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Background
The study item (SI) of solutions for Ambient IoT (AIoT) in NR for Rel-19 was approved in RAN#102 and further revised in RAN#103 [1]. This study targets a further assessment at RAN WG-level of Ambient IoT, a new 3GPP IoT technology, suitable for deployment in a 3GPP system, which relies on ultra-low complexity devices with ultra-low power consumption for very-low end IoT applications. From RAN4 aspect, the following objectives have been identified as RAN4 led:
· Co-existence study of Ambient IoT and NR/LTE.
· RF requirements study for Ambient IoT:
· Ambient IoT BS transmission and reception
· Ambient IoT Device, as per the General Scope, transmission and reception
· Intermediate node (UE), as per the General Scope, transmission and reception
In addition, RAN4 is also supposed to contribute on the following issue:
· Define necessary further evaluation assumptions of deployment scenarios for coverage and co-existence evaluations [RAN1, RAN4]
During RAN4#110bis, the discussion of AIoT was kicked off in RAN4 but was limited to the co-existence study only. In this contribution, we discuss some fundamental aspects of the AIoT device implementation and possible concepts for the RF requirements. 

1. Ambient IoT devices 
0. Ambient IoT device architecture
During RAN1#116, three types of Ambient IoT devices, device 1, device 2a, and device 2b, have been discussed (see below) [2], where device type 1 and device type 2a operate with the backscattering mechanism while device type 2b generates the transmission actively by itself. 
· Device 1: ~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.
· Device 2a: ≤ a few hundred µW peak power consumption, 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 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 DL and/or UL amplification in the device. The device's UL transmission is generated internally by the device.

In addition, the following architectures for the backscattering type of devices, including one architecture for device 1, one architecture for device 2a, and three architectures for device 2b, have also been agreed upon in RAN1#116 to be studied: 
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Figure 1: The architecture of device 1, device 2a and device 2b that are to be studied [2].

Generally speaking, the RF architecture of AIoT devices can be separated into three parts: 
1) Energy harvesting and storage part: collect and store the energy used to power the reader-to-device (R2D) and device-to-reader (D2R) operations at the AIoT device.
2) reception part: To receive the interrogation signal from the reader (R2D).
3) transmission part: To transmit the signal to the reader (D2R) either via backscattering (devices 1 and 2a) or generated by the AIoT device itself (device 2b). 
Those three parts are further illustrated in Fig. 2. Similar to legacy UEs, both the transmission and the reception parts need to be considered for the co-existence study and RF requirement.
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Figure 2: Illustration of different RF parts in an AIoT device with device 2a as an example.
0. Energy harvesting
There can be multiple types of resources for energy harvesting, including RF, solar etc. If we focus on RF energy harvesting, a typical implementation would be a rectifier circuit that converts the AC energy to DC energy and uses it to charge a capacitor. The energy harvesting efficiency depends on rectifier circuit design and the incoming RF signal (waveform and power level).
The energy harvesting and storage part may affect the device transmission and reception capability and availability as the energy source may not always be available for the AIoT devices. Moreover, it can further impact the RF requirement's testability since sufficient energy must be provided to the device under test. 
Although the energy harvesting is not in the scope of Rel-19 SI, the potential impact of energy harvesting on device availability for transmission and reception procedures can be considered for the study in our understanding, as agreed in [3]. Therefore, whether the energy harvesting/storage would have any impact on the co-existence and RF requirements can be discussed in RAN4. 
Observation 1: The transmission and reception parts of the AIoT device need to be considered for the co-existence study and RF requirements. Meanwhile, the energy harvesting, and storage part may affect the capability, availability, and testability of the AIoT reception and transmission. 
Proposal 1: RAN4 shall study if there is any impact due to the energy harvesting/storage on the co-existence, RF performance, and testability of AIoT devices. 
0. Reception
For the reception part, the RF envelope detector (RF-ED) receiver will likely be used for devices type 1 and 2a, as shown in Fig. 1(a) and (b). In addition, as shown in Fig. 1(c), the RF-ED, IF, and zero-IF architecture have been proposed for device 2b. The AIoT receiver design is similar to the envelope detector-based receiver that is being discussed for LP-WUS. Therefore, it can be expected that the DL part of the AIoT design can be leveraged from the envelope detector-based LP-WUS receiver.
Observation 2: From the RF perspective, the reception part design of the AIoT device can be leveraged from the envelope detector-based LP-WUS receiver design but with a smaller coverage target. 
One particular issue observed during the LP-WUS SI in Rel-18 is that the RF-ED receiver is poor in frequency selectivity. The RF-ED receiver can be implemented with a bandpass filter for single-frequency band operation. Suppose the multi-band operation needs to be supported in the R2D link. In that case, the RF-ED receiver must be implemented without any bandpass filter or with multiple bandpass filters and switch among them. The former case will inevitably suffer from higher interference from neighboring bands, while the latter case may increase the power consumption and complexity of the AIoT device implementation. 
On the other hand, the target coverage of AIoT (~ 50m) is significantly smaller than that of the LP-WUS signal (which is same as Msg 3), which may allow low-end simplified receiver implementation. In any case, how to accommodate the RF-ED receiver for R2D link in the device 1 and 2a needs to be studied.  
Observation 3: The RF-ED envelope detector is poor in frequency selectivity.  
Proposal 2: RAN4 shall study how to accommodate RF-ED receivers for R2D link.  
0. Transmission
In the transmission direction, for device 2b, as it can generate the signal by itself, the device function can be more similar to that of legacy IoT devices than backscattering type devices. However, due to the nature of energy harvesting, its transmission and reception duty cycle may be limited by availability of the harvested energy. Moreover, the power constraint on the AIoT devices may further impact the choice of components, e.g., oscillator, amplifier etc., and thus a significantly lower performance/capability is expected.  
Observation 4: For the transmission part, the AIoT device 2b function might be similar to legacy IoT devices but with lower capability due to the energy harvesting and power consumption constraint.  
On the other hand, the backscattering type of devices, including the device 1 and 2a, operate differently from legacy devices. The backscattering devices need to reflect a carrier wave (CW) to the reader. Therefore, its transmission performance depends not only on the design of AIoT devices but is also highly impacted by the design of the CW and the corresponding CW emitter node. 
Observation 5: For device types 1 and 2a, its transmission performance depends not only on the design of AIoT devices but is also highly impacted by the design of the CW and the corresponding transmission node.
0. Consideration on power consumption of Ambient IoT devices 
Regarding the RF design of AIoT devices, a critical aspect is the power consumption limit. For device 1, considering the extremely limited power consumption requirement (~1 µW peak power consumption), it may limit such a device to perform nothing other than basic impedance switching for the backscatter modulator in the transmission part. On the other hand, for device type 2a and 2b, further discussion is needed on the feasible functions in terms of total power consumption and their implication for the RF component choice and RF performance.
Proposal 3: The power consumption limitation needs to be considered when RAN4 discusses the RF architecture and performance of the AIoT devices. 
1. Frequency shift of backscattering AIoT devices
One particular issue related to the RF function and power consumption of the backscattering type of AIoT device, is whether such a device can tune its backscattering frequency away from the frequency of the CW signal. A common approach for such a frequency shift can be carried out by using an oscillator to toggle the switch speed on the load impedance, as shown in Fig. 3(a). Generally speaking, there are three levels of frequency shift: 1) no explicit frequency shift where the backscattering signal is on the same frequency as the CW signal (note that any frequency shift caused by the coding scheme may still be included). 2) a small but explicit frequency shift where the backscattering signal is slightly shifted away from the CW signal (e.g., one AIoT channel away) so that the interference from the CW on the backscattering signal can be reduced. 3) a large explicit frequency shift where the backscattering signal can be shifted to another band than the CW signal, e.g., the CW can be transmitted in the DL bands where the backscattering signal is transmitted in the UL frequency bands. The three different frequency shift schemes are illustrated in Fig. 4, which are represented by backscattering signals 1, 2, and 3, respectively, in the plot. 
Observation 6: A small frequency shift (a few MHz) can be used to separate the backscattering signal from the CW signal to improve the SINR on the reader, while a larger frequency shift (tens or hundreds MHz) can be used to separate the CW and the backscattering signals on different bands or the same FDD band but different UL/DL spectrum. 
Generally speaking, an oscillator consumes more power when it oscillates at a higher frequency. For example, assuming a ring oscillator has a few uW when it oscillates at a few MHz but can go up to hundreds of uW or even mW if it needs to oscillate at hundred(s) of MHz (depending on the oscillator design, for example, the number of stages in a ring oscillator). Therefore, with the given power budget (≤ a few hundred µW peak power consumption), the feasibility of a larger frequency shift needs to be further studied. Based on the state-of-the-art works, generating a frequency shift for backscattering communication in the range of tens of MHz has been realized [4], while the feasibility of realizing a larger frequency shift remains to be further investigated.
Observation 7: The frequency translation range of the backscattering signal needs to be studied under the power consumption limitation.
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(a)                                                                              (b)
Figure. 3. A possible method to perform (a) the frequency shift on backscattering signal and (b) reflection amplification.
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Figure. 4. The possible frequency shift scheme for backscattering AIoT devices. 
1. Amplification of AIoT devices 
Another critical RF component that needs more feasibility investigation from the power consumption aspect is the usage of a reflection amplifier (see Fig. 3 (b)) in the D2R link. Typically, tens of dB amplification is feasible, but the fundamental design challenge is to maintain the stability of the amplifier to avoid oscillation, which needs careful choice of the load and amplifier impedance. Moreover, the power consumption of such an amplifier is usually in the range of a couple of hundred uW but can also vary with the input CW signal level. Therefore, the feasibility of using such a component for device 2a needs to be further investigated. Based on the literature review, a 10-20 dB amplification gain with a couple of hundreds of uW power consumption can be considered a starting point for the reflection performance. 
Proposal 4: The usage of reflection amplifier and frequency shift technology for backscattering communication needs to be investigated in RAN4 in order to set a reasonable assumption for ambient IoT devices for the co-existence simulation and for deriving the RF requirements. 
Please note that although many of the abovementioned issues are highly up to device implementation, they can significantly affect device performance, further impacting the co-existence study and requirement discussion. It is, therefore, suggested that RAN4 first create a common understanding of the feasible implementation of different device types. 
Proposal 5: RAN4 shall create a common understanding of the feasible implementations of different device types before proceeding further with co-existence and RF work.
1. Preliminary consideration of the RF requirement framework for AIoT devices. 
In this section, we provide our preliminary consideration of how the RF requirement can be set for AIoT devices. 
1. Reception
As discussed above, the DL design of the AIoT device can be leveraged from the LP-WUS RF-ED receiver. Therefore, adopting a requirement framework similar to LP-WUS as a starting point is reasonable. As an example, during the study phase of LP-WUS, a few companies observed that the conventional throughput-based metric is not appropriate for the performance evaluation of the LP-WUS, while the missed detection rate is a more relevant measure. Such a metric might be used for AIoT sensitivity requirements as well. In addition, ASCS/ACS requirements with guard RBs are currently considered in LP-WUS discussion, which may also be relevant for AIoT receivers. Whether other legacy reception requirements would be applied to LP-WUS is also under discussion. Therefore, the requirement framework for AIoT device can be leveraged from the LP-WUS RF-ED receiver requirements. 
Proposal 6: The reception requirement framework of LP-WUS can be taken as a starting point to define the requirements framework for AIoT reception. 
1. Transmission
As mentioned above, for device 2b, as the AIoT device generates the UL signal, we foresee that a similar RF requirement framework as legacy UEs can still be used, e.g., the output power, signal quality, in-band and out of band emission requirement may still be relevant. However, RAN4 may need to define a new power class for such a device. 
Proposal 7: For device 2b, the transmission requirements for legacy IoT devices can be taken as a starting point with the possibility of a new power class.  
However, for a backscattering-type device, as discussed above, its UL performance is based on the AIoT device design and the CW signal. Therefore, in order to evaluate its transmission performance, a predefined CW signal to be used in the core requirement and conformance test would be needed. With a predefined CW signal, the legacy RF requirement framework could possibly be re-used as well, which includes the output power, signal quality, in-band and out-of-band emission requirement. 
Proposal 8: The transmission performance of backscattering devices can be defined with respect to an input CW signal. 
1. Conclusion
In this paper, we provide our initial analysis on the AIoT device RF implementation and requirement concept, where the following observation and proposals have been given: 
Observation 1: The transmission and reception parts of the AIoT device need to be considered for the co-existence study and RF requirements. Meanwhile, the energy harvesting, and storage part may affect the capability, availability, and testability of the AIoT reception and transmission. 
Observation 2: From the RF perspective, the reception part design of the AIoT device can be leveraged from the envelope detector-based LP-WUS receiver design but with a smaller coverage target. 
Observation 3: The RF-ED envelope detector is poor in frequency selectivity.  
Observation 4: For the transmission part, the AIoT device 2b function might be similar to legacy IoT devices but with lower capability due to the energy harvesting and power consumption constraint.  
Observation 5: For device types 1 and 2a, its transmission performance depends not only on the design of AIoT devices but is also highly impacted by the design of the CW and the corresponding transmission node.
Observation 6: A small frequency shift (a few MHz) can be used to separate the backscattering signal from the CW signal to improve the SINR on the reader, while a larger frequency shift (tens or hundreds MHz) can be used to separate the CW and the backscattering signals on different bands or the same FDD band but different UL/DL spectrum. 
Observation 7: The frequency translation range of the backscattering signal needs to be studied under the power consumption limitation.

Proposal 1: RAN4 shall study if there is any impact due to the energy harvesting/storage on the co-existence, RF performance, and testability of AIoT devices. 
Proposal 2: RAN4 shall study how to accommodate RF-ED receivers for R2D link.  
Proposal 3: The power consumption limitation needs to be considered when RAN4 discusses the RF architecture and performance of the AIoT devices. 
Proposal 4: The usage of reflection amplifier and frequency shift technology for backscattering communication needs to be investigated in RAN4 in order to set a reasonable assumption for ambient IoT devices for the co-existence simulation and for deriving the RF requirements. 
Proposal 5: RAN4 shall create a common understanding of the feasible implementations of different device types before proceeding further with co-existence and RF work.
Proposal 6: The reception requirement framework of LP-WUS can be taken as a starting point to define the requirements framework for AIoT reception. 
Proposal 7: For device 2b, the transmission requirements for legacy IoT devices can be taken as a starting point with the possibility of a new power class.  
Proposal 8: The transmission performance of backscattering devices can be defined with respect to an input CW signal. 
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