3GPP TSG RAN WG1 #116                                                               R1- 2401019	
Athens, Greece, February 26th – March 1st, 2024

Agenda Item:	9.4.2.4 
Source:	Apple Inc.
Title:	Views on carrier waveform and interference handling for AIoT
Document for:	Discussion/Decision 
Introduction
A new study item on solutions for ambient IoT in NR was approved in [1]. On RAN1 focus, the following aspects will be studied. 
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 base station. 
       For Topology 2, no difference in physical layer design from Topology 1.













In this paper, we discuss the carrier wave characteristics of carrier waveform provided externally to the ambient IoT devices, and inference handling at ambient IoT UL receiver and at NR base station.  
Discussion
Deployment scenario of carrier wave emitter 
In [1], deployment scenario is listed as below: 
A. Deployment Scenarios with the following characteristics, referenced to the tables in Clause 4.2.2 of TR 38.848:
· Deployment scenario 1 with Topology 1
· Basestation and coexistence characteristics: Micro-cell, co-site
·   Deployment scenario 2 with Topology 2 and UE as intermediate node, under network control
· Basestation and coexistence characteristics: Macro-cell, co-site
· The location of intermediate node is indoor








B. FR1 licensed spectrum in FDD.
C. Spectrum deployment in-band to NR, in guard-band to LTE/NR, in standalone band(s).
D. Traffic types DO-DTT, DT, with focus on rUC1 (indoor inventory) and rUC4 (indoor command). 
· From RAN#104, the study will assess whether the harmonized air interface design (per bullet ‘A’ above) can address the DO-A (Device-originated autonomous) use case, only to identify which part(s) of the harmonized air interface design (per bullet ‘A’ above) is/are not sufficient for the DO-A use case.
Transmission from Ambient IoT device (including backscattering when used) can occur at least in UL spectrum.











There are two types of devices as specified in [1]. 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.











The lower category device does not have DL nor UL amplification in device, therefore requires carrier wave provided externally. Since the data transmission from ambient IoT devices can occur at least in UL spectrum, whether the carrier wave is transmitted in UL spectrum or DL spectrum depends on whether the ambient IoT devices have the capability to shift the frequency from DL spectrum to UL spectrum. Based on [2], it can be observed that performing frequency shift from DL spectrum to UL spectrum, even with optimized circuits and simplified oscillator design, it still requires 146.6 µW.  Based on the ~1 µW requirement of the low category device, we do not see that the tag can shift the carrier wave from DL spectrum to UL spectrum, if the carrier wave is transmitted in the DL spectrum. 

Observation 1: The power consumption is in order of 100 µW, if the tag support frequency shift from DL spectrum to UL spectrum. 

Proposal 1: Carrier wave is transmitted on the UL spectrum to enable transmission from ambient IoT device in UL spectrum.  

The carrier wave emitter nodes, in RFID, is the reader itself. In the case of NR based ambient IoT, it is desirable to consider different types of carrier wave emitter nodes to enable flexible deployment, as shown in Fig. 1. Since carrier wave is transmitted in UL spectrum, whether gNB can be the carrier wave emitter node needs to further clarification from regulation point of view. Although Fig. 1 is shown for topology 1, it is our understanding that in topology 2, where the UE serves as the intermediate node, both the UE and other external devices can be the carrier wave emitter nodes.   

[image: ]
Fig. 1: Example of carrier wave emitter node in topology 1

Proposal 2: Carrier wave emitter node which transmits carrier wave, can be either gNB, or UE, or dedicated device. This can be applied to both topology 1 and topology 2. 

Proposal 3: Prioritize UE or dedicated device as carrier wave emitter node in design to meet global FDD regulation. 

 Waveform design for wireless power transfer 

In recent years, waveform design for wireless power transfer has been an active research topic. For example, a recent publication [3] designed a practical waveform design without the required knowledge of channel state information at the carrier wave emitter. 

For backscatter ambient IoT transmission, carrier wave emitter node provides the carrier wave for backscattering, and potentially for power delivery as well. Since both category of devices has “energy storage”, it should be clarified whether carrier wave need to provide wireless power transfer function for UL transmission as well. In addition, energy harvester circuit typically has an activation threshold, which further determines how close the carrier wave emitter node should be to the ambient IoT. 

Proposal 4: RAN1 should clarify whether carrier wave is used to provide wireless energy to power ambient IoT’s UL transmission, and the proper activation threshold for energy harvester. 

Typical formulation of waveform design for wireless power transfer is formulated as below [1]. The Assume the Tx signal at RF output is 
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The Tx signal transmitted through wireless channel, at received signal at the RF input at the receiver is: 
[image: A math symbols on a white background
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The received RF signal goes through rectification circuit, generating an output voltage vout(t) across the load resistor. The harvested dc voltage is the root mean square value of vout(t) as
[image: A square and square equation
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The harvested DC power is 
[image: A mathematical equation with black text
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The receiver efficiency in RF wireless power transfer dependent on several parameters:  
· Frequency dependency. Typically, lower frequency band has better efficiency. 
· Impedance mismatch between the receiving antenna and the rectifier network 
· Different mathematical modeling of energy harvesters of vout(t) 

Due to the large variation, different observations are presented in academic. Some papers show single-sine pulse yields the best wireless power transfer efficiency, while other papers show multi-sine waveform with limited tones provides higher efficiency. Since the modeling typically depends on the circuit design itself, it will be hard for 3GPP to define a waveform based on one particular rectification circuit design. Therefore, we propose: 
  
Observation 2: Due to different mathematical modeling of the energy harvester circuit, different waveform is optimized in academic research.

Observation 3: The design of energy harvester circuit is up to implementation, and it is difficult for 3GPP to define waveform base on it.  

Proposal 5: Carrier waveform is not optimized to maximize the power transfer efficiency.

Inference handling for carrier wave emitter transmission   
The carrier wave is transmitted from either the reader or separate nodes. When carrier wave is transmitted by reader itself, full duplex operation is observed at the reader node, as shown in Fig. 2. In this case, the reader can perform self-inference cancellation based on implementation. 
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Fig. 2 Carrier wave emitter node is the same as reader 

When separate carrier wave emitter node transmits the carrier wave, the reader requires inference cancellation of the direct carrier wave to decode the modulated reflected wave as shown in fig. 3. 
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Fig. 3 Carrier wave emitter node is the different as reader 


As summarized in [5], the signal detection in this case is difficult due to several challenges: 
· Low backscatter signal strength due to the double path losses compared to the direct path interference, and the reflection loss at the ambient IoT. 
· Limited channel state information at the reader 
· Multipath propagation causing signal fading and inter-symbol interference. 
· Limited bandwidth which can limit the signal detection accuracy.  
· Unknown ambient RF source. When the carrier wave is specified in the specification, this challenge can be relaxed. 

If the carrier wave emitter node is used to provide power for UL transmission, the emitter needs to be close to the ambient IoT devices to meet the activation threshold. In a cell coverage target of 10 to 50 meters, multiple carrier wave emitter nodes are required. The transmission of different emitter nodes further complicates the inference handling, as shown in Fig. 4. 
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Fig. 4 Multiple carrier wave emitter nodes within the same gNB coverage 

In our view, the ambient IoT system should enable efficient inference handing in both Fig. 3 and Fig. 4 cases. To enable efficient inference cancellation schemes, both single tone and multi-tone carrier wave can be evaluated. 

Observation 4: When separate carrier wave emitter nodes are used for ambient IoT UL transmissions, efficient inferencing handling is required to decode the modulated information.  

Proposal 6: Carrier wave design in ambient IoT should be specified to enable efficient interference mitigation in both single carrier wave emitter and multiple carrier wave emitters scenarios.  

Proposal 7: Consider both single tone and multi-tone carrier wave design in ambient IoT. 
Conclusion
In this contribution, we discussed carrier wave related aspects for ambient IoT design.  We have the following observations and proposals. 

Observation 1: The power consumption is in order of 100 µW, if the tag support frequency shift from DL spectrum to UL spectrum. 

Proposal 1: Carrier wave is transmitted on the UL spectrum to enable transmission from ambient IoT device in UL spectrum.  

Proposal 2: Carrier wave emitter node which transmits carrier wave, can be either gNB, or UE, or dedicated device. This can be applied to both topology 1 and topology 2. 

Proposal 3: Prioritize UE or dedicated device as carrier wave emitter node in design to meet global FDD regulation. 

Proposal 4: RAN1 should clarify whether carrier wave is used to provide wireless energy to power ambient IoT’s UL transmission, and the proper activation threshold for energy harvester. 

Observation 2: Due to different mathematical modeling of the energy harvester circuit, different waveform is optimized in academic research.

Observation 3: The design of energy harvester circuit is up to implementation, and it is difficult for 3GPP to define waveform base on it.  

Proposal 5: Carrier waveform is not optimized to maximize the power transfer efficiency.

Observation 4: When separate carrier wave emitter nodes are used for ambient IoT UL transmissions, efficient inferencing handling is required to decode the modulated information.  

Proposal 6: Carrier wave design in ambient IoT should be specified to enable efficient interference mitigation in both single carrier wave emitter and multiple carrier wave emitters scenarios.  

Proposal 7: Consider both single tone and multi-tone carrier wave design in ambient IoT. 
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