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In RAN #102, a SID to study the solutions for Ambient IoT in NR for Rel. 19 was approved [1]. The SID provided a scope for RAN 1 in terms of device types, topologies, duplexing modes, traffic types, etc. to consider and study in Rel. 19. One of the objectives of the SID was to define the low-power low-complexity device architecture of the Ambient IoT devices. 
Following, in RAN1 meeting #116, the agreements (in Appendix) were made mainly on the exact definition of the device types to consider (e.g., device 1, device 2a and device 2b) and general components for the blocks for devices 1 and 2a.
In this contribution, building on the agreements from the previous meeting, we discuss the device components for different device types.
Device Architectures
Device Type 1
The device type 1, as per the agreement during the RAN1 meeting #116, is characterized the as a very low power device with ~1 µW peak power consumption without downlink (DL) and/or uplink (UL) amplification. The device operates passively, unable to actively generate RF signal but rather relying on backscattering on an externally provided carrier wave (CW). Its receiver operates based on a RF envelope detector (ED).
For this device type, the discussion was mainly on whether to include the RF Bandpass filter (RF BPF) within its receiver architecture.
RF Bandpass Filter (RF BPF)


Figure 1: Band pass filter with different Q-factors and adjacent channel interference
For device type 1 architecture, the main blocks agreed to be considered are listed in the Appendix. Among them, RF BPF is one of the components considered as a part of the device Rx chain. 
The purpose of having a RF BPF before the RF ED component is for frequency selectivity to supress the adjacent channel interference, as illustrated in Figure 1. The RF ED based demodulation relies upon extracting the low frequency component of an amplitude modulated signal (e.g., ASK based) on a higher frequency carrier. As the transmitted R2D signal is expected to coexist with NR signals, the demodulator may capture amplitudes of the signals (e.g., NR signals) on adjacent bands causing interference.
While the RF BPF enhances signal integrity by suppressing interference, its incorporation in the device comes at a cost in terms of power consumption and complexity, possibly making it unsuitable for low capability ambient IoT device. The effectiveness of an RF BFP can be determined by its frequency response or Q-factor, as shown in Figure 1. To prevent the adjacent channel interference, it is imperative to have a BPF with high-Q-factor. At RF frequency, this may require a complex filter design with many (e.g., active) components increasing the power consumption and complexity of the device.
The impact of the filter has been evaluated with simulations and the result is shown in Figure 2. In the simulations OOK-4 with M=4 has been used as the waveform and an energy based envelope detector is assumed as the receiver. The IoT signal is mapped to 22 RBs and 2 RBs on each side are used as guard band. The remaining RBs are allocated to legacy NR signal which acts as an adjacent channel interference on the IoT signal. The carrier frequency is 900 MHz and the channel model is TDL with 30 ns delay spread. We can see from the figure that the performance of the receiver with 6th order filter (e.g., with higher Q-factor) is the same as the case without interference while the BLER without filter or with a first order filter (e.g., with lower Q-factor) are not acceptable. Note that Device 1 may be equipped with a simpler receiver based on edge detection so the BLER with that type of detector is expected to be worse than what is shown in this figure. 
[image: ]
Figure 2: BLER with different filters

Observation 1: To prevent the adjacent channel interference between the Ambient IoT signals and the NR signals, a RF BPF with high Q-factor may be required. This may increase the cost to the device in terms of power consumption and complexity.
If the RF BPF in the Rx chain is not feasible, alternatives to limit the interference for RF ED based receiver must be considered. 
One way to limit the interference is by optimizing the matching network to filter out some adjacent channel components. A matching network maximizes the power to be transferred from the antenna based on source and load reactance matching at a given frequency and the performance over other frequency components degrade acting like a RF BPF.
Another option is to consider a passive BPF or a Surface Acoustic Wave (SAW) filter to limit the interference while limiting the power consumption. While the passive filter may have a low selectivity or Q-factor, and thus limiting their filtering performance, they can still be useful given the requirements of the device. On the other hand, a SAW filter is a passive filter with high Q-factor and can have a very good filtering performance. However, the cost of these devices may be prohibitive to add on the ambient IoT devices. 
Additionally, exploring system design-level solution based on co-existence between the NR and the Ambient IoT signals could be another solution to the interference problem.  The solution may entail implementing time division multiplexing to allocated dedicated time slots to NR and Ambient IoT signals to limit the interference.
Proposal 1: Assess the feasibility of incorporating RF BPF in device type 1, considering the required Q-factor for frequency selectivity and the associated costs. If not feasible, consider alternatives to suppress and/or avoid the adjacent channel interference.
Device Type 2a
The device type 2a, as defined in the agreement during RAN1 meeting #116, is characterized as a low power device with ≤ a few hundred µW peak power consumption with DL and/or UL amplification. Similar to device type 1, the device cannot actively generate RF signal. The agreement was also to include at least RF envelope detector-based receiver. For device type 2a, two additional receiver types, Intermediate Frequency (IF) ED based, and Zero Intermediate Frequency (ZIF) based receiver were considered but not yet agreed on.
For device type 2a, the further considerations were mainly on the components such as reflection amplifier and frequency shifter for the device transmitter and RF BPF and LNA for the device receiver.
Reflection amplifier:
A reflection amplifier, a single port amplifier designed based on the negative impedance exhibited by some components such as tunnel diodes [4], Gunn diodes and IMPATT diodes [5], offers potential amplification gains crucial for backscattering signals.  The negative impedance in these components causes the reflection coefficient to be greater than 1 when the current passes through it, unlike the positive impedance components like resistors, amplifying the signal in the process. Its functionality, albeit requiring power across its components to operate within the negative impedance range, addresses the need for improving coverage, especially in UL backscattering scenarios where power decay is significant.
Observation 2: The power of the backscattered signal without amplification decays significantly, limiting the uplink coverage. 
Frequency shifter:
In the context of ambient IoT devices, frequency shifters [6, 7] play a crucial role in upconverting backscatter frequencies from the DL band to the UL band. This is particularly relevant to the FDD scenario where the CW is provisioned at DL, or any other frequency band and the shifter needs to convert it to the UL band. 
The frequency shifter in the Tx chain of a device can be implemented by an oscillator which requires additional power. There are a few low power oscillators for shifting the frequency by tens of MHz, which may be enough to shift from DL frequency band to UL. The power consumption in these devices can be in the order of tens of µW [7].
The implication of frequency shift can be an unwanted image of the signal which may require additional filtering or suppression.
RF BPF:
The same issues and solutions considered for device 1 may exist for device 2a except for the fact that type 2a has higher peak power consumption constraint. Compared to device type 1, RF BPF may be suitable in device type 2a.
LNA:
LNAs have the capability to amplify signals without proportionally increasing the noise. This improves the sensitivity of the receiver and hence the gain at the receiver. Power consumption for LNAs typically ranges up to a few hundred µW [8, 9], with studies also showing a correlation between power consumption and receiver sensitivity [9].
Comparison and prioritization between components:
In prioritizing the device components, the emphasis should be placed on RF BPF for interference management and reflection amplifiers to address the uplink coverage limitations. 
The consideration for frequency shifter depends on the provisioning of the frequency of the CW in the UL band. In addition, considering a harmonized design between device 1 and device 2a, as device 1 cannot accommodate frequency shifter, the CW should be provisioned at UL frequency band. 
The LNA may be considered based on the overall power budget of the device.
Proposal 2: For device type 2a, prioritize RF BPF and reflection amplifier.
Proposal 3: Provision the CW at the uplink frequency to circumvent the need for a frequency shifter for device type 2a.
Device Type 2b
The device type 2b, based on the agreement in RAN1 meeting #116, is defined the as a low power device with ≤ a few hundred µW peak power consumption with active RF generation capability. 


Figure 3: Tx chain for device 2b
For the device type 2b, unlike the device types 1 and 2a where the transmitter was based on impedance switching, an active transmitter should be considered with at least the following elements, as illustrated in Figure 3:
· Modulator 
· DAC
· Local oscillator 
· Mixer
· Amplifier

Compared to the device type 2a, the power consumption with the active transmitter for device type 2b could be considerably higher as the local oscillator and mixer consume additional power compared to device 2a.
Observation 3: For device type 2b, the power consumption of the active transmitter chain is considerably higher compared to the backscattering transmitters of device type 2a.
Proposal 4: Include at least a modulator, DAC, local oscillator, mixer and amplifier in the description for device type 2b transmitter chain.
For the device type 2b, consider the following receivers:
RF ED based receiver
The RF ED based receiver can be similar to the one agreed for Device type 2a. This can be interesting for Ambient IoT devices especially in cases where the device is UL heavy. The device relies on simple indications (like wake-up signals, query messages, etc.) from the reader and transmits UL data. This receiver consumes the least amount of power among other receivers.


Figure 4: Rx chain for RF ED based receiver for device type 2b. The optional component block is represented by a dotted line.
The following components should be considered for an RF ED receiver, as illustrated in Figure 4:
· RF BPF
· LNA
· RF ED
· BB amplifier
· BB LPF
· Comparator
Similarly to device 2a, the cost (e.g., power consumption) and benefits (e.g., receiver gain, sensitivity, etc.) of LNA should be studied before deciding on whether it can be added to the device.
Proposal 5: Include at least RF BPF, RF ED, BB amplifier, BB LPF and Comparator in the description for RF ED based receiver for device type 2b.
Proposal 6: Assess the feasibility of and include LNA in the description for RF ED based device type 2b receiver if its power consumption is within the constraints of the device.
IF ED based receiver
The IF ED based receiver (e.g., also referred to commonly as superheterodyne receiver) uses a LO and a mixer to shift the received signal from RF to IF. The filtering and IF ED are performed at IF. The advantage of this type of processing at the IF compared to RF is that filtering and amplification is easier and can be performed with lower power consumption compared to at RF. This can solve the problem of adjacent channel interference and hence allow co-existence between the NR and Ambient IoT signals.
Observation 4: The advantage of processing the received signal in IF instead of RF could be bandpass filtering and amplification with lower power consumption.
The problems associated with IF ED based receiver could be the image frequency during down-conversion to the IF frequency. This may require additional processing (e.g., filtering with IF BPF).


Figure 5: Rx chain for IF ED based receiver for device type 2b
The following components should be considered for IF ED based receiver as illustrated in Figure 5:
· RF BPF
· LNA
· Mixer
· Local Oscillator
· IF BPF
· IF amplifier
· IF ED
· BB LPF
· Comparator

For IF ED based receiver, as mentioned earlier, the advantage can be in terms of low-cost filtering at IF. For this reason, the RF BPF before IF conversion may not be necessary.
Similarly, the LNA may not be required as the amplification can be done with less cost at IF.
Proposal 7: Include at least Mixer, LO, IF BPF, IF amplifier, IF ED, BB LPF and Comparator in the description of IF ED based receiver for device type 2b.
Proposal 8: Deprioritize RF BPF and LNA for IF ED based receiver for device type 2b.
ZIF based receiver:
ZIF receiver (e.g., also referred to commonly as homodyne receiver) demodulates the received RF signal to baseband using a local oscillator and a mixer and the rest of the processing is done in baseband.


Figure 6: Rx chain for ZIF based receiver for device type 2b
The following components should be considered for ZIF based receiver as illustrated in Figure 6:
· RF BPF
· LNA
· Local oscillator
· Mixer
· BB amplifier
· BB LPF
· Comparator

The disadvantage of ZIF type receiver could be that the processing (e.g., amplifying, processing) directly in baseband could significantly increase the noise level. For this reason, for ZIF type receiver, LNA could be considered before down conversion.
Observation 5: The problem with processing received signals in baseband can be increased noise compared to IF or RF.
Proposal 9: Include at least LNA, Mixer, LO, BB LPF, BB amplifier and Comparator in the description for ZIF receiver for device type 2b.
Proposal 10: Assess the feasibility of and include RF BPF in ZIF receiver for device type 2b if it is within the power consumption constraints of the device.
Local Oscillators/Clocks
The local oscillators or clocks in the ambient IoT devices are important for both transmitter and receiver chain of the device. The oscillator samples the received signal in ZIF based receiver, defines carrier frequency and the duty cycle during transmission and is also used in frequency shifters. The SID has indicated that the oscillators or the device clocks may have significant frequency drift. Hence, the device may require external synchronization (e.g., from the reader) from time to time. 
Observation 6: The ambient IoT device may have a significant LO or clock frequency offset and may require synchronization.

To enable device synchronization, the LO or the device clock should be equipped with a PLL or a FLL. The PLL or FLL, based on calibration pilot tones (e.g., transmitted by the reader or an external entity), may enable the device to correct the frequency drift when required.
Proposal 11: Assess feasibility of PLL or FLL for device type 2b.
If, due to power consumption constraints, PLL or FLL are not feasible, another solution could be to allow a calibration signal transmitted by the reader as an input to the local oscillator or the device clock for synchronization. The calibration signal could be a signal with phase difference or frequency difference between the drifted and the correct clock signal, corresponding to the output of an error detector in PLL and FLL circuits.
Conclusion
In this contribution, we discussed device architecture options for Ambient IoT. The following are proposed:
Observation 1: To prevent the adjacent channel interference between the Ambient IoT signals and the NR signals, a RF BPF with high Q-factor may be required. This may increase the cost to the device in terms of power consumption and complexity.
Observation 2: The power of the backscattered signal without amplification decays significantly, limiting the uplink coverage. 
Observation 3: For device type 2b, the power consumption of the active transmitter chain is considerably higher compared to the backscattering transmitters of device type 2a.
Observation 4: The advantage of processing the received signal in IF instead of RF could be bandpass filtering and amplification with lower power consumption.
Observation 5: The problem with processing received signals in baseband can be increased noise compared to IF or RF.
Observation 6: The ambient IoT device may have a significant LO or clock frequency offset and may require synchronization.

Proposal 1: Assess the feasibility of incorporating RF BPF in device type 1, considering the required Q-factor for frequency selectivity and the associated costs. If not feasible, consider alternatives to suppress and/or avoid the adjacent channel interference.
Proposal 2: For device type 2a, prioritize RF BPF and reflection amplifier.
Proposal 3: Provision the CW at the uplink frequency to circumvent the need for a frequency shifter for device type 2a.
Proposal 4: Include at least a modulator, DAC, local oscillator, mixer and amplifier in the description for device type 2b transmitter chain.
Proposal 5: Include at least RF BPF, RF ED, BB amplifier, BB LPF and Comparator in the description for RF ED based receiver for device type 2b.
Proposal 6: Assess the feasibility of and include LNA in the description for RF ED based device type 2b receiver if its power consumption is within the constraints of the device.
Proposal 7: Include at least Mixer, LO, IF BPF, IF amplifier, IF ED, BB LPF and Comparator in the description of IF ED based receiver for device type 2b.
Proposal 8: Deprioritize RF BPF and LNA for IF ED based receiver for device type 2b.
Proposal 9: Include at least LNA, Mixer, LO, BB LPF, BB amplifier and Comparator in the description for ZIF receiver for device type 2b.
Proposal 10: Assess the feasibility of and include RF BPF in ZIF receiver for device type 2b if it is within the power consumption constraints of the device.
Proposal 11: Assess feasibility of PLL or FLL for device type 2b.
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Appendix
	The following agreements were made in RAN1 meeting #116.
Agreement
For the purpose of the study, RAN1 uses the following terminologies:
· 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.

Agreement
Study at least the following blocks for device 1 architecture.
· Antenna could be either shared or separate for RF energy harvester and receiver/transmitter.
· Matching network is to match impedance between antenna and other components (including RF energy harvester and receiver related blocks).
· RF energy harvester can include rectifier performing RF signal (AC) to DC conversion.
· Energy storage (e.g., capacitor) stores harvested energy from RF energy harvester.
· Power management unit (PMU) manages storing energy to energy storage from energy harvester and suppling power to active component blocks which needs power supply.
· Digital BB logic includes functional blocks like encoder, decoder, controller, etc.
· Memory can include two types of memory: 1) Non-Volatile Memory (NVM) such as EEPROM for permanently storing device ID, etc, and 2) registers for temporarily keeping any information required for its operation only while energy is available in energy storage.
· Clock generator provides required clock signal(s).
· Reception related blocks
· RF BPF for improving selectivity.
· Depending on implementation, it may not exist. RAN4 RF requirement (if any, e.g., ACS) and peak power consumption target also need to be considered.
· RF Envelope Detector converts RF signal to baseband.
· BB LPF can filter out harmonics and high frequency components to improve input signal quality to comparator.
· Depending on implementation, it may not exist. Presence of BB LPF is assumed for the study.
· Comparator determines high/low of input signal.
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics. Waveform/Modulation type is FFS.





Agreement
Study at least following blocks for device 2a architecture w/ RF-ED receiver.
· Antenna could be either shared or separate for RF energy harvester (if present) and receiver/transmitter.
· Matching network is to match impedance between antenna and other components (including RF energy harvester (if present) and receiver related blocks).
· Energy harvester.
· Energy storage (e.g., capacitor) stores harvested energy from energy harvester.
· Power management unit (PMU) manages storing energy to energy storage from energy harvester and suppling power to active component blocks which needs power supply.
· Digital BB logic includes functional blocks like encoder, decoder, controller, etc.
· Memory can include two types of memory: 1) Non-Volatile Memory (NVM) such as EEPROM for permanently storing device ID, etc, and 2) registers for temporarily keeping any information required for its operation only while energy is available in energy storage.
· Clock generator provides required clock signal(s).
· Reflection amplifier can amplify reflected backscattered signal.
· FFS study applicability of amplification of rx signal, power consumption.
· At least one of R2D/CW2D and D2R could be amplified by either reflection amplifier or LNA.
· Reception related blocks
· RF BPF filter for improving selectivity.
· Depending on implementation, it may not exist. RAN4 RF requirement (if any, e.g., ACS) and peak power consumption target also need to be considered.
· FFS: LNA for improving signal strength and sensitivity of receiver.
· At least one of R2D/CW2D and D2R could be amplified by either reflection amplifier or LNA.
· RF envelope detector (RF-ED) detects envelope from RF signal.
· BB amplifier amplifies BB signal to improve signal strength.
· BB LPF can filter out harmonics and high frequency components to improve input signal quality to comparator/ADC.
· Depending on implementation, it may not exist.
· Comparator or N-bit ADC
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics.
· FFS: Large Frequency shifter (e.g., tens of MHz) for shifting backscattered signal from one frequency (e.g., FDD-DL frequency) to another frequency (e.g., FDD-UL frequency).
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