
Page 1

3GPP TSG RAN WG1 #117		    											                              R1-2403968
Fukuoka City, Fukuoka, Japan, May 20th – 24th, 2024

Source: 	Intel Corporation
Title:	Discussions on waveform characteristics of carrier-wave for A-IoT
Agenda item:	9.4.2.4
Document for:	Discussion and Decision
[bookmark: _Ref506539118]Introduction
At the RAN1#116b meeting, the following agreements were made for waveform characteristics of carrier-wave provided externally to the A-IoT device [1]. 
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
In the contribution, we present our views on waveform characteristics of carrier-wave provided externally to the A-IoT device. Our views on frame structure and timing aspects, and downlink and uplink channel/signal aspects are described in our companion contributions [3] and [4], respectively.
Discussions on carrier-wave transmission
At the RAN1#116 meeting, the following A-IoT device types have been identified for study [2]:
· Device 1: ~1 µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, neither R2D nor D2R amplification in the device. The device’s D2R transmission is backscattered on a carrier wave provided externally.
· Device 2a: ≤ a few hundred µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both R2D and/or D2R amplification in the device. The device’s D2R transmission is backscattered on a carrier wave provided externally.
· Device 2b: ≤ a few hundred µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both R2D and/or D2R amplification in the device. The device’s D2R transmission is generated internally by the device.
Further, as indicated in the SID, the following deployment scenarios and topologies have been identified for study [5], as shown in the Figure 1. 
· 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
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[bookmark: _Ref158031195]Figure 1. Deployment scenarios and topologies for A-IoT system

CW transmission in Topology 1
At the RAN1#116 meeting, it was agreed the following cases can be studied when D2R backscattering is transmitted in the same carrier as CW signal for topology 1 [2]:
· 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
For deployment topology 1, given the fact that A-IoT devices may not be allowed to transmit the signal in the DL spectrum, it is more appropriate to transmit D2R backscattering in UL spectrum so as to meet regulatory requirements. Further, given the constraints of low cost and power consumption in A-IoT device types 1 and 2a, it is unlikely that a frequency shifter in the order of MHz can be implemented. In this scenario, it is expected that CW signal should be transmitted in the same spectrum as D2R transmission, i.e., in UL spectrum. Hence, in our view, Case 1-1, i.e., CW is transmitted from inside the topology in DL spectrum, can be deprioritized in the A-IoT system design. 
In Case 1-2, if CW is transmitted inside the topology and operates within the UL spectrum, this may indicate that gNB could potentially serve both as the reader for D2R reception and as the source for CW signal transmission within the same UL spectrum, which may require full duplex operation at the gNB side, e.g., for scenario D1T1-A2 as agreed in the RAN1#116b meeting [1]. In addition, this deployment scenario may also violate the regulatory requirements given the fact that in some regions, base stations are prohibited from transmitting the signal in the UL spectrum. 

Proposal 1:
· For Topology 1, Case 1-1 (CW is transmitted from outside the topology in the UL spectrum) and Case 1-2 (CW is transmitted from inside the topology, transmitted in UL spectrum) can be deprioritized for A-IoT system design. 

In Case 1-4, CW signal is transmitted outside the topology and operates within the UL spectrum. Figure 2 illustrates Case 1-4 for CW transmission in Topology Scenario D1T1-B. In the figure, gNB serves as reader for R2D and D2R, while an external node serves as CW source, as agreed for Deployment Scenario D1T1-B at the RAN1#116b meeting [1]. Further, R2D is transmitted in the DL spectrum, and D2R and CW signals are transmitted in the UL spectrum. 
[image: A diagram of a device

Description automatically generated]
[bookmark: _Ref162114697]Figure 2. Case 1-4 for CW transmission in Topology Scenario D1T1-B
For this scenario, CW source can be carefully placed in the network so as to achieve good system performance by improving the coverage for CW reception and controlling interference to the reader. This may be realized by placing the CW source in close proximity to the A-IoT device. Further, if an A-IoT device is equipped with a frequency shifter, e.g., in the order of KHz, a passband filter may be employed at the reader to mitigate the CW interference, which can help in improving the decoding performance for D2R reception. 
It should be noted that CW source can be another base station not involved for R2D and D2R communication with A-IoT device, UE or external CW node. When the external CW node is utilized to transmit the CW signal, the detailed interface, e.g., control of CW signal transmission between the external CW node and the base station, may be up to implementation and out of scope for A-IoT study. However, if a UE serves as a CW source, further study is needed on how to control the transmission of CW signal in time and frequency domain.
Based on the discussions above, in our view, Case 1-4 (CW is transmitted from outside the topology, transmitted in UL spectrum) is prioritized for A-IoT system design. 
Proposal 2:
· For Topology 1, Case 1-4 (CW is transmitted from outside the topology in the UL spectrum) is prioritized for A-IoT system design. 
· When an external CW node serves as a CW source, the interface between gNB and the external CW node is out of scope for A-IoT study. 
· When a UE serves as a CW source, FFS on how to control the CW signal transmission. 


CW transmission in Topology 2
At the RAN1#116 meeting, it was agreed the following cases can be studied when D2R backscattering is transmitted in the same carrier as CW signal for Topology 2 [1]: 
· 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
Similar to the discussions for Topology 1, CW transmission within the DL spectrum may not be feasible due to regulatory requirements and the constraints from ultra-low cost and power consumption of the A-IoT devices. In this regard, it is more appropriate to support the CW transmission in the UL spectrum. Hence, Case 2-3, i.e., CW is transmitted from outside the topology in the DL spectrum can be deprioritized for A-IoT system design. 
Figure 3 illustrates Case 2-2 for CW transmission in Topology Scenario D2T2-A2. In this deployment scenario, CW signal is transmitted from the intermediate UE within the UL spectrum. Further, for Topology Scenario D2T2-A2, UE needs to transmit the CW signal and receive the D2R channel/signal within the same UL spectrum simultaneously. Clearly, this full duplex operation mode may lead to complex implementation challenges at UE side. In this scenario, careful investigation is needed on the support of deployment scenario Case 2-2 at least when UE needs to transmit the CW signal and receive the D2R channel/signal at the same time.
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[bookmark: _Ref165632353]Figure 3. Case 2-2 for CW transmission in Topology Scenario D2T2-A2

Figure 4 illustrates Case 2-2 for CW transmission in Topology Scenario D2T2-A1. In this deployment scenario, one UE transmits the R2D channel/signal and CW signal, while another UE receives the D2R channel/signal from the A-IoT devices. Further, D2R, R2D and CW signal are transmitted in the UL spectrum. Since UE does not need to simultaneously transmit the CW signal and receive the D2R channel/signal, UE implementation may be simplified compared to Topology Scenario D2T2-A2. 
However, given the fact different UEs transmit the R2D channel/signal and receive the D2R channel/signal under this scenario, tight coordination across UEs is essential for proper A-IoT operation. For instance, if a sidelink-like operation is considered as the interface between two UEs, communication latency between UEs may become a bottleneck in meeting the latency requirements for A-IoT system.
Hence, in our view, careful study is needed on the support of Case 2-2, i.e., CW is transmitted from inside the topology in the UL spectrum, especially when considering inter-UE coordination latency in Scenario D2T2-A1 and UE implementation complexity in Scenario D2T2-A2.
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[bookmark: _Ref165633256]Figure 4. Case 2-2 for CW transmission in Topology Scenario D2T2-A1

Proposal 3:
· For Topology 2, Case 2-3 (CW is transmitted from outside the topology, transmitted in DL spectrum) is deprioritized for A-IoT system design.
· FFS on the support of Case 2-2 (CW is transmitted from inside the topology in the UL spectrum), taking into account the inter-UE coordination latency in Scenario D2T2-A1 and UE implementation complexity in Scenario D2T2-A2.

In Case 2-4, UE serves as reader for R2D and D2R, while an external node serves as CW source. Further, R2D, D2R and CW signals are transmitted in the UL spectrum. Figure 5 illustrates Case 2-4 for CW transmission in deployment scenario D2T2-B. Similar to the discussions for Case 1-4 in Topology 1, interface design between the external CW node and gNB or UE may be out of scope and up to implementation. 
Further, for this deployment scenario, careful design on interference handling for UE when receiving D2R channel/signal from the A-IoT device and CW signal from the CW node may need to be considered. Similarly, if a frequency shifter is implemented at A-IoT device, this could potentially simplify mitigation of the interference from the CW signal for the UE.  
Based on the discussions above, in our view, Case 2-4, i.e., CW is transmitted from outside the topology in the UL spectrum, is prioritized for A-IoT system design. 
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[bookmark: _Ref162354378]Figure 5. Case 2-4 for CW transmission in Topology Scenario D2T2-B
Proposal 4:
· For Topology 2, Case 2-4 (CW is transmitted from outside the topology in the UL spectrum) is prioritized for A-IoT system design. 

Discussions on carrier-wave waveform 
At the RAN1#116 meeting, it was agreed that at least single-tone unmodulated sinusoid waveform is a candidate waveform for carrier wave for D2R backscattering [2]. Further, it was agreed at the RAN1#116b meeting, two unmodulated single-tones for CW waveform is studied as a starting point. In addition, contiguous multi-tone OFDM signal is not studied in R19 A-IoT SI [1]. 
As mentioned above, for Case 1-4 in Deployment Scenario D1T1-B and Case 2-4 in Deployment Scenario D2T2-A1, since CW source is outside the topology, full duplex functionality and self-interference cancellation are not required. However, in order to ensure the good decoding performance for D2R reception, mitigation on CW interference is essential for A-IoT system design. 
If a frequency shift is not integrated at the A-IoT device, interference suppression mechanism based on known unmodulated sinusoid waveform may be implemented at the reader receiver side. Assuming the single tone unmodulated sinusoid waveform as

Where  and  are the amplitude and phase of the sinusoid waveform, respectively. In order to effectively cancel the CW interference for D2R reception, the reader needs to estimate the amplitude and phase of the CW signal. This process can become complex, especially when considering two-tone unmodulated waveform as the CW signal. In such cases, the complexity is increased as four parameters including the amplitude and phase of the CW waveform on these two tones need to be estimated at the reader. 
Further, if a frequency shifter is equipped at the A-IoT device, the CW interference mitigation may be further simplified. In particular, when utilizing an external CW node to transmit the CW signal, the reader may implement a passband filter to mitigate the interference from CW signal directly, as shown in Figure 6. Compared to the CW interference mitigation in scenarios where a frequency shifter is not equipped at the A-IoT device, this filtering operation is much simpler for implementation. 
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[bookmark: _Ref162857580]Figure 6. CW interference mitigation when frequency shifter is equipped at A-IoT device
It should be noted that utilizing a multi-tone waveform for CW signal would be beneficial in enhancing the performance of D2R transmission by exploiting the potential frequency diversity. The single-tone CW waveform, however, may be impacted by deep fading, which may be desirable for A-IoT system design. In the extreme case, D2R transmission relying on backscattering from CW signal, may not be even activated, which would lead to detrimental impact on the A-IoT communication link.  
Based on the discussions above, in order to strike an appropriate balance between the enhanced link performance and complexity on interference mitigation, it may be more appropriate to prioritize both single-tone and two-tone unmodulated waveform for CW signal generation. However, considering the diminishing return on the performance improvement and complexity increase on interference suppression, further increase on the number of tones, i.e., > 2 for CW signal transmission may be deprioritized in the A-IoT system design. 
Proposal 5:
· Both single-tone and two-tone unmodulated waveform for CW transmission can be prioritized for A-IoT system design
· CW transmission with more than two tones is not considered for A-IoT study.

Discussions on carrier-wave characteristics  
At the RAN#103 meeting, the following agreement was made regarding the study on characteristics of CW waveform:
	· Regarding the objective in the SID: 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.
· This objective allows studying CW waveform characteristics which would need control of the CW node(s), e.g. waveform characteristics that impact interference such as when CW is transmitted or not transmitted, power, bandwidth, spectrum, etc.
· No SID revision is necessary



As mentioned above, when an external CW node is employed to transmit a CW signal, the interface between the external CW node and gNB may be up to implementation and out of scope for A-IoT study. However, when a UE serves as a CW source, careful study is needed on how to control the CW transmission.
For A-IoT device 1 and 2a performing backscattering for D2R transmission, the presence of CW signal is critical when devices start to transmit the D2R channel/signal. Although always-on CW transmission may be beneficial in terms of facilitating energy harvesting for A-IoT devices and improving the performance for D2R reception, it may result in increased power consumption for CW node. Additionally, this may pose challenges when UE is tasked to transmit the CW signal as always-on transmission may not be even feasible from the UE’s perspective. 
To address this issue, careful design on the transmission timing of CW signal needs to be considered for A-IoT system design. For instance, it may be more desirable to initiate the transmission of the CW signal earlier such that energy harvesting can be performed at the A-IoT devices prior to the actual D2R transmission, as shown in Figure 7. For instance, the CW node may start to transmit the CW signal before the reader stops the R2D transmissions.  
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[bookmark: _Ref165652083]Figure 7. Transmission timing of CW signal
In addition, the allocation of frequency resources for CW transmission needs to be considered for A-IoT system design. As previously discussed, both single-tone and multi-tone unmodulated signal can be utilized for CW signal generation. For both options, it is essential to study parameters such as the center frequency and bandwidth for the transmission of CW signals, as well as the frequency separation in the case of multi-tone CW signals. These factors play a significant role in optimizing the performance and efficiency of the A-IoT communication system. 
Further, transmit power of CW signal is also an important factor for D2R performance. While high transmit power can improve the coverage for CW reception and thus the activation performance of the D2R link, it can also lead to significant CW interference for the D2R receiver. Therefore, careful design on the CW signal transmit power also needs to be considered so as to achieve good balance between CW coverage and interference mitigation. 
Based on the discussions above, transmission timing, frequency resources and transmit power of CW signal need to be studied for A-IoT system design. 
Proposal 6:
· Further study the following CW characteristics
· Transmission timing of CW signal
· Frequency resource for CW transmission
· Transmit power of CW signal

[bookmark: _Ref52481833]Conclusions
In this contribution, we presented our views on waveform characteristics of carrier-wave provided externally to the A-IoT device. Further, we summarize the proposals as follows:
Proposal 1:
· For Topology 1, Case 1-1 (CW is transmitted from outside the topology in the UL spectrum) and Case 1-2 (CW is transmitted from inside the topology, transmitted in UL spectrum) can be deprioritized for A-IoT system design. 
Proposal 2:
· For Topology 1, Case 1-4 (CW is transmitted from outside the topology in the UL spectrum) is prioritized for A-IoT system design. 
· When an external CW node serves as a CW source, the interface between gNB and the external CW node is out of scope for A-IoT study. 
· When a UE serves as a CW source, FFS on how to control the CW signal transmission. 
Proposal 3:
· For Topology 2, Case 2-3 (CW is transmitted from outside the topology, transmitted in DL spectrum) is deprioritized for A-IoT system design.
· FFS on the support of Case 2-2 (CW is transmitted from inside the topology in the UL spectrum), taking into account the inter-UE coordination latency in Scenario D2T2-A1 and UE implementation complexity in Scenario D2T2-A2.
Proposal 4:
· For Topology 2, Case 2-4 (CW is transmitted from outside the topology in the UL spectrum) is prioritized for A-IoT system design. 
Proposal 5:
· Both single-tone and two-tone unmodulated waveform for CW transmission can be prioritized for A-IoT system design
· CW transmission with more than two tones is not considered for A-IoT study.
Proposal 6:
· Further study the following CW characteristics
· Transmission timing of CW signal
· Frequency resource for CW transmission
· Transmit power of CW signal
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