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Introduction
In this document we present our views on specific Ambient IoT device architecture details with reference to the RAN1#116 agreements made and summarized by the FL. 
Previous Agreements
In the RAN1#116 FL summary section 2 the following online discussion agreements are listed related to Ambient IoT device types and function block diagrams for each device type [1].
	
	The following objectives are set, within the General Scope:
1. Evaluation assumptions
a) Conclude at least the following aspects of design targets left to WGs in Clause 5 (RAN design targets) of TR 38.848 [RAN1].
· Clause 5.3: Applicable maximum distance target values(s)
· Clause 5.6: Refine the definition of latency suitable for use in RAN WGs
· Clause 5.8: 2D distribution of devices
b) Define necessary further evaluation assumptions of deployment scenarios for coverage and coexistence evaluations [RAN1, RAN4]
c) Identify basic blocks/components of possible Ambient IoT device architectures, taking into account state of the art implementations of low-power low-complexity devices which meet the RAN design target for power consumption and complexity. [RAN1]
d) Define link budget calculation for coverage, including whether/how to model carrier wave from node(s) inside or outside the connectivity topology.
NOTE: Assessment performance of the design targets is within the study of feasibility and necessity of proposals in the following objectives, e.g. by inspection of reference implementations in the field, simulations, analytically.
NOTE: strive to minimize evaluation cases in RAN1.



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).




With reference to the above agreements the following Ambient IoT device architecture related topics are further discussed in this document. 
· Antenna shared or separate for communication and energy harvesting
· Receiver BPF requirement for selectivity and RF-ED
· Memory for temporary information preservation
· [bookmark: _Hlk162275948]Support for different types of backscatter modulation
· [bookmark: _Hlk162275973]Reflection amplifier stability 
· [bookmark: _Hlk162276017]Receiver LNA
· [bookmark: _Hlk162276058]Small frequency shifter
[bookmark: _Hlk510705081]
Antenna shared or separate for comms and energy harvesting
For device type 1 and 2a the RAN1#116 agreement reads:
•	Antenna could be either shared or separate for RF energy harvester (if present) and receiver/transmitter.

Devices introducing D2R backscatter transmission via antenna reflection coefficient modulation need to be in matched antenna state during sleep for initial carrier wave RF harvesting. Once charged adequately for waking up and after receiving the R2D signal the carrier wave signal reflection modulation is initiated, in turn producing the D2R backscatter signal. This is depicted in Figure 1 for Ambient IoT devices producing either OOK or BPSK modulated D2R backscatter signals.
It is evident from Figure 1 that while the OOK modulating device may continue to harvest RF energy during D2R backscatter modulation, harvesting whenever the antenna is in matched state, i.e., ~50% of the time. Conversely, the BPSK modulating device may not harvest RF energy while transmitting the D2R backscatter signal. On the positive side BPSK modulation has twice the energy of the OOK D2R signal, hence it promises extended reading range.    
[image: A line of numbers and lines
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[bookmark: _Ref162463259]Figure 1: Sketch of Ambient IoT device OOK and BPSK D2R backscatter modulation. 
In the following two subsections some example antenna designs supporting parallel D2R backscatter communication and RF energy harvesting are presented. 
Dual isolated antenna for comms and energy harvesting
To enable continuation of Ambient IoT device RF energy harvesting on the externally applied carrier wave signal while performing D2R backscatter modulation a small formfactor dual isolated Ambient IoT device antenna design as exemplified in Figure 2 may be considered. Both antenna elements are tuned to carrier wave frequency. The backscatter modulation is applied to the first antenna element and may be either BPSK or OOK modulation. The second antenna element is maintained in matched condition connect to the RF energy harvesting circuitry. The obtainable isolation between the two antenna elements is in the range of 50dB which is adequate for upholding efficient RF energy harvesting while toggling the antenna load of the modulated antenna element.      
[image: Diagram of a diagram of a power supply system
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[bookmark: _Ref162364075]Figure 2: Dual isolated antenna Ambient IoT device enabling parallel RF energy harvesting and D2R backscatter modulation. 

[bookmark: Observation66548]Observation 1: It is feasible to consider small form factor Ambient IoT devices with carrier wave RF energy harvesting in parallel with D2R backscatter modulation.
Single resonance antenna for comms and energy harvesting
For deployment scenarios offering separate carrier wave frequencies for D2R backscatter and for RF energy harvesting an Ambient IoT device single resonance antenna design may be used to enable parallel D2R backscatter and RF energy harvesting. This is depicted in Figure 3 with the antenna designed for and matched at a first frequency used for RF energy harvesting while D2R BPSK backscatter modulation is enabled in parallel using a switched open stub to produce a 180deg phase shift at a second frequency for which the antenna is fully reflective. The BSPK modulation at the second frequency is high impedance and thus will not impact the RF harvesting match at the first frequency.
As also indicated in Figure 3 if only one RF carrier wave is available at the first frequency the design may revert to OOK D2R modulation on this carrier wave by toggling the switch at the rectifier input instead of the BPSK switch. This may be via static pre-deployment Ambient IoT device configuration or may be a configuration option carried by an R2D signal indication.
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[bookmark: _Ref162430929]Figure 3: Ambient-IoT device with switched open stub design supporting energy harvesting and BPSK D2R modulation for dual frequency carrier wave or OOK D2R modulation for single frequency carrier wave signal. 

[bookmark: Observation66549]Observation 2: For dual RF carrier wave applications it is feasible to design Ambient IoT devices for RF energy harvesting in parallel with D2R backscatter modulation using a single resonance antenna design. 
Receiver BPF requirement for selectivity & RF-ED
For device type 1 and 2a the RAN1#116 agreement reads:
	· 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.




For successful R2D signal reception at the Ambient IoT device the receiver needs to be powered up when the R2D signal arrives, and reception must be at adequate SINR conditions. As an example, an event diagram for a CW transmission Case 2-3 is depicted in Figure 4. In this scenario the R2D signal is transmitted in the FDD UL spectrum and the D2R signal is backscatter modulated by the Ambient IoT device without frequency shift onto a carrier wave transmitted by a CW node in the DL spectrum.
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[bookmark: _Ref162445308]Figure 4: Event diagram example for agreed priority CW transmission Case 2-3. 
In between R2D activation events it is assumed that the Ambient IoT device default is fully powered down with no state preservation and with the antenna in match condition thereby enabling receiver wake up by RF power detection. The receiver may wake up by detecting the power of the R2D signal and/or the CW signal.   
As discussed in section 10.1 the RF power level threshold for triggering Ambient IoT RF energy harvesting and/or receiver power up may be higher than the receiver R2D sensitivity level. This is indicated by a Delta X dB in Figure 4.  For cases with separate CW node like for case 2-3 it therefore makes sense that the CW node carrier wave is used for both Ambient IoT receiver power up prior to R2D signal reception and for D2R backscatter carrier wave as shown in Figure 4. 
If the carrier wave is enabled while the Ambient IoT device is receiving the R2D signal the SINR is poor, and the carrier wave may completely drown the R2D signal if the CW node is located very close to the ambient IoT device.
With reference to Figure 5 two solutions exist: 
· Filtering: The Ambient IoT signal receiver has adequate frequency selectivity to attenuate the carrier wave and/or any other radio signal within the bandwidth of the Ambient IoT device antenna.
· Timing: Per system design it is ensured that the carrier wave and any other radio signal within the bandwidth of the Ambient IoT device antenna is not active while the R2D signal is being transmitted.
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[bookmark: _Ref162965395]Figure 5: Ambient IoT device function block diagrams for signals separated by timing or by filtering.  
If relying purely on separation in time the Ambient IoT device may experience false receiver power up triggered by any radio RF signal above a power threshold and as such some bandpass filtering even in the RF power detection path may be considered. 
If the R2D signal is implemented in a similar way as the 3GPP low power wake up signal (WUS) [2] then the R2D signal may be transmitted at certain PRBs protected by a guard band towards normal NR traffic. The size of the guard band dictates required filter attenuation and RF filters with steep attenuation profile are costly and if not tunable inflexible for support of different R2D signal frequencies. As such by considering IF or Zero-IF ED receiver rather than RF ED the selectivity filtering may be less costly, and the device may be more flexible supporting multiple bands and frequencies. 
[bookmark: Proposal47043]Proposal 1: Consider the conclusions and recommendations from the 3GPP WUS/WUR study [2]  for similarity and applicability also for the Ambient IoT D2R signal and Ambient IoT device receiver design. 
[bookmark: Proposal47044]Proposal 2: For Ambient IoT device implementations with D2R receiver power up via RF power detector some level of frequency selectivity in the RF power detector path should be considered to minimize false receiver power up occurrences triggered by random radio signals.
[bookmark: Proposal47045]Proposal 3: The carrier wave signal to be under network control and synchronized with the D2R signal generation to enable interference avoidance by timing and associated simple low cost ambient IoT device implementation. 

Memory for temporary information preservation
For device type 1 and 2a the RAN1#116 agreement reads:
	· 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.





Based on each Ambient IoT device type’s capabilities, different memory blocks may be included. A form of non-volatile memory will be necessary for all device types to at least store the device ID and device type. Registers can hold temporary information related to the ongoing session but to conserve energy in the energy storage block, the contents would not be preserved during power down by default. An exception would be if the network session control instructs to do so, via R2D configuration. In that case, the device may enter a "sleep” mode that preserves a subset of the register contents before it wakes up again e.g. by an on-device timer event. This can be advantageous for time-deferred Ambient IoT device transmission for interference or contention avoidance. Following that operation, the device can power-down, which will erase contents of the registers.
[bookmark: Proposal47046]Proposal 4: For lowest device power consumption it is proposed for the Ambient IoT device to default power fully down (no state preservation assumed) unless instructed otherwise by the R2D activation configuration.

Support for different types of backscatter modulation
For device type 1 and 2a the RAN1#116 agreement reads:
	· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics. Waveform/Modulation type is FFS.





An Ambient IoT device may support e.g. BPSK modulation or OOK modulation for D2R signalling. In certain cases, it may be advantageous to support more modulation types on an Ambient IoT device and be able to switch between them depending on the energy level and link quality situation. For example, a type 2 device can switch to OOK modulation to support simultaneous D2R communication and R2D/CW2D RF energy harvesting. However, BPSK offers increased SNR at the reader, and therefore the reader may request the Ambient IoT device to switch to BPSK modulation via R2D configuration.
[bookmark: Proposal47047]Proposal 5: For type 2 ambient IoT devices, support for more than one D2R modulation type should be considered for dynamic optimization of CW2D/R2D harvesting and R2D signal SNR benefits. The D2R modulation type can be configured via R2D signalling.

Reflection amplifier stability
For device type 2a the RAN1#116 agreement reads:
	· 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.




 
An Ambient IoT device can increase D2R signal SNR by utilizing a low-power reflection amplifier, which can be implemented as a single-port, sub-biased oscillator. One practical issue with reflection amplifiers is stability (see section 4 of Ref [4] of a practically implemented reflection amplifier). When a high-power incident RF signal is present, the reflection amplifier can become unstable and start oscillating, which will result in undesired interference, compromising the Ambient IoT device data reception at the reader and potentially violate spurious emission requirements.
The Ambient IoT device can incorporate reflection amplifier control that allows turning reflection gain on/off or increasing/reducing the bias level, based on R2D configuration signalling. When the reader detects a device that has been driven to oscillation (e.g. the device self-oscillates and radiates the oscillation signal even without R2D or CW2D carrier), it may request the Ambient IoT device to fall back to passive backscatter mode, i.e. turn off the reflection gain. The Ambient IoT device should incorporate mechanism to follow the R2D request, e.g. see Figure 6 where switch SW1 controls the amplifier bias and SW2 isolates the amplifier from the modulator, allowing passive backscatter modulation. Additionally, the reader may detect an unstable amplifier by assessing the SINR of the D2R signal; an oscillating amplifier will create self-interference/distortion to the backscatter waveform, even when the received signal strength at the reader is high. In these cases, the reader may elect to periodically adjust the activation signal transmit power level to detect and prevent reflection amplifier instabilities. The devices then may adjust the amplifier bias level (e.g. low/mid/high) based on reader R2D request.
[image: A diagram of a power system
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[bookmark: _Ref163035793]Figure 6. Device block diagram for reflection amplifier oscillation detection and passive backscatter fallback.

[bookmark: Proposal47048]Proposal 6: For type 2a Ambient IoT devices with reflection amplifier block, it is proposed to include mechanisms that allow for reflection gain activation, deactivation, gain selection, and passive backscatter fallback, to prevent D2R signal distortion or interference from instable reflection amplifier operation.

Receiver LNA
For device type 2a the RAN1#116 agreement reads:
	· Reception related blocks
· 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.




Type 2 Ambient IoT devices can amplify the received signal for increasing R2D range (also see section 11.1). This may be accomplished in two ways as shown in Figure 7.



[image: A diagram of a communication system
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[bookmark: _Ref162760839]Figure 7. R2D receive amplification options.

1) The device may include an LNA before an envelope detection block. This amplifier operates directly at the incoming RF signal and provides low noise figure. Depending on R2D signaling, bandpass filtering may be required before the LNA, which may degrade the overall achieved noise figure.
2) The device may include a baseband amplifier (e.g. op-amp) after the envelope detector. There is no noise figure improvement, however this offers the advantage of utilizing the full scale of analog-to-digital converter (dynamic range enhancement), and can serve as a lower power solution, since the amplifier needs to only operate at baseband rate (few kHz/ hundreds of kHz)

[bookmark: Proposal47049]Proposal 7: Analyze if the Ambient IoT device should include RF and/or baseband amplification for the R2D reception blocks, considering total noise figure, sensitivity, and power consumption.
Small frequency shifter
For device type 2a the RAN1#116 agreement reads:
	· Transmission related blocks
· 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).





A large frequency shifter block has been added for further study, which is beneficial for duplexing operations (e.g. R2D activation in FDD UL and D2R backscattering in FDD DL). However, it is not so clear if a small frequency shifter is assumed to be in scope for the study as well. A small frequency shifter (e.g. up to 100 kHz) would be beneficial for interference mitigation between the D2R and R2D/CW2D signals. 
Additionally, the study does not specify if frequency shifted backscattering would be double sideband (DSB) or single sideband (SSB). Double sideband D2R signals can provide SNR advantage, while single sideband can limit the utilized spectrum. Backscatter operation is inherently DSB, since it operates as over-the-air mixing at the passband (i.e. multiplication of baseband D2R signal with over-the-air carrier). SSB modulation can be achieved with higher hardware complexity if required.
[bookmark: Proposal47050]Proposal 8: Clarify availability of small frequency shift (e.g. up to 100kHz) for interference mitigation in addition to large frequency shift.
[bookmark: Proposal47051]Proposal 9: Study the options of DSB and SSB frequency shifting, including SNR aspects, spectrum occupancy, and device complexity to perform SSB backscatter modulation.

Additional device capability considerations

[bookmark: _Ref162445584]Power-up threshold and receiver sensitivity distinction
In the passive RFID tag specifications, the term “sensitivity” is typically used to denote the RF power incident at the tag to power up for a read or a write operation (often the threshold for reading and writing are different). Sensitivity is RF harvester-limited in RFID tags, and not RFID tag receiver limited.
However, for Ambient IoT devices that include both an RF energy harvester and a reception block, there shall be distinct terms for the device power up via RF energy harvesting and for the receiver operation. The Ambient IoT device reception block may include gain and can therefore decode R2D transmissions from further distance once the reception block is powered up.
For example, a Type 2 Ambient IoT device with -45 dBm receiver sensitivity can be activated by an R2D signal from 50 m away (in path loss exponent = 2.5 environment), provided that it is powered on and utilizing energy from its energy storage to support the operation. However, the same device, if solely relying on RF harvesting to power up (e.g. requiring at least -25 dBm), would be harvester-limited and therefore would be activated from only 7.9 m away. Conversely, Type 1 devices that do not employ receiver gain and energy storage will always be limited to the harvester power-up threshold for device activation.
The above suggest that activation distance should be decoupled from the RF harvesting / RF triggered power-up distance with terms that would be applicable to all device types.
[bookmark: Observation66550]Observation 3: For lowest power consumption an Ambient IoT receiver cannot be always powered up for R2D monitoring. As such Ambient IoT receiver power up may be triggered by RF power detection which may have a higher power threshold than what is required for subsequent reception and decoding of R2D payload data. 
[bookmark: Proposal47052]Proposal 10: Distinguish/separate definitions of device power-up threshold and receiver sensitivity in the RAN1 study. 

Conclusion
In this contribution, we have made the following observations and proposals related to Ambient IoT: 
Observation 1: It is feasible to consider small form factor Ambient IoT devices with carrier wave RF energy harvesting in parallel with D2R backscatter modulation.
Observation 2: For dual RF carrier wave applications it is feasible to design Ambient IoT devices for RF energy harvesting in parallel with D2R backscatter modulation using a single resonance antenna design. 
Proposal 1: Consider the conclusions and recommendations from the 3GPP WUS/WUR study [2]  for similarity and applicability also for the Ambient IoT D2R signal and Ambient IoT device receiver design. 
Proposal 2: For Ambient IoT device implementations with D2R receiver power up via RF power detector some level of frequency selectivity in the RF power detector path should be considered to minimize false receiver power up occurrences triggered by random radio signals.
Proposal 3: The carrier wave signal to be under network control and synchronized with the D2R signal generation to enable interference avoidance by timing and associated simple low cost ambient IoT device implementation. 
Proposal 4: For lowest device power consumption it is proposed for the Ambient IoT device to default power fully down (no state preservation assumed) unless instructed otherwise by the R2D activation configuration.
Proposal 5: For type 2 ambient IoT devices, support for more than one D2R modulation type should be considered for dynamic optimization of CW2D/R2D harvesting and R2D signal SNR benefits. The D2R modulation type can be configured via R2D signalling.
Proposal 6: For type 2a Ambient IoT devices with reflection amplifier block, it is proposed to include mechanisms that allow for reflection gain activation, deactivation, gain selection, and passive backscatter fallback, to prevent D2R signal distortion or interference from instable reflection amplifier operation.
Proposal 7: Analyze if the Ambient IoT device should include RF and/or baseband amplification for the R2D reception blocks, considering total noise figure, sensitivity, and power consumption.
Proposal 8: Clarify availability of small frequency shift (e.g. up to 100kHz) for interference mitigation in addition to large frequency shift.
Proposal 9: Study the options of DSB and SSB frequency shifting, including SNR aspects, spectrum occupancy, and device complexity to perform SSB backscatter modulation.
Observation 3: For lowest power consumption an Ambient IoT receiver cannot be always powered up for R2D monitoring. As such Ambient IoT receiver power up may be triggered by RF power detection which may have a higher power threshold than what is required for subsequent reception and decoding of R2D payload data. 
Proposal 10: Distinguish/separate definitions of device power-up threshold and receiver sensitivity in the RAN1 study. 
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