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In RAN#102, the study on solutions for Ambient IoT (Internet of Things) as a Study Item (SI) was approved to provide the ultra-low complexity devices with ultra-low power consumption for the very-low end IoT applications than existing 3GPP LPWA technology [1]. According to previous RAN1 meeting, RAN1 made agreements for general aspects of physical layer design of ambient IoT as the follows:   
	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


In this contribution, we discuss and provide our view about the general aspects of physical layer design for Ambient IoT.
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According to the Ambient IoT SID, Ambient IoT (A-IoT) devices fundamentally operate based on backscattering communication. Backscattering communication is a key technology in RFID and IoT applications, enabling wireless data transmission without an internal power source. This technology relies on the principle of reflecting radio waves from a reader (or interrogator) to transmit data. IoT devices that depend on backscattering do not generate an active RF signal but allocate various transmission symbols to a backscattered RF signal, creating different transmission waveforms based on the input symbol information bits to transmit data symbols.
	General Scope [1]:
The definitions provided in TR 38.848 [2] are taken into this SI, and the following are the exclusive general scope:
A. The overall objective shall be to study a harmonized air interface design with minimized differences (where necessary) for Ambient IoT to enable the following devices:
i. ~1 µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, neither DL nor UL amplification in the device. The device’s UL transmission is backscattered on a carrier wave provided externally.
ii. ≤ a few hundred µW peak power consumption1, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both DL and/or UL amplification in the device. The device’s UL transmission may be generated internally by the device, or be backscattered on a carrier wave provided externally.
· X  is to be decided in WGs.
· Coverage design target: Maximum distance of 10-50 m with device indoors as per TR 38.848: “…a range that WGs can sub-select within”.
· For Topologies 1 & 2 (UE as intermediate node under NW control) per TR 38.848, with no RRC states, no mobility (i.e. at least no cell selection/re-selection -like function), no HARQ, no ARQ. 
NOTE 1: It is to be understood that “≤ a few hundred µW” means WGs are not tasked with setting a particular value, and that it will be for WG discussions to determine if a presented design with corresponding power consumption satisfies the “≤ a few hundred µW” requirement.


The Ambient IoT (A-IoT) devices, as delineated in the Ambient IoT SID, exhibit two distinct types, primarily differentiated by their peak power consumption and the methods of UL (Uplink) transmission for each device type. These A-IoT devices necessitate a design that meticulously considers various factors such as energy efficiency, reliability in data decoding under low signal strength conditions, and optimal frequency and channel utilization. In particular, to maximize the structure and energy efficiency of low-power transceivers, it is posited that the outcomes of the Rel-18 LP-WUS/WUR (Low Power Wake-Up Signal/Wake-Up Radio) study items should be directly incorporated into the physical layer design of A-IoT devices. Specifically, the findings from these study items are deemed essential for deliberation in the design of the DL (Downlink) physical layer for A-IoT devices.
This approach to design underlines the significance of leveraging advanced research findings to address the unique challenges posed by A-IoT devices. By integrating the insights from the Rel-18 LP-WUS/WUR study items, RAN1 can achieve a balance between power efficiency and operational performance. This involves adopting waveform options that cater to low-power receiver architectures, which have been defined and evaluated as part of the study item and captured in TR38.869 [3]. The adoption of such waveform options: multi-carrier amplitude shift keying (MC-ASK), multi-carrier frequency shift keying (MC-FSK), and OFDM can facilitate the development of A-IoT devices capable of operating effectively in diverse environmental conditions and communication scenarios, thereby enhancing the robustness and reliability of the A-IoT ecosystem.
Observation 1: To maximize the structure and energy efficiency of low-power transceivers for A-IoT devices, the outcomes of the Rel-18 LP-WUS/WUR (Low Power Wake-Up Signal/Wake-Up Radio) study items can be directly incorporated into the physical layer design of A-IoT devices. Specifically, the findings from these study items are deemed essential for deliberation in the design of the DL (Downlink) physical layer for A-IoT devices.

[bookmark: _Toc423020280][bookmark: _Hlk159147290][bookmark: _Ref37339923]DL Physical channel design aspects
As discussed in section 2, the Downlink (DL) waveform design for Ambient IoT (A-IoT) devices can fundamentally utilize the waveforms evaluated in the Rel-18 LP-WUS/WUR (Low Power Wake-Up Signal/Wake-Up Radio) study. In the Rel-18 LP-WUS/WUR study, three different waveforms were evaluated: multi-carrier amplitude shift keying (MC-ASK), multi-carrier frequency shift keying (MC-FSK), and OFDM. While MC-OOK was assessed across four different options, FSK was discussed in two variants. Six options were evaluated, and OFDM was also assessed, taking into consideration timing errors, frequency errors, as well as RSRP (Reference Signal Received Power) measurement accuracy and spectral efficiency. In the Rel-19 LP-WUS/WUR Work Item (WI), two options, OOK-1 and OOK-4, with overlaid OFDM sequence(s) over OOK symbol are being considered, reflecting an ongoing evaluation of the most suitable modulation schemes for enhancing the performance and efficiency of the ultra-low complexity devices with ultra-low power consumption. This includes considerations for timing and frequency errors, as well as the accuracy of RSRP measurements and spectral efficiency to ensure the most effective and reliable communication framework for A-IoT devices.
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Figure 1: OOK-1(above) and OOK-4(below) transmitter [3]
OOK-1 and OOK-4 can both be generated using an OFDM generator, potentially impacting base station complexity. OOK-1 operates by incorporating a single OOK bit/pulse per OFDM symbol, making its data rate dependent on the Subcarrier Spacing (SCS); this approach aligns the data rate directly with the underlying OFDM symbol rate and the chosen SCS, simplifying the modulation process but limiting flexibility in adjusting the data rate independently of the OFDM symbol structure. In contrast, OOK-4 allows for M OOK bits/pulses per OFDM symbol, providing greater flexibility in adjusting the data rate irrespective of the SCS. This method enables more efficient utilization of the available bandwidth by adjusting the number of bits transmitted per OFDM symbol, allowing for higher data rates or more robust communication under varying channel conditions.
However, the implementation of OOK-4 requires an additional Discrete Fourier Transform (DFT) module at the base station side. This addition increases the complexity of the base station's signal processing capabilities, as it necessitates the transformation of OOK-modulated signals into the frequency domain for efficient transmission and reception. The presence of this DFT module implies a trade-off between the flexibility in data rate adjustment provided by OOK-4 and the increased hardware and computational requirements at the base station.
Waveforms with longer time segments, such as OOK-1, demonstrate greater resilience to timing errors compared to the shorter OOK-4. On a single frequency band, both OOK-1 and OOK-4 offer a range of spectral efficiencies and robustness against frequency errors. However, OOK-4 is less resilient to timing errors than OOK-1.
In the frequency domain, a flat spectrum provides robustness against frequency selective fading compared to having energy concentrated at specific frequencies. Additionally, OOK-4 offers the following advantages:
· It allows the creation of multiple ON (transmission) and OFF (non-transmission) periods within one OFDM symbol, increasing data transmission flexibility. This is particularly beneficial for low-power IoT devices where energy-efficient transmission is crucial.
· From a numerology perspective, subcarrier spacings of 15 kHz and 30 kHz can be considered in the FR1 band. This spacing is vital for optimizing data transmission efficiency and channel characteristics in OFDM systems.
· Ambient IoT signal placement: Ambient IoT signals can be positioned within an NR (New Radio) band. If the IoT device can filter the desired sub-band, adjacent RBs (Resource Blocks) can be filled with legacy NR signals only. This means that IoT and legacy signals can coexist within the same OFDM symbol.
· Signal power and RB allocation: When Ambient IoT and legacy signals coexist within the same OFDM symbol, the power of the Ambient IoT signal increases with the number of allocated RBs. For instance, up to 12 RBs have been evaluated in the LP-WUS SI. However, if the IoT device lacks filtering capabilities, the entire OFDM symbol should be allocated for the IoT signal. In this case, since power is not divided between IoT and legacy data, a smaller number of RBs with power boosting can be used to generate the IoT signal.
Proposal 1: It is proposed that OOK-1 and OOK-4 from Rel-18 LP-WUS/WUR SI are baseline waveforms for DL A-IoT waveform.
Proposal 2: FR1 Numerologies (i.e. 15 and 30kHz SCS) can be considered for DL A-IoT signal transmission.
Moreover, the Manchester encoding method has been considered for link-level evaluation in the Rel-18 LP-WUS (Low Power Wake-Up Signal) due to its efficiency and performance benefits for low-power receivers, particularly in the context of OOK-1/OOK-4 waveforms. The Manchester encoding is a digital signal transmission technique that merges data and clock signals into a single signal, using the rising or falling edge of the signal to represent '1's and '0's. This encoding method embeds clock information within the data signal, facilitating synchronization and enhancing the reliability of data transmission in low-power communication systems like Ambient IoT (A-IoT).
Advantages of Manchester Encoding:
· Self-Clocking: The inclusion of clock information within the data signal eliminates the need for a separate clock signal, simplifying the receiver design and enhancing synchronization capabilities.
· Ease of Synchronization: Receivers can easily detect the start of a data stream and accurately identify bit boundaries, improving data integrity and reducing errors.
· Error Detection: The characteristic transitions of Manchester encoding allow for the detection of some transmission errors through abnormal signal changes.
· Absence of DC Component: Manchester encoded signals do not contain a DC component, preventing DC bias issues in transmission lines and facilitating longer distance communication without signal degradation.
Given these attributes, the Manchester encoding plays a crucial role in low-power communication systems such as A-IoT devices by providing self-clocking capabilities and simplifying signal synchronization. Its ability to facilitate error detection and eliminate DC components makes it a highly suitable encoding technique for enhancing the performance and reliability of A-IoT devices. Thus, considering Manchester encoding for A-IoT devices appears to be a prudent approach to optimize low-power communication systems, aligning with the objectives of efficient and reliable data transmission in Ambient IoT applications.
Proposal 3: It is proposed to consider the Manchester encoding scheme in DL A-IoT transmission.

UL Physical channel design aspects
In the context of the Rel-18 Ambient IoT SI (Study Item), further research by RAN1 is needed to explore how the topology provided and the source of the carrier wave are communicated to Ambient IoT (A-IoT) devices, enabling them to perform backscattering actions for uplink signal transmissions. This involves a detailed examination of:
· Topology Configuration: How A-IoT devices are arranged within a network, which affects how they communicate and the overall efficiency of the backscattering process. The topology influences signal paths and can impact the effectiveness of energy harvesting and the backscattered signal's quality.
· Carrier Wave Source Delivery: The methods through which the carrier wave is delivered to A-IoT devices, which is crucial for enabling the devices to modulate and reflect signals back to the receiver. Whether the carrier wave originates within the network infrastructure, such as from base stations (gNBs) or user equipment (UEs) in different topologies, or from an external source, directly affects the backscattering capabilities of A-IoT devices.
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(a) Topology 1				         (b) Topology 2
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(c) Topology 3 with downlink assistance		                      (d) Topology 4
The above topologies provided during the Rel-18 Ambient IoT SI represent scenarios examined for their feasibility and implications on Ambient IoT device communication. Each topology has potential carrier wave sources such as base stations, UEs, or other transmission nodes (e.g., relays, Integrated Access and Backhaul (IAB) nodes), and it's also conceivable that an external carrier wave could be transmitted to an A-IoT device from outside the topology. To support backscattering-based transmission by Ambient IoT devices, base stations and terminals within the topology must be capable of full duplex operation. For instance, in Topology 1, the base station (BS) should perform full duplex operation on the allocated time/frequency resources for A-IoT devices, and similarly, in Topology 2, the User Equipment (UE) should undertake such operations.
A technical issue related to duplexing to be addressed is the resource (DL or UL) assumption for carrier wave transmission. Primarily, transmitting the carrier wave on UL resources could minimize the impact on existing NR systems compared to utilizing DL resources like Sidelink case. Furthermore, this approach reduces the implementation burden on A-IoT devices, which would otherwise need to consider frequency translation of the carrier wave signal received on DL resources to UL resources. This minimizes both the impact on the current network operations and the complexity for A-IoT devices, making UL resources a preferable option for carrier wave transmission to facilitate efficient and effective backscattering communication.
Observation 2: Transmitting the carrier wave on UL resources could minimize the impact on existing NR systems compared to utilizing DL resources. Furthermore, this approach reduces the implementation burden on A-IoT devices.양식의 맨 위

Proposal 4: It is proposed to primarily focus on the carrier wave transmission on UL resources in topologies for A-IoT.

Regarding different technical discussions for UL transmission, subcarrier modulation using RFID system can be discussed for ambient IoT devices. The subcarrier modulation is a method that involves assigning specific data to each subcarrier, which are positioned at different frequencies from the center of the uplink (UL) carrier frequency. As a result, the signal's energy moves away from the carrier frequency to these other frequencies. Consequently, the reflected signal carries energy in a frequency band distinct from the carrier wave. This separation significantly facilitates the receiver's ability to distinguish between the two signals, as the backscattered signal's energy is moved far from the carrier wave's frequency. This method is particularly advantageous in systems where energy efficiency and effective communication are paramount, such as in RFID systems and Ambient IoT devices, enhancing signal clarity and reducing potential interference.
[bookmark: _Hlk159190673]Observation 3: Subcarrier modulation method is particularly advantageous in systems where energy efficiency and effective communication are paramount, such as in RFID systems and Ambient IoT devices, enhancing signal clarity and reducing potential interference.
Proposal 5: It is proposed to adopt the subcarrier modulation method for advantageous UL frequency utilization.
Backscatter signals almost lack a DC component, which refers to the signal component that does not change over time. In communication signals, the DC component is related to the average voltage value of the signal. The expression "almost zero DC component" means that backscatter signals primarily contain AC components that vary over time, with an average voltage value close to zero. This indicates that backscatter signals mainly carry modulated information and include little to no steady-state signal.
1. Multiplexing Potential of Backscatter Signals: If the clock frequency can be configured and harmonic energy minimized, the multiplexing of backscatter signals may still be possible and should be considered. This suggests that various data streams can be combined into a single backscatter signal.
2. Modulation Schemes: Backscatter transmission can support modulation schemes such as ASK (Amplitude Shift Keying) and PSK (Phase Shift Keying). This indicates that various modulation techniques can be used to transmit data in backscatter communication.
These additional technical issues highlight the advanced considerations necessary for supporting A-IoT systems. By exploring multiplexing capabilities and supporting diverse modulation schemes, backscatter technology can be further refined to meet the demanding requirements of modern wireless communication systems, particularly in the context of Ambient IoT applications. Therefore, the multiplexing of backscatter signals and modulation schemes for UL physical channel design should be evaluated and considered for upcoming RAN1 meetings.
Proposal 6: It should be studied and evaluated for the multiplexing of backscatter signals and modulation schemes (e.g. ASK, PSK) for UL physical channel design.
Conclusion
In this section, we summarize our observations and proposals on the DL and UL physical channel design for Ambient IoT devices as follows:
Observation 1: To maximize the structure and energy efficiency of low-power transceivers for A-IoT devices, the outcomes of the Rel-18 LP-WUS/WUR (Low Power Wake-Up Signal/Wake-Up Radio) study items can be directly incorporated into the physical layer design of A-IoT devices. Specifically, the findings from these study items are deemed essential for deliberation in the design of the DL (Downlink) physical layer for A-IoT devices.
Proposal 1: It is proposed that OOK-1 and OOK-4 from Rel-18 LP-WUS/WUR SI are baseline waveforms for DL A-IoT waveform.
Proposal 2: FR1 Numerologies (i.e. 15 and 30kHz SCS) can be considered for DL A-IoT signal transmission.
Proposal 3: It is proposed to consider the Manchester encoding scheme in DL A-IoT transmission.
Observation 2: Transmitting the carrier wave on UL resources could minimize the impact on existing NR systems compared to utilizing DL resources. Furthermore, this approach reduces the implementation burden on A-IoT devices.양식의 맨 위

Proposal 4: It is proposed to primarily focus on the carrier wave transmission on UL resources in topologies for A-IoT.
Observation 3: Subcarrier modulation method is particularly advantageous in systems where energy efficiency and effective communication are paramount, such as in RFID systems and Ambient IoT devices, enhancing signal clarity and reducing potential interference.
Proposal 5: It is proposed to adopt the subcarrier modulation method for advantageous UL frequency utilization.
Proposal 6: It should be studied and evaluated for the multiplexing of backscatter signals and modulation schemes (e.g. ASK, PSK) for UL physical channel design.
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