulation assumptions are provided in table 2. 
Table 2.  Simulation assumption for Matching network 
	
	Matching network bandwidth 
	R2D Transmission bandwidth 
	R2D Occupied bandwidth 

	Evaluation Case in Figure 14
	180KHz
	1 PRB
	Case 1: 540KHz (1 PRB guard on both sides)
Case 2: 4.5MHz (12 PRBs guard on both sides)

	Evaluation Case in Figure 15
	5MHz
	1 PRB
	Case 3: 4.5MHz (12 PRBs guard on both sides)
Case 4: 10MHz (26 PRBs guard on both sides)



For Matching network with 180kHz bandwidth shown in figure 13, power boosting for A-IoT R2D over NR (denoted as SIR in the figure) is needed for both 1 PRB and 12 PRBs guard band case. The required power boosting decreases with increased size of guard PRB. For 1 PRB guard case, at least 15dB power boosting is needed. However, the maximum power boosting available for R2D transmission would be 4.77 dB assuming the boost power comes from 2 guard PRBs if the R2D occupied bandwidth is 540KHz, which is not sufficient for 1 PRB guard case.  For 12 PRB guard case, at least 10 dB power boosting is needed, which may still be challenge for gNB implementation.  
For Matching network with 5MHz bandwidth shown in Figure 14. Comparing with Figure 13, much higher power boosting is needed for the same occupied bandwidth, e.g., around 30 dB power boosting for 5MHz matching network bandwidth vs 10 dB power boosting for 180KHz matching network bandwidth.  In figure 14, the case of NR signals out of Matching network bandwidth (case 4 with 26 guard RBs) and the case of NR signals located in Matching network bandwidth (case 3 with 12 guard RB) is compared. It can be seen that, both cases require high power boosting, though case 4 slightly outperforms case 3, i.e., required power boosting is 28 dB and 30 dB respectively. However, for both cases, the maximum power boosting available for R2D transmission is far less than 28dB and 30dB. Therefore, it would be challenge for NR and R2D co-existence in FDM manner, considering practical power boosting range. Study on practical maximum power boosting range is necessary and can be left to RAN4. 
Dramatically performance degradation with presence of NR DL can be explained that the amplitude response of matching network fades too slowly to suppress adjacent channel interference in case of larger matching network bandwidth. As shown in Figure 15, for matching network with 180kHz bandwidth, the amplitude response or gain is no smaller than -0.74dB at the range of 180KHz matching frequency (from m2 to m3 in the figure). At the range out of 540KHz frequency (below m1 or above m4 in the figure), the amplitude response is smaller than -4.3dB. At the range out of 2 MHz frequency, the amplitude resource can be lower than -14dB.  Therefore, for coexistence between A-IoT R2D and NR in 20MHz band, only a small amount of NR adjacent interference may fall into the RF envelop detection, and the rest can be effectively filtered out by this matching network. While for matching network with 5MHz bandwidth, the amplitude response is no smaller than -0.319dB at the range of 5MHz matching frequency (from m2 to m3 in the figure) and the cutoff frequency is about 11MHz. At the frequency out of 5MHz matching frequency, the amplitude fades very slowly. It implies a challenge for NR and R2D co-existence in FDM manner, if NR channel bandwidth is not sufficiently larger compared with matching network bandwidth, considering practical power boosting range.
Based on analysis above, with different matching network parameters and allowed power boosting, the occupied bandwidth Bocc,R2D would be from several hundred KHz to several MHz, or even the whole NR channel bandwidth, to avoid interference falling into the RF envelop detector. Since RF envelop detector cannot efficiently cancel the interference even if there is BB filter after envelop detection. 
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Figure 13. Performance for different guard PRBs (Matching network bandwidth= 180KHz)
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Figure 14. Performance for different guard PRBs (Matching network bandwidth= 5MHz)
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	(a) 180kHz Matching network 
	(b) 5MHz Matching network


 Figure 15. Amplitude response of an equivalent filter for matching network with 180KHz & 5MHz bandwidth
[bookmark: _Hlk163050888][bookmark: OB17]Observation 17: Occupied bandwidth is different for different matching network bandwidth. 
· Smaller matching network bandwidth, e.g., 180kHz, provides better channel selectivity thus requiring smaller occupied bandwidth and lower power boosting for R2D over NR signal, but imposes restrictions on network deployment. 
· At least 15 dB and 10dB power boosting is needed for 1 PRB guard case and12 PRBs guard band case respectively. 
· Larger matching network bandwidth, e.g., 5MHz, has better universality and is beneficial for flexible network deployment, but is less capable of interference suppression thus requiring larger occupied bandwidth and higher power boosting for R2D over NR signal.
· At least 30 dB and 28 dB power boosting is needed for 12 PRB guard and 26 PRB guard band case respectively. 
· R2D and NR may not co-exist in FDM manner, according to existing allowed power boosting range. 
For a device with a few hundred µW peak power consumption, DL reception can be based on IF/BB envelop detection. With IF/BB filter before the envelop detector, occupied bandwidth for A-IoT DL transmission can be much narrower than the case of RF envelop detector, as is shown in Figure 17 (c). The occupied bandwidth can be slightly larger than the bandwidth of IF/BB filter with guard spectrum to accommodate frequency error at A-IoT device side due to low accuracy of LO. For example, 180kHz guard spectrum is needed at each edge of transmission bandwidth to accommodate 200ppm CFO [13].  If transmission bandwidth is 1PRB, occupied bandwidth can be 3 PRBs. With such small occupied bandwidth, it may allow NR and A-IoT co-existence in FDM manner for in-band deployment. For guard band deployment, due to large frequency offset, it would be still quite challenging to be deployed. 
For both A-IoT device types, the transmission bandwidth is mainly determined by target data rate. Assuming maximum target data rate of 50Kbps, 180kHz bandwidth of one PRB would be sufficient. To improve coverage, larger transmission bandwidth can be considered. Considering the occupied bandwidth would be up to several MHz or even the whole NR channel bandwidth in case of the device with RF envelop detector, using only 180kHz for transmission while leaving large block of blanking spectrum as is shown in Figure 17 (a) would be a huge waste. It would be more efficient to transmit with larger bandwidth within the occupied bandwidth for R2D transmission, as is shown in Figure 17 (b), to improve R2D performance, e.g., by obtaining frequency diversity, which in turn reduces A-IoT overhead in time domain to improve co-existence efficiency with NR or improve A-IoT system capacity. For flexibility, multiple transmission bandwidth can be supported. It is noted that, R2D transmission bandwidth can be agnostic to A-IoT device as long as it is within the occupied bandwidth.  Therefore, support of multiple R2D transmission bandwidth does not result in additional burden to the A-IoT device. 


  
Figure 17. Examples of A-IoT transmission bandwidth and occupied bandwidth 

[bookmark: OB18]Observation 18: For device with RF ED, occupied bandwidth Bocc,R2D to be reserved to avoid interference falling into RF envelope detector may be from several hundred KHz to several MHz or even whole NR channel bandwidth, depending on assumption of matching network, as well as power boosting for A-IoT R2D transmission. NR DL may or may not coexist with A-IoT R2D in FDM way for in-band case.
[bookmark: OB19]Observation 19: For device with IF or BB ED, occupied bandwidth Bocc,R2D with guard PRBs to accommodate CFO for LO can be much smaller than the device with RF ED.  NR DL can coexist with A-IoT R2D in FDM or TDM way for in-band case.
[bookmark: OB20]Observation 20: For both devices with RF ED and devices with IF/BB ED, minimum transmission bandwidth Btx,R2D depends on target peak data rate. Furthermore, larger transmission bandwidth to efficiently utilize the occupied bandwidth is beneficial for coverage as well as improve spectrum efficiency. 
· For both devices with RF ED and devices with IF/BB ED, R2D transmission bandwidth can be agnostic to A-IoT receiver as long as it is within the occupied bandwidth. 

[bookmark: PP15]Proposal 15: For R2D bandwidth study, 
· Support multiple candidate transmission bandwidth Btx,R2D, e.g., from 1 PRB to tens of PRBs, considering target peak data rate, coverage, spectrum efficiency and Rx architecture. 
· Study occupied bandwidth Bocc,R2D. Bocc,R2D > Btx,R2D, with guard PRBs, e.g., from few PRBs to tens of PRBs, to reduce the impact of interference falling into RF ED and impact of CFO for IF/BB ED, considering Rx architecture, e.g., matching network, RF ED or IF/BB ED, and power boosting range.  
For UL, in case of devices with D2R transmission based on backscatter on a carrier wave, the spectrum of the D2R signal is displaced about several tens to several hundred kHz from the CW frequency, determined by BLF. The Signal power mainly concentrate in primary sidelobe, therefore, the frequency resources of primary sidelobes can be considered as D2R transmission bandwidth per A-IoT device. The width of sidelobe is determined by data rate, by combination of BLF and line coding, e.g., FM0 with BLF=180kHz or Miller-2 with BLF=360kHz. Different from legacy transmission bandwidth, the transmission bandwidth Btx,D2R is non-contiguous, because it consists of two sidelobes on each side of CW. To avoid inter A-IoT device interference, e.g., in case of FDMed D2R transmissions from A-IoT devices, guard spectrum around the transmission bandwidth to reduce interference caused by harmonic component of D2R signal and frequency error due to large SFO should be reserved. Therefore, D2R occupied bandwidth Bocc,D2R should be larger than Btx,D2R. In case of FDMed D2R transmissions from different A-IoT devices, the minimum BLF interval between two D2R transmissions should be no smaller than Bocc,D2R/2 (Bocc,D2R is the sum of occupied bandwidth at each side of CW per A-IoT device, so minimum BLF interval is Bocc,D2R/2 ). Figure 18 provides an example for 3 A-IoT devices with different BLF Fs0, Fs1 and Fs2 for D2R transmission from 3 A-IoT devices. In addition, system bandwidth is useful for the study of D2R frequency resource allocation, e.g., maximum value of BLF or a maximum number of FDMed D2R transmissions within a given total bandwidth. In that sense, the system bandwidth for D2R transmission is the maximum frequency resources that can be reserved for A-IoT devices including guard spectrum. The system bandwidth is also relevant to co-existence with NR UL transmissions. NR UL transmission may be served by outdoor gNB rather than indoor gNB serving A-IoT devices, interference from NR UE, due to impairment factors, such as in-band emission from NR UE, would still cause interference to A-IoT D2R reception by the indoor gNB, if the NR UL transmission and D2R transmission is in the same NR band. Because the received power of backscattered D2R at the indoor gNB would be quite low, e.g., -92.99 dB as analyzed in [12], the backscatter signal power may be overwhelmed by the in-band emission from NR UE UL transmission. 
In case of devices with D2R transmission generated internally, the bandwidth would be different from the D2R transmission based on backscatter on a carrier wave, e.g., smaller Bocc,D2R  because of less spectrum dispersion, smaller Btx,D2R because of single side spectrum after Tx filter. With larger received signal power of internally generated D2R transmission compared with backscattered case, it may be feasible for NR and A-IoT  co-existence in FDM manner for in-band deployment, thus the guard reserved for co-existence purpose can be smaller. For both backscattered case and internally generated case, the detailed evaluation on guard spectrum for co-existence issue can be left to RAN4.



Figure 18. Example of Tx BW, Occupied BW and system BW for D2R transmission 
[bookmark: OB21]Observation 21: For device with backscattered UL transmission, D2R transmission per A-IoT device occupies a set of frequency resources on each side of CW. 
· Frequency resources used for transmitting D2R at least includes primary sidelobes on each side of CW, which is determined by data rate, relying on combination of BLF and line code scheme. 
· Guard spectrum around primary sidelobes on each side of CW is needed to reduce impact of harmonic component of D2R signal and frequency error due to large SFO. 
[bookmark: OB22]Observation 22: For device with internally generated UL transmission, the bandwidth per A-IoT device can be smaller than backscattered UL transmission. 
[bookmark: OB23]Observation 23: In addition to Bocc,D2R and Btx,D2R, system bandwidth Bsys,D2R  is also useful for the study of D2R frequency resource allocation, e.g., maximum value of BLF or a maximum number of FDMed D2R transmissions within a given total bandwidth.  
[bookmark: PP16]Proposal 16: For D2R bandwidth study, 
· Define Transmission bandwidth Btx,D2R  from one A-IoT device perspective:
· For D2R transmission based on backscatter on a carrier wave, Btx,D2R is the frequency resource of primary sidelobes on both sides of CW for transmitting D2R.  
· For D2R transmission generated internally, Btx,D2R is the frequency resource for transmitting D2R.
· Tens of KHz to more than a hundred KHz can be considered.  
· Define occupied bandwidth Bocc,D2R from one A-IoT device perspective: Bocc,D2R is the frequency resource of Btx,D2R and guard frequency resources around  Btx,D2R to reduce impact of harmonic component of D2R signal and frequency error due to large SFO or CFO. 
· Define system bandwidth Bsys,D2R. Bsys,D2R is the maximum frequency resources that can be reserved for A-IoT devices including guard frequency resources.
· Bsys,D2R  > Bocc,D2R   > Btx,D2R
8. Conclusion
In this contribution, we provide our views on general aspects for A-IoT. The observations and proposals are summarized as follows.
Proposal 1: A harmonized air interface design, including waveform, modulation, coding etc., applicable to A-IoT device with ~1 power consumption should be prioritized. 
· Optimizations for device with hundreds of  power consumption should be down-prioritized. 
Proposal 2: For A-IoT system, the harmonized design for different topologies is required only to physical layer signal/channel and procedure design.
· the same frequency spectrum, including same DL/UL spectrum for CW2D, D2R, R2D is not mandated for different topologies.
Observation 1: The 0.1kbps user experienced data rate is referred from SA requirements, which takes the traffic interval without actual transmission into user experienced data rate calculation, which cannot provide guidance to RAN1 channel design.
Proposal 3: Instant data rate, which is defined as the number of information bits delivered within the time duration allocated for actual signal/channel transmission via air-interface, is used as the metric of design target for data rate. 
· Several tens of kbps for R2D and up to a few hundred kbps for D2R can be considered as starting point.
Proposal 4: Support A-IoT R2D transmission with DFT-s-OFDM based OOK-1 waveform and OOK-4 waveform.  
Observation 2: For M>1, if A-IoT R2D signal is generated by existing OFDM waveform including CP part, CP would cause fake ascending/descending edges or extended interval between edges which may lead to miss-aligned self-clocking and wrong line code decoding.
Observation 3: It would be infeasible for A-IoT device to accurately remove CP as normal UE does due to large SFO and limited signal processing capability.   
Observation 4: A-IoT device may identify invalid chip caused by CP, if the CP length is much shorter than a normal OOK chip duration, but incapable to differentiate extended interval between signal edges caused by CP when CP length is comparable to normal OOK chip duration. 
Observation 5: 15 OFDM symbols without CP can be transmitted in 1ms duration with 15KHz SCS, if CP is not inserted for each OFDM symbol. 
Observation 6: If gNB does not servers A-IoT device and NR UE simultaneously, R2D transmission without CP can be easily implemented by minor update of existing OFDM generation block without CP insertion. But if gNB serves A-IoT device and NR UE simultaneously in FDM manner, transmitting R2D signal without CP and NR signal with CP simultaneously increases implementation complexity and degrades resource efficiency. 
Proposal 5: For the study of CP handling for A-IoT R2D link, 
· Analyze CP impact on R2D timing calibration and decoding of PRDCH, for candidate M values and line code scheme. 
· Study gNB/UE implementation complexity for A-IoT R2D transmission without CP, and ICI between R2D and NR DL/UL if A-IoT device and NR UE co-exists in the same NR band. 
· Study the feasibility of removing CP by A-IoT device, with consideration of limitation caused by large SFO and limited signal processing capability of A-IoT device. 
Proposal 6: A-IoT D2R link study for baseband modulation includes OOK and BPSK
· the D2R link design, including sync, channel structure, etc., should focus on OOK waveform, and D2R link design specifically to optimize D2R using BPSK modulation should be avoided.
Observation 7: FM0 coded OOK cannot be regarded as FSK waveform.
· The spectrum of FM0 coded bit is clearly different from spectrum from 2-FSK.
· The receiver of FM0 coded bits does not exploit any frequency domain characteristics.
Proposal 7: FSK is not supported for D2R link due to
· FSK has lower spectrum efficiency
· Reliability is susceptible due to frequency error
Observation 8: PIE code may lead to non-constant transmission length for the same payload size, due to un-equal waveform length for bit ‘1’ and bit ‘0’.
Proposal 8: For A-IoT R2D transmission, Manchester code can be considered as baseline.
Observation 9: FM0 and Miller code can be used as self-clock coding, and Reader can synchronize with the FM0 and Miller code by observing the transitions in the code pattern, to estimate and overcome the timing error/variation during backscatter communication.
Observation 10: Compared with Manchester code, FM0 and Miller can provide better performance for A-IoT D2R link.
Proposal 9: For A-IoT D2R, the RFID line codes, i.e., FM0 and Miller code can be considered as baseline.
Observation 11: It may be possible to use convolutional code for A-IoT D2R transmissions with very low complexity circuits, i.e., shifter registers and XOR calculations. Whether convolutional code could be applicable by device with 1 power consumption is FFS.
Proposal 10: FEC in D2R is not necessary if coverage for A-IoT D2R without channel coding is not the bottleneck. 
Observation 12: For candidate M values: 
· M>1 is needed to achieve peak data rate comparable to RFID.  M up to 8 could be sufficient for ~ 50Kbps peak data rate. 
· Obvious detection performance degradation is observed for larger M, e.g., M=8, with small transmission bandwidth such as 1 PRB, while the impact of M is marginal for larger transmission bandwidth. 
· OOK chip duration with M up to 8 is still distinguishable from CP duration. 
Proposal 11: A-IoT R2D study focuses on 15 kHz SCS, from the transmitter perspective, for OFDM-based waveform.
Proposal 12: For A-IoT R2D transmission, study OOK chip duration considering OFDM based waveform with or without CP part, target data rate, target coverage with timing error (typical delay spread and SFO) and frequency error (caused SFO or CFO) as well as transmission bandwidth. 
· OOK chip duration is one NR OFDM symbol for OOK-1 with or without CP part. For OOK-4, the OOK chip duration is 1/M of a NR OFDM symbol excluding CP if any. M up to 8, i.e., 8.34us OOK chip duration can be starting point.
Proposal 13: For A-IoT D2R transmission, study chip duration with non-OFDM waveform considering target data rate and target coverage with timing error and frequency error (caused SFO or CFO).
· Chip duration based on BLF in RFID can be starting point, e.g., from 0.78 ~12.5us. 
Observation 13: CDMA and SDMA would be challenge for A-IoT system.   
Observation 14:TDMA is feasible for all A-IoT device types in both R2D and D2R link. 
Observation 15: FDMA can be feasible at least for A-IoT device types with internally generated D2R transmission. 
Proposal 14: For multiple access in A-IoT system, 
· TDMA should be the baseline for both D2R and R2D link
· Study FDMA for each device type in D2R link
Observation 16: Candidate bandwidth for in-band, guard band and standalone deployment would be different. 
Observation 17: Occupied bandwidth is different for different matching network bandwidth. 
· Smaller matching network bandwidth, e.g., 180kHz, provides better channel selectivity thus requiring smaller occupied bandwidth and lower power boosting for R2D over NR signal, but imposes restrictions on network deployment. 
· At least 15 dB and 10dB power boosting is needed for 1 PRB guard case and12 PRBs guard band case respectively. 
· Larger matching network bandwidth, e.g., 5MHz, has better universality and is beneficial for flexible network deployment, but is less capable of interference suppression thus requiring larger occupied bandwidth and higher power boosting for R2D over NR signal.
· At least 30 dB and 28 dB power boosting is needed for 12 PRB guard and 26 PRB guard band case respectively. 
· R2D and NR may not co-exist in FDM manner, according to existing allowed power boosting range. 
Observation 18: For device with RF ED, occupied bandwidth Bocc,R2D to be reserved to avoid interference falling into RF envelope detector may be from several hundred KHz to several MHz or even whole NR channel bandwidth, depending on assumption of matching network, as well as power boosting for A-IoT R2D transmission. NR DL may or may not coexist with A-IoT R2D in FDM way for in-band case.
Observation 19: For device with IF or BB ED, occupied bandwidth Bocc,R2D with guard PRBs to accommodate CFO for LO can be much smaller than the device with RF ED.  NR DL can coexist with A-IoT R2D in FDM or TDM way for in-band case.
Observation 20: For both devices with RF ED and devices with IF/BB ED, minimum transmission bandwidth Btx,R2D depends on target peak data rate. Furthermore, larger transmission bandwidth to efficiently utilize the occupied bandwidth is beneficial for coverage as well as improve spectrum efficiency. 
· For both devices with RF ED and devices with IF/BB ED, R2D transmission bandwidth can be agnostic to A-IoT receiver as long as it is within the occupied bandwidth. 
Proposal 15: For R2D bandwidth study, 
· Support multiple candidate transmission bandwidth Btx,R2D, e.g., from 1 PRB to tens of PRBs, considering target peak data rate, coverage, spectrum efficiency and Rx architecture. 
· Study occupied bandwidth Bocc,R2D. Bocc,R2D > Btx,R2D, with guard PRBs, e.g., from few PRBs to tens of PRBs, to reduce the impact of interference falling into RF ED and impact of CFO for IF/BB ED, considering Rx architecture, e.g., matching network, RF ED or IF/BB ED, and power boosting range.  
Observation 21: For device with backscattered UL transmission, D2R transmission per A-IoT device occupies a set of frequency resources on each side of CW. 
· Frequency resources used for transmitting D2R at least includes primary sidelobes on each side of CW, which is determined by data rate, relying on combination of BLF and line code scheme. 
· Guard spectrum around primary sidelobes on each side of CW is needed to reduce impact of harmonic component of D2R signal and frequency error due to large SFO. 
Observation 22: For device with internally generated UL transmission, the bandwidth per A-IoT device can be smaller than backscattered UL transmission. 
Observation 23: In addition to Bocc,D2R and Btx,D2R, system bandwidth Bsys,D2R  is also useful for the study of D2R frequency resource allocation, e.g., maximum value of BLF or a maximum number of FDMed D2R transmissions within a given total bandwidth.  
Proposal 16: For D2R bandwidth study, 
· Define Transmission bandwidth Btx,D2R  from one A-IoT device perspective:
· For D2R transmission based on backscatter on a carrier wave, Btx,D2R is the frequency resource of primary sidelobes on both sides of CW for transmitting D2R.  
· For D2R transmission generated internally, Btx,D2R is the frequency resource for transmitting D2R.
· Tens of KHz to more than a hundred KHz can be considered.  
· Define occupied bandwidth Bocc,D2R from one A-IoT device perspective: Bocc,D2R is the frequency resource of Btx,D2R and guard frequency resources around  Btx,D2R to reduce impact of harmonic component of D2R signal and frequency error due to large SFO or CFO. 
· Define system bandwidth Bsys,D2R. Bsys,D2R is the maximum frequency resources that can be reserved for A-IoT devices including guard frequency resources.
· Bsys,D2R  > Bocc,D2R   > Btx,D2R

References
[1] 3GPP RAN1#116 meeting, Chairman’s note
[2] [bookmark: _Ref129560082][bookmark: _Ref158972719][bookmark: _Hlk111134044]Manchester Coding Basics, Atmel-9164-Manchester-Coding-Basics_Application-Note.pdf (microchip.com).
[3] [bookmark: _Ref158980826]R1-2401568, Feature Lead Summary for 9.4.2.1: “Ambient IoT – General aspects of physical layer design”, Huawei
[4] V. Liu, V. Talla, and S. Gollakota, “Enabling instantaneous feedbackwith full-duplex backscatter,” in Proc. of 20th annual international conference on Mobile computing and networking, Maui, Hawaii, USA, Sept. 2014, pp. 67-78.
[5] [bookmark: _Ref158973404]Gharaei Jomehei, Maryam; Sheikhaei, Samad . (2014). An ultra low-voltage low power PSK backscatter modulator for passive UHF RFID tags compatible with C1 G2 EPC standard protocol. Analog Integrated Circuits and Signal Processing.
[6] [bookmark: _Ref163151226]M Simon, D Divsalar, Some Interesting Observations for Certain Line Codes With Application to RFID, IEEE transactions on communications, 2006
[7] [bookmark: _Ref158975210]EPC Radio-Frequency Identity Protocols Generation-2 UHF RFID Standard.
[8] [bookmark: _Ref158975401]Information technology- Radio frequency identification for item management- Part 62: Parameters for air interface communications at 860 MHz to 960 MHz Type B.
[9] R1-2402243, Discussion on Ambient IoT Device architectures, vivo.
[10] [bookmark: _Ref158981201]R1-2402246, Discussion on Downlink and uplink channel/signal aspects, vivo.
[11] [bookmark: _Ref159229421]F. Yuan, CMOS Circuits for Passive Wireless Microsystems. New York, NY, USA: Springer, 2010.
[12] R1-2402242, Evaluation methodologies assumptions and results for Ambient IoT, vivo.
[13] [bookmark: _Hlk155368585]R1-2402245, Discussion on Frame structure, random access, scheduling and timing aspects for Ambient IoT, vivo.
[14] [bookmark: _Ref163157948]Qammer H. Abbasi Hasan T., Backscattering and RF Sensing for Future Wireless Communication, WILEY.
Appendix A – Link-level simulation assumption for R2D link
	Parameters
	Assumptions 

	Carrier frequency
	~900 MHz

	Bandwidth
	180 kHz, 4.32MHz

	Channel structure
	Preamble+data+CRC
· Preamble: 16bits
· data: 48 bits
· CRC: 8 bits

	matching network bandwidth
	5MHz

	BB filter bandwidth
	BB LPF with cutoff frequency at 2*chip rate kHz and 5-order Butterworth LPF

	Waveform
	OOK waveform generated by OFDM modulator

	Modulation
	OOK

	Chip rate
	 kbps

	Line code
	Manchester coding-2

	FEC
	no FEC

	Channel model
	TDL-A NLOS

	Delay spread
	30 ns

	Device velocity
	3 km/h

	BLER
	1%

	Number of Tx/Rx chains for Ambient IoT device
	1

	BS
	Number of antenna elements
	2 antenna elements, with (M,N,P,Mg,Ng) = (1,1,2,1,1) 

	
	Number of TXRUs
	2

	Intermediate node UE
	Number of antenna elements
	1

	
	Number of TXRUs
	1

	SFO
	ideal

	ADC bit width
	[bookmark: _GoBack]1 bit for Type 1 device; 4 bits for Type 2 device
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