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[bookmark: _Hlk162631998]During the RAN1#116-bis meeting, RAN1 reached several agreements on the different architecture variants of Device 2b. For Device 2a, RAN1 agreed to further study reflection amplifier and the feasibility of large frequency shift supporting FDD operation. In this contribution, we study and present our views about the feasibility of large frequency shift and reflection amplifier for Device 2a. 
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Energy harvesting
During the RAN#103 meeting, RAN made an agreement concerning energy harvesting [1]:
	Proposal 2
· Confirm that study of design of energy harvesting signal/waveform is out of SI scope in Rel-19
· The potential impact of energy harvesting on device availability for transmission and reception procedures can be considered for the study
· One device’s charging by energy harvesting can be assumed up to several tens of seconds
· Note: this value can be revisited in future RAN plenary meetings, if necessary
· TR 38.848 clause 5.6 statement on latency remains the case with respect to a single device, i.e.: “NOTE: The time for charging the Ambient IoT device storage (if present) is not included in the latency defined above. Time for energy harvesting, charging, etc. is regarded as an implementation issue only.”
· No SID revision is necessary



Observation 1: In the RAN agreement, the study of design of energy harvesting signal/waveform is out of SI scope in Rel-19. 
Based on Observation 1, the design of energy harvesting signal/waveform for Device 1, Device 2a, and Device 2b will not be further discussed in RAN1 even though architecture diagrams for these devices include energy harvesting modules. 
Proposal 1: RAN1 should not further discuss technical design of energy harvesting signal/waveform for Device 1, Device 2a, and Device 2b.
The RAN agreement indicates that both RAN1 and RAN2 can consider studying the impact of EH on device availability for transmission and reception procedures. The RAN1 discussion for these transmission and reception procedures is in Agenda 9.4.2.2. Several contributions in that agenda item consider monitoring the R2D preamble sync as part of the procedure [8]. For this agenda, we can consider updating the description of the architectural diagrams to include preamble detection.

Device 2a
Large frequency shift
During the RAN1#116 meeting, RAN1 agreed on the architecture for Device 2a [2].
	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 regard to the “Large Frequency Shifter” block in the above diagram for Device 2a, RAN1 made the following agreement:
	Agreement
Further study the feasibility of large frequency shift (large FS, i.e. between DL/UL spectrum of an FDD band) for device 2a considering at least following aspects.
· Power consumption characteristics
· Frequency shift range and granularity
· Image suppression or SSB backscatter for large FS
· IF carrier frequency accuracy
· Harmonics suppression
Note: the necessity (including applicable potential scenarios) of large FS can still be discussed in other agendas of the SI



 
The frequency shift range is determined by the duplex spacing separating the downlink and uplink spectra of a particular FDD operating band. For the Ambient IoT technology, NR FDD operating bands located in the lower frequency are preferred over the higher ones (e.g., below 2 GHz). 
Figure 1 shows an example of an NR FDD operating band, which is NR n8. The duplex spacing is 10 MHz.  The downlink and uplink spectra are used for R2D and D2R transmission, respectively. The CW is also transmitted using a channel frequency in the downlink spectrum, which needs to be downshifted to an uplink channel frequency by the large frequency shifter in Device 2a. 

[image: ]
Figure 1: NR FR1 FDD operating band n8

Assuming the entire n8 operating band is licensed to a single mobile network operator which in turn assigns the whole downlink and uplink spectra for the Ambient IoT technology. The frequency shift range, which needs to be supported by Device 2a is defined by the maximum and minimum frequency shift. 
The maximum frequency shift is 80 MHz = 960 MHz – 880 MHz; and 
The minimum frequency shift is 10 MHz = 925 MHz – 915 MHz. 
In general, the maximum frequency shift is smaller than 80 MHz if the n8 operating band is divided into a number of orthogonal frequency blocks, where each block is licensed to a different mobile network operator. In conclusion, the frequency shift range depends on the NR FDD operating band used for Ambient IoT. For below 2 GHz operating bands, such a frequency shift range is from a few megahertz to several tens of megahertz for below 2 GHz operating bands.   
Observation 2: For Device 2a, the frequency shift range depends on the NR FDD operating band, ranging from a few megahertz to several tens of megahertz.
Observation 3: For Device 2a, the minimum frequency shift is determined by the FDD duplex spacing.
Assuming frequency-domain multiple access of D2R transmission, the D2R system bandwidth  is divided into a number of orthogonal RF physical channels, each with spacing  (i.e., the D2R occupied bandwidth), as shown in Figure 2. The CW is downshifted to one of the D2R RF channels by the large frequency shifter. The frequency shift granularity is determined by the D2R occupied bandwidth  
[image: ]
 	Figure 2: D2R RF channels

Observation 4: For Device 2a, the frequency shift granularity is determined by the D2R occupied bandwidth in the case of frequency-domain multiple access. 
A frequency shift can be achieved by multiplying the CW waveform by a square wave generated by Device 2a. When the frequency of the CW is  and the square wave frequency of Device 2a is , a frequency-downshifted and -upshifted versions of the backscatter signal are generated. The center frequency of the frequency-downshifted and -upshifted versions is  and , respectively. Depending on the FDD operating band, either the frequency-downshifted or -upshifted version is the desired backscatter signal. For the n8 operating band, the frequency-downshifted version is the desired backscatter signal, and the frequency-upshifted version is considered as an unwanted backscatter signal, which may cause interference to other adjacent NR operating bands. As such, Device 2a should eliminate the unwanted version of the backscatter signal. 
There are many techniques which can be used to suppress the unwanted backscatter signal produced by the large frequency shifter; however, it is not the intention of this contribution to provide an exhaustive evaluation of the techniques. Figure 3 illustrates one technique to suppress the unwanted backscatter signal (or image). The square wave generator generates a square waveform at frequency  Hz in order to downshift the backscatter signal to the intended frequency. The square waveform is divided into two branches. In the first branch, the square wave is directly fed into the backscatter modulator without any delay, while in the second branch, the square wave is delayed by  seconds (corresponding to  phase shift) relative to the square wave in the first branch. The output signal of the backscatter modulator in the second branch is further delayed by -phase shift before it is added to the backscatter signal in the first branch. Upon the addition, the undesired backscatter signal component (or image), e.g., at center frequency  is suppressed.       
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Figure 3: A Block diagram of large frequency shift with unwanted backscatter (or image) suppression

Several articles, e.g., [4][5][6], describe an implementation of a ring oscillator which can used to generate square waves for large frequency shifting. The power consumption of such a ring oscillator ranges from several nW to tens of W. The resolution of such a ring oscillator is in the order of several kHz. Further, [4] outlines their implementation of the large frequency shifter block with the image suppression (as depicted in Figure 3) consumes about 28 W. 
Observation 5: For Device 2a, the power consumption of a large frequency shifter with undesired backscatter signal (or image) suppression is in the order of tens of W. 
The product of the CW and the square wave to achieve large frequency shift produces harmonics which are integral multiples of  and . The square waveform  at frequency  can be represented using Fourier series as 

where .
It can be observed from the above equation, the amplitude of higher order harmonics is reduced by a factor of  compared to the first harmonic. For example, the power of the third harmonic is 9.5 dB lower than the first harmonic and the fifth harmonic is 14 dB lower than the first harmonic. Thus, it might not be necessary to eliminate harmonics higher than, e.g., the fifth harmonic since the backscatter power is relatively low.  
Observation 6: The amplitude of harmonics is reduced by a factor of  compared to the first harmonic. 
Observation 7: Based on Observation 6, it is not necessary to eliminate harmonics higher than, e.g., the fifth harmonic. 
Observation 8: For Device 2a, large frequency shift in supporting FDD is feasible for Device 2a.
Based on our observations, large frequency shift is feasible in Device 2a, enabling FDD operation.
Proposal 2: For Device 2a, support large frequency shift for the FDD operation.

Reflection amplifier
During the RAN1#116-bis meeting, RAN1 reached an agreement to further study reflection amplifier for Device 2a.
	Agreement
Further study reflection amplifier for Device 2a, considering following aspects:
· Types of reflection amplifier
· Uni-directional/one-way (for D2R)
· Bi-directional/two-way (for both R2D and D2R)
· FFS: switching loss (if applicable)
· One-way Amplification Gain
· E.g. [10, 15, 25] dB
· Considering stability, operating frequency, and power consumption characteristics
· Bandwidth



Referring to [7], a bi-directional reflection amplifier can be formed by combining two identical reflection amplifiers in one branch line coupler structure. Each reflection amplifier is realized using a tunnel diode because they can provide amplification gain with low-power consumption. The configuration of the bi-directional amplifier is shown in Figure 4.  
[image: A diagram of a circuit diagram
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Figure 4: Configuration of the bi-directional amplifier [7]
Based on the measurement results of their bi-directional reflection amplifier in [7], the amplification gain of bi-directional reflection amplifier seems to be lower than the uni-directional reflection amplifier. On the other hand, the bi-directional reflection amplifier does not consume more power than the uni-directional reflection amplifier. 
Observation 9: Amplification gain of bi-directional reflection amplifiers can be lower than uni-directional reflection amplifier.
Based on Observation 9, we recommend adopting the uni-directional reflection amplifier as a baseline.
Proposal 3: For Device 2a, adopt uni-directional reflection amplifier as a baseline.
The amplification gain of uni-directional reflection ranges from around 8 dB up to 30 dB. As such, 10 dB gain can be used as a starting point. 
Proposal 4: For Device 2a, consider 10 dB amplification gain as a starting point for the uni-directional reflection amplifier.   
Since Device 2a operates in the FDD mode, it uses a large frequency shift module to shift the incident CW from a DL frequency to an UL frequency. Thus, the operation bandwidth of the uni-directional reflection amplifier should span the UL spectrum of the NR FDD operating band. Referring to Figure 1 for NR operating band n8, the UL spectrum is 35 MHz. In [7], the bandwidth of such a reflection amplifier operating at 900 MHz is about 100 MHz. 
Observation 10: Bandwidth of uni-directional reflection amplifier is sufficient to support the UL spectrum of NR FDD operating bands.   

Conclusion
This contribution has studied the feasibility of large frequency shift and reflection amplifier for Device 2a. Our observations and recommendations are as follows: 
Observation 1: In the RAN agreement, the study of design of energy harvesting signal/waveform is out of SI scope in Rel-19. 
Proposal 1: RAN1 should not further discuss technical design of energy harvesting signal/waveform for Device 1, Device 2a, and Device 2b.
Observation 2: For Device 2a, the frequency shift range depends on the NR FDD operating band, ranging from a few megahertz to several tens of megahertz.
Observation 3: For Device 2a, the minimum frequency shift is determined by the FDD duplex spacing.
Observation 4: For Device 2a, the frequency shift granularity is determined by the D2R occupied bandwidth in the case of frequency-domain multiple access. 
Observation 5: For Device 2a, the power consumption of a large frequency shifter with undesired backscatter signal (or image) suppression is in the order of tens of W. 
Observation 6: The amplitude of harmonics is reduced by a factor of  compared to the first harmonic. 
Observation 7: Based on Observation 6, it is not necessary to eliminate harmonics higher than, e.g., the fifth harmonic. 
Observation 8: For Device 2a, large frequency shift in supporting FDD is feasible for Device 2a.
Proposal 2: For Device 2a, support large frequency shift for the FDD operation.
Observation 9: Amplification gain of bi-directional reflection amplifiers can be lower than uni-directional reflection amplifier.
Proposal 3: For Device 2a, adopt uni-directional reflection amplifier as a baseline.
Proposal 4: For Device 2a, consider 10 dB amplification gain as a starting point for the uni-directional reflection amplifier.   
Observation 10: Bandwidth of uni-directional reflection amplifier is sufficient to support the UL spectrum of NR FDD operating bands.   
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Appendix A: RAN1#116-bis agreements for Ambient IoT device architecture
Agreement
Study device 2b architecture w/ RF-ED receiver with following blocks.
· 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 for harvesting energy from e.g., RF signal, solar, vibration/movement, temperature difference, etc
· 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).
· 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, if present
· 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
· Tx Modulator: baseband bits are modulated according to modulation scheme. This block could be the part of BB logic.
· Digital to Analog Converter (DAC) converts digital signal to analog signal.
· Low pass filter for filtering out undesired signal
· Mixer performs up converting baseband signal to RF range.
· Local oscillator (LO) for carrier frequency generation
· FFS: PLL/FLL
· FFS: Power amplifier (PA) amplifies tx signal, if present
· Details on transmitter related blocks depends on tx waveform/modulation.
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Agreement
Further study reflection amplifier for Device 2a, considering following aspects:
· Types of reflection amplifier
· Uni-directional/one-way (for D2R)
· Bi-directional/two-way (for both R2D and D2R)
· FFS: switching loss (if applicable)
· One-way Amplification Gain
· E.g. [10, 15, 25] dB
· Considering stability, operating frequency, and power consumption characteristics
· Bandwidth

Agreement
Further study the feasibility of large frequency shift (large FS, i.e. between DL/UL spectrum of an FDD band) for device 2a considering at least following aspects.
· Power consumption characteristics
· Frequency shift range and granularity
· Image suppression or SSB backscatter for large FS
· IF carrier frequency accuracy
· Harmonics suppression
Note: the necessity (including applicable potential scenarios) of large FS can still be discussed in other agendas of the SI

Agreement
Study device 2b architecture with ZIF receiver with following blocks.
· 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 for harvesting energy from e.g., RF signal, solar, vibration/movement, temperature difference, etc
· 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, detector, 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).
· Local oscillator (LO) for generating carrier frequency for Tx and Rx
· FFS: PLL/FLL
· FFS: one LO or separate LOs for Tx and Rx
· 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.
· Mixer down converts RF signal to BB stage. 
· Depending on implementation, there could be one or two mixers for Rx and Tx
· BB amplifier amplifies BB signal
· BB LPF can filter out undesired 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
· Tx Modulator: baseband bits are modulated according to modulation scheme. This block could be the part of BB logic.
· Digital to Analog Converter (DAC) converts digital signal to analog signal.
· Low pass filter for filtering out undesired signal
· Mixer performs up converting baseband signal to RF range.
· FFS: Power amplifier (PA) amplifies tx signal, if present
· Details on transmitter related blocks depends on e.g., waveform/modulation, etc
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Agreement
Study device 2b architecture with IF-ED receiver with following blocks.
· 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 for harvesting energy from e.g., RF signal, solar, vibration/movement, temperature difference, etc
· 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).
· Local oscillator (LO) for generating carrier frequency for Tx, or for generating carrier frequency offset by the IF for Rx
· FFS: PLL/FLL
· FFS: one LO or separate LOs for Tx and Rx
· 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, if present
· Mixer down converts RF signal to IF stage. 
· Depending on implementation, there could be one or two mixers for Rx and Tx
· IF amplifier amplifies IF signal
· IF filter for filtering out unwanted RF and LO signals
· IF envelope detector (IF-ED) detects envelope from IF signal.
· BB amplifier
· Depending on implementation, one or both of IF amplifier and BB amplifier may exist.
· 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
· Note: image rejection is required
· Transmission related blocks
· Tx Modulator: baseband bits are modulated according to modulation scheme. This block could be the part of BB logic.
· Digital to Analog Converter (DAC) converts digital signal to analog signal.
· Low pass filter for filtering out undesired signal
· Mixer performs up converting baseband signal to RF range.
· FFS: Power amplifier (PA) amplifies tx signal, if present
· Details on transmitter related blocks depends on e.g., waveform/modulation, etc
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Appendix B: RAN1#116 agreements for Ambient IoT device architecture
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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