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1	Introduction
[bookmark: _Ref178064866]The “Study on solutions for Ambient IoT (Internet of Things) in NR” [1][2][3] targets a further assessment at RAN WG level of Ambient IoT (A-IoT), a new 3GPP IoT technology, suitable for deployment in a 3GPP system, which relies on ultra-low complexity devices with ultra-low power consumption for the very low-end IoT applications. The study follows an initial study captured in TR 38.848 [4].
[bookmark: _Hlk164682018][bookmark: _Hlk164681931]In this contribution we present our views on general aspects of physical layer design for A-IoT. For the previous RAN1 meeting, we provided our views in [5], and the RAN1 discussion was captured in the feature lead summary in [6].
2	Reader-to-device (R2D) aspects
2.1	R2D waveform
2.1.1	OFDM characteristics
RAN1#116 made the following agreements regarding R2D waveform:
	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.:
· [bookmark: _Hlk161412344]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.




It is crucial to ensure compatibility between the A-IoT waveform and the existing NR OFDM system. In RAN1#116, both OOK-1 (single-bit OOK) and OOK-4 (multi-bit OOK) are being considered for generating an OOK-like signal. At this stage, we should not down-select between CP-OFDM and DFT-s-OFDM for the following reasons:
· OOK-1 can be simply generated using CP-OFDM with minimal impact on the gNB OFDM transmitter.
· OOK-4 can be generated using either CP-OFDM with a waveform approximation approach or DFT-s-OFDM using DFT precoding.
A similar discussion is ongoing in the Rel-19 LP-WUS WI. It seems reasonable to reuse the same mechanism for A-IoT. We can wait for the progress in Rel-19 LP-WUS. However, we have the following observation:
[bookmark: _Toc163218975][bookmark: _Toc166256996]CP-OFDM can be considered as baseline for generating OOK-like signal since:
· [bookmark: _Toc163218976][bookmark: _Toc166256997]OOK-1 can be generated using CP-OFDM with minimal impact on the gNB OFDM transmitter.
· [bookmark: _Toc163218977][bookmark: _Toc166256998]OOK-4 can be generated using CP-OFDM with waveform approximation or DFT-s-OFDM with DFT precoding.
2.1.2	CP handling
RAN1#116bis made the following agreements regarding R2D CP handling for OFDM based OOK waveform:
	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
· [bookmark: _Hlk164964242]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




The insertion of a cyclic prefix (CP) at the gNB transmitter is necessary to ensure the coexistence of A-IoT signals with other NR transmissions and to reuse existing gNB OFDM transmitters. Based on the above agreement, RAN1 need to down-select between the following methods:
· Method Type 1: Remove CP at device without specified transmit side.
· 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.

The removal of CP (Method Type 1) requires nearly perfect synchronization and could potentially increase A-IoT device complexity. Since achieving nearly perfect synchronization might be challenging for A-IoT devices, the OOK-like modulation generated by CP-OFDM should be designed in a way that ensures the impact of accounting for the possible distortion caused by CP samples in detection remains acceptable. Here, we focus on Method Type 2, where the emphasis is on designing OOK-like modulation such that distortion caused by glitches in the OOK signal, which may be caused by CP at the boundaries of CP-OFDM, remains within acceptable levels.
[bookmark: _Hlk165722786]In principle, it is challenging to ensure that OOK chips have equal length after CP insertion because the CP has a specific structure, and therefore, the CP segment cannot spread across the entire OFDM symbol. If OOK chips were to have equal lengths after CP insertion, the OFDM symbol without the CP part would contain a non-integer number of OOK chips, which may not necessarily be compatible with the approach outlined in TR 38.869 for generating OOK-4. Additionally, in NR, we have both normal and long symbols, and the CP size varies across different OFDM symbols. One potential solution is to define the chip as the number of ON/OFF segments within one OFDM symbol before CP insertion. Under this approach, M chips correspond to M ON/OFF segments within one OFDM symbol before CP insertion.
[bookmark: _Toc166256999]It is challenging to ensure that OOK chips have equal length after CP insertion. One potential solution is to define the chip as the number of ON/OFF segments within one OFDM symbol before CP insertion.

The CP size for a normal symbol is 4.69 µs with a 15 kHz sub-carrier spacing. As shown in Table 1, as M increases, the relative size of the CP to the ON/OFF duration also increases.
[bookmark: _Toc166257000]The CP insertion may be mistakenly treated as valid data when the modulation order is higher. To reduce receiver complexity, the modulation order needs to be limited to M≤8.

[bookmark: _Ref164876945]Table 1: ON/OFF duration and data rate for different M and 15 kHz SCS
	
	M=1
	M=2
	M=4
	M=8
	M=16
	M=32

	ON/OFF duration
	66.67 µs
	33.33 µs
	16.67 µs
	8.33 µs
	4.17 µs
	2.08 µs

	Data rate
(without Manchester encoding)
	14 kbps
	28 kbps
	56 kbps
	112 kbps
	224 kbps
	448 kbps

	Data rate
(with Manchester encoding)
	7 kbps
	14 kbps
	28 kbps
	56 kbps
	112 kbps
	224 kbps



[bookmark: _Toc163218998][bookmark: _Toc166257019]For A-IoT waveform generation,
· [bookmark: _Toc163218999][bookmark: _Toc166257020]Both CP-OFDM and DFT-s-OFDM should be considered as candidate waveforms. 
· [bookmark: _Toc163219000][bookmark: _Toc166257021]The design of OOK-like modulation (OOK-1 and OOK-4) generated by CP-OFDM should ensure that the inclusion of CP samples in detection does not significantly impact detection performance.

Manchester encoding and pulse-interval encoding (PIE) were identified as R2D link line coding candidates in RAN1#116. PIE has different durations for '0' and '1', causing the data payload duration to depend not only on the number of bits/symbols but also on the quantity of '0s' and '1s'. This complicates compatibility of PIE with synthesized OOK structures (OOK-1 and OOK-4). For example, the reader must fit an integer number of PIE symbols within each CP-OFDM symbol duration, considering the quantities of '0s' and '1s'.
[bookmark: _Toc166257001]PIE is not quite compatible with synthesized OOK structures (OOK-1 and OOK-4).
The detailed relationship to line code codewords is discussed in Section 2.3.
2.2	R2D modulation
RAN1#116 made the following agreements regarding R2D modulation:
	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.




RAN1#116bis discussed the following proposals regarding R2D modulation [6]:
	[bookmark: _Hlk165745031][bookmark: _Hlk165745078]Proposal 2.2.1(I): Values of M studied further, for potential down-selection, are: 1, 2, 4, 8, 16, 24, 32. Study at least the following aspects:
· Impact of SFO
· Data rate and comparison of data rate to other systems
· Device power consumption, complexity
· [bookmark: _Hlk165745762]What association(s) exist between M and BR2D,tx

Proposal 2.2.2a(I): In R2D, chip is a reference duration of a line code codeword
· As previously agreed, this means there are M reference durations in an OFDM symbol, for an OFDM-based waveform.
· The reference duration definition will be studied during discussion on selecting line code(s).




Based on the above agreement, the following schemes for OOK generation are considered:
· OOK-1 (single-bit OOK): one OOK segment (ON or OFF) in each OFDM symbol.
· OOK-4 (multi-bit OOK): multiple (M) OOK segments (ON or OFF) in each OFDM symbol.
In these schemes, chips can be formally defined as the number of ON/OFF segments within one OFDM symbol. This means that M chips correspond to M ON/OFF segments within one OFDM symbol.
[bookmark: _Toc163219001][bookmark: _Ref165746279][bookmark: _Toc166257022]M chips correspond to M ON/OFF segments within one A-IoT OFDM symbol before CP insertion.

2.2.1	OOK-1 modulation 
In TR 38.869 [7], OOK-1 is defined as follows:
	Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
-	OOK=1 means all SCs are modulated
-	OOK=0 means all SCs are zero power (from base-band point of view)
[image: ]


[bookmark: _Hlk162897325]
In this scheme, the OOK signal is generated by transmitting one bit (0 or 1) per A-IoT OFDM symbol. To represent “1”, A-IoT subcarriers carry random data (e.g., with QPSK modulation), while “0” is represented by zero-power A-IoT subcarriers, as depicted in Figure 1.
[image: ]
[bookmark: _Ref162898433]Figure 1: Single-bit OOK generation using OFDM with random QPSK subcarriers.

This approach facilitates straightforward single-bit OOK generation of ON/OFF signals (modulation order M=1) with minimal impact on the gNB OFDM transmitter.
[bookmark: _Toc163218978][bookmark: _Toc166257002]OOK-1 (OOK A-IoT generation with a single bit per OFDM symbol, i.e., modulation order M=1) has minimal impact on the gNB OFDM transmitter.

2.2.2	OOK-4 modulation
In TR 38.869 [7], OOK-4 is defined as follows:
	Option OOK-4: Transform M-bit OOK in time domain 
-	N SCs of OOK-4 are generated by a transformation (DFT/Least square)
-	N’ samples are generated from M-bits 
-	signal modification may or may NOT be used
-	truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
-	N’ can be the same as K
[image: ]



There are two approaches for generating multiple OOK bits within one OFDM symbol:
· Approach 1: Multiple bits within one OFDM symbol are generated using least square (LS) waveform fitting [8].
· Approach 2: Multiple bits within one OFDM symbol are generated using DFT precoding.

Approach 1 is a waveform approximation approach where multiple bits within one OFDM symbol are generated using least squares (LS) waveform fitting.
The objective is to determine optimal input values of IFFT  for which the output of IFFT  closely matches a desired output . One example of  is an OOK sequence. Additionally, there may be constraints on the input values  from implementation and power spectral density perspectives. This can be mathematically formulated as:

where  is a loss/error function. In this scenario, LS waveform fitting approach can be employed, as shown in Figure 2.

[image: ]
[bookmark: _Ref161522930]Figure 2: Multi-bit OOK generation with least square waveform approximation approach.

Approach 2 is a DFT-based approach where multiple bits within one OFDM symbol is generated using DFT precoding. As illustrated in Figure 3, M-point DFT is used to convert a set of time samples to frequency domain equivalence on A-IoT subcarriers used as inputs to the IFFT.

[image: ]
[bookmark: _Ref161523623]Figure 3: Multi-bit OOK generation with DFT based approach.

For OOK-4, M bits or chips can be transmitted within the OFDM symbol duration. During the LP-WUS SI [7], the modulation orders were evaluated for their robustness against time and frequency offsets. These modulation orders can serve as a starting point for A-IoT R2D evaluation. The selection of the proper modulation order requires consideration of the following criteria:
· Impact of CP Insertion: As shown in Table 1, with increasing modulation order M, the relative size of CP to the ON duration of OOK increases. Consequently, there's a risk of CP being mistakenly treated as valid data, leading to degraded detection performance.
· Combining Gain of Energy Detection: Higher modulation order M degrades OOK detection performance due to reduced ON duration and total energy, resulting in poor coverage for A-IoT transmission.
· Robustness Against Time and Frequency Offsets: For higher modulation orders (M), timing and frequency errors have a more pronounced impact.

Based on the above discussion, we have the following proposal.
[bookmark: _Toc163219002][bookmark: _Toc166257023]The modulation order can be down-selected as follows:
· [bookmark: _Toc166257003]M=1 for OOK-1 scheme.
· [bookmark: _Toc166257004]M<8 for OOK-4 scheme.

In RAN1#116b, Proposal 2.2.1(I) discusses potential criteria for selecting the value of M. It is not clear why we need to select M as an exponent of 2. We propose the following modification:

[bookmark: _Toc166257024]Study at least the following aspects to select the values of M:
· [bookmark: _Toc166257025]Impact of SFO
· [bookmark: _Toc166257026]Data rate and comparison of data rate to other systems
· [bookmark: _Toc166257027]Device power consumption, complexity
· [bookmark: _Toc166257028]What association(s) exist between M and BR2D,tx

Proposal 2.2.2a(I) discussed to tie the definition of chip with line code. We recommend defining chip duration independently of line code as discussed in Proposal 2.

[bookmark: _Ref164964327]2.3	R2D line coding
RAN1#116 made the following agreements regarding R2D line coding:
	Agreement
[bookmark: _Hlk161756760]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.




RAN1#116bis discussed the following proposal regarding R2D line coding [6]:
	Proposal 2.3a: The study assumes the following codewords:
· [bookmark: _Hlk165202664]For Manchester encoding down-select one from: 
· A: bit 0→ chips{01}, bit 1→chips{10}
· B: bit 1→chips{10}, bit 1→chips{01}
· Reference duration is duration of chip{0} which is equal to duration of chip{1}
· For PIE down-select one from:
· A: bit 0→chips{01}, bit 1→chips{1110}. Reference duration is duration of chip{0} which is equal to duration of chip{1}.
· B: 0→{0}, 1→{10}; followed by {0} → high voltage for one chip, {1} → high-low-high voltage in one chip. Reference duration is a chip duration.
· Note: The SI intends to further down-select between Manchester encoding and PIE.




For R2D, line coding can be used for clock recovery or identifying symbol boundaries during data reception. Manchester encoding and pulse-interval encoding (PIE), shown in Figure 4, are two candidates for A-IoT R2D link.

[image: ]
[bookmark: _Ref161756730][bookmark: _Ref162204460]	Figure 4: PIE and Manchester encoding	

PIE is useful for RF energy harvesting in downlink. However, Manchester encoding would be a better choice than PIE for the following reasons:
· [bookmark: _Hlk165201945]PIE has different durations for '0' and '1', causing the data payload duration to depend not only on the number of bits/symbols but also on the quantity of '0s' and '1s'. This complicates A-IoT resource management, especially in in-band deployments when a reader needs to multiplex both NR and A-IoT communication.
· [bookmark: _Hlk165202509]PIE is not highly compatible with synthesized OOK structures (OOK-1 and OOK-4). For example, the reader must fit an integer number of PIE symbols within each CP-OFDM symbol duration, considering the quantities of '0s' and '1s'.
· If an A-IoT device doesn't harvest energy during R2D link reception, PIE doesn't offer any additional advantages compared to other line coding methods.

In addition, Manchester encoding offers the following benefits for A-IoT R2D link:
· Each ON and OFF duration entails a transition in the signal level, preventing a constant signal level at the receiver. This helps avoid synchronization failure, especially when the data bits are all ones or zeros.
· The transition in the middle of Manchester code can be utilized for recovering the signal’s clock.
· The signal does not distort when fed to a DC blocker because the Manchester encoded symbol maintains a constant DC level by avoiding long sequences of ones or zeros.

Based on the above discussion, we have the following proposal.
[bookmark: _Toc163219003][bookmark: _Toc166257029]Manchester encoding can be prioritized over PIE for R2D link.

2.4	R2D channel coding
RAN1#116 made the following agreements regarding R2D channel coding:
	Agreement
Regarding FEC, R2D with no forward error-correction code (FEC) is studied as baseline.
· Evaluations would be by comparison to this baseline




RAN1#116bis discussed the following proposals regarding R2D channel coding [6]:
	[bookmark: _Hlk165288905]Proposal 2.4a(I): Study R2D transmission using repetition at (i) bit level; (ii) chip level. FFS which, if any, are supported.

Proposed conclusion 2.4b(I): Further study of any R2D FEC will be performed only if a proposal is made for FEC which is common to device 1 and 2a and 2b.




In designing A-IoT, the trade-offs between error correction, bandwidth utilization, and computational complexity should be considered. Channel coding can provide a significant performance gain over uncoded transmissions by extending coverage but requires additional complexity. Given A-IoT design constraints, it is important to prioritize low-complexity encoding and decoding in the device.
One example of error-correcting channel codes is the convolutional codes (CC) with small constraint lengths (e.g., 3 or less), which offer a substantial performance gain over uncoded transmission, especially in a fading environment, with reasonable complexity. The conventional CC with explicit tail-biting transmission to aid decoding may be suitable for R2D. Reduced complexity decoding schemes, such as those based on decision feedback, may also be used to further limit the decoding complexity in R2D whenever necessary.
[bookmark: _Toc159244331][bookmark: _Toc163219004][bookmark: _Toc166257030]For each device type, study R2D coding schemes with low-complexity decoding, e.g., conventional CC.
For repetition, two options are considered: (i) bit-level and (ii) chip-level. As shown in Figure 5, chip-level repetition is equivalent to long chip transmission, i.e., smaller modulation index M, and therefore, there is no need to support this option.
[bookmark: _Toc166257005]Chip-level repetition is equivalent to long chip transmission, i.e., smaller modulation index M.
[bookmark: _Toc166257031]Bit-level repetition can be further studied for possible coverage enhancement.

[image: ]
[bookmark: _Ref165302059]Figure 5: Bit-level and chip-level repetition

2.5	R2D CRC
RAN1#116 made the following agreements regarding R2D CRC:
	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



[bookmark: _Hlk165750579]
RAN1#116bis made the following agreements regarding R2D CRC:
	Agreement
Study
· baseline: using 6 bits and 16 bits CRC with polynomials from TS 38.212, or no CRC, for PRDCH
· baseline: using 6 bits and 16 bits CRC with polynomials from TS 38.212, or no CRC, for PDRCH
· FFS: details when different CRC lengths or no CRC may be used
· FFS: other 6 bits and 16 bits CRC with different polynomials than from TS 38.212




The cyclic redundancy check (CRC) codes are necessary to ensure the integrity of the decoded information and to avoid costly communication errors in the protocol level. Adding an n-bit CRC to the data a false alarm probability of 2^(-n). While longer CRCs have the potential to enhance error detection performance, they also decrease transmission efficiency. In A-IoT, it is crucial to consider both error detection performance and transmission efficiency when selecting number of CRC bits. NR and UHF RFID support the following options for CRC:
· CRCs in TS 38.212: 24-bit, 16-bit, 11-bit, and 6-bit CRCs are supported.
· CRCs in ISO 18000-6C UHF RFID: 5-bit and 16-bit CRCs are supported.

CRC of 24 bits was adopted in 5G NR to cope with many blind decoding attempts of downlink control channel candidates and to facilitate error correction during list decoding of polar codes. Without these requirements, as it was agreed in RAN1#116bis, CRC of length 24 bits seems excessive for A-IoT.

Table 2: Examples of false alarm probability and CRC overhead for different TBS size
	Number of CRC bits
	False alarm
	TBS
	CRC overhead

	6
	~10^(-2)
	12
	33%

	
	
	24
	20%

	
	
	48
	11%

	
	
	96
	5%

	11
	~10^(-3)
	12
	47%

	
	
	24
	31%

	
	
	48
	18%

	
	
	96
	10%

	16
	~10^(-5)
	12
	57%

	
	
	24
	40%

	
	
	48
	25%

	
	
	96
	14%



[bookmark: _Toc163218979][bookmark: _Toc166257006]The optimal length of the CRC should be determined by factors such as message size, target false alarm rate (associated with the message type), and complexity.
· [bookmark: _Toc163218980][bookmark: _Toc166257007]The CRC overhead becomes significant when aiming for a false alarm probability smaller than 10^(-3) and a payload size below 24 bits.
[bookmark: _Toc163219005][bookmark: _Toc166257032]The CRC length should be adaptable depending on TBS, target false alarm rate, and/or other factors for R2D and D2R.

2.6	R2D multiple access
RAN1#116bis discussed the following proposals regarding R2D multiple access [6]:
	Proposal 2.6(I): R2D study, for one reader:
· Includes time-domain scheduling of R2D link by reader
· FFS: Frequency-domain scheduling of R2D link by reader, of multiple Bocc,R2D, within an A-IoT system bandwidth, Bsys,R2D, if defined
· NOTE: For the purposes of the study, it is transparent whether the reader supports more than one A-IoT system bandwidth at a time, i.e. they are studied as independent from each other

Proposal 2.6(II): Study time-domain multiple access of R2D transmissions. Further details are FFS.




The FLS [6] considers the feasibility of scheduling concurrent R2D transmissions across frequency bands of bandwidth Bocc,R2D within a system bandwidth Bsys,R2D. The values for bandwidth Bocc,R2D and Bsys,R2D depend on the implementation characteristics of each device type as we summarize below.
As discussed in Section 2.8 in our 9.4.1.2 contribution [9], for RF-ED architecture, the channel selectivity is expected to be poor. One of the reasons is that RF-ED down-converts the wanted channel and the adjacent channels within the ED BW (which corresponds to that of RF BPF BW and can be in the order of one or a few tens of MHz) to baseband (BB) at the same time. This makes it difficult to filter out adjacent channels with RF-ED architecture. However, for non-RF-ED architectures (IF-ED and ZIF), where a mixer is used, the channel selection can be performed by a filter (IF filter or BB filter) after the mixer, if the LO accuracy is sufficiently good.
That is, DL FDMA may not be feasible if the device architecture is based on RF-ED, but it is feasible if the device architecture is based on IF-ED or ZIF.
[bookmark: _Toc166257008]DL FDMA may not be feasible if the device architecture is based on RF-ED, but it is feasible if the device architecture is based on IF-ED or ZIF.

Note that Device 1 only supports RF-ED architectures, whereas Devices 2a and 2b may also support IF-ED and ZIF architectures. Therefore, Device 1 may not be able to support DL FDMA, whereas Devices 2a and 2b can potentially support DL FDMA. Furthermore, we think that it is more important for Devices 2a and 2b to support DL FDMA compared to Device 1, the reason being the potentially larger coverage targets for Devices 2a and 2b compared to Device 1. In fact, RAN1#116bis agreed that the coverage targets can be different for different device types. This means the capacity requirements might be higher for Devices 2a and 2b as opposed to Device 1 if the device density is the same. For instance, assuming 150 devices per 100 m2, the number of devices within a 10-meter cell radius is 471 and the number of devices in a 50-meter cell radius is 11781. We provided initial R2D multiple access capacity calculations in our RAN#116bis contribution [5].
[bookmark: _Toc166257009]DL FDMA may not be feasible if the device architecture is based on RF-ED, but it is feasible if the device architecture is based on IF-ED or ZIF.
[bookmark: _Toc166257010]It is beneficial, especially for Devices 2a/2b (with zero-IF or IF-ED architectures), to support DL FDMA since their coverage target may be larger than that of Device 1 (with RF-ED architecture).
Based on the discussion above, we propose the following:
[bookmark: _Toc166257033]Study time-domain multiple access of R2D transmissions.
[bookmark: _Toc166257034]For Devices 2a and 2b, study frequency-domain multiple access of R2D transmissions.

2.7	R2D numerology
RAN1#116bis made the following agreements regarding R2D numerology:
	Agreement
R2D study includes subcarrier spacing of 15 kHz, from the reader perspective, for OFDM-based waveform.
· Inclusion in the study of subcarrier spacing of 30 kHz is FFS.



[bookmark: _Hlk165810882]
RAN1#116bis discussed the following proposals regarding R2D numerology [6]:
	[bookmark: _Hlk165810862][bookmark: _Hlk165811200]Proposal 2.7.2a(I): For R2D study with reuse of NR OFDM transmitter, the basic time unit of DL Tc reuses the definition in NR from the Reader perspective. FFS from device perspective.

Proposal 2.7.2b(I): In R2D, the smallest unit of resource allocation is a chip i.e., a duration equal to a reference duration of a line code.




Ensuring coexistence and reuse of existing network infrastructure is critical to the ease and pace of network roll-out for A-IoT. More specifically, it must be ensured that A-IoT can be deployed through a software upgrade of existing NR radios, without the need for hardware upgrades at existing BS. This can be achieved by designing a physical layer for A-IoT that is well-suited for the reuse of NR BS hardware. Specifically, the R2D waveform for A-IoT should be generatable using the current NR OFDM transmitter.
Support of mixed numerologies in the same band requires careful considerations to minimize inter-subcarrier interference and performance degradation. To avoid further increasing the complexity and to facilitate good coexistence with different NR transmissions, A-IoT R2D link and other NR transmissions should have same subcarrier spacing (SCS). In this respect, the NR numerology can serve as the baseline for designing symbol duration, bandwidth, and sampling frequency for A-IoT waveforms.
For the targeted licensed FR1 FDD bands [10], support for various SCS values is specified, but typically 15 kHz SCS would be used, so we suggest focusing on 15 kHz SCS in the Rel-19 A-IoT SI. 
[bookmark: _Toc166257035]Prioritize A-IoT R2D physical layer solutions with numerologies compatible with NR OFDM with 15 kHz SCS.

For basic time unit of R2D, we are also fine to support Proposal 2.7.2a(I) from the previous meeting [6], i.e.,
[bookmark: _Toc166257036]For R2D study with reuse of NR OFDM transmitter, the basic time unit of DL Tc reuses the definition in NR from the Reader perspective. FFS from device perspective.

2.8	R2D bandwidths
RAN1#116 made the following agreements regarding R2D bandwidths:
	Agreement
At least the following bandwidths for R2D are defined for the purpose of the study:
· [bookmark: _Hlk162803300]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




RAN1#116bis made the following agreements regarding R2D bandwidths:
	Agreement
For R2D study OFDM-based waveform with subcarrier spacing of 15 kHz, Btx,R2D is ≤ [12] PRBs and is down-selected among:
· Alt 1: Including 180 kHz, 360 kHz, and FFS other values
· Alt 2: Integer multiple(s) of 180 kHz (FFS: what integer(s))
· Alt 3: Integer multiple(s) of the subcarrier spacing (FFS: what integer(s))




RAN1#116bis discussed the following proposal regarding R2D bandwidths [6]:
	Proposal 2.8.1(I): Clarify that, in the agreement from RAN1#116:
· The “potential guard band”, if it exists, would be included in Bocc,R2D is intra-system to A-IoT.
· Inter-system guard-bands i.e., between A-IoT and NR/LTE, are not part of the Bocc,R2D definition, and are deferred to RAN4-led study.




[image: ]
Figure 6: Illustration of A-IoT R2D bandwidths

The selection of R2D transmission bandwidth requires consideration of several factors such as data rate and coverage requirements, interference conditions, hardware capabilities, and power consumption. To ensure compatibility and coexistence with NR, the A-IoT bandwidth should be integer multiples of the NR resource blocks or at least integer multiples of the NR subcarrier spacing, so that the same clock/FFT gNB front-end could be reused.
[bookmark: _Toc166257011]For A-IoT R2D transmission bandwidth selection, several factors need to be considered, including coverage requirements, power consumption, device complexity, regulatory constraints, and ensuring compatibility with NR.
[bookmark: _Toc166257037]Clarify that, in the agreement from RAN1#116:
· [bookmark: _Toc166257038]The “potential guard band”, if it exists, would be included in Bocc,R2D is intra-system to A-IoT.
· [bookmark: _Toc166257039]Inter-system guard-bands i.e., between A-IoT and NR/LTE, are not part of the Bocc,R2D definition, and are deferred to RAN4-led study.

3	Device-to-reader (D2R) aspects
3.1	D2R waveform
The FLS [6] has the following comment regarding D2R waveform:
	In this agenda item, most companies think this should apply to device 2b, i.e. internally-generated carrier wave, and several say that it should be the same as the externally-generated carrier wave in agenda 9.4.2.4. Hence FL pauses this until further progress in 9.4.2.4.



It is crucial to ensure compatibility of the A-IoT waveform with the OFDM system. Specifically, tailored A-IoT waveforms are needed for R2D and D2R links, which – on the network side – still can be casted into an OFDM framework, i.e., the network can generate, process, and decode the A-IoT waveforms using legacy OFDM-based processing.
[bookmark: _Toc163218987][bookmark: _Toc166257012][bookmark: _Toc163047837][bookmark: _Toc163047913]The new A-IoT waveforms should be compatible with the OFDM-based architecture used in legacy networks to ensure seamless integration within the NR transceiver.

3.2	D2R modulation
RAN1#116bis made the following agreements regarding D2R modulation:
	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



[bookmark: _Hlk162972591]
RAN1#116bis discussed the following proposals regarding D2R modulation [6]:
	Proposal 3.2b(I): Study single sideband (1SB) and double sideband (2SB) transmission for D2R. Aspects include:
· Impact of filtering on device power consumption / complexity
· Spectral efficiency
· Decoding performance at reader

Proposal 3.2b(II): Study assumes double sideband (2SB) transmission for D2R.
Proposal 3.2c(I): In D2R, chip is a reference duration of a line code codeword
· The reference duration definition will be studied during discussion on selecting line code(s).




Passive and active devices exhibit distinct features and restrictions that must be accommodated in D2R modulation. In designing D2R modulation, we have two cases:
· D2R waveform and modulation for passive devices:
· For passive devices with RF carrier generated by an external transmitter, the uplink waveform is obtained by reflecting the external carrier wave by adjusting the antenna impedances of the device, making it much simpler to reuse the legacy NR waveforms based on OFDM for backscatter communications.
· In cellular networks, backscatter communication needs to be compatible with OFDM, meaning that a backscatter device should be able to communicate using an incident signal that a traditional OFDM receiver can decode without increasing the device complexity.
· A carrier wave might use a single- or multi-tone CW. A single-tone CW might allow for a simple CW transmitter node, whereas on the other hand a multi-tone CW is more robust to frequency-selective fading [11].
· Different modulation schemes such as OOK and variants of FSK, BPSK and QPSK can be realized using backscattering by modulating the switching between different impedance states. It is required to study which combination of modulation scheme and incident carrier wave would allow the backscattered signal to be decodable at an OFDM receiver.
· The CW transmitter node must comply with similar RF requirements as (BS or UE) communication equipment in the operating frequency band, e.g., the absolute spectrum mask requirements.
· D2R waveform and modulation for active devices:
· For active devices with an independent carrier generator, the modulation and waveform design should be well-suited for power-efficient, low-complexity transmitters.
· At the same time, the designed waveform should be friendly for receivers optimized for OFDM-based reception to reuse gNB receiver front-end.
· [bookmark: _Hlk158131109]Considering factors such as power amplifier efficiency and device non-linearity, continuous phase modulation with favourable spectral characteristics that can be processed and decoded by an OFDM receiver front-end is suitable for power-efficient, low-complexity transmitters, for example CPFSK or GFSK.

We compared the spectral performance and the bit error rate (BER) performance of different modulation schemes for the active A-IoT device for D2R. The considered modulation schemes include BPSK, OOK, FSK and GMSK (which is special case of GFSK). The simulation parameters are set in Table 3 For GMSK modulation, the bandwidth-and-time product is set as 0.5 and the modulation index is also set as 0.5. For FSK modulation, the two-subcarrier frequency spacing is set as 90 kHz. For OOK modulation, both the envelope demodulation schemes, and the coherent demodulation schemes are considered at the reader side. For BPSK modulation, a raised cosine finite impulse response (FIR) pulse shaping (PS) filter is used. The PS filter is truncated to span 6 symbols. We change the value of the roll-off factor (RF) for the square-root-raised cosine FIR filter and investigate its impact on the spectrum and BER of BPSK modulated signals.
[bookmark: _Ref165910358]Table 3: Evaluation parameters for the D2R modulation
	Parameters
	Value

	Symbol rate 
	180 kHz

	Sampling rate
	1.92 MHz

	Channel type
	AWGN

	Number of transmitted bits
	96

	Signal bandwidth
	180 kHz



[image: ]
[bookmark: _Ref165466969]Figure 7: Spectrum performance of different modulation schemes
[image: ]
[bookmark: _Ref165912541]Figure 8: BER performance of different modulation schemes under AWGN channel

From Figure 7 and Figure 8, the following observations can be made. 
[bookmark: _Toc163218988][bookmark: _Toc166257013]For BPSK, pulse shaping is necessary to reduce spectral leakage.
[bookmark: _Toc166257014][bookmark: _Toc163218990]In terms of BER and spectral efficiency, GMSK and BPSK with pulse shaping outperform OOK, FSK, and BPSK without pulse shaping.
[bookmark: _Toc166257015]Continuous phase modulation or pulse shaping is necessary to achieve satisfactory spectral efficiency.
In addition, GMSK exhibits a constant envelope, making it more compatible with A-IoT nonlinear amplifiers. We summarize the features of different modulation schemes in Table 4.
[bookmark: _Ref165958689][bookmark: _Ref165912936]Table 4: Evaluation results of D2R modulation schemes
	Modulation scheme
	FSK
	BPSK
	OOK
	GMSK

	
	Active
	Passive
	Active
	Passive
	Active
	Passive
	Active
	Passive

	Tx complexity
	Good
	Good
	Pulse shaping dependent 
	Pulse shaping dependent 
	Good
	Good
	Fair
	Fair

	Uplink link budget
	Fair
	Fair
	Good
	Good
	Poor
	Poor
	Good
	 Good

	Spectrum efficiency
	Poor
	Poor
	Pulse shaping dependent 
	Pulse shaping dependent 
	Poor
	Poor
	Good
	Good

	BER performance
	Fair
	Fair
	Good
	Good
	Receiver dependent
	Receiver dependent
	Good
	Good

	TX energy consumption
	Good
	Good
	HW dependent
	Good
	Poor
	Good
	Good
	Good

	Phase continuity
	No
	No
	No
	No
	No
	No
	Yes
	Yes

	PAPR
	Good
	Good
	Fair (with BB pulse shaping)
	Fair
	Poor
	Poor
	Good
	Good

	Constant envelope
	Yes
	Yes
	Pulse shaping dependent
	Pulse shaping dependent 
	No
	No
	Yes
	Yes



Based on the above considerations, we have the following proposal:

[bookmark: _Toc166257040]Down-select between GFSK and GMSK as the FSK variant to study further.

In RAN1#116bis SSB(1SB) and DSB(2SB) transmissions for D2R was discussed in [6]. SSB is a variation of DSB modulation, where only one of the sidebands is transmitted and the other is suppressed. This reduces the bandwidth and power consumption. However, SSB is more complex and requires more precise filtering and synchronization. To demodulate the SSB signal, the receiver needs to reconstruct the missing sideband with a phase-shifted local oscillator and then filter out the unwanted components. We summarize the difference of SSB and DSB in Table 5.
 
[bookmark: _Ref165958715]Table 5: Comparison of DSB-OOK and SSB-OOK
	
	DSB-OOK
	SSB-OOK

	Spectrum
	[image: ]
	[image: ]

	Advantages
	· Easy to implement
· High fidelity
· Simpler to demodulate
	· Reduced bandwidth
· Reduced power consumption
· Accommodating more channels

	Disadvantages
	· Low power efficiency
· Higher bandwidth
	· Precise filtering and synchronization
· Accurate tuning and alignment
· More complex



DSB-OOK is bandwidth inefficient while easy to implement. SSB-OOK is spectrum efficient, but it is more complex. It is important to note that SSB modulation is only applicable to real-valued signals (e.g., OOK or ASK) and not be applicable for all D2R modulation candidates. We support FL Proposal 3.2b(I) in [6] to further study SSB and DSB.
[bookmark: _Toc166257041]Study single sideband (1SB) and double sideband (2SB) transmission for D2R. Aspects include:
· [bookmark: _Toc166257042]Impact of filtering on device power consumption / complexity
· [bookmark: _Toc166257043]Spectral efficiency
· [bookmark: _Toc166257044]Decoding performance at reader

3.3	D2R line coding
RAN1#116bis made the following agreements regarding D2R line coding:
	Agreement
For D2R, study: Manchester encoding, FM0 encoding, Miller encoding, no line coding.
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: How to achieve small frequency shift in baseband and/or FDM(A) among devices
· Aspects to study include:
· Spectrum shape
· Complexity
· Power consumption
· BER, BLER
· Resilience to SFO
· If there is any relation to CFO




RAN1#116bis discussed the following proposals regarding D2R line coding [6]:
	[bookmark: _Hlk165550151]Proposal 3.3b(I): In D2R, the smallest unit of resource allocation is a chip i.e., a duration equal to a reference duration of a line code.

Proposal 3.3b(II): In D2R, the smallest unit of resource allocation:
· If a line code is used, is a chip i.e., a duration equal to a reference duration of the line code.
· If no line code is used, is FFS.




For D2R line coding, Manchester encoding, Miller encoding, and FM0 are potential candidates:
· Manchester encoding: Each bit is represented by a transition at the middle of the bit period.
· Miller encoding: Uses transitions at predefined positions within the bit period to represent data.
· FM0 encoding: Uses transitions only at the middle of the bit period to encode data. The absence of a transition represents one bit value, while the presence of a transition represents the other bit value.

A pictorial representation of these encoding techniques is shown in Figure 9.

[image: ]
[bookmark: _Ref165480979]Figure 9: Different line coding schemes for bit sequence [1 1 0 0 1 0 1 1 0 1 0 1 1 0]

Figure 10 compares the spectrum shapes of Manchester-encoded, Miller-encoded, and FM0 OOK signals. Miller encoding provides better spectral efficiency compared to Manchester encoding and FM0 encoding but it could potentially suffer from clock recovery issues.

 [image: ]
[bookmark: _Ref165915290]Figure 10: Spectrum of different line coding schemes for OOK signals


Three options can be considered for D2R line coding:
· Option 1 (line coding without channel coding): Line coding induce frequency shifts between the carrier wave and the uplink signal in Device 1 and Device 2a. The frequency shift between the carrier wave and the uplink signal could potentially be utilized for carrier wave interference separation.
· Option 2 (line coding combined with channel coding): While line coding offers benefits in terms of synchronization and carrier wave interference separation, it may potentially reduce the effectiveness of channel coding. This option is more suitable for Device 2a.
· Option 3 (no line coding, preamble plus channel coding): Instead of using line coding, a preamble can be utilized for synchronization. This approach is more spectrally efficient and utilizes the potential of channel coding. This option is more suitable for Device 2b.

In RAN1#116bis, Proposal 3.3b focused on the chip definition and unit of resource allocation. It is better not to tie the definition of a chip to the line coding and define a chip as the smallest time separation unit to communicate one bit.
[bookmark: _Toc166257045]A chip can be defined as the smallest time separation unit to communicate one bit.

3.4	D2R channel coding
RAN1#116bis made the following agreements regarding D2R channel coding:
	Agreement
A-IoT D2R study of FEC includes at least convolutional codes.
· Comparisons are encouraged to compare to the case of no FEC
· FFS details of convolutional codes, such as polynomial(s), shift-register termination, etc.
· FFS if other FEC candidates/methods will be studied.

Agreement
Study D2R transmission in the physical layer using repetition
· Note: Discussions regarding higher-layer repetitions are up to RAN2.




Now we investigate the impact of error correction code on the detection performance. To ensure a fair comparison, we use ratio of bit energy to noise power spectral density  instead of SNR.  is the energy per bit and  is the noise power spectral density. The relationship between Eb/N0 and SNR is:

where  is the coding rate,  is the number of coded bits per modulated symbol,  denotes the effective receiver bandwidth, and  denote the time duration of each modulation symbol. For OOK/FSK and BPSK, each symbol represents a single bit, therefore . We here assume that the effective receiver bandwidth can be realized close to the baud rate so that .
We consider a non-recursive convolutional encoder with constraint length of 4 which has a polynomial generator of [15,13]. The coding rate is 0.5. The rest simulation parameters are set the same as Table 3.
The BER performance for OOK signal with a coherent detector in the reader under AWGN channel is shown in Figure 12. As can be seen, when only convolutional code (CC) is used, the detection performance could be improved at high SNR regime by around 3 dB compared with uncoded OOK. When only Manchester encoder is used, the detection performance could also get improved by around 3 dB. When both CC and Manchester encoder is used, the overall detection performance could get improved by at least 6 dB in high SNR regime. 
[image: ]
Figure 11: Illustration of OOK signal transmission (D2R)

[image: ]
[bookmark: _Ref162600280]Figure 12: BER performance for OOK signal with coherent detector under AWGN channel

Based on the above discussion, we have the following observation and proposal:
[bookmark: _Toc163218992][bookmark: _Toc166257016]Convolution code improves the detection performance for OOK signals in AWGN channel at high SNR regime.
[bookmark: _Toc159244332][bookmark: _Toc163219023][bookmark: _Toc166257046][bookmark: _Toc163047879][bookmark: _Toc163047955][bookmark: _Toc163047883][bookmark: _Toc163047959]For each device type, consider D2R channel coding schemes with low-complexity encoding, e.g., CC.

3.5	D2R CRC
RAN1#116bis made the following agreements regarding D2R CRC:
	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




CRC is discussed in Section 2.5. The same proposal will apply to both R2D and D2R.

3.6	D2R multiple access
RAN1#116bis made the following agreements regarding D2R multiple access:
	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.




Similar as for R2D multiple access (see Section 2.6), for D2R multiple access, the device support target for Device 1 versus Devices 2a/2b may be different. Assuming 150 devices per 100 m2, the number of devices within a 10-meter cell radius is 471 and the number of devices in a 50-meter cell radius is 11781. We provided initial D2R multiple access capacity calculations in our RAN#116bis contribution [5].

On TDMA for D2R transmissions
The following RAN1#116 agreement considers primarily slotted-ALOHA based access for time multiplexing D2R transmissions.
	Agreement
For A-IoT contention-based access procedure, at least slotted-ALOHA based access is studied.




This is considering UHF RFID C1G2 standard as the baseline which implements dynamic frame slotted Aloha (DFSA) for facilitating communication between the reader and the tag. Slotted-ALOHA based implementations can be beneficial in terms of simplicity, being implementable across all device types. However, slotted-ALOHA implementation needs to address multiple challenges as listed below.
· NR slot compatibility: DFSA implementation in RFID involve dynamicity in frame size as well as slot size. This is not compatible with the current NR slot structure which can affect the co-existence of A-IoT devices with legacy NR devices. 
· Synchronisation between the device and reader: Synchronisation strategies used for RFID systems involve dynamic control of slot and frame boundary by the reader by the use of some specialised signals (Query, Queryrep). This involves additional signalling overhead. In addition, the current Q-protocol implementation in RFIDs completely rely on the accuracy of Q value that the reader chooses. Higher Q values can result in high resource wastage, and low collision rates can result in high collision rates. Therefore, the synchronisation strategy in A-IoT needs to be optimised to handle these aspects.

RAN2#125bis made the following agreement:
	Agreement
1 RAN2 confirms slotted-ALOHA is the baseline for Ambient IoT random access




Therefore, we propose the following:
[bookmark: _Toc166257047]Study slotted-ALOHA with TDMA as baseline. However, the challenges associated with NR slot compatibility and synchronization with the reader need to be studied further.

On FDMA for D2R transmissions
Considering the device complexity, implementing FDMA in A-IoT devices should ideally not involve additional hardware complexity. 
One of the important techniques to achieve Frequency shift in passive devices is by modulating switching frequency of impendence matching circuit. For instance, for backscatter based devices, changing the rate of switching can itself translate to producing frequency shifts to the backscatter reflections. Mathematically, this can be explained as follows. If a passive A-IoT device switches its antenna impedance at the rate ∆f, an impinging carrier wave at frequency fc results in a backscattering, which at the receiver takes the form. 
sin(fc t) sin(∆f t) = 0.5 cos[(fc + ∆f )t] – 0.5 cos[(fc − ∆f )t]. 

This means the impinging signal is translated in the frequency domain during backscattering such that the backscattered signal has two mirror images in frequency domain at desired frequency offsets relative to the central frequency of the incident signal. The frequency domain carrier wave signal (black arrow) as well as the reflected signal (yellow arrows) are shown in Figure x below.
[image: A yellow arrow pointing up

Description automatically generated]
Figure 13: Rate of switching the impedance match circuit translates to frequency shifts for backscatter reflections.
However, this also means that the maximum frequency shift that is possible using this technique is limited to maximum switching rate of the impedance matching circuit.
A second technique to implement FDMA is to design reconfigurable A-IoT devices, which are equipped with additional resistors, capacitors, etc., that enable switching the load of the impedance matching circuit to shift frequencies. However, this can lead to additional complexities in terms of device cost and form factor.
A third technique to implement FDMA for D2R transmissions is to rely on the changes in supply voltage to the A-IoT devices to produce frequency shifts. For this, discrete and controlled voltage shifts need to be introduced to the device from the energy harvester. 
Thus, the feasibility of different solutions for D2R FDMA may depend on the device architecture solutions discussed under agenda item 9.4.1.2.
[bookmark: _Toc166257017]The feasibility of different solutions for D2R FDMA may depend on the device architecture solutions.

On CDMA for D2R transmissions
Implementing CDMA for D2R transmissions might involve complexities with generating orthogonal sequences like for example Zadoff Chu. For instance, large sampling frequency in the A-IoT devices might destroy the orthogonality in codes and lower the correlation match. Considering that maintaining synchronization itself, it is easier to conclude that CDMA might be too complex to implement in A-IoT devices unless there is a strong need to support the need for code division.
Thus, there is a need to motivate the usefulness of CDMA in UL multiple access. This can be based on matching the values in the above calculation with any UL latency targets on D2R transmissions that RAN1 might potentially agree on – this can for example be based on the inventory completion time target. Therefore, we propose the following.
[bookmark: _Toc166257048]Necessity for CDMA should be decided after assessing the latency values derived for D2R transmissions toward any latency targets agreed by RAN1.

3.7	D2R numerology
The FLS [6] has the following comment regarding D2R numerology:
	FL does not see a way to define numerology yet for D2R, until more is known about the internal/external carrier wave waveform. This section is paused for now. The proposal on minimum resource allocation unit is moved to the line codes discussion in Section 3.3.




We agree that this topic can be paused until more is known about the CW waveform.

3.8	D2R bandwidths
RAN1#116bis made the following agreements regarding D2R bandwidths:
	Agreement
The following bandwidths for D2R are defined for the purpose of the study:
· Transmission bandwidth, Btx,D2R: The frequency resources scheduled by a reader for a D2R transmission from one device.
· FFS in agenda 9.4.2.3: how frequency resources scheduled by a reader are determined
· Occupied bandwidth, Bocc,D2R: The transmission bandwidth plus the potential associated intra A-IoT guard-bands totalling Bguard,D2R
· Note: this guard band is not for coexistence with NR/LTE
· If/how to define guard band for coexistence between A-IoT D2R and NR/LTE is up to RAN4.
· Bocc,D2R >= Btx,D2R
· Possible values of each bandwidth are FFS




RAN1#116bis discussed the following proposals regarding D2R bandwidths [6]:
	Proposal 3.8.2a(I): Bocc,UL is down-selected among:
· Alt 1: At least 1 PRB
· FFS the maximum and the granularity
· Alt 2: An entire NR band

[bookmark: _Hlk165560898]Proposal 3.8.2b(I): Btx,D2R is down-selected among:
· Alt 1: The same as the bandwidth of an external (reference) carrier wave
· FL note: “(reference)” is FL’s assumption to cover the case of a device with an internal carrier wave, where the external carrier wave is not present.
· Alt 2: A set of specified/assumed value(s). FFS what value(s).
· Alt 3: Multiples of a subcarrier spacing





[image: ]
Figure 14: Illustration of D2R bandwidths

To ensure compatibility and coexistence with NR, the A-IoT bandwidth should contain 99% of the total integrated mean power of the transmitted spectrum on the assigned channel according to the occupied bandwidth requirement definition in TS 38.101-1. This depends on which modulation schemes would be used for UL modulated signal as illustrated in Figure 7.
The Bocc,ul corresponds to the transmission bandwidth in Figure 15 (corresponding to Figure 5.3.1.-1 in TS 38.101) and it is defined as the allocated frequency resource within the channel bandwidth allocated from network to transmit at UE. The frequency resource within the Btx,ul could be integer multiples of the NR resource blocks or at least integer multiples of the NR subcarrier spacing. This ensures that the same clock/FFT gNB front-end could be reused. In addition, the transmission bandwidth needs to fulfill the A-IoT device/connection target.
For Devices 1 and 2a, the transmission bandwidth is the same as the carrier wave. However, for Device 2b, it can be a different value.

[image: ]
[bookmark: _Ref166162228]Figure 15: Definition of the channel bandwidth and the maximum transmission bandwidth configuration for one NR channel (Figure 5.3.1.-1 in TS 38.101)

Hence, we have the following observation:
[bookmark: _Toc166257018]For A-IoT D2R transmission bandwidth, several factors need to be considered, including modulation schemes, sampling clock frequency accuracy, coverage requirements, power consumption, device complexity, regulatory constraints, and compatibility with NR.

[bookmark: _Hlk165811040]For Btx,D2R, we are also fine to support Proposal 3.8.2b(I) from the previous meeting [6], i.e.,
[bookmark: _Toc166257049]Btx,D2R is down-selected among:
· [bookmark: _Toc166257050]Alt 1: The same as the bandwidth of an external (reference) carrier wave
· [bookmark: _Toc166257051]FL note: “(reference)” is FL’s assumption to cover the case of a device with an internal carrier wave, where the external carrier wave is not present.
· [bookmark: _Toc166257052]Alt 2: A set of specified/assumed value(s). FFS what value(s).
· [bookmark: _Toc166257053]Alt 3: Multiples of a subcarrier spacing.

4	Conclusion
In the previous sections we made the following observations: 
Observation 1	CP-OFDM can be considered as baseline for generating OOK-like signal since:
· OOK-1 can be generated using CP-OFDM with minimal impact on the gNB OFDM transmitter.
· OOK-4 can be generated using CP-OFDM with waveform approximation or DFT-s-OFDM with DFT precoding.
Observation 2	It is challenging to ensure that OOK chips have equal length after CP insertion. One potential solution is to define the chip as the number of ON/OFF segments within one OFDM symbol before CP insertion.
Observation 3	The CP insertion may be mistakenly treated as valid data when the modulation order is higher. To reduce receiver complexity, the modulation order needs to be limited to M≤8.
Observation 4	PIE is not quite compatible with synthesized OOK structures (OOK-1 and OOK-4).
Observation 5	OOK-1 (OOK A-IoT generation with a single bit per OFDM symbol, i.e., modulation order M=1) has minimal impact on the gNB OFDM transmitter.
· M=1 for OOK-1 scheme.
· M<8 for OOK-4 scheme.
Observation 6	Chip-level repetition is equivalent to long chip transmission, i.e., smaller modulation index M.
Observation 7	The optimal length of the CRC should be determined by factors such as message size, target false alarm rate (associated with the message type), and complexity.
· The CRC overhead becomes significant when aiming for a false alarm probability smaller than 10^(-3) and a payload size below 24 bits.
Observation 8	DL FDMA may not be feasible if the device architecture is based on RF-ED, but it is feasible if the device architecture is based on IF-ED or ZIF.
Observation 9	DL FDMA may not be feasible if the device architecture is based on RF-ED, but it is feasible if the device architecture is based on IF-ED or ZIF.
Observation 10	It is beneficial, especially for Devices 2a/2b (with zero-IF or IF-ED architectures), to support DL FDMA since their coverage target may be larger than that of Device 1 (with RF-ED architecture).
Observation 11	For A-IoT R2D transmission bandwidth selection, several factors need to be considered, including coverage requirements, power consumption, device complexity, regulatory constraints, and ensuring compatibility with NR.
Observation 12	The new A-IoT waveforms should be compatible with the OFDM-based architecture used in legacy networks to ensure seamless integration within the NR transceiver.
Observation 13	For BPSK, pulse shaping is necessary to reduce spectral leakage.
Observation 14	In terms of BER and spectral efficiency, GMSK and BPSK with pulse shaping outperform OOK, FSK, and BPSK without pulse shaping.
Observation 15	Continuous phase modulation or pulse shaping is necessary to achieve satisfactory spectral efficiency.
Observation 16	Convolution code improves the detection performance for OOK signals in AWGN channel at high SNR regime.
Observation 17	The feasibility of different solutions for D2R FDMA may depend on the device architecture solutions.
Observation 18	For A-IoT D2R transmission bandwidth, several factors need to be considered, including modulation schemes, sampling clock frequency accuracy, coverage requirements, power consumption, device complexity, regulatory constraints, and compatibility with NR.

Based on the discussion in the previous sections we propose the following:
Proposal 1	For A-IoT waveform generation,
· Both CP-OFDM and DFT-s-OFDM should be considered as candidate waveforms.
· The design of OOK-like modulation (OOK-1 and OOK-4) generated by CP-OFDM should ensure that the inclusion of CP samples in detection does not significantly impact detection performance.
Proposal 2	M chips correspond to M ON/OFF segments within one A-IoT OFDM symbol before CP insertion.
Proposal 3	The modulation order can be down-selected as follows:
Proposal 4	Study at least the following aspects to select the values of M:
· Impact of SFO
· Data rate and comparison of data rate to other systems
· Device power consumption, complexity
· What association(s) exist between M and BR2D,tx
Proposal 5	Manchester encoding can be prioritized over PIE for R2D link.
Proposal 6	For each device type, study R2D coding schemes with low-complexity decoding, e.g., conventional CC.
Proposal 7	Bit-level repetition can be further studied for possible coverage enhancement.
Proposal 8	The CRC length should be adaptable depending on TBS, target false alarm rate, and/or other factors for R2D and D2R.
Proposal 9	Study time-domain multiple access of R2D transmissions.
Proposal 10	For Devices 2a and 2b, study frequency-domain multiple access of R2D transmissions.
Proposal 11	Prioritize A-IoT R2D physical layer solutions with numerologies compatible with NR OFDM with 15 kHz SCS.
Proposal 12	For R2D study with reuse of NR OFDM transmitter, the basic time unit of DL Tc reuses the definition in NR from the Reader perspective. FFS from device perspective.
Proposal 13	Clarify that, in the agreement from RAN1#116:
· The “potential guard band”, if it exists, would be included in Bocc,R2D is intra-system to A-IoT.
· Inter-system guard-bands i.e., between A-IoT and NR/LTE, are not part of the Bocc,R2D definition, and are deferred to RAN4-led study.
Proposal 14	Down-select between GFSK and GMSK as the FSK variant to study further.
Proposal 15	Study single sideband (1SB) and double sideband (2SB) transmission for D2R. Aspects include:
· Impact of filtering on device power consumption / complexity
· Spectral efficiency
· Decoding performance at reader
Proposal 16	A chip can be defined as the smallest time separation unit to communicate one bit.
Proposal 17	For each device type, consider D2R channel coding schemes with low-complexity encoding, e.g., CC.
Proposal 18	Study slotted-ALOHA with TDMA as baseline. However, the challenges associated with NR slot compatibility and synchronization with the reader need to be studied further.
Proposal 19	Necessity for CDMA should be decided after assessing the latency values derived for D2R transmissions toward any latency targets agreed by RAN1.
Proposal 20	Btx,D2R is down-selected among:
· Alt 1: The same as the bandwidth of an external (reference) carrier wave
· FL note: “(reference)” is FL’s assumption to cover the case of a device with an internal carrier wave, where the external carrier wave is not present.
· Alt 2: A set of specified/assumed value(s). FFS what value(s).
· Alt 3: Multiples of a subcarrier spacing.
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