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1 Introduction
A study item on ambient IoT was agreed at the RANP#102 meeting [1], containing the following objectives:
	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.




This document considers the following aspects of Ambient IoT:
· Numerologies
· Bandwidth
· Multiple access
· Waveforms and modulations
· Channel coding


2 Waveform and modulation 
In the current NR devices, OFDM and DFT-precoded OFDM signals are used. for both uplink (UL) and downlink (DL). The transmitter and receiver circuitry of OFDM-based signalling is power demanding. With the AIoT devices having target power consumption in the range of one to several uW, these types of signal design are not suitable for AIoT. To allow for the use of low-power low-complexity receiver and transmitter designs, a simple modulation scheme like on-off keying (OOK), frequency shift keying (FSK), or pulse position modulation (PPM) is often used. We therefore propose to study these types of modulations for both UL and DL transmissions in AIoT devices. In the following we list some of the important challenges/consideration:

Proposal 1: For DL and UL, RAN1 to study modulation schemes such as OOK, FSK, PPM, that allow low-power low-complexity receiver and transmitter designs. 

When transmitting the DL signals, it is important that these signals which use non-OFDM-based modulation do not create any interfere with other NR OFDM-based signals. This means the AIoT DL signals needs to be compliant with the transmission principles of NR, i.e., based on OFDM transmission. For this, similar techniques such as OOK-4 used to integrate OOK-based LP-WUS in NR systems can be used.   

Proposal 2: RAN1 to consider similar techniques as OOK-based LP-WUS/WUR to integrate low-power modulation schemes in NR system.

As passive device in device type i and ii cannot generate their own RF signal, below we give examples on how to realize OOK, FSK type modulations in these types of devices.
Examples of backscattering 
Modulation in backscattering devices which mainly include passive components is realized by changing the antenna load impedance state and thus varying the amplitude (ASK), phase (PSK), or frequency (FSK) of the backscattered signal. A common design practice is to enable binary impedance state switching with each state being related to a unique bit. 
OOK modulation
In general, it suffices to employ two different impedances for the device to conduct the ASK and the process is simplified into OOK modulation. In OOK, the data is represented by the presence / absence of the backscattered signal. The presence of the backscattered signal represents ‘1’ and the absence of the backscattered signal represents ‘0’. 
The block diagram in Fig.2 (a) illustrates the simplified structure for both antenna and the IC. One of the load impedances is denoted as the complex conjugate of the antenna impedance (i.e., ); when being toggled, it leads to the complete absorption of the signal delivered from the antenna. Correspondingly, the one (denoted by ) is configured to scatter back the signal.  
Given the carrier wave in the form of either ambient carrier wave, or dedicated carrier wave, the backscattering device with OOK modulation scheme often offers poor interference managing capability.
· Direct-link interference - The interference can be introduced in the downlink, caused by the strong direct-link signal between the carrier wave transmitter and the backscattering signal receiver, which could be either co-located, i.e., monostatic backscattering or distributed, i.e., bistatic backscattering. Such a strong interference would render the backscattered signal drowned out and thus undetectable. 

· Multi-device collision - Due to limited scheduling, multiple devices might respond simultaneously; this would cause their backscattered signals to collide at the reader. Since their signal are overlapped in the time domain, the information modulated onto the amplitude is thus indistinguishable.
FSK modulation
FSK scheme modulates the data by varying the frequency of the received signal. Considering a simple example where the dedicated and unmodulated carrier wave having centre frequency  is received by the device. Controlled by its IC, the device toggles between two different impedances with frequencies  or ; this is equivalent to the generation of two square waves with frequency  and , respectively. The multiplication between the carrier wave and the square waves results in the generation of odd-order harmonics with frequencies denoted by  It is usually a common practice to consider the fundamental components (i.e., ) and discard other harmonics, as they account for more than  of the total power [2]. Fig.1 (a) illustrates the spectrum of the backscattered signal modulated with FSK scheme. For the i-th device, its encoded binary data is modulated onto the carrier wave and thus creates a double-sideband signal, with frequencies . 
FSK modulation demonstrates the following features:
· Avoidance of the direct-link interference – Since the FSK modulated signals have their frequency shifted accordingly, the direct-link interference which exists in the central frequency would not affect the detection of backscattered signal. 
· Increase of bandwidth usage – As illustrated in Fig.1 (a). the bandwidth which is used for FSK modulation in a single device is at least four times larger than that required by OOK scheme. 
· Increase of the receiver complexity – the receiver needs to be designed accordingly in order to detect the signal by exploiting on both side bands [3], otherwise, a 3 dB performance loss will be incurred by the receiver of backscattering signal with its structure being remained the same as the conventional structure (not exploiting double sidebands signal)
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Fig. 1. Complex baseband spectrum for FSK and OOFSK schemes.
An alternative modulation scheme is to combine both schemes and thus form a so-called OOFSK scheme. Basically, the idea is to let each device utilize FSK scheme to modulate a single binary state, e.g., ‘0’ or ‘1’ and utilize OOK scheme to modulate another binary state. By such means, the bandwidth usage is halved compared to the FSK and the direct-link interference is managed. This may require a modified design of the device IC. An example is illustrated in Fig. 2 (c) where the FSK modulation is realized by switching between  and ; the OOK modulation is realized through the ‘perfect impedance matching’ state. 
Similar scheme can be achieved alternatively by removing the load impedance ; apart from the FSK modulation for single binary state, the device also keeps the IC switch ‘resting’ at one of the impedances and result in constant reflection. Note that Fig.1. (b) is for illustration purpose while there are other FSK-related approaches to achieve good performances [4,5] 
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Fig. 2. Block diagrams of different modulation schemes for backscattering communication


3 Coding 
For coding, the study should consider coding including  line coding, error detection coding and forward error correction coding for the channel that allow for low-power low-complexity circuitry. Line coding may be necessary to allow for synchronisation and / or to control the spectrum of the Ambient IoT signal. Manchester coding is an example of line coding. Error detection coding is important for ensuring communication reliability. It is assumed that CRC checks would be used for error detection coding. The processing requirements and power consumption for a CRC decoding / encoding operation are considered minimal.  
Given the challenging link budget of Ambient IoT, channel coding will be important to improve the link budget. The channel coding scheme needs to be compatible with the complexity and power consumption limitations of the device. The processing requirements for encoding and decoding the channel code may be different. Hence, the channel coding scheme used in the UL may be different to the channel coding scheme in the DL. 
Assuming the link budget is UL-limited and the transmission is based on backscattering [11]  the UL channel code should have a higher coding gain than the DL channel code. The base station / reader’s sophisticated processing circuitry would be more capable of decoding this high coding gain code than the Ambient IoT device’s simple processing circuitry. Hence, both from a link budget and a processing capability perspective, it is desirable to have a more power and capable channel code in the UL than in the DL. 
Proposal 3:  Consider the ambient IoT device power consumption and processing complexity for the encoding and decoding. 
Proposal 4: To accommodate a tighter UL link budget, particularly with backscattered signalling, the UL channel code should have a higher coding gain compared to the DL channel code
4 Frequency bands 
A legacy NR device can operate in multiple frequency bands and tune to that frequency band. This has the benefit of supporting mobility, where different frequency bands will be supported in different locations. In other words, it has the benefit of enabling a 1 SKU design (stock keeping unit): a single device can operate in multiple locations / geographies. This provides economies of scale. The other way around, a SKU design, need more components like band specific SAW filter to support multi bands with thereby an increasing complexity. On the other hand, if we only need support one single band globally, we don't need any extra band or region-specific components. 

Proposal 5: Strive to support a one SKU design for the ambient IoT device.

There can be multiple operators using different carrier frequencies within the same frequency band. An Ambient IoT device should be able to tune to the carrier frequency associated with its operator. To an extent, this requirement will drive the requirement on the accuracy of the Ambient IoT device’s oscillator (i.e. it will need to be considered when determining the value ‘X’ in the assumption that the device has “initial sampling frequency offset (SFO) up to 10X ppm”.

Proposal 6: Study the pros and cons of supporting multiple carrier frequencies within a frequency band and tune to one of those carrier frequencies.
5 Multiple Access 
The channel access in current NR requires scheduling and signalling between base station and the device. The signalling and procedure of granting access to the channel is under network control. The target power consumption for an ambient IoT device is challenging reduce and it is relevant to study device power consumption efficient channel access methods. It would be beneficial to have a self-contained channel access method without the need of the extra signalling and scheduling. An example of such method is  ALOHA and other example is CSMA/CD, Carrier-Sense Multiple Access with or without CD (Collision Detection). 

The ALOHA-based random access (RA) scheme has been adopted for RFID related use cases [6] as the multiple access scheme. Despite the improvement achieved in recent years, in terms of efficiency and throughput, etc. [7-9], ALOHA is prone to collisions. When doing the multiple access we have to deal with many simple devices that might all respond at once. This issue might vary depending on the use case, command, inventory etc. 

There is lack of effective scheme that takes other resources (e.g., frequency and space) domain resources, into consideration for accommodating backscattering devices, considering the low-complexity hardware implementations of the backscattering devices.  Thus, we argue for the consideration and development on potential multiple access scheme that exploits multi-domain resources while at the same time serves as a low-cost solution. 

Proposal 7: Study self-contain channel access schemes with reduced need of signalling and scheduling.

6 Conclusion 
This document has considered General aspects of physical layer design for Ambient IoT. The following proposals are made:
Proposal 1: For DL and UL, RAN1 to study modulation schemes such as OOK, FSK, PPM, that allow low-power low-complexity receiver and transmitter designs. 
Proposal 2: RAN1 to consider similar techniques as OOK-based LP-WUS/WUR to integrate low-power modulation schemes in NR system.
Proposal 3:  Consider the ambient IoT device power consumption and processing complexity for the encoding and decoding.
Proposal 4: To accommodate a tighter UL link budget, particularly with backscattered signalling, the UL channel code should have a higher coding gain compared to the DL channel code.
Proposal 5: Strive to support a one SKU design for the ambient IoT device.
Proposal 6: Study the pros and cons of supporting multiple carrier frequencies within a frequency band and tune to one of those carrier frequencies.
Proposal 7: Study self-contain channel access schemes with reduced need of signalling and scheduling
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