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Introduction
In RAN1#116, we had discussed the architecture blocks of A-IoT Device 1 and Device 2a with RF envelope detection receiver. In this contribution, we will further discuss the remaining aspects related to the device architecture of ambient IoT.
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Potential architectures for Ambient-IoT
For convenience, the new terminologies for the devices with different capabilities were defined in the last meeting, and the agreement is given below [1]:
	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.




Architectures for Device 1
In RAN1#116, the architecture of Device 1 had been discussed, and the following agreement was achieved [1].
	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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Regarding the reception related blocks, RF BPF and BB LPF can be used depending on implementation according to the above agreement. From our point of view, high-Q RF BPF may be hard to adopt in Device 1 because of the complexity and cost. Compared with high-Q RF BPF, BB LPF is a more achievable method for improving the frequency selective performance in the baseband.
Regarding the waveform and modulation of D2R transmission, at least the OOK modulator should be supported considering the complexity. Others, i.e., FSK and PSK, can be further studied and evaluated in Agenda 9.4.2.1.
Proposal 1: From device architecture complexity perspective, at least the OOK modulator should be considered for Device 1.

Architectures for Device 2
Compared with Device 1, Device 2 has greater flexibility in component selection and architecture design due to the large power consumption budget. For some kinds of components used in Device 2, e.g., envelope detector, comparator/ADC, and clock circuit, the advanced components can be chosen and better performance could be obtained. 
Proposal 2: The advanced blocks/components (e.g., envelope detector, comparator/ADC, and clock circuit) with better performance can be considered in Device 2 compared with Device 1.
Architectures for Device 2a
In RAN1#116, the following agreement about the device architecture of Device 2a with RF envelope detection receiver was made [1].
	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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Obviously, compared with Device 1, the amplifier can be introduced to Device 2a for improving the coverage, e.g., LNA and reflection amplifier. Specifically, for the reception, the conventional LNA could be reused in Device 2a with ~75uW power consumption. Regarding the transmission, the reflection amplifier may be a good choice. It is worth noting that, the circuit implementation of the reflection amplifier affects the power consumption of the reflection amplifier. Usually, tunnel diode based reflection amplifier has tens µW power consumption [4-10] and transistor-based reflection amplifier has hundreds µW power consumption [11, 12]. Hence, the implementation of the reflection amplifier can be further determined according to the power consumption requirements and sensitivity requirements.
Proposal 3: LNA and reflection amplifier can be used respectively in the receiver and transmitter branch of Device 2a.
In addition to the architecture with the RF ED receiver, the device architectures with Zero-IF and IF receivers can be considered as well. According to Table 1, it can be found that the power consumption of the Zero-IF ED receiver is within a few hundred µW, and its detection performance is better than the RF ED. The IF ED receiver has a larger power consumption of close to 1mW. If the power consumption of the transmitter of the ambient IoT device is taken into account, the total power consumption of the ambient IoT device with RF ED or Zero-IF ED receiver may meet a few hundred µW requirements, but the ambient IoT device with IF ED receiver may not. Hence, whether to use the IF ED receiver in ambient IoT devices should be further studied.
Table 1 Power consumption and sensitivity of LP-WUR [3]
	Receiver
	RF ED
	Zero-IF ED
	IF ED

	Power consumption
	<10 µW
	300-600µW
	<1000µW; > Zero-IF ED

	Sensitivity
	>-70dBm
	-96dBm~-102dBm
	>-110dBm



Specifically, we propose the following device architectures of Device 2a with Zero-IF ED.
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Figure 1: Device 2a architecture (Zero-IF ED)
Device 2a architecture with Zero-IF ED receiver has the same components as Device 2a architecture with RF ED receiver except the following components:
· Mixer + LO
· Replace “RF envelope detector” by mixer with LO,
· RF signal is converted to baseband via the mixer with LO.
Proposal 4: Capture the device 2a architecture with Zero-IF ED in Figure 1 in TR. FFS for IF ED receiver for device 2a.

Architectures for Device 2b
Regarding the Device 2b, the D2R signal is generated internally by the device. Hence, the modulator, DAC, mixer, LO, and PA should be taken into account in the transmitter. For the receiver, the same to the Device 2a, RF ED receiver, and Zero-IF ED receiver should be considered firstly, and IF ED receiver can be further studied.
The detailed architectures of Device 2b are given as following:
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Figure 2: Device 2b architecture (RF ED)
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Figure 3: Device 2b architecture (Zero-IF ED)

Proposal 5: Capture the device 2b architectures with RF ED in Figure 2 and Zero-IF ED in Figure 3 in TR. FFS for IF ED receiver for device 2b.

Other aspects
Power consumption
The issue of power consumption is critical to ambient IoT. The device power consumption is an important design target in the study in RAN plenary. For the design of the device architecture, power consumption is directly related to component selection and the complexity of circuit design. Further, this will affect and limit the capability of the device. Therefore, the power consumption should be carefully considered and evaluated.
According to relevant reference and products, we proposed the following table to summary the power consumption of ambient IoT device.
Table 2 Summary of the power consumption for ambient IoT device
	
	Device 1 (1µW)
Backscatter
	Device 2a(hundreds µW)
backscatter
	Device 2b(hundreds µW)
Signal generated internally
	Comments

	Matching network
	-
	-
	-
	-
	-
	-
	

	Power supply
	RF rectifier
	-
	RF rectifier
	-
	RF rectifier
	-
	Diode+RC

	Rx
	Envelope detector
	-
	Envelope detector
	Several to tens µW
	Envelope detector
	Several to tens µW
	Passive:Diode+RC
Active:MOS+RC

	
	Comparator / ADC
	~200nW
	Comparator / ADC
	~20µW
	Comparator / ADC
	~20µW
	

	
	
	-
	LNA
	~75µW
	LNA
	~75µW
	


	
	
	
	Mixer + LO (optional)
	~110µW
	Mixer+LO
	~110µW
	

	
	
	
	BB amplifier
	~10µW
	BB amplifier
	~10µW
	Optional

	Tx
	Modulator
	Tens nW
	Modulator
	Tens nW
	DAC
	10µW
	


	
	
	
	Reflection amplifier
	[45, 200]µW
	PA
	Tens to hundreds µW
	

	
	
	
	
	
	Mixer + LO
	~110µW
	


	Digital part
	Digital part
	~400nW
	Digital part
	~5µW
	Digital part
	~5µW
	

	Clock circuit
	Ring Oscillator
	Tens to hundreds nW
	-
	-
	-
	-
	

	Frequency shifter
	
	
	Frequency shifter
	Several µW
	
	
	Optional

	Total
	RF ED Device
	~1µW
	RF ED Device
	[200,350]µW
	Zero-IF ED device
	[400,700]µW +PA
	w/o frequency shifting

	
	
	
	Zero-IF ED device
	[350,800]µW
	
	
	w/o frequency shifting



Proposal 6:  Capture the power consumption for ambient IoT device in Table 2 in TR.

Antenna
Considering the complexity, cost and the limited size of ambient IoT device, single antenna used for both communication and energy harvesting should be the baseline. 
Proposal 7: A single antenna used for both communication and energy harvesting should be a basic assumption for ambient IoT devices.

Clock / SFO 
For Device 1, due to the limitation of power consumption, a low-power clock circuit should be considered, e.g., a ring oscillator. In general, the frequency offset of the ring oscillator is relatively high, about 104-105 ppm. 
Proposal 8: For Device 1, the initial sampling frequency offset (SFO) up to 10X ppm, where X = 4 or 5.
Regarding Device 2a/2b, the relaxed power consumption allows a more accurate clock, and other techniques, i.e., FLL and PLL, can be considered. Hence, the SFO of Device 2a/2b will be smaller than that of Device 1.
Observation 1: The initial sampling frequency offset (SFO) of Device 2a/2b is smaller than that of Device 1.

Frequency shifting function
Regarding the backscatter communication system, co-frequency interference seriously affects reception performance, and it should be handled. One effective candidate is frequency shifting. By shifting the backscatter signal from the frequency domain location of CW to another frequency domain location, the interference of CW to the backscatter signal is reduced. 
Besides, frequency shifting has another benefit, i.e., it is a candidate solution for supporting FDMA between different ambient IoT devices. By (pre-)configuring or indicating different frequency shifts, different ambient IoT devices can shift the modulated CW to different frequency points and then backscatter.  In this way, the utilization of frequency resources can be significantly improved, thereby increasing the network capacity and reducing the latency of random access. Hence, frequency shift can be considered in ambient IoT.
In the last meeting, the following proposal related to the frequency shift was discussed [2]:
	FL Proposal 8.1: Further study the feasibility of frequency shift
· Large frequency shift (Large-FS) (e.g., tens of MHz from e.g., FDD-DL frequency to FDD-UL frequency) for device 2a in terms of power consumption, complexity for image suppression, etc.
· Large-FS is not applicable to device 1.
· Small frequency shift (Small-FS) (e.g., hundreds of kHz or up to a few MHz) in terms of power consumption, complexity
· Small-FS is applicable to device 1 and 2a.


There are two levels of frequency shift identified, namely, large frequency shift and small frequency shift. 
Regarding the large frequency shift, it requests the device move the signal (CW) from one band (DL or UL) to another band (UL or DL). To achieve this function, an LO and an IF mixer should be used. Leveraging the LO and mixer, the baseband signal will be mixed to another band. Obviously, this architecture will introduce additional power consumption, and the power consumption of the LO is dominant. For Device 1, this power consumption is not affordable but can be applied to Device 2a.
For the small frequency shift, there are two methods to achieve, i.e., line code, and mixer + LO. Regarding the former, there is no additional power consumption for achieving the small frequency shift, but the supported frequency offset range is restricted. For the latter, the method is the same for the large frequency shift, and the power consumption is larger than the line code method.
To sum up, the large frequency shift can be applicable to device 2a but not to device 1. The small frequency shift can be applicable to device 1 and device 2a by different methods.
Proposal 9: Small frequency shift should be supported for Device 1 and 2a.
Proposal 10: Large frequency shift should be supported for Device 2a.

Memory
Regarding memory adopted in the ambient IoT device, there are two types of memory, i.e., 
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.
Actually, there are several aspects restricted to the use of NVM. Firstly, the cost of NVM is higher than Volatile Memory. Hence, the size of the NVM in the RFID tag is usually very small. Similarly, the cost of NVM should be considered carefully for ambient IoT devices. Secondly, for the NVM, the power consumption of the write operation is higher than the read operation when the same throughput is assumed. Continuous write operation with high power consumption may be a great challenge for Device 1. Besides, for ambient IoT, some important data, especially security-relevant data configured/indicated to the device, may also need to be saved by NVM. Hence, the requirements of NVM should also be determined to ensure that there is enough room to store all the above data. To sum up, the size of NVM and operation modes supported by ambient IoT devices should take cost, power consumption, and requirements into account.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Proposal 11: For ambient IoT devices, the determination of the size of NVM and supported operation modes should consider the cost, power consumption, and requirements.
Another question is whether both two types of memory should be integrated into an ambient IoT device. From our perspective, NVM is used to store the ID and other private data, and the register is to cache temporary information during the communication procedure. They have different application scenarios. Hence, both NVM and register should be used by an ambient IoT device.
Proposal 12: For ambient IoT device, both non-volatile memory and registers are supported.
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In the contribution, we provides our view on the ambient IoT device architectures, and propose that,
Proposal 1: From device architecture complexity perspective, at least the OOK modulator should be considered for Device 1.
Proposal 2: The advanced blocks/components (e.g., envelope detector, comparator/ADC, and clock circuit) with better performance can be considered in Device 2 compared with Device 1.
Proposal 3: LNA and reflection amplifier can be used respectively in the receiver and transmitter branch of Device 2a.
[bookmark: _GoBack]Proposal 4: Capture the device 2a architecture with Zero-IF ED in Figure 1 in TR. FFS for IF ED receiver for device 2a.
Proposal 5: Capture the device 2b architectures with RF ED in Figure 2 and Zero-IF ED in Figure 3 in TR. FFS for IF ED receiver for device 2b.
Proposal 6:  Capture the power consumption for ambient IoT device in Table 2 in TR.
Proposal 7: A single antenna used for both communication and energy harvesting should be a basic assumption for ambient IoT devices.
Proposal 8: For Device 1, the initial sampling frequency offset (SFO) up to 10X ppm, where X = 4 or 5.
Observation 1: The initial sampling frequency offset (SFO) of Device 2a/2b is smaller than that of Device 1.
Proposal 9: Small frequency shift should be supported for Device 1 and 2a.
Proposal 10: Large frequency shift should be supported for Device 2a.
Proposal 11: For ambient IoT devices, the determination of the size of NVM and supported operation modes should consider the cost, power consumption, and requirements.
Proposal 12: For ambient IoT device, both non-volatile memory and registers are supported.
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