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1. Introduction
In RAN1#116b meeting, some agreements of Ambient IoT device architectures have been achieved which involved blocks for device 2b architecture in high level. 
Based on the R19 Ambient IoT SID[1] and agreements in RAN1#116 and 116b meetings, we focus on the remaining issues for Ambient IoT device architectures.
2. Ambient IoT transceiver architecture
Some basic blocks for device 2b have been agreement in RAN1#116b. However, there are still some blocks (i.e., device 2a with IF/Zero-IF receiver) need to be further discussed. In this subsection we will discuss the detail blocks for those Ambient IoT devices and their parameters.
2.1. Device 2a architecture
2.1.1. IF-ED receiver
Differ from RF-ED receiver, there is local oscillator and mixer in IF-ED receiver. The basic blocks/components with IF envelope detection is shown as Figure 1.


Figure 1 device 2a architecture performs amplitude detection at IF
Proposal 1: Study device 2a with IF-ED receiver with at least the 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).
· Ambient 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).
· Reception related blocks
· RF BPF filter for improving selectivity.
· LNA for improving signal strength and sensitivity of receiver.
· Mixer can convert RF signal into IF signal with LO  
· IF envelope detector detects envelope from IF 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.
· Comparator or N-bit ADC
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics.
· Reflection amplifier can amplify reflected backscattered signal.

2.1.2. Zero-IF receiver
There is also a local oscillator and mixer in Zero-IF receiver. The basic blocks/components with Zero-IF envelope detection is shown as Figure 2.


Figure 2 device 2a architecture performs amplitude detection at Zero-IF
Proposal 2: Study device 2a with Zero-IF receiver with at least the 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).
· Ambient 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).
· Reception related blocks
· RF BPF filter for improving selectivity.
· LNA for improving signal strength and sensitivity of receiver.
· Mixer can convert RF signal into Zero-IF signal with LO
· 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.
· Comparator or N-bit ADC
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics.
· Reflection amplifier can amplify reflected backscattered signal.
2.2. Device 2a architecture: Feasibility of Frequency shifter for large frequency shift
If CW signal is transmitted on FDD DL band, the AIoT device has to be able to shift more than tens of MHz to backscatter on FDD UL band. A potential component in AIoT devices with backscatter modulation is frequency shifter. 
The benefit is that the BS/UE receiver can reuse existing FDD transceiver to transmit carrier wave and receive backscatter signal simultaneously, and the self-interference can be well isolated from backscatter signal by duplexer in FDD transceiver.
But it also inevitably leads to the following problems:
· The power consumption of the device will increase further. At least several tens of µW is required for AIoT device to support frequency shift the backscatter signal to UL spectrum if carrier wave is transmitted in DL spectrum.
· A frequency emission at mirror frequency is also generated. The emissions in mirror frequency is outside of the FDD frequency band for AIoT deployment which may pollute other operator’s spectrum.
In [2], the mirror frequency is suppressed by introducing a phase shift on the unwanted sideband. And the circuits and principle of mirror interference cancellation is summarized as follows.


Figure 3 Circuits for image interference suppression.
In the proposed circuit, the input carrier wave is split to two signals, the backscatter signal first path is denoted as

And, the backscatter signal from 2nd path is 


Where,  is frequency of the carrier wave,  is the frequency shift from carrier wave, and  is the baseband signal, and T is the periodicity corresponding to  . The backscatter signal from the two paths are combined, the signal is denoted as

The power consumption of the tag supporting large frequency shift and mirror interference suppression is 33uw. Hence the frequency shifter is not applicable to 1uw device. 
Observation 1: Large frequency shifter cannot be supported by 1uw device.
Besides, the interference suppression can only suppress subset of frequency components of the backscatter signal. As shown in following figure, higher order harmonics cannot be solved by this circuitry. 
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Figure 4 The spectrum of backscatter signal with/without mirror suppression.
According to the figures above, the mirror interference mitigation circuit is useless for some frequency components for higher order harmonics, which may also cause regulation issue. Whether it is allowed by the spurious requirements should be carefully studied by RAN4, especially when device 2a also support reflection amplifier. The harmonics can easily fall out of the operator’s spectrum with large frequency shift. If only small frequency shift (e.g., hundreds of kHz) is used, the higher order harmonics can degrade faster within limited frequency range, due to small frequency shift, which may not cause problem in spurious region.
Observation 2: Even with mirror interference suppression, some frequency components for higher order harmonics cannot be suppressed.
· The harmonics can easily fall out of the operator’s spectrum with large frequency shift.
· Whether higher order harmonics can fulfil spurious requirements should be carefully studied by RAN4.
The pi/4 delay on the second path is realized by hardware for a certain frequency , and the tag is not able to adjust the delay according to carrier wave frequency. If the carrier wave is transmitted on frequency different from targeting fc, the amount of image interference suppression is degraded, as shown in Figure 5. the image interference suppression on 1GHz is about 20 dB worse compared with 900MHz frequency.
[image: ]
Figure 5 Amount of image suppress varies with CW frequency when tag circuit designed for 900MHz CW
Observation 3: If the carrier wave is transmitted on frequency different from fc, which is the target frequency tag optimized for mirror interference mitigation, the amount of suppression may be largely degraded.

2.3. Energy storage and sustainable device operation
For Device 1, the device is responsible for communication with the reader through backscatter modulation of incoming RF waveform transmitted by the reader, and the device also harvests energy from the same incoming RF signal to power both itself. Consequently, Device 1 exhibit unlimited lifespan, compact size, and low cost. However, the limited RF energy harvested restricts the type of sensors or memory that can be used for Device 1. For Device 2a/2b, which incorporate an external power source. e.g, battery, harvester, can overcome the limitations
of Device 1 solutions because it enables the utilization of a wider range of sensors or memory trough a low-power MCU interface, without compromising the communication range and still ensuring long autonomy. Given its voltage stability and long-term energy availability, the majority solutions include a battery. However, to provide a semi-passive batteryless solution, several works incorporate energy harvesting modules with a variety of energy sources, such as Photovoltaic (PV), Radio Frequency (RF) and Thermoelectric Generators (TEG).  In [3], it summarizes a comprehensive overview and analysis of the performance and features of the state-of-art in semi-passive UHF RFID sensor tags, and it found that the sensitivity improvement from passive mode to semi-passive mode. 
Currently, SA1 has provided many use cases for Ambient IoT, and different use cases have different requirements for AIoT device. For example, Device 1 can be used for inventory and positioning services, Device 2 can be used for sensor services and command services. Due to the different device types, services, coverage, data packet sizes, etc., the power consumption required for different devices is also different. Different services correspond to different communication processes, thus resulting in different power consumption. For example, in an inventory service, the device needs to first receive the inventory command, read the stored ID or EPC code in memory, and report the ID or EPC code to reader. For the sensor services, the corresponding process is more complex, including MCU controlling the sensor to collect sensing data and write/program it into the memory, then the device receive sensor reporting commands, read the stored sensor data in memory, and report the sensor data to reader. In [4], the paper shows a summary of the key specification, power consumption, and area breakdown of the RFID tag IC. Including modem and clock generator, the analog component of the IC consumes 17.4uW. The relatively large 2Kb memory requires a relatively high-power consumption of 30.6uW, resulting in an overall tag power consumption of 66.3uW. Table 1 indicates the power consumption of RFID tag, including the power consumption of read or write memory, the sensors and digital control (or MCU), may be higher than the power consumption of communication module. When calculating the sustainable operation time of the device, the above-mentioned power consumption needs to be taken into account.
Table 1 Key specifications summary of the tag IC in [4]
	Technology
	0.18 

	Gore area
	1.1 

	Frequency range
	860-930MHz

	Protocol standard
	EPC Gen-2 ver. 1.2

	Input sensitivity
	-6.5 dBm(read)

	Total power
	66  (read and sense) /140  (program)

	Power Management
	Power (area)

	Energy harvester
	0.84  (31.1%)

	Pre-detector
	0.59  (0.1%)

	Main detector
	0.0  (0.8%)

	Regulator
	2.0  (0.6%)

	Bandgap
	2.43  (3.5%)

	RF/DC limiter
	0.56  (1.5%)

	Charger
	0.24  (0.1%)

	Sensor Block
	Power (area)

	ADC
	2.36  (6.8%)

	Chopper amplifier
	0.42  (5.7%)

	FGA
	0.87  (3.7%)

	Modem and clock
	7.1  (8.4%)

	Digital control
	18.3  (20.8%)

	Memory
	66  for read/140  for program (16.9%)


Capacitors are used to store the direct current (DC) energy converted from ambient energy, so the appropriate capacitance size needs to be determined based on the device's power consumption, operational cycles, device size and cost, and operation range. Larger capacitors can store more energy, thereby extending the device's operation time. Table 2 provides capacitor size, maximum and available energy size for device 1/2a/2b. We can calculate the power consumption required to complete an inventory or sensor operation based on the basic process (such as synchronization, receiving control commands, reading memory data, and transceiver power). In Table 2, we provide an analysis of the AIoT device energy sustainable operation time for different capacitor size and AIoT device communication state. Power consumption values of AIoT device for different communication state, e.g., staying in Rx for timing acquisition signal (a.k.a preamble)/delimiter detection only or light sleep, which is applicable for all A-IoT device types, or Tx/Rx data mode 1 for A-IoT device 1, or Tx/Rx data mode 2 for A-IoT device 2a, are assumed to be 0.1uW, 1uW, 100uW, respectively. According to the simulation results in Table 2, we can draw the following conclusions:
· When the AIoT device operates in receiving mode or Tx/Rx mode 1 with 1uW power consumption, a 500nF capacitor seems sufficient. However, if the AIoT device power consumption is high, e.g., 100uW power consumption, a capacitor with a capacitance size more than 1uF is required.
· For Device 2, when considering a specific service process, including communication transmission and reception, reading or writing to memory, sensors, and so on, the device's power consumption will be greater than communication module, therefore requiring a larger capacitance.
[bookmark: _Ref163136432]Table 2 The AIoT device sustainable operation time for different capacitance size and AIoT device communication state
	Capacitance (uF)
	Max./Avail Energy size(uJ)
(Voltage: 1V)
	Sustainable Operation Time (s)

	
	
	Power for only preamble detect or light sleep: 0.1uw
	Power for Rx/Tx data: 1uw
	Power for Rx/Tx data: 100uw

	0.5
	0.25/0.125
	1.25
	0.125
	0.0013

	1
	0.5/0.25
	2.5
	0.25
	0.0025

	5
	2.5/1.25
	12.5
	1.25
	0.0125

	10
	5/2.5
	25
	2.5
	0.025

	20
	10/5
	50
	5
	0.05



Observation 4: When the AIoT device operates with 1uW power consumption, a 500nF capacitor is sufficient. However, if the AIoT device power consumption is high, e.g., 100uW power consumption, a capacitor with a capacitance size more than 1uF is required.
Proposal 3: According the device's power consumption, operational cycles, device size and cost, different capacitor sizes are required for different devices 1/2a/2b, Table 2 can be used as starting point.

2.4. RF energy harvest
For AIoT devices, the energy supply is a prerequisite for their sustainable operation. In our view, for Device 1, we think the energy source can be limited to only RF considering the extremely low peak power consumption ~1 µW, correspondingly capacitor for energy storage should be assumed small. For device 2a, as these device types have higher peak power consumption, it is unlikely that the device will rely only on RF energy harvesting, other energy sources such as solar, thermal, and kinetic energy can be considered. From all different kind of energy sources, what is relevant to 3GPP study is the RF energy. Therefore, we discuss several aspects for RF energy harvesting of AIoT devices:
· RF-DC energy conversion efficiency: It is crucial to select efficient rectifiers for converting RF signals into energy. By optimizing the design and material selection of rectifiers, energy conversion efficiency can be improved to maximize the utilization of RF energy.
· Energy harvesting time required for the device: Based on the device's operational cycles and energy consumption, the required energy harvesting time for the device can be calculated.
· Power budgeting: Based on the device's power consumption and energy harvesting efficiency, power budgeting can be carried out to determine the energy consumption and storage requirements of the device in different operational states.
By comprehensively considering the factors above, the energy supply of AIoT devices can be effectively ensured, enabling stable operation and prolonged online time for the devices. 
(1) RF energy conversion efficiency
The AIoT device may consist of one or multiple receiver antennas combined with one or multiple rectifiers, thus the combination of antenna and rectifier denotes as rectenna, and a power management unit (PMU). Since the AIoT device conventionally require a DC power source, a rectifier is needed to covert RF to DC. The simplest form of rectifier, so-called single diode rectifier, is made of a matching network, a single diode and a low-pass filter (LPF), as shown in Figure 6, which is more suited for low input power. The AIoT device is then directly supplied from the recovered DC power. The recovered DC power can be stored in a battery or in a super capacitor for high power low duty-cycle operations or be fed to a DC-DC converter being stored. As shown in Figure 7, the end-to-end power transfer efficiency from energy transmitter to AIoT device consists DC-RF power conversion efficiency in energy transmitter, the RF-RF power conversion efficiency in wireless channel, the RF-DC power conversion efficiency in rectenna, the DC-DC power conversion efficiency in PMU, respectively. 
[image: ]
[bookmark: _Ref166174601]Figure 6 Single diode rectifier[5]
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[bookmark: _Ref166174625]Figure 7 A block of a modern RF energy harvesting system[5]
The RF-DC conversion efficiency is a function of the average RF input power[5]. In [6], the rectenna can be modeled as saturation nonlinear model, which models the saturation of the output DC power at large RF input power due to the diode breakdown voltage of single diode rectifier. Moreover, the practical implementation of rectenna is hard and subject to serval losses due to threshold and reverse-breakdown voltage, devices parasitics, impedance matting, and harmonic generation. Recently, the energy conversion efficiency has given in some prototype systems through experimental verification [7]–[9]. In [10], a survey of the state-of-the-art RF-DC conversion efficiency for energy-harvesting devices, principally focus on work in the UE ISM bands at 900MHz, 2.4GHz, and 5.8GHz. Several trends are shown in Figure 8. First, as the input power increases, RF-DC conversion efficiency tends to increase. This tendency is related to a decrease in the effect of losses due to the diode threshold voltage. At high input power, large RF-to-DC conversion efficiency is possible as the energy-harvesting device is operating in a linear stage, far above their diode turn-on voltage. Moreover, as the RF input power is increase and beyond above the threshold, the output DC power saturates and RF-to-DC conversion efficiency suddenly significantly drops, i.e., the rectifier enters the diode breakdown region. Secondly, as frequency increases, the efficiency of the devices decreases. This observation can be attributed to the higher device parasitic losses encountered at microwave frequencies.    
[image: ]
[bookmark: _Ref166174648]Figure 8 The harvested DC power and RF-DC conversion efficiency vs average input power in [9].
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Figure 9 The surveyed RF and microwave-energy conversion efficiency in [10].
Based on the above research, Table 3 provides the energy conversion efficiency under different RF input power and signal frequency bands. The energy conversion efficiency considers factors such as the operating frequency band, rectifier circuit design, nonlinear conversion efficiency, diode breakdown region, and others.
Table 3 The RF-DC energy conversion efficiency
	
	900~920MHz
	2.4GHz
	5.8GHz

	-30dBm (1uW)
	5%-10%
	1%-5%
	1%-5%

	-20dBm (10uW)
	10%-25%
	5%-20%
	5%-20%

	-10dBm (100uW)
	25%-45%
	20%-40%
	20%-40%

	0dBm (1mW)
	45%-65%
	40%-60%
	40%-60%

	10dBm(10mW)
	10%
	10%
	10%



Observation 5: The RF-DC conversion efficiency in single diode rectifier based AIoT device is a nonlinear function of the average RF input power and signal frequency.
Proposal 4: For study purpose, define the RF-DC energy conversion efficiency under different RF input power and signal frequency bands (with prioritization of FDD band) for A-IoT device, Table 3 can be used as starting point.
 (2) RF energy harvesting time 
In Table 4, we provide an analysis of the AIoT device energy harvesting time for different RF input power. According to the simulation results in Table 4, we can draw the following conclusions:
· The charging time based on RF energy harvesting increases linearly with the increased capacitance size, and decreases nonlinearly with the increased RF input power. For a capacitor with a capacitance of 1uF and operating at a voltage of 1V, it takes about 15 seconds to fully charge the capacitor when the incident RF input power is 0.66uW. 
· Extremely long time duration for RF energy harvesting required for Tx/Rx operation sustainable for only a few tens of milliseconds under 100uw power consumption for AIoT device. E.g., about 150 seconds required for Tx/Rx for only 25ms, for AIoT device ten meters from RF energy source.
Given the extremely long time for RF energy harvesting, and limited sustainable time for Tx/Rx operation, relying solely on RF energy harvesting as an energy source for device 2 in insufficient. Therefore, for device 2, other energy harvesting methods e.g., vibration, solar, and etc, should be considered for power supply.
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Table 4 The AIoT device energy harvesting time for different RF input power 
	Capacitance (uF)
	Max./Avail Energy size(uJ)
(Voltage: 1V)
	BS (33dBm)
(Freq=915MHz, 
PL_model: InF-DH-NLOS)
	UE (23dBm)
(Freq=915MHz, 
PL_model: InF-DH-NLOS)

	
	
	R2D distance
	Received power
	RF-DC energy Con. Eff.
	Charge Time (sec) 
	R2D distance
	Received power
	RF-DC energy Con. Eff.
	Charge Time (sec) 

	0.5
	0.25
/0.125
	50
	-37.07dBm
(0.1965uW)
	1%
	127.21
	50
	-47.07dBm (0.0197uW)
	N
	N

	
	
	10
	-21.76dBm
(6.6705uW)
	20%
	0.187

	10
	-31.76dBm (0.667uW)
	5%
	7.496


	
	
	5
	-15.17dBm
(30.438uW)
	30%
	0.027

	5
	-25.17dBm (3.0438uW)
	15%
	0.548

	
	
	1
	0.14dBm
(1033.1uW)
	70%
	3.46e-4

	1
	-9.86dBm 
(103.3uW)
	45%
	0.0054

	1
	0.5
/0.25
	50
	-37.07dBm
(0.1965uW)
	1%
	254.4
	50
	-47.07dBm (0.0197uW)
	N
	N

	
	
	10
	-21.76dBm
(6.6705uW)
	20%
	0.3748
	10
	-31.76dBm (0.667uW)
	5%
	14.99

	
	
	5
	-15.17dBm
(30.438uW)
	30%
	0.0548
	5
	-25.17dBm (3.0438uW)
	15%
	1.095

	
	
	1
	0.14dBm(1033.1uW)
	70%
	6.9e-4
	1
	-9.86dBm 
(103.3uW)
	45%
	0.011

	5
	2.5
/1.25
	50
	-37.07dBm
(0.1965uW)
	1%
	1272
	50
	-47.07dBm (0.0197uW)
	N
	N

	
	
	10
	-21.76dBm
(6.6705uW)
	20%
	1.874
	10
	-31.76dBm (0.667uW)
	5%
	74.96

	
	
	5
	-15.17dBm
(30.438uW)
	30%
	0.274
	5
	-25.17dBm (3.0438uW)
	15%
	5.48

	
	
	1
	0.14dBm(1033.1uW)
	70%
	0.0035
	1
	-9.86dBm 
(103.3uW)
	45%
	0.054

	10
	5/2.5
	50
	-37.07dBm
(0.1965uW)
	1%
	2544
	50
	-47.07dBm
(0.0197uW)
	N
	N

	
	
	10
	-21.76dBm
(6.6705uW)
	20%
	3.748
	10
	-31.76dBm
(0.667uW)
	5%
	149.9

	
	
	5
	-15.17dBm
(30.438uW)
	30%
	0.548
	5
	-25.17dBm
(3.0438uW)
	15%
	10.95

	
	
	1
	0.14dBm(1033.1uW)
	70%
	0.0069
	1
	-9.86dBm
(103.3uW)
	45%
	0.1075



Observation 6: The energy storage time based on RF energy harvesting increases linearly with the capacitance size, and decreases nonlinearly with the RF input power. 
Observation 7: Extremely long time duration for RF energy harvesting required for Tx/Rx operation sustainable for only a few tens of milliseconds under 100uw power consumption for AIoT device. E.g., about 150 seconds required for Tx/Rx for only 25ms.
Proposal 5: Given the extremely long time for RF energy harvesting, and limited sustainable time for Tx/Rx operation, relying solely on RF energy harvesting as an energy source for device 2 in insufficient, and other energy harvesting methods e.g., vibration, solar, and etc, should be considered for power supply.

2.5. Receiver sensitivity and device power consumption
[11] measured a set of 9 commercial tags’ sensitivity. The results reveal that sensitivity of RFID is around -20 dBm. Considering that the LNA can provide at least 10 dB gain to improve receiver sensitivity. So, a receiver sensitivity of -30~-35 dBm can be used as a baseline for device 1. 
For device 2, the sensitivity can be discussed separately according to receiver architecture. For device 2 with RF-ED receiver, the sensitivity can be -35~-46 dBm and the power consumption is from tens of µW to hundreds of µW according to whether LNA is concluded [12][13].  For device 2 with IF/Zero-IF ED receiver, the sensitivity can reach below than -70dBm and power consumption is hundreds of µW [14]-[17].
Proposal 6: For the receiver sensitivity and power consumption, it may depend on receiver architecture
	Device
	Receiver architecture
	Receiver Sensitivity value (dBm)
	Device Power consumption (uW)

	Device 1
	RF-ED
	-30~-35 dBm
	A few µW

	Device 2
	RF-ED
	-35~-46 dBm
	tens of µW ~ hundreds of µW

	Device 2
	IF-ED/Zero-IF ED
	<= -70dBm
	hundreds of µW



2.6. Clock assumptions
Clock plays an important part in sampling, small frequency shift, timing, BB processing, etc, in AIoT device architectures. Generally, the power consumption of clock is directly proportional to clock frequency/accuracy. For AIoT devices, the choice of clock frequency is significant. Too low frequency will cause decoding error or invalid backscatter link frequency, while too high frequency will lead to high dynamic power. 
To ensure system performance, a minimum system frequency is required. For [18] the frequency shall be at least 1.92 MHz, while others (like [19]-[21]) claim that is shall be at least 1.28 MHz. And [22] shows that a frequency higher than 1.28 MHz should be used from the implementation point of view. Although a tag can be certified using such clock frequency (i.e., 1.28 MHz), the tag’s performance will be compromised. Thus, 1.92 MHz can be a good clock frequency.  
Proposal 7: To ensure the performance of decoding and correct backscatter frequency, the clock frequency should be at least no less than 1.28 MHz or 1.92 MHz.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]According to [23], the timing and frequency error for reader to tag link is 1%(104 PPM), and the backscatter link frequency error tolerance can be up to -/+22%, which means the OOK chip length varies up to -/+ 22% of the nominal OOK length. Thus, the frequency error is around 105 PPM for UL. For DL, the OOK length error is caused by counting error of the number of clock cycles that the TRcal takes up[24]. The frequency error tolerance is around -/+1% which means the frequency error is about 104 PPM.  For UL, the frequency error is further increased by discreate divide of the on-chip oscillator[25]. For device 1 and device 2a, this can be a reference as baseline which means the frequency error can be 104~105 PPM. For device 1, this frequency error has been calibrated and the error cannot be improved to hundreds of PPM. In TR 38.869, the evaluation of LP-WUR frequency error is no higher than 200 PPM. And device 2b has the similar receiver architecture with LP-WUR, especially with LO component. So, 102 PPM can be assumed as frequency error for device 2b. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Observation 8: The frequency error is different for DL(around 104 PPM) and UL(around 105 PPM) for device 1 and device 2a.
Proposal 8: considering the below power consumption and error:
· For device 1, initial sampling clock error is 104~105 PPM with a few hundred nW power consumption
· For device 2a, initial sampling clock error is 104~105 PPM with no higher than a few uW power consumption
· For device 2b, initial sampling clock error is 102 PPM with tens of uW power consumption
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3. Conclusion
In this contribution, Ambient IoT device architecture for R19 AIoT study are discussed with the following observations and proposals:

Proposal 1: Study device 2a with IF-ED receiver with at least the 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).
· Ambient 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).
· Reception related blocks
· RF BPF filter for improving selectivity.
· LNA for improving signal strength and sensitivity of receiver.
· Mixer can convert RF signal into IF signal with LO  
· IF envelope detector detects envelope from IF 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.
· Comparator or N-bit ADC
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics.
· Reflection amplifier can amplify reflected backscattered signal.

Proposal 2: Study device 2a with Zero-IF receiver with at least the 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).
· Ambient 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).
· Reception related blocks
· RF BPF filter for improving selectivity.
· LNA for improving signal strength and sensitivity of receiver.
· Mixer can convert RF signal into Zero-IF signal with LO
· 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.
· Comparator or N-bit ADC
· Transmission related blocks
· Backscatter modulator switches impedance to modulate backscattered signal with tx signal from BB logics.
· Reflection amplifier can amplify reflected backscattered signal.

Proposal 3: According the device's power consumption, operational cycles, device size and cost, different capacitor sizes are required for different devices 1/2a/2b, Table 2 can be used as starting point.
Proposal 4: For study purpose, define the RF-DC energy conversion efficiency under different RF input power and signal frequency bands (with prioritization of FDD band) for A-IoT device, Table 3 can be used as starting point.
Proposal 5: Given the extremely long time for RF energy harvesting, and limited sustainable time for Tx/Rx operation, relying solely on RF energy harvesting as an energy source for device 2 in insufficient, and other energy harvesting methods e.g., vibration, solar, and etc, should be considered for power supply.
Proposal 6: For the receiver sensitivity and power consumption, it may depend on receiver architecture
	Device
	Receiver architecture
	Receiver Sensitivity value (dBm)
	Device Power consumption (uW)

	Device 1
	RF-ED
	-30~-35 dBm
	A few µW

	Device 2
	RF-ED
	-35~-46 dBm
	tens of µW ~ hundreds of µW

	Device 2
	IF-ED/Zero-IF ED
	<= -70dBm
	hundreds of µW



Proposal 7: To ensure the performance of decoding and correct backscatter frequency, the clock frequency should be at least no less than 1.28 MHz or 1.92 MHz.
Proposal 8: considering the below power consumption and error:
· For device 1, initial sampling clock error is 104~105 PPM with a few hundred nW power consumption
· For device 2a, initial sampling clock error is 104~105 PPM with no higher than a few uW power consumption
· For device 2b, initial sampling clock error is 102 PPM with tens of uW power consumption

Observation 1: Large frequency shifter cannot be supported by 1uw device.
Observation 2: Even with mirror interference suppression, some frequency components for higher order harmonics cannot be suppressed.
· The harmonics can easily fall out of the operator’s spectrum with large frequency shift.
· Whether higher order harmonics can fulfil spurious requirements should be carefully studied by RAN4.

Observation 3: If the carrier wave is transmitted on frequency different from fc, which is the target frequency tag optimized for mirror interference mitigation, the amount of suppression may be largely degraded.

Observation 4: When the AIoT device operates with 1uW power consumption, a 500nF capacitor is sufficient. However, if the AIoT device power consumption is high, e.g., 100uW power consumption, a capacitor with a capacitance size more than 1uF is required.
Observation 5: The RF-DC conversion efficiency in single diode rectifier based AIoT device is a nonlinear function of the average RF input power and signal frequency.
Observation 6: The energy storage time based on RF energy harvesting increases linearly with the capacitance size, and decreases nonlinearly with the RF input power. 
Observation 7: Extremely long time duration for RF energy harvesting required for Tx/Rx operation sustainable for only a few tens of milliseconds under 100uw power consumption for AIoT device. E.g., about 150 seconds required for Tx/Rx for only 25ms.
Observation 8: The frequency error is different for DL(around 104 PPM) and UL(around 105 PPM) for device 1 and device 2a.
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