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In the approved new SID for Ambient IoT [1], the study objectives, where RAN1 is responsible, are as follows:
	The following objectives are set, within the General Scope:
1. Evaluation assumptions
a) Conclude at least the following aspects of design targets left to WGs in Clause 5 (RAN design targets) of TR 38.848 [RAN1].
· Clause 5.3: Applicable maximum distance target values(s)
· Clause 5.6: Refine the definition of latency suitable for use in RAN WGs
· Clause 5.8: 2D distribution of devices
b) Define necessary further evaluation assumptions of deployment scenarios for coverage and coexistence evaluations [RAN1, RAN4]
c) Identify basic blocks/components of possible Ambient IoT device architectures, taking into account state of the art implementations of low-power low-complexity devices which meet the RAN design target for power consumption and complexity. [RAN1]
d) Define link budget calculation for coverage, including whether/how to model carrier wave from node(s) inside or outside the connectivity topology.
NOTE: Assessment performance of the design targets is within the study of feasibility and necessity of proposals in the following objectives, e.g. by inspection of reference implementations in the field, simulations, analytically.
NOTE: strive to minimize evaluation cases in RAN1.

2. Study necessary and feasible solutions for Ambient IoT as prescribed in the General Scope, including decisions on which functions, procedures, etc. are needed and not needed, and ensuring at least the required functionalities in Section 6.2 of TR 38.848. 
Study of positioning in Rel-19 is RAN3-led, limited to functionalities which would have no, or minimal, specification impact (note: this does not imply any decision relating to WI creation).
Study the feasibility and required functionalities for proximity determination (coordination with SA3 is required for privacy aspects).
· RAN1-led:
For the Ambient IoT DL and UL:
· Frame structure, synchronization and timing, random access
· Numerologies, bandwidths, and multiple access
· Waveforms and modulations
· Channel coding
· Downlink channel/signal aspects
· Uplink channel/signal aspects
· Scheduling and timing relationships
· Study necessary characteristics of carrier-wave waveform for a carrier wave provided externally to the Ambient IoT device, including for interference handling at Ambient IoT UL receiver, and at NR basestation. 
       For Topology 2, no difference in physical layer design from Topology 1.




In this contribution, we discuss and present our views about Ambient IoT physical layer design.  
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Device to Reader (D2R) 
Bandwidth Definitions
During the RAN1#116 meeting, RAN1 discussed several bandwidth-related terms for D2R transmission but did not reach any conclusion. Based on the comments captured in the FL summary [3], companies had different understanding of these terms. Here, we provide our interpretation on the following bandwidth-related terms:
· D2R transmission bandwidth, , from one device perspective: The frequency resources used for D2R transmission;
· D2R occupied bandwidth,  from one device perspective: The frequency resources used for D2R transmission () plus guard subcarriers/bands () on each side of the channel edges, i.e., ;
· D2R system bandwidth, : The total frequency resources (or spectrum) allocated by the reader for Ambient IoT D2R transmission.
The relationship between these terms can be expressed as an inequality: . 
Proposal 1: For D2R studies, RAN1 defines the following bandwidth-related terms:
· D2R transmission bandwidth, , from one device perspective: The frequency resources used for D2R transmission;
· D2R occupied bandwidth,  from one device perspective: The frequency resources used for D2R transmission () plus guard subcarriers/bands () on each side of the channel edges, i.e., ;
· D2R system bandwidth, : The total frequency resources (or spectrum) allocated for Ambient IoT D2R transmission.
It is worth noting that the values of  and  may not be constant; this means,  may be dynamically configured to match the population size of Ambient IoT devices within its coverage area, and  can be configured to meet variable data rates needed by different Ambient IoT devices. In the case of NR in-band operation, the frequency location of Ambient IoT spectrum within the NR channel is not fixed; that is, the Ambient IoT spectrum can be located anywhere within the NR channel, allowing efficient spectrum sharing with NR. 
For co-existence with NR technology, the total Ambient IoT spectrum  can be expressed as an integer multiple of NR PRBs. Similarly, the D2R channel bandwidth  can be expressed as an integer multiple of PRBs even though it is not necessary. The minimum D2R channel bandwidth  is one PRB.
Observation 1: For D2R transmission, the D2R system bandwidth  is a configurable parameter, which can be expressed as an integer multiple of NR PRBs.
[bookmark: _Hlk163059658]Proposal 2: For D2R transmission, the minimum D2R occupied bandwidth  can be assumed to be one PRB as a starting point.   

Multiple Access
During the RAN1#116 meeting, RAN1 discussed three D2R multiple access techniques, namely TDMA, FDMA and CDMA [3]. CDMA achieves device separation in the code domain, which demands precise timing alignment and synchronization, and power control between devices. Due to low complexity and large SFO values of Ambient IoT devices, such as accurate timing and power control are far-fetched. For example, the synchronization requirement of IS-95 CDMA system is 
TDMA is a feasible multiple access technique, but it may not be able to fulfil the high device/connection density requirement of certain Ambient IoT use cases. As such, we analyze the feasibility of FDMA using the bandwidth-related terms defined in subsection 2.1.1.  
[bookmark: _Hlk162370790]For a given reader, let us assume D2R system bandwidth  and D2R occupied bandwidth  are known as illustrated in Figure 1. Then the total number of D2R RF channels  is given by
    
Basically, one single reader can simultaneously support  devices in the D2R transmission. 
.
.
.















Figure 1: D2R Channelization 
Each D2R RF channel is denoted by  and defined by a carrier (center) frequency , where . The carrier frequency of the RF channel can be a frequency in the FDD uplink or downlink frequency range. The RF channel  represents the lowest RF channel number with the lowest center frequency  Given the center frequency of the first RF channel and assume the bandwidth of each RF channel () is the same, the center frequency of the th D2R RF channel can be obtained as
 		
Each D2R RF channel  can be assigned to a different Ambient IoT device for device to reader transmission.

Proposal 3: For D2R multiple access, RAN1 considers FDMA and TDMA in the studies.

Line Encoding
During the RAN1#116 meeting, RAN1 discussed three line encoding schemes, namely Manchester, FM0, and Miller. FM0 and Miller schemes are used by the UHF RFID technology [4]. A brief description of each of the encoding schemes is presented in Table 1.

Table 1: Line encoding schemes
	Line Encoding Scheme
	Description

	Manchester
	A transition occurs in the middle of every binary bit. Each binary 1 is represented by a transition from high to low, and a binary 0 is represented by a transition from low to high. Manchester encoding does not depend on prior transmitted binary bit. 

	FM0
	A transition occurs at the edge of every binary bit (i.e., at the beginning and at the end of every bit), and additionally, a transition in the middle of binary 0. FM0 encoding depends on prior transmitted binary bit, which requires memory. 

	Miller
	A transition occurs in the middle of every binary 1; and binary 0 produces no transition on the entire bit duration unless it is followed by another binary 0, where a transition occurs at the beginning of the binary bit. Miller encoding depends on prior transmitted binary bit, which requires memory. 



The basic functions and state diagram used for FM0 and Miller encoding are shown in Figure 2 and Figure 3, respectively, for a symbol period T [4]. Note that the difference in the basic functions for FM0 and Miller are just in the mapping to data bits. 
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	(a) FM0 basis functions
	(b) FM0 generation state diagram


[bookmark: _Ref157424772]Figure 2: FM0 encoding basis functions  and generating state diagram
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	(a) Miller basis functions
	(b) Miller encoding state diagram


[bookmark: _Ref157426924]Figure 3: Miller encoding basis functions  and generating state diagram
For subcarrier modulation in UHF RFID, using Miller encoding, the clock cycle used in upconversion is maintained regardless of the multiplicative factor , i.e., subcarrier frequency is fixed and symbol rate is reduced for higher values of . Therefore, subcarrier modulation in UHF RFID is used mainly for efficient suppression of the stronger carrier wave. However, backscattered signals multiplexing, e.g., if clock frequency is configurable and harmonics energy can be minimized, may still be possible and should be considered. 
Since each line encoding schemes has its pros and cons, we propose the following:
Proposal 4: For D2R line encoding, RAN1 considers Manchester, FM0 and Miller encoding schemes in the studies.

Modulation 
During the RAN1#116 meeting, RAN1 discussed several modulation candidates for D2R transmissions including ASK/OOK, BPSK and FSK where OFDM-based modulation is disregarded due to its complexity and cost because for Ambient IoT technology, the choice of modulation should target low power consumption as well as low cost and complexity. 
The achievable bit rate is directly proportional to the occupied bandwidth , modulation scheme, and SNR. Once the occupied bandwidth  is allotted, the maximum bit rate achievable depends on the spectral efficiency of the selected modulation scheme. FSK modulation is known to have lower spectral efficiency than ASK and PSK modulations but can have better detection performance. Therefore, each modulation candidate has its pros and cons and as such, all modulation candidates should be studied, but ASK and BPSK can be prioritized to limit the SI scope. 
Proposal 5: For D2R modulation, RAN1 considers OOK and BPSK in the studies.

Reader to Device (R2D)
In this section, we discuss the waveform, modulation, and line encoding options for R2D link. In RAN1#116, the following were agreed for on R2D waveforms, modulation, and line encoding:
	Agreement
A-IoT DL study includes an OFDM-based waveform from A-IoT R2D (reader-to-device) perspective. 
· Depending on what modulation(s) are decided to be studied:
· Study whether/how to handle CP at transmitter/device/design 
· Study other characteristics of the OFDM waveform, e.g.:
· CP-OFDM
· DFT-s-OFDM
· Etc.
· The type of OFDM waveform is transparent to A-IoT device.
Other waveforms from DL transmitter’s perspective can be proposed, and further discussion will consider whether or not they are included in the study.

Agreement
A-IoT DL study includes OOK from DL transmitter’s perspective.
· For an OFDM waveform, assume OOK-1 for single-chip per OFDM symbol transmission, and OOK-4 for M-chip per OFDM symbol transmission, starting from definitions in TR 38.869.
· FFS value(s) of M.
· FFS: Any changes needed from the definitions in TR 38.869.
· FFS: Exact definition of chip
· If other DL waveforms are included, further elaboration of the transmitter’s OOK generation would be needed.

Agreement
For R2D, line codes studied are: Manchester encoding and pulse-interval encoding (PIE).
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: Time domain definition of e.g., chips and relation to OFDM symbols, resource allocation unit, etc.




In the first agreement above, it was agreed that an OFDM-based waveform is considered and the characteristics a CP-OFDM versus a DFT-s-OFDM are to be studied. Further, both OOK-1 and OOK-4 waveform options from TR 38.869 are to be assumed for OOK modulation study. It should be noted that from OOK-1 perspective, CP-OFDM can be used where the frequency responses of the ON and Off waveforms, i.e., corresponding to a chip 1 and a chip 0, respectively, can be stored and assigned to the allocated subcarriers directly based on the information bit stream. However, from OOK-4 perspective, as the number of chips per OFDM symbol M increases, the combination of frequency responses corresponding to the M chips per OFDM symbol increases exponentially. Therefore, DFT-s-OFDM may be more appropriate than CP-OFDM for OOK-4 waveform option with large M. Additionally, a limited number of values for  were considered in the evaluation of LP-WUS in TR 38.869 and may be considered as a starting point for A-IoT R2D link.
Observation 2: CP-OFDM may only be appropriate for OOK-1 waveform option but DFT-s-OFDM may be needed for OOK-4 waveform option, especially for high values of M.  
Proposal 6: Consider DFT-s-OFDM for OOK-4 waveform option with , as a starting point, and CP-OFDM for OOK-1 waveform option.
In TR 38.869, a chip was not defined but rather an OOK bit, which was understood as a coded bit in the line-code codeword, was considered where only Manchester encoding was discussed. However, given the consideration of PIE as in the third agreement above, the definition of a chip as a coded OOK bit may not directly apply to PIE. Therefore, a chip may be defined as the coded bit or the reference interval of a line-code codeword as discussed next.
Proposal 7: Adopt the definition of a chip as the coded bit or the reference interval of a line-code codeword.
In the third agreement above, the mapping from information bits to line-code codewords as well as the time definition of chips relative to OFDM symbol are left as FFS. For Manchester encoding, there are two conventions for the mapping from information bit(s) to line-code codewords. In the first convention, an information bit 1 can be mapped to the line codeword [1 0] whereas an information bit 0 is mapped to the line codeword [0 1]. In the second convention, an information bit 1 can be mapped to the line codeword [0 1] whereas an information bit 0 is mapped to the line codeword [1 0]. For AIoT R2D link evaluation, one of the conventions can be agreed. In this context, a chip can correspond to a coded bit in any of the codewords and the chip duration can correspond to the OFDM symbol duration (without cyclic-prefix) divided by the number of chips per OFDM symbol M. 
Proposal 8: For Manchester encoding in R2D, adopt one of the following conventions for mapping from information bits to codewords:
Convention 1: Information bit 1 to codeword [1 0] and information bit 0 to codeword [0 1]
Convention 2: Information bit 1 to codeword [0 1] and information bit 0 to codeword [1 0]  
For PIE, on the other hand, a three-step mapping procedure can be used to generate the PIE signal while accounting for cyclic-prefix insertion in OFDM-based waveform generation. In the first step, an information bit 1 can be mapped to the codeword [1 0] whereas an information bit 0 is mapped to the codeword [0]. In the second step, each coded bit is mapped to a symbol (basis function) where a coded bit 1 is mapped to a symbol/function (S1) and a coded bit 0 is mapped to a symbol/function (S2). The two symbols/functions (S1 and S2) can be selected as in Figure 4 where it can be noted that the beginning and end of each of them is always high and the duration of the high value at the beginning/end can be selected to be at least equal to the cyclic-prefix duration (), i.e., . In the third step, a number of samples () corresponding to the cyclic-prefix duration are removed from the beginning of the group of symbols/functions in an OFDM symbol. In this context, a chip can be a reference interval corresponding to a symbol/function and for this generation procedure, the chip duration/reference interval () can be fixed for both symbols/functions and corresponds to the OFDM symbol duration (with cyclic-prefix) divided by the number of chips per OFDM symbol M. An illustration of the first two steps of the PIE generation procedure is shown in Figure 4, assuming , where the third step combined with the cyclic-prefix insertion, as part of the OFDM generator, should result in the same waveform as in the second step.
	[image: ]
	[image: ]

	(a) Symbol/Basis function (S1) for coded bit 1
	(b) Symbol/Basis function (S2) for coded bit 0


Figure 4: Mapping between coded bits and symbols/basis functions 
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Figure 5: Illustrative example of OFDM-based PIE waveform generation

Proposal 9: For PIE in R2D, adopt the following steps, as a starting point, for mapping from information bits to codewords and waveform generation:
Step 1: Map information bit 1 to codeword [1 0] and information bit 0 to codeword [0].
Step 2: Map coded bits 1 and 0 to symbols/functions S1 and S2 in Figure 3, respectively.
Step 3: Remove NCP samples from the beginning of the group of symbols/functions in an OFDM symbol  



Conclusion
This contribution has discussed the open issues of the general aspects of physical layer design.  Our observations and recommendations are as follows:
Proposal 1: For D2R studies, RAN1 defines the following bandwidth-related terms:
· D2R transmission bandwidth, , from one device perspective: The frequency resources used for D2R transmission;
· D2R occupied bandwidth,  from one device perspective: The frequency resources used for D2R transmission () plus guard subcarriers/bands () on each side of the channel edges, i.e., ;
· D2R system bandwidth, : The total frequency resources (or spectrum) allocated for Ambient IoT D2R transmission.
Observation 1: For D2R transmission, the D2R system bandwidth  is a configurable parameter, which can be expressed as an integer multiple of NR PRBs.
Proposal 2: For D2R transmission, the minimum D2R occupied bandwidth  can be assumed to be one PRB as a starting point.   
Proposal 3: For D2R multiple access, RAN1 considers FDMA and TDMA in the studies.
Proposal 4: For D2R line encoding, RAN1 considers Manchester, FM0 and Miller encoding schemes in the studies.
Proposal 5: For D2R modulation, RAN1 considers OOK and BPSK in the studies.
Observation 2: CP-OFDM may only be appropriate for OOK-1 waveform option but DFT-s-OFDM may be needed for OOK-4 waveform option, especially for high values of M.  
Proposal 6: Consider DFT-s-OFDM for OOK-4 waveform option with , as a starting point, and CP-OFDM for OOK-1 waveform option.
Proposal 7: Adopt the definition of a chip as the coded bit or the reference interval of a line-code codeword.
Proposal 8: For Manchester encoding in R2D, adopt one of the following conventions for mapping from information bits to codewords:
Convention 1: Information bit 1 to codeword [1 0] and information bit 0 to codeword [0 1]
Convention 2: Information bit 1 to codeword [0 1] and information bit 0 to codeword [1 0]  
Proposal 9: For PIE in R2D, adopt the following steps, as a starting point, for mapping from information bits to codewords and waveform generation:
Step 1: Map information bit 1 to codeword [1 0] and information bit 0 to codeword [0].
Step 2: Map coded bits 1 and 0 to symbols/functions S1 and S2 in Figure 3, respectively.
Step 3: Remove NCP samples from the beginning of the group of symbols/functions in an OFDM symbol  
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[bookmark: _Ref67920550]Appendix A: RAN1 Agreements
RAN1#116
	Agreement
A-IoT DL study includes an OFDM-based waveform from A-IoT R2D (reader-to-device) perspective. 
· Depending on what modulation(s) are decided to be studied:
· Study whether/how to handle CP at transmitter/device/design 
· Study other characteristics of the OFDM waveform, e.g.:
· CP-OFDM
· DFT-s-OFDM
· Etc.
· The type of OFDM waveform is transparent to A-IoT device.
Other waveforms from DL transmitter’s perspective can be proposed, and further discussion will consider whether or not they are included in the study.

Agreement
A-IoT DL study includes OOK from DL transmitter’s perspective.
· For an OFDM waveform, assume OOK-1 for single-chip per OFDM symbol transmission, and OOK-4 for M-chip per OFDM symbol transmission, starting from definitions in TR 38.869.
· FFS value(s) of M.
· FFS: Any changes needed from the definitions in TR 38.869.
· FFS: Exact definition of chip
· If other DL waveforms are included, further elaboration of the transmitter’s OOK generation would be needed.

Agreement
For R2D, line codes studied are: Manchester encoding and pulse-interval encoding (PIE).
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: Time domain definition of e.g., chips and relation to OFDM symbols, resource allocation unit, etc.

Agreement
Regarding FEC, R2D with no forward error-correction code (FEC) is studied as baseline.
· Evaluations would be by comparison to this baseline

Agreement
R2D study assumes use of CRC. FFS which CRC generator polynomial(s) are assumed, and if any cases are included with no CRC.
· FFS: Association, if any, between down-selected CRC(s) and message size, considering at least false-alarm rate target

Agreement
D2R study assumes use of CRC. FFS which CRC generator polynomial(s) are assumed, and if any cases are included with no CRC.
· FFS: Association, if any, between down-selected CRC(s) and message size, considering at least false-alarm rate target

Agreement
At least the following bandwidths for R2D are defined for the purpose of the study:
· Transmission bandwidth, Btx,R2D from a Reader perspective: The frequency resources used for transmitting R2D
· Occupied bandwidth, Bocc,R2D from a Reader perspective: The frequency resources used for transmitting R2D, and potential guard band
· Bocc,R2D ≥ Btx,R2D
· FFS: Further constraint(s) e.g. Bocc,R2D = Btx,R2D.
· Possible values of each bandwidth are FFS
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