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1. [bookmark: _Ref27419]Introduction
In RAN1 #116 meeting, agreements on general aspects of physical layer design for Ambient IoT were reached in [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.
[bookmark: OLE_LINK1]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, based on the above agreements and the discussion in last RAN1 meeting, the Ambient IoT physical layer design including waveform, modulation, numerologies, bandwidths, coding and multiple access are further discussed.
2. Discussion
2.1. A-IoT DL/R2D
2.1.1. Waveform 
In RAN1#116 meeting, OFDM-based waveform (e.g. CP-OFDM, DFT-s-OFDM, etc.) was agreed for A-IoT DL study by considering the co-existence with NR DL. For OFDM-based waveform, whether/how to handle CP at transmitter/device/design needs to be studied. In our views, OOK-1 modulates one bit into one OFDM symbol so that there is no necessity to consider additional CP handling for OOK-1. 
However, for OOK-4, the impacts of CP on each OOK symbol depend on the value of M (i.e. the number of OOK symbols per OFDM symbol). To be more specific, the length of an OOK symbol decreases with the increase of M. For large values of M, the length of CP may be comparable with that of an OOK symbol. For example, assume that the length of a CP-OFDM symbol is 66.67us (with CP length=4.69us) under the case of SCS=15kHz and M=8, so that the length of each OOK symbol is 8.3us that is smaller than twice of CP length (i.e. 1.8 times of CP length). It is noted that there are three types of A-IoT device, i.e. 
· device 1: ~1 µW peak power consumption and backscattering UL transmission; 
· device 2a: a few hundred µW peak power consumption and backscattering UL transmission; 
· device 2b: a few hundred µW peak power consumption and UL transmission generated internally. 
The sampling frequency offset (SFO) of these A-IoT devices up to 10X ppm, where the value of X varies from [2~5] depending on device capabilities. With such a low synchronization accuracy, it is challenging for device to distinguish between CP and OOK symbol when the value of M for OOK-4 is large. 
Therefore, on one hand, CP can provide a suitable interval between adjacent OFDM symbols. If CP is reserved for OOK-4 for A-IoT DL, it is good for co-existence with 5G NR system. On the other hand, CP handling may exceed A-IoT devices’ capability, resulting a degradation of detection performance. One simple solution is to make the amplitude of the first OOK symbol of OFDM symbol equal to the amplitude of CP, or make the amplitude of the last OOK symbol of the previous OFDM symbol equal to the amplitude of CP of the following OFDM symbol, Hence, whether/how to handle CP depends on performance evaluation and waveform characteristics for A-IoT DL, which needs to be further studied.
[bookmark: _Ref15554]Whether/how to handle CP depends on performance evaluation and waveform characteristics for A-IoT DL. It needs to be further studied. 
For studying other characteristics of the OFDM waveform, we propose that OOK-1 (i.e. CP-OFDM) and OOK-4 (i.e. DFT-s-OFDM) should be studied as the baseline for A-IoT DL if R2D transmitted in DL spectrum. Moreover, as the single tone (i.e. rectangular wave) is more suitable for simple downlink detection algorithms based on edge detection and Single tone can achieve unified design of CW and DL waveform, we suggest that the study and evaluation on single tone is also necessary if R2D transmitted in UL spectrum. The waveform for A-IoT DL can be down-selected among OOK-1, OOK-4 and single tone.
[bookmark: _Ref15577]If R2D transmitted in DL spectrum, OOK-1 (i.e. CP-OFDM) and OOK-4 (i.e. DFT-s-OFDM) should be studied as the baseline for A-IoT DL. If R2D transmitted in UL spectrum, Single tone-based waveform can be also studied.
2.1.2. Modulation
[bookmark: OLE_LINK2]According to the agreements in last RAN1 meeting, for an OFDM waveform, OOK-1 with single chip per OFDM symbol transmission and OOK-4 with M chips per OFDM symbol transmission are assumed as the starting point for study. For the determination of value(s) of M, it relies on the data rate, i.e. data rate=M*R/TOFDM_symb. Where R is the code rate and TOFDM_symb is the length of OFDM symbol. For A-IoT DL with OFDM-based waveform, assuming SCS=15kHz, M chip per OFDM symbol, the length of OFDM symbol=71.35us (including CP), the value(s) of M and the corresponding data rate are shown in Table 1. 
Table 1 value(s) of M and the corresponding data rate for OOK-4
	M
	Data rate (kbps)

	
	Without code
	With Manchester
(R=1/2)
	With Manchester
(R=1/4)

	1
	14
	7
	3.5

	2
	28
	14
	7

	4
	56
	28
	14

	8
	112
	56
	28

	:
	:
	:
	:


According to the values of M and data rate in Table 1, it is observed that OOK-4 for M-chip per OFDM symbol transmission can provide a large range of A-IoT DL data rate. Therefore, we propose that based on the target data rate and coverage requirements, study candidate values of M for A-IoT DL. 
[bookmark: _Ref15597]Based on the target data rate and coverage requirement, study candidate values of M for A-IoT DL. 
In our views, chip is the minimum unit in time domain for A-IoT DL. Therefore, we propose that the definition of chip is the length of an OOK symbol. For example, the chip length is an OFDM symbol length with CP for OOK-1, or is 1/M of an OFDM symbol for OOK-4, or is calculated by sampling rate for single tone. For OFDM based DL waveform, CP can be considered as the gap per M-chip or as a part of a chip. 
[bookmark: _Ref15616]For A-IoT DL, chip is the minimum unit in time domain which corresponds to the length of an OOK symbol. 
2.1.3. Numerologies
In LTE/NR, the definition of numerologies includes SCS, the length of CP and OFDM symbol, and the number of OFDM symbol within one slot, etc. For Ambient IoT, the existing numerologies should be studied as the starting point if the waveform design is based on OFDM. 
[bookmark: _Ref13117][bookmark: OLE_LINK10]For Ambient IoT, the existing numerologies should be studied as the starting point if the waveform design is based on OFDM.
According to the discussion in the last RAN1 meeting [2], the proposals were shown as following. 
	Proposal 2.7.1a(II): A-IoT DL study includes a subcarrier spacing of 15 kHz, from the transmitter perspective, for OFDM-based waveform.
Proposal 2.7.1b(II): A-IoT DL study does not include a subcarrier spacing of 30 kHz, from the transmitter perspective, for OFDM-based waveform.
Proposal 2.7.1c(II): A-IoT DL study does not include subcarrier spacings smaller than 15 kHz, from the transmitter perspective, for OFDM-based waveform.


In our views, in order to achieve higher coverage performance, A-IoT would better work at a lower frequency. Therefore, a subcarrier spacing of 15 kHz for OFDM-based waveform is studied as the starting point for A-IoT DL and others can be studied based on further requirement.
[bookmark: _Ref15659]For A-IoT DL, a subcarrier spacing of 15 kHz for OFDM-based waveform is studied as the starting point. Others can be studied based on further requirement.

2.1.4. Bandwidth
According to the agreements in the last RAN1 meeting, the frequency resources used for transmitting R2D include transmission bandwidth (Btx,R2D) and occupied bandwidth (Bocc,R2D) from a reader perspective. Considering the complexity and data rate of Ambient IoT, a narrow bandwidth can be considered. Considering that device type 1 is limited to envelope-based detection, the guard band should be larger than 0 to mitigate the effects of adjacent frequency leakage. Therefore, the bullet of “FFS: Further constraint(s) e.g. Bocc,R2D = Btx,R2D.” can be removed. 
[bookmark: _Ref15682]A guard band for A-IoT DL transmission is needed. Delete the constraint of Bocc,R2D = Btx,R2D.
[image: IMG_256]
Figure 1 Bandwidth design for Ambient IoT
As shown in Figure 1, the size of system bandwidth can be defined as the number of occupied bandwidth (i.e. subband and guard band). A system bandwidth includes 6 subbands and each subband includes 2RBs. Reader can transmit DL signalling to Ambient IoT device in any subbands. Therefore, the occupied bandwidth, the number of occupied bandwidth in a system bandwidth and the co-existence with NR should be considered for the bandwidth design of Ambient IoT. Moreover, transmission bandwidth is also related to hopping, frequency scheduling for multiple DL transmissions and frequency coordination for inter cells. The values of transmission bandwidth should consider whether the device supports these functionalities.
[bookmark: _Ref13228][bookmark: _Ref15704]The occupied bandwidth, the number of occupied bandwidth in a system bandwidth and the co-existence with NR should be considered for the bandwidth design of Ambient IoT.
Moreover, when determining the possible values of each bandwidth, the factors such as waveform for A-IoT DL, the value of M for OOK-4 modulation, etc., should be considered because of different frequency resource allocation according to different waveform (e.g. multi-carrier/single-carrier waveform) and different values of M (e.g. allocating 6REs for M=1 or 12REs for M=2). For example, Btx,R2D=1, 2 or 3 RBs can be considered. 
[bookmark: _Ref15724]For A-IoT DL, the determination of possible values of each bandwidth should consider the factors such as waveform and the value of M for OOK-4 modulation. e.g. Btx,R2D=1, 2 or 3 RBs.
2.1.5. Coding 
According to the agreements for A-IoT DL coding, the line code, FEC and CRC are discussed in this section.
· Line code
For A-IoT DL transmission, the mapping rule from bit to line-code codeword can use binary bit sequence to represent the line-code codewords. For example, for OOK-4 and Manchester modulation and coding scheme, mapping(s) from bit(s) to line-code codewords can accord to the following steps:
[bookmark: OLE_LINK17]Step1: mapping information bit into binary codeword bits. For example, data-0 mapped into [0 1] and data-1 mapped into [1 0] for Manchester code. 
Step2: modulating each binary codeword bit into OOK-4 modulation symbol. Considering that chip is the minimum time unit for A-IoT DL, we think that the time domain definition is unnecessary for A-IoT DL. Therefore, we propose to define chips and the relation between chips and OFDM symbols. 
[bookmark: _Ref15750]For A-IoT DL, the mapping rule from bit to line-code codeword can use binary codeword bits to represent the line-code codewords.
[bookmark: _Ref15779]For A-IoT DL, define chips and the relation between chips and OFDM symbols. 
In RF ID system, line code is used for clock recovery and symbol boundary identification. Both Manchester and PIE are used in reader to device communication, and each of them has the pros and cons. For Manchester code, it contains state change (0->1, or 1->0) in each symbol, which provides better detection performance. For PIE, it is beneficial for energy harvesting during R2D data transmission due to the longer high-power duration of data-1. However, all the three A-IoT devices are equipped with energy storage. Moreover, whether the antenna for energy harvesting and R2D detection is shared requires further discussion. And due to the different symbol length for the encoded data-0 and data-1, the R2D data transmission is uncertain with PIE encoding.
[bookmark: OLE_LINK22]To further investigate the R2D performance, Manchester and PIE are simulated and the performance is shown in Figure 2. The received data is detected by identifying the ascending and descending edge and the simulation assumptions are shown in Annex.
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	(a) AWGN
	(b) TDL-C


Figure 2 Performance of Manchester and PIE code
It is observed that under AWGN and TDL-C channel model, the performance of Manchester code is better than that of PIE, i.e. almost 3dB performance gains. The reason is that the Manchester code has state transition in the middle of symbol (i.e. self-clock synchronization) and has shorter transmission length (smaller average codeword length than PIE). Moreover, it can be seen that the performance is minor degraded if SFO in a range of 10% OOK symbol length (i.e. the case of wi. SFO) is introduced compared with the case with SFO=0 (i.e. the case of wo. SFO).
[bookmark: _Ref25666]As Manchester code conveys clock recovery information and has shorter transmission length, its performance is better than that of PIE.
· FEC 
Given the low complexity and low power consumption of A-IoT device, R2D with no forward error-correction code (FEC) is studied as baseline.
· CRC
In our views, considering the main aspects of false-alarm rate target and overhead for CRC design, CRC for A-IoT DL and UL should be discussed together. To accommodate varying information length, different CRC length can be considered, for example, CRC-6 and CRC-16. Moreover, the device complexity should be also considered.
[bookmark: _Ref15802]To accommodate varying information length, different CRC length can be considered in A-IoT R2D and D2R.
Considering the CRC overhead, it is proposed that no CRC for the case that payload size of A-IoT is smaller than a threshold, e.g. 16 bits. For the other cases, 6-length CRC can be used for smaller payload size and 16-length CRC can be used for larger payload size.
[bookmark: _Ref15819][bookmark: _Ref13277]The CRC polynomials for A-IoT DL and UL should be the same.

2.1.6. Multiple access
[bookmark: _Ref20562]According to the discussion in the last RAN1 meeting [2], the proposal of A-IoT DL resource scheduling schemes is as following:
	Proposal 2.6a(III): R2D study, for one reader:
· Includes time-domain scheduling by reader
· FFS: Frequency-domain scheduling by reader, of multiple Btx,DL, within and between bandwidths


In our views, time domain scheduling by reader is relatively easy to implement for devices and can be considered as a baseline. 
Meanwhile, the bandwidth of network matching of A-IoT device (especially for device type 1) can be up to tens of MHz. And the feasibility of RF filter needs further clarification given the constraint on power consumption and complexity of device type 1. Therefore, it is challenging for A-IoT device to distinguish different frequency-domain resources if frequency-domain scheduling by reader. Therefore, the feasibility of frequency-domain scheduling by reader should be further studied.
[bookmark: _Ref15845]For A-IoT DL, time domain scheduling by reader should be considered. FFS: Frequency-domain scheduling.

2.2. A-IoT UL
2.2.1. Waveform 
A-IoT UL baseband waveform has been discussed in the last RAN1 meeting and the proposal is as following [2]. 
	Proposal 3.1a(II): A-IoT UL study will down-select UL baseband waveform from:
· Alt 1: Not OFDM-based
· Alt 1-1: Single carrier waveform
·  Example: Baseband signal is modulated onto a single carrier.
· Alt 2: OFDM-based
FFS how the UL waveform is produced given a carrier-wave waveform


For A-IoT UL, the baseband waveform design is more related to device types (i.e. device capabilities). According to the section 2.1.1, device 1 and device 2a only support UL transmission backscattered on CW provided externally and device 2b supports UL transmission generated internally. For non-OFDM-based waveform, companies have proposed single tone or single carrier waveform for A-IoT UL because of their ease in self-interference management and compatibility with the capability of device 2b. 
However, the OFDM-based waveform has better immunity against multi-path interference. And device 1/2a can support UL transmission based on OFDM-based CW. Moreover, according to the agreement for CW in the last RAN1 meeting, multi-tone waveforms (including multiple discrete tones and multiple continuous tones) for carrier wave for D2R backscattering can be studied. Therefore, it is proposed that for device with D2R backscattering transmission on a carrier-wave, both Alt 1 and Alt 2 can be studied for A-IoT UL and the waveform is transparent to device. 
[bookmark: _Ref15871]It is proposed that for device with D2R backscattering transmission on a carrier-wave, both Alt 1 and Alt 2 can be studied for A-IoT UL.
For device 2b with UL transmission generated internally, Alt 1 can be studied as a starting point.
[bookmark: _Ref15890]For device 2b with UL transmission generated internally, Alt 1 can be studied as a starting point.

2.2.2. Modulation
[bookmark: OLE_LINK6][bookmark: OLE_LINK5]For A-IoT UL transmission, OOK is simple to implement and widely used for D2R link in RFID system. Moreover, BPSK offers lower theoretical reflection loss and is also attainable for RFID. Therefore, we propose that A-IoT UL study for baseband modulation includes OOK and BPSK. 
The performance for FM0 coding with OOK and BPSK modulation shown in Figure 3. It can be seen the BPSK provides 3dB performance gain than OOK.
[bookmark: _Ref15913]Study OOK and BPSK baseband modulation for A-IoT UL .
[image: ]
Figure 3 Performance of OOK and BPSK for A-IoT UL
To support FSK modulation, frequency shift is required by A-IoT. For small frequency shift by A-IoT, it is similar with Miller-based subcarrier modulation, that is to say, FSK can be implemented by Miller-based subcarrier modulation. However, due to the low synchronization accuracy of A-IoT device, the spectrum efficiency should be considered. It is noted that the inaccuracy of frequency shift implemented by A-IoT device depends on the clock error (i.e., SFO), counting error (e.g., clock recovery during D2R preamble detection), frequency division error. The resultant frequency shift error can be far larger than the SFO. For example, for RF ID, the Tari accuracy is required as 1%, while the requirement for backscattering frequency accuracy can be up to 22%. 
For large frequency shift with tens of MHz, it requires mixer, oscillator, and PLL/FLL. However, these component requirements exceed device type 1’s capability. Therefore, we propose to clarify FSK modulation generation method and study the feasibility including spectral or resource efficiency, power consumption and complexity feasibility for the A-IoT devices.
[bookmark: _Ref15943]Clarify binary FSK modulation generation method and study the feasibility including spectral or resource efficiency, power consumption and complexity feasibility for the A-IoT devices.

2.2.3. Numerologies
As the discussion in the last RAN1 meeting [2], the concept of SCS in an NR/LTE or the A-IoT DL sense may not be applicable if the A-IoT UL waveform is single-carrier. Thus, we propose to discuss this issue after the A-IoT UL waveform is clear.
[bookmark: _Ref15959]Discussion on numerologies for UL after the A-IoT UL waveform is clear.

2.2.4. Bandwidth
According to the discussion in the last RAN1 meeting [2], the proposal for A-IoT UL bandwidth is shown as followings;
	Proposal 3.8a(II): A-IoT UL study defines the following bandwidths:
· Transmission bandwidth, Btx,UL from one device perspective: The frequency resources used for transmitting A-IoT uplink
· Channel bandwidth, Bchan,UL from one device perspective: The frequency resources used for transmitting A-IoT uplink, and guard subcarriers.
· System bandwidth, Bsys,UL. The frequency resources that can be scheduled by the Reader for A-IoT uplink from any number of devices (this does not assume any particular number of devices is supported). 
· Bsys,UL ≥ Bchan,UL > Btx,UL
· Possible values of each bandwidth are FFS


[bookmark: OLE_LINK7]For A-IoT UL transmission, there are two kinds of UL transmission including backscatter on a CW and internal generation by device. Therefore, the A-IoT UL bandwidth should consider both CW waveform and A-IoT UL waveform. From receiver perspective, the actual UL signal transmission bandwidth (i.e. Btx,UL) is the most important. For example, the value of Btx,UL can be defined as 180kHz, 360kHz, 720kHz, i.e. 1RB, 2RBs and 4RBs under the case of SCS=15kHz respectively. In addition, considering multiple continuous tones and multiple discrete tones for CW, the value of Btx,UL for continuous and discrete frequency resource for A-IoT UL transmission should also be defined. Therefore, we propose that Btx,UL should be discussed as high priority by RAN1. 
[bookmark: _Ref15988]The value(s) of Btx,UL should be discussed as high priority by RAN1 considering both continuous and discrete frequency resource for A-IoT UL transmission. 
For possible values of other bandwidth, it should comply with the regulation of Bsys,UL ≥ Bchan,UL > Btx,UL.
Moreover, for the definition of system bandwidth, i.e. Bsys,UL, we think that it represents the available range of frequency domain resource for UL transmission and it is not related to “any number of devices”.. Therefore, we propose that the definition can be changed as “The frequency resources that can be scheduled by the Reader for PDRCH.”
[bookmark: _Ref16008]Update the system bandwidth definition as “The frequency resources that can be scheduled by the Reader for PDRCH.”

2.2.5. Coding 
For UL transmission, according to the discussion in the last RAN1 meeting [2], the proposals for line code and FEC are shown as followings.
	Proposal 3.3(II): For A-IoT UL, line codes study covers: Manchester encoding, FM0 encoding, Miller encoding, no line coding.
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: If/how to enabled frequency shift and FDM(A) among devices
Proposal 3.4a(II): A-IoT UL study of FEC prioritizes convolutional codes.
· FFS details such as polynomial(s), shift-register termination, etc.


· Line code
For A-IoT UL transmission, it is essential to account for the effect of sampling frequency offset (SFO) because SFO can result in uncertain symbol duration. It is easier to determine the symbol boundary by using Manchester, FM0 and Miller in the UL transmission. Therefore, Manchester, FM0 and Miller can be studied as the starting point for A-IoT UL transmission.
[bookmark: _Ref16037]For UL transmission, sampling frequency offset (SFO) can result in uncertain symbol duration which should be considered in coding scheme design.
[bookmark: _Ref16060]Manchester, FM0 and Miller can be studied for A-IoT UL transmission.
The simulation results of Manchester, FM0, Miller under AWGN channel are provided in Figure 4. The Bahl-Cocke-Jelinek-Raviv (BCJR) decoding algorithm [3] with soft input soft output (SISO) is used for simulation. The total coding rate is 1/2 and information block length is 128 for all cases. It can be observed that Manchester code has the best performance, followed by FM0, while Miller code has the poorest performance.
[bookmark: _Ref16083]The performance of line code is: Manchester code > FM0 > Miller code.
[image: ]
Figure 4 BLER performance of Manchester/FM0/Miller
Simulation assumptions:
	
	Configurations
	Notes

	Information block length
	128 bits
	BLER is computed per information block.

	Modulation
	BPSK
	

	FM0
	k=1, n=2
	BCJR decoder (SISO)

	Miller-M
	k=1, n=2, M=1
	BCJR decoder (SISO)



· FEC
FEC can improve the decoding performance and some FECs can be implemented with minimal complexity for device hardware, e.g. CC. For A-IoT UL transmission, decoding is performed by reader, FEC can be considered.
Therefore, we give the simulation results for A-IoT UL transmission by using FM0, Miller and TBCC under AWGN channel. Figure 5 demonstrates BLER performances of FEC-encoded and Miller/FM0/Manchester-encoded BPSK sequences in AWGN channel. Total coding rate is 1/4 and information block length is 128 for all cases. 
For A-IoT UL, the receiver can accommodate decoding algorithms of a certain level of complexity. Therefore, the BCJR soft decoding algorithm can be employed for Miller / FM0 codes, as well as soft-input or hard-input Viterbi decoding for tail-biting convolutional code. 
It can be seen from Figure 5 that the concatenation of convolutional code and line code achieves performance gain of several dB. compared with Manchester code, Miller code, and FM0 code.
[bookmark: _Ref16099]The concatenation of convolutional code and line code outperforms line code.
[image: ]
Figure 5 BLER performance of Manchester/FM0/Miller/TBCC
Simulation assumptions:
	
	Configurations
	Notes

	Information block length
	128 bits
	BLER is computed per information block.

	CRC length
	16 bits
	

	Modulation
	BPSK
	

	FM0
	k=1, n=2
	BCJR decoder (SISO)

	Miller-M
	k=1, n=2, M=2
	BCJR decoder (SISO)

	TBCC
	k=1, n=2; 
Generator polynomials with g0=1338 and g1=1718; 
Constrain length = 7
	Soft input Viterbi decoder / Hard input Viterbi decoder

	Repetition
	The Repetition denotes twice of repetition for each BPSK symbol.
Decoder performs soft combinations.



[bookmark: _Ref16119]The concatenation of convolutional code and Manchester code has best performance.
[bookmark: _Ref16142]CC can be studied for A-IoT UL coding enhancement.
Convolutional encoder has extremely low encoding complexity, which consists of some registers and XOR gates. An example of a typical convolutional encoding structure (LTE) with a constraint length of 7 is shown in Figure 6. It includes several registers (also known as shift registers) that are used to store a certain number of bits of input data, as well as several XOR gates that perform logical operations on these bits.
[image: ]
Figure 6 An example of a convolutional encoding
[bookmark: _Ref16162]Convolutional encoder has extremely low complexity, which consists of some registers and XOR gates. 
For convolutional code, to reduce the code rate, it is only necessary to add a parity streams, which involves using a few extra XOR gates. For example, changing the code rate from 1/2 to 1/3 requires 4 more XOR gates. As shown in Figure 7, it illustrates a performance comparison between using repetition and non-repetition techniques to achieve a total code rate of 1/4. It can be observed that the performance gain of coding is approximately 0.5 dB.
[image: ]
Figure 7 Performance comparison for repetition and non-repetition techniques
[bookmark: _Ref16181]For total code rate of 1/4, compared with repetition of TBCC rate 1/2, the TBCC rate 1/4 can achieve performance gain of approximately 0.5 dB. 
[bookmark: _Ref16197]For convolutional codes, lower code rates can be achieved by using only a few additional XOR gates.
As shown in Figure 8, it compares the performance of TBCC under different constraint lengths. It can be observed that the larger the constraint length, the better the decoding performance. Increasing the constraint length is equivalent to increasing the number of registers, which will slightly increase the encoding complexity. However, per the discussion above, to reduce the false alarming rate, the maximum check bit length of the CRC encoding may be 16 bits, that is, 16 registers are required. 
[image: ]
Figure 8 Performance of CC with different constraint lengths
[bookmark: _Ref14507]Observation 9: Convolutional code with larger constraint length can achieve better performance. 
[bookmark: _Ref14539]Observation 10: For code rate of 1/2, the performance improvement is not significant if the constraint length of the convolutional code reaches 9 or greater. 
For the receiving end, since there is an exponential relationship between the number of states in the Viterbi decoder and the constraint length, that is, the decoding complexity is also exponentially related to the constraint length, the constraint length should not be set too large.
Taking into account performance, encoding complexity, and decoding complexity, it is feasible to use a moderate constraint length for convolutional code, such as 7 or 9. In this case, the number of registers is only half the number of registers required for CRC-16. This approach allows for a balance between achieving better decoding performance and maintaining reasonable levels of complexity in both encoding and decoding processes.

· CRC
[bookmark: OLE_LINK3][bookmark: OLE_LINK8]We suppose same CRC design for both A-IoT UL and DL study. For CRC of A-IoT UL study, the CRC generator polynomial(s) and the association between down-selected CRC(s) and message size, considering at least false-alarm rate target have already discussed in Section 2.1.5.

2.2.6. Multiple access
According to the discussion in the last RAN1 meeting [2], proposals for A-IoT UL multiple-access schemes are as followings:
	Proposal 3.6a(I): A-IoT UL study includes TDM(A) within A-IoT. Further details are FFS.
Proposal 3.6b(I): A-IoT UL study includes FDM(A) within A-IoT, at least by utilizing a frequency-shift capability, e.g. of a line-code. Further details are FFS.
Proposal 3.6c(I): Further study the cases/conditions/etc. where A-IoT UL study could include CDM(A) within A-IoT, before deciding on inclusion of CDM(A) in A-IoT UL study.


· TDMA
In our views, TDMA is relatively easy to be implemented by devices and can be considered as the baseline. However, due to the increase of coverage, the system capacity also needs to be expanded correspondingly to meet business needs, especially in delay sensitive scenarios. For instance, ensuring timely completion of tasks like completing the labeling and inventory of all goods transported by vehicles passing through the checkpoints. Therefore, the TDMA method may not meet the requirements and further enhancement is needed. 
· FDMA
[bookmark: OLE_LINK9][bookmark: OLE_LINK4]FDMA may be difficult to implement at least for device type 1 with~1 uw. Moreover, FDMA causes lower frequency efficiency. For example, miller subcarrier modulation can generate mirror symmetry signal and introduce mirror frequency interference. Therefore, it is necessary to a reserve large guard band in frequency domain which leads to a low frequency efficiency. Moreover, frequency shift introduced for self-interference cancellation also results into the limitation of the number of FDM-ed devices. 
[bookmark: OLE_LINK23][bookmark: OLE_LINK20]For A-IoT devices that support frequency shifting, spectral leakage can occur due to two factors: 1) subcarrier modulation and 2) frequency division. Herein, the spectral analysis is shown in Figure 9 for the waveform by using miller subcarrier modulation and frequency division. It is assumed that the target D2R link frequency is f1=160kHz, but the actual D2R link frequency is f2=128KHz considering 20% frequency inaccuracy. It is observed that it produces harmonic components. That is to say, the power of the main frequency component(s) is dispersed to the harmonic components and the corresponding signal waveform is distorted. Therefore, the impacts of spectral leakage and inaccurate frequency division should be considered for FDM-ed devices.
[image: ]
Figure 9 Spectral analysis on miller sub-carrier waveform 
[bookmark: _Ref26113]Observation 11: For FDMA for A-IoT UL, due to the spectral leakage and mirror frequency interference, it is necessary to reserve a large guard band in frequency domain which leads to a low frequency efficiency.
· CDM
When CDM is applied to uplink, the main complexity lies in decoding at the receiver side. While the device implementation is relatively simple, with minimal impact on the device. In addition, in order to enhance uplink coverage, devices require time-domain extension to enhance coverage. Using CDM for time-domain extension can increase uplink capacity compared to employing time-domain repetition. Therefore, CDM can also be considered for uplink multiple access. For CDM, considering the goal of increasing capacity and the decoding performance, both orthogonal and non-orthogonal sequences can be further studied. Moreover, under the scenario of coverage enhancement, CDM doesn’t introduce additional resource overhead and complexity for device. In the worst cases, the performance of CDM is at least better than performance for the case without CDM when two devices collided in time domain.
Moreover, the potential issues of CDM are analyzed as following.
· Issue 1: time and frequency asynchronization among devices impacted by large SFO
It is an unavoidable issue that SFO has the most significant impacts on A-IoT UL reception in the case of CDM. Due to the significant SFO, the time and frequency domains among different devices become asynchronous. But the negative impact of asynchronization can be mitigated with some enhancements, e.g. enhanced synchronization sequence and enhanced detection method at reader/BS side, etc. 
[bookmark: OLE_LINK24]Moreover, the actual impact of SFO on CDM is that the time/sampling point offset among CDM-ed devices. Therefore, when the time/sampling point offset among CDM-ed devices caused by SFO is small, the impact of SFO on transmitted is reduced for the case of only small number of transmitted bits. 
[bookmark: _Ref26123]Observation 12: The negative impact of asynchronization can be mitigated with some enhancements, e.g. enhanced synchronization sequence and enhanced detection method at reader/BS side, etc.
· Issue 2: near-far effect without power control
For CDM, SIC receiver is useful to perform interference cancellation and signal recovery for a target device among UL transmissions sent by multiple devices. Because it is hard to implement power control by A-IoT device, the received power among multiple devices may be unequal which leads to near-far effect. In fact, during the SIC procedure, the greater the disparity in received power among multiple devices, the better performance will be achieved with CDM scheme. The reason is that SIC receiver leverages unequal power distribution to sequentially detect each device’s signal.
[bookmark: _Ref26129]Observation 13: Even though there will be near-far effect without power control by A-IoT device, the greater the disparity in received power among multiple devices, the better performance will be obtained by SIC receiver with CDM scheme.
· [bookmark: _GoBack]Evaluation results of CDM based multiple access
For CDM based A-IoT UL multiple-access transmission, an A-IoT device can randomly select a spreading code from a predefined codebook.Subsequently, it maps its information bits to CDM-ed bits. The reader then utilizes the same codebook to detect the received bits and identify the A-IoT device. 
Taking the Hadamard codes as an example of the codebook, the A-IoT device can map the information bits to CDM-ed bits according following these steps:
Step1: encode information bits into binary codeword bits according to line code, e.g., FM0.
Step2: randomly selecting a spreading code from the Hadamard codes, the A-IoT device proceeds to map each binary codeword bit into CDM-ed bits with the chosen spreading code. For example, bit-0 is mapped into [0 0 1 1] and bit-1 is mapped into [1 1 0 0] if Hadamard code of [1 1 0 0] is selected. 
Step 3: modulate the CDM-ed bits according to the modulation and waveform scheme and then transmit the modulated bits to the reader. 
The reader detects the data and identifies the A-IoT device from the received signal according to the following steps:
Step1: estimate the channel using the preamble and pre-process the received signal to restore the orthogonality of the spreading codes. The pre-processing can be represented as , wherein  is the estimated channel , y is the received signal,  is the signal after pre-processing;
Step2: detect the data through conventional methods such as decorrelation algorithm . 
The simulation results of CDM based A-IoT UL multiple-access transmission under TDL-C channel are provided in Figure 10-11. In the simulation, both TBS128 with CRC16 and TBS16 with no CRC are considered. The FM0 is used as the line code and the 4-length Hadamard codes are used as the codebook for CDM scheme in the simulation, resulting the total coding rate is 1/8. The OOK modulation and single carrier waveform are used for simulation. 
Besides, the BLER performance without/with SFO is evaluated, i.e. its impact on D2R transmission start time and OOK symbol length are considered. For example, SFO=1e3 ppm is modelled as the variance of OOK symbol length in a range of 0.1% 
As for the CDM-based multiple access, two devices are considered in the preliminary evaluation. When these two devices transmit data simultaneously, the same (denoted by “UE2 collision”) and orthogonal (denoted by “UE2 non-collision”) spreading codes selected by each device are evaluated in the simulations. 
Simulation assumptions:
	
	Configurations
	Notes

	Information block length
	128 bits with 16-CRC,
16 bits without CRC
	BLER is computed per information block.

	FM0
	k=1, n=2
	

	CDM codebook
	4-length Hadamard codes
	

	Modulation
	OOK
	

	Waveform
	single carrier 
	

	SFO
	0/1e2/1e3/1e4 ppm
	SFO=1e3(1e4) ppm is is modelled as the variance of OOK symbol length in a range of 0.1%(1%) 

	Channel model
	TDL-C
	

	Device number
	1, 2
	

	OOK length
	25us
	

	Sampling frequency
	1.92MHz at device side
	


As shown in Figure 10, the detection performance of relatively large information block (i.e., 128+16) is degraded with large SFO, even when considering single device (denoted as “UE1, detecting w/o sliding window”). Therefore, sliding window based detection is adopted to compensate for SFO for all evaluations.
The performance of two devices with orthogonal spreading codes has significant gain compared with that of two devices employing the same spreading code, wherein the collision occurs only with a probability of 0.0625.
As shown in Figure 11, it can be observed that for small information block(i.e., 16) , the SFO impact is relatively slight. What’s more, the performance of two devices with orthogonal spreading codes is comparable with that of one device.
Observation 14: The performance of two devices with orthogonal spreading codes has significant gain compared with that of two devices with the same spreading code.
Observation 15: For small information block, the performance of two devices with orthogonal spreading codes is comparable with that of one device.
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Figure 10 performance for TBS=128 and CRC=16 under SFO=0/1e3/1e4 ppm over TDL-C channel
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Figure 11 performance for TBS=16 under SFO=0/1e3/1e4 ppm over TDL-C channel
Based on the discussion and evaluation above, we have the following proposal.
[bookmark: _Ref14572]For A-IoT UL transmission, both TDM(A) and CDM(A) based time-domain extension can be considered. FFS: FDM(A).

3. [bookmark: OLE_LINK15]Conclusions 
In this contribution, we have discussed general aspects of Ambient IoT physical layer design have been discussed including waveform, modulation, numerologies, bandwidths, coding and multiple access. We make the following observations and proposals:
Observation 1:As Manchester code conveys clock recovery information and has shorter transmission length, its performance is better than that of PIE.
Observation 2:For UL transmission, sampling frequency offset (SFO) can result in uncertain symbol duration which should be considered in coding scheme design.
Observation 3:The performance of line code is: Manchester code > FM0 > Miller code.
Observation 4:The concatenation of convolutional code and line code outperforms line code.
Observation 5:The concatenation of convolutional code and Manchester code has best performance.
Observation 6:Convolutional encoder has extremely low complexity, which consists of some registers and XOR gates. 
Observation 7:For total code rate of 1/4, compared with repetition of TBCC rate 1/2, the TBCC rate 1/4 can achieve performance gain of approximately 0.5 dB. 
Observation 8:For convolutional codes, lower code rates can be achieved by using only a few additional XOR gates.
Observation 9: Convolutional code with larger constraint length can achieve better performance. 
Observation 10: For code rate of 1/2, the performance improvement is not significant if the constraint length of the convolutional code reaches 9 or greater. 
Observation 11: For FDMA for A-IoT UL, due to the spectral leakage and mirror frequency interference, it is necessary to reserve a large guard band in frequency domain which leads to a low frequency efficiency.
Observation 12: The negative impact of asynchronization can be mitigated with some enhancements, e.g. enhanced synchronization sequence and enhanced detection method at reader/BS side, etc.
Observation 13: Even though there will be near-far effect without power control by A-IoT device, the greater the disparity in received power among multiple devices, the better performance will be obtained by SIC receiver with CDM scheme.
Observation 15: The performance of two devices with orthogonal spreading codes has significant gain compared with that of two devices with the same spreading code.
Observation 16: For small information block, the performance of two devices with orthogonal spreading codes is comparable with that of one device.


Proposal 1:Whether/how to handle CP depends on performance evaluation and waveform characteristics for A-IoT DL. It needs to be further studied. 
Proposal 2:If R2D transmitted in DL spectrum, OOK-1 (i.e. CP-OFDM) and OOK-4 (i.e. DFT-s-OFDM) should be studied as the baseline for A-IoT DL. If R2D transmitted in UL spectrum, Single tone-based waveform can be also studied.
Proposal 3:Based on the target data rate and coverage requirement, study candidate values of M for A-IoT DL. 
Proposal 4:For A-IoT DL, chip is the minimum unit in time domain which corresponds to the length of an OOK symbol. 
Proposal 5:For Ambient IoT, the existing numerologies should be studied as the starting point if the waveform design is based on OFDM.
Proposal 6:For A-IoT DL, a subcarrier spacing of 15 kHz for OFDM-based waveform is studied as the starting point. Others can be studied based on further requirement.
Proposal 7:A guard band for A-IoT DL transmission is needed. Delete the constraint of Bocc,R2D = Btx,R2D.
Proposal 8:The occupied bandwidth, the number of occupied bandwidth in a system bandwidth and the co-existence with NR should be considered for the bandwidth design of Ambient IoT.
Proposal 9:For A-IoT DL, the determination of possible values of each bandwidth should consider the factors such as waveform and the value of M for OOK-4 modulation. e.g. Btx,R2D=1, 2 or 3 RBs.
Proposal 10:For A-IoT DL, the mapping rule from bit to line-code codeword can use binary codeword bits to represent the line-code codewords.
Proposal 11:For A-IoT DL, define chips and the relation between chips and OFDM symbols. 
Proposal 12:To accommodate varying information length, different CRC length can be considered in A-IoT R2D and D2R.
Proposal 13:The CRC polynomials for A-IoT DL and UL should be the same.
Proposal 14:For A-IoT DL, time domain scheduling by reader should be considered. FFS: Frequency-domain scheduling.
Proposal 15:It is proposed that for device with D2R backscattering transmission on a carrier-wave, both Alt 1 and Alt 2 can be studied for A-IoT UL.
Proposal 16:For device 2b with UL transmission generated internally, Alt 1 can be studied as a starting point.
Proposal 17:Study OOK and BPSK baseband modulation for A-IoT UL .
Proposal 18:Clarify binary FSK modulation generation method and study the feasibility including spectral or resource efficiency, power consumption and complexity feasibility for the A-IoT devices.
Proposal 19:Discussion on numerologies for UL after the A-IoT UL waveform is clear.
Proposal 20:The value(s) of Btx,UL should be discussed as high priority by RAN1 considering both continuous and discrete frequency resource for A-IoT UL transmission. 
Proposal 21:Update the system bandwidth definition as “ The frequency resources that can be scheduled by the Reader for PDRCH.”
Proposal 22:Manchester, FM0 and Miller can be studied for A-IoT UL transmission.
Proposal 23:CC can be studied for A-IoT UL coding enhancement.
Proposal 24:For A-IoT UL transmission, both TDM(A) and CDM(A) based time-domain extension can be considered. FFS: FDM(A).
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5. Annex
Table A.1: Simulation assumptions
	Parameters
	Assumptions 

	Carrier frequency
	900MHz 

	SCS
	15kHz

	Bandwidth
	180 kHz

	System bandwidth
	20 MHz

	BB filter bandwitdh
	BB LPF with cutoff frequency at 180 kHz and 3-order Butterworth LPF

	Waveform
	[bookmark: OLE_LINK14]R2D link: OOK waveform generated by OFDM modulator
D2R link: Backscatter modulated wave for device Type 1 and Type 2 semi-passive device; Single carrier for Type 2 active device

	Modulation
	R2D link: M=1 for OOK-4 
D2R link: OOK, BPSK

	Line code
	For R2D, Manchester coding or PIE
For D2R, Miller or FM0 

	FEC
	For R2D, no FEC
For D2R, CC or no FEC

	Channel model
	AWGN/TDL-C

	Delay extension
	30ns, 300ns

	Device velocity
	3 km/h

	Reference data rate
	0.1kbps

	Message size
	8bits, 16bits, 128bits
Length of CRC bit sequence = 0, 6, 16

	BLER
	1%

	Number of Tx/Rx chains for Ambient IoT device
	1

	BS
	Number of antenna elements
	1

	
	Number of TXRUs
	1

	Intermediate node UE
	Number of antenna elements
	1

	
	Number of TXRUs
	1

	Carrier wave interference
	OFDM-based waveform
non OFDM-based waveform

	Sampling frequency
	1. Sampling Frequency Offset (SFO) [a value between 103~104 ~ 105] ppm ( sampling points of an OFDM symbol)
1. Sampling frequency = [1.92] Msps

	ADC bit width
	4 bits
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