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1. Introduction
[bookmark: _Hlk510705081]In last RAN1 #116 and #116-bis meetings [1, 2], the following agreements were made for Ambient IoT device architectures as follows. Some issues remaining to be further studied:
	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.
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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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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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2. Discussion
Our contribution discusses the remaining aspects of the proposed architectures of device type-2b as per the agreement in the last RAN1 #116-bis meeting. 
2.1 Architecture for Device 2b
The design architecture of Device 2b has greater flexibility due to the higher power consumption and complexity compared to Device type 1 and 2a. 
In the last RAN1 #116-bis meeting, the following proposal on device 2b architectures was discussed with no consensus.
	FL Proposal 8.1: Study the impact of modulation/waveforms choices (OOK, PSK, FSK, etc) on device architecture considering following aspects.
· Tx signal generation schemes (backscatter/active generation)
· Hardware complexity/cost in RF/BB, e.g., # of branches, switches, LO, etc
· Power consumption characteristics
· Modulation factor (or reflection loss)
· Link (BER) performance (Note: detailed study to be done in 9.4.2.1)

FL Proposal 6.1: Companies to report feasible receiver sensitivity and device power consumption of device 1, device 2a, and device 2b with assumptions.

	Device
	Receiver architecture
	Additional assumptions made
	Receiver Sensitivity value (dBm)
	Device Power consumption (uW)

	Device 1
	RF-ED
	
	
	

	Device 2a
	RF-ED
	
	
	

	Device 2b
	RF-ED
	
	
	

	Device 2b
	IF
	
	
	

	Device 2b
	ZIF
	
	
	

	…
	…
	
	
	



FL Proposal 15.1 Device 1, 2a, and 2b have following clock error.
	
	Device 1
	Device 2a
	Device 2b

	Initial sampling clock error
	10^4 ~ 10^5 ppm
	10^4 ~ 10^5 ppm
	10^3 ~ 10^4 ppm

	Post-sync error for carrier frequency
	FFS
	[20, 50, 200]ppm
	[20, 50, 200]ppm






The sensitivity of device type 1 is affected by design factors such as rectifier design, the required voltage level for the comparator in RF-ED, etc. Based on survey results[3], we suggest using -35dBm as the sensitivity of device type 1. 

Observation 1: RF-ED-based receiver architecture of device type 1 has a receiver sensitivity of ~ -35dBm.

Three types of device architecture have been agreed in the last RAN1 #116-bis, which include device 2b with RF-ED receiver, device 2b with IF receiver, and device 2b with zero-IF receiver.
The active device 2b, with an RF envelope detection-based receiver containing energy storage, can have LNA to increase the receiver sensitivity and coverage by amplifying weak signals and reducing noise. The additional components, such as BB AMP and BB LPF, can improve the sensitivity of the device by amplifying and further filtering the signal after the ED, while 1 or N-bit ADC can be used for the BB processing. Compared to the other RF-ED-based architecture, this additional component improves the sensitivity of the receiver; however, it increases the power consumption.  
The device type 2b with zero-IF based architecture replaces the RF envelope detection stage with mixer and LO. This type of receiver demodulates the received RF signal to baseband using a LO and a mixer and the rest of the processing is carried out in baseband. The power consumption is higher compared to the RF-ED-based architecture; however, it is much lower compared to the heterodyne architecture with IF-ED, since in zero-IF architecture, there is no IF stage. The lack of the IF stage is noticed with reduced interference resiliency and sensitivity; accordingly, the DC offset and flicker noise also affect the detection performance [4]. The sensitivity of such receivers can vary from -50dBm to -80dBm respectively [5].
Observation 2: Zero-IF based receiver architecture of device 2b has receiver sensitivity range of ~ -50dBm to -80dBm.
Observation 3: For Zero-IF based receiver architecture, the noise level is increased when received signal is processed in baseband compared to IF or RF.

For mixer-based receivers such as device 2b with IF-ED, which requires higher power consumption since it has IF-based ED and amplifier [3]. The receiver sensitivity of such devices in the range -40dBm ~ -70dBm. 
Observation 4: Device 2b with IF-ED based architecture has the receiver sensitivity of ~ -70dBm.
Table 1 captures the receiver sensitivity of different device types.
Table 1: Receiver sensitivity of different receiver architecture of devices
	Device
	Receiver architecture
	Receiver Sensitivity value (dBm)

	Device 1
	RF-ED
	~ -35dBm

	Device 2a
	RF-ED
	~ -50dBm

	Device 2b
	RF-ED
	~ -55dBm

	Device 2b
	IF
	~ -70dBm

	Device 2b
	ZIF
	~ -80dBm



Table 2  captures  power consumption of each component of the devices.
Table 2: Power consumption for the devices
	[bookmark: _Hlk165564712]Device
	1
	2a
	2b

	
	
	ED
	
	IF-ED
	RF-ED
	Zero-IF

	
	Component
	Power Consumption [µW]
	Component
	Power Consumption [µW]
	Component
	Power Consumption [µW]
	Component
	Power Consumption [µW]
	Component
	Power Consumption [µW]

	Rx
	ED
	≤ 2
	ED
	2
	ED
	2
	ED
	2
	RF BPF
	5

	
	RF BPF
	≤ 3
	RF BPF
	3
	Mixer+LO
	110
	RF LNA
	75
	LNA
	75

	
	Comparator/ADC
	≤1
	Comparator/ADC
	1-2
	Comparator/ADC
	6
	Comparator/ADC
	6
	Mixer+LO
	110

	
	BB LPF
	≤ 3
	Digital Processing
	20
	Digital Processing
	20
	Digital Processing
	20
	BB AMP
	10

	
	Clock
	0.1-1
	Clock
	0.1-1
	IF AMP+LPF
	20
	RF BPF
	5
	BB LPF
	5

	
	NV-Memory
	1.5-3
	NV-Memory
	1.5-3
	NV-Memory
	1.5-3
	BB AMP
	10
	Comparator/ADC
	6

	
	V-Memory
	0.1
	V-Memory
	0.1
	V-Memory
	0.1
	BB LPF
	5
	Digital Processing
	20

	
	
	
	RF LNA
	40
	RF LNA
	75
	NV-Memory
	1.5-3
	NV-Memory
	1.5-3

	
	
	
	BB AMP
	10
	BB LPF
	10
	V-Memory
	0.1
	V-Memory
	0.1

	
	
	
	BB LPF
	3
	RF BPF
	5
	Clock
	1
	Clock
	0.1-1

	
	
	
	
	
	Clock
	1
	
	
	
	

	
	Total
	~5-7
	Total
	~80
	Total
	~250
	Total
	~150
	Total
	~250

	Tx
	Digital Encoder
	1e-3
	Digital Encoder
	1e-3
	PA
	100-300
	PA
	100-300
	PA
	100-300

	
	Clock
	0.1-1
	Ring Oscillator
	20
	Mixer+LO
	110
	Mixer+LO
	110
	Mixer+LO
	110

	
	Modulator
	1
	RA
	100
	DAC
	10
	DAC
	10
	LPF
	5

	
	
	
	
	
	Modulator
	1(OOK/BPSK)
10-100(FSK)
	Modulator
	1(OOK/BPSK)
10-100(FSK)
	DAC
	10

	
	NV-Memory
	1.5-3
	Digital Processing
	20
	Digital processing
	20
	Digital processing
	20
	Modulator
	1

	
	V-Memory
	0.1
	NV-Memory
	1.5-3
	NV-Memory
	1.5-3
	NV-Memory
	1.5-3
	Digital processing
	20

	
	
	
	V-Memory
	0.1
	V-Memory
	0.1
	V-Memory
	0.1
	NV-Memory
	1.5-3

	
	
	
	
	
	
	
	
	
	V-Memory
	0.1

	
	Total
	~3/6.2
	Total
	~145
	Total
	~300-500
	Total
	~300-500
	Total
	~250-450

	Number of antennas
	2 antennas: 
1 Rx, 1 Tx/Harvesting

	-
	1 Tx/Rx
	-
	1 Tx/Rx
	-
	
	
	
	



Observation 5: The power consumption of the transmitter chain of device type 2b is considerably higher compared to the backscattering transmitters of device type 2a.
[bookmark: _Toc163244564]Observation 6: For Device 2b, the power consumption of Tx circuitry is in the range of ~300-500 μW, and the power consumption of Rx circuitry is in the range of ~150-250 μW. 
Observation 7: The advantage of processing the received signal in RF-ED instead of IF-ED could be bandpass filtering and amplification with lower power consumption.
Proposal 1: Capture the power consumption for each component of ambient IoT devices in Table 2 in TR.
Proposal 2: FSK should not be considered for device 1/2a because of the larger power consumption compared to OOK.

[SFO drift related stuff]
3. Conclusion
This paper provides the following observations and proposals:
Observation 1: RF-ED-based receiver architecture of device type 1 has a receiver sensitivity of ~ -35dBm.

Observation 2: Zero-IF based receiver architecture of device 2b has a receiver sensitivity range of ~ -50dBm to -80dBm.

Observation 3: For Zero-IF based receiver architecture, the noise level is increased when the received signal is processed in the baseband compared to IF or RF.

Observation 4: Device 2b with IF-ED based architecture has the a receiver sensitivity of ~ -70dBm.
Observation 5: The power consumption of the transmitter chain of device type 2b is considerably higher compared to the backscattering transmitters of device type 2a.
Observation 6: For Device 2b, the power consumption of Tx circuitry is in the range of ~300-500 μW, and the power consumption Rx circuitry is in range of ~150-250 μW. 
Observation 7: The advantage of processing the received signal in RF-ED instead of IF-ED could be bandpass filtering and amplification with lower power consumption.
Proposal 1: Capture the power consumption for each component of ambient IoT devices in Table 2 in TR.
Proposal 2: FSK should not be considered for device 1/2a because of the larger power consumption compared to OOK.
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