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1. Introduction
RAN 1#116b has approved several points of AIoT physical layer design for further discussion. In this contribution, we will further discuss general aspects of physical layer design for Ambient IoT, including DL waveform and modulation, DL CRC, DL multiple access, UL modulation, UL multiple access, UL CRC and UL repetition.
2. AIoT Downlink
1. 
2. 
2.1 DL waveform and modulation
OFDM as a multi-carrier modulation mechanism has been adopted in LTE and NR system to enhance the overall spectrum efficiency. The FFT block is used at receiver to converted to time domain with IFFT, which becomes a set of complex time-domain samples representing the sum of modulated subcarriers. Assume there are 64 such samples from IFFT output, if replicating the last 1/4 of those samples and put that replicated part in the front, the replicated 16 samples are called as cyclic prefix (CP), which is used to address inter-symbol interference (ISI) and inter-carrier interference (ICI) incurred by hardware clock offset and multipath effect. 

Similar to the design of low-power wake-up signal, OFDM-based OOK-1 and OOK-4 can be assumed for future study, which has been agreed in RAN 1#116. How to handle CP based on OOK-1 and OOK-4 is a discussed issue. However, CP may be not identified by AIoT device (e.g., when SCS=15KHz). To tackle the ISI, other methods except for adding CP could to be further studied. 

The chair notes of RAN 1#116b give one agreement to consider the CP handling and the description is below [1].
	Agreement
For R2D CP handling for OFDM based OOK waveform:
· For potential down-selection, study among the following candidate methods
· Method Type 1: Removal of CP at device without specified transmit-side 
· FFS: How device determines the CP location
· FFS: Impact on feasibility of device SFO
· FFS: relation to M, if any
· Method Type 2: Ensure the CP insertion of OFDM-based waveform will not introduce false rising/falling edge between the last OOK chip in OFDM symbol (n-1) and the first OOK chip in OFDM symbol n.
· FFS: Whether/how to arrange that OOK chips have equal length after CP insertion
· FFS: relation to M, if any
· FFS: Detail of relationship to line code codewords
· FFS: Impact on feasibility of device SFO
· [Other method types are not precluded]
· Study of the methods should include e.g.:
· CP impact on R2D timing acquisition, and decoding & performance of PRDCH
· Reader and device implementation complexities
· Interference between R2D and NR DL/UL if in the same NR band
· Spectrum efficiency



For method type 1, assuming that two chips with line coding are included into one NR symbol, namely, M=2. 
· One method to find CP location is indicated by R2D signal like control field. However, it is a little difficult to find an accurate CP location because of existing SFO. If SFO can be predicted and compensated within a fixed period at reader side, control field indicating may be a useful method. 
· Another method to find CP location is predefined rules. As shown in figure 1, CP is added in front of each symbol and the phase of CP is identical or contrary with that of end of each symbol. In addition, CP added in end of each symbol may also be considered.


Fig.1 CP design within one NR symbol based on OOK-4
Here, the length of first chip is N and the length of last chip is T. If the length of CP is not included in any chip, then N=T; If the length of CP is included in first chip, then N<=T.

For method type 2, there are two methods to handle CP.
· CP can be inserted at the front of each symbol or at the end of each symbol, which can occupy the length of one chip or not occupy the length of any chip. If SFO can be predicted and compensated at reader side, one NR symbol length equals M*one chip length if CP occupy the length of one chip, or one NR symbol length equals M*one length + the length of CP if CP do not occupy the length of any chip.
· If SFO is not compensated at reader side, device needs to consider the impact of CP insertion. The length of chip during one NR symbol can be same or different, and SFO will introduce time offset in time domain, thus, different rules need to be considered to meet the different CP design. 

Observation 1: Indicator based on control field and predefined rules (e.g., the identical/different phase for CP as that of adjacent chip) can be considered for handling CP. If SFO can be compensated at reader side, the impact of SFO may be negligible.

Observation 2: Except for SCS, the length of one NR symbol is decided by CP length, M value, SFO. 

Observation 3: The CP insertion location, e.g, the start or the end of one NR symbol will affect the M value and chip length. 

Proposal 1: For method type 1 and type 2, discuss the feasibility of indicator based on control field and predefine to insert CP within one NR symbol.

Proposal 2: Discuss different methods to handle SFO, including compensation SFO at reader side and handling SFO by relative indicator information of R2D signal.

RFID has defined the duration of one basic time unit is in the range of 6.25 us to 25us [2]. The user experienced data rate target is in the range of 0.1kbps~ 5kbps for R2D and D2R transmission [3]. As shown in figure 2, Assume that one resource block (RB) carries one bit and 14 symbols within one slot (e.g., 30kHz SCS), modulation order is 1 and coding rate is 1/2 (not FEC), time unit is 6.25us based on RFID, then the M equals 10 if OOK-4 is used and not to consider CP. Here, one chip is one duration of ON-OFF, which equals or less than NR symbol.


Fig.2 Illustration of chip setting
Based on the discussion above, the value of M is decided by CP length, chip length, modulation order, SCS and line coding rate. For the uplink and downlink, maximum data rate is less than 5kbps according to TR 38.848. When OOK-4 is considered for improving R2D data rate, combined with the discussion above, we think the value of M should be set as {2, 4, 8, 10, 16} under different line coding rate and considering CP length, SCS=15KHz or 30KHz and chip length is not less than 6.25 us.
Observation 4: Assume that one resource block (RB) carries one bit and 14 symbols within one slot (e.g., 30kHz SCS), modulation order is 1 and coding rate is 1/2, time unit is 6.25us based on RFID, then the M equals 10.
Proposal 3: Discuss the feasibility of M value = {2, 4, 8, 10, 16} based on CP length, chip length, SCS, line coding rate, etc. 
2.2 CRC
In RAN 1#116b, CRC-6 and CRC-16 have been agreed for R2D and D2R transmission. The description is given as below, 
	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



Four types of cyclic generator polynomials can be discovered in TS 38.212, 


-	 for a CRC length ;


-	 for a CRC length ;


-	 for a CRC length ;


-	 for a CRC length , which is same as RFID CRC-16;


-	 for a CRC length ;


-	 for a CRC length .
The encoding is performed in a systematic form, which means that in GF(2), the polynomial:

	
Here, L is the length of CRC and A is the bit length of input signal.
· For R2D transmission
During R2D signal transmission in wireless communication, the data integrity is easily interfered by environmental noise, then CRC is used to ensure the validity of R2D signal. Two types have been supported in RFID C1 G2, including CRC-16 and CRC-5. The polynomial of RFID CRC is x^16+x^12+x^5+1 for CRC-16 and x^5+x^3+1 for CRC-5 [3]. AIoT device should verify the integrity of a received R2D signal that use CRC-16 or CRC-5 by using one of the regulated methods, which includes 5 and 16 registers at device side, respectively. Table. I gives the Reader->Tag command and corresponding protection design. It can be discovered that except for query with CRC-5, other command with CRC all are configurated CRC-16. 
Table. I Reader->Tag command and corresponding protection design
	R2D command
	Protection

	Select (like paging)
	CRC-16

	Query (like random access command)
	Unique length and a CRC-5

	Query X with preamble 
	CRC-16

	Query Y with frame-sync
	CRC-16

	QueryReq & QueryAdjust
	Unique length

	ACK
	Unique length

	NAK
	Unique length

	Read/Write/Kill/Lock
	CRC-16

	Access
	CRC-16



There is no any FEC for R2D transmission, thus, not like LDPC and Polar coding in NR, we do not need consider FEC-based CRC for R2D transmission. In addition, there is no functionality of DCI, CRC scrambling is not needed for R2D transmission.

Observation 5: Same cyclic generator polynomial for CRC-16 can be discovered in TS 38.212 and C1G2.
Observation 6: Except for Query command in RFID using CRC-5, other R2D commands use CRC-16 as protection.
Observation 7: There is no any FEC and functionality of DCI in TS 38.212, and FEC-based CRC and CRC scrambling maybe not considered in Ambient IoT R2D transmission.
· For D2R transmission
In RFID, for CRC-16, a device shall implement both a StoredCRC and a PacketCRC, which is defined in RFID C1G2 gives some description [3]. The StoredCRC is stored in Device ID (e.g., EPC) memory, and it is selectable by a reader using a select command, and is readable by reader using a read command. The PacketCRC is computed and sent by a device during D2R transmission, which can protect the transmitted EPC or device ID, and is neither selectable nor directly readable by a reader. 
Two conditions have been defined for StoredCRC in RFID: 1) when a reader writes or overwrites bits in the EPC and 2) every time the device powers up. The device may store its StoredCRC in volatile or nonvolatile memory. 
When D2R signals are sent by device, the RN 16 is protected by CRC-5 and PC/EPC is protected by CRC-16. To conveniently consider the harmonized design with NR, we think that CRC-6 and CRC-16 should be at least support for D2R CRC.
According to RAN 1#116b, A-IoT D2R study of FEC includes at least convolutional codes. Like UCI design with Polar coding, we think convolutional codes-based CRC should be studied. For example, if payload size of D2R signal is less than A bits, then CRC is not required to attach D2R signal; if payload size is B bits, maybe CRC-6 can be used; if payload size of D2R signal is C bits, maybe CRC-16 can be used.

Observation 8: CRC-5 and CRC-16 are all used for D2R transmission in RFID.
Observation 9: According to RAN 1#116b, A-IoT D2R study of FEC includes at least convolutional codes.
Observation 10: For CRC-16 used for protecting EPC/PC/XPC in RFID, a device shall implement both a selectable/readable StoredCRC and a non- selectable/non-readable PacketCRC. 

Proposal 4: Discuss and study convolutional codes-based CRC for D2R transmission.
Proposal 5: Discuss the feasibility of StoredCRC and PacketCRC like RFID for AIoT system.

As the discussed above, the length of CRC is decided by the signal length and FEC coding. Here, we give our views about CRC length. 
· Different CRC length for Paging-like/select/challenge w or w/o device ID/group ID with different command length and line coding rate
· Different CRC length for RN 8/16 during random access with different line coding rate
· Different CRC length for different random access, like 2-steps random access, 4-steps random access
· Different CRC for a fixed false alarm probability, e.g., smaller than 10^-2
· Different CRC length for different D2R frequency shift

Proposal 6: Discuss and study different CRC length under different command length, different random access (like 2-steps random access and 4-steps random access), false alarm probability and different D2R frequency shift, SFO

2.3 DL multiple access
In 9.4.1.2 section, we have discussed the filter and envelop detector for device receiver [4]. Filter can be used for extracting different R2D signal being simultaneously sent in adjacent channels, which seems FDM(A) is suitable for AIoT R2D multiple access if filter bandwidth adjustable. However, we think RF filter with adjustable bandwidth is difficult to be configurated for AIoT device 1/2a/2b. In addition, the passband bandwidth of analog filter cannot be ultra-narrow to filter the wanted signal for each device. Also, envelop detector cannot extract the corresponding R2D frequency signal for FDM. 

In addition, if OOK-1 and OOK-4 are used for R2D transmission, different M value, e.g., M=1, 2, 4, corresponds to different frequency. When device receiving R2D signal, RF BPF is needed to get wanted signal (e.g., M=2), then input envelop detector. However, different devices may need different RF BPF with different bandwidth. Thus, the FDM(A) should not be considered for AIoT R2D multiple access.

Proposal 7: FDM(A) should not be supported in DL multiple access.

3. AIoT Uplink
3.1 UL waveform
In agenda 9.4.1.2, we have discussed different D2R baseband waveform based on Tx architectures. 
It is assumed that the received external CW wave is a one-tone signal with a frequency of f0, 


Here the magnitude is normalized to unity, and the initial phase is set to be 0. As shown in figure 4, when the switch is toggling between open and short at a constant frequency of fbs, the resulting reflection coefficient Γ at the interface between the tag antenna and the loads can be represented as a square wave. Reflection coefficient Γ can be expressed by a series of sine items based on Fourier series

Thus, the D2R signal can be expressed as

Here, we can discover there are some harmonics at both side of frequency of f0 based on above equation. The backscatter signal Sbs in above equation contains undesired first order image signal, e.g., at the frequency of f0 − fbs (assuming f0+fbs is the desired frequency component), and higher order harmonics at the frequencies of f0 ±nfbs(n = 3, 5, . . .) [5].

By calculating, we discover the power of image signal is 3.9dB smaller than received CW power (RSRP at device),
and the power of 3rd and 5th harmonic signal are 9.5dB and 14dB than received CW power at device [5]. 

Observation 11: The power of image signal is 3.9dB smaller than received CW power (RSRP at device), and the power of 3rd and 5th harmonic signal are 9.5dB and 14dB smaller than received CW power at device

To suppress harmonic signals and avoid interference NR UE (e.g., spurious emission area), two waveforms can be considered to suppress harmonic components:
· Waveform 1: multi-levels waveform 



Figure 3 Multi-levels waveform 

As shown in figure 3, original waveform has two only level, namely ON-OFF baseband waveform, which introduces harmonic components as analyzing above. If different impedances can be used to achieve multi-levels waveform (e.g., 4-levels), the harmonic power will be reduced. 

· Waveform 2: Sine wave-like


Figure 4 Sine wave-like with pulse shaping
When OOK/BPSK is considered at device side to modulate the D2R signal, discrete impedances are considered to achieve it. Expect for discrete modulation, continuous modulation using active components like diode or transistor can achieve pulse shaping, which can reduce the harmonic power. In addition, Gauss filter maybe can be used for pulse shaping before Tx modulation.

Observation 12: Multi-levels waveform and sine wave-like waveform for D2R waveform can suppress harmonic signal.

Proposal 8: Discuss the feasibility of multi-levels waveform and sine wave-like waveform for D2R waveform to suppress harmonic components.


3.1 UL modulation
In RAN1 #116b, three types of D2R baseband modulation have been discussed, and the description is given below
	Agreement
Study for all devices the following for D2R baseband modulation, for potential down-selection:
· OOK
· Binary PSK
· Binary FSK
· Strive to identify one variant of Binary FSK to study further 



Many companies have agreed OOK as one of D2R baseband modulation. We further analyze BPSK and 2FSK in 9.4.1.2. Here, we give our conclusion about BPSK and 2FSK.
· For BPSK, there is same power consumption, complexity as OOK modulation.
· Higher SINR can be observed in BPSK by Miller encoding, which may have the impact on coverage evaluation. 

Proposal 9: OOK and BPSK for D2R baseband modulation should be supported for future research and discussion.

For FSK, frequency changing for different bit should be supported to change the frequency of reflection coefficient. Adjusting the capacitance of variable capacitor can change the response frequency of the circuit, which can realize the 2FSK. FSK has better BER performance than ASK. However, large power consumption and large return loss may be generated. In addition, when frequency changing is small, the aliasing between different bit information will generate, which is a challenge for D2R bandwidth. 

For CPFSK, device needs to map baseband signal to different phase, e.g., bit 0 maps frequency shift f1 and bit 1 maps frequency shift f2, then φ1 and φ2 represent f1 and f2, respectively. When receiving external CW at device side, two types of impedances should be switched to map different phase like BPSK. Thus, CPFSK is achieved by mapping different frequency shift to different phase, which has higher complexity than BPSK.

In addition, if two frequencies are used for representing different bit information, aliasing phenomena may be generated when two frequency shift is close to each other. As shown in figure 5, if two backscattering link frequencies (BLF) is close to each other, aliasing zone will be generated, which is difficult for reader demodulating.


Fig. 5 Aliasing phenomena using 2FSK

Observation 13: Smaller spectrum efficiency and aliasing phenomena will be discovered for 2FSK.

If 2FSK is used for D2R transmission, different line coding scheme need to be redesigned. As shown in figure 6, miller coding as a potential line code scheme, when 2FSK is used for D2R transmission, it will change the Miller coding rule. For example, when device want send bit 001, then different frequency and different phase/ON-OFF need to be achieved at device’s transmitter, which is difficult for device.
[image: ]
Fig. 6 Miller code with subcarrier M=2

Observation 14: It is difficult for 2FSK to combine with D2R line code (e.g., Miller coding).

Proposal 10: 2FSK including CPFSK should not be supported for device 1 and device 2a because of the larger power consumption, possible aliasing phenomena and hard to combine with D2R line code (e.g., Miller coding).

3.2 UL multiple access
UL multiple access has been discussed in RAN 1#116b, and the description has been given as follow
	Agreement
Study time-domain multiple access of D2R transmissions. Further details, including pros/cons, are FFS.

Agreement
Study frequency-domain multiple access of D2R transmissions, at least by utilizing a small frequency-shift in baseband. Further details, including pros/cons, are FFS.

Agreement
Whether code-domain multiple access is feasible and necessary for D2R transmissions for all devices is FFS.



FDM has been supported in RFID ISO 18000-3. During one inventory, reader sends specific command to devices, and each device randomly select one channel within assigned channel to response. For AIoT systems, different frequency can be set for different devices to achieve FDM during one same time unit. 

In RFID ISO 18000-3, if an interrogator If an interrogator selects fixed channel reply mode, the tag will transmit its complete reply once on the channel selected by the interrogator. This mode can be used for single channel interrogators where the tag population is one. It can also be used in multi-channel interrogators to command identified tags to reply on different fixed channels. Using this mode up to eight tags can be received simultaneously [6]. As shown in Table II, multi-devices identification using FDM based on ISO 18000-3 has been summarized.
Table II Identification of 8 devices based on D2R FDM combined with TDM
	Action
	Result
	Number of devices identified

	Start
	
	

	Reader sends a zero-length read (random channel) command
	All devices reply on randomly selected channels
	0

	Reader receives 3 tag replies
	
	3

	Reader sends specific mute commands to each of the identified devices
	The muted devices will temporarily not respond to further normal commands
	

	Reader sends a zero-length read (random channel) command
	The 5 unmuted devices reply on randomly selected channels
	3

	Reader receives 3 tag replies
	
	6

	Reader sends specific mute commands to each of the identified devices
	The muted devices will temporarily not respond to further normal commands
	

	Reader sends a zero-length read (random channel) command
	The 2 unmuted devices reply on randomly selected channels
	

	Reader receives 2 tag replies
	
	8

	Reader sends specific mute commands to each of the identified devices
	The muted devices will temporarily not respond to further normal commands
	

	End
	Total time identify 8 devices is 5,772 ms. (including minimum turnaround times)
	8 devices identified



Observation 15: 8 devices has been successfully identified using D2R FDM combined with TDM by ISO 18000-3.
Proposal 11: FDM using small frequency shift should be at least supported for UL multiple access.
Proposal 12: FDM combined with TDM should be considered for UL multiple access.

If CDM is considered for D2R multiple access, the spreading operation needs to be supported for device. However, this method has some disadvantaged of higher power consumption and lower data rate. For our understanding, CDM should be down selected in R19.
Observation 16: CDM for UL multiple access has some disadvantaged of higher power consumption and lower data rate.
Proposal 13: CDM for UL multiple access should be down selected in R19.
3.3 UL repetition
In RAN 1#116b, D2R repetition has been agreed for D2R transmission. The description is given as below, 
	Agreement
Study D2R transmission in the physical layer using repetition
· Note: Discussions regarding higher-layer repetitions are up to RAN2.



For our understanding, two ways can be considered for D2R repetition. As shown in figure 7, device transmits Msg 1 repetition signal for a defined time window after transmitting Msg 1 signal with RN 16. In addition, when device has not enough energy to transmit next signal, e.g., device is deactivated because of no energy after transmitting Msg 0. Then device can wait for a defined time window to harvest energy, and then transmit Msg 1 repetition within defined time window. If exceeding the defined window, device needs wait for the next inventory. For this method, it can reduce unnecessary signaling overhead.
Except for Msg 1, other information needs consider repetition scheme, like Msg 3. 


Fig. 7 device actively transmit repetition signal

Observation 17: Device actively transmit repetition signal based on a defined time window.

Proposal 14: Discuss how device to actively transmit repetition signal
Proposal 15: Discuss what D2R signals need to consider the repetition scheme


Another way using repetition is device transmit repetition signal by reader trigger. As shown in figure 8, reader transmits a repetition command to trigger device make a repetition. For this method, reader can send repetition command according to requirement.


Fig. 8 Device transmit repetition signal by reader triggering

Observation 18: Device transmit repetition signal based on receiving repetition command from reader.

Proposal 16: Discuss the feasibility of device transmitting repetition signal by reader triggering.

4. Conclusion
In this contribution, we provide our views on general aspects of physical layer design for Ambient IoT. The observations and proposals are listed as below:
Observation 1: Indicator based on control field and predefined rules (e.g., the identical/different phase for CP as that of adjacent chip) can be considered for handling CP. If SFO can be compensated at reader side, the impact of SFO may be negligible.
Observation 2: Except for SCS, the length of one NR symbol is decided by CP length, M value, SFO. 
Observation 3: The CP insertion location, e.g, the start or the end of one NR symbol will affect the M value and chip length. 
Observation 4: Assume that one resource block (RB) carries one bit and 14 symbols within one slot (e.g., 30kHz SCS), modulation order is 1 and coding rate is 1/2, time unit is 6.25us based on RFID, then the M equals 10.
Observation 5: Same cyclic generator polynomial for CRC-16 can be discovered in TS 38.212 and C1G2.
Observation 6: Except for Query command in RFID using CRC-5, other R2D commands use CRC-16 as protection.
Observation 7: There is no any FEC and functionality of DCI in TS 38.212, and FEC-based CRC and CRC scrambling maybe not considered in Ambient IoT R2D transmission.
Observation 8: CRC-5 and CRC-16 are all used for D2R transmission in RFID.
Observation 9: According to RAN 1#116b, A-IoT D2R study of FEC includes at least convolutional codes.
Observation 10: For CRC-16 used for protecting EPC/PC/XPC in RFID, a device shall implement both a selectable/readable StoredCRC and a non- selectable/non-readable PacketCRC. 
Observation 11: The power of image signal is 3.9dB smaller than received CW power (RSRP at device), and the power of 3rd and 5th harmonic signal are 9.5dB and 14dB smaller than received CW power at device
Observation 12: Multi-levels waveform and sine wave-like waveform for D2R waveform can suppress harmonic signal.
Observation 13: Smaller spectrum efficiency and aliasing phenomena will be discovered for 2FSK.
Observation 14: It is difficult for 2FSK to combine with D2R line code (e.g., Miller coding).
Observation 15: 8 devices has been successfully identified using D2R FDM combined with TDM by ISO 18000-3.
Observation 16: CDM for UL multiple access has some disadvantaged of higher power consumption and lower data rate.
Observation 17: Device actively transmit repetition signal based on a defined time window.
Observation 18: Device transmit repetition signal based on receiving repetition command from reader.


Proposal 1: For method type 1 and type 2, discuss the feasibility of indicator based on control field and predefine to insert CP within one NR symbol.
Proposal 2: Discuss different methods to handle SFO, including compensation SFO at reader side and handling SFO by relative indicator information of R2D signal.
Proposal 3: Discuss the feasibility of M value = {2, 4, 8, 10, 16} based on CP length, chip length, SCS, line coding rate, etc. 
Proposal 4: Discuss and study convolutional codes-based CRC for D2R transmission.
Proposal 5: Discuss the feasibility of StoredCRC and PacketCRC like RFID for AIoT system.
Proposal 6: Discuss and study different CRC length under different command length, different random access (like 2-steps random access and 4-steps random access), false alarm probability and different D2R frequency shift
Proposal 7: FDM(A) should not be supported in DL multiple access.
Proposal 8: Discuss the feasibility of multi-levels waveform and sine wave-like waveform for D2R waveform to suppress harmonic components.
Proposal 9: OOK and BPSK for D2R baseband modulation should be supported for future research and discussion.
Proposal 10: 2FSK including CPFSK should not be supported for device 1 and device 2a because of the larger power consumption, possible aliasing phenomena and hard to combine with D2R line code (e.g., Miller coding).
Proposal 11: FDM using small frequency should be at least supported for UL multiple access.
Proposal 12: FDM combined with TDM should be considered for UL multiple access.
Proposal 13: CDM for UL multiple access should be down selected in R19.
Proposal 14: Discuss how device to actively transmit repetition signal
Proposal 15: Discuss what D2R signals need to consider the repetition scheme
Proposal 16: Discuss the feasibility of device transmitting repetition signal by reader triggering.
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