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Introduction
Rel-19 Revised SID [1] on ambient IoT (A-IoT) describes the following objective for A-IoT physical layer design:
	…
Transmission from Ambient IoT device (including backscattering when used) can occur at least in UL spectrum.
…
1. 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 base station. 
For Topology 2, no difference in physical layer design from Topology 1.



In this contribution, we further provide our views for the discussion on waveform characteristics of carrier-wave provided externally to the A-IoT device including interference handling at Ambient IoT UL receiver and at NR base station.
Discussions 
[bookmark: OLE_LINK55]Waveform characteristics of carrier-wave
After RAN1 #116 and #116b, the following agreement was achieved regarding CW characteristics
	Agreement
For R19 A-IoT study item, at least single-tone unmodulated sinusoid waveform is a candidate waveform for carrier wave for D2R backscattering.

Agreement
For CW waveform for D2R backscattering, multiple unmodulated single-tone is studied compared to single-tone in R19 SI.
· Two unmodulated single-tones as a starting point
· FFS: Other number of tones
· FFS: how large gap is needed between tones

Agreement
For CW waveform for D2R backscattering, contiguous multi-tone OFDM signal is not studied in R19 SI.

Agreement
Study at least the following characteristics of unmodulated single-tone and multiple unmodulated single-tone CW waveforms for backscattering:
· For D2R 
· Reception performance
· Spectrum utilization of backscattered signal corresponding to the CW waveforms
· CW interference suppression at D2R receiver
· Including complexity and CW cancellation capability value/range (if any) 
· For scenarios ’A1’, ’A2’ and ’B’
· Relative complexity of CW generation



Both single-tone unmodulated sinusoid waveform and multiple unmodulated single-tone are agreed as the candidate of CW for D2R backscattering, and contiguous multi-tone OFDM signal is not studied. To reflect the current status for single/multiple and unmodulated/OFDM waveform for CW, the following table is summarized.
Table 1. Waveform characteristics for CW
	
	Unmodulated
	Modulated (OFDM)

	Single-tone
	Yes
	No

	Multiple single-tone (discrete)
	Yes
	Not sure

	Multiple contiguous-tone
	Not sure
	No


 
From our perspective, for the two cases marked as “Not sure” in the above table is not supported for A-IoT. Considering there is no related agreement, we think this point should be clarified.
[bookmark: p1]Proposal 1: It is clarified that the following waveforms are not supported as the candidate of CW
· Multiple modulated single-tone
· Multiple unmodulated contiguous-tone
Single-tone unmodulated tone as CW is supported sue to the low complexity as a waveform for backscattering. Multiple unmodulated single-tones as CW is also supported due to the benefit of combating the frequency selective fading. Different options have different features regarding the complexity and performance. In general, we have the following observations:
· Single-tone CW for D2R backscattering
· Pros: low complexity/power consumption for the device and simple interference for the reader
· Cons: worse performance for OOK detection per LP-WUS experience
· Multi-tone CW for D2R backscattering
· Pros: better performance for OOK detection due to a flatter spectrum in frequency domain
· Cons: high complexity/power consumption for the device and complex interference for the reader, e.g., self-interference, cross-carrier interference, especially for multi-contiguous tones.
The following table is given for comparison the Pros & Cons of single-tone and multi-tone from the perspective of link performance, system performance, and interference.
Table 2. Comparison between single-tone and multi-tone
	 
	Link performance
	System performance
	Interference
	Resource overhead

	Single-tone
	Baseline
	Baseline
	Baseline
	Baseline

	Multi-tone
	Better 
	Need SLS
	More complex
	Larger



· Regarding link performance, generally, a larger number of tones enjoys frequency diversity gain. While an upper limit can be expected under a given channel characteristics (e.g., limit delay spread) and the trade-off with resource efficiency and link performance should be considered. 
· Regarding system performance, it is hard to say whether the system Tput can be improved without a SLS evaluation because per link performance can be improved (intuitively, it is reliability not Tpus), while the UE number can be multiplexed decreased.
· Regarding interference issue, a larger number of tones will obviously increase the complexity for handling interference
· Self-interference at the reader, cross-tone interference, interference to other A-IoT reader reception, interference to NR reception.
· Regarding resource overhead/utilization, obviously, multiple-tone CW will occupy larger resources compared to single-tone CW.
A simulation results is provided for comparing the performance of different tone number and different GB between two adjacent tones as shown in figure 1 below.
[image: ]
Figure 1. Performance comparison of different tone number and different GB between two adjacent tones
[bookmark: o1]Observation 1: A larger tone number can achieve better BLER performance due to a diversity gain in frequency domain.
[bookmark: o2]Observation 2: A small guardband between two adjacent tones may not enough to gain a diversity, which is further related to the channel characteristics, e.g., delay spread configuration.
[bookmark: o3]Observation 3: With a proper guardband configuration (e.g., a guardband comparable to the coherent bandwidth), 2 tones can achieve best balance between the BLER performance and spectrum utilization.
[bookmark: p2]Proposal 2: For the case of multiple unmodulated single-tone, only support 2 unmodulated single-tones with a guardband size comparable to the coherent bandwidth.
[bookmark: OLE_LINK104]Interference analysis
A-IoT devices are expected to operate in various environments, potentially alongside existing 3GPP technologies such as LTE, NB-IoT, and NR. The unique characteristics of A-IoT devices, such as ultra-low power consumption and reliance on backscattering for communication, necessitate a thorough interference analysis. For the interference of A-IoT system, the links including CW link, A-IoT DL (i.e., R2D) and A-IoT UL (i.e., D2R) should be considered: 
In the following, the interference for A-IoT system and legacy cellular system are analysed case by case based on the agreement achieved in RAN1 #116, and for each case, both device with and without large frequency shift capability are provided.
1      
2      
2.1     
2.2     
Deployment scenario 1 with Topology 1
Regarding D1T1, the following agreement was achieved in RAN1 #116 for the assumption on CW transmission.
	Agreement
For the case that D2R backscattering is transmitted in the same carrier as CW for D2R backscattering, and for topology 1, the following cases for CW transmission are studied.
· Case 1-1: CW is transmitted from inside the topology, transmitted in DL spectrum
· Case 1-2: CW is transmitted from inside the topology, transmitted in UL spectrum
· Case 1-4: CW is transmitted from outside the topology, transmitted in UL spectrum



CW inside topology 1 (Case 1-1 and 1-2)
The following figure is given to illustrate case of CW inside topology 1 (Case 1-1 and 1-2) and the corresponding interference analysis is summarized in Table 3.
[image: ]
Figure 2. CW inside topology 1
Table 3. Interference analysis for the case of CW inside topology 1
	Large frequency shifting capability
	Index
	FDD DL spectrum
	FDD UL spectrum
	Observation

	No
	Case 1-1
	CW2D
A-IoT UL
A-IoT DL
	-
	· Self-interference at BS reception
· Interference to Uu DL reception

	
	Case 1-2
	A-IoT DL
	CW2D
A-IoT UL
	· Self-interference at BS reception
· Interference to Uu UL reception

	Yes
	Case 1-5
	CW2D
A-IoT DL
	A-IoT UL
	· Interference to Uu DL reception


It is clear one premise for the interference analysis is the spectrum (i.e., FDD DL or UL spectrum) allocation assumption for each link above. Different spectrum allocation scheme will lead to different interference analysis between the links.  
[bookmark: o4]Observation 4: Different spectrum allocation assumption (i.e., FDD DL or UL spectrum) leads to different interference analysis for A-IoT system.
[bookmark: p3]Propose 3: If there is no large frequency shifting capability for the device, and CW transmitted from inside topology 1 
· Study the self-interference handling at BS reception
· For CW on DL spectrum (i.e., Case 1-1), study interference handling at Uu DL reception
· For CW on UL spectrum (i.e., Case 1-2), study interference handling at Uu UL reception
CW outside topology 1 (Case 1-4)
The following figure is given to illustrate the case of CW outside topology 1 (i.e., Case 1-4) and the corresponding interference analysis is summarized in Table 2.
[image: ]
Figure 3. CW outside topology 1
Table 4. Interference analysis for the case of CW outside topology 1
	Large frequency shifting capability

	Index
	FDD DL spectrum
	FDD UL spectrum
	Observation

	No
	Case 1-4
	A-IoT DL
	CW2D
A-IoT UL
	· Interference to Uu UL reception

	Yes
	Case 1-6
	CW2D
A-IoT DL
	A-IoT UL
	· Interference to Uu DL reception



[bookmark: o5]Observation 5: For CW transmitted from outside the topology, the self-interference could be avoided at BS’s reception.
[bookmark: p4]Propose 4: If there is no large frequency shifting capability for the device, and CW transmitted from outside topology 1 and in UL spectrum (i.e., Case 1-4), study the interference handling at Uu UL reception.
Additionally, regarding D1T1, for both CW transmitted inside and outside topology as analyzed in table 1 and 2, we can have the following observation:
[bookmark: o6]Observation 6: For both CW transmitted from inside and outside the topology in D1T1, a device with large frequency shifting capability is beneficial to avoid the self-interference issue at the BS.
[bookmark: p5]Proposal 5: For D1T1, if device is capable of large frequency shifting, study the cases of 1-5 and 1-6 in Table 3 and 4, respectively
Deployment scenario 2 with Topology 2
Regarding D2T2, the following agreement was achieved in RAN1 #116 for the assumption on CW transmission.
	Agreement
For the case that D2R backscattering is transmitted in the same carrier as CW for D2R backscattering, and for topology 2, the following cases for CW transmission are studied.
· Case 2-2: CW is transmitted from inside the topology (i.e., intermediate UE), transmitted in UL spectrum
· Case 2-3: CW is transmitted from outside the topology, transmitted in DL spectrum 
· Case 2-4: CW is transmitted from outside the topology, transmitted in UL spectrum 



CW inside topology 2 (Case 2-2)
The following figure is given to illustrate the case of CW inside topology 2 (i.e., Case 2-2) and the corresponding interference analysis is summarized in Table 3.
[image: ]
Figure 4. CW inside topology 2
Table 5. Interference analysis for the case of CW inside topology 2 
	Large frequency shifting capability
	Index
	FDD DL spectrum
	FDD UL spectrum
	Observation

	No
	Case 2-2
	-
	CW2D
A-IoT UL
A-IoT DL
	· Self-interference at UE reception
· Rx module for UE at UL spectrum

	Yes
	Case 2-5
	A-IoT UL
	CW2D
A-IoT DL
	NA



[bookmark: o7]Observation 7: Regarding D2T2, when utilizing the FDD UL spectrum for A-IoT UL transmission, a Rx module is needed for UE reader to support reception in UL spectrum.
[bookmark: o8]Observation 8: For CW transmitted from inside the topology and the device is incapable of large frequency shifting, the intermediate UE 's reception is subjected to self-interference challenge.
From our perspective, it is hard for the UE to handle the self-interference issue, which actually requires a full-duplex capability of the UE. Given the inherent challenges associated with self-interference management for a UE and considering the workload, we think the cases resulting in a self-interference issue for a intermediate UE should be avoided. Therefore, we have the following proposal:
[bookmark: p6]Proposal 6: Do not support Case 2-2 due to the self-interference issue at the intermediate UE.
CW outside topology 2 (Case 2-3, and 2-4)
The following figure is given to illustrate case of CW outside topology 2 (i.e., Case 2-3 and 2-4) and the corresponding interference analysis is summarized in Table 4.
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Figure 5. CW outside topology 2
Table 6. Interference analysis for the case of CW outside topology 2
	Large frequency shifting capability
	Index
	FDD DL spectrum
	FDD UL spectrum
	Observation

	No
	Case 2-3
	CW2D
A-IoT UL
	A-IoT DL
	· Interference to Uu DL reception

	
	Case 2-4
	-
	CW2D
A-IoT UL
A-IoT DL
	· Rx module for UE at UL spectrum
· Interference to Uu UL reception

	Yes
	Case 2-6
	A-IoT UL
	CW2D
A-IoT DL
	· Interference to Uu UL reception



[bookmark: o9]Observation 9: For CW transmitted from outside the topology, the self-interference could be avoided at intermediate UE’s reception.
For Case 2-3 above, i.e., CW transmitted outside topology and on DL spectrum, a serious interference could be introduced for Uu DL reception is the CW emitter is closed to the legacy UE. To analyze the impact on legacy Uu DL reception, we perform a link budget for analyzing the potential interference level. In general, the following assumptions are used in the link budget calculation:
· In-band deployment for A-IoT
· Single-tone unmodulated waveform used for CW
· A CW Tx power of 33dBm is assumed for transmitting on DL spectrum
Other detailed configurations can be found in Table 5. Additionally, for in-band emission, there are generally three kinds of emission as shown in Figure 5 [4]: general in-band emission, carrier leakage, and emission on IQ image. Considering the CW used here is a single-tone unmodulated waveform, only general in-band emission is considered in the link budget calculation. In addition, the EVM is set a 1 as an example.
[image: ]
Figure 6. Illustration of in-band emission
Table 7. Link budget calculation for CW IBE
	System configuration

	Scenarios 
	Aggressor: CW @DL spectrum
Victim: legacy UE reception 

	Pathloss model
	InF LOS

	Carrier frequency (GHz)
	0.9

	SCS (Hz)
	15000

	IBE calculation

	CW EIRP (dBm)
	33

	Transmission BW (# of PRBs)
	1

	Transmission BW configuration (# of PRBs)
	50

	EVM
	1

	1 (# of PRBs)
	1/2/4/8/16

	2 (dBm)
	33

	IBE combined power for general non-allocated RB (dBm)
	30

	Pathloss

	Distance b/w CW emitter and legacy UE (m)
	1/10/50/100/200/400/600

	Pathloss (dB)
	31.0/52.5/67.5/74.0/80.4/86.9/90.7

	Rx power for legacy UE reception

	Received IBE power at legacy UE (dBm)
	Figure 6

	Legacy UE sensitivity (dBm)
	-92


Note 1:  is the starting frequency offset between the allocated RB and the measured non-allocated RB [5].
Note 2:  is an average of the transmitted power normalized by the number of allocated RBs [5].

Figure 7. The IBE caused by the CW transmission on DL spectrum to legacy UE reception
Based on the above link budget calculation of the IBE, we have the following observation:
[bookmark: o10]Observation 10: For CW transmitted from outside the topology and in DL spectrum, severe interference is introduced for legacy UE reception especially when the CW emitter is closed to the cellular UE.
Therefore, we have the following proposal:
[bookmark: p7]Proposal 7: For D2T2, do not support case 2-3 due to the potential severe interference to the legacy UE reception.
Regarding case 2-4, as analyzed in Table 4, we have the following proposal:
[bookmark: p8]Propose 8: If there is no large frequency shifting capability for the device, and CW transmitted from outside topology 2 in UL spectrum (i.e., Case 2-4), study the interference handling at Uu UL reception.
Additionally, regarding D2T2, for both CW transmitted inside and outside topology as analyzed in table 3 and 4, we can have the following observation:
[bookmark: o11]Observation 11: For both CW transmitted from inside and outside the topology in D2T2, a device with large frequency shifting capability is beneficial to avoid the self-interference issue at the intermediate UE.
[bookmark: p9]Proposal 9: For D2T2, if the device is capable of large frequency shifting, study cases 2-5 and case 2-6 in Table 5 and 6, respectively.
3
  

2.3     
Summary
Observation 1: A larger tone number can achieve better BLER performance due to a diversity gain in frequency domain.
Observation 2: A small guardband between two adjacent tones may not enough to gain a diversity, which is further related to the channel characteristics, e.g., delay spread configuration.
Observation 3: With a proper guardband configuration (e.g., a guardband comparable to the coherent bandwidth), 2 tones can achieve best balance between the BLER performance and spectrum utilization.
Observation 4: Different spectrum allocation assumption (i.e., FDD DL or UL spectrum) leads to different interference analysis for A-IoT system.
Observation 5: For CW transmitted from outside the topology, the self-interference could be avoided at BS’s reception.
Observation 6: For both CW transmitted from inside and outside the topology in D1T1, a device with large frequency shifting capability is beneficial to avoid the self-interference issue at the BS.
Observation 7: Regarding D2T2, when utilizing the FDD UL spectrum for A-IoT UL transmission, a Rx module is needed for UE reader to support reception in UL spectrum.
Observation 8: For CW transmitted from inside the topology and the device is incapable of large frequency shifting, the intermediate UE 's reception is subjected to self-interference challenge.
Observation 9: For CW transmitted from outside the topology, the self-interference could be avoided at intermediate UE’s reception.
Observation 10: For CW transmitted from outside the topology and in DL spectrum, severe interference is introduced for legacy UE reception especially when the CW emitter is closed to the cellular UE.
Observation 11: For both CW transmitted from inside and outside the topology in D2T2, a device with large frequency shifting capability is beneficial to avoid the self-interference issue at the intermediate UE.
Proposal 1: It is clarified that the following waveforms are not supported as the candidate of CW
· Multiple modulated single-tone
· Multiple unmodulated contiguous-tone
Proposal 2: For the case of multiple unmodulated single-tone, only support 2 unmodulated single-tones with a guardband size comparable to the coherent bandwidth.
Propose 3: If there is no large frequency shifting capability for the device, and CW transmitted from inside topology 1 
· Study the self-interference handling at BS reception
· For CW on DL spectrum (i.e., Case 1-1), study interference handling at Uu DL reception
· For CW on UL spectrum (i.e., Case 1-2), study interference handling at Uu UL reception
Propose 4: If there is no large frequency shifting capability for the device, and CW transmitted from outside topology 1 and in UL spectrum (i.e., Case 1-4), study the interference handling at Uu UL reception.
Proposal 5: For D1T1, if device is capable of large frequency shifting, study the cases of 1-5 and 1-6 in Table 3 and 4, respectively
Proposal 6: Do not support Case 2-2 due to the self-interference issue at the intermediate UE.
Proposal 7: For D2T2, do not support case 2-3 due to the potential severe interference to the legacy UE reception.
Propose 8: If there is no large frequency shifting capability for the device, and CW transmitted from outside topology 2 in UL spectrum (i.e., Case 2-4), study the interference handling at Uu UL reception.
Proposal 9: For D2T2, if the device is capable of large frequency shifting, study cases 2-5 and case 2-6 in Table 5 and 6, respectively.
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