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1. [bookmark: _Ref4817]Introduction
[bookmark: OLE_LINK19]During RAN1 previous meeting, general aspects of physical layer design for A-IoT were discussed, some initial agreements have been made, including R2D numerology, waveform, modulation, line code, bandwidth definition/candidate bandwidth values, CRC and D2R modulation, line code, FEC, CRC, bandwidth definition, multiple access. There are still details about these aspects to be studied.
In this contribution, we provide our further consideration on general aspects physical layer design.
2. Discussion on general aspects of A-IoT physical layer 
The numerology, waveform, modulation, coding, bandwidth and multiple access issues are discussed in the following.
2.1. Numerology
The related agreements from previous meetings are as following[1],
	Agreement
R2D study includes subcarrier spacing of 15 kHz, from the reader perspective, for OFDM-based waveform.
· Inclusion in the study of subcarrier spacing of 30 kHz is FFS.



According to the agreements, 15KHz will be studied for A-IoT R2D link. Utilizing OFDM-based OOK-1 and OOK-4 waveform generation ensures orthogonality for in-band deployment, especially for FDD low spectrum , when SCS =15KHz are used for NR for good coverage. 
And for 30KHz SCS, it can provide smaller OFDM symbol duration, however, since OOK-4 is used, smaller chip duration can also be realized by larger M values. And for low narrowband FDD frequency spectrum, 15KHz is more practical for coverage. Therefore, we propose to focus on 15KHz SCS to reduce the standardization work. The necessity of 30KHz SCS needs to be justified. 
For uplink, it is based on backscattering of non-OFDM waves, so no need to define SCS numerology.
[bookmark: OLE_LINK23]Proposal 1: For R2D study, single SCS with 15KHz is preferred.

2.2. [bookmark: OLE_LINK22]Waveform
2.2.1. [bookmark: OLE_LINK24]R2D link
During RAN1#116b, the CP handling issue is discussed and two alternatives solutions are agreed.
	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.
· [bookmark: OLE_LINK21]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



For Method Type 1, it requires the device to correctly determine the number of samples for CP, including the long CP every 0.5ms. And also in this case, the device is aware of every OFDM symbol boundary since it has to remove the CP of every OFDM symbol.
[bookmark: OLE_LINK9][bookmark: OLE_LINK20]For Method Type 2, CP insertion is transparent to devices. They just need to decode the received signal based on ascending/descending edges. When the decoding method is based on ascending/descending edges and the edge interval T which is corresponding to chip length of one bit after Manchester coding, or 2-chip length after Manchester coding, the insertion of CP has to make sure the combined chip length is within [T,1.5T], as shown in Figure.1, so that the device will treat it as single bit considering large SFO.
[image: ]
Figure.1 OOK-4 with CP insertion
And to make sure 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, the bit value need to satisfy some restriction. As shown in Figure.2, supposing the last bit value after Manchester coding of OFDM symbol n-1 is a, and the first and last bit value after Manchester coding of OFDM symbol n are b and c, when , additional ascending/descending edges will be created. When , copy of part of c to b can be treated as an extension of a or b.


[bookmark: _Ref18532][bookmark: OLE_LINK10]Figure 2 CP issues
This problem can be solved by shifting the last OOK bit of OFDM symbol n to next symbol, i.e. the OOK-4 value M is reduced to M-1 for OFDM n. When Manchester coding is used, the last OOK bit for OFDM symbol n will be changed when M is an even value, since high to low transition will always happen between two Manchester coded bits, and therefore, no different CP power level will be introduced with changed M value for OFDM symbol n. 
Another way to solve the problem can be the first OFDM symbol carries odd value M chips, and the following OFDM symbols carry even value M chips, and the odd value and even value can be adjacent integers so that the chip length does not change much. 
In this case, the OOK chip does not required to have equal length after CP insertion. However, with increasing of M value to support high data rate, the chip length will be reduced, for example, when M=8, the chip length will be 66.67/8=8.33us, while CP length is 4.69us, the combined chip length will be larger then 1.5T, since 4.69us is larger than 8.33us/2=4.17us. 
So Method Type 2 needs to handle the case when CP length is comparable to chip length or even larger than chip length. More study is needed.
[bookmark: OLE_LINK17]Observation 1: For Method Type 1, the device has to be aware of OFDM symbol boundary. 
Observation 2: With changing value of M for OOK-4 between adjacent OFDM symbols, additional rising/falling edge after CP insertion can be avoided.    
Proposal 2: For Method Type 2, variable OOK-4 M values across different OFDM symbols is supported to avoid false rising/falling edge between the last OOK chips in OFDM symbol (n-1) and the first OOK chips in OFDM symbol n. 
Proposal 3: Further study larger M values of Method Type 2, which result in comparable CP length and chip length or even larger CP length than chip length. 
Proposal 4: Arrange OOK chips have equal length after CP insertion may not be needed.

2.2.2. [bookmark: OLE_LINK25]D2R link
For D2R link, when backscattering is used, the waveform should base on modulation of externally-generated carrier wave, which are discussed under 9.4.2.4. And to support harmonized design, the internally-generated carrier wave of device 2b can use same waveform as the externally-generated carrier wave.   

2.3. Modulation
2.3.1. R2D link
· [bookmark: OLE_LINK37]Values of M
For the values of M, it should be variable to support different downlink data rates. For example, if the target devices is near the Reader, high data rate can be applied to downlink inventory commands, and if the target devices is far from the Reader, low data rate can be applied to downlink inventory commands.
[bookmark: OLE_LINK5]Observation 3: Multiple M values for OOK-4 are useful for different data rates.

And for the range of M, we think it should firstly satisfy the data rate requirement of TR 38.848, where the user experienced data rate target is, for the uplink and downlink, maximum not less than 5 kbps, and minimum not less than 0.1 kbps. For 5kbps, OOK-1 is enough, however, the user experienced data rate usually is smaller than the peak data rate, since it may consider scheduling multiple devices, waiting time, etc. Therefore, M larger than 2 is needed.
[bookmark: OLE_LINK6]And secondly, the design should at least support data rate comparable to RFID systems, so as to provide enough competitiveness. For example, a low bound of Tari value with 6.25us means 160kbps data rate, then according to Table.1, M value should be no smaller than 23. The value can be indicated by inventory commands or preamble, details can be studied in 9.4.2.3.
Table 1. Relation of OOK4 M value with data rate
	M values for OOK-4
	Chip rate
	Chip duration(us)
	Data rate *

	OOK-1/OOK-4, M=1
	14kcps
	66.67
	7kbps

	OOK-4, M=2
	28kcps
	33.33
	14kbps

	OOK-4, M=3
	42kcps
	22.22
	24kbps

	OOK-4, M=4
	56kcps
	16.67
	28kbps

	OOK-4, M=5
	70kcps
	13.33
	35kbps

	OOK-4, M=6
	84kcps
	11.11
	42kbps

	OOK-4, M=8
	112kcps
	8.33
	56kbps

	……

	OOK-4, M=23
	322kcps
	2.9
	161kbps

	OOK-4, M=24
	336kcps
	2.77
	168kbps


(* Note: Manchester 1/2 is used to calculate data rate)
Observation 4: M up to M=24 is needed to provide sufficient downlink data rate.
[bookmark: OLE_LINK26]Proposal 5: Multiple candidate values of M should be supported. 
Proposal 6: The maximum value of M should be no smaller than 24.

· Chips
The chips definition was discussed during RAN1#116b meeting, and the following proposal was proposed by the FL,
	[bookmark: OLE_LINK28]Proposal 2.2.2a(I): In R2D, chip is a reference duration of a line code codeword
· As previously agreed, this means there are M reference durations in an OFDM symbol, for an OFDM-based waveform.
· The reference duration definition will be studied during discussion on selecting line code(s).


[bookmark: OLE_LINK1][bookmark: OLE_LINK27]We think the above proposal can be the starting point for further study. Since OOK-1 and OOK-4 are adopted for R2D link, the chip duration can be defined as the duration of one modulated on or off bit duration after line coding (e.g., Manchester or PIE coding).  
Proposal 7: For R2D link, chip is defined as the duration of one modulated 0 or 1 bit duration after line coding (e.g.,  Manchester or PIE coding).

A "Floating chip duration" is useful, 
· considering the sampling frequency error tolerances should always be considered for Ambient IoT R2D receiver, from transmitter perspective, it is not nessasry to restrict the chip duration to a fixed duration. 
· also, the duration of NR 15kHz SCS OFDM symbols are not exact same across different symbol indices.
· floating chip duration allows the reader to transmit the OOK chips flexible, and it is benificial to avoid CP issue.
Hence, the transmitter is allowed to transmit OOK signals in 'floating chip duration'. The chip duration can be 

where T0 is determined by the one OFDM symbol/M,  should be FFS. 
[bookmark: OLE_LINK54]Proposal 8: For R2D link, study floating chip duration that , and FFS .


2.3.2. D2R link
· Flow chart
For modulation, we provide the following Figure.3 for a flow chart for coding and modulation schemes. 
· Firstly, CRC is added to the information bits if used
· Secondly, FEC or repetition can be used to improve transmission reliability 
· Thirdly, line code is added to provide synchronization reference
· [bookmark: OLE_LINK49]Small Frequency Shift (SFS) modulation using square wave modulation with a frequency that is N times of frequency of line coding chip. Different N can be used to achieve different frequency modulation and realize FDMA among devices. What kind of square wave is better for small frequency shifting should be further studied.
· Chip modulation, this is related to modulation schemes such as OOK, BPSK.
[image: ]
[bookmark: _Ref29198]Figure 3. Coding and modulation procedure for D2R link
In this section, we will provide our view on the SFS modulation and chip modulation.

· Small Frequency Shift (SFS) modulation
For example, in [2], for D2R link, Miller modulated subcarrier with different M values uses similar mechanism. The information bits after CRC(if used) will use Miller code as line coding, and then is modulated on subcarriers with different M values. As shown in Figure.4.
[image: ]
[bookmark: _Ref337]Figure 4. Miller modulated subcarrier sequence
Here, the subcarrier is square wave, which can provide frequency shifting. BLF is frequency of the subcarrier square wave. Then with different M values, the spectrum of can be shifted. An example is provided in the following Figure.5. BLF=250Hz is supposed, and with different M values, the spectrum is shifted. It can be seen from the figure that, there is some overlap between the spectrum of different M values. So in order to support FDMA of different devices, selection of M value and also BLF is important.
[image: ]
[bookmark: _Ref24936][bookmark: OLE_LINK50]Figure 5. Illustration of frequency shift with different M values, and same BLF(250Hz)
Proposal 9: Small Frequency Shift (SFS) modulation is used before chip modulation to achieve small frequency shift in baseband and/or FDM(A) among devices.
Proposal 10: Further study what kind of square wave is better for small frequency shifting. 
· Chip modulation
During RAN1#116b meeting, the following proposal was made by FL, 
	Proposal 3.2a(II): Study the following for D2R baseband modulation, for potential down-selection:
· OOK
· Binary PSK
· Binary FSK, if OOK and binary PSK are found not suitable
· Study needs to consider aspects including:
· Exact baseband signal generation
· Spectral or resource efficiency comparison
· Power consumption and complexity feasibility for the devices in the SID
· Impacts of phase discontinuity
· Demodulation method(s) at D2R receiver
· Decoding performance at reader
· Impacts of spectrum aliasing for binary FSK
· Possible imperfection in the modulation can be studied under 9.4.1.2/9.4.1.1



For uplink with backscattering, both OOK and BPSK can be supported from literature, such as many research activities, RFID specifications and etc. Many of the implementations are focused on OOK for the current mainstream RFID manufacturers, since it is easy to realize. BPSK can provide better decoding performance, and practical implementation should be considered for PSK modulation.
For FSK, it occupies double bandwidth compared to OOK and BPSK, the spectrum efficiency is low. And when FDMA is supported, with same channel bandwidth, the number of devices multiplexed will be half of OOK or BPSK. So we propose to de-prioritize FSK.
[bookmark: OLE_LINK56]Proposal 11: OOK modulation is considered as baseline for Ambient-IoT device-to-reader link.
Proposal 12: BPSK modulation can be further studied for Ambient-IoT device-to-reader uplink.

2.4. Coding
2.4.1. R2D link
· Line code
During RAN1#116b meeting, the following proposal was discussed,
	Proposal 2.3a: The study assumes the following codewords:
· [bookmark: OLE_LINK30]For Manchester encoding down-select one from: 
· A: bit 0→ chips{01}, bit 1→chips{10}
· B: bit 1→chips{10}, bit 1→chips{01}
· [bookmark: OLE_LINK29]Reference duration is duration of chip{0} which is equal to duration of chip{1}
· For PIE down-select one from:
· A: bit 0→chips{01}, bit 1→chips{1110}. Reference duration is duration of chip{0} which is equal to duration of chip{1}.
· B: 0→{0}, 1→{10}; followed by {0} → high voltage for one chip, {1} → high-low-high voltage in one chip. Reference duration is a chip duration.
· Note: The SI intends to further down-select between Manchester encoding and PIE.


For Manchester encoding, we can accept either option A or option B, since both can provide self synchronization and the decoding performance is the same. And the reference duration is the duration of chip {0} which is equal to duration of chip{1}.
For PIE encoding, we think both equal and unequal length of bit 0 and bit 1 should be for further study from energy harvesting efficicency and link performance perspective. 
PIE is useful for RF energy harvesting. Although capacitor is used for AIoT devices, however, for inventory stages, if some signals/channels will be transmitted very frequently, using PIE will be more effeicent for the device to receive the signal and charging at the same time. The following is an example for considerstaion. 
If the Reader has to provide energy harvesting signals before inventory for devices to charge, it may take a long time for devices in cell edge. And if the Reader can send some R2D signals or channel during this stage, before inventory starting, to provide some indication for incoming inventory command, such as the time gap, the energy harvesting may be affected if the R2D signals or channel can not be simultaneously transmitted with RF energy harvesting signals, and is not friendly for energy harvesting. As shown in Figure.6, different devices need different time for EH before inventory starts, and some indication signals are transmitted to indicate the start time of Select/Query, so that devices that fully charged early does not need to always monitoring. For device B/C, they will need more time for charging than device A. If the RF energy harvesting signal transmission is interrupted when R2D transmission for indicating start time of Query/select is transmitted, the energy harvesting of Manchester encoding will be slower than PIE encoding for such R2D indication.
And similar case also exists after inventory starts. So more discussion is needed considering the inventory procedure about the down-selection. 
[image: ]
[bookmark: _Ref30521][bookmark: OLE_LINK32]Figure 6 Transmission of indication signal reducing EH efficiency
Hence, we propose that both PIE and manchester coding should be supported.
[bookmark: OLE_LINK7][bookmark: OLE_LINK31]Proposal 13: For Manchester encoding down-select one from: 
· A: bit 0→ chips{01}, bit 1→chips{10}
· B: bit 1→chips{10}, bit 1→chips{01}
· Reference duration is duration of chip{0} which is equal to duration of chip{1}
Proposal 14: For PIE code, both equal and unequal length of bit 0 and bit 1 should be for further study from energy harvesting efficiency and link performance perspective. 
Proposal 15: Both Manchester and PIE should be supported and studied for Rel-19 AIoT SI. 
· Bit repetition
To our understanding, bit level repetition corresponds to (a) in Figure.7, for example, with 3 times repetition, bit “1” is repeated to “111”, and bit “0” is repeated to “000”, and then “111” is line coded to “010101”, “000” is line coded to “101010”. The repeated bit stream is modulated with OOK and transmitted to the gNB/UE. And chip level repetition corresponds to (b) in Figure 6, each chip after line coding is repeated 3 times. And it is similar as transmission with long chip duration. 
Since envelope detection is used for downlink reception, combination of scheme (a) may not provide expected gain for the reception, a long chip length (b) may be useful for R2D transmission coverage. 
Bit repetition can also be used to produce low data rate such as 0.1kbps. Since OOK-1 or OOK-4 will be used for downlink waveform generation, 14kcps is the lowest chip rate for OOK-1, with 1/2 Manchester encoding, the data rate is 7kbps. Then to produce lower data rate, bit repetition can be used. 
However, 
· For device type 1 and 2a, the data transmission may not be the bottleneck, whether bit repetition is supported can be further studied based on coverage evaluation. 
· From device perspective, especially device 1 with low complex and memories, it is not possible to combine the multiple repetitions. Hence, such repetitions may not be helpful. 
[bookmark: OLE_LINK33]Observation 5: Bit repetition can be used to generate a lower data rate than 7kbps.
Observation 6: If data channel of R2D is not the bottleneck channel for device 1 and 2a, supporting repetition seems not necessary.

[image: ]
[bookmark: _Ref4134]Figure 7. Bit repetition for A-IoT
Proposal 16: Further study bit-level repetition for R2D link, compared with the scheme without bit-level repetition but with a lower chip rate to support chip rate lower than 14kcps (i.e., 7kbps for Manchester coding).

2.4.2. D2R link
During RAN1#116b meeting, the following proposal was discussed,
	Agreement
For D2R, study: Manchester encoding, FM0 encoding, Miller encoding, no line coding.
· FFS: Mapping(s) from bit(s) to line-code codewords
· [bookmark: OLE_LINK36]FFS: How to achieve small frequency shift in baseband and/or FDM(A) among devices
· Aspects to study include:
· Spectrum shape
· Complexity
· Power consumption
· BER, BLER
· Resilience to SFO
· If there is any relation to CFO
Agreement
A-IoT D2R study of FEC includes at least convolutional codes.
· Comparisons are encouraged to compare to the case of no FEC
· FFS details of convolutional codes, such as polynomial(s), shift-register termination, etc.
· FFS if other FEC candidates/methods will be studied.
Agreement
Study D2R transmission in the physical layer using repetition
· Note: Discussions regarding higher-layer repetitions are up to RAN2.


[bookmark: OLE_LINK34]In this section, we will provide our views on the coding part of Figure.3 in section 2.3.2, including line coding part and FEC part.
· Line coding
Some initial comparison among Manchester, Miller and FM0 code are shown in Figure.8, with LLS parameters in Table.2. It can be seen that Manchester has best decoding performance, while Miller code requires ~2dB higher SNR.  
Table.2 Simulation parameters for different line code
	Parameter
	Assumptions

	Data rate
	15 kbps

	Modulation
	OOK

	Packet size
	16bit + 8bit CRC

	Channel model
	AWGN

	Filter configuration
	3rd Butterworth with 10MHz bandwidth

	ADC
	Ideal quantization, 960kHz sampling rare

	Coding
	Manchester, Miller, FM0



[image: ]
[bookmark: OLE_LINK38]Figure 8. Comparison of different Line code scheme
However, Miller code occupies much narrow spectrum bandwidth, such that,
· When a baseband filter is used in Reader to filter out backscattered data, it results in less noise interference, potentially improving the performance over other coding schemes. 
· Given a fixed amount of resources, the fewer resources a device occupies, the greater number of FDM channels can be allocated among different devices.
[image: ]
[bookmark: _Ref22883][bookmark: OLE_LINK48]Figure 9. Spectrum of Manchester, Miller, FM0 code
Observation 7: Manchester code can provide ~2dB better decoding performance than Miller code for AWGN channel at the price with a wider spectrum occupation.
Proposal 17: At least miller code should be supported in D2R link. 
 
· Bit repetition
[bookmark: OLE_LINK39][bookmark: OLE_LINK8]To our understanding, bit level repetition corresponds to (a) in Figure.10, for example, with 3 times repetition, bit “1” is repeated to “111”, and bit “0” is repeated to “000”, and then “111” is line coded to “010101”, “000” is line coded to “101010”. The repeated bit stream is modulated with OOK and transmitted to the gNB/UE.
And chip level repetition corresponds to (b) in Figure.10, each chip after line coding is repeated 3 times. And it is similar as transmission with long chip duration. 
For D2R transmission, the receiver can make use of the repetition to improve performance. The repetition seems simpler to be implement than FEC, but the performance is poorer than FEC with same code rate. Whether down-selection of repetition and FEC is made or both can be supported can be further studied. 
[image: ]
[bookmark: _Ref828]Figure 10. Bit repetition for A-IoT
Proposal 18: Bit repetition can be used when FEC is not applied, whether both repetition and FEC can be supported for D2R link needs further study.
Proposal 19: Further study bit-level repetition for D2R link, compared with the scheme without bit-level repetition but with a lower chip rate.

· FEC
For D2R link, the choice of FEC code shall take encoding complexity into consideration from device perspective. A convolutional encoder consists of k m-stage shift registers that containing information symbols. These are combined with circuits performing linear bit-level XOR/OR/AND operations to produce the codeword of length n, denoted as a coder (n,k,m). The complexity of the encoder remains manageable if the values of n,k,m are kept small. According to the previous agreement, A-IoT D2R study of FEC includes at least convolutional codes (CC). Hence we provide some initial comparison in Figure.11. Different number of registers, m=3 and m=6 for CC code are compared(see Table.3 for simulation assumptions). 
It can be seen that with reduced number of registers, the performance loss is about 0.3dB for m=3 compared to m=6, at BER of 10-3, which is quite acceptable.
Table.3 LLS parameter for comparison of CC and Miller code
	Parameters
	Assumption

	Data rate
	15kbps

	TBS
	96bits

	Coding schemes
	CC, m=3, [15,17]
CC, m=6, [133,171]

	Modulation
	OOK

	Channel
	AWGN

	ADC
	Ideal quantization, 7.68MHz sampling rate

	Line Code
	Manchester 1/2

	BB filter
	5th Buttordworth @240kHz





Figure 11. Initial performance comparison for CC with different number of registers
[bookmark: _GoBack]Observation 8: Convolutional codes with 3 stage registers offer the advantage of low complexity with only a modest performance loss. For instance, the performance loss is approximately 0.3 dB when compared to a 6 stage register configuration at BER 10-3.

How to use the line coding and FEC together are summarized in the following table. When FEC is applied for uplink, how to maintain the synchronization from receiver (i.e., reader) side should be considered, unless both FEC and line code is applied. Another alternative is to insert preamble or midamble into the uplink data transmission for synchronization maintenance. Further studies is needed to compare these alternatives. Table 4 is a list of the schemes for consideration.
Table 4. Coding schemes for A-IoT D2R link
	[bookmark: OLE_LINK12]coding schemes
	Note

	alt.1
	Line code, Manchester/Miller code/FM0
	Repetition can also be considered

	alt.2a
	[bookmark: OLE_LINK11] Convolutional code+Line code
	Both FEC and line code is used

	alt.2b
	Convolutional code
	Preamble or midamble are inserted for data transmission



Proposal 20: The following coding scheme combinations can be considered for further studies for Ambient IoT D2R link,
	coding schemes
	Note

	alt.1
	Line code: Manchester/Miller code/FM0
	Repetition can also be considered

	alt.2
	 FEC: (Tail-biting)convolutional code + Line code
	Both FEC and line code is used

	alt.3
	FEC:(Tail-biting)convolutional code
	Preamble or midamble are inserted for data transmission


2.4.3. R2D and D2R CRC
The following agreements was made during last RAN1 meeting,
	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



The CRC used for mandatory Interrogator commands and replies[2] are summarized in the following Table.5. It can be seen that the CRC length is not only related to message size, for example, Query commands has 17 bits except CRC, and CRC 5 is added, while for delayed successfully reply, CRC 16 is used for the same 17 bit information. And there are also some commands have no CRC (highlighted in gray in the table), even for ACK whose length is 18.
So the CRC design of A-IoT should also consider the command and reply function. For example, for QueryRep like command, which is used for devices to find a slot boundary and decrease its slot counter, even if a device detect a false QueryRep, it just decreases the slot counter by one, and only the devices happen to got a zero slot counter and detect a false QueryRep will response, and Reader will not response since no QueryRep is sent. The problem caused by false alarms is not serious. 
The CRC design should also consider overhead. The QueryRep command will be send repeatedly and payload is small to reduce overhead, adding CRC will waste network resources. 
Therefore, for commands such QueryRep, no CRC can be considered.
The CRC length is related to the error detection rate, a longer CRC means the higher error detection rate. When determining which length to be used for each command, we need to consider the command or reply function, the overhead and the error detection performance.
Table.5 Interrogator commands and replies[2] and CRC
	
	Commands
	Length
	CRC
	Reply length
	CRC

	Select commands
	select
	>44 (including CRC16)
	16
	/
	/

	Inventory commands
	Query
	[bookmark: OLE_LINK13]22(including CRC5)
	5
	RN16
	0

	
	QueryAjust
	9
	0
	RN16
	0

	
	QueryRep
	4
	0
	RN16
	0

	
	ACK
	18
	0
	21~33328
	0 or 16

	
	NAK
	8
	0
	/
	/

	Access commands
	Req_RN
	40(including CRC16)
	16
	RN16+CRC16
	16

	
	Read
	>57 (including CRC16)
	16
	1+variable+handle16+CRC16
	16

	
	Write
	>58 (including CRC16)
	16
	Delayed Reply:
1):Successfully reply:33 (including CRC16)
2):Error reply:41 (including CRC16)
	16

	
	Kill
	[bookmark: OLE_LINK14]59 (including CRC16)
	16
	handle16+CRC16
	16

	
	LOCK
	60 (including CRC16)
	16
	Delayed Reply
1):Successfully reply:33 (including CRC16)
2):Error reply:41 (including CRC16)
	16


[bookmark: OLE_LINK18]Proposal 21: The design of CRC should consider the command or reply function, the overhead and the error detection performance. Different CRC length should be considered for different message size.
	
2.5. Bandwidth
The following agreements were made during previous RAN1 meetings,
	RAN1#116b
Agreement
The following bandwidths for D2R are defined for the purpose of the study:
· Transmission bandwidth, Btx,D2R: The frequency resources scheduled by a reader for a D2R transmission from one device.
· FFS in agenda 9.4.2.3: how frequency resources scheduled by a reader are determined
· [bookmark: OLE_LINK46]Occupied bandwidth, Bocc,D2R: The transmission bandwidth plus the potential associated intra A-IoT guard-bands totalling Bguard,D2R
· Note: this guard band is not for coexistence with NR/LTE
· If/how to define guard band for coexistence between A-IoT D2R and NR/LTE is up to RAN4.
· Bocc,D2R >= Btx,D2R
· Possible values of each bandwidth are FFS
Agreement
[bookmark: OLE_LINK43][bookmark: OLE_LINK40]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
· [bookmark: OLE_LINK42]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))

RAN1#116
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



The transmission bandwidth of A-IoT design should considering the following aspects,
· The transmission bandwidth should be narrow enough to support a ultra-low complexity A-IoT device;
· The bandwidth should be an integer number of PRBs or subcarriers, so that it can coexist with NR system.
· The bandwidth needs to meet the data rate requirements. As stated in the TR, the user experienced data rate target is, for the uplink and downlink, maximum not less than 5 kbps, and minimum not less than 0.1 kbps;
2.5.1. R2D link
For the transmission bandwidth Btx,R2D , one RB with SCS=15KHz, 12 subcarriers can be considered as baseline, i.e. 180KHz bandwidth, similar to NB-IoT, and it can also satisfy the required data rate. Multiple PRBs can also be considered when high data rate is required, with OOK-4 and M be a larger interger to generate smaller chip duration.
[bookmark: OLE_LINK45][bookmark: OLE_LINK41]And the maximum number of RBs is related the the maximum M values supported for peak data rate and the maximum M value each RB can supported to generate good shaping of OOK waveform. For example, supposing maximum M value supported for peak data rate is 24, and if one RB can support maximum M = 4 for good OOK shaping, then Btx,R2D ≤ [6] PRBs is needed
Observation 9: Multiple RBs are useful for high data rate waveform generation.
[bookmark: OLE_LINK44]Proposal 22: For R2D study OFDM-based waveform with subcarrier spacing of 15 kHz, Btx,R2D takes values of Alt 2: Integer multiple(s) of 180 kHz.
Proposal 23: For R2D link, the maximum number of RBs for Btx,R2D is related the the maximum M values. supported for peak data rate and the maximum M value each RB can supported to generate good shaping of OOK waveform.
For the occupied bandwidth, the potential guard band is used to ensure that the interference between A-IoT and NR is acceptable. The coexistence issue and the amount of guard band is up to RAN4.

2.5.2. D2R link
[bookmark: OLE_LINK16]For transmission bandwidth, Btx,D2R is related to data rate, since the experienced data rate can be in a range of 0.1kbps to no smaller than 5kbps, the data rate can be even high since the experienced data rate usually considers multi-device scheduling in Reader side. It is better to quantize the bandwidth to integer number of subcarriers. So we propose at least support single PRB bandwidth, multiple PRBs for higher data rate can also be considered to provide competitiveness to RFID system, which can support BLF up to 640KHz. And sub PRB, e.g. multiple of 15KHz can also be studied. 
For occupied bandwidth, the intention of Bguard,D2R may include the frequency offset due to large SFO or CFO, or some additional guard band for inter-device FDM due to spectrum shaping. When providing FDMed frequency resources, the gNB/intermediate needs to make sure the frequency separation between FDMed devices is enough to avoid interference between devices, and the candidate frequency resources can be indicated to device.
[bookmark: OLE_LINK15]Proposal 24: For D2R transmission, at least support transmission bandwidth of single PRB, e.g.180KHz, multiple PRBs or sub PRBs with integer 15KHz can also be considered.
Observation 10: The potential associated intra A-IoT guard-bands Bguard,D2R may include the frequency offset due to large SFO or CFO, and some additional guard band for inter-device FDM due to spectrum shaping to avoid spectrum overlapping.

2.6. Multiple access 
The following agreements are made during last RAN1 meeting, 
	RAN
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.


For slotted ALOHA scheme which has been agreed for A-IoT contention-based access procedure, different tags can use different time slots for communicating with the reader (i.e., TDMA is used for tags) as shown in Figure.5. Different devices use different inventory slots for communication with Reader. Such slotted-ALOHA mechanism is simple for 1uW device to work and efficient from literature. Therefore, TDMA is used as the basic multiple access scheme, which means different devices access to the gNB or intermediate UE in a TDM way, e.g in different inventory slots.  
[image: ]
Figure 7. TDM transmission for tags
[bookmark: OLE_LINK47]Proposal 25: For A-IoT, TDMA is supported as the basic multiple access scheme for both R2D link and D2R link.
The pros of TDMA is that the reader and device works in a sequential transmission and reception manner, and the resource management in gNB/intermediate UE is simple, since they do not need to provide orthogonal frequency or code resources. And the detection complexity of the receiver side is also low, since they only need to decode one R2D or D2R transmission.
The cons of TDMA is lower inventory efficiency. When more than one devices happen to response in the same slot, collision will result in inventory failure for this slot. To reduce the collision probability, large number of inventory slots is needed for successful tag response, which increases the inventory latency.
Observation 11: The pros of TDMA is simple resource management in gNB/intermediate UE and lower reception complexity.
Observation 12: The cons of TDMA is lower inventory efficiency.
For A-IoT, the coverage is supposed to be larger than RFID, therefore more devices will be inventoried by the same reader. For some inventory scenarios, such as for inventory of goods entering or leaving the warehouse, there can be hundreds or even thousands tags need to be inventoried in a short time. So multiple access schemes that allow simultaneous responses within each inventory slot should be supported, to improve the inventory efficiency and reduce inventory latency. Both R2D link and D2R link will be discussed in the following.
2.6.1. R2D link
For downlink, all the tags can receive the same broadcast or muti-cast inventory command, there is no need for multiple access enhancement between downlink commands from the same Reader. 
And what’s more, when RF ED is used, the time domain OOK waveform of parallel R2D transmission will added together, resulting in detection failure if the parallel R2D transmission are within the RF bandwidth of devices. 
So FDMA is not supported for R2D link. 
Proposal 26: For R2D link, FDMA is not supported. 
2.6.2. D2R link
For D2R link, if multiple tags can response gNB or intermediate UE in the same inventory slot, conflicting rate will be largely reduced, and the inventory efficiency will be improved. Considering that the tag to gNB or intermediate UE link transmission may include contention resolution stage(RN16 data) and data transmission stage(e.g. EPC). These two stages can be separately discussed.
· Contention resolution stage
Within each inventory slot, the tags can further response in sub-slots, i.e. TDMA, and this will require the tags to do sub-slot time maintaining. When TDMA is used within inventory slot, the collision rate will be reduced, and smaller Q value can be used, then the overhead and transmission latency caused by QueryRep can be reduced. An example is shown in figure.6, where different tags can use non-overlapped sub-slots for transmitting uplink data to Reader. For three tags TDM within each inventory slot for replying, only one QueryRep is needed.
Proposal 27: In addition to TDMA among different inventory slots, TDMA within each inventory slot can be studied.

[image: ]
Figure 7. TDM within each inventory slot
And with SFS (Small Frequency Shift) modulation at the tag, gNB/UE can filter out different tags’ D2R link transmission, then FDMA can be supported. The SFS block in Figure 3 modulates line coded data using some square wave with a frequency that is N times of frequency of line coding chip. One example of the SFS is Miller modulated subcarrier used by tag to Reader link in [2] , the Miller coded bits are modulated by square wave signal with a frequency that is 2, 4, or 8 times of line coded chip, corresponding to M= 2,4,8. As discussed in section 2.3.2. The frequency of square wave signal needs to be carefully selected avoid inter-device interference.
[bookmark: OLE_LINK35]Compared to Figure 4 with same BLF for different M values, Figure 14 shows the spectrum of Miller modulated subcarrier with different M values and BLFs, it can be seen that the spectrum can be separated well than Figure 4. So different tags can use different M values/BLF to response, the Reader filters out data of different tags for demodulation.
[bookmark: OLE_LINK51]The pros of FDMA is reduced inventory latency at the expense of more occupied frequency bandwidth. And the cons is more complicated frequency resource management than TDMA.
[bookmark: OLE_LINK52]Proposal 28: To realize FDMA for D2R link, the wave form for SFS modulation and the proper parameters such as SFS modulation chip rate needs to selected for better FDM performance.
Observation 13: The pros of FDMA is reduced inventory latency at the expense of more occupied frequency bandwidth. And the cons is more complicated frequency resource management.

[image: ]
[bookmark: _Ref22971]Figure 14. Spectrum of Miller modulated subcarrier with different M values and BLFs
And for CDM(different preambles share same time and frequency resources are chosen by devices for contention based RACH) multiplexing, the feasibility needs to be studied.

· Data transmission stage 
Above multiple access scheme can also be applied to data transmission stage. Usually, the data block size is larger than the contention resolution part, then TDM scheme will require the tag to maintain a longer time maintaining than contention resolution stage. And FDM, CDM may also have a risk to reduce the uplink transmission efficiency since multiplexing different tags’s data may require a higher SINR requirement for decoding due to some non-ideal orthogonality, then as long as one bit in the larger TBS size is miss detected, the whole TB will be meaningless, since no HARQ is supported. Therefore, for data transmission stage, evaluation may be needed to decide whether multiplexing can improve the efficiency. It should also consider proper metrics to evaluate, such as Inventory completion time as shown in [3].
Observation 14: For data transmission stage, more evaluation is needed to check the efficiency of TDMA, FDMA or CDMA within each inventory slot. 
Observation 15: Multiple access for data transmission stage is more important than contention resolution stage from reducing inventory completion time for multiple devices perspective.
Proposal 29: Prioritize study of FDMA scheme than other multiple access schemes for data transmission stage (device ID, e.g., EPC ID, reporting stage) during the inventory process. 

3. Conclusion 
In this contribution, we give our consideration on A-IoT physical layer design, and the following proposals and observations are made:
Proposal 1: For R2D study, single SCS with 15KHz is preferred.
Observation 1: For Method Type 1, the device has to be aware of OFDM symbol boundary. 
Observation 2: With changing value of M for OOK-4 between adjacent OFDM symbols, additional rising/falling edge after CP insertion can be avoided.    
Proposal 2: For Method Type 2, variable OOK-4 M values across different OFDM symbols is supported to avoid false rising/falling edge between the last OOK chips in OFDM symbol (n-1) and the first OOK chips in OFDM symbol n. 
Proposal 3: Further study larger M values of Method Type 2, which result in comparable CP length and chip length or even larger CP length than chip length. 
Proposal 4: Arrange OOK chips have equal length after CP insertion may not be needed.
Observation 3: Multiple M values for OOK-4 are useful for different data rates.
Observation 4: M up to M=24 is needed to provide sufficient downlink data rate.
Proposal 5: Multiple candidate values of M should be supported. 
Proposal 6: The maximum value of M should be no smaller than 24.
Proposal 7: For R2D link, chip is defined as the duration of one modulated 0 or 1 bit duration after line coding (e.g.,  Manchester or PIE coding).
Proposal 8: For R2D link, study floating chip duration that , and FFS .
Proposal 9: Small Frequency Shift (SFS) modulation is used before chip modulation to achieve small frequency shift in baseband and/or FDM(A) among devices.
Proposal 10: Further study what kind of square wave is better for small frequency shifting. 
Proposal 11: OOK modulation is considered as baseline for Ambient-IoT device-to-reader link.
Proposal 12: BPSK modulation can be further studied for Ambient-IoT device-to-reader uplink.
Proposal 13: For Manchester encoding down-select one from: 
· A: bit 0→ chips{01}, bit 1→chips{10}
· B: bit 1→chips{10}, bit 1→chips{01}
· Reference duration is duration of chip{0} which is equal to duration of chip{1}
Proposal 14: For PIE code, both equal and unequal length of bit 0 and bit 1 should be for further study from energy harvesting efficiency and link performance perspective. 
Proposal 15: Both Manchester and PIE should be supported and studied for Rel-19 AIoT SI. 
Observation 5: Bit repetition can be used to generate a lower data rate than 7kbps.
Observation 6: If data channel of R2D is not the bottleneck channel for device 1 and 2a, supporting repetition seems not necessary.
Proposal 16: Further study bit-level repetition for R2D link, compared with the scheme without bit-level repetition but with a lower chip rate to support chip rate lower than 14kcps (i.e., 7kbps for Manchester coding).
Observation 7: Manchester code can provide ~2dB better decoding performance than Miller code for AWGN channel at the price with a wider spectrum occupation.
Proposal 17: At least miller code should be supported in D2R link. 
Proposal 18: Bit repetition can be used when FEC is not applied, whether both repetition and FEC can be supported for D2R link needs further study.
Proposal 19: Further study bit-level repetition for D2R link, compared with the scheme without bit-level repetition but with a lower chip rate.
Observation 8: Convolutional codes with 2-3 stage registers offer the advantage of low complexity with only a modest performance loss. For instance, the performance loss is approximately 0.6 dB for 2 stage registers and 0.2 dB for 3 stage registers when compared to a 6 stage register configuration.
Proposal 20: The following coding scheme combinations can be considered for further studies for Ambient IoT D2R link,
	coding schemes
	Note

	alt.1
	Line code: Manchester/Miller code/FM0
	Repetition can also be considered

	alt.2
	 FEC: (Tail-biting)convolutional code + Line code
	Both FEC and line code is used

	alt.3
	FEC:(Tail-biting)convolutional code
	Preamble or midamble are inserted for data transmission


Proposal 21: The design of CRC should consider the command or reply function, the overhead and the error detection performance. Different CRC length should be considered for different message size.
Observation 9: Multiple RBs are useful for high data rate waveform generation.
Proposal 22: For R2D study OFDM-based waveform with subcarrier spacing of 15 kHz, Btx,R2D takes values of Alt 2: Integer multiple(s) of 180 kHz.
Proposal 23: For R2D link, the maximum number of RBs for Btx,R2D is related the the maximum M values. supported for peak data rate and the maximum M value each RB can supported to generate good shaping of OOK waveform.
Proposal 24: For D2R transmission, at least support transmission bandwidth of single PRB, e.g.180KHz, multiple PRBs or sub PRBs with integer 15KHz can also be considered.
Observation 10: The potential associated intra A-IoT guard-bands Bguard,D2R may include the frequency offset due to large SFO or CFO, and some additional guard band for inter-device FDM due to spectrum shaping to avoid spectrum overlapping.
Proposal 25: For A-IoT, TDMA is supported as the basic multiple access scheme for both R2D link and D2R link.
Observation 11: The pros of TDMA is simple resource management in gNB/intermediate UE and lower reception complexity.
Observation 12: The cons of TDMA is lower inventory efficiency.
Proposal 26: For R2D link, FDMA is not supported. 
Proposal 27: In addition to TDMA among different inventory slots, TDMA within each inventory slot can be studied.
Proposal 28: To realize FDMA for D2R link, the wave form for SFS modulation and the proper parameters such as SFS modulation chip rate needs to selected for better FDM performance.
Observation 13: The pros of FDMA is reduced inventory latency at the expense of more occupied frequency bandwidth. And the cons is more complicated frequency resource management.
Observation 14: For data transmission stage, more evaluation is needed to check the efficiency of TDMA, FDMA or CDMA within each inventory slot. 
Observation 15: Multiple access for data transmission stage is more important than contention resolution stage from reducing inventory completion time for multiple devices perspective.
Proposal 29: Prioritize study of FDMA scheme than other multiple access schemes for data transmission stage (device ID, e.g., EPC ID, reporting stage) during the inventory process. 
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